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Foreword 

Since the realization of the first laser 40 years ago, the merging of the fields of quantum 
electronics and quantum optics has stimulated the development of many new materials 
and devices. These, in turn, support a flourishing optoelectronics market for optical com-
munications, optical data processing, medical diagnostics, materials processing, display 
technology, and many other applications. 

Therefore, in the year 2000, it is timely to publish The Handbook of Advanced Elec-
tronic and Photonic Materials and Devices. The editor, Hari Singh Nalwa, is well known 
for his original work on nonlinear optics of organic molecules and polymers. Together 
with Seizo Miyata, he edited a comprehensive volume under this title that provides a 
broad overview of this particular subject. The same authors also edited a volume on 
organic electroluminescent materials and devices. 

The present 10 volume handbook has a much broader scope. It includes semicon-
ductor materials, quantum wells and quantum dots, liquid crystals, conducting poly-
mers, laser materials, photoconductors, electroluminescent and photorefractive mate-
rials, nanostructured, supramolecular, and self-assembled materials, ferroelectrics, and 
superconductors. Applications of these materials in photoconductors, optical fibers, xe-
rography, solar cells, dynamic random access memory, and sensors are described. The 
Handbook contains contributions by 180 leading experts from 25 different countries. 
It truly represents the worldwide research efforts and results that support the global 
market of optoelectronics. All scientific and technical workers in this broad field are in-
debted to the contributing authors, the editor and Academic Press for publishing this 
comprehensive handbook for the new millennium. It will support further growth in a 
field that already has surpassed my wildest expectations of 40 years ago. 

Professor Nicolaas Bloembergen 
Nobel Laureate in Physics, 1981 
Harvard University 
Cambridge, MA, USA 
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Preface 

Electronic and photonic materials are the key elements of continued scientific growth 
and technological advances in the new millennium. The electronic and photonic materi-
als discussed in this handbook include semiconductors, superconductors, ferroelectrics, 
low- and high-K dielectrics, sol-gel materials, fuUerenes and carbon nanotubes, liquid 
crystals, conducting polymers, organic conductors, nonlinear optical materials, elec-
trochromic materials, laser materials, photoactive chalcogenide glasses, photoconduc-
tors, photovoltaic and electroluminescent materials, nanostructured materials, confined 
systems, supramolecular and self-asemblies, and soft magnetic materials. Compared to 
electronic materials, photonic materials enable the transport and processing of infor-
mation at the speed of light. In the communication age of the 21st century, a major 
technological thrust is to move forward with photonic and optoelectronic technologies 
as a replacement to the traditional electronic technologies currently utilized to perform 
various functions such as the acquisition, processing, transmission, storage, and display 
of information. The present boom in fiber optics technology is an excellent example of 
how much impact photonic technologies have on the advancement of our society. These 
materials have already been used and will be the most important components of the next 
generation of semiconductor devices, the internet, computers, information technology, 
wireless and telecommunications, satellite communications, integrated circuits, photo-
copiers, wireless telephones, solar cells, batteries, light-emitting diodes, liquid crystal dis-
plays, magnetooptic memories, audio and video systems, recordable compact discs, video 
cameras, coatings. X-ray technology, advanced lithium batteries, nonvolatile memories, 
multilayer capacitors, color imaging, printing, flat-panel displays, waveguides, cable tele-
visions, modulators, computer chips, magnetooptic disks, transducers, optoelectronics, 
lithography, holographic recording, solid-state lasers, and molecular-sized transistors 
and switches, as well as other emerging cutting edge technologies. Electronic and pho-
tonic materials are expected to grow to a trillion-dollar industry in the new millennium 
and will be the most dominant forces in various fields of science and engineering. 

This is the first handbook ever published on electronic and photonic materials, that 
summarizes the advances made over past the three decades. This handbook is a unique 
source of in-depth knowledge of molecular design, synthesis, processing, spectroscopy, 
physical properties and applications of electronic and photonic materials. This handbook 
contains 73 state-of-the-art review chapters written by more than 180 world leading ex-
perts from 25 different countries. With over 25,000 bibliographic citations and thousands 
of figures, tables, photographs, chemical structures, and equations, this handbook repre-
sents the work of the most renowned scientists in the international scientific community. 
It has been divided into 10 parts based on thematic topics: 

Volume 1: Semiconductors 
Volume 2: Semiconductor Devices 
Volume 3: High Tc Superconductors and Organic Conductors 
Volume 4: Ferroelectrics and Dielectrics 
Volume 5: Chalcogenide Glasses and Sol-Gel Materials 
Volume 6: Nanostructured Materials 
Volume 7: Liquid Crystals, Display, and Laser Materials 
Volume 8: Conducting Polymers 
Volume 9: Nonlinear Optical Materials 
Volume 10: Light-Emitting Diodes, Lithium Batteries, and Polymer Devices 

IX 



PREFACE 

Volume 1 includes topics on the growth and doping of Te-based II-VI layers and 
quantum structures by molecular beam epitajg ,̂ gallium arsenide heterostructures, pho-
toluminesence in GaN and InGaN and their photonic applications, processing of com-
pound semiconductors, hydrogen in wide bandgap semiconductors, wet etching of semi-
conductors, combinatorial synthesis and high throughput evaluation of electronic and 
photonic material chips, and coherent effects in semiconductor heterostructures. 

The applications of semiconductors materials are discussed in Volume 2. The various 
topics on semiconductor devices include Si/GeSi heterostructures for Si-based nanoelec-
tronics, impact ionization in compound semiconductor devices, quantum dot optoelec-
tronic devices, failure mechanisms in compound semiconductors, electron devices, semi-
conductor quantum materials and their applications in electronics and optoelectronics, 
and photoelectromotive force effects in semiconductors. 

Volume 3 focuses on high Tc superconductors and organic conductors. Topics on 
superconductors include high Tc superconductors for small scale devices, processing 
and characterization of Bi-based single crystals and tapes, grain connectivity and vor-
tex pinning in high-temperature superconductors, and yttrium-barium-copper oxide as 
an infrared sensing materials. The various topics on organic conductors include high 
magnetic field studies of quasi-two-dimensional organic conductors based on BEDT-
TTF, quinonoid TT-extended tetrathiafulvalenes, supramolecular aspects of organic con-
ductors, intramolecular electronic transfer phenomena in organic mixed-valence com-
pounds, and organic conducting composites. 

Ferroelectric and dielectric materials comprise Volume 4. This volume contains re-
views on pyroelectricity: the fundamentals and applications, crystal growth, character-
ization and domain studies in lithium niobate and lithium tantalate ferroelectrics, bis-
muth vanadate, the electric field influence on acoustic waves, dielectric ceramics, and 
low dielectric constant materials for microelectronics interconnects. 

Volume 5 includes topics on chalcogenide glasses and sol-gel materials. This vol-
ume focuses on conduction and its related phenomena in ion-conducting glasses, pho-
toinduced phenomena in amorphous chalcogenides from phenomenology to nanoscale, 
photoinduced and electron-beam phenomena in Ag-rich amorphous chalcogenide semi-
conductors, photoinduced anisotropy in chalcogenide glasses, the nonlinear optical and 
spectral hole-burning properties of photonic glasses, the structure, chemistry, and ap-
plications of sol-gel derived materials, modified sol-gel and metallo-organic deposition 
techniques for processing oxide films, and sol-gel coatings for optical and dielectric ap-
plications. 

In Volume 6, various topics related to nanotechnology and nanostructured materi-
als are discussed. The topics include electrochemically self-assembled ordered nano-
structured arrays (quantum dots, dashes and wires), mechanical spectroscopy of nano-
structured metallic systems, soft amorphous and nanocrystalline magnetic materials, 
nanoporous materials for microlasers and microresonators, nanoporous materials for 
optical applications, optical properties and impurity states in nanostructured materials, 
and confined systems and nanostructured materials. 

Volume 7 summarizes new trends on liquid crystals, display, and laser materials. 
The topics include liquid crystals for electro-optic applications, switchable holographic 
polymer-dispersed liquid crystals, electrochromism and electrochromic materials for dis-
plays, materials for solid-state dye lasers, photophysical properties of laser dyes and 
correlations with the lasing characteristics, interplay of anisotropy and orientational re-
laxation processes in luminescence, and lasing of dyes and photosensitive materials for 
holographic recording. 

Electrically conducting polymers are discussed in Volume 8. The coverage in this vol-
ume includes the synthesis, and electrical and optical properties of conjugated poly-
mers, conjugated polymer films for molecular and ionic recognition, polyacetylene and 
its analogs, synthesis, properties, and applications of poly(/^-phenylenevinylenes), self-
organized supramolecular polymer structures to control electrical conductivity, spectro-
electrochemistry of conducting polymers, electronic spectra of conjugated polymers and 
oligomers, and the degradation and stability of electrically conducting polymers. 



PREFACE XI 

Nonlinear optical materials and their applications are discussed in Volume 9. The var-
ious topics include calculation of dynamic hyperpolarizabilities for small and medium 
sized molecules, theoretical aspects of the design of organic molecular and polymeric 
nonlinear optical materials, design and characterization of organic and organometallic 
molecules for second-order nonlinear optics, crystal growth, processing, and physical 
properties of photonic crystals, hyper-Rayleigh scattering: molecular, supramolecular, 
and device characterization by incoherent second-order nonlinear light scattering, non-
linear optical properties of fuUerenes and carbon nanotubes, third-order optical nonlin-
earity in polydiacetylene waveguides at telecommunications wavelengths, organic mate-
rials for optical limiting, and Bragg grating in optical fibers. 

Volume 10 includes topics on organic and polymer-based Hght emitting diodes, optical 
devices based on conducting polymers, intercalation compounds for advanced lithium 
batteries, polymer electrets for electronics, sensor, and photonic applications, charge 
transporting polymers and molecular glasses, and electrochemically prepared thin films 
for solar cells. 

I hope these volumes will be very useful for libraries in universities and industrial insti-
tutions, governments, and independent institutes, upper-level undergraduate and grad-
uate students, individual research groups, and scientists working in the field of materials 
science, soHd-state physics, chemistry, nanotechnology, electrical and electronics engi-
neering, polymer science, spectroscopy, crystallography, electrochemistry, xerography, 
superconductivity, optical engineering, device engineering, computational engineering, 
photophysics, data storage and information technology, and for the technocrats, who are 
involved in the science and engineering of electronic and photonic materials and devices. 

This handbook is the end product of marvelous cooperation of many distinguished 
experts, who devoted their valuable time and effort to write excellent state-of-the-art 
review chapters. I am highly thankful to all contributing authors. I highly appreciate 
all publishers and authors for granting us copyright permissions to use their illustra-
tions for the review chapters in this handbook. I am grateful to my former mentors. Dr. 
Akio Mukoh and Dr. Shuuichi Oohara at Hitachi Research Laboratory, Hitachi Ltd., for 
their kind support and encouragement during my stay in Japan. I also extend my special 
thanks to Krishi Pal Raghuvanshi, Rakesh Misra, Professor Satya Vir Arya, Professor 
Padma Vasudevan, Jagmer Singh, Ranvir Singh Chaudhary, and other colleagues who 
supported my efforts to bringing this handbook to fruition. Finally, I greatly appreciate 
my wife. Dr. Beena Singh Nalwa, for her continuous cooperation and patience for en-
during this work at home during weekends and late nights. The moral support of my 
parents, Sri Kadam Singh and Srimati Sukh Devi, and the love of my children, Surya, 
Ravina, and Eric during this exciting enterprise are also appreciated. 

I express my sincere gratitude to Professor N. Bloembergen for his insightful fore-
word. 

Hari Singh Nalwa 
Los Angeles, CA, USA 
October 2000 
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1. INTRODUCTION polymers plays a crucial role in the physical properties. In general, 
the conjugation length, the strength of the interchain interaction, 

Polyconjugated carbon chains consist of alternating single and the extent of disorder are some of the significant parameters 
(a bonds) and double bonds (TT bonds). The TT electrons are highly that govern the physical properties of polyconjugated systems, 
delocalized and easily polarizable, features that play important The behavior of polyconjugated systems is rather different with 
roles in the electrical and optical properties of polyconjugated respect to conventional polymers. In the case of the latter materi-
systems, making them rather different from conventional elec- als (e.g., polyethylene), the number of monomer units in a chain 
tronic systems. Moreover, the intrinsic quasi-one-dimensional na- mount up to several thousands or even millions. In many cases, 
ture and the extent of both intra- and interchain derealization of conventional polymers are soluble in solvents, melt processible, 
TT electrons are important for the structural, electrical, and optical highly tractable, etc. On the other hand, polyconjugated systems 
properties of polyconjugated systems. The complex morphology of have, in general, a few hundreds of monomers in a chain. The 
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alternating single and double bonds make the chains rather stiff 
with respect to nonconjugated chains. As a consequence, poly-
conjugated systems are not as soluble and tractable, unless side 
groups are introduced in the main chain or dopant ions to im-
part solubility and processibility. These aspects are reflected in 
the processibility, mechanical, electrical, and optical properties of 
polyconjugated systems. The combination of the electronic and 
optical properties of semiconductors with the mechanical prop-
erties and processibility of polymers makes conjugated poljnners 
rather unique and potentially useful for a wide array of applica-
tions [1-13]. The hterature on conducting polymers has exploded 
during the 1990s to such an extent that providing a comprehensive 
overview is therefore a very challenging task additionally jeopar-
dized by personal bias. This chapter examines important aspects 
of the synthesis, electrical, and optical properties of conducting 
polymers, but makes no claim to be exhaustive. 

To develop polymers with specific electronics, it is necessary 
to have an insight into the available synthetic methods. For fur-
ther developments in the field of conducting polymers, it is also 
important to gain a better understanding of the relationships be-
tween the chemical structure and the electronic properties (e.g., 
low bandgap) of these polymers. Despite two decades of research 
on conjugated polymers, the development of low-bandgap conju-
gated polymers, especially for electronic applications, still remains 
an important challenge for synthetic chemists. Gaining an under-
standing of the structure-property relationships is not only of im-
portance for the development of low-bandgap conjugated poly-
mers, but also for conjugated polymers in general. In this context, 
in addition to an extensive overview of synthetic principles for con-
jugated polymers, it seems appropriate to provide an in-depth dis-
cussion on the interplay between the chemical structure and the 
electronic properties of conjugated polymers. 

Since the first experiments on polyacetylene, many different 
conjugated polymers have been synthesized. Section 2 starts with 
an overview of the major different synthetic methods, which are 
employed to prepare the most important classes of conducting 
polymers, still being investigated at present. A classification never 
pays tribute to all of the contributions that have been made, but 
nevertheless it should allow the lay scientist to assess the field more 
easily. Plenty of references have been provided to enable building 
up a knowledge base, which can be used for further actualization. 
In most cases, similar synthesis methods have been applied for the 
development of more exotic species, which have not found wide 
application but could still have potentially interesting properties. 
Finally, in Section 2 the discussion of principles concerning the 
control of electronic properties by means of the chemical struc-
ture will be held from two points of view. First, the relationship 
between structure and properties will be approached on the basis 
of theoretical concepts used in organic chemistry. Second, the dis-
cussion will be held within the framework of the development of 
low-bandgap conjugated polymers. More specifically, the research 
on polyisothianaphthene is used as a typical case study to illus-
trate this discussion. However, it needs to be stressed that these 
principles can be apphed to any other conjugated material for the 
control of electronic properties. 

Conducting polymers are partially crystalline and partially 
amorphous; hence, they consist of both delocalized and localized 
states. The derealization of IT electrons depends on the extent of 
disorder, interchain interactions, etc. The disorder-induced local-
ization plays a dominant role in the metal-insulator (M-I) transi-
tion and transport properties of conducting polymers. Moreover, 

the structure of the polyconjugated chain, interchain interaction, 
disorder, and doping level determine the stability of carriers such 
as solitons, polarons, bipolarons, and free carriers in doped con-
ducting polymers. Hence, due to the coexistence of both delocal-
ized and localized states, as well as the presence of various types 
of charge carriers, a wide range of behavior, from metallic to in-
sulating regimes, can be observed in the transport properties of 
doped conducting polymers. The conductivity values of various TT-
conjugated polymers are summarized in Table I [14-133]. 

In this chapter, the electrical properties of doped conducting 
polymers are reviewed in Section 3. The temperature dependence 
of conductivity, magnetoresistance, thermopower, magnetic sus-
ceptibility, and specific heat of various conducting polymers, in the 
metallic, critical, and insulating regimes, are discussed. The trans-
port properties in the metallic regime can be understood within the 
framework of the localization-interaction model. The anisotropic 
magnetoconductance in oriented metallic samples shows the pres-
ence of both weak localization and electron-electron interaction 
contributions in the low-temperature transport, and this can be 
used as a microscopic probe to estimate the misaligned chains. The 
Curie contribution to the low-temperature magnetic susceptibility 
can give a quantitative estimate of the spins trapped in the local-
ized states. The field-induced transitions from the metallic to the 
critical regime and from the critical to the insulating regime in-
dicate that the Fermi level and mobility edge are situated rather 
close. 

A brief overview of the electrical transport properties of sys-
tems from the metallic and insulating regimes, for both oriented 
and unoriented samples, are also discussed. The suggested models 
are quite appropriate in understanding the experimental results. 
Nevertheless, more work is needed to sort out how the structural 
and morphological features influence the transport properties. 

Undoped conjugated polymers have an anisotropic, quasi-one-
dimensional electronic structure with a gap of typically 2-3 eV, cor-
responding to the conventional semiconductor gap size. As a re-
sult, undoped conjugated polymers exhibit the electronic and opti-
cal properties of semiconductors in combination with the mechani-
cal properties of general polymers, making them potentially useful 
for a wide array of applications [4,5]. In contrast with conventional 
inorganic semiconductors with rigid band, however, upon doping 
or photoexcitation the carriers are self-localized and form the non-
linear excitations on the polymer chains such as solitons, polarons, 
or bipolarons. Much of the new physics associated with conjugated 
polymers is related to the formation and properties of such nonlin-
ear excitations [1-3]. Then, when conjugated polymers are doped 
to concentrations in excess of a critical concentration, the system 
undergoes a rapid transition from a nonlinear excitation state to a 
metaUic state. 

Although the electrical and optical properties of metallic con-
ducting polymers have been investigated for over a decade, the na-
ture of the metaUic states and the corresponding metal-insulator 
transition are not fully understood. In Section 4, therefore, results 
are summarized on the optical spectroscopic measurements of the 
conducting polymers in the metallic regime and in the insulating 
regime near the metal-insulator transition. Next, since there is 
controversy over the nature of the primary photoexcitations in un-
doped conjugated polymers, their photophysical properties are ex-
amined through related experimental results. As an active poten-
tial application in the use of these materials, a review on the poly-
mer light-emitting device (LED) is given, with an emphasis on the 
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Table I. Electrical Conductivities of Various 7r-Conjugated Polymers in Doped State 

Polymer Dopant Conductivity (S cm ^) Reference 

Polypyrrole 

Poly(octylpyrrole) 

Poly(A/̂ -methylpyrrole) 

Polypyrrole 

Poly(A -̂alkylpyrrole) 

Soluble polypyrrole 

Poly(3-phenylazopyrrole) 

HC104 

HC1S03 

FeCl3 

ASF5 

h 
K 

Na 

Rb 

Catalyst 

Ti(Obu)4-AlEt3 

Be2+, Mg2+, Ca2+, Sr^^, Ba2+, Al3+ 

I2 
Br2 

CI2 

K2S2O8 
DDQ 

FeOCl 

K3Fe(CN)6 

FeCl3 • 6H2O 

Fe2(S04)3-5H20 

Fe(N03)3 • 9H2O 

Fe(C104)3 • 9H2O 

FeBr3 

CuCl2-2H20 

CuBr2 

FeCl3 

FeCl3 

FeCl3 

FeCl3 

Fe(BF4)3 

Na3(P04 I2WO3) 

FeCl3 

FeCl3 

FeCl3 

Cu(C104)2, Fe(C104)3 
Fe(BF4)3 

PF6 
p-Toluene sulfonate 

Fe(n) dodecylbenzene sulfonate 

Sulfonated poly(j8-hydroxyether) 

Sulfonated poly(butadiene) 

Benzene sulfonate 

p-TSA 

Iron(n) salt 

Anionic ferrofluid 

CIO", P F - • BF6, TSO, HSO4 

p-TSA 

FeCl3 

FeCl3 

— 
DBSA 

Diazonium salt 

4 x 1 0 ^ 

2 x 10^ 

2 x 1 0 ^ 

3.6 X 10^ 

1.1 X lO'^-L? X 10^ 

5 x 1 0 ^ 

1.8 X 10^ 

3 x 10^ 

3 ^ X lO^-lO^ 

0.002-30 

8,2 

5 

0.5 

— 
7 X 10-2 

— 
— 
25 

1 

36 

33 

44 

8 

45 

110 

190,130 

20,3 

3 

90 

1-10 

>200 

> 100 

10-2 

1.6,1.1 
6 X 10-2 

240-1500 

30 

80 

3.2-13.4 

9.5 

14.8 

200-230 

2-10 

2.6 X 10-2-1.9 

50-200 

20 

1.9-33.5 

io- '7-io-5 

102 

5 

10-6-10-5 

[14] 

[14] 

[15] 

[16] 

[17-20] 

[21] 

[21] 

[21] 

[22-25] 

[26] 

[27-29] 

[27-29] 

[30] 

[31] 

[32] 

[33] 

[34] 

[35] 

[35] 

[35] 

[35] 

[35] 

[35] 

[35] 

[36, 37] 

[36] 

[36] 

[36] 

[38] 

[39] 

[40] 

[41] 

[42] 

[43] 

[44] 

[45, 46] 

[48] 

[49] 

[50] 

[50] 

[50] 

[51] 

[52] 

[53] 

[54] 

[55] 

[56] 

[57] 

[58] 

[59] 

[60] 
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Table I. Continued. 

Polymer Dopant Conductivity (S cm ^) Reference 

Polythiophene 

Poly(3-methylthiophene) 

Polythiophene 

Poly(bithiophene) 

Thiophene/benzene copolymer 

5,5^^^-Dimethylquarter thiophene 

Poly(3-octylthiophene) 

Poly(3-hexylthiophene) 

Polythiophene 

5,5^^'Dimethylquarterthiophene 

Poly(3-methoxythiophene) 

Poly(3-butoxythiophene) 

Poly[3-(2-methoxy ethoxy)-thiophene] 

Poly(thienylthiophene) 

Poly(3-phenylthiophene) 

Poly(bithiophene) 

Poly(3-decylthiophene) 

Poly (2,5-thienylene ethynylene) 

Poly(thienylene vinylene) 

Poly(3,4-dibutoxythienylenevinylene) 

/?-Terphenyl 

/?-Quarterphenyl 

/7-Quinoqnephenyl 

/7-Sexiphenyl 

Poly(p-phenylene) 

CIO4 

BF4 

BF4 

AsF6 

CIO4 

CIO4 

CIO4 

BF4 

PF6 

PF6 
SO3CF3 

CIO4 

PF6 
CIO4 

CIO4 

PF6 

PF6 

PF6 

AUCI3 

NOSbFg 

NOSbFg 

ASF5 

NOPFg 

NOBF4 

NOPF6 

FeCl3 

FeCl3 

h 
FeCl3 

h 
h 
h 
h 
h 
CIO4 

CIO4 

CIO4 

FeCl3 

FeCl3 

FeCl3 

FeCl3 

Benz'K+^ 

ASF5 

Benz'K+d 

ASF5 

ASF5 

Benz'K+^ 

ASF5 

FeCl3 

M0OCI4 

NOBF4 

10-100 

0.02 

106 

97 

10 

36 

40 

270 

370 

1 

30-100 

120 

510 

750 

450 

740 

600 

1975 

15 

9 X 10"^ 

4 X 10-2 

1.2 

2.1 X 10-2 

4.4 X 10-2 

0.05 

1-180 

10-8-10"^ 

6-12 

0.5 

0.1 

1.8 
2.1 X 10-2 

2.1 X 10-1 

315 

6 

8-10 

0.1 

5 

1 X 10-3 

110 

1 

4 X 10-^ 

6.8 

2 X 10-5 

5.8 

7.4 

0.5 

500 

0.30 

20 

70 

[61] 

[62] 

[63] 

[63] 

[64] 

[65] 

[66] 

[67] 

[68] 

[62] 

[69] 

[70] 

[67] 

[71] 

[72] 

[73] 

[74] 

[75] 

[76] 

[77] 

[77] 

[78] 

[79] 

[79] 

[80] 

[80-83] 

[84] 

[85, 86] 

[87] 

[88] 

[89] 

[89] 

[89] 

[90] 

[91] 

[92] 

[93] 

[93] 

[94] 

[90] 

[95,96] 

[97] 

[97] 

[97] 

[1,97] 

[1,97] 

[1,97] 

[1, 98, 99] 

[100] 

[1] 

[1] 
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Ikble I. Continued. 

Polymer 

Poly(2-butoxy-5-methoxy- 4-phenylene vinylene) 

Poly(phenylene vinylene) 

Poly(p-phenylene vinylene co-2,5-thienylene vinylene) 

Halogenated poly(phenylene vinylene) 

Poly(2-methoxy-l,4-phenylene vinylene) 

Poly(2,5-diheptyl-l,4-phenylene vinylene) 

Poly(l,4-phenylene-l,3,5-hexatricnylene) 

Poly(phenylene vinylene) 

Polyaniline 

Poly(o-toluidine) 

Sulfonic acid-substituted aniline 

Poly(dimethylaniline) 

Polyaniline 

Chlorinated polyaniline 

Polyaniline 

Poly(Ar-alkylaniline) 

Cross-linked polyaniline 

Polyaniline 

Poly(o-methoxyaniline) 

Poly(p-bromoaniline) 

Dopant 

SbCl5 

SbFs 

l2 

SO3 
AICI3 

Naph K+^ 

Naph Li 

AsFs 

I2 
Divalent cations 

FeClj 

SO3 

HQ 

FeCl3 

h 
Sulfur trioxide 

Antimony pentafluoride 

h 
FeCla 

HCl 

HCl 

HCI/HNO3/H2SO4C/H3COOH/H3PO4 

Fe(D) 

HCIO4 

CSA//n-cresol 

HCl 

HCl 

HCl/CSA/DBSA/MSA 

H3PO4 
HBF4 

— 
Phosphotungstic acid 

CSA/DBSA 

Phosphoric acid 

HCl 

Diphenyl phosphate 

TSA/DSA/DBSA 

Pristine polymer 

HCl 

h 

Conductivity (S cm )̂ 

<io-^ 
— 
<104 

10-1-10^ 
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limiting factors for device performance. Finally, the basic photo-
physical phenomena of "photoinduced charge transfer" in the con-
jugated polymer/fullerene composites are reviewed, with a brief in-
troduction into many potential applications of these phenomena. 

2. SYNTHESIS 

Since the first demonstration of electrical conductivity in poly-
acetylene upon doping [15-17], several other types of conju-

gated polymers such as polyacetylene, poly(/7-phenylene), poly-
thiophene, polypyrrole, poly(;7-phenylene vinylene), and polyani-
line (Fig. 1) have been developed. Many applications have emerged 
among which the development of light-emitting devices (LEDs) is 
probably the most successful example [134]. 

The results of the research on these materials have been exten-
sively reviewed in the literature [1-13,135-138]. One of the advan-
tages of organic materials is the possibility for unlimited chemical 
modifications. As a consequence, in many cases the reader tends 
to get lost in elaborate enumerations of the many derivatives and 
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Fig. 1. Basic chemical structures of some of the most common conducting 
polymers. 

their properties. In this section, the focus has been rather on iden-
tifying the different synthetic procedures and the application of 
those procedures to prepare different polymer species. However, 
references have been provided to enable retrieving information on 
derivatives of interest. 

An important issue for further advancements in the field of 
plastic electronics is the development of stable polymeric mate-
rials with control of their electronic properties. One of those elec-
tronic properties is the bandgap (Eg). The reduction of Eg will 
enhance the thermal population of the conducting band and thus 
increase the number of intrinsic charge carriers. This would allow 
one to avoid oxidative or reductive doping in order to obtain intrin-
sic electrical conductivity. The lower oxidation potential associated 
with the narrow gap will also result in a stabilization of the corre-
sponding doped state. Furthermore, the redshift of absorption and 
emission spectra resulting from a decrease in Eg leads to materi-
als becoming transparent in the doped state [137]. To develop such 
low-bandgap polymers, for example, it is necessary to have a bet-
ter understanding of the relationships between the chemical struc-
ture and the electronic properties of conjugated polymers. Such 
an understanding is not only of importance for the development 
of low bandgap conjugated polymers but also for conjugated poly-
mers in general. Despite two decades of research on conjugated 
polymers, the development of low-bandgap conjugated polymers 
for electronic applications still remains an important challenge 
for synthetic chemists. An in-depth discussion on the principles 
of control of the electronic properties in conjugated materials will 
be presented from two points of view. First, the relationship be-
tween structure and properties will be approached on the basis of 
theoretical concepts used in organic chemistry. Second, the discus-
sion will be held within the framework of the development of low-
bandgap conjugated polymers. More specifically, we shall mainly 
benefit from the results of the research on poly(isothianaphthene) 
to illustrate our discussion, although these principles can be ap-
plied to any other conjugated material for the control of specific 
electronic properties. 

2.1. Polyacetylenes 

Polyacetylene (Fig. 2) is the simplest polyconjugated polymer con-
sisting of repeating [—(CH=CH)n-] units. Polyacetylene was first 
prepared as a linear, high-molecular-weight, polyconjugated poly-
mer of high crystallinity and regular structure by Natta et al. [139], 

cis-transoid trans-cisoid 

cis-clsoid 

Fig. 2. Possible structures of polyacetylene. 

who polymerized acetylene in hexane using Al(Et)3A'i(OpPr)4 as 
the initiator system. For a long time, however, polyacetylene was 
considered of little interest because, irrespective of the method 
of preparation, it was obtained as an air-sensitive, infusible, and 
insoluble black powder. It thus remained basically a material sub-
ject to academic research by organic chemists [140,141], polymer 
chemists [142-146], and theoreticians [147-149], who saw it as an 
infinitely long conjugated molecule in which one would expect the 
one-dimensional w electrons to form a half-filled band leading to 
metallic behavior [150-152]. 

Interest in polyacetylene increased in the 1970s when the group 
of Shirakawa developed a simple method for preparing thin-film 
samples [153], which on treatment with oxidizing agents, such 
as halogens or ASF5, exhibited significant electrical conductivity 
[154, 155]. These developments can be considered as the birth of 
the field of conducting polymers with metallic properties. A large 
amount of the literature on polyacetylene has been summarized in 
several specialized books and review articles [156-162]. 

There are a variety of routes toward the synthesis of polyacety-
lene. These syntheses can be classified into four categories: cat-
alytic polymerization of acetylene, noncatalytic polymerization of 
acetylene, catalytic polymerization of monomers other than acety-
lene, and, finally, precursor methods. 

2.1.1. Catalytic Polymerization of Acetylene 

Ziegler-Natta Catalysts. The polymerization reactions of acety-
lene that produce not only a polymeric material, cuprene, but also 
oligomers such as benzene, cyclooctatetraene, and vinyl acetylene 
have been known for many years [163]. Although a wide variety of 
catalysts are effective for producing polyacetylene, they are often 
characterized by the simultaneous formation of cylic oligomers. 
Upon selection of a suitable catalyst system, several factors have 
to be taken into account, such as high selectivity and solubility. 
Among the available catalysts [161], the preferred one is the com-
bination of Ti(0-n-C4H9)4 and (C2H5)3A1 because it is soluble 
in organic solvents and highly active for acetylene polymerization 
to produce crystalline polyacetylene in the form of mechanically 
strong freestanding films. The synthetic process was developed 
by the group of Shirakawa [153], who employed a very high con-
centration of the Ti(0-n-C4H9)4-(C2H5)3Al catalyst and allowed 
acetylene to polymerize on the free surface of the catalyst solution 
or on the wall of the reaction flask on which the catalyst solution is 
coated (Fig. 3). By variation of the reaction conditions, polyacety-
lene films of different quality can be obtained [164-168]. 

The aforementioned procedure yields polyacetylene that is 
mainly cis. Baker et al. [169] prepared almost pure trans polymer 



SYNTHESIS, ELECTRICAL, AND OPTICAL PROPERTIES OF CONJUGATED POLYMERS 

a) H' -C»C~H AI(Et)grri{0-nBu)^ 

b) H - C a C - H CoCNOgyNaBH^ 

Fig. 3. Catalytic polymerization of acetylene using (a) Ziegler-Natta and 
(b) Luttinger catalysts, respectively. 

by reducing the Al/Ti ratio to unity and omitting the catalyst aging 
step. Polyacetylene containing an approximately equal proportion 
of cis and trans was prepared by the group of Naarmann [170]. 
They also produced stretchable films with iodine conductivities of 
10̂  S cm~^ [171]. A further modification by Tsukamoto et al. [172, 
173] yielded highly stretchable films with similar high conductivi-
ties. 

Luttinger Catalysts. Luttinger catalysts consist of a hydridic re-
ducing agent, such as sodium borohydride, plus a salt or complex 
of a group VIII metal, such as nickel chloride. Reactions carried 
out with these catalysts yield high-molecular-weight polyacetylene 
with no indication of the formation of cyclic oligomers [141]. It 
has been reported that nickel halide-tertiary phosphine complexes 
are also effective catalysts for the polymerization of acetylene 
[140]. Co(N03)2 and binuclear rhenium complexes together with 
sodium or kalium borohydride also catalyze the polymerization of 
acetylene [174-177] (Fig. 3). An important aspect to note is that a 
hydrophilic solvent such as ethanol, tetrahydrofuran (THF), ace-
tonitrile, and even water can be used as a solvent for the Luttinger 
catalysts, in contrast to the requirement of rigorously dehydrated 
hydrocarbon solvents for the Ziegler-Natta catalysts and metathe-
sis catalysts. However, the catalytic activity of the Luttinger cata-
lysts is much lower than that of standard Ziegler-Natta catalysts. 
In general, the cw-rich polyacetylenes prepared from Luttinger or 
Ziegler-Natta catalysts do not differ with regard to overall mor-
phology and other properties. Lieser et al. [178] found, however, a 
significant difference in chemical reactivity upon exposure to chlo-
rine and bromine. 

Metathesis Catalysts. Aldissi et al. [179] demonstrated the forma-
tion of uniform films on the quiescent surface of a concentrated so-
lution of a soluble catalyst prepared by mixing equimolar amounts 
of WCl6 and (C6H5)4Sn in toluene. A combination of MoC15 with 
(C6H5)4Sn also gave a soluble catalyst, but the catalytic activity 
was too low to give a uniform film. A more active tungsten cata-
lyst was prepared by Theophilou et al. [180], who usedn-BuLi as a 
co-catalyst instead of (C6H5)4Sn. 

Single-Component Catalysts. There is not always a need for a 
catalyst and co-catalyst system. Several metal complexes alone, 
such as tetrabenzyltitanium, are reported to be active for acetylene 
polymerization. Hsu et al. [181] used a Ti-Ti complex to obtain cis-
rich or trans-hch polyacetylene, depending on the temperature. 
Alt et al. [182] demonstrated that Cp2Ti(PMe3)2 reacts readily 
with acetylene. Martinez et al. [183] also found that titanium com-
pounds polymerize acetylene to yield trans-rich polyacetylene at 
lower temperatures. 

Rh and Re Catalysts. Chlorine-bridged Rh(I) complexes such as 
[Rh(C0D)Cl]2 and [Rh(NBD)Cl]2, where COD is cycloocta-1,5-

CF3—CsC-CFg + 

CF3, .CF; 

ROMP AT 

C F g ^ ^ ^ C F g 

^^H*L 
Fig. 4. Durham precursor route to polyacetylene. 

diene and NBD is bicyclo[2.2.1]hepta-2,5-diene, in the presence 
of sodium ethoxide as a co-catalyst can initiate the polymerization 
of acetylene. The advantage of Rh(I) complexes over the Ziegler-
Natta catalysts is that they are stable in air and their catalytic ac-
tivity is not inhibited by the presence of oxygen and/or moisture 
[184]. 

2.1.2, Noncatafytic Polymerization of Acetylene 

Electrochemical synthesis has been carried out under different 
conditions [185]. Acetylene polymerization also occurs on the 
surface of metal oxides such as Ti02 and AI2O3 to give trans-
polyacetylene [186-188]. Polyacetylene has been prepared as thin 
films by exposing acetylene gas to a small amount of ASF5 [189] 
or by using ASF3 [190] as the solvent. Irradiation of acetylene 
gas with ultraviolet (UV) or ionizing radiation has been shown to 
produce polyacetylene [191]. Spontaneous polymerization occurs 
above pressures of 3.5 GPa [192-195]. 

2.1.3, Catalytic Polymerization of Monomers Other Than 
Acetylene 

Korshak et al. [196] synthesized polyacetylene films by ring-
opening polymerization of 1,3,5,7-cyclooctatetraene with a meta-
thesis catalyst, W[OCH(CH2Cl)2]nCl6_„-(C2H5)2AlCl (n = 2 
or 3). Klavetter and Grubbs [197] developed a versatile and conve-
nient route to polyacetylene through condensed phase polymeriza-
tion of the monomer with well-defined metathesis tungsten-based 
catalysts. 

2.1.4, Precursor Methods 

The inherent insolubility and infusibility of polyacetylene coupled 
with its sensitivity to air imposes a barrier to the processibility of 
the polymer. As a result, considerable efforts have been directed 
toward obtaining polyacetylene from workable, easily processible 
polymers by means of polymer analogous transformations. In par-
ticular, the synthesis of polyacetylene from the dehydrohalogena-
tion of poly(vinyl chloride) has attracted a lot of attention but the 
polymers prepared by this route generally possess relatively short 
conjugated segments and contain structural defects and cross-links 
[198,199]. 

Another approach involves the use of prepolymers that can be 
thermally converted to polyacetylene. This approach was first fol-
lowed by the group of Feast [200-211] (Fig. 4). 

The process consists of three steps. The first step is the synthesis 
of the monomer 7,8-bis(trifluoromethyl)tricyclo[4.2.2.0 '̂̂ ]deca-
3,7,9-triene by a thermal cycloaddition reaction between hexafluo-
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Fig. 5. Synthesis of polyacetylene by isomerization of polybenzvalene. 

robut-2-yne and cyclooctatetraene. The second step is the poly-
merization reaction carried out in the presence of ring open-
ing metathesis polymerization (ROMP) initiators, such as WCl6/ 
SnMe4, which act only on the strained four-membered ring to 
form a high-molecular-weight precursor polymer. This precursor 
polymer is soluble in common organic solvents and can be pu-
rified, characterized, and processed by conventional methods. In 
the last step, the precursor polymer is thermally converted to poly-
acetylene. This is a rather complex process involving an exother-
mic symmetry-allowed elimination with the formation of a new 
CIS double bond and hexafluoro orthoxylene. The cis double bond 
isomerizes to trans and the xylene migrates through the film and 
evaporates, resulting in a large loss in mass and contraction in vol-
ume. By controlling the conversion reaction protocol (tempera-
ture, time, pressure, mechanical stress, and presence of solvent), 
the morphology of the final product can be regulated. 

Knoll and Schrock [212] developed a series of well-defined 
ROMP initiators of the type M(CH-r-Bu)(NAr)(0-r-Bu)2, in 
which M = W or Mo and Ar = 2,6-C6H3-/-Pr2, that allows better 
control over this polymerization reaction and allows the controlled 
introduction of end groups [213] to the polymer chain. 

Swager et al. [214] demonstrated an alternative precursor route 
to polyacetylene in which the production of volatile byproducts 
is avoided. The method involves the ring-opening polymerization 
of benzvalene and the subsequent catalytic isomerization to poly-
acetylene of low crystallinity (Fig. 5). 

2.1.5, Soluble Polyacetylenes 

Irrespective of the method adopted for its synthesis, polyacetylene 
itself is an insoluble, infusible, and generally intractable material. 
To obtain soluble polyacetylene analogs, substituted acetylenes 
have been polymerized to yield polymers with side groups attached 
to the conjugated backbone replacing the hydrogen atoms. An ex-
tensive review on substituted polyacetylene has been provided by 
Gibson [215]. In most cases, these materials are soluble, but the 
optical absorption maximum of the resulting polymer is higher in 
energy than that observed for polyacetylene, indicating a lower ef-
fective conjugation length. Furthermore, the electrical conductiv-
ity of substituted polyactylenes is generally lower than that of poly-
acetylene itself. 

2.2. Polyaromatics 

2.2.1. Poly(p-phenylene)s 

Poly(p-phenylene) (Fig. 6) continues to receive considerable at-
tention due to its interesting properties, such as thermal stability 
in the neutral state, resistance to environmental oxidation and ir-
radiation, wide conductivity range upon doping, possibility for n 

Fig. 6. Structure of poly(/?-phenylene). 

or p doping, and blue electroluminescence. Due to its rigid rod-
like structure, poly(p-phenylene) is rather insoluble in commonly 
available solvents. Processibility of this material without loss of 
its properties is therefore a major challenge. It is therefore un-
derstandable that direct synthesis routes of poly(^-phenylene) do 
not produce polymers with high molecular weights and long linear 
chains. 

The chemical oxidation of benzene was investigated in the early 
1950s, and generally unidentified black products were obtained. 
Similarly, the electrochemical oxidation of benzene was investi-
gated in the 1960s. The formation of black deposits was observed, 
but only much later was it realized that benzene was being poly-
merized, and not until the beginning of the 1980s was electrosyn-
thesis developed with the view of producing poly(/7-phenylene) 
films on metallic substrates. 

Many chemical reaction schemes have been proposed and 
they can be classified as follows: direct oxidation of benzene, 
organometallic coupling, precursor methods, and electrochemical 
syntheses [135,158, 216-224]. 

2.2.1.1. Direct Oxidation of Benzene 

This procedure consists of the dehydrocoupling of benzene nu-
clei by catalyst-oxidant systems, leading to the formation of C—C 
bonds. The reagent used to carry out the polymerization is either a 
binary system consisting of a Lewis acid and an oxidant or a sin-
gle reagent with both Lewis acid and oxidizing properties. The 
main disadvantages of this method are that polymers with rather 
low molecular weights are obtained and the materials still contain 
large amounts of impurities. 

Binary Catafyst-Oxidant Systems. AICI3 as the Lewis acid (cat-
alyst) and CuCl2 as the oxidizing agent was the best catalyst-
oxidant combination used by Kovacic et al. [225-227] for the 
polymerization of benzene (Fig. 7). Polymerization occurs under 
mild conditions (36-37° C, 15 min) with water as a co-catalyst. 
The yield of poly(p-phenylene) seems to depend on the AICI3 
to CuCl2 ratio. Several catalyst-oxidant systems and the influ-
ence of the catalyst-oxidant ratio on the polymerization of ben-
zene have been studied [135]. These various studies indicate that 
a wide variety of catalyst systems are suitable for the polymeriza-
tion of benzene to poly(p-phenylene). Typically, various oxidizing 
agents such as Mn02, Pb02, NO2 [228], p-benzoquinone, chlo-
ranil, air, N2O3, or nitrobenzene can be associated with a Lewis 
acid such as AICI3. Generally, poly(p-phenylene)s obtained un-
der Kovacic's conditions are powdery materials exhibiting a cer-
tain crystallinity. A slight modification of the Kovacic procedure 
was investigated by using CUCI-AICI3 in the presence of oxy-
gen [229]. Another variation of the Kovacic method was pro-
posed by Kobryanskii and Arnoutov [230], who synthesized poly(p-
phenylene)s with controlled molecular weights by using an ionic 
liquid as the solvent. Typically, AlCl3-butylpyridinium chloride 
(2:1) constituted an ionic medium in which CuCl2 was dissolved. 
By controlled addition of benzene at room temperature, poly(p-
phenylene) derivatives with high molecular weights were obtained. 
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Fig. 8. Bergman cyclization. 

1,4-Cycloadditions of biscyclopentadienones with bisacetylenes 
can yield high-molecular-weight polymers [223, 231, 232]. Low-
molecular-weight poly(/7-phenylene)s containing ethynyl branches 
were prepared by polycyclotrimerization of diacetylene in the pres-
ence of Al(/-Bu)3 and TiCl4. Other substituents can be introduced 
by using an appropriately substituted acetylene [233-235]. 

Single-Catalyst Systems. In this case, the reagent used to polymer-
ize benzene has the properties of both a Lewis acid and an oxidiz-
ing agent. The most usual catalysts are FeCl3, M0CI5, ASF5, and 
SbF5 associated with water as co-catalyst, which appears to deter-
mine the polymerization kinetics (Fig. 7) [190, 236-241]. 

Other Direct Syntheses. One route to substituted poly(p-phenyl-
ene) derivatives makes use of the Bergman cyclization of enediynes 
(Fig. 8). Thermal treatment of the enediyne yields poly(/?-phenyl-
ene) derivatives with molecular weights of 1500-2500 [242]. 

2.2,1.2. Organometallic Coupling Reactions 

A large variety of reactions based on the coupling of 1,4-disubsti-
tuted aromatic monomers in the presence of various metals have 
been investigated. The earlier syntheses of poly(/7-phenylene) us-
ing metal-catalyzed coupling reactions have been reviewed by 
Noren [221]. Progress has been made since then and several new 
routes have emerged in the literature. Among them, there are two 
important methods. First, Ni compounds promote the coupling of 
various 1,4-disubstituted aromatic monomers, extensively investi-
gated by Yamamoto et al. The second method is based on the 
Suzuki reaction, which consists of coupling aromatic boronic acids 
with halogenated aromatic compounds in the presence of a Pd(0) 
catalyst. 

Syntheses Using Metal-Catalyzed Coupling Reactions One of the 
first syntheses of poly(p-phenylene) was reported in 1949 by 
Goldfinger [243], who used a Wurtz-Fittig reaction (Fig. 7). 

The UUmann reaction (Fig. 7) was also attempted for the syn-
thesis of poly(/7-phenylene), but only low-molecular-weight prod-
ucts with structural irregularities were obtained. The UUmann re-
action, however, was found suitable for the polymerization of sub-
stituted phenylenes such as methyl-, nitro-, and perfluoropheny-
lene [24^247]. 

The Grignard method of polymerization (Fig. 7) was also used 
in the preparation of polyphenylenes. This reaction usually yields 
higher molecular weight polymers, but seems to be less efficient 
[248-252]. 

Dilithiobenzene and dilithiobiphenyl were coupled using a 
wide variety of metal halides but produced only low-molecular-
weight materials. The polymerization of l-bromo-4-lithiobenzene 
upon treatment with hexamethylphosphoramide was also reported 
[251-255]. 

Poly(/7-phenylene) contaminated with smaU amounts of bridg-
ing diazo groups was prepared by heating the bisdiazonium salt of 
;7-diaminobenzene in ammoniacal Cu+ or Fe^+ (Fig. 7). In this 
case, the polymerization mechanism was thought to involve ho-
molytic cleavage of the carbon to diazonium group bonds foUowed 
by C-C coupling [256]. 

Several other reactions have been described, but in general they 
appeared to be rather unsuccessful [221]. 

Ni-Catalyzed Coupling Reactions: Yamamoto and Colon Methods. 
Yamamoto [257, 258] fiUed the need for a more efficient and 
versatile route to poly(p-phenylene). Results indicating that tran-
sition metals or their complexes catalyze the coupling of Grig-
nard reagents with aryl haUdes [259-263] were adapted to the 
coupling of dihalogenoaromatic compounds (Fig. 9). MUd con-
ditions, high selectivity, and quantitative yields were reported to 
be achieved when transition-metal catalysts were applied to the 
preparation of various organic aromatic compounds. Indeed, p-
dibromobenzene was readUy dehalogenated and coupled in the 
presence of Mg and transition-metal compounds, yielding poly(p-
phenylene) with strictly linear chains. A variety of transition-metal 
complexes catalyze the reaction but the most efficient catalysts 
seem to be Ni(II) complexes. In particular, the use of NiCl2(bpy), 
where bpy is 2,2^-bipyridine, leads to high yields under mild condi-
tions. NiBr2(PPh3)2 and PbCl2(bpy) also show high catalytic activ-
ities. Of the dialobenzenes, ;7-dibromobenzene proved to be bet-
ter than ;?-diiodobenzene or ;?-dichlorobenzene. Attempts to use 
Li instead of Mg as the dehalogenating reagent were unsuccessful 
[263-271]. 
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The Yamamoto procedure can also be used to obtain substi-
tuted poly(/7-phenylene). For example, Rehahn et al. [272] in-
vestigated the applicability of the Yamamoto procedure to 1,4-
dibromobenzenes bearing flexible side chains at carbons 2 and 5. 

Yamamoto et al. [273] also presented another route to po\y(p-
phenylene) using Ni(0) as a dehalogenating reagent (Fig. 9). This 
reaction proceeds under mild conditions and can be apphed to 
a wide range of aromatic compounds, including those with car-
bonyl and cyano groups. On the basis of this method and the work 
of Semmelhack and co-worker [274-276], l,4-dibromo-2,5-bis(4-
decyloxybenzoyl)benzene has been polymerized in high yield but 
with a low degree of polymerization [277]. The keto side groups 
are not affected by the polymerization process. The procedure, 
however, suffers from severe limitations: the necessity of stoichio-
metric amounts of expensive Ni(0) reagents and their air sensitiv-
ity. 

Several modifications of this reaction have been proposed for 
the coupling of aryl halides [278-290]. Colon and Kelsey [291] re-
ported that aryl coupling can be realized in high yield using an 
excess of a reducing metal such as Zn, Mn, or Mg and a catalytic 
amount of Ni(II) complex (Fig. 9). The advantages of this proce-
dure are that it can rapidly be performed in high yield with chlo-
rides instead of bromides and iodides, all reagents are air stable, 
and a wide range of substituents are unaffected by the reaction 
conditions. Direct synthesis of unsubstituted poly(p-phenylene) 
has not been reported, but indirect synthesis has been achieved 
via a processible substituted poly(p-phenylene) [292]. Phillips et al. 
[293] reported the polymerization of 2,5-dichlorobenzophenone 
by the Colon procedure. The molecular weight was higher than 
that of the same product reported in [294, 295]. 

An interesting alternative to the Colon procedure was pre-
sented by Percec and co-workers [296, 297]. They investigated the 
Colon-type, Ni(0)-catalyzed homocoupling of substituted phenyl-
enebistriflates, which are easily obtained from hydroquinones or 
bisphenols. They also investigated the effect of alternative leaving 
groups such as arylsulfonates [298]. 

Pd-Catalyzed Reactions: Suzuki Coupling. The Suzuki [299] and 
Miller [300] reactions are based on the use of Pd catalysts to cou-
ple various bromobenzene derivatives with benzene boronic acid 

Fig. 11. Marvel's precursor method for poly(/?-phenylene). 

(Fig. 10). This reaction is described as being highly selective and 
quantitative. The influence of substituents attached to the ortho 
position was reported to be negligible. 

Improved synthesis on the basis of this chemistry was achieved 
in the preparation of poly(p-2,5-di-n-hexylphenylene). The poly-
mer was obtained with high molecular weigth and appeared to be 
all para Unked. A large variety of alkyl-chain-substituted poly(p-
phenylene)s were synthesized according to this method. Copoly-
merization of substituted and unsubstituted monomers was also 
investigated [272, 301]. This method has been recognized as a very 
efficient means of coupling starting materials with a wide variety 
of ortho functional groups. Monomers containing nitro, keto, or 
ether functions can be condensed without any complication. Rel-
atively high degrees of polymerization can be achieved and keto 
substituents appear to increase the rate of aryl-aryl coupling con-
siderably. 

The possibility of obtaining substituted poly(p-phenylene)s us-
ing water as a solvent has been demonstrated [302, 303]. The syn-
thesis of poly(p-phenylene) with — CH2Br substituents opened up 
the field of new poly(p-phenylene)s with polar side groups [304--
306]. A poly(p-phenylene) decorated with Frechet-type dendritic 
fragments of the first and second generation has also been synthe-
sized [307, 308]. The availability of substituted poly(/?-phenylene) 
has influenced the research toward ladder-type polymers. The 
ladder-type frame is obtained in a two-step process consisting of, in 
a first step, the formation of a suitable functionalized open-chain 
precursor followed by subsequent ring closure [277, 309-313]. Ex-
tensive research efforts have focused on the synthesis of ribbon-
type structures consisting of an alternating series of fused six- and 
five-memebered rings. Several of these ladder-type polymers have 
been synthesized through the general strategy of using substituted 
poly(/?-phenylene) precursors [314, 315]. 

2.2.1.3. Precursor Methods 

As a consequence of the insoluble character of conjugated poly-
mers in general, methods in which a well-characterized precursor 
polymer is transformed in a final step into the fully conjugated 
target material have attracted increasing research efforts. Three 
methods have been reported: Marvel's precursor, the ICI route, 
and the related route proposed by Grubbs. 

Marvel's Precursor Marvel's precursor concept for the synthe-
sis of poly(p-phenylene) dates back to the late 1950s (Fig. 11). 
The route is characterized, however, by several problems such as 
low molecular weight, poor regiochemical control, lack of stere-
ochemical control, and poor control of the final aromatization 
process. This strategy nevertheless contains ah the important fea-
tures also found in more modern approaches to precursor poly-
mers for poly(p-phenylene): the use of a cyclohexadiene monomer, 
its chain-growth polymerization to furnish the precursor poly-
mer, and the precursor's subsequent aromatization to po\y(p-
phenylene) [316, 317]. 

ICI Precursor Ballard et al. [318] developed a new monomer 
based on cyclohexadiene. They were looking for a monomer with 
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Fig. 13. Grubbs precursor method for poly(/?-phenylene). 

functional groups that could not only be carried through the poly-
merization, but also could allow for clean aromatization to take 
place. One such approach is to incorporate in the monomer two 
ester functions that in organic chemistry are known to allow for 
the generation of unsaturation upon pyrolysis (Fig. 12). Synthe-
sis of such monomers is rather work intensive. This problem 
was elegantly solved by the ICI chemists through application of 
biotechnological techniques. A genetically modified microorgan-
ism known as Pseudomonos putida 11767 is able to oxidize ben-
zene without subsequent aromatization. The monomer is polymer-
ized using radical initiators. The use of radical initiators, however, 
allows limited regio- and stereospecific control during polymeriza-
tion. It is also difficult to control molecular weight and distribution. 
Despite these inconveniences, high-molecular-weight polymer was 
obtained, which could be processed into films and fibers. Arom-
atization, however, furnished a rather ill-defined, low-molecular-
weight phenylenic material as a consequence of the inherent struc-
tural defects present in the precursor polymer. The so-obtained 
polymer was, however, far superior to Marvel 's poly(/7-phenylene) 
[318-320]. 

Grubbs Method. As radical initiators did not lead to the de-
sired result, transition-metal complexes were considered as po-
tential initiators. The 7r-allyl Ni complex bis[')7^-allyl](trifluoroace-
tato)nickel(II)], which is an excellent catalyst for 1,3-butadiene, 
however, only led to aromatization of the monomer used in the 
ICI route. After an intensive search. Gin et al. [321-323] found 
that silylated dihydroxycyclohexadiene was a monomer compati-
ble with a TT-allyl Ni complex (Fig. 13). Two factors seem to be 
responsible for this. First, the steric effect of the trimethylsilane 
group prevents the oxygen atoms of the monomer from coor-
dinating to the catalyst and interfering with the polymerization. 
Second, trimethylsilane ethers are very poor leaving groups com-
pared to esters and carbonates, a feature that inhibits aromatiza-
tion of the monomer and subsequent catalyst decomposition. All 
that remained to be done after polymerization was to convert the 
trimethylsilane ether groups to esters, which are needed for arom-
atization, by using tetra-w-butylammonium fluoride in methanol, 
followed by treatment with acetic anhydride and catalytic amounts 
of base. The conversion to poly(p-phenylene) is done by heating 
the precursor to 340° C under vacuum. This seems to lead, how-
ever, to significant chain fracture. When acid-catalyzed bulk pyrol-
ysis techniques are used, a polymer with chemically well-defined 

structure is obtained and under specific circumstances chain frac-
ture can be avoided. There are indications that using polyphos-
phoric acid to catalyze the elimination should yield higher quality 
polymers [321-323]. 

Other Precursor Methods. The thermal eliminative ring closure 
of l,4-diphenyl-3-(A/^,Ar-dimethylamino)-hex-5-en-l-yne has been 
shown to give terphenyl [324]. By an analogous method, the 
poly(A/^,A^-dimethylamino)-hex-5-en-l-yne derivative affords 
phenyl-substituted poly(/?-phenylene)s on pyrolysis [325]. 

2.2.1.4. Electrochemical Synthesis 

Electrosynthesis is a valuable technique for obtaining conducting 
poly(p-phenylene) films of controlled thickness [326]. Although 
the technique seems to be quite simple, the structure and the 
properties of the poly(/7-phenylene) derivatives will depend signif-
icantly on the electrolytic medium and electrolysis conditions. 

Anodic Electrochemical Oxidation 
Strongly Acidic Media. Shepard and Dannels [327] were able 

to polymerize benzene in HE Rubinstein [328, 329] reinvestigated 
this polymerization using a HF/H2SO4 two-phase system. Various 
other two-phase systems produced poly(/7-phenylene), such as con-
centrated sulfuric acid with a Lewis acid (AICI3), by using vari-
ous rotating electrode surfaces such as Pt, Au, Fe, Ti, among oth-
ers [330]. In the case of a mixture of benzene and concentrated 
sulfuric acid without Lewis acid catalysts, the two-phase system 
could be transformed into an emulsion by rapid rotation of the 
anode (200-400 rpm). Poly(/7-phenylene) films were deposited on 
Ni, Nb, Mo, W, and certain alloys such as Ni-Re, Ni-Ru, Ni-W, 
and Ni-Mo [331, 332]. Polymerization was also performed with 
the working electrode immersed in the interfacial layer between 
the benzene and the acid. Methanesulfonic acid (MeS03H), sulfu-
ric acid (20%), fuming sulfuric acid, fluorosulfonic acid (FSO3H), 
and triflic acid (CF3SO3H) were mixed with benzene and it was 
shown that benzene was only oxidized with the electrode placed 
in the interfacial layer either at low potential (1 V vs SCE) or 
at constant current [333, 334]. Homogeneous benzene-acid solu-
tions are achieved by mixing various strong acids and superacids 
such as the superacid solution of SbF5 in HF [335]. Another im-
provement consists of using homogeneous ternary mixtures of 
benzene either with trifluoroacetic acid (CF3COOH) -h methane-
sulfonic acid or with trifluoroacetic acid H- triflic acid [336, 337]. 
The two-phase-system benzene-concentrated sulfuric acid can also 
be transformed into a microemulsion operating as a single phase 
by the addition of a surfactant, sodium dodecylsulfate [338, 339]. 

Organic Aprotic Media with Various Electrolytes. Poly(/?-phenyl-
ene) films can be electrosynthesized in organic solvents in the 
presence of an electrolyte or a composite electrolyte, including, 
in the latter case, a neutral salt associated with AICI3, AICI3-
CuCl, CuCl2, H2SO4+SO3, or P2O2. As the nucleophilicity of 
the solvent must be low, the choice of solvent is limited to 
dichloromethane, nitrobenzene, nitromethane, phenylacetonitrile, 
acetonitrile, and propylenecarbonate. These solvents can be clas-
sified according to their donor number or acceptor number [340-
345]. 

Composite Electrolytes. The electrochemical oxidation of ben-
zene on Pt in nitromethane in the presence of AICI3 with small 
amounts of amine or water led to undoped or lightly doped 
poly(p-phenylene) films [346]. Flexible poly(/7-phenylene) films 
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were obtained by anodic polymerization of benzene and biphenyl 
in phenylacetonitrile or nitrobenzene in the presence of LiBF4 + 
CuCl2 or LiAsF6 + CuCl2 or CuCl [347-350]. 

Single Electrolytes. Anodic polymerization of biphenyl was car-
ried out in acetonitrile in the presence of tetrabutyl ammonium 
tetrafluoroborate [351]. Anodic polymerization of benzene was 
also studied in several organic solvents using a boron trifluo-
ride ethyl ether complex BF30(CH2H5)2 as the electrolyte [352]. 
A striking difference was observed between fluorinated anions 
(BF~, PF^, SbF^, or AsF^) and perchlorate anions [340-342]. 
Extension of the anodic electropolymerization of benzene to dis-
ubstituted benzenes with two electron-donating groups was inves-
tigated with the view to obtaining soluble poly(p-phenylene) films 
[353-359]. 

Inorganic Solvents. The electrochemical properties of sulfur 
dioxide were investigated by Elving et al. [360]. The electropoly-
merization of benzene and biphenyl on Pt in liquid SO2 with differ-
ent salts led to poly(p-phenylene) of high electroactivity in the case 
of fluorinated anions, such as BF~, SbF^ or AsF^, and CF3SOJ, 
but yielded a passivating nonelectroactive film with ClO^ as well 
as with organic solvents. Small amounts of very strong acids such 
as CF3SO3H, sulfuric acid, fuming sulfuric acid, or CH3SO3H at 
-75° C were found to favor the electrooxidation of benzene by 
lowering the oxidation potential of the monomer [239, 361-367]. 

Melt Salts and Solid-State Polymerization. By using a chloroalu-
minate melt obtained from a mixture of A/̂ -acetylpyridinium chlo-
ride or A'̂ -butylpyridinium chloride and AICI3 at room tempera-
ture, highly conducting poly(p-phenylene) films were obtained by 
electrooxidation of benzene on Pt [368-371]. 

Solid-state polymerization of phenylene oligomers evaporated 
under vacuum and deposited on Pt was carried out in dichloro-
methane -hO.l M tetrabutylammonium - PF6 [372, 373]. 

Reductive Electropolymerization. Active catalytic species such as 
the low-valence metal complexes used in the Yamamoto, Colon, 
or Suzuki coupling reactions can be generated in situ by a reaction 
with a reducing agent such as Mg or Zn. These conditions can also 
be reproduced electrochemically, since the active catalytic species 
can be generated in situ by electrochemical reduction instead of 
using a reducing metal. The adaptation of these electrochemical 
reactions to the synthesis of poly(/7-phenylene) has mainly used 
Ni complexes. Films of variable thickness can be obtained when 
a working electrode of Sn02 or indium-tin oxide (ITO) is used. 
Surprisingly, noble metals do not seem to be suitable [374-379]. 

2.2.2. Polythiophenes 

Thiophene (Fig. 14) is found in tar, gas, and industrial benzene 
obtained from coal in the 19th century. A large number of thio-
phene derivatives are described in the literature and their physi-
cal properties, nucleophilic substitution, and biological activity are 
still of current interest [380]. The first polythiophene synthesis was 
described in 1883 when the purification of thiophene with sulfu-
ric acid yielded a dark, insoluble material [381]. The oxidation of 
thiophene was reported to be possible through oxidation by, for 

7/ V 

Fig. 14. Structure of polythiophene. 

example, orthophosphoric acid or a synthetic silica-alumina cata-
lyst, yielding a series of oligomers [382]. The preparation of elec-
trical conductive polythiophenes, however, only started at the be-
ginning of the 1980s. Since the 1980s, due to the stability of neutral 
polythiophene, important progress has been made in the chemistry 
of polythiophene. Not only have many derivatives been made, but 
also chemical control of the molecular, microscopic, and macro-
scopic structure of the polymer has become possible. It is not sur-
prising that polythiophene has gradually acquired a prominent po-
sition owing to its relatively high conductivity, environmental sta-
bility of its neutral state and, to a lesser extent, its doped conduc-
tive state, and its structural versatility, allowing the derivatization 
of the TT-conjugated backbone at the price of moderate losses of 
conjugation and conductivity. The literature on polythiophenes is 
extensive, with new publications appearing every day. Owing to the 
tremendous increase in the number of papers devoted to polythio-
phenes, it is difficult to discuss all of the various topics in great 
detail. It is not surprising that many detailed reviews have already 
been published [136,137, 383-390]. 

A lot of synthetic effort has been devoted to the synthesis of 
polymerizable thiophene derivatives, but the principal aim of this 
review is to focus on the polymerization chemistry. The basic syn-
thesis procedures for polythiophene can be considered in par-
allel with poly(p-phenylene). Indeed, a similar classification can 
be drawn: direct oxidation of thiophene, organometallic coupling, 
and electrochemical syntheses. Precursor methods for polythio-
phene are rather exceptional. 

2.2.2.1. Direct Oxidation of Thiophene 

Despite its drawbacks, oxidative coupling of thiophene and alky-
lated thiophenes with FeCl3 is one of the methods that has been 
widely used to study the properties of polythiophene (Fig. 15a). 
This is due mainly to its accessibility to a wide range of scien-
tists. Commercially available 3-alkylthiophenes are used most of-
ten because the resulting polymers are soluble in common organic 
solvents and have a sufficiently high molecular weight to allow 
them to be cast into films. Sugimoto et al. explored other metal 
halides as oxidants for the polymerization of 3-hexylthiophene and 
found that Fe(III), Mo(V), and Ru(III) chlorides were effective. 
In a typical procedure, FeCl3 (0.4 mol) was suspended in chloro-
form under a nitrogen atmosphere. To this solution was added 3-
hexylthiophene (0.1 mol) at 30° C under vigorous stirring. The mix-
ture was stirred for 2 hours and poured into a copious amount of 
methanol. After further workup, films could be obtained showing 
similar characteristics to those obtained electrochemically [391-
395]. Hotta et al. [396, 397] also prepared poly(3-hexylthiophene) 
via oxidative coupling of 2-halothiophenes. Special care was 
taken to carry out the polymerization under rigorously deoxidized 
and water-free experimental conditions. Niemi et al. [398] stud-
ied the mechanism of polymerization of 3-alkylthiophene with 
FeCl3. Poly(3-alkylthiophene) derivatives were prepared by sev-
eral other groups [93, 399, 400] and optimized reaction condi-
tions reported [82, 401, 402]. Alkoxythiophene derivatives were 
polymerized by oxidative coupling, such as 3-butoxythiophene, 
3,4-dibutoxythiophene, 3-methyl-4-octyloxythiophene, and several 
alkoxybithiophenes [403^05]. A number of researchers have re-
port the synthesis of different alkoxy-substituted polythiophenes 
[406-414]. Poly(alkoxythiophene)s were prepared by Cu(C104)2 
oxidation of bithiophenes [415]. Whereas poly(3-all^lthiophene) 
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(X=C1, Br, I), (d) Curtis, and (e) 2,5-bis(trimethylsilyl)-activated electro-
chemical polymerization. 

can be dedoped by soxhlet extraction with methanol, the alkoxy-
substituted polythiophenes remained in partially doped states. 
Completely undoped polymers were obtained by reduction with 
ammonia or hydrazine solutions. Casa et al. [416, 417] prepared 
several polythiophenes containing w-hydroxyethyl and hexanoy-
loxyethyl side-chains by adding the corresponding monomers to 
a stirred solution of FeCl3 in nitromethane or chloroform with 
varying FeCl3 concentrations. Chen and Tsai [418] prepared a 
series of 3-ether-substituted polythiophenes and poly(3-alkoxy-
4-methylthiophene)s. Some groups [419, 420] reported that, de-
pending on the specific oxidative conditions and a sterically hin-
dered, activating 3-substituent, highly regioregular materials could 
be prepared as a consequence of the asymmetric reactivity of the 
oxidized monomers. 

One of the major problems of the FeCl3 method is that it gives 
variable results [93]. Another disadvantage is that remaining Fe 
impurities affect application of the so-obtained materials in elec-
tronic devices [421, 422]. 

2.2.2.2. Organometallic Coupling Reactions 

As for poly(/?-phenylene), there are two important methods: the 
Ni-catalyzed coupling of Yamamoto and Colon, on the one hand, 
and the Suzuki reaction based on the coupling of aromatic boronic 
acids with halogenated aromatic compounds in the presence of a 
Pd(0) catalyst, on the other. Besides these two main methods, a 
series of other metal-catalyzed couplings have been explored. 

Ni-Catalyzed Coupling Reactions 
Yamamoto Method. Yamamoto et al. [423] prepared polythio-

phene by treating 2,5-dibromothiophene with Mg and catalyz-
ing the polymerization by Ni(bipyridine)2Cl2 (Fig. 15). A similar 

Fig. 16. McCullough method for regiospecific synthesis of poly(3-
alkylthiophene)s with 100% head-to-tail couplings. 

metal-catalyzed polycondensation reaction was reported by Lin 
and Dudek [424]. These methods are based on the coupling of 
Grignard reagents with aryl haUdes reported by Tamao et al. [263]. 
Systematic studies of the polymerization of 2,5-dihalothiophene 
were performed by the group of Yamamoto, as well as by many 
other groups [259-263]. Varying the amounts of Mg, solvent, type 
of metal, monomer concentration, type of halogen on the thio-
phene, temperature, reaction time, and type of catalyst led to some 
good chemical methods for the synthesis of polythiophene deriva-
tives [85, 87, 273, 425-427]. To be able to process polythiophene, 
alkyl substitutents were introduced to enhance solubility. Poly(3-
methylthiophene) was chemically synthesized but was found to be 
insoluble [426, 429-431]. The first chemical synthesis of environ-
mentally stable and soluble poly(3-alkylthiophene)s based on the 
Yamamoto method was reported by the group of Elsenbaumer 
[432-434]. Typically, 2,5-diiodo-3-alkylthiophene was treated with 
one equivalent of Mg in THF, generating a mixture of Grig-
nard species. A catalytic amount of Ni(dppp)Cl2 (dppp = 1,3-
diphenylphosphinopropane) was then added, generating the poly-
mer by a dehalogenation coupling reaction. Initially, molecular 
weights were reported to be rather low, but later reports showed 
that higher molecular weights were possible [418, 435]. 

Colon Method. 2,5-Dihalothiophenes were polymerized by a 
polycondensation dehalogenation reaction where Ni(0) was gen-
erated in situ by the reduction of NiCl2 with Zn powder in the 
presence of triphenylphosphine in dimethylformamide (DMF), 
also known as the Colon method [428, 436] (Fig. 15). Poly(3-
alkythiophene)s were synthesized according to this method. Di-
iodothiophenes were found to be more reactive than dibromoth-
iophenes [273]. 

McCullough Method. Regioregularity in poly(3-alkylthiophe-
ne)s has an important influence on the polymer properties and 
its electronic characteristics [437]. One obvious approach to-
ward the synthesis of regioregular substituted polythiophenes, 
which has been applied by several groups, is to use common 
random coupling chemistry to polymerize thiophene derivatives 
with inherent symmetry [438-449]. An alternative strategy was 
proposed by McCullough and Lowe [450] in the early 1990s: 
the utilization of asymmetric coupling of asymmetric monomers 
in order to achieve regioregular head-to-tail-coupled structures 
of polythiophene derivatives. This synthetic method [451-461] 
regiospecifically generates 2-bromo-5-(bromomagnesio)-3-alkyl-
thiophene, which is subsequently polymerized with catalytic 
amounts of Ni(dppp)Cl2 on the basis of the method reported 
by Tamao et al. [263] (Fig. 16). The method reported by Tamao 
et al. [263] is also the basis for the Yamamoto procedure [258] 
mentioned in this chapter. Some key features of the McCul-



14 KIEBOOMSETAL. 

.R .R 

ZnBr-— ^ y>—Br ^ B r — ^ J>—ZnBr ^ Z n B r — ^ J>—Br b ^ S ^ L S J 

Fig. 19. Stille coupling. 

Ni(dppe)Cl2 

Fig. 17. Rieke method for regiospecific synthesis of poly(3-alkylthio-
phene)s with 100% head-to-tail couplings. 

B r - ^ ^ > - B r " ^ B r - ( ^ Z n B r , ZnBr—^^>-Br 

I 

6 
COOH 

COOR 

n Br 

Bro 
COOH 

Cu/DMF 

I.SOCI2 

2. ROH/pyridine 

COOR 

Fig. 20. UUmann coupling of thiophene ester derivatives. 

Pd(PPh3)4 

Fig. 18. Rieke method for regiorandom synthesis of poly(3-alkylthio-
phene)s. 

lough method are the selective metallation with lithium diiso-
propylamide. The intermediate organolithium thiophene com-
pound is stable at -78° C and does not undergo metal-halogen 
exchange via any process. In addition, thienyl lithium compounds 
are relatively poor organolithium reagents and therefore unlikely 
to undergo metal-halogen exchange reactions with 2-bromo-3-
alkylthiophenes. The lithium intermediate is then reacted with re-
crystallized MgBr2-Et20 (from Et20 in a dry box), which results 
in the formation of 2-bromo-5-(bromomagnesio)-3-alkylthiophe-
ne. The latter does not rearrange at higher temperatures. The sub-
sequent polymerization occurs without any scrambling, resulting in 
all head-to-tail-coupled poly(3-alkylthiophene). 

Rieke Method. The second synthetic approach to head-to-tail-
coupled poly(3-alkylthiophene)s was described by Chen et al. 
[462-466]. This coupling method differs primarily in the synthe-
sis of the asymmetric organometallic intermediate. In the Rieke 
method, a 2,5-dibromo-3-alkylthiophene is added to a solution of 
highly reactive "Rieke Zn." This metal reacts quantitatively to 
form a mixture of isomers, 2-bromo-3-alkyl-5-(bromozincio)thio-
phene and 2-(bromozincio)-3-alkyl-5-bromothiophene. The ratio 
between these two is dependent on the reaction temperature and, 
to a much lesser extent, the steric influence of the alkyl substituent. 
The addition of a Ni cross-coupling catalyst, Ni(dppe)Cl2, leads to 
the formation of a regioregular poly(3-alkylthiophene) (Fig. 17). 
An interesting aspect is that, upon addition of a Pd cross-coupling 
catalyst, Pd(PPh3)4, the reaction results in the formation of a com-
pletely regiorandom poly(3-alkylthiophene) (Fig. 18). If 2-bromo-
3-alkyl-5-iodothiophene derivatives are reacted with "Rieke Zn," 
only 2-bromo-3-alkyl-5-(iodozincio)thiophene is formed. This 
species, however, will react in an identical fashion to form re-
gioregular or regiorandom poly(3-alkylthiophene), depending on 
the catalyst used for the polymerization. One advantage of the 
Rieke method is that highly reactive "Rieke Zn" affords a func-
tional group-tolerant synthesis. 

Pd-Catalyzed Reactions 
Curtis Method. McClain et al. [467] report that polymers are 

generated by PdCl2-catalyzed dehalogenation polycondensation 
of 2,5-bis(chloromercurio)-3-alkylthiophenes with Cu powder in 
pyridine (Fig. 15). Ester functional groups at the 3-position do not 
seem to be affected by the polymerization conditions. 

Stille Method. 2,5^-dibromobithiophenes have been coupled 
with 2,5^-bis(trimethylstannyl)bithiophenes using a catalytic amount 
of PdCl2(AsPh3)2 [443] (Fig. 19). 

Other Syntheses Based on Metal-Catalyzed Coupling Reactions. 
Polythiophenes have been synthesized by coupling of 5,5'-dilithio-
bithiophenes with CuCl2 [441]. A similar coupling has been repor-
ted making use of Fe(acac)3 (acac = acetylacetonate) in refluxing 
THF [443]. UUmann coupling has been used to synthesize 3-ester 
derivatives of polythiophene [468] (Fig. 20). 

2.2.2.3. Electrochemical Synthesis 

Good-quality polythiophene can be prepared by electrochemical 
polymerization of thiophene. The methods used are very similar 
to those used for poly(p-phenylene). 

Anodic Electrochemical Oxidation. The anodic electropolymer-
ization of thiophene presents several distinct advantages such as 
the absence of catalyst, direct grafting of the doped conducting 
polymer onto the electrode surface (which is of particular interest 
for electrochemical applications), easy control of the film thick-
ness by deposition charge, and possibility to perform a first in situ 
characterization of the growing process or of the polymer by elec-
trochemical and/or spectroscopic techniques. 

The electropolymerization of bithiophene was initially men-
tioned in 1980 [469], whereas the first report of the electropoly-
merization of thiophene appeared 2 years later [61]. Following 
these initial works, a large number of studies have been devoted 
to the analysis of the electropolymerization reaction and to the 
optimization of the electrosynthesis conditions [136]. 

The electropolymerization of five-membered heterocycles in-
volves many experimental variables such as the solvent, concen-
tration of reagents, temperature, cell geometry, nature and shape 
of the electrodes, and applied electrical conditions. As a conse-
quence of the diversity of these parameters and of the complexity 
of the electropolymerization pathways, electrosynthesis conditions 
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determine, to a large extent, the structure and properties of the 
resulting polymer. Due to the interdependence of many of the ex-
perimental variables, however, the analysis of the effects of an in-
dividual parameter and hence optimization of the electrosynthesis 
conditions constitute a complex problem [136]. 

The solvent of the electrolytic medium exerts a strong effect 
on the structure and properties of polythiophene films. As a mat-
ter of fact, the solvent must simultaneously present a high di-
electric constant to ensure ionic conductivity of the electrolyte 
medium and a good electrochemical resistance against decom-
position at the high potentials required to oxidize the thiophene 
ring (1.4-2.3 V/SCE). Although the electropolymerization of 3-
methylthiophene in aqueous medium has been reported, the mate-
rial obtained has not been characterized in detail [470]. In contrast, 
several works have shown that the presence of traces of water in 
the synthesis medium has deleterious consequences for the elec-
tropolymerization reaction [471, 472], for the conjugation length, 
and for the conductivity of the polymer [473]. It has been shown 
that the presence of water results in the incorporation of carbonyl 
groups in the polymer [474]. The most conductive polythiophenes 
have been prepared in rigorously anhydrous aprotic solvents of 
high dielectric constant and low nucleophilicity such as acetoni-
trile [61, 62, 69, 469], benzonitrile [63], nitrobenzene [64, 65, 70, 
72], and propylene carbonate [475, 476]. These solvents lead to 
the highest current efficiency of electropolymerization [344]. 

Polythiophenes are generally electrogenerated in the presence 
of small anions derived from strong acids such as C107, PF7, 
BF^, and AsF^, associated with lithium or tetraalkylammonium 

cations [63-65, 70, 72, 75, 430, 475-478]. HSO^ and SO^" lead 
to poorly conducting materials [62, 64, 70]. The nature of the an-
ion strongly affects the morphology [479,480] and electrochemical 
properties [481] of polythiophenes prepared in acetonitrile. A par-
tial crystallinity has been observed in poly(3-methylthiophene) 
grown in acetonitrile with CF3SO^ [482,483]. Unlike polypyrrole, 
the electropolymerization of thiophene in the presence of elec-
trolytes containing aromatic anions such as halo- or alkylbenzene-
sulfonates or naphthalenesulfonates yields no or little polymer of 
low doping level and conductivity [483, 484]. 

The temperature of electropolymerization has been reported 
to affect the extent of the conjugated system and hence the optical 
and electrical properties of the polymer [64, 65, 70, 475, 476, 485]. 

The anode is of critical consideration since the physicochemical 
properties of its surface determine the nature and the strength of 
the bond between the polymer and the electrode, which can affect 
both the polymerization process and the properties of the resulting 
polymer. Polythiophenes are generally grown on noble metals such 
as platinum [61, 62, 72, 477, 478, 486, 487] and gold [488] or on 
optically transparent electrodes such as tin oxide and ITO-coated 
glass [63-65, 70, 72, 430, 473, 475-477, 487]. Polythiophenes have 
also been deposited on other surfaces such as titanium [489] and 
iron [490]. The most conductive polymers have been obtained on 
bulk platinum, presumably because thiophene absorbs more effi-
ciently on platinum and also platinum presents a larger number 
of potentially active sites, thus leading to a high density of initial 
nucleation sites and to more compact materials [68, 74, 75, 478]. 

The applied electrical conditions exert considerable effects on 
the structure and properties of electrogenerated polythiophenes. 
Polythiophenes have been deposited under potentiostatic [61, 62, 
69, 469] or galvanostatic [63, 64, 68, 70-72, 74, 75, 430, 475-479, 
485, 487] conditions and by recurrent potential sweeps [491, 492] 

or current pulses [68, 74]. Although from a thermodynamic point 
of view it is likely that the applied potential is the relevant elec-
tric parameter, the most homogeneous and conducting films are 
generally obtained under galvanostatic conditions at potentials ap-
proximately 0.5 V more positive than the oxidation potential of the 
monomer. [63, 64, 68, 70-72, 74, 75, 430, 475-479, 485, 487]. 

Under constant electrical conditions (2 mA cm~^), high mono-
mer concentrations (0.5-1 M) produce loose, poorly conducting 
films containing significant amounts of soluble oligomers. The de-
crease in monomer concentration improves both the cohesion of 
the films and their conductivity, which reaches values in the range 
of 500 S cm-1 for 0.1 M monomer [72, 477, 493]. 

The electropolymerization of thiophene oligomers has been 
investigated by several groups. In general, the conjugated struc-
ture of the oligomers results in a decrease of the relative re-
activity of the a positions, which has deleterious consequences 
for the stereoselectivity of the polymerization [73, 442, 477, 
493-510]. An ahernative strategy to increase the stereoregular-
ity of electrogenerated polythiophenes consists of the activation 
of the a positions of the thiophene ring in order to increase 
their relative activity. A first attempt in this direction involved 
the electropolymerization of 2,5-dilithiothiophene in the presence 
of CuCl2 [441]. Another approach consists of the activation of 
the a-ol positions of the monomer by alkylsilyl groups such as 
trimethylsilyl (Fig. 15). Although the polymer obtained from 2,5-
bis(trimethylsilyl)thiophene is rather similar to that obtained from 
the unactivated monomer, 2,5'-bis(trimethylsilyl)bithiophene leads 
to a significant improvement of the electrochemical and electrical 
properties [510]. 

Electronic effects drastically affect the electron density of 
the thiophene ring and hence its reactivity. Thus, monomers 
substituted by strongly electron-withdrawing groups such as 3-
thiophenecarboxylic acid, 3-thiophenecarboxaldehyde, 3-cyano-
thiophene, and 3-nitrothiophene that have oxidation potentials 
approximately 0.5-0.7 V higher than thiophene do not elec-
tropolymerize. The electropolymerization of monomers with less 
electron-withdrawing substituents such as 3-thiopheneacetonitrile, 
or 3-thiopheneacetic acid, proceeds with low-current efficiency 
and requires highly anodic potentials. Halogen-substituted mono-
mers, i.e., 3-chloro, 3-bromo-, 3,4-dibromo-, and 3-iodothiophenes, 
are generally difficult to electropolymerize and lead to poorly con-
ducting polymers with high oxidation potentials. In this latter case, 
however, the observed effects probably arise from a combination 
of electronic and steric factors. The impossibility or difficulty of 
electropolymerizing monomers of high oxidation potentials has 
been attributed to the high reactivity of the corresponding radi-
cals, which can thus undergo rapid reactions with the solvent or 
anions to form soluble products rather than to electropolymerize 
[62, 480, 511-514]. 

In the other extreme case, the substitution of thiophene by 
electron-donating groups produces a decrease of oxidation poten-
tial and hence a stabilization of the corresponding radicals. These 
radicals can thus diffuse away from the electrode surface to form 
soluble oligomers in solution. Thus, attempts to electropolymerize 
3-(methylthio)-, 3-(ethylthio)-, and 3,4-bis(ethylthio)thiophenes 
were unsuccessful or led to the formation of soluble oligomers. 
Theoretical calculations have shown that the spin density in the 
corresponding radicals was maximum on the sulfide function and 
not on the a positions of the thiophene ring, which is a necessary 
condition for electropolymerization. A similar explanation could 
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Fig. 21. Structure of polypyrrole. 

account for the failure to electropolymerize tetrahydrothieno[3,4-
c]thiophene, which acts as a radical scavenger capable of inhibit-
ing the electropolymerization of 3-methylthiophene. Although of 
lesser magnitude, similar effects result from the grafting of alkoxy 
groups on the thiophene ring. In this case, the electron-donating 
effect of the oxygen decreases the oxidation potential of the 
monomer, which stabilizes the resulting radicals and favors the for-
mation of soluble short-chain oligomers [412, 515-519]. 

Reductive Electropolymerization. Besides the oxidative anodic 
electropolymerization of the monomer, which is the most conve-
nient and the most widely used method, polythiophene can also 
be prepared by a cathodic route involving the electroreduction of 
the complex Ni(2-bromo-5-thienyl)(PPh3)4Br in acetonitrile. This 
method, initially proposed for the synthesis of poly(/7-phenylene) 
[374-376], has been extended to polythiophene [520]. The major 
drawback is that the polymer is produced in its neutral insulating 
form, which leads rapidly to a passivation of the electrode and lim-
its the attainable film thickness to approximately 100 nm. On the 
other hand, this technique presents the advantage of being appli-
cable to electrode materials subject to anodic corrosion such as 
small-bandgap semiconductors [521]. 

2.2.3. Polypyrroles 

Of all of the known conducting polymers, polypyrrole (Fig. 21) is 
the most frequently used in commercial applications, due to the 
long-term stability of its conductivity and the possibility of forming 
homopolymers or composites with improved mechanical proper-
ties. The science and application of polypyrrole have already been 
discussed extensively in some detailed reviews [522, 523]. 

Polypyrrole was first prepared in 1916 [524, 525] by the oxida-
tion of pyrrole with hydrogen peroxide to give an amorphous pow-
dery product known as "pyrrole black." Little further interest was 
shown in this material, however, until it was electrochemically pre-
pared in the form of continuous films. The electrochemical syn-
thesis of polypyrrole dates back to the early work of DalFOlHo 
[526], who obtained pyrrole black by electrochemical oxidation of 
pyrrole in aqueous sulfuric acid on a platinum electrode. In 1979 
[527], electrochemical techniques to synthesize polypyrroles be-
came a useful way to obtain highly conductive freestanding materi-
als. Chemical and electrochemical methods of synthesis have been 
improved in order to optimize the physical and chemical proper-
ties of those materials. 

2.2.3.1. Chemical Syntheses 

Pyrrole was first chemically polymerized in 1916 [524, 525] by the 
oxidation of pyrrole with hydrogen peroxide to give an amorphous 
powdery product known as pyrrole black, which was found to be 
insoluble in organic solvents. In general, pyrrole blacks have been 
prepared in the presence of various oxidizing reagents, including 
hydrogen peroxide in acetic acid, lead dioxide, ferric chloride, ni-
trous acid, quinones, and ozone. Chemical methods of prepara-
tion with acid or peroxide initiators have resulted mainly in fairly 

oxidative insulating materials with room-temperature conductivity 
typically on the order of 10"^^ to 10"^^ S cm'^ [528-532]. Those 
initially insulating polypyrroles can be doped with halogenic elec-
tron acceptors such as bromine and iodine to achieve a stable con-
ductivity on the order of 10~^ S cm'^ [532]. 

One of the great advantages of polypyrrole from a synthetic 
point of view concerns the low oxidation potential of the pyr-
role monomer [533]. Pyrrole is one of the most easily oxidized 
monomers and hence a variety of oxidizing agents are available 
for preparing polypyrrole. In addition, polypyrrole can be ob-
tained directly in a conducting state, because the polymer oxida-
tion occurs with oxidant salts acting as doping agents. The most of-
ten used oxidizing agents for pyrrole polymerization are oxidative 
transition metal ions, as widely reported in the literature. Several 
metallic salts have been employed to polymerize pyrrole: FeCl3, 
Fe(N03)3, Fe(C104)3, Fe2(S04)3, K3Fe(CN)6, FeBr3, CuCl2, 
CuBr2, etc. Ferric salts are the most commonly used oxidants for 
the synthesis of highly conductive polypyrrole complexes [33-36, 
38, 534-536]. In general, polymer conductivity is a function of the 
monomer and oxidant agent concentrations, solvent, time of re-
action, and temperature of synthesis. Thus, the optimum reactant 
Fe(III)/monomer ratio for the polymerization of pyrrole by FeCl3 
has been found to be 2.4 [534]. In water/ethanol mixtures, an opti-
mum ratio of 2.25 for the polymerization has been obtained. Con-
ductivities as high as 190 S cm~^ have been reported for polypyr-
role synthesized in a methanol solution of FeCl3 [537]. 

Low temperatures (0-5° C) are the most appropriate for ob-
taining the best conductivities in aqueous solutions of ferric salts 
[538]. Similar behavior for the chemical oxidation of pyrrole in or-
ganic solvents has been reported [539]. This seems to suggest that 
lowering the reaction rate results in an increasing polymer conduc-
tivity. 

Highly conductive polypyrrole could be obtained if the oxida-
tion potential of the aqueous solution is controlled to the optimum 
value during chemical polymerization by adding a suitable amount 
of FeCl2. In this way, polypyrrole having a conductivity of more 
than 200 S cm~^ has been prepared [40]. When this procedure is 
applied to chemical vapor deposition, polypyrrole having a con-
ductivity of more than 100 S cm~^ is obtained [41]. 

Apart from metallic salts, simultaneous chemical synthesis and 
doping of polypyrrole has been achieved by halogenic electron ac-
ceptor, such as bromine or iodine, in several solvents [27, 28, 30, 
540, 541]. Pyrrole has also been oxidized by means of haloben-
zoquinones [28, 542]. Synthesis and doping of polypyrrole has 
been performed by 2,3-dichloro-5,6-dicyano-/7-benzoquinone and 
tetrachloro-o-benzoquinone from bulk polymerization [28]. 

Most of the chemical polymerization procedures described 
thus far use metal salts, which are consumed stoichiometrically 
in the reaction. However, effective catalytic processes would be 
highly favored for mass production, because of the low cost 
of extensive posttreatment steps. CUCI/AICI3/O2 is a typical 
system apphed to synthesize polypyrrole chemically [543, 544]. 
Bis(acetylacetonato)(oxo)vanadium(IV) has also been used in-
stead of CuCl [42]. 

Control over 2,5-linked polypyrrole is achieved by means of 
Stille chemistry. r-BOC-protected pyrroles are converted into 
bromo-trimethyl stannyl monomers and subsequently polymer-
ized using a Pd catalyst. The so-obtained low-molecular-weight 
material can next be converted to polypyrrole by thermal depro-
tection [545]. UUmann coupUng has also been used to prepare 
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polypyrrole of comparable quality to that obtained through Stille 
chemistry [546]. 

2.2.3.2. Electrochemical Syntheses 

Among all of the methods of synthesis to produce polypyrrole, 
the electrochemical procedure is one of the most useful proce-
dures to obtain polypyrroles with high conductivities. The general 
details are similar to other conducting polymers such as poly(p-
phenylene) or polythiophene. The experimental requirements are 
not difficult, because it is possible to work in aqueous solution at 
ambient pressure and temperature. The main problem is related 
to the difficulty in producing large amounts of polypyrrole due to 
the limitations imposed by the size of the anode. Second, even the 
most simple electrochemical process of pyrrole electropolymeriza-
tion involves different experimental variables in order to optimize 
polymer properties. These variables can be chemical, such as sol-
vent, monomer concentration, and salt concentration, or physical, 
such as temperature, nature and shape of the electrodes, cell ge-
ometry, or electrical conditions. Commonly, all of these variables 
are interdependent. 

The nature of the electrode is a critical variable for the prepa-
ration of polypyrrole films. Since the films are produced by an ox-
idative process, it is fundamental that the electrode does not ox-
idize in competence with pyrrole. For this reason, most polypyr-
role films have been prepared using inert anodes, such as plat-
inum [547], gold [548], or glassy carbon [549]. From a technological 
point of view, however, other cheaper materials such as iron or alu-
minum should be more interesting [550-562]. Apart from metals, 
polypyrrole films have also been prepared using a variety of semi-
conducting materials. Generally, polymerization onto metals gives 
smoother and more adherent films than polymerization on mate-
rials such as ITO glass or semiconductors [563, 564], although, in 
the case of ITO electrodes, interactions between polypyrrole and 
Sn(II) sites have been proposed [565]. Polypyrrole films have been 
generated on silicon [566-568], gallium phosphide [569], cadmium 
sulfide, and cadmium selenide [570]. Photoelectrochemical gener-
ation of the polymer has also been performed on semiconductor 
substrates [571]. It was found that the potential at which the pyr-
role polymerizes is lower compared to platinum metal. Protection 
of n-GaAs [571] and n-Si photoanodes [572,573] by photoelectro-
chemically generated polypyrrole may be a new possibility for the 
construction of practical electrochemical solar cells. 

Solvents have a very strong influence both on the mechanism 
of electropolymerization and on the polymer properties. In fact, 
solvents must simultaneously have a high dielectric constant to en-
sure ionic conductivity of the electrolytic medium and a good elec-
trochemical resistance against decomposition at the potentials re-
quired to oxidize the pyrrole ring. A wide variety of solvents have 
been used for electropolymerization. In most cases, polypyrrole is 
prepared from electrolyte solutions employing aprotic organic sol-
vents, but since the work of Diaz et al. [527] much work has also 
been done on the polymerization reaction in aqueous solutions, 
achieving films with properties similar to those produced from or-
ganic solutions [574-577]. An aqueous medium can be used to 
introduce a wide variety of inorganic anions. The main problem 
concerning the electrogeneration of polypyrrole in water is associ-
ated with the excess of oxygen present in the polymer structure 
as a consequence of degradation processes taking place during 
polymerization [574, 578-580]. Among organic solvents, acetoni-
trile has been the most commonly used. High-quahty films were 

first reported by Diaz et al. [527, 563] using a tetraethylammo-
nium tetrafluroborate/acetonitrile solution. Films grown from dry 
acetonitrile are nonuniform and are poorly adhered to the elec-
trode surface. Increasing the water content of the acetonitrile so-
lutions, better adhesion and conductivity are obtained. In addi-
tion to acetonitrile, a wide variety of other aprotic solvents can 
be used as long as the nucleophilic character of the solvent is poor. 
Even some nucleophilic aprotic solvents such as dimethylsulfoxide, 
dimethylformamide, and hexamethylphosphoramide can be used 
if the nucleophilicity of the solution is reduced by the addition of 
a protic acid [581]. Good-quality films have been obtained from a 
dimethylformamide solution [582, 583]. In addition to aprotic sol-
vents, films have been prepared in strong acid media. These prepa-
rations are carried out in polyethylene or polypropylene cells, us-
ing a platinum, gold, or glassy carbon working electrode and a 
polymer-coated Ag/AgCl or Pd/H reference electrode [329, 335]. 
Polypyrrole films have been prepared in AICI3/NH4CI molten salt 
mixtures [584, 585]. 

The main requirements in the choice of the supporting elec-
trolyte are the solubility of the salt, its degree of dissociation, and 
the reactivity of both the anion and cation, in particular, the nu-
cleophilicity of the anion. On the other hand, since the anion is 
incorporated into the film during polymerization, modifications of 
the polymer properties can be made by simply changing the elec-
trolyte salt of the solution. With respect to the cation, most of 
the salts used to electropolymerize pyrrole contain tetraalkylam-
monium cations because they are soluble in aprotic solvents and 
highly dissociated. Lithium salts are also used, although they are 
highly aggregated. Sodium and potassium salts are less used be-
cause they are not very soluble in aprotic solvents. A wide variety 
of anions have been used to prepare polypyrrole films. Good films 
are obtained in anions that are not very nucleophihc. Nucleophilic 
anions such as hahdes, acetates, alkoxides, and hydroxides do not 
produce polymers, but react indiscriminately with monomer or 
monomeric radical cations, giving soluble products that color the 
solution [581]. Most highly conductive films have been obtained 
withj:?-toluenesulfonate anions [577]. It is clear that the kind of an-
ion used during the polymerization influences both the structural 
and the electroactive properties [329, 586]. 

The polymerization temperature has a substantial influence on 
the kinetics of polymerization as well as on the conductivity, redox 
properties, and mechanical characteristics of the films. The rate of 
polymerization is strongly affected by the temperature of synthesis 
[587-589]. The generation temperature also affects the conductiv-
ity of the resulting polymer. In general, higher conductivities are 
obtained at lower temperatures, both in aqueous media [577] and 
in propylene carbonate [590]. Films prepared in a propylene car-
bonate solution at -20° C are much more conductive than those 
prepared at 20°C. Mirebeau [591] has studied the effect of tem-
perature and current density on the polymerization of pyrrole on 
stainless steel from propylene carbonate solutions. On aluminum 
electrodes. Beck et al. [550, 555] have shown that lower tempera-
tures are also advantageous and that at 0°C smooth and strongly 
adherent polypyrrole layers are obtained from oxalic acid aqueous 
solutions. 

Polypyrrole can be deposited under potentiostatic or galvanos-
tatic conditions and by potential or current sweep or pulses. In any 
case, the applied electrical conditions introduce effects on both 
the structure and the properties of the electrogenerated polypyr-
role films and on the rate of polymer production. From electro-
chemical preliminary studies of the electrode in the absence and 
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in the presence of monomer, one can choose the potential where 
monomeric oxidation will take place [522]. Properties of the elec-
trogenerated polypyrrole films can be changed by varying the elec-
trochemical parameters of the synthesis, even while maintaining 
the same electrolytic conditions. The influence of the electrochem-
ical method on morphology, appearance, and adherence to plat-
inum electrodes has been studied [592]. Smooth and adherent 
films were obtained at lower current densities [527, 563]. The ap-
pearance of higher conductivities was also observed when films 
were electrogenerated at constant current [593]. 

2.2.4. Extended Aromatic Ring Systems 

The electronic and optical properties of polyconjugated materials 
are, to a large extent, determined by the characteristics of the con-
jugated path or the alternation of single and double bonds. Soon 
after the initial development of poly(/7-phenylene), polythiophene, 
and polypyrrole, it was realized that by careful design of the aro-
matic ring system specific electronic and optical properties could 
be achieved. One of the major issues that triggered the develop-
ment of polyaromatics with extended 7r-electron ring systems was 
the quest for low-bandgap polymers—a quest that is still continu-
ing because no conjugated polymer meets in a satisfactory way the 
simultaneous requirements of low bandgap, high charge-carrier 
mobihty, and stability in the conductive state. 

2 2 4.1. Fused Ring Systems 

Polyhenzo[c]thiophene (or Polyisothianaphthene). Benzo[c]thio-
phene—in the field of conducting polymers most commonly 
known as isothianaphthene—is a compound that is very sensitive 
toward oxidation and whose chemical properties are drastically 
different from its thiophene analogs [594-598]. As a consequence, 
the manipulation of isothianaphthene is not straightforward. The 
preparation of isothianaphthene is well established [596,599, 600]. 
Synthesis of a sterically protected isothianaphthene compound has 
been reported [601]. 

One of the earliest reports on a polyisothianaphthene-like 
material describes its accidental discovery when trying to pre-
pare poly (isothianaphthene sulfide) on the basis of the idea that 
poly(isothianaphthene sulfide) should possess better electronic 
characteristics and should be more synthetically accessible than 
poly(sulfur nitride) (SN)^ (Fig. 22). Upon treatment of the 1,3-
di(chloromercurio)isothianaphthene with iodine, a blue-black lus-
trous material was obtained. The material was, however, poorly 
characterized [602]. It was not until the mid-1980s that polyisoth-
ianaphthene (Fig. 23) was synthesized and analyzed in further de-
tail [603]. 

As could be expected, the electrochemical polymerization of 
isothianaphthene was initially reported to be rather delicate. Thus, 
the use of electrolytes such as BU4NCIO4 and BU4NBF4 in ace-
tonitrile, conditions commonly employed for electrodeposition of 
polythiophenes, led to the formation of a white precipitate, which 
was identified as being poly(l,3-dihydroisothianaphthene). For-
mation of polyisothianaphthene was achieved by indirect oxida-
tion of isothianaphthene by electrogenerated chlorine or bromine 
[603-605]. Later it was shown that satisfactory results could be ob-
tained by the application of repetitive potential scans to acetoni-
trile solutions containing classical electrolytes such as BU4NBF4 
and Et4NBF4 [606-608]. 

(a) 

(b) 

(c) 

^N-S, N=S^ N-etc 
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Fig. 22. Poly(sulfur nitride) (SN)jc, (b) replacing the nitrogens by car-
bons, and (c) stabilizing radicals in an analog carbon-sulfur compound. 

Aromatic Quinoid 

Fig. 23. Two possible structures for polyisothianaphthene: aromatic and 
quinoid. 
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Fig. 24. Syntheses of polyisothianaphthene. 

Polyisothianaphthene has also been prepared by means of 
chemical syntheses (Fig. 24). The oxidation of 1,3-dihydroisothia-
naphthene with atmospheric oxygen, FeCl3, SO2CI2, sulfuric acid 
and A/̂ -chlorosuccinimide leads directly to the doped conducting 
polymer [609-611]. lyoda et al. [612, 613] obtained polyisothiaph-
thene through photolysis of isothianaphthene in the presence of 
Bu4NBr and CCI4, as well as through photochemical polymeriza-
tion of 1,3-dihydroisothianaphthene. It has also been reported that 
polyisothianaphthene can be directly obtained from phthalic anhy-
dride or phthaHde by reaction with P4S10 [614] (Fig. 25). Several 
substituted polyisothianaphthene derivatives have been prepared 
in a similar fashion by either chemical syntheses or electrochemical 
polymerization [615-626]. The bandgap of polyisothianaphthene 
is typically around 1.0-1.2 eV. Upon doping, the material becomes 
transparent [603]. 

Polynaphto[2,3-c]thiophene. Naphto[2,3-c]thiophene (Fig. 26) 
can be prepared in a similar way as benzo[c]thiophene (isothi-
anaphthene). This compound was electrochemically polymerized 
in an acetonitrile solution with (PPh4)Cl as electrolyte. The neu-
tral polymer film was blue and became transparent gray upon dop-
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Fig. 25. Synthesis of polyisothianaphthene from phthalic anhydride or Fig. 28. Structure of (a) thieno[2,3-^]thiophene, (b) thieno[3,2-^]thio-
phthalide with P4S10. phene, and (c) dithieno[3,2-6:2^3^-J]thiophene. 

9101^2 

(a) (b) 

Fig. 26. Structure of (a) polynaphto[2,3-c]thiophene and (b) poly-
phenanthro[9,10-c]thiophene. 

N N 

(a) (b) 

Fig. 27. Structure of (a) polythieno[3,4-6]pyrazine and (b) poly-
thieno[3,4-^]pyridine. 

ing. The Amax is around 575 nm and the edge of the absorption 
band around L5 eV [627-629]. 

Polyphenanthro[9,10-c]thiophene. Polyphenanthro[9,10-c]thio-
phene (Fig. 26b) can be prepared by electrochemical polymer-
ization of phenanthro[9,10-c]thiophene in an acetonitrile or ni-
tromethane solution with BU4NPF5 as electrolyte. The material 
obtained from the polymerization in acetonitrile showed a con-
ductivity as high as 105 S cm~^ The bandgap of this polymer, 
however, was not determined [630]. 

Polythieno[3,4-b]pyrazine and Polythieno[3,4-b]pyridine. Poly-
thieno[3,4-^]pyrazine (Fig. 27a) is related to polyisothianaphthene 
in the sense that the two CH groups adjacent to the thiophene 
rings have been replaced by sterically less demanding nitrogen 
atoms. The hexyl derivative of this polymer was chemically poly-
merized with FeCl3. The absorption spectrum showed a Amax at 
875 nm in chloroform solution and 915 nm for a solution-cast 
film with a band edge of 0.95 eV. Films cast after doping with 
NOBF4 in solution exhibited a maximum four-probe conductivity 
of 3.6 X 10-^ S cm-1 [615, 631]. Other alkylated polythieno[3,4-
Z?]pyrazines have been synthesized [632]. The parent unsubstituted 
polythieno[3,4-Z?]pyrazine has also been prepared by reaction of 
2,3-pyrazine dicarboxyhc anhydride with P4S10 [614]. 

Polythieno[3,4-Z7]pyridine (Fig. 27b) has also been prepared by 
reaction of 2,3-pyridine dicarboxylic anhydride. Conductivities af-
ter doping were on the order of 10~^ S cm~^ [614]. 

Polythienothiophenes. Thieno[2,3-Z?]thiophene [633], thieno[3,2-
^]thiophene [634], dithieno[3,2-6:2^3'-^]thiophene [635], and the 
corresponding electrogenerated polymers have all been investi-
gated [636-639] (Fig. 28). Contrary to theoretical expectations. 

(a) (b) 

Fig. 29. Structure of (a) poly(4-decylthieno[3,4-Z?]thiophene) and (b) 
poly(dithieno[3,4-6:3^4'-^]thiophene). 

Fig. 30. Cyclopenta[2,l-Z?:3^4^-^^]dithiophene. 

(a) (b) 

Fig. 31. Poly(cyclopenta[2,l-Z?:3^4^-/7^]dithiophen-4-one): (a) aromatic 
and (b) antiaromatic resonance forms. 

these polymers showed bandgaps slightly larger than that of poly-
thiophene [640]. 

Poly(4-decylthieno[3,4-Z7]thiophene) (Fig. 29a) has been pre-
pared by Pomerantz et al. [641-643] using FeCl3. The material 
showed a Amax at 738 nm. The bandgap obtained from the band 
edge was around 1.2 eV. 

Dithieno[3,4-^:3^4^-^]thiophene [635] (Fig. 29b) can be poly-
merized electrochemically [640,644-646] or photochemically [647]. 
The polymer seems to be transparent in the visible spectral region 
in its doped form, while the low-energy absorption edge of the un-
doped neutral state indicates a bandgap of 1.1-1.2 eV [648]. 

Bridged Bithiophenes. Cyclopenta[2, l-b'3' ,A' -Z?̂ ] dithiophene [649, 
650] (Fig. 30) has been polymerized electrochemically and is 
characterized by a lower oxidation potential and relatively high 
conductivity as compared to polythiophene [651-653]. Polymers 
based on bridged bithiophenes gained a renewed interest when 
Lambert and Ferraris [654] reported that the electropolymeriza-
tion of cyclopenta[2,l-Z?:3^4'-^^]dithiophen-4-one led to a polymer 
with a bandgap of 1.1-1.2 eV. The idea was that the electron-
withdrawing effects of the ketone group and the contribution of 
an antiaromatic resonance form should decrease the aromatic-
ity of the system and hence increase the quinoid character of 
the polymer (Fig. 31). Encouraged by this result, researchers 
used cyclopenta[2,l-Z?:3',4'-Z?']dithiophen-4-one as the basis for the 
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(a) (b) 
Fig. 35. Polyacene viewed as a combination of two parallel chains of trans-

Fig. 32. Structure of (a) poly(4-dicyanomethylene)-4/f-cyclopenta[2,l- (CH)jc fastened together. 
/?:3^4^-/?']dithiophenone) and (b) poly(4-[cyano[(nonafluorobutyl)sulfo-
nyl]methylidene]cyclopenta[2,l-/?:3^4^-/?^]dithiophenone). —^ >—^ >—v̂  >—v 

(a) (b) 

Fig. 33. (a) Dioxolane analog of poly(cyclopenta[2,l-^:3^4^-^^dithio-
phene) and (b) its sulfur derivative. 

s s 
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or S S 

H P^BU3BF4' 
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S-n-Hexyl, S-n-Decyl 

Fig. 34. Wittig-Horner or Wittig olefination of cyclopenta[2,l-^:3^4'-
6']dithiophen-4-one with appropriate phosphonate esters or phosphonium 
salts. 

synthesis of several derivatives such as 4-dicyanomethylene)-4/f-
cyclopenta[2,l-^:3^4^-Z?^]dithiophenone [655] and 4-[cyano[(nona-
fluorobutyl)sulfonyl]methylidene]cyclopenta[2,l-^:3',4^-Z?^]dithio-
phenone [656] (Fig. 32). The dioxolane analog and its sulfur 
derivative were polymerized electrochemically (Fig. 33) [657-660]. 
The compounds of Figure 34 were synthesized by Wittig-Horner 
or Wittig olefination of cyclopenta[2,l-^:3^4'-5^]dithiophen-4-one 
with appropriate phosphonate esters or phosphonium salts [661-
663]. 

2,2.4.2. Ladder-Type Polymers 

Polyacenes. Another approach to obtain better organic conduc-
tive materials can be found in increasing the dimensionaUty of low-
dimensional TT-conjugated polymers through the design of one-
dimensional graphite-like ribbons [137]. Polyacene is probably the 
most famous member of this class of materials. Interest in this ma-
terial is based on theoretical considerations as well as experimental 
results obtained for the first members of the oligomer series [664]. 
Polyacene can be viewed as a combination of two parallel chains 
oftrans-(Cli)x fastened together (Fig. 35). Oligomers of the acene 
series have been synthesized up to heptacene [665]. Examination 

Fig. 36. Polyphenanthrene viewed as the result of various combinations 
ofcis-(Cii)x chains. 

Fig. 37. Polyphenanthrene synthesized by an electrophilic-induced cy-
clization reaction. 

of the redox potential and the highest occupied molecular or-
bital (HOMO)-lowest unoccupied molecular orbital (LUMO) gap 
(A^") of the first members of the series reveals a sharp decrease of 
^E from naphthalene to heptacene [664, 666]. Several attempts to 
synthesize polyacene have led to materials of unspecified structure 
[667-670]. Precursors have been synthesized by means of repeti-
tive Diels-Alder additions [671, 672]. Preparation of polyacene by 
means of LB methods has also been considered [673]. Oligomers 
with polyacene-based structures have been prepared by heating 
diphenyldiacetylene under high pressure [674, 675]. 

Fastened parallel 7r-conjugated chains of (CH)jc can be com-
bined in different ways. Thus, polyphenanthrene can be viewed as 
the result of various combinations of cis-(CH)x chains (Fig. 36). 
A polymer with a structure close to that of Figure 36 was syn-
thesized by an electrophilic-induced cyclization reaction [277,309] 
(Fig. 37). A polyphenanthrene derivative with cyclic imine struc-
tures has been synthesized by Tour and Lamba [310,676] (Fig. 38). 
The synthesis is based on Suzuki coupling, followed by a ring clo-
sure reaction to form the imine structure. 

Poly(perinaphthalene). Poly(perinaphthalene) (Fig. 39) can also 
be viewed as a special kind of combination of (CH)^ chains. Ka-
plan et al. [677] reported on poly(perinaphthalene)-like material 
obtained by pyrolysis of 3,4,9,10-perylenetetracarboxylic dianhy-
dride (PTCDA) at 700-900° C in vacuum. Conductivity was meas-
ured to be 250 S cm~^. When the pyrolysis was performed in 
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Fig. 38. Polyphenanthrene with cyclic imine structures. 

Fig. 39. Poly(perinaphthalene). 

Fig. 40. Ladder polymer consisting of a combination of poly(peri-
naphthalene) and polyaccene. 

the presence of niobium, the resulting material appeared to be 
superconducting with an onset Tc of 12 K [677-679]. Other re-
ports mention different conductivity values, depending on the syn-
thesis parameters [680-682]. Chemical vapor deposition has also 
been used with PTCDA as the precursor [683]. The difficulties in 
the synthesis of the polymer triggered the interest in shorter sol-
uble oligomers [684-686]. The synthesis of the soluble oligomers 
is based on the Pd-catalyzed coupling of alkyl-substituted aryldi-
boron acids with dibromo aromatic compounds (Suzuki coupling). 

Another type of ladder polymer consists of a combination 
of poly(perinaphthalene) and polyacene (Fig. 40). The resulting 
structure is reminiscent of the open-chain analog of the belt region 
of C60 [687]. More soluble oligomers have also been prepared for 
these materials [688, 689]. 

Polyheteroacenes. Polyheteroacenes are polyacenes in which car-
bon atoms have been replaced by heteroatoms. Polyquinoxalines 
(Fig. 41a) have initially been developed because of their high ten-
sile strength and excellent thermal stability [690, 691]. Their elec-
tronic properties have drawn renewed attention when it was sug-
gested that the rigidification of the structure represented an inter-
esting approach for the improvement of the electronic properties 
of the polymers with respect to electronic and nonlinear optical ap-
plications [692-694]. Polyquinoxalines have been prepared by the 
condensation of a dihydroxy diketone with aromatic polyamines 
[690-692]. 

Other related structures involve rigid oligomers with a het-
eroacene skeleton such as oligophenothiazines obtained via direct 
thionation of various aniline derivatives [695]. Polyphenothiazine 
and polyphenoxazine (Fig. 41b and c) have also been prepared by 
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Fig. 4L Polyheteroacenes: (a) polyquinoxaline, (b) polyphenothiazine, 
and (c) polyphenoxazine. 
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Fig. 42. Synthesis of poly(tetrahydropyrene) from a dibromo precursor. 

other groups and their conductivity discussed without reporting 
data concerning the bandgap [696, 697]. 

A semiconducting ladder polymer was obtained by polyconden-
sation of 2,3,5,6-tetrachlorobenzoquinone and a 3,7-diaminophen-
azinium chloride. Depending on the method of preparation, the 
conductivity ranges between 7.2 x 10~^ and 8 x 10~^ S cm~^ 
However, conductivity did not increase upon doping [698]. 

The synthesis of ladder polyanilines was attempted through the 
electropolymerization of o-phenylenediamines or o-aminophenols 
[699-703]. 

Alkyl-Bridged Pofy(p'phenylene)s. More conclusive results have 
been obtained concerning the preparation of rigidified po\y(p-
phenylene)s. One first approach in this direction involved the syn-
thesis of poly(tetrahydropyrene) from a dibromo precursor [277] 
(Fig. 42). 

The synthesis of alkyl-bridged poly(/7-phenylene)s is based on 
typical poly(/7-phenylene) chemistry, followed by a second reac-
tion in which the rigidifying bridge is created. Scherf et al. [314, 
315, 704, 705] used Suzuki coupling to create a ketone-substituted 
poly(/7-phenylene). In a next step, the ketone functions in this poly-
mer were reduced and, finally, the ladder polymer was obtained by 
Friedel-Crafts alkylation (Fig. 43). 

The so-obtained ladder poly(p-phenylene) was converted to 
poly(arylenemethide) (Fig. 44) by dehydrogenation with DDQ or 
through lithiation of the benzyhc positions followed by oxidation 
using cadmium chloride [706, 707]. 

2,2.5. Copolymers of Aromatic Ring Systems 

The properties of 7r-conjugated polymers can be varied over a 
wide range of conductivity, processibility, and stability, depending 
on the type and number of substituents, rings, and ring fusions. As 
is true for other areas of polymer chemistry, the use of copolymers 
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Fig. 45. (a) Random and (b) alternating copolymers. 

Fig. 43. Synthesis of alkyl-bridged poly(p-phenylene)s. 

^2 ^2 

Fig. 44. Dehydrogenation with, e.g., DDQ, yields a ladder-type 
poly(arylenemethide). 

can simultaneously broaden and allow better control over these 
and other properties. Copolymerization, a process in which two or 
more monomers are incorporated as integral segments of a poly-
mer, is used to produce copolymers with properties that are dif-
ferent from those of the homopolymers [383]. In general, copoly-
mers possess physical and mechanical properties intermediate be-
tween both homopolymers. The magnitude of the numerical val-
ues of these properties generally depends on the concentration of 
the monomer units incorporated into the copolymer. The primary 
advantage of copolymerization is that it leads to a homogeneous 
material, the properties of which can be regulated by adjusting the 
ratio of the concentration of the monomers. By its very nature, 
copolymerization offers the unique and unlimited capability or op-
portunity for chemists to design and construct molecules with spe-
cial optical and electronic properties using established techniques 
[383]. 

Due to the various possibilities for copolymerization, every dis-
cussion will somehow present only a partial view. The discussion 
in this section focuses on fully conjugated systems in which aro-
matic ring systems are being used as monomeric units. This kind 
of copolymer has already in one way or another been discussed in 
several reviews [137, 383, 384, 389, 643]. 

There are four kinds of copolymers: random, alternating, block, 
and graft. In the case of copolymers in which aromatic ring systems 

are being used as monomeric units, one will encounter mainly two 
types of copolymerizations: random copolymerization, in which 
the arrangement of monomeric units is in a statistically random 
placement along the chain, and alternating copolymerization, in 
which two types of monomeric units alternate regularly in the poly-
mer chain (Fig. 45). The chemistry of copolymerization is, to a 
large extent, based on the polymerization chemistry presented ear-
her in this chapter. As a consequence, obtaining random or al-
ternating copolymers depends either on the specificity of the syn-
thetic procedure or on the structure of the monomer used. 

Alternating copolymers are obtained either by using proce-
dures in which there is also a chemical differentiation between 
both monomers at the level of the coupling process (e.g., poly-
condensation reactions such as Suzuki coupling and Stille cou-
pling) or by using specifically designed oligomeric compounds, 
which are then polymerized. Random copolymers are obtained 
by electrochemical methods, oxidative chemical polymerizations, 
Yamamoto coupling. Colon coupling, Grignard coupling, Wurtz-
Fittig reaction, Ullmann reaction, and Curtis coupling (Fig. 45). 

In this section, copolymers of the same aromatic systems 
but with different substituents will be treated first, followed by 
copolymers of different aromatic systems and the special class of 
poly(arylene methine)s. Because of its special position in the field 
of conducting polymers, poly(p-phenylene vinylene), which can be 
considered as an alternating copolymer of poly(p-phenylene) and 
polyacetylene, will be discussed separately. 

2.2.5.1. Same Aromatic Ring - Different Substituents 

From the previous discussion, it is clear that there are many ways 
to introduce substituents onto different aromatic ring systems, 
affording a large number of monomers. These monomers are 
amenable to oxidative polymerization as substituents, in general, 
impart little electronic perturbation to a monomer's oxidation po-
tential. When substituents become larger or interact with the aro-
matic system through conjugation, however, the redox potential of 
the monomer can be influenced to such an extent as to impede 
the coupling of the radical cations. Nevertheless, a large number 
of such copolymers have been prepared as well for thiophene and 
pyrrole as for phenylene mostly on the basis of their specific chem-
istry (see previous discussion) (Fig. 46). 

Copolymers of Substituted Phenylenes. Suzuki polycondensation 
has been used to copolymerize alternating substituted and non-
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Fig. 46. Copolymers with the same aromatic ring but different sub-
stituents. 
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Fig. 48. Substituted thiophene copolymer obtained by cyclization with 
Na2S of an intermediate polymer. 

Fig. 47. P-phenylene trimer with two aryl substituents at the central 
phenylene ring. 

substituted phenylene moieties [301]. Similar chemistry has been 
used in the synthesis of the precursors for ladder polymers. These 
precursors are, in fact, alternating copolymers [224, 309, 310, 314, 
315, 676, 704-707] (e.g.. Fig. 43). Poly(p-phenylene)-based poly-
electrolytes have also bee prepared by different groups [302, 303, 
305, 306, 708]. A;?-phenylene trimer with two aryl substituents at 
the central phenylene ring has been polymerized using the Colon 
method [709] (Fig. 47). 

Copolymers of Substituted Thiophenes. Random copolymers of 
substituted thiophenes have been prepared [71, 93, 396, 433, 434, 
512, 710-728]. Several designed bithiophenes and terthiophenes 
have also been polymerized to produce random but mostly alter-
nating copolymers [503, 652, 729-736]. A copolymer consisting of 
thiophene and alkoxythiophene units has been obtained by cycliza-
tion with Na2S of an intermediate polymer [737] (Fig. 48). 

Copolymers of Substituted Pyrroles. Several groups have copoly-
merized pyrroles with A/̂ -substituted pyrroles or pyrroles bearing 
substituents in the 3- or 4-position [505, 563, 738-765]. 

2.2.5,2. Different Aromatic Rings 

Copolymerization of different aromatic ring systems offers the 
promise to obtain materials with properties situated in between 
those of both parent homopolymers. Due to the different chemical 
reactivities of the various aromatic ring systems, direct oxidative 
procedures are not always straightforward to carry out. To obtain 
alternating copolymers, the main strategy reUes on the synthesis 
of suitable oligomeric compounds, which are finally polymerized 
according to well-known coupling procedures. The major issue in 
the latter case concerns the sometimes advanced synthetic effort 
required to obtain the sought-after oligomeric compound. 

Pyrrole-Thiophene. Random copolymers consisting of thiophene 
and pyrrole units have been prepared on the basis of electrochem-
istry or direct chemical oxidation. The main problem associated 
with these processes is the large difference between the electro-
chemical oxidation potentials of pyrrole (0.6 V vs SCE) and thio-
phene (1.6 V vs SCE). To overcome this problem, the strategy 
used to carry out this copolymerization has been to oxidize pyrrole 
under diffusion-limiting conditions at potentials where thiophene 
oxidation takes place. Under these conditions, pyrrole is kept at 
concentrations 100 times lower than thiophene [505, 766-773]. 
Alternating copolymers have been prepared on the basis of di-
or trimeric oligomers, polymerized according to well-established 
procedures [498, 767, 771, 773-781] (Fig. 49a). A copolymer of 
alkoxythiophene and pyrrole has been obtained through cycliza-
tion of a precursor polymer [737] (Fig. 50). 

Pyrrole-furan. 2,2^-furylpyrrole [774] has been synthesized and 
electrochemically polymerized [778, 782] (Fig. 49b). The low con-
ductivity in some of the derivatives was attributed to overoxidation 

Pyrrole-Benzo[b]thiophene. A highly conductive polymer has 
been prepared from the electrochemical polymerization of pyrrole 
and benzo[Z7]hiophene [783] (Fig. 51). 

Thiophene-Furan. A copolymer based on 2-(2' -thienyl)furan has 
been prepared [652] (Fig. 49c). Most furan-containing polymers, 
however, have been synthesized from a-linked three-ring systems. 
The different trimeric systems of Figure 49c have been polymer-
ized [776, 778, 782]. 

Thiophene-Pyridine. In an effort to combine the electron-donat-
ing properties of thiophene with the electron-accepting nature 
of pyridine, Mitsuhara et al. [784] electropolymerized 2,5-, 2,6-, 
and 3,5-[di(2-thienyl)]pyridine derivatives. Others have carried 
out chemical polymerization of 2-(2-thienyl)pyridine and 2,5-di(2-
pyridyl)thiophene by dehalogenative polycondensation of the cor-
responding dihaloaromatic compounds using a zero-valence nickel 
complex [785, 786] (Fig. 49d). 

Thiophene-Thiazole. Copolymers of thiophene or 3-methoxy-
thiophene with methylthiazole have been electrochemically syn-
thesized from a-linked four-ring monomers. The conductivity and 
redox potential of this copolymer appear to be comparable to 
those observed for poly(a-terthiophene) [787] (Fig. 49e). 
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Fig. 49. Various oligomeric compounds used to prepare copolymers with 
different aromatic ring systems. 
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Fig. 50. Copolymer of alkoxythiophene and pyrrole obtained through cy-
clization of a precursor polymer. 
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Fig. 51. Highly conductive polymer prepared from the electrochemical 
polymerization of pyrrole and benzo[6]thiophene. 

Thiophene-Benzo[c]thiophene (or Isothianaphthene). Polymers 
derived from a-terthiophenes bearing a variety of fused central 
ring systems have been prepared. These materials were synthe-
sized in the context of small-bandgap polymers. The insertion 
of a specific ring system into the middle of a trimeric precursor 
presents several advantages such as the construction of alternate 
donor and acceptor moieties or the stabilization of rather unstable 
fused ring systems. 

The earliest application of this approach was the develop-
ment of the three-ring system l,3-bis(2-thienyl)benzo[c]thiophene 
or 1,3-dithienylisothianaphthene (Fig. 52a). The synthesis of this 
compound was reported almost simultaneously by four groups 
[788-792]. The procedure proposed by Kiebooms et al. [790] has 
been used to prepare several substituted derivatives [793-795]. 
The electropolymerization of 1,3-dithienylisothianaphthene [788, 
791, 792] yielded a material with a bandgap of around 1.7 eV, 
a value intermediate between those of polythiophene and poly-

Fig. 52. Thiophene oligomers with fused ring systems on the central unit. 

isothianaphthene. The different substituted derivatives possess 
bandgaps in the range between 1.2 and 1.7 eV [793-795]. Deriva-
tives in which the heteroatom in the central ring was oxygen [788, 
791, 792] or N-CH3 [792] have also been prepared. 

Thiophene-Naphto[2,3-c]thiophene (or Isonaphtothiophene). A 
terthienyl containing a central naphto[2,3-c]thiophene (or ison-
aphtothiophene) was prepared using one of the routes also used 
to obtain 1,3-dithienylisothianaphthene [628] (Fig. 52b). Although 
a bandgap of 0.65 eV was claimed, this result was not unequivo-
cally confirmed by the optical spectra. 

Thiophene-Thieno[3,4-h]pyrazine. Interaction between the hy-
drogens on the 4- and 7-positions of the isothianaphthene rings 
and the adjacent thiophene rings causes the rings to rotate out of 
plane. As a consequence, the value of the bandgap becomes larger 
because of decreased inter-ring conjugation. To reduce steric in-
teractions between the fused benzene ring and the adjacent thio-
phene rings in 1,3-dithienylisothianaphthene, nitrogens have been 
introduced at the 4- and 7-positions of the isothianaphthene ring 
(Fig. 52c). Polymers based on thieno[3,4-5]pyrazine [796] and 
thieno[3,4-^]pyridine [797] have been reported. The values of the 
bandgap are 1.4 and 1.0 eV, respectively. Two other members of 
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Fig. 53. Different pyrrole-based oligomers used to prepare pyrrole-
benzene copolymers. 
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Fig. 54. Pyrrole-benzene copolymers obtained by cyclization of a 
polyphenylene diketone in the presence of ammonia. 

Fig. 55. Different thiophene-based oligomers used to prepare 
thiophene-benzene copolymers. 

this class of compounds are those derived from the monomers 
incorporating the nonclassical fused thienothiadiazole [798, 799], 
whose completely planar structure yields a polymer with a bandgap 
of 0.9 eV, and the extended system [800, 801], which has an es-
timated gap of 0.3 eV. Benzobis(l,2,5-thiadiazole) has also been 
prepared [800]. 

Pyrrole-Benzene. Copolymers of pyrrole and benzene have been 
synthesized from 2-phenylpyrrole and l,4-bis(2-pyrrol-yl)phenyl-
ene [802] (Fig. 53a). Chemical syntheses of similar copolymers 
have been carried out by cyclization of a polyphenylene diketone 
in the presence of ammonia [803] (Fig. 54). Pd(0)-catalyzed cou-
pling of boronic acid derivatives of 1,4-bisdodecylbenzene and 2,5-
dibromopyrrole has also been used [804]. A series of l,4-bis(2-
pyrrol-2yl)arylenes have been synthesized and chemically and elec-
trochemically polymerized as well [805] (Fig. 53b). 

Thiophene-Benzene. l,4-bis(2-thienyl)phenylene has been elec-
tropolymerized [806, 807]. Electrochemical polymerization of 
l,3-bis(2-thienyl)phenylene and l,4-bis(2-thienyl)biphenylene has 
also been reported [784, 808] (Fig. 55). Random copolymers have 
been obtained from the Ni(II) coupling of different molar ratios of 
2,5-dibromothiophene and 1,4-dibromobenzene [809, 810]. A se-
ries of substituted l,4-bis(2-thienyl)phenylenes have been poly-
merized on the basis of a procedure similar to the Rieke method 
[811, 812]. In addition, the group of Reynolds prepared an exten-

Fig. 56. l,4-bis(2-furanyl)phenylenes used in copolymerization reactions. 

X = 0,S 

Fig. 57. Copolymers of thiophene and complex arylenes. 

sive series of substituted poly(l,4-bis(2-thienyl)phenylene)s [813-
817]. Copolymers of thiophene and benzene have also been ob-
tained by means of the Yamamoto method [273, 818]. Copolymers 
of thiophene- and alkoxy-substituted benzenes have been synthe-
sized by means of the Stille reaction [819, 820]. 

Furan-Benzene. Pelter et al. [811,812] have chemically prepared 
structural isomers of furan-phenylene copolymers by reacting bis-
zinc chlorides of l,4-bis(2-furanyl)phenylenes with 1,3- and 1,4-
dibromobenzene. The group of Reynolds has also investigated 
these copolymers [817, 821] (Fig. 56). 

Thiophene-Complex Arylenes. An alternating copolymer of bis-
thienyl and corenene has been reported [822]. Numerous other 
electroactive copolymers containing more complex heterocyclic 
rings have been prepared [823-829] (Fig. 57). 

3,4-Ethylenedioxythiophene-Arylenes. In a series of papers, the 
Reynolds group reported on a set of monomers that straddle vari-
ous aryl groups with the 3,4-ethylenedioxythiophene system. These 
compounds allow wide control over bandgap and redox properties 
[830-835] (Fig. 58). 

Thiophene-Pyrrole-Furan. There are only a few examples in 
which three different heterocycles have been incorporated into 
a polymer. One of those is obtained by the chemical polymer-
ization of an a-linked three-ring system containing thiophene, N-
methylpyrrole, and furan [778, 782] (Fig. 59). 

2,2.5.3. Poly(arylene methine)s 

Poly(arylene methine)s are a class of conjugated materials based 
on the association of aromatic and quinoid moieties. These poly-
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Fig. 58. 3,4-Ethylenedioxythiophene-based oligomers. 

Fig. 59. Triheterocyclic system. 
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Fig. 61. Synthesis of an oligothiophene by dehydrogenation using DDQ. 
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Fig. 62. Poly(isothianaphthene methine) obtained by using POCI3 in-
stead of an acid. 

Fig. 63. Structure of poly(/7-phenylene vinylene). 

Fig. 60. Synthesis of poly(thiophene methine)s by acid-catalyzed poly- dicarbonyl [843, 844]. The dicarbonyl was believed to polymerize 
merization of thiophene and an aldehyde. by the addition of protonic or Lewis acids. Both methods, however, 

yield materials with a considerable number of structural defects. 

mers were proposed by Jenekhe and co-workers as a new class of 
low-bandgap polymers. The idea was based on theoretical consid-
erations that led to the conclusion that the quinoid form of poly-
thiophene should possess a significantly smaller bandgap than the 
aromatic form [836]. By forcing some parts of the 7r-conjugated 
system to adopt a quinoid geometry and by mixing the aromatic 
and quinoid forms in variable proportions, one should, in princi-
ple, be able to tune the bandgap between the two limiting values 
[837]. The synthesis and characterization of poly(thiophene me-
thine)s has been extensively studied by Chen and Jenekhe [838, 
839]. The polymers were obtained by acid-catalyzed polymeriza-
tion of thiophene and an aldehyde (Fig. 60). In the case of oligoth-
iophene, a precursor polymer was obtained, which was in a second 
step converted to the fully conjugated system by dehydrogenation 
using DDQ (Fig. 61). 

A variation on this method was proposed by Goto et al [840] 
in which the use of acid was replaced by POCI3 to synthesize 
poly(thiophene methine)s bearing liquid crystalline side groups. 
This method was also applied to prepare poly(isothianaphthene 
methine) [841] (Fig. 62). 

Other groups developed alternative methods toward the syn-
thesis of poly(arylenemethine)s. For example, the condensation of 
2-(chloromethyl)-5-formylfuran with pyrrole and thiophene, or the 
reaction of a,a,a^-trichloro-;7-xylene with aromatic compounds in 
the presence of Friedel-Crafts catalyst [842], was reported. The 
condensation of 2-lithiothiophene with 2,5'-dithiophenedicarbox-
aldehyde or 2,5-dilithiothiophene with 2-formylthiophene gives a 

2.3. Poly(p-phenylene vinylene)s 

The first reports on poly(/7-phenylene vinylene) (FPV) (Fig. 63) 
date back to before the emergence of research on the electronic 
and photonic properties of polyconjugated materials. PPV can be 
considered as an alternating copolymer of poly(/7-phenylene) and 
poly acetylene. Interest increased during the 1980s because PPV 
could be prepared by a precursor method discovered by Wessling 
et al. [845-847]. Further research on PPV was boosted after the 
use of PPV as an organic electroluminescent layer in light-emitting 
devices [848]. An increasing number of papers are published, but a 
lot of questions still remain open. A detailed review on the chem-
istry and uses of PPV appears in [849]. 

There are several approaches toward the preparation of PPV, 
which can be classified as direct and precursor methods. Several of 
these methods have been applied to synthesize heterocyclic deriva-
tives (e.g., poly(thienylene vinylene) [850-855], alkoxy-substituted 
poly(thienylene vinylene) [856-859], poly(furylene vinylene) [860]). 

2.3.1. Direct Syntheses of PPV 

As usual, the recurring problem of the insolubihty of polyconju-
gated systems needed to be overcome in order to obtain a poly-
mer of reasonable quality. In the case of the direct methods, the 
only way to achieve this goal is by incorporation of solubilizing 
side chains (e.g., alkyl, alkoxy), which prevent the polymer from 
precipitating during polymerization. Direct polymerization occurs 
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Fig. 64. Wittig reaction. 
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mostly through polycondensation-like polymerizations based on 
well-known coupling reactions. 

Wittig Coupling. McDonald and Cambell [861] prepared PPV by 
repetitive Wittig-type couplings between an aromatic bisphospho-
nium salt and a bisaldehyde (Fig. 64). This reaction was further 
investigated by Gourley et al. [862]. Since the initial work of Mc-
Donald and Cambell, several other PPV derivatives have been syn-
thesized [863-866]. 

McMurray Coupling. McMurray coupling consists of the deoxy-
genative coupling of an aromatic dialdehyde (Fig. 65). By improv-
ing the reaction conditions for PPV, Rehahn and Schliiter [867] 
were able to obtain relatively high molecular weight polymers 
by coupling an alkyated aromatic dialdehyde in the presence of 
Zn/Cu and TiCl3(dimethoxyethane)i 5. Other PPV derivatives or 
related polymers have been synthesized on the basis of this method 
[851, 868, 869]. 

Heck Reaction. The Heck reaction [870] allows the double bond 
to be directly introduced into the polymer chain. A variety of aro-
matic dibromides have been polymerized with ethylene to produce 
both PPV and soluble derivatives [871] (Fig. 66). Other dihalo-
gen derivatives can also be used in this reaction [872]. Besides 
many possible side reactions, another disadvantage of this method 
is that one of the reactants is gaseous and must be added in precise 
amounts. Reaction conditions are mild, however, and are tolerant 
of many functional groups [873-877]. 

Suzuki Coupling. PPV can also be synthesized by Pd-catalyzed 
coupling of alkyl-substituted aryldiboron acids with dibromo aro-
matic compounds (Fig. 67). Several derivatives have been synthe-
sized in this way, among which poly(trisphenylene vinylene) [272, 
705, 878-880]. 

Fig. 69. Synthesis of PPV by metathesis of paracyclophane dienes. 

Knoevenagel Condensation. This method can be used to intro-
duce electron-withdrawing groups into conducting polymers by the 
reaction of an aromatic aldehyde with a benzylic nitrile catalyzed 
by an amine or amine salt (Fig. 68). Careful optimization of the 
reaction conditions is needed to reduce unwanted side reactions 
such as hydrolysis of the nitrile group or Michael addition to the 
double bond [881-894]. 

Siegrist Reaction. Double bonds can be synthesized by a vari-
ety of base-catalyzed condensations between an active methylene 
compound and a carbonyl group. Meier et al. [895, 896] used 
a base-catalyzed self-coupling of the Schiff bases of various p-
methylbenzaldehydes to prepare PPV. 

Metathesis-Catalyzed Reactions. Metathesis catalysts are used to 
break and recombine double bonds. In this way, unsaturated com-
pounds can be isomerized and rearranged to give new compounds. 
Kumar and Eichinger [897] oligomerized divinylbenzene with the 
Schrock catalyst to give low-molecular-weight PPV This was ex-
tended by Thorn-Csanyi and co-workers [898, 899] to give a solu-
ble PPV derivative of moderate molecular weight. Due to the sen-
sitivity of the catalysts, the low degrees of polymerization obtained, 
and the difficulty in synthesizing the appropriate monomers, there 
seems to be little advantage to this route. PPV is also obtainable by 
metathesis of paracyclophane dienes [900] (Fig. 69). The synthesis 
of substituted cyclophanes presents a significant barrier to further 
exploitation of this idea for other PPV derivatives. 
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Fig. 70. Benzothiazole condensation. 

Coupling ofBenzylic Halides. Stilbenes can be produced in high 
yield by the coupling of benzylic halides in Hquid ammonia with 
sodium amide [901, 902]. This reaction was extended to the prepa-
ration of PPV. By using dichloroxylene under the same conditions, 
researchers produced a yellow sohd polymer containing a signifi-
cant amount of residual chlorine. Similar results were obtained by 
Horhold and Opfermann [863] using sodium hydride in DMF. The 
presence of chloride in the final product was attributed to the pres-
ence of incompletely eliminated unsaturated linkages that could 
be removed by heating to 300° C [862]. A related route was used by 
Moritani et al. [903] whereupon treatment of tetrabromo-;7-xylene 
with two equivalents of methyllithium gave PPV. The mechanism 
of this reaction has not yet been fully elucidated [863, 904]. PPV 
and its derivatives can also be produced by dechlorination conden-
sation of tetrachloroxylenes with Cr(II) acetate [905-907]. Simi-
larly, perchloroxylene can be polymerized with Fe(CO)5 to give a 
perchloro-PPV derivative [908]. 

Benzothiazole Condensation. Osaheni and Jenekhe [909] synthe-
sized a benzobisthiazole PPV derivative by condensation of di-
acrylic acid with 2,5-diamino-l,4-benzenethiol (Fig. 70). 

Electrochemical Polymerization. PPV has also been prepared 
electrochemically using different types of monomeric compounds 
[910, 911]. 

2.3,2. Precursor Routes to PPV 

Several different methods have been reported. Those methods 
that have received less attention will be treated first. The Wessling 
precursor method has been subject to an enormous amount of 
research despite its inherent drawbacks. Finally, the Louwet-
Vanderzande route provides a new approach for further interest-
ing developments in this field. 

Benzoine Condensation. Kaul and Fernandez [912] reported the 
preparation of functionalized PPV derivatives containing alkyloxy 
side groups on the vinyl bond. These PPV derivatives were ob-
tained through the formation of a polybenzoine. In the presence 
of a strong base, the polybenzoine was transformed into a polydi-
anion. Reaction of the latter with acetylchloride or dimethylsulfate 
resulted in the functionalized PPV (Fig. 71). 

Ring-Opening Metathesis Polymerization. Conticello et al. [913] 
reported the coupling of a bicyclooctadiene compound by ring-
opening metathesis polymerization to give a high-molecular-
weight precursor polymer soluble in organic solvents. The poly-
mer can be converted to PPV by thermal treatment or by using 
2,3-dichloro-5,6-dicyanoquinon [914, 915] (Fig. 72). 
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Fig. 71. Benzoine condensation. 
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Fig. 72. Ring-opening metathesis polymerization of bicyclooctadienes. 
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Fig. 73. Modification of the Thorn-Csanyi ROMP route to PPV 

A modification of the Thorn-Csanyi ROMP route to PPV 
makes use of a silyl-substituted paracyclophane derivative, which, 
under ROMP conditions, reacted to give a soluble precursor poly-
mer. Transformation of the PPV could be achieved by treating the 
precursor polymer with acid or by hydrolysis of the silyl group fol-
lowed by thermal treatment (Fig. 73). Because the polymerization 
is "living," polymers and block copolymers of well-defined molec-
ular weight can be prepared [916]. 

Chemical Vapor Deposition. In 1947, Szwarc [917] reported the 
formation /7-xylylene through gas-phase pyrolysis of 1,4-methyl-
benzene. By condensation on cold surfaces, the so-obtained com-
pound spontaneously polymerized to PPV. One question that 
arose was whether these ;?-xylylenes should be described as a dia-
magnetic /7-quinodimethane compound or a paramagnetic dirad-
ical. Miiller et al. [918, 919] showed the diamagnetic character 
of the compounds of Figure 74, which is an indication of their 
;7-quinodimethane structure. Only in cases where a strong steric 
hindrance prevents planarization are such compounds paramag-
netic and thus behave as biradicals (Fig. 75). The polymerization 
is supposed to be initiated by coupling of two ;?-quinodimethane 
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Fig. 74. Diamagneticp-quinodimethane compounds. 
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Fig. 76. Synthesis of PPV by chemical vapor deposition. 

systems to form a diradical, which than starts growing at both ends 
through the addition of/7-xylylene at the radical centers [920]. This 
method was improved by Gorham [921] using paracyclophane as 
the starting material for the gas-phase pyrolysis process. Thin films 
of a chlorinated PPV precursor were produced by gas-phase pyrol-
ysis of 1,9-dichloroparacyclophane [922]. Heating under nitrogen 
at 300° C results in the conversion to PPV. A similar procedure was 
applied to 1,4-dihalomethylbenzene and dihalomethyl-4-benzene 
[923, 924] (Fig. 76). 

Sulfonium or Wessling Precursor Route. The best known and most 
widely used precursor route was discovered by Wessling and Zim-
merman [845-847], who were trying to produce conventional poly-
mers via alkylation of/7-xylylene sulfonium salts. The treatment of 
the sulfonium salt with a base produced a water-soluble, viscous, 
yellow-green solution of a polyelectrolyte, which could efficiently 
be purified by dialysis (Fig. 77). After further work by Hatch [925] 
and Alfrey [926] concerning the polycondensation of/7-xylylene 
bisdialkyl sulfonium salts, Wessling [847] was able to obtain high-
molecular-weight polymers. Both open-chain and cyclic sulfides 
can be used, the latter being preferred because of fewer side reac-
tions upon thermal elimination [891]. Although the Wessling pre-
cursor route allows PPV to be produced quickly and cheaply, there 
are several drawbacks, such as the toxicity, the bad odor of sulfur 
compounds, the generation of HCl during thermal treatment [927, 
928], and the instability of the intermediate polyelectrolytes, lead-
ing to side reactions. 
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Fig. 77. Sulfonium or Wessling precursor route. 

The polymerization mechanism has been studied in some de-
tail, and it is clear that the first steps involve deprotonation and 
1,6-elimination of a sulfide group to form a reactive p-xylylene 
derivative. Both steps are reversible and polymerization is inhib-
ited by excess sulfide [929]. If the reaction is carried out in water, 
then polymer yields can be improved by using either an immiscible 
organic solvent (e.g., pentane or toluene) to extract the sulfide as 
it is being formed or a water-insoluble sulfide as the leaving group 
[930]. It is also possible to use an emulsified dispersion as the 
polymerization medium [931]. Exchange of the methylene protons 
occurs even at -50° C, whereas the formation of the/^-xylylene 
derivative only occurs at temperatures above -40° C [932]. Gen-
erally, the best results are achieved at temperatures around 0°C. 
If the temperature is too high (>70°C), the base tends to attack 
the polymer instead, resulting in the formation of conjugated in-
soluble product [847]. The formation of the quinoidal/7-xylylene 
intermediate can be monitored by the appearance of a peak in the 
UV spectrum around 310 nm. This species seems to be the actual 
monomer required for the polymerization reaction to occur [933]. 
The quinoidal;7-xylylene intermediate has been used to optimize 
reaction conditions for polymerizations involving unreactive sulfo-
nium salts [929]. There has been some controversy over the precise 
nature of the polymer coupling reaction. The initial assumption 
was that the polymerization was a radical-promoted process [847]. 
The presence of radicals was hard to prove and the pendulum 
swung for a while toward an anionic mechanism [932]. However, 
careful work by Denton et al. [934] showed that radical trapping 
reagents did indeed suppress the polymerization. As an example, 
the addition of TEMPO to the reaction mixture not only dramati-
cally lowered the yields and molecular weights but also caused the 
disappearance of the spin label. The radical character of the poly-
merization was further confirmed by Cho et al. [935]. The mecha-
nism of radical initiation is unknown; it may involve spontaneous 
coupling of two quinoidal ;7-xylylene intermediates to form a bi-
radical. 

A wide variety of aromatic polycyclic and heterocyclic sulfo-
nium salts can be used in the polymerization. Formation of the 
quinoid intermediate is energetically unfavorable due to loss of 
aromaticity. In practice, if more than two aromatic ring systems 
have to be forced out of aromaticity when forming the />-xylylene 
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intermediate, then the polymerization is unlikely to succeed [930]. 
The presence of extra double bonds outside the aromatic ring but 
within the main chain does not seem to prevent polymerization 
[936]. Sulfonium salts based on a 1,4-naphthalene system are able 
to polymerize, as only one ring loses aromaticity during formation 
of the intermediate quinoid [937]. However, because both aro-
matic rings would need to lose some conjugation, the 2,6-isomer 
has been reported not to polymerize [930,938]. On the other hand, 
the polymerization is also inhibited if the /?-xylylene is too stable, 
as is probably the case for 9,10-substituted anthracene derivatives. 
Me^fl-substituted phenylene systems also do not polymerize due 
to the impossibility of forming the necessary quinoid intermedi-
ate. The situation regarding orf/zo-phenylene derivatives is not en-
tirely clear. There is no doubt that 6>-xylylenes could be formed; 
however, these are prone to other reactions such as dimerization 
or ring closure to form fused cyclobutanes. Successful polymeriza-
tion of orT/io-substituted compounds (halide rather than sulfonium 
leaving groups) via phase-transfer catalysis has been claimed, but 
the products were not well characterized [939]. 

A large variety of substituents can be tolerated on the aro-
matic ring, including aromatic [940-942], alkoxy [112, 943-950], 
alkyl [845, 846, 943, 951], silyl [952, 953], halogen [95^956], sul-
fur [957], and amino groups [958]. Electron-poor aromatic systems 
(e.g., nitro- or cyano-substitute) polymerize with extreme difficulty 
[929, 934, 959], although polymerization proceeds more smoothly 
if the electron-withdrawing group is attached to the a-methylene 
carbon rather than the ring [849]. Mixtures of different sulfonium 
salts can be used to generate copolymers, which is especially useful 
if a particular sulfonium salt does not homopolymerize [955, 956, 
959-965]. 

The sulfonium polyelectrolyte is usually soluble in methanol or 
water, which are the preferred solvents for polymerization. Solu-
bility also depends on the counterion [937, 966, 967]. Solubility in 
organic solvents can be achieved by substitution of the sulfonium 
group itself with, e.g., phenylthiolate ions or extended heating in 
methanol [968-970] (Fig. 78). 

There are several complicating factors in the synthesis and py-
rolysis of the sulfonium precursor [891, 971]. The intermediate 

OMe 

Fig. 78. Solubility of the precursor polymer in organic solvents achieved 
by substitution of the sulfonium group with, e.g., phenylthiolate ions, or 
through extended heating in methanol. 

precursor is not very stable and partial base-catalyzed elimination 
can occur as well as hydrolysis, resulting in the presence of alkoxy 
groups. This comphcates the pyrolysis step, leading to the possi-
bihty of residual unsaturations in the main chain. Similarly, the 
sulfonium sah can be substituted by the counterion, although this 
reaction is more prevalent in the solid state or at higher temper-
atures in solution [891, 972]. Non-regiospecific coupling of asym-
metrically substituted aromatic monomers can also lead to irreg-
ularities in the polymer chain, reducing the control on achieved 
conjugation after pyrolysis. Small levels of carbonyl groups are of-
ten noted by infrared (IR) spectroscopy after thermal conversion 
[973]. This could be the result of oxidation or side reactions in-
volving hydroxy-substituted portions of the chain. Many measure-
ments such as conductivity and fluorescence depend critically on 
the quality of the precursor polymer and the conversion condi-
tions. Even within the same group, there can sometimes be sig-
nificant batch-to-batch variation [849]. 

The sulfonium precursor polymer can be converted to fully con-
jugated PPV either by treatment with excess base or by heating un-
der vacuum or nitrogen. The temperature needed for full conver-
sion depends on the nature of the counterion. These range from 
120° C for bromide, to 200° C for chloride and fluoride, to over 
300°C for acetate [966, 967, 974]. Partial elimination starts for all 
four precursors at the same temperature, but complete conversion 
is complicated by the presence of side reactions [974]. Elimination 
of the sulfide group and the counterion is not always synchronous 
over the entire temperature range of the conversion, suggesting 
that competing side reactions occur [975] (Fig. 79). Whereas, in 
practice, most sulfonium precursor polymers are converted to PPV 
thermally, there has been some interest in other methods. Several 
groups have reported that exposing films of the sulfonium precur-
sor polymer to light (250-350 nm) causes partial conversion to 
PPV. This allows any unexposed parts of the film to be washed 
away. Even longer wavelength light (514 nm) can be used if a sen-
sitizing dye is also present [976]. By exposing the precursor to ex-
tended irradiation, the opposite effect is found, wherein the ex-
posed portions become so degraded that they are not converted 
into PPV upon heating. Thus, photolithography and patterning 
of PPV becomes an attractive and viable option [977-979]. Other 
methods that have been used for the conversion of sulfonium pre-
cursor polymers to PPV include the use of strong acids [980] and 
microwave heating [981]. It is also possible to grow films of PPV 
from the sulfonium precursor electrochemically [847]. 

Alkoxy Precursor Route. Sulfonium precursor polymers can be 
readily converted to methoxy-substituted polymers, which are sol-
uble in organic solvents and which are much more stable than the 
sulfonium precursor. The alkoxy group can be removed by acid ca-
talysis and/or heating to produce fully converted PPV derivatives 
[950, 968, 970]. 

Gilch Route. On the basis of the work by Karasch et al. [982], 
Hoeg et al. [901] reacted 1,4-dichloromethylbenzene with an ex-
cess of NaH2 in NH3/THF to obtain the unsoluble PPV. In a more 
systematic study, Gilch and Wheelwright [904] developed a proce-
dure to polymerize dichloro-;7-xylene with potassium r^rf-butoxide 
in organic solvents (Fig. 80). The reaction mechanism has been 
investigated and seems to be related to that of the WessHng pre-
cursor route [983-987]. The method of Gilch allows easier entry 
into a large range of substituted organic soluble PPV derivatives 
[905]. Unlike the sulfonium route, the reaction is usually allowed 
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Fig. 79. Competing reactions in the thermal elimination of sulfonium 
groups. 
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to proceed to completion by the addition of excess base, solubil-
ity being ensured by the use of substituents on the aromatic ring 
or on the vinyHc bond. Both chlorine and bromine leaving groups 
have been used. An intermediate soluble halide-substituted poly-
mer has been prepared, which can be dehydrohalogenated ther-
mally or partially eliminated in an alcoholic solvent [988-992]. 
However, the intermediate halogen-containing polymers may not 
be very stable. Stability is also strongly dependent on storage con-
ditions. Substituents used to give solubility include phenyl, alkoxy, 
and alkyl groups. The method of Gilch was applied to prepare a se-
ries of substituted PPV derivatives. It was observed that branched 
long-chain alkoxy and alkyl groups of at least six carbons in length 
are especially good at improving solubility. Asymmetric substitu-
tion of the aromatic ring also appears to improve solubility and 
formation of good-quality films [993]. 

Xanthate Precursor Route. Son et al. [994] published a modifica-
tion of the Wessling precursor route. The sulfonium groups were 
replaced by xanthate groups in order to avoid typical side reactions 
of the Wessling approach (Fig. 81). The precursor is stable at room 
temperature and soluble in most common organic solvents. Elim-
ination with formation of the polyconjugated system takes place 
between 160 and 250° C. 

Acetate Precursor Route. The use of acetate groups as elimination 
functionalities in a PPV precursor polymer have been reported. 
This precursor polymer is obtained from the sulfonium precursor 

Phase 2 

Phase 3 

Fig. 82. General scheme for/7-quinodimethane-based polymerizations as 
proposed by Louwet and Vanderzande. 

polymer by a competitive substitution with methanol and sodium 
acetate as nucleophiles. The acetate can be eliminated without af-
fecting the methoxy groups, because the acetic acid that is formed 
is only a mild acid [995]. 

Sulfinyl or Louwet-Vanderzande Precursor Route. The develop-
ment of sulfinyl precursor polymers by Louwet et al. [996-998] has 
overcome many of the drawbacks of the previous precursor routes. 

As the Wessling and Gilch precursor routes are character-
ized by the polymerization behavior of/?-quinodimethane systems, 
Louwet et al. [996-998] were aiming to develop a more generalized 
scheme to study the boundary conditions for such polymerizations. 
In this more general scheme (Fig. 82), a distinction is made among 
three phases: first, the in situ formation of the ;7-quinodimethane 
system, which acts as the monomer; second, the polymerization re-
action, and, finally, the conversion to the fully conjugated system. 

The;7-quinodimethane system can be formed in situ through a 
base-induced elimination reaction. This is only possible if the a,a'-
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functionalized /7-xylene derivative meets two essential require-
ments: first, the a-position of the /7-xylene should bear a polar-
izer stabilizing the anion formed under the influence of the base, 
and, second, a suitable leaving group is needed in the a'-position 
in order to obtain the;7-quinodimethane intermediate. The polar-
izer not only allows for the /?-quinodimethane intermediate to be 
formed, but also polarizes the system in such a way that regular 
head-to-tail addition is guaranteed. Finally, the polarizer needs to 
offer a specific chemistry allowing for the formation of a vinylic 
double bond in order to obtain the fully conjugated PPV system. 
In the case of the Wessling and Gilch precursor routes, the po-
larizer and leaving group are identical, which imposes the same 
chemistry on the polymerization reaction through the formation 
of the monomer (p-quinodimethane) as on the conversion process 
toward the conjugated material. Chemical differentiation of the 
polarizer and leaving group, on the other hand, allows full con-
trol over both the polymerization process and the stability of the 
precursor polymers. On the basis of this idea, Louwet et al. [996-
998] chose to use hahdes as leaving groups because of their good 
leaving-group characteristics and because halides do not enhance 
the acidity of the benzylic positions. As the polarizer, they opted 
for sulfinyl groups for several reasons: first, sulfinyl groups show 
no leaving-group properties versus nucleophilic reagents; second, 
the concerted thermal conversion to a vinylic bond is well docu-
mented [999]; and, finally, the alkyl or aryl side chain that comes 
with the sulfinyl group provides the opportunity to control the sol-
ubility characteristics of the precursor polymer [1000] (Fig. 83). 

The synthesis of the asymmetrically substituted monomer, 
which used to be a major challenge, is found to be possible with an 
unexpected high selectivity [1001] (Fig. 84). The effect of the po-
larizer and leaving group on the polymerization reaction has been 
studied by Issaris et al. [1002]. Although at first indications were 
found for a free-radical mechanism in the polymerization process 
[1003], it seems that, depending on specific parameters, the poly-
merization process can occur by radical or anionic mechanisms 
[1004]. Van Der Borght et al. [1005] have shown that it is possi-
ble to obtain high-molecular-weight poly(4,4^-bisphenylene viny-
lene) and poly(2,6-naphthalene vinylene) via this nonionic precur-
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Fig. 83. Sulfinyl or Louwet-Vanderzande precursor route. 
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Fig. 84. Synthesis of the asymmetrically substituted monomer for the 
Louwet-Vanderzande precursor route. 

sor route. A wide variety of sulfinyl side chains have been used 
to tune the solubility of the precursor polymers in various organic 
solvents and water [1000]. The polymerization to obtain sulfinyl 
precursor polymers has been optimized [1006] and is possible in 
solvents such as MMF, NMP, dimethyl sulfoxide (DMSO), and al-
cohols. In branched alcohols such as ^-butanol, a polymer yield of 
88% was achieved. The sulfinyl group also allows for the intro-
duction of well-defined modifications onto the polymer structure 
by partial oxidation of the sulfinyl groups to obtain sulfonyl groups 
[1007]. As the sulfonyl groups are stable upto 270°C [996-998], sp^ 
defects are introduced into the polyconjugated sp^ system, result-
ing in, e.g., an increased photoluminescence efficiency. The ther-
mal conversion process of the sulfinyl precursor polymers toward 
the fully conjugated system has also been studied in some detail 
[1008]. 

2.4. Polyanilines 

Polyaniline, known as "aniline black," was first prepared in 1834 
(for a historical review, see [1009]) (Fig. 85). Letheby [1010] de-
veloped a procedure based on aniline black for the determination 
of small quantities of aniline. Scattered publications [1011-1017] 
appeared in the literature until the advent of the science of con-
ducting polymers triggered by the research on polyacetylene in the 
1970s. Thus, oxidative polymerization was reported using mineral 
acids and oxidants such as persulfate, dichromate, and chlorate. 
The main reasons for the growth in interest during the 1980s were 
the low cost, relatively easy production process, stability of the 
conducting forms, and simple non-redox doping by protonic acids. 
Some reviews have been published [1018-1020]. 

Green and Woodhead [1011] describe a number of well-defined 
oxidation states for polyaniline (Fig. 86). The different states range 
from fully reduced leucoemeraldine via protoemeraldine, emeral-
dine, and nigraniline to the fully oxidized pernigraniline. Unlike 
most other polyconjugated systems, the fully oxidized state in 
polyaniline is not conducting. Polyaniline only becomes conduct-
ing when the moderately oxidized states, in particular the emeral-
dine base, are protonated and charge carriers generated [1021]. It 
is this process of "protonic acid doping" that makes polyaniline so 
unique: no electrons have to be added or removed from the insu-
lating material to make it conducting. 

Polyaniline is prepared by either chemical or electrochemi-
cal oxidation of aniline under acidic conditions in an aqueous 
medium. Electrochemical experiments have indicated that oxida-
tive polymerization of aniline occurs at 0.8 V versus SCE. This 
means that the following oxidants can be used in chemical ox-
idative polymerization of aniline: F2(g), S20g , H2O2, Ce^+, 

BrO^-, CI2, Cr20^- , 02(g), l O " , Br2, and VO2 [1020]. A sec-
ond aspect of polyaniline synthesis is the acid dissociation constant 
(p^a) of the acid. Because in polyaniline protonation equilibria in-
volves exclusively the quinone diamine segment, having two imine 
nitrogens with pATa = 1.05 and ^K^ = 2.55 [1022]. Therefore, any 
acid whose pA â value falls within that range would be suitable as 
a dopant. As the anilinium ion has a p^a of 4.60 and the ammo-
nium ion a pKa of 9.24, acids having pK^ values around that of an 

H>si 
Fig. 85. Structure of polyaniline. 
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Fig. 86. Different oxidation states in polyaniline. 

anilinium ion would be suitable as solvents if they are liquid. They 
can also be used to prevent overoxidation of polyaniline [1020]. 

2.4.1. Chemical Synthesis 

The most preferred method is to use either hydrochloric or sulfu-
ric acid with ammonium persulfate as oxidant [1021, 1023-1026]. 
A somewhat smaller quantity than an equimolar concentration is 
used to avoid degradation through overoxidation. Better quality 
polymer is obtained at lower temperatures. A variety of oxidants 
have been used to carry out chemical polymerization of aniline un-
der acid conditions. It seems that there is no relationship between 
the oxidation potential of the reagent and the polymer yield. Al-
though an oxidizing agent such as ammonium peroxydisulfate ap-
pears to yield a polymer of better quality than oxidizing agents 
containing metal ions such as dichromate, cerric, ferric, manganic, 
and cobah salts [1020]. 

Gebert et al. [1027] have reported a synthesis of polyaniline us-
ing Schiff base chemistry. The reactions involve the condensation 
of;7-phenylene diamine with/?-benzoquinone (Fig. 87). 

Mattoso et al. [1028] polymerized aniline at -40°C in the pres-
ence of LiCl and HCI to yield a high-molecular-weight polyani-
line. A similar procedure has been applied to prepare poly(o-
methoxyaniline) [1029]. 

Polyaniline can also be obtained by decarboxylation of poly-
(anthranilic acid) [1030]. Poly(anthranilic acid) was prepared by 

Fig. 87. Synthesis of polyaniline using Schiff base chemistry. 

using ammonium peroxysulfate as an oxidizer [1031]. Decarboxy-
lation is achieved by heat treatment. 

2.4.2. Electrochemical Synthesis 

The first electrochemical oxidation of aniline to emeraldine salt 
was reported by Letheby [1010] as a dark-green precipitate under 
aqueous acidic conditions. This green powdery material soon be-
came known as aniline black. Almost a hundred years later, inter-
est was revived when Mohilner et al. [1013] described the mech-
anistic aspects of aniline oxidations. However, major interest was 
only generated after the discovery that aromatic compounds can 
be anodically polymerized to a conducting film. 

Several groups [1032-1034] reported the preparation of poly-
aniline in an aqueous acid solution using a platinum electrode 
by cycling the potential between -0.2 and 0.8 V versus SCE. 
This electrochemically prepared polyaniline is electroactive and 
switches in aqueous solutions in the potential range —0.2 to 0.65 V 
versus SCE between two oxidation states. Under these controlled 
conditions, the process is thermodynamically reversible and the 
two states of the polymer can be produced repeatedly by cycling 
the potential. These switching processes with color and conduc-
tivity changes under aqueous conditions are important for tech-
nological applications [1020]. Bade et al. [1035] investigated the 
nucleation and growth of polyaniline on gold and platinum mi-
croelectrodes in a sulfonic acid medium. Tang et al. [1036, 1037] 
reported that by using a l-methyl-3-ethyl imodozolium chloride 
or anA^-butylpyridinium chloride-based AICI3 room-temperature 
melt it was possible to electropolymerize aniline. Alkyl-substituted 
anilines have been electropolymerized under a wide variety of con-
ditions [1018]. 

2.5. Chemical Structure and Electronic Properties 

2.5.1. Intrinsic Conducting Polymers 

2.5.1.1, Poly (sulfur nitride) 

One of the most important discoveries [1038] preceding the devel-
opment of conducting organic polymers is the fact that the inor-
ganic polymer poly(sulfur nitride) (SN)^ possesses a conductivity 
of 10"̂  S cm~^ at room temperature, which is almost comparable 
with the conductivity of copper (^6 x 10̂  S cm~^). Of funda-
mental importance to attaining the metaUic state is the presence 
of unpaired electrons in the primary molecular units. In the case 
of poly(sulfur nitride), a single polymer chain can be considered 
schematically as a collection of covalently bonded monomeric NS 
free radicals, each of which is the sulfur analog of NO. The NS 
molecule, like NO, contains an unpaired electron in the lowest oc-
cupied 77-*-antibonding molecular level. In principle, in a polymer 
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Fig. 88. Poly (sulfur nitride), the first polymer exhibiting metallic conduc-
tivity. 
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Fig. 89. rraAi5-polyacetylene. 

this type of TT* level may form the basis of the metallic conduction 
band. The "metallic" character of poly(sulfur nitride) appears to 
be an intrinsic property and is related to the presence of one un-
paired electron at every SN unit. As a consequence, the band in 
the polymer corresponding to the 7r*-antibonding molecular level 
will be half filled. The absence of a forbidden gap makes complete 
delocalization possible (Fig. 88). Therefore, conductivity in (SN);^ 
can be considered as similar to the conductivity of metallic con-
ductors [1039,1040]. 

In organic conjugated polymers, the presence of unpaired elec-
trons is rather an exception. This implies that the band structure 
will be characterized by completely filled valence bands. Most of 
the time, there is a large bandgap, generally larger than 1.5 eV, be-
tween the filled valence band and the empty conduction band and 
therefore intrinsic conductivity will be very low [1041]. 

2.5.1.2. Peierls Instability 

Introduction. The major breakthrough in the area of conducting 
plastics occurred when it was discovered that polyacetylene, which 
has an intrinsic conductivity much lower than 10~^ S cm~^, could 
be made highly conducting, 10^ S cm"^, by exposing it to oxidizing 
(p-type doping, I2, Br2, FeCl3, ASF5) or reducing agents (n-type 
doping, alkali metals) [153]. The most elementary presentation of 
the structure of polyacetylene is given in Figure 89. 

Ideally, polyacetylene can be represented as a long chain of CH 
groups, each possessing an unpaired electron (Fig. 89a). According 
to solid-state physics, this structure can be considered as a quasi-
one-dimensional metal in which the metal atoms are replaced by 
CH radicals. Since there is only one unpaired electron per CH 
group, a half-filled band is obtained as in the case of poly(sulfur ni-
tride). In this situation, metallic conductivity could be possible. In 
reality, polyacetylene is characterized by an alternating succession 
of short (double) bonds and long (single) bonds. This behavior is 
described by the so-called Peierls instability. 

' ) • • • • • • 

Fig. 90. Antisymmetric vibration of the linear chain (normal vibration) 
that drives the Peierls distortion. 

Peierls instability indicates why a half-filled energy band is split 
up, resulting in a completely filled valence band and an empty 
conduction band separated by a forbidden zone, the so-called 
bandgap. Understanding this mechanism is of fundamental impor-
tance because it allows insight into why potential intrinsic conduc-
tors appear to be intrinsically insulating in the undoped state. 

Linear Chain Model The transition from a regular hnear chain 
structure to an alternating structure takes place according to a 
well-defined mechanism. The regular linear chain cannot in any 
real situation be isolated from its environment but it must always 
be in contact with some form of a heat bath. This means that the 
atoms of the chain are vibrating around their equilibrium posi-
tions. When the vibrations of a sohd are studied, one finds that, 
as with the electronic energy levels themselves, the vibrational lev-
els are discrete and that a given system will admit a finite number 
of so-called normal vibrations such that they and their harmonics 
form all possible vibrational states of the system. In each of these 
normal vibrations, the atoms move in well-determined relation-
ships to one another. An example of such a normal mode is shown 
at the top of Figure 90. It is clear that when the regular structure 
starts to vibrate in this particular mode it will go into an alternat-
ing form, as shown at the bottom of Figure 90. This will not be the 
case for other vibrational modes. The chain distortion cannot take 
place unless there is a normal mode that can drive the structure 
into the required configuration. Since the alternating form is lower 
in energy, the system now becomes trapped in this configuration. 

The principle of Peierls distortion can be summarized as fol-
lows: if a system with a given symmetry has a top occupied elec-
tronic orbital that is degenerate, then this function will interact 
with a vibrational mode that has symmetry lower than that of the 
original system, causing it to distort from the original configuration 
and thus splitting the degeneracy, which results in the appearance 
of a state of lower energy. This principle is also known as the Jahn-
Teller effect [1042-1047]. 

Polyacetylene. Although the Peierls model of the linear chain is 
important, since it has permitted understanding of the structural 
instability of linear systems, genuine linear chains are of no seri-
ous practical interest, since they rarely occur in nature. If we con-
sider a polyacetylene polymer, a material of considerable techno-
logical interest, we can see that it forms a zigzag chain (Fig. 89). 
Figure 89a shows the regular polyacetylene structure with a ir or-
bital at each atom containing one unpaired electron. It is this elec-
tron that can be expected to form a mobile conducting band. For 
polyacetylene, however, there also exists a structure with alternat-
ing double (short) and single (long) bonds (Figs. 89c and 5d) as the 
result of a Peierls distortion causing the degeneracy at the edge of 
the Brillouin zone to disappear and thereby lowering the Fermi 
level. Since there is an energy gap at the Fermi level, however, the 
material ceases to be a conductor and becomes an insulator. 
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Fig. 91. Potential energy diagram of /ran5-polyacetylene. 

Conduction Band 

Fig. 92. Simplified description of the band structure of polyacetylene. 

As a consequence of this Peierls distortion, two minima ap-
pear on the potential energy surface characterizing polyacetylene. 
These two minima correspond to two alternative crystal lattices 
(Fig. 89c, lattice I, and Fig. 5d, lattice II), which differ from each 
other by the way the short and long bonds alternate in the crystal 
lattice. In lattice I, the distance between the lattice points 1-2,3-4, 
and 5-6 are shorter as compared to the distance between 2-3 and 
4-5. In lattice II, the inverse situation occurs. Particular to poly-
acetylene is that these two alternative lattices are isoenergetic or 
degenerate. The lattice with identical distances between the lat-
tice points can be found in the potential energy diagram as a local 
maximum (Fig. 91). 

The preceding picture is a simplified description that can be 
used as a qualitative model to understand the evolution of valence 
and conduction bands (Fig. 92). For a complete description of the 
bandgap evolution, it is necessary to include correlation effects 
and interactions between polymer chains themselves. 

From the analysis of the structure of polyacetylene potential, 
one-dimensional conductors appear to lose their conducting prop-
erties because their lattice structure is driven toward an energeti-
cally more favorable configuration. However, some vibrational en-
ergy has to be spent for the change to take place. Most of the time, 
the consumption of vibrational energy is compensated by the gain 
in electronic energy, although it can be seen that, in general, this 
is second order with respect to the electronic energy. It is there-
fore possible that the interactions between the electronic and vi-
brational states are such that they impede the energy compensa-
tion between vibrational energy loss and electronic energy gain. In 
that specific situation, the Peierls effect will not take place and an 
intrinsic conductor is obtained [1043]. 

b) 

0) y-^ ^^-^ 

Fig. 93. Lattice structure of cw-polyacetylene. 

0 Ar 

Fig. 94. Potential energy diagram of cw-polyacetylene. 

Aissing et al. [1048] formulated the conditions that a polymer 
has to fulfill in order to be a material showing metal-like conduc-
tivity. If an isolated polymer chain is considered, it will be conduct-
ing if the following rules can be applied. First, the polymer chain 
should possess an almost rigid backbone with a glide plane symme-
try and/or a twofold screw axis symmetry because it will then show 
a double degeneracy at the zone boundary. On the other hand, it 
should have 4N+2 electrons per unit cell. Under this condition, the 
HOMO will be filled exactly up to the zone boundary. If this poly-
mer is then crystallized into a solid and if it can be packed in such a 
way that the previously mentioned rules still apply, then the result-
ing system will still be conducting. In that case, three-dimensional 
packing effects will give rise to such a complex set of vibrational 
modes that one mode will never be found that can cause the sys-
tem to distort from the original configuration and the Peierls effect 
will be avoided. 

To evaluate the effect of structural changes on the electronic 
properties, the concept of bond-length alternation was introduced. 
The value of the bandgap can be correlated with the bond-length 
alternation Ar, defined as the length difference between a double 
and a single bond. In "metallic" polyacetylene (Fig. 89a), all bonds 
are equal so that Ar is equal to 0 and therefore we have to deal with 
a conductor. The larger Ar, the more the Peierls effect is active and 
the larger the bandgap will be [845]. 

For the sake of completeness and as an example of a system 
with a lattice of different energy, cw-polyacetylene will briefly be 
discussed. Again, the Peierls distortion will cause the lattice with 
equal bond lengths (Fig. 93a) to distort to a lattice with pro-
nounced bond-length alternation. For cw-polyacetylene, however, 
the possibility exists to forming two different alternating lattices 
(Fig. 93b and c). These two lattices differ from each other through 
the presence of the short or double bonds at different lattice 
points. In contrast to ̂ r^/t^-polyacetylene, these two lattices are not 
isoenergetic. The lattice in Figure 93b has a more efficient conju-
gation and therefore a lower energy [1049] (Fig. 94). 
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Fig. 96. Kekule resonance structures of benzene. 

2.5.2. Polyaromatics and the Valence-Bond Theory 

To clarify the discussion further concerning conducting polyaro-
matics, it is worthwhile to elaborate on some principles described 
by the valence-bond (VB) theory. The ideas of the (VB) (reso-
nance) theory are found to be of aid to organic chemists for ratio-
nalizing in a simple manner the facts of organic structure and re-
actions. However, quantitative application is much harder for the 
VB method than for the molecular orbital (MO) method. Indeed, 
for quantitative calculations, the MO method has overshadowed 
the VB method. The main advantage of the VB method is that it 
is based on the familiar chemical ideas of bonding and structure 
[1050]. 

The VB theory is more closely related to the chemist's idea of 
molecules as consisting of atoms held together by localized bonds 
and views molecules as composed of atomic cores (nuclei plus 
inner-shell electrons) and bonding valence electrons. One begins 
with the atoms that form the molecule and pairs up the unpaired 
electrons to form chemical bonds. There are generally several ways 
of pairing up the electrons; each pairing scheme gives a valence-
bond "structure" or resonance form. 

Consider benzene as an example. When the 7r-electron approx-
imation, i.e., treating the IT electrons separately from the a elec-
trons, is used, the a bonds are formed by sp^ carbon hybrid atomic 
orbitals (AOs) and Is hydrogen orbitals; this leaves a p orbital on 
each carbon to form TT bonds. Figure 95 shows the resulting cova-
lent structures for pairing the TT orbitals. Structures I and II are 
the so-called Kekule structures, commonly represented as in Fig-
ure 96. 

Each VB resonance "structure" is based on the same internu-
clear distance but a different electron pairing scheme. The reso-
nance forms depicted in Figure 95 are a linearly independent set 
of bond eigenfunctions. The molecular wave function is then taken 
as a linear combination of these bond eigenfunctions for each res-
onance form and the variation principle is applied. The VB wave 
function is said to be a resonance hybrid of the various VB struc-
tures. Within this resonance hybrid, the contribution of each reso-
nance form is characterized by a certain weight corresponding to 
the square of its coefficient in the molecular wave function. For 
benzene, it appears that the Kekule structures make the greatest 
contribution ( Q , Q i » Q n , Q v , Cy) [1050]: 

^ e Q ^ l + Qi^I^ii + Qii^I^iii + Q v ^ i v + C v ^ v 

In the discussion of conducting polymers, the main princi-
ples of the VB approach can be applied. First, consider trans-

Joe 
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Fig. 97. Resonance forms for the different lattices of ?ra/t5-polyacetylene. 
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Fig. 98. Kekule resonance forms of poly(p-phenylene). 

\o\. 
Fig. 99. Quinoid resonance form of poly(p-phenylene). 

polyacetylene. For lattices I and II (Fig. 89), the localized reso-
nance pictures can be written as shown in Figure 97. 

The wave functions, ^lattice I ^^^ ^lattice II» of lattices I and II, 
respectively, can then be written as 

^lattice I = Q ^ + C25 
^lattice II = C^A + C^B 

with CI > C2 

with C'l < C2 

where A and B are the linear independent bond eigenfunctions 
obtained by a different pairing scheme of the unpaired electrons 
and Q and C2 correspond to the weight of the contribution of 
each resonance form to the lattice wave function. Since both lat-
tices are isoenergetic, it follows that Ci = O^- The different con-
tribution of both resonance forms to the final wave function allows 
us to understand in a qualitative way the notion of bond-length 
alternation and the existence of a bandgap between valence and 
conduction band. 

Next, we consider the case of poly(/7-phenylene). As shown in 
Figure 98, two Kekule resonance forms can be written for po\y(p-
phenylene). Contrary to the case of benzene, a third resonance 
form should be considered (Fig. 99). 

This quinoid resonance form will make a considerable contri-
bution to the total ground-state 7r-electron VB wave function. The 
ground-state wave function of a polymer containing exclusively 
aromatic units can therefore be considered as a linear combina-
tion of aromatic (A) and quinoid (Q) resonance forms. 

In the ideal situation where all bond lengths are equal, a 
conducting material is obtained. However, the Peierls distortion 
causes a breakdown of symmetry, resulting in an alternation of sin-
gle and double bonds. Again, in the potential energy diagram, two 
minima are found (Fig. 100). Since the aromatic resonance forms 
will make the greatest contribution, the contribution C^ of the 
aromatic resonance forms will be more important than the contri-
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Fig. 100. Potential energy diagram for polymers consisting of aromatic 
units such as poly(/7-phenylene). 
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Fig. 101. Different parameters determining the value of Eg: bond-length 
alternation (Ar), resonance energy (RE), substituents {R\ and torsion an-
gle (0). 

bution CQ of the quinoid resonance form 

"^A = CAA + CQB with CA > CQ 

Although when the contribution CQ of the quinoid resonance 
form is more important than the contribution CA of the aromatic 
resonance forms, a wave function '^Q describing the quinoid struc-
ture is obtained 

^ Q = ^A^ + ^Q^ with C^ < CQ 

It is important to stress that in this way a difference is made be-
tween an aromatic structure ( ^ ^ ) and a quinoid structure ( ^ Q ) , 
on the one hand, and between an aromatic resonance form {A) 
and a quinoid resonance form (5), on the other hand. 

2.5. J. Relationships between Chemical Structure andBandgap 

2.5,3. L Introduction 

Several parameters play an essential role in determining the final 
intrinsic value of Eg for a specific material. Figure 101 illustrates 
these different parameters on poly(p-phenylene). 

The intrinsic bandgap of an isolated conjugated polymer chain 
can be described by the combination of the contributions of the 
energy related to the bond-length alternation Ar (^Ar)» the reso-
nance energy stabilization of the aromatic ring system (RE), the 
inter-ring torsion angle S (E^), and the inductive or mesomeric 
effects of substituents R (Ej^): 

Eg = E/^f. + RE + E@ + Ej^ 

In the design of low-bandgap conjugated polymers, these pa-
rameters have to be considered first. The final goal is then to find 
the best combination of parameters in order to minimize Eg. In the 
following discussion, the structural possibilities influencing each of 
these parameters will be evaluated. 

2.5.3.2. Bond-Length Alternation 

Polyaromatics. In the case of polyaromatics, the concept of bond-
length alternation Ar, as defined for polyacetylene, cannot be used 

Aromatic (^A) Quinoid ( ^ Q ) 

Fig. 102. Aromatic and quinoid structures of polythiophene. 
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Fig. 103. Evolution of the bandgap Eg (eV) as a function of Ar. Repro-
duced and adapted by permission of Elsevier Science from J. L. Bredas, 
Synth. Meth. 17,115 (1987). Copyright © 1987, Elsevier Science. 

as such. Bredas et al. [1051] stated that in the case of polyaromatics 
the notion of bond-length alternation cannot be used as with poly-
acetylene. The degree of bond-length alternation, Ar, is therefore 
defined as the maximum difference between the length of a C—C 
bond inclined relative to the chain axis and a C—C bond parallel 
to the chain axis. 

Bredas et al. [1051] studied the evolution of the bandgap of 
polythiophene as a function of the bond-length alternation Ar. 
Their polymer calculations are based on the use of the nonempir-
ical valence-enhanced Hamiltonian (VEH) pseudopotential tech-
nique. In the context of conducting polymers, this method has been 
shown to provide accurate estimates of important electronic pa-
rameters such as ionization potentials or TT-TT* transitions and 
bandgaps in a large series of hydrocarbon- or sulfur-containing 
conjugated systems [1052]. This technique is used in combina-
tion with MNDO geometry optimizations to obtain structural data. 
From these calculations, it appeared that for the normal aromatic 
ground-state geometry of polythiophene, the Ar value is strongly 
negative and tends to be more and more positive as quinoid con-
tributions to the geometry increase. As an example, the aromatic 
and quinoid geometric structures of polythiophene are shown in 
Figure 102. 

Figure 103 illustrates the evolution of the bandgap as quinoid 
contributions to the aromatic ground state of polythiophene in-
crease. Within the scope of the valence-bond discussion, it can be 
said that the value of the bandgap is evaluated as a function of a 
decreasing contribution of the aromatic resonance form, i.e., de-
creasing value of CA, or an increasing contribution of the quinoid 
resonance form, i.e., increasing value OICQ.AS the quinoid contri-
butions to the geometry increase, we observe first that the bandgap 
decreases linearly. As Ar approaches +0.06 A, the bandgap be-
comes very small. For Ar > -f0.06 A, the bandgap increases again. 
We can thus divide the V-shaped curve into two parts. The left part 
for Ar < 0.06 A corresponds to an aromatic-type electronic struc-
ture {CA > CQ). The right part for Ar > 0.06 A corresponds to 



38 KIEBOOMSETAL. 

0 Ar 

Fig. 104. Potential energy diagram of polythiophene. 
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Fig. 105. Chemical structures of polythiophene (PT), polyisothianaph-
thene (PITN), poly(isonaphthothiophene) (PINT), and poly(isoanthro-
thiophene) (PIAT). 

a quinoid structure (C^ < CQ). Note, however, that this relation-
ship, established by Bredas [1053], predicts that the correspond-
ing polymeric chains will generally not have a metallic behavior 
(except as a result of accidental degeneracy) but would constitute 
semiconductors with possibly very small bandgaps. The potential 
energy diagram as shown in Figure 104 is similar to that of ipo\y(p-
phenylene) (Fig. 100). 

This relationship can be applied in the search for new poly-
meric materials with a small bandgap. Indeed, to obtain a small 
bandgap in the aromatic ground state of a polymer such as, for ex-
ample, polythiophene, quinoid contributions should be increased. 
These concepts led to the synthesis by Kobayashi and co-workers 
[1054, 1055] of polyisothianaphthene. Polyisothianaphthene is a 
polythiophene derivative in which all thiophene rings are fused to 
a benzene ring along the /S-j8' thiophene bond. The presence of a 
benzene ring stabilizes some quinoid contributions to the ground-
state geometry of polyisothianaphthene. As a result, the bandgap 
is found to decrease from 2.2 eV in polythiophene to 1.0 eV in 
polyisothianaphthene. 

This result appeared from resonant Raman scattering measure-
ments by Poplawski et al. [1056] to be consistent within the frame-
work established by Bredas. Indeed, systematic resonant Raman 
scattering measurements of polyacetylene and polythiophene have 
shown a direct correlation between the 7r-electron gap and the vi-
brational force constant. This experimental correlation can be ex-
plained within the simple Peierls model for degenerate ground-
state systems. In this model, larger dimerization amplitudes cor-
respond, on the one hand, to larger bandgaps and, on the other 
hand, to larger vibrational force constants. The results of their res-
onant Raman scattering measurements on polyisothianaphthene 
confirmed the arguments of Bredas that the increased quinoid 
character of the backbone geometry reduces dimerization and thus 
the TT-electron gap becomes smaller. 

Aromatic or Quinoid? The framework established by Bredas et 
al. [1051, 1053] and the results obtained by Kobayashi et al. 
[1054] stimulated different theoretical research groups to inves-
tigate analogous systems and evaluate the relationship between 
the bandgap and the aromatic and quinoid structures. The inves-
tigated systems each contain an additional fused benzene ring(s) 
in order to investigate the effect of further stabilizing quinoid 
contributions to the ground-state geometry. The investigated 
polymers are polythiophene (PT), polyisothianaphthene (PITN), 
poly(isonaphthothiophene) (PINT), and poly(isoanthrothiophene) 
(PIAT) (Fig. 105). The results of the calculations of the involved 
groups are summarized in Table II. The following will give a com-
parative overview of these results, concluding with a short sum-

Table II. Experimental and Calculated Values for the Bandgap Eg 
(eV) of PT, PITN, PINT, and PIAT 

Eg (eV) 

Experimental 

Bredas et al. 
[1051,1053] 

Hoogmartens et 
al. [1057] 

Lee and Kertesz 
[1058] 

Nayak and 

Marynick [1059] 

PT 

2.2 

1.71 

A(p): 1.59 

A(n): 1.68 

Q: 0.26 

A: 1.83 

Q: 0.47 

A(p): 1.76 

PITN 

1.0 

0.54 

A(p): 0.21 

A(n): 0.61 

Q: 1.19 

0.73 

1.16 

A(p): 0.68 

A(n): 1.64 

Q: 0.80 

PINT 

1.4 

0.01 

— 

0.28 

1.50 

A(p): 0.37 

A(n): 1.03 

Q: 1.10 

PIAT 

— 
— 

— 

0.08 

1.66 

Abbreviations: A, aromatic; Q, quinoid; p, planar; n, nonplanar. 

mary of the scarce experimental data on the structure of polyisoth-
ianaphthene. 

Since the experimental results on polyisothianaphthene were 
quite encouraging, Bredas et al. [1051, 1053] calculated the 
bandgap of polythiophene and polyisothianaphthene to be 1.71 
and 0.54 eV, respectively. The difference of 1.17 eV between these 
values corresponds surprisingly well with the experimentally ob-
served decrease of the bandgap going from polythiophene to poly-
isothianaphthene by fusing an additional benzene ring onto the 
thiophene system. Analogous calculations were next performed on 
the bandgap of PINT and a vanishing small value of 0.01 eV was 
obtained. This suggested that PINT could be an example of a con-
ducting polymer with a vanishing small bandgap. 

In a joint experimental and theoretical publication [1057], the 
resuhs of nuclear magnetic resonance (NMR) measurements per-
formed on polyisothianaphthene and a series of selected molec-
ular model compounds were combined with quantum-chemical 
calculations carried out on oligomers within the Austin model 1 
(AMI) and valence-effective Hamiltonian (VEH) methodologies 
in order to study the differences among planar aromatic, non-
planar aromatic, and quinoid polythiophene and polyisothianaph-
thene. 

As expected in the case of polythiophene, the situation is 
quite clear. The aromatic structure of polythiophene is unequiv-
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Aromatic Quinoid 

Fig. 106. Aromatic and quinoid structures of polyisothianaphthene. 

ocally more stable than the quinoid one. The energy difference 
of 8.7 kcal/mol between the two forms is very close to other data 
in the hterature [1059, 1060]. These calculations indicate, how-
ever, that aromatic form of polyisothianaphthene is, on average, 
2.7 kcal/mol less stable than the quinoid form. This value is very 
close to the extrapolation of (PRDDO) result to the infinite chain 
length: A^ = 2.4 kcal/mol in favor of the quinoid form [1059]. 
Rotation of the aromatic isothianaphthene units around the inter-
ring single bonds to an average optimal dihedral angle of 27° in-
duces a small stabilization of the aromatic isothianaphthene (ITN) 
oligomers on the order of 0.5 kcal/mol per repeat unit, reduc-
ing the energy difference between the two valence-bond isomeric 
structures to 2.2 kcal/mol. 

In the planar aromatic form, polyisothianaphthene shows a very 
small bandgap (0.21 eV), while the value found for the quinoid 
polymer is much larger (1.19 eV). In the nonplanar aromatic form, 
the bandgap increases to 0.6 eV due to partial loss of TT conjuga-
tion. This value corresponds to that of a single chain "in the gas 
phase." Most probably, the sohd-state packing would somewhat 
reduce the tilt angle between adjacent isothianaphthene units, 
thereby leading to a slightly smaller value of the bandgap. On the 
basis of these results, they predicted aromatic and quinoid poly-
isothianaphthene (Fig. 106) to present markedly different optical 
signatures. As the calculated bandgap value of quinoid polyisothi-
anaphthene appeared to be in better agreement with experimental 
data derived from optical spectroscopy (spectrum onset located at 
1.0 eV and Amax at 1.5-1.6 eV) [1054], it was suggested that poly-
isothianaphthene should possess a quinoid structure. Moreover, 
these calculated values correspond quite well with earlier reported 
data [1058,1059]. 

Kertesz and co-workers [1058, 1061, 1062] evaluated polythio-
phene-based polymers with an increasing number of fused ben-
zene rings. For the geometry optimizations and to obtain the total 
energy of these polymers, they used an MNDO method based on 
band theory instead of an MNDO method based on cluster calcu-
lations. To obtain the energy bands, an energy-band version of the 
traditional Hiickel theory was used. Apparently, their type of full 
MNDO geometry optimization for the infinite polymer polyisothi-
anaphthene, regardless of the starting geometry, always converges 
to a quinoid structure. The opposite was found for the case of 
poly(p-phenylene), where only the aromatic structure is observed. 

As noticed in the discussion of the VB theory, the wave func-
tion of poly(p-phenylene), polythiophene, polypyrrole (PP), and 
polyfuran is principally determined by the aromatic resonance 
form (C^ > CQ). In the case of polyisothianaphthene, however, 
the quinoid resonance form should, according to Kertesz and co-
workers, possess a stability such that it has a more important con-
tribution to the ground-state wave function as compared to the 
aromatic resonance form (C^ < CQ). Thus, a switchover occurs 
in energetics from the aromatic structure of the quinoid form at 
the level of polyisothianaphthene in the series of Figure 105. 
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Fig. 107. Perturbation of the frontier orbitals of aromatic and quinoid FT 
by one butadiene group, resulting in the formation of PITN. Reproduced 
and adapted by permission of the American Institute of Physics from Y. S. 
Lee and M. Kertesz, /. Chem. Phys. 88, 2609 (1988). Copyright © 1988, 
American Institute of Physics. 
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Fig. 108. Perturbation of the frontier orbitals of aromatic and quinoid PT 
by successive butadiene groups, resulting in the formation of PITN, PINT, 
and PIAT. Reproduced and adapted by permission of the American Chem-
ical Society from Y. S. Lee, M. Kertesz, and R. L. Elsenbaumer, Chem. 
Mater. 2, 526 (1990). Copyright © 1990, American Chemical Society. 

Table II displays the calculated values for the bandgap of each 
of the polymers in the aromatic ground state as well as in the 
quinoid ground state. As far as the aromatic ground state is con-
cerned, their results indicate a lowering of the bandgap in the se-
ries of Figure 105. This is in accordance with the results of Bredas 
[1053]. 

For the quinoid ground state, however, the value of the 
bandgap will increase. This phenomenon is interpreted in Fig-
ures 107 and 108 by treating the butadiene groups as successive 
perturbations to the frontier orbitals (HOMO and LUMO) of 
polythiophene. 

For the aromatic structure of polythiophene, the successive bu-
tadiene groups stabilize the LUMO and destabilize the HOMO, 
which results in a decrease of the bandgap. For the quinoid struc-
ture of polythiophene, the addition of successive butadiene groups 
stabilizes the HOMO and destabilizes the LUMO. As a resuh, the 
bandgap increases steadily with an increase in the number of rings 
in the system, until a level crossing occurs that tempers the further 
increase of the gap. 

Based on their band structure calculations within the MNDO 
approximations, Lee and Kertesz [1058] predicted moreover the 
planar quinoid form of polyisothianaphthene to be the ground-
state geometry. They estimated an energy difference of 
10.55 kcal/mol per ring between the aromatic and quinoid forms 
of polyisothianaphthene. They postulated that the delocalization 
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energy of TT electrons over the neighboring rings and the six-
membered side rings offsets the repulsion energy arising from the 
steric interactions between hydrogen and sulfur atoms on adja-
cent units. Furthermore, they predicted an energy difference of 
3.4 kcal/mol per ring between the coplanar and the nonplanar 
((f) = 95°) forms of the aromatic polymer favoring the latter con-
formation. This indicates that the energy loss due to the relaxation 
from the quinoid to the planar aromatic form is much larger than 
the energy gained from the relaxation from a planar aromatic to a 
twisted aromatic structure. 

Since the semiempirical MNDO method was considered to 
yield relatively poor estimates for nonbonded repulsions and rota-
tion angles about single bonds in conjugated molecules, Nayak and 
Marynick [1059] could not consider the results of Lee and Kertesz 
[1058] as definitive. Nayak and Marynick made use of the PRDDO 
method to optimize the geometries of their systems and developed 
a method for extrapolating the ab initio and/or PRDDO oligomer 
energetics to the infinite system. This approach allowed them to 
perform an assessment of the relative energies of the aromatic 
and quinoid forms at a highly theoretical level. Application of this 
method to polyisothianaphthene suggests that the ground state is 
quinoid, but the relative energies (AE = 2.4 kcal/mol per repeat 
unit for the infinite chain) of the quinoid and aromatic forms are 
so close that both structures may exist as local minima in the real 
polymeric system. Steric effects may strongly favor nonplanar ge-
ometries, but electronic effects associated with increased conjuga-
tion along the backbone are also significant and in some cases may 
be sufficient to force the polymer into a planar quinoid structure. 
The calculation of the bandgap of polythiophene, polyisothianaph-
thene, and PINT, based on the extended Hiickel theory, agree well 
with the results of Lee and Kertesz [1058] and those of Bredas 
[1053] derived from VEH calculations. 

Besides the quantum-chemical calculations, the experimental 
evidence is inconclusive. Because of the amorphous nature of most 
conjugated polymers, direct structural information obtained from 
X-ray or neutron diffraction remains limited. The X-ray photo-
electron spectroscopy (XPS) valence spectrum of polyisothianaph-
thene has been found to be in good agreement with the theoreti-
cal curve calculated on the basis of an aromatic backbone [1063]. 
However, the overall density of valence states, which is probed by 
XPS, is expected to be very similar for both quinoid and aromatic 
structures, so that such experimental data cannot provide the clear 
signature of one of the two structures. From Raman scattering data 
on neutral and doped polyisothianaphthene, it has been proposed 
that the ground-state geometric structure of the neutral system is 
quinoid and becomes aromatic upon doping [1064,1065]. This hy-
pothesis is based on a comparison between the measured frequen-
cies and the values calculated for the quinoid and aromatic struc-
tures from the force constants of thiophene and benzene. How-
ever, the experimental Raman frequencies are in agreement with 
the calculated values for the aromatic structure of polythiophene 
only after a refinement procedure has been applied. When this 
procedure is used for polyisothianaphthene, the frequencies ob-
tained for the aromatic and the quinoid structures are so similar 
to each other that it seems a delicate matter to determine which 
set of results is closest to the experimental data. It thus appears 
that the question of the ground-state geometry of polyisothianaph-
thene is not resolved unequivocally by those results. Comparison 
of ^^C NMR and Fourier transform (FT) Raman data of model 
compounds and polyisothianaphthene has indicated that the struc-
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Fig. 109. Conjugated polymers containing mixed aromatic and quinoid 
moieties. 

ture of polyisothianaphthene possesses a high quinoid character 
[609, 789,1057,1066-1071]. 

These theoretical and experimental results indicate that, to 
lower the bandgap starting from polyisothianaphthene, one has 
to stabilize aromatic contributions to the theoretically predicted 
quinoid ground-state geometry rather than further continue stabi-
lizing quinoid contributions. 

Mixed Aromatic and Quinoid Structures. Based on the idea of 
balancing aromatic and quinoid contributions, Chen and Jenekhe 
[838, 839, 1072] proposed synthesizing conjugated polymers in 
which alternating aromatic and quinoid moieties are combined 
(Fig. 109). Due to the use of appropriate starting materials, it 
should be possible to mix aromatic and quinoid structures in vari-
able proportions. Such an approach should allow one to tune the 
bandgap between the value of a fully aromatic and a fully quinoid 
polymer. Chen and Jenekhe reported values for the bandgap be-
tween 1.14 and 1.45 eV. 

Kiebooms and Wudl [841], showed that an analogous combina-
tion of aromatic and quinoid isothianaphthene structures affords 
a polymer with a bandgap of 1.2 eV. 

2.5.3.3, Resonance Energy 

Aromaticity and Bandgap. Since most of the conducting polymers 
contain aromatic ring systems, it is worthwhile to look closer into 
a possible correlation among resonance (or TT delocalization in 
terms of the VB theory), aromaticity, and bandgap. The follow-
ing discussion will be pursued within the framework of the Hiickel 
molecular orbital (HMO) theory [1050,1073-1082]. 

More generally speaking, the delocalization stabilization or res-
onance energy, RE, is defined as the difference between the total 
TT-electron energy, E^^ HMO» ̂ ^ ^ certain conjugated molecule ob-
tained from the HMO approach and a corresponding hypothetical 
reference structure: 

RE = Ejj.^ HMO (conjugated molecule) - E^r (reference structure) 

The choice of a reference structure is more or less arbitrary. 
Classically, the RE is defined as 

CKE = E^^UMO-n={2a-^2p) 

where CRE is the classical resonance energy and is the number of 
isolated carbon-carbon double bonds with the HMO-calculated 
TT-electron energy of ethylene, i.e., (2a + 2j8). This more tra-
ditional method of calculating the Huckel resonance energy of 
conjugated hydrocarbons by comparing the 7r-electron energy, 
7̂r,HMO» with n={2a + 2j8) has some serious shortcomings. In-

deed, this method predicts a substantial resonance energy for lin-
ear polyenes, whereas experiment shows the resonance energy in 
these molecules to be rather small. Moreover, this method predicts 
substantial resonance energy for certain cyclic polyenes that exper-
iment reveals to be unstable, with no aromatic character. A cyclic 
conjugated polyene is said to be aromatic when it shows substan-
tially more stability than a hypothetical structure in which the dou-
ble bonds do not interact with one another and when it undergoes 
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Table III. Hess-Schaad 7r-Bonding Energy Values (j3) for the Eight 
Possible Bond Types 

Bond type Calculated 7r-bonding energy (j8) 

H2C=CH 
HC=CH 
H2C=C 
HC=C 
C=C 

HC-CH 
HC-C 
C-C 

2.000 
2.0699 
2.000 
2.1083 
2.1716 
0.4660 
0.4362 
0.4358 

Source: Reproduced and adapted by permission of the American Chemi-
cal Society from B. A. Hess and L. J. Schaad, /. Amer. Chem. Soc. 93, 305 
(1971). Copyright © 1971, American Chemical Society. 

substitution, rather than addition, when treated with electrophilic 
reagents, thereby maintaining the cyclic conjugated TT system. 

To produce more reliable predictions of aromaticity, Hess 
and co-workers proposed a new definition for the resonance en-
ergy [1073-1081]. Following a suggestion of Dewar and de Llano 
[1082], Hess and co-workers calculated the resonance energies of 
cyclic hydrocarbons by comparing the compounds' Hiickel theory 
^77, HMO with a value, Ej^^ loc, calculated for a hypothetical acyclic 
conjugated polyene with the same number and kinds of bonds as 
in the localized structure of the cyclic hydrocarbon. Thus, 

RE = E^^ HMO - Ejr, loc 

where E^^ \QC ^ J2 ^b^ir, h ^b is the number of bonds of a given 
type, and E^^ ^ is an empirical energy parameter associated with a 
bond of type b. Hess and Schaad [1073] distinguish eight types of 
bonds over which the summation should go. Indeed, a conjugated 
hydrocarbon has three types of carbon-carbon single bonds and 
five types of double bonds, the types differing in the number of H 
atoms bonded to the carbons. In the calculations of the resonance 
energy, the terms involving a always cancel. In Table III, show-
ing the Hess-Schaad values, E^ ^, for the various bond types, the 
terms involving a will be omitted. 

Any acyclic or cyclic polyene can be constructed by various 
combinations of these eight types of bonds. Using the values of 
Table III, one is able to calculate the 7r-electron energy, E^ joc 
for a localized cyclic polyene in an additive fashion. The resonance 
energy is then found as the difference between the cyclic polyene's 
Hiickel 7r-electron energy, E^ HMO' ^^^ the quantity E^ 1^^- This 
method gives the resonance stabilization of cyclic polyenes relative 
to noncyclic polyenes. For comparison of a set of various types of 
compounds, it is more significant to use the resonance energy per 
electron (REPE). A compound with a substantially positive REPE 
value is then predicted to be aromatic. A compound with a near-
zero REPE is nonaromatic. A compound with a substantially neg-
ative REPE is predicted to be antiaromatic, being less stable than 
if its double bonds were isolated from one another. 

An analogous approach for bond types containing oxygen 
[1075], nitrogen [1075,1078], and sulfur [1077] heteroatoms made 
it possible to evaluate resonance energies in heterocyclic polyenes. 
Comparison with experiment shows that the Hess-Schaad method 
is highly successful in predicting aromaticity. Table IV gives the 

Table IV. Resonance Energy (RE) and Resonance Energy per 
Electron (REPE) Values for Various Heterocyclic Polyenes Following the 
Method of Hess and Schaad Together with the Bandgap Values (Eg) of 

the Corresponding Polymers 

Compound RE(i8) REPE (/3) Eg (eV) 

Benzene 
Pyridine 
Pyrazine 
Pyrrole 
Thiophene 
Furan 
Isobenzofuran 
Isoindole 
Isothianaphthene 

0.390 
0.348 
0.293 
0.233 
0.193 
0.044 
0.018 
0.292 
0.247 

0.065 
0.058 
0.049 
0.039 
0.032 
0.007 
0.003 
0.029 
0.025 

3.4 
— 
— 
3.1 
2.1 
2.3 
_ 
— 
1.1 

Source: Partially reproduced and adapted by permission of Elsevier Sci-
ence and the American Chemical Society from B. A. Hess, L. J. Schaad, 
and C. W. Holyoke, Tetrahedron 28, 3657 (1972); B. A. Hess and 
L. J. Schaad, /. Am. Chem. Soc. 95, 3907 (1973). Copyright © 1972, 1973, 
Elsevier Science and the American Chemical Society. 

pyrazine 

furan 

isothianaphthene isobenzofuran 

Fig. 110. Various heterocyclic polyenes that can be used for the synthesis 
of conducting polymers. 

RE and the REPE for heterocyclic polyenes (Fig. 110), which can 
be used in the synthesis of conducting polymers. 

To compare the REPE and the value of the bandgap (Eg) of 
the corresponding polymer, the experimentally available values for 
the Eg of poly(/7-phenylene), polypyrrole, polythiophene, polyfu-
ran, and polyisothianaphthene are also given in Table IV. From 
these data, it appears that the bandgap decreases with decreasing 
REPE value. This means that the less aromatic the polymer, the 
lower the bandgap will be. The effect appears to be large enough 
to result in a decrease of the bandgap from poly(p-phenylene) to 
polyisothianaphthene of about 2.5 eV. 

This evolution, however, seems to be limited by the chemi-
cal stability of the involved ring systems. Indeed, the reported 
bandgap of polyfuran appears to be larger than the bandgap re-
ported for polythiophene [1083]. Compared to pyrrole and thio-
phene, furan is the most chemically unstable as predicted by its 
REPE value of 0.007 (nonaromatic). The presence of absorptions 
characteristic of aliphatic and carbonyl moieties in the vibration 
spectra of polyfuran [1084] are attributed to its chemical instabil-
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Fig. 111. Interaction of the lone pair of the sulfur heteroatom with the 
HOMO and LUMO of polyacetylene, resulting in a larger bandgap for the 
aromatic structure of PT and, on the other hand, in a smaller bandgap 
for the quinoid structure. Reproduced and adapted by permission of the 
American Institute of Physics from Y. S. Lee and M. Kertesz, /. Chem. 
Phys. 88, 2609 (1988). Copyright © 1988, American Institute of Physics. 

ity, particularly in the oxidized doped state and particularly with 
respect to ring opening by nucleophilic reagents. Therefore, elec-
trical conductivities and free-carrier mobilities were found to be 
considerably lower as compared to the other five-membered aro-
matic heterocycles. In some cases, the ring-opening process during 
polymerization was so extensive that no conjugated material was 
obtained. 

Resonance Stability of the Aromatic Monomer Unit. The Hess-
Schaad method indicates that the resonance stability of the classi-
cal aromatic five- and six-membered ring systems is determined, to 
a large extent, by the presence of heteroatoms. However, the influ-
ence of the heteroatom was initially assumed to be an essentially 
indeterminable effect on the a bond of the carbon chain. Later, 
Mintmire et al. [1085] showed that many of the observed prop-
erties of heterocychc ring chain pol)miers could be understood by 
incorporating the heteroatom p orbital into the 7r-band structure 
and assuming no heteroatom effects on the o--bond structure, be-
cause the latter are theoretically difficult to predict and to under-
stand fully. They suggested that the interaction of the lone pair of 
the sulfur heteroatom with the HOMO and LUMO of polyacety-
lene results in a larger bandgap for the aromatic structure of poly-
thiophene and, on the other hand, in a smaller bandgap for the 
quinoid structure (Fig. 111). 

As already appeared from the qualitative aromaticity evalua-
tion by Hess and Schaad, the presence of heteroatoms in aromatic 
ring systems can thus considerably influence the electronic proper-
ties. With the design of low-bandgap conducting polymers in mind, 
the introduction of heteroatoms into the aromatic ring could be 
used to stabilize or destabilize aromatic or quinoid contributions 
to the ground-state geometry of a certain polymer. The effect of 
such a substitution on the relative stability of aromatic ring sys-
tems can be assessed by means of the REPE as defined by Hess 
and Schaad. 

Since the polymer obtained from isothianaphthene possesses 
a rather small bandgap of 1 eV, we chose to evaluate the rela-
tive resonance stabilities of some isothianaphthene derivatives in 
which additional heteroatoms were introduced. Indeed, it can be 
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Fig. 112. Introduction of nitrogen and sulfur in the thiophene and isoth-
ianaphthene ring systems. 

expected that the introduction of nitrogen or sulfur atoms into the 
additional benzene ring will influence the resonance stabilization 
to a considerable extent (Fig. 112). If the heteroatom introduc-
tion occurs in the fused benzene ring, this will have an important 
consequence on the resonance stabilization of the aromatic and 
quinoid structure of the polymer. The resonance stabilization of 
the quinoid structure will be more importantly influenced than the 
aromatic structure, since in the aromatic structure the resonance 
stabilization is mainly governed by the thiophene aromaticity. 

Although Hess and Schaad compared the aromaticity of a large 
number of heterocyclic compounds, only the data on cyclic sys-
tems containing one type of heteroatom were reported. To com-
pare the ring systems hsted in Figure 112, we needed to calcu-
late the compound's Hiickel 7r-electron energy, E^^ HMO» ^^^ the 
TT-electron energy, £^^ \Q^, for the corresponding localized hete-
rocyclic polyene using the different empirical 7r-bond energies of 
carbon-carbon and carbon-heteroatom bonds [1073-1081]. 

The calculation of E^ HMO was performed using a personal 
computer (PC) program by Vanderzande [1086] and the so-
obtained results were checked with the Macintosh program HMO-
plus 1.5.1 by Wissner [1087]. Both programs are based on the clas-
sical Uterature of HMO theory [1088-1090]. To use the results of 
Hess and Schaad for comparison with other heterocycles, the pa-
rameter set as published by Hess and Schaad was used to obtain 
T̂T, HMO- However, the so-obtained value of E^ H M O has to be 

corrected for the presence of the heteroatom electrons. Indeed, 
each isolated carbon atom has a TT energy a, but that of a het-
eroatom contributing two electrons to the TT system is 2{a + /z^jS), 
where hx is a Coulomb integral heteroatomic correcting parame-
ter. This parameter is determined by Hess and Schaad based on 
semiempirical methods. Therefore, the obtained E^ H M O had to 
be corrected by subtracting for each heteroatom electron partici-
pating in the TT system the corresponding Coulomb integral param-
eter [1075]. Table V gives a list of the final corrected E^^ HMO» the 
^77, loc of the localized reference structure, the RE, and the REPE 
of different aromatic compounds. The calculated values were com-
pared with the available data of Hess and Schaad and appeared to 
be in excellent agreement with one another. Figure 113 gives a 
graphic representation of the lowering of the REPE in the differ-
ent heterocyclic systems. 

From a comparison of the REPE values, isobenzofuran ap-
pears to be nonaromatic, which corresponds with its reactive na-
ture. Fur an also has a very small REPE and behaves much like a 
polyene as it undergoes Diels-Alder reactions readily, while pyr-
role and thiophene do not. Isothianaphthene has a REPE that is 
considerably lower than that of thiophene. As compared to thio-
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Table V. Values for a Series of Aromatic Heterocyclic Systems of the 
Hiickel TT Energy, E^^ HMO' the E^ IQC of the Localized Reference 

Structure as Determined by Hess and Schaad, the RE, and the REPE 

Aromatic Structure 

Compoud 

Benzene 

Pyridine 

Pyrazine 

Pyrrole 

Thiazole 

Thiophene 

Isoindole 

Isothianaphthene 

4-Aza isothianaphthene 

5-Aza isothianaphthene 

4,7-Diaza isothianaphthene 

Thieno[3,4-^]thiophene 

Furan 

Isobenzofuran 

ETT, HMO 

8 

7.2493 

6.4881 

5.4351 

4.4921 

5.1855 

11.0194 

10.7636 

10.0846 

10.0488 

9.3628 

8.1011 

4.5982 

10.0960 

^TT, l o C 

7.6080 

6.9010 

6.1951 

5.2018 

4.286 

4.9926 

10.7266 

10.5174 

9.8395 

9.8111 

9.1616 

7.9552 

4.5540 

10.0788 

R E ( ^ ) 

0.3920 

0.3483 

0.2930 

0.2333 

0.2061 

0.1929 

0.2928 

0.2462 

0.2451 

0.2377 

0.2012 

0.1459 

0.0442 

0.0172 

REPE (j8) 

0.0653 

0.0581 

0.0488 

0.0389 

0.0344 

0.0322 

0.0293 

0.0246 

0.0245 

0.0238 

0.0201 

0.0146 

0.0074 

0.0017 

Source: Partially reproduced and adapted by permission of Elsevier Sci-
ence and the American Chemical Society from B. A. Hess and L. J. Schaad, 
/. Am. Chem. Soc. 93, 305 (1971); B. A. Hess, L. J. Schaad, and C. W. 
Holyoke, Tetrahedron 28, 3657 (1972); B. A. Hess and L. J. Schaad, /. Am. 
Chem. Soc. 95,3907 (1973). Copyright © 1971,1972,1973, Elsevier Science 
and the American Chemical Society. 
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Fig. 113. Comparison of the resonance energy per electron (REPE) val-
ues for different aromatic heterocyclic ring systems. 

phene, the stability of isothianaphthene is not high due to read-
ily accessible pathways leading to benzene derivatives through, 
for example, Diels-Alder reactions as demonstrated by Cava and 
Pollack [596]. The introduction of one nitrogen atom does not 
lower the REPE substantially, but when a second nitrogen is in-
troduced to obtain the 4,7-diaza derivative of isothianaphthene 
the REPE drops down further. Finally, thieno[3,4-Z?]thiophene, 
which can be considered as a thiophene derivative with instead 
of a j8-j8' fused benzene ring a /3-j8' fused thiophene ring, has 
a REPE that is even lower than that of the 4,7-diaza derivative of 
isothianaphthene. If there is a link between the REPE and the 
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Fig. 114. Aromatic and quinoid structures of conducting polymers ob-
tained by the introduction of heteroatoms (nitrogen, sulfur) in the isothi-
anaphthene ring system. 

bandgap, then the preceding data indicate that poly(thieno[3,4-
c]pyrazine) and poly(thieno[3,4-^]thiophene) could be interesting 
low-bandgap polymers (Fig. 114). 

Indeed, theoretical calculations based on the extended Hiickel 
and PRDDO methods [1059] on poly(thieno [3,4-c]pyrazine) in-
dicate that this polymer should possess a bandgap that is about 
0.12 eV for the aromatic planar structure and 0.7 eV for the 
quinoid structure. The same calculations predict that the quinoid 
structure should be the most stable form. However, the differ-
ence between the aromatic and the quinoid structure is about 
4.2 kcal/mol per repeat unit. This energy difference is not very 
large and is comparable with that of polyisothianaphthene 
(2.4 kcal/mol) within the PRDDO approach. This imphes that for 
poly(thieno[3,4-c:]pyrazine) the synthesis method can also play an 
important role in determining the final structure of the polymer. 
Other theoretical results [1091] based on ab initio Hartree-Fock 
crystal orbital calculations also indicate a lowering of the bandgap 
as compared to polyisothianaphthene. An additional characteris-
tic of poly (thieno [3,4-c]pyrazine) is that, due to the substitution of 
nitrogen in the 4- and 7-positions, the steric interaction between 
hydrogen and sulfur has been lost. Therefore, it should be possi-
ble in some way to obtain an aromatic planar conformation in this 
polymer. This configuration should correspond with a good con-
ductivity due to enhanced extended TT delocalization. 

A publication, where the results of Raman spectroscopy were 
combined with theoretical calculations, indicates, however, that 
the ground-state structure should be quinoid as in the case of 
polyisothianaphthene. The same authors report that their alky-
lated poly (thieno [3,4-c]pyrazine) derivative possesses a bandgap 
of0.95eV[632]. 

The first calculations evaluating the introduction of additional 
sulfur atoms into isothianaphthene-like ring systems concerned 
poly(thieno[3,4-c]thiophene). In this polymer, the fused benzene 
ring of polyisothianaphthene is replaced by a fused thiophene 
ring. However, the VEH-based calculations [1092] predict a larger 
bandgap for the aromatic structure of this polymer. Analysis of 
the HOMO and LUMO band structure showed that the poly-
mer possessed a pronounced quinoid structure. Since the aromatic 
structure will be characterized by the presence of a diradical, the 
quinoid structure will be substantially more stable as compared 
to the aromatic diradical. Calculations by Kertesz and co-workers 
[1060,1062] and Hong and Marynick [1093] also indicate that this 
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Fig. 115. Copolymer based on thiophene and isothianaphthene. 

polymer should possess a quinoid structure and a larger bandgap 
as compared to polyisothianaphthene. 

Hong and Marynick [1093] also studied the electronic prop-
erties of poly(thieno[3,4-Z7]thiophene) for which a bandgap of 
12 eV was reported by Pomerantz and Gu [642]. In this polymer, 
however, Hong and Marynick found a very slight energy differ-
ence of 0.3 kcal/mol per repeat unit between the aromatic and 
the quinoid structure, whereas in poly(thieno[3,4-c]thiophene) 
this energy difference is about 30.5 kcal/mole per repeat unit. 
The bandgap of the aromatic structure was predicted to be 
somewhat higher as compared to polyisothianaphthene, but the 
bandgap of the quinoid structure should be lower as compared 
to the bandgap of quinoid polyisothianaphthene. The small en-
ergy difference between the aromatic and the quinoid structure 
of poly(thieno[3,4-Z?]thiophene) makes it difficult to determine its 
most stable ground-state structure. However, this imphes that its 
structure can also be controlled by means of appropriate chemical 
synthetic methods. 

Combination of Ring Systems with a Different Aromaticity. When 
two types of conducting polymers are combined to form a new 
polymer, the bandgap of the new polymer will be in between those 
of the corresponding homopolymers. A well-known example is 
P P y which can be considered as a copolymer of poly(/7-phenylene) 
and polyacetylene and which has a bandgap in between those of 
the corresponding homopolymers. 

Thus, the combination of two different ring systems to form 
a copolymer allows an important control of the electronic proper-
ties. Indeed, if, for example, isothianaphthene units are introduced 
in a thiophene backbone (Fig. 115), one can expect the bandgap 
to be lowered significantly as compared to polythiophene itself. 
A number of calculations [1094-1096] support this idea and sev-
eral attempts [628, 788, 791, 792, 796, 801] have been made to ob-
tain systems consisting of a combination of thiophene units and 
isothianaphthene-type ring systems. Although these results men-
tion bandgaps in between those of the homopolymer systems, the 
presence of important amounts of ohgomeric material urges fur-
ther investigation of the obtained products. Results by Vangeneug-
den et al. [793, 794] demonstrate that by applying this method a se-
ries of polymeric materials can be obtained with bandgaps below 
1.5 eV. 

2.5.3.4. Substituents 

Side Chains. It should be stressed that substituents not only in-
fluence the bandgap but also other electronic parameters such as 
the ionization potential (^ top of the valence band energy) and the 
electron affinity (^ bottom of the conduction band energy). These 
parameters are of fundamental interest for applications such as 
the construction of electronic devices (e.g., diodes and transistors) 
[1097]. Although substituents in se have a nonnegligible influence 
on electronic parameters, in general they are on the order of, as 
far as the bandgap is concerned, only a few 0.1 eV. Electronic ef-
fects originating from the inductive and mesomeric influence of 

a) b) c) 
Fig. 116. Potential energy diagrams for three possible ground-state en-
ergy situations of a polyaromatic. 

substituents can be used to massage the electronic properties in a 
certain direction. However, the discussion in Sections 4.5 and 5 will 
show that the effect of substituents through sterical interactions is 
much more important. 

For well-known conducting polymers such as poly(p-phenylene), 
polythiophene, and poly(paraphenylene vinylene) (PPV), the in-
fluence of substituents has already been investigated on the ex-
perimental and theoretical levels [1097]. In the case of polyisothi-
anaphthene, however, there is a lack of experimental data describ-
ing the influence of electron-donating and electron-withdrawing 
substituents. Therefore, only some earlier theoretical investiga-
tions will be discussed. 

Only Bredas et al. [1051, 1053] reported the results of cal-
culations on the 5,6-dimethyl-, 5,6-dimethoxy-, and 5,6-dicyano-
substituted aromatic polyisothianaphthene derivatives. From these 
data, it can be concluded that the overall effect of electron-
donating and electron-withdrawing substituents is rather small 
and the reported bandgap values only show a difference of at 
most 0.05 eV. The results of ab initio Hartree-Fock crystal or-
bital calculations [1091] for dihydroxy- and dicyano-substituted 
poly(isonaphthothiophene) point in the same direction. 

In conclusion, experimental results indicate that the main inter-
est in substituents is not at the level of the search for intrinsic low-
bandgap conducting polymers. Rather, the main interest should 
be at the level of fine-tuning of the electronic characteristics for 
well-defined applications and at the level of processibility. 

End Groups. From the previous discussion, it could be concluded 
that within the class of polyaromatics two ground-state geometries 
are possible, the aromatic geometry and the quinoid geometry. If 
one wishes to compare the relative energies of these geometries 
for a hypothetical polyaromatic, three situations are possible. In 
the first situation, the ground-state energy of the aromatic struc-
ture is significantly lower (Fig. 116a) than the ground-state energy 
of the quinoid structure (e.g., polythiophene). The potential en-
ergy diagram for the inverse situation is show in Figure 116c (e.g., 
polynaphthothiophene). Finally, the relative ground-state energies 
of both the aromatic and the quinoid structure might almost be 
equal (Fig. 116b). 

The question arising at this point is to what extent the geom-
etry of the polymer chain is determined by the energy difference 
between the aromatic and the quinoid structures. Quantum calcu-
lations [1057] have shown that the nature of the end groups and 
the structure of the chain are directly related. Defect-free systems 
correspond to the aromatic geometric structure, while the pres-
ence of sp^ defects or sp^ end groups is related to the quinoid 
form (Fig. 117). In the case of polythiophene, as the energy differ-
ence between the two forms is large (8.7 kcal/mol per repeat unit) 
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Fig. 117. Different chain end groups corresponding to a quinoid struc-
ture. 

Fig. 118. Aromatic isothianaphthene oligomers (n = 1-4) with geometry-
orienting siUcon end groups. 

Fig. 119. Torsion angle 6 between two aromatic ring systems. 

[1057], quinoid oligomers of increasing length rapidly become less 
and less stable relative to their aromatic counterparts. For a cer-
tain chain length, one thus expects that an alternative structure 
possessing an aromatic character and two unpaired electrons will 
be favored over the quinoid form. This has been observed from 
quantum-chemical calculations on thiophene oligomers [1057]. 
Therefore, long quinoid oligothiophenes are not expected to ex-
ist, a situation that can be considered as typical of systems where 
the energy difference between the two forms is large. 

In contrast, the quinoid and aromatic forms of polyisothianaph-
thene appear to be almost isoenergetic (2.2 kcal/mol) [1057]. Since 
this feature is observed with different theoretical methods, this 
small difference is to be considered an intrinsic characteristic of 
the polyisothianaphthene system. Consequently, both structures 
are predicted to be much more stable than the hypothetical di-
radical intermediate. Therefore, depending on the chemical strat-
egy chosen for the polymerization, one can select the structure 
that will be obtained, with small probability of crossing over to 
the other form through the high-energy diradical species. In this 
situation, the polymerization mechanism and the nature of the 
monomer and of the end groups can orient the synthesis. Thus, 
compounds containing from the beginning sp^ CH2 sites or car-
bonyl end groups will most probably result in polyisothianaph-
thene possessing a quinoid structure. On the other hand, alter-
ing on the same basis the synthetic conditions can lead to poly-
isothianaphthene with an aromatic geometric structure, as demon-
strated by Okuda et al. [601], who prepared the aromatic isothi-
anaphthene tetramer using a l,3-di(^erf-butyldimethylsilyl) isothi-
anaphthene monomer (Fig. 118). 

2 5.3.5. 77 Delocalization across the Polymer Backbone 

Chain-extended 7r-electron delocalization or resonance across the 
different ring systems in polyaromatics is, to large extent, depen-
dent on the torsion angle 9 between the monomer units (Fig. 119). 

On the theoretical level, Bredas et al. [1098] studied the evo-
lution of the bandgap as a function of increasing torsion angle. 
As could be expected, the bandgap increased going from a copla-
nar situation (0°) to a perpendicular situation (90°). Up to a tor-
sion angle of about 40°, however, the bandgap showed no impor-
tant changes. This effect was attributed to the cos 0 dependence 
of the TT-orbital overlap of neighboring ring systems. Therefore, 
substituents inducing only a small difference in torsion angle will 
not have a too important influence on the electronic properties. 
Analogous results were obtained by Lagerstedt and Wennerstrom 
[1099] using HMO calculations. Conformational calculations on 

Fig. 120. (a) Steric effect induces an increase in the torsion angle between 
the ring systems in a fluorinated polyisothianaphthene derivative {Eg = 
2.10 eV). (b) Introducing nitrogen atoms results in a more planar quinoid 
system (Eg = 0.95 eV). 

polythiophene by Cui and Kertesz [1100] also indicated an in-
crease in the bandgap when the torsion angle increases. The value 
of the bandgap will rise to a maximum value at 90°, corresponding 
to no TT-electron interactions between neighboring ring systems. 
Further increase of the torsion angle will result in a decrease of 
the bandgap as 7r-electron interactions will increase again. The 
bandgap of 1.7 eV at a torsion angle of 180° (trans coplanar) 
agrees relatively well with the experimental value of 2.1 eV of 
polythiophene. At a torsion angle of 90°, the bandgap will reach 
the maximum value of 4.5 eV. This is an increase of about 2.4 eV. 
Changes in the torsion angle between 180° and 140° only result in 
an increase of 0.6 eV. Slight deviations from the coplanar situation 
will therefore result in moderate changes in the bandgap value. 

All of these different theoretical calculations are in accordance 
with one another. Therefore, we can conclude that the difference 
between a full planar and a perpendicular configuration will be on 
the order electron-volts of a few. More generally, all of the fac-
tors leading to a decrease in TT delocalization across the polymer 
backbone will result in an increasing in the bandgap and vice versa. 

This effect is nicely illustrated by poly(tetrafluoroisothianaph-
thene) (Fig. 120a). The steric effect induces an increase of the 
torsion angle between the ring systems, resulting in a polyisoth-
ianaphthene derivative with a large bandgap of 2.10 eV, although 
analysis of aromatic model compounds also indicates that the poly-
mer possesses an aromatic structure [617, 625,1101]. 

The opposite effect is illustrated by the synthesis of an alkylated 
poly(thieno[3,4-c]pyrazine) [631, 632]. This polymer (Fig. 120b) 
has a quinoid structure and a bandgap of 0.95 eV has been re-
ported. The introduction of nitrogen atoms removes the effects of 
steric hindrance and favors a more planar inter-ring system. 

The effect of the coplanarity of aromatic ring systems was 
studied in a series of 1,3-dithienylisothianaphthene model com-
pounds (Fig. 121). The synthesis of 1,3-dithienylisothianaphthene 
(Fig. 121b) was first reported by Hoogmartens et al. [789]. Three 
other groups reported almost simultaneously on its synthesis in 
later pubhcations [788, 791, 792]. Finally, the first group reported 
somewhat later on a very efficient synthesis method for these 
compounds [790]. The fluorinated 1,3-isothianaphthene deriva-
tive was prepared by Kiebooms et al. [790]. The compound in 
Figure 108c was synthesized by Ferrarris et al. [796] and the 
thieno[3,4-c]pyrazine derivative by Kitamura et al. [797]. Fig-
ure 121 also lists the Amax for the different compounds. 
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Fig. 121. Considerable redshift is observed with decreasing torsion angle 
between the aromatic ring systems. 
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Fig. 122. Significant lowering of the bandgap is achieved in regioregular 
substituted polythiophenes. 
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Fig. 123. Rigidification results in an increased effective conjugation 
length and a lowering of the bandgap. 

compared to akly side chains. In poly(alkoxythiophene)s there-
fore more planar systems are achievable as compared to po-
ly(alkylthiopene)s. Poly(3,4-ehtylenedioxythiophene) [1105-1108] 
(Fig. 122b) is an example of an alkoxy-substituted polythiophene 
with a lower bandgap as compared to regular polythiophene. The 
two oxygen atoms are bridged together in a six-membered ring sys-
tem by an ethylene group, thereby lowering the steric influence on 
neighboring aromatic ring systems. This material shows moreover 
an improved stabihty and high conductivity [1109]. 

Another way of increasing the effective conjugation length by 
decreasing torsion angles is by planar rigidification. Freezing the 
inter-ring positions of the thiophenes in a thiophene trimer using 
CH2 bridges (Fig. 123a) leads to a considerable increase in the 
Amax from 380 to 750 nm [1110]. Similar effects are observed in 
bridged poly(p-phenylene) oligomers (Fig. 123b) [704]. 

In the series of model compounds given in Figure 121, reduc-
ing the torsion angle leads to a considerable redshift of Amax of 
about 129 nm. Namely, replacing fluorine by hydrogen results in 
a redshift of 26 nm. No crystallographic data have been reported 
on the fluorinated compound. It is clear, however, that this should 
be the consequence of steric interactions. In the compound in Fig-
ure 121c, only one carbon has been replaced by nitrogen. The di-
hedral angle between thiophene and the central ring system on the 
nitrogen side is 3.4°, while the dihedral angle on the carbon side is 
reported to be 38.8°. The so-obtained planarization yields a red-
shift of Amax to a value of 469 nm [796]. The dihedral angles in 
the compound in Figure 121d are 9.5° and 11.6°, indicating that 
the three ring systems are almost coplanar. This is reflected in a 
further lowering of the Amax to 529 nm [797]. 

The torsion angle between aromatic ring systems is largely 
determined by sterical interactions between those ring systems. 
The choice of the substituents and their position on the aro-
matic ring system determine, to a large extent, the value of the 
torsion angle. In poly(3-alkylthiophene)s, head-to-head coupling 
leads to polymers with a larger bandgap as compared to poly(3-
alkylthiophene)s in which the rings are coupled head to tail [446, 
1102,1103]. 

McCuUough and co-workers [387, 444, 1104] and Rieke and 
co-workers [462, 465] developed quasi-simultaneously synthetic 
routes for pure and highly regioregular substituted thiophenes 
(Fig. 122a). The so-obtained polythiophenes appeared to exhibit 
surprisingly high conductivities and a bandgap of 1.7 eV, which 
is about 0.4 eV smaller than those reported for regiorandom 
poly(alkylthiophene)s. 

In the case of alkoxy substituents, it is not only the electron-
donating effect of oxygen that plays a role in determining the 
value of the bandgap. The van der Waals radius of an oxygen atom 
(0.14 nm) is smaller than that of a methylene core (0.20 nm). 
As such, alkoxy side chains cause a smaller steric hindrance as 

2,5,4. Combining Structural Parameters to Obtain Low Eg 

The influence of different chemical structural features on the 
bandgap of conjugated materials has been discussed previously. 
For significant lowering of the bandgap, several structural ef-
fects should be combined. This has been demonstrated by several 
groups. Combining several structural effects adds an additional de-
gree of complexity to the understanding of the relation ship be-
tween those chemical structures and their effect on the bandgap 
of the compound thus created. 

Each structural effect and its influence on the electronic prop-
erties has been treated independently. However, these structure-
property relationships are not always simply additive. The most ob-
vious example is the synthesis of poly(terafluoroisothianaphthene) 
[625]. In this polymer, the effect of having an aromatic iso-
thianaphthene structure and electron-withdrawing fluorine sub-
stituents is overruled by a very large inter-ring torsion angle. As 
a consequence, the polymer has a bandgap of 2.1 eV, much higher 
than that of regular polyisothianaphthene (1.0 eV). Despite this 
fundamental aspect of complexity, several groups have success-
fully used a combination of the discussed structural effects to gain 
control of the bandgap in conjugated polymers. Combining pla-
narization and introducing antiaromaticity, Lambert and Ferraris 
[654, 655] made some conducting polymers in which some antiaro-
matic character was introduced by adding a carbonyl group or a 
dicyano group to the thiophene monomer (cyclopenta[2,l-6;3,4-
6']dithiophene-4-one and 4-dicyanomethylene-4//-cyclopenta[2,l-
Z?;3,4-Z?̂ ]dithiophene) (Fig. 124). This results in a monomer with a 
77 system with 12 electrons possessing a lower RE. Incorporation 
of an empty p orbital is believed to lower the bandgap to an impor-
tant extent. The bandgap of both polymers is reported to be lower 
than 1.2 eV. 

Vangeneugden et al. [793, 794] combined different ring systems 
and the effect of substituents to prepare a series of thiophene-
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Fig. 124. Two examples of polymers in which some antiaromaticity was 
introduced: poly(cyclopenta[2,l-6;3,4-^^]dithiophene-4-one) and poly(4-
dicyanomethylene-4//-cyclopenta[2,l-6;3,4-6^]dithiophene). 
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Fig. 125. In substituted poly(l,3-dithienyl isothianaphthene), efficient 
use of substituents allows control of the bandgap between 1.0 and 1.8 eV. 

isothianaphthene copolymers with decreasing values for the band-
gap (Fig. 125). By using oligomeric precursors, they showed that it 
is possible to control more effectively the regiochemistry in the fi-
nal polymer. Moreover, this approach lowers the presence of inter-
chain conjugation defects and improves structural regularity dur-
ing polymerization. 

Another series of examples of the efficient combination of 
several structural effects is demonstrated by Yamashita and co-
workers [797, 799-801]. Figure 126 shows different monomers 
used to prepare the corresponding polymers. In this case, pla-
narization, sulfur-nitrogen interactions, and a combination of dif-
ferent aromatic ring systems is used to obtain polymeric materials 
with bandgaps down to 0.5 eV, the lowest values reported so far. 

3. ELECTMCAL PROPERTIES 

In the past three decades, several types of 7r-electron systems 
have shown very interesting features in the electrical transport 
properties. The charge-transfer complexes [e.g., tetrathiafulvale-
nium tetracyanoquinodimethane (TTF-TCNQ), etc.], consisting 
of electron-donating (donors, TTF, etc.) and electron-withdrawing 
(acceptors, TCNQ, etc.) organic molecules, have a wide range of 
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Fig. 126. Efficient combination of chemical structures leads to monomers 
that can be used to prepare polymers with very low bandgaps. 

exciting electronic properties of low-dimensional systems [2, 111]. 
The typical sp^-carbon-rich systems such as intercalated graphite, 
carbon-60, and carbon nanotubes display a wide range of behavior 
from metals to insulators [1112]. Usually, the polymeric materi-
als were considered as insulators before the discovery of metallic 
poly(sulfur nitride) (SN)^ and the enhancement of conductivity in 
doped polyacetylene (CH);^ by several orders of magnitude [155, 
1113]. Among the various 7r-electron-rich systems, the polymeric 
materials belong to a special class due to their one-dimensional 
chain structure, side group-induced variations in electronic, op-
tical, and morphological properties, the coexistence of both crys-
talline and amorphous regions, etc. 

The polyconjugated chains consist of alternating single (o--
bonds) and double bonds (TT bonds). The TT electrons are highly 
delocalized and easily polarizable, and these features play impor-
tant roles in the electrical and optical properties of polyconju-
gated systems, making them rather different from conventional 
electronic systems [1, 1049, 1114]. Moreover, the intrinsic quasi-
one-dimensional nature and the extent of both intra- and inter-
chain derealization of the TT electrons play significant roles in the 
structural, electrical, and optical properties of polyconjugated sys-
tems. Nevertheless, the complex morphology of polymeric systems, 
which are partially crystalline and partially amorphous in nature, 
plays a crucial role in the physical properties. In general, the con-
jugation length, the strength of the interchain interaction, and the 
extent of disorder are some of the significant parameters that gov-
ern the physical properties of polyconjugated systems. 

The behaviors of polyconjugated systems are rather differ-
ent with respect to conventional polymers. In the latter (e.g., 
polyethylene), the number of monomer units in a chain are several 
thousands; they are soluble in solvents, melt processible, highly 
tractable, etc. Polyconjugated systems, on the other hand, have 
a few hundreds of monomers in a chain, and the ahernating sin-
gle and double bonds make the chains rather stiff with respect to 
nonconjugated chains. Moreover, polyconjugated systems are not 
that soluble and tractable, unless side groups are introduced in the 
main chain or dopant ions to impart solubility and processibility. 
The addition of side groups onto the polymer chain may induce 
steric hindrance that reduces the delocalization of TT electrons, 
and hence lower the values of the maximum achievable conductiv-
ity. These aspects are reflected in the processibility and mechan-
ical, electrical, and optical properties of polyconjugated systems. 
Hence, the conventional polymer processing techniques have to 
be modified in the case of conducting polymers. 
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The electrical and optical properties of polyacetylene (CH); ,̂ 
polyaniline (PANI), polypyrrole (PPy), polythiophene (PT), po-
ly(/7-phenylene vinylene) (PPV), poly(p-phenylene) (PPP), and 
poly(thienylene vinylene) (PTV) are some of the extensively stud-
ied conducting polymers [3,1049]. 

In first-generation conducting polymers (1976-1986), the max-
imum possible values of electrical conductivity were limited due to 
the presence of structural and morphological disorder, disorder-
induced localization, etc. In doped Shirakawa polyacetylene, the 
room-temperature conductivity was on the order of 10-̂  S cm~^ 
[1, 1049]. In the best samples of doped PPy and PT, the values 
were below 100 S cm~^. Moreover, upon lowering the tempera-
ture, the conductivity of previous-generation conducting polymers 
decreased rapidly and there was no finite value of conductivity at 
very low temperatures, as in the case of typical insulators. Simi-
larly, in other transport property measurements, the metallic fea-
tures were rather weak. This was mainly due to the presence of 
strong structural and morphological disorder, as a result the TT 
electrons were not very well delocalized to facilitate intra- and in-
terchain charge transport [1115]. 

In the past decade, significant improvement in reducing the 
structural and morphological disorder has helped to bring forth 
a new generation of conducting polymers. In iodine-doped Naar-
mann (CH)jc, conductivities on the order of 10̂  S cm~^ were ob-
served in 1987 [1116]. Further improvement by Tsukamoto has 
increased the conductivity by another order of magnitude, which 
is comparable to those in traditional metals [173]. As the room-
temperature conductivity increased, the temperature dependence 
of conductivity became weaker and a large finite value of conduc-
tivity was observed at very low temperatures, as expected in the 
case of metallic systems. 

By the early 1990s, several groups have started making high-
quality materials of PPV, PPy, PANI, and polyalkylthiophene 
(PAT) [3]. In doped oriented PPV samples, room-temperature 
conductivity values on the order of 10̂  S cm~^ were observed 
[1117]. In high-quality PF6-doped PPy and PT samples, prepared 
by low-temperature electrochemical polymerization, the conduc-
tivity was nearly 500 S cm~^ [1118]. In these samples, for the first 
time in doped conducting polymers, a positive temperature coef-
ficient of resistivity (TCR) was observed at temperatures below 
20 K, demonstrating the real metallic qualities. 

Earher, in protonic acid-doped PANI, the conductivity was 
only a few tens of Siemens per centimeter, and upon lowering the 
temperature it dropped by several orders of magnitude, typical 
to that observed in insulating systems. With the development of 
counterion-induced processibility of PANI by dodecylbenzoyl sul-
fonic acid (DBSA) and camphor sulfonic acid (CSA) dopants, the 
conductivity was enhanced to nearly 500 S cm~^ and its tempera-
ture dependence showed a significant metallic positive TCR in the 
range 150-350 K [128,1119,1120]. In earlier generation doped re-
giorandom PATs, the extent of disorder was considerably high; as a 
result, its conductivity was only a few tens of Siemens per centime-
ter. With the synthesis of regioregular PATs, the conductivity was 
enhanced to around 10̂  S cm~^ [3, 387]. 

In general, conducting polymers can be considered as a spe-
cial type of semiconducting material. The conductivity of un-
doped polyconjugated systems is 10~^-10~^^ S cm~^ hence, it 
can be considered at the semiconductor-insulator boundary. The 
bandgaps of known polyconjugated systems vary from 0.8 to 4 eV 
[3]. The bandwidths, parallel and perpendicular to the chain axis, 
in a typical polyconjugated system like (CH)jc are nearly 10 and 

1 eV, respectively [173]. The charge-carrier density in conducting 
polymers can be varied by several orders of magnitude (nearly 8 
orders) by doping. In fully doped systems, the carrier density could 
be as high as 10^ /̂unit volume. The carrier mobility in doped con-
ducting polymers is much lower with respect to that in inorganic 
semiconductors, and this is largely due to the presence of strong 
disorder in polymeric systems. Nevertheless, in high-quality con-
ducting polymer systems, the electronic properties are quite simi-
lar to those observed in disordered metals, and the transport prop-
erties are crucially dependent on the extent of disorder, interchain 
interactions, etc. 

The doping processes in polyconjugated systems and inorganic 
semiconductors (e.g., silicon) are not identical [2]. In inorganic 
semiconductors, dopants such as phosphorus and boron are sub-
stituted for the host atomic sites, and electrons or holes are gener-
ated, depending on the valency of the dopant. In conducting poly-
mers, the dopants are not substitutional but interstitial, and in this 
case the dopant ions are intercalated in between the chains. The 
doping mechanism is rather similar to the intercalation process in 
two-dimensional layered structures such as graphite. The dopant 
ions can either oxidize (e.g., iodine, CIO4, PF6, BF4, etc.) to cre-
ate a positive charge or reduce (K, Na, Rb, etc.) to create a nega-
tive charge on the chain, depending on the redox process. During 
the doping process, the dopants randomly diffuse in between the 
polymer chains, and the doped system can have a commensurate 
or incommensurate or disordered superlattice structure. 

In conducting polymers, the doping process can generate vari-
ous types of charge carriers such as polarons, bipolarons, sohtons, 
and free carriers, and this, to a large extent, depends on the doping 
level, structure of polyconjugated chain, interchain interactions, 
disorder, etc. [1049, 1114]. In degenerate systems such as (CH);c, 
solitons are formed, especially at doping levels below 6%, whereas, 
in nondegenerate systems such as PPy and PT, both polarons and 
bipolarons are formed, depending on the energetics. Charge car-
riers such as sohtons, polarons, and bipolarons are energetically 
favored and stabilized by the associated lattice relaxation in one-
dimensional polymer chains. However, as the interchain interac-
tions and the carrier density increase and the extent of disorder 
decreases, these excitations could behave more like free carriers. 

In conjugated polymers, transient charge carriers can be gen-
erated by photoexcitation [1049, 1114, 1121]. The lifetimes of 
photodoped carriers vary from femtoseconds to milliseconds, de-
pending on the trapping and recombination processes, whereas in 
chemical doping the presence of dopant ion stabilizes the charge 
on the polymer chain. The maximum level of doping in conju-
gated polymers could be as high as 50%, which corresponds to one 
dopant per two monomers. The distribution of dopant ions is not 
uniform due to the complex morphology of the polymer matrix, 
which consists of both crystalline and amorphous regions. Hence, 
both the structural and the doping-induced disorder play major 
roles in the charge transport. 

The metal-insulator transition in doped conducting polymers is 
mainly governed by the extent of disorder, interchain interaction, 
and doping level [2, 3]. It is well known that disorder potentials 
can localize the electronic states. If the random component of the 
disorder potential is large with respect to the bandwidth, then the 
localization of electronic wave functions can occur. In the presence 
of strong disorder, the overlap of the wave functions drops off ex-
ponentially and the system moves toward the insulating regime. 

The main sources of disorder in conducting polymers are the 
sp^ defects in the chain, chain ends, chain entanglements, voids. 
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morphological and doping induced defects, etc. [3]. In conduct-
ing polymers, both fibrillar and globular morphologies have been 
observed. In fibrillar morphology, the chains are extended; as a re-
sult, it is possible to have delocalized states along the chain length 
direction. In globular morphology, the chains are coiled up, which 
tends to localize the electronic states and favors the formation of 
a granular-type material. In unoriented conducting polymer sys-
tems, the chains are randomly dispersed and the physical prop-
erties are isotropic. However, by stretch-aligning the chains and 
fibrills, it is possible to enhance the conductivity along the orient-
ing axis, and anisotropy of conductivity on the order of 100 can 
be easily achieved. Hence, without macroscopic orientation, the 
macroscopic properties of conducting polymers are isotropic, even 
though, on a microscopic level, the electronic structure (intrachain 
vs interchain) is highly anisotropic. Since conducting polymers are 
partially crystalline and partially amorphous, the volume fraction 
of the crystalline regions and the size of the crystalline coherence 
length play dominant roles in the charge transport. 

The electronic wave functions in the crystalline domains are 
delocalized with respect to that in the amorphous region. If the 
volume fraction of the crystalline regions exceeds 50% and the 
wave function of the delocalized states overlaps quite well, then 
the system sees only an averaged-over disorder potential; more-
over, in this case, some metallic features can be observed [2]. On 
the other hand, when there are large-scale inhomogeneities, as in 
amorphous regions, granular systems, metallic islands, etc., then 
the random fluctuations in the disorder potentials are high. As a 
result, the intrinsic metallic features are suppressed and the sys-
tem moves toward the insulating regime. In general, the disorder-
induced localization plays a dominant role in the metal-insulator 
(M-I) transition and in the transport properties of conducting 
polymers. 

3.1. Metallic State 

The metallic state in doped conducting polymers is inferred from 
the following: large, finite direct-current (dc) conductivity as T -^ 
0, temperature-independent Pauh spin susceptibility down to 10 K, 
linear temperature dependence of the thermopower down to 10 K, 
linear term in the specific heat at low temperatures, free-carrier 
absorption, and large metallic reflectance in the infrared, etc. [2, 
3]. This evidence shows the presence of a continuous density of 
states with a well-defined Fermi energy. In some conducting poly-
mers, the typical metallic positive temperature coefficient of resis-
tivity (TCR) was observed from 300 to 150 K, and in some others 
it was only below 20 K. However, Park et al. [1122] reported a 
metallic positive TCR in doped (CH);̂  from 300 to 1.5 K, which 
is quite exceptional. Although the typical negative TCR in high-
quality conducting polymers is indicative of nonmetaUic behavior, 
its temperature dependence was rather weak so that the logarith-
mic derivative of conductivity (W = d\na/d\nT) has a positive 
temperature coefficient. This implies a finite value of conductiv-
ity and a finite density of states at the Fermi level at very low 
temperatures, as expected in the case of disordered metallic sys-
tems. All this evidence shows that, in spite of the disordered quasi-
one-dimensional nature of polymer chains, it is possible to have a 
metallic state in these systems. In the metallic state, the average 
size of the delocalized states is considerably larger than that of 
the structural coherence length; hence, the carrier transport is not 
hindered very much by the presence of disorder potentials in the 
amorphous region. 

In the strict one-dimensional limit, all wave functions are lo-
calized in the presence of any infinitesimal disorder [2]. However, 
the interchain hopping integral (interchain interaction) suppresses 
this extreme tendency toward localization in a one-dimensional 
chain [1123]. For some particular value of disorder potential, the 
strength of the interchain coupling that is required to suppress 
the localization depends on the coherence length along the quasi-
one-dimensional chains. A charge carrier must be able to hop to 
an adjacent chain prior to the resonant backscattering, which in-
evitably leads to localization in one dimension. Thus, although 
conducting polymers are intrinsically quasi-one-dimensional elec-
tronic systems, the interchain coupling can be sufficiently large to 
enable the formation of three-dimensional metals. 

The extent of disorder leads to a qualitatively different charge-
transport mechanism in weak and strong disorder limits. In the 
Anderson model of localization for three-dimensional systems, in 
which the random fluctuations of the disorder potentials are within 
the bandwidth of the system, a mobility edge separates the delo-
calized and localized states in the density-of-states diagram [1124-
1126]. In this model, if the Fermi energy lies within the delocalized 
(localized) states, then the system behaves like a metal (insulator). 
As the randomness of the disorder potentials increases, the sys-
tem becomes more like a granular metal. The critical parameter 
in the M-I transition is the averaged-over value of the correla-
tion/localization length (Lc). If Lc is greater than the averaged-
over structural coherence length (which characterizes the size of 
the crystalline regions), then the disorder can be considered as 
within the weak limit, which means that the system sees only an 
average of the random fluctuations of the disorder potentials. Con-
versely, if Lc is less than the structural coherence length, then the 
extent of disorder is in the strong limits. The values of Lc and 
structural coherence length can be determined by transport prop-
erty measurements and X-ray diffraction, respectively [3]. 

3.1.L Conductivity 

The electrical conductivity is mainly determined by the carrier 
density (n), relaxation time (r), and effective mass (m) of the car-
rier (electrical conductivity, a = ne^r/m). According to the loffe-
Regel criterion, the interatomic distance is considered as the lower 
limit to the mean free path (A) in a metallic system. Hence, for a 
metallic system, kf\ > 1, where kf\ = [h{37T^)^^^]/{e^pn^^^), 
kf is the Fermi wave vector, and p is the electrical resistivity [1125, 
1126]. In highly doped conducting polymers, n ^ 10̂ ^ per unit vol-
ume, m is nearly the electron mass, A is a few tens of angstroms, 
and kf\ ^ 1-10 at room temperature. The mean free path is lim-
ited by both the interchain transport and the extent of disorder 
present in the system. The details about metallic conducting poly-
mers are shown in Table VI [1127]. 

Pietronero [1128] suggested that in a one-dimensional chain 
the only possible source of scattering for charge carriers is from 
-\-kf to —kp, involving the high-energy 2k f phonons. Moreover, 
due to phonon freezing effects, even possible at room tempera-
ture, the first-order scattering should induce a strong enhancement 
in conductivity in one-dimensional chains. The conductivity in the 
chain direction in a one-dimensional chain is given by 

(7|l = {ne a/iTh)vpT = (ne a /7rh)/(\/a) (3.1) 

where a is the carbon-carbon distance, Vf = {It^a/h) is the Fermi 
velocity, to (2-3 eV) is the 7r-electron hopping matrix element, and 
T is the backscattering lifetime. In the Hmit of elastic scattering for 
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Table VI. Details of Various Doped Conducting Polymers in the 
Metallic State 

Polymer 

Polyacetylene 

Poly(/7-phenyl-
ene vinyl-
ene) 

Polyaniline 

Polypyrrole 

Poly(3,4-
ethylene-
dioxythio-
phene) 

Poly(3-methyl-
thiophene) 

Abbreviatior 

(CH);, 

PPV 

PANI 

PPy 

PEDOT 

PMT 

1 Orientability Crystallinity^ 

High 

High 

Low 

Low 

Low 

Low 

80% 

80% 

50% 

40% 

40% 

40% 

' Conductivity^ 

lO^-lO^ 

104 

400 

300 

300 

400 

Source: Reproduced and adapted by permission of lOP Publishing from 
M. Ahlskog and R. Menon, /. Phys.: Condens. Matter. 10, 7171 (1998). 
Copyright © 1998, lOP Publishing. 
^ Approximate values for high-quality samples. 
^ In S cm~^. The values give approximately the highest observed values. 
In the cases of (CH)^ and PPV, the conductivity in the highly oriented 
state along the direction of the chain alignment is given. 

a half-filled band system, a\\ (300 K) ^ 10^ S cm-1. However, 
since the main scattering involved in a conducting polymer chain 
is only the 2k f phonons, and by including the inelastic scattering 
process below the characteristic temperature (k^T ^ HCOQ/A- and 
T ^ 600 K), another two orders of magnitude of enhancement in 
conductivity should be possible, i.e., ^ 10^ S cm~^ Similar esti-
mates of conductivity have been obtained by the Kivelson-Heeger 
model, too [1129]. In this model, the conductivity is expected to in-
crease exponentially at low temperatures. Hence, the theoretical 
studies suggest that the intrinsic conductivity in one-dimensional 
models of conjugated polymers is expected to be even larger than 
that of conventional metals at room temperature. 

In general, the conductivity in disordered systems is determined 
by the extended and localized states [1125, 1126]. The extent of 
disorder determines the roles played by localization and electron-
electron (e-e) interactions; it also determines the screening length 
and scattering processes involved in the charge transport. The mi-
croscopic length scales involved in the conductivity in disordered 
systems are the correlation length on the metallic side, localization 
length on the insulating side, e-e interaction length, thermal diffu-
sion length, and inelastic scattering length, and these length scales 
determine the scattering and relaxation mechanisms in the charge 
transport. 

The low-temperature conductivity measurement is a simple and 
sensitive method to get a qualitative level of understanding about 
the extent of disorder present in the system. Since conductivity is 
directly related to the mean free path, which is rather sensitive to 
the presence of any disorder, the variation in low-temperature con-
ductivity is quite dramatic as disorder varies. However, the tem-
perature dependence of conductivity data by itself is not enough 
to determine whether the system is metallic or insulating. 

The characteristic behavior of the temperature dependence of 
conductivity can be understood in detail by defining the reduced 
activation energy (W) as the logarithmic derivative of the temper-
ature dependence of conductivity, i.e., W = d(\n a)/d(\n T) [3, 

1130]. If the system is on the metallic regime with a weak nega-
tive TCR, then W shows a positive temperature coefficient at low 
temperatures. Moreover, this ensures that there is a finite conduc-
tivity as T -> 0. The temperature dependence of W is consistent 
with the resistivity ratio [pr = p(lA K)/p(300 K)], which is a use-
ful empirical parameter for quantifying the extent of disorder and 
for classifying the metallic and insulating regimes. In general, as 
pr increases, the temperature dependence of W gradually moves 
from a positive (metallic) to a negative (insulating) temperature 
coefficient at low temperatures. The approximate values of pr for 
various conducting polymers in the metallic (M), critical (C), and 
insulating (I) regimes are shown in Table VII [1131]. 

The conductivity in the disordered metallic regime is expressed 
by [1126,1132] 

a(7) = a(0) + mr l /2 + 5 r ^ / ^ (3.2) 

where m = a[4/3 - y{F(r/2)], a is a parameter depending on the 
diffusion coefficient, yFo- is the interaction parameter, and p is de-
termined by the scattering rate of the dominant dephasing mech-
anism (for electron-phonon scattering, p = 3; for inelastic e-e 
scattering, p = lin the clean limit or 3/2 in the dirty limit). The 
second term in Eq. (3.2) results from the e-e interactions, and the 
third term is the correction to o(0) due to localization effects. In 
disordered metals, e-e interactions play an important role in low-
temperature transport. The correction term due to e-e interac-
tions consists of exchange and Hartree contributions, and its sign 
depends on the screening length, etc. Usually, the sign of m is neg-
ative when yFo- > 8/9, resulting in a change of sign (from negative 
to positive) in the TCR at low temperatures. 

Iodine-doped (CH)jc [I-(CH)x] is one of the most exten-
sively studied systems among doped conducting polymers [173, 
1133]. The maximum room-temperature conductivity parallel to 
the chain axis in highly oriented I-(CH)x is nearly 10^ S cm~^ and 
the anisotropy of conductivity is 100-200. The stretchabihty and 
the maximum obtainable conductivity in I-(CR)x is very much de-
pendent on the film thickness. The conductivity is higher in thinner 
films (below 10 fim) in both stretched and unstretched films. The 
structural and physical properties of I-(CH)x have been reviewed 
by Tsukamoto [173]. The average crystalline coherence lengths, 
parallel and perpendicular to the chain axis, are 150 and 50 A, 
respectively. In highly conducting samples, the carrier density is 
nearly 10^^/cm^ and the mean free path is around 500 A. The den-
sity of states at the Fermi level is approximately 0.3 state (eV C)~^ 
which corresponds to 10 emu (mol C)~^. 

Park et al. [1122] have observed, for the first time in con-
ducting polymers, a metallic positive TCR, from 300 to 1.5 K, in 
C104-doped (CH)jc; although in earlier work the positive TCR 
was observed in FeCl3-(CH);c and PANI-CSA down to 180 K. 
The conductivity of the C104-(CH)jc sample at 300 K is nearly 
40,000 S cm~^ Its conductivity increases by a factor of 2 at 1.5 K, 
as shown in Figure 127. For samples with conductivities in the 
range 2000-20,000 S cm~^ the positive TCR was observed at tem-
peratures above 150 K. The details about conductivity, pr, etc. for 
C104-(CH);c samples are shown in Table VIII [1122]. This indi-
cates that the positive TCR in conducting polymers is quite sen-
sitive to subtle variations in the extent of disorder present in the 
system. 

The room-temperature conductivity of highly oriented I-(CH)x 
is nearly a factor of 2 larger than that of C104-(CH)jc and FeCls-
(CH)jc; yet, it does not show any metallic positive TCR [1122]. 
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Table VII. o-(300 K) and pr % [p(1.3 K)/p(300 K)] of Various Conducting Polymers in the Metallic 
(M), Critical (C), and Insulating (I) Regimes 

Polymer 

(CH);,-l2 

(CH);,-l2 

(CH);,-FeCl3 

PPV-AsF5^ 

PPV-H2SO4 

PPy 

PANT 

Pr 

< 1 0 

< 5 

< 2 

< 5 

< 2 

< 2 

< 2 

M 

a (300 K)« 

>5000 

> 5 X 10^ 

> 2 X 10"̂  

300-2400 

4 X lO^-lO^ 

300-400 

250-350 

Pr 

10-20 

9.8-165 

2.6-11.4 

9.7-34 

4.7-27 

2-10 

2-5 

C 

o-(300 K) 

3-5 X10^ 

2-5 X104 

1-2 X10^ 

100-300 

1000-4000 

200-300 

200-250 

Pr 

> 2 0 

>400 

> 2 7 

> 5 0 

> 6 0 

> 10 

> 1 0 

I 

o-(300 K) 

<3000 

< 2 X 10^ 

<104 

<100 

<1000 

<200 

<200 

Source: Reproduced and adapted by permission of lOP Publishing from M. Ahlskog, M. Reghu, and 
A. J. Heeger,/. Phys.: Condens. Matter. 9, 4145 (1997). Copyright © 1997, lOP Publishing. 
^ Conductivity is given in S cm~^. 
^ The data come from samples with different degrees of orientation and therefore do not give an 
entirely consistent picture of the M-I transition in this system. 

Table VIII. o-(300 K) and p(1.5 K)/p(300 K) of Various CIO4-Doped Polyacetylenes 

Dopant 

ClO-(Fe) 

CIO- (Cu) 

FeCl-

p(300 K) 

(Hem) 

7.41 X 10-4 

1.30 X 10-4 

1.06 X 10-4 

9.33 X 10-^ 

8.84 X 10-5 

8.31 X 10-5 

5.80 X 10-5 

5.01 X 10-5 

4.79 X 10-5 

2.41 X 10-5 

1.68 X 10-4 

1.11 X 10-4 

p(300 K) 

Scm-1 

1,350 

7,670 

9,390 

10,720 

11,300 

12,000 

17,200 

19,960 

20,900 

41,000 

5,950 

8,990 

p(1.5 K)/o-(300 K) 

1.46 

1.07 

1.17 

1.22 

1.07 

1.11 

1.15 

0.98 

0.66 

0.57 

1.55 

1.38 

r* 
(K) 

227 

194 

240 

220 

194 

196 

195 

159 

254 

200 

p ( r ) / p ( 3 0 0 K ) 

0.970 

0.894 

0.897 

0.939 

0.894 

0.930 

0.900 

0.916 

0.977 

0.905 

Source: Reproduced by permission of Elsevier Science from Y. W. Park, E. S. Choi, and 
D. S. Suh, Synth. Met. 96, 81 (1998). Copyright © 1998, Elsevier Science. 

The temperature dependence of resistivity of I-(CH)jc samples 
is shown in Figure 128a [15, 1131]. The metallic samples have a 
rather weak negative TCR and show a large finite conductivity at 
T < 1 K. The absence of positive TCR in the case of I-(CH)x 
suggests that the doping-induced disorder is higher with respect 
to that in C104-(CH);c and FeCl3-(CH);c systems. Sample B2 is 
systematically aged up to B6, so that it continuously moves from 
the metallic to the insulating regime. The localization of carriers 
during the aging process not only decreases the room-temperature 
conductivity but also enhances the negative TCR as the system 
moves to the insulating side. The W versus T plot of the p(7) 
is shown in Figure 128b. The metallic sample (B2) shows the ex-
pected positive temperature coefficient of W(T), and, upon aging, 
it tends toward the negative temperature coefficient, as expected 
for insulating systems. Similar variations in the temperature coef-
ficient of W(T) have been observed as the resistivity ratio (pr) in-
creases by lowering the doping levels. For example, in the case of 

highly doped samples having pr <3,W shows a positive tempera-
ture coefficient; in the case of less doped samples having pr > 10, 
the temperature coefficient of W(T) becomes negative at low tem-
peratures. Similar results have been observed in the case of FeCl3-
(CH);,. 

The a(7)'s of I-(CH);c samples at various stretching ratios are 
shown in Figure 129 [1131]. The unstretched sample has o-(300 K) 
^ 800 S cm~^ and shows a strong negative TCR [2]. Obviously, 
in stretched samples the conductivity along the stretching direc-
tion increases, and in the transverse direction it decreases with re-
spect to that in the unstretched samples. The anisotropy of con-
ductivity increases upon increasing the stretching ratio; however, 
the o{T) is nearly the same in both the parallel and the perpendic-
ular directions to the chain axis. This indicates that the transport 
mechanism is nearly identical in both the parallel and the perpen-
dicular directions to the chain axis, and the interchain transport 
plays an important role in both cases. Moreover, even the maxi-
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Fig. 127. Normalized resistivity vs temperature for C104-doped poly-
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Elsevier Science from Y. W. Park, E. S. Choi, and D. S. Suh, Synth. Met. 96, 
81 (1998). Copyright © 1988, Elsevier Science. 
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Fig. 128. (a) Resistivity vs temperature for an iodine-doped polyacetylene 
sample aged from B2 to B6. (b) Wv%T for the same data. The dotted lines 
indicate the power law regime. Reproduced by permission of lOP Pub-
lishing from M. Ahlskog, M. Reghu, and A. J. Heeger, /. Phys.: Condens. 
Matter. 9, 4145 (1997). Copyright © 1997, TOP Publishing. 

mum stretching ratio of 15:1 is really not enough to achieve signif-
icant orientation of all the chains, and the number of misaligned 
and crisscrossed chains is rather high so that the a(7) is nearly 
identical in both the parallel and the perpendicular directions to 

the chain axis. Hence, further enhancement in the chain orien-
tation (cr||/o-x > 10 )̂ is of considerable importance in order to 
observe the intrinsic anisotropic features in the charge-transport 
properties in conducting polymers. 

As described in previous works [2, 3], the o{T) below 4.2 K 
follows a T^/^ dependence (see Eq. (3.2)) in both the parallel 
and the perpendicular directions to the chain axis in oriented I-
(CH)jc samples. The T^/'^ dependence indicates that the contri-
bution from e-e interactions plays a dominant role at very low 
temperatures. This is also consistent with the enhanced negative 
contribution to magnetoconductance (MC), as explained in detail 
in the next section. For the intermediate temperature range (4-
40 K), where a oc T^/^, the inelastic electron-phonon scattering 
(p = 3/2) is the dominant scattering mechanism, for the paral-
lel and the perpendicular directions to the chain axis [1131,1133]. 
This is also consistent with the enhanced positive contribution to 
MC at temperatures above 4 K. This suggests that both interaction 
and localization play dominant roles in a(7) at low temperatures 
in metallic (CH)jc samples. 

The temperature dependence of the resistivity of a sulfu-
ric acid-doped PPV (PPV-H2SO4) sample is shown in Fig-
ure 130a [1134, 1135]. Freestanding films of PPV (thickness 4-
8 |is) were stretch-aligned to a ratio of 10:1 ratio [1117]. The op-
tical anisotropy is nearly 50, as obtained from the dichroic ratio 
measurement at 1520 cm~^ This indicates that the PPV chains 
are quite well oriented after tensile drawing. The values of con-
ductivity, pr, etc. of a PPV-H2SO4 sample (A) as it gradually aged 
to sample L are shown in Table IX [1134, 1135]. The W versus T 
plot of the same data is shown in Figure 130b. The metalUc sam-
ples follow a positive temperature coefficient of W at low temper-
atures; as pr increases, W gradually moves toward the critical and 
insulating regimes, similar to that observed in the case of I-(CH)jc. 
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Fig. 130. (a) Resistivity vs temperature for a PPV-H2SO4 sample aged 
from C to L. (b) W ws T for the same data (A-E, on the metalUc side; 
G-L, on the insulating side). Reproduced by permission of the American 
Physical Society from M. Ahlskog, M. Reghu, A. J. Heeger, T Noguchi, 
and T Ohnishi, Phys. Rev. B 55, 6777 (1997). Copyright © 1997, American 
Physical Society. 

In PPV-H2SO4 samples, too, the low-temperature conductiv-
ity of metallic samples, in both the parallel and the perpendicu-
lar directions to the chain axis, can be fitted to Eq. (3.2) [1134, 
1135]. At temperatures below 4 K, however, the T^/^ fit is rather 
good, even in the presence of a magnetic field, as shown in ear-
lier works. Hence, in metallic PPV samples, the localization-
interaction model is valid at low temperatures, as observed in the 
case of metallic (CH);t samples. Moreover, the MC data in both 
systems are consistent with the localization-interaction model, as 
explained later. Although the anisotropy of conductivity in metal-
lic/oriented (CH)jc and PPV samples is nearly 100, the oiT) is 

Table IX. ^0. o-(200 K), and pr ^ [p(1.3 K)/p(200 K)] of a 
PPV-H2SO4 Sample Aged from A to L 

Sample 
(^0 

Scm-l 
o-(200 K) 
Scm-1 Pr 

A 
B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

L 

7330 

7170 

6720 

4510 

2020 

0 

0 

0 

0 

0 

0 

0 

8670 

8490 

7650 

6340 

3980 

2440 

930 

510 

280 

82 

12 

1.5 

1.18 

1.19 

1.16 

1.39 

1.87 

4.7 

27 

100 

390 

750 

3x10^ 

4x10'̂  

29 

-20 

-120 

45 

96 

0.34 

0.78 

X 

0.20 

0.28 

0.35 

0.41 

0.49 

Source: Adapted by permission of the American Physical Society from 
M. Ahlskog, M. Reghu, A. J. Heeger, T. Noguchi, and T. Ohnishi, Phys. 
Rev. B 55, 6777 (1997). Copyright © 1997, American Physical Society. 

rather similar in both the parallel and the perpendicular directions 
to the chain axis, indicating that an anisotropic three-dimensional 
model is appropriate in these systems. 

The temperature dependence of the conductivity of PPy doped 
with PF6 (PPy-PF6) is shown in Figure 131a [1136]. The details of 
room-temperature conductivity, etc. are shown in Table X. The W 
versus T plot of the same data is shown in Figure 131b. Sample Ml 
shows a positive TCR below 12 K, and the sign of m (in Eq. (3.2)) is 
negative. The behavior of P^ 7) is consistent with that observed in 
metallic (CH);̂  and PPV samples. The temperature and field de-
pendence of the resistivity of metallic PPy-PF6 samples at T < 1K 
show the presence of a large finite conductivity (̂ 1̂50 S cm~^) at 
75 mK and 8 T [1137]. This suggests that the three-dimensional 
transport is quite robust and the intrinsic one-dimensional nature 
of disordered polymer chains is not causing any severe localization, 
although the conductivity at temperatures in the millikelvin range 
is nearly around the Mott minimum metallic conductivity in these 
systems. This result is quite contrary to the expected localization of 
all of the electronic states due to the presence of any infinitesimal 
disorder in one-dimensional polymer chains. Hence, in spite of the 
disorder, the interchain interactions are sufficiently large enough 
to prevent any severe localization in the polymer chains and also 
to make it more like anisotropic three-dimensional systems. Fur-
thermore, PPy-PF6 samples can be stretched by a factor of 2, and 
their conductivity increased up to 3000 S cm~^ [1118]. This is one 
of the best values of conductivity in a doped conjugated polymer 
that has a long-term stability at ambient conditions. 

The a(7)'s of PANI-CSA and PANI-AMPSA (2-acrylamido-2-
methyl-1-propanesulfonic acid) samples are shown in Figure 132a 
and b, respectively [1138]. The details of the conductivity, resis-
tivity ratio, etc. of the samples are shown in Table XI. Both sys-
tems show a positive TCR at temperatures above 80 K. Although 
the cr(300 K) of PANI-AMPSA samples is slightly lower with re-
spect to PANI-CSA, its positive TCR is observed down to much 
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Table X. c7-(300 K), pr % [p(1.4 K)/p(300 K)], Magnetoresistance 
(\p/p), and Tm, the Transition Temperature (from Negative to Positive 

TCR), of Various PPy-PFg Samples (M^ for Metallic, I-> for 
Insulating, and c for Critical) 

T(K) 

Fig. 131. (a) Normalized resistivity vs temperature for various PPy-PFg 
samples. (M-> for metallic, I-^ for insulating, and c for critical, (b) W vs 
T for the same data. Reproduced by permission of the American Physical 
Society from C. O. Yoon, M. Reghu, D. Moses, and A. J. Heeger, Phys. Rev. 
B 49,10851 (1994). Copyright © 1994, American Physical Society. 

lower temperatures, as shown in Table XI. The wet-spun PANI-
AMPSA fibers have shown an impressive room-temperature con-
ductivity of nearly 2000 S cm"^ [1139]. The difference between 
CSA- and AMPSA-doped PANI samples in o-(300 K) and a(T) is 
possibly due to the variations in microstructure and its contribu-
tion to disorder-induced localization. This shows that the charge 
transport in doped conducting polymers is rather sensitive to slight 
variations in the morphological features. Metallic PANI-CSA sam-
ples have a finite conductivity at very low temperatures (nearly 
50 S cm-l at 75 mK) [1137], suggesting that PANI-CSA is just 
on the metaUic side of the metal-insulator boundary. 

The a(7)'s of doped poly(3,4-ethylenedioxythiophene) (PE-
DOT) samples are shown in Figure 133 [1109, 1140]. The de-

Sample 

Ml 
M2 
M2 
Mel 
Mc2 
Mc2 
Mc2 
Mc3 
Icl . 
Icl 

Pressure 

Ambient 
Ambient 
9kbar 
Ambient 
Ambient 
4kbar 
10 kbar 
Ambient 
4 kbar 
10 kbar 

o-(300 K) 
Scm-1 

338 
298 
330 
271 
313 
358 
377 
192 
133 
137 

Pr' 

1.75 
1.97 
1.33 
2.40 
3.22 
1.81 
1.54 
4.45 
2.64 
2.08 

^p/pb 

0.12 
0.13 
0.05 
0.16 
0.21 
0.12 
0.10 
0.23 
0.18 
015 

Tm 

(K) 

12 
7.5 

24 

12 
19 

Source: Reproduced and adapted by permission of the American Physical 
Society from C. O. Yoon, M. Reghu, D. Moses, and A. J. Heeger, Phys. 
Rev. B 49,10851 (1994). Copyright © 1994, American Physical Society. 
V , = p(1.4K)/p(300K). 
^ Data at / / = 8T and at T = 1.4 K. 

tails of room-temperature conductivity, pr, etc. are shown in Ta-
ble XII. The room-temperature conductivity of PF^-doped sam-
ples is rather high with respect to other dopants, and the o-(300 K) 
and o{T) can be varied by tuning the extent of disorder present 
in the sample. In doped PEDOT samples, a positive TCR has 
been observed at T < 10 K. Similar positive TCR and weak o(T) 
have been observed in PMeT-PF6 samples having cr(300 K) ^ 
200 S cm~^ In these systems, Fukuhara et al. [1141] have ob-
served a pressure tuning of the M-I transition. However, doped 
PEDOT samples are somewhat different with respect to other con-
ducting polymers, in the sense that for samples having a rather low 
room-temperature conductivity (see Table XII) the oiT) can be ex-
ceptionally low. For example, even for samples with o-(300 K) ^ 
10 S cm~^, which is well below the Mott minimum value, the con-
ductivity at 1 K can be around 4 S cm~^ Probably, the structural 
disorder in PEDOT samples is considerably less than that in other 
systems. Since the j8-positions in the thiophene rings are blocked 
by the ethylenedioxy group, the chain extension is possible only 
through the a-positions. A large finite conductivity (~150 S cm~^) 
has been observed in metallic PEDOT and PMeT systems; yet, 
these systems are just on the metallic side of the M-I transition. 

In summary, the conductivity and its temperature dependence 
in doped (CH)^, PPV, PPy, PANI, and PEDOT samples sug-
gest that, by reducing the role of disorder-induced localization in 
charge transport, it is possible to observe the intrinsic metallic pos-
itive TCR in doped conducting polymers. 

3.1.2, Magnetoconductance 

It is well known that magnetoconductance (MC) is a sensitive lo-
cal probe for investigating the microscopic transport parameters 
(e.g., scattering process, relaxation mechanism, etc.) in metallic 
and semiconducting systems [2]. The quantitative level of under-
standing of MC for disordered systems by using the localization-
interaction model is rather useful for checking the appropriateness 
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Fig. 132. (a) Conductivity vs temperature for PANI-CSA samples at vari-
ous doping levels, (b) Conductivity vs temperature for PANI-AMPSA sam-
ples at various doping levels. Reproduced by permission from lOP publish-
ing from (a) P. N. Adams, P. Devasagayam, S. J. Pomfret, L. Abell, and A. P. 
Monkman, /. Phys.: Condens. Matter. 10, 8293 (1998). (b) E. R. Holland, 
S. J. Pomfret, P. N. Adams, and A. P. Monkman, /. Phys.: Condens. Matter. 
8, 2991 (1996). Copyright © 1996, lOP Publishing. 

of this model for metallic conducting polymers. Moreover, the in-
ternal consistency of using this model can be verified by comparing 
the results from the temperature dependence of conductivity and 
MC measurements. 

It is well known that in an ideal one-dimensional conductor the 
transverse orbital motion is restricted; thus, the carriers cannot 
make circular motions in the presence of a magnetic field. Hence, 
one could hardly expect any MC in an ideal one-dimensional con-
ductor. However, in the presence of any finite interchain transfer 
integral, as in several quasi-one-dimensional conductors, the MC 
can be used as a powerful tool to investigate the intra-versus inter-
chain transport. Nevertheless, the fine features in anisotropic MC 
can be easily smeared in the presence of disorder. 

In disordered metallic systems, it is well known that the quan-
tum corrections due to weak localization (WL) and e-e interac-
tions contribute to the MC at low temperatures [2,1133]. Usually, 
the WL contribution (positive MC) dominates at T > 4 K and low 
fields (below 3 T) and the contribution from e-e interactions (neg-
ative MC) dominates at J < 4 K and higher fields (above 3 T). 
As the extent of disorder increases, however, both WL and e-e in-
teraction contributions decrease, and the hopping contribution to 
MC (large negative MC) increases. Although the theoretical esti-
mate for the upper limit to the quantum corrections to MC in con-
ventional disordered systems is below 3% (i.e., ̂ .a/o- < ±3%), the 
observed MC in oriented metallic conducting polymers is slightly 
higher, which is probably associated with the anisotropic diffusion 
coefficient, anisotropic effective mass, etc. 

There are several detailed studies of MC in conducting poly-
mers [2,15,1142]. The behavior of MC in oriented and unoriented 
conducting polymers shows a clear difference. Highly conducting 
oriented samples (e.g., (CH)jc and PPV) exhibit a positive MC due 
to the WL contribution (especially when the field is perpendicular 
to the chain axis) at T > 2 K; in unoriented samples (e.g., PPy, 
PANI, PEDOT, etc.), MC is observed to be negative at all temper-
atures and fields [1133]. In oriented samples, MC represents an 
interplay between WL (positive MC at low fields and T > 2 K) 
and e-e interaction (negative MC at high fields and T < 2 K) con-
tributions, the sign of MC depending on the angle between the 
magnetic field and the chain axis. This anisotropic MC in oriented 
samples is due to the anisotropy in the WL contribution, since the 
positive MC due to WL is maximized when the field is perpendic-
ular to the chain axis and it is minimized when the field is parallel 
to the chain axis [1133,1143,1144]. 

The MC's for oriented metallic I-(CH)x and PPV-H2SO4 sam-
ples are shown in Figure 134a [1133] and b [1134, 1135]. In both 
systems, the anisotropy of conductivity is nearly 100. As shown in 
Figure 134, when the field is perpendicular to the chain axis, the 
sign of MC is positive; whereas, when the field is parallel to the 
chain axis, the sign of MC is negative. The experimental results in 
both systems show that the WL contribution is negligible when the 
field is parallel to the chain axis. However, the positive MC due to 
the WL contribution vanishes with a slight increase in the extent of 
disorder by aging a freshly doped (CH)^ or PPV-H2SO4 sample, 
although the aged sample remains metallic down to 1.4 K. This in-
dicates that even a marginal increase in the extent of disorder in 
metallic conducting polymers can suppress the quantum transport 
involved in the WL contribution to positive MC. Hence, the co-
herent interchain transport in intrinsically quasi-one-dimensional 
polymer chains can be easily affected by minute variations in the 
interchain alignments, disorder, etc. 

The universal scaling of MC due to the e-e interaction can 
be used to distinguish the WL and e-e interaction contributions 
[1133,1145]. The scaling plot for a metallic/oriented PPV-H2SO4 
sample is shown in Figure 135. The expected universal scaling 
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Table XI. Values of the Conductivity Maxima, Corresponding Temperatures, and o-(10,15 K)/o-(300 K) 
for Various PANI-CSA and PANI-AMPSA Samples at Different Doping Levels 

Doping level (%) 

30 

40 

50 

60 

70 

80 

90 

100 

Peak 

a 

CSA 

90 

160 

178 

268 

184 

— 
121 

— 

conductivity, 

(S cm ^) 

AMPSA 

69 

110 

116 

111 

110 

87 

— 
12 

Temperature of 

peak 

CSA 

270 

225 

190 

135 

184 

— 
185 

— 

cr(K) 

AMPSA 

115 

95 

75 

85 

80 

85 

— 
85 

CSA 

0.13 

0.44 

0.67 

0.94 

0.75 

— 
0.71 

— 

(^ISK/a^noK 
AMPSA 

0.96 

1.10 

1.26 

1.18 

1.26 

1.22 

— 
1.11 

Source: Reproduced and adapted by permission of lOP Publishing from P. N. Adams, P. Devasagayam, S. J. 
Pomfret, L. Abell, and A. P Monkman, /. Phys.: Condens. Matter 10, 8293 (1998). Copyright © 1998, lOP 
Publishing. 
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Fig. 133. Normalized resistivity vs temperature for various doped PE-
DOT samples. Reproduced by permission of Elsevier Science from 
A. Aleshin, R. Kiebooms, R. Menon, and A. J. Heeger, Synth. Met. 90, 
61 (1997). Copyright © 1997, Elsevier Science. 

behavior in the longitudinal MC, due to the dominant contribu-
tion from the e-e interaction, is clearly shown in Figure 135b. 
However, in the case of transverse MC, the scaling behavior de-

Table XII. Values of O-Q, O-(291 K), pr % [p(1.4 K)/p(300 K)], 
Magnetoresistance (Ap/p), and Tm, the Transition Temperature (from 

Negative to Positive TCR), for Various PEDOT Samples 

Sample Dopant 

PFl 

PF2 

PF3 

PF4 

PF5 

PF6 

PF7 

PF8 

CFl 

BFl 

BF2 

BF3 

BF4 

BF5 

PF6 

CF3SO4 

BF4 

^291 K 

131 

230 

2.05 

300 

100 

11 

7 

1.5 

48 

20 

16 

31 

24 

27 

Pr 

1.45 

1.67 

1.92 

2.06 

2.64 

2.78 

7.53 

20 

1.56 

1.88 

2.19 

2.5 

3.73 

20 

^0 

93.67 

141.53 

110.24 

123.30 

29.40 

3.76 

29.75 

11.11 

7.11 

11.93 

5.54 

MR (%) 

a t 8 T 

7.65 

9.60 

13.25 

8.31 

17.73 

18.38 

26.4 

51 

7.62 

12.0 

14.6 

17.6 

19.8 

60 

Tm(^) 

7.8 

5.85 

7.23 

5.4 

8.1 

5.6 

2.6 

Source: Reproduced by permission of Elsevier Science from A. Aleshin, 
R. Kiebooms, R. Menon, and A. J. Heeger, Synth. Met. 90, 61 (1997). 
Copyright © 1997, Elsevier Science. 
p, = p(1.4K)/p(291K). 
MR: magnetoresistance at / / = 8 T and T = 1.4 K. 
o-Q and o-QiH) extrapolated values from square-root dependence of the 
conductivity at 0 and 8 T, respectively. 

viates, as shown in Figure 135a. This clearly shows the importance 
of the WL contribution to transverse MC. This anisotropic MC 
can be used to probe the microscopic anisotropy in the molecular 
length scale, which is usually masked by the morphological fea-
tures in the bulk conductivity measurements. Hence, modeling the 
anisotropic MC can provide a quantitative estimate of the number 
of misaligned chains in oriented samples. In slightly less conduct-
ing ('^100 S cm~^) metallic samples of unoriented PEDOT, a uni-
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Fig. 134. (a) Magnetoconductance vs field for a metallic I-(CH);c sam-
ple at 4.2 K (O), 2 K (D), and 1.2 K (A); upper is transverse and lower is 
longitudinal, (b) Magnetoconductance vs field for a metallic PPV-H2SO4 
sample; upper is transverse and lower is longitudinal. Reproduced by per-
mission of the American Physical Society from M. Reghu, K. Vakiparta, 
Y. Cao, and D. Moses, Phys. Rev. B 49, 16162 (1994); M. Ahlskog, M. 
Reghu, A. J. Heeger, T. Noguchi, and T. Ohnishi, Phys. Rev. B 53, 15529 
(1996). Copyright © 1994,1996, American Physical Society. 

versal scaling of MC has been observed, as shown in Figure 136 
[1109]. In this case, since the chains are not oriented, the scal-
ing behavior is nearly identical in both transverse and longitudinal 
MC, showing that the e-e interaction is the dominant contribution 
toMC. 

Although the anisotropy of conductivity in metallic oriented 
(CH);c or PPV~H2S04 samples is nearly 100, the behavior of MC 
is identical whether the current is parallel or perpendicular to 
the chain axis. This suggests that high-quality oriented conducting 
polymers behave as anisotropic three-dimensional systems in which 
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Fig. 135. Universal scaling plot of magnetoconductance for a metallic 
PPV-H2SO4 sample: (a) transverse and (b) longitudinal. Reproduced by 
permission of the American Physical Society from M. Ahlskog, M. Reghu, 
A. J. Heeger, T Noguchi, and T. Ohnishi, Phys. Rev. B 53, 15529 (1996). 
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Fig. 136. Universal scaling plot of magnetoconductance for a metallic 
PEDOT-PF5 sample. Reproduced by permission of the American Physi-
cal Society from A. Aleshin, R. Kiebooms, R. Menon, F. Wudl, and A. J. 
Heeger, Phys. Rev B. 56, 3659 (1997). Copyright © 1997, American Physi-
cal Society. 

the charge-transport mechanism is nearly identical in both the par-
allel and the perpendicular directions to the chain axis. 

The MC for a metallic PANI-CSA sample, at low and high 
fields, is shown in Figure 137 [1119, 1120]. The MC shows H^ 
and if /̂-̂  dependence at low and high fields, respectively. Sim-
ilar results have been observed for metallic PPy [1136] and PE-
DOT [1109] samples. This field dependence is consistent with 
the localization-interaction model. These systems are just on the 
metallic side of the M-I boundary, and their conductivity values 
are not high enough to observe any positive MC due to the WL 
contribution. Hence, in PANI, PPy, and PEDOT systems, the MC 
remains negative at all temperatures and fields. When the extent 
of disorder increases and the system moves to the critical and in-
sulating regimes, the negative MC increases dramatically. 
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American Physical Society from M. Reghu, Y. Cao, D. Moses, and A. J. 
Heeger, Phys. Rev. B 47, 1758 (1993); M. Reghu, C. O. Yoon, Y. Cao, D. 
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In summary, MC in metallic conducting polymers is a sensi-
tive probe to investigate the microscopic charge-transport mech-
anism. In oriented metallic conducting polymers, the anisotropic 
MC depends on the angle between the chain axis and the field, 
and this can give qualitative information regarding the molecular-
scale anisotropy in these systems. In less conducting and nonori-
ented systems, the magnitude of the negative MC increases as pr 
increases, and this can be used to determine the extent of disorder 
present in the system. 

3J.3. Thermopower 

In doped conducting polymers, the thermopower is not as sensi-
tive to disorder as electrical conductivity, since the mean free path 
involved in the electrical transport is very much affected by the 
extent of disorder present in the system [2]. Although the metal-
lic positive TCR is rather unusual in highly conducting polymers 
for a wide range of temperatures, the metallic linear temperature 
dependence of thermopower [5(7)] is quite usual in all conduct-
ing polymers for a wide range of temperatures (10-300 K). The 
quasi-linear temperature dependence of thermopower is observed 
to persist well into the insulating regime. 

The remarkable linearity of 5(7) and the negligible nonlinear 
contribution to thermopower in high-quality metallic (CH);c indi-
cate that the electron-phonon renormalization of diffusion ther-
mopower, the phonon drag effects, etc. are not playing any sig-
nificant roles. The 5(7) for MoCl5-doped (CH)^ is shown in Fig-
ure 138 [2]. The 5(7) is quite linear even in the case of less con-
ducting insulating samples. 

Kaiser [1143] has proposed a heterogeneous model to explain 
the apparent difference in the behavior of 5(7) and a(7). In such a 
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model , the less conducting regions that limit the motion of charge 
carriers determine the bulk transport propert ies. In thermopower, 
the geometric factors involved in the electrical conductivity expres-
sion are absent. The net thermopower is weighted in favor of the 
regions where the largest temperature gradient occurs. If the ther-
mal current carried by phonons is impeded less by thin insulating 
barriers than the electrical current carried by electrons or holes, 
then the system indeed shows a metallic thermopower. In other 
words, most of the temperature gradient occurs across the highly 
conducting regions and most of the electrical potential drop occurs 
across the thin insulating barriers. A large enhancement of ther-
mopower is expected if the barriers play any significant role in the 
tunneling contribution to thermopower. However, in conducting 
polymers, on the metallic and critical regimes of the M - I transi-
tion, no such enhancement has been observed, indicating that the 
barriers contribute little to the thermopower. 

The 5(7) of various PPy-PF6 samples on both sides of the M - I 
transition is shown in Figure 139 [1136]. Similar results have been 
observed in PANI-CSA samples, too [1144]. In these systems, the 
quasi-linear thermopower is relatively insensitive to the variations 
in Pr near the disorder-induced M - I transition. The density of 
states estimated from 5(7) is around one state per electron-volt 
per two rings for PANI-CSA, and nearly one state per electron-
volt per four rings for PPy-PF^, for samples near the M - I transi-
tion. 
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The conventional notion suggests that the sign of the ther-
mopower depends on the sign of the charge carrier. However, Park 
et al. [21] have observed a positive thermopower for both p- and 
n-type doped (CH)^. Since the sign of the thermopower depends 
on the band structure, etc., it may not be that straightforward in 
complex systems such as doped conducting polymers. Neverthe-
less, more work is required to fully understand this anomaly in the 
sign of thermopower in conducting polymers. 

3 J A. Magnetic Susceptibility and Specific Heat 

In metallic systems, the temperature-independent PauH suscepti-
bility {x^) is a characteristic feature for delocalized carriers [2]. 
X^ is directly proportional to the density of states at the Fermi 
level, i.e., x^ = IJ^/B^i^p)- Hence, it is possible to determine 
the N(Ef) from the temperature-independent x^ for metallic sys-
tems. Usually, in disordered systems, the measured x is the sum of 
both Curie and Pauli terms; the Curie term gives an estimate of the 
localized spins present in the system, and this, in turn, is a measure 
of the extent of disorder. 

A small Curie term has been observed in all metallic conduct-
ing polymers at very low temperatures (T < 20 K) [2]. This indi-
cates the presence of localized spins due to impurities, defects, etc. 
The ;t(7) of PANI-CSA samples near the M-I transition is shown 
in Figure 140 [1146]. The density of states at the Fermi level for 
metallic PANI-CSA and PPy-PF6 samples are one state/electron-
volt/two rings and three states/electron-volt/four rings, respectively 
[1147]. These values are rather similar to that obtained from the 
thermopower measurements. The Curie term at low temperatures 
is weaker for metallic samples, with respect to that in insulating 
samples. The magnetic properties and spin dynamics in doped con-
ducting polymers are quite well described in review articles [1147]. 

The thermal property measurements (e.g., thermal conductiv-
ity, specific heat, etc.) are rather few in doped conducting poly-
mers [1148,1149]. The linear term in specific heat at low tempera-
tures is characteristic evidence of the continuous density of states 
with a well-defined Fermi energy for any metallic system. The low-
temperature specific heat for a metallic PPy-PF5 sample and for 
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Fig. 140. Magnetic susceptibility vs temperature for PANI-CSA samples: 
from metallic side ( • ) to insulating side (A). Reproduced by permission 
of the American Physical Society from N. S. Sariciftci, A. J. Heeger, and 
Y. Cao, Phys. Rev. B 49,5988 (1994). Copyright © 1994, American Physical 
Society. 
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Fig. 141. Heat capacity (C/T) vs temperature for doped PPy samples: 
metallic PPy-PF6 (Q) and insulating PPy(TSO) (A). Reproduced by per-
mission of the Physical Society of Japan from T. H. Gilani and T. Ishiguro, 
/. Phys. Soc. Jpn. 66, 727 (1997). Copyright © 1997, Physical Society of 
Japan. 

an insulating PPy-TSO (/?-toluenesulfonate) sample is shown in 
Figure 141 [1150]. The data for both samples are fit to the equa-
tion C/T = 7 + jSr^, where y and j8 are the electronic and lat-
tice contributions, respectively. From the values of j8 and y, the 
calculated density of states for metallic and insulating samples are 
3.6 ±0.12 and 1.2 ±0.04 states/eV/unit, and the corresponding De-
bye temperatures are 210 ± 7 and 191 ± 6.3 K, respectively. These 
values are comparable with respect to that obtained from the spin 
susceptibility data. 
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Although the resistivity ratio of an insulating PPy-TSO sam-
ple is an order of magnitude larger with respect to the metallic 
PPy-PF5 sample, both systems show a linear term in specific heat, 
and the density of states of an insulating system is only a factor of 3 
lower with respect to that in the metallic sample [1150]. Moreover, 
from the specific heat data, it seems that both systems have a finite 
density of states at the Fermi level; hence, the insulating system 
can be considered as slightly less metaUic (less density of states 
due to localization) with respect to the "real" metallic system (i.e., 
finite conductivity at T -» 0 K). The comparison of specific heat 
and conductivity data indicates that the latter is more sensitive to 
determining the extent of disorder and for discerning the metal-
lic and insulating systems near the M-I transition. Furthermore, 
both systems do not show any anomalies due to glassy behavior, 
carrier freeze-out in the amorphous regions, one-dimensional lo-
calization, etc. Surprisingly, the linear term in the specific heat is 
strongly present in both metallic and insulating systems down to 
2 K, although a Curie term in the spin susceptibility was observed 
for all conducting polymer samples at low temperatures. This indi-
cates that for conducting polymer samples near the M-I transition, 
the extent of disorder is not severe enough to induce any drastic lo-
calization of charge carriers, contrary to the conventional view that 
all states are localized in a disordered one-dimensional conductor. 

3.2. Critical and Insulating States 

The intrinsic metaUic state in high-quahty doped conducting poly-
mers is suppressed by the disorder-induced localization [2, 3]. As 
the extent of disorder increases, the effective conjugation length 
and the interchain transport decrease, and the system gradually 
moves from the metallic to the insulating state via the critical 
regime of the M-I transition. From the previous section, it is 
known that even slight variations in the extent of disorder have 
dramatic effects on the temperature dependence of conductivity 
near the M-I transition. In other transport property measurements 
(e.g., thermopower, specific heat, etc.), the effect of disorder is not 
that conspicuous near the M-I transition, especially in conducting 
polymer systems. 

The power law behavior of conductivity is universal for systems 
at the critical regime, and the temperature dependence of conduc-
tivity is given by a(7) ex T^, where p is between 0.33 and 1 [3]. 
In the power law regime [temperature-independent W{T) regime], 
W = p. The value of j8 and the temperature range of the power 
law regime can be determined from the log-log plots of W ver-
sus r . As a typical example, the W versus T plot of various con-
ducting polymer systems near the critical regime is shown in Fig-
ure 142 [1151]. Usually, the value of (3 is lower for systems with a 
smaller value of pr, and as pr increases the system moves toward 
the insulating regime in which the oil) becomes exponential, i.e., 
o(7) (X expC-To/T)'^, where y = l/(d + 1) and d is the dimen-
sionality of the system. 

The W versus T plots for various conducting polymers are 
shown in Figures 128,130, and 131. In all of these figures, the tem-
perature coefficient of Ŵ  7) varies distinctly for metallic (positive), 
critical (T-independent), and insulating (negative) regimes. Fig-
ures 128,130, and 131 clearly show that the critical regime is rather 
robust in conducting polymers. Moreover, the critical regime can 
be easily tuned to the metallic and insulating regimes by pressure 
and magnetic fields, respectively, as shown in the case of a PPy-
PF6 sample in Figure 143 [1152]. The enhanced interchain trans-
port under pressure is driving the system toward the metallic state. 
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Fig. 142. W vs T plot of various conducting polymers in the critical 
regime of the M-I transition: unoriented I-(CH)jt: (Q), oriented I-(CH);c 
(D), oriented K-(CH)x (•), PPy-PF6 (A), and PANI-CSA (•). Repro-
duced by permission of Elsevier Science from M. Reghu, C. O. Yoon, D. 
Moses, Y. Cao, and A. J. Heeger, Synth. Met. 69, 329 (1995). Copyright © 
1995, Elsevier Science. 
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Fig. 143. W vs T for a PPy-PF6 sample in the critical regime: pressure-
induced transition to the metallic side and field-induced transition to 
the insulating side. Reproduced by permission of Elsevier Science from 
M. Reghu, C. O. Yoon, D. Moses, Y. Cao, and A. J. Heeger, Synth. Met. 
69, 329 (1995). Copyright © 1995, Elsevier Science. 

The field-induced transition to the critical and insulating regimes 
occurs when the localization length is comparable to the magnetic 
length, and the field shrinks the overlap of the wave functions 
of the delocalized states. The field-induced transition, from the 
metallic to the critical regime, for a doped PPV sample is shown in 
Figure 144 [1135]. Although this sample has a large finite conduc-
tivity in zero field, it nearly approaches 0 at a field of 8 T. Another 
typical example of a field-induced transition, from power law to 
exponential law behavior of conductivity at low temperatures, is 
shown for a PANI-CSA sample in Figure 145 [1119, 1120]. These 
field-induced transitions in conducting polymer systems near the 
M-I transition show that the mobility edge and the Fermi level 
are situated rather close to each other, and slight variations in the 
overlap of the wave functions of the delocalized states by magnetic 
field, disorder, etc. could alter the electronic properties of the sys-
tem. 
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Fig. 144. Field-induced transition from the metallic to the critical regime: 
(a) WwsT for a metallic PPV-H2SO4 sample (E from Fig. 130) at 0, 5, 
and 8 T. (b) Conductivity vs T̂ -̂  for the same data. Reproduced by permis-
sion of the American Physical Society from M. Ahlskog, M. Reghu, A. J. 
Heeger, T Noguchi, and T Ohnishi, Phys. Rev B 55,6777 (1997). Copyright 
© 1997, American Physical Society. 
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Fig. 145. Field-induced transition from the critical to the insulating 
regime for PANI-CSA samples: resistivity vs T~^/'^ plot. H = OT (Q) 
and H = 10T (o) for a sample with p(7) a r-0-26 and H = 0 T (D) and 
/ / = 8 T (A) for a sample with p(7) a T~^-^^. Reproduced by permission 
of the American Physical Society from M. Reghu, Y. Cao, D. Moses, and 
A. J. Heeger, Phys. Rev. B 47,1758 (1993); M. Reghu, C. O. Yoon, Y. Cao, 
D. Moses, and A. J. Heeger, Phys. Rev. B. 48, 17685 (1993). Copyright © 
1993, American Physical Society. 

As mentioned previously, the negative magnetoresistance (MR) 
in metallic (CH);̂  and PPV samples is quite sensitive to the extent 
of disorder [2, 3]. Even in the case of well-oriented metallic sam-
ples of (CH)jc and PPV, a marginal increase in disorder can eas-
ily suppress the quantum interference process involved in the WL 
contribution to negative MR [1135]. As disorder increases and the 
system moves toward the critical and insulating regimes, the posi-
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Fig. 146. Magnetoresistance vs resistivity ratio (pr) for various PPy-PF5 
samples from the metallic to the insulating side. Reproduced by permission 
of the American Physical Society from C. O. Yoon, M. Reghu, D. Moses, 
and A. J. Heeger, Phys. Rev B 49,10851 (1994). Copyright © 1994, Amer-
ican Physical Society. 

tive MR contribution increases due to the shrinkage of the overlap 
of the wave function of the localized states. Usually, in conducting 
polymers, as the chain orientation decreases the contribution to 
positive MR increases. The MR is positive at all temperatures and 
fields in PANI, PPy, PMeT, PEDOT, etc., since the chains are less 
oriented in these systems with respect to (CH)jc and PPV [3]. In 
these systems, as pr increases the positive MR increases, as shown 
in the case of PPy-PFg samples in Figure 146 [1144]. Hence, the 
magnitude of the positive MR can be used to get a rough estimate 
of the extent of disorder present in the system. 

Usually, the magnitude of the positive MR at very low temper-
atures (T < 4 K) is as sensitive as the temperature dependence of 
the conductivity to probe the extent of disorder present in the sam-
ple. The typical values of the magnitude of positive MR at 1.4 K 
and a field of 8 T in the metallic, critical, and insulating regimes 
are less than 5%, between 5 and 20%, and larger than 20%, re-
spectively [2]. The large positive MR in the variable range hopping 
(VRH) regime is due to the shrinkage of the overlap of the tails of 
the wave functions of the localized states, and the hopping trans-
port becomes more difficult at higher fields and lower tempera-
tures. In the VRH regime, the low-field MR follows a H^ depen-
dence, and this can be used to determine the localization length in 
the insulating regime. If the localization length is on the order of a 
few hundreds (few tens) of angstroms, then the extent of disorder 
is relatively less (large) [1152]. Hence, the MR data are comple-
mentary to the low-temperature conductivity data in probing the 
extent of disorder present in critical and insulating systems. 

Although the transport property measurements (e.g., ther-
mopower, specific heat, etc.) are important in the critical and in-
sulating regimes, they are not as sensitive as the low-temperature 
conductivity and MR. The linear temperature dependence of ther-
mopower and a linear term in the specific heat, which are typical 
for metallic systems, have been observed in the insulating regime, 
too. As the system moves well into the insulating side, the hop-
ping contribution to thermopower (̂ hop oc T^/^) dominates over 
the metallic diffusion thermopower (5dif oc T) [1152]. Usually, the 
negative hopping contribution can be estimated by subtracting the 
diffusion contribution, and this gives an estimate of the extent of 
disorder present at the macroscopic level. The gradual variation of 
5(7) from the positive linear temperature dependence to the nega-
tive U-shaped behavior can be correlated with the microstructure, 
as the system moves to the highly disordered granular, metallic is-
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Fig. 147. Hopping contribution to thermopower for various doped PANI 
samples. Reproduced by permission of Elsevier Science, from C. O. Yoon, 
M. Reghu, D. Moses, A. J. Heeger, Y. Cao, T. A. Chen, X. Wu, and R. D. 
Reike, Synth. Met 75, 229 (1995). Copyright © 1995, Elsevier Science. 

lands, etc. A typical example of this feature, in the case of doped 
PANI, is shown in Figure 147 [3,1152]. These features in S{T) can 
be used to get a qualitative picture of the macroscopic-scale disor-
der present in conducting pol)miers. 

The Curie term in ;^(7) is rather dominant, at low temper-
atures, for systems in the critical and insulating regimes. The 
temperature-independent Pauli term is usually observed at J > 
100 K. However, the xiT) is not as sensitive as a(7) and MR for 
identifying the metallic, critical, and insulating regimes near the 
M-I transition [2]. 

4. OPTICAL PROPERTIES 

Conjugated polymers have attracted considerable interest [1-5, 
1049] in appHed and fundamental research since the discovery 
[154] of high conductivity in doped polyacetylene in 1977. Since 
then, an enormous amount of effort has gone toward the un-
derstanding of the electronic and transport properties in conju-
gated polymers. Subsequently, the family of 7r-conjugated poly-
mers has been greatly enlarged [1-3] and an elegant theoretical 
model [1049, 1153] has been developed to describe many novel 
and fascinating phenomena in these systems. 

Conjugated polymers have an anisotropic, quasi-one-di-
mensional electronic structure with the TT electrons coupled to the 
polymer backbone via electron-phonon interactions. In contrast 
with conventional inorganic semiconductors with rigid band, upon 
doping or photoexcitation the carriers are self-localized and form 
the nonlinear excitations [1, 1049, 1153] on the polymer chains, 
solitons, polarons, or bipolarons, depending on the ground-state 
degeneracy. Much of the new physics associated with conjugated 
polymers is related to the formation and properties of such nonlin-
ear excitations. New subgap optical transitions occur with a corre-
sponding shift of oscillator strength from the TT-TT* transitions to 
the localized gap states associated with these novel quasi-particles. 
Moreover, these nonlinear excitations are believed to be respon-
sible for the electronic transport in the dilute and intermediate 
doping level, illustrating a moderate electrical conductivity with-
out significant Pauli susceptibility. 

Nevertheless, many conjugated polymers undergo a transition 
from such a nonlinear excitation state to a metallic state at high 

doping level [1154]. The metallic state is verified by measurements 
of the Pauli spin susceptibility, linear dependence of the ther-
mopower with temperature, and the linear term in heat capacity, 
i.e., properties that all originate in the appearance of a finite den-
sity of states at the Fermi level. In spite of the clear signatures of 
the metallic state, however, heavily doped conjugated polymers do 
not exhibit the traditional metallic behaviors in transport and opti-
cal properties. Instead, they typically show a negative temperature 
coefficient of the resistivity (dp/dT < 0) with an activating process 
in dc conductivity [173], and the optical spectra do not follow the 
Drude-like behavior expected for a typical metal at low frequen-
cies [1155]. 

These nonmetallic behaviors arise from the disorder of the 
sample, originating from a combination of molecular-scale disor-
der and mesoscale inhomogeneity. Such disorder suppresses the 
intrinsic metallic properties of conducting polymers, complicating 
their electronic properties. Indeed, it is well known that sufficient 
disorder causes the localization of the states, thereby inducing the 
metal-insulator (M-I) transition in spite of the finite density of 
states at the Fermi level [1125, 1156, 1157]. In such a system, the 
charge dynamics are expected to be inherently different from those 
of traditional metals. 

Progress in the synthesis and processing of conducting poly-
mers has greatly improved the homogeneity of the material and 
significantly reduced the degree of structural disorder. These im-
provements include polyaniline protonated with camphor sul-
fonic acid (PANI-CSA) [129], the electrochemically synthesized 
polypyrrole doped with PFg (PPy-PF^) [1158], and poly(3,4-
ethylenedioxythiophene) doped with PFg (PEDOT-PF6) [1159]. 
These structurally improved materials provide opportunities to 
study the M-I transition and the intrinsic metallic state. Motivated 
by such features, a series of optical reflectance measurements on 
these improved materials have been carried out during the last sev-
eral years [1160-1166], and the major results are summarized in 
this review. These studies have yielded a wealth of important infor-
mation on the electronic structure of these materials, both on the 
metallic and on the insulating side of the M-I transition, and on 
the role of disorder in the electronic structure. Furthermore, the 
difference in charge dynamics in the metallic and in the insulating 
regime has been investigated. Most interestingly, the possibility of 
new low-lying elementary excitations, which would be screened in 
the conventional materials due to severe disorder, has been ex-
plored in the low-temperature measurements of the structurally 
improved materials [1166]. 

As undoped states, conjugated polymers are classified into 
semiconductors. Conjugated polymers exhibit the electronic and 
optical properties of semiconductors in combination with the me-
chanical properties of general polymers, making them potentially 
useful for a wide array of applications. The electronic structure 
of such semiconducting conjugated polymers was successfully de-
scribed by Su et al. [1167] in terms of a quasi-one-dimensional 
tight binding model in which the TT electrons are coupled to distor-
tions in the polymer backbone by the electron-phonon interaction. 
As in the case of charge-transfer chemical (or electrochemical) 
doping, extra charges can be injected onto the conduction band 
of such semiconducting polymers via photoexcitation (i.e., inject-
ing charges onto the polymer backbone by direct optical pumping 
above the TT-TT* energy gap with an intense external light source). 

However, although the linear and nonlinear optical properties 
of conjugated polymers have been investigated for over a decade, 
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there is still controversy about the nature of the primary photoex-
citations [1121, 1168]. Are the lowest energy elementary excita-
tions mobile charge carriers (charged polarons) or bound neutral 
excitons? Since the answer is of importance not only from the per-
spective of our basic understanding of the conducting polymers, 
but also for applications based on these materials, the related ex-
perimental results, such as photoexcitation spectroscopy, photolu-
minescence spectroscopy, and photoconductivity, are examined in 
this review. 

In parallel with these efforts to understand the underlying 
physics of conducting polymers, there are explosively increased ac-
tivities in the research for applications of these materials in opto-
electronic devices [4, 1169]. In particular, research in the use of 
these materials as the active electroluminescent media in light-
emitting diodes (LEDs) has advanced rapidly after its first report 
in 1990 [134], and prototype devices now meet realistic specifica-
tions for applications. Therefore, we also make an attempt in this 
review to cover the basic principle of the polymer LED and current 
issues that determine the limits of device performance. 

Finally, we briefly review the photophysics and associated 
device applications of conjugated polymer/fuUerene composites. 
Upon mixing buckminsterfuUerene, C6o, into semiconducting 
polymers, a variety of interesting photophysical phenomena have 
been discovered [1170]. The photoinduced electron transfer from 
semiconducting polymers onto C6o is reversible, ultrafast (within 
300 fs) with a quantum efficiency approaching unity, and meta-
stable. As the first step in artificial photosynthesis, this photoin-
duced electron transfer leads to a number of potentially interest-
ing applications, including photodetectors, photovoltaic cells, and 
nonlinear optical devices. In this review, the basic photophysical 
phenomena are summarized with a brief introduction to many po-
tential applications of these phenomena. 

4.1. Theoretical Considerations 

4.1.1. Optical Properties of Solids 

Since this section is intended to investigate the optical properties 
of conducting polymers, it is relevant to review some basic opti-
cal properties of simple sohds. Therefore, this section starts with 
a rather elementary treatment of the optical constants. The op-
tical constants of sohds provide information on their electronic 
and vibronic structure since the electromagnetic field of the light 
wave interacts with all fixed and mobile charges [1171, 1172]. For 
a simple solid (a homogeneous, isotropic, and linear medium that 
is local in its response), the response of the system to the field is 
characterized by a complex dielectric function, e{(o), given as 

s{(jt)) = ei((o) + {47ri/(x))o(c()) (4.1) 

where si{(o) is the real part of the dielectric function and a(w) is 
the real part of the frequency-dependent conductivity. 

As explicitly seen in Eq. (4.1), si((o) and oico) enter into a de-
termination of the optical properties of a soHd only in combina-
tion [1173]. This fact reflects a genuine ambiguity in the physical 
definition of e^ (w) and a(w), which describe distinguishable phys-
ical processes only in the dc case, where a(w) describes the free 
charges and ei(a>) describes the bound charges. However, in the 
case of an alternating-current (ac) field, the distinction blurs, and 
at sufficiently high frequencies even this distinction disappears. 
The free charges can have a substantial out-of-phase response (in-
deed, in metals, o-(w) is predominantly imaginary at optical fre-
quencies) and the bound charge can have a considerable in-phase 

response. In this case, the response of all electrons (core and con-
duction electrons) is lumped into the single dielectric constant 
s(o)). This convention enables the optical theories of metals to use 
the same notation used for insulators. 

Introducing a complex refractive index, N = n -\- IK, S{O)) 
(= AT̂ ) is related to the reflective index, n, and the absorption 
index, /c, by the relations 

siico) = n^ - K^ = Re{e(w)} 

S2(o)) = IriK = \m{s{o))} 

(4.2a) 

(4.2b) 

Due to the linear response of simple solids and as a result of 
causality [1171], ei(a>) and e2{(o) are connected by the Kramers-
Kronig relation. Thus, if one knows either the real or the imaginary 
part of the optical constants for all frequencies, one can evaluate 
the other numerically. 

Such optical constants are connected with the experimentally 
determined absorption coefficient, a{o)), and reflectivity, R{o)), 
through the relations 

and 

R{(o). 

a{o)) = 2{O)/C)K{O)) 

[ ( n - l ) 2 + /c2]/[(n + l)2 + K ]̂ 

(4.3) 

(4.4) 

Therefore, having determined both R{o)) and a{o)), Eqs. (4.3) 
and (4.4) serve to obtain the refractive and the absorption indices 
n and K, as well as the complex dielectric function. Alternatively, 
iiR{a)) can be measured over a sufficiently large spectral range, 
a Kramers-Kronig analysis also allows computations of a series 
of optical constants. In these circumstances, reflectivity measure-
ments alone suffice in obtaining the dielectric function. 

The classical theory of the dielectric response in sohds is 
frequently described by the Drude and Lorentz models. The 
Drude model is apphcable to free-electron metals; its quantum-
mechanical analog includes intraband transitions, where intraband 
transitions are taken to mean all transitions not involving a recip-
rocal lattice vector. The Lorentz model is applicable to insulators; 
its quantum-mechanical analog includes aU direct interband tran-
sitions, i.e., all transitions for which the final state of an electron 
lies in a different band but with no change in the k vector in the 
reduced-zone scheme. In the following discussion, both models 
will be surveyed and evaluated for real metals. 

For a single-particle excitation in the conduction band of crys-
talline materials such as simple metals, charge dynamics are gov-
erned by coherent diffusion processes. Electrons drift ballistically 
and make random colhsions with defects or with phonons, re-
sulting in finite resistivity in an ambient temperature. The Drude 
model [1174] is a classical treatment of such an excitation scheme 
by free-electron approximation; i.e., this model treats the metal-
lic electron gas in terms of the kinetic theory for a neutral dilute 
gas in thermal equilibrium with the lattice, suffering collisions that 
instantaneously change their velocities. In spite of its simple ap-
proximation, however, this model has been quite successful in de-
scribing the electronic properties of simple metals together with 
Fermi-Dirac statistics. 

The Drude dielectric function is expressed as 

s{o)) = 8oo ~ ^i/[o) + io)T] (4.5) 

where soo is the contribution from high-energy interband transi-
tion processes and the atomic cores (typically 1 < ^oo < 4), and 
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Fig. 148. Schematic frequency dependence of the reflectivity of metals: 
experimentally (solid line) and according to three models (dotted line). 
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Fig. 149. Schematic band diagram for a metal. 

Up is the plasma frequency given as ft?, = 47rnee^/m* with elec-
tron density rie and effective mass m*. Therefore, the correspond-
ing e\{o}) and a(ct>) are given as 

oP- + VT\ ei(w) = fioo - f t p / [ 

a(ft>) = (ft2 ^/477-)/[l + co^T ]̂ 
(4.6) 

For most metals, O^ is at a high frequency, typically in the 
ultraviolet, and at a much higher frequency than l / r . When 
n ^ > l / r , ei(ct>) is negative for (o < ft;?/(6rcxD)^/^, following 
the " a -1/cu^" decay. A large, negative e\{oi) causes the high 
reflectance of a metal below its plasma edge. For an ideal free-
electron metal, the reflectivity approaches unity below the plasma 
frequency. Above the plasma frequency, the metal is transparent 
and the reflectivity decreases rapidly with increasing frequency. 
The plasma frequency t}j)ically hes in the visible or ultraviolet 
spectral region (oi > 10^^ s~^), and the mean free collision time 
for electrons in metals is typically r ^ 10~^^ s. 

Even though the Drude model describes well the spectral re-
sponse of the free carriers in simple metals at low frequencies, 
the spectral features are more complicated at high frequencies, 
where the interband transitions start to contribute to the spectral 
response. In general, interband transitions are characterized by the 
details of the electronic band structure, thereby allowing transi-
tions from one set of energy eigenstates to a higher lying set of 
states. Such interband spectra can be represented classically by the 
Lorentz oscillator model [1175]. Although the details of interband 
transitions are not well predicted by the Lorentz model, in contrast 
with the Drude model case, the bound-carrier contribution to the 
dielectric function is frequently described by this formalism. As a 
matter of fact, both models are frequently used together to de-
scribe the optical response of real metals, as shown in Figure 148. 

As with the Drude model, the Lorentzian dielectric function 
is derived by assuming that motion of the electrons is subject to 
a viscous damping force. However, in this case, the electrons are 
bound by a harmonic potential to a site in the soHd, so that each 
atom can be considered as an electric dipole. In this manner, the 
dielectric response function is given by 

e(o)) = £00+ ft^e/[^e - w^ - i^Je] (4.7) 

where coe is the center frequency of the oscillator, ye is the 
linewidth or damping constant, and Ctpe is the oscillator strength 
or plasma frequency given by Cipe = (^Trrioe^/m*)^^^, where no 
is the number density of oscillators of charge e and effective mass 

m" 

The Lorentz and Drude models can be explained rigorously in 
relation to electronic band structure. Indeed, both models have 
quantum-mechanical analogs: intraband transitions for the Drude 
model and direct interband transitions for the Lorentz model. To 
see the role of both models in describing real metals, consider the 
schematic band diagram as shown in Figure 149. Two typical tran-
sitions are illustrated in Figure 149. The first of these, called an 
"intraband transition," corresponds to the optical excitation of an 
electron from below the Fermi level (Ef) to another state above 
the Ef within the same band. There is no threshold energy for 
such transitions, and they can occur only in metals. 

The second transition is a "direct interband transition." It is 
the optical excitation of an electron to another band. It is called a 
direct or vertical transition because it involves only excitations of 
an electron by a photon. Since the momentum of a photon is very 
small compared with the range of values of crystal momentum in 
the Brillouin zone, conservation of total crystal momentum of the 
electron plus photon means that the value of wave vector k for the 
electron is essentially unchanged in the reduced-zone scheme. Di-
rect interband transitions have a threshold energy, corresponding 
to ho)o in Figure 149. This threshold energy is analogous to that 
for the excitation of an electron across the bandgap in an insulator. 
In general, the optical spectra for metals are dominated by direct 
interband transitions. 

Another type of interband transition is possible, namely the 
so-called "indirect interband transition," which involves the ab-
sorption of a light quantum with simultaneous participation of a 
phonon. In general, a phonon can only absorb very small energies, 
but is able to absorb a large momentum that is comparable to that 
of an electron. During the indirect interband transition, the excess 
momentum is transferred to the lattice (or is absorbed from the 
lattice). Indirect interband transitions may be disregarded for the 
interpretation of metal spectra because they are generally weaker 
than direct transitions by two or three orders of magnitude. In the 
case of semiconductors, however, indirect interband transitions 
play an important role. 

4.1.2. Optical Properties of Disordered Systems 

Although heavily doped conducting polymers show clear signa-
tures for a metallic density of states at Ef, their transport prop-
erties are not typical of a traditional metal. Instead, the electronic 
states at Ef are dominated by disorder. In this section, therefore, 
a brief review is given on the dielectric response of the disor-
dered system in the context of the Anderson transition, both on 
the metallic and on the insulating side of the M-I transition, de-
rived from the Kubo-Greenwood formalism [1176]. 
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When the mean free path / is on the order of the distance be-
tween atoms, the free-electron approximation (i.e., Drude model) 
breaks down. This occurs particularly in noncrystalline materials 
and for impurity conduction. In this situation, we make use of 
the Kubo-Greenwood formula [1176], which has universal vaHd-
ity. This formula uses elementary quantum mechanics to calculate 
the conductivity of a metal at frequency o>, by listing the transition 
probabilities from occupied states below Ep to empty states above 
Ep and then letting co tend to 0 for dc conductivity [1125, 1156, 
1157]. The main steps in the calculation are as follows: we sup-
pose that an electric field F cos cot acts on a specimen of volume 
fl. Since the quantity o{a))F^/2 is the mean rate of loss of energy 
per unit volume, the conductivity o(o)) is given by the product of 
the following factors: 

(i) the number N(Ef) of electrons that can make the 
transitions 

(ii) the transition probability given according to the Fermi 
rule 

e^F^ (277/h)\{E + h(o\x\E)\^N(Ef) (4.8) 

(iii) the energy hw absorbed in each transition. 

Here {E -f ho)\x\E) is the matrix element of jc, and can be written 
as 

{E + ho)\x\E) = h/{m(x)){E^ho)\d/dx\E) 

= h/(mco)DE+h<o, E (4.9) 

Integrating over all energies, we find 

o(o)) = (iTre^h^il/nP') f \D\l^[N{E)N{E+ho))/ho)]dE (4.10) 

For the dc conductivity, we make o) tend to 0 and obtain 

.2^,3 (7^(0) = {27re'h'il/m')\DE\UN{E)Y (4.11) 

The subscript av represents an average over all states with en-
ergies E. Equation (4.10) is called the Kubo-Greenwood formula. 
For a long mean free path approximation, Eq. (4.10) reduces to 
the Drude model. 

For a Fermi glass, in which the states at Ep are Anderson lo-
calized, a photon of frequency o) can activate the hopping near 
the Ep, resulting in finite o{o)). In this case, Mott and Kaveh 
[1125, 1157,1177] show that o{o}) can be derived from the Kubo-
Greenwood expression given in Eq. (4.10) in the localization 
regime 

(4.12) a(w) = 4Tr^e^h(o^RiN(Ef)i 

where 
Ra> = ^ln{HQ/ha)) (4.13) 

and HQ is the pre-exponential in the transfer integral between 
two sites a distance r apart, namely, H^Qxipi-r/^). However, 
Eq. (4.12) is valid only up to a frequency (Oc, such that hcoc is the 
interval between sites in a volume f ̂ , so that 

h(Oc = l/[^^N(Ep)] (4.14) 

For 0) > (Oc, localization does not affect the mobility of the 
electrons, so that their behavior is essentially metallic. In this case, 
the conductivity is approximated by [1178] 

which is obtained from Mott's "minimum metallic conductivity" in 
the limit of loffe and Regel. Here, Lo) = {D/o))^/^ acts as a limit-
ing length scale, corresponding to the distance an electron drifts in 
the period of the alternating field. Since the diffusion coefficient 
D = (Tl[N(Ep)e\ we find 

o{o)) = 0.03(e^/h)[N{Ep)ho) ,1/3 for 0) > (Oc (4.16) 

o(o)) = Ome^/(hLco) (4.15) 

which gives (j{(o) oc (o^^^ for co > (Oc, in contrast with the a(a>) a 
(oP dependence with p > 1 for (o < (Oc. 

4.2. Optical Properties of "Doped" Conducting Polymers 

4.2.1. Introduction 

At dilute and intermediate doping concentrations, conjugated 
polymers show a moderate electrical conductivity, characteristic 
midgap states, but no significant PauU susceptibility. This combi-
nation suggests that significant contribution to the electrical trans-
port is due to mobile charged nonlinear excitations (soHtons, po-
larons, and bipolarons). However, when conjugated polymers are 
doped to concentrations in excess of a critical concentration (e.g., 
in trans-{CH)xy yc ~ 6%), the system undergoes a rapid transition 
from the nonlinear excitation state to a metaUic state in which the 
metallic Pauli spin susceptibility is evident. This can be observed 
clearly in in situ electron spin resonance (ESR) measurements 
[1154] of Na-doped polyacetylene during electrochemical doping, 
demonstrating an abrupt increase of the magnetic susceptibility 
above a doping concentration of 6 mol%. The large susceptibility 
above the transition is temperature independent, indicative of the 
PauH susceptibihty (xp) of a metal, in contrast with the weak nar-
row ESR line below the transition obeying Curie's law (x ^ ^/T). 
The metallic state is also characterized by a linear term in the heat 
capacity and a thermopower that is small and linear in temperature 
as well as in Pauli spin susceptibihty. These properties indicate that 
the electronic structure of the heavily doped conjugated polymer 
is that of a metal with a finite density of states at the Fermi level. 

In spite of the clear signatures of the metallic state, however, 
the heavily doped conjugated polymers do not exhibit traditional 
metallic behavior in transport [173] and optical properties [1155]. 
Instead, they show a negative temperature coefficient of the resis-
tivity (dp/dT < 0); the dc conductivity is activated with temper-
ature, so that the dc conductivity decreases by several orders of 
magnitude as the temperature is lowered. Furthermore, the opti-
cal spectra do not show the Drude-like behavior expected for a 
typical metal in the infrared. Rather, an electronic pseudo-gap of 
about 0.1-0.2 eV has been observed, below which the optical con-
ductivity is suppressed [1155]. These nonmetallic behaviors arise 
from the disorder of the sample, originating from a combination 
of molecular-scale disorder and mesoscale inhomogeneity. 

Progress in the synthesis and processing of conducting poly-
mers has greatly improved the homogeneity of the material and 
significantly reduced the degree of structural disorder. These im-
provements include polyaniline protonated with camphor sul-
fonic acid (PANI-CSA) [128], the electrochemically synthesized 
polypyrrole doped with PF6 (PPy-PF6) [1155], and poly(3,4-
ethylenedioxythiophene) doped with PF6 (PEDOT-PF6) [1159]. 
Although there have been some previous pioneering works in op-
tical spectroscopic studies, mostly on doped polyacetylene [1179, 
1180], such improved materials provide new opportunities to study 
the M-I transition and the intrinsic metaUic state of conducting 
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polymers with optical spectroscopic measurements. In this sec-
tion, therefore, results on the optical reflectance measurements on 
these improved materials are summarized with a brief introduction 
to optical measurements. 

4,2.2. Optical Measurements 

The usual way to determine the optical properties of a sohd is to 
shine monochromatic light onto an appropriate sample and then 
to measure the reflectance or transmittance of the sample as a 
function of photon energy. Since it is generally not feasible to 
make thin films of sufficient quality to get meaningful data in metal 
physics, however, most experiments are measurements of the re-
flectance. Such reflectance provides information on the electronic 
structure and on the nature of low-lying elementary excitations 
over a wide energy range. In particular, measurements in the in-
frared (IR) range probe the charge dynamics involving intraband 
excitations, while measurements at higher photon energies probe 
the interband transitions. 

In general, the IR reflectance measurements between 10 and 
8000 cm~^ (0.001-1 eV) are performed widely in the lab using 
a suitably modified commercial Fourier transform infrared spec-
trometer (FTIR). Then, the grating monochromator covers the 
near-IR, visible (vis), and UV ranges over 8000-50,000 cm"! (1-
6 eV). For the absolute values of reflectance, reference mirrors 
should be used and compared with samples (usually a gold mirror 
for the IR and an Al mirror for the vis/UV range) with a follow-
ing correction using the absolute values of the reflectance of the 
reference as given in the hterature. 

After measuring the reflectance data, the optical conductiv-
ity and the dielectric function can be obtained from a Kramers-
Kronig analysis of the reflectance spectra as given in the literature 
[1171,1172]. In principle, the Kramers-Kronig transformation re-
quires a knowledge of reflectance over the full spectral range (0 < 
ho) < oo). Since data are available from the limited spectral range 
(typically from 0.001 to 6 eV), reasonable and careful extrapola-
tions of the reflectivity should be made beyond the measurement 
range. At lower frequencies (hco < 0.0016 eV), the reflectance 
spectra of the metallic samples are extrapolated by the Hagen-
Rubens relation [1171]. For insulating samples (semiconductors), 
the reflectance is assumed to be constant for hco < 0.001 eV. For 
the high energy range, the energy range is divided into two parts 
and different approximations are appUed to each region; at ener-
gies between 6 eV and Ef^ (25 eV < Efg < 50 eV), the reflectance 
spectra are extrapolated as o)~^ where 1 < 5 < 4. Above Efp, 
the data are extrapolated according to the asymptotic behavior of 
free electrons (about w~^). In this procedure, the terminating en-
ergy, £fg, and the exponent s should be determined consistently 
so as to give correct optical spectra over a wide range. Usually, 
these parameters are determined by comparing the experimentally 
measured absorption spectra with the Kramers-Kronig calculated 
absorption spectra, a(o)) = 2O)K(O))/C, where K{(O) is the imagi-
nary part of the refractive index and c is the velocity of light. When 
the calculated a((o) and measured a((o) are consistent, the corre-
sponding Efg and s are assumed to give the correct optical con-
stants. Once the Kramers-Kronig analysis is performed numeri-
cally with the reflectance data, including the extrapolation at high 
and low frequencies as described previously, the optical constants 
such as optical conductivity and dielectric function can be obtained 
from the relations given in Section 4.1. 

4.2.3. Optical Spectra of Conducting Polymers in the 
Metallic Regime 

4.2,3.1. PANI-CSA 

Within the class of conducting polymers, polyaniline (PANI) is 
unique in that its electronic structure and electrical properties can 
be reversibly controlled both by charge-transfer doping and by pro-
tonation [1181]. Moreover, PANI can be processed in both insu-
lating (emeraldine base) and conducting (emeraldine salt) forms 
[1182, 1183]. The protonation of the emeraldine base to the con-
ducting emeraldine salt form leads to an electronic structure with 
one unpaired spin per formula unit, (—(̂ —NH—</>—NH—)+•, 
where </> denotes a phenyl ring, N and H are nitrogen and hydro-
gen atoms, respectively, and the dot denotes an unpaired electron 
delocalized on the repeat unit [1182-1189]. Thus, the electronic 
structure corresponds to that of a metal with the highest occupied 
band three-quarters filled [1185]. 

Although the protonated emeraldine salt is known to exhibit 
many properties characteristic of the metaUic state, polyaniline 
typically does not exhibit the traditional signatures of metal-
lic transport. The "nonmetallic" temperature dependence of the 
resistivity and of the thermopower arises from a combination 
of mesoscale inhomogeneity associated with phase segregation 
[1186] and molecular-scale disorder [1182, 1183]. Both are intro-
duced during the doping process, and are indicative of the qual-
ity of the material. As a result, the conducting form of PANI has 
been categorized either as a granular metal [1187, 1188] contain-
ing "metallic islands" [1186] or as a disordered conductor [1189] 
in which the electronic states at the Fermi energy are localized. 

Functionalized sulfonic acids have been used to protonate 
PANI and to induce solubility in the conducting form [129, 1189]. 
Solution processing of corresponding emeraldine salts (with sur-
factants as counterions) has greatly improved the homogeneity of 
the material and has resulted in a significant decrease in the extent 
of molecular-scale disorder [1119,1120]. The ability to process the 
conducting form of polyaniline from solution has enabled us to ob-
tain high-quality freestanding films of PANI protonated with cam-
phor sulfonic acid (CSA) appropriate for optical reflectance stud-
ies. 

Optical Spectra. Figure 150 shows the reflectance spectra (0.006-
6.0 eV) of a freestanding PANI-CSA film in the metallic regime 
as confirmed by complete transport measurements [1160]. At 
10 K, the reflectance is greater than 80% in the far-IR (co < 
100 cm~^) and drops rapidly throughout the mid-IR to a minimum 
near 1.4 eV. This 1.4-eV minimum is indicative of a free-carrier 
plasma resonance characteristic of metal-like behavior. The high 
reflectance in the far-IR and the plasma resonance near 1.4 eV 
are traditional signatures of metallic behavior [1080]. Above the 
minimum, the spectrum is featureless to 6 eV, except for the weak 
structure around 2.8 eV associated with the interband transition 
(well known in absorption spectra) [1182-1185]. Obvious phonon 
features appear throughout the IR (500-2000 cm~l). 

The implications of the reflectivity spectra become clear when 
the optical conductivity, a((o), is obtained through the Kramers-
Kronig transformation. Figure 151 shows oico) over the spectral 
range below 1.5 eV [1160]. Although the results imply intraband 
Drude-like excitations centered at ft; = 0 (there is no energy gap), 
the optical conductivity deviates from the normal Drude behav-
ior at low energies; below about 0.2 eV, a(w) decreases toward 
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Fig. 150. Reflectance spectra of PANI-CSA freestanding films measured 
at room temperature (solid curve) and 10 K (dotted curve). The inset 
shows the spectra as measured up to 4 eV. Reproduced by permission of 
the American Physical Society from K. Lee, A. J. Heeger, and Y. Cao, 
Phys. Rev. B 48,14884 (1993). Copyright © 1993, American Physical Soci-
ety. 
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Fig. 151. Optical conductivity, o<w), of PANI-CSA obtained from a 
Kramers-Kronig transformation of the reflectivity data for 10 K (dotted 
line) and 300 K (solid line). The inset shows a(w) over the extended spec-
tral range up to 4 eV, including the low-frequency intraband (metal-like) 
contribution and the onset of the lowest interband transition near 2.5 eV. 
Reproduced by permission of the American Physical Society K. Lee, A. 
J. Heeger, and Y. Cao, Phys. Rev. B 48, 14884 (1993). Copyright © 1993, 
American Physical Society. 

the dc value (with phonon features superposed). In fact, the con-
ductivity extrapolated to w = 0 is in good agreement with that 
actually measured on this sample (o-̂ c = 230 S cm~^). This low-
frequency behavior arises from molecular-scale disorder, as explic-
itly explained in the following section. 

Above the L4-eV minimum, o{(o) starts to increase again 
around 2.5 eV, corresponding to the onset of interband transition, 
and evolves a peak at 2.8 eV. The 2.8-eV peak is consistent with 
previous spectroscopic results obtained from the emeraldine salt 
[1182-1185]. For a metal, the onset of interband absorption is as-
sociated with transitions from the Fermi surface to the next higher 
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Fig. 152. (a) Real part and (b) imaginary part of the dielectric function, 
s{(x)) = s\-\- is2, of PANI-CSA obtained from a Kramers-Kronig trans-
formation of the reflectivity data. Note that the real part of the dielectric 
function crosses 0 twice, at ~0.8 eV and again at ~0.2 eV; ei {(o) is positive 
below 0.2 eV. Reproduced by permission of the American Physical Society 
from K. Lee, A. J. Heeger, and Y. Cao, Phys. Rev B 48, 14884 (1993). 
Copyright © 1993, American Physical Society. 

empty band or with transitions from a lower lying filled band to the 
Fermi surface [1180]. Based on the band calculation [1185], the 
2.8-eV peak corresponds to the transition from the second highest 
valence band to the polaron band containing the Fermi surface. 

The dielectric function, e{o)) = si-\- isi, and the loss function, 
Im[-l/e(ftj)], can also be obtained by a Kramers-Kronig transfor-
mation of the reflectivity spectrum. The real and imaginary parts 
of the dielectric functions are shown (for energies below 2.0 eV) in 
Figure 152 [1160]. The real part of the dielectric function crosses 
0 at 0.8 eV. Below 0.8 eV, ei is negative as expected for a metal, 
where ei(w) crosses 0 at the screened plasma frequency [1190], 
given by wp = Clp/(soo)^^'^, where ftp is the plasma frequency. 
However, in contrast to simple Drude behavior, the real part of 
the dielectric function crosses 0 again at still lower energies, and 
becomes positive for /iw < 0.2 eV. This low-energy zero crossing 
in si(oj) occurs near the maximum in o(co) (Fig. 151). 

The energy loss function, lm[-l/e{(o)] shown in Figure 153 
exhibits a well-defined peak with maximum at 1.1 eV [1160]. The 
maximum in lm[-l/s(o))] and the reflectivity minimum are in-
dicative of the existence of a damped plasma edge [1191]. In sim-
ple metals, the maximum of the loss function occurs near cop; col-
lective plasma oscillations occur at energies where lm[-l/e(a))] is 
large and where ei and e2 are both small [1171]. The plasma res-
onance can be distinguished from an interband transition by the 
fact that both si and S2 are small in the vicinity of the maximum 
in the loss function. 

Effective Number of Carriers. The integrated spectral weight, 
Â eff (^)» provides information on the free carriers responsible for 
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Fig. 153. Energy loss function, lm[-l/s{co)l of PANI-CSA calculated 
from the real and imaginary parts of the dielectric function. Reproduced 
by permission of the American Physical Society from K. Lee, A. J. Heeger, 
and Y. Cao, Phys. Rev. B 48, 14884 (1993). Copyright © 1993, American 
Physical Society. 
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Fig. 154. Effective number of carriers per unit cell, N^fficx)), as a function 
of energy. The effective mass was assumed to be equal to the free-electron 
mass. The inset shows the low-energy region with an expanded scale. Re-
produced by permission of the American Physical Society from K. Lee, A. 
J. Heeger, and Y. Cao, Phys. Rev B 48, 14884 (1993). Copyright © 1993, 
American Physical Society. 

the Drude-like contribution to a(w): 

N^ffico) = {InfV/TTe^) f o((o') doJ (4.17) 

where A^eff(̂ ) is the effective number of carriers per unit cell 
contributing to the conductivity at frequencies below w and V 
is the unit-cell volume. Figure 154 illustrates the N^ffico) calcu-
lated from oico) for T = 10 and 300 K [1160]; A êff(w) increases 
up to 1.2 eV followed by saturation above 1.2 eV Thus, the free-
carrier oscillator strength is almost fully contained on oico) below 
the plasma frequency, as in a simple metal. Above 1.2 eV, Âgff ̂ ^-
mains constant up to 2.5 eV, above which it increases again due to 
the onset of the interband transition. 

From the saturation value above 1.2 eV, the effective number 
of carriers per unit cell, involved in the intraband Drude-like con-

1 2 3 
Energy(eV) 

Fig. 155. Reflectance spectra of PPy-PFg in the metallic regime (solid 
line) and in the insulating regime (dotted line) measured at room tempera-
ture. The inset shows the low-energy spectra (ho) < 0.5 eV) with expanded 
scale. Reproduced by permission of the American Physical Society from K. 
Lee, R. Menon, C. O. Yoon, and A. J. Heeger, Phys. Rev. B 52,4779 (1995). 
Copyright © 1995, American Physical Society. 

tribution to o{o)), can be estimated; N^ffio)) ^ 0.5 per unit cell 
(two rings) when m* is taken as the free-electron mass me [1160, 
1161]. Since the chemistry quite clearly indicates one free carrier 
per unit cell, the optical mass (the effective mass averaged over 
the occupied states) is approximately 2me. The resulting value for 
ATgff yields a charge-carrier density of 2.4 x 10"̂ ^ cm~^, in excellent 
agreement with the 2.3 x 10̂ ^ cm~^ obtained from theory based 
on the calculated band structure [1185] and magnetic susceptibility 
[1192,1193]. 

4.13.2. PPy-PFe 

When electrochemically synthesized at low temperatures under 
rigorous conditions, polypyrrole (PPy) doped with PF6, hereafter 
simply denoted as FPy-FF^, exhibits improved transport prop-
erties, achieving a higher dc conductivity at room temperature 
(a-dc(300 K) ^ 200-500 S cm"^) and a weaker temperature de-
pendence of o-dc than observed previously in doped polypyrrole 
[1158,1194]. Transport studies [46,1136] on this system have been 
successful in characterizing the extent of disorder in terms of the 
temperature dependence of the resistivity, p{T), more specifically, 
the resistivity ratio, pr = p(1.4 K)/p(300 K), and classified the 
materials into the metallic regime, the critical regime, and the in-
sulating regime as explained previously. 

Optical Spectra. Figure 155 shows the reflectance (R) of PPy-
PF6 for samples in the metallic regime and for samples in the in-
sulating regime, measured at room temperature [1162]. Both spec-
tra exhibit a reflectance minimum, around 1.8 eV for the metallic 
regime and 2 eV for the insulating regime, indicative of a plasma 
resonance due to free carriers in the conduction band. Below the 
minimum, R increases monotonically with decreasing frequency, 
with a rapid rise below 0.2 eV as w -» 0. For the metallic regime, 
R reaches almost 85% in the far-IR (oj < 100 cm"^). The high 
reflectance in the far-IR and the free-carrier plasma resonance 
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Fig. 156. Optical conductivity, oico), oi PPy-PF6 in the metallic regime 
(solid line) and in the insulating regime (dotted line), obtained from KK 
analysis of the reflectivity data. The inset shows the spectra in the lR(h(o < 
1 eV) with expanded scale. Reproduced by permission of the American 
Physical Society from K. Lee, R. Menon, C. O. Yoon, and A. J. Heeger, 
Phys. Rev. B 52,4779 (1995). Copyright © 1995, American Physical Society. 

CO 

- lOL 
0 

— Metallic Regime 
Insulating Regime 

Energy(eV) 

Fig. 157. Real part of the dielectric function, ei(a)), of PPy-PFg in the 
metallic regime (soUd line) and in the insulating regime (dotted line). Re-
produced by permission of the American Physical Society from K. Lee, R. 
Menon, C. O. Yoon, and A. J. Heeger, Phys. Rev. B 52,4779 (1995). Copy-
right © 1995, American Physical Society. 

are traditional signatures of metallic behavior, as demonstrated al-
ready in the case of PANI-CSA. For the insulating regime, R also 
increases with decreasing frequency iox ho) <2 eV, but R{(o)rQ-
mains well below that of the metallic regime throughout the IR 
{ho) < 1 eV). 

Figure 156 shows a(co) of PPy-PF6 for ho) < 4&y [1162]. As 
expected from the characteristic metallic features in R((o) for both 
regimes, a(cu) is dominated by intraband excitations (within the 
conduction band) for hco < 2 eV; interband transitions are ob-
served at 2.7 and 3.7 eV. The similarity in the spectral features for 
samples from the two regimes indicates their common electronic 
band structure. 

In spite of the characteristic metallic signatures in the re-
flectance spectra, however, the corresponding a(ft>) are not typical 
of a good metal, as with PANI-CSA. Even for the metallic regime, 
oiw) deviates considerably from the normal Drude behavior be-
low 0.4 eV; in contrast to Drude behavior, o((o) is suppressed as 
CO -^ 0. This decrease in o((o) also arises from weak localization, 
as demonstrated in PANI-CSA [1160, 1161]. For the insulating 
regime, however, a(co) is suppressed even more at low frequen-
cies, indicating that the states near Ef in the conduction band are 
localized. This localization arises from disorder in the context of 
Anderson localization [1125,1156,1157]. 

Figure 157 shows siico) for both regimes [1162]. Consistent 
with a(a>), ei(ct>) for the metallic regime does not follow the be-
havior expected of a pure Drude metal. Instead, ^1(0;) remains 
positive over the entire spectral range below the plasma frequency 
{(Op) and increases to larger positive values as w ^ 0. This non-
Drude behavior is again associated with disorder-induced localiza-
tion, similar to the PANI-CSA case [1160,1161]. For the insulating 
regime, ei(w) exhibits large positive values below 0.8 eV, indica-
tive of localization of the states near Ef. 

For a good metal with copT > 1 (where r is the momentum re-
laxation time), ei(a))is expected to cross Oatcop, At low frequen-
cies, £i(w) a -(a)p/o))'^ for o) > l / r and ei{(o) ^ -(copT)^ 

for 0) < 1/T [1171, 1190, 1191]. However, in "dirty metals" with 
(OpT ̂  1, the plasma oscillation is overdamped, preventing even 
the zero crossing at w p. Asa. result, ei(a)) remains positive at all 
frequencies. This is the case for PPy-PF6. The damping of the 
plasma resonance is evident in the spectral shape of the energy 
loss function, lm[-l/e(o))], as shown in Figure 158 [1162]. In the 
metallic regime, Im[- l /e (w)] exhibits a well-defined peak with a 
maximum at 1.4 eV with full width at half-maximum (fwhm) of ap-
proximately 1 eV, corresponding to copT ^ 1. For the insulating 
regime, the fwhm is even larger, consistent with an overdamped 
plasma oscillation. 

Effective Number of Carriers. Figure 159 illustrates NQff(o)) for 
both regimes as calculated by Eq. (4.17) [1162]; N^ffico) shows 
similar behavior for both regimes. The only difference is observed 
at low energies due to the severe suppression of a((o) for the in-
sulating regime. A^eff(^) increases smoothly up to /iw = 2 eV, 
and shows a slight saturation for 2.0 oV < h(o < 2.5 eV, consis-
tent with exhausting the intraband oscillator strength. Â eff (^) in-
creases again at higher energies due to the onset of interband tran-
sitions. Since the oscillator strength associated with the intraband 
excitations is fully contained below 2.5 eV, Â gff ^ 0.6(m*/me) 
at 2.5 eV provides an estimate of the effective number of carri-
ers per unit cell involved in intraband excitations within the con-
duction band. The X-ray structure analysis [47] indicates one free 
carrier per unit cell (i.e., one dopant per four pyrrole units), such 
that Â eff = 1 per unit cell. Therefore, the optical mass (the ef-
fective mass averaged over the occupied states) is estimated to be 
m * ^ 1.7 me [1162]. 

4.13.3, PEDOT-PFe 

In an effort to develop better transparent electrode materials, ex-
tensive studies have been directed toward new semiconducting 
polymer systems with low bandgap (Eg < 1.5 eV) [1054]. If the 
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Fig. 158. Energy loss function Im[-l/e(w)], of PPy-PF6 in the metallic 
regime (solid line) and in the insulating regime (dotted line). Reproduced 
by permission of the American Physical Society from K. Lee, R. Menon, 
C. O. Yoon, and A. J. Heeger, Phys. Rev B 52, 4779 (1995). Copyright © 
1995, American Physical Society. 

l . U 

0.8 

0.6 

0.4 

0.2 

on 

r r • • 1 1 -1 

— Metallic Regime 
Insulating Regime J 

^ ^ 

- /y 
. // 

l/ , , , i 
Energy(eV) 

Fig. 159. Effective number of carriers per unit cell, NQff{(o), as a func-
tion of energy for PPy-PFg in the metallic regime (solid line) and in the 
insulating regime (dotted line). The effective mass was assumed to be that 
of the free electron. Reproduced by permission of the American Physical 
Society from K. Lee, R. Menon, C. O. Yoon, and A. J. Heeger, Phys. Rev 
B 52, 4779 (1995). Copyright © 1995, American Physical Society. 

absorption maximum of a low-bandgap semiconducting polymer 
is in the middle of the near-infrared (IR) range, one can expect 
the absorption maximum to shift to longer wavelengths (far-IR or 
mid-IR) after doping. As a result, thin films of the conducting ma-
terial would become transparent in the visible spectral region. 

Poly(3,4-ethylenedioxythiophene) (PEDOT) is such a low-
bandgap semiconducting polymer [1106,1195,1196]; the bandgap 
of PEDOT is below 1.5 eV in the undoped state. After doping, this 
material exhibits reduced absorption in the visible; the oscillator 
strength shifts from around 1.5 eV (lowest TT-TT* transition) to be-

Energy (eV) 

Fig. 160. Reflectance, Rico), of freestanding PEDOT-PF6 films. The in-
set shows R(o)) below 2000 cm~^ with an expanded scale. The dotted 
line in the inset below 50 cm~^ indicates the extrapolation by the Hagen-
Rubens formula. Reproduced by permission of Elsevier Science from Y. 
Chang, K. Lee, R. Kiebooms, A. Aleshin, and A. J. Heeger, Synth. Met. 
105, 203 (1999). Copyright © 1999, Elsevier Science. 

low 1 eV in the metallic state. Moreover, doped PEDOT has high 
electrical conductivity and excellent chemical and environmental 
stability [1106]. These advantages make PEDOT attractive for use 
in transparent electrodes [1197-1199] and for use in antistatic and 
electromagnetic shielding materials [1195]. 

In the synthesis of PEDOT, competing reactions through the 
3- and 4-positions (as in polythiophene) are avoided, only the 2,5-
couplings of the EDOT monomer are expected. Therefore, poly-
merization using the EDOT monomer is expected to yield higher 
quality polymer with fewer defects compared to the thiophene 
analogs [1159]. In fact, when doped with PFg by electrochemi-
cal synthesis under rigorous conditions, PEDOT-PF6 exhibits high 
electrical conductivity, c7-dc(300 K) ^ 200-300 S cm '^ with a weak 
temperature (7) dependence [1109, 1140, 1159]. Detailed trans-
port studies have demonstrated that PEDOT-PF6 can be prepared 
with properties on the metallic side of the metal-insulator (M-I) 
transition [1109,1140]. 

Reflectance. Figure 160 shows R((x)) of metallic PEDOT-PF6 
(pr = 1.67 < 2 with o-dc ^ 230 S cm~^ at 300 K) measured at 
room temperature [1166]. In the far-IR below 100 cm~^ R(o)) is 
greater than 80% and drops rapidly throughout the mid-IR. Above 
1.2 eV, there is a change in the slope in R(o)) with a weak shoul-
der around 1.5 eV and a minimum near 1.8 eV. Above the mini-
mum, the spectrum is featureless to 4 eV. All aspects of the i?( w) 
for PEDOT-PF6 are typical of metallic polymers. There is a free-
carrier plasma resonance in the near-IR with R(o)) increasing to-
ward unity at lower frequencies. In the far-IR below 100 cm~^ 
the Hagen-Rubens (HR) approximation provides an excellent fit 
to R((o) as indicated in the inset, implying a weak a;-dependence 
in the corresponding optical conductivity in this frequency range. 

Although the spectral features are similar to those of other 
metallic polymers such as PANI-CSA [295, 296] and PPy-PFe 
[1162-1164], which exhibit transport properties comparable to 
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Fig. 16L Optical conductivity, a(w), of PEDOT-PF6, as obtained from 
Kramers-Kronig analysis of R{co). The inset shows the low-energy aio)) 
below 600 cm~^ with an expanded scale. Note the 1:1 correspondence 
between the dc conductivity (o-f^c), shown as the symbol at w = 0, and 
a{a) -^ 0). Reproduced by permission of Elsevier Science from Y. Chang, 
K. Lee, R. Kiebooms, A. Aleshin, and A. J. Heeger, Synth. Met 105, 203 
(1999). Copyright © 1999, Elsevier Science. 

those of PEDOT-PF6, the details of R{(o) above 1 eV show sub-
tle differences. For PPy-PF6 and PANI-CSA, R((o) monotonically 
decreases to a minimum (1.8 eV for PPy-PF6 [1162] and 1.4 eV for 
PANI-CSA [1160]) with increasing frequency. At higher frequen-
cies, both exhibit interband transitions (2.5 eV for PPy-PF6 [1162] 
and 2.8 eV for PANI-CSA [1160]). In contrast, for PEDOT-PF6, 
a weak shoulder-like feature is observed around 1.5 eV [1166]. 

Optical Conductivity. Figure 161 displays o((o) of PEDOT-PF6 
below 4 eV [1166]. As expected from the characteristic metallic 
features in R(co), o{(o) is dominated by intraband excitations be-
low 1 eV with a peak around 0.4 eV. However, a weak feature with 
a peak around 1.5 eV is evident with an oscillator strength that 
overlaps the tail of the intraband contribution. Above 2 eV, o(co) 
is flat and featureless with a value of a(w) ^ 40 S cm~^ above 
2eV. 

The peak in a(w) near 1.5 eV is attributed to an interband 
transition from the Fermi energy to the next higher empty band 
(or with a transition from a lower lying filled band to the Fermi 
energy) [1166]. Since this transition Ues in the near-IR, at signif-
icantly lower energy than for other metallic polymers, PEDOT-
PF6 exhibits low absorption in the visible spectral range: o(a)) ^ 
40 S cm~^ between 2 and 3 eV. This value is significantly lower 
than those for other metallic polymers; for PANI-CSA, o(o)) ^ 
250 S cm~l at 2.7 eV [1160], and for PPy-PF6, a( w) ^ 150 S cm"! 
at 2.7 eV [1162]. The lower absorption for PEDOT-PF6 demon-
strates why this material has emerged as a promising candidate for 
use in transparent electrodes. 

The low-energy features in a(w) below 1 eV are typical of the 
disordered metallic polymers on the metallic side of the M-I tran-
sition; o{a)) decreases with decreasing (o below 0.4 eV and accu-
rately approaches the measured cr̂ cĈ OO K) value (?^230 S cm~^), 
consistent with the previous studies of PANI-CSA [295, 296] and 
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Fig. 162. Optical conductivity, o<w) (solid line), of PANI-CSA is com-
pared with that calculated (dashed line) from the localization-modified 
Drude model, with the following parameters: Clp = 9970 cm~^ (1.17 eV), 
l /r = 4340 cm~^ (0.51 eV), and kfA = 1.6. Reproduced by permission 
of the American Physical Society from K. Lee, A. J. Heeger, and Y. Cao, 
Phys. Rev. B 48,14884 (1993). Copyright © 1993, American Physical Soci-
ety. 

PPy-PF6 [1162-1164]. The suppression of a(w) as cu ^ 0 (below 
0.4 eV) is attributed to weak localization induced by disorder in 
the context of the Anderson transition. This is also consistent with 
the transport studies on this system, confirming that PEDOT-PF6 
is a disordered metal near the border of the M-I transition [1109, 
1140]. 

4.2.4. Localization-Modified Drude Model 

Although the overall low-frequency spectral response of all metal-
lic conducting polymers, such as PANI-CSA, PPy-PF6, and 
PEDOT-PF6, can be attributed to free-carrier intraband excita-
tions, their o(o)) and eiiw) are not typical of normal Drude-like 
behavior below 0.2 eV [1160-1165]. The anomalous behavior of 
oio)) and £ri(w) in the low energies (typically below 0.2-0.4 eV) 
can be attributed to disorder-induced localization, and can be an-
alyzed in terms of the localization-modified Drude (LMD) model 
[1160-1165]. This LMD model, originally proposed by Mott and 
co-workers [1125, 1156, 1157], has been modified by Lee et al. 
[1160] and successfully introduced into the analysis of optical spec-
tra of metallic conducting polymers [1160-1165]. This model is a 
first-order correction of the Drude model in the regime of weak 
localization, as given by [1160] 

C7LD(^) = ^ rude (^ ){ l " [C/(kf A)^][l - A/Loj]} (4.18) 

where A is the mean free path {A = vpT and Vf is the Fermi veloc-
ity)? ^F is the Fermi wave vector, and La> is the distance scale over 
which an electron diffuses within a period of the incident radiation 
field. The constant C is not known exactly, but the magnitude of C 
is of order unity. The value of La; is given by the diffusion coeffi-
cient, D = A ^ / 3 T , and the optical frequency o) using the diffusion 
equation, L(o = (D/co)^^'^. 

PANI-CSA. The optical conductivity spectrum of PANI-CSA 
(Fig. 151) is fitted with the LMD model as shown in Figure 162 
[1160], and is in good agreement in the intraband region be-
low 1 eV. The best fit is obtained with the following parameters: 



72 KIEBOOMSETAL. 

70C 

600 

^V 

Metallic Regime 

— Experiment 

0.2 0.4 0.6 0.8 1.0 

Energy(eV) 

1.2 1.4 

Fig. 163. Comparison of the measured o{a)) (solid line) of PPy-PF5 
in the metallic regime at 300 K with that calculated (dotted line) from 
the localization-modified Drude model, with the following parameters: 
dp = 14, 200 cm-1 (1.8 eV), l /r = 9600 cm"! (1.2 eV), and kfA = 1.6. 
Reproduced by permission of the American Physical Society from K. Lee, 
R. Menon, C. O. Yoon, and A. J. Heeger, Phys. Rev. B 52, 4779 (1995). 
Copyright © 1995, American Physical Society. 
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Fig. 164. Comparison of the measured siicj) (solid line) of PPy-PF6 
in the metallic regime with the theoretical prediction of the localization-
modified Drude model (dotted line) obtained from the Kramers-Kronig 
transformation of O^DC^)- The inset shows the low-energy part on an ex-
panded scale. Reproduced by permission of the American Physical Society 
from K. Lee, R. Menon, C. O. Yoon, and A. J. Heeger, Phys. Rev. B 52, 
4779 (1995). Copyright © 1995, American Physical Society. 

Up = 9970 cm-1 (1.17 eV), l / r = 4340 cm-1 (0.51 eV), and 
kfA = 1 . 6 with an assumption of C = 1. These parameters 
are reasonable. The plasma frequency is close to that obtained 
from the reflectance minimum (^1.4 eV) and the peak in the 
loss function (^1.1 eV). The value of kpA (= 1.6) indicates that 
PANI-CSA is not a good metal [1160]. Instead, this fact supports 
that PANI-CSA is on the metal-insulator boundary and approach-
ing the loffe-Regel limit. Moreover, the deviations from simple 
Drude behavior in the f ar-IR are quantitatively consistent with the 
LMD model [1160, 1161]. As indicated by Eq. (4.18), localization 
depresses o((o) below the Drude curve in the far-IR. 

PPy-PF^. Figure 163 also illustrates the excellent agreement of 
the LMD model with the data for PPy-PF6 in the metallic regime 
with the following parameters: Clp = 14,200 cm~^ (1.8 eV), 
l /r = 9600 cm-1 (1.2 eV), and kpA = 1.6 [1162]. Such anal-
ysis by the LMD model provides information on the charge dy-
namics of the free carriers in the conduction band. The param-
eters obtained from the curve fitting are reasonable and in good 
agreement with other experimental results. The screened plasma 
frequency, wp = ^^/(oo)^/^ ^ 1.7 eV, is in good agreement 
with the observed reflectance minimum around 1.8 eV [1162]. 
As expected from the extremely broad a(w), the large scatter-
ing rate ( l / r = 1.2 eV) leads to copT ^ 1.5. Such a small value 
of (OpT indicates overdamping of the plasma resonance, result-
ing in ^^(cu) > 0 over the entire intraband energy range. The 
optical mass is calculated to be m* = 1.1 me from the relation 
flp = (47rne^/m*)^/^. This value is in excellent agreement with 
that obtained from the N^ffico) analysis. Such consistency is ex-
pected because of the osciUator strength sum rule existing be-
tween the integrated intraband oscillator strength, NQff((o), and 
Up [1172]. The LMD model yields an estimate of the dc conduc-

tivity, given as the w = 0 limit of Eq. (4.18), 

CTLD(O) = c7D,ude(0)[l - C/ikpA)^] (4.19) 

with at)rude(O) = (1/477)11^ r, so that one finds cr^/)(0) ^ 
200 S cm~^ in good agreement with the experimentally observed 
oio) -^ 0) [1162]. 

In the studies of localization, kpA is an important parameter 
that characterizes the extent of disorder, often considered as an 
order parameter for disordered systems [1125, 1126, 1156, 1157, 
1200]. One of the advantages for the analysis using the LMD 
model lies in the direct assessment of kpA. The kfA ?̂  1.6 ob-
tained from the curve-fitting procedure clearly indicates that PPy-
PF6 is not a good metal. This parameter yields an estimation for 
the mean free path A ̂  10 A, comparable to the repeat unit along 
the polymer chain. Such a short mean free path confirms once 
again the breakdown of the normal Drude model for describing 
PPy-PF6. 

The corresponding ei(o))u) for the LMD model can be ob-
tained through the Kramers-Kronig transformation of 6:2 (^ )LD = 
47Tcru)(o))/a) [1172]. Figure 164 shows that the calculated 
si((x))ij) is in excellent agreement with the measured si((o) with 
soo ^ 1-1 [1160]. As evident in the calculated ei(w)LD» the in-
crease of Slid)) dis 0) -^ 0 for h(i) < 0.2 eV is associated with 
the weak localization effect corresponding to the suppression of 
(T]j)(o)) at low frequencies. The calculated ei(a>)LD predicts a 
rapid increase in ei(w) as w -^ 0 in the extrapolated region 
(cD < 20 cm~^), implying a divergence in ê  as o> ^ 0. This diver-
gence is associated with the "dielectric catastrophe," a signature of 
the M-I transition [1201-1203]. 

PEDOT-PF^. Consistent with metallic PANI-CSA [1160] and 
PPy-PF6 [1162], the optical spectra of PEDOT-PF6 are also dom-
inated by weak localization induced by disorder in the context 
of the Anderson transition [1165]. Therefore, even for PEDOT-
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Fig. 165. Comparison of the measured oico) (solid line) of FEDGT-PFg 
with that calculated (dashed line) from the localization-modified Drude 
model, with the following parameters: ftp = 9600 cm~^ (1.2 eV), l /r = 
6200 cm~^ (0.8 eV), and kfA = 1.6. Reproduced by permission of Else-
vier Science from Y. Chang, K. Lee, R. Kiebooms, A. Aleshin, and A. J. 
Heeger, Synth. Met. 105, 203 (1999). Copyright © 1999, Elsevier Science. 
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Fig. 166. Reflectance spectra of PANI-CSA (thick solid line), PANI-
H2SO4 (thin solid line), and the emeraldine base (dotted line) at room 
temperature. The inset shows the low-energy region for PANI-CSA and 
PANI-H2SO4 with an expanded scale. Reproduced by permission of El-
sevier Science from K. Lee, A. J. Heeger, and Y. Cao, Synth. Met. 72, 25 
(1995). Copyright © 1995, Elsevier Science. 

PF5 the optical constants can be accurately described by the LMD 
model, as shown in Figure 165 [1165], with the following parame-
ters: np = 9600 cm-1 (1.2 eV), l / r = 6200 cm"! (0.8 eV), and 
kfA = 1.6. These parameters are also reasonable and consistent 
with the transport measurement results. The plasma frequency, 
ftp = 9600 cm~l (1.2 eV), and scattering time (r ^ 10~14-
10~^^ s) are typical of disordered metals. Although the minimum 
in R((x)) is at 1.8 eV in Figure 160, the best fit indicates that the 
plasma frequency is 1.2 eV. Evidently, the low-energy interband 
feature with onset below 1.5 eV shifts the minimum mR(o)). The 
value of kfA (= 1.6) implies that PEDOT-PF6 is "metallic," but 
close to the M-I transition. The excellent success in describing the 
IR spectral features of PEDOT-PF6, PPY-PF6, and PANI-CSA in 
terms of the LMD model confirms the validity of the LMD model 
and demonstrates the general applicability of the model to metallic 
polymers. 

4.2.5. Metal-Insulator Transition in Optical Spectra 

4.2.5,1. Polyaniline 

Polyaniline (PANI) can be converted from the semiconducting 
emeraldine base form to the conducting emeraldine salt form ei-
ther by charge-transfer doping or by protonation [1181]. Upon ex-
posure of emeraldine base to protonic acids, the —N= sites are 
protonated, leading to the formation of doubly charged, spinless 
bipolarons. These bipolarons are unstable with respect to the for-
mation of two polarons through an internal redox reaction [1183, 
1184]. Thus, the polaron lattice model was suggested as a descrip-
tion of the electronic structure of the conducting emeraldine salt 
[1185]. The internal redox reaction, described as "proton-induced 
spin unpairing" [1184], leads to one unpaired electron per for-
mula unit, and thereby to the electronic structure of a metal. The 
temperature-independent Pauli susceptibility of the emeraldine 

salt is consistent with the proposed metallic polaron lattice, with 
a finite density of states at the Fermi level [1192]. 

Although the protonated emeraldine salt is known to exhibit 
many properties characteristic of the metallic state [1185, 1192], 
initial studies yielded transport properties that are not typical of 
those of a metal [1184-1186]. Instead, the conductivity was found 
to be activated, and the thermoelectric power showed a com-
plex temperature dependence [1205]. These "nonmetallic" trans-
port properties arise from a combination of a mesoscopic and 
molecular-scale disorder generated during synthesis and doping of 
the material. 

In this section, the reflectance of metallic PANI-CSA is com-
pared with that of the semiconducting polyaniline (emeraldine 
base) and the conventional emeraldine salt, PANI protonated with 
H2SO4 (PANI-H2SO4), which is classified as a typical insulating-
regime material in a doped polyaniline system [1161]. In particu-
lar, in order to better understand the role of disorder in the con-
ducting emeraldine salt, the discussion focuses on a comparison 
of the data obtained from PANI-H2SO4 with those obtained from 
PANI-CSA [1161]. 

Reflectance. Figure 166 shows the reflectance spectra of PANI-
CSA, PANI-H2SO4, and the emeraldine base, all obtained with 
samples at room temperature [1161]. For the emeraldine base, two 
broad peaks are observed, centered at 1.6 and 3.5 eV, respectively. 
Upon protonation and conversion to the emeraldine salt, the two 
spectral features of the emeraldine base disappear as shown in 
the spectra obtained for PANI-CSA and PANI-H2SO4. Two new 
spectral features develop in both PANI-CSA and PANI-H2SO4, a 
low-frequency reflectance below 1 eV and a higher energy spectral 
feature around 2.7 eV. For PANI-CSA, the reflectance is greater 
than 80% in the far-IR and drops rapidly throughout the IR to 
the minimum near 1.4 eV, as shown in the previous section. This 
1.4-eV minimum is indicative of a free-carrier plasma resonance 
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Fig. 167. Optical conductivity of PANI-CSA (thick solid line), PANI-
H2SO4 (thin solid line), and the emeraldine base (dotted line) obtained 
from a Kramers-Kronig analysis of the reflectance data. Reproduced by 
permission of Elsevier Science from K. Lee, A. J. Heeger, and Y. Cao, 
Synth. Met. 72, 25 (1995). Copyright © 1995, Elsevier Science. 

[1160]. The plasma resonance and high reflectance in the far-IR 
are traditional signatures of metallic behavior. 

For PANI-H2SO4, the reflectance shows a minimum around 
1.8 eV and increases substantially with decreasing frequency, but 
remains well below that of PANI-CSA in the far-IR. The IR re-
flectance implies that the low-frequency response of PANI-H2SO4 
also results from intraband excitations associated with the partially 
fifled conduction band, as in PANI-CSA. 

Optical Conductivity. The results of the Kramers-Kronig analy-
sis are shown in Figure 167 for PANI-CSA, PANI-H2SO4, and 
the emeraldine base [1161]. For the emeraldine base, o{o)) shows 
a spectral response typical of that expected for a semiconductor; 
there is a clear gap with o{(o) ^ 0 below 1.3 eV. Two distinct 
peaks associated with interband transitions are observed at 1.8 and 
3.7 eV. Previous studies, including both band calculations [1185] 
and experimental results [1182,1205], have demonstrated that the 
1.8-eV peak is associated with the localized quinoid structure of 
the emeraldine base, while the 3.7-eV feature corresponds to the 
TT-TT* transition. 

Upon protonation and conversion to the emeraldine salt, qual-
itative changes in the spectra are evident; the 1.8-eV peak dis-
appears and the amplitude of the 3.7-eV peak decreases. Two 
new features develop for both PANI-CSA and PANI-H2SO4. For 
PANI-CSA, a(w) has a sharp peak at 2.7 eV and increases mono-
tonically with decreasing frequency, reaching a maximum in the IR 
at around 0.2 eV. Although the low-frequency spectral response is 
attributable to the intraband excitations (free carriers in the con-
duction band), deviations from the normal Drude behavior are 
observed at the lowest frequencies, as discussed in the previous 
section [1160]. Below 0.2 eV, o{o)) is suppressed toward the dc 
value from weak localization due to disorder [1160]. In contrast, 
for PANI-H2SO4, a(w) has a broad maximum at 1 eV and de-
creases rapidly with frequency in the IR. 
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Fig. 168. (a) Real parts of the dielectric function, s{(x)) = si{(x))-\-is2{(o), 
and (b) energy loss function, Im[-l/fi(w)], of PANI-CSA (solid line) and 
PANI-H2SO4 (dotted line). Reproduced by permission of Elsevier Science 
from K. Lee, A. J. Heeger, and Y. Cao, Synth. Met. 72,25 (1995). Copyright 
© 1995, Elsevier Science. 

Dielectric Function. Figure 168a shows ei(a)) for PANI-CSA 
and PANI-H2SO4 [1043]. While the ei((o) of PANI-H2SO4 re-
mains positive over the entire energy range, that of PANI-CSA 
crosses 0 at 1.0 eV to negative values [1160]. For a metal, ei is 
expected to cross 0 at the screened plasma frequency, and follows 
ei a —{wp/ioY' at low frequencies. For PANI-CSA, however, si 
crosses 0 again at 0.2 eV and becomes positive iox hco < 0.2 eV. 
This deviation from simple Drude behavior at low frequencies was 
attributed to weak localization in PANI-CSA [1160]. For PANI-
H2SO4, however, the disorder completely dominates; the plasma 
oscillations are damped such that copT ^ 1, thus preventing even 
the zero crossing at the plasma frequency [1161]. 

The damping of the plasma oscillations is demonstrated more 
clearly in Figure 168b, which shows the energy loss functions of 
PANI-CSA and PANI-H2SO4 [1161]. For PANI-CSA, 
lm[-l/s(a))] exhibits a well-defined peak with a maximum at 
1 eV and a full width at half-maximum (fwhm) of 0.5 eV; i.e., 
(OpT > 1. For PANI-H2SO4, however, lm[-l/s(o))] shows a rel-
atively weak, broad peak with a maximum at 1.5 eV and an fwhm 
approximately 1.5 eV; i.e., copT < 1. For PANI-CSA, the maxi-
mum of the energy loss function (1 eV) is in good agreement with 
the zero crossing of ^i (at ^ 1 eV) [1160]; for PANI-H2SO4, how-
ever, there is no zero crossing [1161]. 

Role of Disorder in Conducting Polyaniline: Evolution from Fermi 
Glass to Disordered Metal. Although the IR spectrum of PANI-
H2SO4 indicates that the low-energy response arises from intra-
band excitations in the conduction band, the optical spectra are 
not those of a typical metal. Instead, the charge carriers are local-
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Fig. 169. Comparison of the measured optical conductivity 0(0)) (solid 
line) of PANI-H2SO4 with theoretical prediction (dashed line). Repro-
duced by permission of Elsevier Science from K. Lee, A. J. Heeger, and Y. 
Cao, Synth. Met. 72, 25 (1995). Copyright © 1995, Elsevier Science. 

ized, as demonstrated by the measured si(o)) and c7(w). As a con-
sequence, PANI-H2SO4 can be categorized as a Fermi glass, in 
which the electronic states at the Fermi energy (Ep) are localized 
due to disorder as described by Anderson localization [1125,1156, 
1157, 1177]. In such a system, electronic transport takes place by 
variable range hopping between exponentially localized states with 
energies near ^77. 

According to the localization theory [1125, 1126, 1156, 1157, 
1200], in the Fermi glass insulating regime oico) can be expressed 
as a(a>) = (T^C + i^^^, where cr̂ c is the dc conductivity and j8 
and s are constants. According to the theory [1125, 1126, 1156, 
1157, 1200], the exponent 5 = 2 at low frequencies. As shown in 
Figure 169 [1161], the o)^ dependence is in good agreement with 
the experimental a(w) for PANI-H2SO4 below 0.5 eV (except, of 
course, for the sharp phonon contributions). 

While the optical spectra of PANI-CSA exhibit distinct metal-
lic signatures [1160], this is not the case for PANI-H2SO4 [1161], 
as explained previously. The principal difference between PANI-
CSA and PANI-H2SO4 is the degree of disorder; PANI-CSA is 
a metal on the border of the metal-insulator transition [1160], 
while PANI-H2SO4 is a Fermi glass in which the electronic wave 
functions are localized [1161]. The electronic structure of PANI-
H2SO4 can be understood in terms of the schematic band struc-
ture description shown in Figure 170. When the magnitude of the 
disorder potential is comparable to the bandwidth, the localized 
and extended states are separated at the mobility edge (Ec) in 
the conduction band [1125, 1156, 1157]. In such a system, the M -
I transition is defined by the position of Fermi energy relative to 
Ec; if Ef lies in the region of extended states, the system will be 
a metal (as is the case for PANI-CSA), whereas if Ef hes in the 
region of localized states, the system will be a Fermi glass (as is the 
case for PANI-H2SO4). 

On the contrary, the optical spectra of PANI-CSA demonstrate 
the delocalized electronic structure of the wave functions near Ef 
in the conduction band [1160]. The improved sample quality orig-
inates from the counterion-induced processibility of PANI-CSA, 
where the functional group contained in the counterion induces 

EG' 

Valence Band 
EF EC 

Conduction Band 

extended states localized states 

Fig. 170. Schematic description of the band structure for the disordered 
emeraldine salt of polyaniline. Shaded regions describe states localized by 
disorder and are separated from extended states by the mobility edge, Ec. 
The Fermi energy, Ef, lies in the conduction band. Reproduced by per-
mission of Elsevier Science from K. Lee, A. J. Heeger, and Y. Cao, Synth. 
Met. 72, 25 (1995). Copyright © 1995, Elsevier Science. 

the solubility in metacresol. Solution processing from metacresol 
results in a homogeneous material with improved structural order 
[128]. 

4.2.5.2. Conducting Polypyrrole 

As compared with the optical spectra of PPy-PF6 in the metal-
he and insulating regimes [1162], the M-I transition in PPy-PF6 
originates from the degree of disorder in the context of Anderson 
localization. For the insulating regime, the disorder is sufficiently 
strong that the electronic states at Ef are localized. Thus, the in-
sulating regime of PPy-PFg can be categorized as a Fermi glass. 
In such a case, similar to with the case of PANI-H2SO4, (j{co) can 
also be expressed 3iS o{a)) = a^^ -\- Po)^, where cr^^ is the dc con-
ductivity and j8 and s are constants. For the value of the exponent 
5, both Mott's localization theory [1125, 1156, 1157] and the scal-
ing theory [1126, 1200] of localization predict o(a)) oc co^ (s = 2) 
for 0) < (Oc, while oico) oc cu /̂̂  (s = 1/3) for o) > coc, where (Oc 
is the crossover frequency, below which the effect of localization is 
substantial. Above this frequency, localization does not affect the 
charge-carrier mobility due to photon-assisted hopping between 
the localized states, so that high-frequency behavior is essentially 
metallic (s < 1) [1201]. Such expected behavior has been proved 
by the excellent theoretical fits with low-frequency a(w) of PPy-
PF5 in the insulating regime, as shown in Figure 171 [1162]. 

On the contrary, the optical spectra for the metallic regime 
indicate delocalized electronic states near Ef, as already ex-
plained in the previous section. Thus, on the metallic side of 
the M-I transition, PPy-PF^ is a disordered metal and can be 
described well by the LMD model [1162], while, on the insu-
lating side, PPy-PF6 is characterized as a Fermi glass, which 
is attributed to disorder in the context of Anderson localiza-
tion. 

4.2.6. Low-Temperature Reflectance in 
Conducting Polypyrrole 

The possibility of collective states arising from many-body effects 
in conducting polymers has been discussed for many years. The 
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Fig. 171. Comparison of the measured o"(w) (solid line) of PPy-PFg 
in the insulating regime with the theoretical prediction (dashed line and 
dotted line). At low frequencies (below 600 cm~^), the data were fit to 
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imated with a(w) (X w /̂̂  dependence. Reproduced by permission of the 
American Physical Society from K. Lee, R. Menon, C. O. Yoon, and A. J. 
Heeger, Phys. Rev. B 52, 4779 (1995). Copyright © 1995, American Physi-
cal Society. 

reduced dimensionality and the importance of electron-electron 
correlations in the metallic state have stimulated predictions of 
incommensurate charge-density-wave (or spin-density-wave) dy-
namics and superconductivity in this class of materials [1206, 
1207]. Sudi phenomena have not been realized, in part because 
the physics of metallic polymers is dominated by severe disor-
der. 

Sample quality, however, has been significantly improved. With 
these improved materials, one might hope to have an opportu-
nity to observe the onset of density-wave phenomena or supercon-
ductivity in conducting polymer systems. PPy-PF5 is such a case. 
Furthermore, metallic PPy-PF6 exhibits an unusual resistivity de-
crease (vs temperature, T) at low temperatures [1136,1194]. X-ray 
structural analysis suggests that PPy-PF6 is quasi-two-dimensional 
with good overlap of wave functions both along the polymer chain 
and in the column direction [1194]. This structure resembles that 
found in low-dimensional charge-transfer salts, in which charge-
density waves (CDWs), spin-density waves (SDWs), and super-
conductivity (SC) are well known [1208-1211]. In this section, 
therefore, results on far-IR reflectance measurements [1166] for 
PPy-PF6 at low temperatures are reviewed and the results dis-
cussed in terms of the formation of a density-wave-like ground 
state [1166]. 

Optical Spectra. Figure 172 shows R{o)) oi metallic PPy-PF6 at 
various temperatures between 10 and 300 K [1166]. For 300 K, the 
reflectance spectrum is typical of metallic polymers, as described 
previously, and can be accurately described by the LMD model 
[1162]. At 250 K and below, the low-frequency i?(w) changes dra-
matically. Between 100 and 800 cm~^ the reflectivity monoton-
ically increases relative io R{o}) at 300 K. For a> < 110 cm~^ 
the reflectivity monotonically decreases relative to i?(a>) at 300 K; 
e.g., at 10 K, i?(w) remains weU below that obtained at 300 K for 

Frequency(cm ) 

Fig. 172. Reflectance spectra R{(o)oi PPy-PFg measured at various tem-
peratures between 10-300 K. The dotted lines below 8 cm~^ indicate the 
extrapolation by the Hagen-Rubens formula used for the Kramers-Kronig 
analysis. The inset shows R{(x)) below 200 cm~^ on a linear scale. Repro-
duced by permission of the American Physical Society from K. Lee, R. 
Menon, A. J. Heeger, K. H. Kim, Y. H. Kim, A. Schwartz, M. Dressel, and 
G. Griiner, Phys. Rev. B, in press. 

(o < SO cm~^. In the extreme far-IR below 30 cm~^, R(o)) recov-
ers the "metallic" behavior; th& R(o)) curves for all temperatures 
approach the 300-K curve and increase toward unity as o) -> 0. 
The inset to Figure 172 [1166] shows the long-wavelength data 
on an expanded scale. At and below 250 K, there are two fea-
tures: the peak at 110 cm~^ and a Fano-like resonance at 70 cm~^. 
These two spectral features sharpen and become more well de-
fined (but do not shift) as the temperature is lowered to 10 K. For 
0) > 800 cm~^, R(a)) is independent of temperature. 

Figure 173 displays 0(0)) at various temperatures [1166]. At 
300 K, a(w) is typical of a disordered metal; o(o)) decreases 
with decreasing co below 2500 cm~^ and accurately approaches 
the measured 0-̂ 0 (300 K) value, consistent with previous reports 
[1162]. In the far-IR below 300 cm~^ o(a)) is featureless and fre-
quency independent at 300 K. For lower temperatures, however, 
oico) develops unusual spectral features in the far-IR. An asym-
metric structure that peaked at 110 cm~^ grows at the expense of 
the osciUator strength below &; < 80 cm~^; thus, o(o)) decreases 
for (0 < 60 cm~^ as the temperature is lowered. In addition, a 
sharp Fano-like feature (absent at 300 K) appears at 70 cm~^ The 
peak positions of these two features are nearly temperature inde-
pendent below 250 K. 

Charge-Density-Wave Dynamics in Conducting Polymers? The 
peak incfio)) and the associated redistribution of oscillator strength 
are indicative of the formation of a gap in the excitation spec-
trum similar to that observed in low-dimensional conductors and 
attributed to the formation of a CDW/SDW ground state [1208-
1211]. Below the critical temperature for formation of the broken 
symmetry state, the periodicity of the CDW or SDW introduces 
an energy gap in the single-particle excitation spectrum. As a re-
sult, o{(i)) is expected to decrease at frequencies within the gap (to 
0 in one-dimensional systems), and the corresponding oscillator 
strength is shifted to frequencies above the gap. In addition, in the 
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Fig. 173. Optical conductivity a(w) of PPy-PF6 below o) = 400 cm~^ 
as obtained from a Kramers-Kronig analysis of R{a)). The inset com-
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R. Menon, A. J. Heeger, K. H. Kim, Y. H. Kim, A. Schwartz, M. Dressel, 
and G. Griiner, Phys. Rev. B, in press. 

density-wave state there is a collective mode that can be described 
as a sliding CDW (or SDW) [1208-1211]. 

The spectral features in the data shown in Figures 172 and 
173 resemble those expected for a density-wave state, for exam-
ple, as in (TMTSF)2PF6 where an SDW gap is formed at around 
100 cm~^ in the direction perpendicular to the chains [1212]. With 
this interpretation, the resonance at 70 cm~^would be identified 
with the pinned collective mode. The spectral weight within the 
70 cm~^ resonance corresponds to a small fraction (approximately 
10%) of the oscillator strength, which was redistributed from be-
low 2A to above 2A. Alternatively, since the gap spans only a part 
of the Fermi surface, the results reported here can be interpreted 
in the context of the correlation-induced semimetallic state pro-
posed by Vescoli et al. [1213]. 

4.2.7. Nature of the Metallic State in Conducting Polymers 

The metallic state with finite density of states at the Fermi level 
does not reconcile with the general concept of a quasi-one-
dimensional conjugated polymer, for such a system should be sub-
ject to the Peierls instability. Therefore, the existence of the metal-
lic state in conjugated polymers requires the involvement of ad-
ditional interactions, notably electron-electron interaction, inter-
chain coupling, and dopant-mediated interaction. Such additional 
interactions would result in high dimensionality in the electronic 
structure of the metallic state, thereby avoiding and stabilizing the 
Peierls instability. 

Another peculiarity of the metallic state is a persistence of the 
infrared-active vibrational (IRAV) modes into the metallic state 
with enhanced oscillator strength. In principle, the IRAV modes 
arise from the localized phonon modes caused by local deviations 
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Fig. 174. Schematic representations of the band structures of (a) soliton 
lattice, (b) bipolaron lattice, and (c) polaron lattice forms. 

from the symmetry of the perfectly dimerized pattern in the vicin-
ity of the nonlinear excitations and constitute the characteristics of 
these quasi-one-dimensional systems [1214]. However, it has been 
frequently pointed out that the linear dependence of IRAV inten-
sity with doping concentration does not reconcile with the metallic 
state in which one would expect the Peierls energy gap to close. 
Therefore, the metallic state is believed to be a dimerized struc-
ture with a high density of localized structural distortions rather 
than a uniform bond-length structure as suggested earlier. 

The electronic structure of the metaUic state is expected to be 
fundamentally different from the low doping regime where nonlin-
ear excitations (solitons or bipolarons) are important excitations. 
Although such nonlinear excitations are self-localized in the di-
lute doping regime, they start to interact at high concentration. As 
a result, the wave functions of the adjacent nonlinear excitations 
overlap sufficiently to form a continuum of energy levels, leading 
to the suggested soliton lattice band [1215] for degenerate ground-
state systems and the bipolaron lattice band [1216] for nondegen-
erate ground-state systems. However, since such lattice bands are 
empty, they are not appropriate for the description of the metallic 
state requiring the finite density of state at the Fermi level. Indeed, 
in order to make such band models compatible with the metallic 
state, there was a suggestion that the metaUic state could be un-
derstood as a merging of soliton (bipolaron) lattice band with a 
valence band (or a conduction band for n-type doping) to form a 
partially filled conduction band [1215, 1216]. 

The polaron lattice model [1217] is an alternative, retaining 
the doping-induced half-filled polaron band in the TT-TT* energy 
bandgap, consistent with the expectation of a traditional metallic 
state. Figure 174 describes the schematic diagram for the polaron 
lattice band together with the sohton and bipolaron lattice band 
model. In this model, the sharp increase in the Pauh susceptibility 
of trans-(Cil)x could be understood in terms of a first-order phase 
transition from a soliton lattice to a polaron lattice [1217]. Because 
the polaron lattice model has a half-filled subband within the TT-TT* 
gap, there is a finite density of states at the Fermi level, and trans-
port occurs by coherent electron motion through this subband. 
This polaron lattice metal concept can be generalized to most non-
degenerate ground-state systems as well as polyacetylene. In this 
case, the bipolaron state is driven toward polaron lattice confor-
mation with increasing dopant concentration. However, there was 
a theoretical calculation that predicted weak IRAV modes in the 
polaron lattice [1218], in contrast with the experimental observa-
tions. This result has been used as the main argument against the 
polaron lattice model together with the fact the polaron lattice is 



78 KIEBOOMSETAL. 

expected to be unstable toward a Peierls distortion in such a one-
dimensional system. In contrast, it is notable that a theoretical con-
sideration [1219] indicates that the polaron lattice provides for sig-
nificant charge polarization along the polymer chains and can also 
lead to intensive IRAV modes. In any case, despite a decade of re-
search on the metallic state of conjugated polymers, many of the 
fundamental issues remain unsolved. In particular, the existence 
of IRAV modes demonstrates that the heavily doped conjugated 
polymers are not simple metals. 

4.3. Photophysics of Semiconducting Polymers 

4.3.1. Introduction 

Undoped conjugated polymers have an anisotropic, quasi-one-
dimensional electronic structure with the TT electrons coupled to 
the polymer backbone via electron-phonon interactions. The over-
lapping of TT- (also 77-*-) electron wave functions forms a valence 
band (conduction band) with a gap size of typically 2-4 eV, cor-
responding to the conventional semiconductor gap. As a result, 
undoped conjugated polymers (hereafter called simply semicon-
ducting polymers) exhibit the electronic and optical properties of 
semiconductors in combination with the mechanical properties of 
general polymers, making them potentially useful for a wide array 
of applications. 

The electronic structure of such semiconducting polymers was 
successfully described by Su et al. [1167] in terms of a quasi-one-
dimensional tight binding model. However, in contrast with con-
ventional inorganic semiconductors with rigid band, upon dop-
ing or photoexcitation the carriers are self-localized and form 
the nonlinear excitations [1, 1049, 1153] on the polymer chains— 
solitons, polarons, or bipolarons, depending on the ground-state 
degeneracy. In degenerate ground-state polymers such as trans-
polyacetylene, solitons are the important nonlinear excitations, 
whereas in nondegenerate ground-state systems, including most 
of the conjugated polymers such as poly(p-phenylene vinylene), 
polypyrrole, and polythiophene, polarons and bipolarons are the 
responsible charge-storage excitations [1049]. 

Much of the new physics associated with conjugated polymers 
is related to the formation and properties of such nonlinear ex-
citations. New subgap optical transitions occur with correspond-
ing shift of oscillator strength from TT-TT* transitions to the local-
ized gap states associated with these novel quasi-particles. Further-
more, these nonlinear electronic excitations couple to the lattice 
vibrations and allow the symmetrical vibrational modes (Raman 
active modes) to become infrared active by breaking the local sym-
metry. Such important information on the nature of the nonlinear 
excitations in conjugated polymers can be obtained via photoexci-
tation (i.e., injecting charges onto the polymer backbone by direct 
optical pumping above the TT-TT* energy gap with an intensive ex-
ternal light source). 

However, although the linear and nonlinear optical properties 
of conjugated polymers have been investigated for over a decade, 
there is still controversy over the nature of the primary photoexci-
tations [1121,1168]. Are the lowest energy elementary excitations 
mobile charge carriers (charged polarons) or bound neutral exci-
tons? The central issue in this argument relates to the strength 
of the electron-electron interactions relative to the bandwidth 
and relative to the electron-phonon interaction. Strong electron-
electron interactions (electron-hole attraction) lead to the cre-
ation of localized and strongly correlated negative and positive 

polaron pairs (neutral polaron excitons), whereas well-screened 
electrons and holes with associated lattice distortions are more ap-
propriately described by charged polarons. Since the answer is of 
importance not only from the perspective of our basic understand-
ing of the conducting polymers, but also for applications based on 
these materials, the related experimental results, such as photoex-
citation spectroscopy, photoluminescence spectroscopy, and pho-
toconductivity, are briefly examined in this review. 

4.3.2. Steady-State and Near-Steady-State 
Photoexcitation Spectroscopy 

Spectroscopy studies of conjugated polymers have been an impor-
tant source of information on their electronic structure; in partic-
ular, photoinduced absorption (excitation spectroscopy) has suc-
cessfully characterized the gap states associated with the nonlinear 
excitations (solitons, polarons, and bipolarons) and determined 
the energies of those states relative to the conduction and valence 
bands in several conjugated polymers. 

Photoinduced absorption (PA) spectroscopy is a measurement 
of the linear absorption spectrum of the excited state of the system. 
The measurement is very similar to ground-state linear absorp-
tion spectroscopy with the difference that the system is pumped by 
light of £̂  > £'gap when the measurement is made. To observe the 
changes in the absorption spectrum between the ground and the 
excited states, modulation techniques must be used. In principle, 
however, steady-state photoinduced absorption only sees those 
species that have long lifetimes, and the changes (—AT/T) are typ-
ically on the order of 10""̂ . In near-steady-state PA, most of these 
excitations have decayed away and a straight absorption spectrum 
of the photoexcited state would be indistinguishable from that of 
the ground state. In such a case, in order to measure small change 
with a large signal, standard phase-sensitive detection techniques 
are typically used. 

A number of steady-state PA spectroscopic measurements have 
been made since the discovery of conjugated polymers. Blanchet 
et al. [1220] show the one-to-one correspondence between pho-
toinduced infrared-active vibrational (IRAV) modes and doping-
induced IRAV modes in steady-state IR photoexcitation spec-
troscopy. These results imply that the same charge species are pro-
duced in both cases. In nondegenerated ground-state conjugated 
polymers, Vardeny et al. [1221] reported the photogeneration of 
confined soliton pairs (bipolarons) in the steady-state photoexcita-
tion spectrum of polythiophene, as shown in Figure 175, and Kim 
et al. [1222] studied poly(3-methylthienylene) with the same exper-
imental techniques. Wohlgenannt et al. [1223] applied the near-
steady-state photoexcitation technique to ladder-type poly(para-
phenylene) films for investigating the recombination kinetics of 
photogenerated neutral and charged excitations such as singlet 
and triplet excitons and charged polarons in this material. 

4.3.3. Sub-Picosecond Photoexcitation Spectroscopy 

In sub-picosecond photoexcitation spectroscopy (or time-resolved 
excited spectroscopy) of the conjugated polymers, one can study 
the excited-state spectra (absorption, emission, and stimulated 
emission) and the time decay of the excited-state spectral fea-
tures. For nonlinear excitations in conjugated polymers, this spec-
troscopy technique is useful, since their photogeneration processes 
usually occur in the sub-nanosecond time domain. 
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Fig. 175. Photoinduced absorption of polythiophene at 20 K obtained 
with a sample pumped at 10 mW/cm^ of a 2.7-eV laser beam. Reproduced 
by permission of the American Physical Society from Z. Vardeny, E. Ehren-
freund, and O. Brafman, P/iy5. Rev. Lett. 56, 691 (1986). Copyright © 1986, 
American Physical Society. 

Dogariu et al. [1224] studied the magnitudes and decay of the 
stimulated emission (SE) and the photoinduced absorption (PA) 
by picosecond PA spectroscopy in a soluble derivative of poly(/?-
phenylene vinylene) (MEH-PPV). They explained the bimolec-
ular decay dynamics results from dipole-dipole interactions be-
tween excited species [1224, 1225]. Klimov et al. [1226] reported 
femtosecond transient-absorption studies of a five-ring oligomer 
of poly(p-phenylene vinylene) prepared in solid-state film and di-
lute solutions. In this experiment, they showed that the biexciton 
is stable in a solution state, but unstable in a solid state. Kraa-
bel and Joffe [1227] studied the singlet exciton-relaxation scheme 
on isolated polydiacetylene (PDA) chains through sub-picosecond 
pump-probe experiments. They suggested that self-trapping is at 
best a minor component of exciton relaxation in PDA isolated 
chains in these experiments [1227]. Femtosecond pump-probe ex-
periments on solutions of MEH-PPV in THF (tetrahydrofuran) 
have been done by Nguyen et al. [1228]. In this experiment, they 
reported that with proper choice of excitation wavelength, solvent, 
and concentration, control over the lifetimes of excitons, and their 
aggregates, as well as their relative population, is possible [1228]. 

4.3.4. Photoconductivity 

Photoconductivity has also proven to be an important method for 
providing fundamental information regarding the nature of the 
photoexcitation in conjugated polymers [1229-1231]. In fact, pho-
toconductivity is a quite complex phenomenon, including optical 
absorption, electrical transport of carriers, and recombination or 
trapping of photogenerated carriers. In turn, it offers a valuable 
tool in the investigation of the fundamental physics underlying this 
rich complexity of photoelectronic properties of semiconductors. 
In addition, measurements of photoconductivity by varying the ex-
citation light intensity (photodoping) provides a unique opportu-
nity for investigating the "intrinsic properties" of a material with 
varying carrier concentrations without changes in chemical com-
position and/or structural disorder. Furthermore, photoconductiv-
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Fig. 176. Spectral response of the magnitude of the peak transient pho-
toconductivity (•) and the steady-state photoconductivity (O) compared 
with the optical absorption spectrum—for MEH-PPV. Reproduced by per-
mission of Elsevier Science from C. H. Lee, G. Yu, N. S. Sariciftci, A. J. 
Heeger, and C. Zhang, Synth. Met. 75, 127 (1995). Copyright © 1995, El-
sevier Science. 

ity effects have been used in broad applications from photodetec-
tors to ultrafast optoelectronics. 

The most comprehensive studies on the photoconductivity of 
conjugated polymers have been made by Lee and co-workers 
[1229-1231]. In their measurements, mainly on PPV and its deriva-
tives [1229-1231], they compared the spectral response of both 
steady-state and fast transient photoconductivity with the ab-
sorption spectrum in order to investigate whether free carriers 
(charged polarons) or bound excitons are photogenerated. In par-
ticular, their picosecond transient photoconductivity studies of-
fered the possibility of monitoring the generation and transport of 
charge carriers before charge transport is significantly limited by 
traps. In their steady-state and transient photoconductivity spec-
tral response on MEH-PPV [1231] as shown in Figure 176, they 
observed that the onset of photoconductivity coincides with the 
onset of absorption, consistent with a weak exciton binding energy, 
less than approximately 0.1 eV. Moreover, from the measurements 
of transient photoconductivity in the picosecond to nanosecond 
regime [1231], they observed that there is an initial fast response 
with decay of about 100 ps followed by a slower component with a 
decay time of a few hundred picoseconds. This fact, they argued, 
confirms that carriers are generated by a first-order process that 
cannot be attributed to interactions between excitations. In sum, 
since the details of photoconductivity data [1229-1231] are mainly 
consistent with photoexcitation of charged (positive and negative) 
polarons, they concluded that a description of the electronic struc-
ture of the PPVs in terms of a semiconductor band model is more 
appropriate than an exciton model. 

4.3.5. Photoluminescence Spectroscopy 

Time-resolved photoluminescence spectroscopy has emerged as 
one of the most important tools for studying the properties of 
solid-state materials suited to optoelectronic applications, includ-
ing semiconducting polymers. This is due to the relatively direct 
information about the excitation dynamics, such as recombina-
tion and relaxation processes, which is obtained from such ex-
periments. Wong et al. [1232] have reported a luminescence life-
time much smaller than 1 ns in conjugated polymers and have 
pointed out that nonradiative as well as bimolecular processes 
might play an important role. Furukawa et al. [1233] have stud-
ied time-resolved luminescence in PPV and have explained the re-
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suits in terms of self-trapping of the excitation in PPV. Kersting et 
al. [1234] have studied time-resolved photoluminescence experi-
ments on PPV and explained the results in terms of spectral relax-
ation associated with the incoherent hopping motion of excitons 
within a disorder-broadened density of states. 

In spite of comprehensive study of the emission dynamics on 
all time scales, ranging from femtoseconds to nanoseconds, the 
nature of the primary photoexcitation is controversial. Estimates 
of the binding energy of the electron and hole in the photoexcited 
state (the exciton) range from 0.2 eV or less [1235] up to 0.9 eV 
[1236]. In the case of weak binding, the exciton would be delocal-
ized over many monomers on a given chain and, depending on the 
strength of the interchain transfer interaction, even over several 
chains; a large binding energy, on the other hand, would imply lo-
calization on a few monomers of a given chain. 

A second area of disagreement centers around photolumines-
cence quenching at high excitation densities in thin films. The for-
mation of nonradiative interchain polarons [1237, 1238] and in-
terchain exciton formation [1239] have been proposed as sources 
responsible for the quenching mechanism. At moderately high ex-
citation densities, bimolecular decay, resulting from interchain in-
teractions between the excited species, is considered to be respon-
sible for the fast photoluminescence decay [1240-1243]. At high 
excitation conditions, the formation of biexcitons becomes favored 
[1244,1245]. 

4.3.6. Gain Narrowing in Photoluminescence Spectra: 
'^Lasing^'in Conjugated Polymers 

There is a new class of laser system, frequently called "mirrorless 
lasers," for which the gain is so high that they do not need a res-
onant cavity to emit bright and quasi-coherent beams. To achieve 
such performance, either of the following processes should be sat-
isfied. First, there is a cooperative process, characterized by the 
emission of coherent radiation with peak intensity proportional to 
N'^, where N is the number of oscillating dipoles, and with the 
excited-state lifetime proportional to 1/N. Second, there are col-
lective processes, such as amplified spontaneous emission, where 
the spontaneous emission coming from a distribution of emitters 
is linearly amplified by the gain medium. 

Gain narrowing refers to the linewidth narrowing of the photo-
luminescence (PL) emission spectrum above a threshold optical-
pump excitation energy. The narrowing is an indication of light 
amplification by stimulated emission at the gain maximum. Hide 
et al. [1246] reported an observation of gain narrowing in the PL 
spectrum of PPV derivatives, as shown in Figure 177. They sug-
gested that achievement of gain narrowing requires that two cri-
teria should be fulfilled. First, the active polymer medium must 
exhibit stimulated emission under optical or electrical excitation. 
Second, structures appropriate for amplified spontaneous emis-
sion should include planar waveguides [1246]. In fact, they em-
phasized the role of waveguiding in the achievement of gain nar-
rowing in optically pumped polymer films [1246]. Asymmetric pla-
nar waveguides formed from the refractive index mismatch at the 
polymer/air and polymer/substrate interfaces of a thin film provide 
a straightforward and relatively simple method for extending the 
path length of the emitted photons in the gain medium. On the 
other hand, Tessler et al. [1247] reported an observation of op-
tically pumped lasing from a poly(p-phenylene vinylene) (PPV) 
layer incorporated in an optical microcavity. Although there is 
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Fig. 177. Photoluminescence spectra at different excitation energies for 
a 210-nm-thick film of BuEH-PPV pumped at 435 nm. Reproduced by 
permission of the American Association for the Advancement of Science 
from F. Hide, M. A. Diaz-Garcia, B. J. Schwarz, M. R. Andersson, Q. Pei, 
and A. J. Heeger, Science 273, 1833 (1996). Copyright © 1996, American 
Association for the Advancement of Science. 

general agreement among the experimental observations of spec-
tral narrowing in conjugated polymers, a detailed picture of the 
gain mechanism in polymer materials is still lacking. More detailed 
experiments are required to resolve these issues. 

4.3.7. Nature of the Primary Photocarriers in PPV: Neutral 
Excitons versus Charged Polarons 

Although the optical and photoexcitation spectroscopic properties 
of conjugated polymers have been investigated for over a decade, 
there is still controversy over the description of the primary pho-
toexcitation species [1121]. The main point is the relative strengths 
of the electron-electron and the electron-phonon interactions 
in comparison with the 7r-electron bandwidth. If the electron-
electron (or electron-hole) Coulomb interaction is strong enough, 
this leads to the creation of localized and strongly correlated po-
laron pairs (so-called neutral polaron excitons). On the other 
hand, if electrons (and holes) are well screened with associated 
lattice distortions, this leads to the formation of charged polarons, 
which can be more appropriately described using a band picture 
supplemented by the electron-phonon interaction. In conjugated 
polymers, both band-based models and exciton-based models have 
been used to explain aspects of their optical properties [1121]. 

This issue is also important with regard to applications based 
on these materials. In particular, the existence of the bound triplet 
can severely limit the quantum efficiency in electroluminescence 
devices such as polymer LEDs. If the triplet binding energy and 
the corresponding cross section for forming a triplet from a pair of 
injected carriers are large, the singlet-triplet ratio would be deter-
mined by the multiplicity of the triplet and singlet states (3:1). In 
this case, the quantum efficiency for electroluminescence would 
necessarily be limited to 25% of the corresponding quantum ef-
ficiency for photoluminescence [1248]. However, if the dynamics 
are such that the cross section for triplet formation from a pair of 
oppositely charged polarons is relatively small, the limiting quan-
tum efficiency for electroluminescence can approach 100% of that 
of the photoluminescence. Therefore, obviously, these issues are 
both scientifically interesting and critically important to the assess-
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ment of the future potential of light-emitting devices fabricated 
from semiconducting polymers. 

4.4. Electroluminescence in Conjugated Polymers: 
Polymer LED 

Electroluminescence (EL) is the generation of light by electrical 
excitation, and can be seen in a wide range of semiconductors. 
However, this phenomenon has also been observed in organic 
thin-film electroluminescence in the 1980s through the work of 
Tang and Van Slyke [1249], who demonstrated efficient electro-
luminescence on two-layer sublimed molecular film devices. Since 
then, there has been a great deal of activity in the development of 
these devices with very high levels of performance, including high 
quantum efficiencies (photons out per charge injected) of several 
percent [1250]. 

Electroluminescence from conjugated polymers was first re-
ported in 1990 [134], using PPV as the single semiconductor layer 
between two electrodes. Devices using soluble PPV, for example, 
MEH-PPV, were then demonstrated to facilitate easy fabrication 
and to improve device performance [1251]. After this first stage 
in the research, development in this field was rapid, and proto-
type devices now meet realistic specifications for industrial ap-
plications. Moreover, such achievements provide opportunities in 
many aspects, including a better understanding of the fundamental 
science, design and synthesis of materials, and semiconductor de-
vice physics of these polymers. Here we briefly discuss the current 
understanding of the physics, device properties, and technology of 
polymer LEDs. 

4.4.1. Photoconducting and Semiconducting Physics of 
Polymer LEDs 

The typical structure of a polymer LED, using conjugated poly-
mer as the single semiconductor layer between two electrodes, is 
illustrated in Figure 178. In this structure, the ITO layer acts as a 
transparent electrode, allowing the generated light to go through 
the device, while the top electrode is conveniently formed by ther-
mal evaporation of a metal. Such electrodes are chosen to facilitate 
charge injection. ITO has a relatively high work function and is 
therefore suitable for hole-injecting the electrodes, whereas low-
work-function metals such as Al, Mg, or Ca are used for the in-
jection of electrons. The band scheme of a polymer LED under 
forward bias is shown schematically in Figure 179. LED operation 
is achieved when the device is biased sufficiently to inject posi-
tive and negative charge carriers from opposite electrodes into an 
emissive polymer layer. Then recombination of positive and nega-
tive charges occurs within the region of the polymer layer, resulting 
in photon emission. 

Although the general scheme involved in polymer LEDs seems 
to be relatively simple, the nature of the electronic structure and 
an appropriate description of polymer LEDs are somewhat con-
troversial. As the underlying physics governing polymer LEDs, 
both a band-based model [1252] and an exciton-based model 
[1169] have been proposed to explain measurements. First, ac-
cording to the band-based model, it is possible to predict the low-
est voltage required for tunneling, and hence light emission, to oc-
cur. Referring to the schematics shown in Figure 180, tunneling 
will not take place in reverse or "low" forward bias due to the tilt 
of the polymer bands. However, once the applied voltage is suffi-
cient to achieve the "flat-band" condition, tunneling can start, and 
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Fig. 179. Schematic energy-level diagram for an ITO/PPV/Al LED under 
forward bias, showing the ionization potential {Ip) and electron affinity 
(£^) of PPV, the work functions of ITO and Al {^YYQ and 4>AI), and the 
barriers to injection of electrons and holes (AE^ and A£;^). There is a small 
barrier for hole injection from the ITO electrode into the valence band 
(of highest occupied molecular orbital, HOMO), and with aluminum as 
cathode, a considerably larger barrier for electron injection into the PPV 
conduction band states (of lowest unoccupied molecular orbital, LUMO). 
Reproduced by permission of Nature from R. H. Friend, R. W. Gymer, 
A. B. Holmes, J. H. Burroughes, R. N. Marks, C. Taliani, D. D. C. Bradley, 
D. A. Dos Santos, J. L. Bredas, M. Logdlund, and W. R. Salaneck, Nature 
397,121 (1999). 
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Fig. 180. Schematic band diagrams for the preceding device at various 
values of forward bias, (a) Zero bias, no tunneling; (b) "flat-band" condi-
tion, the onset voltage for tunneling to occur; and (c) forward bias, tunnel-
ing of both carriers. Reproduced by permission of the American Physical 
Society from I. D. Parker, /. Appl Phys. 75,1656 (1994). Copyright © 1994, 
American Physical Society. 

for higher values of forward bias significant tunnel currents will 
flow. This turn-on voltage depends only on the energy levels of the 
polymer and electrodes and should be independent of the poly-
mer thickness. The turn-on voltage is the voltage required to reach 
the "flat-band" condition and depends only on the bandgap of the 
polymer and the work function of the electrodes. For an ideal de-
vice, the electrodes are matched to the HOMO and LUMO of 
the polymer, so that the barrier heights are 0. This gives the low-
est operating voltage and maximum device efficiency. In this case, 
the turn-on voltage would be equal to the bandgap of the poly-
mer. In this model, the current-voltage {I-V) characteristics are 
controUed by the current density of the majority injected carrier 
(hole), while the device efficiency is controlled by the current den-
sity of the minority injected carrier (electron). Manipulating these 
band offsets can control the operating voltage of the device, as weH 
as its efficiency. 
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An alternative is the exciton-based model [1169]. In this model, 
injected electrons and holes capture one another within the poly-
mer film and form neutral bound excited states (so-called ex-
citons). Since such excitons are substantially confined to a sin-
gle polymer chain, excitons in conjugated polymers are generally 
considered to be more strongly localized than excitons in three-
dimensional inorganic semiconductors. In such a case, the spin 
wave function of the exciton can be either singlet {S = 0) or triplet 
(S = 1). However, because of the confinement of the excitation in 
this case, it is expected that the energy difference between singlet 
and triplet may be substantial. Considering only singlet states al-
lows radiative emission (fluorescence), and crossover from triplet 
to singlet is not expected because of the large energy exchange be-
tween the two states. It is generally believed that triplet excitons 
do not produce hght emission, except indirect processes such as 
triplet-triplet annihilation or phosphorescence. Therefore, in or-
der to achieve efficient luminescence, it is necessary to have good 
balancing of electron and hole currents, efficient recombination 
within the emissive layer, strong radiative transitions for singlet 
excitons, and efficient coupling of these excitons to photon states 
allowed in the device structure. 

4.4.2. Current Status of Polymer LEDs 

The most important issues in the performance of polymer LEDs 
are quantum efficiency and device lifetime [1169]. Although the 
exciton-based model sets some limits to the efficiency of operation 
for polymer LEDs (up to 25% of PL efficiency), reported efficien-
cies are relatively high (above 20 ImAV for green emission), and 
compare favorably to those reported for sublimed molecular-film 
devices. 

The device lifetime issue (both storage and operational) is 
more critical. For general applications, operating lifetimes in ex-
cess of 10,000 hours are required, together with storage times of 
5 years or more. The best results reported for sublimed molec-
ular films, based on the Kodak structure, give more than 10,000 
hours to half initial brightness (300 cd m~^) for devices made with 
quinacridine-doped Alq3 as the emissive layer and an Al/Li alloy 
as the cathode [1253]. For the polymer devices, however, there 
should be more progress in the extension of device lifetime in or-
der to match the requirements of realistic applications. As a conse-
quence, many studies on degradation processes in polymer LEDs 
are underway [1254]. The main issues in the degradation processes 
involve deterioration through formation of "black spots," which 
are commonly attributed to the presence of pinholes in the cath-
ode metal, as well as an ITO electrode quality problem. 

The potential for commercialization of these devices is consid-
ered to be high. The major advantage lies in the scope of low-
cost manufacturing, attributed to solution processibility of film-
forming polymers in devices. Moreover, solution processibihty of 
polymers offers new methods for patterning, such as ink-jet print-
ing, which place separated pixels of red-, green-, and blue-emitting 
polymer onto the prepared substrate [1255,1256]. The availability 
of full-color graphics (for computer monitors and video displays) 
constitutes another attraction of these devices. Such potential ad-
vantages make the research of this field quite active, and indeed 
have led to the new era of "polymer electronics" with abundant 
scientific results in both fundamentals and applications. 

4.5. Photoinduced Charge IVansfer in Conjugated 
Polymer/FuUerene Composites 

4.5.1. Photophysics of Conjugated Polymer/Fullerene 
Composites 

As a new form of carbon, fullerene (C6o) is an excellent electron 
acceptor capable of taking on as many as six electrons. Therefore, 
fullerene can easily form charge-transfer salts with a variety of 
alkaline metal donors [1257]. Sariciftci et al. [1170] found pho-
toinduced electron transfer from semiconducting polymers onto 
fullerene, with interesting and unique photophysical properties in 
those composites. In such cases, conjugated polymers act as elec-
tron donors upon photoexcitation (electrons promoted to the an-
tibonding TT* band), and then fullerene absorbs photoexcited elec-
trons in the LUMO level. As a result, new absorption occurs in the 
photoexcitation spectrum of those composites, assigning to the al-
lowed HOMO (Tig)-LUMO (Tiu) transitions of C~Q [1258]. Once 
the photoexcited electron is transferred to an acceptor unit, the re-
sulting cation-radical (positive polaron) species on the conjugated 
polymer backbone is known to be highly delocalized and stable as 
shown in electrochemical and/or chemical oxidative doping stud-
ies. 

A schematic description of photoinduced electron transfer 
and metastable charge separation in conjugated polymer/fuUerene 
composites is displayed in Figure 181. The interesting point is the 
observation that the forward electron transfer from the semicon-
ducting polymer onto C6o occurs in less than 1 ps [1259]. Because 
the charge-transfer rate is more than two orders of magnitude 
faster than competing radiative and nonradiative recombination 
processes, the quantum efficiency for charge transfer is close to 
unity. Subsequently, photoluminescence quenching occurs by ul-
trafast charge-transfer [1170]. Although the photoinduced charge 
transfer is reversible, the charge-transfer state is metastable with 
the back charge-transfer rate many orders of magnitude slower 
than the forward charge transfer rate. The retarded back electron 
transfer causes the excited-state absorption to persist to a longer 
time scale (even on the order of milliseconds) [1260]. Therefore, 
those unique photophysical properties lead to a number of in-
teresting applications, including sensitization of the photoconduc-
tivity [1261], photovoltaic phenomena [1262, 1263], and nonlin-
ear absorption (optical Hmiting) through excited-state absorption 
[1264]. 

4.5.2. Applications to Optoelectronic Devices 

Applications of conjugated polymer/C6o composites to optoelec-
tronic devices such as photodetectors and photovoltaic cells is 
very interesting. Because of the ultrafast photoinduced elec-
tron transfer with long-lived charge separation in the conjugated 
polymer/C6o composites, this system offers a special opportunity. 
Using conjugated polymer as donors with different acceptors re-
sults in photoinduced charge separation with quantum efficiency 
near unity and with correspondingly enhanced device performance 
[1262-1269]. 

Considering the energy diagram of a conjugated polymer and 
C60 shown in Figure 182, it is clear that the heterojunction, formed 
at the interface between a semiconducting polymer and a C50 film, 
should function as a diode with a rectifying current-voltage char-
acteristic (analogous to a p-n junction, but with a different mecha-
nism based on molecular redox properties). The inherent polarity 
of the device results in very low reversed-bias current densities. 
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Fig. 181. (a) Schematic energy band diagram for photoinduced electron 
transfer between semiconducting, conjugated polymers and buckminster-
fuUerene, Cgo- CB, conduction band; VB, valence band; HOMO, highest 
occupied molecular orbital; LUMO, lowest unoccupied molecular orbital, 
(b) Schematic illustration of photoinduced electron transfer from the pho-
toexcited conjugated polymer to Cgg-
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Fig. 182. Flat-band scheme of the Ca/polymer + Cgo /ITO tunnel diodes 
under open-circuit and short-circuit conditions. 

On the other hand, electron injection into C6o and electron re-
moval from the semiconducting polymer is energetically favorable, 
resulting in relatively high current densities under forward bias. 

Sariciftci et al. [1262] reported that the rectification ratio is ap-
proximately 10̂  in a heterojunction device consisting of succes-
sive layers of ITO/MEH-PPV/C^Q/AU, as shown in Figure 183. 
The current-voltage characteristic of this device changes dramat-
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Fig. 183. Schematic diagram of the photovoltaic cell of the conjugated 
polymer/C6o composites. 

ically upon illumination by visible light, that is, increases in both 
forward- and reverse-bias current. The major increase results from 
photoinduced charge separation at the heterojunction interface. 
The strong increase in photocurrent upon illumination at - 1 V 
serves as a relatively sensitive photodiode. Additionally, they re-
port that the generation of photoexcitations, which result in sep-
arated charge carriers, occurs only at the heterojunction interface 
[1262]. 

As explained previously for polymer LEDs, a semiconducting 
polymer with asymmetric contacts (a low-work-function metal on 
one side and a high-work-function metal on the opposite side) 
functions as a tunneling injection diode [1262]. In forward bias, 
tunneling injection diodes exhibit relatively high efficiency electro-
luminescence. In reverse bias, Yu et al. [1265,1266] reported that 
the devices exhibit a strong photoresponse with a quantum yield 
larger than 20% (electron/photon at 10-V reverse bias), which 
comparable to UV-sensitized Si photodiodes. 

In general, there are two ways to approach the organic pho-
tovoltaic cell. One is as the successive layers of conjugated 
polymer/C6o, that is, the bilayer heterojunction device explained 
previously. The other is as an interpenetrating phase-separated 
donor/acceptor (D/A) network composite. However, bilayer het-
erojunction devices have some limitations in conversion efficiency. 
Because efficient charge separation occurs only at the D/A in-
terface, photoexcitations created far from the D/A junction re-
combine prior to diffusing to the heterojunction. Moreover, there 
might be a loss for the separated charges during the carrier-
collection process [1262]. In spite of those problems, however, 
many studies on bilayer heterojuction photovoltaic devices [1267-
1269] have been performed with improvement in the performance 
of the devices. 

An alternative is to use the concept of interpenetrating phase-
separated D/A network composites. Through control of the mor-
phology of the phase separation into an interpenetrating network, 
one can achieve a high interfacial area within a bulk material. 
Since any point in the composite is within a few nanometers of 
a D/A interface, such a composite is "bulk D/A heterojunction" 
material. A photovoltaic cell using these materials has been re-
ported by Yu et al. [1263]. They used a C6o derivative instead of 
pure C60 as the electron acceptor to form a bicontinuous interpen-
etrating network in the composites. They reported that the carrier-
collection efficiency is about 45% and the energy-conversion effi-
ciency is 3.3% [1263]. Since the "bulk D/A heterojunction" ma-
terials exhibit excellent photosensitivity and relatively high energy 
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conversion efficiencies, it is expected that further optimization of 
device physics might lead to high device performance in this field. 

5. CONCLUDING REMARKS 

In this chapter, the synthesis and electrical and optical properties 
of conjugated polymers have been reviewed. The past several years 
of work has shown that conjugated polymers are a new type of 
semiconducting material for electronics, optoelectronics, and pho-
tonics applications. In conjugated polymers, the electrical and op-
tical properties can be controlled at the molecular scale. Hence, 
conjugated polymers are potential materials for the fabrication of 
single molecular devices. Moreover, the tools in synthetic chem-
istry are quite sophisticated for molecular-level manipulations to 
achieve the desired physical properties. Since it is well known that 
polymeric materials can be easily processed in device fabrication, 
etc., functionalized conjugated polymers are ideal materials for 
molecular electronics and photonics. Nevertheless, the fine-tuning 
of the molecular-level chemistry and the understanding of the de-
tails of the molecular structure versus physical property relation-
ships are yet to be fully developed to really make use of these ma-
terials for potential and novel applications. 

One of the advantages of organic and polymeric materials is 
the possibility of unlimited structural variation. This also implies 
the availability of a huge array of synthetic possibilities to obtain 
those materials. To some extent, there are two main approaches to 
the synthesis of conducting polymers: the direct approach and the 
precursor methods. 

In the case of the direct approach, the polyconjugated system 
is obtained at once and often side chains are indispensible for the 
materials to be soluble. For polyaromatics, besides direct oxida-
tion and oxidative electrochemistry, organometal-catalyzed cou-
pling reactions are frequently used polymerization methods. The 
McCuUough and Rieke organometal-catalyzed coupling reactions 
allow for the synthesis of head-to-tail-coupled polythiophenes, 
showing that structural order can, to a large extent, be controlled 
by the preparation method. In many cases, specific monomeric or 
oligomeric units are synthesized in order to obtain, after polymer-
ization, conjugated polymers with well-determined properties. 

Precursor methods have been developed for polyacetylene and 
poly(p-phenylene). The precursor approach has been intensively 
stimulated by developments in the field of poly(p-phenylene viny-
lene) and the use of this polymer in light-emitting devices. The 
Wessling precursor route is one of the most used procedures to 
prepare this material. The precursor route of Louwet and Van-
derzande has overcome many of the limitations inherent in the 
Wessling precursor route and will most probably allow further in-
teresting developments for the application of poly(p-phenylene 
vinylene) in polymer electronics. 

The relationship between chemical structure and bandgap in 
conjugated polymers is one of the fundamental aspects that needs 
to be looked into for making progress in this direction. It is well 
known that the modification of side groups, steric hindrance, TT-
conjugation length, etc. can vary the HOMO and LUMO levels. 
This can be used for molecular-scale engineering of the bandgaps. 
Although polyacetylene (CH)jc is an ideal material to show the in-
trinsic metallic nature, the effect of Peierls distortion cannot be 
avoided, thereby increasing the bandgap to 1.5 eV. Hence, un-
doped (CH)x is only a semiconducting material. In the case of a 
wide variety of aromatic conjugated polymers, the stability of the 

aromatic versus the quinoid structure comes into play. At present, 
the bandgap in conjugated polymers varies from 1 to 4 eV. For 
several potential applications, further reduction in the bandgap is 
required. The final goal is to synthesize the appropriate chemical 
structures so that the desired bandgap and other electronic and 
optical properties can be attained. 

Besides providing an overview of the available synthetic proce-
dures, the aim of Section 2 was also to look into the structural tools 
available for bandgap engineering of conjugated polymers, in par-
ticular, the design of low-bandgap materials. Quantum-chemical 
calculations have shown that the bond-length alternation Ar (E^f.), 
the resonance energy stabilization of the aromatic ring system 
(RE), the inter-ring torsion angle S (E@), and the inductive or 
mesomeric effects of substituents R (ER) are the most significant 
parameters that play crucial roles in controlling the bandgap (Eg). 
In this review, the theoretical studies and the experimental results 
are compared to check the consistency of this approach. As a typ-
ical case study, the work on polyisothianaphthene and its dervia-
tives is used to illustrate these principles and to find out whether 
this methodology can be used to obtain systematic control of the 
bandgap and other physical properties of conjugated polymers. 

From classical Hiickel molecular orbital theory and experimen-
tal data, it is known that a qualitative correlation exists between the 
bandgap and the resonance stabilization. Apparently, the lower 
resonance stabilization of a heterocyclic ring system coincides with 
the lower bandgap of the corresponding polymer. This qualitative 
correlation can be used as a rough guideline for the synthesis of 
low-bandgap polymers. For example, in copolymers, it is possible 
to combine different types of aromatic ring systems, substantially 
altering the electronic properties, which are usually situated in be-
tween those of the corresponding homopolymers. 

The most important tool controlling the electronic properties in 
conjugated polymers is TT delocalization. In general, a fully planar-
extended TT system favors electron delocalization across the poly-
mer backbone, which leads to a reduction of the bandgap. In addi-
tion, the introduction of heteroatoms in the conjugated backbone 
has an influence on the resonance stability, as well as on the geo-
metric structure by lowering the steric interactions. 

It appears that the aromatic-ring resonance stabilization and 
the reduction of the torsion angle are the most important tools in-
volved in the design of low-bandgap materials. Although the previ-
ously mentioned structural and energy parameters have been dis-
cussed as being independent of each another, in reality, they in-
teract with each other. The final outcome in terms of the physical 
properties is often determined by the combined and interactive ef-
fects of all of these parameters. Hence, predicting the influence 
of a particular parameter on the bandgap is not always straight-
forward. Nevertheless, with the development of better theoreti-
cal models, taking into account experimental results, the improve-
ment in quantum-chemical techniques and computational tools 
has enabled researchers to obtain a quantitative assessment of the 
combined effect of the molecular structural and energy parame-
ters on the physical properties. 

In theoretical modeling, it was assumed that single-polymer 
chains are not interacting with each other, as in the gas phase. 
To make the models and calculations more realistic, however, 
three-dimensional packing effects in soUd-state systems should be 
taken into account, and this can play an important role in the 
desired properties of conjugated polymers. Usually, the three-
dimensional packing effects enhance the interchain interaction, 
giving rise to a complex set of vibrational modes. This eventually 
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leads to a suppression of the Peierls distortion in noninteracting 
one-dimensional chains, thus stabilizing the metallic state in low-
bandgap conjugated polymers. 

At the next level of modeling, design, and synthesis of low-
bandgap materials, intermolecular and interpolymer chain inter-
actions, as well as supramolecular structure formation, etc., should 
be taken into account. Furthermore, in real systems several other 
factors, for example, liquid crystallinity, van der Waals interac-
tions, hydrogen bonds, hydrophilic and lipophylic interactions, 
etc., should be given adequate importance in specific situations. 

In the last two decades, the field of conjugated polymers has 
evolved from one-dimensional linear chains to two-dimensional 
polymer network structures. Although many research groups are 
active in the field of supramolecular chemistry and nanotechnol-
ogy, the ultimate challenge, yet to be resolved, is the secret behind 
the control of the third supramolecular dimension in 7r-electron 
systems. 

Section 3 gives a brief overview of the charge-transport prop-
erties in doped conducting polymers highlighting the following 
points: 

1. Conducting polymers are rather complex systems, in which 
the structural and morphological features influence the elec-
trical and optical properties significantly. The charge-transport 
properties, M-I transition, etc. are strongly governed by both 
microscopic- and macroscopic-level structural disorder, doping-
induced disorder, etc. 

2. In general, the effective conjugation length, interchain in-
teractions, and morphology are the most important parameters 
that influence the physical properties, disorder-induced localiza-
tion, charge-transport mechanism, etc. 

3. In doped conducting polymers, both localized and delo-
calized states coexist as an interpenetrating network. In oriented 
materials, the electronic states are delocalized along the chain 
direction; as a result, the conductivity, carrier mobility, etc. are 
higher with respect to unoriented systems. In unoriented globu-
lar or granular conducting polymer systems, the localized states 
determine the charge-transport properties. 

4. The molecular structure, doping level, interchain interac-
tion, extent of disorder, etc. determine the stability of solitons, 
polarons, bipolarons, free carriers, etc. in doped conducting poly-
mers. 

5. A metallic state has been observed in high-quality samples 
of doped (CU)x, PPV, PANI, PPy, P3MeT, and PEDOT The ex-
perimental evidence includes the following: finite conductivity at 
millikelvin temperatures, linear temperature dependence of ther-
mopower, linear term in specific heat, temperature-independent 
Pauli susceptibility, quantum corrections (weak localization and 
e-e interaction) to MC, metallic reflectance, and free-carrier ab-
sorption in the infrared. 

6. A metallic positive TCR has been observed, from 300 to 
L5 K, in C104-doped (CH)^. In PANI-AMPSA (CSA), the pos-
itive TCR is at r > 70 (150) K. In several metallic conducting 
polymer samples, a positive TCR has been observed at T < 20 K. 
These features show the intrinsic metallic nature of doped con-
ducting polymers. 

7. The VT dependence of conductivity, at low temperatures, 
in metallic conducting polymers indicates that the e-e interaction 
contribution is significant. The universal scaling behavior of mag-
netoconductance confirms the dominant role of the e-e interac-
tion contribution. 

8. In oriented metallic systems, the anisotropic magnetocon-
ductance due to the interplay of WL and e-e interaction contribu-
tions [the sign of MC is positive (negative) when the field is per-
pendicular (parallel) to the chain axis] can be used to probe the 
misaligned chains. 

9. The behavior of a(7) and MC is nearly identical in both 
the parallel and the perpendicular directions to the chain axis in 
highly oriented metallic (CH)jc and PPV. This suggests that the 
charge-transport mechanism is nearly identical in both the parallel 
and the perpendicular directions to the chain axis, and the system 
behaves more like an anisotropic three-dimensional system. 

10. The metallic, critical, and insulating regimes can be iden-
tified from the W versus T plots. The positive, T-independent, 
and negative temperature coefficients of W(T) correspond to the 
metallic, critical, and insulating regimes, respectively. 

11. In the critical and insulating regimes, the resistivity ra-
tio and positive MR increase as the extent of disorder increases. 
The field-induced transitions, from the metallic to the critical and 
from the critical to the insulating regimes, show that the mobil-
ity edge and Fermi level are situated rather close. Hence, due to 
interchain transport and disorder, conducting polymers are at the 
metal-insulator boundary. 

12. From the hopping contribution to the U-shaped behavior 
in 5(7) and the Curie term in ;^(7), a semiquantitative level of 
information about the extent of disorder can be obtained. 

The structurally improved PANI-CSA, PPy-PF6, and PEDOT-
PF6 samples have provided the opportunity to study the M-I tran-
sition and the intrinsic metallic state of conducting polymers by 
optical spectroscopic measurements. In particular, the optical re-
flectance spectra of such materials yield a wealth of significant in-
formation on the metal physics in the infrared, the electronic struc-
ture over a wide energy range, and the nature of the M-I transition 
in doped conducting polymers. In such a case, a quantitative anal-
ysis of the spectra is given in terms of the localization-modified 
Drude model, leading to the conclusion that doped conducting 
polymers are "disordered metal" near the M-I transition. 

The optical spectra of structurally improved materials are com-
pared with those obtained from conventionally prepared materi-
als. While the structurally improved materials show distinct metal-
lic signatures indicative of delocalized electronic states at the 
Fermi level, the optical spectra of the conventional samples indi-
cate that the states near the Fermi level are localized due to se-
vere disorder in the context of Anderson localization. Thus, con-
ventional samples can be characterized as a "Fermi glass." In this 
case, the two categories of samples show different charge dynamics 
in the far-infrared consistent with theoretical predictions. 

Conjugated polymers, in the undoped state, exhibit the elec-
tronic and optical properties of semiconductors in combination 
with the mechanical properties of general polymers, making them 
potentially useful for a wide array of applications; particularly in 
organic optoelectronic devices such as polymer LEDs, photode-
tectors, photovoltaic cells, etc. Development in the performance 
of such devices has advanced rapidly, and prototype devices now 
meet realistic specifications for practical applications. In spite of 
such successful achievements in the scope of device application, 
however, there is still controversy over the nature of the electronic 
structure and the appropriate description of the underlying physics 
of elementary excitations. Since these issues are both scientifically 
interesting and critically important to the assessment of the future 
potential of devices based on conjugated polymers, more detailed 
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research is required to resolve these issues. Nevertheless, recent 
research activities on these materials indicate that the rich physics 
of low-dimensional organic semiconductors can be observed and 
explored in conjugated polymers. 

In conclusion, the past two decades of research in conjugated 
polymers have grown into an intense interdisciplinary field. The 
synthesis of conjugated polymers, the processing of these materials 
within the framework of various studies and applications, the in-
vestigation of the electrical and optical properties, the fabrication 
and performance of conjugated polymer devices all play significant 
and synergetic roles in the progress that has been achieved so far 
and in the results that will be obtained in the near future. The sta-
tus of research and development in this field is quite promising to 
such an extent that conjugated polymers are probably going to be 
one of the most important ingredients in the coming generation of 
molecular electronics and photonics. Moreover, the studies and 
developments in conjugated polymer electronics can be consid-
ered as a bridge and interface between the present-day inorganic 
semiconductor devices and the electrical and optical devices in or-
ganic and even biological systems. It is to be expected that the role 
of conjugated polymers in biomimetic and biomolecular electronic 
and photonic devices will also be of considerable importance. The 
rise of the new and exciting research field of organic conducting 
materials has been characterized by a holistic approach, which has 
been imbedded from the very beginning in the scientific approach 
toward a deeper understanding of material properties and pro-
cesses. This approach will provide the basis for the fundamental 
understanding of the intricate and subtle operational mechanisms 
of electronic and photonic processes not only in purely organic ma-
terials and devices, but even at the level of processes and devices 
interacting with life in its most profound aspects. 
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1. INTRODUCTION sible to quantify the analyte. So a correlation between the signal 
magnitude and the quantity of analyte, in terms of concentration 

1.1. Background or mass, is required over a large range. Generally, practical linear 

The recognition principle is based on the modification of a measur- ^^ logarithmic relationships are often obtained, 
able signal characteristic of a species {receptor), caused by the ex- ^wo other criteria to be fulfilled by recognition are rapidity 
ternal interaction {stimulus) with another species {analyte) [1, 2]. ^^^ sensitivity. A rapid transduction will allow measurements in 
As a matter of fact, changes in signal reflect changes in one or ^^^^ ̂ mie which are essential for clinical or biological applications, 
several properties (e.g., electrical, optical) of the receptor. If the ^ sensitive system will be able to respond to a low-level stimulus, 
signal recorded in the absence of the analyte is identical to that i-^-' ^ weak receptor-analyte interaction or a low concentration in 
in its presence, the recognition does not take place. This reveals analyte. 
either that the interaction is not sufficiently strong to significantly Finally, the development of a sensory device for long-term uses 
change the signal or the considered signal is not able to transduce will be possible if the interaction does not irreversibly change the 
the interaction. properties of the sensing element, i.e., the original signal is recov-

Another feature of the recognition is selectivity. The interaction ered after the recognition event. In the contrary case, the system 
has to be specific and the analyte has to be detected among other can function only if a preferentially mild and fast method yields 
interfering species. Moreover, changes in signal must make it pos- the original signal. 
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Clearly, there are few systems which are able to fulfill simulta-
neously all of the conditions described previously: selectivity, sen-
sitivity, rapidity, and chemical reversibility. Consequently, a com-
promise must often be found, depending on the nature of the fore-
seen application. For example, the criterion of reversibility is not 
important for in vivo applications, which generally involve one-use 
sensory devices. 

1.2. Electrochemistry: A Powerftil Tool for Recognition 

When the receptor is redox-active or is bound to a redox-active 
group, the electrochemical behavior of such a moiety can be af-
fected by the presence of an ion or molecule with which it in-
teracts [3]. In this case, different types of reactions can lead to 
recognition events: electrochemical catalysis, host-guest complex-
ation, ion pairing, etc. (Table I), and the modified parameters 
are generally the rate of electron tranfer and/or the formal po-
tential of the electroactive system. Then the attachment of such 
functional groups to electrode surfaces to take advantage of their 
properties observed in solution is a prerequisite for the techno-
logical development of recognition devices. For this purpose, dif-
ferent routes have been used: immobilization in redox-active poly-
mer films (electronically conducting and metallic centers contain-
ing polymers) and in electroinactive polymer-based membranes 
(Nafion and polysiloxane) and functionalization of organized ar-
chitectures (self-assembled mono- and multilayers, dendrimers). 
Furthermore, since the electrochemical properties of those ma-
terials are usually tied to other characteristic properties, tech-
niques other than electrochemistry can be also used to trans-
duce the recognition event. For example, numerous reports have 
demonstrated that conformational changes resulting in the host-
guest complexation between an alkaU cation and a crown ether-
functionalized conducting polymer led to a less conjugated and 
less electroactive polymer. So, binding could be evidenced from 
the shift of the cyclic voltammetry curve of the polymer toward 
more anodic potentials, the hypsochromic shift of the TT-TT* tran-
sition band on its UV-visible spectrum, or the lowering of its elec-
tron conductivity. 

A large number of application fields can be overlaid by this type 
of electroactive structure endowed with recognition properties: 
namely, (i) ionic and molecular detection (biological and chemical 
sensors, microsensors); (ii) extraction for recuperation and depol-
lution (water and radioactive wastes, environmental protection); 
(iii) ionic and molecular transport for separation (artificial mem-
branes); (iv) chemical and electrochemical syntheses, e.g., asym-
metric synthesis (Fig. 1). 

Detection 
(sensor) 

Synthesis 

Extraction Transport 
(depollution of waste, (separation) 

recuperation) 

Fig. 1. Principal applications of electroactive film-based recognition. 

polypynole polythiophene polyacetylene polyaniline 

^<M 4<0^. 
poly(thiophaievinylene) poly(p-phenylenevinylaie) polyfluorene 

Fig. 2. Classical conjugated polymers. 

1.3. Redox-Active Coivjugated Polymer-Based Recognition 

The electroconducting conjugated polymers (ECPs) are an excit-
ing class of materials with unique electronic, electrochemical, and 
optical properties [4-7]. The common characteristic of ECPs is 
a delocalized electronic structure along the conjugated organic 
backbone which is composed of successive aromatic units (Fig. 2). 
One of the most interesting aspects of these polymers is that they 
can be reversibly converted upon electron transfer from an elec-
tronically insulating, neutral form to a conducting, oxidized form. 
This change of redox state is accompanied by the incorporation 
of electrolyte anion (doping anion) within the polymer structure, 
ensuring electroneutrality. 

The synthesis of ECPs can be electrochemically or chemically 
achieved. The significance of the electrochemical method is that 
the polymer is obtained in one step as a film deposited on the elec-
trode surface from the oxidation of the corresponding monomer 
in solution. The film thickness can be easily controlled from the 
electric charge consumed during the electropolymerization reac-
tion. So, nanometric-thickness films can be electrodeposited on 
macroelectrodes but also on ultramicroelectrodes. Moreover, the 
electrochemical route allows the deposition of uniform films onto 

Table I. Different Components of a Recognition Event Based on Electroactive Films 

Stimuli Consequences Transduction signals 

Catalysis 

Host-guest complexation 
Electrostatic interaction 
Permselectivity 
Adsorption 

Decrease of the activation barrier 

Conformational changes 
Conductivity changes 
Changes in electron work function 
Changes in diffusion and/or migration rates 

Electrochemistry (amperometry, potentiometry, 
cyclic voltammetry, impedancemetry) 

Spectroscopy (absorbance, fluorescence) 
Conductivity 
Gravimetry 
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So, from these three methods of functionalization, a large num-
ber of conjugated polymers possessing recognition units (redox 
catalysts, enzymes, host molecules) have been synthesized and 
characterized [8-17]. Among them, polypyrrole [8-10] and poly-
thiophene [11-15] derivatives have been the most used polymer 
matrices. So, it seems likely that the interaction between the re-
ceptor immobilized within the polymer structure and the target 
analyte in solution may result in the modification of the electro-
chemical response of the material. As illustrated in the following, 
other characteristic properties can also be changed with the inter-
action. 

^ -C2+8^n e-
c-,6A-

U ny0 

^.6A- (III) 

Fig. 3. Functionalization of polythiophene before (I), in the course 
of (II), and after (III) the electropolymerization step. 8 is the doping level 
of the p-doped polymer (number of positive charges per monomer unit), 
and F is the functional group. 

electrode surfaces of different geometries (sheet, disk, cylinder, 
drop, or felt). 

Thus, the functionalization of ECPs by receptor centers is an 
approach suitable to the attachment of these specific moieties 
to electrode surfaces. It can be achieved in three principal ways: 
(i) before, (ii) in the course of, and (iii) after the electropolymer-
ization step (Fig. 3). The prepolymerization approach consists of 
binding a covalently specific group to the starting monomer and 
subsequently oxidizing this assembly electrochemically to obtain 
the functionalized polymer. This is the most investigated method, 
and it is possible if the specific group is not degraded when ox-
idizing potentials are applied. The electrostatic incorporation of 
specific anions, such as heteropolyanions, in the course of the elec-
trosynthesis of p-doped polymers constitutes the second approach. 
In this manner, the functionalization will be durable if the dop-
ing anion is irreversibly captured in the polymer matrix, but also 
if the electrostatic bindings between the anion and the positively 
charged polymer are strong. The first condition is generally ful-
filled if the size of the anion is roughly more than 1 nm. More-
over, the environment offered by the polymer structure should not 
impair the specific properties of the anion. A typical example is 
the incorporation of biological molecules, such as enzymes. Finally 
the postpolymerization functionalization consists of modifying an 
ECP electrochemically after its electrosynthesis. This approach is 
applied when the electropolymerization of the starting monomer 
is not possible because of the oxidative degradation of the func-
tional group or the hnpediment of the electropolymerization pro-
cess caused by the electron-withdrawing effect or the steric bulki-
ness of the functional group. 

2. MOLECULAR RECOGNITION 

2.1. Enzyme-Containing Polymers 

Redox enzyme-based molecular recognition has been the subject 
of considerable interest, principally because of the exceptional se-
lectivity of this type of catalyst and the large number of commer-
cially available enzymes, which allows the detection of numerous 
molecules of biological interest [18-21]. Three groups of redox en-
zymes in particular have been investigated: 

• Nicotinamide adenine dinucleotide (NAD^)-dependent 
dehydrogenases. In these systems, NAD" ,̂ which is the termed 
cofactor (a small molecule essential for enzyme activity), is the 
redox center and is reducible to NADH. 

• Flavoproteins. They contain one or more flavin redox groups 
which are tightly bound to the enzyme. Among them, the most 
studied system is glucose oxidase (GOD). 

• Cytochromes. They contain one or more hemes (complex 
between an ferrous or ferric ion and a porphyrin) as prosthetic 
groups. 

Different strategies have been developed to attach these en-
zymes to electrode surfaces: 

• Adsorption. The interactions between the enzyme and the 
electrode material are van der Waals forces (e.g., adsorption to 
a conducting polymer) or ionic bonds (e.g., electrostatic 
complex between glucose oxidase and a polycationic redox 
polymer). 

• Covalent binding. For example, GOD can be grafted onto a 
vitreous carbon electrode from the formation of amide bonds 
between —NH2 groups of enzyme and — COOH groups of the 
previously oxidized electrode. 

• Cross-linking. Cross-linking can be made to occur within a 
polymer or redox polymer network. 

• Entrapment within a polymer film or gel. Because of the negative 
surface charge of most enzymes at physiological pH, enzyme 
can be incorporated into a conducting polymer as a doping 
agent, provided that the electropolymerization conditions are 
appropriate. 

Among the different methods used to detect the catalysis of an 
analyte by the immobilized enzyme, the electrochemical method 
has been the most extensively investigated. The analyte can be de-
tected either from the potential measurement between the modi-
fied electrode and a reference electrode (potentiometric method) 
or from the measurement of current crossing the modified elec-
trode when a potential is apphed (amperometric method). Based 
on kinetic considerations, amperometric biosensors are largely 



106 FABRE 

preferred to potentiometric ones [18]. Nevertheless, the funda-
mental problem for the development of these enzyme electrodes 
is to establish the electrical contact between the redox center of 
the enzyme and the electrode. As the redox center is located suf-
ficiently far from the outermost surface, the direct electron trans-
fer to the electrode is not possible. Consequently, enzyme elec-
trodes can efficiently function only if a redox mediator accepting 
and transferring electrons is included in the device [22]. The medi-
ator is usually a small and low-molecular-mass molecule (O2, fer-
rocene, quinone) that is able to diffuse freely inside the reduced 
enzyme and to closely approach the active site to oxidize. It can be 
solubilized in the electrolyte or incorporated within the conduct-
ing polymer simultaneously with enzyme, either as doping anion 
or by binding it covalently to the starting monomer. 

2.1.1. Glucose Oxidase 

GOD is a glycoprotein containing two flavine adenine dinucleotide 
FAD molecules as redox centers. The great interest in this enzyme 
can be explained by (i) its chemical resistance to acid media and 
denaturing agents such as urea and sodium dodecylsulfate [23], 
(ii) its commercial availability at a low price, and (iii) the extent of 
applications of glucose sensors in clinical analysis (diabetics con-
trol) and the food and pharmaceutical industries (fermentation 
control). 

In the cellular medium, GOD catalyzes the oxidation of glucose 
by O2 to give gluconolactone and H2O2 as indicated below: 

i8-D-glucose + GOD(FAD) -^ gluconolactone -f- G0D(FADH2) 

(1) 
GOD(FADH2) + O2 -> GOD(FAD) + H2O2 (2) 

GOD(FAD) and GOD(FADH2) represent the oxidized and re-
duced forms of the enzyme, respectively. As the two-electron 
oxidation of GOD(FADH2) into GOD(FAD) is much too slow 
[24, 25], the use of a redox mediator is necessary to regenerate 
GOD(FAD) (Fig. 4). The physiological mediator for oxidases is 
O2. When it is involved, the enzyme regeneration is thus possible 
from the oxidation of H2O2: 

H2O2 -> O2 + 2H+ + 2e" (3) 

So, the glucose sensors using O2 as a mediator are based on the 
measurement of oxidation current of H2O2 at potentials of ca. 
0.6-0.7 V (vs. SCE). The principle of the glucose detection based 
on GOD-containing polymer films is schematized in Fig. 4. Pro-
vided that the detection potential is sufficiently high and steady-
state conditions are used (e.g., rotating disk electrode or magnetic 

Solution 

Mred 

Mox 

GODo, 

GODred-

glucose 

gluconolactone 

Polymer film 

Fig. 4. Principle of an amperometric enzyme electrode for glucose based 
on a GOD-containing polymer in the presence of a redox mediator M. 

stirring), the kinetics of the global process will be essentially con-
trolled by the rate of the enzymatic reaction. 

Among the different immobilization methods used, electro-
static entrapment within conjugated polymer films has been the 
most explored, with particular emphasis on polypyrrole (PPy) and 
derivatives which can be efficiently electroformed in aqueous me-
dia [26-48]. 

Reports have also focused on polyaniline [49-52], poly(phenyl-
enediamine) [53-59] and other functionalized polyphenylenes [60, 
61, 64], polythiophene [39, 62], and other less classical ECPs [63, 
65]. Table II gathers the principal results obtained from these 
GOD-containing ECP films in the presence of glucose. 

At the pH usually used for the immobilization procedure (pH 
6-7), GOD is negatively charged (isoelectric point of 4.2) and 
therefore may be included within an oxidized polymer film. After 
its electrosynthesis, the GOD-entrapping film held at the oxida-
tion potential of H2O2 showed a steady-state amperometric re-
sponse dependent on the amount of glucose in solution. Generally 
the steady-state currents /ss varied with the bulk concentration in 
glucose CQ according to the Michaelis-Menten kinetics (Eq. (4)) 
available in homogeneous phase: 

^ss — h 
Am + Co 

(4) 

Characteristic parameters such as the apparent Michaelis-Menten 
constant K^^ and the maximum current under saturating substrate 
conditions /max could be determined from linear Lineweaver-
Burk- (l//ss vs. 1/CG; Fig. 5), Eadie-Hofstee- (hs vs. ISS/CQ), or 
Hanes- (CQ/ISS VS. CQ) type plots. As an example. Fig. 5 shows the 
calibration curve for glucose and the corresponding Lineweaver-
Burk plot obtained at pH 7 with a GOD-entrapping PPy film. 

However, such parameters are very dependent on the experi-
mental conditions, the structure of the polymer film, and the en-
vironment of the immobilized enzyme. Sometimes, values of K^^ 
agreed well with the Km value of the soluble GOD, indicating 
that the enzymatic activity was unaffected after the immobilization 
step. 

In addition to the popular entrapment method, the immobiliza-
tion of GOD inside an ECP film could be also achieved by cova-
lently binding the enzyme to the starting monomer or the polymer. 
This has been applied to N- [31, 42, 46] and 3-substituted [29, 45] 
pyrroles, bithiophene [62], aniline [52], and azulene [63] (Fig. 6). 
Compared to the entrapment procedure, the covalent attachment 
of GOD led to higher activity and stability and faster glucose de-
tection. 

The adsorption of GOD to an ECP, such as PPy [66, 67] or 
poly(3-methylthiophene) [39], has also been reported to be a sim-
ple route to enzyme electrodes that is less denaturating than phys-
ical entrapment. Recently, an innovative strategy has been de-
scribed by Cosnier and Lepellec [48]. It involves initially the de-
position of a biotin-substituted PPy film, followed by the succes-
sive attachment of avidin and biotin-labeled GOD, driven by the 
specific avidin-biotin interaction. 

Owing to the high potential required to oxidize H2O2 enzy-
matically, the electroactivity of some ECP matrices, such as PPy, 
was irreversibly lost. Under these conditions, H2O2 was oxidized 
at the electrode surface after diffusion through the polymer film. 
Moreover, at high potentials, the mechanical behavior of the poly-
mer film can be altered, and numerous organic molecules, such 
as ascorbic acid and uric acid, can interfere. Thus, the enzymatic 
electrodes involving O2 as a mediator showed serious limitations 



Table 11. Glucose Electrodes Based on GOD-Containing Conjugated Polymer Films 

Sensor performancese 

Detection GI jm, 

potential ( v ) ~  (mM) (PA cmP2) 

Method of 

Polymer immobilization Redox Detection 
matrixa of  GOD^ mediatorC PH Comments Ref. 

0.7 V (Ag) 

0.7 V (SCE) Linear amperometric response for glucose concentrations lower than 
10 mM. Response observed only after the loss of PPy electroactivity 

Effect of film thickness on the amperometric response 0.7 V (SCE) 
_f 

f The amperometric response has not been reported 

0.7 V (SCE) Different coupling methods between the functionalized pyrrole 
monomer and GOD were investigated. Optimal coupling was achieved 
with the carbodiimide reaction 

Effect of flavin coenzymes added in the electropolymerization solution. 
Better amperometric response for glucose was obtained with FAD 

Investigation of PPyIGOD electrode surfaces by scanning tunneling mi- 
croscopy 

0.6 V (SCE) 

H 2 0 2  with I- 0.0 v (Ag) 

p4r 
PMePy 

PPyPSS 

H 2 0 2  with I- 

0 2  

F ~ c ~ ~  -TMA+ 

0.0 v (Ag) 
0.95 V (SCE) 

0.5 V (SCE) 
Linear response for glucose in the range 04 .22  M 
Coimmobilization of GOD and redox mediator into poly(styrenesu1fo- 
nate)-doped PPy 

Linear E-log[CGl,,,,,] response in the range 1-10 mM 

Redox mediator was incorporated into the polymer film as doping anion 

0 2 ,  potent. 

so-so, 
BQ 

FeCp2 
FeCp2-COOH 

0.35 V (SCE) 

0.35 V (SCE) 

0.3 V (Ag) 

0.3 V (Ag) 

Redox mediator in solution 
Polypyrrole films N-substituted by ferrocene-containing groups 

The covalent binding of GOD was achieved from a carbodiimide- 
promoted reaction between N-(2-cyanoethy1)pyrrole and the modified 
enzyme 

0.3 V (Ag) The GOD-modified pyrrole was obtained by coupling the surface lysyl 
residues of GOD covalently to 3-carboxymethylpyrrole 
Linear response for glucose in the range 0-80 mM. Redox mediator in 
solution 

0.35 V (SCE) 

0.5 V (SCE) The sensitive layer was electroformed from a preadsorbed coating of 
GOD mixed with N-alkylammonium pyrrole. Low detection limit in glu- 
cose (0.1 pM) 

Biotin-substituted PPy was used for the successive attachment of avidin 
and biotin-labeled GOD. Sensitivity to glucose: 7.0 f 0.1 m ~ c m - ~  M-I 
Maximum current response at 40°C 

Immobilization of GOD within PPDA grown on a preformed PAni layer 

Bio. PPy 0.6 V (SCE) 

PAni 

PAni/PPDA 
0.6 V (SCE) 

0.2 V (SCE) 

Redox mediator in solution 

Covalent immobilization of GOD on the copolymer through amide link- 
age formation 

(( 

0 2 ,  spectro. 



Table 11. (continued) 

Sensor performancese 
Method of 

Polymer immobilization Redox Detection Detection Kh 
matrixu of  GOD^ mediatorC PH potential ( v ) ~  (mM) (PA cmP2) Comments Ref. 

PPDA 

PPD A 
PPDAPTMOS 

0.7 V (SCE) 

0.7 V (Ag) 
0.6 V ( Ag) 

Entrapment of GOD into a composite PPDNphospholipid layer 

Glucose sensor based on a composite membrane of GOD-entrapping 
polysiloxane and PPDA 
Immobilization of GOD between inner PPDA and outer Nafion coat- 
ings 

Bilayer membrane PPyPPDA 
PPDA film electroformed onto GOD-containing carbon paste electrode 
GOD was mixed with PHQ and graphite powder 

0.7 V (Ag) 

PPyPPDA 
PPDA 

PHQ 
PPhs 

PTh 

0 2  

0 2  

PHQ 

0 2  

0 2  

0.7 V (Ag) 
0.65 V (Ag) 

0.4 V (SCE) 
0.9 V (SCE) 

0.6 V (SCE) Covalent binding of GOD via its lysine residues to activated ester- 
substituted PTh 
Redox mediator in solution 
Covalent binding of GOD to amino-functionalized PAz 

Linear response to glucose in the range loa6 to 2 x loa3 M. 

0.35 V (Ag) 
0.6 V (SCE) 

0.7 V (SCE) 
1.6 V (Ag) 

PMeTh 

PA2 
PDAB 

PI 

u p h i ,  polyaniline; P h i P P D A ,  polyaniline/poly(phenylenediamine) bilayer; PAniPAA, polyaniline/poly(acrylic acid) copolymer; PAz, polyazulene; PDAB, poly(diaminobenzidine); PHQ, 
poly(hydroquinone); PI, polyindole; PMeTh, poly(3-methylthiophene); PPDA, poly(pheny1enediamine); PPDAPTMOS, poly(phenylenediamine)/poly(tetrarnethoxysilane) composite; PPhs, 
polyphenol and derivatives; PPy, polypyrrole; PPy-NH2, amino-functionalized polypyrrole; PPyPSS, poIypyrrole/poly(styrenesulfonate); amp. PPy, poly(amphiphi1ic pyrrole); bio. PPy, biotin- 
functionalized polypyrrole; PMePy, poly(N-methylpyrrole); PTh, polythiophene. 

bA, adsorption; C, complexation; CB, covalent binding; E, entrapment; EB, electrostatic binding. 

CAmperometric reduction of J2 produced from the Mo(V1)-catalyzed reaction between enzymatically liberated H 2 0 2  and I-; BQ, p-benzoquinone; FeCp2-COOH, ferrocenemonocarboxylic acid; 
FeCp2-TMA+, (ferrocenylmethyl) trimethylammonium; HQ-SOT, hydroquinonesulfonate; Poten., potentiometric response to glucose; Spectro., spectrophotometric response to glucose; TITt, 
tetrathiafulvalenium ion. 

d ~ g ,  vs. Ag/AgCI; SCE, saturated calomel electrode. 

eK6, Michaelis-Menten constant; jmax, maximum current density (see text). 

f ~ o t  indicated. 
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0:8 1.2 1:6 

1/CG /mM-l 

Fig. 5. (A) Steady-state currents hs obtained at a GOD-entrapping PPy 
film-coated electrode in the presence of glucose. Potential, 0.7 V (vs. 
Ag/AgCl). Electrolyte, 0.1 M phosphate buffer, pH 7.0. (B) Correspond-
ing Lineweaver-Burk plot. Reprinted with permission from N. C. Foulds 
and C. R. Lowe, /. Chem. Soc.,Faraday Trans. 1 82, 1259. Copyright 1986 
by The Royal Society of Chemistry. 

0 0 

[-/ GOD j 

// W 

Fig. 6. Electropolymerizable aromatic molecules covalently bound to 
GOD. 

for in vitro or in vivo applications. Different approaches have been 
proposed to lower the detection potential. One approach involved 
the use of other electron mediators instead of O2, such as fer-
rocene [36, 41, 42], and quinone [38-40, 46], and derivatives such 
as tetrathiafulvalene [50, 51]. Other groups have reported an al-
ternative and judicious method that still uses O2. This was based 
on the amperometric reduction of I2 produced from the Mo(VI)-
catalyzed reaction between enzymatically liberated H2O2 and I~ 
added to the electrolytic solution [33, 34]. With a lowered detec-
tion potential, the EC? electroactivity could be retained and the 
oxidation of the mediator could occur inside the polymer film. It 
has been demonstrated that the retention of the conducting prop-
erties of the polymer led to a more sensitive sensor exhibiting a 
faster amperometric response [43, 44]. 

The electron mediator could be solubilized or immobilized in 
the polymer film with GOD. Obviously, the biological application 
of an enzymatic electrode will require the mediator to be incor-
porated within the polymer. So, ferrocene carboxylate [68] and 
hydroquinosulfonate [38] have been entrapped as doping anions 
within PPy. Another cationic ferrocene derivative, namely (ferro-
cenylmethyl) trimethylammonium, was coimmobilized with GOD 
into a PPy/poly(styrenesulfonate) film [36]. Covalent binding of 
the mediator has been the route chosen by Foulds and Lowe with a 
PPy film N-substituted by a ferrocene unit [41]. Nevertheless, such 
a film associated with GOD exhibited a strong oxygen sensitivity 
and a weak long-term stability. 

2.1.2. Other Enzymes and Bienzymatic Systems 

Numerous reports concerned with the immobilization of GOD in 
ECP films have demonstrated that such polymers could be used 
in the fabrication of biosensor arrays. Since these reports, this ap-
proach has been extended to other enzymes [69-113]. Like GOD, 
PPy has been the most extensively selected immobilization matrix, 
essentially because of to its stability, processabiUty, and compat-
ibility with physiological conditions. Data gathered in Table III 
show the large range of target substrates which can be detected 
from different enzymes immobilized in ECP films. 

As the isoelectric point of most enzymes is lower than 7, the 
entrapment procedure has generally been preferred, particularly 
when PPy has been involved. However, this method could lead in 
some cases to a loss of enzyme activity [93, 95]. It has been sug-
gested that such a loss could be avoided by covalent immobiliza-
tion of the enzyme, as has already been reported for 3-acetic acid-
substituted polythiophene [92]. 

For polyaniline (PAni), enzyme entrapment into the polymer 
film was not easy since the pH at which enzymes are stable is not 
optimum for aniline electropolymerization. For some enzymes, 
such as urease [101], the postelectropolymerization cross-linking 
procedure was thus preferred. Bartlett et al. have shown that 
horseradish peroxidase (HRP) could be easily adsorbed to a PAni 
film [107,108]. Nevertheless, the resulting modified electrode was 
reported to be less stable than that obtained from cross-linked 
HRP. Additionally, it has also been demonstrated that the catalytic 
efficiency of the enzyme electrodes constructed using HRP im-
mobilized by cross-linking and covalent binding was significantly 
higher than that of the electrode constructed using HRP immobi-
lized by adsorption [109]. Furthermore, one important limitation 
for PAni is that the device operated at weakly acidic pH (pH 5), 
whereas it would be more useful if it were to operate at neu-



no FABRE 

Table III. Amperometric Detection of Different Substrates from Enzyme-Containing ECP Films 

Detected substrate 

D-alanine 
Atrazine 
Cholesterol 

Choline 
Dopamine, catecholamines 
Ethanol 
Fructose 
Glucose 

Glutamate 

Glutamic acid 
Hydrogen peroxide 

L-lactate 

Lactic acid 
NADH 

Nitrate 

Nitrite 

O2 
Phenols 
Saccharose 
Thiourea 
Triglycerides 
Urea 

Uric acid 
Peptide synthesis 

Enzyme 

D-amino acid oxidase 
Tyrosinase 
Cholesterol oxidase 
Cholesterol oxidase and cholesterol esterase 
Choline oxidase 
Tyrosinase 
Alcohol dehydrogenase 
Fructose dehydrogenase 
GOD and horseradish peroxidase 

GOD and catalase 
Glucose dehydrogenase 
Glutamate dehydrogenase 
Glutamate oxidase 

Glutamate oxidase and horseradish peroxidase 
Horseradish peroxidase 

Flavocytochrome 62 
Lactate oxidase 
Lactate oxidase and horseradish peroxidase 
Diaphorase 
Alcohol dehydrogenase 
Nitrate reductase 

Nitrite reductase 
Cytochrome c 
Tyrosinase 
GOD, invertase, and mutarotase 
Uricase 
Lipase 
Urease 

Uricase 
Serine protease 

ECP matrix^ 

PPy 
PPy 

PPDA 
PPy 
PPy 
PPy 
PPy 
PPy 
PPy 
PAni 
PPy 
PPy 
PPy 
PPy 

PPDA 
PAni 
PPy 
PAni 
PThn 

PAni/PPDA 
PPh 
PPy 
PAni 
PPy 
PI 

PTh 
PPy 
PPy 
PPy 
PPy 
PPy 
PPy 
PAni 
PPy 
PAni 
PAni 
PPy 

Ref. 

[69] 
[70] 
[71] 

[72-74] 
[75] 

[76,100] 
[90] 
[82] 

[68, 77, 78] 
[111] 
[79] 
[80] 
[81] 
[100] 
[104] 
[111] 

[83,84] 
[108,109] 

[110] 
[107,108] 

[85] 
[103] 
[111] 

[86,106] 
[112] 
[92] 

[93-95,102] 
[96] 
[113] 

[75, 87, 97] 
[91] 
[105] 
[98] 
[88] 

[98,101] 
[89] 
[99] 

^PAni, polyaniline; PI, polyindole; PPDA, poly(phenylenediamine); PPh, polyphenol; PPy, polypyrrole; PTh, polythiophene; PThn, polythionine. 

tral pH. This problem could be overcome by associating PAni with 
poly(styrenesulfonate) [114] or poly(vinylsulfonate) [115,116]. 

In contrast to GOD, some enzymes such as HRP can undergo 
direct electron transfer with unusual facility. For this reason, no 
mediator was required when those enzymes were used [100, 105, 
107, 108]. In general, the sensitivity of the detection of a target 
substrate could be significantly improved by the use of a medi-
ator. For the construction of reagentless biosensors, it is neces-
sary to immobilize the mediator together with an enzyme inside 
the polymer film. So, ferrocene [74, 104, 109, 111], quinone and 
related compounds [106], redox dye [97], and mono- [102] and 
bipyridinium [92-94, 96] have been incorporated into ECP films. 

In some cases, the mediator could be the polymer itself [77, 101, 
110,112]. Among the immobilization methods of the mediator, it 
appears that covalent binding provides some advantages, as shown 
for poly(anilinomethylferrocene)-modified HRP electrode, which 
responded rapidly to micromolar concentrations of H2O2 [109]. 

2.L2.L Bienzymatic Systems 

As detailed in the preceding section, several ideas have been pro-
posed to overcome the problems caused by the high potential of 
H2O2 oxidation. Among them is the concept of bienzyme elec-
trodes. Hydrogen peroxide produced from GOD can be detected 
at lower potential values by the use of HRP coimmobilized with 
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GOD in polymer films [68, 77, 78, 111]. As a matter of fact, HRP 
efficiently catalyzes the reduction of H2O2 into H2O following 

H2O2 + 2H+ + 2M (or e") ^^ 2H2O + 2M+ (5) 

where M is an electron mediator. In this case, the amperomet-
ric determination of glucose was achieved either from the direct 
reduction of H2O2 or from the reduction of M+ solubilized or 
attached to the polymer film. So, a polymer film containing both 
GOD and HRP could operate as a glucose sensor at 0.15 or 
-0.05 V (vs. Ag/AgCl) when the polymer (PPy) matrix itself [77] 
or an attached ferrocene unit [111], respectively, was used as an 
electron mediator. According to a similar principle, HRP has been 
coimmobilized with other oxidase enzymes producing H2O2, such 
as lactate and glutamate oxidases [111]. 

The deleterious effects of H2O2 produced by GOD could be 
eliminated by incorporating this enzyme with catalase into a PPy 
film [79]. Such a bienzyme electrode responded to glucose with 
high sensitivity and specificity. 

Immobilization of cholesterol esterase and cholesterol oxidase 
made it possible to measure the total cholesterol content in blood 
serum [72-74]. Nevertheless, the long-term stability of the bien-
zyme system was limited by the degradation of the cholesterol es-
terase activity. Last, a PPy film containing up to three enzymes, 
namely GOD, invertase, and mutarotase, has been developed for 
the determination of saccharose [91]. 

2.2. Analytes of Biological and Pharmacological Interest 

The presence of a functional moiety immobilized within a conju-
gated polymer film is not a prerequisite for obtaining a system sen-
sitive to biologically interesting molecules. Sensitivity and selectiv-
ity of such a system can be based on differences in the permeabil-
ities of target molecules through the polymer film. Factors such 
as the molecule size, concentration, the nature, the morphology, 
and the thickness of the polymer film can affect permeability [117]. 
A significant example is that of PAni and PPy films, investigated in 
the presence of various amino acids (histidine, methionine, tryp-
tophan, tyrosine, and cysteine), which are potential interferents 
in the enzyme-based measurements [118]. The goal was the de-
velopment of a polymer electrode that could respond selectively 
to H2O2. This selectivity was only obtained for PAni, for which 
the oxidation of amino acids was not observed. However, the re-
sults were not convincing because they were strongly dependent on 
the electropolymerization conditions and the polymer morphol-
ogy. Generally, the latter parameter is not easy controlled for clas-
sical ECPs. A similar trend has been observed for PPy films doped 
with different anions and used as amperometric sensors for other 
amino acids (e.g., L-aspartic acid and L-arginine) [119, 120] and 
haloacetic acids, which are known as carcinogenic products result-
ing from the chlorination of drinking water [121]. Different selec-
tivities could be obtained by changing either the electrochemical 
conditions or the nature of doping anion. 

Other examples have focused on the permselective properties 
of ECP films rendered nonconjugated and electroinactive after 
the application of high oxidizing potentials. It has been reported 
that an overoxidized PPy film acted as a permselective, antifouling 
membrane capable of rejecting interferents [122-126]. The perms-
elective response of this film arose from the introduction of car-
bonyl groups onto the polymer backbone during the overoxidation 
step. The overoxidized PPy-coated electrode has been success-
fully used for the detection of neurotransmitters such as dopamine 

[122-124] and epinephrine [122]. However, sensitivity and selectiv-
ity were also strongly dependent on the film thickness [122, 124], 
the overoxidation treatment [125], and the exposure time in solu-
tion containing the analyte [124]. 

Besides the permselective properties, the electrocatalytic prop-
erties of ECP films can be also used for the amperometric de-
tection of some target molecules. Accordingly, electrodes modi-
fied with PPy, polythiophene (PTh), PAni, and their derivatives 
were found to catalyze the electrochemical oxidation of ascorbic 
acid [127-129], NADH [115, 116, 130], dopamine [128], pyrrolo-
quinoline quinone [131] as a coenzyme of some oxidoreductases, 
and quinone and derivatives [132, 133]. Selectivity exhibited by 
these materials could be enhanced by the introduction of an ap-
propriate substituent onto the polymer backbone. So, a facilitated 
electron transfer between cytochrome c and carboxylic acid or 
carboxylate-substituted PPy [134] or polyindole [135] has been ob-
served. As such an effect was not obtained with unsubstituted poly-
mer films, the cytochrome c-polymer interaction was explained on 
the basis of binding between the polymer substituents and the ly-
sine residues on the redox protein. 

A classical approach to improving the sensitivity of ECP-based 
sensors consists of the immobilization of catalytic moieties, such as 
metallic particles [136-142], Prussian blue [143], ferrocene [144], 
metalloporphyrins [145-148], and oxometalates [149-152], within 
ECP films. Compared to polymers without a catalyst, these mate-
rials exhibited more pronounced electrocatalytic effects and were 
suitable for the detection of numerous molecules of biological in-
terest, e.g., carbohydrates [136, 141], catecholamines [144], and 
NO [145,150-152]. 

Moreover, selectivity could be also enhanced if a specific in-
teraction between the immobilized catalyst and the substrate in 
solution were to occur. A significant example is that of the voltam-
metric detection of NO in the rat brain from a carbon fiber mi-
croelectrode modified with a [(H20)Fe^^^PWi 1039]^"-containing 
poly(Ar-methylpyrrole) film and a Nafion outer layer [150]. The 
good selectivity of this sensor was attributed not only to the 
Nafion membrane, which constituted an efficient electrostatic bar-
rier against anionic interferents, but also to the formation of a 
metal-nitrosyl complex between the heteropolyanion and NO. The 
in vivo NO measurements were validated by injecting the rat with 
an NO-synthase inhibitor, which led gradually to the disappear-
ance of the NO oxidation peak (Fig. 7). 

Novel, promising route toward the ECP-based recognition of 
biologically active species has been proposed. The specific inter-
action between a biological unit that is included in an ECP film 
and its complementary target in solution has been used to recog-
nize biological species [153-161], including DNA, peptides, and 
enzymes. The recognition event was detected either by radioactive 
labels [153], or by a significant change in the electrochemical [154, 
155,157], spectrochemical [157,160,161], or gravimetric [158] re-
sponse of the ECP. 

Because of its permeability and biocompatibility, PPy has been 
preferentially chosen as a conjugated backbone [153-156, 158, 
159]. However, several reports [157,160, 161] have demonstrated 
that PTh could also be designed for the recognition of biological 
species. 

Thus, the bioactive dipeptide-proteolytic enzyme [154], oligo-
nucleotide-complementary oligonucleotide [153, 155, 157, 158], 
antigen-antibody [156, 161], and biotin-avidin [159, 160] interac-
tions have been transduced into changes of a signal characteris-
tic of the functionalized conjugated polymer. As shown in Fig. 8, 



112 FABRE 

12 16 20 
• > 

Fig. 7. Effect of an NO-synthase inhibitor (L-arginine /?-nitroanilide) on 
the differential normal pulse voltammetry measurements obtained at a car-
bon fiber/[(H20)Fe"IpWii039]4--doped poly(A -̂methyl pyrrole)/Nafion 
microelectrode in the rat brain. Electrochemical recording between 0.4 and 
1.35 V (vs. Ag/AgCl) at 10 mVs"! with one cycle every 2 min. The indi-
cated potential corresponds to the oxidation peak of NO and the zero time 
indicates the injection of the inhibitor into the rat. (From [150].) 
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Fig. 8. Cyclic voltammograms of an oligonucleotide-functionalized PPy 
after incubation in buffered aqueous solutions containing 0.5 M NaCl 
or poly(ethylene glycol) (a), in noncomplementary oligonucleotide II (b), 
and in complementary oligonucleotide I in concentrations of 66 nmol (c), 
165 nmol (d), and 500 nmol (e). (Inset) Variation of electrode current at 
E = -0.2 V/SCE as a function of the concentration of noncomplementary 
II (A) and complementary I (B). Reprinted with permission from H. Ko-
rri Youssoufi, F Gamier, P. Srivastava, P. Godillot, and A. Yassar, /. Am. 
Chem. Soc. 119, 7388. Copyright 1997 American Chemical Society. 

the specific hydridization of the oligonucleotide unit grafted to the 
PPy matrix with its complementary oligonucleotide target in solu-
tion induced a significant modification in the electrochemical re-
sponse of PPy, which was attributed to conformational changes 
along the conjugated backbone. 

The specific interaction between a biological unit and another 
molecule has been also exploited for the synthesis of new process-
able electroactive polymers [162] and the extraction/delivery of bi-
ologically active molecules [154, 163]. An approach to the trap-
ping delivery of neutral drugs has been reported by Bidan and 
co-workers [163]. The neutral guest A^-methylphenothiazine was 
encapsulated in the host sulfonated cyclodextrin previously incor-
porated as a doping anion in PPy. This drug could be electrochem-
ically released from the polymer by the application of an appropri-
ate potential. 

Last, the host-guest complexation between cyclodextrin and 
bithiophene has allowed the electrosynthesis in water of the cor-
responding ECP film, with enhanced solubility and processability 
properties [162]. 

2.3. Gases and Vapors 

The sensing of gases and vapors from conducting polymers was 
essentially based on reversible changes in either the electrical con-
ductivity of an ECP film electrosynthesized onto an interdigitated 
metal (e.g., gold) electrode [164-173] or the electron work func-
tion [174-178] when ECP-modified field effect transistors were in-
volved. Other sensory devices have used volume changes of the 
polymer [179] or changes in frequency of a ECP-coated piezo-
electric crystal [164, 180-182] as transduction signals. It has fre-
quently been reported that an electron-donating or -accepting 
gas decreased or increased, respectively, the conductivity of PPy 
[164-168] and other conducting polymers, including PTh and 
derivatives [169] and PAni [168, 170]. The sensitivity of ECPs to 
gases and vapors has been investigated with NO2 [165-169, 176], 
SO2 [166], I2 [166,179], and Br2 [172,173], PCI3 [166] as electron-
accepting gases; dimethyl methylphosphonate [168,176] and tetra-
chloroethene [176] as weak electron donors; and NH3 [167-170, 
179], triethylamine [180, 182], and H2S [167, 169] as stronger 
electron-donating gases. However, the mechanism of interaction 
between an ECP and a gas or vapor is often not clearly elucidated. 
The observed conductivity changes were commonly attributed to 
the interaction of electronically active gases (e.g., NH3, NO2) and 
vapors with either the polymer backbone itself or the doping an-
ion incorporated within the film, thereby modulating the mobility 
and/or the number of free charge carriers available. 

For interactions with neutral molecules, such as water [171, 
174, 177, 180, 182], aliphatic alcohols [171, 174, 175, 177, 180, 
182], chloroform [177], acetonitrile [171, 180, 182] and other or-
ganic vapors [181,182], the changes in electrical properties of ECP 
films were thought to be caused by a partial electron transfer from 
these vapors to the polymer. In some cases, the formation of a 
charge transfer complex has been proposed when O2 [183] and 
HCN [178] have been involved. However, differences in polymer-
vapor interactions may also result in a much larger adsorption of 
some vapors than others [164]. 

Owing to the diversity of polymer-gas interactions capable of 
inducing changes in a signal characteristic of the ECP film, the 
selectivity of ECP-based gas sensors was generally poor. An ap-
proach to the improvement of selectivity is to incorporate a func-
tional group within the polymer film which will specifically in-
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teract with the analyte. For this purpose, the three functional-
ization methods schematized in Fig. 3 have been used. As some 
metallophthalocyanines exhibited high sensitivity to NO2 (down 
to 1 ppb in air [167, 184]), these complexes have been immo-
bilized in their tetrasulfonated forms as doping anions in PPy 
films [176]. The best results in terms of stabiUty and sensitivity 
to NO2 were obtained with tetrasulfonated copper phthalocya-
nine. Conductimetric sensors for Br2 vapors have been devel-
oped with different bromo-substituted polythiophene films [172, 
173]. The electrical conductivity of these films was not changed 
in the presence of other halogenated vapors, N2, and CO2 [173]. 
The covalent binding of a cyano group to PPy has been used 
to enhance interactions with some polar species such as nitriles 
and alcohols [180,182]. However, compared to the responses ob-
tained with other PPy derivatives in the presence of gases and 
vapors [182], the interest of such a group was not really demon-
strated. 

The postelectropolymerization incorporation of metal clusters 
into the bulk of a PAni film yielded an electroactive material sen-
sitive to HCN at concentrations on the order of ppm [178]. The 
affinity for this gas was ascribed to the formation of a M(CN)« 
complex between the immobilized metal and HCN. 

The enhancement of selectivity and sensitivity of ECP-based 
gas sensors could also be achieved with the functionalization of 
ECP films by catalytic species. So, metal particles such as Pt [138, 
185] and Pd [139], heteropolyanions [149, 186-190], metallopor-
phyrins [148,191], metallophthalocyanines [192], and others [193, 
194] have been immobilized in various ECP films. Most of these 
electroactive materials showed electrocatalytic effects on the oxi-
dation or reduction of dissolved O2 [139,148, 187,188,190-194], 
CO [138], CO2 [193], and H2 [185], which could be used for the 
development of electrochemical sensors. 

The application of conjugated polymer films as gas separa-
tion membranes has also been described [195-197]. The abil-
ity of ECPs to separate mixtures of gases was related to dif-
ferences in permeabilities of gases through the polymer films. 
Provided that the morphology and the porosity of this class of 
electroactive polymers were precisely controlled after synthesis, 
a remarkable gas selectivity could be achieved. For PAni investi-
gated in the presence of different gas pairs, selectivity values of 
3590 for H2/N2, 30 for O2/N2, and 336 for CO2/CH4 were ob-
tained [195]. It has also been demonstrated that other ECPs such 
as poly(dimethoxy-/7-phenylenevinylene) were appropriate for gas 
separations [197]. 

2.4. Other Molecules 

The electrocatalytic activity of ECP films containing a dispersed 
catalyst has been used for the detection or transformation of other 
target molecular analytes, such as alcohols, unsaturated organic 
compounds, and others. 

Owing to highly corrosive acid conditions, stable catalysts and 
supports are required for the development of anodes working in 
direct methanol-air fuel cells. Platinum is the only stable catalyst 
material that shows a significant amount of activity for methanol 
oxidation. However, platinum has to be modified with other met-
als, such as ruthenium and tin, to obtain lower oxidation po-
tentials. So, platinum and tin or ruthenium particles have been 
electrochemically immobilized in poly(3-methylthiophene) [142] 
and polyaniline [137] films, respectively. Compared to electrodes 
modified with platinum alone, the electrocatalytic properties 

of the bimetallic electrodes with respect to the oxidation of 
methanol [137, 142] and other small molecules (e.g., HCOOH, 
HCHO) [137] were enhanced. Furthermore, a faster and more 
efficient conversion of methanol into carbon dioxide was ob-
served. 

The electrochemical deposition of precious metal microparti-
cles into alkylammonium- (1) and pyridinium- (2 and 3) substi-
tuted polypyrrole films has also been achieved by Moutet and co-
workers [140, 198, 199]. The electrodes coated with those poly-
mers were successfully used for the electrocatalytic hydrogenation 
of some unsaturated organic compounds in aqueous media. It was 
demonstrated that the redox-active viologen groups in poly(3) im-
proved markedly the conductivity and the stability of the catalytic 
films [198]. 
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In the absence of inserted metal particles, other electrocatalytic 
reactions such as the reduction of alkyl dibromide from poly(3) 
could be performed [200]. Nevertheless, inhibition of the catalytic 
activity caused by a loss of the film permeabihty was observed. 

In the latter example and others involving polypyrrole films 
electroformed from a complex between a transition metal (Ru(II)) 
and a bi- or terpyridine-substituted pyrrole [201, 202], the elec-
tron self-exchange was ensured by either the viologen or Ru(II) 
units and not by the polymer. As a matter of fact, the PPy ma-
trix was undoped when poly(3) was used for electrocatalytic re-
duction experiments or overoxidized when the films containing 
ruthenium(II)-based complexes were involved in oxidation exper-
iments [201, 202]. 

The electrochemical immobilization of other metaUic com-
plexes like metalloporphyrins in PPy [147, 203, 204] led to materi-
als exhibiting electrocatalytic properties with respect to the oxida-
tion of hydrocarbons [147] and hindered phenols [204] by molecu-
lar oxygen. 

In view of some technological applications, the synthesis and 
the design of electroactive polymers capable of enantioselective 
molecular recognition for chemical or electrochemical synthesis 
are required. For this purpose, numerous chiral ECPs [205-220] 
have been developed in which the main-chain chirality was in-
duced by the presence of enantiomerically pure side groups. Gen-
erally, these polymers were electrosynthesized anodically from the 
chiral pyrrole and thiophene monomers, as the resulting films were 
electrochemically stable and exhibited a good reversibility. Vari-
ous chiral amino acids (e.g., L-valine) were preferentially used as 
substituents, but several reports have focused on the properties of 
ECPs functionalized with other chiral groups (Fig. 9). 

The optical activity of chiral monomers and relevant polymers 
was evaluated by circular dichroism measurements. It has been 
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conditions. Papillon et al. have proposed a weakly different ap-
proach for the asymmetric electrocatalysis in the sense that the 
bipyridyl hgand was incorporated between two thienyl units re-
placed by a chiral group [220]. Unfortunately, attempts to elec-
trochemically homo- or copolymerize this compound were unsuc-
cessful. 

C00CH3 
HN—( 

Fig. 9. Examples of electropolymerizable aromatic units substituted by 
chiral groups. 

shown that this factor could be enhanced by introducing regioreg-
ularity into this type of polymer [217, 218]. Provided that the 
optical activity of chiral centers was unaffected after the elec-
tropolymerization step [212, 213, 219], the chiral polymers were 
thus suitable for enantioselective recognition or electrochemical 
asymmetric induction of prochiral organic molecules. For exam-
ple, amino acid-substituted polyfluorene has been used for the 
chiral discrimination between two enantiomeric forms of (ib)-
methylbenzylamine [211]. The enantioselective recognition of this 
polymer was rather moderate (maximum optical yield of 15%) 
but roughly equivalent to that observed with chiral PPy or PTh 
derivatives. The electrochemical stereoselective reduction of 4-
methylbenzophenone at a chiral PPy-coated electrode in the pres-
ence of a proton donor led to the corresponding i?-configurated 
alcohol with a 17% maximum optical yield [215]. 

The incorporation of a transition metal within a chiral ECP film 
should make it possible to expand the application of chiral elec-
trodes to enantioselective electrocatalytic reactions. Such an ap-
proach has been validated by Moutet and co-workers, who have 
electrosynthesized a functionalized PPy film from a rhodium(III) 
complex with a pendant chiral bipyridyl ligand bound to a pyr-
role unit [219]. The efficiency of this material was demonstrated 
through the electrocatalytic hydrogenation of prochiral ketones. 
The ^-configurated corresponding alcohols were produced with 
current efficiencies of around 60% and with optical yields between 
5% and 12%. However, enantioselectivity was found to be strongly 
dependent on the film thickness and the electropolymerization 

3. CATIONIC RECOGNITION 

3.1. Polyether-Functionalized Polymers 

The monocyclic polyethers called crown ethers were discovered 
in 1967 by Pedersen [221, 222] and can be defined as uncharged 
macroheterocycles containing the repeating unit (—O—CH2 — 
CH2—)«. They are designed as molecular hosts that are able to 
complex alkali and alkaline earth cations, transition metal cations, 
and ammonium cations. Since then, other ligands such as the 
cryptands of Lehn [223, 224] and the spherands and the chiral 
crown ethers of Cram [225] have been synthesized, and their com-
plexing properties have been extensively studied. In addition to 
these compounds, acyclic polyethers known as podands can also 
undergo strong interactions with cations when the number of oxy-
gen atoms is suitable [226]. 

The cation-polyether complexation phenomenon appears to be 
a Lewis acid-base phenomenon and is principally a function of the 
size relationship between the crown diameter and the ionic diam-
eter. Generally, the most stable complexes are formed when the 
ionic diameter is almost equal to the crown diameter [227, 228]. 

With the aim of enhancing the power of binding of the ligand 
to the cation, numerous authors have synthesized ionophoric com-
pounds of the crown ether or polyether type attached to a redox 
center, such as ferrocene, quinone and derivatives, and nitroben-
zene [229-235]. Indeed, the cation binding should be enhanced by 
electrostatic interaction when the redox center is reduced. In addi-
tion, the binding affinity may be accompanied by selective discrimi-
nation toward one cation relative to others. Thus these systems can 
in principle be designed to recognize electrochemically the binding 
of the cations. 

In the case where the redox center is either incorporated into or 
constitutes a block of a solid polymer matrix, it thus becomes pos-
sible to modify electrode surfaces with cation-responsive macro-
molecular assembhes. 

If the properties of the functional group are not perturbed af-
ter its immobilization on the electrode surface and if it is in close 
proximity to the redox center, the electrochemical behavior of the 
redox center is expected to be modified by the complexation ef-
fect. 

However, the host-guest interaction can also give rise to 
changes in other characteristic properties of the polymers. 

3.1.1. Acyclic Polyether-Substituted ECP Films 

The substitution of polythiophene films by linear oligo(oxyethy-
lene) chains has been largely used to obtain materials that are not 
only endowed complexing properties toward cations, but also sol-
uble, with a highly hydrophilic character [11]. 

Among the polythiophenes 3-substituted by oligo(oxyethylene) 
chains of different lengths, the best electroactive and conducting 
properties were exhibited by poly[3-(3,6-dioxaheptyl)thiophene] 
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poly(4) with conductivity values in the range of 80-250 S cm ^ 
[236, 237]. 

poly(4) 

Compared to poly(3-alkylthiophene)s, the presence of the 
polyether chain in poly(4) stabilizes more planar conformations 
and induces a higher degree of electrochemical reversibility [238]. 
Moreover, this substitution also induces a strong hydrophilic char-
acter [239, 240]. The electroactivity and the electrochemical re-
versibility of poly(4) were almost unmodified in the aqueous 
medium, in contrast to poly(3-heptylthiophene) and poly[3-(3-
oxaheptyl)thiophene]. The effect of factors such as the nature and 
the concentration of the electrolyte cation on the electrochemi-
cal and optical responses of poly(4) has been largely examined by 
Roncah et al. [241-243]. The replacement of NBu^ by Li+ in ace-
tonitrile resulted in the shift toward more negative values of the 
oxidation potential of poly(4), about 100-150 mV for a concentra-
tion of 0.1 M [241]. The improvement of the rate and efficiency of 
the processes of charge and mass transport in the polymer in the 
presence of Li"̂  could be explained by the complexation of this 
cation by the oligo(oxyethylene) chains. Indeed, this complexation 
would contribute to localization of the counteranion of the elec-
trolyte in the vicinity of the conjugated backbone by electrostatic 
interactions, or to the dissociation of ion pairs present in the poly-
mer structure [241]. 

However, changes in the structure and the geometry of the 
polymer chains can also modify the redox behavior of the poly-
mer to the same extent. From UV-visible absorption spectroscopy 
complementary data, RoncaH et al. suggested that the complexa-
tion of Li"̂  by the polyether side chains increased simultaneously 
the coplanarity of the conjugated backbone and the rigidity of the 
polymer framework [241, 242]. Nevertheless, the ionic effect ob-
served with poly(4) in the soUd state could be considered to be 
weak because of the slight bathochromic shift of the absorption 
maximum of the polymer (about 10 nm). 

More dramatic effects were observed with regioregular poly-
ether-substituted polythiophenes. As reported by Levesque and 
Leclerc, chemically synthesized head-to-tail poly[3-oligo(oxyethy-
lene)-4-methylthiophene] poly(5) led to ionochromic effects, with 
a clear isosbestic point on the UV-visible absorption spectrum, in-
dicating the coexistence of long sequences of nonplanar and pla-
nar thiophene units [244, 245]. With the addition of a cation such 
as K+, the main chain became twisted. However, in contrast to 
poly(4), this phenomenon was observed only with the polymer in 
solution. 

In contrast, ionochromic effects were visible with head-to-tail 
poly[3-(2,5,8-trioxanonyl)thiophene] poly(6) both in solution and 
in the soUd state [246-249]. With the addition of cations such 
as Pb̂ "̂  and Hg^+, the conjugation of this polymer, character-
ized by an absorption maximum at 439 nm in CHCI3 and 486 nm 
in the sohd state, was completely eliminated [247]. Thus, the 
cationic complexation would induce the twisting of the polymer 
backbone away from planarity. However, although the response 
was chemoselective (Li+ and Zn^+ were found not to interfere), 
the ionochromic effects observed with Pb^+ and Hg^+ were irre-
versible, as the conjugation of the polymer was not restored after 
the complexation. 

O 

^ ^ , 
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poly(5) poly(6) 

For all examples reported before, the integrity of the functional 
group was kept after the chemical or electrochemical polymeriza-
tion step, and the complexation of cations was ensured with an 
acyclic ligand. 

An original approach developed by some authors consisted 
of the electroformation of complexing macrocyclic cavities from 
the oxidation of the thiophene derivatives substituted with acyclic 
polyether chains. In this context, symmetrical monomers possess-
ing two thiophene units linked together by a polyether subunit 
have been synthesized [250-253], and their electrochemical be-
havior has been investigated. Based on electrochemical considera-
tions, Roncali et al. claimed that the oxidation of l,14-(3-thienyl)-
3,6,9,12-tetraoxatetradecane(7b) in the presence of Li"̂  yielded 
a conducting polythiophene containing pseudo-crown ether cav-
ities [250]. As a matter of fact, the complexation of this cation 
by the polyether chain would promote the cyclization (template 
effect) and the concomitant polymerization of the terminal thio-
phene groups. Although the authors justified this mechanism by a 
significant shift of the electropolymerization potential of 7b (250-
300 mV) relative to that of 3-alkylthiophenes or of other thio-
phenes 3-substituted by ether groups, such an effect was not really 
demonstrated. 
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7cycl 

A recent study from Simonet's laboratory has clearly demon-
strated that such an effect could not be involved in the electropoly-
merization of 7b [253]. Indeed, no significant shift of the oxidation 
potential of 7b was observed when the nature of the electrolyte 
cation was changed. Moreover, the electrochemical and spectro-
scopic responses of poly(7b) were different from those obtained 
forpoly(7cycl). 
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Table IV. Proportions of Uncomplexed Cations (in %) Remaining after 
the Reaction for 24 h of 0.3 g of Undoped Poly(7) with an Aqueous 

Solution Initially Containing 4 x 10~^ M Cation 

Cation 

Polymer Ag-.+ Mn2+ Co2+ Sb3+ 

Poly(7a) 

Poly(7b) 

Poly(7c) 

48.5 

51.4 

10 

2.4 

10 

15 

4.4 

1.0 

4.0 

77.5 

80 

82 

The detection was achieved by y-spectrometry. (From [252].) 

The properties of complexation of different undoped poly(7) 
with respect to inorganic cations (Ag" ,̂ Mn "̂̂ , Co^" ,̂ and Sb̂ "̂ ) 
have been investigated by y-spectrometry, and the principal results 
are summarized in Table IV. It can be seen that these polymers 
exhibited a binding power toward Mn̂ "̂  and Co^+ that was much 
stronger than that toward Sb^+. Furthermore, the same affinity 
was obtained for Co^+ (ionic radius, 0.72 A [254]) whatever the 
polymer, whereas Mn^+ (0.80 A) and Ag+ (1.26 A) were more 
specifically complexed by poly(7a) and poly(7c), respectively. Thus 
this result is well correlated with the length of the polyether chain. 

Compared with polythiophenes, the functionalization of poly-
pyrroles by oligo(oxyethylene) ligands has been exploited much 
less. 

The substitution at the 3-position has been preferred by Gar-
nier and co-workers, owing to the excellent conducting prop-
erties of the resulting polypyrrole films. Accordingly, they have 
reported the synthesis and the electrochemical behavior of a 
new polypyrrole 3-substituted by a polyether chain [255]. 3-(3,6-
Dioxaheptyl)pyrrole (8a) was potentiostatically electropolymer-
ized, whereas the electrooxidation of 8b did not give rise to a poly-
mer film because of the steric effect caused by the substituents. 

0 ^ 
8b 

Poly(8a) exhibited an enhanced redox reversibility compared 
with the unsubstituted polypyrrole. This result, which is interesting 
for battery applications, was explained by a greater mobility of the 
ionic species inside the polymer caused by the pendant polyether 
chain. 

Using an approach analogous to that developed for polythio-
phenes, Simonet and co-workers have synthesized monomers con-
sisting of two pyrrolyl units linked together by long-chain polyether 
spacers (9) [256, 257]. 

r\ 
K O O O ^ l ^ 

In accordance with the electrochemical results obtained for 7 
[253], macrocyclic cavities could be potentiostatically generated 
after the polymerization step of 9. However, in contrast to 7, 9 
was less efficiently electropolymerized, probably owing to lower 

-2nH+ 
^ 

-2ne-

- 2n' e- | . 2 n ' H ^ (Eo„2withEov2>Eovl) 

© First aromatic unit 
(pyrrole for 10 and 11, 

dimethoxybenzene for 12) 

Second aromatic unit 
(thiophene for 10 and 12, 
dimethoxybenzene for 11) 

Polyether chain 

Fig. 10. Electroformation of pseudo-crown ether cavities containing ma-
terials according to a two-step anodic route. 

conducting and electroactive properties of the corresponding N-
substituted polypyrroles. The complexing properties of such poly-
mers, exemplified by poly[l,ll-di(l-pyrrolyl)-3,6,9-trioxaundecane] 
(9, m = 1), have been investigated by y-spectrometry with the ex-
traction of cations contained in radioactive wastes [256]. A strong 
affinity for Co^+ was obtained, whereas Cs+ and K+ were com-
plexed much less by this polymer. 

A novel strategy for forming controUed-size pseudo-crown 
ethers from acyclic polyethers has recently been proposed by Fabre 
et al. [258]. As conceptualized in Fig. 10, it consisted of the elec-
trosynthesis of electroactive copolymers from compounds pos-
sessing two different electropolymerizable aromatic groups (pyr-
role/thiophene (10), pyrrole/dimethoxybenzene (11), and thio-
phene/dimethoxybenzene (12)) linked together by a polyether 
chain. 

10 

\JJir"©^°""^ 

12 
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At a low anodic potential, the oxidation of the first electropoly-
merizable unit led to an electroactive homopolymer film com-
posed of pendant polyether-substituted aromatic moieties. A sub-
sequent oxidation of the polymer by the application of a more 
positive potential promoted the electropolymerization of the sec-
ond aromatic unit. So, complexing macrocyclic cavities were elec-
trogenerated, the sizes of which were thought to be adjustable, 
depending on the length of the polyether chain of the starting 
monomer. 

The two aromatic units were chosen so that the electroactivity 
of the preformed polymer was not degraded through an overoxi-
dation process in the course of the electroformation of the second 
polymer. Generally this condition was fuUfiUed when the oxidation 
potentials of these two units were relatively close. The effect of 
cations on the electrochemical behavior of the homo- and copoly-
mer resulting from 10 has been investigated in the presence of al-
kaU cations [259]. 

For the homopolymer, only small redox changes have been ob-
served with K"̂ , with an anodic shift of the PPy system of about 
40 mV. For the copolymer, the situation is completely different. 
Large redox changes have been obtained for Li" ,̂ Na+, and K"̂ . 
In the presence of these cations, the reversibility of the doping-
undoping process, reflected by the separation between the anodic 
and cathodic peaks, was found to be decreased. 

Such kinetic limitations were thought to be caused by (i) a re-
duced mobility of the positively charged carriers along the con-
jugated polymer backbone owing to the presence of complexed 
cation and (ii) effects of ion pairing between the complexed cation 
and the doping anion. 

3.1.2. Crown Ether-Substituted ECP Films 

Large modifications of the characteristic properties of a conduct-
ing polymer substituted by a macrocyclic ligand are expected when 
the binding site is in close proximity to the conjugated back-
bone. So, the cationic complexation should be efficiently and 
rapidly recognized. However, in this case, it is predictable that an 
electrochemical-type recognition based on the shift of the redox 
potentials of the electroactive polymer will be strongly dependent 
on environmental events. First, in the course of its oxidation, pos-
itive charges are generated along the polymer chain, which results 
in electrostatic repulsions with the inorganic cation. Second, the 
short distance between the ligand and the polymer backbone may 
hinder the migration and transport of the cation into the polymer. no 

These features have been considered by Bauerle and Scheib in 
the study of novel 15-crown-5 substituted (oligo-)thiophenes (13) 
in which the macrocycle is directly grafted to the thiophene moiety 
[260]. 

These compounds could be potentiodynamically polymerized, 
except for 13c, which did not form adhering films at an electrode 
surface. 

The influence of alkaU cations such as Na+, Li+, and K+ on the 
redox behavior of poly(13a) and poly(13b) has been analyzed from 
multisweep cyclic voltammetry experiments. The electrochemical 
response of poly(13b) was found to be unaffected by the presence 
of alkaU cations. In contrast, a large shift of the oxidation peak 
of poly(13a) toward more positive potentials was observed in the 
presence of Na+. Upon the cationic complexation, the electron 
density contributed by the oxygen atoms of the crown ether to the 
conjugated polymer backbone was decreased, and consequently, 
the oxidation potential of the polymer was enhanced. 

Nevertheless, as the cyclic voltammograms were stabilized only 
after a very large number of scans, poly(13a) was not suitable for 
the electrochemical recognition of cations in real time. 

The increase in the distance between the conjugated backbone 
and the crown ether could contribute not only to the facilitation 
of the transport of the cation in the polymer, but also to the re-
duction of the steric constraints of the macrocycle on the polymer. 
The negative effect is that the interaction between the crown ether 
and the conjugated system would be lowered, and consequently 
the electrochemical recognition of cations would be less sensi-
tive. However, when the length of the spacer group separating the 
macrocycle from the polymer was suitable, sensitive and selective 
cation-responsive polymers could be obtained. This was the case 
for 12-crown-4-functionalized poly(alkylthiophene)s (poly(14)) in 
which the crown ether was linked to the thiophene ring via an ox-
aalkyl chain [261]. 

14a 

13c 

After the addition of alkali cations to the electrolyte solu-
tion, the cyclic voltammograms of electrogenerated poly(14a) and 
poly(14b) were shifted toward more positive potentials, but in con-
trast to poly(13), their stability was reached after a few scans for a 
given cation concentration. 

The perturbation of the p-doping-undoping process of the con-
jugated polymer upon the complexation effect may be caused ei-
ther by electronic effects or by conformational changes in the poly-
mer. Swager and co-workers have demonstrated that conforma-
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tional changes induced by the complexation lead to a modification 
of the conjugation length of the polymer backbone, which could 
be detected from UV-visible measurements [262, 263]. So, large 
band gap changes have been observed for poly(15) in the presence 
of different alkaU metal ions [263]. These results were ascribed to 
the metal complexation, which forced a rotation of the thiophene 
rings to accommodate maximum chelation. 

odic shift of the PPy system in the presence of Na+ or K+ 
[267, 268]. 

Recently, Swager's group has reported a new approach to 
ion-sensing polymers, illustrated with polythiophene-based pseu-
dopolyrotaxanes, such as poly(16), which transduced recognition 
events into measurable changes in conductivity [264, 265]. 

poly(16) 

Ditopic systems have been presented by Reddinger and Rey-
nolds, with poly(17) capable of detecting not only cationic species 
but also neutral organic molecules [266]. In addition to the macro-
cyclic host able to bind cations, o--donor ligands could coordinate 
to the oxidized transition-metal ion in the bis(salicylidene) core. 
Such a polymer could detect pyridine at nanomolar concentra-
tions. 

O O 

M = Ni, Cu 

poly(17) 

As has been observed for crown ether-substituted polythiophe-
nes [260, 261], the aza crown ether-substituted polymer poly(18) 
exhibited a cation-selective electrochemical response with an an-

C, J 
^ w 

18 

Such an increase in the oxidation potential of the polymer upon 
the complexation effect could be interpreted as a consequence of 
the deviation from coplanarity of the polypyrrole chain. This expla-
nation was supported by the results obtained with polypyrrole N-
substituted with a benzo-15-crown-5 unit which did not show any 
electrochemical recognition property toward alkah cations [269]. 

As a matter of fact, the N-substitution induced in the poly-
mer backbone a much weaker configurational flexibility than 
the 3-substitution. To circumvent this problem, Moutet et al. 
have synthesized polypyrroles N-substituted by ferrocene crown 
ether [270] and aza crown ether-linked bipyridine ruthenium (II) 
complexes [271]. Poly(19) was found to be Ba^+ and Ca^^-
responsive [270], whereas the ruthenium(II)-based PPy was more 
sensitive to alkah metal cations [271]. The recognition of the cation 
binding was based on the changes in the electrochemical response 
of the metallic center instead of PPy. 

Very recently, the grafting of a crown ether unit to the PPy 
backbone has been achieved after the polymerization step, with 
the incorporation of aminomethyl-18-crown-6 by PPy bearing an 
easily removable leaving group [272]. 

In addition to PPy and PTh derivatives, numerous reports 
have focused on the synthesis and the properties of electroac-
tive polymer films electrogenerated from the oxidation of crown 
ether-substituted benzenes [273-286] and naphthalenes [17, 287-
293]. Among them, poly(dibenzo-crown ether)s and, especially, 
poly(dibenzo-18-crown-6) have been the most extensively stud-
ied, owing to their remarkable structural, electrochemical, and 
complexing properties [278-280]. Furthermore, their affinity for a 
large variety of cations, including heavy metal and precious metal 
cations, was greatly improved when they were previously undoped 
[281-286]. 

In the 1970s, Cram and co-workers developed an important 
concept of complexation, based on a new class of crown ethers 
which had properties of chiral recognition due to their atropoiso-
merism [225, 294]. Futhermore, the molecules containing crown-
6-ether and binaphthalene units showed the ability to distinguish 
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enantiomers of protonated amine and amino acid [295], as well 
as to trap spherical cations like alkali metal ions [296]. Systems 
such as bis-binaphtho-22-crown-6 (20a) and its derivatives were 
extensively studied and used in many applications [297, 298] (e.g., 
preparative optical resolution by chromatography, chiral recogni-
tion in transport). 

R^ = R2 = H 20a 

R^ = R2 = ferr-butyl 20b 

Rl = H, R2 = Br 20c 

Rl = H, R2 = nitrophenyl 20d 

In the context of modified electrode design and its poten-
tial use in cation-sensitive electrodes, Simonet and co-workers 
have demonstrated that p-doped electroactive polymer films could 
be electrogenerated from the oxidation of (S, S)- or (R, RyiOa 
[291, 292]. It must be noted that the enantiomeric form of the 
monomers did not affect at all the electrochemical response and 
other characteristic properties of the corresponding polymers. 
Such a conjugated polymer exhibited the complexation properties 
of the monomeric unit [291]. However, although the binaphtha-
lene crown ether derivatives could be reversibly reduced at about 
-2.9 V (vs. Ag/10~^ M Ag"^), the occurrence of a reversible n-
doping has not been demonstrated for the corresponding poly-
mers. Contrariwise, a reversibly n- and p-doped material has 
been obtained from the oxidation of substituted bis-binaphthalene 
crown ethers 20c and 20d. Polymers derived from these com-
pounds in which the 6 and 6̂  positions on one of the binaph-
thalenes are free led to conjugated polynaphthalenes, while on the 
other binaphthalene subunit, the blocking of these positions in-
duced the formation of electroreducible perylenes by intramolecu-
lar coupling between the 8 and 8' positions [293]. Such functional-
ized polymers should be of great interest for an electrochemically 
switchable cation complexation. Indeed, an enhancement of the 
cation binding through electrostatic interactions is expected when 
the polymer is negatively charged. Contrariwise, a lowering of the 
cation binding is expected when the polymer is in its p-doped state. 

3.2. Calixarene-Functionalized Polymers 

The functionalization of ECPs by calixarene-type cage molecules 
[299-301] has recently been achieved. The first examples related 
to calixarenes modified at their lower rim either by bithiophenes 
[302, 303] or by N-substituted pyrrole [304] moieties. The copoly-
merization of the calixarene-based bithiophene receptor with a 
vinylene [302], disubstituted bithiophene [302], orphenylene [303] 
produced conjugated polymers which exhibited efficient and spe-
cific cation recognition. The sensory properties of these polymers 
could be evidenced from changes in voltammetric, chromic, fluo-
rescent, and resistive responses upon exposure to a guest cation. 
Of all of these transduction methods, Swager and co-workers have 
proved that conductivity was the most sensitive to external per-
turbations undergone by the conjugated polymer. As an exam-
ple. Fig. 11 shows changes in the voltammetric and resistive re-
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Fig. 11. Cyclic voltammograms and corresponding drain current I^-Vg 
curves for poly(21) in the absence and presence of Na"̂ . Reprinted with 
permission from M. J. Marsella, R. J. Newland, P. J. Carroll, and T M. 
Swager,/. Am. Chem. Soc. Ill, 9842. Copyright 1995 American Chemical 
Society. 

sponses of a solution casting film of calix[4]arene-substituted poly-
thiophene poly(21) on exposure to Na"*". In the presence of this 
alkaH cation, a very large (>99%) decrease in peak conductivity 
(as measured by /d(max)) was observed. 

CH/̂ CH-̂ OCHo 

poly(21) 

Concerning the functionalization of PPy by calixarene, the 
first attempts to electrochemically homopolymerize a calix[4]arene 
modified at its lower rim by a N-substituted pyrrole moiety 
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failed [304]. Only a copolymerization with pyrrole could lead 
to the functionalized polymer. By changing the substitution site 
on the cage molecule, Bidan and co-workers have shown that 
calixarenes modified on their upper rim by four N-substituted 
pyrroles were efficiently homopolymerized under potentiodynam-
ical conditions [305, 306]. Owing to conformational restrictions 
and steric hindrance, the electropolymerization process was lim-
ited when an ethyl spacer between the monomer unit and the func-
tional molecule was used instead of a butyl spacer. 

The attachment of a redox center to a calixarene-substituted 
PPy has been achieved by the anodic oxidation of pyrrole-
substituted trisbipyridylruthenium(II)-linked calixarenes [307]. 
However, only thin films with a low amount of immobilized 
[Ru(bpy)3] (bpy = 2, 2'-bipyridine) were obtained by homopoly-
merization. Thicker films could be grown from copolymerization 
with AT-methylpyrrole. Even if the sensory properties of these poly-
mers have not been investigated yet, it can be predicted that the 
electrochemical and/or luminescent responses of the ruthenium 
complex could be changed upon the complexation of a guest cation 
by the immobilized host calixarene. It must be pointed out that 
such a recognition event had been already observed with a polypyr-
role film N-substituted by an aza crown ether-linked bipyridine 
ruthenium (II) complex [271]. 

The one-step immobilization of sulfonated calixarenes as dop-
ing anions during the anodic electropolymerization of pyrrole has 
also been proposed to produce cation-responsive electroactive 
films [308, 309]. In this way, calix[4]arene-j!7-tetrasulfonate and 
calix[6]arene-;7-hexasulfonate were irreversibly incorporated into 
the PPy structure. The recognition abilities of these molecules 
were retained after the entrapment step, as shown by the re-
dox changes observed in the presence of trimethyl(ferrocenylmet-
hyl)ammonium [308] and uranyl [309] as guest cations. 

3.3. Polyrotaxanes 

As depicted in Fig. 12, rotaxanes are composed of a dumbbell-
shaped component, in the form of a rod and two bulky stopper 
groups, around which there are encircling macrocyclic compo-
nent(s) [310]. The stoppers of the dumbbell prevent the macro-
cycle(s) from unthreading from the rod. 

Such molecules have attracted much attention, in relation to 
photoinduced electron transfer [311, 312] and electro- or photo-
chemically triggered molecular motions [313-316]. A strategy for 
forming ECP polymer films possessing interlocked structures has 
initially been developed by the groups of Sauvage and Bidan, who 
used transition metals as templating agents [317-319]. This was 

Mi 

based on the anodic electropolymerization of a preformed assem-
bly (22) between 1,10-phenanthroline moieties linked to pyrrole 
rings and a transition metal. Generally, Cu(I) was chosen, owing 
to its ability to gather the two constitutive organic fragments and 
to force the string to thread through the ring. 

O N — ^ — 

^ 0 ~ . 2 - ~ N O 

22 

After electropolymerization, the film could be demetalated (us-
ing CN~ or SCN~") without modification of the geometrical shape 
of the preformed complexing cavities, and other metals could be 
incorporated, such as Co(II), Zn(II), Ag(I), and Li(I). Conse-
quently, the possibility of replacing a transition metal with another 
one appears to be of great interest in the applications in catalysis 
of homogeneous organic reactions. 

The functionalized PPy films deposited on an electrode sur-
face showed the characteristic electrochemical response of both 
the redox centers and the conjugated polymer. In contrast, any 
contribution of the incorporated metal to electron conductivity 
was not observed. With the same strategy, other polyrotaxane-like 
networks have been electrosynthesized from an intertwined het-
eroleptic cobalt complex (23) [320]. The spectroscopic and elec-
trochemical properties of this complex were reported to be very 
similar to those of the homoleptic series 22. 

\^"^^^^y^ 

Fig. 12. Rotaxane and corresponding polymeric system. 

23 

When a macrocycle containing two different chelating units, 
namely 2,9-diphenyl-l,10-phenanthroline and 2,2';6^6''-terpyri-
dine, was used, electrochemically induced molecular motions 
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could be observed within the relevant polyrotaxane film [321]. 
The principle was based on the difference in the preferred co-
ordination number for the two different redox states of the co-
ordinated metal: four for Cu(I) and five for Cu(II). So the gyra-
tion of the hetero-bis-chelating macrocycle entrapped on a poly-
mer coordinating thread occurred after the reduction of stable 
five-coordinate divalent complex to an unstable monovalent form. 
Because of the presence of the PPy matrix, the conformational 
change that would regenerate the starting complex was too slow 
to be observed. 

Other polyrotaxanes containing a thiophene-based conjugated 
backbone have been synthesized from the Cu(I)- or Zn(II)-
driven assembly between a macrocyclic phenanthroline and a 
bithiophene-substituted phenanthroline [322] or bipyridine [323, 
324]. Swager and co-workers have demonstrated that the contribu-
tion of the metal ion to the electronic properties of the polyrotax-
ane was possible when more electron-rich 3,4-(ethylenedioxy)thio-
phene groups were used in place of thiophenes in the polymer 
backbone [324]. So a 10^-10^-fold increase in the polymer's con-
ductivity was observed after poly(24) was treated with Cu(II) solu-
tion. This result was ascribed to the oxidation of the poly(24) back-
bone by Cû "̂  ions to generate poly(24,Cu) with charge carriers in 
the polymer backbone. 

poly(24,M) with M = Zn^^, Cu+ 

3.4. Polymers Containing Other Functional Groups 

The cation sensitivity of some ECP films incorporating poorly mo-
bile, large anions was related to the participation of cations in 
the doping-undoping process. So, PPy films doped by sulfate [325, 
326], naphthalene sulfonate [325], polyanions [327, 328], and sul-
fonated organic electrocatalysts [203, 329] were reported to be 
cation sensitive. However, those systems were often poorly selec-
tive, and their response was strongly dependent on numerous ex-
perimental factors, such as the electrosynthesis conditions and the 
conditioning and pretreatment of the films. Among them, the com-
posite polymer poly(A'̂ -methylpyrrole)/poly(styrenesulfonate) ex-
hibited interesting cation-binding properties [328, 330]. Indeed, 
protonated amines could be incorporated into this composite 
when the film was cathodically reduced and released when the film 
was reoxidized. This electrochemically controlled binding and re-
lease from the film could also be achieved with other cations like 
protonated procaine, methyl viologen, and the bipyridine ruthe-
nium complex [328]. A better cation selectivity could be obtained 
with ECP films doped by complexing hgands such as Alizarin 
Red S, bathocuproin sulfonate [331, 332], and Pyrocatechol Vio-
let [333]. The electrodes modified by these films were used for the 
extraction and the voltammetric determination of copper species. 
A detection limit of about 0.1 fxM was estimated for the sys-

tem based on Pyrocatechol Violet [333]. A PPy N-substituted by 
a carbodithioate moiety has also enabled to uptake copper ions 
from aqueous solutions [334]. Unfortunately, the voltammetric re-
sponse of the resulting metal complex disappeared rapidly after 
two or three scans. 

The functionalization of the monomer by a specific group has 
also been the route preferred by numerous groups to electrogen-
erate pH-sensitive electroactive materials. ECP films derivatized 
in the 3-position with hydroquinone [335,336] and alkylcarboxylic 
acid [337-342] functionalities exhibited an electrochemical behav-
ior depending on the pH of the electrolytic medium. For exam-
ple, poly(25) showed a sub-Nernstian potentiometric response of 
46 mV pH-l at 25°C with a detection limit of lO'^^ M [336]. 

OH COOH 

poly(26) 

As demonstrated by McCuUough and co-workers, regioregu-
larity in 3-substituted polythiophenes provided new conjugated 
polymers with remarkable sensory properties [342]. Both poly(26) 
and its water-soluble deprotonated derivative underwent protein-
like hydrophobic assembly to generate a self-assembled conduct-
ing polymer aggregate. For the carboxylate polymer, this state was 
favored when small cations were used, whereas large cations could 
completely disrupt the aggregated phase. Figure 13 displays the 
chemoselective ionochromatic response of regioregular, head-to-
tail poly(26) with different added bases. Amax could be varied over 
a 130-nm range (from purple to yellow) simply by changing the 
countercation. 

With the objective of preparing fiber optic chemical sensors 
for pH measurements, Millar et al. have recently synthesized a 
polythiophene poly(27) derivatized by a pH-sensitive fluorescein 
unit [343]. As expected, the fluorescence properties of the polymer 
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Fig. 13. UV-visible spectra of poly(26) with added base, (a) H4NOH; 
(b) Et4NOH; (c) Pr4NOH; (d) BU4NOH. Reprinted with permission from 
R. D. McCuUough, P. C. Ewbank, and R. S. Loewe,/. Am. Chem. Soc. 119, 
633. Copyright 1997 American Chemical Society. 
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were strongly dependent on pH, with a lower sensitivity compared 
to fluorescein in solution. 

poly(27) 

Other electroactive materials based on poly(hydroquinone) 
[344, 345], polyanilines [346-349], and amino-substituted ECPs 
[350, 351] showed a pH-sensitive voltammetric, potentiometric, or 
optical response. 

The fixation of metallic cations such as Ni(II), Co(II), Cu(II), 
Zn(II), Mn(III), and Fe(III) in ECP fihns incorporating suitable 
ligands has been a strategy greatly used to prepare modified elec-
trodes for electrocatalytic applications. Accordingly, numerous co-
ordination complexes based on bipyridyl [352-358], cyclam [359, 
360], porphyrin [203, 361], salicylidene [362-364], and phosphine 
[365] ligands bound to a conjugated polymer backbone (essentially 
PPy or PTh) have been synthesized. Generally these functional-
ized materials were electrogenerated from the anodic oxidation 
of the coordination complex between the metaUic cation and the 
ligand-bound monomer. Evidence was provided for the similar-
ity of electrochemical and spectrophotometrical behaviors of poly-
merized coordination complexes and in solution. 

Recent reports have focused on the tuning of the optical and 
electronic properties of polymers via the incorporation of metal 
centers. The electrochromic properties of salicylidene-substituted 
polythiophene films (poly(28)) were strongly dependent on the in-
corporated metal type [362, 363]. So Ni-containing films exhibited 
an orange-to-green redox transition, while the Cu-containing ana-
log displayed a light green-dark green pair. It must be pointed out 
that the blocking of the 4-positions of the salicylidene rings was 
required to prevent polymerization at those sites. As claimed by 
Kingsborough and Swager [364], the redox activity of the incorpo-
rated metal cation could be enhanced if complex 29 were chosen 
as the starting monomer. 

H 3 C - ^ > ^ , 

poly(28) 
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Fig. 14. Visible absorption spectra recorded in CHCI3 at room tempera-
ture for poly(30) (x = 0) without (a) and in the presence of AgC104 (b), 
Cu(OAc)2 (c), A1K(S04)2 (d), or PdCl2 (e). The polymer concentration 
was 1.0 X 10~̂  M, corresponding to a 2,2̂ -bipyridyl unit, and the metal 
ion concentration was 1.0 x 10~̂  M. Reprinted with permission from B. 
Wang and M. R. Wasielewski,/. Am. Chem. Soc. 119, 12. Copyright 1997 
American Chemical Society. 

Another representative example pertains to the design and syn-
thesis of metal ion-sensitive ligand-containing conjugated poly-
mers. A polymer-like poly(30) underwent conformational changes 
upon incorporating metal ions, thus converting the polymer from 
the initial partially conjugated one to a fully or nearly fully conju-
gated entity [358]. As shown in Fig. 14, large ionochromic effects 
were visible with a wide variety of transition and main group metal 
ions. 

PCnH, 10"21 
PCi AH-, 

H21C10O 

poly(30) X = 0 or 2 

Finally, the interaction of other cations such as alkali metal 
cations, the iron-sulfur cluster, and tropylium has been inves-
tigated in the presence of PPy films N-substituted with spe-
cific groups, namely ferrocene bisamide derivatives 31 [366], cys-
tine [367], and phenothiazine [368]. The charge transfer complex 
produced between phenothiazine-substituted PPy and the tropy-
lium cation was used in a photoelectrode device [368]. 

29 

4. ANIONIC RECOGNITION 

Compared with a large number of papers devoted to cation-
sensitive conjugated polymers, the development of responsive sys-
tems for anionic species has been much less reported. This is 
somewhat surprising in view of the numerous anions playing a key 
role in biological and chemical processes and the importance of 
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detecting/extracting anionic pollutants such as phosphate and ni-
trate. Generally, the synthetic anion receptors are either positively 
charged or neutral. The positively charged receptors have pro-
tonated nitrogen atoms (e.g., polyammonium, polyguanidinium, 
quaternary ammonium) or metal ions. In these systems, the in-
teractions are mainly of the Coulomb type. The neutral anionic 
receptors can either bind anions (solely by hydrogen bonding or 
ion-dipole interactions) or coordinate anions at the Lewis acidic 
centers of a neutral organometallic ligand [369]. 

With the aim of developing electroactive systems capable of 
electrochemically and specifically recognizing anions [370], some 
anionic receptors have been bound to redox-active groups such as 
cobaltocenium, ferrocene, and transition-metal bipyridyl moieties 
[370-373]. Although such compounds were suitable for the elec-
trochemical recognition of some anionic species in solution, their 
immobilization on an electrode surface to achieve sensitive layers 
has been investigated with very few examples. 

The electrochemical recognition of chloride ions by a function-
alized PPy film electrogenerated from a substituted tris-bipyridine 
ruthenium (II) complex (32) has been reported by Lopez et 
al. [374]. The first one-electron reduction wave of the electroac-
tive polymer was cathodically shifted (maximum shift of 40 mV) 
when Cl~ was added to the electrolytic medium. Unexpectedly, 
the electroactivity of the film was also dramatically changed in the 
presence of F~, while I~ and Br~ had no effect. 

250//Acm-2 I 

Q 
(CH,) . 

OCH3 

H3CO-/ V-HN '(CH2)4- O 

OCH, 
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Another example of conjugated polymer films incorporating an 
anionic receptor has been reported by Nicolas et al. [375]. Such 
films were electrogenerated from pyrrole and thiophene deriva-
tives substituted by boronic acid or boronate groups. These func-
tional groups were used as sensing elements owing to the strong 
interaction of the boron atom with hard bases like fluoride, giv-
ing rise to specific orbital changes from sp^ to more stable sp^ 
[376-379]. As an example, the redox system corresponding to the 
p-doping-undoping process of a boronate-substituted PPy film 
(poly(33)) was shifted to less anodic potentials in the presence 
of KF (Fig. 15). A similar trend was observed by Shinkai and co-
workers with ferroceneboronic acid in solution [379]. The easier 
oxidation of the F~ -bound polymer could be explained by the sta-
bilization of F~ bound to the boron atom by the positive charges 
along the oxidized PPy backbone. It must be pointed out that the 

with 2 mM F-

E/V(vs.SCE) 

Fig. 15. Cyclic voltammograms at 100 mV s ^ of poly(33) (electroforma-
tion charge: 70 mCcm-^) in H2O/CH3CN (1/1 v/v) +5 x 10"! M LiC104 
in the absence and presence of 2 mM KF. (From [375].) 

electrochemical response of poly(33) was not changed when F~ 
was replaced by Cl~ or Br~. Moreover, the interaction with F~ 
was specific for the boronate-containing polymer, as the voltam-
metric response of an unfunctionalized PPy film was found to be 
unmodified in the presence of this hahde. 

poly(33) 

A nitrite-sensitive material has been developed by Fabre et 
al. with a poly(A^-methylpyrrole) film incorporating a metal-
substituted heteropolyanion [(H20)Fe"^XWii039]"- (X = P, 
n = 4, or X = Si, n = 5) as a doping anion [380-382]. Such a 
film was electrochemically stable and exhibited an efficient elec-
trocatalytic activity vis-a-vis the nitrite reduction. In contrast, poor 
results were obtained when PPy was used as the immobilization 
matrix [383, 384]. The key step of this electrocatalytic process was 
the formation of an iron-nitrosyl complex generated from the re-
placement of H2O initially coordinated to the iron center by an 
NO group, the reduction of which led to the catalytic conversion 
of NO^ into ammonium ions [385, 386]. The measured catalytic 
currents were linear with the nitrite concentration over the range 
1 X 10-4 to 3 X 10-2 M [382]. Furthermore, anions such as NO3 , 

C r , S04~, PO^", and C03~ were found not to interfere. The re-
markable selectivity of this electrochemical sensor was explained 
by the formation of the nitrosyl complex. 

Other ECP films incorporating unsubstituted heteropolyanions 
have been used for the electrocatalytic reduction of anions such as 
nitrite, bromate, and chlorate [149]. However, for these systems 
no adduct was produced in the course of the electrocatalysis, and 
consequently, a lower selectivity was observed. 
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5. CONCLUSIONS 

The immobilization of functional groups in conjugated polymer 
films led to redox-active materials capable of recognizing a great 
variety of substrates. In most cases, these materials were electro-
chemically generated from the anodic oxidation of an aromatic 
compound (e.g., pyrrole, thiophene) covalently bound to the func-
tionality. Owing to the environment offered by the polymer frame-
work, the reactivity, the stability, and the accessibility of the immo-
bilized recognition sites could be modified compared with those 
exhibited in solution. Different parameters such as the film thick-
ness and the nature and the length of the spacer arm between the 
recognition site and the conjugated backbone could affect these 
characteristic properties. Moreover, the transduction method has 
to be judiciously chosen to obtain a sensitive system. From repre-
sentative examples, it appears that the conductimetric and spectro-
scopic methods are generally more sensitive to recognition events 
than are the electrochemical methods like cyclic voltammetry. Fur-
thermore, the introduction of regioregularity in this type of poly-
mer was found to be a way to enhance their sensory properties. 
Consequently, the structural organization of the immobilization 
matrix is an essential component of the recognition phenomenon. 

With this feature in mind, numerous organized macromolec-
ular architectures have been deposited on electrode surfaces. 
Accordingly, self-assembled monolayers [387] and Langmuir-
Blodgett-type [388] multilayers have been used to attach nu-
merous functional moieties to electrode surfaces, e.g., crown 
ethers [389-391] and other complexing macrocyclic cavities (cal-
ixarene [392], cyclodextrin [393], and cyclophane [394-396]), vio-
logens [397], porphyrins [398, 399], and enzymes [400-402]. 

The derivatization of electrode surfaces by redox-active den-
drimers [403-410] has also been explored to generate electro-
chemical sensors. So the ferrocenyl dendrimer 34 was reported to 
be sensitive to some anions such as H2PO^ and HSO^ [409]. 

s^-CH3 ^ 

fc? 
^B-W'' 

I T H 
HN. 

Fe 

34 

Thus these macromolecules offer attractive possibilities as 
supramolecular receptors for molecular recognition because of 
their precisely defined three-dimensional molecular architectures 

and controlled chemical constitution. Compared with functional-
ized conjugated polymers, the interaction between the recognition 
sites and the analyte is expected to be stronger, provided that the 
conformation of the dendrimer is not modified after its immobi-
lization. However, the disadvantages of this type of structures lie in 
a weaker fixation to the electrode surface as well as a surface cov-
erage (and consequently a film thickness) that is not really variable 
over a large range of magnitude. 

REFERENCES 

1. J. P. Desvergne and A. W. Czarnik, Chemosensors of Ion and 
Molecule Recognition, NATO ASI Series, Series C, Vol. 492. Kluwer 
Academic Publishers, Dordrecht, 1997. 

2 M. Gomez-Lopez and J. R. Stoddard, in "Handbook of Nanostruc-
tured Materials and Nanotechnology," (H. S. Nalwa, Ed.), Vol. 5. 
Academic Press, New York, 1999. 

3. P. L. Boulas, M. Gomez-Kaifer, and L. Echegoyen,^«g^w. Chem. Int. 
Ed. 37, 216 (1998). 

4. E GsLrnier, Angew. Chem. 101, 529 (1989). 
5. J. Simonet and J. Rault-Berthelot, Prog. Solid State Chem. 21, 1 

(1991). 
6. J. N. Barisci, C. Conn, and G. G. Wallace, Trands Polym. Sci. 4, 307 

(1996). 
7. O. A. Sadik,^nfl/. Methods lustrum. 2, 293 (1995). 
8. A. Deronzier and J. C. MoutQt, Ace. Chem. Res. 22, 249 (1989). 
9. D. Curran, J. Grimshaw, and S. D. Perera, Chem. Soc. Rev. 20, 391 

(1991). 
10. M. E. G. Lyons, C. H. Lyons, C. Fitzgerald, and T. Bannon, Analyst 

(Cambndge, U.K.) 118, 361 (1993). 
11. J. Roncali, Chem. Rev. 92, 711 (1992). 
12. H. S. Nalwa, Ed., "Handbook of Organic Conducting Molecules and 

Polymers," Vols. 1-4. John Wiley & Sons, Chichester, 1997. 
13. R. D. McCullough,^^v. Mater. (Weinheim, Gen) 10, 93 (1998). 
14. M. Leclerc and K. Fmd, Adv Mater. (Weinheim, Ger.) 9,1087 (1997). 
15. H. Sze on Chan and S. C. Ng, Prog. Polym. Sci. 23,1167 (1998). 
16. J. Rault-Berthelot, Recent Res. Dev Macromol. Res. 3, 425 (1998). 
17. L. Pu, Chem. Rev 98, 2405 (1998). 
18. P N. Bartlett and R. G. Whitaker, Biosensors 3, 359 (1987-88). 
19. P N. Bartlett and J. Cooper, /. Electroanal. Chem. 362,1 (1993). 
20. M. Trojanowicz and T. Krawczynski vel Krawczyk, Mikrochim. Acta 

111, 167 (1995). 
21. W Schuhmann, Mikrochim. Acta 121, 1 (1995). 
22. A. Heller, y4cc. Chem. Res. 23,128 (1990). 
23. S. Nakamura, S. Hayashi, and K. Koga, Biochim. Biophys. Acta 445, 

294 (1976). 
24. A. Szucs, G. D. Hitchens, and J. O' M. Bockris, Bioelectrochem. 

Bioenerg. 21,133 (1989). 
25. R. M. lanniello, T J. Lindsay, and A. M. Yacynych, Anal Chem. 54, 

1098 (1982). 
26. N. C. Foulds and C. R. Lowe,/. Chem. Soc, Faraday Trans. 1 82,1259 

(1986). 
27. D. Belanger, J. Nadreau, and G. Fortier, /. Electroanal. Chem. 21 A, 

143 (1989). 
28. D. Belanger, J. Nadreau, and G. Fortier, Electroanalysis 4,933 (1992). 
29. W Schuhmann, Synth. Met. 4 1 ^ 3 , 429 (1991). 
30. S. I. Yabuki, H. Shinohara, and M. Azawa, /. Chem. Soc, Chem. 

Commun. 945 (1989). 
31. B. F Y. Yon-Hin, M. Smolander, T. Crompton, and C. R. Lowe,^«fl/. 

Chem. 65, 2067 (1993). 
32. A. Kitani, N. Kasyu, and K. Sasaki, Electrochim. Acta 39, 7 (1994). 
33. D. R. Yaniv, L. McCormick, J. Wang, and N. Naser, /. Electroanal. 

Chem. 314, 353 (1991). 
34. M. Umana and J. Waller, ̂ «fl/. Chem. 58, 2979 (1986). 



POLYMER FILMS FOR MOLECULAR A N D IONIC RECOGNITION 125 

35. P. N. Bartlett and R. G. Whitaker, /. Electroanal Chem. 224, 37 
(1987). 

36. P Caglar and G. E. Wnek, PureAppl. Chem. A32, 349 (1995). 
37. M. Trojanowicz and M. L. Hitchman, Electroanalysis 8, 263 (1996). 
38. Y. Kajiya, H. Sugai, C. Iwakura, and H. Yoneyama, ylna/. Chem. 63, 

49 (1991). 
39. E. M. Genies and M. Marchesiello, Synth. Met. 55-57, 3677 (1993). 
40. M. Marchesiello and E. M. Genies, Electrochim. Acta 37,1987 (1992). 
41. N. C. Foulds and C. R. Lowe,^«fl/. Chem. 60, 2473 (1988). 
42. S. E. Wolowacz, B. E Y. Yon Hin, and C. R. Lowe,^««/. Chem. 64, 

1541 (1992). 
43. P N. Bartlett and R. G. Whitaker, /. Electroanal. Chem. 224, 27 

(1987). 
44. M. Marchesiello and E. Genies,/. Electroanal. Chem. 358, 35 (1993). 
45. K. Yamada, H. Koizumi, K. Ikeda, and Y. Ohkatsu, Chem. Lett. 201 

(1997). 
46. K. Kojima, T. Yamauchi, M. Shimomura, and S. Miyauchi, Polymer 

39, 2079 (1998). 
47. L. Coche-Guerente, A. Deronzier, P. Mailley, and J. C. Moniti, Anal. 

Chim. Acta 289,143 (199A). 
48. S. Cosnier and A. Lepellec, Electrochim. Acta 44,1833 (1999). 
49. M. Shaolin, X. Huaiguo, and Q. Bidong, /. Electroanal. Chem. 304, 7 

(1991). 
50. P N. Bartlett and P R. Bkkm,Anal. Chem. 66,1552 (1994). 
51. P N. Bartlett and P R. Bivkin, Anal. Chem. 65,1118 (1993). 
52. Z. E Li, E. T. Kang, K. G. Neoh, and K. L. Tan, Biomatenals 19, 45 

(1998). 
53. C. Malitesta, F. Palmisano, L. Torsi, and P. G. Zambonin,^/tfl/. Chem. 

62, 2735 (1990). 
54. J. Wang and H. Wu,Anal. Chim. Acta 283, 683 (1993). 
55. T. Yao and K. Takashima, Biosens. Bioelectron. 13, 67 (1998). 
56. F. Moussy, D. J. Harrison, D. W. O'Brien, and R. V. Rajotte, Anal. 

Chem. 65, 2072 (1993). 
57 C. G. Zambonin and I. Losito.Anal. Chem. 69, 4113 (1997). 
58. I. Losito and C. G. Zambonin,/. Electroanal. Chem. 410,181 (1996). 
59. J. Wang, L. Chen, and D. B. Luo, Anal. Commun. 34, 217 (1997). 
60. P. Wang, S. Amarasinghe, J. Leddy, M. Arnold, and J. S. Dordick, 

Polymer 39,123 (199S). 
61. P N. Bartlett, P Tebbutt, and C. H. Tyrrell, Anal. Chem. 64, 138 

(1992). 
62. M. Hiller, C. Kranz, J. Huber, P. Bauerle, and W Schuhmann, Adv. 

Mater (Weinheim, Ger.) 8, 219 (1996). 
63. W. Schuhmann, J. Huber, A. Mirlach, and J. Daub,^^v. Mater (Wein-

heim, Ger.) 5,124 (1993). 
64. Z. Zhang, C. Lei, and J. T>Qng, Analyst 121, 971 (1996). 
65. P C. Pandey,/ Chem. Soc, Faraday Trans. 1 84, 2259 (1988). 
66. E. Tamiya, I. Karube, S. Hattori, M. Suzuki, and K. Yokoyama, Sens. 

Actuators 18, 297 (1989). 
67 C. G. J. Koopal, B. DeRuiter, and R. J. M. Nolte, / Chem. Soc, 

Chem. Commun. 1691 (1991). 
68. C. Iwakura, Y. Kajiya, and H. Yoneyama, / Chem. Soc, Chem. Com-

mun. 1019 (1988). 
69. P N. Bartlett and D. J. Csimsinsi, Analyst (Cambridge, U.K.) Ill, 1287 

(1992). 
70. F M. McArdle and K. C. Fcrsmd, Analyst (Cambridge, U.K.) 118,419 

(1993). 
71. S. Dong, Q. Deng, and G Cheng, Anal. Chim. Acta 279, 235 (1993). 
72. B. F Y. Yon Hin and C. R. Lowe, Sens. Actuators, B1, 339 (1992). 
73. W Trettnak, I. Lionti, and M. Mascini, Electroanalysis 5, 753 (1993). 
74. Y. Kajiya, R. Tsuda, and H. Yoneyama, / Electroanal. Chem. 301, 

155 (1991). 
75. L. Coche-Guerente, S. Cosnier, C Innocent, P. Mailley, J. C Moutet, 

R. M. Morelis, B. Leca, and P. R. Coulet, Electroanalysis 5, 647 
(1993). 

76. M. V. Deshpande and E. A. H. Hall, Biosens. Bioelectron. 5, 431 
(1990). 

77. T Tatsuma, T Watanabe, and T. Watanabe,/ Electroanal. Chem. 356, 
245 (1993). 

78. M. G Garguilo, N. Huynh, A. Proctor, and A. C. Michael, Anal 
Chem. 65, 523 (1993). 

79. J. M. Cooper and D. Bloor, Electroanalysis 5, 883 (1993). 
80. Y. Kajiya, H. Matsumoto, and H. Yoneyama, / Electroanal. Chem. 

319,185 (1991). 
81. S. Yabuki, F Mizutani, and M. Asai, Biosens. Bioelectron. 6, 311 

(1991). 
82. G F Khan, E. Kobatake, H. Shinohara, Y. Ikariyama, and M. 

Aizawa,^nfl/. Chem. 64,1254 (1992). 
83. T. Tatsuma, M. Gondaira, and T Watanabe, ^AIA/. Chem. 64, 1183 

(1992). 
84. U. WoUenberger, V. Bogdanovskaya, S. Bobrin, F Scheller, and M. 

Tarasevich,^n«/. Lett. 23,1795 (1990). 
85. P N. Bartlett and D. J. Caruana, yl̂ iafy /̂ (Cambridge, UK.) 119, 175 

(1994). 
86. T Matsue, N. Kasai, M. Narumi, M. Nishizawa, H. Yamada, and 

I. Uchida,/ Electroanal. Chem. 300, 111 (1991). 
87. S. Cosnier and C Innocent,/ Electroanal. Chem. 328, 361 (1992). 
88. S. B. Adeloju, S. J. Shaw, and G G Wallace, ̂ n«/. Chim. Acta 281, 

611 (1993). 
89. S. Mu, J. Kan, and J. Zhou, / Electroanal. Chem. 334,121 (1992). 
90. S. Yabuki, H. Shinohara, Y. Ikariyama, and M. Aizawa, / Electroanal. 

Chem. Ill, 179 (1990). 
9h J. M. Slater and E. J. Watt,^«fl/. Proc 26, 397 (1989). 
92. I. Willner, E. Katz, N. Lapidot, and P. Bauerle, Bioelectrochem. Bioen-

erg. 29, 29 (1992). 
93. S. Cosnier, C. Innocent, and Y. Jouanneau, Anal. Chem. 66, 3198 

(1994). 
94. S. Cosnier, B. Galland, and C Innocent, / Electroanal. Chem. 433, 

113 (1997). 
95. G. Ramsay and S. M. Wolpert, ̂ na/. Chem. 71, 504 (1999). 
96. Q. Wu, G. D. Storrier, F Pariente, Y. Wang, J. P Shapleigh, and H. 

D. Abruna,^«fl/. Chem. 69, 4856 (1997). 
97. C. Kranz, H. Wohlschlager, H. L. Schmidt, and W Schuhmann, Elec-

troanalysis 10, 546 (1998). 
98. H. Sangodkar, S. Sukeerthi, R. S. Srinivasa, R. Lai, and A. Q. Con-

tractor, ̂ «fl/. Chem. 68, 779 (1996). 
99. G Faruque Khan, E. Kobatake, H. Shinohara, Y. Ikariyama, and 

M. Aizawa,/ Am. Chem. Soc 118,1824 (1996). 
100. S. Cosnier, C. Innocent, L. Allien, S. Poitry, and M. Tsacopoulos, 

Anal. Chem. 69, 968 (1997). 
lOh W J. Cho and H. J. Huang, ylnfl/. Chem. 70, 3946 (1998). 
102. L. M. Moretto, P Ugo, M. Zanata, P Guerriero, and C. R. Martin, 

Anal. Chem. 70, 2163 (1998). 
103. F Palmisano, G E. De Benedetto, and C. G Zambonin, Analyst 

(Cambridge, U.K.) Ill, 365 (1997). 
104. L. Qingshan, Z. Siliang, and Y. Juntang, ̂ «fl/. Lett. 28, 2161 (1995). 
105. M. Shaolin and C Shufan, / Electroanal. Chem. 356, 59 (1993). 
106. T. Matsue, M. Nishizawa, T. Sawaguchi, and I. Uchida, / Chem. Soc, 

Chem. Commun. 1029 (1991). 
107. P N. Bartlett, D. Pletcher, and J. Zeng, / Electrochem. Soc 144,3705 

(1997). 
108. P N. Bartlett, P R. Birkin, J. H. Wang, F Palmisano, and G De 

Benedetto, ylwfl/. Chem. 70, 3685 (1998). 
109. A. Mulchandani, C.-L. Wang, and H. H. WtQiaW, Anal. Chem. 67, 94 

(1995). 
110. R. Yang, C Ruan, W. Dai, J. Deng, and J. Kong, Electrochim. Acta 

44,1585 (1999). 
111. A. Mulchandani and C.-L. Wang, Electroanalysis 8, 414 (1996). 
112. M. Somasundrum and J. V. Bannister, / Chem. Soc, Chem. Commun. 

1629 (1993). 
113. M. Caselli, M. Delia Monica, and M. Portacci, / Electroanal. Chem. 

319, 361 (1991). 
114. P N. Bartlett and J. H. Wang, / Chem. Soc, Faraday Trans. 92, 4137 

(1996). 



126 FABRE 

115. P. N. Bartlett, P. R. Birkin, and E. N. K. Wallace,/. Chem. Soc, Fara-
day Trans. 93,1951 (1997). 

116. R N. Bartlett, J. H. Wang, and E. N. K. Wallace, Chem. Commun. 359 
(1996). 

117. P Burgmayer and R. W Murray, /. Am. Chem. Soc. 104, 6139 (1982). 
118. J. C. Cooper, M. Hammerle, W Schuhmann, and H.-L. Schmidt, 

Biosens. Bioelectron. 8, 65 (1993). 
119. P Akhtar, C. O. Too, and G. G. Wallace, ̂ «fl/. Chim. Acta 339, 201 

(1997). 
120. P Akhtar, C. O. Too, and G. G. Wallace, ^AIA/. Chim. Acta 339, 211 

(1997). 
121. P Akhtar, C. O. Too, and G. G. Wallace, ^AZ«/. Chim. Acta 341, 141 

(1997). 
122. T E Kang, G. L. Shen, and R. Q. Yu, Talanta 43, 2007 (1996). 
123. K. Pihel, Q. D. Walker, and R. M. Wightman, y4nfl/. Chem. 68, 2084 

(1996). 
124. Z. Gao, B. Chen, and M. Zi, /. Chem. Soc, Chem. Commun. 675 

(1993). 
125. Z. Gao, M. Zi, and B. Chen,/. Electroanal. Chem. 373,141 (1994). 
126. A. Witkowski, M. S. Freund, and A. Brajter-Toth,^nfl/. Chem. 63,622 

(1991). 
127. H. S. O. Chan, S. C. Ng, and S. H. Seow, Synth. Met. 66,177 (1994). 
128. R. A. Saraceno, J. G. Pack, and A. G. Ewing, / Electroanal. Chem. 

197, 265 (1986). 
129. I. G. Casella and M. R. Guascito, Electroanalysis 9,1381 (1997). 
130. N. E Atta, A. Galal, A. E. Karagozler, H. Zimmer, J. E Rubinson, 

and H. B. Mark Jr . , / Chem. Soc, Chem. Commun. 1347 (1990). 
131. H. Shinohara, G. E Khan, Y. Ikariyama, and M. Azawa, / Elec-

troanal. Chem. 304, 75 (1991). 
132. R. C. M. Jakobs, L. J. J. Janssen, and E. Barendrecht, Electrochim. 

Acta 30,1313 (1985). 
133. A. Haimerl and A. Merz, / Electroanal. Chem. 220, 55 (1987). 
134. J. M. Cooper, D. G. Morris, and K. S. Ryder, / Chem. Soc, Chem. 

Commun. 697 (1995). 
135. P N. Bartlett and J. Farington, / Electroanal. Chem. 261, 471 (1989). 
136. I. G. Casella, T. R. I. Cataldi, A. Guerrieri, and E. Desimoni, Anal. 

Chim. Acta 335, 211 (1996). 
137. H. Laborde, J. M. Leger, and C. Lamy, / Appl. Electrochem. 24,1019 

(1994). 
138. W. T. Napporn, J. M. Leger, and C. Lamy, / Electroanal. Chem. 408, 

141 (1996). 
139. A. Leone, W. Marino, and B. R. Scharifker, / Electrochem. Soc. 139, 

438 (1992). 
140. I. M. E De Oliveira, J. C. Moutet, and S. Hamar-Thibault, / Mater 

Chem. 2,167 (1992). 
141. I. Becerik and E Kadirgan, / Electroanal. Chem. 436,189 (1997). 
142. S. Swathirajan and Y. M. Mikhail, / Electrochem. Soc 139, 2105 

(1992). 
143. W Lu, G. G. Wallace, and A. A. Karayakin, Electroanalysis 10, 472 

(1998). 
144. A. Galal, / Solid State Electrochem. 2,7 (1998). 
145. E Bedioui, Y. Bouhier, C. Sorel, J. Devynck, L. Coche-Guerente, 

A. Deronzier, and J. C. UoutQt, Electrochim. Acta 38, 2485 (1993). 
146. E Bedioui, M. Voisin, J. Devynck, and C. Bied-Charreton, / Elec-

troanal. Chem. 297, 257 (1991). 
147. E Bedioui, S. Gutierrez-Granados, J. Devynck, and C. Bied-

Charreton, TVew / Chem. 15, 939 (1991). 
148. S. Gutierrez-Granados, E Bedioui, and J. Devynck, Electrochim. Acta 

38,1747 (1993). 
149. M. Sadakane and E. Steckhan, Chem. Rev. 98, 219 (1998). 
150. B. Fabre, S. Burlet, R. Cespuglio, and G. Bidan, / Electroanal. Chem. 

426, 75 (1997). 
151. B. Fabre, G. Bidan, R. Cespuglio, and S. Burlet, French Patent 

CEA/INSERM 94 10290,1994. 
152. B. Keita, A. Belhouari, L. Nadjo, and R. Contant, / Electroanal. 

Chem. 381, 243 (1995). 

153. T. Livache, A. Roget, E. Dejean, C. Barthet, G. Bidan, and R. Teoule, 
Nucleic Acids Res. 22, 2915 (1994). 

154. E Gamier, H. Korri Youssoufi, P. Srivastava, and A. Yassar, / Am. 
Chem. Soc 116, 8813 (1994). 

155. H. Korri Youssoufi, E Gamier, P. Srivastava, P. Godillot, and A. Yas-
s a r , / ^ m . Chem. Soc 119, 7388 (1997). 

156. P Heiduschka, W. Gopel, W Beck, W. Kraas, S. Kienle, and G. Jung, 
Chem. EuK J. 2, 667 (1996). 

157 P Bauerle and A. Emge,^^v. Mater (Weinheim, Ger) 3,324 (1998). 
158. K. Galasso, T Livache, A Roget, and E. Vieil,/ Chim. Phys. 95,1514 

(1998). 
159. L. M. Torres-Rodriguez, A. Roget, M. Billon, T Livache, and 

G. Bidan, Chem. Commun. 1993 (1998). 
160. K. Faid and M. Leclerc, / Am. Chem. Soc 120, 5274 (1998). 
161. P Englebienne and M. Weiland, Chem. Commun. 1651 (1996). 
162. C. Lagrost, J. C. Lacroix, S. Aeiyach, M. Jouini, K. L Chane-Ching, 

and P C. Lacaze, Chem. Commun. 489 (1998). 
163. G. Bidan, A. Gadelle, R. Teoule, and E. Vieil, Sens. Mater 8, 179 

(1996). 
164. J. M. Charlesworth, A. C. Partridge, and N. Garrard, / Phys. Chem. 

97, 5418 (1993). 
165. T. Hanavy^a, S. Kuwabata, and H. Yoneyama, / Chem. Soc, Faraday 

Trans. 1 84,1587 (1988). 
166. T Hanawa and H. Yoneyama, Synth. Met. 30, 341 (1989). 
167. J. J. Miasik, A. Hooper, and B. C. Tofield, / Chem. Soc, Faraday 

Trans. 1 82,1117 (1986). 
168. G. E. Collins and L. J. Buckley, Synth. Met. 78, 93 (1996). 
169. T Hanawa, S. Kuwabata, H. Hashimoto, and H. Yoneyama, Synth. 

Met. 30,173 (1989). 
170. S. Dogan, U. Akbulut, T. Yalcin, S. Suzer, and L. Toppare, Synth. Met. 

60,27(1993). 
171. A. Boyle, E. M. Genies, and M. Lapkowski, Synth. Met. 28, C769 

(1989). 
172. C. Budrowski and J. Przyluski, Synth. Met. 41-43, 597 (1991). 
173. J. Przyluski and C. Budrowski, Synth. Met. 41-43,1163 (1991). 
174. M. Josowicz, J. Janata, K. Ashley, and S. Vor\.s,Anal. Chem. 59, 253 

(1987). 
175. M. Josowicz and J. Jsinsit2i,Anal. Chem. 58, 514 (1986). 
176. R. Cabala, V. Meister, and K. Potje-Kamloth, / Chem. Soc, Faraday 

Trans. 93,131 (1997). 
177 Y. Ohmori, K. Muro, and K. Yoshino, Synth. Met. 55-57,4111 (1993). 
178. J. Langmaier and J. JamtSi, Anal. Chem. 64, 523 (1992). 
779. Q. Pei and O. Inganas, Synth. Met. 55-57, 3730 (1993). 
180. Z. Deng, D. C. Stone, and M. Thompson, Can. J. Chem. 73, 1427 

(1995). 
181. Z. Deng, D. C. Stone, and M. Thom^^on, Analyst (Cambridge, U.K.) 

121,1341 (1996). 
182. Z. Deng, D. C. Stone, and M. Thompson, ^w^/y^r (Cambridge, U.K.) 

122,1129 (1997). 
183. J. Kankare and L A. W'mokmow, Anal. Chem. 69, 2337 (1997). 
184. B. Bott and T A. Jones, Sens. Actuators 5, 43 (1984). 
185. J. W. Thackeray and M. S. Wrighton, / Phys. Chem. 90, 6674 (1986). 
186. B. Fabre, G. Bidan, and D. Fichou, / Chim. Phys. 89,1053 (1992). 
187. G. Bidan, E. M. Genies, and M. Lapkowski, Synth. Met. 31, 327 

(1989). 
188. G. Bidan, E. M. Genies, and M. Lapkowski, / Chem. Soc, Chem. 

Commun. 533 (1988). 
189. M. Hasik, A. Pron, J. Pozniczek, A. Bielanski, Z. Piwowarska, K. 

Kruczala, and R. Dziembaj, / Chem. Soc, Faraday Trans. 90, 2099 
(1994). 

190. P Wang and Y. L i , / Electroanal. Chem. 408, 77 (1996). 
191. S. Dong, Q. Qiu, R. Guilard, and A. Tabard, / Electroanal. Chem. 

372,171 (1994). 
192. C. Coutanceau, P. Crouigneau, J. M. Leger, and C. Lamy, / Elec-

troanal. Chem. 379, 389 (1994). 
193. J. Losada, I. Del Peso, L. Beyer, J. Hartung, V. Fernandez, and 

M. Mobius,/ Electroanal. Chem. 398, 89 (1995). 



POLYMER FILMS FOR MOLECULAR AND IONIC RECOGNITION 127 

194. M. C. Pham and J. E. Dubois, /. Electroanal Chem. 199,153 (1986). 
195. M. R. Anderson, B. R. Mattes, H. Reiss, and R. B. Kaner, Science 

(Washington, D.C.) 252,1412 (1991). 
196. M. R. Anderson, B. R. Mattes, H. Reiss, and R. B. Kaner, Synth. Met. 

41-43,1151 (1991). 
197. B. R. Mattes, M. R. Anderson, J. A. Conklin, H. Reiss, and R. B. 

Kaner, Synth. Met. 55-57, 3655 (1993). 
198. L. Coche and J. C. Moutet,/. Am. Chem. Soc. 109, 6887 (1987). 
799. L. Coche, B. Ehui, D. Limosin, and J. C. Moutet, /. Org. Chem. 55, 

5905 (1990). 
200. L. Coche, A. Deronzier, and J. C. Moutet, /. Electroanal. Chem. 198, 

187 (1986). 
201. S. Cosnier, A. Deronzier, and J. C Moutet, Inorg. Chem. 27, 2389 

(1988). 
202. W. F. De Giovani and A. Deronzier, /. Electroanal. Chem. 337, 285 

(1992). 
203. F. Bedioui, J. Devynck, and C. Bied-Charreton, Ace. Chem. Res. 28, 

30 (1995). 
204. F. Bedioui, C. Bongars, J. Devynck, C. Bied-Charreton, and C. Hin-

nen, /. Electroanal. Chem. 207, 87 (1986). 
205. M. Lemaire, D. Delabouglise, R. Garreau, A. Guy, and J. RoncaH, 

/. Chem. Soc, Chem. Commun. 658 (1988). 
206. D. Delabouglise and F Gamier, Synth. Met. 39,117 (1990). 
207. M. Lemaire, D. Delabouglise, R. Garreau, and J. Roncali, /. Chim. 

Phys. 86,193 (1989). 
208. J. C. Moutet, E. Saint-Aman, F Tran-Van, P Angibeaud, and J. P 

\]ii\\Q,Adv. Mater (Weinheim, Ger.) 4, 511 (1992). 
209. K. S. Ryder, D. G Morris, and J. M. Cooper, /. Chem. Soc, Chem. 

Commun. 1411 (1995). 
210. E. Schulz, V. Bethmont, K. Fahmi, F Fache, and M. Lemaire,/. Chim. 

Phys. 92, 783 (1995). 
211. J. Rault-Berthelot, E. Raoult, J. Tahri-Hassani, H. Le Deit, and J. Si-

monet, Electrochim. Acta 44, 3409 (1999). 
212. M. Salmon and G Bidan,/. Electrochem. Soc 132,1897 (1985). 
213. M. Salmon, M. Saloma, G Bidan, and E. M. Genies, Electrochim. 

Acta 34,117 (1989). 
214. T. Komori and T Nonaka, /. Am. Chem. Soc 106, 2656 (1984). 
215. M. Schwientek, S. Pleus, and C. H. Hamann, /. Electroanal. Chem. 

461, 94 (1999). 
216. D. Kotkar, V. Joshi, and P. K. Ghosh, /. Chem. Soc, Chem. Commun. 

917 (1988). 
217. G Bidan, S. Guillerez, and V. Sorokin, ^6?v. Mater (Weinheim, Ger) 

8,157 (1996). 
218. M. M. Bouman and E. W. Meijer,yl^v. Mater (Weinheim, Ger) 7, 385 

(1995). 
219. J. C. Moutet, C. Duboc-Toia, S. Menage, and S. Tingry, Adv. Mater 

(Weinheim, Ger) 10, 665 (1998). 
220. J. Papillon, E. Schulz, S. Gelinas, J. Lessard, and M. Lemaire, Synth. 

Met. 96,155 (1998). 
221. C. J. Pedersen, /. Am. Chem. Soc 89, 7017 (1967). 
222. C. J. ?QdQrsQn,Angew. Chem., Int. Ed. Engl. 27,1021 (1988). 
223. J. M. Lehn, "Structure and Bonding," p. 1. Springer-Verlag, Berlin, 

1973. 
224. J. M. Lchn, Angew. Chem., Int. Ed. Engl 27, 89 (1988). 
225. D. J. Cvd^m, Angew. Chem., Int. Ed. Engl. 27,1009 (1988). 
226. F Vogtle and H. Sieger, ylwgew. Chem., Int. Ed. Engl 16, 396 (1977). 
227 C J. Pedersen and H. K. VvQmdoxii.Angew. Chem., Int. Ed. Engl 11, 

16 (1972). 
228. C. J. Pedersen, /. Am. Chem. Soc 92, 386 (1970). 
229. P D. Beer,ylfifv. Inorg. Chem. 39, 79 (1992). 
230. P D. Beer, Chem. Soc Rev. 18, 409 (1989). 
231. T. Jorgensen, T. K. Hansen, and J. Becher, Chem. Soc. Rev. 23, 41 

(1994). 
232. R. E. Wolf, Jr., and S. R. Cooper,/. Am. Chem. Soc 106,4646 (1984). 
233. D. A. Gustowski, M. Delgado, V. J. Gatto, L. Echegoyen, and G W. 

Gokel,/ Am. Chem. Soc 108, 7553 (1986). 

234. A. Kaifer, L. Echegoyen, D. A. Gustowski, D. M. Goli, and G W. 
Gokel,/ Am. Chem. Soc 105, 7168 (1983). 

235. A. Kaifer, D. A. Gustowski, L. Echegoyen, V. J. Gatto, R. A. Schultz, 
T. P Cleary, C. R. Morgan, D. M. GoU, A. M. Rios, and G W. Gokel, 
J.Am. Chem. Soc 107,1958 (1985). 

236. M. Lemaire, R. Garreau, J. Roncali, D. Delabouglise, H. Korri-
Youssoufi, and F Gamier, New J. Chem. 13, 863 (1989). 

237. J. Roncali, R. Garreau, D. Delabouglise, F Gamier, and M. Lemaire, 
/ Chem. Soc, Chem. Commun. 679 (1989). 

238. J. Roncali, P. Marque, R. Garreau, F Gamier, and M. Lemaire, 
Macromolecules 23,1347 (1990). 

239. J. Roncali, M. Lemaire, F Gamier, and R. Garreau, Mol Cryst. Sci. 
Technol Liq. Cryst. 235, 35 (1993). 

240. J. Roncali, L. H. Shi, R. Garreau, F Gamier, and M. Lemaire, Synth. 
Met. 36, 267 (1990). 

241. J. Roncali, L. H. Shi, and F Gamier, / Phys. Chem. 95, 8983 (1991). 
242. L. H. Shi, F Gamier, and J. RoncaH, Synth. Met. 4 1 ^ 3 , 547 (1991). 
243. J. Roncali, R. Garreau, D. Delabouglise, F Gamier, and M. Lemaire, 

Synth. Met. 28, C341 (1989). 
244. I. Levesque and M. Leclerc, / Chem. Soc, Chem. Commun. 2293 

(1995). 
245. I. Levesque and M. Leclerc, Chem. Mater 8, 2843 (1996). 
246. R. D. McCuUough, S. P Williams, S. Tristram-Nagle, M. Jayaraman, 

P C Ewbank, and L. Miller, Synth. Met. 69, 279 (1995). 
247 R. D. McCuUough and S. P Williams, Chem. Mater 7, 2001 (1995). 
248. R. D. McCuUough and S. P WiUiams,/ Am. Chem. Soc 115, 11608 

(1993). 
249. R. D. McCuUough, S. P. WUliams, and M. Jayaraman, Polym. Prepr 

(Am. Chem. Soc, Div Polym. Chem.) 35,190 (1994). 
250. J. Roncali, R. Garreau, and M. Lemaire, / Electroanal Chem. 278, 

373 (1990). 
251. J. M. Barker, J. D. E. Chaffin, J. Halfpenny, P R. Huddleston, and 

P F Tseki,/ Chem. Soc, Chem. Commun. 1733 (1993). 
252 P. Marrec, Thesis, University of Rennes 1, France, 1996. 
253. P. Marrec, B. Fabre, and J. Simonet, / Electroanal Chem. 437, 245 

(1997). 
254. R. A. Robinson and R. H. Stokes, "Electrolyte Solutions," p. 461. 

Butterworths Scientific Publications, London, 1959. 
255. D. Delabouglise and F Gamier, Adv Mater (Weinheim, Ger) 2, 91 

(1990). 
256. Y. Cache, Thesis, University of Rennes 1, France, 1993. 
257 J. Simonet, Y. Cache, and N. Simonet, French Patent EDF 9308789, 

1993. 
258. B. Fabre, P. Marrec, and J. Simonet,/ Electrochem. Soc. 145, 4110 

(1998). 
259. B. Fabre and J. Simonet, in preparation. 
260. P Bauerle and S. Scheib,^cm Polym. 46,124 (1995). 
261. P Bauerle and S. Scheib,^^v. Mater (Weinheim, Ger) 5, 848 (1993). 
262. T. M. Swager, ̂ cc. Chem. Res. 31, 201 (1998). 
263. M. J. MarseUa and T M. Swager, / Am. Chem. Soc 115,12214 (1993). 
264. M. J. MarseUa, P J. Carroll, and T. M. Swager, / Am. Chem. Soc 116, 

9347 (1994). 
265. M. J. MarseUa, P J. Carroll, and T M. Swager,/ Am. Chem. Soc 111, 

9832 (1995). 
266. J. L. Reddinger and J. R. Reynolds, Chem. Mater 10, 3 (1998). 
267. H. Korri Youssoufi, M. Hmyene, F Gamier, and D. Delabouglise, 

/ Chem. Soc, Chem. Commun. 1550 (1993). 
268. H. Korri Youssoufi, A. Yassar, S. Baiteche, M. Hmyene, and F Gar-

nier, Synth. Met. 67, 251 (1994). 
269. P N. Bartlett, A. C Benniston, L. Y. Chung, D. H. Dawson, and 

P Moore, Electrochim. Acta 36,1377 (1991). 
270. A. Ion, I. Ion, A Popescu, M. Ungureanu, J. C Moutet, and E. Saint-

Aman,^^v. Mater (Weinheim, Ger) 9, 711 (1997). 
271. J. C. Moutet, A. Popescu, E. Saint-Aman, and L. Tomaszewski, Elec-

trochim. Acta 43, 2257 (1998). 
272. H. Korri Youssoufi, P GodiUot, P Srivastava, A. El Kassmi, and 

F Gamier, Synth. Met. 84,169 (1997). 



128 FABRE 

273. V. Le Berre, L. Angely, N. Simonet-Gueguen, and J. Simonet, New J. 
Chem, 13,131 (1989). 

274. J. Simonet and J. M. Chapuzet, /. Electroanal Chem. 322,399 (1992). 
275. J. M. Chapuzet, Thesis, University of Rennes 1, France, 1991. 
276. B. Fabre and J. Simonet, Coord. Chem. Rev. 178-180,1211 (1998). 
277. B. Fabre and J. Simonet, Curr. Top. Electrochem., in press. 
278. V. Le Berre, Thesis, University of Rennes 1, France, 1987. 
279. V. Le Berre, L. Angely, N. Simonet-Gueguen, and J. Simonet, New J. 

Chem. 9, 419 (1985). 
280. V. Le Berre, L. Angely, N. Simonet-Gueguen, and J. Simonet, /. Elec-

troanal. Chem. 240,117 (1988). 
281. V. Le Berre, L. Angely, N. Simonet-Gueguen, and J. Simonet, /. Elec-

troanal. Chem. 206,115 (1986). 
282. L. Angely, V. Questaigne, and J. Rault-Berthelot, Synth. Met. 52, 111 

(1992). 
283. L. Angely, J. Rault-Berthelot, and G. Peslerbe, Synth. Met. 52, 273 

(1992). 
284. J. Rault-Berthelot and L. Angely, Synth. Met. 58, 51 (1993). 
285. J. Rault-Berthelot and L. Angely, Synth. Met. 65, 55 (1994). 
286. A. Morin, F. Beniere, L. Angely, J. Rault-Berthelot, and J. Simonet, 

/. Chem. Soc, Faraday Trans. 87,1393 (1991). 
287. J. Simonet, H. Patillon, C. Belloncle, N. Simonet-Gueguen, and 

P. Cauliez, Synth. Met. 75,103 (1995). 
288. Y. L. Ma, A. Galal, S. K. Lunsford, H. Zimmer, H. B. Mark, Jr., Z. F 

Huang, and P B. Bishop, Biosens. Bioelectron. 10, 705 (1995). 
289. Y. L. Ma, A. Galal, H. Zimmer, H. B. Mark, Jr., Z. F Huang, and 

P B. Bishop, Anal. Chim. Acta 289, 21 (1994). 
290. L. Fu,Acta Polym. 48,116 (1997). 
291. C. Belloncle, Thesis, University of Rennes 1, France, 1997. 
292. C. Belloncle, B. Fabre, P Cauliez, and J. Simonet, Synth. Met. 93,115 

(1998). 
293. C. Belloncle, P. Cauliez, and J. Simonet, /. Electroanal. Chem. 444, 

101 (1998). 
294. D. J. Cram and K. N. Trueblood, Top. Curr. Chem. 98, 43 (1981). 
295. D. J. Cram, R. C. Helgeson, K. Koga, E. P Kyba, K. Madan, L. R. 

Souza, M. G. Siegel, P Moreau, G. W. Gokel, J. M. Timko, and G. D. 
Y. Sogah,/. Org. Chem. 43, 2758 (1978). 

296. R. C. Helgeson, G. R. Weisman, J. L. Toner, T. L. Tamowski, Y. Chao, 
J. M. Mayer, and D. J. Cram,/. Am. Chem. Soc. 101,4928 (1979). 

297 L. R. Souza, G. D. Y. Sogah, D. H. Hoffman, and D. J. Cram, /. Am. 
Chem. Soc. 100, 4569 (1978). 

298 G. D. Y. Sogah and D. J. Cram,/. Am. Chem. Soc. 101, 3035 (1979). 
299. C. D. Gutsche, ̂ cc. Chem. Res. 16,161 (1983). 
300. S. Shinkai, Tetrahedron 49, 8933 (1993). 
301. F Arnaud-Neu and M. J. Schwing-Weill, Synth. Met. 90,157 (1997). 
302. M. J. Marsella, R. J. Newland, P J. Carroll, and T. M. Swager, / Am. 

Chem. Soc. 117, 9842 (1995). 
303. K. B. Crawford, M. B. Goldfinger, and T. M. Swager, / Am. Chem. 

Soc. 120,5187 (1998). 
304 Z. Chen, P A. Gale, and P D. Beer, / Electroanal. Chem. 393, 113 

(1995). 
305. A. Buffenoir, G. Bidan, L. Chalumeau, and L Soury-Lavergne, 

/ Electroanal. Chem. 451, 261 (1998). 
306. A. Buffenoir and G. Bidan, / Chim. Phys. 95,1547 (1998). 
307. H. Cano-Yelo Bettega, M. Hissler, J. C. Moutet, and R. Ziessel, 

Chem. Mater 9, 3 (1997). 
308. G. Bidan and M. A. Niel, Synth. Met. 85,1387 (1997). 
309. K. Kaneto and G. Bidan, Thin Solid Films 331, 272 (1998). 
57a D. B. Amabilino and J. F Stoddart, Chem. Rev. 95, 2725 (1995). 
311. A. Harriman, V. Heitz, and J. P Sauvage, / Phys. Chem. 97, 5940 

(1993). 
312. J. C. Chambron, A. Harriman, V. Heitz, and J. P. Sauvage, / Am. 

Chem. Soc. 115, 6109 (1993). 
313. E. Cordova, A. E. Kaifer, and J. F Stoddart, Nature (London) 369, 

1330 (1994). 

314. P R. Ashton, R. Ballardini, V. Balzani, S. E. Boyd, A. Credi, M. T 
Gandolfi, M. Gomez-Lopez, S. Iqbal, D. Philp, J. A. Preece, L. Prodi, 
H. G. Ricketts, J. F Stoddart, M. S. ToUey, M. Venturi, A. J. P White, 
and D. J. Williams, Chem. Eur J. 3,152 (1997). 

315. J. P Collin, P Gavina, and J. P Sauvage, New J. Chem. 21,525 (1997). 
316. J. P Sauvage,.4cc. Chem. Res. 31,611 (1998). 
317. G. Bidan, B. Divisia-Blohorn, J. M. Kern, and J. P. Sauvage, / Chem. 

Soc, Chem. Commun. 723 (1988). 
318. G. Bidan, B. Divisia-Blohorn, M. Lapkowski, J. M. Kern, and J. P. 

Sauvage,/ Am. Chem. Soc. 114,5986 (1992). 
319. P Audebert, P Hapiot, G. Bidan, B. Divisia-Blohorn, M. Billon, J. M. 

Kern, and J. P Sauvage, Synth. Met. 63, 247 (1994). 
320. J. M. Kern, J. P Sauvage, G. Bidan, M. Billon, and B. Divisia-

Blohorn, ^^v. Mater (Weinheim, Ger.) 8, 580 (1996). 
321. G. Bidan, M. Billon, B. Divisia-Blohorn, J. M. Kern, L. Raehm, and 

J. P Sauvage, ATew/ Chem. 1139 (1998). 
322. P L. Vidal, M. Billon, B. Divisia-Blohorn, G. Bidan, J. M. Kern, and 

J. P Sauvage, Chem. Commun. 629 (1998). 
323. S. S. Zhu, P J. Carroll, and T M. Swager, / Am. Chem. Soc. 118, 8713 

(1996). 
324. S. S. Zhu and T M. Swager,/ Am. Chem. Soc. 119,12568 (1997). 
325. J. Tamm, A. Alumaa, A. Hallik, and V. Sammelselg, / Electroanal. 

Chem. 448, 25 (1998). 
326. J. Tamm, A. Alumaa, A. Hallik, T Silk, and V. Sammelselg, / Elec-

troanal. Chem. 414,149 (1996). 
327. T Momma, S. Komaba, T Osaka, S. Nakamura, and Y. Takemura, 

Bull. Chem. Soc. Jpn. 68,1297 (1995). 
328. Q. X. Zhou, L. L. Miller, and J. R. Valentine, / Electroanal. Chem. 

261,147 (1989). 
329. R. A. Bull, F R. Fan, and A. J. Bard, / Electrochem. Soc. 130, 1636 

(1983). 
330. L. L. Miller and Q. X. Zhou, Macromolecules 20,1594 (1987). 
331. K. K. Shiu, S. K. Pang, and H. K. Cheung, / Electroanal. Chem. 367, 

115 (1994). 
332. K. K. Shiu, O. Y. Chan, and S. K. Fsing,Anal. Chem. 67, 2828 (1995). 
333. M. R. Nateghi, A. Bagheri, A. Massoumi, and M. H. Kazemeini, 

Synth. Met. 96, 209 (1998). 
334. D. M. T O'Riordan and G. G. Wallace,ylna/. Chem. 58,128 (1986). 
335. J. S. Foos, S. M. Degnan, D. G. Glennon, and X. Beebe, / Elec-

trochem. Soc. 137, 2530 (1990). 
336. C. N. Aquino-Binag, N. Kumar, R. N. Lamb, and P. J. Pigram, Chem. 

Mater 8, 2579 (1996). 
337. H. Korri Youssoufi, F Gamier, A. Yassar, S. Baiteche, and P. Srivas-

tava,^^v. Mater (Weinheim, Ger) 6, 755 (1994). 
338. D. Delabouglise and F. Gamier, New J. Chem. 15, 233 (1991). 
339. P Bauerle, K. U. Gaudl, F Wurthner, N. S. Sariciftci, H. Neugebauer, 

M. Mehring, C. Zhong, and K. Doblhofer, Adv. Mater (Weinheim, 
Ger) 2, 490 (1990). 

340. P G. Pickup,/ Electroanal. Chem. 225, 273 (1987). 
341. X. Ren and P G. Pickup, / Electrochem. Soc. 139, 2097 (1992). 
342. R. D. McCuUough, P C. Ewbank, and R. S. Loewe,/ Am. Chem. Soc. 

119, 633 (1997). 
343. D. Millar, M. Uttamlal, R. Henderson, and A. Keeper, Chem. Com-

mun. All (1998). 
344. K. Yamamoto, T. Asada, H. Nishide, and E. Tsuchida, Bull. Chem. 

Soc. Jpn. 63,1211 (1990). 
345. P Wang, B. D. Martin, S. Parida, D. G. Rethwisch, and J. S. Dordick, 

/ Am. Chem. Soc. Ill, 12885 (1995). 
346. E. Pringsheim, E. Terpetschnig, and O. S. Wolfbeis, ^AZA/. Chim. Acta 

357, 247 (1997). 
347 D. Grata and D. A. Buttiy, / Am. Chem. Soc. 109, 3574 (1987). 
348. E. M. Genies, A. Boyle, M. Lapkowski, and C. Tsintavis, Synth. Met. 

36,139 (1990). 
349. C. A. Lindino and L. O. S. B\x\hoQs,Anal. Chim. Acta 334,317 (1996). 
350. L. Jin, Z. Shi, J. Ye, J. Qian, and Y. Fang,^««/. Chim. Acta 244,165 

(1991). 



POLYMER FILMS FOR MOLECULAR A N D IONIC RECOGNITION 129 

351. J. W. Lee, D. S. Park, Y. B. Shim, and S. M. Park,/ Electrochem. Soc. 
139, 3507 (1992). 

352. F. Daire, F. Bedioui, J. Devynck, and C. Bied-Charreton, /. Elec-
troanal. Chem. 205, 309 (1986). 

353. G. Bidan, A. Deronzier, and J. C. Moutet, Nouv. J. Chim. 8, 501 
(1984). 

354. S. Cosnier, A. Deronzier, and J. C. Moutet,/. Electroanal. Chem. 193, 
193 (1985). 

355. S. Cosnier, A. Deronzier, and J. C. Moutet,/ Electroanal. Chem. 207, 
315 (1986). 

356. J. G. Eaves, H. S. Munro, and D. Parker,/ Chem. Soc., Chem. Com-
mun. (1985) 684. 

357. J. G Eaves, H. S. Munro, and D. Parker, Inorg. Chem. 26,644 (1987). 
358. B. Wang and M. R. Wasielewski, / Am. Chem. Soc. 119,12 (1997). 
359. J. P. Collin and J. P. Sauvage, / Chem. Soc, Chem. Commun. 1075 

(1987). 
360. I. Taniguchi, K. Matsushita, M. Okamoto, J. P. Collin, and J. P. 

Sauvage,/ Electroanal. Chem. 280, 221 (1990). 
567. A. Bettelheim, B. A. White, S. A. Raybuck, and R. W Murray, Inorg. 

Chem. 26,1009 (1987). 
362. J. L. Reddinger and J. R. Reynolds, Chem. Mater 10,1236 (1998). 
363. J. L. Reddinger and J. R. Reynolds, Macromolecules 30, 673 (1997). 
364. R. P. Kingsborough and T. M. Swager, Adv. Mater (Weinheim, Ger) 

10,1100(1998). 
365. T. B. Higgins and C. A. Mirkin, Chem. Mater 10,1589 (1998). 
366. J. C. Moutet, E. Saint-Aman, M. Ungureanu, and T. Visan, / Elec-

troanal. Chem. 410, 79 (1996). 
367. C J. Pickett, K. S. Ryder, and J. C. Moutet, / Chem. Soc, Chem. 

Commun. 694 (1992). 
368. A. Deronzier, M. EssakaUi, and J. C. Moutet, / Chem. Soc, Chem. 

Commun. 773 (1987). 
369. M. M. G Antonisse and D. N. Reinhoudt, Chem. Commun. 443 

(1998). 
370. P D. Beer,y4cc. Chem. Res. 31, 71 (1998). 
371. P. D. Beer, J. Cadman, J. M. Lloris, R. Martinez-Manez, M. E. 

Padilla, T. Pardo, D. K. Smith, and J. Soto, / Chem. Soc, Dalton 
Trans. Ill (1999). 

372. J. E. Kingston, L. Ashford, P D. Beer, and M. G B. Drew, / Chem. 
Soc, Dalton Trans. 251 (1999). 

373. J. M. Lloris, R. Martinez-Manez, M. Padilla-Tosta, T. Pardo, J. Soto, 
and M. J. L. Tendero,/ Chem. Soc, Dalton Trans. 3657 (1998). 

374. C. Lopez, J. C. Moutet, and E. Saint-Aman, / Chem. Soc, Faraday 
Trans. 92,1527 (1996). 

375. M. Nicolas, B. Fabre, and J. Simonet, Chem. Commun., in press. 
376. T. D. James, K. R. A. Samankumara Sandanayake, and S. Shinkai, 

Angew. Chem. Int. Ed. Engl. 35,1910 (1996). 
377. C. R. Cooper, N. Spencer, and T. D. James, Chem. Commun. 1365 

(1998). 
378. H. Yamamoto, A. Ori, K. Ueda, C. Dusemund, and S. Shinkai, Chem. 

Commun. 407 (1996). 

379. C Dusemund, K. R. A. Samankumara Sandanayake, and S. Shinkai, 
/ Chem. Soc, Chem. Commun. 333 (1995). 

380. B. Fabre, G Bidan, and M. Lapkowski, / Chem. Soc, Chem. Com-
mun. 1509 (1994). 

381. B. Fabre, G Bidan, and M. Lapkowski, French Patent CEA 93 03588, 
1993. 

382. B. Fabre and G Bidan, / Chem. Soc, Faraday Trans. 93, 591 (1997). 
383. B. Fabre and G Bidan, Electrochim. Acta 42, 2587 (1997). 
384. K. K. Shiu and F C. Anson,/ Electroanal. Chem. 309,115 (1991). 
385. J. E. Toth and F C. Anson, / Am. Chem. Soc 111, 2444 (1989). 
386. B. Fabre, Synth. Met. 89,125 (1997). 
387 R. M. Crooks and A. J. Ricco, ̂ cc. Chem. Res. 31, 219 (1998). 
388. I. K. Lednev and M. C. Petty, Adv. Mater (Weinheim, Ger) 8, 615 

(1996). 
389. Y. Q. Wang, H. Z. Yu, T. Mu, Y. Luo, C. X. Zhao, and Z. F Liu, 

/ Electroanal. Chem. 438,127 (1997). 
390. S. Flink, B. A. Boukamp, A. Van den Berg, F C. Van Veggel, and 

D. N. Reinhoudt,/ Am. Chem. Soc 120, 4652 (1998). 
391. F Arias, L. A. Godinez, S. R. Wilson, A. E. Kaifer, and L. Echegoyen, 

J.Am. Chem. Soc 118, 6086 (1996). 
392. A. R. Bernardo, T. Lu, E. Cordova, L. Zhang, G W Gokel, and A. E. 

Kaifer,/ Chem. Soc, Chem. Commun. 529 (1994). 
393. M. T. Rojas, R. Koniger, J. F Stoddart, and A. E. Kaifer, / Am. Chem. 

Soc 117, 336 (1995). 
394. A. E. Kaifer, v4cc. Chem. Res. 32, 62 (1999). 
395. T. Lu, L. Zhang, G W Gokel, and A. E. Kaifer, / Am. Chem. Soc 

115, 2542 (1993). 
396. M. T. Rojas and A. E. Kaifer,/ Am. Chem. Soc 111, 5883 (1995). 
397 J. Stepp and J. B. Schlenoff,/ Electrochem. Soc 144, L155 (1997). 
398. T. Lotzbeyer, W Schuhmann, and H.-L. Schmidt, / Electroanal. 

Chem. 395, 341 (1995). 
399. K. Araki, M. J. Wagner, and M. S. Wrighton, Langmuir 12, 5393 

(1996). 
400. I. Willner, N. Lapidot, A. Riklin, R. Kasher, E. Zahavy, and E. Katz, 

J.Am. Chem. Soc 116,1428 (1994). 
401. I. Willner, M. Lion-Dagan, S. Marx-Tibbon, and E. Katz, / Am. 

Chem. Soc 111, 6581 (1995). 
402. A. Riklin and I. Willner, Anal. Chem. 67, 4118 (1995). 
403. G R. Newkome, C. N. Moorefield, and F Vogtle, "Dendritic 

Molecules," VCH, Weinheim, 1996. 
404. M. Fischer and F WogtlQ, Angew. Chem., Int. Ed. Engl. 38, 884 (1999). 
405. J. P Majoral and A. M. Caminade, Chem. Rev 99, 845 (1999). 
406. N. Ardoin and D. Astruc, Bull. Soc Chim. Fr 132, 875 (1995). 
407. J. Losada, I. Cuadrado, M. Moran, C M. Casado, B. Alonso, and 

M. Barranco,^AZfl/. Chim. Acta 338,191 (1997). 
408. I. Cuadrado, C. M. Casado, B. Alonso, M. Moran, J. Losada, and 

V. Belsky,/ Am. Chem. Soc 119, 7613 (1997). 
409. C. M. Casado, I. Cuadrado, B. Alonso, M. Moran, and J. Losada, 

/ Electroanal. Chem. 463, 87 (1999). 
410. B. Alonso, M. Moran, C. M. Casado, F Lobete, J. Losada, and 

I. Cuadrado, Chem. Mater 7,1440 (1995). 



This Page Intentionally Left Blank



Chapter 3 

POLYACETYLENE AND ITS ANALOGS: 
SYNTHESIS AND PHYSICAL PROPERTIES 

Kristen J. Steenberg Harrell, SonBinh T Nguyen 
Department of Chemistry, Northwestern University, Evanston, Illinois, USA 

Contents 

1. Introduction 132 
2. Polyacetylene 132 

2.1. The Discovery of PA 132 
2.2. Shirakawa's Method for the Polymerization of Acetylene 132 
2.3. Properties of Shirakawa-Type PA 133 
2.4. Modifications of the Shirakawa Method 134 
2.5. Other Catalysts for the Polymerization of Acetylene 137 
2.6. Precursor Routes to PA 138 
2.7. Copolymers of PA 141 

3. Substituted PA 145 
3.1. Synthesis of Substituted PA 145 
3.2. Living Systems 148 
3.3. Stereospecific Polymerizations 148 
3.4. Silicon-Substituted Alkyne Monomers 148 
3.5. ROMP of RCOT 149 
3.6. a, cu-Diynes 149 
3.7. Indirect Routes to Substituted PA 150 
3.8. Properties of Substituted PA 150 

4. Electronic Properties of PA and Its Analogs 150 
4.1. Conductivity and Chemical Doping 150 
4.2. Solitons 151 
4.3. ciS' to ̂ rfl/15-Isomerization 154 
4.4. Electrochemical Doping 154 
4.5. Photochemical Doping 154 

5. Applications of PA and Its Analogs 154 
5.1. Semiconductor Devices 155 
5.2. Rechargeable Batteries 155 
5.3. Solar Cells 155 
5.4. Environmental Sensing Technology Based on PA 155 
5.5. Gas-Liquid Separation Membranes 156 
5.6. Other Applications of PA and Its Analogs 157 

6. Conclusion 157 
Acknowledgments 157 
Nomenclature 157 
References 158 

Handbook of Advanced Electronic and Photonic Materials and Devices, edited by H.S. Nalwa 
Volume 8: Conducting Polymers 

Copyright © 2001 by Academic Press 
ISBN 0-12-513758-3/$35.00 All rights of reproduction in any form reserved. 

131 



132 HARRELL AND NGUYEN 

1. INTRODUCTION 

Polyacetylene (PA), (CH)n, has long been viewed as the prototyp-
ical conjugated polymer because of its structural simplicity. It is 
composed of only carbon and hydrogen, with double bonds alter-
nating down a linear backbone. Despite its elementary structure 
and long history of over 40 years, PA has remained within the con-
fines of research and development due to limitations in its pro-
cessability and stability. Because PA has conjugated TT electrons, 
it has a low oxidation potential, allowing for facile oxidation [1]. 
Additionally, PA has a large electron affinity, so it can be easily 
reduced. These features give PA and its analogs unique proper-
ties, such as electrical conductivity and nonlinear optical behav-
iors. Researchers have envisioned using these polymers for solar 
cells, rechargeable batteries, antistatic devices, circuits, and gas 
and liquid separation membranes. Because of the unsolved pro-
cessing and stability issues and the potential for commercial use, 
the chemistry of PA is still a vibrant research area today, with about 
300 papers published each year in various journals. The aim of this 
review is to provide the reader with a general overview of the syn-
thesis, processing, and potential applications of PA. For more in-
depth reading on topics in this review, the reader is encouraged to 
address the reviews and the original references listed at the end of 
this chapter. Specifically, the synthesis and properties of PA have 
been reviewed recently by Curran et al. [2]. Leung has written a 
monograph on the synthesis and modification of electrically con-
ductive PA copolymers [3]. 

2. POLYACETYLENE 

2.1. The Discovery of PA 

In 1958, Natta tried to synthesize PA by bubbling acetylene gas 
through a titanium/trialkyl aluminum catalyst solution while stir-
ring. One of the products in the reaction was a black, semicrys-
talline powder that was completely insoluble and unstable in the 
presence of air and water [4]. Although no analyses could be made, 
Natta assumed that he had made a high-molecular-weight, mostly 
trans, PA. Subsequently, PA was observed as a side product in the 
attempts to cyclotrimerize and cyclotetramerize acetylene [5]. 

During the two decades following Natta's report, early transi-
tion metal Ziegler-Natta catalysts were heavily explored as poten-
tial catalysts for PA synthesis. However, it was not until 1971 that 
Ti(OBu)4/AlEt3 was found to produce PA exclusively [6], a dis-
covery which led to an explosion of research activity in this field. 
Another system, Ti(acac)3/Et2AlCl (acac = acetylacetonato) pro-
duced mostly benzene, trace amounts of ethyl benzene, and only a 
small amount of PA (Scheme I) [7]. The benzene and ethyl ben-
zene are produced because the propagating chain end forms a 
cisoid structure with this particular catalyst. After three or four 
acetylene insertions, the metal center can easily reductively elimi-
nate the cyclic products. 

Because of PA's extended 7r-system, its chains are rigid rods 
and are therefore insoluble in organic solvents and intractable. PA 
is also highly air-sensitive. While exposure to oxygen will initially 
dope the chain, giving a rise in conductivity (vide infra), oxidation 
is facile and causes the formation of carbonyls and hydroxyls in 
the PA backbone. PA degrades by simple aging as well, proba-
bly because of the presence of residual catalyst or other impuri-
ties. The 77 bonds in the PA backbone are also very susceptible to 

Ti{acac)3 + R2AICI - • [Ti] R ni- A 
> [Til-

R^j 

Scheme I. A proposed mechanism for the [Ti(acac)3/R2AlCl]-catalyzed 
cyclotrimerization of acetylene. 

cross-linking reactions. All of this shortens the conjugation length, 
which ultimately affects the structure and electronic properties of 
PA. Much of modern research has been aimed at improving the 
solubility and stability of PA. 

2.2. Shirakawa's Method for the Polymerization 
of Acetylene 

In 1971, Shirakawa revolutionized the fields of PA chemistry and 
physics with a synthesis of thin PA films that could be manipulated 
and studied. By 1974, he and his co-workers had fully optimized 
the method [8]. Shirakawa used high concentrations of catalyst to 
produce PA films on the metal surface. In a typical experiment, 
Ti(OBu)4 was added to a Schlenk flask with 20 ml of toluene fol-
lowed by the addition of 4 equivalents of the AlEt3 cocatalyst in 
an inert atmosphere [9]. The catalyst was aged for 30 min at room 
temperature. The reaction mixture was degassed at -78°C and 
then slowly rotated to coat the wall of the flask with catalyst so-
lution. Acetylene gas at 600 torr was introduced at -78° C, and 
almost immediately the wall of the flask turned a deep red, indicat-
ing the formation of a cw-PA film. The film turned a coppery color 
with increasing thickness. When the acetylene pressure dropped to 
400-500 torr, the reaction finished. Evacuating the remaining gas 
terminated the reaction. At first the contents appeared as a homo-
geneous mixture, but then the PA precipitated out of solution. The 
PA film was isolated by repeatedly washing it with dry, degassed 
toluene or hexane until the washings were colorless. It was then 
removed from the flask and dried under vacuum. 

Modifying the acetylene pressure, reaction time, or catalyst 
concentration can cause variations in the film thickness [9]. The 
latter effect may be rationalized due to the ability of the monomer 
to diffuse through the growing film. With a higher concentration 
of catalyst, the initial polymer film becomes an increasingly denser 
gel, thus making further monomer diffusion difficult. This diffu-
sion becomes the rate-determining step of the polymerization. The 
gel permeates the entire reaction solution, forming one mass. This 
mass is not considered a true gel since it does not swell again after 
it is dried. It can, however, be pressed into a film that is shiny and 
smooth. Thus, to obtain a thin PA film a higher concentration of 
catalyst should be used. 

The Shirakawa PA films are shiny, flexible, polycrystalline, and 
completely insoluble in any solvent. To determine the molec-
ular weight of the polymer, a sample of doped Shirakawa PA 
was hydrogenated to polyethylene at 175-260° C for 20 h under 
a high hydrogen pressure of 30 atm [10-12]. The resulting hy-
drogenated sample was totally soluble in tetralin. Since linear 
polyethylene is completely soluble in hot tetralin, it was assumed 
that Shirakawa's Ti(OBu)4/AlEt3 synthesis produced PA with no 
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Ti(0Bu)4 + AlEta »• [Ti] Et 

[Til' ̂ ~W~̂ . 
Scheme II. A proposed mechanism for the [Ti(OBu)4/AlR3]-catalyzed 
polymerization of acetylene. 

^t%r^i 
«gS2SS2E- mi-H * y 

Scheme III. A proposed termination mechanism for Ti-catalyzed poly-
merization of acetylene. 

cross-linking. Molecular weight determinations of the modified 
polyethylene and back-calculations yield a number-average molec-
ular weight (Mn) between 6000 and 7000 g/mol and a polydis-
persity index (PDI = Mw/Mn) of ~2.4 for the precursor PA. In 
another instance, it was reported that Shirakawa PA may be chlo-
rinated, but at no point did it become soluble [13]. It was assumed 
that the polymer must cross-link, either during the synthesis or im-
mediately afterwards, thus making any solubility unrealistic. 

A second method for determining the molecular weight of a 
Shirakawa PA was to terminate the growing chain with radiola-
beled methanol [14,15]. This left tritium on the polymer chain end. 
The kinetic isotope effect must be taken into account since the 
rate of reaction of CH3OH quenching the polymer versus CH3OT 
is much faster. After the PA is radioassayed and the kinetic iso-
tope effect is corrected for, the absolute number-average molec-
ular weight can be found. Depending on the reaction conditions, 
the Mn ranged between 500 and 120,000 g/mol. 

The proposed mechanism for acetylene polymerization is shown 
in Scheme II. It assumes a typical Ziegler-Natta insertion-type 
mechanism with a cis approach of the monomer leading to 
cw-polymer. Two possible modes of termination are assumed: 
j8-hydride elimination and terminal cyclization (Scheme III). The 
first route produces an acetylenic tail, and the second gives a ben-
zylic end. 

2.3. Properties of Shirakawa-Type PA 

2 J J. ciS'versus tranS'PA 

Four types of cw and trans structures are possible for PA (Fig. 1). 
Generally the trans-transoid structure is simply termed trans, and 
the cis-transoid structure is called cis. With the Shirakawa method 
either cis- or trans-VA can be synthesized. At a polymerization tem-
perature of -78°C, cw-PA is formed exclusively. With increased 
temperature, a higher percentage of trans-FA forms (Table I). 
trans-FA forms exclusively at 150° C. At low temperatures a cis-
structure arises predominantly from a cis insertion of the acetylene 
into the active site of the catalyst. Fukui and Inagaki suggest that a 

trans-cisoid trans-transoid 

cis-transoid cis-cisoid 

Fig. 1. Four possible stereostructures of PA. 

Table I. Percentage cw-Structure in PA Prepared by 
Ti(OBu)4/AlEt3 (1:4) As a Function of Reaction 

Temperature [9] 

Temperature % d5-Structure 
in PA 

150 
100 
50 
18 
0 

-18 
-78 

0 
7 

32 
59 
79 
95 
98 

Table II. Percentage cw-Structure in PAs Prepared 
with Various Catalysts [17] 

Catalyst 

Ti(OR)4/AlEt2Cl or AlEtCli 
Ti(OBu)4/AlEt3 

Ti(CH2Ph)4 
EuCl3/AlEt3 

Nd(Naphthalene)3/AlEt3 
WCl6/SnPh4 
MoCl5/SnPh4 

%cis -Structure in PA 

0-10 
60 
40 
10 

60-70 
0 
0 

favorable orbital interaction exists between the active site and the 
cis approach of the monomer [16]. 

All of the previously mentioned catalysts give a mixture of cis-
and trans-FA (Table II). The specific ratio depends on the nature 
of the metal, the environment around the active site, and the tem-
perature. In the cases of organoaluminum cocatalysts, changing 
AIR3 to AIR2CI will increase the amount of /ran^-polymer [17]. 
cw-PA can be isomerized to trans-FA simply by heating or doping 
the sample. trans-FA is thermodynamically more stable. The cis-
to-trans isomerization has a barrier of activation, £act, of approx-
imately 11-17 kcal/mol. A large range of values exists, probably 
because of various degrees of crystallinity in different researchers' 
samples [18]. 

2J.2, Morphology 

PA has a highly complex, semicrystalline fibrillar morphology. The 
diameters of the fibrils vary from 30 A to 1 fim, as seen by elec-
tron microscopy [19-21]. The specific size of the fiber depends on 
the method of polymerization and, more specifically, the type and 
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concentration of the catalyst and the solvent. The solvent affects 
the fibril aggregation, which in turn affects the diameter of the fib-
rils. For instance, using Ti(OBu)4/AlEt3 in toluene gives PA fibrils 
with an average diameter of 200 A, while in benzene the diameter 
increases to 0.5 ijum [17]. Shirakawa and Ikeda also showed that 
by changing the concentration of the catalyst, the morphology of 
the PA product varies [22]. With a relatively high concentration 
of catalyst ([Ti] ^ 10~^ M) a silvery film of polymer is obtained. 
A slightly more dilute catalyst solution ([Ti] = lO"-̂  M) yields a 
foam product. With a very dilute catalyst solution ([Ti] = 10"^ M) 
a black powder is formed. 

Solvent choice will determine the degree of aggregation, but 
it also plays a role in the catalysis. Coordinating solvents will de-
crease propagation by hindering access to the active site. On the 
other hand, coordinating solvents also stabilize the catalyst, so the 
polymerization may be carried out at an elevated temperature. PA 
forms fibrous films with polycarbonate, tetrahydrofuran (THF), 
and dimethylformamide as the reaction solvent [23]. If dioxane is 
used, no film is formed. 

Although stretching the PA film will cause small changes in the 
morphology, most changes occur during the cis-to-trans isomeriza-
tion [24]. To significantly alter the morphology of PA films, synthe-
sis of block and graft copolymers of PA are normally employed. 

2.3.3. Optical Properties 

Shirakawa PA has a strong TT ^^ TT* transition, with Amax = 
594 nm for all cis-?A and Amax = 700 nm for all trans-FA [9]. cis-FA 
is deep red, but if the film thickness is increased it becomes copper-
colored [25]. Likewise, trans-FA is deep blue, but with increasing 
thickness it becomes silvery. For both structures of PA, the extinc-
tion coefficient, smax, is about 4 x 10̂  1 mol~^ cm~^. cis-FA is pho-
toluminescent, but the r̂an -̂form is not [26]. Conversely, trans-FA 
is photoconductive, but cis-FA is not. It has been proposed that a 
photoinduced formation of a soliton-antisoliton (vide infra) pair 
on the PA backbone is responsible for this photoconductivity. In 
the ^ran5-structure the soliton is separated from the antisoliton 
during the excitation process, which generates photoconductivity. 
In trans-FA these entities never recombine, and hence there is no 
photoluminescence. On the other hand, in d5-PA the soliton and 
antisoliton migrate and rejoin immediately after photogeneration 
due to the unfavorable energetics of the separation. This recombi-
nation gives rise to photoluminescence. 

2.3.4. Mechanical Properties 

In general, Shirakawa-type PA has low plasticity. The Young's 
modulus (E) for oriented cis-FA and trans-FA is 25-30 GPa and 
100 GPa, respectively [27, 28]. cis-FA is somewhat stretchable, 
while trans-FA is brittle. Any exposure to O2 will increase the brit-
tleness of both types of films. 

2.3.5. Stability 

The double bonds in the PA backbone are susceptible to oxidation, 
leading to degradation of the chain. If PA is to be used commer-
cially, steps must be taken to improve its air stability. Doping PA 
with oxidizers (p-doping) will stabilize it for longer periods of time. 
An iodine-doped sample is stable for about 1 week in air [17]. 

Another method for preventing the air oxidation of PA is to 
incorporate antioxidizing agents into PA films. The antioxidizing 

® - H ®« ^̂  - ®—o—o« ®^H ©—O—OH + ©'• 

/ I®'-
©-OH + ^^i^ (g)L<p)' 

Scheme IV. A proposed mechanism for the degradation of PA by O2. 

Me-̂  ^ "feu Me2C-N=N—CMe2 

OH CN CN 

(a) (b) (c) 

Fig. 2. Antioxidizing agents, (a) Benzoquinone. (b) 2-r-Butyl-6-
methylphenol. (c) Azo-^w(isobutyronitrile). 

agents serve as O2 scavengers and prevent air from attacking the 
PA chain. Without an oxygen-trapping agent, the backbone quickly 
cleaves into shorter polymers containing hydroxyls and carbonyls, 
effectively decreasing the conjugation length (Scheme IV) [29]. 
Various antioxidizing agents and radical scavengers, including 
benzoquinone, substituted phenols, and azo-Z?/5(isobutyronitrile), 
have been used (Fig. 2) [17]. 

2.4. Modifications of the Shirakawa Method 

The discovery by Shirakawa and co-workers paved the way for 
other synthetic PA work and changed the way in which researchers 
thought about the synthesis and handling of PA. To date, the ma-
jority of workers in this area still use Shirakawa's pioneering work 
as the source for a main method for PA synthesis. Given the abil-
ity to make free-standing PA films with high conductivity, other 
aspects of PA chemistry and physics have been explored and opti-
mized. Table III offers a condensed synopsis of various advances 
in PA synthesis. 

2.4.1. Catalyst Aging 

The Shirakawa catalyst was originally aged at room temperature 
for 30 min [7]. An electron paramagnetic resonance (EPR) spec-
trum of the aged catalyst shows four distinct Ti(III) signals signi-
fying four active catalysts [30]. Aging the catalyst system at 120° C 
produces only one active catalyst, as seen by a lone Ti(III) EPR 
signal. 

The catalyst aging temperature affects the density and flexi-
bility of the polymer film [9]. Aging the Ti/Al catalyst mixture at 
room temperature produces a low-density film (̂ ^0.4 g/ml). Con-
versely, aging at a higher temperature gives a high-density PA (0.9-
1.1 g/ml) that is soft and stretchable. 

The catalyst aging time also affects the molecular weight of 
the PA [15]. If the catalyst is not aged at all, the number-average 
molecular weight is ~18,000 g/mol. If the catalyst is aged for 
1 h at room temperature, Mn doubles to 40,000 g/mol. Aging for 
longer periods of time does not significantly increase the molecu-
lar weight. 
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Table III. Properties of PA Made by Different Synthetic Routes 
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Type 

Shirakawa 

Naarmann 

Naarmann 
ARA 

Solvent 
evacuation 

Intrinsic 
nonsolvent 

Liquid crystal 
(gravity) 

Liquid crystal 
(magnetic) 

Luttinger 

Ziegler-Natta 

Metathesis 

Metathesis 

Durham 
CF3-TCDT 

VSO 

ROMP 
COT 

ROMP 
benzvalene 

Catalyst 

Ti(OBu)4 
AlEt3 

Ti(OBu)4 
AlEt3 

Ti(OBu)4 
AlEt3 4- n-BuU 

Ti(OBu)4 
AlEt3 

Ti(OBu)4 
AlEt3 

Ti(OBu)4 
AlEt3 

Ti(OBu)4 
AlEt3 

Co(NH3)2 
NaBH4 

Ti(CH2Ph)4 

WCl6 
SnPh4 

M0CI5 
SnPh4 

WCl6 
SnPh4 

Anionic 
Initiation 

W-carbene 

W-carbene 

Solvent 

Toluene 

Silicone oil 

Silicone oil 

None 

None 

Liquid 
crystal 

Liquid 
crystal 

EtOH 

Toluene 

Toluene 

Toluene 

Cl-Ph 

THF 

None 

Benzene 
Toluene 

Morphology 

Fibrillar, shiny, 
flexible, 

crystalline 

Regular, 
crystalline, 
compact 

Fibrillar, stretchy 

Dull, black, hard, 
tough 

Dull, black, 
stretchy 

High local 
orientation 

Aligned fibrils 

Pseudo-fibril, 
spongy 

Fibrillar 

Fibrillar 

Fibrillar 

Varies 

Compact 

Smooth 

Strong, flexible, 
mod. Crystalline 

Diameter 

of fibrils 

(A) 
-200 

300-500 

800-1000 

-200 

2000 

120,000 

-300 

Density 

(g/cm^) 

1.23 

1.12 

1.15 

1-1.15 

1-1.1 

1.16 

Draw 

ratio 

(///o) 

3 

6.5 

5 

7-8 

6-9 

%cis 

Varies 

80 

70 

80-90 

85-95 

53-60 

50 

40 

10 

10 

50 

66 

40 

<̂ 25°C 
I2-doped 

(S/cm) 

1000 

18,000 

100,000 

2200 

2200-4300 

6000 

12,000 

12,000 

20 

10-100 

4.4 

>100 

0.1 

Ref. 

[7] 

[31] 

[31] 

[33] 

[34] 

[37] 

[39] 

[48] 

[19] 

[19] 

[19] 

[69,70] 

[72, 73] 

[76,77] 

[80] 

2.4.2. Naarmann's Technique 

Naarmann revised the Shirakawa technique by aging the catalyst 
and cocatalyst in silicone oil instead of toluene to increase the vis-
cosity of the reaction medium [31, 32]. In this method, silicone oil 
(50 ml) was degassed for 20 min at 0.05 mbar. Under argon, AlEt3 
(31 ml) was added, followed by the dropwise addition of Ti(OBu)4 
(41 ml) over 1 h at 38-42° C. The catalyst was degassed for 1 h at 
room temperature, stirred for 2 h at 120° C, and finally stirred and 
degassed for another hour at 0.1 mbar. A homogeneous layer of 
catalyst was then applied to a stretchy polymer support film such 
as high-density polyethylene (HPDE) or polypropylene, which was 
placed in a flat-bottomed carrier. The entire setup was sealed in 
inside a glove box in a hood equipped with a gas inlet valve. The 
hood was evacuated, and the acetylene monomer was introduced 
for 15 min. The acetylene began to polymerize on the catalyst sur-
face, forming a black film. The resulting PA film was very porous 
and could be removed from the supporting polymer film. The PA 
was washed successively with toluene, CH3OH/HCI, and MeOH 
and dried under vacuum. 

The PA made by Naarmann's method was very regular, com-
pact, crystalline, and stretchable. The Naarmann-type PA films 
were very dense and were made up of thin fibrils that had up 

to 80% cis content when synthesized at room temperature. The 
cis-foxm of PA was found to be quite stable and did not isomer-
ize to the ^fln5-structure. Upon doping with iodine, conductivities 
(or) up to 18,000 S/cm for stretched samples could be measured. 
Naarmann-type PA fitos could be stretched by a factor of 6, and 
^^C NMR analysis showed virtually no sp^ carbon defects. This 
observation may stem from the high cis content and high density 
of the films. 

2.4.3. ARA Technique 

The addition of a reducing agent (ARA) (e.g., n-BuLi) to the 
Ti/Al catalyst mixture prior to the introduction of acetylene gas 
increased the conductivity of the resulting PA film significantly. In 
a typical ARA procedure, the catalyst mixture (10 ml) and n-BuLi 
(1 ml) were combined to form a homogeneous layer of catalyst that 
was applied to a HDPE film after proper aging. The acetylene was 
then added. After the polymerization, the resulting composite of 
the PA film and polymer-support film was stretched. The PA film 
was then removed and washed with toluene. The conductivity of 
the PA film made by this method varied proportionally with the 
amount of reducing agent added. For example, with the addition 
of 3 ml of n-BuLi to the Ti/Al catalyst mixture, a conductivity a of 
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more than 100,000 S/cm was found after iodine doping. The con-
ductivity of a stretched PA film made by a nonaged catalyst is only 
'^ 1.6 X 10"̂  S/cm, implying that catalyst aging in the ARA process 
also plays an important role in the final polymer conductivity. 

2.4.4. Akagi^s Technique 

Akagi and co-workers devised a "solvent evacuation" method [33], 
where the solvent was removed in vacuo after the catalyst was aged 
and just prior to monomer introduction. By removing the solvent, 
they increased the activity of the catalyst. In a typical Akagi exper-
iment, Ti(OBu)4 (0.5 M solution) and AlEt3 (4 equiv) were mixed 
in a Schlenk flask. The catalyst was pre-aged for 30-60 min at room 
temperature and then aged for an additional 1-5 h at a tempera-
ture near the boiling point of the solvent (e.g., 110-120° C for use 
with toluene (boiling point = 110.6°C)) under argon. The Schlenk 
flask containing the catalyst solution was next connected to a vac-
uum line, and the solvent was pumped off entirely, leaving a homo-
geneous layer of catalyst on the walls of the flask. In this manner, 
the concentration of the catalyst was increased to 2-3 times the 
initial concentration. At this point, acetylene gas was introduced 
at -78° C with an initial pressure of 680-750 torr. The gas was 
allowed to react with the catalyst for 2-26 h. After the polymer-
ization was complete, the film was washed with cold toluene and 
EtOH at -78° C under argon. The PA films that were obtained 
were dull black and not shiny at all. They were tough and hard 
regardless of the thickness. The cis content of these films ranged 
from 80% to 90%. Akagi and co-workers found that their system 
yields only thin films. They proposed that at later times in the reac-
tion, the acetylene monomer could not easily diffuse through the 
initially formed polymer film to increase the thickness of the final 
product. This initially formed film, although thin, is highly dense as 
the result of a rapid polymerization at the surface of a catalyst that 
was too concentrated and too active. One study compared the cat-
alyst aging temperature and aging time to the yield of the PA [33]. 
It was found that the best polymer yields were produced with mod-
erate temperatures and aging time. Aging the catalyst at 110°C for 
3 h appeared to maximize the jdeld. 

The PA made by Akagi's solvent evacuation method was highly 
stretchable. This plasticity was found to also be a function of cat-
alyst aging time and temperature. Both the Young's modulus and 
tensile strength were measured for Akagi-type cis- and trans-FA. 
Akagi-type trans-VA could be stretched to 7-8 times the origi-
nal length and had a Young's modulus of 100 GPa and a tensile 
strength of 0.9 GPa. A film of Akagi-type cis-?A could be stretched 
to a draw ratio^ that is the same as that of the trans-ioxm. and had a 
Young's modulus of about 25 GPa and tensile strength of 0.6 GPa. 
In contrast to Shirakawa- and Naarmann-type PA, the overall mor-
phology of Akagi-type PA was granular and not fibrillar [33]. How-
ever, when Akagi-type PA films were stretched they appeared fib-
rillar, with a high degree of alignment. The diameter of the fibers 
ranged from 300 to 500 A. These fibers are larger than the fib-
rils made by the conventional Shirakawa method, the diameters of 
which are only about 200 A [22]. 

The stretched Akagi-type PA films were doped with iodine, and 
their conductivities were measured as a function of catalyst aging 

^The draw ratio, ///Q, is the ratio of the length of the sample after having 
been stretched to the point of breaking (/) to the length of the original 
polymer sample (/o). 

temperature and time. The highest conductivity was o- = 2.2 x 
10̂  S/cm when the catalyst was aged either in cumene at 150° C 
for 5 h or in toluene at 110°C for 3 h. 

The "intrinsic nonsolvent" (INS) polymerization protocol [34], 
where solvent is never employed, is a technique that is closely re-
lated to the solvent evacuation method. In a typical experiment, 
neat AlEt3 was dropped into neat Ti(OBu)4 in a Schlenk flask 
at 0°C. The catalyst was aged for 1 h at room temperature and 
then further aged for another hour at 150° C. The flask was de-
gassed and rotated to coat its walls with the catalyst solution. The 
system was then cooled to -78°C and acetylene was added. The 
reaction was allowed to proceed for 30-60 min before quenching. 
The resulting PA film was washed with toluene at -78° C and dried 
under vacuum. 

The PA film produced in this manner, similar to Agaki-type PA, 
was black and dull with no metallic luster. It was, however, quite 
stretchy. As the Al/Ti ratio was increased, the draw ratio of this PA 
film increased to between 6 and 9. However, when an Al/Ti ratio 
above 6 was reached, the draw ratio began to decrease. 

The conductivity of PA films produced by the INS method was 
measured as a function of the Al/Ti ratio. No general trend was 
found, but the highest conductivity was achieved when the Al/Ti 
ratio was 4. On an iodine-doped stretched sample, the conductivity 
ranged between 2.2 x 10̂  and 4.3 x 10̂  S/cm. These values are 
twice that found for Agaki-type PA films synthesized by the solvent 
evacuation method. By comparison, the PA obtained using toluene 
as the solvent has a maximum conductivity when the Al/Ti ratio 
is 2 [31, 33, 35]. Researchers proposed that the properties of the 
INS PA are optimized at an Al/Ti ratio of 4 because the excess 
AlEt3 served as a solvent to stabilize the titanium catalyst. (The 
dielectric constant of AlEt3 is 2.005, which is similar to that of 
toluene at 2.237.) 

2.4.5. Liquid Crystal Technique 

Instead of toluene, liquid crystal solvents can be used in the 
production of Shirakawa PA [36-39]. An equivolume mixture 
of 4-(^ran5-4-n-propylcyclohexyl)ethoxybenzene and A-{trans-A-n-
propylcyclohexyl)butoxybenzene proved to be optimal (Fig. 3). 
Two methods were used to align the PA fibrils. In the first method, 
the liquid crystalline solvent was first added to a Schlenk flask fol-
lowed by a dropwise addition of the catalyst (Ti(OBu)4) and co-
catalyst (AlEt3). The catalyst mixture was aged for 30 min at room 
temperature and then degassed. The flask was then rotated to coat 
its walls thoroughly with the catalyst mixture. The flask was then 
placed upright and acetylene was added. The viscous hquid crystals 
slowly flowed down the walls of the flask as the acetylene was poly-
merized. The film was removed, washed with toluene, dried, and 
analyzed. The resulting PA film had a fibrillar surface with regions 
of high alignment due to the gravimetric flow of the liquid crystals. 
The IR spectra of the PA film showed approximately a 53-60% 
cw-structure. Upon iodine doping, a conductivity of 6000 S/cm was 
measured. 

(a) C3H7" 

(b) C3H7-O-O-OBU 

Fig. 3. Liquid-crystal solvents used in the "oriented" polymerization of 
acetylene. 
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To achieve an overall alignment of the fibrils and not just local 
orientation, an external magnetic field can be employed [36, 39]. 
The hope was to induce the growth of an oriented film with the 
PA fibrils aligned along the axis of the magnetic field. The same 
setup as that used in the gravity method (vide supra) was used. 
The catalyst, cocatalyst, and liquid crystalline solvent mixture were 
dropped by syringe into a flat-bottomed container inside a Schlenk 
flask. The flask was connected to a vacuum, degassed, and placed 
between the poles of a magnet so that the container with the cata-
lyst was kept horizontal. Acetylene gas was then added at an initial 
pressure of 600-760 torr. The magnetic field strength was kept at 
2-14 kGauss, and the temperature was held between 10° C and 
15° C to keep the solvent in a nematic phase. The polymerization 
was allowed to proceed for 4-60 min, after which the PA fihn was 
removed, washed with toluene, and dried. The film morphology 
showed high orientation of the fibers along the direction of the 
magnetic field. The fibrils were quite large, with an average diam-
eter of 800-1000 A. These oriented films yielded a conductivity of 
1.2 X 10"̂  S/cm upon doping with iodine [39], rivaling that of mer-
cury. The disadvantages of this technique involve the high cost and 
the handling of a complex solvent. 

Recently Akagi et al. have been able to induce the forma-
tion of helical PA by using a liquid crystalline solvent contain-
ing a chiral dopant [40]. These workers synthesized the chi-
ral dopants (R)- and (5)-l,f-binaphthyl-2, 2'-bis{l-[p-(trans-4-n-
pentylcyclohexyl)phenoxy]hexyl}ether (PCH506-binol), using the 
Wilhamson ether synthesis (Fig. 4). Adding 5-14 wt% of (R)-
or (5)-PCH506-binol to an equivolume mixture of A-(trans-4-n-
propylcyclohexyl)-ethoxybenzene and 4-(fran5-4-n-propylcyclohe-
xyl)-butoxybenzene made the chiral-doped liquid crystalline sol-
vents.^ These solvents were then used in the subsequent acetylene 
polymerization. AlEt3 and Ti(OBu)4 in a 4:1 ratio were added 
to the solvent, and the mixture was allowed to age for 30 min at 
room temperature. The reaction temperature was kept between 
17° C and 18° C to maintain the nematic phase of the solvent, and 
the acetylene gas was added. After 10-43 min, the polymerization 
was stopped, and the resulting PA film was removed, washed with 
toluene, and dried. Scanning electron microscopy (SEM) examina-

°^^^0 ̂ '""" Na. BitCHhBr 

(R)-and(S)-binol 

(R)- and (S)-PCH506-binol 

Fig. 4. The synthesis of a chirally enhanced liquid-crystal solvent. 

^The phenoxycyclohexyl groups enhanced the solubility of the chiral 
dopants in the liquid crystalline solvent. 

tion of the film made in this manner showed PA in the form of he-
lical fibers. The PA film formed using (i?)-PCH506-binol consists 
of left-handed helicenes only, and that formed using (5')-PCH506-
binol consists of right-handed helicenes only. Thus, the helical ori-
entation of the PA fibrils formed is dictated by the enantiomeric 
nature of the chiral inductor (e.g., (i?)-PCH506-binol induces the 
formation of (i^)-PA fibrils). The individual polymer chains in PA 
films made in this manner are themselves helical, with several 
chains gathering together to form the helical fibrils. Control exper-
iments showed that when no chiral inductor was used, the PA film 
formed consisted of the typical flat fibrils. The helical PA made 
from this method was found to be 90% trans and had a conduc-
tivity of about 1500-1800 S/cm at room temperature when doped 
with iodine. 

2.5. Other Catalysts for the Polymerization of Acetylene 

Many transition metal catalysts are known to polymerize PA via 
an insertion mechanism (vide infra). Ziegler-Natta catalyst sys-
tems can be either heterogeneous or homogeneous. Even alu-
mina by itself will catalyze the formation of PA at high tempera-
ture [41, 42]. After y-alumina is heated to 900 K, acetylene will 
polymerize on its surface. In addition, many combinations of 
organoaluminum and transition metal complexes have been doc-
umented as being capable of catalyzing the polymerization of 
acetylene [17]. Nickel-, ruthenium-, and iron-based compounds 
with alkylaluminum cocatalysts are known acetylene polymeriza-
tion catalysts [43-46]. Similar combinations with alkylaluminums 
work for lanthanides as well. For instance, EuCl3/AlEt3 and 
Nd(naphthalene)3/AlEt3 are active catalysts [45]. The addition 
of oxygenated agents, such as acetone, tends to increase the 
activity of these catalysts. Organometallic complexes, such as 
Ti(CH2Ph)4, can be used alone, but adding AlEt3 enhances their 
activity. 

2.5J. Metathesis Catalysts 

A class of metathesis catalysts including M0CI5 or WCl6 with co-
catalysts such as SnPh4 can polymerize acetylene through a car-
bene intermediate [19]. The molybdenum and tungsten hahdes 
are active when used alone, but a cocatalyst increases their ac-
tivity. In a typical experiment, the catalyst and cocatalyst were 
mixed in an equimolar ratio in toluene. The catalyst was then 
aged for 15 min at 30°C before acetylene was added. The PA 
films obtained with both the W and Mo catalysts have a 90% 
trans-structurQ and similar overall morphologies. However, the 
size of the PA fibrils varied drastically between the two metal 
catalysts. For films made with the MoCl5/SnPh4 catalyst, the av-
erage diameter of the fibrils was 300 A. In comparison, the av-
erage diameter of the fibrils made by the WCl6/SnPh4 cata-
lyst was 120,000 A. In general, the following order of catalyst 
activity is observed [17]: Ti(OBu)4/AlEt3 > Ti(CH2Ph)4/AlEt3 
> Ti(CH2Ph)4 > WCl6/SnPh4 > MoCl5/SnPh4. Comparing the 
molecular weights of the polymers made with any of these cat-
alysts is futile since all are insoluble. However, the PA made by 
the WCl6/SnPh4 system is less flexible, implying a higher degree 
of cross-linking than the polymer made with Ti(OBu)4/AlEt3 [17]. 
The degree of cross-linking may be determined by spectroscopic 
methods such as IR and ^^C NMR. In the infrared spectrum, vi-
brational stretches due to C-C single bonds can be seen, and reso-
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nances due to sp^ carbons can be detected by solid state ^^C NMR 
spectroscopy [18]. 

L = Me3P=CH2 produces a PA film that is 70% trans. The cat-
alyst's activity was 500 mol PA/(mol Ni)hatm. 

2.5.2, Luttinger Catalysts 

The combination of a salt or complex of a group VIII metal halide 
and a hydridric reducing agent is known as a Luttinger catalyst 
[46, 47]. Almost any group VIII metal complex will polymerize 
acetylene and monosubstituted alkynes provided that it has la-
bile ligands and good solubility. Luttinger catalysts include com-
plexes of Co, Ni, Ru, Os, Pt, and Pd, while effective reducing 
agents are alkali borohydrides, LiAlH4, and diborane. The labil-
ity of the ancillary ligands around the metal center is quite impor-
tant in determining the activity of the metal complexes. A hydridic 
reducing agent, nickel halide (e.g., Br or I), and a tertiary phos-
phine will polymerize acetylene, but the cobalt- and palladium-
phosphine analogs will not. However, linear PA can be synthe-
sized with a cobalt-based Luttinger catalyst in the absence of 
phosphines. Acetylene gas is first dissolved in EtOH, followed by 
the addition of Co(N03)2 (1 wt%) and NaBH4 (0.1 wt% in EtOH) 
at -80°C [13, 48]. The catalyst solution is then warmed to -30°C, 
and eventually cw-PA precipitates out of solution as black flakes 
in quantitative yield. The PA formed in this manner is pseudo-
fibrillar and spongy. The advantage of using this and other Lut-
tinger catalysts over Shirakawa's method is their diminished air 
and moisture sensitivity. The presence of oxygen has little effect 
on the polymerization. Hydrophilic solvents such as EtOH, THF, 
CH3CN, or even water itself may be used, making the cobalt-
based Luttinger catalyst much easier to handle than the traditional 
Ziegler-Natta-type catalysts [9]. 

PA films made with the Luttinger catalysts exhibit better cis-io-
trans isomerization stability. They can remain in the cw-form for 
several days at room temperature without converting to the trans-
structure. Luttinger-type polyacetylene can be completely chlori-
nated at -30°C immediately after polymerization to give soluble 
poly(l,2-dichloroethylene), the molecular weight of which can be 
measured. Various literature reports indicate Mn values of about 
2-5 X 10 g/mol for the chlorinated polymer. From this, a back-
calculation gives a molecular weight of 5,000-13,000 g/mol for 
Luttinger-type PA [13, 48, 49]. 

2.5.3. Nickel Ylide Catalysts 

A number of nickel(II) yhde catalysts (Fig. 5) have been re-
ported to polymerize acetylene effectively [50]. Unlike Ziegler-
Natta metal alkyl catalysts, the phosphonium group in the nickel 
ylide catalyst blocks j8-hydride elimination. Using an ylide ligand 
instead of PPh3 increases the catalyst activity by a factor of 10. 
By changing the R group on the bidentate ligand, the degree of 
polymerization can be controlled. A typical polymerization reac-
tion involves reacting acetylene gas (1 atm) over the nickel cata-
lyst (1 mmol) in toluene (100 ml) for 1 h [51]. Under these con-
ditions and at 60° C the nickel ylide catalyst with R = Ph and 

2.5.4. Noncatalytic Methods 

Several noncatalytic methods for the synthesis of PA are known, 
including electrochemically forming a PA film on a platinum cath-
ode [52]. This special electrochemical cell uses a platinum cathode, 
nickel anode, and NiBr2 dissolved in acetonitrile as the electrolyte 
solution. A 4-40-V potential is then applied across the electrodes 
to commence the polymerization. The PA film forms on the cath-
ode as a thin black layer and becomes thicker with time. 

Simply increasing the acetylene pressure to beyond a GPa 
at room temperature inside a diamond anvil will induce self-
polymerization [53-55]. Analysis of the resulting materials by Ra-
man spectroscopy indicates that trans-?A is formed predominantly 
under these conditions, presumably due to steric reasons {trans-?A 
packs better than cw-PA). 

Finally, Soga and co-workers reported the formation of a thin 
cis-?A film when acetylene gas was exposed to a small amount of 
ASF5 in a flask at very low temperature (-78°C to -198°C) [56]. 
The polymer formed in this manner was doped simultaneously 
(ASF5 is a p-dopant (vide infra)) and found to have a conductiv-
ity o- = 4.8 X 10~^ S/cm. Polymerization was not observed with 
other p-dopants such as SO3 or I2 (in place of the ASF5). Re-
searchers proposed that the ASF5 and acetylene first reacted to 
form a charge transfer complex that initiated the polymerization. 

2.6. Precursor Routes to PA 

Because of the processing problems associated with the aforemen-
tioned methods for synthesizing PA (namely the Shirakawa-type 
PA (and other PA) films cannot be shaped after synthesis), a new 
synthetic methodology was developed. The idea was simple: first 
form soluble polymer precursors that can be processed and cast 
into the desired shape by spin casting, and then thermally or chem-
ically eliminate a small molecule from each repeating unit, effec-
tively leaving a PA film behind. The final conjugated polymer is 
still insoluble in all solvents, but with the soluble precursor the 
processing can be done quite easily. Given the many catalysts and 
methods available for forming the precursor polymer, the molec-
ular weight of the final PA can also be controlled effectively. The 
major difficulties of this strategy Ue in carrying out a quantitative 
elimination reaction in the solid state and effectively removing all 
of the by-products under diffusion control. 

The concept of the precursor method is akin to the process of 
adding protecting groups in organic synthesis. To be effective, the 
attachment and removal of the protecting group must proceed in a 
clean and efficient manner. Ideally the monomers used for the syn-
thesis of the precursor polymers should be inexpensive and readily 
available. Furthermore, the formation of the precursor polymer 
should be easy, and its structure, well defined. Finally, the elimina-
tion of the small molecule from the precursor polymer should be 
efficient and quantitative. 

R 

H 
Ph^ L 

R = H, Me, Ph 
L = MeaPCHg. 'PrgPCHPh 

Fig. 5. Nickel(II) ylide catalyst for PA polymerization. 

2.6.1. PVC Route 

An early example of the precursor route to PA was through 
polyvinylchloride (PVC). A base was used to remove an equivalent 
of HCl from every repeating unit of the PVC backbone, leaving a 
conjugated structure (Scheme V) [57-59]. In a typical experiment. 
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Scheme V. Poly(vinylchloride) precursor method to PA. 

Pd(0Ac)2 100°C 
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EtOjC COzEt 

Scheme VI. Norbornadiene precursor method to PA. 
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Scheme VII. Generalized Durham precursor route to PA. 

PVC was first added to THF, and the ensuing mixture was refluxed 
for several hours to ensure complete dissolution of the polymer. 
In a separate flask, KOH was dissolved in ethanol followed by di-
lution with THE This basic solution was added to the solubilized 
PVC with rapid stirring. The solution goes through a kaleidoscopic 
change of color, from colorless to pale yellow to yellow to orange 
to red and finally dark red, implying an increase in the average 
conjugation length. Adding water at the end of the reaction forms 
a precipitate, which was isolated, washed with water, and dried. 
This product was redissolved in THF and filtered to remove any 
insoluble gels. Dropping the THF solution into methanol precipi-
tated the PA, which was then isolated and dried. Caution must be 
taken in this synthesis, for excess KOH in the reaction mixture can 
cause scission of the PVC chains, degrading the polymer. In addi-
tion, the problem with this technique was that the elimination of 
HCI could never be carried out quantitatively. 

2.6.2. 7'Oxanorbornadiene Route 

A palladium(II) catalyst has been used to polymerize a 7-oxanor-
bornadiene derivative which is stable at room temperature [60]. It 
was discovered that the addition of water to Pd(OAc)2 led to an 
increase in the activity of this catalyst and a four- to fivefold in-
crease in polymer yield. With 0.5 mol% catalyst loading, the yield 
of poly(7-oxanorbornadiene) is 75% with Mn = 28,000 g/mol and 
PDI = 1.8. Upon heating to 100° C, this precursor polymer under-
went a re^ro-Diels-Alder reaction and an ester-substituted furan 
was eliminated to produce PA (Scheme VI). During the elimina-
tion step, the solution turns from colorless to deep purple, again 
indicating an increase in conjugation length. In the analysis of the 
final PA, it was found that up to 96% elimination from the precur-
sor polymer have occurred. 

2.6.3. Durham Route 

The most elegant and well-studied precursor method is known 
as the Durham route (Scheme VII). A tricyclic monomer can be 
made from a thermal reaction between cyclooctatetraene and di-
substituted acetylene in 80% yield after one step [61, 62]. The four 
R groups can be varied easily. With ^w(trifluoromethylacetylene) 
and cyclooctatetraene, the product is 7,8-Z?/5(trifluoromethyl)tri-
cyclo[4.2.2.0]deca-3,7,9-triene (CF3-TCDT), which is known as 
Feast's monomer (R^ = R^ = CF3, R^ = R^ = H), after the prin-
cipal popularizer of the Durham route (Scheme VIII). This sub-
strate can then be polymerized with a metathesis catalyst, typ-
ically WCl6/SnMe4, but the traditional Ziegler-Natta catalyst 
TiCl4/AlEt3 will also work (Scheme IX) [63]. The tungsten cat-
alyst produces a 50/50 mixture of cis- and ^ran^-polymer, while 

J = 1 ^ 
// \ F3C CF3 

/ / \N F 3 C - = - C F 3 ^ W > -

120°C ^ ^ 

F3C CF3 

4. 
Feast's monomer 

Scheme VIII. Synthesis of Feast's monomer. 
F3C CF3 

Scheme IX. Durham precursor route to PA with R^ = R2 = CF3. 

the titanium catalyst yields a mostly ^ra/w-product. Adding the 
main-group cocatalysts to the transition metal catalysts in solution 
generates the active catalysts. Monomer can then be added, either 
neat or as a solution. Solvent choice is important; an "inert," de-
activated solvent like chlorobenzene is needed so as not to deacti-
vate the catalyst [64]. Toluene is a poor choice since it can undergo 
Friedal-Crafts chemistry. On the other hand, non-aromatic sol-
vents such as THF and ethylacetate disable the propagating chain 
end. In chlorobenzene the reaction solution quickly becomes vis-
cous and the reaction is then terminated with methanol. The re-
sulting tan polymer is soluble in ketone solvents and chloroform. 
It can be precipitated out of methanol to remove the catalyst and 
trace impurities. The polymer decomposes spontaneously in a dark 
dry box and even faster while in solution. Molecular weights (Mn) 
of up to 10^ g/mol and a PDI as low as 1.8 have been reported 
for the precursor polymers prepared by this method [64]. The high 
PDI is a common problem in many metathesis polymerizations: it 
is possible for the propagating chain end to react with the dou-
ble bonds in the backbone of the same chain (or another chain). 
This back-biting mechanism gives rise to an increase in polydisper-
sity and the possibility of cyclic structures in polymers prepared via 
olefin metathesis [65]. 

Because the metathesis catalysts used in this process are of-
ten nondiscriminating, the precursor polymer is an atactic mixture 
of cis- and ^ran^-linkages. According to theoretical calculations, 
the elimination of the substituted benzene from Feast's precursor 
polymer is symmetry allowed [66]. At room temperature this pre-
cursor polymer spontaneously eliminates hexafluoroxylene, pro-
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ducing cis-FA, which will later isomerize to trans-FA. In situ mon-
itoring of the polymerization/elimination process by differential 
scanning calorimetry (DSC) shows an initial exotherm for the ring-
opening metathesis polymerization (ROMP) of the cyclobutene 
monomer [67]. An endotherm quickly follows, indicating the elim-
ination of the hexafluoroxylene to form PA and a final exotherm 
for the cis-to-trans isomerization. 

The PA films made by the Durham route are of good quality 
and have a morphology ranging from amorphous to highly ori-
ented, depending on the specific reaction conditions (e.g., temper-
ature, time, and pressure). Less crystalline samples are good for 
nonlinear optical uses since light scattering off crystalline PA do-
mains can be a problem [68]. To increase the crystallinity of the PA, 
the sample can be oriented either before or after the removal of 
the hexafluoroxylene. The diffusion of the small molecule, cis-to-
trans isomerization, and crystallization of the polyacetylene chains 
also affect morphology [66]. Doping of PA samples made by the 
Durham route has allowed for reasonably high levels of conductiv-
ity [69]. When PA is doped with iodine, a = 10-100 S/cm, and this 
conductivity rises to 500-800 S/cm when PA is doped with ASF5. 

F3C CF3 F3C C R 

[•-"'\j 
Scheme XL Alternative route using light to create a stable precursor 
polymer. 

Br Br 2) O2 S = 0 
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-Ph-SOhT w 
Scheme XII. Poly(VSO) precursor route to PA. 

2.6.4. Analogs of Feast's Monomer 

The precursor polymer from Feast's monomer is slightly unsta-
ble; its half-life is about 20 min at room temperature. Because of 
this factor, a variation of this monomer was prepared (R^-R^ = 
-CH=CH-CH=CH-) (Scheme X) [70]. The precursor polymer of 
this monomer is indefinitely stable at room temperature; however, 
elevated temperatures (380 K) are required for the retro-Diels-
Alder reaction to eliminate naphthalene. Naphthalene is much 
harder to remove because of its slow diffusion in the soHd state. 
A similar analog that eliminates anthracene has been prepared, 
but its elimination temperature was even higher (550 K). 

A second improvement on the original Durham route uses light 
to generate a highly strained cyclic olefin from Feast's monomer 
(Scheme XI) [71]. This monomer, which contains two three-
membered rings, is ring-opened polymerized to the precursor 
polymer, which is obtained as a stable, white crystalline solid 
at room temperature. The precursor polymer easily eliminates 
hexafluoroxylene under mild heating. Precaution should be used 
whenever this precursor polymer is handled, since the two cyclo-
propane moieties are highly strained and cause the polymer to be 
shock-sensitive. An analog of this monomer was made by replac-
ing the two trifluoromethyl groups with methyl esters (R^ = R^ = 
C02Me), but the half-life of the corresponding precursor polymer 
was only a few minutes [67]. 

Scheme X. Precursor route to PA with the elimination of naphthalene. 

2.6.5. Phenyl Vinyl Sulfoxide Route 

Phenyl vinyl sulfoxide (VSO) is another monomer that has been 
polymerized to a precursor polymer, which can subsequently 
be thermalized to produce PA. VSO was made from dibro-
moethane and thiophenol [72] and was freshly distilled prior to 
polymerization. Freshly distilled VSO monomer can be anioni-
cally polymerized with a carbanion initiator (e.g., sodium naph-
thahde, MeLi) [73, 74]. The monomer and initiator were added 
together at -78° C in THE The polymerization was terminated 
with methanol, and the polymer was isolated in good yield. The 
highest molecular weight obtained for poly(VSO) (PVSO) was 
Mn = 30,000 g/mol, with a PDI < 1.4. The polymerization of 
VSO was rapid even at -78° C and had a half-life of only 4 s. 
It was even faster at room temperature, and the resulting PVSO 
became bimodal, as analyzed by gel-permeation chromatography 
(GPC). This observation indicated that two initiating or propagat-
ing species were present. PVSO was soluble in organic solvents 
such as CH2CI2, THE, and toluene. When heated, PVSO elimi-
nated benzenesulfenic acid through a six-electron sigmatropic re-
arrangement, leaving PA behind (Scheme XII). This elimination 
can occur at room temperature, but better conversion has been 
found to take place at elevated temperatures. However, PVSO-
derived PA was found to have fewer defects at lower elimina-
tion temperatures, while cross-linking occurred at higher temper-
atures. For PA films made from heating PVSO at 180-200° C for 
1.5 h, the conductivity was 3 S/cm after iodine doping [73]. At 
150° C the highest degree of benzensulfenic acid elimination took 
place (95%), giving PA with a = 4.4 S/cm after I2 doping. 

2.6.6. ROMPofCyclooctatetraene 

Hocker and co-workers first used a classical tungsten metathe-
sis catalyst to polymerize cyclooctatetraene (COT) via ROMP 
(Scheme XIII) [75]. Two practical methods were developed for 
the polymerization. In the first method, W[(OCH(CH2Cl)]„Cl6_„ 
was first added to a flask, followed by AlEt2Cl and solvent. After 
the catalyst mixture aged for 5 min, COT was added all at once. In 
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ROMP ^ 

Scheme XIII. Synthesis of poly(COT). 
Scheme XIV. Benzvalene precursor route to PA. 

the second, "intrinsic nonsolvent" procedure, the aluminum cocat-
alyst was added to a solution of the tungsten complex in a Schlenk 
flask. The solvent was then evaporated under vacuum while the 
flask was rotated to form a thin layer of catalyst on the walls. The 
COT monomer was next condensed onto this catalytic surface over 
24 h at such a rate as to form a thin film. The catalyst was removed 
from the film by washing the latter with a 1:1 mixture of toluene 
and MeOH. Using a catalyst ratio of AlAV = 2, both oligomers 
and black polymer were obtained. The polymer was found to be 
61% trans-FA. 

Klavetter and Grubbs used well-defined tungsten-alkylidene 
catalysts to ROMP cyclooctatetraene [76, 77]. It should be noted 
that cyclooctatetraene is made by cyclotetramerizing acetylene in 
the presence of a nickel catalyst [78, 79]. Thus, ROMP of COT 
is in essence an indirect polymerization of acetylene itself. How-
ever, an active catalyst was needed to ring-open it since COT is un-
strained. Klavetter and Grubbs employed a variation of the intrin-
sic nonsolvent procedure used by Akagi and Hocker (vide supra). 
In the Caltech experiment, a pentane solution (1 mol% total cat-
alyst) of the catalyst ((RO)2W(N(2,6-'Pr)2Ph)CHCMe3, where R 
= (CF3)2CH3C) was dropped onto a glass slide. The solvent was 
allowed to evaporate, leaving a homogeneous thin layer of catalyst. 
The COT monomer was then dropped onto the catalyst layer and 
stirred with a glass rod.^ The color of the reaction mixture turned 
from light yellow (the color of unreacted COT) to orange to red to 
magenta and finally to silver (PA). At room temperature the reac-
tion mixture solidified within 10-30 s. The film was then removed 
from the slide and washed with pentane and methanol. The PA 
formed by this method had a 66% cis content. It had a smooth 
surface and a fibrillar interior. Surface smoothness of the poly-
mer film is a function of how well the polymer chains pack, which 
itself is related to the local catalyst concentration. Therefore, it 
was proposed that the nonfibrillar, smooth surface of the Caltech 
poly(COT) film was a direct consequence of a uniform concentra-
tion of catalyst on the slide. In another experiment where the COT 
monomer was vapor deposited onto the catalyst surface—in im-
itation of Shirakawa's technique—the resulting PA was globular, 
not smooth. This was thought to be the result of a nonuniform in-
teraction between the catalyst and monomer (due to uneven con-
densation). The well-defined tungsten alkylidene catalysts used in 
the Caltech experiment are less Lewis acidic than other metathesis 
catalysts that were used previously to ring-open polymerize COT, 
therefore fewer saturated carbons (e.g., defects) were found in the 
backbone [18]. The conductivity of the PA film made in this man-
ner was >100 S/cm after iodine doping. The resulting PA was still 
insoluble, but the intrinsic nonsolvent method of polymerization 
allows the ultimate film shape to be fixed before the ring-opening 
step. 

^The catalyst was soluble in hydrocarbon compounds including COT. 

2.6.7. Benzvalene Route 

Swager and Grubbs made an all-hydrocarbon precursor polymer 
that is an isomer to PA [80]. This method avoided the removal of 
a small molecule in the soHd state altogether. They ring-opened 
commercially available benzvalene to poly(benzvalene) with a 
well-defined tungsten-based metathesis catalyst (Scheme XIV). 
The catalyst, (RO)2W(N(2,6-^Pr)2Ph)CHCMe3 (R = ^Bu or 
(CF3)2CH3C), was used at either room temperature (R = ^Bu) 
or at -20°C (R = (CF3)2CH3C) in either benzene or toluene. 
The two catalysts produced the same polymeric material. The pre-
cursor polymer was 90% cw-structure. The polymer was highly 
strained and easily ring-opened a second time with various organo-
metallic compounds (HgCl2, HgBr2, Ag"̂  salts) to produce a sil-
very PA. The resulting PA film was strong and flexible but had 
lower crystallinity than PA made by other precursor routes. De-
spite the high cis content in the precursor polymer, IR analysis 
indicated that the PA film was only 40% cis. The ^^C NMR spec-
trum of the PA made by this method shows a fairly high amount 
of sp^ carbons present in the PA backbone, probably due to the 
HgX2-induced cross-linking of the bicyclobutane units in the pre-
cursor polymer [9]. The PA made by this route exhibited only low 
conductivity (a = 10~^ S/cm for PA worked up with HgCl2). Even 
when this film was doped with iodine, conductivity rose to only 
10~^ S/cm [80]. Extreme caution should be exercised when either 
the benzvalene monomer or polymer (prior to isomerization to 
PA) is used, due to the shock-sensitive nature of these materials. 

2.7. Copolymers of PA 

2.7.1. Random Copolymers 

Another way to deal with the intractability issue of PA is to copoly-
merize acetylene with other more substituted monomers. The idea 
is that such a copolymer may have lower crystallinity compared to 
pure PA (due to potentially unfavorable packing arrangements) 
and thus is more soluble. In 1981, Chien and co-workers first at-
tempted the copolymerization of acetylene and methylacetylene 
(Scheme XV) [81]. Methylacetylene was chosen because its ho-
mopolymer was known to be soluble and the methyl substituent 
was small enough that its incorporation would not significantly 
change the conjugation length of the resulting copolymer. A third 
reason for choosing this particular monomer was that it is a gas 
above -25° C, so a synthetic setup similar to that used for the poly-
merization of acetylene could be used. The copolymerization was 
carried out above -25° C so that the comonomer ratio was known 
precisely. Using Schlenk technique, they added Ti(0Bu)4 (2.5 ml) 
to toluene at 0°C, followed by the dropwise addition of AlEt3 
(4 ml). The catalyst was then aged for 30 min at room tempera-
ture. The flask was attached to a vacuum line, cooled to -78°C, 
stirred, and degassed. After 30-60 min, the flask was warmed to 
room temperature and placed in an ice-salt bath at -10°C. In a 
separate vessel, both monomers (= and =-Me) were mixed in a 
predetermined ratio in such a way that the total pressure equaled 
720 torr. The catalyst flask was then rotated to coat its wall with 
the catalyst solution, and the monomer mixture was immediately 
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Scheme XV. Acetylene and methylacetylene copolymer. 

added all at once. The reaction was allowed to proceed for 20-
40 min, after which the catalyst solution was removed. The result-
ing film was cooled to -78° C and was washed with toluene. 

The resulting P(A/MA) copolymer was insoluble in organic 
solvents when the acetylene content was greater than 15 mol%. 
Other physical properties of the polymer also varied as a function 
of the acetylene percentage composition. With 75 mol% PA, the 
P(A/MA) copolymer was weak and brittle, with a shiny green front 
side and dull, gray-black back side. The film was shiny green and 
contained nonfibrillar irregular clumps with 55 mol% PA present. 
At 33 mol% acetylene content, the film consisted of dull greenish-
gold globules that became quite elastic when wetted with solvent 
{1/IQ = 7). All of these copolymers were much more air- and heat-
sensitive than PA itself and had much larger bandgaps. In general, 
the conductivity of the copoljmier was inversely proportional to 
the amount of methylacetylene present. When doped with I2, a 
conductivity of up to 36 S/cm was achieved for the copolymer with 
55 mol% PA content. With 33 mol% PA, the l2-doped conductiv-
ity fell to 1.5 S/cm. Conductivity could decrease over five to six 
orders of magnitude with increasing content of methylacetylene, 
most likely due to the reduction of the planarity of the backbone 
of the copolymer by the methyl side groups. This sterically im-
posed twisting conformation decreases 7r-orbital overlap between 
the double bond units and leads to a lower conductivity. 

Deits and co-workers synthesized an acetylene/phenylacetylene 
copolymer, P(A/PA), using a partially hydrolyzed [WClg • I/2H2O] 
catalyst [82]. In this method, acetylene was bubbled into a solution 
of phenylacetylene in toluene at 7°C. The catalyst was premade 
by adding the required amount of water (0.5 equiv) to WCl6 in 
toluene. After aging for 30 min at 30° C, the catalyst solution was 
then added to the monomers. After 2 h the polymerization was 
terminated by stopping the flow of acetylene and bubbling argon 
through the reaction mixture. The copolymer was then precipi-
tated with the addition of hexane, washed with hexane, and dried. 
The copolymer made in this way was tough and leathery but could 
be pressed into shiny metal-like flakes or dissolved in solvent and 
recast as thin films. The color of these copolymers ranged from the 
dark red color of poly(phenylacetylene) to the black color of PA. 
Once again, the properties of the copolymers, both physical and 
electronic, varied with the monomer ratios. With >40% pheny-
lacetylene content, the P(A-PA) copolymer was completely solu-
ble in CHCI3, DMF, and toluene, but its I2-doped conductivity was 
only 1.4 X 10~^ S/cm. Lowering the content of phenylacetylene to 
22% produced an insoluble copolymer, but its conductivity rose to 
50 S/cm. None of the acetylene/phenylacetylene copolymers were 
air stable for long periods of time. 

Phenyl vinyl sulfoxide can be polymerized and randomly oxi-
dized to form sections of phenyl vinyl sulfone (VSO2) before 
elimination {vide supra) to control the conjugation length of the 
resulting PA (Scheme XVI) [74]. To a flask containing dry and 
distilled THF was added a few drops of alkyl lithium (1M solution) 
to remove any remaining impurities from the solvent. Next, more 
of the carbanion initiator (0.5 ml of a 1 M solution) was added, 
and the temperature was lowered to -78° C. The VSO monomer 
(5 ml) was then added, and the color of the solution turned to 
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Scheme XVI. Copolymer of PVSO/PVSO2. 

a greenish-yellow, indicating the formation of a-lithiosulfinyl car-
banion. The reaction was terminated with methanol after 30 min. 
The resulting PVSO was precipitated with diethyl ether, dried, and 
stored at -20° C since it was unstable at room temperature. The 
Mn of the PVSO polymer ranged from 13,000 to 30,000 g/mol, 
and its PDI = 1.21-1.37. This precursor polymer was oxidized 
to a random copolymer of PVSO/PVSO2, using a 55% solution 
of m-chloroperoxybenzoic acid in methylene chloride. The result-
ing copolymer was precipitated once in THF and again in diethyl 
ether. To eliminate the precursor copolymer, it was heated from 
room temperature to 150°C at a rate of l°C/min, then held at the 
maximum temperature for 4 h. Toluene was then used to extract 
the benzenesulfenic acid side product. The extent of elimination 
for the copolymer was less than that of the PVSO homopolymer 
(vide supra). The length of the conjugated PA chains was measured 
and found to have an average conjugation length of two to six dou-
ble bonds. The lowest observed conductivity was 5.5 x 10-6 S/cm 
(I2 doped) for a copolymer with a 24 wt% of PA. The highest con-
ductivity was 1.8 X 10"^ S/cm (I2 doped) for a copolymer with a 
55 wt% PA. As measured by the gravimetric method, this latter 
copolymer had 14% defects because of the incomplete elimina-
tion. 

2.7,2. Block Copolymers 

Polystyrene (PS) and polyisoprene (PI) form block copolymers 
with PA in the presence of Ti(OBu)4 catalysts [83-85]. The two 
copolymers are prepared similarly. For instance, styrene is first ini-
tiated by n-BuLi (typically 0.05 M) in an anionic polymerization. 
A lithiated polystyryl anion can then displace one butoxy group 
from the titanium center to form a new Ti-C bond, which serves as 
the active site for the subsequent acetylene polymerization. How-
ever, before acetylene was added, this "polymeric" catalyst was of-
ten aged for 1 day (PS) or 2 days (PI). The acetylene polymeriza-
tion was then carried out under dilute conditions so as to mini-
mize side reactions. In this manner, acetylene can be polymerized 
through the Ti(III) catalyst, forming an AB diblock copolymer. In 
the case of polystyrene, less than 20 wt% of PA in the copolymer 
renders the copolymer soluble. Gels that were not soluble could 
be pressed into thin films for characterization. 

The molecular weights for the soluble copolymers were found 
by GPC in THF [85, 86]. The molecular weights for the insolu-
ble copolymers were determined by sohd-state ^^C NMR and IR 
spectra. As expected, the molecular weight of the PA segments 
depended on the weight of the carrier polymer. The molecular 
weight of the PA segment decreased as the molecular weight of the 
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PS (or PI) segment increased. When the PI segment had Mw = 
7000-10,000, the PA segment was only -1500-1900 g/mol [83]. 
For soluble PA/PI copolymers, the molar fraction of PA varied 
between 30% and 35%, and the polyisoprene segment had a 
weight averaged molecular weight Mw = 8000-10,000 g/mol. The 
soluble PA/PI copolymer had an I2-doped conductivity of only 
1 S/cm [86]. Through Raman spectroscopy, the conjugation lengths 
of PA blocks in the soluble copolymers were found to be much 
shorter than those of the PA blocks in insoluble copolymers. 

Chien and co-workers made a block copolymer of norbornene 
and PA, using CF3-TCDT (vide supra) as the PA source [87]. 
For the copolymerization, SnMe4 (2 mol%) was added to WCl6 
(1 mol%, solution in chlorobenzene), and the resulting cat-
alyst was aged for 5 min. The catalyst was then cooled to 
0-15° C before a mixture of the two monomers was added. 
The reaction was allowed to proceed and then terminated with 
methanol. The resulting precursor copolymer solution was re-
dissolved in a mixture of acetone/CHCl3 and precipitated into 
MeOH. Thin films of the copolymers with a low PA content 
were cast from methylene chloride, whereas those from copoly-
mers with a high PA content were cast from acetone. The 
precursor copolymers were then treated at 80-90° C for 12-
15 h to eliminate hexafluoroxylene. The acetylene content of 
the resulting copolymer ranged from 45 to 79 mol%. For the 
copolymer with 79 mol% PA, cr = 2.5 x 10~^ S/cm with iodine 
doping. 

Krouse and Schrock also made block copolymers with nor-
bornene and PA, using CF3-TCDT (vide supra) as the pre-
cursor monomer to polyacetylene (Scheme XVII) [88]. Using 
(^BuO)2M(N(2,6-^Pr)2Ph)(CHR) (M = W, Mo and R = alkyl) 
to ROMP both monomers allowed for the control of the molec-
ular weight and PDI. Controlling the order of monomer addition 
allowed for the synthesis of di- and triblock copolymers. The poly-
merization reaction could be terminated with either benzaldehyde 
or pivaldehyde to cleave the metal catalyst from the propagat-
ing polymer chain. Precursor copolymers with norbornene/CF3-
TCDT ratios of 1.7:1 to 5:1 could be made with Mn = 6,000-
27,000 g/mol and PDI = 1.04-1.23. The elimination of hexaflu-

oroxylene was then carried out at 90° C for 1 h. The final nor-
bornene/PA copolymer was soluble in organic solvents such as 
toluene. Typical iodine-doped conductivities for these copolymers 
are listed in Table IV. 

VSO can be used to form block copolymers with PS followed 
by VSO elimination to form PA-PS block copolymers [73, 89, 90]. 
Both monomers can be polymerized anionically; the styrene was 
initiated first and end-capped with 1,1-diphenyl ethylene (DPE). 
With the addition of a few drops of DPE to the living styryl solu-
tion, the styryl carbanions were converted to diphenyl methyl car-
banions [91], which were bulky, less reactive, and less nucleophilic 
than the styryl carbanions, thus minimizing any side reactions. The 
VSO monomer was then added to the DPE-capped styryl chains to 
generate a PS/PVSO copolymer. The resulting precursor copoly-
mer had PDIs that were as low as 1.09. To thermally eliminate the 
benzenesulfenic acid moieties from the PVSO block, the copoly-
mer was heated from room temperature to 80° C at l°C/min and 
then held at 80°C for 1 h [90]. It was then heated to 150°C at 
l°C/min to get the maximum amount of elimination (87-92%). 
Whereas the PS/PVSO precursor copolymer was soluble in many 
solvents, the PS/PA copolymer was soluble only when the PA con-
tent was less than 50 mol%. With 78 mol% PA content the conduc-
tivity of the copolymer was 8 x 10~^ S/cm after iodine doping. 
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F3C CF3 

Scheme XVII. Copolymer of norbornene and polyacetylene from a 
metathesis-based precursor route. 

Table IV. Properties of PA Copolymers 

Copolymer 

type 

Random 

Random 

Random 

AB diblock 

AB diblock 

AB diblock 

AB diblock 

Comblike 

Comblike 

Blend 

Polyacetylene 

source 

Acetylene 

Acetylene 

VSO 

Acetylene 

Acetylene 

CF3-TCDT 

VSO 

Acetylene 

Acetylene 

Acetylene 

Comonomer 

Methylacetylene 

Phenylacetylene 

VSO2 

Styrene 

Isoprene 

Norbornene 

Styrene 

Styrene/butadiene 

Ethylene oxide 

LDPE 

wt% 

PA 

15-55« 

3-90« 

27-81^ 

60-90 

30-35 

45-79 

34-79 

-6-50 

50 

4-82 

a, I2 doping 

(S/cm) 

2 X 10-2 ~ 36 

6.8 X 10-^ ~ 5 X 10-1 

5.5 X 10-^ - 4.4 

10-3 ^ 1 ^ 2 X 10^ 

1 

7.3 - 2.1 X 10-1 

1.3 X 10-^ ~ 8 X 10-^ 

9 X 10-^ - 8 X 10"^ 

1.5 X 10-2 ~ 1.2 

1 

1-1200 

Ref. 

[81] 

[82] 

[74] 

[84] 

[83, 86] 

[87] 

[90] 

[93] 

[101] 

[108] 

"mol%. 

^vol%. 
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Leung and co-workers formed self-assembled polymer nano-
particles with PA cores in solution, using poly(j:7-methylstyrene)/ 
PVSO precursor copolymers [92]. After the elimination of the 
benzenesulfenic acid moieties from the PVSO block, the re-
sulting copolymer chains aggregated together in a micelle-like 
fashion. The insoluble polyacetylene block was the core of the 
nanoparticle, and the poly(/>-methylstyrene) (PMS) block became 
the solvent-swellable outer shell. In Leung's synthesis, a diblock 
copolymer of PMS and PVSO, with Mn ^ 15,000 g/mol and PDI = 
1.12, was first formed anionically. The copolymer was then heated 
in THF at 30-80° C to eliminate benzenesulfenic acid, leaving be-
hind the PMS/PA copolymer in the form of nanoparticles. The ki-
netics of the micelle formation could be monitored using laser light 
scattering spectroscopy when the heating was done slowly at a low 
temperature. The intensity-weighted hydrodynamic size distribu-
tion versus the hydrodynamic radius (i?h) was measured at various 
reaction times. At r = 0, the average R\^ for the nanoparticles was 
3.67 nm with a narrow size distribution. As the elimination pro-
gressed, the color of the solution went from colorless to yellow to 
dark red, and the initially narrow distribution divided into a bi-
modal distribution. One group of particles, the self-assembled mi-
celle, had a much larger radius, R\^ = 30-60 nm. The other group 
of particles had a much smaller radius with R\y = Inm and was 
rationalized to be single chains of PMS/PA. It was assumed that 
the poly(/>-methylstyrene) block wrapped around the PA segment 
to minimize its contact with solvent. The large nanoparticles were 
stable in solution up to 55° C. 

2.73. Graft Copolymers of PA 

The first type of graft copolymers of PA is made by first reacting a 
soluble carrier polymer with an oxidizer to form reactive sites on 
the chain and then reacting the carrier polymer with acetylene [24]. 
The resulting graft polymers have comblike structures, with PA 
chains acting as the teeth of the comb (type A graft copolymer). 
The structure and electronic properties of the PA side chains re-
main intact, while the carrier polymer solubilizes and protects the 
PA from degradation. 

Typical carrier polymers were monodisperse PI or PS-polybu-
tadiene (PBD) copolymer with Mn of ^2 x 10̂  g/mol. The PI was 
made anionically at -78°C with an 80% cw-1,4-15% trans-1,4-5% 
vinyl structure. In the case of the PS-PBD copolymer, styrene was 
randomly polymerized with 3% butadiene to provide oxidizable 
unsaturated sites. The carrier polymers were treated with an ox-
idizer (e.g., m-chloroperoxybenzoic acid) to make random elec-
trophilic epoxide moieties in the backbone. The epoxides were 
then further oxidized to ketones with BF3-etherate in benzene. 

Under air-free conditions, Ti(OBu)4 (0.2 M solution) in toluene 
was mixed with the ketone-modified carrier polymer and a known 
amount of acetylene dissolved in toluene. To form the active cat-
alyst, AlEt3 (4 equiv relative to Ti) in toluene was injected into 
the mixture. The homogenous reaction mixture was then stirred 
at room temperature. The PA chains formed with nucleophilic 
ends (connected to the Ti center), and the polymerization reaction 
terminated when these chain ends encountered one of the elec-
trophilic ketone sites on the carrier polymer to form the grafted 
side-chain. The whole reaction was done within minutes. The cat-
alyst was then quenched with dilute acid, which also prevented 
cross-linking at any unreacted epoxides. By adjusting the ratio 
between acetylene pressure and the number of graft sites, the 

molecular weight of the PA segment could be controlled. Typi-
cally, the number of graft sites varied from 15-50 per carrier poly-
mer chain. As the amount of acetylene was increased, there was 
a shift to lower energy in the UV-Vis spectrum of the polymer, 
indicative of an increase in conjugation length. Using IR spec-
troscopy, the molecular weight of the polyacetylene portions was 
estimated to be between 3-6 x 10"* g/mol. Typical iodine-doped 
conductivities for PS-PBD/graft-PA copolymers are listed in Ta-
ble IV. 

A low concentration of PA lends stability to the graft copoly-
mer in solution. If the polyacetylene content is increased beyond 
a certain value, crystallization takes place, and the copolymer be-
comes insoluble. With > 50% PA present, the copolymer takes on 
a fibrillar morphology similar to that of the PA homopolymer (vide 
supra). The most important feature of graft copolymers with poly-
acetylene is that they contain very few saturated carbon defects 
(Table V) [24]. 

Bolognesi and co-workers synthesized soluble type A graft 
copolymers of PA and either PBD or PI [93-98]. Two differ-
ent methods for grafting the acetylene to the carrier polymer 
were used. In the first method, butadiene was polymerized by 
Co(acac)2-AlEt2Cl in an aromatic solvent. The resulting PBD had 
a 95% d5-l,4-l% trans-l,A-4% vinyl structure and a viscosity-
average molecular weight (My) of 210,000 g/mol. AlEt3 and 
Ti(0Bu)4 (4:1 molar ratio) were then added to the polymer so-
lution. The vinyl groups in the PBD inserted into the titanium-
alkyl bond, forming new Ti-C bonds that subsequently served as 
the active sites. The catalyst was aged at room temperature for 
1 h, and then acetylene gas was introduced. The reaction was done 
in a matter of minutes (Scheme XVIII) [93]. Adjusting the con-
centration ratio between titanium and vinyl groups allowed for 
the regulation of the number of catalytic sites. The length of the 
PA side chains in the copolymer was controlled by the quantity of 
monomer added. The ratio of cis- and ^ran^-structures in the PA 
side chains was varied by reaction temperature. At room temper-
ature both cis- and trans-FA were obtained, and the percentage of 
trans-stractuTQ went up as the temperature increased. The conduc-
tivity of the graft copol5miers varied with the amount of PA present. 
For I2 doping, the conductivity o- = 1.5 x 10~^ S/cm with 26 wt% 
PA and could be increased to o- = 1.2 S/cm with 50 wt% PA. How-
ever, the copolymers were only soluble with up to 40 wt% PA. 

Table V. Number of Defects in PA As a Function of Structure [24] 

Polymer sample No. of defects/no. of carbons 

cis-FA 
trans-VA 
Graft PA 

1/3,000 
1/47,000 
1/300,000 

Scheme XVIII. Graft copolymer (type A) of PA and a soluble matrix. 
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O'Na* 

Na* 
A 

0" 
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Scheme XIX. Graft copolymer (type B) of PA and ethylene oxide. 

The second method employed sec-BuLi and tetramethylethy-
lene diamine (1:1 molar ratio) in cyclohexane at room temper-
ature to deprotonate allylic protons on the PBD backbone [95]. 
The result was a polymer chain with an allylic carbanion on the 
backbone. The carbanion reacted with Ti(OBu)4, displaced one 
butoxy group, and formed a new Ti-C bond. The resulting tita-
nium(IV) center was reduced to Ti(III) by a second lithiated PBD 
chain. Acetylene was then polymerized off this Ti(III) metal cen-
ter. When the Li/Ti ratio was 1, insoluble copolymer precipitated 
out of solution, but if the proportion of Ti was reduced (Li/Ti > 2), 
then soluble copolymer was formed. Regardless of the PA content, 
graft copolymers made in this manner only show low conductivities 
in the neighborhood of 1.4 x 10~^ S/cm after iodine doping, indi-
cating the presence of PA side chains with only a short conjugation 
length. 

A second type of graft copolymer where PA is the main back-
bone and the carrier polymer forms the side chains (type B 
graft copolymer) has also been made. Typical carrier polymers 
are poly(ethylene oxide) (PEO) and poly(methyl methacrylate) 
(PMMA) for type B graft copolymers [99-105]. In this method, 
acetylene is first polymerized by conventional Ziegler-Natta tech-
niques and then lightly doped with sodium naphthalide (1 M so-
lution in THF) so that a = 5-50 S/cm. The doped film is com-
pletely dried and then exposed to the carrier polymer monomer 
(e.g., styrene, methyl methacrylate, ethylene oxide, or isoprene) 
(Scheme XIX). PA/PEO graft copolymers made in this manner 
show only low conductivities (a ^ ^1 S/cm after iodine doping), 
even with 50% PA content (upper limit). On the other hand, PA/PS 
graft copolymers obtained by this method do not conduct at all af-
ter doping, which is in stark contrast to what is described for PA/PS 
block copolymers above. It is assumed that the PS side chains form 
an insulating layer around the PA main chain, so that the dopant 
molecules cannot diffuse into the conjugated backbone. The insu-
lating outer layer also prevents electronic communication between 
the chains, thus lowering the overall conductivity of the sample. 
Another potential explanation for this insulating behavior is that 
a higher percentage content of PS (versus PA) is needed to keep 
the graft copolymer soluble. With increasing amounts of PS, the 
morphology of the graft copolymer becomes less and less fibrillar 
and less conductive. 

Armes and co-workers proposed that the conductivity of graft 
copolymers of PA is proportional to the level of conductivity of the 
doped homopolymer of the carrier polymer [106]. They showed 
that the conductivity of the iodine-doped carrier polymer de-
creases within the series poly(l,4-isoprene) > poly(3,4-isoprene) 
> tranS'TBD > d5-poly(butadiene) ^ PS. This trend is then similar 
for the graft copolymers of these carrier polymers and PA. How-
ever, the ultimate conductivity depends on the content ratio of the 
copolymer and the specific reaction conditions. 

2.7.4. Polymer Blends of PA 

Acetylene can be polymerized in a low-density polyethylene 
(LDPE) matrix that is embedded with Ti(OBu)4/AlEt3 catalyst 

[18, 107, 108]. In this method, mineral oil was mixed with a high-
molecular-weight polyethylene (4 x 10^ g/mol) in a flask at room 
temperature. The viscous mixture was then degassed for an hour at 
room temperature [108] and then transferred to a machine to spin 
the LDPE into fibers [109]. In a separate flask, mineral oil was 
degassed under vacuum. Next, AlEt3 was added to this mineral 
oil under argon, followed by the dropwise addition of Ti(OBu)4 
(4:3 v/v equiv to Al) over several minutes. The catalyst mixture 
was then stirred for 1 h at 120° C and then cooled to room tem-
perature. The spun PE fibers and the catalyst solution were both 
transferred to a dry box, where the fibers were soaked in the cat-
alyst solution for an hour. The catalyst-imbedded PE fibers were 
next placed in a tube and degassed, and acetylene (at 510 mmHg) 
was added. At the end of the reaction, the mineral oil and catalyst 
were extracted with toluene, and the remaining PE/PA blend was 
washed with MeOH/HCl and dried. The PE/PA product consisted 
of fibers that could be split open. The PA was found throughout 
the PE fiber, not just on the surface. With 4-6 wt% PA content, 
the conductivity of the blend was 1 S/cm (I2 doping) [107], but 
with 82 wt% PA content it rose to 1200 S/cm, indicating a highly 
oriented PA structure [108]. 

3. SUBSTITUTED PA 

3.1. Synthesis of Substituted PA 

Processable analogs of PA can be synthesized from the polymeriza-
tion of mono- and disubstituted alkynes. Substituted PA typically 
exhibit greater air stability, better solubility in common organic 
solvents, lower electrical conductivity, greater range of colors, and 
higher gas and liquid permeability than normal PA. The enhanced 
air stabiHty of substituted PA arises from the twisted conformation 
that the conjugated backbone undergoes to accommodate the sub-
stituents (Fig. 6) [110]. In this manner, the conjugated backbone 
becomes a coiled chain that is protected by the surrounding bulky 
substituents. Consequently, it is harder for oxygen to react with 
the backbone and degrade the chain. While twisting of the chain 
increases the air stability of the polymer, it also disrupts the effec-
tive conjugation length of the backbone and decreases the overall 
conductivity (Table VI). 

When substituted alkynes are polymerized, cyclotrimer (substi-
tuted benzene) is often formed along with polymer (Scheme XX). 
The polymers formed are typically low molecular weight (Mn ^ 
10̂  g/mol). For years, only acetylenes containing electron-with-
drawing groups could be polymerized. Recently a group of new 
catalysts has been developed, so that practically any substituted 
acetylene monomer can be polymerized [111]. However, the 
molecular weights of substituted PA still tend to be low. Taking into 
account all monomers, the average number average Mn of soluble, 
substituted PA is only about 15,000 g/mol [25]. However, if poly(r-
butylacetylene) and poly(phenylacetylene) are not included in this 
calculation, the average Mn falls to only 4000 g/mol. 

Fig. 6. Steric hindrance between substituents in substituted PA. 
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Table VI. Conductivities of Various Undoped Substituted 
Polyacetylene M = Nb, Ta, Mo, W 

MCln 

R R̂  
^25° C 
(S/cm) Ref. 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

Me 

Me 

Me 

Me 

Et 

Et 

Ph 

Ph 

CN 

Me 

"Bu 

^Bu 

CH2OH 

CH(CH3)OH 

CN 

CF3 

Ph 

o-SiMeaPh 

o-CFgPh 

p-MeOPh 

p-C\?h 

"Pr 

"Pentyl 

Ph 

Si(CH3)3 

Et 

"Bu 

Ph 

CI 

CN 

1x10 

< lx lO 

< l x l O 

1x10 

< lx lO 

1x10 

< lx lO 

4x10 

4x10 

2x10-

1x10-

1x10-

1x10-

< l x l O -

1x10-

1x10-

< l x l O -

1x10-

1x10-

1x10-

1x10-9 

[200] 

[112, 201] 

[116, 202] 

[203] 

[204] 

[205, 206] 

[207] 

[129, 208, 209] 

[210] 

[211, 212] 

[205] 

[205] 

[213] 

[213] 

[214] 

[215, 216] 

[112] 

[116, 217, 218] 

[219, 220] 

[221-223] 

[224] 

n R-

V 
RaR's 

Scheme XX. Possible products from a polymerization of substituted 
alkynes. 

While it is well known that the Shirakawa Ti(OBu)4/AlEt3 
catalyst modification will polymerize wnsubstituted acetylene, it 
does not work well for substituted alkynes. In 1981 Chien poly-
merized propyne (HC=C-Me) with the Ziegler-Natta catalyst, 
Ti(OBu)4/AlEt3 [81]. Using an air-free technique, Ti(OBu)4 
(1.7 ml) and AlEt3 (2.7 ml) were mixed together in toluene and 
aged for 30 min at room temperature. The solution was then 
cooled to -78° C and degassed for 30-60 min. At this point the 
flask was warmed to 0°C, and the monomer was added with ag-
itation. The reaction turned a dark brownish red and became 
viscous. The total reaction time was 60-90 min, and about 300-
400 torr of methylacetylene was consumed. The polymer was pre-
cipitated with ]VIeOH/HCl, filtered, and redissolved in toluene. 
This poly(propyne) was an orange, soluble polymer that could be 
doped to a conductivity of 10~^ S/cm with I2. A UV-visible spec-
trum of the polymer indicated absorptions at Amax = 220 and 
290 nm. 

The catalyst Fe(acac)3/AlEt3 will polymerize 1° or 2° alkyl-
acetylenes (HC=CR) to soluble high-molecular-weight polymers 
[112]. However, when the R groups are either 3°-alkyl or aromatic 
or contain a heteroatom, only oligomers and insoluble polymers 
are obtained. In general, Ziegler-Natta catalysts are not known to 
polymerize disubstituted acetylenes (RC=CR'). 

(1:1) MCln + cocatalyst (e.g. SnPh4, EtaSiH. BiPha) 

M = Mo, W { M(CO)6-CCl4-hv 

Fig. 7. Group V and VI catalysts for substituted PA synthesis. 

On the other hand, metathesis catalysts based on group V 
and VI metals effectively polymerize mono- and disubstituted 
alkynes to the corresponding substituted PAs. These catalysts are 
typically the metal chlorides, used with or without main-group 
organometallic cocatalysts, or metal carbonyls activated with light 
(Fig. 7) [110]. The latter type of catalyst is known for Mo and W 
only. Water can even be used as a cocatalyst with these catalysts 
for some monomers. For example, WCl6 • I/2H2O polymerizes 
phenylacetylene to a soluble, powdery poly(phenylacetylene) with 
Mn = 15,000 g/mol and PDI = 2.06 [113]. 

In a typical polymerization using metathesis catalysts, the metal 
salt and the cocatalysts were mixed together in an organic solvent 
followed by an aging period. If no cocatalyst was used, the cat-
alyst required no aging and was used directly. Subsequently, the 
substituted acetylene monomer was added, and the extent of con-
version was monitored by gas chromatography. The reaction was 
typically terminated with a mixture of toluene and methanol (5:1 
by volume). The reaction mixture was then poured into MeOH to 
precipitate the polymers. 

Molybdenum- and tungsten-based metathesis catalysts tend 
to be active for monosubstituted and less sterically crowded 
disubstituted acetylenes. However, M0CI5 and WCl6 by them-
selves will not polymerize disubstituted acetylenes. A cocatalyst 
is needed to convert Mo(V) and W(VI) to more active forms. 
Group VI metathesis catalysts will polymerize the monosubsti-
tuted acetylenes HC=CR, but if R contains OH or CO2H, then the 
resulting polymers are not soluble. Mo(V) and W(VI) metathesis 
catalysts will polymerize monosubstituted acetylenes containing 3° 
alkyl groups, whereas the Ziegler-Natta catalysts will not. 

For more bulky disubstituted alkynes (e.g., l-(trimethylsilyl)-l-
propyne), Nb- and Ta-based metathesis catalysts perform better 
than Mo- and W-based catalysts [114]. For example, TaCls and 
a main-group organometallic cocatalyst will polymerize dipheny-
lacetylene (PhC=CPh). With less crowded monomers, the Nb and 
Ta catalysts tend to give only cyclotrimer product. 

In general, Mo- and W-based metathesis catalysts are very ac-
tive for the polymerization of pure hydrocarbon alkynes [111]. 
With alkynes containing electron-donating groups (e.g., HC= 
CSiMe3), only tungsten-based catalysts will work. For alkynes with 
electron-withdrawing groups (e.g., HC=CC02H, ClC=CPh), only 
molybdenum-based catalysts are active. Such trends cannot be out-
lined for Nb- and Ta-based metathesis catalysts. 

Table VII summarizes the products and activities of the vari-
ous catalysts mentioned versus the types of substrates. With the 
metathesis mechanism, both polymer and cyclotrimer product are 
possible for each monomer since the two proposed pathways are 
very similar [65, 111, 115]. In a metathesis mechanism, after sev-
eral insertions the propagating chain end can swing around and 
coordinate to the metal center again instead of inserting another 
monomer (Scheme XXII). If an intra-molecular olefin metathe-
sis takes place at this point, the product will be cyclic (e.g., cy-
clotrimer). Due to this possibility of back-biting, sterics play an 
important role in the production of cyclotrimer. For Mo- and W-
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Table VII. General Types of Acetylene Polymerization Products Obtained with Different Catalysts [111] 

147 

Catalyst HC=CH 
Unhindered 

HC=CR 
Bulky 

HC=CR 
Unhindered 

RC=CR' 
Bulky 

RC=CR' 

Ziegler-Natta 
Mo,W 
Nb,Ta 

HighP 
P + C 

C 

HighP 
P + C 

C 

— 
HighP 

C 

— 
HighP 
P + C HighP 

P, polymer; C, cyclotrimer; —, no activity. 

LnM=CHR + = R 

R R f? 

LnM;;^\ ^ " LnM̂  
CHR 

ĈHR . n = — R LnM w \ 
V ^ ^ R 

Scheme XXI. A proposed mechanism for the metathesis polymerization 
of substituted alkynes. 

L n M = + ^ " -n lVU^ LnM==s 

"̂S::̂ ^ LnM= LnM= 

LpM 

Scheme XXII. A proposed back-biting mechanism for the metathesis 
polymerization of alkynes. Substituents have been omitted for clarity. 

based metathesis catalysts, unhindered alkynes (e.g., 1-hexyne) 
give a mixture of polymer and cyclotrimer. However, the bulky 
^butylacetylene monomer produces only polymer. For the Nb-
and Ta-based metathesis catalysts, monosubstituted alkynes give 
cyclotrimer exclusively, while disubstituted monomers yield only 
polymer. Increasing the rate of polymerization and the molecular 
weight of the polymer, together with a decrease in the rate of poly-
mer degradation (back-biting), will change the ratio of cyclotrimer 
to polymer when Nb and Ta catalysts are used [111]. 

Well-defined tungsten carbene complexes A and B will poly-
merize ^butylacetylene and phenylacetylene (Fig. 8) [116]. These 
catalysts are slow but produce good quality polymers in high yield. 
In a typical experiment, solvent was not used and the reaction 
was allowed to proceed for 1-2 days. Monomer/initiator ratios 
ranged from 50 to 100, depending on the acetylene substituent. 
For poly(phenylacetylene) (PEA) the two catalysts produced sim-
ilar results. For the phenyl-ethoxy catalyst A, the number-average 
molecular weight of the resulting PPA was 10,400 g/mol, and for 
the diphenyl catalyst B, Mn = 9000 g/mol for the resulting PPA. 

(C0)5W==<( 

.Ph 

(a) 
OEt 

(C0)5W=<^ 

Ph 

(b) 
Ph 

Fig. 8. Tungsten carbenes. (a) Fischer-type carbene A. (b) Casey-type car-
bene B. 

On the other hand, the polymerization of ^butylacetylene gave 
quite different results. Catalyst A yielded poly(^butylacetylene) 
(P^BA) with Mn = 260,000 g/mol, while catalyst B produced P^BA 
only in low yield. 

The olefin-stabilized carbene C shown in Fig. 9 will also cat-
alyze the polymerization of substituted acetylenes since the coor-
dinating olefin is labile and the monomer can easily insert, making 
it more active [117]. This catalyst is soluble, well defined, and easy 
to characterize [118]. While the Fischer carbene A and the Casey 
carbene B are not very active acetylene polymerization catalysts 
and need to be at high temperatures to function efficiently, the 
olefin-stabilized carbene C will polymerize substituted acetylenes 
at room temperature. In a typical experiment, the substituted 
acetylene (e.g., 1-heptyne, 1-propyne) was added to a solution of 
catalyst C in either hexane or toluene. In the case of 1-heptyne, 
the red starting catalyst solution progressively turned brown after 
the addition of the monomer and became more viscous, indicat-
ing the formation of a soluble polymer. After 20 h, a 63% yield of 
the polymer was obtained. The polymer was precipitated out of ei-
ther hexane or methanol. The Mn of poly(l-heptyne) obtained in 
this manner is 66,000 g/mol. Gaseous monomers (e.g., acetylene, 
1-propyne) form polymers in lower yields than those from liquid 
monomers. This may be explained by the lower concentration of 
dissolved gaseous monomer (compared to liquid monomers) in 
solution at room temperature. Additionally, the reactivity of the 
alkynes is also a function of the substituent. Monomers containing 
electron-donating groups (e.g., R = SiMe3) tend to be more reac-
tive toward carbene-type catalysts than monomers with electron-
withdrawing groups. 

Since the 1950s, other catalysts have been used to polymer-
ize substituted acetylenes [25]. Free radical initiators (e.g., ben-
zoyl peroxide, di-^butylperoxide) are active catalysts, as are com-
plexes of other transition metals like Ni and Co. Recently, both Rh 
and Pd cationic complexes have been shown to polymerize mono-
substituted acetylenes [119-121]. Thermal polymerizations and y-

Fig. 9. The olefin-stabilized tungsten carbene C. 
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irradiation of the monomers in both the sohd and Hquid states 
also give substituted PA [25]. Both anionic (e.g., n-BuLi, NEt3, 
NH2) and cationic (e.g., BF3) initiators will polymerize substituted 
alkynes [25]. The products from these last two methods are mostly 
oligomers. 

3.2. Living Systems 

With two-component classical metathesis catalysts (e.g., WCl6/ 
SnPh4) there is a possibility of unwanted side products from 
competing reactions like cross-linking or Friedal-Crafts alkyla-
tion [18]. The catalyst mixture is made in situ, similar to Ziegler-
Natta systems, however, only a very small amount of the transition 
metal centers become the metathesis-active catalyst [65]. Hence, 
the side products of the acetylene polymerization form partly due 
to the Lewis-acidic, "left over" metal species. In recent years, a 
new class of well-defined metathesis catalysts of groups V and VI 
has emerged as catalysts for the living polymerization of substi-
tuted acetylenes [122]. These new complexes are non-Lewis acidic, 
and every metal center is a metathesis-active catalyst. Thus, there 
are no side reactions when they are used for acetylene polymeriza-
tion. For a catalyst system to be considered living, one requirement 
is that the catalyst initiation rate must be fast relative to the rate of 
propagation [123, 124]. This ensures that all catalytic centers are 
activated simultaneously. Furthermore, in a living polymerization 
there are no termination steps or chain transfers, making the poly-
mer product monodisperse (PDI =1) . Classical catalyst systems 
such as MoOCl4-SnBu4-EtOH (1:1:1) and MoCl5-SnBu4-EtOH 
(1:1:1) are living with certain monomers (e.g., 1-chloro-l-octyne, 
o-(trifluoromethyl)phenylacetylene, and f-butylacetylene) [9]. It 
is important to note that all three components are necessary for 
the living system. For example, poly(r-butylacetylene) synthesized 
using M0OCI4 alone had a PDI of 2.29 [125]. Adding a cocata-
lyst, SnBu4, to the system lowered the PDI to 1.2. However, when 
ethanol was added in a 1:1:1 ratio, the system became living, and 
the resulting poly(/-butylacetylene) had a PDI of 1.12 with an 
Mn = 149,000 g/mol. 

The same catalyst system, MoOCl4-SnBu4-EtOH (1:1:1), is not 
considered living with poly(phenylacetylene) (PDI > 2.0); how-
ever, when there is an ortho substituent on the phenyl ring of the 
acetylene, it is a living system. With ortho substituents such as CF3 
and SiMe3, the polydispersity index of the polymer became as low 
as 1.06 [126, 127]. The size of the ortho substituent also deter-
mines the living nature of the polymerization [110]. Phenylacety-
lene monomers with small ortho side groups (e.g., H, F) give poly-
mers with PDI > 2 and are not living. Increasing the steric bulk of 
the ortho group makes the system living. For example, phenylacety-
lene monomers with medium-sized ortho groups (e.g., CH3, CI) 
give polymers with PDI = 1.2-1.3, and those with large, bulky ortho 
substituents (e.g., CF3, GeMe3) yield polymers with PDI ^ 1.1. It 
is believed that the ortho substituents provide the steric protection 
for the propagating catalyst, effectively blocking any termination 
reactions. The parent phenylacetylene monomer has no such side 
group; therefore both chain termination and chain reinitiation are 
more facile. 

versus that made by MoOCl4-SnBu4-EtOH (1:1:1) has been car-
ried out using ^^C NMR spectroscopy [128]. For the polymeriza-
tion made by the M0OCI4 catalyst only, the ^^C resonance for the 
/-butyl's methyl signal was split, indicating the presence of both cis-
and trans-t-huty\ groups, and the polymer was determined to be 
57% cis. The other ^^C resonances were broad, denoting an irreg-
ular structure. In the ^^C NMR spectrum of the polymer made by 
the tricomponent catalyst system (MoOCl4-SnBu4-EtOH), there 
was only one signal for cis-t-buty\ groups, indicating a high selec-
tivity. All other -̂̂ C signals in the spectrum were also sharp due to 
the stereoregularity. Temperature played a significant role in the 
geometry of the polymer. For poly(/-butylacetylene) synthesized at 
0°C, it had 91% cw-content. When the reaction temperature was 
lowered to -30°C, the percentage of cw-structure rose to 97%. 

Certain rhodium catalysts are capable of producing stereospe-
cific poly(phenylacetylene) [129-131]. Recently it has been found 
that stereoregular films of poly(phenylacetylene) can be formed 
on a water surface in air with Rh(C0D)(0Ts)(H20) catalysts dis-
solved in the water layer [119]. A 50 JJM catalyst solution was 
made by dissolving the Rh complex in water. The monomer was 
then dropped onto the water layer as either dilute solution in 
CHCI3 or neat. The poly(phenylacetylene) film began to grow 
within seconds. The film was easily removed from the water sur-
face and found to have Mn ^ --29,000 g/mol and PDI = 2.5. 
The ^H and ^^C NMR spectra of this organic-soluble polymer 
showed very sharp resonances, indicating a regular structure. No 
trans-olQfin resonances were detected in the ^H NMR spectrum 
of the polymer, so the structure was determined to be 100% cis-
poly(phenylacetylene). Tang and coworkers believed that a favor-
able interaction between the phenyl ring and the Rh center must 
produce the stereoregularity, since other aliphatic monomers did 
not give similar results. 

3.4. Silicon-Substituted All^iie Monomers 

Many silicon-containing acetylene monomers have been success-
fully polymerized to high molecular weight with metathesis cat-
alysts [111, 132]. It appears that steric effects play an impor-
tant role in determining the molecular weight. The first class of 
monomer, 1, consists of disubstituted acetylenes with one methyl 
and one silyl substituent. Table VIII shows that high molecular 
weight polymers were obtained with TaCl5 and various cocata-
lysts. It is interesting to note that the analogous Nb-based cata-
lyst does not polymerize the same monomers. The second class of 
monomer, 2, is only monosilylated to decrease the steric crowd-
ing. Table IX displays various monosilylated alkynes that can be 
polymerized with WCl^. When the silyl group was moved away 
from the triple bond to decrease the steric encumbrance (e.g., 
HC=CCH(SiMe3)R) (3), the number average molecular weights 
did increase up to 320,000 g/mol for R = C5 and C7 [132]. 
A fourth monomer, o-(trimethylsilyl)phenylacetylene (4), can be 
polymerized with Mo- and W-based catalysts to quantitative yields 
with polymer that reaches 1,700,000 g/mol in molecular weight. 
The bulky silyl group in the ortho position plays an important 
role in increasing the molecular weight since the highest Mn for 

3.3. Stereospecific Polymerizations 

For poly(r-butylacetylene), the catalyst MoOCl4-SnBu4-EtOH 
(1:1:1) is both hving and stereospecific [111, 125]. A comparative 
study between the poly(^butylacetylene) made by M0OCI4 alone 

Me- -SiMe2R -CHR 
I 
SJMes 

MeaSi 
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Table VIII. MeC=CRType Monomers that are Polymerizable with 
TaCl5 and a Cocatalyst 

R 

SiMe2-n-C6Hi3 

SiMe2Ph 

SiEt3 

SiMe2CH2SiMe3 

SiMe2CH2CH2SiMe3 

Cocatalyst 

BiPh3 

SnPh4 

SnPh4 

— 
SnPh4 

% yield 

70 

15 

25 

100 

58 

Mn (g/mol) 

1,400,000 

460,000 

1,200,000 

1,500,000 

400,000 

Table IX. HC=CSiMe2RType Monomers that are Polymerizable by 
WCl6 in Toluene at Either 30°C or 80°C 

R % yield Mn (g/mol) 

Me 
Ph 

^Bu 

n-C6Hi3 

CH2CH2CH2Ph 

CH2CH2Ph 

* Partially insoluble. 

47 

44 

87 

21 

33 

38 

9800 

9000 

7100 

poly(phenylacetylene) achieved by this method is only around 
10,000 g/mol. 

3.5. ROMPofRCOT 

The ring-opening metathesis polymerization (ROMP) of cyclooc-
tatetraene (COT) with tungsten-based catalysts lead to PA fihns 
that are insoluble {vide supra). The ROMP of monosubstituted 
cyclooctatetraene (RCOT) yielded a moderately substituted poly-
acetylene, containing on average only one side group per eight car-
bons (Scheme XXIII). This level of substitution allows the poly-
mer to be soluble but with a minimum amount of steric-induced 
twisting of the backbone. This increased planarity effectively leads 
to a higher level of conductivity than the polymers derived from 
mono- and disubstituted acetylenes. 

The R group on the monosubstituted cyclooctatetraene dic-
tates the properties of the resulting poly(RCOT) [133]. Monosub-
stituted COT containing only l°-alkyl substituents produces solu-
ble cw-PAs but upon isomerization to trans, the polymers become 
insoluble. When R is a 2°-alkyl group, the polymer is soluble in 
both the cis- and r̂an -̂forms and exhibits only modest conductiv-
ity with doping. For R = sec-Bu, the conductivity is 10 S/cm. RCOT 
monomers containing tertiary alkyl side groups produce very solu-
ble polymers with very low conductivity. If R is an alkoxy or phenyl 
group, the polymers are soluble in the cw-form but not the trans. 
Obviously the solubility and extent of conductivity are related to 
the configuration of the backbone. In general, the greater the de-
gree of twisting, the greater the solubility and the lower the con-
ductivity. 

Scheme XXIII. The ring-opening metathesis polymerization of RCOT. 

3.6. a, a>-Diynes 

A special kind of disubstituted polyacetylene is derivable from 
the cyclopolymerization of a, cu-diynes (Scheme XXIV). In 1961, 
Stille and coworkers polymerized 1,6-heptadiyne (X = CH2) with 
the classical Ziegler-Natta TiCLj/Al ^Bu3 catalyst to a polymer 
containing a cyclic conjugated backbone [1341. The polymer was 
red, soluble, and had a conductivity of 10~^^-10~^^ S/cm. Two 
decades later, Gibson and co-workers improved the conductiv-
ity of poly(l,6-heptadiyne) with iodine doping to 10~^ S/cm at 
room temperature and 1 S/cm at -78°C [135]. The cyclic back-
bone structure was confirmed by various spectroscopic methods 
(IR, UV-visible, ^H and ^^C NMR). Recently a cationic Pd(II) 
catalyst has been used to cyclopolymerize a, w-diynes [136]. These 
very monodisperse cyclopolymers are freely soluble in a variety of 
solvents and are of low molecular weight. The polymer structure 
was determined to contain both a cyclic backbone structure as well 
as acetylenic side chains. 

Choi and co-workers explored the cyclopolymerization oia,o)-
diynes containing various functionalities with Mo- and W-based 
metathesis catalysts [137-142]. The number-average molecular 
weights for these polymers were typically around 10̂  g/mol. The 
products were often soluble, and the conductivities were reason-
ably high, since the double bonds are held closely together by the 
ring structure. Polymers of this type will probably never conduct 
as well as the parent PA, since the side ring will hinder interchain 
contact. These cyclopolymers exhibit Amax valves of up to 480 nm 
in the UV-visible spectrum and a conductivity of '̂ lO""^ S/cm for 
X = (n-C6Hi3)2N+[143]. 

Recently a photoconductive monomer and a monomer contain-
ing a nonlinear optical (NLO) chromophore were cocyclopolymer-
ized, using M0CI5 and WCl6 catalysts (Scheme XXV) [144]. The 
resulting copolymer is both photoconductive and photorefractive. 
(The polymer has two maximum values of photocurrent at 350 nm 
and 700 rmi. Under white light, the photovoltaic response of the 
polymer is -640 nA. Furthermore, the photo-to-dark conductivity 
ratio for an undoped polymer is in the range of 30—50.) The num-
ber average molecular weight is estimated by GPC to be around 
23,000-45,000 g/mol, and the PDI is in the range of -2.1-3.1. Spec-
troscopic methods such as IR, UV-visible, and ^H and ^^C NMR 
were used to authenticate the structural assignments. 

Schrock and co-workers cyclopolymerized diethyl dipropargyl-
malonate (X = C(C02Et)2) with a well-defined molybdenum 
alkyhdene catalyst [145]. Through ^^C NMR spectroscopy, equal 

catalyst ^ 

X = CH„S, I | V^EtO^C^CO^Et g. R̂̂ .̂ r, etc. 

Scheme XXIV. The cyclopolymerization of substituted 1,6-heptadiyne. 
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H C02(CH2)6-N^ 
NMe2 

Scheme XXV. The cyclocopolymerization of substituted 1,6-heptadiynes 
(R = a photoconductive group and R' = a photorefractive group). 

Et02C .C02Et r 
RO 

CMe2Ph Et02C .C02Et Et02C /C02Et 

R = C(CH3)(CF3)2 

Scheme XXVI. The ring-closing metathesis polymerization of diethyl 
dipropargylmalonate. 

amounts of six-membered rings and five-membered rings were ob-
served (Scheme XXVI). The five-membered rings arose from a 
tail-to-tail insertion, as opposed to a head-to-tail insertion, to form 
the six-membered ring. 

3.7. Indirect Routes to Substituted PA 

A few indirect routes to substituted FAs are known [25]. The 
first involves bromination of poly(cyclopentadiene) followed by 
dehydrobromination and a rearrangement of the double bonds 
(Scheme XXVII) [146]. The resulting polymer is black and has 
a conductivity of 10~^ S/cm. A second method entails a tandem 
hydrolysis and enolization of a poly(cyclic anhydride) (Scheme 
XXVIII) [147]. Once again the polymer is black, and its conduc-
tivity is fairly low at 10~^ S/cm. 

^Cfl-'^r-^' 
Br Br 

1) dehydrobromination 

2) double bond 
rearrangement 

Scheme XXVII. An indirect synthesis of substituted PA using the dehy-
drobromination route. 

^'tf^. 
0 

hydrolysis , -4-r.=r.—^ 

f 
^ 

h 

enolization ^ 
fast 

/H H / \ \ 

Scheme XXVIII. An indirect synthesis of substituted PA using the eno-
late method. 

3.8. Properties of Substituted PA 

Polymers of substituted acetylenes tend to be highly colored. The 
colors of these polymers vary throughout the visible spectrum 
and range from colorless to black. The specific color depends 
on the degree of steric crowding and whether or not the side 
group contributes to the conjugation [9]. Alkyl monosubstituted 
and aromatic disubstituted monomers tend to give lightly col-
ored polymers. Polymers that are derived from alkyl disubstituted 
monomers, 1-phenyl-l-alkynes, and ^butylacetylene are often 
colorless. Ortho-substitutQd phenylacetylene monomers produce 
deeply colored polymers. In the UV-visible spectra, Amax for sub-
stituted PAs ranges from 250 to 620 nm. Poly(trimethylsilylacety-
lene) with an Mn of 50,000 g/mol is yellow with Amax = 292 nm 
in THF [148, 149]. The effective conjugation length of this poly-
mer is only about four double bonds, and it cannot be doped to a 
conducting state. 

Poiy(phenylacetylene) has Amax = 325-350 nm [150, 151]. The 
phenyl side groups can rotate perpendicular to the main chain, 
minimizing the twisting and increasing the effective conjugation 
length. Because of this poly(phenylacetylene) is both a semicon-
ductor and a photoconductor. Adding an ortho-suhstituQnt to the 
phenyl ring increases the absorption Amax of the polymer. Poly(o-
methylphenylacetylene) has a maximum UV-visible absorption at 
440 nm; however, the Amax for poly(6>-trimethylsilylphenylacety-
lene) is increased to 520 nm [151]. To accommodate the bulky or-
tho group, the PA chain assumes a cw-structure and becomes very 
planar, raising the effective conjugation length. 

Substituted PAs are generally soluble in common organic sol-
vents due to the favorable interactions between the substituents 
and the solvent [110]. If the volume fraction of the side groups 
is about equal to or greater than that of the backbone, then the 
polymer will be soluble [152]. Still, the general solubility trend for 
conjugated polymers is similar to that for all organic molecules: 
"like dissolves like." Monomers with alkyl substituents tend to dis-
solve in nonpolar or slightly polar solvents (e.g., P^BA is soluble in 
hexane, toluene, and chloroform). Monomers with aromatic sub-
stituents are typically soluble in aromatic solvents. 

The degree of conjugation in the backbone of substituted poly-
acetylenes also plays a role in their solubility in organic solvents. 
In general, the longer the effective conjugation length, the less sol-
uble a substituted PA will be. For a disubstituted alkyne monomer, 
if the two substituents are the same (e.g., 3-hexyne, 4-octyne), the 
corresponding polymer tends not to be soluble since the polymer 
chains are so densely packed and solvent interaction is minimized. 
For monosubstituted aromatic acetylenes, the cw-polymers are of-
ten insoluble. These polymers tend to be too crystalline to dissolve 
in organic solvent; however, isomerizing the chains to the trans-
form will aid in solubility. For monosubstituted acetylenes, if the 
side groups are either too bulky (e.g., R = 1-adamantyl) or too re-
active (R = CH2CI) for cross-linking to occur, then the polymers 
will be insoluble [111]. 

4. ELECTRONIC PROPERTIES OF PA AND ITS 
ANALOGS 

4.1. Conductivity and Chemical Doping 

Organic polymers are typically insulators since the valence elec-
trons in sp^ orbitals are tightly bound to the individual atoms in the 
backbone and to the o--based covalent bonds that exist between 



POLYACETYLENE AND ITS ANALOGS 151 

the atoms. Because of this structure, little electronic overlap ex-
ists between the bonds, and hence the polymers act as insulators. 
Conjugated polymers, on the other hand, have ir bonds and de-
localized 77 electrons extending down the one-dimensional chain 
axis. The pz orbitals in a conjugated polymer chain all he in one 
direction along the backbone with significant overlap. Theoreti-
cally this allows electrons to move freely both down the chain and 
between chains [153]. When Shirakawa discovered how to make 
free-standing films of PA, many theoretical models were proposed 
to predict the conductivity of PA. However, experimental measure-
ments of the conductivity of PA were slow to come due to the in-
herent instability of PA and the fact that undoped Shirakawa PA is 
effectively an insulator (or ^ '^lO"^ S/cm). It was not until MacDi-
armid and Heeger discovered how to chemically dope crystalline, 
fibrillar PA [154] and how to measure the resulting significant in-
crease in conductivity that the field really expanded. 

It was found that PA could be doped with either electron 
donors or acceptors, and the conductivity of doped PA could be 
increased to the metallic state (a = 1000 S/cm at room tem-
perature) (Graph 1) (Tables X and XI). With careful control of 
the extent of doping (e.g., light and heavy doping), the conduc-
tivity of PA can be raised to almost any desired level (Fig. 10). 
Electron acceptors (e.g., I2, ASF5, ClO^) would oxidize the chain, 
inducing a hole/positive charge, a process termed p-type doping 
(Scheme XXIX). Electron donors (e.g., Na, Li, BU4N+) reduce 
the chain and introduce a negative charge, a reaction called n-type 
doping (Scheme XXX). Both processes are reversible. n-Doped 
PA is extremely reactive and moisture sensitive. It does have high 
thermal stability, however. With electrochemical doping, n-doped 
PA can be undoped more easily [9]. The specific mechanisms of 
donor and acceptor doping most likely vary with the particular 
dopant used and the level of doping [155]. Furthermore, conduc-
tivity in conjugated polymers decreases with decreasing tempera-
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Graph 1. Comparison of conductivities between inorganic materials and 
various conjugated polymers (d = doped). 

ture, which is the opposite of what is observed for inorganic semi-
conductors. 

4.2. Solitons 

The outstanding electronic properties of PA have been attributed 
to the presence of solitons. It is believed that the soliton is respon-
sible for both the cis-to-trans isomerization of PA and the conduc-

Table X. Conductivities of PA with Various Gas-Phase Dopants 

Gas-
phase 
Dopant 

Equivalents 
of charge per 
double bond 

<̂ 25°C (S/cm) 

cis 

1.7 X 10-9 

3.6 X 10^ 

5.6 X 102 

4 x 1 0 ^ 

cisltrans 

1.8 X 102 

2.35 X 10^ 

2.3 X 102 

5 x 1 0 ^ 

7 x 1 0 ^ 

3.5 X 102 

2.29 X 10^ 

1.47 X 10^ 

4.8 

2.8 X IQl 

2.9 

trans 

4.4 

1.6 

4 x 

1.2 

x lO"^ 

x l 0 2 

102 

xlO^ 

Ref. 

[225] 

[225, 226] 

[225] 

[225] 

[225] 

[225] 

[225] 

[227] 

[227] 

[227] 

[227] 

[228] 

[228] 

[229] 

[229] 

[228] 

[229] 

[229] 

I2 

AsFs 

IBr 

SeF6 

TeF6 

ReF6 

IrF6 

M0F5 

WF6 

NbF5 

TaFs 

RUF5 

M0F5 

WF5 

0.50 

0.40 

0.28 

0.20 

0.30 

0.24 

0.17 

0.16 

0.42 

0.04 

0.11 

0.087 

0.32 

0.36 

0.02 

0.19 

0.04 
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Table XL Conductivities of PA with Various Solution-Phase Dopants 

Solution-

phase 

Dopant 

M0CI5 

WCl6 

TaCls 

LiFeCl4 

H2PtCl4-6H20 

PtCl4 

RhCl3 

CUCI2 

InCl3 

TICI3 

NaCioHg 

Equivalents 

of charge per 

double bond 

0.20 

0.20 

0.08 

0.10 

0.05 

0.075 

0.02 

0.08 

0.11 

0.09 

0.42 

0.56 

cis 

2 x 1 0 ^ 

2 x l 0 2 

1.05 X 10^ 

1.2 X 10^ 

1.34 X 102 

6 X 10-4 

2 X 10-3 

6 x 1 0 ^ 

5.5 X 10^ 

2.5 X 10^ 

<̂ 25°C (S/cm) 

cis/trans trans 

5 x 1 0 ^ 

8 x 1 0 ^ 

Ref. 

[230] 

[230] 

[231] 

[232] 

[233] 

[233] 

[233] 

[233] 

[234] 

[234] 

[225] 

[225] 

(a) (b) 

Fig. 10. A schematic representation of a polyacetylene chain with (a) light 
doping and (b) heavy doping. 

•0.0.0; 

^ . 

Scheme XXIX. The p-type doping mechanism for PA. 

D* 

Scheme XXX. The n-type doping mechanism for PA. 

tivity of doped PA. A soliton is essentially a topological kink in 
the backbone of the conjugated polymer. It is a defect that can be 
a radical (single electron), a negative charge (pair of electrons), 
or a positive charge (zero electrons) (Fig. 11). The soliton's mass 
is small, thus making the kink mobile. The soliton has a domain 
wall of about 15 carbons [156]. The presence of solitons has been 
inferred through various magnetic resonance measurements (e.g., 
EPR, electron nuclear double resonance spectroscopy) [157]. 

A soliton may exist naturally as the result of an odd number of 
carbons in a polymer chain (an odd number of carbons in PA may 

(b) 

(c) 

D* 

+ 
A-

n 

7 1 * 

n 

7 1 * 

71 

Fig. 11. Schematic representations of (a) neutral soliton, (b) negative 
soliton, and (c) positive soliton. 

(a) 

(b) 

(c) 

2 4 6 8 

Fig. 12. A schematic representation of a polyacetylene chain (a) at 
ground state, (b) after the creation of a soliton-antisoliton pair, and (c) af-
ter soliton-antisoliton migration. 

arise from chain reconstruction, chain oxidation, or chain cleav-
age); however, solitons are typically generated via chemical means. 
Solitons created in this way always occurred in pairs of a soliton 
and an antisoliton. The designation "anti" is a formalism that in-
dicates that the antisoliton "entity" is the one that resides on an 
even-numbered carbon. By breaking a double bond in the poly-
mer backbone, a neutral soliton-antisoliton pair is formed. The 
two entities in a soliton-antisoliton pair may migrate away from 
one another, but the soliton will always remain on odd-numbered 
carbons, and the antisoliton will always remain on even-numbered 
carbons (Fig. 12). Charged soliton-antisoliton pairs may also be 
generated (vide infra) (Fig. 13). If a soliton and antisoliton recom-
bine on a chain, they will annihilate one another, but a single soli-
ton (e.g., naturally occurring) will never cease to exist [2]. 



POLYACETYLENE AND ITS ANALOGS 153 

(a) (a) 

(b) (b) ==/ 

(c) 

Fig. 13. Schematic representations of (a) a neutral soliton-antisoliton 
pair, (b) a negative soliton-positive antisoliton pair, and (c) a positive 
soliton-negative antisoliton pair. 

If two neutral solitons travel down the trans-?A backbone and 
meet one another, they will join together to form a double bond. 
However, if charged solitons approach each other, a different 
scenario is seen. As seen in Fig. 14, with two acceptor dopant 
molecules present, two positive solitons are formed on the chain. 
This doubly charged state is called a bipolaron (spin = 0), and 
its presence is believed to be responsible for electronic conduc-
tion [158]. The two like charges repel one another because of 
electrostatic forces but attract one another due to interchain in-
teraction. For example, if the interchain geometry is such that 
the charge on one chain "sees" a like charge on a neighboring 
chain, they repel each other and move back toward their respec-
tive "other half" of the bipolarons. Because of this push-pull re-
lationship, the two charges in a bipolaron pair stay within each 
other's vicinity. On the other hand, a polaron is a spatially sepa-
rated combination of a single electron and a positive charge (spin 
= 1/2). This neutral soliton and positively charged soliton ap-
proach each other to form a common defect. Spectroscopic stud-
ies of doped PA imply that with light doping the charge in PA is 
stored in the polaron, and with heavy doping it is stored in the 
bipolaron [159]. Theoretical calculations show that bipolarons are 
favored enthalpically, but polarons are preferred entropically. 

For the /ran5-structure of PA, a mirror plane exists through the 
center of the defect. In cw-PA, however, there is no such mirror 
plane and the soliton separates a cis-transoidal structure from a 
trans-cisoidal (Fig. 15) [2]. The trans-cisoidal structure is higher 
in energy than the cis-transoidal; therefore the soliton will move 
down the chain through the trans-cisoidal domain to isomerize it 
to the cis-transoidal form, thus alleviating the higher energy po-
tential. In cis-FA no interchain interaction occurs, but attraction 
between the soliton and antisoliton still exists because of the en-
ergy difference between these two structures. 

In trans-FA, not all of the bond lengths are equivalent, because 
two degenerate resonance structures exist (Fig. 16). This physical 
manifestation is the result of a Peierls distortion [160]. The inter-
actions between bonding electrons dictate the actual spacing of 
atoms in a one-dimensional solid, and the lowest energy state may 
not be the one with regular spacing. Not all of the bonds in PA 
are of equal length; instead they alternate between long and short. 
This combination of long and short bonds turns out to be more sta-

(c) 

(d) =[• 

Fig. 15. Schematic representations of (a) a defect in trans-FA (a mirror 
plane can be dawn through the defect itself), (b) a soliton in cis-FA, (c) a 
bipolaron in cis-FA, and (d) a polaron in cis-FA. 

Fig. 16. Resonance structures for trans-FA. 

ble than the equal bond length scheme. The net effect is the low-
ering of the total energy and the formation of a bandgap between 
the valence and conduction bands. It is due to the Peierls distor-
tion that polyacetylene possesses such excellent nonlinear optical 
properties [161-164]. 

The rigid band model for PA is similar to that for inorganic 
semiconductors such as silicon, except that conjugated polymers 
are treated in the one-dimensional formation. In the structure 
-(CH=CH)n- there are 2n Hiickel-type atomic orbitals divided 
into n bonding (valence orbitals) and n antibonding (conduction 
orbitals) [165]. As with small organic molecules, the energy gap 
between the highest occupied molecular orbital (IT) and the low-
est unoccupied molecular orbital (TT*) of PA decreases as the num-
ber of double bonds and the degree of conjugation increases. For 
an infinite degree of conjugation, the bandgap is a gap of 1.4 eV 
for trans-FA and 1.8 eV for cis-FA [166]. When the PA is ex-
cited, whether through photolysis or thermal means, electrons can 
be promoted from the valence band into the conduction band. 
Through chain relaxation and a reorganization of bonds, these 
electrons relax to a mid-gap energy level (Fig. 17). This movement 
results in a change of bond alteration. 

The conductivity of PA increases with an increasing amount 
of dopant, but a high concentration of dopant is needed to get 
conductivities up to the metallic state. Polyacetylene is capable 
of absorbing high levels of dopant, whose concentration is usu-

(a) 

(b) conduction band 

valence band 

(c) 

chain 
relaxation - X l 

Fig. 14. Schematic representations of (a) a bipolaron and (b) a polaron. 

(d) 

Fig. 17. A schematic representation for the generation of a neutral 
soliton-antisoliton pair in PA. (a) trans-FA. (b) Two electrons were pro-
moted from the valence band to the conduction band via either thermal 
or photochemical means, (c) Chain relaxation rearranges electrons to the 
midgap energy level, (d) Rearrangement induces bond alterations between 
single electrons. 
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Scheme XXXI. The chain-hopping conduction mechanism in PA. 

ally measured with molar fractions—generally 1-20% per carbon 
atom [66]. With these high dopant concentrations, major structural 
changes can occur which impede the conductivity at low tempera-
ture even though at room temperature the conductivity can reach 
the metallic regime [66]. With very high levels of doping, so many 
solitons reside on the chain that they begin to overlap. A soliton 
is considered a local suppression of the Peierls distortion; when 
overlapping of solitons occurs the whole chain experiences an 
overall suppression. At this point the metal-insulator transition is 
removed and the chain conducts in the metallic regime at room 
temperature [2]. 

It is assumed that charge transport occurs down the chain back-
bone, but PA chains can also fold back onto themselves. There is 
a probability of charge moving down the backbone, but also it can 
jump to other sections of the same chain or to a new chain all 
together (Scheme XXXI). Close contact and the right geometry 
between chains are the only conditions needed for this chain hop-
ping to occur [13]. The efficiency of charge chain hopping depends 
on the conjugation length, alignment between chains, and the de-
gree of crystallization. Stretching polyacetylene films often reori-
ents the fibers into better alignment, increasing the conductivity to 
10̂  S/cm with iodine doping [18]. 

4.3. CIS' to ^a/i^-Isomerization 

The soliton defect can arise naturally from chain reconstruction 
with an odd number of carbons. The reconstruction may result 
from chains breaking and forming during the elaborate isomer-
ization process. A mechanism for the isomerization of cis- to 
trans-FA via p-type doping has been proposed by Yamabe and 
co-workers [167]. First, one electron is transferred from the con-
jugated chain to the dopant, A (Scheme XXXII). This transfer 
leaves one unpaired electron, but the adjacent electron quickly 
moves over to create a new double bond. Subsequent electrons 
move down the chain, forming new double bonds, until a single 
electron finds a second molecule of the dopant which accepts the 
unpaired electron. This series of electron jumps changes the di-
rection of bond alteration. In this proposed mechanism, no un-
paired electrons are formed in the net reaction, so the spin density 
remains unchanged, as evidenced by spectroscopy [168]. This lat-
ter observation supports the proposed scheme because the total 
spin density would decrease if the unpaired electron transferred 
to A were from a natural defect. Furthermore, the defect-based 
isomerization scenario seems unlikely since the number of natu-
ral defects numbers approximately 1/3000 carbons, and typical PA 
chains contain only 500 carbons. In the third scenario, if the second 
molecule of A were not to trap the unpaired electron, the electron 
would continue moving down the chain, effectively increasing the 

cis-transoid 

trans-cisoid 

trans-like 

Scheme XXXII. The cis-to-trans isomerization of PA induced by doping. 

spin density. Again, this is not observed [167]. The Yamabe mech-
anism is consistent with the observation that while doped trans-FA 
will maintain a ^ran^-structure, doped d5-PA will shift from a cis-
structure to trans-cisoidal and finally a transAikQ backbone for the 
regions between dopant molecules. 

4.4. Electrochemical Doping 

PA can be electrochemically doped, and the level of doping can 
be measured with cyclic voltammetry. cis-?A can be reversibly oxi-
dized at ^3.6 eV versus Li and reduced at --1.4 eV versus Li [169]. 
The advantage of electrochemical doping is that both n- and p-
type doping may be done successively. The degree of doping can be 
controlled more carefully, and changing the applied charge easily 
switches the direction (p-type versus n-type). Prolonged electro-
chemical oxidation often leads to degradation of the chain [170]. 
The cyclic voltammogram of an electrochemically doped PA film 
that has been held at an oxidizing potential for a period of time in-
dicates two oxidation peaks: one for the p-doping and another for 
chain degradation (irreversible). In electrochemical doping, the 
dopant must diffuse into the PA film to transfer electrons. To facil-
itate this diffusion process, a film with a high surface area is desir-
able. Przyluski and co-workers have proposed using either a foam 
or powdered PA electrode to maximize the surface area [171]. 

4.5. Photochemical Doping 

With photoexcitation, it is possible to introduce charge to the 
PA chain without using chemical dopants. Through optical spec-
troscopy, the new subgap transitions can be detected and are vir-
tually the same as those found in chemically doped samples [152]. 
The concentration of long-lived excited states is low, however, and 
this is not a practical method for maintaining a PA film with stable 
conductivity. 

5. APPLICATIONS OF PA AND ITS ANALOGS 

While other conducting polymers such as polypyrrole and polyani-
line have found applications in industry, PA has not been employed 
widely in commercial applications due to its environmental insta-
bility. The difficulty in processing and the ease of oxidation, to-
gether with the high water/air sensitivity of doped PA, have re-
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gate 

Fig. 18. A schematic drawing of a MISFET device. n-Silicon serves as the 
metal, Si02 is the insulator, and PA is the semiconductor. The top contact 
layer is made from gold [152]. 

stricted PA to the confines of laboratory interests. Yet, the po-
tential of PA is enormous because of its exceptional conductivity 
in comparison to other conducting polymers. As more stable and 
processable analogs of PA are being developed and as packaging 
technology becomes more sophisticated in accommodating envi-
ronmentally sensitive materials, it is hoped that the presence of 
PA in the modern technological world will increase. 

5.1. Semiconductor Devices 

In theory, PA would be an excellent material for use in field-effect 
diodes. For a long time this application was not a realistic endeavor 
with Shirakawa PA because of its processing problems. PA syn-
thesized by the Durham route would be more ideal, since the 
polymer layer can be spin-coated to the appropriate shape and 
thickness. Metal-insulator-semiconductor field effect transistor 
(MISFET) devices can be fabricated using a solution-processed 
layer of p-doped PA (instead of the traditional semiconductor 
layer) on top of a silicon dioxide insulator layer (Fig. 18). Gold 
would then be evaporated on top to complete the sandwich device. 
To operate the MISFET device, a negative gate voltage would in-
duce a positive charge that would accumulate on the PA-insulator 
interface [66,152]. Spectroscopy indicates the formation of a non-
bonding optical absorption at midgap, consistent with the theory 
for soliton states. 

5.2. Rechargeable Batteries 

An all-polymer battery that is thin, bendable, lightweight, and very 
small has been proposed [172]. Conventional batteries can be cor-
rosive, toxic, and harmful to the environment. A plastic battery 
would eliminate these hazards if it were capable of being contin-
ually recharged. The polymer battery technology is becoming in-
creasingly important as electric vehicles and other portable elec-
tronic devices become increasingly popular. Among the criteria for 
portable battery development, a high energy-to-weight ratio is a 
primary concern. To this end, organic conducting polymers, being 
lightweight, are potentially excellent materials for active battery 
electrodes as long as doping levels remain below 10% (per carbon 
atom). (For heavy dopants (e.g., I2) higher dopant density will add 
more weight to the battery.) Furthermore, for a polymer to be used 
effectively in a battery, it needs to have fast charge transfer kinet-
ics, good reversibility for electrode reactions, high cyclabihty (e.g., 
it can be repeatedly charged and recharged many times), and a 
long shelf life (e.g., low self-discharging activity) [173,174]. Three 

transparent protection foil 

aluminum film 

doped PA 

gold electrode 

transparent protection foil 

Fig. 19. A schematic drawing of a prototype solar cell containing doped 
PA. 

different configurations of rechargeable batteries are possible: n-
doped PA as one electrode, p-doped PA as one electrode, or PA 
as both electrodes. With PA, although good gravimetric capacity 
and volumetric capacity can be attained, the issues of low cyclabil-
ity, difficult processability, high self-discharging activity, and low 
conducting stability remain [174]. Recently researchers at Johns 
Hopkins University unveiled a working prototype, all-plastic bat-
tery, using fluoro-substituted polythiophenes, a heteroatom analog 
of PA, for both the anode and cathode [175]. These workers also 
used gelled polyacrylonitrile as the electrolyte, which facilitated 
the transportation of the charges between the two terminals. An 
average potential of ~2.75 V per cell could be achieved, and the 
battery could be recharged repeatedly. 

5.3. Solar Cells 

Polymers in the semiconducting range can be used in photovoltaic 
devices (solar cells) when moderately doped [176]. At the heart 
of a photovoltaic device is a metal-semiconductor junction, which 
is also a Schottky barrier. When light is shone on this junction, 
photoinduced excitation and charge separation occur, and elec-
tric current can be drawn between the barrier and back contact 
(Fig. 19). Traditional solid-state solar cells were fabricated using 
highly pure single crystals of silicon, which is quite costly. To re-
duce the fabrication cost, moderately doped organic conducting 
polymers have been employed as the semiconductor part of the 
Schottky barrier in photovoltaic devices. In achieving the best so-
lar cells using PA, the most notable effort is that by the Caltech 
group, where soluble poly(RCOT) (vide supra) was used as the PA 
component [177-179]. In the late 1980s and early 1990s, interest in 
these systems was so high that some researchers envisioned coat-
ing the roofs of buildings with conducting polymer films and using 
the rain gutters as the cell terminals to collect the electricity. At 
the present time, new generations of solar cells using inexpensive, 
amorphous silicon is becoming increasingly more economical, so 
the interest in using conducting polymers for photovoltaic devices 
has diminished. 

5.4. Environmental Sensing Technology Based on PA 

The inherent environmental instability of PA turns out to be an 
advantage in the design of environmental sensors. In these appli-
cations, the sensitivity of PA and doped PA toward heat, moisture, 
impurities, and morphological changes has been utilized in the de-
sign of small-scale indicators for radiation, humidity, chemicals, 
and mechanical abuse [174]. These devices operate on the premise 
that the electrical conductivity of doped PA will change upon being 
subjected to environmental changes. Furthermore, PA and doped 
PA can also be used in gas sensors and biosensors (vide infra). 
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5.4.1. Temperature Limit Detectors 

Conducting polymers can be used as indicators for commer-
cial products whose quality can be compromised by temperature 
changes (e.g., excess heat, freezing, or defrosting) [180]. Such poly-
mers would be useful for inclusion with frozen food, water-based 
paints, and aqueous medical products. A freeze indicator based 
on conducting polymers can be fabricated using the inexpensive 
radio frequency (rf) antitheft target technology that is ubiquitous 
in retail stores. The rf antitheft target is a small (4 cm in diam-
eter) antenna patch that can be applied to the adhesive side of 
a label. The antenna itself is a thin strip of aluminum foil in the 
shape of a square spiral and works at either rf or microwave (JJLW) 
frequencies. Upon being excited by a signal from a hand-held 
transmitter-receiver, the antenna resonates and emits a signal that 
can be picked up by the detector of the transmitter-receiver. The 
conducting-polymer-based freeze indicator consists of an rf tar-
get that is covered with a layer of undoped conducting polymer 
(e.g., PA) (Fig. 20). On top of the polymer is a layer of microcap-
sules containing dopant in solution. In this state the rf target would 
be ON (e.g., it will emit a signal upon being excited). If the prod-
uct were to freeze, the mechanical stress induced by the freezing 
would break the microcapsules and release the dopant solution. 
The dopant would dope the PA, and the rise in conductivity of the 
conjugated PA layer would shield the tag from being excited by the 
radio frequency of the transmitter, effectively turning the detector 
OFF 

A PA-based defrost indicator works in a similar fashion. First 
the freezing process ruptures the microcapsules to release the 
dopant solution. However, a permeable physical barrier exists be-
tween the microcapsule layer and the PA film to slow down the 
diffusion of the dopant solution. This barrier is thick enough that 
the freezing of the dopant solution (at the freezing temperature) 
prevents the total penetration of the dopant solution to the con-
ducting polymer. Doping does not begin until the defrost tempera-
ture is reached and the dopant solution melts, flowing through the 
barrier. Once the dopant passes through the barrier, it dopes the 
polymer. Again the rise in conductivity shields the rf signal, turns 
the device OFF, and alerts the monitor of a rise in temperature. 

The PA-based heat indicator operates on a much simpler level. 
In this design, the antenna is originally covered with a doped, 
highly conductive layer of PA, and the device is always in an OFF 
state. When the tag is exposed to high temperature, thermal degra-
dation sets in and the conductivity of the PA film becomes re-
duced, which eventually turns the device ON and alerts the re-
ceiver of an excess heat situation. Since thermal degradation is a 
time-dependent process, a constant monitoring of the tag with a 
variable sensitivity detector over time can reveal the thermal his-
tory of the location where the tag is located. Finally, where the 
temperature fluctuation is small, the monitoring of these heat in-
dicators over time may also be used indirectly in time-indicating 
applications. 

microcapsules containing dopant solution 

undoped PA 

rf target 

Fig. 20. A schematic drawing of a temperature indicator device. The bot-
tom layer is the rf target. The middle layer is PA. The top layer is made up 
of microcapsules containing dopant in solution. 

5.4.2. Moisture, Radiation, and Mechanical Abuse Detectors 

Devices that use PA for the detection of moisture, radiation, and 
mechanical abuse can also be fabricated using the same rf antitheft 
tag technology. In the case of moisture detection, the antenna is 
again covered with a doped, highly conductive layer of PA, and the 
device is always in an OFF state. When the tag is exposed to mois-
ture, the conductivity is reduced, which eventually turns the device 
ON. In the cases of radiation and mechanical abuse detection, a 
similar design can be employed. Again, the external stimuli (radi-
ation or mechanical forces) serve to release the dopant, and the 
increased in conductivity leads to a lack of rf response by the tag. 

The thermally induced sohd-state polymerization of diacety-
lene exhibits a marked change in color as the monomer is polymer-
ized. This behavior has been taken advantage of in the fabrication 
of a time-temperature indicator [181]. 

5.4.3. Biosensors 

Biosensing is a topic of great interest in modern science. Most con-
ventional tests for biological agents, such as pesticide residues or 
drugs, require highly trained personnel, sophisticated laboratory 
instruments, and time measured in days. Traditional approaches 
utilizing GLC and high-performance hquid chromatography tech-
nology often require extensive sample preparation procedures that 
lead to high costs and long turn around times. Thus it is desirable 
to develop an inexpensive and quick analytical method for detect-
ing biological compounds, and conducting polymers such as PA 
allow for the fabrication of such a device. The development of a 
biosensor using an enzyme-linked immunosorbent assay where ei-
ther electroconductive PA or polythiophene is used as the solid 
support has been described [182]. Based on initial studies, these 
new biosensors are expected to reach sensitivities in the low parts 
per billion. Sensors that are capable of detecting a range of pesti-
cide residues in food and soil samples as well as in ground water 
have been proposed. 

5.5. Gas-Liquid Separation Membranes 

Since polymers of substituted PA have good solubility and good 
air stability, they make good membranes. Even though substituted 
PA do not possess very high conductivity, some of them exhibit 
excellent gas and hquid permeability. These two factors combined 
imply that substituted polyacetylenes could potentially be used for 
the oxygen enrichment of air and the separation of ethanol-water 
mixtures [111]. 

Among conventional polymers, poly(dimethylsiloxane) (PDMS) 
has the highest gas permeability known for organic polymers [9]. 
This permeabihty can be described by a solution-diffusion mech-
anism controlled by Henry's law. For substituted polyacetylenes, 
poly[l-(trimethylsilyl)-l-propyne] (PTMSP) has a gas permeabil-
ity that is ten times greater than that of PDMS [183-188]. Poly(^ 
butylacetylene) also exhibits high gas permeability. Gases such as 
N2, CH4, O2, He, H2, and CO2 permeate through both of these 
substituted polyacetylenes at a rate greater than any previously 
known polymers (e.g., PDMS, ethyl cellulose, and natural rubber) 
[185,189]. In general, bulkier substituents on a substituted PA lead 
to greater gas permeability. Aromatic or long alkyl substituents on 
PA give rise to low gas permeability. 

Polymer membranes can be used to separate two liquids by per-
vaporation. One apphcation of this property is in the distilling in-
dustry where alcohol or trace organics need to be separated from 
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water. Cellulose, acetate, poly(phenylene oxide), nylon, polyethy-
lene, and nafion all selectively permeate water over ethanol. How-
ever, it is more desirable to select EtOH preferentially [235-237]. 
Only PDMS and poly[l-(trimethylsilyl)-l-propyne] favor ethanol 
over water, and they do so equally well [111]. 

5.6. Other Applications of PA and Its Analogs 

A number of novel applications that are specific to other con-
ducting polymers can potentially be extended to PA. Because con-
ducting polymers will change volume depending on their oxida-
tion state, it is possible to convert electrical energy into mechanical 
works [190]. Thus, electromechanical devices can be made with PA 
as an integral component. Applications for these include mechan-
ical actuators and artificial muscles [190]. While there are many 
interesting possibiUties in this area there remains a great deal of 
work to be done. 

Electrochromic devices, where a transparent window can be 
turned opaque at selected regions of the electromagnetic spec-
trum under a potential, are another area in which PA copolymers 
and substituted PAs may have potential applications. Promising 
research opportunities also exist in the fabrication of PA-based 
controUed-release devices, non-linear optical devices, light-emit-
ting diodes, and radar shielding. The readers are encouraged to 
consult some older [191-196] and more recent [197-199] review 
articles on these subjects. 

6. CONCLUSION 

Polyacetylene has been the subject of intense research activity for 
many decades. A critical review of its history and evolution re-
veals that synthetic methods can be used to improve upon the 
processability of PA, albeit at a cost in the electrical conductiv-
ity. Although polyacetylene and its analogs exhibit a wide range of 
useful properties, none of these polymers are widely used in com-
mercial applications. This observation suggests that the chemistry 
and physics of PA and PA analogs will continue to be a heavily 
researched topic for many more years to come. 

Acknowledgments 

We thank the Dreyfus Foundation, the Beckman Foundation, the 
Packard Foundation, and the du Pont company for supporting the 
writing of this manuscript. 

NOMENCLATURE 

a 
acac 
ARA 
bp 
CF3-TCDT 

CH3CN 
CHCI3 
COD 
COT 
DMF 

conductivity 
acetylacetonato 
addition of reducing agent 
boiling point 
7,8-bis(trifluoromethyl)tricyclo[4.2.2.0]deca-
3,7,9-triene 
acetonitrile 
chloroform 
cyclooctadiene 
cyclooctatetraene 
dimethylformamide 

DPE 1,1-diphenylethylene 
DSC differential scanning calorimetry 
E Young's modulus 
ELISA enzyme-linked immunosorbent assay 
ENDOR electron nuclear double resonance spectroscopy 
EPR electron paramagnetic resonance spectroscopy 
EtOH ethanol 
GLC gas liquid chromatography 
GPC gel permeation chromatography 
HDPE high-density polyethylene 
HOMO highest occupied molecular orbital 
HPLC high pressure liquid chromatography 
IR infrared 
LDPE low-density polyethylene 
LUMO lowest unoccupied molecular orbital 
Mn number-average molecular weight 
Mw weight-average molecular weight 
My viscosity-average molecular weight 
MeOH methanol 
MISFET metal-insulator-semiconductor field effect diode 
MS /7-methylstyrene 
NLO nonlinear optics 
NMR nuclear magnetic resonance 
PA polyacetylene 
P(A/MA) copolymer of polyacetylene and poly(methylace-

tyene) 
P(A/PA) copolymer of polyacetylene and poly(phenylace-

tylene) 
P^BA poly(/-butylacetylene) 
PBD poly(butadiene) 
PDI polydispersity index (Mw/Mn) 
PDMS poly(dimethylsiloxane) 
PE polyethylene 
PEO poly(ethylene oxide) 
PI poly(isoprene) 
PTMSP poly (trimethylsilyl-1 -propyne) 
PMMA poly(methylmetharylate) 
PMS poly(methylstyrene) 
PPA poly(phenylacetylene) 
PS polystyrene 
PVC poly(vinyl chloride) 
PVSO poly(phenyl vinyl sulfoxide) 
RCOT R-substituted cyclooctatetraene 
ROMP ring-opening metathesis polymerization 
SEM scanning electron microscope 
THF tetrahydrofuran 
OAc acetate (O2CCH3) 
OTs tosyl (OSO2C6H4CH3) 
UV-Vis ultraviolet-visible spectroscopy 
VSO phenyl vinyl sulfoxide 
VSO2 phenyl vinyl sulfone 
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1. INTRODUCTION (LED), reported in 1990. This fact, associated with the potential 
advantages of electroluminescent polymers for flat-panel display 

Poly(p-phenylene vinylene), PPV, was used as the electrolumi- applications, has provided the necessary background for a world-
nescent material in the first polymer-based light-emitting diode wide rapid increase in the interdisciplinary research activities on 
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PPV and its derivatives. In the last decade, scientists have fo-
cused their attention on the fundamental aspects of PPV chem-
istry, physics, and technology, aiming not only toward pure aca-
demic research but, especially, to transform these new polymeric 
materials into useful commercial products. 

This progress passes through several key discoveries, results, 
developments, improvements, and innovations, which we will de-
scribe in this chapter. We start with the PPV chemistry and follow 
through with the physics up to a description of some PPV-based 
devices. Due to the huge number of papers published dealing with 
these topics, we had to select subjects we considered to be repre-
sentative and, even so, we had to restrain our presentation only to 
short summaries in most cases. Therefore, this chapter is not to be 
viewed as an exhaustive review. Several other reviews on PPV, or 
that include topics on this class of polymer, have been published 
before [1-7]. Finally, we hope our contribution may be helpful for 
colleagues working in this fascinating field. 

2. METHODS OF SYNTHESIS 

2.1. Via the Wittig Reaction 

The reaction of a carbonyl compound (1) (aldehyde or ketone) 
with a phosphorous ylide (2) (also called a phosphorane) to give 
an olefin (3) is known as the Wittig reaction after the German 
chemist, Georg E K. Wittig (1897-1987), who first showed the 
value of this procedure in the synthesis of alkenes [8] (Scheme 1). 
The ylide (2) can be prepared in two steps from triphenylphos-
phine (4) and an alkyl halide (5), as shown in Scheme 2. Reac-
tion conditions are mild and the presence of many different types 
of functional groups (OH, OR, NR2, NO2, etc.) do not interfere. 
McDonald and Campbell [9], in 1960, appUed the Wittig method-
ology to prepare PPV oligomers (6), starting from an aromatic bis-
phosphonium salt (7) and terephthalaldehyde (8) (Scheme 3) in a 
step-growth process. 

Although the yield was quite attractive, it was shown later [10] 
that PPV oligomers produced by this route had a low degree of 
polymerization of only about 3-9, which implies a high content of 
end groups, besides the presence of both cis and trans double-bond 
configurations. The low degree of polymerization is due to the in-
solubility of the oligomers as they grow. Thus, they separate from 
the reaction media and polymerization halts. Lateral substitution 
of the phenylene rings increases solubility and, therefore, the de-
gree of polymerization [11], as shown in Figure 1. 

The presence of both cis and trans double bonds in the polymer 
can be explained by looking closely at the mechanism of the Wittig 

-C- + 
II 

o 
(1) 

PhsP-C-R 
R' 

Ph3P=C-R 
R' 

ylide 
(2) 

-C=C-R + Ph3P=0 

(3) 

PhsP + X-CH-R 

A' 
(4) 

Scheme 1. The Wittig reaction. 

® base_^ ylide 

(2) 

PhsP-C-R J X 
R' 

(5) phosphonium 
salt 

X = Cl,Br 

Scheme 2. Phosphonium salt formation. 

reaction [12] (Scheme 4). As can be seen, betaine I (9) leads to a cis 
configuration (10) and betaine II (11) to a trans one (12). Factors 
such as the nature of the substituents (R and R'), the solvent used, 
and the presence of salts can favor a specific path [13]. Electron-
withdrawing groups (e.g., CN, — CHO, halogen, aryl) stabilize the 
carbanion in betaine I and increase its lifetime, permitting it to 
rearrange in a large extent to the thermodynamically more stable 
betaine II, which leads to trans products. The opposite effect is 
observed with electron-donating groups such as all^l and alkoxy. 

Isomerization of the polymers to an all-trans configuration is 
possible either by heating to 200-300° C or by heating with iodine 
in an appropriate solvent. 

Ph3PCH2—(̂  ^—CH2PPh3 

(7) 

2C1® + OHC—/ \ - C H O base., 

(8) 

/ V OHC-
^ V -CHO 

(6) 

n = 81 % 

Scheme 3. Synthesis of PPV via the Wittig reaction. 

DP 
R' = OMe; R" = 2-ethylhexyloxy 1110 
R' = R" = OCgHn 217 
R'= R" = OC12H25 121 

Fig. 1. Degree of polymerization (DP) of some soluble PPVs prepared 
via the Wittig reaction. 

O 

:CHR'-PPh3 
ylide 

oxaphosphenate 

Ph, Ph 

Ph-^ 0 
,:C—C 

pseudo 
rotation 

Ph Ph 

H--0 

R' H ^ 

betaine n (H) 
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Scheme 4. Mechanism of the Wittig reaction. 
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Scheme 5. Variation of the Wittig reaction leading exclusively to trans-
polymers. 

oX-^ryX=o. Phl-H.c-^^cHjp PPh2 ^ ^ 

(14) (15) 

Scheme 6. The Wittig-Horner reaction. 

A variation of the Wittig reaction was described [14, 15] in 
which a-hydroxysulfonates (13) were used, instead of aldehydes, 
to react with phosphonium salts. Polymers with only trans-wmylcnQ 
units were formed (Scheme 5). 

Another variation of this methodology involves the reaction 
of the carbonyl compound (14) (a diketone) with phosphonates 
(15) and is called the Wittig-Horner reaction. The advantages of 
this modification include the higher reactivity of the corresponding 
ylides, the lower price of starting materials, and the fact that the 
phosphorous end product is a phosphate ester, soluble in water 
and easily separable from the polymeric material. An example of a 
PPV derivative prepared by this method [16] is shown in Scheme 6. 

Some illustrative examples of PPV-related polymers obtained 
by the Wittig route are presented in Figures 2 to 5, [17-20]. 

The Wittig reaction and other step-growth processes have also 
been extensively used for the formation of oligomers, because 
molecular weight can be controlled and end groups incorporated, 
allowing tailor-made oligomers to be obtained [6]. 

Ar = 

DP = 

^ 

36% 
24 

Fig. 2. Recent examples of PPVs obtained via the Wittig reaction. 
Adapted from N. N. Barashkov, T. S. Novikova, and J. P. Ferraris, Synth. 
Met. 83, 39 (1996). 

ot-o- r\ 
R =Ph R = n-Bu 
M^ = 4100 M^ = 3700 

11 =26% n = 2 1 % 

Fig. 3. Recent examples of PPVs obtained via the Wittig reaction. 
Adapted from H. K. Kim, M.-K. Ryu, and S.-M. Lee, Macromolecules 30, 
1236 (1997). 

R R OC12H25 

J ^ J>—CH=CH—/ )̂—CH=( 

H25C12O 

CH=CH-h 

R X Tl (%) Mn 

H 52 12000 

H Se 56 11000 

H Te 65 7000 

-CH=CH-CH=CH- S 78 29000 

Fig. 4. Recent examples of PPVs obtained via the Wittig reaction. 
Adapted from H. Saito, S. Ukai, S. Iwatsuki, T. Itoh, and M. Kubo, Macro-
molecules 28, 8363 (1995). 

2.2. Soluble Precursor Routes 

The soluble precursor routes are the most widely used methods to 
obtain processible, high-quality films of high-molecular-weight (up 
to over 1,000,000) PPVs and analogous polymers and copolymers. 

The basic idea is to prepare first a precursor polymer that can 
be dissolved in water or in an organic solvent, processed to films by 
casting or any other physical procedure, and, finally, converted to 
the fully conjugated polymer via a thermal or chemical elimination 
step. 
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Tl(%) Mn 

89 

92 

6400 

22000 

Fig. 5. Recent examples of PPVs obtained via the Wittig reaction. 
Adapted from B. Wang and M. R. Wasielewski, /. Am. Chem. Soc. 119, 
12 (1997). 

X^ 

R2S-CH2 

X © 
(16) 

CH2-SR2 
= / X© 

base^ r^ SR2 

r\ 
(17) 

soluble polymeric precursor 

^ A 
or base 

(18) 

© 0 0 
X = counter ion, e.g. CI, Br 
R = Me,Etor 
R2 = -CH2(CH2)xCH2- X = 2, 3 

Scheme 7. The Wessling-Zimmerman route to PPV. 

stepl C J \ _ / M 9 step 2 

n H 2 C = / \=CH-SR2 

1 
n H2C—f ^—CH-SR2 

steps 
JTX 

SR2 

Scheme 8. The mechanism of the Wessling-Zimmerman route. 

Wessling and Zimmerman [21,22] discovered over 30 years ago 
that the treatment of/?-xylylene sulfonium salts (16) with a base 
produces a water-soluble polymer (17), which can be purified by 
dialysis and then converted to PPV (18) either by heating or by 
treatment with an excess of base (Scheme 7). The mechanism for 
the conversion of the sulfonium salt to the polymeric precursor 
involves several steps, as shown in Scheme 8. 

The first two steps are reversible and involve deprotonation by 
the base, followed by 1,6-elimination of a sulfide group. This equi-
librium can be shifted to the right by the use of an organic imis-
cible solvent, which removes the sulfide from the aqueous phase 
as it is formed. Whether step 3 is an ionic or a free-radical poly-
merization process has been under discussion for several years. In 
1985, Wessling [21] stated that it had a free-radical character, and, 
in 1988, Lahti et al. [23] reported a number of experiments from 
which they concluded that it was ionic. Nevertheless, in a more re-
cent paper [24], some of these authors returned to the free-radical 
mechanism. 

The nature of the groups in the sulfonium salt influences the 
polymerization yields. Thus, alkyl groups such as Me and Et lead 
to yields in the range of only 10-20%, due to side reactions in-
volving these groups such as substitution of the sulfonium group 
by a neutral halogen atom or a SR moiety, leading to defects 
in the conjugated backbone [2]. Much better yields are achieved 
when cycloalkylene sulfonium salts are used instead [25] (R2 = 
—CH2(CH2)jcCH2—; Scheme 7), and the most commonly em-
ployed sulfonium salt, ;7-xylylenebis(tetrahydrothiophenium chlo-
ride), has been commercially available since 1992 [26]. 

The aqueous solubility of the polyelectrolyte is influenced by 
the nature of the counterion (X~), which can be efficiently ex-
changed by mixing with or dialyzing against a large excess of 
sodium salt solutions of anions, as, for instance, I~, PF^, BF^, 
and AsF^ [27]. Solubility in organic solvents can be achieved by 
the reaction of the polyelectrolyte with methanol for several hours, 
replacing the sulfonium moieties by methoxy groups [28]. This pro-
cedure is particularly helpful for molar mass determination by gel 
permeation chromatography (GPC) analyses, since the aqueous 
polyelectrolyte interacts with the columns and gives irreproducible 
results [29]. For this purpose, a tetrafluoroborate precursor is also 
sometimes used, because of its solubility in acetonitrile and N,N-
dimethyl formamide (DMF). 

The stability of the intermediate sulfonium precursor polymers 
in the solid state is relatively poor due to partial elimination and 
oxidation reactions, which turn them yellow colored and make 
them insoluble. Nevertheless, below 0°C, their solutions can be 
kept for several months. Han and Elsenbaumer [30] described 
a stabilization method, which consists of the addition of small 
amounts of a weak base (e.g., pyridine) to the aqueous or non-
aqueous precursor solutions. High-quality freestanding films could 
be cast from pyridine-stabilized aqueous solutions of the polyelec-
trolyte and, after conversion to PPV and oxidative doping, the 
films exhibited conductivities 10 times higher than those derived 
from unstabilized precursors. 

The conversion of the precursor to PPV can be accomplished 
essentially by treatment with excess base [31] or strong acids [32] or 
by heating under reduced pressure or inert atmosphere. The ther-
mal process is usually preferred since it avoids unwanted oxida-
tion of vinylene moieties of the final PPV to carbonyl or hydroxyl 
groups, and removes the volatile sulfide formed during the elimi-
nation process. The required temperature is dependent on the na-
ture of the substituents and of the counterion, being lower than 
200°C for chloride and fluoride and above 350°C for acetate [27]. 
Thermogravimetry can be very helpful in determining the conver-
sion temperature for each case, as well as, when associated with 
mass spectrometry, studying the reaction sequence and the forma-
tion of byproducts [33]. 
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/ \ 
;R2 

Scheme 9. Formation of methoxy-substituted precursor polymers and 
their conversion to PPV. 

Higher conjugation lengths can be obtained if freshly pre-
pared and undialyzed precursors are used, and redshifts of SO-
SO nm, compared to those obtained from dialyzed samples, were 
reported [34]. The use of water as a solvent was found to be crit-
ical for the attainment of high chain order and to be better than 
methanol in preserving the chemical and conformational integrity 
of the polyelectrolyte. This is due to its high ionizing and solvating 
ability and a lower nucleophilicity compared to methanol. 

Other conversion procedures to PPV were also described. At-
taching anionic azosulfonic dyes to the positive sites of the poly-
electrolyte precursor allows the use of a laser-induced elimination 
process [35]. Microwave radiation is known to reduce drastically 
the elimination time to only a few minutes [36]. The inclusion of 
magnetic species (e.g., Fe) inside the polymer precursor improves 
the efficiency of this method and offers the possibility of simulta-
neous elimination and doping. 

A large variety of PPVs and analogous conjugated polymers 
and copolymers have been synthesized by Wessling's route and 
some key examples are illustrated in Table I. 

A modification of the Wessling-Zimmerman route consists, as 
mentioned before, of the conversion of sulfonium polyelectrolytes 
to methoxy-substituted polymers, which are soluble in organic sol-
vents such as chloroform. These precursor polymers have the ad-
vantage of being more stable than the sulfonium ones and can also 
be further stabilized by weak bases such as pyridine [30]. The con-
version to PPV can be carried out by heating, by acid catalysis, or 
both, as shown in Scheme 9. Some examples of PPVs obtained by 
this methodology are shown in Table II. 

2.3. Electrochemical Routes 

In contrast to the electrochemical route to other important con-
ducting polymers such as polypyrrole and polyaniline, which are 
obtained anodically and oxidize at the electrode to conducting 
forms that allow current to be passed continuously, PPV is ob-
tained cathodically and the films formed at solid electrodes are in-
sulating and halt the electrochemical process. Thus, the reduction 
of a,a,a^Q;'-tetrabromo-/7-xylene in aprotic solvents at indium-tin 
oxide (ITO) or Pt cathodes gives thin PPV films suitable only for 
optical studies [60, 61]. On the other hand, if the reduction is car-
ried out using a stirred mercury pool cathode [62], the process may 
be operated at a preparative scale, because any film formed at the 
electrode is continuously broken up. 

The mechanism is shown in Scheme 10 and involves reductive 
elimination of bromide anions to give quinodimethane intermedi-
ates (19) that polymerize. In the case of o-quinodimethane, their 
intermediacy has been proved by trapping via Diels-Alder reac-
tion with a reactive maleic anhydride derivative [63, 64]. The sec-
ond elimination step is analogous to the cathodic elimination of 
vicinal dihalides, which is known to give ̂ ran^-alkenes [65]. 

The main advantage of this route is that it offers the possibil-
ity of obtaining organic soluble and insoluble polymers with sub-

(19) 

r~\ +2e 

Scheme 10. Cathodic route to PPV. 

CHO 

Scheme 11. Synthesis of meta -PPV. 

stituents that would not survive the pyrolysis or the strongly basic 
or acidic conditions used in eliminative methods. Besides, ortho-
PPV, poly(biphenylene vinylene), and copolymers of PPVs can also 
be prepared. The main disadvantage is the lower degree of poly-
merization, compared to that achieved by soluble precursor routes, 
especially in the case of insoluble polymers. 

The scope of this electrochemical method can be seen in Ta-
ble III, which presents some selected examples of PPVs and anal-
ogous polymers prepared by this route. 

Other electrochemical methods for preparing PPV thin films 
on sohd electrodes have been described, such as the cathodic re-
ductions of ;7-xylylene bis(triphenylphosphonium bromide) [68] 
and of Wessling's sulfonium precursors [22]. 

2.4. Other Synthetic Routes 

Several other methods for the synthesis of PPVs have been de-
scribed in the literature. The McMurry reaction, which consists of 
the deoxygenative coupling of aromatic dialdehydes in the pres-
ence of titanium compounds, has been employed to obtain 2,5-
dihexyl-PPVs [69], para- and meta-FFW (20) [70], Scheme 11, the 
latter very unlikely to be prepared by the Wessling-Zimmerman 
or electrochemical routes, since there is no possibility of forming 
the required quinodimethane intermediate. Nevertheless, a draw-
back of this method is the somewhat tedious workup needed for 
the isolation of insoluble PPVs from the elementary metal powder 
(Ti and/or Zn), which is also produced. 

Chemical vapor deposition (CVD) is a solvent-free process and 
is discussed in Section 4.1. 

The arylation of olefins by the treatment with an arylpalladium 
reagent (known as the Heck reaction [71]), which can be gener-
ated in situ from palladium acetate and an aryl dihalide, in the 
presence of a base, has been applied to the synthesis of many 
PPVs, some of which are shown in Scheme 12 [72-74]. Ethylene 
is the most reactive olefin, but a variety of functional groups, at-
tached to the double bond, such as CO2R, OR, and CN can be 
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Table I. Some Examples of PPVs Prepared by the Wessling-Zimmerman Route 

Polymer R̂  R̂^ Reference 

H 
H 

H 

H 

H 

H 

H 

H 

H 

CH3 

CH3 

OCH3 

OCH3 

OCH3 

OCH3 

OCH3 

OCH3 

OCH3 

C7H15 

H 
CH3 

OCH3 

OCH3,OC2H5,OC3H7-n, 

OC4H9-n, OC6Hi3-n, 

N(CH3)2 

F, CI, Br, I 

Si(CH3)3 

HC=CH-C6H5 

Phenylanthracene, 

9,10-diphenylanthracene 

CH3 

OCH3 

OCH3 

HC=CH-C6H5 

HC=CH-(p-C6H4)-CN 

HC=CH-(p-C6H4)-N02 

SCH3 

S(0)CH3 

S-CH2-CH(C2H5)(n-C4H9) 

C7H15 

[21] 

[37] 

[38] 

[39] 

[40] 

[41] 

[42] 

[43] 

[44] 

[37] 

[45] 

[37] 

[43] 

[46] 

[47] 

[48] 

[49] 

[50] 

[51] 

[52] 

x = o,s 

[53] 

Copolymer Reference 

SCH3 

CH=CH-

CH30 R 

rA 
R = H;0CH3 

[48] 

/ \—CH=CH- [49] 

OR 

-CH=CH-

RO 

r\ ;H=CHH-

R = CH3,C2H5,n-C4H9 

[54] 

[55] 

/ \ ;H=CH- ;H=CH- [56] 
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H2C=CH2 ^ Table II. Some Examples of PPVs Prepared via Methoxy-Substituted 
Precursor Polymers 

Polymer R' R'̂  Reference 

OC6H13 CI [57] 

OC6H13 Br [57] 
OCH2C=CH OCH2C=CH [58] 
OCH3 OCH3 [59] 

[52] 

X-Ar-X 
Pd(0Ac)2 

X = BrorI 

Ar: 

-Ar- M-

169 

R' 
R" 

H 
H 

CH3 
H 

CF3 
H 

C2H5 
H 

NO. 
H 

CH3 
CH3 

F 
CH3 

Scheme 12. Some PPVs obtained via the Heck reaction. 

tolerated. A comprehensive study of the influence of several fac-
tors, as, for instance, the amount of catalyst, temperature, solvent, 
halogen, and the nature of the substituent at the haiogenated ben-
zene, has been described [73]. The careful control of these factors 
can greatly reduce the amount of side products and increase the 
molecular weight up to approximately 10,000. A drawback of this 
approach is certainly the use of gaseous ethylene, which has to be 
added in precise amounts. 

3. SPECTROSCOPY 

3.1. Vibrational Spectra 

The infrared (IR) spectrum of unsubstituted PPV has been stud-
ied in detail and assignments made to almost all the observed 
bands [75]. The most relevant ones are listed in Table IV. 

The absorptions at approximately 965 ( 5 C - H ^^w^-vinylene) 
and 700 cm~^ (^c-H cw-vinylene) can be helpful in the charac-
terization of mixtures of cis- and trans-?W, normally obtained via 
Wittig reaction, as well as in monitoring a cis-to-trans isomeriza-
tion process. The 5 C - H out-of-plane bends for substituted ben-

Table III. Some Examples of PPVs Obtained Electrochemically 

Polymer R̂  R '̂ Reference 

R" -"n 

H 
H 
H 
H 
OCH3 

H 

OCOCH3 
OCH3 
CO2CH3 
OCH3 

[60-62] 

[62] 

[62] 
[62] 
[62] 

H 
OCH3 
NO2 

H 
OCH3 
NO2 

[66] 

[66] 

[66] 

Polymer Rerefence Polymer Reference 

/ ^ [62] 

x = o,s 

[67] 

[62] [62] 

[62] [62] 
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Table IV. Main AbsoqDtions Observed in PPVIR Spectrum 

' (cm )̂ Assignment 

3076 and 3047 
3024 
2950, 2920, and 2852 
1519 
965 
837 

VQ H aromatic (w) 
VQ H ^raw5-vinylene (s) 
VQ H aliphatic (w) 

^C=CH aromatic (vs) 
8Q H trans-w'my\tn& (oop) (vs) 
8Q H 1,4-disubstituted phenylene ring (oop) (vs) 

w, weak; s, strong; vs, very strong; opp, out of plane. 

Fig. 6. Optical absorption spectrum of fully converted PPV. Reprinted, 
by permission of Elsevier Science from D. D. C. Bradley, G. P. Evans, 
and R. H. Friend, Synth. Met. 17, 651 (1987). Copyright © 1987 Elsevier 
Science. 

2 2.4 2.8 3.2 3.6 

(a) Energy (eV) 

Fig. 7. Room-temperature optical absorption spectra of PPV oligomers 
(a) in KBr pellets and (b) in chloroform solution. The oligomer structure 
is represented in (c). Reprinted, by permission of Elsevier Science from H. 
S. Woo, O. Lhost, S. C. Graham, D. D. C. Bradley, R. H. Friend, C. Quat-
trocchi, J. L. Bredas, R. Schenk, and K. Mullen, Synth. Met. 59, 13 (1993). 
Copyright © 1993 Elsevier Science. 

zene rings are useful not only for discerning ortho-, meta-, and 
para-FFY, but also for determining if cross-linking occurred dur-
ing preparation. The undesired oxidation of the vinylene portion 
to a carbonyl or carboxyl moiety can be checked by examining the 
spectral region between 1650 and 1770 cm~^ [75]. For substituted-
PPVs and PPV analogs, besides the basic absorptions cited in Ta-
ble IV, typical absorption bands of the substituents will be present. 
Thus, for instance, the IR spectrum of 2,5-dimethoxy-PPV shows 
strong bands at 1256 and 1036 cm~Mue to asymmetric and sym-
metric stretches of the C-O-C groups [62]. Comprehensive ex-
perimental and theoretical studies of the vibrational spectra (IR 
and Raman) of PPV and other poly(arylene vinylene)s, as well as 
oligomeric model compounds, have been described in the litera-
ture [76-78]. 

3.2. Ultraviolet-Visible 

The ultraviolet-visible (UV-Vis) absorption spectrum of PPV typ-
ically consists of a well-defined low-energy maximum at approxi-
mately 3.3 eV, a second weaker feature at approximately 5 eV, and 
a strongly increasing absorption above 5 eV [75, 79] (Fig. 6). The 
optical absorption coefficient at the low-energy maximum is on the 
order of 2 X 10^ cm"^ [75]. 

PPV oligomers present optical absorption and luminescence 
spectra whose peaks are redshifted with increasing chain length 
(Fig. 7). The principal absorption peak position presents an ap-
proximately linear dependence with 1/m, where m is the number 
of carbon atoms in the shortest path between the ends of the conju-
gated chain [80]. The absorption and luminescence spectra of PPV 
oligomers in solution show a blueshift when compared to those in 

the solid state [80] (Fig. 7). This phenomenon is attributed to a 
greater degree of ring torsion in the oligomers in solution. 

The peak position of the lowest energy absorption depends 
on the casting and conversion conditions. Its shape and posi-
tion are determined by the distribution of conjugated lengths 
in the polymer sample [75]. A sharp, well-defined absorption 
band indicates the presence of a narrow distribution of conju-
gation lengths [75]. As a consequence, the absorption edge po-
sition of PPV films prepared by thermal conversion from the 
polyelectrolyte precursor depends on the elimination tempera-
ture [81], on the conversion time [82], and is strongly influ-
enced by order. With increasing intrachain order, a spectral red-
shift, as well as a spectral line sharpening, has been observed 
in PPV [83] and MEH-PPV [84]. PPV films obtained from p-
xylylenebis(triphenylphosphonium bromide) in acetonitrile solu-
tion by electropolymerization on ITO electrodes show a blueshift 
in the absorption when compared to PPV prepared by the precur-
sor route [85]. 

The absorption spectrum of PPV is also changed when pre-
pared from freshly synthesized and undialyzed polysulfonium 
chloride, compared to that obtained from dialyzed prepolymer [34]. 
The water content in the prepolymer solution also plays an impor-
tant role in determining the optical properties of the converted 
PPV [34]. The position of the absorption edge, which is directly 
dependent on the polymer bandgap, can be intentionally modi-
fied via substitution by various donor and acceptor groups onto 
the phenyl rings and/or the vinylene units of PPV [5, 41, 86-89]. 
These substitutions also produce modifications in the electroaffin-
ity and ionization potential of the polymer and, for this reason. 
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Fig. 8. UV-visible spectra of halogen-substituted PPVs. Reprinted by 
permission of Elsevier Science from L-N. Kang, D.-H. Hwang, and H.-K. 
Shim, Synth. Met. 69, 547 (1995). Copyright © 1995 Elsevier Science. 

peaks, at 8 136.3 (sharp, quaternary carbons) and 128.3 (broad, 
all other carbons), while PPVs prepared via sulfonium precursor 
polymers [96] show four sharp lines at 8 136,131,128, and 124. 

4. THIN-FILM PREPARATION 

PPV and its derivatives are conventionally used in the form of thin 
films operating as active layers in LEDs, photodetectors, and other 
optoelectronic devices. An important characteristic of devices con-
structed with PPV is that they operate with the polymer layer sub-
mitted to high electric field strengths. To permit device operation 
at low voltages, on the order of a few volts, the polymer film thick-
ness is reduced to around 10^ nm. The production of high-quality 
polymer thin films constitutes, for these reasons, an important step 
in the device construction process. 

constitute an important tool in the development of polymers for 
specific device applications. Halogen-substituted PPV derivatives, 
for example, show a systematic shift of the absorption edge in the 
ultraviolet-visible spectrum to longer wavelengths when the sub-
stituent is changed in the sequence F-Cl-Br-I [41] (Fig. 8). 

A defined conjugation length is interesting because a sharper 
emission peak and a more defined absorption edge are observed. 
One strategy that permits emission range control in a similar way 
to that observed by reduction of the oligomer molar mass, but 
without loss of the useful mechanical properties of polymers, is the 
use of block copolymers with alternation of conjugated and non-
conjugated segments. The emission color control is, in this case, 
achieved by the control of the length of the conjugated segment 
[90-93]. 

The conjugation length of PPV can also be controlled using 
PPV-PVA blends [94]. It has been demonstrated that the lumi-
nescence characteristics of the PPV-PVA-based polymers are de-
pendent on their composition and treating conditions. The emitted 
light of PPV-PVA-based LEDs shifts from yellow-green (550 nm) 
to blue (485 nm) as the concentration of PVA increases. Infrared 
absorption spectra show that possibly some part of the PPV pre-
cursor may react with PVA to form C-O-C linkages that interrupt, 
and hence decrease, the conjugation length in the converted PPV, 
as observed in ultraviolet-visible absorption spectra [94]. 

3.3. Nuclear Magnetic Resonance 

Nuclear magnetic resonance (NMR) spectroscopy (^H, -̂̂ C, and 
other nuclei) is an extremely powerful analytical technique capa-
ble of providing unequivocal proof of a compound structure, but 
is usually appUed to soluble materials. An interesting example in 
which this method provided the molecular structure, as well as in-
formation about conformations and molecular dynamics, for over 
20 soluble n-alkoxy-substituted phenylene vinylene oligomers has 
been described [95]. 

Solid-state ^^C cross-polarization magic-angle spinning 
(CPMAS) NMR spectra have been obtained for both insoluble 
and soluble PPVs [62, 96, 97]. This technique can provide some 
information about the crystallinity and morphology of polymer 
films. The line shapes depend on the conditions employed for film 
processing and can be used to monitor its quality. It seems that 
the spectrum resolution is related to rotational disorder about the 
phenylene vinylene single bonds. Spectra of PPVs obtained elec-
trochemically [62] or via Wittig reaction [97] present only two 

4.1. Methods and Processes 

The method used for the preparation of thin films of PPV or its 
derivatives depends on the specific polymer. For those that present 
high solubility in common organic solvents, very simple proce-
dures, such as casting, doctor-blade technique [98], or spin-coating 
of the polymer solution with further solvent evaporation can be 
used. In the case of spin-coating, the film morphology is sensitive 
to the solvent evaporation rate, density, viscosity, polarity, and sol-
ubility during the process [99]. 

For insoluble polymers, such as PPV, an elaborate strategy for 
film production must be used. The most common is the prepara-
tion of the film using the soluble precursor sulfonium polyelec-
trolyte, with further conversion to PPV. This strategy has the ad-
vantage that it permits the use of the casting, doctor-blade, or 
spin-coating techniques for film deposition, but needs a conver-
sion step, which in most of the cases is based on thermal annealing 
of the film in a vacuum or inert atmosphere, at temperatures up to 
300°C [75] (see also Section 2.2). 

The elimination conditions influence the resulting PPV, which 
shows electroluminescence if converted at a minimum tempera-
ture of 130° C. Herold et al. [81] observed that the broad low-
energy absorption band (300-520 nm) of the Tr-conjugated system 
shows no further redshift at elimination temperatures between 160 
and 180° C. An exception occurs at 300° C, where a redshift is at-
tributed to crystalline regions grown favorably in this tempera-
ture range [75, 100-104]. The photoluminescence, as well as the 
electroluminescence spectra of PPV present a redshift of approxi-
mately 10 nm when the elimination temperature is increased from 
120 to 300° C. It is known that the high temperatures are necessary 
to remove the hydrogen chloride formed from the PPV films [81]. 

These results are in apparent disagreement with those reported 
by Murase et al. [105] and Bradley [75], who found that with tem-
peratures in the range ~120°C < T <~ 250°C only intermediate 
levels of conversion are achieved. The most adequate temperature 
for elimination of side products depends on the nature of the halo-
genide in the polysulfonium precursor. PPV films converted from 
polysulfonium solution containing bromide ion show traces of bro-
mide even when they are converted at high temperature [106]. 

As seen before, an inert atmosphere is a necessary condition 
during the conversion process in order to avoid the formation 
of carbonyl moieties through oxidation of the vinylene carbons 
[75, 105]. The exposition of the precursor to oxygen-rich atmo-
sphere leads to the appearance of an IR absorption band in the re-
gion 1652-1772 cm~^, indicating the presence of the ketone group 
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(C=0) [107]. It was also observed that the action of Hght acceler-
ates degradation and leads to the formation of aggregates [107]. 

Carbonyl and hydroxyl groups are easily formed at the vinyl 
linkages on the polymer backbone during the thermal conver-
sion process. These undesirable reactions reduce the conjugation 
length of the polymer, effectively creating oligomeric conjugated 
sections with unconjugated defects along the length of the poly-
mer chain with a resulting decrease in the after-doping electrical 
conductivity [105, 108]. For photooxidized PPV, the photolumi-
nescence decay with increasing carbonyl concentration shows the 
same trend as in thermally oxidized films, suggesting that carbonyl 
groups act as efficient photoquenchers, and most excitons within 
5 nm of the carbonyl moiety will decay nonradiatively. This ob-
servation stresses the importance of minimizing carbonyl group in 
films prepared for electroluminescent applications [108-110]. 

Investigations performed using XPS (X-ray photoelectron spec-
troscopy) and UPS (ultraviolet photoelectron spectroscopy) cou-
pled with the results of quantum-chemical calculations demon-
strate that the exposition of PPV films to air under UV light leads 
to the appearance of strong photooxidation products on the film 
surface. In addition to the formation of carbonyl species, at least 
two other final products are present on the surface of photooxi-
dized PPV: a higher oxidation product of the carbonyl-containing 
segments and another, which is likely to be associated with a differ-
ent type of interaction between oxygen and a phenylene ring. The 
mechanism leading to this latter product is found to dominate the 
photooxidation process on the surface of thin films of PPV [111]. 

Depending on the substrate, the conversion step can introduce 
additional defects in the polymer layer that reduce the efficiency 
of devices [112]. Special attention must be given to the prepara-
tion of PPV films onto ITO (indium-tin oxide) substrates, consid-
ering that this was the anode material used in the first reported 
PPV LED [113] and continues to be used in a large number of 
devices. In PPV LEDs prepared by the tetrahydrothiophene pre-
cursor route, it has been observed that the leaving group HCl in-
teracts with ITO [112]. Even indium chloride crystals with lateral 
dimensions up to 40 fim are created during the thermal conver-
sion. InCl3 is electrically conductive and may promote an inhomo-
geneous electric field distribution in devices prepared with these 
films. As a consequence, inhomogeneous current flow and local-
ized heat production are expected, contributing to device failure. 

Another material for LED-anode application is gold due to its 
high-work-function value. Precipitates were observed in PPV films 
converted at 250° C onto glass substrate previously covered with a 
gold layer. This observation was interpreted as evidence that gold 
may diffuse through the PPV film during the conversion process 
[114]. 

The conversion can also be promoted by other methods than 
thermal annealing, such as immersion of the sample in a solu-
tion of H2SO4 + 20% SO3, but this process presents the disadvan-
tage of long conversion times and the more pronounced presence 
of carbonyl groups in the final film [107]. Other conversion pro-
cedures based on the use of other acids [32], ion implantation 
(Na+ or He" )̂ [107], or microwave-induced elimination [36] were 
also reported. In spite of the good results obtained with solution 
processing, several potential problems exist [115]: (i) substituent 
groups introduced to improve the solubility may adversely affect 
the mechanical properties and may contribute to a reduction in 
the photochemical stability; (ii) pinhole-free films are difficult to 
produce over large areas; (iii) the construction of multilayered de-
vices is difficult to engineer due to solvent restrictions that may 

produce poor-quality interfaces; and (iv) contaminants are diffi-
cult to remove from solutions during synthesis and processing. 

Chemical vapor deposition (CVD) is an alternative that ex-
cludes most of the problems cited, previously providing that a 
solvent-free technique can be performed in a clean environment at 
low temperatures with the additional advantage of being suitable 
for sequential depositions [116-118]. CVD is compatible with tra-
ditional inorganic semiconductor technology [115,119] and allows 
a uniform coating of irregular substrates and surfaces [120]. Fur-
thermore, the CVD process allows the mixture of monomeric units 
in the gas phase, offering the possibility of deposition of copolymer 
thin films with a gradient composition. 

The synthesis of PPV via CVD can be achieved by vapor-phase 
pyrolysis of dihalogenated/7-xylenes, yielding halogeno functional-
ized poly(p-xylylene), PPX, as films, directly upon condensation on 
a substrate in a CVD apparatus [121]. The quality of PPV prepared 
by CVD depends on the reaction parameters for the preparation 
of the PPV precursor, as well as on the conversion characteristics 
[121]. An important characteristic of CVD-prepared PPV films is 
that pinholes were not found within the limits of detection by scan-
ning electron microscopy (SEM) [121]. Pinholes are common in 
films cast from solutions and cause device failure due to electrical 
breakdown. PPV prepared via CVD turned out to be amorphous 
regardless of the starting material used, the substrate on which the 
vapor deposition occurred, and the temperature of conversion, as 
long as it was kept below 200°C [121]. 

Staring et al. [119] obtained, using ITO/PPV/Ca devices with 
a 550-nm-thick CVD-produced PPV film, an electroluminescent 
efficiency of 0.002% at 35 V, lower than the value reported for 
precursor-route-processed films [113]. Later, it was demonstrated 
that the ITO layer is destroyed by HBr vapor liberated during the 
CVD process [121]. Using a protected ITO layer or replacing the 
ITO electrode by an inert anode such as Au, Schafer et al. [121] 
were able to obtain an electroluminescence spectrum character-
istic of PPV as well as a threshold field of 10^ V cm~^, typical 
of ordinary PPV Analyzing the photoluminescence spectrum, they 
were also able to estimate the effective conjugation length as being 
around five to six repeated units and to conclude that the degree 
of disorder introduced into a PPV film prepared by CVD exceeds 
that of PPV prepared by the sulfonium precursor route. PPV film 
deposition by the Langmuir-Blodgett technique onto ITO [122, 
123], mica [124], M0S2 [125], Si [126], and highly oriented pyrolitic 
graphite [125] substrates has also been reported. 

5. PHYSICAL PROPERTIES 

5.1. Structural, Mechanical, and Thermal Properties 

Earlier X-ray diffraction studies on unoriented PPV reported an 
amorphous structure [127], but later investigations on fully con-
verted PPV samples indicated an isotropic distribution of crys-
talHtes [75]. Electron diffraction and X-ray diffraction investiga-
tions performed on oriented PPV samples revealed that crystal-
lization occurs with a monoclinic unit cell [75, 100] (Fig. 9), with 
a = 7.90 ± 0.05 A,b = 6.05 ± 0.05 A, c = 6.58 A, and a = 123° 
[128]. The value of a is only approximate due to axial fluctua-
tions. The angle between the a-axis and the c-axis could not be 
determined due to the lack of registry along the [110] direction 
and has been arbitrarily set at 90° [128]. Granier et al. [100] have 
determined that the setting angle (̂ 5 (the angular position of the 
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Fig. 9. PPV unit cell structure. Reprinted by permission of Butterworth-
Heinemann from D. Chen, M. J. Winokur, M. A. Masse, and F. E. Karasz, 
Polymer 33, 3117 (1992). Copyright © 1992 Butterworth-Heinemann. 

projected molecular major axis with respect to the A-axis direc-
tion) lies somewhere between 56° and 68°. Later, (l>s was found 
to be 52° [129] or even closer to 50° [130]. It was also found that 
PPV adopts a nonplanar conformation with the dihedral angle, Oj) 
(formed by the plane of the phenyl ring and that of the vinyl seg-
ment), exceeding 10° [130]. 

In stretched PPV films, a preferential distribution of crystallites 
respective to the film surface has been observed. It has been found 
that two sets of planes, {200} and {110}, are preferentially ori-
ented parallel to the film surface. A convolution of a distribution 
ofcrystallites with the planes [110] (-25%), [200] (-50%), and 
[110] (—25%) parallel to the film surface resulted in calculated 
peak profiles similar to the experimental data [130]. 

The thermal conversion of the poly(xylilidene tetrahydrothio-
phenium chloride) into PPV has been investigated in situ using 
real-time X-ray diffraction [103]. At temperatures above 75° C, 
changes in the wide-angle X-ray scattering pattern were observed, 
suggesting that the elimination reaction begins at this temperature. 
Near 130° C, the characteristic features of an imperfect PPV are 
already present. At higher temperatures, the elimination process 
and improvement of crystalline domains follow, leading to better 
chain packing and crystalline domain growth. At around 300° C, 
the well-defined crystalline maxima, characteristic of PPV, suggest 
the almost complete transformation of the precursor into the final 
polymer. 

The crystallite size values for PPV depend on the drawn ra-
tio, and different results were obtained for the lateral crystallite 
dimensions [75,102,131]. 

In PPV films deposited onto silver substrate, parallel chainlike 
features were reported, with larger separation (typically 1.8 nm) 
than expected from the interchain unit cell [132]. This was ob-
served independently of polymer film thickness and material used 
as substrate and was tentatively attributed to some surface re-
construction, possibly due to adsorption of oxygen. Polarization-
dependent photoabsorption measurements made in PPV mono-
layers prepared by the Langmuir-Blodgett precursor technique 
onto M0S2 substrate showed that the phenylene and vinylene moi-
eties are nearly parallel to the surface [125]. 

Side groups also play an important role on structure and 
ordering. Investigations performed with poly(2,5-dimethoxy-/7-
phenylene vinylene) demonstrated that the introduction of meth-
oxy substituents onto the phenylene rings results in a saw-tooth 
molecular unit that allows adjacent chains to interlock and pack 

together in a more ordered fashion to form a three-dimensional 
structure [133]. Poly(2-methoxy-;7-phenylene vinylene) prepared 
from the precursor polyelectrolyte was found to be crystalline, with 
significant amounts of disorder, which includes chain lateral irreg-
ularities and axial translational disorder [38]. In the case of di-
ethoxy substitution, an interlocked ordered material is formed and 
the ethoxy moieties are too short to form a regular arrangement by 
themselves; i.e., no side chain crystallization is observed [133]. For 
methyl substituents, a strong repulsive steric interaction with the 
backbone occurs, distorting the planar geometry [133]. 

Temperature-dependent small-angle X-ray scattering (SAXS) 
investigations were used to search for glass transition in PPV 
[121]. Using PPV films produced by CVD, it was observed that 
the temperature dependence of the small-angle X-ray intensity, 
which is directly related to thermal density fluctuations, shows a 
break at about 220° C. The interpretation of this observation is 
that structure formation processes start to occur at this temper-
ature, i.e., that PPV displays a glassy transition in this temperature 
range. This is consistent with dynamical mechanical thermal anal-
ysis (DMTA) investigations [121]. The glassy transition temper-
ature has also been determined for a-cyano-substituted poly(2,5-
dialkoxy-/7-phenylene vinylene)s [134]. In these polymers, the glass 
transition temperature (Tg) is significantly reduced when com-
pared to the value reported for CVD-prepared PPV 10° C <Tg < 
70°C was found, depending on the side group. 

5.2. Electrical Properties 

The electrical conductivity of conjugated polymers is strongly in-
fluenced by the presence of doping agents and can be varied sev-
eral orders of magnitude by changing the dopant concentration 
[135]. Further, the electrical conductivity also depends on the spe-
cific dopant. For these reasons, the discussion of the electrical 
properties is divided into two parts. The first part corresponds to 
intrinsic conduction (pristine form) and the second is devoted to 
doped polymers. 

5.2.1. PPV in the Pristine Form 

In conjugated polymers, the electron-ion interaction induces static 
lattice deformations that result in a new potential of different pe-
riodicity. At low enough temperature, the elastic energy necessary 
to produce the deformation can be overcome by the gain in en-
ergy for the electrons (Peierls effect [136]), and the material be-
haves like a Peierls insulator [137]. Considering the magnitude of 
the highest occupied molecular orbital (HOMO)-lowest unoccu-
pied molecular orbital (LUMO) transition (£'gap) in PPV and its 
derivatives (£̂ gap "̂  2.4 eV), a negligible free-carrier density is ex-
pected, even at room temperature when semiconductor statistics 
is applied [138]. For this reason, PPV and its derivatives in the 
pristine form (intrinsic) are expected to present very low values 
of electrical conductivity. The conductivity can be increased under 
illumination (generation of free-carrier pairs) or doping agents. 

To discuss the electrical conductivity, a, it is convenient to use 
the well-known expression 

^ = J2^i^i^i (1) 

where n is the free-carrier density, q is the charge of the free 
charge carriers, and fi is its mobility. The summation must be made 
over all charge carrier types present, which can present different 
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values of n, /A, and if ionic conductivity is considered, even differ-
ent values of q. 

Apart from ionic conduction, the charge carrier species that 
must be considered in PPV are electrons, holes, and positive and 
negative polaronic ^M«5/-particles. Different measurement tech-
niques available for thin-film investigation permit one to deter-
mine n and ^̂  and to discriminate between positive and negative 
charge carriers. Due to the high electrical resistance of pristine 
PPV films, the four-point probe technique [139] presents too many 
difficulties to be applicable. Electrical measurements are com-
monly made in thin PPV films using a two-terminal apparatus. In 
this type of technique, it is not trivial to distinguish between bulk 
limited and injection limited current; i.e., the current crossing the 
polymer film depends on the polymer itself (bulk properties) and 
on the polymer-electrode interface [140]. 

Under thermodynamical equilibrium conditions, n is negligible 
in an intrinsic semiconductor with Eg^^ ~ 2.4 eV, so that the free 
charge carriers must be created via illumination with energy larger 
than £gap or via injection through the polymer/neighborhood in-
terface, which are external factors. The most important intrinsic 
characteristic of the polymer is, in this case, /A. 

The time-of-flight (TOF) technique (see, e.g., [141]) is the most 
direct way of measuring mobility. In this method, the charge car-
riers are injected by one contact or by illuminating one side of 
the sample and the mobility is obtained by measuring the time the 
electrical pulse takes to cross the sample up to the other contact. 
The field dependence of the mobility can be directly determined 
from data obtained at different electric fields. Time-of-flight mea-
surements may present difficulties when the transport is dispersive 
and, for this reason, the number of reports applying this technique 
to determine the mobility of charge carriers in PPV is relatively 
small. 

The mobility of the charge carriers can also be extracted from 
current versus voltage curves from polymer films sandwiched be-
tween two conducting electrodes when the current is limited due 
to space-charge accumulation. In this case, the current density is 
expressed by 

. 9 V'^ 
^ = 8 ^ ^ ^ (2) 

where s is the permittivity of the polymer and d is the polymer film 
thickness. If traps (single discrete energy level) are present in the 
polymer layer, this expression must be modified to [142] 

. 9 ^ F^ 

where 
e = 

n-\-nt or ^ = 
P + Pt 

(3) 

(4) 

for electrons and holes, respectively (n is the density of free elec-
trons, fit is the density of trapped electrons, p is the density of 
free holes, and pt is the density of trapped holes). In this case, 
dyi = /igff is the effective charge carrier mobility. To distinguish 
between fx and /x-eff» ^ more detailed investigation, including, for 
example, the temperature dependence of the mobility and the de-
pendence on the electrode work function, must be performed [143, 
144]. 

In amorphous materials, a single discrete energy level may no 
longer be a reasonable approximation. In this case, the trap (local-
ized state) density is expected to be in the form of an exponential 

distribution at energies E within the forbidden energy gap, such 
that 

h(E) = — exp (-1) (5) 

where Â^ is the trap center density and Ec is the characteristic 
energy of the distribution. The jXV, d) dependence, in this case, is 
of the form [145] 

J oc ^2m+l (6) 

where m = Tc/T, Ec = kTc (k is the Boltzmann constant and T 
isthe absolute temperature). 

The low /JL values for positive charge carriers reported by 
different groups [146-155] indicate that the charge-transport-
dominating mechanism is phonon-assisted quantum-mechanical 
tunneling, normally known as hopping [152]. The reported fjL val-
ues spread over a few orders of magnitude [152] (Table V). This is 
not surprising since PPV has a predominantly amorphous charac-
ter and mobility is highly sensitive to structural order and chemical 
purity. Furthermore, space-charge limited current (SCLC) mea-
surements performed by Karg et al. [150] and Blom et al. [155] 
identified a field-dependent /JL value expressed by In/^ oc 

£l/2. 
This In fjL (X E^^^ dependence, as well as the fjL(T) dependence, 
is explained by Abkowitz et al. [163] in terms of hopping among 
a spatially regular array of sites made energetically inequivalent 
by disorder, even excluding influences of positional disorder (off-
diagonal) and site relaxation (polaron formation). This model can 
simultaneously account for both the Poole-Frenkel-like field de-
pendence of the drift mobility and the transit pulse widths (always 
in excess of that predicted by simple diffusion) observed in TOF 
experiments. 

For negative charge carrier mobility, only a few estimates 
of mobility are available in the literature (Table VI). Electron 
mobility has been estimated to be two orders of magnitude 
smaller than hole mobility due to trapping [152]. Koehler et al. 
[140] estimated the electron mobility in PPV as being approx-
imately 10~^ cm^/Vs. In an alternating block copolymer with 
green electroluminescent emission, poly(l,8-octanedioxy-2,6-di-
methoxy-1,4-phenylene-1,2-ethenylene-1,4-phenylene-1,2-ethenyl-
ene-3,5-dimethoxy-l,4-phenylene), the electron mobility was esti-
mated to be 5 X 10~^^ cm^/Vs [144]. A quite low electron mo-
bility was also estimated for PPP, approximately 10~^^ cm^/Vs, 
from the analysis of the emission region in PPP-based LEDs [164]. 

Bozano et al. [162] described the electron mobility in MEH-
PPV using a field-dependent mobility expression jn = fJio exp(7 x 
VE). They observed a zero-field mobility (/HQ) for electrons lower 
than that for holes, but a higher y. Due to the stronger field depen-
dence of the electron mobihty, they observed comparable electron 
and hole mobilities at working voltages applicable to thin films of 
MEH-PPV. Both electron and hole mobilities are temperature de-
pendent, y is an electric field coefficient to the mobility due to the 
interaction between charge carriers and randomly distributed per-
manent dipoles in the semiconducting polymers [162,165]. 

The electrical properties of PPV in its pristine form are deter-
mined by several factors, most of them structure dependent. The 
choice of the precursor polymer and the conditions at which the 
conversion to PPV is performed have a strong effect on the mobil-
ity. It has been found that a higher degree of conversion obtained 
by elevated temperature also increases /i [146]. A long reaction 
time, however, tends to reduce (JL, in spite of the increased con-
verted fraction [149]. This reduction is attributed to a wider con-
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Table V. Positive Charge Carrier Mobility in PPV and Its Derivatives 

iLt(cm2.V-l-s-l) Technique, material, comment Reference 

10-4 <fi< 10-3 
10-4 <iji< 10-3 

5 X 10-5 
3 X 10-3 

5 X 10-6 < ^ < 5 X 10-5 
10-'̂  < ^ < 3 X 10-6 

10-6 
2 X 10-4 
5 X 10-5 
2 X 10-6 

;x(£ = 0) = 5 X 10-^ 
5 X 10-8 < )u, < 10-6 

2.1 X 10-^ 
1.4 X 10-5 

3 X 10-11 < /XQ < 2 X 10-'̂  
10-7 
10-6 

5 X 10"''' <ix<2.1 X 10-6 

TOF, PPV, mobility independent of £ in the range 10̂  < £ < 2 x 105 Vcm"! [146] 
TOF, PPV, E = 104 Vcm-l [147] 
TOF, PPV, £ = 3.3 X 105 Vcm'^ [156,157] 
TOF,PPV,£ = 1.5 X 10̂  Vcm-1 [148] 
TOF, PPV, E = 4.5 X 104 Vcm-1 [149] 
TOF,PPV, 105 < £ < 106 Vcm-l; E dependence: In/x a E^f^ [150] 
TOF,PPV, £ = 2 X 104 Vcm-1 [151] 
TOF, DPOP-PPy £ = 5 X 105 Vcm-^ [157,158] 
SCLC, dialkoxy-PPy £ < 3 x 105 Vcm-^ [153] 
SCLC, PPV,£ < 2 X 106 Vcm-1 [154] 
SCLC, dialkoxy-PPV, £ < 3 x 105 Vcm-^; E dependence: \n^l(x E^l^ [155] 
SCLC, PPV [159] 

TOF, MEH-PPV, /LL = fJiOy/EjE^ [160] 
TOF,PPV,£ = 6 X 104 Vcm-1 [157,161] 
SCLC, MEH-PPV, fi = fio expCyx/I), y = (4.8 ± 0.3) x 10-4 (jj^.y-l^l/l [1^2] 

SCLC, block copolymer (blue emitting) [143] 
SCLC, block copolymer (green emitting) [143] 
TOF, MEH-PPV, /I = fjLQ^E/E^; IJLQ = 2.1 x 10"'̂  cm^-V-l-s-l, EQ = 8.7 x 104 V-cm-1 [160] 

TOF, mobility obtained from time-of-flight measurements; SCLC, mobility obtained from application of space-charge limited current models to I{V) 
data; E, electric field strength. 

Table VI. Negative Charge Carrier Mobility in PPP, PPV, and Its Derivatives 

/it(cm2.V-l.s-l) Technique, material, comment Reference 

-10-11 
-10-9 

5 X 10-10 
3 X 10-12 < MO < 2 X 10"' 

Analysis of the region with maximum of radiative recombination in an LED, PPP 
SCTC, PPV 
SCLC, block copolymer (blue emitting) 
SCLC, MEH-PPV, ix = fio exp(yV£), y = (7.8 ± 0.5) x IQ-'* (mV-l)l/2 

[164] 
[140] 
[144] 
[162] 

TOF, mobility obtained from time-of-flight measurements; SCLC, mobility obtained from application of space-charge limited current models to I(V) 
data; SCLTI, mobility obtained from application of space-charge limited tunneling injection models to I{V) data; E, electric field strength. 

jugation length distribution achieved when longer heating times 
are employed. As the degree of conversion increases, higher PPV 
oligomers are formed, but the distribution of their lengths grows 
wider [152]. 

Based on TOF measurements, Gailberger and Bassler [156] ob-
served that the hole mobilities decrease with increasing electric 
field, carrying a temperature dependence characteristic of hop-
ping within a Gaussian density of states 90 mV in width. They sug-
gested that the IJL(E) dependence is evidence of the importance of 
off-diagonal disorder. The Gaussian distribution of site energies 
is justified by the fact that the polarization energy contribution to 
the site energy is determined by a large number of internal coordi-
nates that vary randomly [152,166]. Considerable data establishing 
a relationship between the carrier mobilities and group dipole mo-
ments of molecular constituents support this view of charge-dipole 
interactions as the source of energetic disorder in these systems 
[165]. 

Although the standard Gaussian disorder model satisfactorily 
explains many experimental features, it displays a field depen-
dence of the type In IJL oc \fE only in a relatively narrow range 
and only at large fields (E > 10^ V/cm) [165]. In experiments, 

by contrast, the linear dependence of In /i on y/E often persists 
down to the lowest fields probed [167]. This difficulty was elimi-
nated by an analytical confirmation of the idea that correlations 
arising from charge-dipole interactions should cause a significant 
field dependence of the mobility at lower fields, resulting in a mo-
bility in quantitative agreement with that observed in experiments 
[165]. 

Using a model polymer composed of randomly oriented con-
jugated segments of length Lc and considering a polymeric layer 
sandwiched between two metal electrodes, Bussac and Zuppiroli 
[168] calculated the space-charge current in organic devices. The 
major factor in preventing the current flow in these systems is as-
sumed [168] to be the space charge created by the injected po-
larons. The drift mobility of the polarons in the polymer is ob-
tained by applying the Holstein adiabatic model [169]. The polaron 
transport from one site to another is achieved upon the occurrence 
of a coincidence between two adjacent segments. A coincidence is 
a deformation of the segment that allows the tunneling of the car-
rier. It has been found that when the polaron width is smaller than 
the average conjugation length, the polaron drift mobility presents 
a strong field dependence. The current depends exponentially on 
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the average electric field, presenting a mathematical expression 
similar to the Fowler-Nordheim tunneling theory. The model is 
in agreement, considering the order of magnitude and the electric 
field dependence, with the experimental observations of Parker 
[170]. Tlie findings of Bussac and ZuppiroU suggest that no real 
tunnel injection is observed in metal/polymer/metal devices, but, 
rather, a special case of space-charge limited current determined 
by the peculiarities of the charge conduction in organic materials. 
This model does not explain, however, the observed relation be-
tween the work function of a series of metals used as electrodes 
and the barrier height measured with the help of the tunneling 
theory at metal/polymer interfaces [170-175]. Furthermore, the 
model poorly reproduces the temperature dependence of the cur-
rent taken at a constant applied voltage [140]. 

A complete description of the current dependence on the ap-
plied voltage for conjugated polymers sandwiched between elec-
trodes is difficult because it involves both injection through the in-
terface and charge transport through the polymer bulk, which may 
be interdependent mechanisms [140]. 

In some cases of space-charge limited current observation, the 
j{V, d) dependence follows that of Eq. (6), indicating the existence 
of an exponential distribution of traps. Different values oiEc were 
reported: EQ = 0.15 eV [176] and Ec 0.13 eV [177] in PPV; 
Ec = 0.06 eV and E(j = 0.05 eV for a blue-emitting and a green-
emitting alternating block copolymer, respectively [143]. Consid-
ering that the magnitude of Ec is an indication of the order of the 
polymer, the reduced E^ values observed in the block copolymers 
indicate that those are less susceptible to the factors that introduce 
energetic disorder. 

There are some techniques, such as admittance spectroscopy 
and deep-level transient spectroscopy (DLTS), that are quite pow-
erful in the characterization of deep levels in semiconductors 
[139]. These techniques have also begun to be used for the charac-
terization of conjugated polymers such as PPV [178] and MEH-
PPV [179]. These techniques may permit the determination of 
several trap parameters such as activation energy, concentration, 
charge carrier capture cross section, defect donor/acceptor char-
acter that can contribute to the chemical identification of the 
traps. 

and ASF5, this effect is negligible. Alkyl or phenyl groups as well 
as long side chains lower the conductivity, probably by hindering 
interchain hopping of charge carriers [2]. 

Stretched films of doped PPV exhibit much higher conductivi-
ties. For instance, I2 doped 2,5-dimethoxy-PPV presents a 60-fold 
increase in conductivity after stretching (draw ratio 8) [180]. 

Studies with PPV model compounds [62, 181] have shown 
that seven to nine conjugated double bonds are generally suf-
ficient to ensure conductivity values close to those of the cor-
responding polymers. The soluble oligomers were blended with 
polystyrene and iodine to give black electrically conducting films 
(0.1-1 S cm~^) that were stable over a period of 100 days at room 
temperature in air [181]. The stabiHty is due to the fact that the 
doped species are encapsulated in the polystyrene matrix, which 
strongly retards the uptake of atmospheric moisture and the evap-
oration of iodine. 

6. INTERFACES WITH OTHER MATERIALS 

PPV-based devices are commonly constructed in a multilayer 
structure in which the polymer film is sandwiched between charge 
injection electrodes. For this reason, the polymer/electrode inter-
face plays an important role on the performance of the devices 
and will be discussed for different classes of materials in the next 
sections. 

6.1. Interfaces with Metals 

Low-work-function metals such as Ca, Mg, and Al are commonly 
used as electron injection electrodes in organic LEDs, and thin 
Au films can be used for hole injection electrodes. The inter-
faces of these and other metals with PPV and its derivatives 
were investigated by several research groups using different tech-
niques such as X-ray photoelectron spectroscopy (XPS), UV pho-
toelectron spectroscopy (UPS), transmission electron microscopy 
(TEM), quantum-chemical calculations, and electrical measure-
ments. Some results are summarized in the following paragraphs 
for different metals. 

5.2.2. Doped PPV 

The intrinsic electrical conductivity of PPV, at room temperature 
and on exposure to air, is on the order of 10~^^ Scm~^ [75]. After 
doping, conductivity can increase to values ranging from approxi-
mately 10~^ to 10̂  S cm~^, depending on several factors such as 
the nature and concentration of the dopant, the nature and size 
of the group(s) attached to the polymer backbone, whether the 
polymer has been aligned (by stretching) or not, and the effective 
conjugation length. Generally, the stronger the dopant oxidizing 
power, the higher the final conductivity. Thus, for instance, PPV 
pressed disks doped with I2, BF3, and SO3, by exposure to their 
vapors, exhibited conductivities of 5 x 10~^, 7 x 10~^, and 2 x 10"̂ ^ 
S cm~^, respectively [62]. ASF5 doping gives much higher values 
but its toxicity is a serious drawback. 

Electron-donating groups such as alkoxy increase the conduc-
tivities of PPVs doped with weak Lewis acids (e.g., I2, BF3), while 
electron-withdrawing substituents, such as NO2, do the opposite 
[66]. Plots of log(conductivities) versus Hammet a values have 
shown a distinct dependence between conductivity and polar sub-
stituent effect [62]. With stronger dopants, such as FeCl3, H2SO4, 

Aluminum. Theoretical results indicate that aluminum deposited 
onto PPV tends to form covalent bonds with carbon atoms [182]. 
The most stable structures are (i) two aluminum atoms interact-
ing with a vinylene group and (ii) two aluminum atoms interact-
ing with a phenylene ring. The most stable configuration for the 
AI2/PPV complex is when the two aluminum atoms are bonded 
to a single vinylene group [183]. Aluminum atoms also prefer-
entially react with the vinylene linkages in poly(2,5-dimethoxy-;7-
phenylene vinylene), but when carbonyl groups appear on the side 
of the chains, as in poly(2,5-dialdehyde-/7-phenylene vinylene), 
new reactive sites are induced. This leads to structures with stabil-
ities comparable to those in the most stable configurations involv-
ing a single vinylene group [183]. In the three systems, the inter-
action with aluminum induces major modifications of the polymer 
chains with interruptions of the conjugated 7r-system caused by the 
formation of sp^-like defects [183]. The consequences of the ten-
dency of Al to form covalent bonds along the conjugated backbone 
are the following: (i) those carbon sites become sp^ hybridized, (ii) 
the planarity of the polymer chain is lost in most of the cases, and 
(iii) the 7r-electron conjugation can be severely reduced [184]. 
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Konstadinidis et al. [185] observed that during the formation of 
the Al/PPV interface, no band bending is observed for Al coverage 
up to 20 A. The polymer surface is depleted of vinylene groups due 
to substitution of the double bonds by oxygen-containing groups 
during conversion. These groups (primarily carbonyls near the sur-
face) are the primary reactive sites for the deposited metal atoms, 
resulting in the formation of Al-O-C linkages with the surface. 
The high reactivity of the oxygen-modified PPV surface results 
in the immobilization of the deposited metal atoms, preventing 
surface and bulk diffusion and promoting cluster growth of the 
metal overlayer. These observations are in agreement with cross-
sectional TEM investigations, which indicate a sharp frontier at 
the Al/PPV interface [114]. Nguyen and Mansot [186] observed 
samples presenting a different interface condition with an interme-
diate sublayer ('̂ SO nm thick) formed between the polycrystalline 
Al layer and the PPV bulk. They concluded that this sublayer is 
strongly affected by the deposition process, although no diffusion 
of metallic atoms was detected in the polymer. They suggested that 
the irradiation of the surface by the metal vapor could partially 
break the conjugation and favor the reticulation of carbon in the 
polymer network. In this case, the true interface between PPV and 
Al is formed of mixtures of aluminum oxide and an undetermined 
complex involving possibly Al-C and Al-O-C bonds. 

Electrical measurements performed by Nguyen et al. [187] in-
dicate that the aluminum/PPV interface shows a rectifying behav-
ior when aluminum is deposited as a top electrode, as well as a 
bottom electrode, after polymer conversion and before polymer 
conversion, respectively. XPS analyses indicate chemical reactions 
between the polymer and the metal in the presence of oxygen to 
form metal-carbon complexes [187]. 

Calcium. The interaction of Ca with the surface of conjugated 
polymers appears to be fundamentally different from that of Al. 
The nature of the interaction between Ca atoms and the conju-
gated polymer is ionic [184]. The charge transfer from the metal 
to the polymer is very similar to the classical n-doping of con-
jugated systems, which leads to the appearance of new occupied 
electronic states within the former bandgap of the neutral species. 
In principle, Ca deposition should lead to increased conductivity 
in the region near the interface, favoring charge transport across 
the modified polymeric layer [184]. This phenomenon has been 
observed in poly(diheptylphenylene vinylene) (PDHPV), where, 
when Ca is deposited, a new band located within the bandgap of 
pristine PDHPV can be observed in the UPS spectra [184] and 
in poly(2,3-diphenylphenylene vinylene) (DP-PPV). Near-edge X-
ray absorption spectroscopy (NEXAFS) studies performed on DP-
PPV indicate that the deposition of Ca results in the formation of 
new unoccupied states both within the leading edge of the conduc-
tion band and at higher energies [188]. 

When calcium is deposited by vapor deposition upon clean sur-
faces under ultrahigh vacuum conditions, calcium diffuses into the 
near surface region, donates electrons to the 7r-system, and forms 
Ca^+ ions. The interfacial region between the Ca-metal contact 
and the polymer has an approximate scale in the range of 20 to 
30 A [189]. 

Chromium. Chromium deposited as a top electrode onto PPV 
involves rectifying behavior, while Cr deposited as a bottom elec-
trode involves a blocking one. In the latter case, clustering of Cr 
in the polymer matrix has also been observed [187]. X-ray photo-
electron spectra of 4,4'-bis(4 styryl-styryl) benzene oligomer films 

metallized with Cr indicate carbide formation, whereas no appar-
ent reaction was observed in the interfacial layer when depositing 
the oligomer film on the chromium layer [190]. 

Gold. XPS observations indicate the possible formation of a Au-
C interaction on PPV in the initial stages of the Au deposition, 
but this interaction appears to break down with an increase of Au 
deposition [191]. When the PPV precursor is deposited on a gold-
covered glass substrate and is further converted to PPV at 250° C, 
during 2 hours, small clusters are observed in the film [114]. Con-
sidering that these clusters were observed only when PPV was con-
verted onto gold, their origin was attributed to gold diffusion and 
precipitation inside the polymer layer. 

Magnesium. Quantum-chemical calculations performed on stil-
bene model molecules indicate that the introduction of Mg dis-
rupts the geometry of the model molecules less than Al does, and 
the HOMO and LUMO move into the initial energy gap for Mg-
doped systems, resulting in the formation of a gap state [192]. 

Silver. Polycrystalline Ag has a work function value similar to that 
of Al but, when deposited onto PPV, presents a preferential ori-
entation of {111} planes parallel to the Ag/PPV interface [193]. 
The work function of Ag{lll} surfaces is higher than that of poly-
crystalline material and, as a consequence, electron injection from 
Ag into PPV is less probable. Ag electrodes deposited onto PPV 
present adhesion problems when negatively polarized with respect 
to the other contact [193]. 

6.2. Interfaces with Oxides 

ITO. ITO is the most widely used transparent conductive mate-
rial in optoelectronic devices based on PPV derivatives due to its 
transparency in the visible region of the spectrum. In LEDs, ITO 
is used as an anode, owing the similarity of its work function with 
the electroaffinity of PPV and several of its derivatives. The ITO 
work function depends on the preparative method and is also sen-
sitive to chemical cleaning procedures [194-197], so that it can be 
matched with the polymer HOMO level. It is observed that the 
In/Sn ratio can be modified, depending on the substrate cleaning 
procedure [194,195]. 

There are, however, indications that PPV films converted onto 
ITO substrates present contamination. Indium concentrations up 
to 5 X10^̂  cm~^ [198] were detected in the polymer layer of LEDs, 
even before their operation. The HCl released as an elimination 
product during the conversion process reacts with the ITO coat-
ing. Many small clusters containing a large amount of indium and 
chlorine, and in the case of thicker PPV films, even InCl3 crys-
tals with lateral dimensions up to 40 /x,m, have been found [112]. 
Photoluminescence measurements reveal that the fluorescence ef-
ficiency is quenched by a factor of 2 to 23 in the case of ITO 
compared with PPV converted onto usual glass [112, 199]. Briit-
ting et al. [199] found that in devices prepared on ITO substrates 
doping with InCl3 leads to acceptor states with a depth of about 
0.15 eV These carriers are mobile and form a depletion layer when 
a metal with low work function is used as a cathode. This doping 
is responsible for the observed Schottky diode behavior in PPV 
devices prepared on ITO. 

Photoelectron spectroscopy investigations of ITO-on-PPV in-
terfaces (ITO deposited by argon plasma deposition onto PPV) 
indicate that this interface layer contains three types of altered 
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carbon species, corresponding to carbon-oxygen single bonds, 
carbon-oxygen double bonds, and carbon bonded to two oxygen 
atoms, as in carboxyl groups [200]. The interfacial species are sim-
ilar to those found in photooxidation studies of PPV surfaces, 
strongly suggesting that the interface region in ITO on PPV corre-
sponds to highly oxidized PPV [200]. 

Tin Oxide. Nominally undoped tin oxide (TO), n-type (10^^ cm~^ 
attributed to oxygen deficiency), has been investigated as a substi-
tute for ITO as an anode [201, 202] and also as an cathode [202] 
material in PPV-based LEDs. The electrical and optical properties 
of TO films are sensitive to the preparation procedures [203] and 
this fact can be used to improve the charge injection conditions 
[201]. Contrary to ITO, the work function of nominally undoped 
TO is not significantly affected by cleaning operations [204]. 

The photoluminescence quenching observed in PPV converted 
onto TO is approximately 50% when compared to PPV converted 
onto quartz [204], which is less than that reported for PPV con-
verted onto ITO [112], revealing that the chemical interaction be-
tween the TO substrate and PPV is weaker than that observed be-
tween ITO and PPV 

Fluorine-doped TO (FTO) has also been studied as a potential 
alternative to ITO [205]. Several advantages of using FTO instead 
of ITO were reported: (i) it is less expensive than ITO, (ii) it is less 
sensitive to chemical cleaning procedures, and (iii) more light is 
produced at a given voltage [205]. 
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Fig. 10. Optical transmittance of the PANI-CSA/PMMA blend (10% 
PANI-CSA in PMMA wAv) (o) and electroluminescence spectrum of PPV 

6.3. Interfaces with Other Conjugated Polymers and 
Polymer Blends 

Polyaniline. Polyaniline (PANI) has been investigated as a hole 
injection contact into PPV and its derivatives. PANI in its metal-
lic emeraldine salt form, doped with camphor sulfonic acid (CSA), 
presents high electronic conductivity and low ionic conductivity, 
reducing metal-electrode interface degradation effects. Further, 
the barrier height for hole injection at the PANI/MEH-PPV inter-
face is estimated to be approximately 0.08-0.12 eV [206], making 
this material suitable as an anode in MEH-PPV-based LEDs. De-
vices made using PANI/ITO as an anode present increased quan-
tum efficiency and reduced operating voltage, when compared to 
devices constructed with a bare ITO anode [206, 207]. Further, the 
improvement in degradation is attributed to reduced oxidation as 
the PANI layer provides a barrier for the passage of oxygen out of 
the oxide [207]. In addition, the shortening behavior is eliminated 
due to planarization of the anode interface by the PANI film [207]. 

Devices constructed using multilayered structures of PPV 
derivatives and emeraldine base polyaniline layers were also re-
ported [208]. 

Polyaniline Blends. Polyaniline doped with camphor sulfonic 
acid, PANI-CSA, in the form of a blend with poly(methyl methacry-
late), PMMA, is also used as hole injection material in PPV-based 
LEDs owing to the low barrier for hole injection [209, 210] and the 
match of the PPV electroluminescent emission with the transmit-
tance window of the PANI-CSA/PMMA blend (Fig. 10). Blends of 
polyester resin (PES) with PANI-CSA were also used for this pur-
pose [209]. The barrier height for hole injection at the PANI-CSA-
PES/MEH-PPV blend was found to be dependent on the PANI-
CSA concentration, ranging from about 0.02 eV at a concentra-
tion of 5% w/w to about 0.1 eV for pure PANI [209]. In the case 
of PANI-CSA-PMMA/PPV interfaces, the barrier height for hole 

injection has been found to be approximately 0.1 eV, independent 
of the concentration in the range 5-25% PANI-CSA [210]. For a 
concentration lower than 5%, an increase in the barrier height was 
observed. 

Polyaniline also presents an additional potential advantage be-
cause uniaxially oriented blends of polyaniline doped with dode-
cylbenzenesulfonic acid or CSA and common bulk polymers such 
as polyacrylonitrile, polyethylene, and poly(vinyl alcohol) display 
a polarizing efficiency over the range from 400 to 4000 cm~^ 
that matches, or surpasses, that of commercial wire grid polarizers 
[211]. These characteristics permit the use of polyaniline simulta-
neously as a polarizer and as an anode. 

7. APPLICATIONS 

7.1. Light-Emitting Diodes 

The interest of the scientific community in PPV and its derivatives 
has strongly increased in the last few years, especially after the re-
port of PPV electroluminescence by the Cambridge group in 1990 
[113]. Polymers present attractive mechanical properties such as 
flexibiHty and a relatively simple processing technology. Associ-
ated with this, different polymers can be produced with electro-
luminescent emission in different spectral regions, which is a nec-
essary condition for several practical uses of LEDs. 

The first generation of PPV-based electroluminescent devices 
was constructed using a thin PPV layer sandwiched between an 
indium-tin oxide (ITO) as a hole injection contact (anode) and a 
low-work-function metal operating as an electron injection contact 
(cathode) [113], as schematically represented in Figure 11. The 
bottom electrode and the substrate are, in this case, transparent 
to permit light to escape. The basic device geometry, the sandwich 
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PPV 

LOW 
WORK 
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Fig. 11. Schematic representation of a PPV-based LED. A low-work-
function metal is used as a cathode, whereas ITO operates as an anode. 
The bottom contact material (ITO) and the substrate are transparent to 
permit the light to escape. 
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structure, remains the same, in spite of several improvements con-
cerning electrode materials, electroluminescent polymers, and the 
adoption of multiiayered structures [212-215]. PPV-based LEDs 
were also demonstrated with a planar metal/polymer/metal struc-
ture, but this LED geometry presents the disadvantages of high 
operating voltage and asymmetry in the emissive zone [216]. 

In organic LEDs, the electroluminescence spectrum is quite 
similar to the photoluminescence spectrum of the polymer used 
in the device (Fig. 12), so that the light emission is attributed to 
the singlet exciton decay. The excitons are formed by electrons 
and holes injected into the polymer by the cathode and anode, 
respectively. The injection current density depends on several pa-
rameters such as the potential barriers for charge injection at the 
polymer-electrode interfaces, the mobility of the charge carriers 
in the polymer layer, the polymer layer thickness, and the applied 
voltage. The efficiency of these devices is intrinsically limited by 
the balance between injected electrons and holes and by the frac-
tion of excitons that decay radiatively. Further efficiency limits are 
imposed by reflections that occur in the interfaces between the 
materials that compose the device, including the interface formed 

between substrate and air, which normally imposes the major effi-
ciency limitation. 

Several different materials can be used as transparent elec-
trodes, most of them as anode material: ITO [113, 194, 195, 200], 
polyaniline and polyaniline blends [206, 207, 209, 210], TO [201, 
202, 204], and F-doped TO [112, 205]. The use of transparent ma-
terial as a cathode has also been reported [202]. In the case of PPV 
and several of its derivatives, the effective mobility of the electrons 
is lower than that of the holes, implying a reduction in the ex-
tent of the recombination zone in the electroluminescent polymer 
layer, as observed in PPP LEDs [164]. Further, the values of poly-
mer electroaffinity and ionization potential make the injection and 
transport of holes easier than that of electrons in single-polymer-
layer devices. The injection dynamics also depends on the injected 
carrier that remains in the polymer (space charge), modifying the 
electric field distribution in the device [217]. For these reasons, 
different materials are tested as cathode and anode and, in several 
cases, intermediate layers are also introduced in order to improve 
the injection of a specific charge carrier type or to block its trans-
port through the device [212, 213, 218-220]. 

The charge carrier balance problem has been minimized by 
the introduction of multiiayered polymeric structures that pro-
duce potential barriers at the internal interfaces. These potential 
barriers impose restrictions to charge carrier transport through 
the device and enhance the recombination probability and, con-
sequently, the device efficiency. One example of such a structure 
is the ITO/PPV/CN-PPV/metal LED. CN-PPV presents a higher 
electroaffinity and ionization potential than PPV, so that there is 
a potential barrier for electron transport from the CN-PPV to the 
PPV and a potential barrier for holes in the opposite direction 
[218]. Several other conjugated polymers and molecules are also 
used in combination with PPV in heterolayer LEDs [213]. 

7.2. Photodiodes and Photodetectors 

PPV and its derivatives are also used as active materials in op-
toelectronic transducers, which produce an electrical output de-
pendent on the light input. The electrical conductivity of PPV is 
modulated by its interaction with the incident light, characteriz-
ing photoconductivity. Due to the optical absorption, free charge 
carriers are generated in the polymer and can be collected if an 
external electric field is applied to the device. This phenomenon 
permits the use of PPV in light detection devices, such as photo-
diodes, whose characteristic is a current versus voltage response, 
which is strongly dependent on illumination conditions. 

The photodiode device geometry is similar to that of an LED. 
The photoconductive polymer layer is sandwiched between two 
electrodes, one of them transparent to permit light to achieve the 
polymer. The term "diode" is used due to the rectification charac-
teristics of devices made with materials of different work functions. 
These devices present rectification in the dark as well as under illu-
mination, owing to the role of the interface in the charge injection 
process. 

The use of materials with different work functions as electrodes 
in a sandwich structure introduces a "built-in" electric field in the 
polymeric layer that can be used in photoconductive systems to 
produce photovohaic devices [221]. In these devices, the incident 
light generates free charge carriers that are transported under the 
influence of the built-in electric field and may produce an elec-
tric current in an external circuit. Earlier PPV-based devices con-
structed on an ITO/PPV/X structure (X: Al, Mg, Ca; PPV film 
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Fig. 13. Schematic representation of the triode structure. 

thickness between 0.1 and 1 fim) achieved, taking reflection losses 
into account, a power conversion efficiency on the order of 0.1% 
[221]. 

To increase the charge transfer from the polymer to the elec-
trodes, some improvements were made in the device structure. 
Additional polymer layers were introduced between the PPV layer 
and electrode [222,223], MEH-PPV was sensitized with €50 [224], 
and interpenetrating polymer networks of different PPV deriva-
tives (e.g., MEH-PPV and CN-PPV) [225, 226] or PPV deriva-
tives with other conjugated polymers [227] were used. 

7.3. Lasers 

The first gain narrowing in a conjugated polymer was accom-
plished using freestanding films of a blend consisting of MEH-
PPV, polystyrene, and Ti02 nanoparticles [228, 229]. In the se-
quence, band narrowing through stimulated emission was ob-
served for simple spin-coated films that were deposited onto glass 
substrates [230-232] and a resonator was incorporated into the de-
vice structure [233]. 

Gain narrowing has been reported for PPV and several PPV 
derivatives [229]: PPV [234]; poly(2-butyl-5-(2'-ethylhexyl)-l-4-
phenylene vinylene) [230]; PPV microcavity [233]; PPV with 
OCgHiy side groups in the 2,5 positions [232]; copolymer of 
phenylene vinylene [235]; poly(dimethylsilane-/?-phenylene vinyl-
ene)-(2,5-di-n-octyl-;?-phenylene vinylene) [236]. 

7.4. IViodes 

In 1994, a polymer-based transistor [237] constructed in a geom-
etry closely related to that of a vacuum tube triode was demon-
strated [237]. The structure consists of a thin MEH-PPV polymer 
film sandwiched between two electrodes, with a third electrode 
(PANI network) [209, 238-241] embedded within the MEH-PPV 
film (Fig. 13). This third electrode plays a role similar to that of 
the grid in a vacuum tube, controlling the current between the 
two outermost electrodes. Using a generalized analysis based on 
field-assisted carrier injection by tunneling, the carrier injection 
and transport in the polymer grid triode could be modeled [242]. 

This Al/MEH-PPV/PANI-network/MEH-PPV/Ca geometry 
[237] eliminates the relatively long pathways involved in field effect 
transistors, which constitute a problem considering the low charge 
carrier mobilities observed in organic materials. As a consequence, 
a relatively fast response is observed in these device structures. 

7.5. Light-Emitting Electrochemical Cells 

In 1995, a new device, whose structure was similar to that of a 
conventional LED, but whose active layer was composed of a 

blend of MEH-PPV, poly(ethylene oxide), and LisCFsSOa salt, 
was reported by Pei et al. [243]. The device was constructed on 
an ITO/blend/Al (blend thickness, ^̂ 250 nm) sandwich structure. 
Further, PPV with poly(ethylene oxide)/salt was also used in light-
emitting electrochemical cells (LECs) [244]. 

These LECs have some unique properties [245]: the current-
voltage characteristics were antisymmetric about the origin, even 
though electrodes with different work functions had been used; 
light emission was observed for both positive and negative applied 
voltage; the onset voltage (independent of polarity) for apprecia-
ble current and visible light detection was almost identical to the 
bandgap of the polymer; and the onset voltage was almost inde-
pendent of layer thickness. 

In the LEC, under the influence of the field created by the ap-
plied voltage, the positive charge carriers move from the anode 
toward the cathode, and the negative charge carriers move from 
the cathode toward the anode. Between the two regions, these 
electrons and holes meet in a region that defines an electrochem-
ically induced p-n junction. Within this region, the electrons and 
holes combine to form neutral pairs, which radiatively decay to the 
ground state [243]. 

In spite of the similarity with a conventional inorganic p-n junc-
tion, in the LECs, particularly for large-bandgap materials, mobile 
charges are almost exclusively injected from the electrodes (elec-
trochemical doping). In the conventional inorganic p-n junction, 
mobile charges are already present in the bulk, prior to contact 
with the electrodes [245]. 

Using a bilayer polymer structure composed of PPV and MEH-
PPV, two-color LECs were demonstrated [246]. When these de-
vices are biased in one polarity, the voltage induced p-n junction 
is completely inside the PPV layer and the device emits green light 
characteristic of PPV When biased at the opposite polarity, the p -
n junction is completely inside the MEH-PPV layer and the LEC 
emits orange light characteristic of MEH-PPV. 

7.6. Optocouplers 

Optocouplers are a class of devices with input and output circuits 
coupled optically while isolated electrically. Such devices were fab-
ricated using Ca/MEH-PPV/ITO diodes, which emit red-orange 
light, as the input unit and Au/P30T/IT0 as the output unit [247]. 
The input unit presented approximately 1% photons/electron ex-
ternal quantum efficiency and the output unit a quantum yield of 
about 35% electrons/photon at 590 nm. This device reached a cur-
rent transfer ratio of 2 x 10"^ under -10 V reverse bias, compara-
ble to that of commercially inorganic optocouplers. Using the im-
proved devices (optimized LEDs made from MEH-PPV and pho-
todiodes made from P30T sensitized with C60), a current transfer 
ratio of 10"-̂  can be achieved even at low bias (0 to - 2 V) [248]. 
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1. INTRODUCTION nomic processing, for smaller structures, or even for flexible circuit 
boards [1, 2]. 

, J . 1 1 . . r . • • ^ • 1 1 In organic materials, self-organization [31 allows materials ma-
in micro- and nanotechnology, pattern formation is typically • i .• j . n . . n j . i 

_ , . , . , , ojj r r^ mpulation down to smaller structures, generally down to a molec-
achieved using lithography, stampmg, or related techniques. There i i i c ur • -̂ • ^ u u 

t . . . ular level. Self-organization is a concept whereby competing at-
IS a constant push to smaller patterns, such as preparation of ^^^^^^^ ^^^ ^^^^^^^^ interactions [4] within a molecule yield 
single-electron transistors, ultrasmall tunnel junctions, and optics nanoscale structures with highly nontrivial phase behavior. In the 
components like nanoscale gratings. However, there is an increas- ^ase of oligomers, surfactants in aqueous solution self-organize to 
ing technological demand for preparation of even smaller struc- form liquid-crystalline micellar, cylindrical, lamellar, or more com-
tures than allowed by the wavelength of the radiation used in to- plicated phases due to the hydrophilic and hydrophobic moieties 
day's optical lithography and etching techniques. So far, in nan- [5]. Block copolymers [6] can be regarded as polymeric surfactants, 
otechnology mostly metals and inorganic semiconductors are used also containing mutually repulsive blocks, leading to analogous 
due to their stability and suitability for processing. However, or- structures in organic solvents, in aqueous solvents, and, most im-
ganic compounds and polymers could offer new options for eco- portant, in the bulk. The use of these techniques in applications of 
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nanotechnology has not been widespread. Such concepts imitate 
structure formation in biological materials [7], albeit at a consid-
erably simpler level. The structures are relatively easy to construct 
and provide an option to construct simple nanostructures in bulk 
[8] and in films [6, 9]. Therefore, self-organized organic materi-
als consisting of conducting organic components could be inter-
esting materials as such. Metal-organic self-organized nanostruc-
tures working as a Coulomb blockade system at room temperature 
have been demonstrated [10,11]. There is also another option to 
use the self-organized organic materials as spontaneously ordered 
resists in Hthography, instead of the conventionally used disor-
dered ones such as poly(methyl methacrylate). Block copolymers 
have been used as lithographic templates to transfer patterns to 
inorganic semiconductor substrates [9]. Langmuir-Blodgett tech-
niques have also been used to achieve ordered layers of resists 
[12]. 

Self-organization is an example of how nanoscale structures can 
be formed if different repulsive chemical groups are chemically 
connected to the same molecules. By contrast, in supramolecu-
lar chemistry the functional groups are mutually connected us-
ing molecularly matching physical interactions, such as hydro-
gen bonding, vr-stacking, charge transfer, steric match, and in-
terpenetrating ringlike structures [13, 14]. Molecular recogni-
tion allows one to build highly specific complexes called super-
molecules, which, in turn, are able to form a hierarchy of struc-
tures. One of the hallmarks that separates supramolecular chem-
istry from just any complex formation is the fact that structure for-
mation is accompanied by "functionality" [13]. Self-organization 
and supramolecular concepts can naturally be combined to allow 
structuring [15-18]. This review deals with structure formation due 
to self-organization of supermolecules in electroactive polymers, 
i.e., conjugated electronically conducting polymers [19] or ioni-
cally conducting polymers [20]. Externally controllable conductiv-
ity can thus be obtained, allowing "functional" electroactive mate-
rials [18]. 

A variety of other options for achieving functional material 
on the basis of electroactive polymers have been reported. For 
instance, self-assembled microactuators, "micromachines" [21], 
multilayers by consecutive adsorption of conducting polymers 
yielding surface assemblies [22, 23], and sensors are created by 
the molecular recognition properties of electroactive polymers [24, 
25]. 

This review limits its scope to the mechanisms of structure 
formation of self-organizing polymers, general supramolecular 
concepts, their possibilities and limitations for achieving self-
organization of electroactive polymers, and what has so far been 
achieved concerning functional materials with externally control-
lable conductivity using such concepts. We do not review optical 
properties and mention only briefly selected trends if they are 
particularly closely related to supermolecule formation and self-
organization. We also point out that there is a quickly develop-
ing field on supramolecular structures based on ringlike oligomers, 
such as rotaxanes, for achieving functional materials, such as swith-
ing electroactive materials [26-28]. Such structures will not be dis-
cussed within this review. 

2. BACKGROUND ON SELFORGANIZATION AND 
SUPRAMOLECULAR CONCEPTS 

2.1. Self-Organization 

Molecules of regular shape may crystallize to form three-dimen-
sionally ordered structures at sufficiently low temperatures. If dis-
order is added, for example, due to less regular molecular struc-
ture or due to additional solvent, the crystallization may be inhib-
ited but the material can still undergo spontaneous aggregation, in 
this case to less ordered nanoscale domains, however. The first ex-
ample is given by surfactants [3, 5,29-32], such as dodecyl sulfonic 
acid [33], which can be crystalline in bulk but which in aqueous so-
lutions form lamellar, cylindrical, or spherical micellar phases (for 
a typical phase behavior scheme, see Fig. 1). These are examples 
of self-organized phases of surfactants in solution and emerge due 
to the competition between the hydrophobic and the hydrophilic 
interactions of the amphiphilic molecules [3]. The typical length 
scale of such domains is 20-40 A, as manifested in small-angle X-
ray scattering (SAXS) patterns. A simple criterion has been pre-
sented to understand the geometry of the domains, based on a 
surfactant packing parameter involving the relative volumes of the 
polar head and nonpolar tail groups, which cause different inter-
face curvatures of the ordered domains [3]. This allows one to 
systematically control the phases and phase behavior by tailoring 
the architecture of the alkyl tails, i.e., the length and the number 
of chains, as well as by selecting small or bulky organic or polar 
head groups or even combining two or more head groups within 
the same molecules [34]. Note that the self-organization of surfac-
tants has also been called surfactant self-assembly, lyotropic Hquid 
crystallinity (which in a strict sense might be misleading because 
there are generally no rigid rodlike mesogenic groups included in 
the surfactants), or mesomorphism. 

Other typical forms of self-organization are self-assembled 
monolayers (SAMs) or Langmuir-Blodgett films formed on sur-

Isotropic (disordered) 

Hexagonal \Micellar 

uuuuiiitiiiii y ^^ \ 

\ 

0 100 
Water concentration (%-m) 

Fig. 1. Schematics for a typical phase diagram of aqueous surfactant so-
lutions, showing the characteristic self-organized structures. Adapted from 
M. Daoud and C. E. Williams, "Soft Matter Physics." Berlin, 1999. 
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g) 

. . » • . « . : , • , 

Fig. 2. Selected architectures of block copolymers: (a) diblock; (b) tri-
block; (c) comb copolymer consisting of flexible chains; (d) rod-coil 
diblock copolymer consisting of a rodlike block and a coil-like block; 
(e) hairyrods, i.e., comb-block copolymers consisting of rodlike backbone 
and coil-like side chains; and (f) LC coil with a side-chain liquid crys-
talline (LC) block and a flexible block. Many other variations have been 
introduced, such as multiblock copolymers, block copolymers consisting of 
several rodlike blocks, or star-shaped block copolymers. Comb-coil block 
copolymers with dense packing of side chains are also denoted as molec-
ular bottle brushes, as is illustrated in (g) by a simulated structure of an 
isolated molecule dissolved in a solvent. (Courtesy of Mika Saariaho.) 

faces based on amphiphilic molecules [35, 36] and, of course, the 
ordered structures formed by block copolymers [6, 8, 37]. The lat-
ter materials are important within the context of this review. They 
are polymeric counterparts of oligomeric surfactants and contain 
long blocks of mutually repulsive polymer chains, which are cova-
lently connected. Several types of architectures are available, as 
illustrated in Figure 2 [38]. They form self-organized structures 
(or microphase separated structures, as they are most often de-
noted in the block copolymer literature) in bulk as well as in many 
solutions due to a competition between attraction and repulsion. 
The repulsion between chemically different molecules is a charac-
teristic property of the most common interactions and, combined 
with the small entropy of mbdng, is the reason that most poly-
mer mixtures tend to phase-separate [39,40]. This tendency is also 
present between the polymeric blocks of block copolymers. How-
ever, macroscopic phase separation is prohibited by the covalent 
bond between the blocks, and phase separation, called microphase 
separation, occurs at a local scale. Since the covalent bond(s) be-
tween the blocks acts as an attraction, a somewhat stronger re-
pulsion between the blocks is actually required to induce phase 
separation [41]. 

The self-organization of block copolymers gives rise to a char-
acteristic series of structures, which can best be illustrated by tak-
ing the most simple example of a melt, i.e., without an added sol-
vent, of diblock copolymers A-block-B (Fig. 2a). Denote by Â  the 
overall degree of polymerization, by / A the volume fraction of 

Disordered 
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\ \ 
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Perforated 
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\m 
m 

^ ^ 

Fig. 3. Schematic phase diagram and characteristic self-organized mor-
phologies of diblock copolymers. Adapted from G. H. Fredrickson and F. 
S. Bates, ̂ n«w. Rev. Mater. Sci. 26, 501 (1996). 

block A, and by ;̂  a l / T the interaction parameter between A 
and B describing the strength of the enthalpic interaction [39]. Fig-
ure 3 presents typical examples of the self-organized phases of a di-
block copolymer, such as polystyrene-Z?/(9c/:-polyisoprene, and the 
schematic phase diagram. I f /A is small, a disordered morphology 
is obtained where the minority block A dissolves in the majority 
block B. A spherical morphology is obtained upon increasing / ^ 
past a characteristic value, in analogy to the critical micelle con-
centration (CMC) in the case of oligomeric surfactants. Further in-
crease of / A yields a cylindrical phase and finally a lamellar phase 
near / A = 0.5. In a narrow composition window between the 
cylindrical and lamellar phases, additional phases can be observed 
for selected materials if the chemical nature of the blocks is suffi-
ciently similar, i.e., have sufficiently small x', see Figure 3. Such ad-
ditional phases consist of the bicontinuous gyroid phase (Ia3d), as 
well as perforated layers (HPLs) and modulated lamellae (HMLs), 
where the latter are considered to be metastable [42, 43]. Impor-
tant within the present review is that between the ordered phases 
there are order-order transitions (OOT) and that upon heating, 
i.e., for small x, the system eventually becomes disordered, as il-
lustrated in Figure 3. The latter transition is denoted as an order-
disorder transition (ODT). However, ODT transition tempera-
tures in diblock copolymers are in most cases very high, unless 
the repulsive energy between the blocks is carefully matched, as in 
poly(ethylene ethylene)- 6/oc/:-poly(ethylene propylene) [44], or 
the molecular weights of the blocks are sufficiently small [45]. 

As in oligomeric surfactants, the phase behavior of block 
copolymers can be modified by tailoring the architecture where 
the polymeric nature obviously allows more possibilities. Examples 
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include triblock, multiblock, miktoarm (star-shaped with different 
arms) [46], comb-shaped, molecular bottlebrushes (or cylindrical 
comb copolymer brushes, i.e., a special case of comb-shaped block 
copolymers with a dense array of relatively long side chains; see 
Fig. 2g) [47, 48], and chains with dendritic side chains [49, 50]. 

The phase behavior can additionally be manipulated by adding 
block-selective solvents (low-molecular-weight solvents or poly-
mers) [51]. A particularly important example is poly(ethylene 
oxide)-^/oc/:-poly(propylene oxide)-^/6>cA:-poly(ethylene oxide) tri-
block copolymers in aqueous solvents (selective with respect to 
polyethylene oxide) [52]. Along a similar line, bicontinuous mi-
croemulsions can be achieved in symmetric ternary blends con-
sisting of diblock copolymers mixed with the two corresponding 
homopolymers [53]. 

The possibihties are not restricted to flexible polymers. One of 
the blocks can be rigid rodlike, in which case a "rod-coil" block 
copolymer [54-57] is formed if the architecture is of the diblock 
type (see Section 2.3.1 for another example [15]). Other interest-
ing cases comprise diblock copolymers where one of the blocks 
is a side-chain Hquid-crystalline polymer [4, 58-62]. Finally, we 
mention the important class of "hairy rods" obtained for a comb 
copolymer architecture consisting of a rigid backbone and flexible 
side chains [4, 58-61, 63-66], to be discussed in more depth later 
in this review. 

For architectures consisting of more than two flexible blocks, 
but still involving only two kinds of chemically different blocks 
(e.g., selected comb copolymers, multiblock copolymers, star 
copolymers, etc.), the phase behavior will be similar, albeit differ-
ent in detail. For the more complex architectures involving either 
rigid blocks (hairy rods, rod-coils [54]) or more than two chemi-
cally different blocks (triblock copolymers [67-69]), the situation 
becomes much more complex. 

The characteristic length scale of the self-organized nanostruc-
tures in block copolymers is typically 200-1000 A due to the length 
of the polymeric blocks, reaching down to 20-50 A for the comb 
copolymer architectures. 

A final comment on the nomenclature selected for this work is 
in order. Within the denotion of this review, block copolymers and 
surfactants are in the general case self-organized systems without 
supramolecular construction because the organizing structural el-
ements are due to chemical bonds. 

2.2. Supramolecular Assembly 

In "classical" chemistry, the molecular building blocks are held 
together by permanent (chemical) bonds and they form, in turn, 
different structures, such as crystals, amorphous materials, Hq-
uid crystals, or self-organized nanostructures. By contrast, in 
supramolecular chemistry [13, 14, 70, 71], the structural units are 
supermolecules, which can be considered as molecular complexes 
held together by molecularly matching physical interactions be-
tween their subunits. 

Three examples of supermolecules are shown. Figure 4a shows 
how an individual ringlike crown ether molecule consisting of 
(—CH2—CH2—O—)-groups, so-called [18]-Crown-6, can bind a 
metal cation K+ in aqueous solution [14]. This crown ether binds 
substantially less other cations, such as Na+, and therefore the 
bonding is selective. On the other hand, Na+ can be bonded if 
the size of the crown ether is reduced to consist of 5 ethylene ox-
ide moieties, [15]-Crown-5. The interaction in crown ether/metal 
cation complexes is based on steric and charge match. Crown 

d) 

V-COO-(CH2)5—O, 
' " ^ \ -CXX)H"-N^ 

e) 

V-ax)-(CH2)ii—o. 

{ -<y<. 

0CH3 

^
SQ3•Nâ  H 5 C 2 - N - ( C H 2 ) i 2 - 0 — / } ^ y - O C H j 

Br- C2t% ^ = ^ ^ = ^ 

Fig. 4. Examples of organic molecules that are able to "recognize" each 
other to form supermolecules: (a) individual crown ether molecules co-
ordinated with selected metal cations [14]; (b) supramolecular assembly 
to form oligomeric liquid crystals based on three hydrogen bonds [74]; 
(c) supramolecular assembly to form a polymer-like chain (according to 
Lehn et al. [80]); supramolecular assembly to form side-chain liquid-
crystalline polymers using (d) one hydrogen bond (according to Kato and 
Frechet [76]); (e) two hydrogen bonds (according to Kato et al. [77]); and 
(f) ionic complexation (according to Bazuin and Tork [78]). 

ethers are examples of ringlike molecules and a wide variety of 
ringlike molecules, such as rotaxanes, catenanes, and cryptands, 
play a central role in supramolecular chemistry [13,14,72] because 
they can selectively form complexes with other molecules and can 
be used to prepare functional molecules, such as molecular shut-
tles, as elaborated by Stoddart and co-workers [27, 28, 70, 73]. 

Figure 4b shows another archetype of matching bondings, this 
time to construct an oligomeric supramolecular hquid crystal [74]. 
The matching set of three hydrogen bonds facihtates formation 
of a sufficiently strong bond to form a shape-persistent meso-
genic moiety. The concept can be elaborated further to construct 
supramolecular "polymers" or "ribbons" where the "repeat units" 
are bonded using a matching set of three hydrogen bonds [13] (see 
Fig. 4c) or even four hydrogen bonds [75]. The hydrogen bonds 
thus suffice for individual molecules to assemble in polymer-like 
chains but now due to hydrogen bonds instead of chemical bonds. 
The ribbons are often formed in the sohd state. However, that 
hydrogen bonded chains can really behave as polymers, having 
polymer-like viscoelastic properties, has been explicitly shown by 
Sijbesma et al. [75]. Further examples of hydrogen bonds used to 
construct polymeric supermolecules can be given from the field of 
side-chain liquid-crystalline polymers. Figure 4d shows how even 
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Fig. 5. Supramolecular assembly to form ordered structures due to co-
ordination between pyridine-containing chains and silver cations. Adapted 
from J.-M. Lehn, "Supramolecular Chemistry." VCH, Weinheim, 1995. 

molecules (b), which allow layered structures (c) due to TT-TT stack-
ings. Such supramolecular dimers (c), in turn, form arrays (d) due 
to cyclic hydrogen bonding between the two terminal carboxylic 
acids of molecule (a). These arrays, in turn, form ordered struc-
tures (e) due to TT-TT stackings. In conceptual analogy with pro-
teins, there is a hierarchy of structures [70]. 

The latter example leads us to still another characteristic fea-
ture of supramolecular concepts; i.e., their hierarchical assembhes 
allow "functional" materials. "Functionality" is regarded as one of 
the hallmarks of supramolecular science [13] as even in "classical" 
chemistry and self-organization, complexes, salts, etc. are formed 
due to chemical "matching." One can point out that the border-
line between "classical" chemistry and supramolecular chemistry 
is not strict. For example, in general block copolymers dissolved 
in block-selective solvents might not be regarded as supramolecu-
lar chemistry, whereas some of the more specific further develop-
ments [18, 82] clearly allow supramolecular functional materials, 
as will be shown in Section 3. 

2.3. Self-Organized Supramolecular Structures 

In this section representative examples are introduced, which com-
bine self-organization (as defined in Section 1) and supramolecu-
lar structure formation. The specific features in designing electri-
cal properties will be discussed in the next section. 

one properly selected hydrogen bond can be strong enough to 
allow stable complexation of a mesogenic side group to a poly-
mer backbone [76]. In this case, the supermolecules form smec-
tic liquid-crystalline structures. Naturally, the use of several simul-
taneous hydrogen bonds can make the bond even stronger; see 
Figure 4e [77]. These examples suffice to show that properly se-
lected hydrogen bonds are very versatile for constructing compli-
cated supramolecular assemblies. Figure 4f shows a related super-
molecule in which the side-chain mesogens are complexed to the 
polymer backbone using ionic interactions [78, 79]. 

The specific physical interactions required to build the super-
molecules illustrated in Figure 4 are simple examples of molecu-
lar recognition. In some cases, a single properly selected hydrogen 
bond suffices for the assembly but frequently more complicated 
combinations are required. Molecular recognition plays a partic-
ularly important role in biological systems where specific binding 
and selectivity are required, for example, in the formation of the 
double-stranded structure of DNA [7] and for the binding of en-
zymes [81]. Molecular recognition is characterized by the simulta-
neous stability of the supermolecule and the selectivity in its for-
mation. The supermolecules thus formed are interesting either as 
individual entities, such as the crown ether/metal cations in solu-
tions (Fig 4a), which can form disordered overall structures such 
as hydrogen-bonded chains, or as complex ordered structures. The 
latter property will be illustrated using still another specific inter-
action, which is central in supramolecular science, i.e., coordina-
tion based on metal cations and typically nitrogen-containing or-
ganic moieties. Figure 5 shows how tetravalent silver cations cause 
formation of gridlike structures of pyridine-containing chains [13]. 

The existing biological supramolecular assemblies inspire to 
build hierarchical supramolecular assemblies based on synthetic 
materials; see Figure 6 [70]. In this example, the elementary build-
ing blocks are rings consisting of two viologens (a) and aromatic 

2.3.1. Low-Molecular-Weight Rod-Coil Block Copolymers 

Stupp et al. have studied extensively low-molecular-weight rod-
coil block copolymers [15, 83-85]. Typically, one block contains 
an aromatic rigid-rod block having an extended conformation, 
such as aromatic polyester or conjugated phenylene vinylene; 
see Figure 2d. The other end consists of a coil-like chain, typi-
cally polystyrene (PS), which is nonpolar. In between such blocks, 
there may be an additional flexible spacer, such as oligomeric 
polybutadiene. Rigid high-molecular-weight polymers do not gen-
erally melt and dissolve poorly in common solvents [86]. Also, 
in the present case, the rigid chains, even though they are short, 
tend to aggregate to form tight packing. However, the coil-
like polystyrene blocks consume substantially more lateral space, 
which leads to frustration in packing. This limits the number of ag-
gregated molecules (typically 100) and a mushroom-like aggregate 
is formed; see Figure 7. Such aggregates resemble diphilic surfac-
tant molecules having at one end the collection of the polystyrene 
coils of all aggregated chains and at the other end all the rigid, pos-
sibly polar, chains. Therefore, it can be regarded as a "supramolec-
ular surfactant." Such supramolecular building blocks, in turn, 
self-organize to form three-dimensional ordered structures [15]. 
Note also that the rigid-rod block can be conjugated, which offers 
feasible electrooptical and other properties. 

2.3.2. Self-Organized Supramolecular Structures of 
Polymer-Amphiphile Complexes 

In the following sections, we will review the various different 
ways in which comb copolymer-like architectures (supramolecular 
comb copolymers) might be obtained using noncovalent physical 
interactions, e.g., ionic, coordination complexation, or hydrogen 
bonding; see Figure 8. 
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Fig. 6. Example of a complex supramolecular hierarchy. The primary structures (a) and (b) are formed due to covalent bonds. When the dicarboxylic 
acid threads through the macrocyclic cavity of ir-deficient tetracationic cyclophane 2̂ +̂, the second level, "supermolecule," is obtained (c). The next 
level, supramolecular array (d), is created as a result of noncovalent dimerization of the [1 • 2^+] supermolecule's carboxyl groups. Then the highest 
level, macroscopic conglomerate (e), is formed due to H-TT stacking. Adapted from M. C. T. Fyfe and J. F. Stoddart, y4cc. Chem. Res. 30,393 (1997). 

Fig. 7. Scheme of "mushroom-like" supermolecule formed by oligomeric 
rod-coil triblock copolymers. Adapted from S. I. Stupp, G. N. Tew, and 
C. M. Whitaker, in "Hyperstructured Molecules I: Chemistry, Physics and 
Applications" (H. Sasabe, Ed.). Gordon & Breach, Amsterdam, 1999. 

Self-Organized Supramolecular Structures of PolyelectrolytelSurfac-
tant Complexes. Self-organized nanoscale ordered structures are 
obtained by complexing polyelectrolytes with oppositely charged 
surfactants, as first shown by Antonietti et al. and confirmed by 
others using many systems; see Figure 9 [16,87-99]. For example, 
using a stoichiometric composition, i.e., 1 mol sodium polystyrene 

a) 

Comb-block copolymers 
and Hairy Rods 

Permanent (covalent) ' 
bonding of the coil-like side groups 

Supramolecular comb-block copolymers 
and Hairy Rods 

Matching physicar 
bonding of the coil-like side groups 

Fig, 8. (a) Scheme for comb copolymer and (b) supramolecular analogy 
for comb copolymer. The scheme also applies to corresponding hairy rods. 
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Fig. 9. Typical polyelectrolyte/surfactant pairs that yield self-organized 
nanostructures. 

Number of methyl groups 

Fig. 10. (a) Scheme of lamellar self-organized phase typically achieved 
when a polyelectrolyte and an oppositely charged surfactant are com-
plexed. (b) Long period as a function of alkyl chain length in the lamellar 
phase for sodium polystyrene sulfonate complexed with alkyltrimethylam-
monium bromide. Adapted from M. Antonietti, J. Conrad, and A. Thiine-
mann, Macromolecules 27, 6007 (1994). 

sulfonate repeat units vs 1 mol cetyl trimethyl ammonium chlo-
ride (see Fig. 9a), a lamellar structure (Fig. 10a) is obtained with 
a long period of 35.2 A [87]. The long period can be increased 
by selecting a longer alkyl tail, as illustrated in Figure 10b. In this 
case, the overall structure remains lamellar even for alkyl chain 
lengths of 12-18 methyl units, although for the longest chains an 
ordered surface structure (rippling) in the lamellae develops, due 
to induced curvature of the interfaces. More complicated phases 
have also been reported for other systems. For example, the small-
angle X-ray scattering patterns of polyacrylic acid stoichiometri-
cally complexed with dodecyl alkyltrimethylammonium chloride 
can be explained by a structure in which the polyelectrolyte chains 
form cylindrical domains embedded in the background of alkyl 

Fig. 11. Cylindrical self-organized phase with fee undulations in the struc-
ture, as suggested for the polyacrylic acid/dodecyl trimethylammonium 
complex. Adapted from M. Antonietti, C. Burger, J. Conrad, and A. Kaul, 
Macromol Symp. 106,1 (1996). 

tails, where additionally the polyelectrolyte cylinders have peri-
odic thickness fluctuations yielding an fee type of structure; see 
Figure 11 [16, 93]. 

Self-organized structures in the melt can be realized using many 
different matching pairs of polyelectrolytes and surfactants (see 
Fig. 9), in addition to the ones already mentioned, such as poly(4-
vinyl pyridine)/dodecyl benzene sulfonic acid [89], polyacrylic acid 
or polymethacrylic acid with different alkylamines [90, 96] and 
with fluoroalkyltrialkylammonium [98], poly(diallyldimethylam-
monium chloride)/soybean lecithine [92], protein/surfactant [95], 
and branched polyethylene imine/dodecyl benzene sulfonic acid 
[97]. The concept has also been demonstrated for nitrogen-
containing conjugated polymers: polyaniline/sulfonic acid [100], 
polypyrrole/alkyl sulfonic acid [101, 102], polyquinoline/dodecyl 
benzene sulfonic acid [103], as will be discussed in more depth 
later in Section 3.3. As there is a strong polarity difference between 
the charged backbone and the nonpolar alkyl tails, the repulsion is 
so strong that typically no transition to the disordered phase upon 
heating occurs. 

The synthesis of most polyelectrolyte/surfactant complexes is 
extremely simple, with the notable exception of conjugated poly-
mers, which suffer from very poor solubility in common organic 
solvents and which will be discussed in some detail in Section 3. 
In general, the product precipitates from solution and can be 
easily isolated [16]. Among the possible applications we men-
tion the ultralow surface energies obtained when using fluori-
nated surfactants [98, 104]. Reviews of self-organized polyelec-
trolyte/surfactant complexes illustrating the various aspects of the 
complex formation have been published [16, 99]. 

A final comment should be given. The self-organizing poly-
electrolyte/surfactant complexes are supermolecules because the 
basic structural unit consists of two subunits "recognizing" each 
other by the opposite charges, the concept aims for functionality, 
and requires molecular tailoring. However, the attraction based 
on opposite charges is not highly specific and the concept strongly 
resembles the polyelectrolyte/surfactant/water phases where the 
aqueous solvent has been omitted [105]. Therefore, self-organized 
polyelectrolyte/surfactant complexes in bulk may be regarded to 
be at the "borderline" between "classical" self-organization and 
supramolecular self-organization. 

There is still another closely related supramolecular concept, 
whereby a polyelectrolyte is nominally stoichiometrically com-
plexed with oppositely charged oligomers containing a mesogenic 
(rigid) unit [78, 106, 107], such as shown in Figure 4f. In general. 
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these complexes lead to "side-chain Hquid-crystalline-like" com-
plexes and smectic liquid crystallinity. Note that the structure for-
mation in this case is most likely due to excluded volume effects 
between the mesogens, thus leading to liquid crystallinity. 

Self-Organized Supramolecular Structures of Polymers Coordinated 
to Amphiphiles, Closely related to the previous examples is a 
concept demonstrated by Ikkala and ten Brinke et al., whereby 
a coil-like polymer poly(4-vinyl pyridine), P4VP, is stoichiometri-
cally complexed with a surfactant zinc dodecyl benzene sulfonate, 
(Ci2H25-C6H4-SO^)Zn2+ or Zn(DBS)2 [108]. In this case, the 
lone electron pair of the pyridine nitrogen of P4VP allows coordi-
nation with the Zn^+ cation. There is a strong repulsion between 
the two dodecyl tails of Zn(DBS)2 and the polar polymer complex, 
thus leading to self-organization into a lamellar phase with a pe-
riodicity of 28 A in bulk. The lamellar structure (as in Fig. 10a) 
is thermally very stable, even at high temperatures, and no phase 
transitions are observed upon heating. Many details still remain 
open. The phase behavior of Zn(DBS)2 is only partly known. 
Pure Zn(DBS)2 is crystalline [109]. However, it is hygroscopic and 
readily binds six molecules of water in the zinc sulfonate moi-
ety, in analogy with the well-documented zinc toluene sulfonate 
[110, 111]. Importantly, the water molecules seem to plasticize 
the molecule so that "wet" Zn(DBS)2 becomes hquid crystalline. 
In Zn(DBS)2, there is a strong tendency of Zn^+ to coordinate 
to four ligands, which determines its behavior. In the polymeric 
complexes of Zn(DBS)2, the actual architecture of bonding is un-
known; i.e., how does Zn realize the fourth coordinate site in addi-
tion to coordination to the two sulfonates and one pyridine amine? 

Zn(DBS)2 also yields self-organized complexes with selected 
other nitrogen-containing polymers. For example, complexing 
polyamide 6 stoichiometrically with Zn(DBS)2 yields self-organi-
zed lamellar structure with a long period of 28 A [112] as well as it 
forms complexes with polyaniline [113], as will be discussed later. 

Self-Organized Supramolecular Structures of Polymers Hydrogen-
Bonded to Amphiphiles. One can progress further along these 
lines using hydrogen bonding to connect the amphiphilic side 
chains to the polymeric backbone to achieve supramolecular self-
organized structures as first shown by ten Brinke and Ikkala et 
al. [17, 114-117] and subsequently by others as well [118]. Sev-
eral points are noteworthy. Because the attraction is not based on 
strong Coulombic interactions but on weaker hydrogen bonding, 
the matching interactions have to be designed much more care-
fully, i.e., different forms of molecular recognition. Due to lacking 
charges and water insolubility, it becomes useful to refer to these 
complexes as polymer/amphiphile, rather than polymer/surfactant, 
complexes because the physically bonded side chains can no longer 
be denoted as surfactants. As before, the architecture is comb 
copolymer-like or, in the case of a rigid backbone, hairy-rod-like, 
as in Figure 8b. 

As for any block copolymer, the self-organized structure forma-
tion in comb copolymers is based on the competition between the 
covalent attraction and the repulsion between the side chains and 
the backbone. The examples employing ionic attraction and coor-
dination complexation demonstrate that the attractive interaction 
has to be sufficiently strong. In the case of hydrogen bonding, this 
is a much more deUcate matter and the strength required to self-
organize the supramolecular comb copolymers will be determined 
by a fine balance between attraction and repulsion. 

b) ( "^"""N^ )—block— ( 

Fig. 12. Supramolecular comb-block architectures achieved 
hydrogen-bonding alkylphenols with poly(4-vinyl pyridine)s [116]. 

by 

Let us start from the most simple example. The pyridine amines 
of poly(4-vinyl pyridine), P4VP, and poly(2-vinyl pyridine), P2VP 
(see Fig. 12), are hydrogen-bonding acceptors that have been 
used to make miscible polymer blends with polymers containing 
hydrogen-bonding donors, such as poly(hydroxy methacrylate)s 
[119], or to make supramolecular side-chain hquid-crystalline 
polymers [76, 77, 79, 120, 121]. Therefore, it is no surprise that 
P4VP is soluble in, for example, 3-methyl-l-phenol and 3-dodecyl-
1-phenol due to hydrogen bond formation. However, if one in-
creases the alkyl chain length up to 15 methyl units, i.e., 3-
pentadecyl-1-phenol, PDF, the thus obtained sufficiently high re-
pulsion combined with sufficiently strong hydrogen bonding re-
sults in self-organization in the form of a lamellar phase (Figs. 10a 
and 12a) with, in the case of a stoichiometric composition, a peri-
odicity of 36 A [114, 116, 117, 122]. That near room temperature 
the hydrogen bonding takes place nearly stoichiometrically is in-
dicated by Fourier transform infrared (FTIR) measurements [117, 
122]. FTIR as a function of temperature further shows that the hy-
drogen bonding is reduced gradually upon heating and that near 
ca. 150° C a substantial part of the bonds are broken. The SAXS 
data recorded upon heating (Fig. 13) show a characteristic scatter-
ing peak at the magnitude of the scattering vector ŷ = 0.13 A~^ 
(Note the definition of the scattering vector q = (47r/A) sin B, 
where 26 is the scattering angle and A is the wavelength.) How-
ever, the most interesting observation is the dramatic change in 
intensity and width of the scattering peak at ca. 65° C. 

These data imply that an order-disorder transition (ODT) 
takes place at 65° C, where the nanoscale lamellar order is lost 
and the material becomes a disordered fluid. The residual scat-
tering peak is due to the correlation hole effect [123, 124]. Its 
presence demonstrates that the system contains a large fraction 
of comb copolymer-like molecules [124, 125]. Hence, the ODT is 
not due to breaking of the hydrogen bonds, but due to the fact that 
the polarity difference between the noncharged backbone and the 
alkyl tails is sufficiently small. In this context, it is also interesting 
to refer to an analogous system involving P4VP with an aliphatic 
alcohol, dodecanol [115]. Here, the amphiphile and the polymer 
turn out to be miscible; however, the number of hydrogen bonds 
formed is too small to even give rise to a scattering peak due to the 
correlation hole effect. In the P4VP(PDP)i Q example, the amount 
of nonpolar material (the alkyl tails) is comparable to the amount 
of polar material and the layered structure inferred from the SAXS 
data comes as no surprise. For the slightly longer nonadecylphe-
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Fig. 13. SAXS patterns as a function of temperature for stoichiomet-
ric supermolecules consisting of poIy(4-vinyi pyridine) stoichiometrically 
hydrogen-bonded to pentadecylphenol. Adapted from J. Ruokolainen, 
M. TorkkeH, R. Serimaa, E. B. Komanschek, G. ten Brinke, and O. Ikkala, 
Macromolecules 30, 2002 (1997). 

Fig. 15. Temperature-dependent SAXS data for PS-Z?-P4VP(PDP)i Q 
recorded during heating at 2°C/min; weight fraction polystyrene /ps = 
0.65. Adapted from J. Ruokolainen, M. Saariaho, O. Ikkala, G. ten Brinke, 
E. L. Thomas, M. Torkkeli, and R. Serimaa, Macromolecules 32, 1152 
(1999). 

Fig. 14. Transmission electron micrograph of the self-organized lamellar 
phase of poly(4-vinyl pyridine) stoichiometrically hydrogen-bonded to 4-
nonadecylphenol. Adapted from J. Ruokolainen, J. Tanner, O. Ikkala, G. 
ten Brinke, and E. L. Thomas, Macromolecules 31, 3532 (1998). 

nol, this has actually been confirmed by transmission electron mi-
croscopy (Fig. 14) [117]. 

The SAXS data presented in Figure 13 show still another tran-
sition around room temperature due to the crystallization inside 
the alkyl layers. After crystallization, the second-order peak, due 
to symmetry not visible before crystallization, also appears. For 
the stoichiometric composition considered, the alkyl tails form an 
interdigitated hexagonally packed crystalline layer [126]. 

The phase diagram of supramolecular comb copolymers ob-
tained by hydrogen bonding has also been discussed theoretically 
[127, 128]. Due to the reversibility of the hydrogen bonding, it is 
in several respects much more complex than for the correspond-
ing "covalent" comb copolymers [129, 130]. However, the general 
trend in the sequence of structures as a function of composition, as 
discussed before (Fig. 3), remains vahd. Experimentally, it is not a 
trivial issue to obtain cylindrical or spherical structures along the 
simple lines discussed previously. On the one hand, decreasing the 
length of the alkyl tail reduces the repulsion beyond a point where 
self-organization no longer occurs. On the other hand, the alterna-
tive of using much longer alkyl chains will almost certainly lead to 

macrophase separation between the amphiphile and the polymer 
due to insufficient strength of the single hydrogen bond. However, 
this problem may be overcome in a by now famihar manner, us-
ing the concept of matching hydrogen bonds (i.e., more than one) 
between polymer and amphiphile; see Section 3.3. 

A final comment concerns the possibility of using networks in-
stead of linear polymers. In the case of networks synthesized us-
ing 4-vinylpyridine and divinylbenzene, the phase behavior is not 
changed in an essential way until the amount of divinylbenzene 
exceeds 1.0 mol%, where the network structure severely starts to 
suppress nanostructure formation [131]. As in the case of hquid-
crystalline elastomers, using networks has the potential advantage 
of elasticity and orientability [132] (see also [133]). 

Hierarchical Supramolecular Self-Organization in Block Copolymers 
Hydrogen-Bonded to Amphiphiles. An example of a hierarchical 
supramolecular assembly was demonstrated in Figure 6. A cor-
responding hierarchical supramolecular self-organization can be 
achieved if different self-organization schemes, each showing or-
der at their own characteristic length, are combined. Ikkala and 
ten Brinke et al. have combined the self-organized nanostructures 
of block copolymers, with a characteristic periodicity in the range 
of 200-1000 A, with those of supramolecular comb copolymers, 
with an order-of-magnitude shorter periodicity [18, 82, 134]. Fig-
ure 12b illustrates this concept. 

As a straightforward extension of the previous work, polystyre-
ne-6/c>c/:-poly(4-vinyl pyridine) (PS-6-P4VP) was selected as a 
model diblock copolymer system to which a nominally stoichio-
metric amount of hydrogen-bonded pentadecylphenol (PDF) [18, 
134] or nonadecylphenol [82] was added. Figure 15 presents the 
characteristic temperature-dependent small-angle X-ray scatter-
ing data for a specific PS- /̂ocA:-P4VP(PDP)i Q sample. The data 
demonstrate that for not too high a temperature a self-organized 
lamellar structure, consisting of alternating layers of the hydrogen-
bonded supramolecular P4VP(PDP)i Q blocks and the PS blocks, 
is formed. This comes as no surprise since for this particular 
sample the weight fraction polystyrene /ps = 0.65. The peri-
odicity is approximately 320 A. Within the P4VP(PSP)i Q layers, 
an additional self-organization into layers with a periodicity of 
36 A has taken place. As in the P4VP(PDP)i Q homopolymer 
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Fig. 16. Transmission electron micrograph of PS-/?-P4VP(NDP)i o» 
where NDP = 4-/i-nonadecylphenol, showing the lamellar-inside-lamellar 
structure with a mutually approximately perpendicular orientation. Cour-
tesy of J. Ruokolainen. 

case, the latter structure becomes disordered at ca. 65° C and only 
the diblock copolymer lamellar structure remains above this tem-
perature. A further increase in temperature reduces the num-
ber of hydrogen-bonded side chains and part of the alkyl phe-
nol molecules gradually diffuse into the polystyrene phase. This 
is especially true for temperatures above ca. 135° C, where PDF is 
miscible with PS [18]. Therefore, at such temperatures, a P4VP-
selective solvent PDP becomes an indifferent solvent. As a conse-
quence, the volume fraction of the PS-containing phase increases, 
which potentially might induce a sequence of lamellar -> cylindri-
cal -^ spherical order-order transitions. The SAXS data presented 
in Figure 15 are inconclusive in this respect. All these transitions 
play a major role in the design of controllable ionic conductors, 
which will be discussed later. 

The presence of the room-temperature layer-inside-layer struc-
ture has been confirmed by transmission electron microscopy 
(TEM) [18, 82, 134], which further demonstrates that the two 
sets of lamellar structures are approximately mutually perpen-
dicular (Fig. 16). By selecting different relative block lengths 
of P4VP vs PS and stoichiometric amounts of pentadecylphe-
nol, all the classical phases can be obtained combined with 
the internal short-length-scale lamellar ordering, i.e., lamellae-in-
cylinders, lamellae-in-spheres, spheres-in-lamellae, and cylinders-
in-lamellae. All these hierarchical structures were also imaged by 
TEM [82]. One can conclude that supramolecular concepts, hier-
archical structures, and self-organization can be combined. This 
will be discussed in a later section to construct functional, i.e., con-
trollable, ionic conductors [18,135]. 

3. CONDUCTING AND SEMICONDUCTING 
POLYMER SYSTEMS CONTAINING 
SELF-ORGANIZED SUPRAMOLECULAR 
POLYMERS 

In Section 2, several supramolecular concepts leading to polymer-
like molecules were discussed, together with the self-organization 
thereof. Next, we will concentrate on the conductive properties of 
selected systems where the possibihty of obtaining these or similar 
systems via self-organization of supramolecular chainlike objects 
will be the guiding principle. 

Fig. 17. Schemes for formation of P4VP(MSA)i.o(PDP)i.o and PS-
Z?-P4VP(MSA)i.o(PDP)i.o- Adapted from J. Ruokolainen, R. Makinen, 
M. Torkkeli, R. Serimaa, T Makela, G. ten Brinke, and O. Ikkala, Science 
280, 557 (1998). 

3.1. lonically Conducting Self-Organized Supramolecular 
Structures of Polymers Hydrogen-Bonded to 
Amphiphiles 

In Section 2.3.2, the well-ordered self-organized layered struc-
ture for a melt of poly(4-vinyl pyridine) (P4VP) hydrogen-bonded 
to alkylphenol, together with the order-disorder transition to a 
disordered melt, was discussed in some detail. Conductivity is 
usually discussed in relation to conjugated polymers where elec-
tronic conductivity is achieved. However, in addition to conju-
gated polymers, which become conductive upon doping, noncon-
jugated polymers have been discussed in which the conductivity 
is obtained by the formation of a charge-transfer complex. Well-
known examples include poly(2-vinyl pyridine) and poly(4-vinyl 
pyridine) complexed with iodine [136, 137]. Here we consider the 
case of a charge-transfer complex of P4VP and one of the sim-
plest strong acids, methane sulfonic acid (MSA), leading to poly-
electrolytes that are ionically conducting. The resulting polysalt 
(Fig. 17a), denoted as P4VP(MSA)i Q for stoichiometric complex-
ation (1 mol MSA vs 1 mol P4VP repeat units), shows a classi-
cal thermally activated ion conductivity (Fig. 18a) on the order 
of 10~^-10~^ S/cm. Next, the polysalt was mixed with pentade-
cyl phenol (cf. Section 2.3.2), which forms hydrogen bonds to the 
sulfonate group, to obtain the desired comb copolymer-like struc-
ture. Nominally, one PDP molecule per sulfonate group was used 
to obtain P4VP(MSA)i.o(PDP)i.o (Fig. 17b). However, the actual 
number of PDP molecules that are hydrogen-bonded remains un-
certain because the large absorption bandwidth of the sulfonate 
does not allow an easy assessment by FTIR measurements. Op-
tical microscopy (Fig. 19) indicates a complex phase behavior as 
a function of temperature, a behavior corroborated by the SAXS 
data presented in Figure 20. Below ca. 100° C, the supramolecu-
lar comb copolymers (as in Fig. 8b) form a self-organized lamel-
lar morphology (see Fig. 10a) with a long period of approximately 
48 A. Upon heating, an order-disorder transition to a disordered 
melt occurs at approximately 100° C, usually accompanied by a 
strong decrease in intensity and a strong increase in width of the 
first-order scattering peak (near q = 0.13 A~^ in Fig. 20). Further 
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Fig. 18. Electrical conductivity (cr) during heating at 5°C/min, on the 
basis of ac impedance measurements extrapolated to zero frequency, (a) 
P4VP(MSA)i.o and (b) P4VP(MSA)i.o(PDP)i.o. Adapted from J. Ruoko-
lainen, R. Makinen, M. Torkkeli, R. Serimaa, T. Makela, G. ten Brinke, and 
O. Ikkala, Science 280, 557 (1998). 

increase in temperature leads to a further decrease in intensity of 
this correlation hole peak and a shift toward zero scattering an-
gle. This behavior demonstrates that the comb copolymer nature 
of the system gradually disappears due to breaking of the hydro-
gen bonds [124, 125]. Still further heating results in macroscopic 
phase separation between the PDF molecules and the polysalt 
and the subsequent reappearance of the homogeneous phase at 
ca. 200° C, a well-known phenomenon in mixtures of hydrogen-
bonded molecules [138]. Finally, the system phase separates once 
more around ca. 220° C, which corresponds to the familiar lower 
critical solution temperature (LCST) behavior induced by a con-
siderable difference in thermal expansivities of the components 
[139]. The low-temperature lamellar state consists of alternating 
polar and nonpolar layers, where the latter consist of insulating 
alkyl material. Hence, the order-disorder transition corresponds 
to a transition from locally two-dimensional ionically conductive 
layers to a three-dimensional ionically conductive system. Despite 
this dimensionality transition, the order-disorder transition is not 
reflected in the conductivity (Fig. 18). Note, however, that the or-
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Fig. 19. Optical micrographs illustrating the phase behavior of 
P4VP(MSA)i o(PF)P)l.O- Adapted from J. Ruokolainen, R. Makinen, M. 
Torkkeli, R. Serimaa, T Makela, G. ten Brinke, and O. Ikkala, Science 280, 
557 (1998). 
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Fig. 20. SAXS intensity curves of P4VP(MSA)i.o(PDP)i.o recorded dur-
ing heating at 2°C/min. Courtesy of M. Torkkeli and R. Serimaa. 

dered system has a macroscopically isotropic grain boundary do-
main structure [6, 37]. On the other hand, the macrophase sepa-
ration at ca. 170° C is accompanied by a strong drop in conduc-
tivity, because apparently "isolated" domains of P4VP(MSA)i Q 
are formed (cf. Fig. 19). The complex phase behavior observed in 
this system will be exploited further on (Section 3.3) to construct 
externally controllable self-organized structures allowing electric 
switching. 

3.2. Self-Organization and Stacking of Disclike 
Organic Molecules 

Disclike organic molecules consisting of flat-shaped aromatic 
macrocycles tend to form columnar stacks in the crystalline state 
as well as in a Uquid-crystailine solution [140-148]. As such, ph-
thalocyanines, which behave as molecular semiconductors in the 
solid state, have been investigated in considerable detail [140,141]. 
The basic structural unit consists of four connected pyrrole rings 
(see Fig. 21a), and the flat-shaped form allows a 7r-electron cloud 
delocalized over an array of 18 carbon and nitrogen atoms. Met-
allophthalocyanines can be prepared by coordinating metals, such 
as Fe, Ru, Co, Pd, Pt, Pb, Ni, Cu, Zn, Mn, and Cr, in the core; 
see Figure 21b [141]. In addition, the perimeter can be substituted 
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Fig. 21. Schematics of (a) phthalocyanine and (b) metallophthalocya-
nine. R j , . . . , Rg = H in the unsubstituted case. 

Fig. 22. Schematics of the hexagonally self-organized columns. 

using various groups R^,.. . , Rg; notably alkyl, alkoxy, and even 
crown ether substitutions have been used. Therefore, more than 
70 different modifications are known. 

The unsubstituted phthalocyanines have a strong 7r-stacking 
tendency, which results in insolubility in practically all common 
solvents. In the solid state, they crystallize in a stacked columnar 
fashion, where, however, in most cases the rings are inclined rather 
than perpendicular to the direction of the columns [141]. The pe-
ripheral substitutions offer a way of controlling the solubility and 
the columnar stacking in the solid state [141,143-145]. For exam-
ple, alkyl substitutions yield solubility in low polar solvents. If the 
substitutions are sufficiently irregular, e.g., four octyl chains ran-
domly distributed over the eight possible peripheral sites, the crys-
tallinity can be suppressed. In this case, discotic liquid-crystalline 

^^,^.,^^y.^^^,^,^.^,^.^,^ 

Fig. 23. Examples of connected phthalocyanines to form polymers: 
(a) phthalocyaninatopolysiloxane and (b) supramolecular polymer chain. 
Adapted from G. Wegner, Thin Solid Films 216,105 (1992). 

phases are obtained. Depending on the conditions, the nature 
of the side chains, and the possibility of metals in the core, dis-
cotic liquid-crystalline phases are observed for alkyl-substituted 
phthalocyanines with side chains longer than C4 or €5. These 
self-organized mesophases contain typically hexagonally arranged 
ordered columns consisting of phthalocyanine molecules closely 
packed with their planes perpendicular to the column axis due to 
TT-stacking; see Figure 22. The phase transitions can be tailored by 
changing the substituents. The phthalocyanines equipped with lin-
ear chains exhibit often, but not always, phase transitions from the 
crystalline to the mesophase at lower temperatures than phthalo-
cyanines substituted with branched chains and therefore have a 
smaller crystallization tendency. Transition temperature can also 
be lowered by substitution by thiophene, whereas metallation typ-
ically raises it [146]. 

For the present review, the most important observation is the 
possibility of obtaining similar compounds as polymers. A first 
variant is realized if the "core" consists of, e.g.. Si atoms that are 
covalently connected by ether linkages to form a phthalocyani-
natopolysiloxane polymer; see Figure 23a. If the phthalocyanines 
are substitued using alkyl or alkoxy side chains, a supramolecular 
polymer is formed resembling a hairy-rod polymer with a rigid-rod 
conformation. Other metallophthalocyanines can also be used to 
form corresponding poly(phthalocyaninatometalloxanes), such as 
for Ge and Sn [141]. 

Another possibility, for obtaining the corresponding supramo-
lecular polymers, is by bridging phthalocyanines with transition-
metal cores with ligands; see Figure 23b. These are coordination 
polymers compared to backbones of covalently bound polysilox-
anes (Fig. 23a) and related compounds. The bridging ligands can 
be either 7r-electron-containing molecules, like pyrazine, or nega-
tively charged ligands, such as CN~ or SCN~, if the oxidation state 
of the central metal is +III, as in Co^+ or Fe^+ [141]. 

Phthalocyanines are 7r-stacked molecular organic semiconduc-
tors. Their electronic properties differ strongly not only from the 
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inorganic semiconductors [141], but also from the conjugated con-
ducting polymers. The reason is the small orbital overlap along 
the conducting columns as compared with the overlap between 
the atoms in inorganic materials. Oxidation using strong elec-
tron acceptors leads to a room-temperature conductivity of poly-
crystalline metallophthalocyanines of up to 1 S/cm. The electri-
cal properties of phthalocyanines and metallophthalocyanines are 
naturally highly dependent on their macrocyclic morphology. The 
conductivity of single-crystalline metallophthalocyanines is obvi-
ously higher in the stacking direction, being as high as 10 S/cm. 
The charge transport occurs through the 7r-system of the stacks 
but if the central atom is oxidized, it can take place through the 
metal core [141]. 

The substituents can also be crown ethers, in which case sub-
stituted phthalocyanines generally create supramolecular struc-
tures with metal cations in solutions [144,147]. As usual, the con-
ducting properties are dependent on the ions due to the forma-
tion of different supramolecular architectures. Rb+ ions create ex-
tended stacks with relatively high and Bâ "̂  ions networks with low 
alternating-current (ac) conductivity. A specific example demon-
strating molecular wires consisting of an electronically conducting 
core and an ionically conducting mantle is discussed in [144]. 

Another variety, hexa-/7en-benzocoronene, has been intro-
duced consisting of 42 carbon atoms bound together by C^-
membered rings forming a planar disc-shaped aromatic molecule 
(Fig. 24) [148]. The very extensive 7r-system makes transport 
along the hexabenzocoronene stacks particularly rapid and the 
one-dimensional intracolumnar charge mobility in the hquid-
crystalline phase of hexakis-tetradecyl hexabenzocoronene was the 
largest determined for any discotic liquid-crystalline material to 
date. Interestingly, the phase transition manifests itself in the 
charge-transfer mobility; see Figure 24b [148]. 

3.3. Self-Organization of Hairy Rods 

The bridged phthalocyaninatometal complexes considered previ-
ously (Fig. 23) consist of extended (supra)polymer backbones with 
a dense system of side chains, which classifies these structures as 
hairy rods, i.e., comb copolymers with a rigid backbone. As with 
other block copolymers (cf. Section 2.1), they tend to self-organize, 
forming nanoscale structures in bulk and in solutions. In the con-
text of electrical conductivity, it becomes important to consider 
such architectures, taking into account that the backbone consists 
of a conjugated rigid polymer. However, before discussing conju-
gated backbones, we first discuss briefly general "hairy rod" poly-
mers, consisting of a rigid rodlike backbone with different kinds of 
side chains; see Figure 2e. 

Besides block copolymeric self-organization, there is an even 
more important reason why hairy rods have attracted so much 
interest. In general, rigid rodlike polymers do not melt and dis-
solve only poorly, if at all, in common solvents due to a strong 
aggregation tendency and a small gain of conformational entropy 
upon dissolution or melting. By covalent connection of substituent 
groups (notably flexible alkyl chains) to the backbone, a system is 
achieved whereby the rigid polymer can be regarded as dissolving 
in the background of the side chains, due to the (infinite) attractive 
interaction between the solvent molecules and the backbone. This 
causes melting-point depression [149, 150] without loss of rigidity 
of the backbone [64]. In this way, fusibility can be achieved and 
higher solubility in an "additional" solvent, to allow melt and solu-
tion processibility. The nature and length of the covalently bonded 
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Fig. 24. (a) Tetradecyl-modified hexabenzocoronenes to allow columnar 
self-organized structure, (b) The mobility as a function of temperature, 
showing the effect of the phase transition from the crystalline solid to the 
hexagonally packed columnar liquid crystal at 65 °C. Adapted from A. M. 
van de Craats, J. M. Warman, K. Mullen, Y. Geerts, and J. D. Brand, Adv. 
Mater. 10, 36 (1998). 
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Fig. 25. Examples of hairy-rod polymers consisting of nonconjugated 
rigid polymers with covalently bonded flexible side chains [63,152]. 

side chains have a large effect on the phase behavior. A wide vari-
ety of different modifications exist, depending on the selection of 
the backbone and side chains (see the reviews by Ballauff [64] and 
Menzel [151]). Figure 25 shows some hairy-rod polymers consist-
ing of nonconjugated rigid rodlike polymers with flexible aliphatic 
side chains. 

Unsubstituted rigid rod polymers typically have a high melting 
temperature (e.g., ca. 600° C for the polyester of Fig. 25a with a 
side-chain length n = 0). However, even a short alkyl tail of length 
0 < n < 6 reduces substantially the melting temperature; i.e., a 
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Fig. 26. Examples of alkyl-substituted hairy rods based on conjugated 
polymers. 

transition from a crystalline to a nematic phase is reported [63,64]. 
For longer side chains, the melting point is reduced further; e.g, for 
n = 12 it is 150° C. However, as the nonpolar side chain becomes 
longer, i.e., n > 8, the repulsion with the backbone becomes cor-
respondingly larger. Therefore, one enters into the regime of self-
organization, where the alkyl tails and the backbone microphase 
separate into typically lamellar self-organized domains; see Fig-
ure 10a [63-65, 153]. The evidence for the structure formation is 
based on SAXS, which typically shows a sharp first-order scattering 
peak at a specific wave vector ^*, as well as second- and third-order 
peaks at 2^* and 3^*, characteristic of lamellar phases. The Ion] 
period (i.e., 27r/^*) of the structure shown in Figure 25a is 23 
for n = 12 [153]. 

We now turn our attention to hairy rods consisting of a con-
jugated polymer backbone, in which case the hairy-rod concept 
offers possibilities to achieve processible, i.e., soluble or fusible, 
electroactive materials. It allows one to control the chain confor-
mation in solution [154] and to obtain improved charge transport 
in the self-organized bulk phase [155]. Here the discussion will still 
be limited to covalently bonded side chains. In the next section, the 
extension to supramolecular hairy rods will be considered. 

Alkyl-substituted polythiophenes (see Fig. 26a) have increased 
solubility in common solvents [156-158] and show thermo- and sol-
vatochromism; see the reviews by Inganas [159] and Gustafsson 
et al. [160]. The self-organized structures in bulk have been sys-
tematically studied by Prosa et al. [161] and Chen and Ni [162], 
demonstrating the formation of self-organized lamellar phases for 

Lamellar 
) n ) t ) ) i 

Fig. 27. SAXS intensity patterns of poly(3-octyl thiophene) as a func-
tion of temperature during heating at a rate of 2°C/min [164]. The inset 
(adapted from S.-A. Chen and J.-M. Ni, Macromolecules 25, 6081 (1992)) 
shows the X-ray pattern at room temperature over a wider scattering vec-
tor q regime, where the second- and third-order peaks become resolvable. 

n > 4. As a particular example, we will discuss poly(3-octyl thio-
phene), which contains octyl side chains covalently connected to 
the thiophene groups in the 3-positions to produce random head-
to-tail and head-to-head mixtures. X-ray scattering curves [161, 
163] show a sharp first-order intensity maximum corresponding to 
a long period of 21.7 A, as well as higher order peaks, indicating a 
lamellar self-organization at room temperature; see Figure 27. In-
formation on the structure formation can be obtained by following 
the first-order scattering peak as a function of temperature [164]. 
For T < 150° C, the peak is narrow and indicates a relatively high 
order. At ca. 150° C, an order-disorder transition (ODT) takes 
place in which the lamellar order is lost and a disordered structure 
appears, as manifested by a stepwise increased hwhm (half-width 
at half-maximum) and a strongly reduced scattering peak height. 
The remaining peak is due to the correlation hole effect [38]. The 
transition is reversible upon cooling/heating cycles. Furthermore, 
the ODT is clearly visible at 149.9° C in calorimetry [162, 165] as 
an endothermic peak upon heating. 

Hence, undoped, i.e., neutral, poly(3-alkyl thiophene)s have 
a self-organized structure and a phase behavior that is analo-
gous to block copolymers (as pointed out by Qian et al. [166]) 
where a lamellar melt state is observed below the ODT and above 
the ODT an isotropic fluid is formed. Implicitly, the materials 
are melt-processible due to the fluid state at T > TODT ^^^ 
therefore the ODT is more commonly denoted as "melting," al-
though there is no crystallinity if the side chains are relatively 
short as in the case of poly(3-octyl thiophene). Another type of 
self-organized hairy-rod polythiophene has been demonstrated by 
Bjoernholm et al. [167]; see Figure 26b. These consist of regioreg-
ular head-to-tail polymers containing two types of side chains, hy-
drophilic polyoxyethylene and hydrophobic alkyl chains. They al-
low the construction of self-organized monolayers on surfaces, us-
ing Langmuir-Blodgett techniques. 

Poly(3-alkyl thiophene) allows drastically modified properties, 
e.g., solubility in common solvents and fusibility, if the side-chain 
length exceeds butyl [156-158,168]. Poly(3-octyl thiophene) yields 
a thermoreversible gel, i.e., percolating network structure, upon 
mixing with ultrahigh-molecular-weight polyethylene and decalin 
[169]. This network can subsequently be doped using iodine va-
por for conductivity. At room temperature, the material shows 
a significant ac conductivity down to fractions of 1% by weight. 
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Fig. 28. Conductivity of undoped poly(3-dodecyl thiophene) as a function 
of temperature. Adapted from K. Yoshino, S. Nakajima, M. Onoda and 
R. Sugimoto, Synth. Met. 28, C349 (1989). 

thus indicating the absence of an abrupt percolation threshold and 
the possibility of tailoring the conductivity to intermediate lev-
els. This shows the feasibility of "tuning" the electrical conduc-
tivity by mixing with commodity polymers, which is of great prac-
tical importance for applications where antistatic properties are 
required. In polymer mixtures, blends of poly(3-octyl thiophene) 
with poly(ethylene-r««t/-vinyl acetate), i.e., EVA, have been shown 
to be the most interesting [170]. There the relative fraction of po-
lar vinyl acetate units vs ethylene repeat units allows one to tailor 
the polarity and to tune the solubihty of poly(alkyl thiophene)s. 
Solubility of poly(3-octyl thiophene) is obtained, as long as the 
weight fraction of the vinyl acetate fraction is small enough, such 
as 20 mol% [170]. Network structures can also be obtained by spin-
odal decomposition [170]. Conductive blends are obtained by post-
treating the samples with iodine vapor. Semi-interpenetrating net-
works have been constructed by Wang and Rubner in crosslinked 
matrices with improved stability [171]. 

Finally, we will comment on the conductivity of poly(alkyl thio-
phene) hairy rods. Yoshino et al. studied the electrical conductivity 
of undoped poly(3-dodecyl thiophene) as a function of tempera-
ture [172]. Tliey observed a stepwise small drop in the conductiv-
ity upon heating as the order-disorder transition is passed and the 
easily flowing disordered phase is entered at ca. 100° C; see Fig-
ure 28. The transition is reversible upon cooling, although hystere-
sis is obtained. Doping of the poly(3-octyl thiophene)s of the type 
shown in Figure 26a using a redox reaction yields a conductivity 
1-10 S/cm at room temperature. However, at elevated tempera-
ture around 110°C (i.e., below the ODT), the conductivity drops 
several orders of magnitude within one hour, indicating "thermal 
undoping" (see the reviews in [159,173]). This problem was solved 
by incorporation of the alkyl side chains at every second or third 
rather than every thiophene ring, thus reducing the "crowding" 
near the site of the dopant anions [159,174]. 

As a further example, unsubstituted poly(/7-phenylene) (PPP), 
which is an insoluble and infusible conjugated polymer will be 
considered. Based on this polymer, Wegner and co-workers pre-
pared several different types of hairy rods (see Fig. 26c-f) [66, 
175,176]. Poly(2,5-di-/2-dodecyl-l,4-phenylene) contains two flex-
ible alkyl tails at each aromatic ring (see Fig. 26c) [175]. Such 

Fig. 29. Cylindrical and lamellar self-organized structures of substituted 
poly(p-phenyienes) according to Wegner and co-workers. Adapted from 
U. Lauter, W. H. Meyer, and G. Wegner, Macromolecules 30, 2092 (1997). 

hairy rods have increased solubility in low polar solvents, such as 
dichlorobenzene, allowing the preparation of solvent-cast films. In 
the solid state, a self-organized lamellar phase is obtained with a 
long period of ca. 35 A at room temperature, based on X-ray scat-
tering patterns showing a sharp first-order peak and distinct third-
and fifth-order peaks. Upon heating, the long period slightly de-
creases until at ca. 190° C an ODT to a disordered state occurs. 
As before, the sharp scattering peak is replaced by a shallow cor-
relation hole peak [38]. Thus, the behavior is analogous to the 
poly(alkyl thiophene)s just discussed (see Fig. 27). A modifica-
tion is reported where the alkyl side chains have been replaced 
by alkoxy chains [176]. For octyloxy and dodecyloxy side chains 
(i.e.,« = 8, 12 in Fig. 26d), lamellar self-organized structures are 
obtained, whereas for shorter butoxy or pentoxy tails (n = 4, 5), 
cylindrical self-organized phases are observed; see Figure 29. 

The side chains can also be oligo(ethylene oxide) (EO) chains, 
typically having two to six repeat units (see Fig. 26e) [66], By 
using a statistical copolymer PPP(EO)x/y involving two different 
side-chain lengths of x resp. y EO units, self-organized materi-
als have been introduced in which the tendency for side-chain 
crystallization is suppressed. Additionally, it is well known that 
poly(oxyethylene) in the uncrystallized state is able to conduct Li"̂  
ions to allow soHd-state ionically conducting membranes. In this 
respect, the resulting self-organized structures are challenging be-
cause the oligo(oxyethylene) side chains support high Li"̂  conduc-
tion and molecular-level reinforcement due to the rigid polymer 
chains is achieved at the same time [66]. For longer side chains, 
consisting of, e.g., x = 5 and y = 6 EO repeat units, the mate-
rials exhibit an ODT (in the range of 90-160° C) to a disordered 
isotropic state upon heating. The thermally activated ionic con-
ductivity, though only reported for temperatures up to ca. 110°C, 
shows no effect of this phase transition; see Figure 30. If the side 
chains are shorter, i.e., x = 4 and y = 2, the lamellar struc-
ture prevails up to 240° C. In this case, however, a transition to 
another lamellar phase with a slightly different long period takes 
place upon heating at 190°C. 

Hairy-rod architectures involving polyaniline (PANI) with co-
valently bonded side chains will be considered briefly. Supramolec-
ular hairy-rod architectures of polyaniline will be discussed in con-
siderable detail in the next section. The emeraldine-base (EB) 
form of polyaniline consists of alternating amine and imine repeat 
units (see Fig. 32). Side chains have been introduced by covalent 
connection of short alkyl (methyl or ethyl) chains to the aromatic 
rings [177] or by a series of different long alkyl chains ranging from 
butyl to octadecyl to the aminic nitrogens [178] (Fig. 26g). 

Zheng et al. [179] prepared iV-alkylated polyaniline (Fig. 26g) 
starting from leucoemeraldine, the completely reduced form of 
polyaniline. For most samples studied, the alkylation was in the 



200 IKKALA AND TEN BRINKE 

3.0 3.4 3.6 

1000/r (K') 
Fig. 30. Li"̂  conductivity within the self-organized material consisting 
of poly(/?-phenylene) with oligo(ethylene oxide) side chains FFF(EO)x/y, 
where x and y are the number of EO units per side chain of the statis-
tical copolymer. Adapted from U. Lauter, W. H. Meyer, and G. Wegner, 
Macromolecules 30, 2092 (1997). 

range of 50-80%. Products with octyl or longer side chains showed 
strongly improved solubility in common organic solvents such as 
chloroform and toluene. Similar to the other systems discussed, 
self-organized layered structures in the bulk state are formed with 
a long period linearly increasing from ca. 20 to 32 A as a func-
tion of the side-chain length [179]. Order-disorder transitions to a 
disordered state were not observed. 

The final example discusses hairy rods in which the side chains 
are covalently connected but where specific physical interactions 
become crucial. In conjugated polymers, it is, in general, very im-
portant to control the conjugation length. However, in aromatic 
and heterocyclic conjugated polymers, there is a tendency for the 
consecutive rings to be in out-of-plane conformations, which cause 
a reduced conjugation length. In ladder polymers, consisting of 
fused rings, this tendency is strongly reduced [180]. Another pos-
sibility for achieving planarity in hairy rods, more related to the 
present review, is to use matching physical interactions. Delnoye 
et al. [181] and Moroni et al. [182] showed how to use additional 
hydrogen bonds to planarize the chains (Fig. 31). The concept is, 
of course, strongly related to the method in which a ladder struc-
ture is formed completely based on matching hydrogen bonds; see 
Figure 4c [13]. 

3.4. Self-Organization of Supramolecular Hairy Rods 

The results presented in the previous section demonstrate the 
general possibilities of obtaining self-organized lamellae using the 
hairy-rod concept. In the case of conjugated polymers, this opens 
up the possibility of achieving high charge carrier mobilities via 
two-dimensional transport [155]. Additionally, hairy rods offer op-
portunities to obtain ionically conducting films with high dimen-
sional stability due to the reinforcing effect of the rigid backbone 
[66]. In general, rigid and flexible polymers are incompatible [183, 
184]; however, the presence of flexible side chains represents one 
way of overcoming this limitation and creating true "molecular or 
nano composites" [185,186]. 

The possibility of obtaining comb copolymer structures via the 
supramolecular route, using physical matching interactions, such 
as ionic, coordination, or hydrogen bonding, was discussed in some 

C11H2/ C11H23' 

Fig. 31. Concepts to increase the planarity of hairy-rod polymers to be 
"ladder like" upon formation of hydrogen bonds. Adapted from D. A. P. 
Delnoye, R. P. Sijbesma, J. A. J. M. Vekemans, and E. W. Meijer, /. Am. 
Chem. Soc. 118, 8717 (1996); M. Moroni, J. Le Moigne, T. A. Pham, and 
J.-Y. Bigot, Macromolecules 30,1964 (1997). 

detail in Section 2. There the emphasis was on supramolecular 
comb copolymers with flexible polymer backbones. Since the syn-
thesis is so simple, i.e., common precipitation in water for poly-
electrolyte/surfactant complexes or solvent casting from a com-
mon solvent in the case of hydrogen bonding, the question nat-
urally arises whether hairy rods can be prepared via a similar 
supramolecular route; i.e., can hairy-rod molecules be synthesized 
by simply connecting the side chains by "recognizing" physical 
bonds? However, in the case of rigid rod polymers, the drasti-
cally reduced solubility is a most complicating factor. It therefore 
presents a real and exciting challenge to develop supramolecular 
routes for hairy-rod polymers. 

Working with polyaniline, a concept was introduced by Cao and 
co-workers [187, 188] for electrically conducting supramolecular 
hairy-rod polymers to allow increased solubility in low polar sol-
vents and network formation in polymer blends [188-190]. The 
stable undoped state of polyaniline consists of benzene diamine 
and quinode diimine moieties, the emeraldine base thus being a 
copolymer (Fig. 32). It can be doped by redox reactions by electron 
transfer but, importantly, its salts with strong acids are electroni-
cally conducting due to protonation of the iminic nitrogen and a 
subsequent redox reaction along the chain, as found by MacDi-
armid and co-workers [191,192]. Note, however, that even before 
their findings conducting polyaniline sulfate had been used [193]. 
Cao and co-workers took a sulfonic acid, able to protonate for con-
ductivity, which also has a low polar part, such as a flexible dode-
cyl alkyl tail in the case of dodecyl benzene sulfonic acid (DBSA) 
shown in Figure 32, two nonyl tails in the case of dinonyl naph-
thalene sulphonic acid, or an aliphatic ring in the case of camphor 
sulfonic acid (CSA) [187,188]. Note that in the latter case there is 
a characteristic carbonyl group, which can play an important role 
in the supramolecular structure formation due to its ability to form 
hydrogen bonds with solvent molecules [194] or to twist the chains 
to be chiral in solutions [195]. Here the main emphasis will be on 
the alkyl-modified dopants due to the analogy with hairy rods. 

The scheme of protonation of the emeraldine-base form of 
PANI by DBSA and the subsequent doping are also illustrated 
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Fig. 32. Emeraldine-base form of polyaniline and the protonation of its 
iminic nitrogen using DBSA and the subsequent intrachain redox reaction 
to form a conducting polyelectrolyte/surf actant complex of supramolecular 
hairy-rod architecture. 
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Fig. 33. Schemes of supermolecules consisting of the emeraldine-base 
form of PANI complexed by (a) a protonating amphiphilic acid, such 
as DBSA; and (b) a protonating amphiphilic acid and plasticizing am-
phiphiles, which are strongly bound to the backbone due to hydrogen 
bonds [100,188] or coordination bonds [113]. 

in Figure 32. The DBSA molecules typically consist of branched 
dodecyl tails, thus effectively suppressing the tendency for crys-
tallization of the side chains. The structure is denoted by the 
nominal composition PANI(DBSA)o.5. The hairy-rod-like super-
molecule consisting of a protonated PANI backbone and DBSA 
anion substituents is illustrated schematically in Figure 33a. The 
bonding is due to ionic interaction, thus the material can also 
be classified as a polyelectrolyte/surfactant complex; see Sec-
tion 2. The structure was studied by electron diffraction [196] us-
ing emulsion-polymerized samples that allow fibers. The struc-
ture is solid crystalline, and was determined using electron diffrac-
tion to be orthorhombic with lattice parameters a = 11.78 A, 
b = 17.91 A, and c = 7.16 A. At this point, it is im-

Fig. 34. Polyaniline emeraldine base whose iminic nitrogens have been 
protonated using DBSA and aminic nitrogens hydrogen-bonded to DBSA 
to form a supramolecular hairy-rod chain. 

portant to compare PANI(DBSA)o.5 with stoichiometric poly-
electrolyte/surfactant complexes of flexible nitrogen-containing 
polymers poly(4-vinyl pyridine) and poly(ethylene imine), i.e., 
P4VP(DBSA)i.o [89] and PEI(DBSA)i.o [97]. In the latter two 
cdiSQS, fluid-like self-organized lamellar materials are obtained (see 
Fig. 10a), with long periods of ca. 27 A. By contrast, stoichiomet-
rically protonated PANI(DBSA)o.5 [196] is an infusible crystalline 
material, as are also previously electrochemically synthesized con-
ducting polymer/surfactant systems showing self-organized lamel-
lar phases [101, 197]. In addition, PANI(DBSA)o.5 is still poorly 
soluble in low polar organic solvents (such as toluene), which in-
dicates that the volume fraction of the alkyl chains is still insuf-
ficient to achieve proper surface activity with respect to such sol-
vents [188]. In the case of hairy rods, the side chains act as plas-
ticizers and lead to melting-point depression, as discussed in Sec-
tion 2 [64]. For PANI(DBSA)o.5, one of the obvious sources for 
the crystallinity and the high melting point is the formation of in-
ternal hydrogen bonds due to the amines of the PANI chains. This 
suggests "protecting" the amines by additional plasticizing com-
pounds acting as spacer groups. However, as was pointed out be-
fore, most solvent molecules tend to phase-separate from rigid 
chains, and thus a particularly strong interaction is required. As 
hydrogen-bonding is an acid/base interaction, the strength can be 
increased by taking a larger acidity difference between the hydro-
gen bonding donors and acceptors. Therefore, it is a natural op-
tion to hydrogen-bond strongly acidic additional DBSA also to the 
amines, where protonation probably does not take place. The sug-
gested supermolecule would then be the one shown in Figures 33b 
and 34. The second motivation for using DBSA for plasticization 
is to "complete" the hairy rod with similar side chains as used for 
the protonation sites. 

Such PANI(DBSA);f with x > ca. 1.0 has indeed drastically 
modified properties in solution and in bulk. Figure 35 demon-
strates the improved solubility in low polar solvents, such as xylene 
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Fig. 35. Effect of added DBSA to promote solubility in xylene due to 
the surface-active nonpolar alkyl tails of DBSA. Adapted from Y. Cao, 
P. Smith, and A. J. Heeger, U.S. Patent 5,232,631,1993. 
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Fig. 36. Electrical conductivity of PANI(DBSA)i Q solution blended 
in decanol with ultrahigh-molecular-weight polyethylene. Adapted from 
Y. Cao, P Smith, and A. J. Heeger, U.S. Patent 5,232,631,1993. 

or toluene [188], which can be achieved by complexing, in addition 
to the 0.5 mol of DBSA required for the protonation, still another 
ca. 0.5 mol of DBSA. This concept allows preparation of solid films 
based on common solvents with conductivities as high as ca. 200-
400 S/cm [187, 188]. The solubility and conductivity are strongly 
dependent on the length and structure of the nonpolar surfactant 
tail, as was discussed before in this section in the case of poly(alkyl 
thiophene)s. For example, using octyl sulfonic acid, i.e., an alkyl 
tail of length n = 8 methyl units, the solubility in low polar solvents 
is reduced in comparison to the n = 12 for DBSA [187]. However, 
the conductivity simultaneously increases for shorter side chains, 
obviously due to a larger hopping conductivity between the chains 
[198]. For longer alkyl tails, such as in dinonyl naphthalene sulfonic 
acid with n = IS, the complexes become highly soluble even in, 
e.g., buthoxyethanol, methylethylketone, in addition to xylene, but 
the conductivity is strongly reduced [199]. Another feasible type of 
a "diphilic" sulfonic acid is camphor sulfonic acid, which, probably 
due to its polar hydrogen-bonding carbonyl group, allows high sol-
ubility in more polar solvents, such as m-cresol or hexafluoroiso-
propanol [187,194, 200, 201]. 

The solubility in common solvents allows preparation of poly-
mer blends based on solvent casting. Figure 36 shows the con-
ductivity of PANI(DBSA)i 0 solution blended with ultrahigh-
molecular-weight polyethylene (UHMWPE) at different concen-
trations after evaporation of the xylene solvent [187, 188]. A low 
percolation limit can thus be obtained in solution processing of 
commodity polymers. Corresponding results are also obtained in 
blends with other polymers, such as polystyrene and polyamide 12. 

Interestingly, complexing PANI with excessive amounts of 
DBSA also allows melt processibility. A particularly simple, al-
beit crude method is to dissolve the emeraldine-base form of 
polyaniline in DBSA in a mole ratio of ca. 1.0/1.0 mol/mol us-
ing an extruder at a temperature of ca. 150° C or higher with-
out auxiliary solvents [202]. This results in a waxy soHd mate-
rial that flows at elevated temperatures. The X-ray analysis in-
dicates a lamellar self-organized fluid-like structure with a long 
period of 27 A in bulk [100] (see Fig. 10a) and as also observed 
in P4VP(DBSA)i.o [89] and PEI(DBSA)i.o [97]. Such fusible 
complexes allow melt blending using extruders with commodity 
polymers, such as polyethylene, polystyrene, polypropylene, and 
poly(vinyl chloride) [203]. The conductivity level is typically 10~^-
1 S/cm and the percolation takes place at <10mol% PANI. How-
ever, optical microscopy suggests that in such compositions, nom-
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Fig. 37. Temperature-responsive conductivity of reversible PANI gels. 
Adapted from T Vikki, J. Ruokolainen, O. T. Ikkala, P. Passiniemi, H. Iso-
talo, M. Torkkeli, and R. Serimaa, Macromolecules 30, 4046 (1997). 

inally denoted as PANI(DBSA)i o> the emeraldine-base form of 
polyaniline may not dissolve completely in DBSA, as minor insol-
uble particles can be observed. This observation is not surprising 
as the emeraldine base is prone to crosslinking at the elevated 
temperatures required for the dissolution without an additional 
solvent medium. Therefore, the complexation should ideally be 
performed in solution. Finding a solvent medium is not straight-
forward because both the emeraldine base and the dopant acid 
should be soluble. Moreover, strong acids, such as sulfuric acid 
and methane sulfonic acid, are excluded because they compete 
with the protonation reaction by the actual dopant selected. On 
the other hand, basic solvents cause complexation between the 
dopant and the basic solvent. Hexafluoroisopropanol has been ob-
served to be a feasible solvent for preparing the complexes in so-
lution [204-206]. Formic acid has also been used as a medium in 
which the complex between the emeraldine-base form of polyani-
line and the dopant acid is formed [207]. The latter concept al-
lows reversible gels, i.e., fusible networks in solvents, taking into 
account that considerable excess of DBSA is selected [207]. An 
example of the latter case is that, after evaporation of the formic 
acid, PANI(DBSA)2.o is a rubber-like elastic solid, indicating the 
network structure of PANI(DBSA)i o in additional DBSA, which 
has a conductivity of 0.01 S/cm. Heating to ca. 200° C causes the 
material to behave as a viscous fluid and the conductivity drops 
a few orders of magnitude (see Fig. 37). A phenomenon like this 
allows external (temperature) control of the conductivity to con-
struct responsive materials. The elastic PANI(DBSA)x gels can 
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Fig. 38. Scheme of percolative network structures of PANI formed in a 
polymer blend based on supramolecular hairy rods. TEM illustrates a cross 
section of PANI hairy rods in polypropylene mixtures, showing areas of 
lamellar self-organization of the PANI/amphiphiles with a long period of 
ca. 30 A [214]. 

further be blended with thermoplastic elastomers, to render elastic 
conducting composites that conduct even at high elongation [208]. 

The previous examples describe concepts in which the supramo-
lecular hairy rods consist of protonating amphiphile dopants that 
are complexed due to charge transfer to the iminic sites of PANI 
and plasticizing amphiphiles that are complexed to the amininic 
sites due to the strong hydrogen bond caused by the highly acidic 
DBSA. Efforts to use less acidic amphiphilic platicizers easily lead 
to macroscopic phase separation due to insufficient bonding. Two 
possible alternatives for increasing the attraction are either to use 
coordination bonds [113] or to use multiple hydrogen bonds and 
TT-stacking [209, 210]. The first concept can be illustrated by the 
amphiphiles zinc(II) dodecyl benzene sulfonate and copper(II) 
dodecyl benzene sulfonate, i.e., Zn(DBS)2 and Cu(DBS)2. The 
supramolecular hairy-rod architectures are again as illustrated in 
Figure 33b, but this time the bonding to the aminic nitrogen of 
DBSA-doped PANI takes place through coordination. The latter 
concept, using multiple hydrogen bonding, is described later in 
some detail in the context of polypyridine (see Fig. 40) [211]. Both 
concepts result in fusible supramolecular self-organized hairy-rod 
materials that allow melt processing. Such supramolecular hairy 
rods consisting of PANI complexed with protonating amphiphiles 
and plasticizing amphiphiles allow network structures in polymer 
blends with low polar commodity polymers, such as polypropylene, 
polyethylene, and polystyrene [113, 209, 212, 213]. The network is 
schematically illustrated in Figure 38 and manifests itself in the 
achievement of conductivity at low polyaniline weight fractions 
(see Fig. 39). 

Ikkala and ten Brinke et al. [211] introduced a supramolecu-
lar route to obtain a supramolecular hairy rod from one of the 
simplest 7r-conjugated polymers, poly(2,5-pyridine diyl) or po\y(p-
pyridine) (PPY), involving a combination of ionic and hydrogen 
bonding (see Fig. 40) [211]. The procedure is reminiscent of the 
supramolecular P4VP(MSA)i o(PDP)i Q structures, considered in 
Section 3.1. PPY and a stoichiometric amount of MSA (1 mol 
PPY repeat unit vs 1 mol MSA) were dissolved in formic acid 
to form poly(2,5-pyridine diyl) methane sulfonate, PPY(MSA)i Q-
The polymeric salt obtained after evaporation of formic acid is in-
fusible and wide-angle X-ray scattering (WAXS) data show that a 
co-crystallized structure has been formed (Fig. 41). PPY(MSA)i Q 
was observed to be miscible in m-cresol, due to hydrogen bond-
ing between its aromatic hydroxyl group and the sulfonate group 

0.00 0.05 0.10 0.15 

PANI(DBSA)Q3 weight fraction (w/w) 

Fig. 39. Conductivity as a function of the weight fraction of supramolec-
ular hairy rods PANI(DBSA)o.5/Zn(DBS)2 of molar ratio 1.0/1.0 mol/mol 
in melt-blended low-density polyethylene blends. Adapted from T. Kama, 
J. Laakso, T Niemi, H. Ruohonen, E. Savolainen, H. Lindstrom, E. Virta-
nen, O. Ikkala, and A. Andreatta, U.S. Patent 5,340,499,1994. 
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Fig. 40. (a) Poly(/?-pyridine), i.e., PPY; and (b) polypyridinium methane 
sulfonate, PPY(MSA)i.o, and octyl gallate (OG). OG is a hydrogen-
bonding donor and able to perform simultaneously several hydrogen bonds 
with the sulfonate groups, which are hydrogen-bonding acceptors. The 
detailed scheme is unknown. Adapted from O. Ikkala, M. Knaapila, J. 
Ruokolainen, M. Torkkeli, R. Serimaa, K. Jokela, L. Horsburgh, A. P. 
Monkman, and G. ten Brinke,^iiv. Mater. 11,1206 (1999). 

of the polysalt. To yield self-organizing "hairy rods," however, 
longer side chains, i.e., stronger repulsion, is required. Due to 
the rodlike character, the situation is more delicate than in the 
case of P4VP(MSA)i 0 and, consequently, this can no longer be 
achieved by simply using alkyl phenols, such as PDP [211] in which 
case the hydrogen-bonding strength turns out to be too small and 
macrophase separation occurs. As it turned out, amphiphiles work 
that allow several hydrogen bonds at the same time, such as octyl 
gallate (octyl 3,4,5-trihydroxybenzoate, OG); see Figure 40. 

Mixtures of PPY(MSA)i Q and OG were prepared in differ-
ent molar ratios 1.0:0.5, 1.0:1.0, and 1.0:2.0 between MSA and 
OG. Here we will restrict our discussion to the last composition. 
The optical microscopy study of the supramolecular "hairy rod" 
PPY(MSA)i.o(OG)2.o showed that the material is an optically 
isotropic fluid above ca. 180° C, forms an optically anisotropic self-
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Fig. 41. WAXS patterns of PPY, PPY(MSA)i.o, OG, and 
PPY(MSA)i.o/OG in the mole ratio 1.0/2.0 mol/mol. Adapted from 
O. Ikkala, M. Knaapila, J. Ruokolainen, M. Torkkeli, R. Serimaa, K. 
Jokela, L. Horsburgh, A. P. Monkman, and G. ten Brinke, Adv. Mater. 11, 
1206 (1999). 

Fig. 42. SAXS intensity data of PPY(MSA)i.o/OG in the ratio 1.0/2.0 
mol/mol. Adapted from O. Ikkala, M. Knaapila, J. Ruokolainen, 
M. Torkkeli, R. Serimaa, K. Jokela, L. Horsburgh, A. P. Monkman, and 
G. ten Brinke,^^v. Mater. 11,1206 (1999). 

organized fluid in the temperature interval 110-180° C, and be-
comes a brittle co-crystallized solid below 110° C [211]. The SAXS 
data corroborate these findings (Fig. 42) by showing a distinct 
order-disorder transition at ca. 180° C. Above the ODT, a shallow 
correlation hole peak [38] is present, which turns into a sharp peak 
of much higher intensity on entering the ordered state. The melt-
ing of the co-crystallized low-temperature structure at ca. 110°C is 
clearly visible in the wide-angle X-ray scattering data [211]. 

Since the pyridyl rings of PPY are deficient of 7r-electrons, only 
n-doping yields moderate conductivity of approximetely 0.1 S/cm, 
whereas p-doping, based on electron withdrawal, is ineffective 
[215,216], which is also expected for protonation with strong acids. 
The main purpose of this scheme is therefore not the construction 
of electronically conducting self-organized supramolecular mate-
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Fig. 43. Electrical conductivity of PPY(MSA)i Q/OG in the mole ratio 
1.0/2.0 mol/mol. Adapted from O. Ikkala, M. Knaapila, J. Ruokolainen, 
M. Torkkeli, R. Serimaa, K. Jokela, L. Horsburgh, A. P. Monkman, and 
G. ten BrinkQ, Adv. Mater 11,1206 (1999). 

rials, but rather the presentation of a model system to demon-
strate the feasibility of such an endeavor. Still, PPY(MSA)i Q/OG 
in the 1.0/2.0 mol/mol systems shows moderate conductivities 
(Fig. 43) [211]. The results presented demonstrate the absence 
of conductivity in the low-temperature co-crystallized state and 
the concurrent increase in conductivity with the melting transi-
tion. Additionally, as in all previously discussed examples the con-
ductivity is not influenced by the order-disorder transition from 
the self-organized ordered state consisting of alternating polar 
(PPY(MSA)i 0 and aromatic parts of OG) and nonpolar (the octyl 
tails) layers. 

3.5. Externally Controllable Self-Organized 
Supramolecular Polymer Systems Allowing 
Electrical Switching 

As a function of temperature, many self-organized supramolecu-
lar polymer systems exhibit a series of phase transitions between 
different ordered structures (i.e., OOT) and from ordered struc-
tures to a disordered structure (ODT) as exemplified by the ex-
ample of PS-Z?-P4VP(PDP) introduced in Section 2.3.2 dealing 
with hierarchical supramolecular self-organization [134]. To ex-
ploit these transitions for, e.g., electroactive materials, a corre-
lation between the functional properties and the transitions has 
to exist. However, as demonstrated in Section 3.3, the ODT in a 
characteristic, ionically conducting, supramolecular comb copoly-
mer system, i.e., P4VP(MSA)i o(PE)P)i o, from two-dimensional 
conductive layers to a three-dimensional disordered conductive 
system is not reflected in the conductivity of the material [18]. 
Similar observations were made with respect to the conductiv-
ity of Li+ ions in self-organized oligo(ethylene oxide)-substituted 
poly(p-phenylene) [66] and with respect to the ionically conducting 
supramolecular hairy-rod system obtained from poly(p-pyridine), 
i.e., PPY(MSA)i.o/OG in the ratio 1.0/2.0 mol/mol [211]. All these 
examples involve transitions from two-dimensional conductive lay-
ers in a macroscopically isotropic grain boundary structure to a 
three-dimensional disordered system. Of course, if the systems 
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Fig. 44. Schematic illustration of the self-organized structures in PS-
6-P4VP(MSA)i o(PDP)i 0 supramolecular comb-coil diblock copolymers 
and their effect on the overall conductivity. A. Alternating layers of 
PS and layers consisting of one-dimensional slabs of P4VP(MSA) and 
PDP for T < ca. 100° C. B. Alternating layers of PS, which may ac-
tually contain already a small fraction of the PDP molecules, and dis-
ordered P4VP(MSA)(PDP) layers for T < ca. 150° C. C. Cylinders of 
P4VP(MSA)i 0 inside a matrix consisting of a homogeneous mixture of 
PS and PDP Note that for T > ca. 175° C, part of the PDP will diffuse 
back in the P4VP(MSA)i Q cylinders due to the phenomenon of reappear-
ing phases (cf. Fig. 19). In principle, this may give rise to a reappearing 
lamellar structure, for which some indications are present. Electrical con-
ductivity (o-) of PS-^-P4VP(MSA)i.o(PDP)i 0 is indicated during heating 
with 5°C/min, on the basis of ac impedance measurements extrapolated 
to zero frequency. Similar data are observed during cooling. Note that the 
order-disorder transition in the P4VP(MSA)(PDP) layers at ca. 100° C and 
the order-order transition at ca. 150° C are distinctively present in the con-
ductivity. 

were ordered macroscopically, as in many cases can be achieved 
by applying an oscillatory shear field [37], the ODT is expected to 
be reflected in the conductivity, which would then be anisotropic. 

A different situation arises when order-order transitions 
(OOTs) occur. For one specific system, Ikkala and ten Brinke et 
al. demonstrated a strong correlation between the conductivity 
and the nature of the ordered state [18]. This was accomplished 
by "confining" the P4VP(MSA)i o(PE)P)l.O system, discussed in 
Section 3.1, between polystyrene layers. Diblock copolymers of 
polystyrene and poly(4-vinyl pyridine) (PS-Z7-P4VP) were com-
bined with MSA and PDP to give rise to supramolecular comb-
coil diblock copolymer molecules PS-b-P4VP(MSA)i o(PDP)i.o; 
see Figure 17c. This system has a lamellar-inside-lamellar mor-
phology of alternating PS layers and layers consisting of alternat-
ing one-dimensional slabs of the polysalt P4VP(MSA)i Q and PDP 
at temperatures up to ca. 100°C (Fig. 44) [18]. The correspond-
ing long periods are ca. 350 A and ca. 48 A. At around 100° C, 
an order-disorder transition takes place, where the short-length-
scale order vanishes and disordered P4VP(MSA)(PDP) layers 
appear. The corresponding "unconfined" homopolymer system 
P4VP(MSA)i o(PE)P)l.O» discussed in Section 3.1, macrophase-
separates at ca. 170° C (Fig. 19) due to the fact that most hydro-
gen bonds are broken. In the present case, the P4VP(MSA)(PDP) 

layers are confined in between PS layers and, because PDP hap-
pens to be miscible with PS for T > ca. 135° C, the expulsion of 
PDP from the P4VP(MSA)i Q phase "pushes" the PDP molecules 
into the PS phase. As a consequence, the volume fraction of the 
PS phase increases considerably and an order-order transition to 
a cylindrical structure consisting of P4VP(MSA)i Q cylinders in-
side a homogeneous PS/PDP matrix takes place at ca. 150° C; see 
Figure 44 [18]. 

This series of transitions impUes that the conductive do-
mains, where the conductive species consists of the polysalt 
P4VP(MSA)i o» undergo a sequence of dimensionality transitions: 
one-dimensional slabs (T < ca. 100°C) -^ two-dimensional layers 
( r < ca. 150°C) -^ one-dimensional cylinders. The conductive do-
mains are insulated from each other by insulating PS and/or PDP 
material. This imphes that, as a function of temperature, locally 
the conductivity first occurs in one direction only, then in two di-
rections, and, finally, again in one direction. Since no effort was 
taken to macroscopically orient these samples, the macroscopi-
cally isotropic grain boundary domain structure makes it impossi-
ble to observe the local anisotropy in conductivity. Nevertheless, as 
shown in Figure 44, the dimensionality transitions are manifestly 
present in the macroscopic conductivity, the two-dimensional con-
ducting layers giving rise to a higher conductivity than either of the 
two one-dimensional conducting domain structures. This example 
shows that control of the microstructure allows a means to control 
the conductivity. 

4. CONCLUDING REMARKS 

The examples discussed in this review demonstrate that a combi-
nation of self-organization and supramolecular assembly is one of 
the most fruitful ways to achieve nanostructured materials with po-
tentially externally controllable functionalities, notably electroac-
tivity. Supramolecular comb copolymer-like structures are fre-
quently involved, the simplest ones having been obtained by com-
plexing (block co-) polymers with amphiphiles. In the case of 
semiflexible conjugated polymers, such as polyaniline or poly(p-
pyridine), the "side chains" induce the necessary processibility. For 
both flexible and semiflexible polymers alike, the comb copolymer 
nature gives rise to self-organized nanostructures with the func-
tional domains being spherical, cylindrical, lamellar, or continu-
ous. However, the anisotropy of the structures can only be fully 
exploited once the system, e.g., a thin film, is macroscopically ori-
ented. Here several options are available such as imposing an oscil-
latory shear flow or an electric field. For thin films, the latter seems 
most promising and we expect to see many new applications in the 
near future. 

Such systems generally exhibit complex phase behavior involv-
ing order-order and order-disorder transitions. With respect to 
the functional domains, these transitions frequently correspond to 
dimensionality transitions, which, if induced by external means, 
lead to externally controllable functional (electroactive) materi-
als. In this review, this principle was illustrated using a complex 
ionically conducting supramolecular comb-coil diblock copolymer 
with temperature being the external control parameter. 
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1. INTRODUCTION are displayed in Figure 1. The broad range of values encompassed 
by the conducting polymers and the possibility to change these 

Intrinsically conducting polymers (TCP) are macromolecular sub- values within this range by chemical or electrochemical manipu-
stances with structural features that permit the transport of elec- lations are particularly noteworthy. In addition to these materials 
trical charge, that is, that show electronic conductivity. The mov- and the already well established filled resins (polymers), there are 
ing electronic charges (i.e., electrons or holes) set these polymers numerous crystalline organic conductors composed of mostly large 
apart from ionic conductors (i.e., ion exchange polymers) and from organic ions that are arranged in the solid state in a way that en-
so-called filled polymers. The latter substances are basically poly- ables electric charges to move along (charge transfer salts) (for a 
mers with added conducting materials like graphite powder, car- recent review, see [1]). In inorganic chemistry, only (SN)x is known 
bon fibers, or finely dispersed metal particles. These materials to exhibit metallike conductivity [2, 3]. These latter substances are 
show electronic conductivity values that range from poorly con- not covered in this review. 
ductive substances to almost metallike conductivities. Typical val- The observed conductivities have suggested the use of the term 
ues of the electrical resistance (the reciprocal of the conductivity) "synthetic metals" as a general designation. Of course the actual 
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Fig. 1. Typical values of electrical conductivities of materials and possible 
areas of application. 

conductivity has some influence on the possible application as 
also indicated in Figure 1. Beyond the obvious use of these ma-
terials instead of traditional ones for electrostatic shielding [4, 5] 
or as a replacement for all sorts of wiring, ICPs have been sug-
gested for a large number of other applications ranging from ac-
tive components in batteries (see, e.g., [6]), fuel cells, or superca-
pacitors [7-12] to coatings in solar energy conversion systems to 
sensors [13, 14], as corrosion protection [15-19], molecular tran-
sistors, and nonlinear polymer devices [20, 21]. These applications 
have been turned into successful reahty sometimes; in many cases, 
developments and investigations are still under way. Numerous re-
views that focus either on selected classes of monomers (anilines, 
thiophenes, pyrroles, etc.) or on selected fields of application have 
been published [22-37]. 

ICPs can be prepared from a large number of organic mono-
mers by chemical or electrochemical methods. Both approaches 
involve the oxidation of the educt by using either appropriate ox-
idants or the anode in an electrochemical cell. Except for poly-
acetylene, all monomers and their respective polymeric oxidation 
products contain heteroatoms like oxygen, nitrogen, and sulfur. 
Those monomers, which can be electropolymerized, always con-
tain heteroatoms. A selection of parent compounds is depicted in 
Figure 2. 

This review covers investigations of ICPs either prepared elec-
trochemically or modified/investigated with electrochemical meth-
ods. With a few exceptions, most polymers prepared by elec-
tropolymerization are also studied with electrochemical methods. 
This is most likely due to the fact that electropolymerization re-
sults preferably in films that adhere to the electrode surface used 
as a substrate during polymerization. These samples—essentially 
polymer-coated modified electrodes—lend themselves to further 
investigations with said methods. On the contrary, chemical ox-
idation results preferably in powdery samples that are less suit-
able for electrochemical investigations. The experimental studies 
of these polymers make use of almost all kinds of electrochemi-
cal methods currently available. Unfortunately—and this has been 
known to electrochemists for a few decades—^purely electrochem-
ical methods provide only a rather general or macroscopic picture 
of the interface between electrolyte solutions and electrodes or of 
the species (films, adsorbates, etc.) present on the electrode sur-
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Fig. 2. Heteroatom that contains monomers of organic molecules that 
can be converted electrochemically into intrinsically conducting polymers. 

face. Any information about the microscopic structure—the type 
and mode of interaction between the species on the electrode and 
the electrode itself—is difficult or impossible to obtain with these 
purely electrochemical (sometimes called classical) methods. The 
use of a number of spectroscopic and surface analytical methods in 
electrochemical investigations, in particular, when applied under 
in situ conditions, has greatly improved our knowledge and under-
standing of electrochemical interfaces and interphases. Although a 
small number of books contain reviews that cover various spectro-
scopic and surface analytical methods as apphed to electrochemi-
cal problems [38, 39], the reader may not be familiar with all meth-
ods as applied to the investigation of ICPs. Consequently, this re-
view starts with a brief introduction to these methods. Sometimes 
the family that includes these methods is cdXltdspectroelectrochem-
istry. The report given here does not attempt to provide a compre-
hensive evaluation of all published reports devoted to the almost 
innumerable aspects of these methods and fascinating materials. It 
is, instead, focussed on the results of experimental investigations 
obtained with a family of methods commonly designated "spectro-
electrochemical methods." 

Following this overview of methods, the polymers grouped ac-
cording to their parent compound are treated. This approach does 
not stress the importance of a single method; instead, the polymer 
under consideration is the focus of interest. Nevertheless, in the 
treatment of all polymers, the attempt is made to indicate the syn-
ergistic effects of spectroelectrochemical methods, in particular, 
when the use of more than one technique has resulted in com-
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plementary results, which, in addition, support and confirm each 
other. 

2. SPECTROELECTROCHEMISTRY: 
AN INTRODUCTION 

The adaption of a large number of spectroscopic and surface sci-
entific methods to electrochemical systems has resulted in an over-
whelming wealth of experimental results that have helped to ex-
tend considerably our knowledge of structures and the dynamics 
of electrochemical interfaces and interphases. Whereas the for-
mer term refers to the immediate two-dimensional phase bound-
ary, the latter term stresses the fact that in both adjacent phases, 
layers in close proximity to the actual phase boundary may be con-
siderably different from the bulk of both phases. Consequently, 
a new term to describe this third phase in between the two bulk 
phases had to be coined. In the case of ICP, this aspect gains addi-
tional importance. Generally, electrochemical deposition of ICPs 
as treated in detail herein proceeds on the surface of an electron-
conducting material (in rare exceptions, the substrate may be a 
hole-conducting p-doped semiconductor). This material (the elec-
trode) provides the sink for the electrons released during oxida-
tion of the monomer: it provides a support for the deposition of 
the polymer. Any other property of the electrode is, in most cases, 
of no interest. The interest of the investigator (and perhaps the 
user later on) is focussed on the polymer layer, which forms a new 
phase at the interface. Because of the strong interaction between 
the film and the electrolyte solution (in most cases the formed films 
are polymeric and contain considerable amounts of electrolyte so-
lution) and the less intense interaction with the supporting elec-
trode, this interphase has to be considered and studied while al-
ways keeping in mind the presence of the other adjacent phases 
and their respective properties. 

A number of reviews that cover selected methods, families of 
related methods, or studies of usually narrowly defined subjects 
have been published [40-43]. Unfortunately, a timely overview to 
serve as a guide for a researcher looking for a method or a com-
bination of methods particularly suitable for a given problem is 
lacking: only a cursory review is available [44]. The purpose of this 
section is to narrow this gap.̂  Starting with a short look at spectro-
scopies at surfaces and surface sensitive analytical methods, a com-
prehensive overview of available spectroelectrochemical methods 
is given. Grouped according to the interfacial property of interest, 
the methods are characterized briefly. Several examples from vari-
ous areas of current electrochemical research are briefly discussed 
to illustrate the use of combined spectroelectrochemical and sur-
face sensitive methods as a way to obtain a more complete picture 
of electrochemical interfaces and interphases. 

2.1. Fundamentals 

At any given interface between two phases, the properties of both 
phases close to the interface, in particular those of the topmost 

^Because of the extremely large number of original reports still appear-
ing in growing numbers, this introduction is far from being a complete 
overview of the literature. Consequently, the quoted references do not rep-
resent an attempt to provide lists of the most recent or the most important 
publications: they are, instead, selected with respect to the relevance for 
the topic of the current review or because of their value as introduction to 
a given method. 

^ \̂̂ V/oA ^*V^ 
zi \ \ / - i + / 0 / - / 

Electrolyte 
solution 

^Electrode 
Fig. 3. Probes and signals in surface spectroscopy. Those that are appli-
cable ex situ only are printed in Italic type: W, heat, thermal radiation; 
H, magnetic field; E, electric field; e~, electrons; i+/^/~, ions or neutral 
atoms; h*v, electromagnetic radiation. 

layers, are different from those in the bulk. To separate this spe-
cial portion of a system from the bulk, the term interphase has been 
used to denote this quasi-phase in between the bulk phases. This 
term considerably expands the two-dimensional view of the phase 
boundary as a simple interface between two completely homoge-
neous phases. The particular properties of these interphases are of 
pivotal importance for their behavior in many areas of science and 
technology. In applied sciences, an improvement of these proper-
ties is possible only with as broad as possible a knowledge of them. 
In electrochemistry, the interphase properties are further compU-
cated by the involvement of charged particles and extremely high 
electric fields. 

Properties of interphases relevant for an understanding of the 
structures and dynamics present therein can be grouped into 
atomic (microscopic) and macroscopic. Classical electrochemical 
methods in most cases have provided only data pertaining to the 
latter. Nevertheless, the close relationships between both types of 
properties have allowed conclusions with respect to atomic models 
to be inferred from macroscopic information. Many spectroscopic 
methods applied to electrochemical problems in recent years have 
provided direct information on the atomic level. 

2.2. Spectroscopy at Surfaces 

The application of spectroscopic methods to surface studies always 
involves a probe used to stimulate or perturb the interphase in 
a well defined way. This causes a signal to be emitted from the 
interphase. In many cases, the signal is simply the modulated or 
somehow modified probe. Special care has to be exercised to ob-
tain information exclusively from parts of the interface as close as 
possible to the actual phase boundary. Many techniques are essen-
tially surface sensitive. In some cases, methods or sample systems 
have to be modified to achieve this surface sensitivity. 

Various probes and signals available for surface studies are de-
picted in Figure 3. Electromagnetic radiation (h'^v), neutral atom 
beams (/^), ion beams (i^^), magnetic (H) or electric (E) fields, 
and thermal excitation (W) can be used as probes or quasi-probes. 
Because of the numerous different types of interactions and re-
sulting signals, the possible combinations of probes and signals are 
myriad [45-47]. A list of acronyms and abbreviations is provided 
in the Appendix. 

2.3. Spectroelectrochemistry 

Obviously some probes and signals can be utilized only under ultra 
high vacuum conditions. Whereas spectroscopic studies of electro-
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chemical systems preferably should be done in situ [i.e., in the pres-
ence of the electrolyte solution (or electrolyte melt in some cases)], 
electrons, ions, and neutral particle beams cannot be used without 
a sample transfer. Even the remaining combinations are manifold. 
Nevertheless, some answers can be obtained only by using ex situ 
techniques. The methods developed by adopting methods of vari-
ous origins to electrochemical requirements, in particular for their 
use under in situ conditions, are commonly summarized as spec-
troelectrochemical methods. 

A brief overview of available methods can be obtained easily 
by looking at the various interphase properties and grouping the 
methods with respect to their ability to provide information rel-
evant to a particular property. In electrochemical systems, where 
an electrode is in contact with an electrolyte and possibly has been 
modified by an adsorbed species or a surface layer, these proper-
ties can be outlined as follows: 
Macroscopic properties 

• Optical absorptivity (color) 
• Optical reflectivity 
• Electrical conductivity 
• Crystallographic structure of the interphase 
• Concentration of adsorbed species (see also microscopic 

properties) 

Microscopic properties 

• Chemical identity of atoms and molecules in the interface, 
state of oxidation, coordination with further ligands, their 
distance from interacting atoms in the electrode surface 

• Type, strength and orientation of interaction between these 
particles and the electrode and their environment 

These various properties are collected together with a selection of 
methods suitable for their investigation in Figure 4. The acronyms 
are defined in the Appendix. For further information, see also [48, 
49]. Methods applicable under in situ conditions are emphasized 
because any conceivable influence of a sample transfer from the 
electrochemical cell into an ultrahigh vacuum (UHV) analysis sys-
tem accompanied by drying of the sample or exposure to the at-
mosphere may result in artifacts. This is most impressively demon-
strated in studies of corrosion layers on iron electrodes. Repeat-
edly, ex situ methods have yielded erroneous results, for example, 
because of dehydration of the corrosion products [50, 51]. 

2.3.1. Macroscopic Properties 

In many cases macroscopic properties of molecular as well as 
thick adsorbate layers or electrode coatings (e.g., ICPs) are closely 
related to their chemical composition, thickness, and several 
application-related parameters like, for example, color, conduc-
tivity, and state of passivity. 

The optical absorption in the UV-vis region of the electromag-
netic spectrum can be measured as a function of electrode poten-
tial and wavelength in external reflection or in transmission. In 
the latter case, the use of optically transparent electrodes (OTE) 
made, for example, of glass coated with indium-tin oxide or sput-
tered with gold or platinum are required. To minimize absorp-
tion, especially of colored electrolyte solutions, thin layer cells with 
short optical path lengths are preferred. Nevertheless, in many 
cases simple cells made of standard cuvets, working electrodes cut 
from coated glass, metal wires serving as counterelectrodes, and 
small sized reference electrodes mounted without protruding into 

ECESR* 
MS, TDMS 

DEMS, CD 
PTS, PAS 
IRRAS 
SRS, SERS etc 
UV-vis 

IRRAS 
SERS 
SRRS 
SERRS 
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ERS 
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,AES 
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LEED 
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INSEX 

Fig. 4. Selected spectroelectrochemical methods. The acronyms are de-
fined in the text on the Appendix. Methods that are printed in Italic type 
are ex situ methods; some nonspectroscopic methods are marked with 
ttn = asterisk (*); dashed lines indicate related properties of investigated 
species or systems. 

the optical beam can be manufactured easily [52,53]. Experiments 
can be performed in standard double beam spectrometers (for a 
typical ceU setup, see Fig. 28). In the reference beam, a complete 
cell is placed with a working electrode without the electrochemi-
cally active species present in the other cell. Any absorption of the 
electrolyte solution or the OTE itself is cancelled out by the nulling 
procedure of the spectrometer. Typical UV-vis spectra of ITO-
coated^ and gold sputtered glass electrodes are shown in Figure 5. 
With this arrangement, electronic transitions in the UV-vis region 
of surface films of, for example, conducting polymers deposited on 
the OTE have been investigated. As an example, in Figure 6 UV-
vis absorption spectra of a film of poly(2-propylaniline) on an ITO 
electrode are shown. Various electronic transitions caused by ex-
citation of electrons from TT ^- TT* and from binding to antibind-
ing polaron^ and bipolaron"^ states that change as a function of 
electrode potential can be seen. The extension of the electromag-
netic spectrum into the near infrared region (NIR) has so far re-
ceived only scant attention by spectroelectrochemists. This is most 
likely due to the fact that light absorption in this region tends to be 
rather unspecific. Mostly absorption by highly conjugated systems 
and overtone and combination bands of modes with a fairly high 
absorption cross section are observed. This has suggested the use 
of NIR spectroscopy for process and quality control. Only recently 
has NIR spectroscopy attracted some attention because optoelec-
tronic properties of ICPs tend to cause absorption in this particular 
wavelength region. The observed fairly broad bands are of interest 
especially in the interpretation of the behavior of mobile charge 
carriers. Unfortunately no review of this application is currently 
available. 

ÎTO is the acronym for Indium-doped tin oxide, which is a transparent 
and electrically conducting coating. 

În solid state physics, "polarons" are electrostatically induced local lat-
tice distortions caused, for example, by an electron in an ion crystal. In 
comnducting polymers, radical cations (unpaired electrons corresponding 
to positively charged holes) have a similar effect. 

"̂ Recombination of two polarons (similar to recombination of two elec-
trons resulting in Cooper pairs) leads to spinless bipolarons with a formal 
charge of 2+. For a detailed discussion, see the subsequent sections. 
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Fig. 5. UV-vis absorption spectra of various optically transparent elec-
trodes. 

Fig. 6. UV-vis spectra of a conducting polymer layer of poly(2-
propylaniline) deposited on a gold-sputtered glass slide electrode, £̂ SCE = 
-300 to +600 mV (first to last trace). For details, see [73]. 

In the case of dissolved reaction intermediates or products, the 
use of a transmission arrangement and OTE results in the detec-
tion of these species in the electrolyte solution. This method is, 
of course, not surface sensitive: it has been used frequently for 
the investigation of organic electrochemical reactions that involve 
various species of distinctly different UV-vis absorption [54, 55]. 
In the case of optically active disymmetric organic species, circu-
lar dichroism (CD) may be observed. Using a spectrometer with 
linear polarized light, the enhanced stereoselectivity of heteroge-
neous electron transfer processes can be demonstrated [56]. 

In the case of interphases on top of opaque or thick support-
ing electrodes, external reflection of the probe light beam that 

arrives at the electrode surface under investigation after passage 
through the adjoining electrolyte film provides the needed signal. 
Because no reference such as that necessary in conventional two-
beam spectrometers is available, some other parameter has to be 
modulated to get a spectrum that can be related to the defined 
states of the interface. Generally the electrode potential is modu-
lated. Consequently, the method is called electroreflectance spec-
troscopy (ERS). Whereas the interaction of species in the inter-
phase with the light depends on the plane of polarization of the 
incoming light, spectra obtained with p-polarized and s-polarized 
light are different in many cases, and these differences between 
corresponding spectra can be used in the interpretation.^ Molec-
ular adsorbates [57] and their orientation [58] as well as elec-
tronic transitions within the electrode material itself, which de-
pend on the crystallographic orientation of the electrode, have 
been studied [59]. Infrequently, measurements with internal re-
flectance have been reported [60], where the electrode is deposited 
on a transparent crystal and the probe light is guided into the crys-
tal under an angle, resulting in attenuated total reflectance (ATR) 
at the electrode-coated surface. Light absorption can be attributed 
to properties of species on top of the electrode. Unfortunately, 
self-absorption of the crystal complicates the measured spectra. 

In addition to different absorption of s- and p-polarized light 
by adsorbates or surface layers on electrodes, the phase shift be-
tween both is influenced during the passage. Simultaneous mea-
surement of these interfacial properties is done with ellipsom-
etry. The experimental development of automatic ellipsometers 
has greatly simplified the experimental procedure, but the inter-
pretation of results is difficult. Passive layers [61], underpotential 
metal deposits [62], organic adsorbates [63], and surface modi-
fying films [64] have been investigated. The range of accessible 
wavelengths has been extended from the UV-vis into the infrared 
region [65]; hence, experiments that cover a wide range of wave-
lengths within one set of measurements have become possible. 

The overall reflectance of an electrode surface measured with-
out respect to the wavelength of the incoming light is of low ex-
perimental importance. Light of high intensity in a narrow energy 
interval or at a single wavelength may induce nonlinear effects at 
the surface. Generation of light at the second (SHG) or the third 
harmonic frequency (THG) is a possible result. In the presence 
of molecular adsorbates, sum frequency generation (SFG), which 
combines the frequency of the incoming light and of molecular 
vibrations in the light emitted from the electrode surface, is ap-
plicable. The former techniques were used in studies of electrode 
coverage with simple adsorbates and of surface crystallographic 
structure [66,67]; the latter technique is suitable for investigations 
of organic adsorbates [68]. 

In the previous discussion, only reflection and absorption of 
light were considered. In many cases, the interaction of light with 
species in the interphase may cause further processes, for exam-
ple, by exciting electrons into upper states and forming electron-
hole pairs. Photovoltages measured directly (PVS) or photocur-
rents detected by applying a potential difference across the inter-
phase (PCS) as a function of exciting wavelength can be used, for 
example, to investigate optoelectronic properties of semiconduc-
tors [69]. 

^Despite the fact that measurement of spectra with both types of light 
and subsequent ratioing should be simple, so far no report of measure-
ments done with polarization modulation has appeared. This is a common 
technique in infrared spectroscopy at surfaces (see subsequent text). 
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Although the presence of electronic conductivity of an inter-
phase on an electrode can be related to various optoelectronic 
properties that also are measurable with spectroscopic techniques, 
the direct measurement of surface conductivities may provide di-
rect access to data. The technique itself is obviously no spec-
troelectrochemical method. It is, nevertheless, a surface sensitive 
method that provides results closely related to those of other meth-
ods discussed herein. Data on the electrosorption of alcohols on 
gold electrodes [70] have been reported. The electrode potential-
dependent conductivity of intrinsically conducting polymers de-
posited on a two band electrode embedded into an inert resin 
has been obtained with in situ measurements [71, 72]. Figure 7a 
shows the electrical resistance of a polyaniline film measured in 
situ under experimental conditions that suppress any influence of 
solution phase conduction with an applied small dc voltage (top 
curve). The influence of the electrode potential on the resistance 
is obvious. A detailed discussion of this relationship has been pre-
sented elsewhere [73]. Instead of a simple setup with only two ac-
tive electrodes, arrays of several electrodes [74] and comb-shaped 
arrays have been suggested [75]. A method with a similar sample 
electrode, but a different electronic setup wherein an ac voltage 
is apphed was described by Kankare and Kupila [76]. Results ob-
tained with an ac vohage are prone to distortion by the solution 
phase resistance, which is particularly disturbing with poorly con-
ducting polymer layers (see lower part of Fig. 7a). Results reported 
refer to the presence of polymers in the highly conducting, doped 
state. The influence of the degree of doping has not been investi-
gated. Instead of the fairly simple setup used in the investigations 
mentioned before, three other approaches have been used. Fre-
quently, impedance measurements of the solution-polymer-metal 
electrode interphase are made. From rather complex equivalent 
circuits or transfer functions, the polymer resistance is extracted 
as one of several quantities. In a method reviewed elsewhere [77], 
a constant dc current instead of a constant potential is applied. Es-
pecially in the poorly conducting reduced state of many polymers, 
this may result in considerable potential drops across the poly-
mer (several tens of miUivolts) with concomitant inhomogeneties 
within the polymer layer. Application of an ac voltage across the 
bandgap electrode as reported by Kankare and Kupila [78] results 
in the measurement of both the polymer resistance present be-
tween the two terminals as well as the solution resistance. Wereas 
the investigated ICFs are mostly very porous, especially in the re-
duced state the electrolyte solution, resistance dominates the pic-
ture. As shown in Figure 7a, the use of an ac voltage instead of a 
dc voltage in the simple setup described by Holze and Lippe shows 
a much smaller range of changing conductivities, which is even 
more evident when the axis is scaled for both types of applied volt-
ages in the same way (Figure 7b). An experimental approach that 
involves polymer samples grown laterally between fairly widely 
spaced electrodes was described by Morvant and Reynolds [79]. 
Lankinen et al. developed a similar experimental approach termed 
contact electric resistance [80,81] that was based on work reported 
by Charny et al. [82]. With this method, the investigated polymer 
film is deposited on a flat electrode surface. By means of an in-
ert probe electrode that is brought into contact and an applied 
direct current, the measured voltage drop is converted into the 
polymer film resistance. The obvious drawback caused by the con-
stant current instead of a constant voltage (see preceding text) has 
not been addressed. Another problem not mentioned is the influ-
ence of the polymer film compression on the actually measured 
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Fig. 7. Electrical conductivity of a film of polyaniline deposited on a 
double-band electrode measured as a function of electrode potential in 
situ in a solution of 1-N H2SO4 with a dc voltage (top) and an ac voltage 
(bottom) applied. Data for (a) from [72]; data for (b) are from [73]. 

conductance. An approach that is different in terms of applied sig-
nal was developed by John and co-workers [83, 84]. Based on a 
device developed originally by Deutscher et al. [85] and termed a 
resistometer, the conductivity of a polymer sample is measured by 
applying a galvanostatic pulse of short duration. By repeating this 
during a slow electrode potential scan on line data related to the 
kinetics, changes of the polymer induced by the electrode poten-
tial were supposedly monitored. Based on the reported data, the 
results closely resemble those obtained by applying an ac voltage. 

The crystallographic structure of interphases with at least a 
minimum of periodicity (i.e. crystallinity) can be investigated with 
various methods. In situ the application of X-ray diffraction (IN-
SEX) is possible. Because of the depth of penetration of X-ray 
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beams, both in the transmission and the external reflection ar-
rangement, the sample has to be made very thin to minimize un-
wanted contributions from the bulk of the electrode. Crystalline 
products of corrosion processes [86, 87], surface films [88], surface 
reconstruction [89], and catalyst systems [90] have been investi-
gated. 

Dynamic diffraction of an X-ray beam at lattice planes close 
to the surface of a perfect single crystal can result in standing X-
ray waves (XSW). Measurements of the geometry of the standing 
wave or of photoelectrons released by the XSW can yield infor-
mation on the position of atoms relative to the diffracting lattice 
plane in the interphase [91-93]. 

The surface morphology of both crystalline and amorphous 
electrode surfaces or interphase layers can be studied in situ with 
various scanning probe methods. The most popular method seems 
to be scanning tunnelling microscopy^ (STM). This method is 
based on the very pronounced dependency of the tunnelling cur-
rent on the distance between a sharp tip and a conducting sur-
face. By scanning a surface with such a tip at a constant mechan-
ical distance, changes in the local distance between surface and 
tip as a result of atomic morphological features on a microscopic 
scale result in dramatic changes of the tunnel current. This in turn 
can be used to map the microscopic morphology of the surface. 
Numerous studies that pertain to processes that involve metal de-
position, dissolution, corrosion, and reconstruction have been re-
ported [94]. The investigation of organic adsorbates has been ham-
pered so far by considerable difficulties during interpretation of 
the obtained tunnelling current versus surface topography data. 
The envisioned use of the STM arrangement in tunnelling spec-
troscopy [95] may provide additional information on vibrational 
properties of organic adsorbates and thus ease the interpretation 
of STM data. Experiments with intrinsically conducting polymers 
have been described [96]. 

With a small tip scanning the electrode surface mechanically 
with a very low contact pressure, the morphology including fea-
tures of adsorbates can be determined. Because van der Waals 
force interactions basically are probed, this method is termed 
atomic force microscopy (AFM) [97]. Initial applications in metal 
deposition studies have been reported [98]. 

Macroscopic properties of adsorbates and interphases that are 
not sensitive toward a transfer of the sample from the electro-
chemical cell into an analysis system (in most cases aUHV cham-
ber) can be studied ex situ with additional techniques. Crystallo-
graphic data can be derived from low-energy electron diffraction 
(LEED), which is possible only if the sample has a minimum de-
gree of ordering. 

Surface concentrations of adsorbed or deposited species can 
be derived from a number of methods discussed previously. In the 
case of absorption spectroscopies, the extinction of the probing 
light corresponds more or less directly to the degree of coverage; 
an independent means to perform calibrations is generally neces-
sary. The intensity of SHG signals also corresponds to the cover-
age. Further details have been reviewed elsewhere [99]. 

The concentration gradient of species moving either toward the 
electrode or into the solution can be measured with the probe 
beam deflection (PBD; also called the "Mirage" effect) tech-
nique [100-104]. A light beam (in practically all reported cases, 

^This method is obviously not spectroelectrochemical. It is, nevertheless, 
often mentioned and discussed in the context of spectroscopic techniques. 

a laser beam) passes the solution phase close to the solution-
electrode interface. Depending on the presence of a concentration 
gradient in the solution, which in turn causes a density gradient 
that also affects the optical density, the light beam is deflected. 
This can be used to monitor the flux of species to and from the 
electrode surface. 

2.3.2. Microscopic Properties 

In most electrochemical experiments that involve complex adsorp-
tion and/or reaction steps, the identification of adsorbates, in-
termediates, and reaction products, and their relationship to the 
electrochemical environment are of central importance. As was 
pointed out in the previous section, some information about the 
chemical identity of species involved in the reaction can be gleaned 
indirectly from the macroscopic properties of the interphase. Un-
ambiguous identification is, nevertheless, possible almost exclu-
sively only with additional spectroscopic techniques. 

As already visible in Figure 4, a broad array of methods is avail-
able for this task. Direct identification of volatile molecular species 
present on or near an electrode surface is possible with differen-
tial electrochemical mass spectrometry (DEMS) [105-107]. For 
this method, the electrode has to be porous and gas permeable. 
It is mounted on the inlet port of a mass spectrometer. Because of 
the pressure gradient between the vacuum and the electrochemi-
cal cell with its porous electrode and adjacent electrolyte solution 
at ambient pressure, volatile species are sucked into the mass spec-
trometer and analyzed therein. 

Sometimes reactive intermediates, particularly, in electroor-
ganic reactions, have unpaired electrons and, consequently, show 
typical properties of a radical. Although the free spin of the elec-
tron is generally quenched when strong adsorptive interaction with 
a metallic surface occurs and is, consequently, not detectable, 
sometimes the electrochemical reaction sequence allows detec-
tion of these radicals by electrochemical electron spin resonance 
spectroscopy (ECESR). This observation is possible when the rad-
ical desorbs and is present in the electrolyte solution phase in a 
concentration sufficiently high for detection by ESR or when the 
radical is separated from the metal by a suitable spacer (i.e., in-
corporated in an insulating interphase on the surface). A variety 
of electrochemically generated radical intermediates have been 
studied in situ with various electrochemical cells [108-110]. The 
ECESR spectra of the chemically and electrochemically gener-
ated radical of nitropropane are displayed in Figure 8. By com-
parison with calculated spectra and assuming a charge distribution 
as depicted in the insert, the most likely structure of the radical 
cation is derived [111]. Radical cations formed during electroox-
idation of electrochemically active polymers can also be studied 
with ECESR [112,113]. As an example, ECESR spectra of polyin-
doline are displayed as a function of the electrode potential in Fig-
ure 9. With an increase of the electrode potential toward anodic 
values, the polymer is oxidized (p-doped). The unpaired electron 
causes a radical-cation-like behavior. The high degree of dereal-
ization results in a single line spectrum is discussed in detail sub-
sequently (for further discussion, see [114]). 

The chemical identity of molecular adsorbates on electrode, 
surfaces can be derived from their vibrational behavior. In situ in-
frared and Raman spectroscopy are possible. Because of the strong 
IR absorption of most electrolyte solvents, modulation techniques 
are necessary. Such methods as electrode potential and polariza-
tion modulation have been employed [115,116]. Modulation is not 
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Fig. 8. Electron spin resonance spectrum of the electrochemically formed 
nitropropane radical anion, (b) Calculated spectrum: coupling constants 
«N = 2.48 mT, an = 0.998 mT. Most likely charge distribution in the 
radical cation. For further details, see [111]. 
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Fig. 10. SER spectra of a polycrystalline gold electrode in a solution of 
0.1-M KCIO4 in water. The concentrations of 2-buten-l,4-diol are indi-
cated in the figure. ̂ sCE = 0 V (upper trace); 0.245 V (lower trace); reso-
lution 7 cm~^. 
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Fig. 9. ECESR spectra of a film of polyindoline in 1-N H2SO4 at £sCE = 
-10 and-110 mV. 

necessary with Raman spectroscopy in the case of aqueous elec-
trolyte solutions, because water is a very poor scatterer. The low ef-
ficiency of the Raman process makes simple surface Raman spec-
troscopy (SRS) rather insensitive. Giant enhancement of the scat-
tered signal intensity has been observed after various surface treat-
ments, in particular, of coinage metal surfaces (Cu, Ag, and Au). 
The resulting microstructure of the sample surface and additional 
surface specific enhancement effects result in a 10^-fold increase 
of the scattered signal intensity. The effect and numerous applica-
tions have been reviewed extensively [117]. The extension of the 
method toward other metals is of considerable interest; overviews 
have been provided elsewhere [113, 118]. In addition to identifi-
cation of the adsorbate, these methods also provide information 
about the orientation of the adsorbate and its interaction with the 
environment. A combined use of both methods sometimes provide 
complementary information that yields a more complete model of 
the adsorbate structure. This can be demonstrated with results of 
a study on the adsorption of 2-butene-l,4-diol on a polycrystalline 
gold electrode. Previous eiectrosorption studies with classical elec-
trochemical methods have indicated a rather strong physisorption 
of the alcohol from a neutral aqueous solution [119]. With respect 
to the orientation of the molecule on the surface and the influence 
of the electric field in the double layer upon the intramolecular 
binding, no information could be derived from these electrochem-
ical measurements. Using both vibrational spectroscopies, various 
vibrational modes were detected (see Figs. 10 and 11). Interpreta-
tion of the spectra based on a comparison with vibrational spectra 
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Fig. 11. Potential dependent IR spectra of a gold electrode in an aqueous 
solution of 2-mM 2-buten-l,4-diol and 0.1-M KCIO4 in water. Electrode 
potentials are as indicated, 256 or 512 scans at each electrode potential; 
resolution 8 cm~^. 

of the alcohol in bulk form and dissolved in the neutral electrolyte 
solution resulted in an adsorbate structure with a 7r-bond system of 
unsaturated alcohol interacting strongly with the electrode side-on 
(vibrational mode of the C=C bond around 1598 cm~^) and with 
the C - O H bond (vibrational mode of the C - O H bond around 
1030 cm~^) orientated tilted or perpendicular with respect to the 
electrode surface toward the electrolyte solution. This information 
is helpful for understanding the mechanism of electrooxidation of 
this alcohol [120-122]. 

Whereas the acquisition of spectra usually takes some time 
in the second range (or longer), most spectroscopic methods, in 
particular, vibrational spectroscopies, are less suitable for stud-
ies of reaction kinetics and investigation of transient intermedi-
ate species with short lifetimes. More recently, in particular, with 
Fourier transform infrared (FTIR) spectrometers, these studies 
have become possible, although very fast reactions and unstable 
species are still beyond reach [123-136]. Similar developments 
have been made in Raman spectroscopy [137]. 

These techniques are applicable basically to solid electrodes 
with a smooth or, in the case of IR spectroscopy, carefully pol-
ished surface. For technologically important rough or porous sam-
ples, which are sometimes of interest, vibrational spectroscopy at 
their surface is possible with photoacoustic (PAS) and photother-
mal spectroscopy (PTS) [138]. 



SPECTROELECTROCHEMISTRY OF CONDUCTING POLYMERS 217 

After identification of an adsorbate, additional information 
may be obtained from an intermediate or a reaction product by 
one of the methods discussed or based on further information 
about the electrochemical process. 

Of course, vibrational spectroscopy generally yields data suit-
able not only for identification of the adsorbate, but also indicative 
of intramolecular changes affected by interaction with the elec-
trode surface or interactions within the interphase. These data may 
even contain information that pertains to the type and strength of 
interaction with the electrode surface. 

In the case of metallic adsorbates (metal deposits, upd layers, 
catalytically active metal deposits), the type of coordination to sur-
face sites (one-, two-, or threefold, etc.) and the distance to these 
sites may be of interest. Conversely, the same type of data may be 
of importance in the case of adsorbed ions on metal electrodes 
or the atomic environment of a given atom or ion in an inter-
phase. Analysis of the fine structure of X-ray absorption (EXAFS, 
XANES) close to the X-ray absorption edge of the species (atom) 
of interest yields these data provided the sample can be prepared 
in a very thin layer to exclude unwanted bulk interference. Other-
wise, the experiment can be done in reflection (SEXAFS). Infor-
mation about the distance between the atom of interest and the 
first and sometimes even second shell of the surrounding species 
can be derived from the spectra [139]. Availability of a suitable 
light source, generally a synchrotron, is an experimental prerequi-
site. This method has been applied in studies of passive and cor-
rosion layers on various metals [140] and of molecular and ionic 
adsorbates on single crystal surfaces [141]. 

Very similar information can be obtained with the experimen-
tally less demanding Mossbauer spectroscopy. The resonant ab-
sorption of 7 radiation by certain atomic nuclei (̂ ^Fe and ^^^Sn; 
several other isotopes of technical interest, e.g., ^^Co, can also be 
studied in the emission mode) yields information about the close 
environment of this atom. By comparison with standard samples, 
the chemical environment of a given atom, the specific type of 
chemical compound in which it is incorporated, and further mor-
phological information can be derived from the Mossbauer spec-
tra [142]. 

Local electron densities that typify a chemical environment can 
be studied with in situ positron annihilation spectroscopy (PASCA) 
[143]. 

Ex situ identification and investigation of adsorbed species is 
possible provided the interaction between adsorbate and electrode 
is strong enough to keep the interface unchanged even after mov-
ing the electrode into an UHV chamber. Elemental identification 
is possible with various electron spectroscopies. Auger electron 
spectroscopy (AES) is particularly popular and can be used for 
quantitative measurements (degree of coverage) too [144]. The 
state of oxidation can be studied with photoelectron spectroscopy 
[electron spectroscopy for chemical analysis (ESCA) or X-ray pho-
toelectron sectroscopy (XPS)]. 

Various mass spectroscopies are applicable ex situ to obtain 
molecular information. Secondary ion mass spectroscopy (SIMS) 
can be used [145]. Thermal desorption mass spectroscopy, a less 
intrusive and more surface sensitive tool, is a viable alterna-
tive [146]. So far, the latter method has been preferred for appU-
cation to adsorbed hydrogen and carbon monoxide formed in the 
electrochemical reaction of organic CHO compounds. 

3. POLYANILINE AND RELATED POLYMERS 

Polyaniline (PANI) is an outstanding member of the family of in-
trinsically conducting polymers. This family represents a fairly new 
class of materials that combine typical properties of metals and 
synthetic polymers. They do this in a way that is so fascinating that 
they are called synthetic metals sometimes. Essentially these ma-
terials are synthetic polymers that contain mostly carbon, hydro-
gen, and, to a much lesser extent, atoms such as sulfor or nitrogen 
that are kind called heteroatoms in organic chemistry. Their elec-
tronic conductivity is called intrinsic because it is caused by the 
presence of particular molecular structure elements that enable 
electric charges to move around without the need of added metal-
lic or metallike materials that are used in filled resins like graphite-
containing rubber. Consequently, these new materials combine 
typical properties of organic polymers like low density and spe-
cific forms of polymer processing with properties of metals like 
conductivity, color, and so forth. 

Polyaniline as a chemical substance has been known for quite 
some time. A black product obtained by treating aniline with ox-
idizing compounds, it was discovered by Runge in 1834. Its first 
more precise description as an oxidation product of aniline was 
reported by Fritzsche [147]. It was obtained later as a product 
of electrooxidation of aniline by Letheby [148]. A slightly more 
precise characterization of this material as an oligomer of aniline 
was provided by Goppelsroeder [149]. The first fairly detailed de-
scription of this product as a chain of aniline molecules coupled 
head-to-tail with the para position of the aromatic ring involved 
was provided by Green and Woodhead [150] and by Willstatter 
and Dorogi [151], whereas Yasui [152] described the polymeriza-
tion product as a "black substance." The electric conductivity and 
other special properties such, as electrochemical redox activity, re-
versible doping/dedoping, and electrochromism, are rather recent 
discoveries [153]. Together with comparable results obtained with 
other synthetic polymers like polypyrrole or polythiophene (see 
subsequent text), polyaniline has caused an explosive growth of 
experimental investigations aimed at identification of the mecha-
nism and kinetics of the formation of these materials, their molec-
ular structure, their electrooptical and solid state properties, and 
their possible appHcations. 

Polyaniline has attracted extraordinary attention, presumably 
for at least two reasons: (1) It can be prepared easily by both chem-
ical and electrochemical oxidation processes under fairly conve-
nient experimental conditions (aqueous solutions, many electrode 
materials are suitable) and (2) it shows a particular sensitivity 
to the proton activity of its environment because of the nitrogen 
atom, which is not part of the aromatic ring system. This interest 
has resulted in an overwhelming number of original reports and 
a considerable collection of reviews [25, 154-160]. Consequently, 
there is no need to treat all these aspects in detail. Instead, the fol-
lowing overview aims at a critical discussion of some aspects that 
are currently the subject of ongoing debate and it incorporates 
a critical reevaluation of our own contributions in this field. The 
discussion is organized into sections that deal with the formation, 
the materials properties, the possibilities to influence and apply 
these properties, and the degradation. Particular attention is paid 
to properties of polymers derived from substituted anilines and 
from molecules related to aniline and considered as suitable re-
placements for aniline in certain applications. An overview of the 
molecules investigated within this work is provided in Figure 12. 
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Fig. 12. Structural formulas of aniline and substituted anilines investi-
gated in the work reviewed herein. 

The following sections cover the preferred electrochemical as-
pects of the formation and the materials properties of the investi-
gated monomers and their relatives as revealed with spectroscopic 
and surface sensitive methods. Results obtained with other meth-
ods (scanning probe microscopies and, especially, traditional elec-
trochemical techniques) are quoted only in passing when deemed 
necessary for a better understanding of the spectroelectrochem-
ical results. Because of the numerous reviews that cover a very 
broad range of conceivable and potential applications, no atten-
tion is paid to this aspect. 

3.1. Formation of Polyaniline and Related Polymers 

PANI and the polymers of substituted anilines can be formed 
by chemical oxidation or electrooxidation. Although the former 
process is more suitable for the production of large volumes of 
polymers, it results predominantly in powders that are difficult to 
process. Despite the striking similarity between the polymers dis-
cussed here and numerous thermoplastic polymers used in man-
ufacturing, the processability of PANI and its relatives is still 
poorly developed. Various reported attempts to improve process-
ability are based on suitably substituted monomers (in particular, 
alkyl-substituted anilines), the use of special counterions that are 
present in the conducting form of the polymer because of the need 
for charge compensation (see subsequent text), copolymerization, 
or blending (for a selection of reports, see [161-182]; approaches 
to soluble PANI also have been reported [183]). For many pro-
jected applications, the deposition of the polymer as a thin film 
(on a substrate or free standing) or as a more or less thick coating 

is desirable. With electrochemical polymerization the products are 
practically always deposited directly on the electrode.'̂  

The mechanism and the kinetics of PANI formation have been 
the subject of numerous investigations devoted to identification of 
the steps of the electrooxidation and electropolymerization pro-
cess and any intermediates. This knowledge gains additional im-
portance when relationships between the mechanism of polymer-
ization and possible reaction pathways and properties of the poly-
meric product are sought. Figure 13 depicts a very general pathway 
of aniline oxidation and the formation of first oligomers. The ini-
tial step in all cases seems to be the adsorption of the monomer 
from the electrolyte solution on the electrode surface. This is a 
necessary prerequisite for the consequent charge transfer during 
the electrooxidation step. Investigations of the adsorption of ani-
line or related compounds are scanty. Nevertheless, a detailed un-
derstanding of this initial step is desirable. Measurements of the 
thermodynamics of adsorption have been done with tensamme-
try [184,185] and the radiotracer method [186]. Results indicate a 
strong adsorptive interaction (chemisorption) with a free enthalpy 
of adsorption of about AGad = -40 kJ mol~^ Information about 
the geometry of adsorption, which better suits understanding of 
the geometry of the substrate-electrode interaction, has been ob-
tained with surface enhanced Raman spectroscopy (SERS) [187]. 
With a neutral electrolyte solutions, an interaction with the gold 
electrode via the lone electron pair of the nitrogen atom led to 
the conclusion of a more or less perpendicular orientation. The 
results of measurements with acidic solutions imply a side-on ori-
entation of the anilinium cation. Similar results obtained with in 
situ infrared spectroscopy were reported by Bockris and Jeng [188, 
189]. At first glance, the latter result cannot be brought into close 
matching agreement with the simple reaction model proposed in 
Figure 13. According to Dunsch [190], the anilinium cation is de-
protonated on the electrode surface before undergoing the oxida-
tion step. This conclusion was based on electrochemical measure-
ments with a rotating-disk electrode. Direct evidence from spec-
troscopic measurements of this process is lacking so far. Note that 
results of spectroscopic measurements used in support of a pro-
posed reaction pathway should be considered with care. Practically 
all spectroscopic methods yield results that primarily support the 
species that can be detected most easily or that is most stable. Un-
fortunately this reaction intermediate is not necessarily the reac-
tion intermediate in the main reaction pathway; in the worst case, 
it is actually a byproduct formed at the end of a dead end reac-
tion [113]. 

In most reports that deal with electropolymerization of aniline 
and its derivatives, the formation of a cation radical or another 
intermediate in the initial stage of the process is assumed [191]. 
A basic reaction mechanism of the anodic oxidation of anilines 

^For experimental details of the electrochemical as well as spectro-
copic investigations, the reader is generally referred to the original reports 
quoted in this review. Introductory information with respect to most spec-
troscopic methods was provided in the preceding sections. Only in a few 
cases are experimental details that are deemed necessary for the under-
standing of the figures or are of vital importance included. Some general 
information: f̂ BHE indicates electrode potentials measured with respect 
to a hydrogen reference electrode filled with the electrolyte solution used 
inthe experiment; ^SCE indicates electrode potentials measured with re-
spect to a saturated calomel electrode (^NHE = 241 mV); £̂ SSCE iî di-
cates electrode potentials measured with respect to a saturated calomel 
electrode prepared with a sodium chloride solution (£^NHE = 236 mV). 
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Fig. 13. General reaction mechanism for polyaniline formation. 

that leads to head-to-tail, head-to-head, and tail-to-tail dimers as 
well as to polymer products, with the participation of electrogen-
erated cation radicals, was proposed in early works [192-196]. 
Radical-radical coupling as well as radicalic substitution reactions 
are conceivable pathways. Because the formed oligomers (dimers 
and higher oligomers) can be oxidized themselves (and in most 
cases, more easily because of the more extended organic molecule 
available for charge distribution, i.e., a lower HOMO ), they 
participate in the polymerization reaction as Heinze et al. [197] 
pointed out for various polymers. 

Direct proof of the radicalic nature of the reaction intermedi-
ate proposed in the reaction scheme can be expected from in situ 
measurements with ECESR. Experimental attempts with aniline 
in aqueous solution, using a previously described electrochemi-
cal cell [198, 199] (for details see subsequent text) and based on 
a design by Allendoerfer et al. [200] (reported elsewhere in de-
tail [201]), all have failed. A single line spectrum always has been 
observed. This indicates the presence of highly delocalized spins 
attributed to radical cations formed on the polymer chain (see 
following text). Initial assignments of this line as a Dyson-type 
line caused by free electrons have turned out to be inappropri-
ate. An investigation of the change of the electron spin resonance 
(ESR) signal amphtude during electropolymerization revealed in-
teractions between the cations formed on the polymer and the 
monomer present in solution [202]. The latter detail is the main 
difference from the numerous ESR studies reviewed in detail sub-
sequently. The major result is the observation that after stopping 
electrolysis at a highly positive electrode potential, the ESR in-

^HOMO is the acronym for highest occupied molecular orbital. An elec-
tron is drawn from this molecular orbital during electrooxidation. 

tensity rapidly increases again. This increase is caused by the con-
version of spinless systems in the film into spin-carrying radical 
cations. Whereas this was observed only in the presence of aniline 
in the solution phase, participation (perhaps by chemical oxidation 
of solution phase monomers via the positive charges on the film) 
seems to be effective. This result fits with observations reported by 
Pekmez et al. [203], who stated the importance of protonated sites 
on the polyaniline, in particular, in its pernigraniline form (which 
essentially does not contain free spins) with aniline monomer units 
that resuh in their oxidation with a concomitant loss of pernigrani-
line sites. 

The absence of an ESR signal caused by a monomeric radi-
cal cation can be explained readily when considering the reactivity 
of the aniline radical cation. According to Neugebauer et al. [204], 
this radical is highly reactive, but ESR spectrum could be recorded 
only in a flow apparatus under fairly extreme conditions. The fail-
ure to observe an ESR spectrum with the hyperfine splitting in-
dicative of a molecular (not an oligomeric) unit with an unpaired 
electron can be explained with various arguments, which are all 
related to the high reactivity. The detection limit of ESR spec-
troscopy is very low. Consequently, the absence of the ESR spec-
trum implies an extremely low stationary radical concentration 
(if any). This argument has to be considered with care, because 
the use of the ECESR cell drastically raises the detection limit. 
Upon substitution of the aniline molecule, the situation changes 
considerably. With AT, AT-dimethylaniline, the ESR spectrum dis-
played in Figure 14 could be recorded [205]. Results similar with 
respect to the stabilizing influence of A^-substitution at the nitro-
gen atom of aniline were obtained during chemical oxidation of 
various A/̂ -substituted anilines by Yatsimirskii et al. [206]. Further 
substitution was used by Male and Allendoerfer [207], who ob-
served a complete ECESR spectrum of p-aminodiphenylamine. 
A highly substituted aniline (2,6-di-reAt-butylaniline) was investi-
gated by Speiser et al. [208], whose results again imply a radical 
cation as the oxidation product. No polymerization was observed. 
Very similar results were observed with 2,4,6-tri-te/t-butylaniline 
as the monomer by Cauquis et al. [209, 210]. Yang et al. [211] 
investigated the ESR and UV-vis absorption of diphenyl-para-
phenylenediamine and tetraanilinobenzene in the electrode po-
tential range between the first and the second oxidation current 
wave. The fairly broad, yet extremely poorly resolved, ESR spectra 
seem to indicate the presence of some hyperfine splitting, which 
may be taken as an indication of the presence of radicalic species. 
Optical absorptions observed for both monomers as a function of 
electrode potential were taken as support for this conclusion. In an 
electrolyte solution of acidified dimethyl sulfoxide, polymerization 
of aniline after its initial electrooxidation does not occur. In this 
solution Dunsch and Petr [212] found the indamine radical cation 
with ECESR. Its presence can be seen as proof of the aniline radi-
cal cation intermediate proposed by the preceding researchers if 
this indamine radical cation is considered to be part of a reac-
tion sequence that assumes the occurrence of the aniline radical 
cation as a precondition. Indole and its substituted derivatives (see 
Fig. 12) can also be considered to be a substituted aniline. With this 
molecule, ESR spectra of the radical cation of 1,2-dimethylindole 
could be recorded after both chemical and electrochemical oxida-
tion (Fig. 15) [213, 214]. The spectrum calculated assuming the 
radical cation structure and charge distribution shown in the inset 
shows in Figure 15 good agreement with the measured spectra. 

Hambitzer and co-workers [215-218] reported the detection of 
soluble products of aniline electrooxidation by using electrochemi-
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Fig. 14. Top: Electron spin resonance spectrum of the chemically formed 
A ĵA'̂ -dimethylaniline radical cation in concentrated nitric acid: 9.41 GHz, 
79 mW, modulation 0.065 mT, sweep 2 min, T = 10° C. Bottom: Calcu-
lated spectrum: coupling constants a^ = 0.775 mT, acH^ ~ ^-^^^ ^T' 
«H, ortho = O-̂ '/l mT, ^H, meta = 0-095 mT, AH, para = 0.69 mT. For 
further details, see [205]. 
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Fig. 15. Electron spin resonance spectra of (a) electrochemically formed 
1,2-dimethylindole radical cation in acetonitrile + 0.25-M LiC104 and (c) 
chemically formed radical cation in concentrated nitric acid: 9.41 GHz, 
79 mW, modulation 0.65 G, sweep 2 min, T = 10°C. (b) Calculated spec-
trum: coupling constants a^ = 5.16 G, AH = 3.8 G, ^H = 1.98 G, 
an = 1.86 G, an = 1.55 G, «H = 1-35 G, ^H = 1-64 G, au = 1.39 G, 
acH3 = 1-64 G, flcH3 = 1-39 G. Inset: Most likely charge distribution in 
the radical cation. For further details, see [205]. 

cal thermospray mass spectrometry. Certain features of their mass 
spectra were used as arguments in favor of the presence of a radi-
cal species. Less direct evidence of a reaction intermediate and its 
radicalic nature can be obtained with in situ UV-vis spectroscopy. 
Radicals of aromatic molecules and their derivatives are generally 
colored, because electronic transitions that are not possible in the 
educt molecule cause optical absorption. Unfortunately other con-
ceivable reaction intermediates (see below) also show coloration. 
So far, attempts to record UV-vis spectra of aniline with the aim 
of observing the monomeric radical cation under conditions where 
aniline oxidation takes place have failed. Kemp et al. [219] used 
a fast scan UV-vis spectrometer in an attempt to detect inter-
mediates in the oxidation of various A/̂ -substituted anihnes with-
out success. Radicals of substituted alkyl anilines were identified, 
whereas unsubstituted aniline did not yield a signal attributable 
to a radical intermediate. With a combination of in situ UV-vis 
and infrared spectroscopy, Zimmermann et al. [220] studied the 
initially formed product in an acidic electrolyte solution contain-
ing aniline on an electrode deposited on an ATR element for in-

frared spectroscopy and a platinum grid electrode for in situ UV-
vis spectroscopy in the transmission mode. The obtained spectra 
did not imply a monomeric reaction intermediate. Instead, it was 
concluded that A'̂ -phenyl-quinonediimine is formed in its fully ox-
idized state. It was only suggested that this dimer must have been 
formed from two monomers by way of a radical-monomer substi-
tution reaction. This species is reduced during a subsequent elec-
trode potential scan in a two-electron reduction. In a compropor-
tionation reaction with its fully oxidized form, radical dimers are 
formed that ultimately form a tetramer. UV-vis data obtained with 
this system as well as data obtained with /?-aminodiphenylamine 
support this conclusion. Leger et al. [221] presented a detailed 
study of (9-toluidine electropolymerization by fast scan UV-vis dif-
ferential reflectance spectroelectrochemistry on a gold electrode. 
These authors obtained UV-vis spectra in the first potential scan 
that differ from those of the resulting polymer itself, indicating 
intermediate species as a precursor of the polymer. Genies and 
et al. [222, 223] used fast scan visible spectroscopy during elec-
trolysis of aniline and found a short-lived intermediate created be-
fore the formation of polyaniline in a eutectic of NH4F*2.3HF. 
They proposed this intermediate to be the nitrenium cation (Ph-
NH+). This electrolyte system was also assumed to be less prone 
to degradation by overoxidation of the polymer during its forma-
tion [224]. Somewhat later, Genies et al. [225] claimed that the 
formation of the nitrenium cation proceeded during electropoly-
merization of azobenzene in the same medium, as studied by fast 
scan UV-vis spectroelectrochemistry Shim et al. [226] observed a 
transient absorbance band at A = 430 nm during electrooxida-
tion of aniline and ascribed it to an intermediate species, probably 
the nitrenium cation reported by Genies et al. Once formed, the 
nitrenium cation leads to all three possible dimers, that is, head-
to-tail, tail-to-tail, and head-to-head coupling products, which are 
capable of growing into polyaniline in the presence of aniline. 
Later, Johnson and Park [227] again observed a spectral band at 
A = 440 nm that is prominent in the early stages of aniline elec-
trooxidation. They believed the nascent products to be the cation 
radical of aniline or a product formed before the radical under-
goes a dimerization reaction. Details of the reaction sequence, in-
cluding various intermediates, are collected in Figure 16. de San-
tana et al. [228] used in situ resonance Raman spectroscopy to in-
vestigate oxidation products of diphenylamine. Various diphenyl-
benzidine species, including radicalic ones, but no polymer or 
oligomer were found. A fairly general review on the role of rad-
icals in the chemistry and electrochemistry of synthetic metals in-
cluding intrinsically conducting polymers was published by Baum-
garten and Mullen [229]. It does not contain additional informa-
tion pertinent to the mechanistic and kinetic aspects of polymer 
formation discussed here. Based exclusively on electrochemical ev-
idence obtained with cyclic voltammetry of substituted monomers 
(/3-carotenoids, a, cu-diphenylpolyenes, and phenylenevinylenes), 
Heinze et al. [230] concluded that initial radical formation is fol-
lowed by rapid reversible dimerization. 

The effect of the substitution on the reactivity of the monomer 
was studied in more detail recently [231]. The electrooxidation of 
a selection of N-alkyl-substituted (A'̂ -ethyl- and A/̂ ,A -̂dimethyl-) 
and ring-substituted (o-, m-, p-methyl-, o-ethyl-) aniline deriva-
tives at ITO glass electrodes was investigated using UV-vis spec-
troscopy in situ (further details follow). With A'̂ -ethylaniline, well 
defined absorbance peaks of an intermediate and an end prod-
uct were observed after an anodic potential step (Fig. 17). Con-
version of the electrogenerated intermediate into an end product 
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Fig. 16. Pathways for the initial steps of aniUne oxidation and deprotona-
tion. 

was demonstrated. With Ar,A^-dimethylaniline, the formation of an 
electrogenerated intermediate as well as its consumption after in-
terruption of electrolysis were observed. However, no end product 
was detected. This is interpreted in terms of a C—C (tail-to-tail) 
coupling, leading to a benzidine-type end product, which is not de-
tectable in the investigated spectral range. Absorbance transients 
were detected at A = 450 nm for ring-alkyl-substituted anilines, 
showing the typical time-dependent behavior of an intermediate 
species. Absorbance transients at A = 750 nm were identified 
as being caused by end products of the electrooxidation of ring-
substituted anilines. 

The introduction of ionogenic groups in the aniline molecule 
has an even more stabilizing effect. These groups (e.g., sulfonic 
acid groups) may act as proton sources for doping of the nitro-
gen atoms. Consequently, these polymers are called self-doping 
or self-acid-doping [232-236]. Direct UV-vis spectroelectrochem-
ical observation of an intermediate during anodic oxidation is 
possible in the case of Ar-(3-sulfopropyl)aniline (NSPA), an ani-
line derivative that contains a sulfoalkyl group at the nitrogen 
atom [237]. The relatively high stability of the intermediate en-
ables the time-dependent spectral observation of the intermedi-
ate on a multisecond time scale. Figure 18 shows a set of UV-vis 
spectra recorded with solutions of various concentrations of NSPA 
(for details, see [238]). The absorption band found at low wave-
lengths was assigned to a reaction intermediate; the band at high 
wavelengths was attributed to the polymeric reaction product. The 
time-dependent absorption of both bands as displayed in Figure 19 
shows the typical shape indicative of a reaction intermediate ob-
served with the band around A = 445 nm. A subsequent chemi-
cal reaction of this intermediate, leading to a soluble oligomer or 
polymer product, was concluded. These spectroscopic data do not 
prove the radicalic nature of the species that causes this absorp-
tion. Help may be expected from theoretical considerations; in 
particular, from calculations of the UV-vis spectra of the radical 
and the nitrenium cation. Comparison of experimental data and 
modelling should enable the assignment of the electronic spec-
troscopy data to one of the possible intermediates. The values of 
Amax of the absorption band assigned to the intermediate reported 
so far indicate at least a relationship between the type and degree 
of substitution and the energy of the electronic transition. Values 
observed are A = 450 nm for A/̂ -ethylaniHne, A = 443 nm for 
AT-methylaniline, A = 465 nm for Ar,Ar-dimethylaniline, A = 490-
520 nm for /?-toluidine, and 460 nm for A^-benzylaniline. 

As already indicated the stability with respect to the reactivity 
of the reaction intermediate(s) and the reactivity of the monomer 
are closely related. In a comparative study, the influence of vari-
ous substituents on the reactivity of substituted anilines was inves-
tigated [239-241]. Slow film formation enabled the detection of 
two oxidation steps in cyclic voltammograms before the redox pro-
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Fig. 17. UV-vis spectra obtained after different time intervals (as indi-
cated in minutes) after a potential step to £̂ RHE = +1.2 V in solutions 
that contained 100 (top), 20 (middle), and 1 (bottom) of A -̂ethylaniline. 
For further experimental details, see [231]. 

cesses of the polymer film became the major cause of the Faradaic 
currents. Electrode potentials are listed in Table I. 

Introduction of two ring substituents reduces the energy needed 
for the initial oxidation step by about 120 mV as compared to 
the parent compound. A single alkyl substituent reduces the en-
ergy by about 60 mV. This reduction has been attributed to a pos-
itive inductive effect of the alkyl substituents [242-244], that else-
where has been called the electron-donating effect [241]. This ef-
fect causes an increase of the electron density on the aromatic ring 
system by inductive displacement of the bonding electrons. The 
positively charged intermediate is stabilized and an analogue can 
be seen in the a complex in electrophilic substitution of aromatic 
compounds (Fig. 20). Because formation of this intermediate is 
the rate-determining step (otherwise detection of the radical with 
ECESR should pose no problem), this accelerates the overall re-
action. The second oxidation takes place at electrode potentials 
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Table I. Oxidation Potentials Ei and E2 of Aniline, Xylidines, and Substituted Anilines in Solutions of 1-M 
HCIO4 + 10-mM Monomer in Water̂  

Monomer 

Aniline 

2,3-Xylidine 

2,5-Xylidine 

2,6-Xylidine 

o-Toluidine 

m-Toluidine 

o-Ethylaniline 

o-«-Propylaniline 

A/^-Methylaniline 

A'^-Ethylaniline 

2-Methoxyaniline^ 

2-Aminobenzylalcohol 

2-Methoxy-5-methylaniline 

2-Methyl-5-methoxyaniline 

2,5 -Dimethoxyaniline 

Acronym 

PANI 

P23X 

P25X 

P26X 

PoTl 

PmTl 

PEtA 

PPrA 

PNMA 

PNEA 

MOA 

ABA 

MOMA 

MMOA 

DMOA 

El, RHE (mV) 

1134 

1031 

1021 

1043 

1080 

1085 

1081 

1055 

1170 

1085 

— 
— 
— 
— 
— 

^2, RHE (mV) 

— 
1168 

1202 

1187 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

^ox, SCE (V) [241] 

1.03 

— 
0.81 

— 
0.88 

— 
— 
— 
— 
— 

0.75 

1.01 

0.75 

0.87 

0.67 

^Data taken from cyclic voltammograms with a scan rate of dE/dt = 10 mV s ^ [239, 240] or as in [241]. 

^o-Anisidine. 

about 160 mV more positive; the position of the substituents is 
only of minor importance. The potential window thus given may 
correspond to the range wherein the initial oxidation product, per-
haps the primary radical cation, exists. Specific kinetic and mecha-
nistic investigations of the initial reaction step of these compounds 
with spectroscopic methods as outlined have not been reported. 

At sufficiently high positive electrode potentials, all investi-
gated aniline derivatives undergo electrooxidation, yielding inter-
mediates. In the following chemical step, intermediates react with 
solution phase molecules of the substrate. The fastest chemical 
reaction proceeds with unsubstituted aniline, whereas ring-alkyl-
substituted derivatives react somewhat slower. The slowest chem-
ical reaction proceeds with A/̂ -alkyl-substituted aniline derivatives. 
This conclusion is again in agreement with the implications of 
ECESR measurements. 

The first reaction intermediate—still a monomeric unit— 
undergoes further reaction. As indicated in Figure 13, this may 
be further oxidation or reaction with a solution phase constituent 
(e.g., radical cation-parent molecule coupling). In addition, reac-
tions between the initial reaction intermediates are conceivable 
(e.g., radical cation-radical cation coupling). This step has vari-
ous aspects: the mechanism of the reaction (as indicated in the ex-
amples), the kinetics (which in turn may be related closely to the 
mechanism), and the identity of the next reaction product. A dimer 
(p-aminodiphenylamine) was deduced by Yang and Bard [245] as 
a first reaction intermediate from electrochemical measurements 
with fast scan cyclic voltammetry at glassy carbon electrodes. Ben-
zidine was found as a minor intermediate. Based on comparisons 
with digital simulations, the formation of both species, which are 
both dimers with respect to the monomer molecule, occurs via a 
coupling of two radical cations. The rate constant of the chemical 
radical coupling reaction is estimated to be about 10̂  mol~^ s~^ 
A similar study employing cyclic voltammograms (CV) with ultra-
microdis electrodes and using diphenylamine as the monomer was 

reported by Yang and Bard [246]. At high sweep rates, the CV im-
phes the occurrence of a radical intermediate. Comisso et al. [247] 
observed formation of polydiphenylamine with only a low degree 
of polymerization during chemical oxidation of diphenylamine. 
Benzidine itself may also undergo further polymerization that re-
sults in a polymer [248]. Very similar results, in particular, with 
respect to the radicalic nature of the initial reaction intermediate, 
were found by Yang et al. with A ,̂A/̂ -dimethylaniline oxidized in a 
nonaqueous electrolyte solution [249]. Based on results obtained 
with surface enhanced Raman spectroscopy (SERS), Gao et al. 
suggested that aniline adsorbed on the surface of a gold electrode 
is transformed into a radical cation and should end up in a tail-
to-tail coupling reaction product (i.e., benzidine) exclusively [250]. 
Formation of the head-to-tail coupling product can be understood 
by assuming a reaction mechanism wherein a radical cation cou-
ples with a monomer molecule. Their conclusion was based solely 
on the occurrence of vibrational bands that were assigned to the 
adsorbed monomer and the mentioned dimeric reaction products. 
Basically, these conclusions agree with earher data that also indi-
cate the formation of a head-to-tail para-coupled substituted ani-
line with evidence of traces of benzidine [251]. 

Based on kinetic data of the investigated aniline oxidation re-
action as obtained with a variety of methods, including spectro-
electrochemical ones, numerous researchers [252-270] have pro-
posed an autocatalytic mechanism of oxidation and growth. In this 
scheme, polymer growth occurs without further electrooxidation 
of aniline monomers. The polymer film in its oxidized form con-
tains oxidized aniline units, most likely also at the ends of polymer 
chains. These units react basically like monomeric radical cations 
with further monomer molecules from solution (radical cation-
parent molecule coupling). Subsequently, the chain has to be re-
oxidized, that is, one electron has to be transferred per monomer 
unit. An alternative proposal is that pernigraniline sites act as ox-
idants for monomer units [271]. The characterization of this pro-
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Fig. 18. UV-vis spectra obtained at different time intervals (as indicated 
in minutes) after applying an electrode potential of £'RHE = +1-1 V in 
solutions that contained NSPA in various concentrations (0.01, 0.03, and 
0.05 M, as indicated). The dashed line in (c) shows a spectrum obtained 
3 min after interruption of an electrolysis performed for 7 min. For further 
details, see [238]. 

cess as "autocatalytic" is based on the fact that electrooxidation 
of the oligomer occurs at lower, less positive electrode potentials 
than electrooxidation of the aniline monomer. An already men-
tioned peculiarity of aniline and its polymer—the possibility of 
protonation and deprotonation at the nitrogen atom—seems to 
be of importance in the autocatalysis. This effect was observed 
only in aqueous solutions of considerable acidity. This may be re-
lated to the fact that the highest conductivities of polyanihne are 
obtained in strongly acidic environments. Whereas the polymer is 
in its conducting (i.e., oxidized) state, this pH effect becomes op-
erative [272]. Unfortunately, exact calculations of the amount of 
charge used to produce a certain amount of polymer are some-
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Fig. 19. Time dependence of the absorbance at A = 453 (hollow circles) 
and 745 nm (full circles) after stepping the electrode potential to -ERHE = 
-^-l.l V in solutions that contained NSPA in a concentration range from 
0.005 to 0.05 M (as indicated). For further details, see [238]. 
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+X^ 
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Fig. 20. Comparison of electronic structure and charge distribution in 
a radical cation and a a complex formed during electrophilic substitution. 

what difficult to perform. In addition to the electric charge con-
sumed simply for charging the electrochemical double layer (which 
may be rather extensive in the case of porous and highly struc-
tured polymer films), the charge recorded in a positive direction 
electrode potential scan is consumed only in part for polymer for-
mation. Part of the charge is just used to form radical cations on 
the polymer chain that may not participate completely in polymer-
ization reactions. During a negative direction potential scan, these 
radical cations are reduced again. An obvious idea is to calculate 
the difference in charge used for polymer oxidation and for poly-
mer reduction, and to attribute the difference to the polymeriza-
tion reaction. Because of the very large charges consumed in the 
film oxidation and the very small differences between the anodic 
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and the cathodic charge, and because of the obvious difficulty in 
defining the hmits for the integration of the current needed to 
determine the charge, this approach has not resulted in reason-
able results so far [273]. This problem is further enhanced by the 
fact that an exact determination of the amount of polymer being 
formed on the electrode is extremely difficult; most likely, it is 
practically impossible. If only the electrochemically active polymer 
is considered [the part of the polymer that can be oxidized (doped) 
and reduced (dedoped)], the charge needed for film oxidation as 
taken from cyclic voltammograms should provide the requested in-
formation. In addition, the fact that charging occurs into a poorly 
conducting film and is most likely incomplete or at least hardly 
completely reproducible and the onset of overoxidation and other 
undesired side reactions influences the obtained results. Conse-
quently, precise determination of yield of electropolymerization is 
very difficult. 

Zotti et al. [274] investigated the influence of the anion in the 
polymerization mechanism and its kinetics. Using only anions of 
several strong acids, two distinctly different classes of anions were 
identified. One (class 1: BF^, ClO^, CFsCOO") favors a more 
compact film structure and morphology, whereas the other (class 
2: SO4 , NO^ , Cl~) favors formation of an open morphology. 
With the former ions, the deposition charge shows a linear depen-
dence on the number of potential cycles, whereas ions of the latter 
class show a quadratic dependence (see subsequent discussion for 
substituted anilines). From the potential dependence of the depo-
sition currents, it was concluded that PANI growth occurs via ad-
sorption of anilinium-anion couples on fully oxidized pernigrani-
line sites of PANI. Results pertaining to the morphology of PANI 
films reported by Huang et al. [275] fit only in part into this picture. 
With BF^ anions (class 1) in the polymerization solution, a smooth 
film was obtained; with ClO^ anions (also class 1), a fibrillar struc-
ture was observed. A fibrous PANI was also obtained by elec-
trochemical polymerization from aqueous solution by Kanamura 
et al. [276]. The radius of the fibers was found to depend on the 
applied current density, o-anisidine (o-methoxyaniline) was elec-
tropolymerized by Bedekar et al. [277]. Fibrillar deposits were ob-
tained, and the influence of monomer concentration and substrate 
electrode conductivity was studied in detail. The electropolymer-
ization of aniline at constant electrode potential in aqueous acidic 
solutions was studied by Yano et al. [278]. With perchlorate as 
the anion in the polymerization solution, the reaction of an ani-
line molecule with a perchlorate anion was found to be the rate-
determining step; with chloride ions, the rate-determining step was 
the reaction between two aniline molecules and a chloride ion. 
The morphology of PANI films can also be controlled by first de-
positing a self-assembled monolayer of />-aminothiophenol on a 
gold electrode that is subsequently coated with PANI. Based on re-
sults obtained with in situ ellipsometry, a higher optical density of 
the formed polymer film was found [279]. Whereas no similar re-
sults could be obtained with other self-assembled monolayers, the 
chemical similarity between aniline and /7-aminothiophenol was 
invoked as a reason for this behavior. 

So far, no attention has been paid to the way the electrode po-
tential necessary to transform the educt into the first electrooxida-
tion intermediate is applied. The simplest way is the use of a two 
electrode arrangement, where the electrode upon which the poly-
mer is deposited acts as the anode. A constant current is passed 
through both electrodes (galvanostatic mode). Obviously, the volt-
age across the electrodes and, correspondingly, the electrode po-

tential of the anode will settle at a value positive enough to en-
able the desired anode reaction to proceed. Of course, no elec-
trode potential control is exercised. Consequently, fairly positive 
electrode potentials and undesired side reactions (such as degra-
dation: see following text) are not reliably excluded. Nevertheless, 
this method is notably simple and attractive for technical appli-
cations. A much better control of the deposition process is main-
tained in a three electrode arrangement wherein the anode po-
tential is controlled by means of an electronic regulation circuit. 
The electrode potential basically can be set to every desired value: 
in practice, a value where polymerization proceeds at sufficient 
rates without too many side reactions is selected (potentiostatic 
mode). As repeatedly reported, polymers of high quality (in terms 
of charge storage capacity, conductivity, or other polymer prop-
erties) can be obtained by applying an electrode potential that 
continuously changes between a positive (anodic) and a negative 
(cathodic) limit (potentiodynamic method). Finally, a method was 
reported by Tsakova et al. [280-282], wherein the electrode po-
tential is stepped between a sufficiently high electrode potential, 
where monomer oxidation as weU as polymer oxidation and dop-
ing occur, and a negative potential, where the film is reduced. This 
program yields large amounts of polymer in a short time. 

A fairly coarse picture of electropolymerization kinetics 
emerges simply when the anodic current in the first peak is plot-
ted as a function of the number of electrode potential cycles 
performed during a potentiodynamic electropolymerization. Of 
course this simple evaluation takes into account only the part of 
the polymer involved in the electrochemical redox process of the 
film, and the oxidation of the monomer, if any, is taking place at 
the electrode potential where the current values were recorded. 
Figure 21 shows a plot of the peak current versus the number of 
cycles for a selection of anilines investigated so far [283]. All ex-
perimental parameters (electrode potential during potentiostatic 
deposition, monomer concentration, pH of deposition solution, 
etc.) are the same for all monomers. The polymer formed from 
AT-methylaniline shows the fastest growth. With increasing thick-
ness of the film, the rate decreases. Whereas the oxidation of the 
monomer has to occur at the polymer solution interface, the elec-
tron transfer has to take place across the polymer film. A highly 
conducting film will support this step; a poorly conducting film will 
slow it down. 

Accordingly, the film of poly(A'̂ -methylaniline) is of lower con-
ductivity than other monomers. Aniline shows the next highest rate 
of deposition and a linear dependence of the current on the cycle 
number. The plot for o-toluidine is initially slightly steeper: after 
150 cycles, the rate is lower than the value for aniline. The rate of 
formation of poly(m-toluidine) is even lower. Methyl substitution 
of aniline slows down the polymer formation. Double substitution 
as in the case of the xyUdines decreases the rate even further. The 
rapidly dropping slope in case of poly(2,3-xyUdine) indicates, in 
addition, a poorly conducting film. Other substituents in the or-
tho position (ethyl and n-propyl) slow down the polymerization 
even further. In both cases, the poor conductivity of the films re-
sults in very low rates or even stagnation. Rather surprising is the 
observation that the extremely high rate of polymerization of N-
methylaniline is in no way matched by the rate of A^-ethylaniline. 
This polymer shows an extremely slow growth. Taking the current 
in the 500 cycle, the influence of the size of an alkyl substituent is 
most obvious. The rate of the corresponding currents is 6.25:2.23:1 
for o-toluidine, o-ethylaniline, and o-propylaniline, respectively. 



SPECTROELECTROCHEMISTRY OF CONDUCTING POLYMERS 225 

^g 

100 200 300 400 

number of cycles 

100 200 300 400 500 

number of cycles 

4 -

3 -

2 -

g" 

1 -

n 

PEtA 
-• 

,-« — 

/ 

/ PPrA 

i 

100 200 300 400 

number of cycles 

500 

100 

100 200 300 400 

number of cycles 

Fig. 21. Anodic peak current of first oxidation peaks of polymers 
recorded during deposition of various polymers (acronyms are de-
fined in the text and Table I) in aqueous solution with pH = 0 and 
^anodic limit, RHE = 1000 mV. 

Without specific conductivities of these polymers and without ki-
netic data for the initial oxidation step, further quantitative anal-
ysis is highly speculative. Nevertheless, it seems safe to state that 
the reactivity of the monomer, which is higher for all substituted 
anilines, is no indicator of the polymer rate of formation. This re-
activity is discussed in more detail in relation to the properties of 
the initial reaction intermediate. So far, only Fujita et al. [284] have 
reported a similar relationship for o-toluidine and m-toluidine. 

This very straightforward approach also enables the identifica-
tion of the effect of other experimental parameters on the rate of 
deposition, which may be of both fundamental as well as practical 
interest. Figure 22 shows a plot of the peak current versus the cycle 
number for the deposition of poly(n-propylaniline) in two differ-
ent electrolyte solutions. Although the initial rate of formation in 
perchloric acid was higher, the value stagnates after about 60 cy-
cles. On the contrary, the initially slower polymerization from a so-
lution of sulfuric acid continues to proceed at an almost constant 
rate, even after 500 cycles. 

Investigations of the polymerization kinetics of aniline and its 
relatives (as opposed to the oxidation kinetics observed in the 
initial electrooxidation step) are few. Most studies reported so 
far are devoted to morphological aspects, nucleation [285-288], 
nucleation dimensionality, and related features. Preferably, elec-
trochemical (i.e., traditional) methods of investigation were em-
ployed. The first application of proton resonance spectroscopy to 
the investigation of polymerization kinetics of PANI has been re-
ported [289]. Only chemical oxidation (precipitation and disper-
sion polymerization) was employed; the spectroscopy was used 
just to monitor the concentration of the monomer in the solu-
tion phase. Various oxidizing compounds of different effective-
ness were studied. An investigation of the chemical oxidation with 
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Fig. 22. Anodic peak current of first oxidation peaks of PPrA recorded 
during deposition in aqueous solution with different supporting elec-
trolytes and ânodic limit, RHE = 1000 mV. 

calorimetry was reported by Fu and Elsenbaumer [290]. The reac-
tion was found to be highly exothermic. With an excess of chem-
ical oxidant, typical overoxidation products, hydrolysis products, 
and chlorination were found. The influence of experimental pa-
rameters like type of applied electrode potential versus time pro-
gram [291] has been studied. The influence of the latter param-
eter together with a broad array of other parameters (monomer 
concentration in polymerization solution, pH of this solution, etc.) 
was reviewed comprehensively and some interesting correlations 
between preparation parameters and polymer properties were 
shown [292]. 

The influence of the employed electrolyte solution, in particu-
lar, the identity of the anion present in the supporting electrolyte, 
was the subject of investigations with respect to the polymerization 
process and the possible influence of the anion on the obtained 
polymer [293]. Conclusive evidence obtained with spectroelectro-
chemical methods is not available. 

Ellipsometry was employed in situ by Kim et al. [294] during 
formation and electrochemical conversion of PANI. Results indi-
cate both expansion and contraction during oxidative doping. Sim-
ilar results that imply close correlations between ellipsometric pa-
rameters and the growth of the film during deposition as well as 
electrochemically induced changes during doping/dedoping were 
reported by Greef et al. [295]. Nianbing et al. [296] observed a 
strong correlation between the electrochemical oxidation current 
and the increment of the ellipsometric parameter A, with posi-
tive and negative signs corresponding to anodic and cathodic pro-
cesses. Consequently, they suggested using ellipsometry as a tool 
for kinetic studies. Grodzicka et al. [297] used in situ ellipsome-
try during the early stages of polymerization of PANI. With films 
thinner than 20 nm, a one-layer model was employed successfully 
to fit the obtained data. For layers up to a thickness of 150 nm, a 
multilayer model was employed. Results were transformed into a 
two-layer model, combining a rather compact first layer covered 
with a fibrous top layer. 

After polymerization by any electrochemical method, the poly-
mer is present in its oxidized form. This implies the presence of 
positive charges on the polymer compensated by anions that have 
moved into the polymer during the oxidation process. This kind 
of doping has been tQimtd primary doping [298] because it refers 
phenomenologically to the term "doping" as employed in semi-
conductors. Secondary doping has been suggested as a term for a 
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Fig. 23. CVs of polyaniline on a platinum electrode in 1-M HCIO4 pre-
pared potentiostatically at ̂ SCE = 5̂0 and 930 mV (from an aqueous so-
lution of 0.1-M aniline +1-M perchloric acid); scan rate dEldt = 100 mV/s. 

process wherein a chemical substance is introduced into the in-
trinsically conducting polymer and effects further changes, which 
persist even after complete removal of the second dopant [298, 
299]. In the example reported, the changes are primarily a trans-
fer of the "compact coil" form of PANI into an "expanded coil" 
type with accompanying changes in crystallinity and so forth. Fig-
ure 23 depicts typical CVs (for an introduction to this basic elec-
trochemical method, see [300]) of a PANI film exposed to an acidic 
aqueous solution. Two current waves are seen in the anodic and in 
the cathodic electrode potential scan. Processes causing both cur-
rent waves are discussed in the following section. The hysteresis of 
the corresponding processes was treated by Aoki [301]. The occur-
rence of a third current peak, located approximately in the middle 
between the peaks visible in the CV shown here, have been re-
ported repeatedly. Shim et al. [302] assigned this peak to redox 
processes that involve dimeric species formed during the polymer-
ization reaction. It is noteworthy that a memory effect observed 
during the first CV at the beginning of a series of CVs has been 
reported. This term refers to the observation that the initial CV 
obtained after prolonged exposure of the polymer to negative elec-
trode potentials (i.e., after being held in the reduced state) or the 
first complete CV after film formation are different in terms of 
measured currents, observed peak potentials, or number of cur-
rent peaks from subsequent cycles. Recording UV-vis spectra (for 
experimental details, see subsequent text) has turned out to be 
helpful in obtaining information on the time scale of these pro-
cesses. Results reported so far indicate molecular changes (with a 
slow dedoping of the polymer) that include changes of the molec-
ular conformation proceeding on a far longer time scale as com-
pared to the electrochemical reactions that initiate these changes 
as deduced from the position of absorption bands [303,304]. Inves-
tigations with electrochemical in situ ECESR have been done [305, 
306]. A slow change in the dependence of the exchanged elec-
tric charge needed for polymer oxidation and the potential range 
wherein this process occurs on the electrode potential was found. 
This was explained by a slow relaxation of the polymer in the re-
duced state. A possible model of relaxation was related to the evo-
lution of the polaron-bipolaron gap. This, in turn, was expected to 
show up in changes of the concentration of free spins as measured 
with ECESR as a function of electrode potential. The reported 
results do not support this model. Attempts have been made to ac-
celerate this process by enhancing transport of the counterions by 
using bilayers of various polymers [307, 308]. 
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Fig. 24. Change of relative polymer film resistance of PANI deposited 
potentiostatically as a function of electrode potential (degree of oxidation) 
and of pH value of the electrolyte solution. For experimental detail, see [72, 
309]. 

The dopng-dedoping process is reversible^ if the positive po-
tential limit is kept below a critical value, beyond which polymer 
degradation becomes dominant. The doping/dedoping of the poly-
mer is accompanied by numerous changes, which also are dis-
cussed in more detail in the following section. The most striking 
change of a polymer property is the change of the electrical con-
ductivity or its reciprocal, the electrical resistance. Figure 24 dis-
plays a set of curves that show this change in relative units for 
PANI as a function of electrode potential (i.e., degree of oxida-
tion or doping) and pH value of the electrolyte solution. Data were 
recorded in situ, that is, in the presence of an electrolyte solution. 
The experimental setup, which involves the use of a bandgap gold 
electrode and a specially designed electronic circuit that allows 
measurements with small dc voltages, has been described previ-
ously in detail [72, 309]. The obvious prerequisite for electronic 
conduction seems to be protonation of the polymer. The particu-
lar pH sensitivity of the spectroelectrochemical behavior, which is 
closely related to electrochemically induced changes of conductiv-
ity, has been pointed out repeatedly [310, 311]. The obvious influ-
ence of the pH value is only one aspect of the environmental sen-
sitivity of PANI. The behavior of PANI, in particular, the change 
of conductivity of PANI films, as a function of water or ammonia 
vapor pressure has been reported [312] and implies applications in 
sensor technology. 

Thermochromism and acidochromism of substituted PANI 
were reported by Snauwaert et al. [313], who provided no further 
interpretation beyond the assumption that the positive charge in-
duced by protonation may induce some perturbation on the elec-
tron density in the aromatic ring. 

So far, some polymers have been polymerized exclusively by 
more or less complicated chemical routes (as an example, see [314] 
for acetylene-terminated PANI). Whereas these polymer have not 
been shown to be electrochemically active and no spectroelectro-
chemical data have been reported, they are not treated in more 
detail. The conductivity of samples prepared from oligomers with 
tightly controlled chain length depends significantly on the num-
ber of nitrogen atoms present on the oligomer chain. Oligomers 
with less than eight atoms are particularly poor conductors [315]. 

^This adjective does not refer to any thermodynamic reversibility. It so-
lety describes the fact that the polymer can be returned to its initial state. 
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3.2. Properties of Polyaniline and Related Polymers and 
their Electrochemically Induced Changes 

The bulk of spectroelectrochemical studies as well as of other in-
vestigations that employ nontraditional methods of investigation 
devoted to PANI and the related polymers deal with the proper-
ties and the behavior of the polymer itself. Because of the very 
complex nature of these materials that combines central aspects of 
organic chemistry, polymer chemistry, solid state science, and ma-
terials science, and the fact that these materials show interesting 
and complex responses to a host of environmental influences, the 
use of only traditional electrochemical methods has resulted in less 
than satisfying results. Almost from the very beginning, the inves-
tigation of PANI and, later, its numerous relatives has employed 
nontraditional techniques. In many cases, investigations reported 
by numerous researchers deal with both the properties of the poly-
mer and their changes as a function of various environmental pa-
rameters. In some cases, results cannot be assigned to just one of 
the following sections. This is particularly true in cases where dif-
ferential methods (modulation techniques) have been used. These 
methods (e.g., in situ Infrared spectroscopy with electrode poten-
tial modulation) yield data that represent the change of the inves-
tigated property (e.g., vibrational spectrum) as a function of the 
modulated parameter (in this example, the electrode potential). 
Consequently, the results contain information both on the poly-
mer itself and on its change as indicated. 

From the chemists' point of view, PANI can be treated as a 
macromolecular polymer. To elucidate its chemical structure, nu-
merous spectroscopies have been employed. Vibrational spectro-
scopies have turned out to be most helpful. Infrared spectroscopy 
was initially employed ex situ (i.e., with dried samples outside the 
electrochemical cell); only later were adequate experimental de-
signs developed for in situ studies with suitable thin layer electro-
chemical cells containing polymer-coated metal electrodes for ex-
ternal reflectance measurements. In many cases, IR spectroscopy 
is just used as a routine tool; only those reports based on more 
intense applications are considered here [316-340]. A typical set 
of IR spectra of PANI exposed to an aqueous acidic electrolyte 
solution recorded in situ in the external reflection mode is shown 
in Figure 25. Interpretation of the spectra and assignment of the 
observed bands has been done by starting from two completely dif-
ferent points. In the classical approach, the polymer is treated as 
a collection of monomer units that show molecular connections. 
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Fig. 25. In situ infrared spectrum of a PANI film deposited on a plat-
inum electrode recorded in external reflection mode. Polymer deposited 
at ̂ RHE = 992 mV in an aqueous solution of 0.1-M aniline +1-M HCIO4; 
reference electrode potential £^RHE = 50 mV; measurement electrode po-
tentials £RHE as indicated: 50,150, 400,500, 600, 700, 800, 900 mV; reso-
lution 4 cm~^, for further details see [273]. 

Thus the bands are assigned by comparing their position and in-
tensity with those of the parent molecule and with related sub-
stituted molecules. This approach is used most often. A second, 
completely different approach has been proposed by Tian, Zerbi, 
and other researchers [341-348]. Because of the central impor-
tance of changed bond lengths r (shorter single bonds rQ—Q and 
longer double bonds rc=c ^s a function of the state of charge), the 
concept has come to be connected with the term "effective con-
jugation coordinate" (ECC). So far, this approach has been ap-
plied thoroughly only to polypyrrole and polyacetylene. Because 
of its central importance and the convincing results obtained so 
far, this concept is subsequently described briefly. The calculation 
starts with band positions of IR bands obtained with MNDO cal-
culations, which are compared with experimentally found bands of 
reduced polypyrrole. Force constants and band assignments were 
thus obtained. Using the foregoing concept, which describes the 
changes of the bonding situation in a pyrrole ring when the ben-
zoid reduced state is changed into the quinoid, oxidized state, ad-
ditional information was obtained. The effective conjugation coor-
dinate is related to a dimerization parameter d = rc=c - ^C—C-
This coordinate describes the movement of atoms of the polymer 
backbone during the transition from the benzoid to the quinoid 
state. The movement assigned to this coordinate causes the largest 
change of polarizability in the reduced state and the largest change 
of dipole moment in the charged state. Accordingly, bands related 
to changes of the dipole moment (IR bands), which are connected 
with the delocalized TT electrons, increase in intensity with an in-
crease of electrode potential and accompanying oxidation of the 
polymer. Because of the changed properties of the involved molec-
ular bonds, their positions change too. Corresponding changes of 
the Raman spectrum, which are related to the polarizability of 
molecular bonds, are effective. Application of this successful con-
cept to polyaniline and its relatives is still missing. 

In the set of infrared spectra obtained in situ up to 4700 cm~^ 
and displayed in Figure 25, the strong absorption around 4250 cm~^ 
(E = 0.5 eV) that frequently is observed when PANI is in its con-
ducting mode is not shown (for comparison, see the infrared spec-
trum of o-toluidine (PoTl) displayed in Figs. 44 and 45). Because 
of the applied technique, the spectra shown represent differences 
in absorption of the polymer film as a function of the electrode po-
tential. To obtain these spectra, a single beam spectrum is recorded 
at a selected electrode potential Er. In the case displayed here, this 
electrode potential was set in the region where the polymer is in 
its reduced state. A second single beam spectrum is recorded at a 
more positive electrode potential Em- It is ratioed versus the first 
spectrum. The resulting differential spectrum is plotted. Further 
spectra are obtained in the same way, always taking the first spec-
trum as a "background spectrum." Unfortunately, the obtained 
differential bands are considerably more difficult to interpret com-
pared to absolute Raman spectra obtained without the need for 
any background spectrum or compared to ex situ infrared spec-
tra obtained with polymer samples in transmission mode. In many 
cases, differential (bipolar) bands are obtained that show upward 
and downward pointing bands indicative of changes of band inten-
sity and position as a function of electrode potential. The precise 
position of the band at the employed electrode potentials Er and 
Em are difficult to determine. In a few cases, bands that point only 
in one direction are found. This may be caused by the absence 
of any IR absorption at one or both potentials. Consequently, the 
spectral ratioing results in a simple band. Alternatively this may 
also be caused by the lack of a dependence of the band position 
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on the electrode potential. Spectral ratioing in this case results in 
a single-direction band when the intensity of the band is a function 
of the electrode potential. In the worst case, both intensity and po-
sition are unaffected by the changed electrode potential; this yields 
no band in the differential spectrum at all. 

Assignments of the bands observed with a sample of PANI 
prepared from a solution of 0.1-M aniline in 1-M HCIO4 at an 
electrode potential of £'RHE = 992 mV as based on the work 
of Sariciftci et al. [324], Lapkowski et al. [349], and Colomban 
et al. [350] are listed sebsequently. Further details are collected 
elsewhere [273]. Colomban et al. used vibrational spectroscopy to 
prove the existence of strong hydrogen bridges in the conducting 
emeraldine form of PANI. The suggested structural model that 
takes into account this kind of interaction assumes conducting is-
lands in PANI, wherein emeraldine strands are positioned with 
respect to their neighbors in such a way that quinoid and ben-
zoid rings are juxtaposed. Consequently, protonated amine and 
nonprotonated imine sites are matched. This results in hydrogen 
bonds at a degree of protonation of exactly 50%. This network can 
be two or three dimensional, and it is embedded in a matrix of 
insulating, nonprotonated PANI. Conduction occurs when hydro-
gen bonds are switched from amine to imine sites, thus generating 
mobile charge carriers. 

According to the more classical interpretation of Sariciftci et al. 
[324], the increase of intensity with a more positive electrode po-
tential of those bands at about 1484, 1574, and 1632 cm~^ is in-
dicative of a growing fraction of quinoid aromatic rings. Bands 
with a decreasing intensity (e.g., around 1512 cm~^) are caused by 
vibrations of benzoid rings with a decreasing fraction. The bands 
assigned to the semiquinoid form are not observed in the spectra 
shown here. 

A further increase of the electrode potential results in a higher 
degree of oxidation (doping) and transformation into the perni-
graniline form. Assignments of the bands seen in Figure 25 are 
listed in Table III. 

The fundamental difference in the interpretation is the assign-
ment of the band around 1100 cm~^. In the presence of perchlo-
rate ions in the electrolyte solution, the strongly absorbing sym-
metric stretching mode of this ion tends to obscure all other spec-
tral features. In ex situ measurements with a suitable counterion, 
Colomban et al. assigned this broad band to the stretching mode 
of the N-H- • N moiety [350]. In comparison, the v^—n is at about 
3000 cm~^. Based on a comparison of band positions, Colomban 
et al. calculated a diminished distance of the nitrogen atoms of 
about 245 pm. Using perrhenate ions instead of perchlorate ions, 
Sariciftci et al. were able to remove the disturbing coincidence of 
the vibrational band of the counterion and of the polymer [351-
354]. So far, this step has not resulted in a new interpretation of 
their spectral data. 

According to Colomban et al., within the broad band assigned 
to the hydrogen-bond mode there are several transmission win-
dows, so-called Evans holes [355, 356]. These holes are caused 
by the coupling of a narrow band with a very broad band. Prin-
cipally, this is a phenomenon similar to the Fermi resonance. The 
interaction of two or more modes results in new modes and bands 
of different energies with corresponding transmission modes in 
the infrared spectrum and emissions in the Raman spectrum, 
which actually have been observed by Colomban et al. [350]. As 
a consequence, ex situ spectra have to be checked for unexpected 
transmissions. In the spectra recorded in situ and shown in Fig-
ure 25, band shifts as compared to band positions found in spectra 

recorded ex situ should be visible. Nevertheless, the interpretation 
suggested by Colomban et al. seems to be appropriate considering 
the particular environment and state of aniline units in PANI. 

Another difference between the assignments of Sariciftci et al. 
and Colomban et al. refers to the band at around 1635 cm~^ Sari-
ciftci et al. assign this band to the vibrational mode of a quinoid 
ring system. Although the differential (bipolar) nature of the band 
makes exact determination of intensity and position as a function 
of electrode potential difficult, the spectra in Figure 25 show a 
significant decrease of absorbance as a function of positively di-
rected electrode potential. This implies a decrease of the fraction 
of quinoid ring systems. According to Colomban et al., this band 
is caused by a benzoid mode and corresponds to a C=C stretch 
mode. The intensity of this mode should indeed decrease with ox-
idation of the polymer into its pernigraniline form. 

A technique that complements infrared spectroscopy is Ra-
man spectroscopy. The strong coloration of PANI, especially in 
its doped, oxidized form, resuhs with most laser excitation wave-
lengths in more or less strongly resonantly enhanced Raman spec-
tra. This favorable coincidence has a possible drawback, because 
of possible photochemical processes caused by the absorption of 
photons from the laser light. Fukuda et al. [357] reported that il-
lumination of the emeraldine form of PANI by laser light from an 
argon ion laser at AL = 2.41 eV results in structural transforma-
tions of the quinoid rings into benzoid rings. Consequently, only 
benzoid modes should be visible in Raman spectra. Spectra re-
ported by Brandl [273] as shown in a typical example that follows 
(see Fig. 26) reveal considerable changes, including an increase 
of the intensity of bands presumably caused by vibrational modes 
of quinoid systems after positively directed shifts of the electrode 
potential. This observation does not support the claims by Fukuda 
et al. Nevertheless, the change of the Raman spectra, in particular, 
the decrease of the intensity of bands related to modes of quinoid 
systems, at even higher potentials, where the emeraldine form is 
changed into the pernigraniline form, may be due to the reason 
suggested by Fukuda et al. 

An alternative explanation of the obvious decrease of scattered 
light intensity after an increase of electrode potential to more 
positive values can be based on the ECC concept described pre-
viously. According to this concept, an increasing degree of oxi-
dation reduces the polarizability of all modes relative to the ef-
fective coordination coordinate. The agreement between predic-
tion and experimental result is disturbed only at low electrode 
potentials (£^RHE = 0 mV > E > ^ R H E = 400 mV). In this 
range, the scattered light intensity decreases with increasing elec-
trode potential. The explanation of this change is simple. At about 
JE^RHE = 400 mV, PANI changes under the employed experimental 
conditions (see Fig. 26) from its leucoemeraldine into its emeral-
dine form. The corresponding color change from yellow-green to 
green is visible. The more intense coloration, which can be checked 
easily in the corresponding UV-vis spectra, results in a stronger 
resonance enhancement, which in this potential range overcom-
pensates the decrease of intensity as predicted. Bartonek et al. 
[358] attributed the particular increase in intensity of benzoid ring 
vibration modes after the first oxidation wave to a resonance en-
hancement caused by polaronic defect states. These states are gen-
erated by oxidation/doping, their concentration as deduced from 
ECESR measurements bears a striking resemblance to the reso-
nance Raman data. 

A typical set of Raman spectra measured in situ is displayed in 
Figure 26. Assignments for bands at selected electrode potentials. 
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Table II. Assignment of Vibrational Bands for PANI Measured in situ in its Emeraldine form at £^RHE = 700 mV^ 
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^For experimental conditions, see Figure 25. 

^The asterisk (*) indicates bands measured in situ. 

^Q designates the quinoid state, B designates the benzoid state, and SQ designates the semiquinoid state. 

Ikble III. Assignment of Vibrational Bands for PANI in its 
Pernigraniline form at J^RHE = 900 mV^ 
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SQ 

Q 
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^For experimental conditions, see Figure 25. 

^Q designates the quinoid state, B designates the benzoid state, and SQ 
designates the semiquinoid state. 

which correspond to various states of oxidation (leucoemeraldine, 
emeraldine, and pernigraniline), are collected in Table IV The 
molecular structure model, which can be derived from the results 
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Fig. 26. In situ resonance Raman spectra of a PANI-film deposited on a 
platinum electrode; polymer deposited at £^RHE = 992 mV in an aqueous 
solution of 0.1-M aniline +1-M HCIO4, measurement electrode potentials 
^RHE = 0, 300, 400, 500, 600, 700, 800, 900,1000,1200, and 1500 mV as 
indicated; resolution 2 cm"^. For further details, see [273]. 

reviewed so far is depicted in a somewhat simplified form in Fig-
ure 27 (not all conceivable protonation equilibria and resonance 
structures are shown; for details, see also [359]). Upon oxidation 
of PANI by electrochemical processes as well as upon protona-
tion of the polymer, a positively charged macromolecule results. 
For charge compensation, anions (sometimes called dopant ions 
or counterions) usually taken from the supporting electrolyte of 
the solution phase, are incorporated. Their properties may affect 
the properties of the polymer in various ways as addressed at vari-
ous points in the following text. 

Raman spectra reviewed so far are almost exclusively reso-
nantly enhanced, because the exciting laser light wavelength is 
more or less close to the optical absorptions of the polymer. As 
discussed in more detail in the following part, the optical absorp-
tion of PANI as well as of its relatives extends into the near infrared 
region (i.e., beyond A = 1000 nm). Excitation of PANI with laser 
light in this region also has been employed in structural studies of 



Table IV. Assignment of Vibrational Bands (in wave numbers per centimeter) for PANI as Measured with in situ Raman Spectroscopy 
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aSee Figure 26 for experimental conditions. LE denotes leucoemeraldine, EM denotes emeraldine, PG denotes pernigraniline, and SQ denotes semiquinoid. 
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Fig. 27. Simplified molecular structure formulas of PANI in its various 
states of oxidation and protonation. 

PANI by Engert et al. [360]. New spectral features were observed 
upon excitation with A = 1047 nm. Using the resonance Raman 
spectrum of Michlers ketone in its lowest excited triplet state as a 
reference, these features were assigned to the dynamic structure of 
a diimino-l,4-phenylene unit in the PANI chain, which rapidly ex-
changes a positive charge. As a consequence, a conduction mech-
anism with a positive charge that migrates from nitrogen site to 
nitrogen site is proposed and is basically in agreement with the 
often assumed hopping conduction model. 

One of the most striking features of PANI and its relatives 
already visible in most simple experiments is the more or less 
pronounced electrochromism, which resulted very early in sug-
gested uses in smart windows [361, 362]. Electrooptical proper-
ties of PANI films can be studied most easily with UV-vis spec-
troscopy. Essential parts of the experimental setup suitable for use 
in a standard double beam UV-vis spectrometer are depicted in 
Figure 28. Alternatively, UV-vis spectra can be recorded in the 
external reflectance mode [363]. In this way, polymers that are dif-
ficult to deposit on ITO-coated glass sheets can also be investi-
gated. Whereas the polymers can be deposited directly onto op-
tically transparent electrodes, these measurements are fairly sim-
ple. Glass sheets coated with indium-doped tin oxide or sputtered 
with a thin layer of gold are most commonly used. A measured 
set of spectra as obtained with electrolyte solutions of different 
composition (and different pH values accordingly) is shown in 

Figure 29. The electrochemically induced change of absorption 
of major bands is depicted in detail in Figure 30. Assignment of 
the major spectral bands for the polymer seem to be a settled is-
sue. The absorption band found around A = 330 nm has been 
assigned to a TT ̂  77* transition of the aromatic ring system. Its 
change both with respect to position and to intensity has been ex-
plained by invoking the transition of the aromatic system from a 
benzoid into a semiquinoid and, finally, a quinoid state. The elec-
tronic absorption at medium wavelength (around A = 430 nm; the 
actual value seems to depend on a large number of experimen-
tal parameters) is caused by radical cations (polarons; see follow-
ing text) introduced into the polymer by electrooxidation. Conse-
quently, this band is almost absent in the reduced state of PANI 
and grows with oxidation of the film. As will be seen later (cf. 
Fig. 39), the absorption at this band correlates strongly with the 
amplitude of the ESR absorption (i.e., the concentration of free 
spins in the polymer film). Because of the lack of interference with 
other electronic transitions, this absorption around A = 430 nm 
has been taken as a measure of the polaron concentration [364]. 
At slightly higher electrode potentials, an additional band at even 
higher wavelengths rises with positively directed electrode poten-
tials; it is found around A = 800-900 nm (approx. E = 1.37 eV). 
In many cases, the maximum of the absorption band cannot be ob-
served with standard UV-vis spectrometers, because it is located 
somewhere in the NIR; sometimes this absorption commences 
only at about A = 1000 nm. This absorption has been designated 
as a "free-carrier tail" of an absorption in the NIR [365]. The as-
signment of this band has been the subject of some controversy. 
As part of the search for the carriers of the electronic conductiv-
ity, correlations between the measured conductivity and various 
spectroscopic and electrooptic PANI properties have been investi-
gated. As shown in Figure 31, the long wavelength absorption cor-
relates fairly well with the electronic resistance of the film. Conse-
quently, it has been proposed that species that cause this electronic 
absorption are the prevailing carrier of electronic conduction [73]. 
More recently, this interpretation has come under considerable at-
tack [366]. A starting point to visualize the changes that occur in 
the UV-vis spectra of a conducting polymer with increasing po-
tential appUed is to plot the absorption at selected wavelengths 
(A = 310, 410, 880 nm) as a function of the electrode potential 
(Fig. 32). The expectation that major changes occur at the two po-
tentials known to mark the transitions from the leucoemeraldine 
to the emeraldine and, subsequently, to the pernigraniline form 
of polyaniline {E^c^ = 100-200 mV and 750-850 mV) is con-
firmed. The graph is very similar to diagrams known from kinetic 
experiments, where the concentration of the reactant and product 
of a reaction are represented by the absorption at A = 310 nm 
(leucoemeraldine) and A = 410 nm (emeraldine). This parallel 
is not valid for electrode potentials £̂ SCE > ^^0 mV, implying 
that irreversible reactions take place at the pernigraniline sites. As 
already seen in Figure 31, the absorption maximum in the low-
energy region of the. UV-vis spectrum exhibits a remarkable hyp-
sochromic shift upon potential increase. This has been observed 
before [241,367], but it either was not discussed or was stated only 
that this observation could not be reconciled with available band 
structure calculations as used for the band model frequently em-
ployed in discussions of intrinsically conducting polymers. A dif-
ferent approach to the interpretation of UV-vis spectra based on 
the Alentsev-Fock method [368] was proposed by Nekrasov et al. 
[369]. Based on an investigation of the spectral changes at selected 
wavelengths as a function of electrode potential (i.e., degree of 
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Fig. 28. Experimental setup for in situ UV-vis studies with optically trans-
parent electrodes as used with a dual beam spectrometer. 
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Fig. 29. UV-vis absorption spectra of PANI films recorded with various 
electrolyte solutions of different pH values. 

doping), various bands were identified and assigned: A = 300 nm 
(amine fragments); A = 357 and 755 nm (polarons); A = 665 nm 
(quinoid structures); A = 570 nm (donor-acceptor interactions be-
tween quinoid fragments and counter anions); A = 895 nm (elec-
tron exchange between poiaron-containing areas of the film). 

The question of the nature of the charge carriers of an intrinsi-
cally conducting polymer will be discussed in detail later on. Some 
of the resuhs obtained, in particular, with ESR are quoted here 
to get a more detailed understanding of the changes in the elec-
tronic absorption spectra. A closer look at the polaron-bipolaron 
model is presented subsequently. The question can be reduced to, 
"What will happen if there are two charges (radical cations, later 
designated as polarons) on a long conjugated polymer chain?" Will 
they form a so-called bipolaron (spinless dications)? When the first 
ESR measurements indicated the absence of spins for the conduct-
ing form of some intrinsically conducting polymers, the presence 
of bipolarons seemed evident. However, Hill et al. [370] found that 
the ESR signal can be missing for isolated oligothiophene radi-
cals that carry only one charge per molecule. Bipolarons cannot 
be the explanation for the missing ESR signal when there is only 
one charge on each oligomer. The group shows that radical cation 
TT dimers cause the loss in ESR activity, and this might also be the 

0.4 

0.3 

1 

c 
_o 
"Q. 

50.2 
</) 

Si 
<0 

0.1 

430 nm 

A c N - ^ - / \ 

pH = 0.8 / \ 

AX 
pH = 1.2/1; ^\^ 

pH = 0 ' / | ^ - i ̂  
7/'••••' p H = 7 

1 - r - k - r ' l , 1 , i , 1 

0.6 
900 nnfi / 

AcN >-/ 

bH = 0. 

-400 0 400 

/ mV 

Fig. 30. Change of absorption as a function of electrode potential for 
PANI films recorded with various electrolyte solutions of different pH val-
ues. 
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Fig. 31. Correlation of the electronic resistance of PANI with the UV-vis 
absorption around A = 800 nm as recorded in an electrolyte solution of 
pH = 0 (1-N H2SO4 in water). 

case for intrinsically conducting polymers (for further details and 
a general introduction and review, see [371-375]). An interesting 
parallel is that the UV-vis spectra of the oligothiophene radicals 
show a peak at A = 710 nm. 

The shift of the absorption maximum in the low-energy range 
of the UV-vis spectrum is a key to understanding the behav-
ior of polyaniline at high electrode potential. This shift, calcu-
lated from an absorption at ca. A = 900 nm at a potential of 
^SCE = ~200 mV, which moved to approximately A = 620 nm 
at ^sCE = 900 mV, cannot be the result of two different species 
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Fig. 32. Changes in absorption at three specific wavelengths that indicate 
the presence of aromatic (A = 310 nm) and polaron species (A = 410 and 
880 nm); 1-M HCIO4 in water. 

absorbing at A = 900 and 620 nm, respectively, even though it is 
quite tempting to assume that the absorption at A = 620 nm results 
from hydrolysis products of the pernigraniline form of poly aniline. 
In the latter case, the absorption at A = 620 nm should increase 
with time when polyaniline is exposed to high potentials. More hy-
drolysis products should be produced, but a decreasing absorption 
is observed. This shows that another model is necessary to under-
stand such a hypsochromic shift. 

Kuhn [376, 377] developed a model to explain the UV-vis be-
havior of natural dyes that turned out to work exceptionally well 
for conjugated systems. This model is based on the assumption 
of an electron gas caught in a potential energy well that corre-
sponds to the size of the conjugated system of the dye molecule 
and is exposed to the sinusoidal potential energy function result-
ing from the atoms of the conjugated system. It does not (and 
never was intended to) fully describe the bonding situation of such 
a dye molecule, but it can give an astonishingly precise description 
of its UV-vis behavior. Two main conclusions can be drawn from 
this model: (1) even for an infinitely extended conjugated system, 
the absorption energy does not approach zero, but rather a finite 
value (a consequence of the sinusoidal potential) and (2) the en-
ergy of the absorption maximum (approximately) is a linear func-
tion of the reciprocal number of monomer units \/n (proportional 
to 1/length) of the conjugated system. Both phenomena were ob-
served experimentally. The latter can be quite useful in estimating 
conjugation lengths from data derived from oligomers, via UV-vis 
spectroscopy. The absorption energy of a few oligomers that con-
sist of a known number of monomers is plotted against the recip-
rocal function of this number of monomers and can be calculated 
from a linear regression slope and intercept with the y axis (the in-
tercept represents an infinitely extended conjugated system). The 
linear relationship allows calculation of the number of monomers 
(effective conjugation length) that correspond to the observed ab-
sorption energy of a polymer. This is in agreement with the idea 
of Min et al. [378], who assigned a band of camphor sulfonic acid-
doped polyaniline at A = 780 nm to a localized polaron or, in the 
chemist terms, a cation radical state on a chain of limited conjuga-
tion length. 

On the basis of this model, an approach to the effects as visu-
alized in Figure 33 is possible. Here, the horizontal axis does not 
show the reciprocal number of monomers, but the electrode po-
tential applied to the polymer. A linear increase of the absorption 
energy for potentials exceeding £̂ SSCE = 300 inV is observed in-
dependently of the conditions chosen for the preparation of the 

Fig. 33. Energy of the long wavelength maximum in the UV-vis spectrum 
of polyaniline as a function of the applied potential. A linear relationship 
with a slope of 1 eV per volt of applied potential is observed. With increas-
ing potential, shorter conjugated segments can be oxidized, and when more 
polarons are located on shorter segments, a hypsochromic shift (blue shift) 
results [273]. 

PANI film. This underlines the fact that a decreasing average con-
jugation length is responsible for the absorption energy shift. For 
potentials lower than this limit, no further change in absorption 
energy is observed; the maximum conjugation length is reached. 
There is only one charge (polaron) per undisturbed coplanar poly-
mer chain segment and there are charges only on the longest of 
these segments, because they have the lowest oxidation potential. 
With increasing electrode potential, more electrons are abstracted 
from the polymer, and the higher potentials allow the oxidation 
of shorter coplanar chain segments, with a corresponding increase 
of the absorption energy. The fact that this shift starts at poten-
tials far below those necessary for the generation of pernigraniline 
sites indicates that the shift is not a consequence of irreversible 
oxidation or hydrolysis of the polymer, but a mere consequence of 
oxidation being extended to shorter coplanar segments. 

Table V summarizes the results for slope and y axis intercept 
of a linear regression of the observed absorption energy-potential 
shifts for several PANI films prepared under different conditions. 
For potentials £ ŝCE < ^001^^> there is no shift observed, and the 
average value of the absorption energy at these potentials, which 
represent the reduced state of PANI, was calculated to find the 
intercept with the y axis. Typically, a value of just above £ = 1.4 eV 
was found. For potentials E^cE > 300 mV (emeraldine state), a 
linear regression allowed calculation of the slope of the absorption 
energy with increasing potential. Independent of the preparation 
conditions, a slope of roughly 1 eV/V was found for all films. This 
implies that there is a direct connection between the availability of 
a chain segment of given conjugation length for oxidation and its 
contribution to the absorption signal. This means that the electric 
and optical properties of polyaniline are connected directly. 

In the high potential region, pernigraniline sites are produced 
and irreversible processes like hydrolysis take place. Such pro-
cesses cause defects in the polymer backbone and the effective 
conjugation length is reduced. Whereas the chains with the high-
est effective conjugation length are oxidized first when the poten-
tial is raised, they suffer from defect states first, as well. Because 
they are responsible for absorption at the longest wavelengths, this 
wavelength region is where a decrease of absorption is expected 
to be observed first. The experiment shows that at potentials of 
^SCE = 900 mV or more, an optical absorption at a wavelength of 
A = 800-900 nm is substantially reduced compared with spectra 
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Table V. Energy of the Absorption Peak in the Low-Energy Region of the UV-vis Spectrum of PANI Showing 
a Hypsochromic Shift with Increasing Potential Applied to the Film^ 

Polymerization conditions 

Electrolyte 

1-M HCIO4 

0.5-M H2SO4 

1-M HCl 

1-M HNO3 

1-M H3PO4 

1-MHAc 

1-M KNO3 

1-M KCl 

0.5-M Na2S04 

1-M HCIO4 

1-M HCIO4 

1-M HCIO4 

1-M HCIO4 

O.2-MHCIO4 

5-M HCIO4 

Potential 

755-mV SSCE 

750-mV SCE 

750-mV SCE 

750-mV SCE 

750-mV SCE 

750-mV SCE 

750-mV SCE 

750-mV SCE 

750-mV SCE 

680-mV SSCE 

950-mV SSCE 

755-mV SSCE 

755-mV SSCE 

755-mV SSCE 

755-mV SSCE 

Aniline 

cone. (M) 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.02 

0.3 

0.1 

0.1 

Shift (eVV-1) 

(^SCE>0.3(V) 

0.87 

1.23 

1.63 

0.96 

0.79 

— 
— 
— 
— 

0.84 

— 
1.08 

0.92 

0.81 

0.83 

^abs. (eV) 

(^SCE < 0.3 (V) 

1.414 

1.401 

1.403 

1.421 

1.427 

— 
— 
— 
— 

1.445 

<1.38 

1.400 

1.425 

1.437 

1.426 

^Listed are the slope resulting from a linear regression of the absorption energy as a function of the potential (for 
potentials E > 300 mV) and the average absorption energy £̂ abs. (for potentials E < 300 mV). 

taken at E^cE = 600 or 700 mV, where formation of pernigrani-
line is not observed. Films of low conductivity do not show an ab-
sorption peak in the low-energy region, which is attributed to the 
presence of polarons, and, consequently, there are no values listed 
in the table. It is very difficult to explain such a blue shift on the 
basis of a band model, because it would imply an increase of the 
bandgap and a change in the function that describes the density of 
states. For phenomena of this kind, a model based on a molecular 
point of view as described previously is preferred. 

Monkman [316, 317] reported UV-vis spectra recorded in situ 
that were interpreted by assuming localized oxidatively induced 
chromophores. This interpretation contradicts the model of mo-
bile polarons. An absorption band found around E = 0.5 eV (A ^ 
2478 nm) was attributed to an internal charge transfer between re-
duced and oxidized sites on the polymer chain. This agrees with 
a model of hopping conduction. Genies and Lapkowski [379] as-
signed UV-vis spectra recorded in situ with a PANI film in eu-
tectic of NH4F*2.3HF to two polaron-bipolaron transitions. UV-
vis spectra recorded in situ in the external reflectance mode were 
reported by Kessel et al. [185]. Assignment of the band around 
A = 330 nm to the TT -> TT* transition of the aromatic ring system, 
of the absorption around A = 450 nm to a radical cation, and of the 
absorption in the region of A = 700-800 nm to highly conjugated 
species is basically in agreement with results already reviewed. 

UV-vis spectra of electrochemically prepared copolymers of 
aniline with o-toluidine and with 6>-anisidine (MOA), and of PANI 
for comparison were reported by Ram et al. [380]. In the undoped 
state, optical absorptions were shown for PANI at 2.17 and 3.8 eV 
(A = 570 and 326 nm), for PANI-PoTl at 2.13 and 3.96 eV (A = 581 
and 313 nm), and for PANI-MOA at 2.2 and 3.77 eV (A = 563 
and 328 nm). The transition at higher energies was assigned to 
the TT ^ TT* interband transition; the transition at lower energies 
was assigned to the transition of an electron from the nonbond-
ing electron pair at the nitrogen atom into the conduction band. 

Compared with spectra reviewed before, the assignment of the for-
mer band corresponds to the TT -^ 77* transition of the aromatic 
ring system; the latter band seems to indicate at least some degree 
of oxidation (although no electrode potentials or corresponding 
states of electrooxidation are given). The band may be compared, 
therefore, with the so-called polaron band. In the band model dis-
cussed in more detail in Figure 41, the nonbinding nitrogen elec-
tron pair is not represented as a separate band. The difference be-
tween the position of the interband transition with PANI and with 
the copolymers is significant in the undoped state only with PANI-
PoTl. In the doped state, optical absorptions were shown for PANI 
at 1.4, 2.93, and 3.63 eV (A = 885, 422, and 341 nm), for PANI-
PoTl at 1.33,2.87, and 3.97 eV (A = 931,431, and 312 nm), and for 
PANI-MOA at 1.5, 2.84, and 3.6 eV (A = 826, 436, and 344 nm). 
The transition at higher energies is again assigned to the TT ^- TT* 
interband transition; with PANI, it is shifted to slightly lower ener-
gies (red shifted) and with PANI-MOA it is surprisingly shifted 
in the opposite direction (blue shifted). The remaining absorp-
tions are both assigned to polaron states. With the doped forms 
the difference in the position of the interband transition again is 
significantly affected only with PANI-PoTl. The considerable shift 
to higher energies may imply a decreased extent of conjugation 
caused by the presence of the alkyl substituent. The effect of dop-
ing on the energy of this transition is pronounced with PANI and 
PANI-MOA; with PANI-PoTl it is negligible. Whereas doping (and 
oxidation) tends to increase the extent of conjugation and also ulti-
mately change the benzoid nature of the ring system into quinoid, 
the red shift of the doping is reasonable. Its almost complete ab-
sence in the case of PANI-PoTl is also reasonable, because, as al-
ready stated, with this copolymer, due to the presence of the alkyl 
substituent, extension of the conjugation is hindered anyway. This 
observation is also in good agreement with the very poor electronic 
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Table VI. Electrode Potentials Ei for the First Polymer Film Oxidation Step, Redox Potentials of the First 
Redox Step £̂ redox, RHE» ^^^ Electronic Absorption Maxima Amax of the Reduced Form of Anihne and 

Substituted Anilines in Various Solutions of 1-M HCl [241] and of 1-M HCIO4 [239, 240, 456] 

Monomer 

Aniline 

2,3-Xylidine 

2,5-Xylidine 

oToluidine 

mToluidine 

o-Ethylaniline 

o-zt-Propylaniline 

N^-Methylaniline 

A/^-Ethylaniline 

2-Methoxyaniline 

2-Aminobenzylalcohol 

2-Methoxy-5-methylaniline 

2,5-Dimethoxyaniline 

Acronym 

PANI 

P23X 

P25X 

PoTl 

PmTl 

PEtA 

PPrA 

PNMA 

PNEA 

MOA 

ABA 

MOMA 

DMCA 

^l,SCE (V) 
1-M HCl 

0.12 

— 
0.24 

0.20 

— 
— 
— 

— 
0.08 

0.22 

0.16 

0.03 

Amax (nm) 
1-M HCl 

315 

— 
— 
310 

— 
— 
— 
— 
— 
325 

308 

308 

350 

-^redox, RHE (V) 
1-M HCIO4 

0.31 

0.445 

0.386 

0.354 

0.36 

0.365 

0.41 

0.425 

0.52 

— 
— 
— 
— 

Amax (nm) 

1-M HCIO4 

310 

292 

310 

310 

300 

310 

310 

310 

320 

— 
— 
— 
— 

conductivity of PANI-PoTl as compared to PANI itself and PANI-
MOA. Electrochromic copolymers of aniline or o-toluidine with 
anthranilic acid, methanilic acid, and 2-aminobenzenesulfonic acid 
have been described by Krzyczmonik and Blaszczyk [381]. 

The influence of the counteranion ClO^ and its concentration 
on the redox behavior of PANI studied with UV-vis spectroscopy 
has been stated [382]. No conclusions or explanations were pro-
vided. 

Photoinduced UV-vis absorption of PANI and related changes 
in ESR spectra were observed ex situ by Coplin et al. [383]. UV-
vis spectra of polymers prepared electrochemically from various 
substituted anilines (2-alkoxyanilines and 2,5-dialkoxyanilines that 
have alkyl chains with n = 1, 2, 4, 6) have been reported by 
D'Aprano et al. [241, 384]. The absorption maximum around A = 
290 nm observed for the monomers is not significantly affected by 
the type, number, or position of the substituent. The position of 
the corresponding absorption maximum of the polymer assigned 
to the TT -> TT* transition of the benzoid system varies consider-
ably with these structural and electronic substituent effects. Data 
are listed in Table VI. The position of this electronic absorption 
was correlated to the conjugation length and the electronic con-
ductivity. It is concluded that methyl-substituted anilines result 
in polymers less planar than do the methoxy-substituted aniline. 
Steric effects are invoked as the cause. Surprisingly, the electronic 
conductivity of the polymeric monoalkoxy-substituted anilines is 
lower compared to the alkyl-substituted polyanilines. The less reg-
ular structure of the polyalkoxyanilines is suggested as the reason. 
The diminished selectivity of head-to-tail coupling which results in 
less well ordered molecular chains (as determined from CV data) 
is the cause of the irregularities. With 2,5-disubstituted anilines, 
more regular materials with higher conjugation length and bet-
ter electronic conductivity again are obtained. Data compiled by 
Probst and Holze [239,240] and collected in Table VI fit nicely into 
this picture. This finding is also basically in agreement with the pre-
viously discussed data reported by Ram et al. [385]. Nevertheless, 
the considerable influence of the experimental parameters em-
ployed during polymer preparation makes a thorough discussion 

of this aspect highly speculative [386]. In a comparative study of 
various ring- and N-substituted polyanilines, Sindhimeshram and 
Gupta [387] found a hypsochromic shift of the UV-vis spectrum 
with an increase in the dielectric constant of the solvent and with 
ring substitution. 

As already indicated in the set of structural formulas in Fig-
ure 27, the electrochemically induced changes of the polymer ef-
fected by oxidation or reduction steps result, in a few cases, in the 
formation of radical centers on the polymer backbone. Because of 
the presence of unpaired electrons, this has considerable effects 
on the UV-vis spectra as already discussed. Even more significant 
is the change observed with ESR (ECESR when applied in situ 
in electrochemical investigations). Figure 34 shows essential parts 
of the electrochemical cell as employed in the studies reported 
by Lippe [73]. Figure 35 shows a series of ECESR spectra ob-
tained with a PANI film in a nonaqueous electrolyte solution at 
different states of oxidation, that is, different electrode potentials 
and corresponding degrees of doping. Beginning with a neghgi-
ble amplitude of the ESR signal observed with the reduced form 
of PANI (showing a fairly large electrical resistance), the ampH-
tude increases, starting with a single line of Gaussian shape up to 
a maximum with a line of Lorentzian shape observed at electrode 
potentials roughly in the middle between the two anodic peaks ob-
served in the CV (cf. Fig. 23). Beyond this point, the shape of the 
line changes again into the Gaussian type, and the amplitude de-
creases and almost vanishes. This process is completely reversible 
as long as the anodic potential limit is below a threshold value 
beyond which polymer degradation prevails. Only a single line is 
observed, despite the fact that it is caused by a radical incorpo-
rated into a large molecule. This imphes strong delocalization of 
the unpaired electron, causing the complete loss of hyperfine split-
ting sometimes observed with the molecular radicals studied in 
the polymerization process. In the case of PANI, the signals are 
fairly symmetric, whereas in the case of other intrinsically conduct-
ing polymers, asymmetric shapes have been observed. The strik-
ingly asymmetric shape of the signal for polyacetylene [388] and 
for polypyrrole [389, 390] has caused these researchers to con-
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Fig. 34. Electrochemical cell for in situ ECESR experiments. The coun-
terelectrode assembly that consists of a metal sheet wrapped around the 
central tube that connects to the reference electrode compartment is in-
serted axially into the working electrode coil. This coil is fitted into the 
cylindrical electrochemical cell made of quartz glass. The cell fits into the 
microwave cavity of the ESR spectrometer [73]. 

sider them as Dysonian lines [391, 392]. Whereas the line shape 
(or width [393]) is related to the mobility of charge carriers in the 
layers of the polymer sample penetrated by the microwave energy 
of the ESR spectrometer, the actual morphology and other prop-
erties of a polymer sample may influence the actually observed 
line shape. In the case of R\NI and its relatives investigated so 
far, the line shape is more symmetrical, so the lines are called 
Dysonian lines only infrequently [394-396]. Even for polypyrrole, 
a non-Dysonian shape was reported at least once [397]. There is a 
single report of hyperfine splitting for PANI. With pernigraniline 
base solutions. Long et al. [398] were able to obtain high resolution 
ESR spectra [398]. The unpaired electron was found to reside pre-
dominantly on the nitrogen atom. The observed spin distribution 
was found to agree with a model for neutral benzoid-nitrogen soli-
tons as initially suggested by Su and Epstein [399]. Nevertheless, 
these observations do not seem to bear further importance for un-
derstanding the specifics of R\NI films as discussed here. The in-
fluence of the dielectric constant of the environment on the shape 
of the ESR absorption line has been discussed elsewhere [400]. 

The assignment of the ESR signal to radical cations or free 
spins (from a chemist's point of view) is, nevertheless, straight-
forward and beyond any doubt (see, e.g., [401, 402]). A closer 
description of the observed spins in terms of their magnetic and 
other properties is subject to ongoing debate. Glarum and Mar-
shall [403] recorded the change of spin concentration as a func-
tion of electrode potential and injected charge for PANI films of 
various thicknesses. For thin films, they found a strong correla-
tion between spin concentration and the current registered as a 
function of electrode potential, whereas for thick films, the ESR 
absorption correlated strongly with the injected charge, resulting 
in a ratio of one electron injected per Curie spin. The former re-
sult was explained by assuming negligible electron-electron inter-
action, whereas the latter result implies strong electron-electron 
interaction. Results were finally fitted into a model with a distribu-
tion of energy levels in a one-dimensional band of electronic ener-
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Fig. 35. ECESR spectra of PANI as a function of electrode potential in a 
solution of 0.1-M LiC104 in acetonitrile; 9.41 GHz, 79 mW, 0.2-mT modu-
lation [73]. 

gies. No explanation for the influence of film thickness on the ob-
served correlations was attempted. The influence of a whole set of 
experimental conditions, including film thickness, was investigated 
by Travers et al. [404]. A considerable influence of sample prepa-
ration on ECESR results was also found by Genoud et al. [405]. 
Ohsawa et al. [406] found a single line ESR spectrum upon elec-
trooxidation of PANI in an aprotic electrolyte system. They as-
signed this spectrum to the formation of polaronic states and sup-
ported the assignment with the results of UV-vis spectroscopy. 
Without providing further evidence, Ohsawa et al. suggested that 
electronic conduction arises from spinless carriers. Measurements 
of the g value and of the temperature dependence of the ESR 
signal line width indicate that the spins are localized at the nitro-
gen atom. The absence of an ESR signal at low electrode poten-
tials when PANI is in its reduced state was assigned to the lack of 
TT-conjugate systems. In a later study, these authors discussed the 
influence of the supporting electrolyte anion and the presence of 
dioxygen and moisture on the already mentioned changes in the 
ESR spectra as a function of electrode potential. The anion seems 
to influence the polaron-bipolaron transition. The presence of O2 
and H2 changes the line width of the ESR signal reversibly. This 
change is attributed to a relaxation of polaronic spins in the poly-
mer by interaction with paramagnetic dioxygen. Nechtschein and 
co-workers [407, 408] reported reversible ESR line broadening ob-
served with PANI powders in the presence of air and dioxygen. 
A possible application of this effect in studies of dioxygen mobility 
in polymer samples was indicated. It was also proposed that ESR 
line broadening may provide information on spin carrier mobil-
ity and morphology of the polymer. Aasmundtveit et al. [409] in-
vestigated dioxygen-induced ESR line broadening with PANI films 
and powders. Removal of dioxygen resulted in line narrowing. The 
broadening observed after exposing PANI to dioxygen as a func-
tion of time was explained by considering the rate of sorption and 
diffusion processes. Genoud et al. [410] studied in situ the influ-
ence of temperature and the degree of doping on the spin suscep-
tibility of PANI. They found that in the conducting emeraldine salt 
state, the spin susceptibility decreases. The Pauh susceptibihty is 
nil. The results were compatible with a polaron-bipolaron transi-
tion model invoked to explain the susceptibility decrease at higher 
degrees of doping. Further details concerning the line width of 
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ESR spectra of PANI were reported by Houze et al. [411]. Accord-
ing to their results obtained with chemically prepared and doped 
PANI, the polymer contains mobile and fixed spins. The former 
are strongly coupled to the lattice. The induced line broadening is 
found to be proportional to the spin mobility; this is in contrast to 
the usual motional narrowing. The line width is proportional to the 
conductivity. For the reported study, fixed spins were generated by 
adsorbed dioxygen or by paramagnetic ions like Fe^+. Results that 
support this point of view were provided by Kahol et al. [412]. Re-
moval of moisture resulted in a decrease of conductivity of PANI 
samples measured ex situ by an order of magnitude. Protonation 
and the presence of water in PANI were found to be of central 
importance. The polymer was described as a composite of proto-
nated, highly ordered, and metallike regions separated from un-
protonated and amorphous regions by intermediate regions whose 
thickness depends on the water content. It was concluded that 
the presence of water increases the size of the metallike islands, 
resulting in enhanced conductivity. Another influence of the an-
ion was found by Itow et al. [413]. By comparing ESR spectra of 
PANI protonated with hydrochloric acid and with camphor sul-
fonic acid, different frequency dependencies of the line width were 
found. In the case of the latter dopant, a less-metallike electronic 
state was found. More generally, a weak interchain coupling and a 
semiconducting diffusion rate of the spin along the polymer chain 
different from results obtained, for example, with polyacetylene 
or polypyrrole were observed. Koziel et al. [414] employed in situ 
ECESR spectroscopy with PANI and various electrolyte anions. 
Only a general statement with reference to the obvious influence 
of the anions on the formation of positive charges was given. Al-
though observed ex situ, it seems noteworthy that elongated doped 
(conducting) PANI films show an anisotropy of ESR signal that in-
creases with the elongation ratio and the counterion size [415]. As 
a tentative explanation, a more ordered interchain arrangement 
parallel to the applied external field was suggested. Whereas an 
increased electronic conductivity of elongated films stated else-
where [416] was assigned to an enhanced interchain conduction, 
this explanation was deemed reasonable. A graphic depiction of 
the various contributions to the electronic conduction (movement 
of charges along the molecular chain, between chains, between 
bundles of chains) is shown in Figure 36. The influence of intra-
chain movements is clearly visible. 

Genies and Lapkowski [379, 417] identified four one-electron 
transitions and two polaron-bipolaron transitions with PANI in an 
eutectic melt of NH4F*2.3HF. The claim for the existence of two 
slightly different bipolaron states was based on minor differences 
between the observed ESR signals. Further discussion is facilitated 
by briefly recalling the underlying models, arguments, and assump-
tions. Radical cations formed, for example, on a PANI polymer 
chain, can be treated from a physicist's point of view as polarons. 
These are quasiparticles in a solid. Localized charges in a potential 
well within a lattice cause lattice distortions around them because 
of Coulombic electrostatic interactions (polarization). These self-
localizing polarons can move around in the crystal and carry their 
charge cloud with them. Whereas their effective mass differs from 
the mass of an electron, they have a different mobility. Although 
PANI and its relatives form very amorphous solids that are far 
away from the ideal periodic lattice that is a prerequisite for ap-
plication of the band model, further discussion invokes exactly this 
helpful concept. When the number of radical cations (polarons) is 
increased, the amplitude of the ESR signal grows. This can be seen 
more clearly when double integration is applied to the original 

Drude equation: 

a = n * / i , * e 

Fig. 36. Schematic that indicates the various contributions of transport 
types and processes to the electronic conduction in an intrinsically con-
ducting polymer. 
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Fig. 37. Integrated intensity of ESR absorption of a PANI film in elec-
trolyte solutions of various compositions and pH values [73]. 

ESR signal. Results of this procedure are displayed in Figure 37 
for a film of PANI exposed to electrolyte solutions with different 
pH values. 

The molecular and electronic information deduced from re-
sults obtained with ESR spectroscopy is of fundamental inter-
est. In the discussion of these data, their use in the explanation 
of the electronic conductivity of these polymers plays a central 
role. Whereas the electrooxidation of PANI at least initially re-
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Fig. 38. Comparison of integrated ESR absorption and electronic con-
ductivity of PANI in a solution of 0.5-M H2SO4 (pH = 0). 

suits in the formation of radical cations (as convincingly demon-
strated with ECESR), the onset of electronic conductivity with the 
increase of ESR absorption readily suggested the identification of 
the radical cations (polarons) as the carriers of the electronic con-
duction. Because of their mobility, polarons have been assumed to 
be the charge carriers responsible for the electronic conductivity 
of PANI and the other intrinsically conducting polymers. This sug-
gestion is convincingly supported by a plot of the increase of the 
ESR signal and the decrease of the electric resistance as shown in 
a typical example in Figure 38. Unfortunately at higher degrees of 
doping, the resistivity remains low, whereas the amplitude starts to 
decrease again. This change initially caused a search for a species 
that is also charged and mobile, but has no unpaired electron and 
thus does not show up in an ESR spectrum. Again invoking con-
cepts of solid state physics, recombination of polarons into doubly 
charged bipolarons without unpaired electrons was proposed. Al-
though at first such a recombination seems to be highly unfavor-
able because of electrostatic repulsion, theoretical calculations for 
polypyrrole have shown that such recombination is energetically 
possible [418]. 

Correlations between the concentration of free spins as de-
duced from spectroelectrochemical data, especially ECESR and 
UV-vis absorption data, and the electronic conductivity have been 
investigated repeatedly. Figure 39 shows a comparison of the inte-
grated ESR absorption and the electronic absorption in the UV-
vis spectrum of PANI recorded as a function of electrode poten-
tial [73]. The close correlation imphes that those species formed 
during electrooxidation of the polymer film and that cause the ab-
sorption band around A = 430 nm (see above) are also those that 
cause the ESR absorption. 

Consequently, the electronic absorption can be assigned to the 
polarons formed during film oxidation. Yoon et al. [419] studied 
the correlation between electrical conductivity, thermal conductiv-
ity, and ESR absorption intensity s. In addition to an obvious in-
fluence of solution pH (as already implied in the data displayed in 
Figure 24, the highest conductivities are observed in strongly acidic 
solution), a strong correlation between both electronic and ther-
mal conductivity and log s was found. Yoon et al. concluded that 
both conductivities involve the same species (i.e., polarons). The 
fairly large Lorenz number, which was found for PANI with the 
highest observed conductivity to be an order of magnitude larger 
than expected for a metal, was taken as support for a model of lo-
calized electronic states in PANI as suggested earlier by Focke and 
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Fig. 39. Comparison of integrated ESR absorption and UV-vis absorp-
tion at A = 430 nm of PANI in a solution of 0.5-M H2SO4 (pH = 0) [73]. 

Wnek [420-422]. Accordingly, electronic conduction was assumed 
to occur via a hopping mechanism (compare also Fig. 36). Hopping 
conduction was also concluded based on ESR and conductivity 
data obtSLincd ex situ by Choi and Kim [423] with electrochemically 
prepared PANI-hexafluorophosphate. In the case of self-doping 
PANI films, differences in the ESR spectra of dissolved sulfonic 
acid ring-substituted PANI and a free-standing film of this material 
indicated a higher degree of localization of the spins in the solu-
tion system [424]. Microscopic spin and charge dynamics of chem-
ically prepared PANI were studied by Mizoguchi and Kume [425, 
426]. Measurements of the diffusion rate of spins along the poly-
mer chain and across the chain indicated a highly anisotropic mo-
bility. Above T = 150 K, the mobihty along the chain showed a 
metallike temperature dependence. Accordingly, PANI seems to 
be a highly one-dimensional electronic system. Further discussion 
of the temperature dependence of the electronic conductivity of 
PANI in connection with a simplified band model is provided sub-
sequently. 

One of the most striking features of practically all reported 
ECESR studies (provided that the electrode potentials (i.e., de-
grees of doping) employed were high enough) is the more or less 
sudden disappearance of ESR absorption as a function of elec-
trode potential. As already visible in Figure 37, the concentration 
of free spins (polarons), which is assumed to be proportional to the 
ESR absorption, passes through a maximum. Two questions have 
to be asked: What happens to the radical cations certainly still pro-
duced by electrooxidation and what is the cause of the electronic 
conductivity when the concentration of free spins decreases to al-
most negligible values? Numerous investigations have been de-
voted to these questions (for an introductory overview, see [427]). 
Mizoguchi et al. [428] found a single Lorentzian line at low dop-
ing levels. At higher doping levels, a double Lorentzian line (a 
narrow and a broad one) was found, in contrast to the Gaussian 
shape reported by other researchers [429]. The integrated inten-
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sity of the broader line becomes greater than the intensity of the 
sharp Une with more positive electrode potentials. Measurements 
of the temperature dependence suggested that the sharp line be-
haves like a Curie spin, whereas the broad line resembles a Pauh 
spin. (For more details on both types of susceptibility, see [430].) 
The sharp line is, consequently, assigned to a polaron state cre-
ated in the electrochemical doping process at low doping levels. 
The disappearance of the ESR signal upon electrochemical oxi-
dation of the leucoemeraldine form of PANI into its emeraldine 
form was assigned by MacDiarmid et al. [431] to the change of 
Curie spins into Pauli spins. The lack of a correlation between 
the electrical conductivity and the concentration of free spins was 
stated by Kaya et al. [432]. A simple correlation, that is, an in-
crease of conductivity that occurs simultaneously with an increase 
in the concentration of free spins, was observed by Genoud et al. 
[433]; evidence of "spinless conduction" was included. According 
to Wienk and Janssen [434], the emeraldine salt of PANI is an ex-
ception in which polarons are favored over bipolarons. No support 
of this statement is provided, although it may fit the experimen-
tally observed reality. It is indicated that para-coupled polyaniline 
is conducting in the emeraldine salt state, whereas meta-para cou-
pling results in a high-spin polymer. Stafstrom [435] studied ge-
ometry, band structure, and electronic transitions in oligomeric 
aniline tetramers and in polymers based on the tetramer unit us-
ing the modified neglect of differential overlap (MNDO) method. 
The calculated electronic excitation spectrum of the tetramer with 
a bipolaron conformation was very similar to the experimentally 
observed spectrum of this species. For the polymer system, the po-
laron configuration was found to be more stable. 

In a more general investigation of PANI, polythiophene (PT), 
and polypyrrole (PPy) (for the latter polymers, see the following 
sections), Devreux et al. [436] studied the correlation between in-
jected electric charge per ring and the number of spins per ring. 
Their results are displayed later in Figure 71. The general shape 
of the trace corresponds to plots already shown that display the 
relationship between the electrode potential and the spin concen-
tration. Devreux et al. concluded from a thermodynamic consider-
ation of the results that with PPy and polydithiophene (PdT), po-
larons and bipolarons are almost degenerate and, consequently, in 
a thermodynamic equilibrium, whereas for PANI, polaron pairing 
is hindered by potential barriers that disable the establishment of 
a thermodynamic equilibrium. 

Investigations of chemically prepared oligomers with said type 
of substitution resulted in ESR spectra with hyperfine structure in-
dicative of polaronic triplet di(cation) radicals. These results bear 
importance with respect to the development of organic ferromag-
netic substances. Ferromagnetic behavior also was found by Mi-
zobuchi et al. [437] with various experimental techniques applied 
to a copolymer of aniline and 5-amino-2-naphthalene sulfonic acid 
prepared by electropolymerization 

4,4'-methyleneciianiline 

ESR studies of poly(4,4'-methylenedianiline) [438] in its salt 
form showed evidence of thermally activated and temperature-
independent PauU-type paramagnetism, whereas the correspond-
ing base form showed thermally activated PauH- and Curie-Weiss-
type paramagnetism. Charge transport was proposed to occur via 
polarons and bipolarons. With UV-vis spectroscopy performed 
ex situ at chemically prepared polymer samples, no evidence of 

quinoid structural units was found upon oxidation of the polymer, 
despite the presence of a significant electronic conductivity [439]. 

The striking difference between ECESR data and conductiv-
ity data has prompted numerous investigations and reports. Lippe 
et al. [73, 309, 440], extensively investigated the relationship be-
tween the concentration of free spins and the electronic conduc-
tivity for aniline and a number of substituted anilines as well as re-
lated polymers (indole, indoline, pyrrole) with essentially the same 
results as found with PANI. ECESR has also been employed in 
studies of the "memory" effect of PANI [441, 442] (see preceding 
text). A reversible decrease of the conductivity of PANI upon ex-
posure to dioxygen and the reverse process upon evacuation was 
observed by Kang et al. [443]. Corresponding changes in the ESR 
spectra as already discussed were seen and explained by assum-
ing a spin-spin interaction between the polarons and the dioxygen 
molecules. The associated decrease in the mobility of the polarons 
and a presumed reduction of their concentration was seen as the 
reason for the only slightly diminished conductivity. 

A further complication of the discussion arises when the in-
frared absorption around 4250 cm~^ (E = 0.5 eV) and the elec-
tronic resistance are plotted as a function of electrode potential 
(see, e.g.. Fig. 40). The resistance decreases at about the first re-
dox potential (for comparison, see the CV displayed in Fig. 23). At 
this electrode potential, the said infrared absorption increases. At 
the second redox potential, the resistance increases again, whereas 
the IR absorption decreases. The striking correlation is provoca-
tive. Contrary to the correlation between the ESR absorption and 
the resistance, which shows a striking deviation beyond electrode 
potentials that correspond to the second redox potential, this cor-
relation holds in the entire range of electrode potentials inves-
tigated. To assign the IR absorption to polarons already identi-
fied as the cause of the optical absorption around A = 430 nm 
(E = 2.8 eV) would be in strong disagreement. Nevertheless, 
it seems safe to associate the species that causes the IR absorp-
tion with those mobile carriers that cause electronic conductivity. 
A satisfactory explanation (not taking into account the arguments 
presented already that show weak spots of the polaron-bipolaron 
model) is that the observed absorptions can be visualized using a 
band model as depicted in Figure 41. Although this model is essen-
tially correct only for perfect periodic crystals, it is fairly often used 
in an approximation for the explanation of solid state properties of 
intrinsically conducting polymers. Within this model, the energy 
levels described as TT orbitals from the chemist's point of view are 
combined into the valence band. The corresponding TT* orbitals 
are combined into the conduction band. Upon oxidation, radical 
cations (polarons) are formed. With their increasing number, the 
discrete levels are combined into a binding (lower) band and an 
antibinding (higher) band. Because of the electronic occupation 
of the lower band, transitions between both bands are allowed. In 
the case of bipolarons, discrete levels again combine into bands, 
and the different occupation does not allow electronic transitions 
between these bands. Allowed electronic transitions as derived 
from electronic symmetry considerations [444] result in the indi-
cated scheme of possible electronic excitations. The transition wl 
corresponds to the TT ^ TT* transition of the benzenoid unit of 
the polymer as already indicated. The optical absorption around 
A = 430 nm is caused by the transition from the lower binding po-
laron band into the upper one. The optical absorption observed at 
even higher doping levels (i.e., degrees of oxidation) corresponds 
to the transition w2b. The transition found around E = 0.5 eV is 
due most likely to the transition wl in the polaron state and wlb 
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Fig. 40. Comparison of electronic resistance and IR absorption at about 
4200 cm~^ (A£ = 0.5 eV) of a PANI film in an aqueous solution of 1-M 
HCIO4 as a function of electrode potential [456]. 
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Fig. 41. Simplified band model of PANI in its various states of oxidation. 

in the bipolaron state. This explains the presence of this absorp-
tion in the whole electrode potential range (between redox po-
tentials î redox,! ^^^ ^redox,2) wherein the polymer maintains its 
high conductivity. Nevertheless, the change of the position of the 
absorption band associated with wlb as a function of electrode po-
tential and degree of doping, which would imply an increasing gap 
between the lower and the higher bipolaron band, remains unex-
plained. Considering the changes of resistance in the IR spectrum 
as a function of electrode potential, the intermediate state of oxi-
dation of PANI with semiquinoid units is the best conducting. 

A simple way to distinguish between a metallic conductor and a 
semiconductor is to measure the electronic conductivity of the sub-
stance under investigation as a function of temperature. This was 
attempted with PANI ex situ. The first in situ measurements were 
reported by Probst and Holze [445]. PANI was prepared via dif-
ferent electropolymerization routes (i.e., potentiodynamical, po-
tentiostatic, etc.). The conductivities plotted as a function of the 
temperature are shown in Figure 42. They show an increase of 
conductivity up to a limiting temperature. The increase implies a 
semiconductor-like behavior. The appearance of a limiting tem-
perature, beyond which the conductivity dropped, was explained 

Fig. 42. a vs temperature plots for PANI in 1-M HCIO4 films de-
posited by (1) potentiodynamic cycling, (2) potentiostatic deposition, and 
(3) square wave deposition; nitrogen purged [445]. 
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Fig. 43. Plots of In(cr) vs inverse temperature for PANI in 1-M HCIO4 
films deposited by potentiodynamic cycling (1), potentiostatic deposi-
tion (2), square wave deposition (3), nitrogen purged [445]. 

by invoking a glass transition. To identify the dimensionality of the 
conduction, various plots (for an example, see Fig. 43) as suggested 
by Heeger and MacDiarmid [446] were tried. The exponent in the 
equation as ^ exp(-(7o/7)^^/^^+^^^), where d is the dimension-
ality of the conductivity, was varied to take into account the dif-
ferent possible dimensionalities. Within the investigated range of 
temperatures, no significant influence of the exponent was found, 
that is, no conclusion with respect to the dimensionality was possi-
ble. 

ECESR spectra of polymers prepared electrochemically from 
substituted anilines (2-alkoxyanilines and 2,5-dialkoxyanilines that 
have alkyl chains with « = 1, 2, 4, 6) were reported by D'Aprano 
et al. [447]. Two single lines were observed with similar g values 
during the two oxidation steps generally found during electrooxi-
dation of PANI. The spins were more localized compared to PANI. 
Correspondingly lower electronic conductivities were found, with 
particularly low values for longer alkyl chains (n = 4, 6). In a com-
parative study, Yang et al. [448] recorded in situ ECESR spectra of 
PoTl and o-ethylaniline (PEtA). The ESR absorption present as a 
single line without fine structure showed a strong dependence on 
the electrode potential. In the range between the first and the sec-
ond electrooxidation wave, the large intensity indicates formation 
of a radical cation. In comparison, the range of electrode poten-
tials wherein these radical cations were most stable decreases in 
the order PANI > PoTl > PEtA. The change of absorption inten-
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sity correlates well with the optical absorption around A = 420 nm. 
Ex situ ESR spectra of PoTl, PEtA, and PPrA prepared by chem-
ical oxidation were reported by Pinto et al. [449, 450]. According 
to their results, substitution at the ring results in decreased con-
ductivity (in agreement with results already reviewed herein), de-
creased Pauli susceptibility, and a higher number of Curie spins. 
Going from PoTl to PPrA, the line shape changes from Lorentzian 
toward Gaussian form. The results are interpreted in terms of in-
creased electron localization caused by increased interchain disor-
der. 

Although protonation and deprotonation are no electrochem-
ical processes, spectroscopic evidence obtained in investigations 
of these processes should be considered briefly here because of 
the central importance of protonation for the occurrence of elec-
tronic conductivity in PANI. Wan and Yang [451] studied the pro-
tonation (or proton doping because this process induces positively 
charged sites in the polymer backbone similar to those formed by 
electrochemical oxidation) of PANI with a variety of spectroscopic 
methods. Results imply that protonation takes place at the imine 
site of the emeraldine form of PANI. Resuhs obtained in this in-
vestigation with fluorescence spectroscopy support this conclusion. 
Contributions from chemical and diffusional steps were found, de-
pending on the degree of protonation. At low degrees of protona-
tion, a chemical reaction was rate determining, at medium degrees, 
diffusion becomes determining. ESR spectra indicate formation of 
a polaron state (just like with electrooxidation). 

Polymers formed from o- and m-toluidine have been investi-
gated [240,452-457]. According to Leclerc et al. [458], j!?-toluidine 
did not yield a polymer upon electrooxidation. PoTl is of particu-
lar interest because it has been considered as a material for pho-
tolithography [459]. Its soluble base form can be changed into an 
insoluble form by doping. This, in turn, can be effected by acids 
that release protons as a consequence of a photochemical reac-
tion. Results reported by Fujita et al. [284] for o- and m-toluidine 
obtained with various electrolyte solutions and pH values indicate 
similarities in UV-vis spectra of PoTl and PANI in solutions of 
pH = 0, whereas in neutral solutions, considerably different spec-
tra were found. An influence of the counterion was found. In par-
ticular, the radical cation (polaron) state of partially oxidized PoTl 
was unstable in neutral solutions in the presence of large counteri-
ons. This was different from PANI. Resuhs obtained with infrared 
spectroscopy under similarly varied conditions support these con-
clusions, m-toluidine (PmTl) shows strikingly similar spectra that 
support the suggestion that both polymers are essentially the same. 
Considering the molecular structure of the monomer and of the 
most likely polymer connected in the para position, this is no 
surprise. The infrared spectra reported by Fujita et al. strikingly 
demonstrate the similarities between PoTl and PmTl; only a few 
bands were assigned to discrete vibrational modes. Considering 
the molecular structure of a polymer obtained by para coupling 
of monomer units, this is reasonable. Indeed the similarity of UV-
vis data obtained with both PoTl and PmTl supports this sugges-
tion [460]. Nevertheless, the oxidation of the orthoisomer gave 
higher polymerization yields and more regular head-to-tail cou-
pled structures [461]. The potential window between the first and 
the second electrooxidation peak becomes closer upon alkyl sub-
stitution. It is also noteworthy that according to Leclerc [462], PoTl 
is conductive only in its polaronic form, that is, roughly in the range 
of electrode potentials between the first and the second oxidation 
peaks. The protonated, fully oxidized form assigned as a bipolaron 
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Fig. 44. Electrode potential modulated in situ infrared spectra of PoTl 
in an aqueous solution of 1-M HCIO4 recorded at electrode potentials as 
indicated; background spectrum recorded at ^^RHE = 0 inV; resolution 
4cm-l[456]. 

with strongly acidic electrolyte solutions (pH < -0.5) and identi-
fied by means of a UV-vis absorption at A = 630 nm was found to 
be insulating. In a study of PoTl reported by Clark and Yang [463] 
with in situ UV-vis spectroscopy, pronounced electrochromism 
was observed. From measurements at various pH values, a pH po-
tential phase diagram was constructed. The effect of the methyl 
substitution seemed to be destabilization of the conductive form 
(as derived from the intensity of the optical absorption assigned 
to the polaron transition) of the polymer. An increased steric en-
ergy in the molecular conformation of the conductive form was 
invoked as an explanation. Wei et al. [452] studied PoTl, PmTl, 
and poly(o-ethylaniline). Typical behavior of substituted PANI was 
found with CV, UV-vis spectroscopy, and conductivity measure-
ments, particularly, after protonation. A comparison with data ob-
tained for PANI impUes a reduction in 7r-conjugation with alkyl 
substitution caused primarily by steric effects. Wan and Yang [464] 
measured UV-vis and ESR spectra of PoTl prepared by chemical 
oxidation. The strongly diminished electronic conductivity was ex-
plained based on the blue shift of the peak in the UV-vis spectrum 
by assuming a decrease in the extent of conjugation as the major 
cause. Probst [240, 456] reported a more thorough investigation 
with vibrational spectroscopies of all toluidines. A typical set of in 
situ infrared spectra, obtained by taking a background spectrum at 
a reference electrode potential Er = 0 mV in the potential region 
where PoTl is reduced, practically colorless, and only poorly con-
ducting, and further spectra recorded at selected electrode poten-
tials as indicated are shown in Figure 44. The "fingerprint" region 
recorded at additional electrode potentials is seen in Figure 45. 
The corresponding set of in situ Raman spectra is shown in Fig-
ure 46. Tentative assignments of major bands based essentially on 
known assignments for the monomer as reported in particular by 
Varsanyi [465] are collected in Tables VII and VIII for poly(o-
toluidine) and in Tables IX and X for poly (m-toluidine). 

Resonance Raman spectroscopy has been used as a tool to in-
vestigate the mode of corrosion protection by films of PANI on 
iron [466]. Spectra as displayed in Figure 47 in connection with 
measurements of the iron electrode potential implied that the 
emeraldine salt found at positive electrode potentials acts as a cor-
rosion inhibitor of iron in its passive state, whereas the reduced 
leucoemeraldine salt is indicative of an iron surface at its corro-
sion potential. 
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Fig. 45. Electrode potential modulated in situ infrared spectra of PoTl in 
an aqueous solution of 1-M HCIO4 as recorded at electrode potentials in-
dicated (£̂ RHE = 0' 50,100,..., 950 mV); background spectrum recorded 
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Fig. 46. In situ resonance Raman spectra of a film of PoTl in an aqueous 
solution of 1-M HCIO4 recorded at various electrode potentials £^RHE = 
0,150, 300, 450,..., 900 mV; resolution 8 cm"! [456]. 

A correlation of the IR absorption as a function of electrode 
potential with the electronic resistance of a film of PoTl is shown in 
Figure 48. Basically the same arguments already presented in the 
case of PANI have to be discussed, although no ECESR data are 
available for this polymer. Similar pictures are shown in Figure 49 
for PmTl, in Figure 50 for 2,5-xyhdin (P25X), and in Figure 51 for 
A^-methylaniline (PNMA). The electrooxidation process that oc-
curs around £redox,2 results in a disappearance of mobile charge 
carrier reflected in both types of experimental results. Obviously 
the change in resistance as a function of electrode potential is con-
siderably less pronounced in case of the substituted polymers as 
compared to PANI. PoTl is by far closest to PANI. The decrease 
in resistivity in orders of magnitudes is 5 for PANI, 2.5 for PoTl, 
1.5 for PmTl, 1 for P25X and PNJVLA, and 0.5 for o-n-propylanine 
(PPrA). Although no absolute resistivity data could be obtained 
with the in situ measurement method employed, this trend is basi-
cally in agreement with the observation stated elsewhere that sub-
stitution of the anihne monomer results in polymers with consid-
erably lower conductivity. It is also noteworthy that the range of 
low resistance as well as of strong IR absorption becomes nar-
rower with increasing substitution of the monomer. In a not yet 
understood way, the molecular (most likely the steric) in particu-
lar, changes seem to influence the redox potential, which in turn 
affects the IR absorption. 

The particular effect of the state of oxidation of PoTl on the 
resonance enhancement being the basis of resonantly enhanced 
Raman spectra was studied in detail by Ouillard et al. [467]. The 
results showed that certain vibrational modes remain silent in the 
Raman spectrum because of symmetry considerations. 

Henderson et al. [468] studied the behavior of PoTl in an acidic 
perchloric acid solution with probe beam deflection and electro-
chemical quartz microbalance (EQMB) [468]. The degree of film 
hydration affected the relative contributions of protons and anions 
during the first redox cycle. During further cycles, a proton contri-
bution was observed at electrode potentials around the first redox 
peak in the CV. During the second redox peak, electroneutrality 
was estabhshed by proton expulsion. 

Ex situ ESR data of 6>-toluidine prepared by chemical oxida-
tion were reported by Anand et al. [469, 470]. Using various coun-
teranions, the polymer salts and the corresponding bases were in-
vestigated. Highly mobile radical cations (polarons) were found. 
The salts showed thermally activated paramagnetism, indicating 
antiferromagnetically coupled polarons, whereas the bases showed 
only a Pauli-type paramagnetism without any temperature depen-
dence. No correlation between conductivity and spin concentra-
tion was found. It was stated that movement of paramagnetic po-
larons along the polymer chain is not the sole cause of electronic 
conductivity. 

Electropolymerization of 2,3-xyhdine (P23X) and 2,5-xyhdine 
was reported by Probst et al. [239, 456]. The obtained thin film 
of P23X was electrochromic. It showed significant optical absorp-
tions only around A = 320 nm (TT -> TT* transition) and at elec-
trode potentials -ERHE > 300 mV, an absorption was detected 
around A = 780 nm (not exphcitly assigned; it may be related to 
polarons or bipolarons). Infrared and Raman spectra recorded in 
situ yielded the bands collected in Tables XI and XII. The absorp-
tion around 4400 cm~^ did not show a significant dependence on 
the electrode potential. Whereas no conductivity data could be ob-
tained with the in situ method, it can only be assumed that this ab-
sorption may be related to charge carriers of only limited mobility. 
As already mentioned, polymers of 2,5-xylidine also were obtained 
by electropolymerization [456]. The electrochemically active films 
were electrochromic and showed an electronic conductivity as a 
function of pH value of the electrolyte solution and of the elec-
trode potential (compare Fig. 50). The UV-vis spectra recorded in 
situ at pH = 0 showed the tail of an absorption below A = 350 nm 
(TT -^ TT* transition) and a broad absorption feature around 
A = 780 nm at electrode potentials £^RHE > 400 mV. A very 
weak feature around A = 400 nm starts to grow with increasing 
electrode potential from £^RHE = 0 mV. The first band moves to 
higher wavelengths around A = 310 nm whit increasing pH value 
(e.g., pH = 1.5). The absorption around A = 800 nm already is vis-
ible at this pH value at £^RHE = 0 ^^' At even higher pH values 
(e.g., pH = 4), electrochromism disappears. In situ infrared and 
Raman spectra yielded the bands collected in Tables XIII and XTV. 
With both polymers (P23X and P25X), the transition from the 
benzoid form in the reduced state to the quinoid form in the oxi-
dized state is evident. It is noteworthy that a plot of the IR absorp-
tion at various wave numbers as a function of electrode potential 
yields significant dependencies. The absorption at 1516 cm~^ as-
signed to the benzoid ring stretching mode starts to decrease at 
E R H E = 200 mV. The band at 1597 cm^^ which is attributed to 
the same mode of the quinoid form, increases only slightly at the 
same potential, whereas the mode at 1308 cm" ̂  which is assigned 
to the C=N stretching mode of the semiquinoid form, increases 
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Table VII. Assignment of Vibrational Bands for Poly((9-toluidine) from in situ Infrared Spectra^ 
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o-toluidine 

V (cm" 

840 

— 
1150 

1200 

1273 

1303 

— 
1380 

1499 

— 
1622 

— 

-') 

PoTl, 

ex situ 

V (cm" 

815 

• ' ) 

1107/1119 

1157 

1215 

— 
— 
— 
1380 

1496 

— 
— 
— 

PoTl, red. 

in situ 

V {cm~^) 

866 

— 
1130 

1200,1225 

1280 

— 
— 
— 
1500 

— 
— 
— 

PoTl, ox. 

in situ 

v{cm~^) 

— 
n i l 
1157 

— 
— 
— 
1400-1300 

— 
— 
1568 

— 
— 

Mode 

^C-H 

5 c - H + ^3(C104) 

i8c-H 

^c-c 
^ C - N 

^ring 

^C=N 

5.,CH3 

^ring' benzoid 

^ring' quinoid 

/35,NH2 

^C=N 

Wilson no. 

— 
— 
9a 

13 

7a 

14 

— 
— 
19b 

— 
— 
— 

^See Figures 44 and 45 for experimental conditions. 

Table VIII. Assignment of Vibrational Bands for Poly(o-toluidine) from in situ Raman Spectra^ 

oToluidine 

V {cm' 

760 

— 
1048 

— 
— 
1215 

— 
1283 

1395 

— 
— 
1599 

— 
1623 

-') 

PoTl, red. 

in situ 

v{cm~^) 

— 
931 

— 
1109 

1180 

— 
— 
1270; 1232 

— 
— 
— 
1622 

— 
— 

PoTl, ox. 

in situ 

v{cm~^) 

— 
931 

— 
1118 

1178 

— 
1257 

^C-N 
— 
1487 

1586 

— 
1636 

— 

Mode 

i?(cm~-^) 

rc-H 
^C-H + ^sCClO^:) 

i8c-H 

^C-H 

^c-c 
^ C - H 
9 

— 

55,CH3 

VQ—^, semiquinoid 

'̂ring' quinoid 

^ringj benzoid 

^C=N 

^5,NH2 

Wilson no. 

— 
— 
18b 

— 
— 
13 

— 

— 
— 
— 
8a 

— 
— 

^See Figure 46 for experimental conditions. 

considerably. The infrared absorption beyond 4000 cm~^, which 
is considered to be caused by mobile charge carriers, is less pro-
nounced as in the case of PANI. In a further study, Toshima and 
Yan [471] observed that chemical oxidation of 2,3-xyUdine and 2,5-
xylidine with ammonium peroxodisulfate did not yield a polymer, 
whereas Ce(S04)2 resuked in polymer formation. No conductivity 
was reported. 

Electrochemical formation of a polymer by oxidation of 
o-ethylaniline was reported by Probst [472] and the results of ki-
netic studies were reviewed in the preceding section. An electro-
chemically active film with considerable electrochromism was ob-
tained. Changes in the UV-vis spectra were most pronounced at 
pH = 0. The repeatedly mentioned band around A = 300 nm, 

which is assigned to the TT ^ TT* transition, was found. Upon 
electrooxidation, a band around A = 400 nm and a band with a 
maximum around A = 900 nm were seen at fairly low electrode 
potentials. With further positive shift of the electrode potential, 
the band around A = 400 nm becomes less pronounced, whereas 
the absorption at longer wavelengths shifts to about A = 620 nm 
at the highest investigated electrode potential of £RHE = 900 mV. 
No details of an assignment beyond the arguments already pre-
sented for the other investigated polymers were given. In situ in-
frared spectra showed a number of vibrational bands that are col-
lected in Table XV. The absorption of the very broad band around 
4400 cm~^ passes through a maximum at an electrode potential of 
about £̂ RHE = 600 mV. In the absence of conductivity data, no 
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Table IX. Assignment of Vibrational Bands for Poly(m-toluidine) as Taken from in situ Infrared Spectra [456] 

m-Toluidine 

j^(cm' 

868 

— 
1168 

1293 

— 
1495 

— 
1593 

1620 

— 

-') 

PoTl, red. 

in situ 

j^(cm" 

871 

— 
— 
1280 

— 
1505 

— 
— 
— 
— 

• ' ) 

PoTl, ox. 

in situ 

I^(cm~^) 

— 
1105 

1161 

— 
1400-1300 

— 
1572 

— 
— 
1641 

Mode 

i8c-H 
^3(C10-) 

/3c-H 

^C-N 
VQ—^, semiquinoid 

^ring' benzoid 

^ring 
^ringj benzoid 

Ps,NU2 

^C=N 

Wilson on. 

— 
— 
9b 

13 

— 
19a 

— 
8a 

— 
— 

Table X. Assignment of Vibrational Bands for Poly(m-toluidine) as Taken from in situ Raman Spectra [456] 

m-Toluidine 

j?(cm~ 

739 

994 

— 
— 
1305 

1395 

— 
— 
— 
1620 

— 

-') 

PoTl, red. 

in situ 

F(cm" 

— 
— 
1115 

— 
1250 

1340 

— 
— 
1625 

— 
— 

-') 

PoTl, ox. 

in situ 

J? (cm" 

— 
— 
1125 

1258 

— 
— 
1495 

1590 

— 
1638 

-') Mode 

7C-H 

"ring 

PC-H 
? 

^C-N 

5CH3 
VQ—Ny semiquinoid 

^ring' quinoid 

^ringj benzoid 

^5,NH2 

^C=N 

Wilson no. 

11 

12 

18b 

— 
— 
— 
— 
— 
8a 

— 
— 

1000 1100 1700 1800 

Raman shi f t / en-

Fig. 47. Resonance Raman spectra of a PANI film on an iron electrode 
at various electrode potentials, AQ = 514.5 nm, based on data from [466]. 

correlation was attempted. In situ Raman spectroscopic data are 
summarized in Table XVI. 

o-n-propylaniline can be electrooxidized and deposited on var-
ious electrode substrates as reported by Probst [456]. Kinetic data 
were reviewed in the foregoing text. No films for in situ conduc-

tivity measurements could be prepared. The electrochromism of 
the redox active film is significant. The bands around A = 300, 
400, and 800 nm appear as functions of electrode potential in the 
same manner as already reported for other polymers. In situ in-
frared spectra of the very thin films could be measured: the per-
tinent band positions and their assignments are collected in Ta-
ble XVII. The transition from the reduced state that shows ben-
zoid units into the oxidized state with quinoid units passes through 
an intermediate state without bands indicative of C=N bonds. The 
broad absorption around 4460 cm~^ (not included in the table, 
because no discrete molecular mode is related to this absorption) 
shows a strong dependence on the electrode potential with a sharp 
maximum around -£^RHE = 610 mV. Results of m situ Raman spec-
troscopy are hsted in Table XVIII. The influence of the exciting 
laser light wavelength on the spectral intensity was considerable; 
no selective enhancement was observed. 

Electrochemical oxidation of A^-methylaniline as described by 
Probst [456] resulted in polymer films on both ITO-coated glass 
sheets and metal electrodes. Because of the strong coloration of 
the electrolyte solution observed during deposition, formation of a 
considerable amount of soluble oligomers was concluded. UV-vis 
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Fig. 48. Comparison of electronic resistance and IR absorption at about pjg 50. Comparison of electronic resistance and IR absorption at about 
4200 cm-1 (AE = 0.5 eV) of a PoTl film in an aqueous solution of 1-M 4200 cm"! (AE = 0.5 eV) of a P25X film in an aqueous solution of 1-M 
HCIO4 as a function of electrode potential [456]. HCIO4 as a function of electrode potential [456]. 
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Fig, 49. Comparison of electronic resistance and IR absorption at about 
4200 cm~̂  (AE = 0.5 eV) of a PmTl film in an aqueous solution of 1-M 
HCIO4 as a function of electrode potential [456]. 

Fig. 51. Comparison of electronic resistance and IR absorption at about 
4200 cm~̂  (AJÊ  = 0.5 eV) of a PNM film in an aqueous solution of 1-M 
HCIO4 as a function of electrode potential [456]. 

spectra recorded at various electrode potentials showed absorp-
tions at A = 310 nm and at more positive electrode potentials 
around A = 410 and 800 nm; the absorption is always fairly low. 
Data for vibrational bands found in infrared and Raman spectra 
recorded with these fihns are collected in Tables XIX and XX. 
No significant influence of the excitation wavelength on the res-
onance Raman spectra was found. A strong IR absorption around 
4400 cm~^, indicative of mobile charge carriers (not included in 
Table XIX), is found with the oxidized form of PNMA. This is in 
agreement with the observed electronic conductivity. 

Chemical oxidation of A/̂ -methylaniline resulted in an elec-
trochemically active electrochromic polymer film as reported by 
Comisso et al. [473]. Optical absorption bands in the UV-vis spec-

tra observed during in situ measurements were found around A = 
330 and 740 nm (very weak) in the reduced state. Upon oxidation, 
the band around A = 330 nm is diminished considerably, whereas 
a new band at A = 420 nm and a fairly broad absorption feature 
around A = 800 nm as rise. In the fully oxidized form, the lat-
ter feature is shifted to about A = 700 nm. No assignments were 
stated. It seems fair to assume that the observed transitions corre-
spond to those already discussed. A polymer structure with tail-to-
tail and head-to-tail coupling was deduced. 

A thin, electrochromic film that showed two redox peak 
pairs in the CV was obtained during electrooxidation of N-
ethylaniline [456]. UV-vis spectra of this film as deposited on ITO-
coated glass electrodes showed an absorption at A = 320 nm and 



246 HOLZE 

Table XL Assignment of Vibrational Bands for P23X as Taken from in situ Infrared Spectra [456] 

2,3-Xylidine 

i7(cm~^) 

774 

— 
— 
— 
1091 

— 
— 
1296 

— 
1385 

1475 

— 
— 
1593 

1623 

— 

P23X, red. 

in situ 

?7(cm" 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
1484 

— 
— 
— 
— 

• ' ) 

P23X, 

in situ 

j^(cm' 

— 
832 

957 

1069 

— 
— 
1157 

1300 

1373; 

— 
— 
— 
1578 

— 
— 
1638 

ox. 

-') 

1324 

Mode 

^C-H 

^C-H 

^C-H 

^C-H 

^C-H 
^3(C10-) 

^C-H 

^C-N 
VQ—-^, semiquinoid 

Ps,CK2, 
7 

r̂ing» benzoid 

^ring' quinoid 

^ring 

^5,NH2 

^C=N 

Wilson no. 

— 
— 
— 
— 
— 
— 
— 
20a 

— 
— 
— 
19a 

— 
8a 

— 
— 

Table XII. Assignment of Vibrational Bands for P23X as Taken from in situ Raman Spectra [456] 

2,3-Xylidine 

J? (cm" 

668 

— 
— 
— 

990 

1257 

— 
1293 

— 
1381 

1450 

— 
1478 

— 
— 
1590 

— 
1617 

-^ 

P23X, red. 

in situ 

F(cm~ 

— 
774 

934 

— 
— 
— 
— 
1256 

— 
1380 

— 
— 
1494 

1560 

1587 

1626 

— 
— 

• ' _ ) 

P23X, ox. 

in situ 

I?(cm~^) 

— 
772 

934 

945 

— 
— 
1292 

1255 

1325 

1381 

— 
1455 

1488 

— 
1591 

— 
1637 

— 

Mode 

ys,NU2 

^C-H 
^3(C10-) 

^C-H 

7C-H 

^C-H 
9 

I^C-N 
7 

Ps, CH3 

Pas, CH3 

^ C = N ( ? ) 

7 

7 

^ring' quinoid 

^ring' benzoid 

^C=N 

Ps,Nn2 

Wilson on. 

— 
— 
— 
— 
5 

13 

— 
— 
— 
— 
— 
— 
— 
— 
— 
8a 

— 
— 

at more positive electrode potentials, around A = 400 and 790 nm. 
Data of vibrational bands found in infrared and Raman spectra 
recorded with these films are collected in Tables XXI and XXII. 
A comparison of all wavelengths of major absorption bands in the 
UV-vis spectra investigated as reported in [456] did not reveal any 
systematic influence of the type and degree of alkyl substitution on 
the position of the electronic transitions. 

Further exclusively chemically prepared polymers of ring- and 
N-substituted anilines studied with a variety of ex situ methods 
were studied by Gupta et al. [474]. Both chemical and electro-
chemical polymerization of a series of A/̂ -alkyl substituted ani-
lines ranging from methyl to dodecyl substituents were investi-
gated by Chevaher et al. [475]. Primarily electrochemical results, in 
situ UV-vis, and some ex situ infrared spectra were reported. The 
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Table XIII. Assignment of Vibrational Bands for P25X as Taken from in situ Infrared Spectra [456] 

247 

2,5-Xylidine 

V (cm~^) 

860 

— 
— 
— 
— 
1297 

— 
— 
1460 

1515 

— 
1578 

— 
1629 

— 

P25X, red. 

in situ 

F(cm" 

— 

— 
— 
1142 

— 
1260 

— 
— 

— 
1516 

— 
— 

— 
— 
— 

• ' ) 

P25X, 

in situ 

F(cm" 

— 

1010 

1100 

— 
1245 

— 

ox. 

-') 

1300-1400 

1430 

— 
— 
1550 

— 
1597 

— 
1643 

Mode 

rCH 

^C-H 

^3(C104) 

^C-H 

rc-c 
^C-N 
VQ—-^, semiquinoid 

7 

Ps, CH3 

î j-ingj benzoid 
7 

^ringj benzoid 

^ring' quinoid 

fe, NH2 

^C=N 

Wilson no. 

5 

— 
— 
18a 

— 
— 
— 
— 
-
19b 

— 
8a 

— 
— 
— 

Table XIV. Assignment of Vibrational Bands for P25X as Taken from in situ Raman Spectra [456] 

2,5-Xylidine 

J? (cm" 

— 

— 
778 

— 
— 
— 

935 

— 
1162 

1217 

1284 

1297 

— 
— 
— 
1440 

— 
— 
1585 

1625 

— 

-') 

P25X, red. 

in situ 

^ R H E 

i?(cm~ 

625 

— 
750 

— 
— 

930 

— 
1028 

— 
— 
— 
1250 

1363 

1383 

— 

— 
— 
— 
1631 

— 
— 

< 450 mV 

'2 

P25X, ox. 

in situ 

ERUE = 600 mV 

V (cm~^) 

630 

671 

750-780 

-863 

863 

930 

— 
1028 

1175 

1233 

— 
1250-1273 

1363 

— 
1417 

— 
1509 

1525-1575 

1635 

— 
— 

P25X, 

in situ 

ERHE 

J? (cm" 

635 

671 

750 

855 

855 

930 

— 
1028 

1175 

— 
— 

ox. 

> 600 mV 

-^ 

1250-1325 

1363 

1390 

— 

— 
— 
1525-1575 

— 
— 
1642 

Mode 

^C-H 

^C-H 

/3c-C 

^C-H 

^C-H 
^3(C10-) 

y c - H 

^C-H 

^ C - H 

^C-N 

/3c-C 

^ C - N 

^s, CH3 
7 

7 

/3CH3 
7 

^C=N + ^ring 

luring' benzoid 

ĵ ring, benzoid 

^C=N 

Wilson no. 

— 

— 
12 

— 
— 
— 
17b 

— 
18a 

13 

14 

— 
— 
— 
— 

— 
— 
— 
8a 

8b 

— 
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Table XV. Assignment of Vibrational Bands for PEtA as Taken from in situ Infrared Spectra [456] 

PEtA, red. PEtA, ox. PEtA, ox. 

in situ in situ in situ 

o-Ethylaniline -ERHE = 0 niV £ R H E = 400 mV £^RHE = 900 mV 

V (cm ^) j^(cm ^) î  (cm ^) 

752 

1150 

1276 

1455 

1497 

1585 

1620 

— 
— 

1456 

1505; 1509 

— 

1563 

V (cm ^) 

826 

1119 

1346 

— 

1574 

— 

Mode 

rc-H 

? 

/3c-H 

7 

^ring 
^ring' benzoid 

Ĵ ring, quinoid 

^ring' benzoid 

^rine 

Wilson no. 

11 

— 
9a 

7a 

19a 

19b 

8a 

8b 

1638 ^C=N 

Table XVI. Assignment of Vibrational Bands for PEtA as 

o-Ethylaniline 

I? (cm' 

993 

1029 

— 
1153 

1180 

1250 

1319 

— 
1452 

— 
— 
1603 

— 

-') 

PEtA, red. 

in situ 

% H E = 0 mV 

I?(cm~^) 

— 
1031 

1100-1130 

— 
— 
— 
1219 

— 
— 
— 
— 
1618 

— 

PEtA, ox. 

in situ 

^RHE = 900mV 

I?(cm~^) 

— 
— 

— 
— 
— 
1220-1250 

1415 

— 
1488 

1582 

— 
1632 

Taken from in situ Raman 

Mode 

^C-H 

i8c-H 

^C-H 

PC-H 

^CH 

^CH 

^ C - N ( ? ) 
7 

^ring 
^ring' semiquinoid 

^ring' quinoid 

^ring' benzoid 

^C=N 

Spectra [456] 

Wilson no. 

5 

18b 

— 
9a 

13 

7a 

— 
— 
19a 

— 
— 
8b 

— 

trends of the three major absorption bands caused by electronic 
transitions in the UV-vis range are very similar to those already 
discussed for a variety of substituted polyanilines. All N-alkylated 
polymers were readily soluble in a host of organic solvents. 

As already stated, chemical oxidation of diphenylamine in 
an aqueous solution resuhed in a polymer of low molecular 
weight [476]. In better solvating, organic systems, slightly higher 
degrees of polymerization (n = 10-11 instead of n = 3-4) 
were found. UV-vis spectra of the product deposited on optically 
transparent electrodes showed an absorption at short wavelengths 
around A = 400 nm. At more positive electrode potentials, a 
shoulder at A = 450 nm and a broad absorption between A = 600 
and 900 nm were found. No assignment was provided. 

Electrochemically redox active copolymers of aniline and o-

anthranilic acid were obtained by chemical oxidation [477]. From 
UV-vis and infrared spectra it was concluded that the anthranilic 
acid group restricts ir conjugation along the polymer chain. 

Zotti et al. [478] electropolymerized indole and a variety of 
5-substituted indoles (5-carboxyindole, 5-cyanoindole) and biin-
doles. The presence of the NH mode observed with the poly-
mer was taken as proof of coupling in the 2 and 3 positions. The 
shape and pH dependence of the CV, the electrode potential range 
wherein electronic conductivity was observed, the disappearance 
of the ]̂ H band during electrooxidation of the polymer, and the 
pH dependence of the electrochromism were analogous to PANI. 
This was assumed to indicate regularly alternating 2,2 and 3,3 cou-
pling in the polymer chain. Polyindoles obtained with 2,2'- and 
3,3'-biindole differed in chain length. 
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Table XVII. Assignment of Vibrational Bands for PPrA as Taken from in situ Infrared Spectra [456] 

PPrA, red. PEtA, ox. PEtA, ox. 
in situ in situ in situ 

o-«-Propylaniline £^RHE = 0 niV £RHE = 500 mV £̂ RHE = 1000 mV 

F(cm~l) j^(cm~l) i7(cm~l) j?(cm~l) Mode Wilson no. 

249 

750 

— 
1146 

1311 

1377 

— 
1456 

— 
1497 

1582 

— 
— 

— 
— 
— 
— 
— 
— 
1458 

— 
1504 

— 
— 
— 

— 
1118 

— 
— 
— 
1250-1400 

— 
1482 

— 
— 
1574 

— 

— 
1118 

— 
— 
— 
1200-1350 

— 
— 
— 
— 
1574 

1656 

rc-H 
^C-H 

Pen 
^C-N 

^S, CH3 

^CN^ 
^ring' benzoid 

(?) 

^ring 

^ring 

^ring 

^C=N 

— 
— 
18a 

— 
— 
— 
19a 

— 
19b 

8a 

8b 

— 

^Double bond with slightly reduced degree of bonding. 

Table XVIII. Assignment of Vibrational Bands for PPrA as Taken from in situ Raman Spectra [456] 

o-n-Propylaniline 

i ? ( cm~l ) 

1030 

1160 

— 
1270 

1320 

1450 

1580 

^1620 

PPrA, red. 

in situ 

AL = 488 nm 

^ R H E = 0 m V 

F ( c m ~ l ) 

1121 

— 
— 
— 

1410 

— 

1621 

PPrA, red. 

in situ 

AL = 514.5 nm 

^ R H E = 0 m V 

V ( c m ~ l ) 

1150-1110 

— 
1225 

— 
— 

— 

1620 

PEtA, 

in situ 

ox. 

AL = 488 

^RHE 
F(cm~ 

1123 

— 
— 
1253 

1417 

1480 

1586 

1630 

— ( 
nm 

)00mV 

PEtA, 

in situ 

ox. 

AL = 514.5 

^ R H E 

V (cm" 

1120 

— 
1228 

1252 

1412 

1480 
1584 

1629 

nm 

= 900 mV 

Mode 

Pc-K 

Pen 
7 

^CH 

^ C - N ( ? ) 
? 

^ring 
7 

^ring' quinoid 

^ring' benzoid 

^ring 

Wilson no. 

— 

9a 

— 
— 
— 

19a 

8a 

8b 

Electrochemical formation of polyindole perchlorate was re-
ported by Choi et al. [479, 480] and Kong et al. [481]. Only ex situ 
methods were employed to identify the molecular structure of the 
prepared polymer. A polymerization mechanism that involved the 
radical cation already observed elsewhere as a reactive interme-
diate and a polymer structure with 1,3-coupling were postulated. 
In a further report, Choi et al. [482] described the electropoly-
merization of polyindole tetrafluoroborate. From electrochemi-
cal data, a polymerization mechanism that involves radical cation 
intermediates was deduced. Further spectroscopic investigations 
performed ex situ resulted in a suggestion for the polymer struc-
ture with 1,3 coupling. Ex situ measurements of the electric con-

ductivity were compatible with a conduction model based on hop-
ping conduction and polarons. ESR spectra of a dry powder sam-
ple showed a single line spectrum that was related by Choi et al. 
to the observed electric conductivity. Jackowska et al. [483] used 
in situ UV-vis and ECESR spectroscopy to determine the num-
ber of electrons transferred during oxidation-reduction of polyin-
dole, films and concluded that ECESR provides more accurate 
numbers. This was explained by invoking overlapping bands in the 
fairly weak UV-vis spectra recorded. This conclusion may be ques-
tionable, because elsewhere fairly well resolved UV-vis spectra 
have been recorded in situ [440]. Probst and Holze [445] reported 
on in situ measurements of the temperature dependence of the 



250 HOLZE 

Table XIX. Assignment of Vibrational Bands for PNMA as Taken from in situ Infrared Spectra [456] 

A^-methylaniline 

F(cm~^) 

— 
— 
— 
1320 

— 
1508 

— 
1604 

PNMA, red. 

in situ 

^RHE = 0 niV 

j^(cm~^) 

820 

— 
— 
1250-1310 

— 
1508 

— 
— 

PNMA, ox. 

in situ 

ERRE = 900 mV 

i^(cm~^) 

840 

1090 

1180 

— 
1370 

— 
1585 

— 

Mode 

^C-H 
^3(C10-) 

^CH 

^C-N 

^CN 

*̂ ring5 benzoid 

^ringj quinoid 

^ring 

Wilson no. 

10a 

— 
— 
— 
— 
19a 

— 
8a 

Table XX. Assignment of Vibrational Bands for PNMA as Taken from in situ Raman Spectra [456] 

PNMA, red. PNMA, ox. 
in situ in situ 

A/̂ -methylaniline -ERHE = 0 ̂ ^ ^RHE = 900 mV 
I?(cm~^) i?(cm~^) F(cm~^) Mode Wilson no. 

1181 

1320 

— 
— 
— 
1605 

— 

1199 

1260 

1368 

— 
1555 

1619 

1677 

1190; 

— 
1379 

1443 

1560 

1622 

1682 

1204 Pc-u 
Pc-u 
VQ—-^, semiquinoid 

VQ—"^, semiquinoid 

^ring' quinoid 

j8c—H' benzoid 

^C=N 

9a 

14 

— 
— 
19a 

8a 

— 

Table XXI. Assignment of Vibrational Bands for PNEA as Taken from in situ Infrared Spectra [456] 

PNEA, red. PNEA, ox. 
in situ in situ 

AT-Ethylaniline ^RHE = 0 mV JE:RHE = 900 mV 

i^(cm~^) F(cm~^) v(cm~^) Mode Wilson no. 

868 

— 
1180 

1257 

1319 

— 
1506 

— 
1605 

— 

— 
— 
— 
1245 

1305 

— 
1510 

— 
— 
— 

840; 870 

1080 

1180 

— 
— 
1410 

— 
1580 

— 
1660 

rc-H 
^3(C10-) 

iScH 

^CC 

^C-N 
VQ^, semiquinoid 

^ring' benzoid 

^ring' quinoid 

^ring 

^C=N 

10a or 17b 

— 
9a 

13 

— 
— 
19a 

— 
8a 

— 
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Table XXII. Assignment of Vibrational Bands for PNEA as Taken from in situ Raman Spectra [456] 
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A/^-Ethylaniline 

V (cm~^) 

1179 

1320 

— 
— 
1455 

— 
1605 

— 

PNEA, red. 

in situ 

ERHE 

j7(cm" 

1205 

1275 

— 
— 
— 
— 
1623 

— 

= OmV 

'_) 

PNEA, 

in situ 

ERUE -• 

F(cm~ 

1200 

1280 

1375 

1420 

— 
1585 

1624 

1683 

ox. 

= 900 mV 

' ) Mode 

Pc-u 
^ C - N 

^s, CH3 

VQ—^, semiquinoid 

^C-H 

^C—N' quinoid 

^ring' benzoid 

^C=N 

Wilson no. 

9a 

14 

— 
— 
19b 

— 
8a 

— 

electronic conductivity of polyindole. The increase of conductivity 
with increasing temperature implies a semiconductor-like behav-
ior. 

Chemical polymerization of m-nitroaniline and p-nitroaniline 
has been reported [484]. The poorly conducting polymers obtained 
were characterized using a variety of ex situ techniques. Results 
were rationalized based on the effects of the nitro group sub-
stituent. 

During electrooxidation of o-methoxyaniline, Widera et al. 
[485] recorded in situ SER spectra. A C—N coupling was observed. 

Bilayer structures have been prepared and investigated with 
various spectroelectrochemical techniques [307, 486]. In the for-
mer report, surface resonance Raman spectroscopy showed typical 
vibrational features of the involved polymers [PANI and poly(o-
phenylenediamine] as already discussed were observed. In the 
latter investigation, involving PANI/poly(5-chlorine,2-methoxyani-
line), it was concluded that the topmost layer of the polymerized 
substituted aniline blocks the electrochemical reduction of the in-
ner layer of PANI. This was first deduced from the diminished 
height of reduction peaks in the CV. Moreover, this was supported 
by in situ UV-vis spectra that showed typical bands of oxidized 
PANI even after formal reduction of the film. 

3.3. Redox Processes of Polyaniline and Polymers of 
Substituted Anilines 

Redox processes, that is, the removal of electrons from the poly-
mer upon chemical or electrochemical oxidation or the addition of 
electrons by chemical or electrochemical means during reduction, 
result in considerable changes of molecular as well as structural, 
electronic, and optical properties of the polymers prepared from 
aniline or its relatives. Quite a few of these changes were discussed 
already in the preceding section, because a clear cut separation 
of a complete description of the polymer in a given state and the 
changes of this state is impractical. An additional feature, of PANI 
and its relatives will further complicate the picture. As already in-
dicated, the nitrogen atom in the monomer as well as in the poly-
mer can be protonated. Of course, the protons can be removed 
under suitable environmental circumstances. Consequently, in ad-
dition to the electrochemical doping mentioned already, protonic 
acid doping has to be kept in mind. This was already included in 
Figure 27. Chiang and MacDiarmid [487] reviewed the fairly com-

plicated system with respect to various possible relationships be-
tween conductivity, pH value of the solution phase, degree of dop-
ing, and ipKa of the formed emeraldine salt. The numerous redox 
processes and the corresponding redox states were reviewed based 
mainly on the results of ex situ XPS studies by Kang et al. [488]. 

The diffusion of anions during doping and dedoping processes 
at PANI fibers was investigated with in situ UV-vis spectroscopy by 
Kanamura et al. [489]. Using a cylindrical diffusion model, it was 
found that the estimated diffusion coefficient increases with the 
radius of the PANI fiber. Data obtained with PANI prepared in 
nonaqueous solutions showed a similar dependence, and the over-
all values of the diffusion coefficient were much smaller. Whereas 
the kinetic measurements were made in the same solution, it was 
proposed, that the diffusing species were different. No suggestion 
of their specific identity was made. 

The kinetic of redox processes that occur in PANI has been 
studied with UV-vis spectroscopy by Hugot-Le Goff and Bernard 
[490]. In addition to more general statements, without particular 
kinetic data, it was found that the electrochromism of PANI (one 
of the properties assumed to be of particular interest for practical 
apphcations) is more pronounced at slightly elevated pH values 
(i.e., at pH = 3 it is better than at pH = 0). 

Also with UV-vis spectroscopy, the chemical oxidation of leu-
coemeraldine to emeraldine by oxygen and hydrogen peroxide cat-
alyzed by copper and iron chloride was studied by Moon et al. 
[491]. The reaction was found to be first order, and the activa-
tion energies were determined. Using electrochemical methods, 
Alpatova et al. [492] performed a similar investigation. Particular 
attention was paid to the contribution of nucleation of conductive 
regions in the polymer during oxidation. The term "electrochemi-
cal phase transition" was suggested for a description. The kinetics 
of the doping and dedoping of PANI at low temperatures in the 
electrolyte system HC104*5.5H20 was studied with ultramicro-
electrodes by Vuki et al. [493]. 

The kinetics of doping and dedoping for various copolymers 
were studied by Ram et al. [494] for PANI, PANI-PoTl, and PANI-
MOA. Although PANI-MOA is a poorer electronic conductor, 
the response to a change of the state of doping and oxidation is 
much faster as compared to PANI and PANI-PoTl. The response 
of PANI-PoTl is even slower than the response of PANI alone. 
The fast response of PANI-MOA is attributed to the presence of 
the methoxy group in the polymer, which facilitates torsion move-
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ments between substituted and unsubstituted rings, thus acceler-
ating the change from the undoped into the doped form. A faster 
response of a chemically prepared copolymer PANI-PoTl was also 
observed by Dhawan and Trivedi [495]. The hysteresis of the dop-
ing and dedoping process as quantified with in situ ECESR spec-
troscopy was further investigated using the "mirage" effect by Vieil 
et al. [496]. Data obtained with this method and the quartz crystal 
microbalance were used to elucidate the movement of various ions 
involved in the mentioned processes. 

Open circuit relaxation of thin PANI films prepared by chem-
ical and electrochemical oxidation from both the oxidized and 
the reduced state was investigated with UV-vis and infrared spec-
troscopy by Chinn et al. [497]. In both cases, the emeraldine state is 
obtained. The process is controlled by disproportionation reaction 
and semiquinone radical formation. 

3.4. Redox Processes and Electrocatalysis at Polyaniline 
and Related Polymers 

Although similar in name, redox processes that take place at elec-
trodes coated with conducting polymers have to be considered 
separately. As reviewed briefly by Malinauskas and Holze [498-
500] and Kazarinov et al. [501], electrodes coated with a variety 
of conducting polymers (polyaniline, copolymers of aniline, and 
various aniline derivatives) sometimes have remarkable catalytic 
activities for a variety of electrochemical redox processes. Mali-
naokas and Holze used in situ UV-vis spectroscopy to monitor the 
rate of the oxidation process and to determine the reaction zone. 
Basically, the redox reaction of a solution species (e.g., quinone-
hydroquinone, chromate, etc.) can occur at the polymer-solution 
interface or at the supporting electrode surface, which is at least, to 
some extent, accessible for the solution phase, because of the ex-
tremely porous and three-dimensional structure of most polymers. 
At first glance, the oxidation is prone to occur at the polymer sur-
face, because the polymer is in its conducting state provided that 
the oxidation process of the solution species occurs at an electrode 
potential that is positive to at least the first current peak, where 
polymer oxidation (doping) occurs. Only in the case of a polymer 
with a very poor catalytic activity does the process have to take 
place at the supporting electrode surface. A mechanism that as-
sumes that electron transfer occurs at the outer polymer surface is 
a multistep process. The species to be oxidized at the polymer sur-
face transfers an electron to the polymer, which is thus reduced. 
This electron travels to the supporting electrode surface. Upon its 
transfer into this electrode, the polymer is reoxidized. Depending 
on the relative rates of both steps, the polymer may be present 
to a high extent in its reduced state (when the latter process is 
slow, the first process is fast) or in its oxidized state (when the first 
step is slow, the last step is fast). In the case of a benzoquinone-
hydroquinone couple, it was found that reoxidation of PANI is the 
faster process, that is, the polymer stays predominantly in its ox-
idized state. In the opposite case, a considerable fraction of the 
polymer is still in its conducting state, although basically the redox 
reaction is a reduction process. Complete reduction of the film, 
which is a viable option for consideration unless the rates of both 
steps are known in detail, is unlikely, because the reduced film is 
a poor medium for electron transfer because of its low conduc-
tivity. Results obtained with the redox couple Fê +Z-̂ "̂  were fairly 
similar [500]. The interaction of PANI with dioxygen dissolved in 
the electrolyte solution resulted in the oxidation of the reduced 
form of PANI [500]. The rate is very low. Because this process 

also can be treated as a redox reaction of PANI, where oxygen 
acts just like an oxidant, corresponding studies with metal halides 
that act as catalysts with considerably enhancing effects, were pre-
viously treated. The chemical oxidation of PANI in its dissolved 
leucoemeraldine base form with dioxygen and other oxidants into 
the PANI emeraldine base form was studied by Moon et al. [502]. 
Reaction orders, reaction rates, and energies of activation as well 
as UV-vis spectroscopic details have been reported. The use of 
PANI as a catalyst for dioxygen reduction was investigated by Bar-
sukov et al. [503]. 

Modification of PANI-coated electrodes with metal tetrasul-
fonated phthalocyanines (MeTsPc), where the metal is cobalt or 
iron, resulted in significant changes in the electrocatalysis of the 
reduction of dioxygen [504]. Obviously, insertion of the MeTsPc 
into the polymer occurs [505]. This was supported in an investi-
gation by Coutanceau et al. by the results of in situ UV-vis spec-
troscopy. The role of the polymer in the mechanism and the kinet-
ics of dioxygen electroreduction seemed to be somewhat difficult 
to elucidate. Insertion of CoTsPc resulted in a positive shift of the 
onset of dioxygen reduction. The two-electron pathway that results 
in hydrogen peroxide as a reduction product remains. 

The reaction of PANI in its oxidized form (both in doped 
and undoped form) with water, resulting in the formation of su-
peroxide, was studied with ESR spectroscopy by Otsuka et al. 
[506]. Electrode kinetics of various charge transfer processes at 
poly(o-phenylenediamine), poly(A'̂ -methylaniline), and po\y(N-
ethylaniline) were investigated by Chiba et al. [507]. 

The processes reviewed so far involve redox couples with re-
dox potentials in a region of electrode potentials, where PANI is 
in its conducting (i.e., oxidized) state. This is of importance be-
cause of the almost completely absent electronic conductivity in 
the reduced state and because of possible interactions between 
positive charges (radical cations, polarons) in the polymer and the 
redox active species. The reaction of PANI or related polymers in 
their reduced state with redox species in the solution phase may be 
considerably different. To elucidate conceivable differences, the 
reductive interaction between PANI and l,2-naphthoquinone-4-
sulfonate (NQS) was studied with in situ UV-vis spectroelectro-
chemistry [508]. The redox potential of this system lies within the 
electrode potential range limited by the first and the second ox-
idation peaks of PANI. A proposed electrocatalytic mechanism 
of this process includes the cathodic reduction of the PANI film 
and its subsequent reoxidation by NQS. Accordingly, PANI acts 
as a redox mediator, cycled between its emeraldine and its leu-
coemeraldine form. In the equilibrium state, both redox forms of 
PANI are present in the film. The relative content of both forms 
was shown to depend on the concentration of NQS in the solution, 
on the PANI film thickness, and on the apphed electrode potential. 
In addition, the cathodic reduction of sulfopropylviologen (SPV) 
and benzylviologen (BV) was studied in the potential range where 
the nonconducting (reduced) leucoemeraldine form of PANI ex-
ists. The slowness of the cathodic reduction of both BV and SPV 
at pH = 0.5 was tentatively attributed to electrostatic repulsion 
between the positively charged PANI polymer chain and the violo-
gen molecule. At pH = 4.0, the reduction becomes fast, probably 
due to deprotonation of the leucoemeraldine form of PANI, re-
sulting in the disappearance of the electrostatic repulsion. In the 
middle pH region (pH = 1.5), a large difference in the rate of 
the cathodic reduction between BV and SPV was observed. This 
difference may be attributed to deprotonation of the sulfo groups 
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of SPY Deprotonated SPV has no net electric charge, and elec-
trostatic repulsion should not be effective. In contrast, BV has a 
positive electric charge that is independent of the pH value of the 
solution. 

The interaction of PANI with dichromate is of particular inter-
est because of possible application in waste water treatment sys-
tems [499]. Figure 52 (top) shows a UV-vis spectrum of a potas-
sium dichromate solution. The main absorbance band is located 
at ca. A = 350 nm. It does not interfere with the major ab-
sorbance band of the oxidized (emeraldine) form of PANI. Fig-
ure 52 (bottom) shows spectra obtained at different time inter-
vals after the immersion of the PANI-coated ITO glass electrode 
into the dichromate solution. Immediately after immersion of the 
PANI-coated electrode, a shift of the absorbance maximum of 
PANI film is observed. As compared to the spectrum of PANI 
obtained at £ R H E = +0-8 V [spectrum A in Fig. 52 (bottom)], 
the absorbance maximum shifts from A = 750 nm to ca. A = 
660 nm. Earher, a comparable shift of the absorbance maximum 
after switching the electrode potential from £^RHE = +0.8 V to 
^RHE = +1-1 or +1.2 V was found [509]. Consequently, the shift 
indicates that a redox reaction between dichromate ions and the 
PANI film proceeds. Because of the high value of EQ for dichro-
mate ions the PANI film becomes oxidized and shows the corre-
sponding spectral features of the oxidized state found at high elec-
trode potential values. 

Immediately, the degradation of PANI film starts to result in 
a decrease of absorbance in the long wavelength range assigned 
to PANI in its intact oxidized state as seen in Figure 52 (bottom). 
The degradation,^^ characterized by TI/2 of ^ 5 min, proceeds at 
a rate closely similar to that obtained by holding a PANI-modified 
electrode at £^RHE = +1.2 V in a solution without dichromate 
ions. Thus, both a high electrode potential value and the pres-
ence of dichromate ions in solution cause a similar irreversible 
degradation effect of the PANI film. Simultaneously with PANI 
degradation, a decrease of dichromate concentration is observed, 
as expected, and is indicated by a decrease of the absorbance band 
at A = 350 nm [Fig. 52 (bottom)]. Obviously, dichromate is con-
sumed in a chemical reaction with PANI. These observations show 
that the PANI film is quickly destroyed (i.e., oxidized) under open 
electric circuit conditions by dichromate, presumably because of 
the high redox potential value of the latter. 

Figure 53 (middle) shows UV-vis spectra obtained when hold-
ing the PANI-modified electrode in a dichromate solution at a po-
tential, where the leucoemeraldine (i.e., reduced) form of PANI 
exists. In the long wavelength range (above A = 600 nm), the spec-
trum obtained is quite similar to that characteristic for the leu-
coemeraldine form of PANI, that is, like a spectrum obtained at 
^RHE = +0.2 V in a solution without dichromate [Fig. 53 (top)]. 
During electrolysis for 1 h, a spectrum in this region does not 
change remarkably, indicating that PANI is always present in its re-
duced form under the conditions used. In contrast, the absorbance 
band of dichromate diminishes in height during electrolysis, obvi-
ously indicating the reduction of dichromate [Fig. 53 (middle)]. 

From the data of Figure 53 (middle), it was calculated that 
the concentration of dichromate decreases during 1 h of electrol-
ysis from 1 to 0.78 mM. This decrease is approximately two to 
three times higher than that obtained under open circuit condi-
tions, that is, due to irreversible oxidation of PANI film only [as in 

^^For a detailed review of spectroelectrochemical investigations of PANI 
degradation processes, see the following section. 
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Fig. 52. Top: UV-vis spectrum of a solution of 0.5-M H2SO4 that con-
tained 1 mM of potassium dichromate. Bottom: UV-vis spectra, obtained 
in the same solution recorded at time intervals of 1 min, ranging from 1 to 
6 min (as indicated) after immersion of the PANI-coated ITO glass elec-
trode. Spectrum A was obtained for the PANI-coated electrode in 0.5-M 
H2SO4 without potassium dichromate added at a controlled potential of 
^RHE = +0.8V 

Fig. 52 (bottom)]. This means that the electrochemical reduction 
of dichromate proceeds on the electrode covered with PANI. Af-
ter interruption of electrolysis at £^RHE = +0-2 V, the spectrum of 
the PANI film changes immediately to that which is characteristic 
for high potential values, and destruction of the polymer film pro-
ceeds [Fig. 53 (bottom)]. Simultaneously, the absorbance band of 
dichromate diminishes in height, indicating its redox interaction 
with PANI film [Fig. 53 (bottom)]. It is noteworthy that the oxi-
dation of PANI film by dichromate under open circuit conditions 
proceeds relatively fast, with 7^/2 of 4 or 5 min (cf. bottom parts 
of Figs. 52 and 53), whereas after applying an electrode potential 
of £̂ RHE = +0-2 V, the PANI film appears almost unchanged for 
several hours and no degradation is observed. 

It was concluded that the leucoemeraldine form of PANI is ox-
idized by dichromate ions. By applying an electrode potential of 
^RHE = +0-2 V, PANI film is reduced to its initial leucoemeral-
dine form. As a result, a net electroreduction of dichromate takes 
place at the PANI-modified electrode, wherein the PANI film acts 
as an electrocatalyst in the reaction sequence presented. Because 
PANI is present in its reduced form (as seen from spectra of 
Fig. 53, middle), it was concluded that a chemical redox reac-
tion between dichromate and PANI is the rate-determining step, 
whereas the cathodic reduction of the PANI film proceeds rela-
tively fast. 
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Fig. 53. Top: UV-vis spectra of a PANI-coated electrode at -ERHE = +0-2 
and +0.8 V (as indicated) obtained in an aqueous solution of 0.5-M 
H2SO4. Middle: UV-vis spectra obtained at different time intervals (as 
indicated in minutes) with a PANI-coated ITO glass electrode held at 
^RHE = +0-2 V in a solution of 0.5-M H2SO4 that contained 1-mM of 
potassium dichromate. Bottom: UV-vis spectra obtained in the same solu-
tion recorded at time intervals of 1 min (ranging from 1 to 5 min, as indi-
cated) after interruption of electrolysis for 2.5 h at £RHE = +0-2 V with 
a PANI-coated ITO glass electrode (as in the middle). The dashed trace is 
the UV-vis spectrum of a PANI-coated ITO glass electrode obtained at an 
electrode potential of £RHE = +0.8 V in 0.5-M H2SO4 solution [499]. 

Figure 54 (top) shows spectra obtained with a PANI-coated 
electrode in a solution containing dichromate, after applying an 
electrode potential of £^RHE = +0-8 V. The picture obtained 
closely resembles that observed for an electrode potential of 
%HE = +0-2 V [cf. with Fig. 53 (middle)], with the exception 
that the spectrum in the high wavelength range shows that PANI 
is present in its half-oxidized (i.e., emeraldine) form. A decrease 
of the dichromate absorbance band at A = 350 nm proceeds in 
this case at a rate similar to that obtained at an electrode poten-
tial of ^RHE = +0-2 V. This indicates, that a cathodic reduc-
tion of dichromate proceeds at a PANI-modified electrode at a 
rate that is independent of its potential within the range studied 
(ERHE = +0.2 to +0.8 V). Because the PANI spectrum in the high 
wavelength region does not differ markedly from that obtained in 
the supporting electrolyte without dichromate added [as in Fig. 53 
(top)], it can be concluded that even in the present case the cross-
reaction between dichromate and the emeraldine form of PANI is 
the rate-determining step. 

o.oool 
8 0 0 . 0 

Wavelength / nm 

Fig. 54. Top: UV-vis spectra, obtained at different time intervals (as 
indicated in minutes) with a PANI-coated ITO glass electrode held at 
^RHE = +0-8 V in an aqueous solution of 0.5-M H2SO4 containing 1-
mM of potassium dichromate. Bottom: Same the top spectrum, obtained 
with a bare ITO glass electrode [499]. 

Figure 54 (bottom) shows four overlapping spectra, obtained 
on a bare ITO glass electrode after 1, 10, 30, and 60 min [as in 
Fig. 54 (top)] after a potential step to £ R H E = +0.2 V in a 
solution containing dichromate. Closely similar spectra were ob-
tained also when holding an unmodified ITO glass electrode at 
^RHE = +0-8 V (not shown). It is seen in Figure 54 (bottom) that 
almost no electroreduction of dichromate proceeds on a bare ITO 
glass electrode. This supports the proposed electrocatalytic action 
of a PANI layer in the electroreduction of dichromate ions. 

Direct evidence of redox mediation between sulfonated PANI 
and dimercaptane combined in an electrode initially investigated 
for possible use in secondary batteries [510] was observed with in 
situ UV-vis spectroscopy [511]. 

3.5. Degradation of Polymers 

Because of the more practical aspect of polymer stability in the 
numerous proposed uses of intrinsically conducting polymers, in-
cluding polyaniline and its relatives, and the more fundamental in-
terest in the chemistry of processes that change the chemical iden-
tity and various solid state properties of the polymers, degradation 
studies are warranted. These studies focussed initially on the mere 
rate of degradation (which may be of very practical interest). With 
purely electrochemical measurements, Kobayashi et al. [512, 513] 
showed that the two peaks in cyclic voltammograms of PANI di-



SPECTROELECTROCHEMISTRY OF CONDUCTING POLYMERS 255 

minish in height during prolonged potential cycling, and a third 
redox process in the middle potential region becomes evident with 
increasing intensity. They stated that the diminishing main peaks 
reflect the degradation of PANI, whereas the newly generated mid-
dle peak is associated with degradation products. If the electrode 
potential is not swept beyond ca. £̂ SCE = ^.7 V during potential 
cycling, no degradation is observed. 

The nature of the peak in the middle potential region was the 
subject of discussion in many works. Based on their voltammetric 
and spectroscopic studies, Kobayashi et al. [513] presented a reac-
tion scheme for an oxidative degradation. In accordance with this 
scheme, p-benzoquinone was claimed as a product of degradation. 
Stilwell and Park [514-516] concluded, that the peak in the mid-
dle potential region corresponds to redox reactions of degradation 
products of PANI, including /?-benzoquinone and quinoneimines. 
Yang and Bard [517] showed ;?-benzoquinone and p-aminophenol 
to be responsible for the occurrence of the middle peak in the elec-
tropolymerization of aniline. />-Benzoquinone was also suggested 
elsewhere as a degradation product [518] formed during the elec-
tropolymerization process. It was identified with in situ IR spec-
troscopy by Neugebauer et al. [519]. UV-vis spectra obtained with 
overoxidized PANI films recorded by Kobayashi et al. showed elec-
tronic absorption that was assigned to />-benzoquinone. 

In contrast, Glarum and Marshall [521] could not confirm for-
mation of j?-benzoquinone during overoxidation of PANI. Cleav-
age of pol)mier chains as well as the linkage of neighboring chains 
(cross-linking) were suggested as reactions that take place during 
oxidative degradation of PANI [522-524]. As an alternative, Ge-
nies et al. [69, 525] proposed a different phenazin-like structure 
of PANI that is formed at higher positive electrode potentials as 
being responsible for the occurrence of the middle peak. In addi-
tion to electrochemical degradation of PANI, Pasquah et al. [526] 
studied degradation processes of PANI and its derivatives in aque-
ous and organic solutions at open electric circuit and in the dry 
state. In all cases, different degrees of degradation were observed. 
Kazarinov et al. [527] observed the release of monomer units from 
the polymer at very positive electrode potentials using a radio-
tracer technique. Finally, parts of the polymer film are stripped off 
the platinum electrode surface, and the surface becomes available 
again for adsorption of aniline monomers and other electrolyte 
solution constituents (e.g., protons). The influence of the anion on 
the degree of overoxidation ("anion effect") was studied by Lippe 
et al. [528, 529]. Results indicate a considerable influence of the 
anion that is present because of charge compenzationin the doped, 
conducting PANI film upon the stability of the polymer. Although 
Lippe et al. considered various properties of the anion (charge, 
charge density, ionic softness, etc.), so far no conclusive evidence 
has been obtained to explain the striking stability of PANI in a so-
lution of perchloric acid as compared to a number of other acid 
ions. A detailed review of the degradation of PANI was presented 
by Pud [530]. 

Using UV-vis spectroscopy, Malinauskas et al. reported rates 
of degradation as a function of electrode potential for po\y(N-
benzylaniline) [531] and PANI [532] based on the change of the 
electronic absorption at about A = 720 nm. Degradation of the 
former compound proceeds faster. In the case of PANI, spectro-
scopic data indicate structural changes in the polymer as deduced 
from the relative change of the electronic absorption at differ-
ent energies. Figure 55 shows the change of the absorption spec-
trum of a PANI film prepared potentiostatically as a function of 
electrode potential. In the lower part, the same set of spectra 
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Fig. 55. Top: UV-vis spectra of a PANI-coated ITO glass electrode in 0.5-
M H2SO4 at different electrode potentials, ranging from £RHE = 0.0 to 
-KO.8 V, recorded in intervals of 0.1 V. The PANI-coated electrode was pre-
pared by electropolymerization at £̂ RHE = 1.0 V in an aqueous solution 
of 0.5-M H2SO4 + 0.05-M aniline. Bottom: spectra of the same electrode 
obtained after holding at £̂ RHE = +1-0 V in 0.5-M H2SO4 for 10 min 
[532]. 

recorded after exposure of the film to a fairly positive electrode 
potential, where presumably degradation occurs, is displayed. Ob-
viously, changes of the electrooptic properties of the polymer have 
occurred. In comparison, the corresponding set of spectra is dis-
played in Figure 56 for PANI prepared by continuous electrode 
potential cycling. The absorbance maximum of the oxidized film is 
shifted toward much longer wavelengths, indicating a higher de-
gree of conjugation (polymerization) and thus a more ordered 
polymer structure. Whereas degradation most likely will affect 
the conjugated systems, a change of the absorption maximum to 
lower wavelengths is expected. With PANI, this is clearly evident. 
From the change of the absorbance maximum at long wavelengths, 
rate constants for the degradation were derived. Their dependence 
upon the electrode potential is shown in Figure 57. 

Of course, degradation caused by the exposure of PANI and 
related polymers in its conducting (doped) state to nucleophilic 
attack, especially by constituents of aqueous electrolyte solutions, 
may already be occurring during electropolymerization. Because 
of the positive electrode potential needed to form the initial re-
active intermediate, the polymer will be present in its doped state 
during electropolymerization. This undesirable situation explains 
the interest in monomers (e.g., xylidine), that can be oxidized at 
less positive electrode potentials. Generally, deposition parame-
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Fig. 56. Same as Figure 55 for a PANI-coated electrode prepared by po-
tential cycling within the limits of £RHE = +0-1 to +1.2 V at a scan rate 
of50mVs-l[532]. 
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Fig. 57. Dependence of logarithm of the first-order rate constant of elec-
trochemical degradation of a PANI film in an aqueous solution of 0.5-M 
H2SO4 on the electrode potential. The PANI-coated electrode was pre-
pared at ERHE = +1-1 V in 0.5-M H2SO4 + 0.05-M aniline [532]. 

ters that expose the electrode to a minimum of positive poten-
tials are favored. In addition to the structural results of overoxi-
dation (e.g., disturbed conjugated systems, cross-linking), hydrol-

ysis products that are formed as a result of nucleophilic attack of 
solvent constituents either on the polymer already formed or on 
reactive intermediates may be incorporated into the polymer film 
with undesirable effects. Cui et al. [533] suggested using the ratio 
of the current measured in the second peak of the cyclic voltam-
mogram of a polymer-coated electrode versus the current of the 
first peak as an indicator of the degree of overoxidation. Alterna-
tively, the ratio of the sum of the current at the second and the 
middle peak versus the current at the first peak was proposed as 
an indicator [534]. The use of nonaqueous solutions as polymeriza-
tion media was investigated by Yonezawa et al. [535]. The resulting 
polymer showed less damage by overoxidation. For practical and 
economical reasons, these solvents are less attractive. 

Although obtained with chemically prepared PANI and mea-
sured only with ex situ methods, a study of aging reported by Ran-
nou and Nechtschein [536] is noteworthy. The measured conduc-
tivity data imply that conductivity on a macroscopic scale decreases 
rapidly as a function of time, whereas on a microscopic level, the 
decrease is far less strong. Accordingly, it was proposed that corro-
sion of the outer surface of good conducting grains impedes con-
duction. This assumes a model of PANI based on metallike grains 
embedded in a poorly conducting matrix. 

The thermal degradation of conducting copolymer films of 
PANI and nylon 66 with various dopants exposed to air outside an 
electrochemical cell, resulting in serious losses of electrical con-
ductivity, was studied by Byun and Im [537]. With increased tem-
perature, thermally enhanced degradation of chemically prepared 
PANI resulted in a blue shift of the UV-vis absorption band ob-
served at long wavelengths [538, 539]. It was assumed that a de-
crease in chain length was the cause of this shift. Considering the 
arguments presented in the preceding text, this implies a decrease 
in conjugation length. Tsubaki et al. [540] observed a decrease 
in electric conductivity with temperature that qualitatively agrees 
with this observation. With UV-vis spectroscopy, it was found that 
thermal dedoping proceeded without major structural changes. 
It is noteworthy that, according to Anand et al. [541], poly(4,4'-
methylenedianiline) is thermally more stable in the base than in 
the salt form. 

4. POLYPYRROLE AND RELATED POLYMERS 

The formation of a polymer film obtained by electrochemical oxi-
dation of pyrrole was first reported by Diaz and Kanazawa [542, 
543]. At least initially, electrooxidation of various substituted 
pyrroles surprisingly resulted in no polymers. A relationship be-
tween the oxidation potential and the dipole moment of the 
pyrroles was found [544]. Nevertheless, redox active films were 
obtained from A/^-methylpyrrole and A/^-phenylpyrrole [545]. Fig-
ure 58 shows the molecular formula of most pyrroles discussed 
in the following section. An early review of PPy was provided by 
Street [546]. 

In addition to the applications of ICPs already mentioned (for 
a general review of PPy and its applications, see [547]), PPy has 
been suggested as a matrix for a variety of sensor applications [548, 
549, 560-563]. (A special application where a sensor responds to 
the respective monomer was described by Vinokurov [564].) In a 
related concept, the size selectivity ("ion sieving") of PPy mem-
branes is utilized [565]. The influence of the electropolymerization 
conditions on the size-exclusion selectivity of various ICPs, includ-
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Fig. 58. Structural formulas of pyrrole and substituted pyrroles investi-
gated in the work reviewed in this report. 

ing PPy, PANI, and polyphenol, was investigated by Wang et al. 
[566]. 

Polypyrrole films have been employed as carriers of catalytically 
active materials like finely dispersed metal particles [567], whose 
own catalytic properties in various electrochemical reactions have 
been studied [568]. These systems sometimes were investigated 
using spectroelectrochemical techniques. Mostly, measurements 
were aimed at elucidating catalytic aspects of the embedded cata-
lyst. These reports are beyond the scope of this review. 

Similar to the uses suggested for PANI and PT, PPy has been 
suggested as a conceivable component of electronic equipment in-
cluding capacitors [569-575], batteries [576-581], and field effect 
transistors (FET) in combination with polythiophene as a further 
active component [582], and electrooptic devices [including light 
emitting diodes (LED)] [583-588]. Coatings of nonnoble metals 
like steel with corrosion protection properties [589, 590] and of 
photoelectrochemical devices [591] have been described. PPy as 
a precoat in the manufacturing of printed circuit boards is now a 
well established procedure [592, 593]. PPy has been evaluated as 
an active material in actors [594-598]. 

Diaz et al. [599] studied the electrooxidation of various aro-
matic monomers and oligomers, including pyrrole and its oligo-
mers, to identify relationships between the number of repeat units 
in the substrate molecule and the oxidation potential as well as the 
UV-vis absorption maximum of the oxidation product (soluble as 
well as deposited on the electrode). As can be expected based on 
theoretical calculations already mentioned, the oxidation potential 
shifts to less positive values with an increasing number of pyrrole 
units in the educt, whereas the absorption maximum shifts consid-
erably to longer wavelengths. 

In a comparative study of various ICPs, Bakhshi et al. pre-
dicted, based on theoretical considerations, that PPy is a strong 
candidate for p-doping. Further properties like the value of the 
bandgap were found to be in good agreement with experimental 
results. Attempts from a theoretical point of view to design modi-
fied PPy [poly(5,5'-bipyrrole methenylene)] with a small bandgap 
have been reported [600, 601]. Initial experimental data were pro-
vided by Pagani et al. [602]. Brocks et al. [603] reported a theoret-
ical study based on the Car-Parrinello ab initio molecular dynam-
ics scheme, which very efficiently combines electronic structure 
calculations with complete geometry optimizations. Equilibrium 
geometries have been calculated for polypyrrole, polythiophene, 
polyisothianaphthene, polyparaphenylene, and polyaniline. The 
obtained bandgaps, calculated with the local density functional, 
correspond closely with the experimentally observed trend of op-
tical bandgaps. 

4.1. Formation of Polypyrrole and Related Polymers 

PPy can be synthesized from both aqueous and nonaqueous elec-
trolyte solutions. The influence of the composition of the elec-
tropolymerization solution on the properties of the deposited PPy 
film has been studied with respect to a variety of material proper-
ties [604-608]. 

The kinetics and mechanism of electrochemical PPy forma-
tion from aqueous electrolyte solutions have been studied using 
a quartz crystal microbalance [609]. A dependency on the concen-
tration of pyrrole and perchlorate anions was found. A fairly com-
plicated interfacial reaction mechanism was proposed that takes 
into account all observed experimental peculiarities. Chung et al. 
[610] studied the initial stage of growth of PPy with EQMB. The 
observed influence of the electrolyte cation used was explained 
by invoking electrostatic interactions between the cations and the 
radical cations formed during the polymerization reaction. Based 
on purely electrochemical evidence, Scharifker et al. [611] iden-
tified the electrooxidation of pyrrole or its oligomers as the rate-
determining step. Rodriguez et al. [612] pointed out the possible 
involvement of tin species incorporated in the transparent ITO-
glass electrode in the electropolymerization of pyrrole. 

Genies et al. [613] measured the UV-vis absorption during the 
oxidation and polymerization of pyrrole as a function of time. The 
radical coupling step was found to be rate determining. The ini-
tial stage of PPy film formation resembles nucleation during metal 
deposition. 

Fermin and Scharifker [614] identified pyrrole oligomers with 
up to nine pyrrole units during PPy formation with in situ UV-
vis spectroscopy. The observed influence of solution stirring im-
plied nucleation of PPy deposits by precipitation of oligomeric 
species. Kim et al. [615] found a high stationary concentration 
of trimeric and tetrameric species under similar conditions. Ray-
mond and Harrison [616] derived the existence of pyrrole radical 
species based on results obtained with a rotating ring-disk elec-
trode. In a subsequent study, bipyrrole was identified as an in-
termediate based on in situ UV-vis spectroscopic evidence [617]. 
With ellipsometry, Hamnett et al. [618, 619] identified three dis-
tinctly different stages of PPy growth in nitrate-containing aque-
ous polymerization solutions in close correlation to previous re-
sults of chronocoulometric experiments. In the first step, nucle-
ation occurs, followed by attachment of oligomers to nucleation 
sites. In the third step, nucleation on top of the already formed 
PPy film occurs. Kim et al. [620] obtained real-time ellipsometric 
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data during the potentiostatic deposition of PPy from an aque-
ous solution containing nitrate anions. An electronic absorption 
at 3.8 eV (A = 326 nm) was assigned to the interband transition. 
Further absorptions at 1.65 and 2.3 eV (A = 750 and 538 nm) 
were attributed to valence band to defect (bipolaron) transitions. 
The relative doping level during dedoping was derivable from the 
real-time measurements. Further analysis of the data revealed a 
discontinuous struture of the film with a thickness below 15 nm, 
at about which thickness coalescence occurs. Thicker films show 
a linear increase of thickness with time and an increasing density 
of the film. Further theoretical considerations that serve as a ba-
sis for the interpretation of ellipsometric data were reported by 
Stroud and Kazaryan [621]. 

Abrantes and Correia [622] employed the probe beam deflec-
tion technique to investigate the early stages of growth of poly(3-
methylthiophene) and PPy. Their results support the assumption 
(in contrast to the bulk of the reports published so far) that 
oligomer formation is not determinant for PPy deposition, quite 
in contrast to the formation of the thiophene-based polymer. 

Bacskai et al. [623] reported an ECESR investigation of the 
growth of one- and two-dimensional PPy. Measurements were per-
formed at different deposition current densities, resulting in dif-
ferent paramagnetic properties of the PPy film. The observed spin 
densities do not correlate directly with the consumed oxidation 
charge. The larger linewidth of PPy deposited at higher current 
densities is explained by suggesting stronger spin-spin interactions 
that are compatible with a two-dimensional polymer. 

Yurtsever and Yurtsever [624, 625] attempted accurate ab initio 
calculation for pyrrole oligomers bonded through a and j8 carbons. 
Assuming a Monte Carlo growth scheme to predict branching as a 
function of temperature and chain length, it was found that a high 
degree of branching dominates in PPy. 

The influence of the dopant anion on film properties was stud-
ied by Krivan and Visy [626]. With sodium dodecylsulfate, an in-
crease of redox capacity and a higher doping level were observed. 
Results obtained with UV-vis spectroscopy and their interpreta-
tion indicate that structural changes that result in a decreased hy-
drophobicity may be a possible cause. 

Using the valence effective Hamiltonian (VEH), Bredas et al. 
[627] calculated optical as well as electrochemical properties of 
pyrrole and PPy. Their data agree nicely with reported experimen-
tal results. 

Lei et al. [628] pointed out the inherent reactivity of PPy 
with air, which results in difficulties in obtaining spectra of pris-
tine PPy [628]. Using a specially designed spectroelectrochemical 
setup, spectra of both pristine and doped PPy were obtained. Some 
additional low wave number bands not reported elsewhere were 
observed. In the absence of any assignment, they are not included 
in the data reported herein. 

Hlavaty et al. [629] electrooxidized A/̂ -vinylpyrrole and N-
allylpyrrole. The former monomer yields only an electroinactive 
film, because of the products formed via competitive polymeriza-
tion that involves the vinyl group. The latter monomer yields an 
electroactive polymer with properties similar to PPy according to 
in situ infrared spectra. 

4.2. Properties of Polypyrrole and Related Polymers and 
their Electrochemically Induced Changes 

The influence of the deposition (i.e., electropolymerization) con-
ditions on the properties of the PPy film has been studied in de-
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Fig. 59. CVs of PPy deposited galvanostatically at / = 0.5 mA onto a 
platinum sheet from a solution of 0.1-M pyrrole in acetonitrile +0.1-M 
LiC104 -h 0.5% water. The first and second cycles and the cycle measured 
after 17 min of electrode potential cycling are displayed. 

tail before: results have been reported in [273, 630-632]. The first 
report also contains a critical evaluation of spectroelectrochemi-
cal data that pertain to avoid redundancy, in particular, to vibra-
tional and UV-vis spectroscopy. Consequently, the following sec-
tion contains those contribution from the published literature that 
are considered to be the most important. 

A typical cyclic voltammogram of a film of PPy deposited from 
a solution of 0.1-M pyrrole in acetonitrile containing 0.1-M LiC104 
and 0.5% water is shown in Figure 59 as a function of time with 
respect to cycle number. Bose et al. [633] pointed out the inade-
quacy of simple chronocoulmetric or voltammetric procedures to 
determine the doping level of thick (greater than a few hundred 
nanometers) PPy films, in particular. The separation of Faradaic 
processes and double-layer charging of PPy-film-coated electrodes 
as well as electrodes coated with composites of PPy and polystyre-
nesulfonate was achieved by color impedance spectroscopy (elec-
tromodulated optical response, similar to ERS) [634-637]. The 
propagation of the interface between the conductive zone of PPy 
and the nonconductive zone assumed to be present during PPy 
oxidation was demonstrated using addressable microband array 
electrodes [638]. With a diode array detector, Tezuka et al. [639] 
measured concentration profiles of conducting species in PPy, in 
particular during the first potential scan. The difference between 
the first and the second scan ("first cycle effect") was related to 
the occurrence of a moving boundary in the first scan and a uni-
form interconversion of the nonconducting into the conducting 
form in the following scans. The significant difference between the 
first and subsequent electrode potential cycles of PPy was investi-
gated with electrochemical methods, NIR spectroscopy and scan-
ning electron microscopy, by Li [640]. In the NIR spectrum, bands 
at A = 520 and 1700 nm appeared. Upon reduction, the former 
peak disappeared, and a new peak appeared at A = 400 nm; the 
latter peak shifts to A = 1100 nm. After reoxidation, the peak ini-
tially observed at A = 520 nm did not reappear; only the band 
around A = 400 nm changed in intensity as a function of electrode 
potential. Consequently, the band at A = 520 nm was assigned to 
a protonated structure of PPy, which did not reappear during the 
reoxidation. 

During the doping and dedoping process, ions have to move in 
and/or out of the polymer film because of the need for charge com-
pensation. The transport behavior of the anions may be controlled 
by their own properties (charge, charge density, size, etc.), but 
also by the film properties. Qiu and Reynolds [641], who used the 
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Fig. 60. Dependence of PPy film resistance as a function of electrode 
potential and electrolyte solution composition (pH = 0, 0.5-M H2SO4; 
pH = 0.8, 0.1-M NaHS04; pH = 1.2, 0.05-M NaHS04; pH = 7, 0.1-
M Na2S04; acetonitrile, acetonitrile +0.1-M LiC104 + 1% water). The 
PPy ups deposited galvanostatically from a solution of 0.1-M pyrrole in 
acetonitrile + 0.1-M LiC104 + 1% water. 
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Fig. 61. In situ UV-vis spectrum of PPy in a solution of 0.1-M HCIO4 de-
posited onto an ITO glass electrode, electropolymerized galvanostatically 
at / = 0.7 mA from a solution of 0.1-M pyrrole in acetonitrile that con-
tained 0.5% water and 0.1-M LiC104 as a function of electrode potential 
starting with £̂ Ag/AgCl = -200 mV at the bottom to £̂ Ag/AgCl — ^^^^ ^^ 
at the top. For further details, see [273]. 

electrochemical quartz crystal microbalance, showed that properly 
selected dopant anions, in turn, can influence the cation trans-
port properties of the PPy film. Using the same method, Schmidt 
and Heitbaum [642] studied the redox switching of PPy and poly-
A/̂ -methylpyrrole in tosylate-containing electrolyte solutions. Dur-
ing reduction of PPy, cations and water move into the polymer. 
During oxidation of poly-A'̂ -methylpyrrole, tosylate and hydroxide 
ions move into the film. The different transport behavior of both 
polymers is rationalized by taldng into account suggested polymer 
structures. A first application of the EQMB in investigations of re-
dox cycling of PPy was reported by Kaufman et al. [643], who ob-
served that during reduction, charge compenzationis maintained 
by lithium ion insertion into the film instead of the expected egress 
of anions. Xie et al. [644] studied the influence of solution pH on 
the electrochemical properties of PPy with the EQMB. At pH val-
ues larger than 3-4, both anions and cations are involved in the 
ionic movements that accompany charge compenzation during re-
dox cycling. At lower pH values, anion movement prevailed. By 
comparison with the behavior of poly(A^-methylpyrrole), protona-
tion and deprotonation of the nitrogen atom in PPy was found 
to be of major importance. Deprotonated PPy allows transient 
incorporation of hydrated cations during reduction, followed by 
slow ejection of incorporated cations when electrolytes like KCl or 
NaC104 are used; with NH4CI, this behavior was not observed. 

The change of the electronic resistance of PPy as a function of 
electrode potential in solutions of various compositions is shown in 
Figure 60. Because of the selected electrode potential limits, only 
a reversible increase/decrease was found; no evidence of overoxi-
dation was observed [73]. With a polymer transistor manufactured 
with a film of PPy as the active material, Ofer et al. [645] found a 
limited electrode potential window wherein PPy has a high elec-
tronic conductivity. 

With ellipsometry applied in situ during both deposition and 
doping-dedoping, Kim et al. [646] indicated a reversible expan-
sion and contraction during the latter process. A similar behavior 
was observed by Higgins and Hamnett [647]; preliminary results 
had been reported elsewhere [618]. The optical constants of the 
PPy films depended critically on the polymerization conditions. 
An increase of the water content in the polymerization solution 
resulted in very low values of n (1.25 < n < 1.3) as measured at 
A = 633 nm. In a further study with both ellipsometry and infrared 
spectroscopy, Christensen and Hamnett [619] found that both po-

larons and bipolarons are created with well defined, narrow con-
jugation lengths. The latter was nine monomer units shorter for 
bipolarons as compared to polarons. During PPy oxidation, expul-
sion of solvated protons was found together with a reduction of 
film thickness. Giacomini et al. [648] studied the influence of elec-
trode potential and electrolyte on PPy films deposited onto plat-
inum electrodes. Results indicate the absence of polarons at highly 
positive electrode potentials. Film properties and oxidation mech-
anism change with more acidic electrolyte solution. In all cases, an 
increase of thickness (in contrast to previous reports already cited) 
and hydration is observed upon oxidation. Pei and Inganas [649-
651] observed swelling and shrinking of PPy using a bending beam 
method, wherein the bending of a PPy-polyethylene bilayer is used 
as an electrode. The extent of both processes is much smaller as re-
ported based on results of the other methods. Lee et al. [652] used 
ellipsometry during both deposition and redox cycling of PPy. Re-
sults obtained during the latter process indicate that redox conver-
sion of the polymer proceeds from the solution toward the sup-
porting electrode controlled by counterion movement. The ion 
exchange properties of PPy and a copolymer poly[pyrrole-co-[4-
(pyrrole-l-yl)-butane sulfonate] were studied by Lopez et al. [653] 
using the optical beam deflection technique. At electrode poten-
tials positive to the redox potential, PPy exchanges anions with the 
solution: at potentials below this value, cations are involved. When 
the copolymer contains negatively charged groups attached to the 
pyrrole units, exactly the inverse behavior was observed. 

UV-vis spectra recorded in situ with PPy films deposited from 
various aqueous as well as nonaqueous electrolyte solutions are 
displayed in Figures 61-64 to allow detection of conceivable in-
fluences of the mode of deposition and of the electrolyte solution 
composition (pH, concentration, type of anion or cation) on the 
obtained polymer and its electrooptical properties. The spectra 
were recorded in solution that was not entirely deareated [273]. 
Consequently, the influence of dioxygen dissolved in the elec-
trolyte solution has to be taken into account. Son and Rajesh-
war [654] reported an isosbestic point at A = 480 nm for the 
bands at A = 400 and 800 nm when using dioxygen-saturated elec-
trolyte solutions of 0.1 M, which was absent in the case of nitrogen-
saturated solutions. Instead, an additional band was found at A = 
540 nm. Because the UV-vis spectra displayed here also show this 
band, the dioxygen content of the electrolyte solutions used seems 
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Fig. 62. In situ UV-vis spectrum of PPy in a solution of 0.1-M HCIO4 
deposited onto an ITO glass electrode, electropolymerized potentiostat-
ically at ^Ag/AgCl = -500 mV from a solution of 0.1-M pyrrole in ace-
tonitrile that contained 0.5% water and 0.1-M LiC104 ^s a function of 
electrode potential starting with ^Ag/AgCl = -200 mV at the bottom to 
^Ag/AgCl = 1000 ni^ at the top. For further details, see [273]. 
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Fig. 63. In situ UV-vis spectrum of PPy in a solution of 0.1-M HCIO4 de-
posited onto an ITO glass electrode, electropolymerized potentiostatically 
at £̂ SSCE = 600 mV from a solution of 0.1-M pyrrole in an aqueous so-
lution of 1-M acetic acid as a function of electrode potential starting with 
^Ag/AgCl = -200 mV at the bottom to £̂ Ag/AgCl = 1000 mV at the top. 
For further details, see [273]. 

to be very low. Independently of the electropolymerization pro-
cedure (for details see [273] and the figure captions), bands at 
A = 400 and 540 nm and a NIR absorption with a maximum 
beyond the accessible range (A = 900 nm) were observed. The 
band at shorter wavelengths were assigned to the TT ^- TT* transi-
tion. The band at A = 540 nm was attributed by Son and Rajesh-
war [655] to a transition from the lower binding polaron state (or 
band) to the upper antibinding polaron state (or band). Hourch 
et al. [656] assigned the absorption to an electronic transition from 
the valence band into the antibinding bipolaron state (or band). 
The latter authors observed, in addition, bands at A = 610 and 
710 nm, which have been assigned to the transition between the 
binding and the antibinding polaron state. Kim et al. [657] found 
a band at A = 470 nm, which they assigned to the transition from 
the valence band into the antibinding bipolaron band, and a band 
beyond A = 600 nm, which was attributed to the transition from 
the valence band into the bipolaron band. The band at long wave-
lengths has been assigned elsewhere to transitions between ex-
tended conjugated sections of the polymer [658]. This is in agree-
ment with the reasoning presented by Brandl [273] for PANI (for 
details, see preceding section) and PPy. This assignment is sup-
ported by results of investigations with oligopyrroles reported by 
van Haare et al. [659], which provided evidence for the formation 
of 77 dimers as evidenced by UV-vis spectroscopy. This, in turn, 
also explains the lack of an ECESR signal at elevated electrode 
potentials. Deconvolution of in situ UV-vis spectra of PPy films 
recorded during oxidation in solutions that contain various halide 
anions resulted in four optical absorption bands at A = 320, 425, 
542, and 842 nm [660]. The first and second bands dominate the 
spectrum of neutral PPy. The second band decreases in intensity 
upon oxidation. The third and fourth bands appear upon oxida-
tion, where the third band passes through a maximum as a function 
of electrode potential. Consequently, the third band was assigned 
to polaronic species and the fourth band to bipolaronic species. 
With respect to the spectra displayed in Figures 61-64, no signifi-
cant influence of the mode of deposition (potentiostatic versus gal-
vanostatic) could be identified [273]. Even with an almost neutral 
solution of 1-M KCl, an electroactive polymer with only slightly 
different spectral features was obtained. Only deposition from an 
acetic acid solution resulted in a considerably different polymer. 
Obviously, no change in the spectrum occurs when the electrode 
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wavelength / nm 

Fig. 64. In situ UV-vis spectrum of PPy in a solution of 0.1-M HCIO4 
deposited onto an ITO glass electrode, electropolymerized potentiostati-
cally at ^SSCE = 600 mV from a solution of 0.1-M pyrrole in an aque-
ous solution of 1-M KCl as a function of electrode potential starting with 
^Ag/AgCl = -200 mV at the bottom to Ep^^jp^^ci = 1000 mV at the top. 
For further details, see [273]. 

potential is changed. This corresponds to a lack of electrochemi-
cal activity. The spectra of the film show features that are typical 
of the fully oxidized form and the film is slightly conductive [273]. 
The spectra provided support for the tentative determination of 
the effective length of conjugation based on a comparison with ab-
sorption energies of TT dimers of oligopyrrole [661]. The value of 
the effective length of conjugation was 7.1. 

With a combination of quartz microbalance and UV-vis spec-
troscopy, Kim et al. showed that electrochemically induced mass 
transport in PPy affects both rheology and electrochromic proper-
ties of the polymer film [662]. 

Skaarup et al. [663] reported on the doping of PPy with LiC104 
in nonaqueous electrolyte solutions. Highly conjugated, pure sam-
ple did not show optical absorptions below 2.5 eV (A = 495 nm) 
in the reduced state and a low energy of 2.88 eV (A = 430 nm) 
for the 77 ^ TT* transition. Bipolarons were claimed to be the 
predominant species in the oxidized form of PPy, with polarons 
playing only a minor role in systems of lower conjugation length. 
The conflicting statements in the literature were assigned mainly 
to differences in polymer preparation and pretreatment. 

Zotti and Schiavon [664] determined the concentration of po-
larons and bipolarons based on in situ UV-vis spectroscopic data. 
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l-MH 

Red. 

1225 

1276 

1301 

1361 

1405 

1435 

— 
1462 

1480 

1507 

1530 

1572 

1608 

— 

:C104 [273] 

Oxid. 

1242 

1277 

1300 

1363 

1408 

1428 

1445 

1464 

— 
1509 

1529 

1557 

1607 

1652 

172P 

1769 

2340 

Red. 

— 
1280 

— 
1386 

— 
— 
— 
1480 

— 
— 
— 
1546 

— 

— 

Ref. [676] 

Assignm. 

— 

^C-HiP 
— 
Ring breath. 

— 
— 
— 
Ring breath. 

— 
— 
— 
^C=C 

— 

— 

Ref, 

State 

— 
1283 

1316 

— 
1410 

— 
1443 

— 
1482 

— 
1524 

1545 

1610 

— 

[677] 

Assignm. 

— 
Oligom. 

^C-C 
— 
Oligom. 

— 
Oligom. 

— 
Oligom. 

— 

m-c 
'^C=C 
Oligom. 

— 

Ref, 

State 

— 
1287 

— 
— 
1391 

1422 

— 
1470 

— 
— 
— 
1546 

— 

— 

[342] 

Assignm. 

— 

^C-H 
— 
— 

^c-c 
^c-c 
— 

ĉ=c 
— 
— 
— 
i'C=C 

— 

— 

^Presumably caused by a carbonyl moiety of a degradation product. 

Results were found to be comparable with those of ECESR mea-
surements. Josowicz et al. [665] reported considerable changes of 
the electronic work function of PPy after incorporation of nitro-
toluene as measured with UV-vis spectroscopy. 

Genies et al. [666] studied the switching reaction of PPy with 
chronoabsorptometric UV-vis measurements. An effect of solu-
tion composition was found. Ion diffusion in the film was faster 
during the reduction than during the oxidation. This may be re-
lated to the fact that the former process occurs in a fairly good con-
ducting material where the reaction may take place in the whole 
film. In a subsequent study with the same method, Genies and Per-
naut found a Nernstian relationship between the relative state of 
oxidation and electrode potential for poly(A/̂ -methylpyrrole). This 
provides access to formal redox potentials. The change of optical 
absorption as a function of time was used to calculate the apparent 
diffusion coefficient for species that limit the rate of conversion. 

Tezuka et al. [667] used UV-vis spectroscopy combined with 
cyclic voltammetry to detect Faradaic and capacitive components 
during redox processes of PPy films. Results fit a propagation the-
ory for the conversion of the polymer. Curves of band intensity 
versus electrode potential are sigmoidal, implying the intermedi-
ate state of some bands and the species that cause them. It was 
concluded that the kinetics involve slow conversion of the initially 
formed radical cation into a dication. 

From ex situ spectra of PPy-perchlorate, Yakushi et al. con-
cluded that PPy is not a metallike system with Drudelike free car-
riers. Instead, the mechanism of electronic conduction is hopping 
between segments of variable conjugation length. 

More recently, Otero and Bengoechea [668] reinvestigated in 
situ UV-vis spectra of PPy to complete previous electrochemical 
measurements [669]. They attributed the considerable shift of the 
absorption band in the range of A = 550-900 nm to conforma-

tional changes, while still keeping the assignment of the bands 
found in this range to transitions that involve polaronic and bipo-
laronic states. So far, this assignment has not been confirmed or 
supported by further evidence. 

A theoretical foundation for the interpretation of vibrational 
spectra of PPy was provided by Faulques et al. [670,671]. Their re-
sults are taken into consideration in the subsequent interpretation 
of Raman and infrared spectra, and relevant data are incorporated 
in the tables herein. The effective conjugation coordinate already 
introduced and discussed in connection with the interpretation of 
vibrational spectra of PANI was applied to PPy too [672]. A dif-
ferent approach was employed by Kostic et al. [673]. Based on a 
single-periodic-chain model and harmonic potential, in-plane and 
out-of-plane parameters transferred from pyrrole. In addition, in-
frared absorption intensities were calculated. Results of a compar-
ison with experimental spectra indicate a nonplanar conformation 
of PPy. In the case of comparison with experimental Raman spec-
tra, electron-phonon coupling was not observed. Kofranek et al. 
[674] reported the results of a theoretical ab initio study of vibra-
tional spectra of pyrrole, oligopyrroles, and PPy based on double 
zeta quality basis sets. For the monomer, satisfactory agreement 
between calculated and experimentally observed band positions is 
concluded. Inspection of data listed in Table XXIII reveals close 
correspondence between the assignments for PPy as reported by 
various authors and the assignments and band positions stated by 
Kofranek et al. 

Infrared spectra of PPy measured in situ and ex situ have been 
reported by various authors [342, 675-689]. A set of typical in-
frared spectra measured in the external reflection mode as a func-
tion of electrode potential is displayed in Figure 65; the finger-
print region is enlarged in Figure 66. The assignments of the ob-
served bands are collected with data from other reports in Ta-
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Fig. 65. In situ infrared spectrum (PDIRS) of PPy in a solution of 1-M 
HCIO4 deposited onto an ITO glass electrode, electropolymerized gal-
vanostatically at / = 2 mA from a solution 0.1-M pyrrole in acetonitrile 
that contained 0.5% water and 0.1-M LiC104 as a function of electrode 
potential (see inset); resolution 4 cm~^. For further details, see [273]. 
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Fig. 66. In situ infrared spectrum (PDIRS) of PPy in a solution of 1-M 
HCIO4 deposited onto an ITO glass electrode, electropolymerized gal-
vanostatically at / = 2 mA from a solution 0.1-M pyrrole in acetonitrile 
that contained 0.5% water and 0.1-M LiC104 as a function of electrode 
potential (see inset); fingerprint region, resolution 4 cm~^. For further de-
tails, see [273]. 

ble XXXIII. Stimulated by inconsistencies between the generally 
assumed molecular structure of PPy and the determined elemental 
composition, Lei and Martin [690] proposed that PPy is actually 
poly(pyrrole-C6>-hydroxypyrrole) based on infrared spectra. Kato 
et al. [691] combined in situ infrared spectroscopy in the external 
reflection method with ex situ measurements at PPy/KBr pellets. 
Results imply a higher ordering in electropolymerized PPy. Ranga-
mani et al. [642] reported on ATR infrared spectroscopy of PPy 
deposited onto a silicon rod used as internal reflectance element. 
Excellent spectra that show electrode potential-induced changes 
were obtained when both anions and cations were involved in the 
redox processes. Zhong and Doblhofer demonstrated that an ex-
change of the anion (e.g., Cl~ and ClO^) does not affect the 
infrared spectrum except for the appearance of the symmetrical 
stretching mode of the latter oxoanion. 

Rodriguez et al. [693] reported infrared data obtained with 
the subtractively normalized interfacial Fourier transform infrared 
spectrascopy (SNIFTIRS) method for PPy films exposed to aque-
ous solutions containing various anions. In the range between 1000 
and 1700 cm~^ reversible changes in the range of electrode poten-
tials below the onset of overoxidation were found. They are con-
sistent with the polaron-bipolaron model. During overoxidation, 
hydroxyl and carbonyl groups attached to the polymer backbone 

E 

2200 
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Fig. 67. In situ Raman spectrum of PPy in a solution of 1-M HCIO4 de-
posited onto an ITO glass electrode, electropolymerized galvanostatically 
at / = 50 mA from a solution 0.1-M pyrrole in acetonitrile that contained 
0.5% water and 0.1-M LiC104 as a function of electrode potential (see 
inset); resolution 2 cm~^. For further details, see [273]. 

were found. The influence of the electrolyte anion was weak, im-
plying a small interaction between dopant anion and oxidized poly-
mer matrix. With fluoride anions chemical modifications occur, 
because in this solution hydroxyl ions presumably act as dopants 
instead of fluoride anions. 

A set of resonantly enhanced Raman spectra of PPy in an aque-
ous solution of 1-M HCIO4 is shown in Figure 67. Raman spectra 
measured both ex situ as well as in situ have been reported fre-
quently [694-703]. Pertinent results and conclusions are incorpo-
rated in Table XXIV. The effective conjugation coordinate sug-
gested by Tian and Zerbi [342] also was applied to the interpre-
tation of Raman spectra, and their results are incorporated in the 
table. Low frequency Raman modes of PPy caused by fractal vibra-
tional modes were reported and discussed by Jin et al. [704]. With 
laser excitation at AQ = 514.5 nm, bands at 65,77, and 116 cm~^ 
were observed; they were explained in terms of a fractal descrip-
tion of localized vibrations. 

The 77 derealization in oligopyrroles (including protected, i.e., 
end standing, substituted oligothiophenes) and polypyrroles was 
studied with ex situ off-resonance Raman spectroscopy by Zerbi 
et al. [705]. The frequency dispersion of the line near 1580 cm~^ 
was found to be indicative of chain length. Bands of substituents 
were generally absent in the Raman spectra (contrary to infrared 
spectra extremely rich in bands). In a subsequent study with con-
formationally distorted oligo- and polypyrroles, basically the same 
results were obtained [706]. 

A typical ECESR spectrum of a PPy sample in a nonaqueous 
solution is displayed in Figure 68. The significantly asymmetric line 
was described as Dysonian-like [73]. The spin density as a function 
of electrode potential in solutions of widely varied composition is 
shown in Figure 69. A considerable shift of the maximum toward 
positive electrode potentials with decreasing pH value is notewor-
thy [73]. 

Zotti [707] reported in situ measurements of conductivity, dop-
ing level, and spin concentration of PPy. The observed relationship 
indicates a threshold value, followed by a linear increase that ends 
in a plateau value of conductivity as a function of doping level. 
Both polarons and bipolarons are assumed to be involved in the 
conduction process, provided the anions do not pin the mobile 
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l-M HCIO4 [273]̂  
Red. 

467 
632 

937 
— 
994 

— 
— 
— 
1268 
1319 
— 
— 
1403 
1459 
1489 
1581 

— 

Oxid. 

464 
627 
686 
936 
972 

— 
1060 
1092 
1237 
— 
— 
1350 
1383 
— 
— 
— 
— 
1595 

Furukawa et al. [694] 
Red. 

— 
634 

934 
— 
989 

— 
— 
— 
1246 
1316 
— 
— 
— 
— 
1502 
— 
— 

Oxid. 

— 
— 

979 
— 
1057 
1080 
— 
— 
— 
1335 
— 
— 
1443 
— 
1564 
1581 

Assignm. 

— 

^ i g 

— 
Polaron mode, Ŝ ng 

^ring 

Polaron 
Bipolaron 
— 
— 

^CC 

Polaron 
— 
— 
Polaron 

mc 
^CC 

Polaron 

Calculated [342] 

— 
— 

— 
1000 
1051 
— 
— 
— 
1307 
— 
— 
— 
1452 
— 
1569 

— 

^For the sake of simplicity, some bands observed at even more positive electrode potentials are omitted. 

B (magnetic field) / G 

Fig. 68. In situ ECESR spectrum of PPy in an aqueous solution of l-M 
HCIO4. The PPy was deposited galvanostatically from a solution of 0.1-M 
pyrrole in acetonitrile + 0.1-M LiC104 + 1% water [73]. 

charges. ESR data again confirmed polarons as stable intermedi-
ates. Although CVs of PPy generally show only a single current 
peak, actually two subsequent processes separated only by about 
70 mV of peak potential difference occur. Basically similar results, 
in particular, concerning the participation of polarons and bipo-
larons in the conduction process, were reported previously by Zotti 
and Schiavon [708]. 

Zhong et al. [709] studied the redox processes of PPy with in 
situ ECESR in combination with Raman spectroscopy. The forma-
tion of polarons as well as their interconversion into bipolarons as 
a function of electrode potential were observed. Both species seem 
to be involved in the electric conduction. Simultaneous changes 
in the Raman spectra, in particular, a shift of the band around 
1600 cm~^ were observed. This band is commonly assigned to 
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Fig. 69. Spin density of PPy in various electrolyte solutions (pH = -0.3, 
l-M H2SO4; pH = 0, 0.5-M H2SO4; pH = 0.8, 0.1-M NaHS04; pH = 
1.2, 0.05-M NaHS04; pH = 7, 0.1-M Na2S04; acetonitrile, acetonitrile 
-f 0.1-M LiC104 -\- 1% water). The PPy was deposited galvanostatically 
from a solution of 0.1-M pyrrole in acetonitrile -f 0.1-M LiC104 + 1% 
water [73]. 

the C=C stretching mode. Its position shifts from 1568 cm~^ at 
^SCE = -0-6 V to 1623 cm~^ at E^QE = 0-4 V. This observa-
tion can be explained by assuming an increase of the double bond 
character of the interring 0^—0^/ and intraring C^—Ca bonds, in 
agreement with corresponding theoretical considerations. Results 
reported by Waller and Compton [710] are in partial agreement. 
Data obtained with ECESR and in situ conductivity measurements 
(using the ac impedance technique) showed a correlation between 
conductivity and spin concentration at low doping levels. At higher 
doping levels, this correlation disappears, suggesting the participa-
tion of bipolarons in the conduction process. At elevated doping 
levels, this is in agreement with data previously reported [73] and 
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Fig. 70. Correlation of film resistance and spin density for PPy in an aque-
ous solution of 0.1-M Na2S04. The PPy was deposited galvanostatically 
from a solution of 0.1-M pyrrole in acetonitrile + 0.1-M LiC104 + 1% 
water [73]. 

displayed in Figure 70. Indeed, at higher doping levels (beyond the 
maximum spin concentration), a strong decrease of film resistance 
is found together with a decrease of polaron concentration. This 
resulted in an earlier conclusion that polarons are of only minor 
importance in the conduction process. The absorption shoulder 
around A = 540 nm observed by Lippe [73] shows a dependence 
on electrode potential similar to the conductivity. This was only 
tentatively (because of the inherent difficulties in evaluating an 
absorption shoulder) taken as an indicator to assign the absorbing 
species to the charge-carrying species. The subsequent assignment 
of the electronic absorption at A = 540 nm to the transition be-
tween the lower and the upper polaron band is only, at first glance, 
in contrast to the ECESR data, because the disappearance of the 
ECESR signal implies the absence of polarons, especially at ele-
vated electrode potentials. Based on the reasoning suggested by 
Brandl [273] for both PANI and PPy, this absorption corresponds 
to a transition that indeed involves polarons of varying effective 
conjugation length, whereas the absence of the ECESR signal may 
be explained reasonably by invoking quenching processes between 
the free radicals in the polymer. In an ex situ investigation of PPy 
with UV-vis and ESR spectroscopy, Pfluger et al. found support-
ing evidence of changes in results of both spectroscopies at higher 
degrees of doping where no further change of conductivity occurs. 

Nechtschein et al. [711] reported a similar study with in situ 
measurements of PPy with UV-vis and ESR spectroscopy. Re-
sults imply that the energy for creating a bipolaron is the same 
as the energy needed to create two polarons. These results sup-
port earlier theoretical considerations based on ah initio studies 
reported by Bredas et al. [712, 713]. The interconversion of po-
larons into spinless species (bipolarons) was observed with in situ 
UV-vis and ESR spectroscopy by Kaufman et al. [714]. In an ear-
lier study by Genoud et al. [715], based on ESR data obtained in 
situ, a quasiequilibrium between polarons and bipolarons was con-
cluded; at low doping levels, bipolaron formation is energetically 
unfavorable as compared with polaron existence. 

Singh and Narula [716] investigated ex situ correlations be-
tween the concentration of free spins and the dc conductivity as 
a function of temperature for electropolymerized PPy and some 
substituted PPys. The obtained parameters support a variable 
range hopping mechanism of conduction. An almost symmetrical 
line with Lorentzian shape was observed. 

ESR spectra^ ̂  of PPy electropolymerized at different current 
densities were studied with ESR spectroscopy and conductivity 
measurements by Chaibi et al. [717]. Results show a higher con-
ductivity for samples prepared at higher conductivity: these sam-
ples showed no ordering in the ESR spectra. A positive contribu-
tion of amorphicity to the conductivity was concluded. 

Exclusively with respect to electrode potential and charge 
transfer Amemiya et al. [718] studied UV-vis spectra of PPy as 
a function of electrode potential by considering the polaron-
bipolaron model and the "monomer unit model." Results favor 
the latter model. 

Oudard et al. [719, 720] recorded ECESR spectra of PPy in a 
molten salt electrolyte liquid at room temperature. The ESR sig-
nal was observed only in a very narrow range of electrode poten-
tials that closely correlate with the electrochemical oxidation cur-
rent: the line shape was not Dysonian, contrary to the observation 
reported previously. Evaluation of kinetic data implies slow for-
mation of radical cations (polarons) and fast disappearance, most 
likely by recombination into spinless dications. 

In a more general investigation of PANI, PT, and PPy (for the 
other polymers, see the preceding and the following sections), De-
vreux et al. [436] studied the correlation between injected electric 
charge per ring and the number of spins per ring. Their results 
are displayed in Figure 71. The general shape of the trace cor-
responds to plots already shown that display the relationship be-
tween the electrode potential and the spin concentration. Devreux 
et al. concluded from a thermodynamic consideration of the re-
sults that with PPy and PdT, polarons and bipolarons are almost 
degenerate and, consequently, in a thermodynamic equilibrium, 
whereas for PANI, polaron pairing is hindered by potential bar-
riers that disable the establishment of a thermodynamic equilib-
rium. Zotti [707] reinvestigated the relationships between elec-
trode potential, injected charge, and in situ measured electrical 
conductivity. As a function of injected charge, with all investigated 
polypyrroles, three different types of relationships were observed. 
Up to a certain threshold value (at low charge levels), a slow in-
crease of conductivity was followed by a Unear increase that ended 
in a plateau value. The threshold value cannot be explained by per-
colation, because only homogeneous polymers were investigated 
and no evidence of electrochemically induced heterogeneity (for-
mation of conducting islands in an insulating matrix) was found. 
Instead, charge pinning of both polarons and bipolarons by some 
(not all) anions was concluded. 

Riihe et al. [721] electropolymerized various pyrroles substi-
tuted in the 3,4-position with a fused alkyl ring. Using four-probe 
ex situ conductivity measurements as a function of temperature, 
a decrease in conductivity with an increase in substituent size was 
found. The temperature dependence implied a variable range hop-
ping conduction mechanism. 

Extensive ex situ investigations of PPy films with various elec-
tron spectroscopies that provide details of the electronic struc-
ture were reported by Schmeisser and Gopel [722]. In a related 
study with the same methods, Schmeisser et al. [723] observed that 
a two-dimensional structure of PPy can be obtained by applying 
higher deposition current densities. 

Theoretical calculations using the VEH by Bredas et al. [724] 
resulted in predicted oxidation and reduction potentials for vari-

^^The angular dependence of the ESR line width was measured while the 
sample was rotating in the magnetic field. A correlation between line width 
and ordering exists. 
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Fig. 71. Spin concentration expressed as spin per ring as a function of 
charge injected (expressed as charge per ring) for PdT, PANI, and PPy 
taken from ECESR in situ measurements. Data from Devreux et al. [436]. 

ous intrinsically conducting polymers. With polypyrrole, an oxida-
tion potential of £^NHE = -0-6 V was calculated, which compares 
favorably with the experimental value of ^NHE = -0-4 V [725]. 
Korol [726] reported theoretical considerations of the electronic 
conductivity of ICPs including PPy. He suggested that an optimum 
chain length of about 1.5-3 nm exists, which should result in max-
imum conductivity. 

Clarke et al. [727] applied magic angle spinning NMR spec-
troscopy ex situ in a preliminary (and so far not extended) inves-
tigation of PPy and some related substituted PPy. Results confirm 
the linear structure of PPy with a, a^ links. Similar results were 
reported by Street et al. [728]. 

Copolymers of pyrrole and 2,2'-bithiophene were prepared by 
electropolymerization using mixed monomer-containing nonaque-
ous electrolyte solutions by Peters and van Dyke [729]. CVs of 
the polymer film showed three oxidation peaks. Two could be 
matched with the corresponding oxidation peaks of the homopoly-
mers; the third (in between) may be caused by a random copoly-
mer. Based on supporting evidence obtained from in situ UV-vis 
spectra, three distinct redox couples could be identified. Iwo were 
assigned to short blocks of PPy and poly(2,2'-bithiophene); the 
third was assigned to the mentioned copolymer. Electric conduc-
tivity was lower like for pure PPy. 

Elliott et al. [730] studied a composite of PPy and polystyre-
nesulfonate with various spectroelectrochemical techniques. The 
films were found to be considerably different from pure PPy. The 
conductivity is only slightly lower as compared to PPy. The CV is 
very symmetrical. Otero and Bengoechea [731] measured UV-vis 
spectra of the same composite and of a PPy-carboxymethyl cellu-
lose composite with particular regard to the switching stability. Po-
laronic as well as bipolaronic transitions were red shifted because 
of a stronger interaction between the composite constituents at-
tributed to the more flexible backbone of carboxymethyl cellulose. 
Polystyrene sulfonate is more rigid and accelerates processes that 
involve the bipolarons. 

A composite of PPy with polytungstate anions was prepared 
via electropolymerization by Ohtsuka et al. [732]. The PPy sample 
prepared for comparison showed the usual transition from the re-
duced to the oxidized state via the polaronic and bipolaronic state 
as evidenced by UV-vis and Raman spectroscopy. The copolymer 
does not reach the neutral form even at very low electrode poten-
tials. 

Bilayers of PPy with PANI on top or PANI with PPy on top 
were investigated with confocal Raman microscopy 6x ̂ /̂ w by Sacak 

et al. [733]. Depending on deposition conditions, the second poly-
mer is incorporated into the first one or deposited on top in a 
clearly separated bilayer system. Bi- and multilayer systems of 
PANI, PPy, and poly(3-methylthiophene) prepared by chemical 
oxidation were studied with a variety of experimental methods 
by Nicolau et al. [734]. Results indicate generally lower structural 
disorder, better crystallinity, a homogeneous space filling, and a 
closer relationship between degree of polymerization and conju-
gation length. 

Novak et al. [735] identified CO2 as the oxidation product of 
propylene carbonate formed at a PPy electrode with infrared spec-
troscopy [735]. In another study, these authors useed in situ in-
frared spectroscopy and differential electrochemical mass spec-
trometry (DBMS) to observe the simultaneous oxidation of PPy 
and the solvent propylene carbonate, resulting in its incorporation 
into the polymer film [736]. 

4.3. Degradation of Polypyrrole and Related Polymers 

Park et al. [737] used various spectroscopic in situ and ex situ tech-
niques to study the electrochemical degradation of PPy by anodic 
overoxidation. Results indicate the formation of a soluble mixture 
of maleimide and succinimide, which implies a reaction mecha-
nism wherein the quinoid bipolaronic form is attacked first by wa-
ter molecules. A higher rate of formation of these degradation 
products with increasing electrode potential, sulfuric acid concen-
tration, and thinner films was found [738]. The pH-dependent on-
set of overoxidation was studied by Lewis et al. [739]. At lower 
pH values, the corrosion proceeds significantly slower. The rate 
and mechanism of corrosion of PPy in aqueous solutions was 
investigated by Beck et al. [740] with electrochemical methods. 
A two-step mechanism that comprises electrochemical overoxida-
tion followed by a chemical nucleophilic attack at the cationic cen-
ters in the polymer was found. Raman spectroscopy was found by 
Ghosh et al. [741] to be more sensitive for the detection of overox-
idation products of PPy as compared to infrared spectroscopy. An 
increase of the rate of overoxidation (i.e., of polymer degradation) 
with increasing pH value and electrode potential was observed. 

Novak et al. [742] reported inconclusive evidence of overoxida-
tion processes of PPy in various nonaqueous electrolyte systems as 
obtained with in situ infrared spectroscopy. Most likely, OH~ and 
HCO^ ions are the species involved in the nucleophilic attack of 
the polymer. 

Christensen and Hamnett [743] studied overoxidation of PPy 
with both ellipsometry and infrared spectroscopy. Pyrrolinones 
with short conjugation lengths and CO2 were found. Xie et al. 
[744] investigated the transition of PPy from its electroactive into 
its inactive state during immersion into alkaline solution by in situ 
infrared spectroscopy. A nucleophilic attack by hydroxy] ions fol-
lowed by opening of some pentacyclic rings and a significant de-
crease in electrical conductivity were observed. The correspond-
ing rate constant for the chemical reaction was determined as 
5.8 X 10-"̂  s-l. 

The chemical attack of solution phase species generated at 
both electrodes and by chemical reactions between solution phase 
species on PPy were studied with various spectroelectrochemical 
techniques by Chen and Rajeshwar [745]. 
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5. POLYTHIOPHENE AND RELATED POLYMERS 

Thiophene and its relatives, including dimeric, trimeric, and even 
higher oligothiophenes, can be oxidized electrochemically with 
subsequent formation of a polymer in nonaqueous solutions only. 
This is basically caused by the fact that electrooxidation of thio-
phene requires fairly positive electrode potentials. At these po-
tentials, rapid degeneration of the polymer by nucleophihc attack 
occurs.^^ Taking water and its constituents as a typical example, 
the passivating action of even small amounts of water in the poly-
merization solution was shown [746]. Only more recently did Baz-
zaoui et al. [747, 748] show that PT can be prepared successfully 
from moderately concentrated aqueous perchloric acid solutions 
on platinum and ITO electrodes. The selected electrolyte solution 
increases thiophene solubility and decreases the electrode poten-
tial necessary for thiophene oxidation from about £̂ SCE = 1-6 to 
about 0.9 V. The properties of the film are reported to be very 
similar to those of films prepared from nonaqueous solutions. At-
tempts to modify the polymerization condition further to diminish 
the required oxidation electrode potential, for example, by substi-
tution of the thiophene ring, the use of oligothiophenes [749], or 
the use of metal oxide electrodes (CuO) [750], have been reported 
elsewhere. 

An overview of representative thiophenes investigated so far 
and reviewed here is provided in Figure 72. In particular, be-
cause of the considerable environmental stability of some polythio-
phenes [751, 752] as compared, for example, the stability of PANI, 
various possible applications have been considered or even been 
transformed into commercial products [753-758]. Their gas sensi-
tivity, which suggests their use in sensors, was discussed by Hanawa 
et al. [759]. Beyond this straightforward application, various other 
uses of PT and PT derivatives in sensing applications have been re-
ported [760-772]. An anion effect termed ion sieving, wherein films 
of poly(3-methylthiophene) show different permeabihties for dif-
ferent anions, was reported by Zhang and Dong [773]. The use of 
PTs in supercapacitors has been suggested [774-783]. Glenis et al. 
[784] reported the use of PT and poly(3-methylthiophene) in or-
ganic photovoltaic cells (see also [785, 786]). A battery based on 
PT was described by Kaneto et al. [787]. Further aspects of this 
possible application have been studied elsewhere [788, 789]. Ther-
mochromism of poly(3-alkylthiophenes) was reviewed by Inganas 
et al. [790]; for a general overview, see [791]. Thermochromism 
as well as the influence of pressure were studied with poly(3-
alkylthiophenes) by Iwasaki et al. [792], who explained the ob-
served effects by invoking conformational changes. The wettability 
of poly(2,2^-bithienyl-5,5^-dyl) films as a function of degree of dop-
ing was studied by Kossmehl and Niemitz [793]. The considerable 
chemical stabihty and the rich possibihty to tune molecular prop-
erties was the stimulus for extended investigations with respect to 
the use of polythiophenes in electrooptical, electroluminescent, 
and electrochromic devices [794-804], photoswitches [805], and, 
especially, in LEDs [806-816], lasers [817-822], and macromolecu-
lar electronic systems (diodes, transistors, etc.) [823-834]. Suitable 
substitution that results in a diminished aromaticity was shown to 
result in a diminished bandgap as needed [835-837]. The influence 
of alkyl substitution on the value of the bandgap was studied by 
Chen and Rieke [838]. Similar effects—changes in the size of the 
bandgap and the value of the oxidation potential as derived from 

^̂ This problem is sometimes designated the polythiophene paradox. 

Thiophene 

CH, 
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Bithiophene 3,3'-dibronno-2,2'-bithiophene 

Br 
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R = -0S02-C6H4-CH=CH2 

R = -0C0-CH=CH2 

Fig. 72. Structural formulas of thiophene and substituted or otherwise 
related relatives. 

electrochemical measurements—^were observed by cyano substitu-
tion of oligothiophenes [839]. By making blends with other mate-
rials, the array of materials properties that can be tuned is further 
enlarged. Photodiodes based on a PT-buckminsterfullerene com-
posite material have been described [840-842]. 

Sulfur-oxygen interactions have been proposed as a possible 
cause for the considerable stability of polyalkoxythiophenes, based 
on ex situ investigations of a large selection of substituted thio-
phenes and their polymers [843]. The amplification of chemical 
and electrical signals has been apphed in a microelectrochemical 
transistor based on poly(3-methylthiophene) [844]. 

The limited processability of the parent compound polythio-
phene has stimulated research of substituted polythiophenes as 
suggested by Paid et al. [845, 846] and others [847-853]. Inclusion 
of various alkyl and alkoxy substituents as depicted in Figure 72 
results in increased solubility, preferably in organic solvents. In ad-
dition, substitution results, in most cases, in less positive electrode 
potentials needed for the electropolymerization. This is a general 
advantage, because less positive electropolymerization potentials 
result in diminished damage of the polymer caused by overoxi-
dation of the polymer and the corresponding damage mostly by 
nucleophihc attack of the polymer [854]. The observation that at 
very low concentrations of thiophene, no electroactive polymer 
is formed [855], has also been attributed to overoxidation during 
polymerization. It has even been suggested that PT is actually a 
mixture of polymerization and overoxidation products [856]. Re-
sults of comparative in situ conductivity measurements with poly-
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mers of thiophene, bithiophene, and terthiophene have also been 
explained based on this suggestion [857]. With respect to possible 
applications of FT in secondary batteries in early investigations, 
a lower stability during charge-discharge cycling as observed with 
PPy was reported [858]. Instead of using monomers that already 
carry the desired substituents, treatment of the polymer is a con-
ceivable method. Nitration, chlorination, and sulfochlorination of 
PT have been reported [859] without any further information per-
taining to molecular properties beyond the molecular structure. 

The electropolymerization of thiophene on nonnoble metals 
like iron, aluminum, and zinc has been studied by Aeiyach et al. 
[860]. With aluminum, excellent adherence of the PT film was 
found and attributed to the formation of covalent bonds; in all 
other cases, adherence was not very good. The molecular struc-
ture was similar to the structure observed with films deposited on 
noble metals; in particular, a a-(J coupling was observed with in-
frared spectroscopy. Generally, the deposition of high-quality films 
of PT on many metals (including, surprisingly, gold, but also tita-
nium) was found to be impossible because the required electrode 
potentials exceeded values at which the metal of the supporting 
electrode is already oxidized [861]. Gratzl et al. [861] found, that 
high-quahty films can be deposited on an interlayer of polypyrrole. 
They found a cause of the "polythiophene paradox" in the compe-
tition between film formation and overoxidation, with the latter 
being kinetically more hindered. The term "polythiophene para-
dox" refers to the fact that PT is not stable at electrode potentials 
where it is formed; consequently, the polymer must be a mixture of 
real PT and overoxidation products [862]. Zhou et al. [863] could 
not deposit PT on stainless steel, presumably because of competi-
tive steel corrosion. 

Polymer blends and composites of polythiophenes with other 
nonconducting polymers, which are outside the scope of this re-
view, have been studied elsewhere [864-866]. The formation of 
copolymeric gels (usually considered to be an inconvenience in 
polymer formation) has been studied with 3-n-octylthiophene, and 
various substituted benzenes were reported by Pepin-Donat et al. 
[867]. 

An interesting bridge between charge transfer salts and con-
ducting polymers was suggested by Miller et al. [868]. They investi-
gated a substituted terthiophene cation radical that forms TT stacks, 
which show electric conductivity without being a true polymer. 

General reviews on PT and related derivatives have been pro-
vided elsewhere [869-871]. 

5.1. Formation of Polythiophene and Related Polymers 

Diaz et al. [599] have studied the electrooxidation of various 
aromatic monomers and oligomers including thiophene and its 
ohgomers to identify relationships between the number of repeat 
units in the substrate molecule and the oxidation potential as well 
as the UV-vis absorption maximum of the oxidation product (sol-
uble as well as deposited on the electrode). As can be expected 
based on theoretical calculations already mentioned, the oxidation 
potential shifts to less positive values with an increasing number of 
thiophene units in the educt, whereas the absorption maximum 
shifts considerably to longer wavelengths. 

Adsorption studies of thiophene on any of the electrode materi-
als used most often are scant. Although data were obtained under 
ex situ conditions, the conclusion that thiophene is adsorbed flat on 
the surface of Ag(lll) reported by Baumgartner et al. [872] seems 
noteworthy because the assumed strong silver-sulfur interaction 

suggests otherwise. Bukowska and Jackowska [873] studied the 
adsorption of thiophene on smooth and electrochemically rough-
ened silver electrodes from aqueous solutions. With the smooth 
silver electrode, spectra resembling those of liquid thiophene were 
recorded. No conclusions regarding molecular orientation or any 
particular adsorbate-interface interaction were drawn. Because 
the low wave number region was not reported, no conclusion with 
respect to a specific silver-sulfur interaction is possible. With a 
roughened electrode, oligomers were found even without apply-
ing an electrode potential approaching values considered neces-
sary for electropolymerization to occur. As a possible explanation, 
photochemically induced decomposition and subsequent chemi-
cal oxidation of thiophene by the formed decomposition products 
were suggested. Fujita et al. [874] provided a study of the adsorp-
tion of thiophene on a roughened gold electrode from aqueous 
solution. Results indicate the formation of thiophene oligomers 
at electrode potentials 0 < JÊ SCE < 0-6 V and of polymers at 
0.8 < £̂ sCE ^ 1.0 V. The latter value is considerably lower than 
electrode potentials taken from cyclic voltammograms recorded 
during electropolymerization. No evidence was found that corre-
sponded to the photochemical polymerization of thiophene as re-
ported by Bukowska and Jackowska (see preceding text). 

Olbrich-Stock et al. [875] obtained UV-vis spectra in situ dur-
ing electrooxidation of thiophene in an acetonitrile-based elec-
trolyte solution using a platinum metal electrode in the transmis-
sion mode with light passing through the mesh as well as a long-
path cell with a platinum foil electrode with the light beam passing 
closely in parallel to the platinum electrode. Depending on the 
electrode, potential absorption bands at A = 290, 390, 579, 670, 
830, and 990 nm were observed. Based on a collection of litera-
ture data, the bands were assigned tentatively to neutral, cationic, 
and dicationic forms of thiophene and its oligomers with up to 
six repeat units. Hillman and Mallen [876] reported a study of PT 
deposition using in situ UV-vis spectroscopy. Within the range of 
350 < A < 820 nm, spectral features were initially observed that 
indicate the formation of oligomers. Upon further polymerization, 
a shift to longer wavelengths was found. Finally, typical features of 
the metallic (doped, i.e., conducting) state were observed. 

Hoier and Park [877] studied the electropolymerization of 3-
methylthiophene using in situ UV-vis spectroscopy as a function of 
polymerization electrode potential and polymerization time. Re-
sults implied that polymerization takes place only when monomer 
oxidation occurs; this, in turn, seems to suggest a radical-radical 
coupling reaction as the main pathway. During the polymeriza-
tion a significant constant concentration of oligomeric interme-
diates was maintained. In the finally deduced rate equation, the 
concentration of both monomer and oligomers appear to indicate 
the participation of the latter in the polymerization reaction. No 
autocatalytic growth (as observed, e.g., during formation of PANI) 
was found. 

During electropolymerization of PT, infrared spectra in the ex-
ternal reflection mode (SNIFTIRS) were recorded by Rasch et al. 
[878]. In the fairly poor spectra, bands were assigned to consump-
tion of the solvent and formation of solvent oxidation products. An 
ingress of perchlorate anions needed for charge compenzationin 
the polymer being formed in its oxidized state was deduced from 
the occurrence of a band around 1099 cm~^. A barely visible broad 
absorption feature starting around 1500 cm~^ was called the elec-
tronic absorption band of the polymer. A similar investigation was 
reported by Christensen et al. [879]. Spontaneous adsorption of 
thiophene on the polished platinum electrode resulted only in a 
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single band assigned to the in-plane vi^ mode. This implies a per-
pendicular orientation. Within the spectral range accessible with 
the employed equipment, no sulfur-surface mode was observed; 
consequently, a more specific description of the surface-adsorbate 
interaction is not possible. After shifting the electrode potential to 
values where oxidation occurs, massive changes in the differential 
spectra were seen. They indicated formation of a polymeric prod-
uct. A broad absorption starting at about 1500 cm~^ indicative of 
the presence of free charge carrier, was seen together with spec-
tral changes assigned to the formation of quinoid systems and a 
downshift of the frequency of the ring deformation modes. Differ-
ences between "good" (compact) and "bad" (porous) films were 
found. With the latter films, a considerable amount of the solvent 
acetonitrile seemed to be present inside the film. 

Chao et al. [880] studied electrodeposition of poly(3-methyl-
thiophene) with in situ ellipsometry to identify correlations be-
tween deposition conditions (parameter employed during both po-
tentiostatic and galvanostatic deposition). No conclusive results 
were reported. Modulated ellipsometry was employed in a study 
of deposition of poly(3-methylthiophene) by Tian et al. [881]. Op-
tical constants of the film as a function of time (i.e., of polymer 
deposited) were reported. Hamnett and Hillman [882] used el-
lipsometry to study various aspects of PT film formation. Imme-
diately after switching on the positive polymerization potential, 
formation of solution phase species is observed. In agreement 
with current-time data, the start of the formation of deposits a 
short time later was found. Contrary to previous analysis of purely 
electrochemical data that implied three-dimensional growth, ellip-
sometric data indicate a somewhat more comphcated situation. 
During film formation at different electrode potentials, different 
film thicknesses are required to obtain ellipsometric data typical 
of bulk PT. A particular difference was found between films de-
posited at electrode potentials below and above ^SCE = ^.0 V. 
The presence of excess water in the polymerization solution again 
results in a film with significantly different optical properties. 
Abrantes and Correia [883] employed the probe beam deflec-
tion technique to investigate the early stages of growth of poly(3-
methylthiophene). Results support the assumption of the initial 
formation of oligomers preceding their deposition. The more sig-
nificant role of oligomers in the process as compared the formation 
of PPy is stressed. 

Lukkari et al. [884] studied the electropolymerization of 3-
methylthiophene on various substrates with cyclic voltammetry 
and photocurrent spectroscopy. Results of galvanostatic transient 
measurements, in particular, imply that polymerization on na-
tive ITO-coated glass electrodes starts with the deposition of 
long oligomeric chains. With surfaces that interact more strongly 
with the monomer (e.g., platinum or silylated ITO glass), short 
chains are deposited; the initial step may actually be a reac-
tion that involves surface-bound species. The photocurrent spec-
tra correspond closely to the respective UV-vis absorption spec-
tra. Based on the former data, the lack of a controlled structure 
of the polymer at the molecular level with varying conjugation 
lengths is concluded. In a study of electropolymerization of 3-
methylthiophene on bare and chemically modified ITO electrodes 
with STM, Lukkari et al. [885] found that deposition starts with the 
formation of oligomer islands, whereas bundles of polymer fibers 
and macroscopic polymer centers appear only later. On the chemi-
cally modified surface (treatment with SiCl4 and bithiophene [886, 
887]), a higher rate of nucleation that results in a more ordered 
growth was seen. 

A change from a polymerization process that occurs in the so-
lution phase toward a process that occurs on the surface in the 
case of weakly adsorbing electrodes like ITO-glass has been con-
cluded from a variety of experimental details obtained by Visy 
et al. [888] with spectroelectrochemical and surface analytical tools 
during electropolymerization of thiophene. 

Based exclusively on electrochemical evidence as obtained with 
cyclic voltammetry on substituted thiophene monomers (j8, p-
disubstituted oligothiophenes), Smie et al. [889] concluded that 
initial radical formation is followed by rapid dimerization. Only 
4,4^-disubstituted monomers are converted into films. The poly-
merization reaction is suggested to be a sequence of dimerization 
reactions that involve oligomers with correspondingly increased 
chain length. This is in agreement with the observation that the 
electrode potential needed for the oxidation of monomers within 
a homologous series decreases with increasing chain length. Ac-
cordingly, oligomers with longer chain length carry on the poly-
merization process preferably. 

In a study of the metal-polymer interaction at the platinum-
poly(3-methylthiophene) interface with near edge X-ray absorp-
tion fine structure spectroscopy (NEXAFS) reported by Tourillon 
et al. [890], the structure of the polymer as well as of the inter-
phase was investigated. The polymer was found to be composed of 
repeat units identical with the monomer. The appearance of the 
metallike behavior upon doping was explained by a narrowing of 
the bandgap. The polymer chains were found to be highly ordered 
with respect to the metal surface. In the the reduced state, strong 
interactions between the antibonding TT* states of the polymer and 
the electronic states of the metal were concluded. Upon oxidation, 
the ordered state of the polymer chains closest to the surface re-
mains unchanged, whereas the more outward lying chains become 
randomly oriented because of the intercalation of the counteri-
ons needed for charge comparison. The extent of the effect as far 
as visible in the recorded spectra depends on the thickness of the 
film. With long alkyl substituents, the flat orientation changes to-
ward perpendicular. 

The adsorption and subsequent electrochemical coupling of 
carboxyl-terminated dithiophene and terthiophene molecules at 
ITO electrodes was studied by Berlin et al. [891]. Two classes of 
molecules were investigated. In one class, the carboxyalkyl chain 
was attached sideways to the oligothiophene system; in the other 
class, the oligothiophene unit was attached at the end of the car-
boxyalkyl chain. Adsorption of the monomers on the ITO elec-
trode proceeded with both types of molecules. In the nonaqueous 
electrolyte solution, the adsorbate layers were oxidized. With side-
on substituted oligothiophene, electrochemically induced coupling 
occurred within the adsorbate layer, whereas with the end-on sub-
stituted oligothiophenes, coupling was possible only with solu-
tion phase molecules. Evaluation of electrochemical data and of 
UV-vis spectra recorded in situ revealed that the films were com-
posed of thiophene hexamers. The adsorbed linear terthiophene 
seemed to couple with a terthiophene from solution to form an 
on-end surface-anchored sexithiophene monolayer. In the case of 
the side-on substituted molecule with no alkyl chain between the 
thiophene moiety and the carboxyl group, no polymerization or 
coupling was found. With the alkyl chain in between, coupling be-
tween the adsorbed molecules was possible. Further details of the 
relative orientation of the monomers and oligomers were derived 
from the UV-vis spectra obtained in situ. 

ESR spectra of a variety of electrooxidation products of 
thiophene oligomers, including orthogonally bridged dimers of 
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a, a-coupled thiophene oligomers and spirofused phenylene-
thiophene mixed oligomers, as a function of temperature were re-
ported by Diers et al. [892]. Results imply that the charge remains 
on the one electron oxidation products and does not hop between 
two bridged oligomers. The energy for the movement of a param-
agnetic center along the oligomer chain was estimated at less than 
lOOcm-l. 

The kinetic of the polymerization of various monomers was in-
vestigated with cyclic voltammetry by Tschuncky and Heinze [893]. 
In the case of alkoxy-substituted monomers, an increase in the rate 
of polymerization with the size of the substituent was observed. 
With a variety of terthiophenes, carrying either electron-drawing 
or electron-pushing substiuents, the kinetics and the mechanism 
of electropolymerization was investigated by Pagels et al. [894]. 
Radical-radical coupling was concluded. In the case of vinyl-
substituted terthiophenes, no involvement of the latter substituent 
was identified. The kinetics of electrochemical PT formation in 
nonaqueous electrolyte solutions has been studied using EQMB 
[895]. A dependency on the concentration of thiophene and per-
chlorate anions was found. A fairly complicated interfacial reac-
tion mechanism was proposed that takes into account all observed 
experimental peculiarities. 

KiHc et al. [896] performed a complete theoretical study of the 
electronic structure of thiophene, some of its oligomers, and some 
of its substituted derivatives. Conclusions with respect to preferred 
binding sites for coupling during polymerization, planarity, and so 
forth were reported. 

A theoretical treatment of the initial step of electropolymeriza-
tion (i.e., the electrooxidation reaction) of pyrrole, thiophene, and 
furan in acetonitrile with molecular orbital methods has resulted 
in predictions of the oxidation potential: £^NHE, pyrrol = 0.79 V; 
^NHE, furan = 1-27 V; E^uE, thiophene = 1-53 V [897]. The sub-
sequent step is a coupling reaction of the initially formed radical 
cations. Whereas the coupling itself is rate-determining for pyrrole 
and furan, with thiophene, an elimination process with a relatively 
large activation energy is rate-determining. These results and con-
clusions are in agreement with the previously cited experimentally 
observed facts and the often encountered difficulties preparing 
uniform and thick polythiophene films as compared to polypyrrole 
films. 

Yurtsever and Yurtsever [898] attempted accurate ab initio 
calculation for thiophene oligomers bonded through a and j8-
carbons. Assuming a Monte Carlo growth scheme to predict 
branching as a function of temperature and chain length, it was 
found that linear chains dominate in PT. 

Jones et al. [899] combined experimental electrochemical (CV) 
data, ionization, and attachment energies of thiophene oligomers 
(n < 5) with theoretical data (ionization and attachment energies 
calulated with MINDO/3). Extrapolation to larger values of n pro-
vided accurate values as found by ex situ (gas phase) PT. 

Emphasis on understanding the electrochemical behavior of 
thiophene (as well as pyrrole) and their substituted relatives is re-
flected in the observations reported by van Haare et al. [900, 901]. 
In a study of phenyl end-capped a-oligoheteroaromatic molecules, 
they found two reversible oxidation waves for molecules with more 
than two pyrrole units and a decreasing oxidation potential with a 
growing number of pyrrole units. Monomers with an increasing 
number of thiophene units end-capped with phenylpyrrolyl units 
showed an increase of the first and a decrease of the second oxi-
dation wave. The bandgap of both types of molecules showed the 
expected decrease with increasing conjugation length of the longer 

molecules. A theoretical Hiickel-type model indicates that with the 
latter molecules, positive charges tend to localize on the pyrrole 
units, thus favoring the second oxidation wave. 

A cathodic electropolymerization of polythiophene on sub-
strates of gallium arsenide and indium phosphide was reported by 
Xu et al. [902]. The process involves coupling dihalogenated thio-
phene monomers with the help of a Nî + phosphine complex. The 
complex is transformed by electroreduction of Ni^+, resuhing in 
the corresponding Nî  complex and a thiophene coupling product. 
Strictly speaking, no reduction of the monomer itself is involved. 
The PT film shows spectral properties in the reduced state that 
are similar to those of PT prepared by oxidative electropolymer-
ization. 

In highly concentrated solutions of phosphoric acid, oligomer-
ization of thiophene has been observed [903]. Starting with an 
oligomer-containing solution, Dong and Zhang [904] electropoly-
merized PT. The resulting polymer shows electrical conductivites 
lower by 2 orders of magnitude compared to PT prepared from 
nonaqueous solutions. UV-vis spectra of the reduced polymer 
showed a broad band around A = 465 nm assigned to the TT -> TT* 
transition. The absorption around A = 760 nm, found with the 
polymer in its oxidized form, was related tentatively to a transition 
involving a bipolaron state. 

5.2. Properties of Polythiophene and Related Polymers 
and their Electrochemically Induced Changes 

Because of the electrode potential applied during electrodeposi-
tion, the polymer films are always present in the oxidized, doped 
form. Consequently, the "memory effect" already discussed in 
detail in the section on PANI has been observed with PT also. 
Lapkowski et al. [905, 906] investigated this effect with poly(4,4^-
dialkyl-2,2^-bithiophenes) and poly(3-alkylthiophenes). Based ex-
clusively on electrochemical measurements, they concluded that 
the magnitude of the effect is associated with the difficulty of de-
doping the oxidized polymer. The frequently observed asymmetry 
in the CV was investigated by Xu and Horowitz [907] by study-
ing CVs of thiophene oligomers with four, five, and six thiophene 
units. The polymers obtained behaved like PT. The asymmetry was 
interpreted based on a polaron-bipolaron model, also taking into 
account the considerably different electronic conductivity of the 
polymers in their reduced and oxidized state. From the model it 
was concluded that the standard oxidation potential of the polymer 
is given by the reduction peak potential. Extrapolation to infinite 
chain length resulted in a value of î sCE = 0-48 V. 

The slow increase of conductivity at open circuit measured 
directly after with a pristine film of poly(3-methylthiophene) 
prompted conductivity studies by Visy and Kankare [908] of the 
non-Faradaic processes in this polymer. Under all investigated cir-
cumstances, a slow increase of conductivity was observed after 
switching off the electrode potential control. Tentatively, charge 
redistribution within the polymer or a chemical reorganization re-
sulting in an increased conductivity were invoked. In a related 
study, Visy et al. [909] investigated Faradaic and capacitance 
processes of a film of poly(3-methylthiophene). In the range of 
very positive electrode potentials that are accessible because a 
nitrobenzene-based electrolyte solution was used, a capacitive re-
gion was identified wherein no Faradaic processes occurred. 

In Figure 73, a typical cyclic voltammogram of a film of poly(3-
methylthiophene) deposited from a solution of 3-methylthiophene 
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Fig. 73. CV of poly(3-methylthiophene) on a platinum electrode in an 
aqueous solution of 0.1-M NaC104, dEldt = 20 mV s~^ deposited from a 
solution of 0.3-M 3-methylthiophene in acetonitrile + 0.1-M Et4NC104. 

in acetonitrile is shown. The film was obtained under care-
fully controlled experimental conditions, which indeed demon-
strate the feasibility of preparing films in different laboratories 
that show—at least in the operant electrochemical methods of 
characterization—almost identical properties [910]. The asymme-
try between the oxidation and the reduction processes already ev-
ident from this CV was studied with in situ ellipsometry by Chao 
and Costa [911]. With a polymer film prepared electrochemiclly 
from 3-methylthiophene on a platinum electrode, they concluded 
that oxidation is a homogeneous reaction that proceeds simulta-
neously in the complete film. Reduction starts at the polymer-
solution interface and propagates through the layer. In addition 
to the asymmetry in terms of different shapes and fairly differ-
ent peak potentials of characteristic features in the CV, poorly re-
solved redox peaks are sometimes encountered. As discussed by 
Paid and Leclerc [912], this may be caused by the fact that a low de-
gree of localization and consequent stabilization of the intermedi-
ately formed polaron result in poorly resolved polaron-bipolaron 
features. Because it has been suggested that asymmetrically substi-
tuted polymers may cause increased localization, Chao and Costa 
studied poly(4-bromo-4^-(octyloxy)-2,2^-bithiophene). In addition 
to electrochemical measurements, UV-vis spectra were recorded 
in situ. Absorption bands of the polymer in its slightly oxidized 
form were found at A = 750 and 1350 nm.̂ ^ With an increase in 
electrode potential, the latter band stays slightly blue shifted and 
a new band at A = 615 nm appears. Upon complete polymer oxi-
dation, a very broad band around A = 1000 nm shows up. Chao 
and Costa assigned the set of peaks observed first to polaronic 
species. The band at A = 615 nm was assigned to radical cation 
dimers, whereas the band that finally dominated the spectrum was 
attributed to bipolaronic species. Surprisingly, the concentration 
of the dimers seems to be independent of the ratio of polarons-
bipolarons, which were found to show a potential-dependent rela-
tionship. On the contrary, the concentration of the dimers remains 
almost constant after reaching a plateau at about 0.2 charges in-
jected per thiophene unit. 

^̂ Unfortunately, there seems to be a contradiction between the displayed 
spectra and the qouted numbers. In the spectrum at low electrode poten-
tials, a band appears at A = 550 nm a fairly broad absorption appears 
around A = 1600 nm. This is also in agreement with the results obtained 
with chemical oxidation of the polymer-oligomer in solution. 

Pheth et al. [913] used ellipsometry to study the electroopti-
cal properties of poly(2,5-thiophenediyl) (i.e., PT). The refraction 
index and absorption coefficient of PT were determined as a func-
tion of wavelength for 400 < A < 800 nm. A swelling of the poly-
mer film by about 20% was found after doping. An influence of 
the monomer concentration (0.4-M thiophene) on film properties 
was found when the data were compared with those obtained pre-
viously with a lower monomer concentration [914]. 

The use of model compounds (i.e., thiophene oligomers with 
end groups that prevent polymerization upon application of pos-
itive electrode potentials or thiophene monomers substituted in 
ways that provide controlled changes of electronic and other 
molecular properties) has resulted in considerable insight with re-
gard to the influence of molecular structure on electrochemical 
properties of the polymer [915]. These results, in turn, may pro-
vide the basis for further development of tailored polymers for 
specific applications. Theoretical calculations by Bredas et al. [916] 
using the VEH resulted in predicted oxidation and reduction po-
tentials for various intrinsically conducting polymers. With poly-
thiophene, an oxidation potential of £^NHE = 0.7 V was calculated 
and compares favorably with the value of £^NHE = 0-6 V extrap-
olated from oligomer data by Bredas et al. [917] based on litera-
ture data. Aleman and Mia [918] studied 2,2'-bithiophene dica-
tions and 2,2^5^2'-terthiophene cations. With an increasing num-
ber of thiophene units, the quinoid structure disappears, whereas 
a benzoid structure gradually develops (for details of these spec-
troscopic investigations, see subsequent text). Casado et al. [919] 
studied the doping and undoping of a series of end-capped a, a.'-
dimethylthiophene oligomers with ex situ Fourier transform in-
frared and Raman spectroscopy. A complete spectroscopic char-
acterization of the positive polaron-type defects was obtained. The 
effects of ionization on molecular geometries and vibrational spec-
tra was further analyzed using density functional theory quantum-
chemical calculations, van der Horst et al. [920] used the "aZ? ini-
tio many-body GW method" to calculate the quasiparticle spec-
trum of polythiophene. In comparison to DFT-LDA calculations, a 
large increase of the gap was found, which was explained by the ab-
sence of long range screening in the one-dimensional model used. 
Further quantum-mechanical studies have been reported and re-
viewed elsewhere [921]. 

Another aspect of the use of model compounds is their appli-
cation in the study of the electrochemically induced changes of 
the polymer as evidenced in conductivity measurements, ECESR 
spectra, and corresponding UV-vis spectra [922]. Using various 
3^-substituted 2,2^:5^2^-terthiophenes, Visy et al. [922] suggested 
that the neutral polymer can be described as a mkture of two 
polymers, wherein one type has an effective conjugation length 
twice the value of the other. Moraes et al. [923] studied PT ex 
situ. At high doping levels achieved with ASF5, a temperature-
independent Pauh spin susceptibihty indicative of the metallic den-
sity of states was found. With less strongly iodine-doped samples, 
a Curie spin concentration independent of doping level was ob-
served. 

In situ UV-vis spectroscopy of PT reported by Onoda et al. 
[924] revealed the polaron state at 0.4 eV above the valence band 
and at 0.4 eV below the conduction band with an overall bandgap 
of 2.1 eV [925]. Interpretation and assigment of UV-vis spec-
troscopic data can be supported by investigations of model com-
pounds reported by Fichou et al. [926]. Their results obtained 
with thiophene oligomers strongly support the preceeding band 
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Fig. 74. UV-vis spectrum of a polythiophene film deposited on an 
ITO glass substrate; 0.1-M Na2S04 electrolyte solution; ^SCE = 560 mV. 
For further details, see [930]. 

scheme proposed for PANI. Ahonen et al. [927] deposited 3,4-
methylenedioxythiophene on ITO and platinum electrodes from 
various electrolyte solutions with organic solvents. UV-vis data 
show a bandgap of AE = 2 eV similar to PT. This value is higher 
than the value found for poly(2,3-ethylenedioxythiophene) [928]. 
This discrepancy was explained by invoking the higher ring strain 
in the methylene polymer. 

In my own early study, UV-vis spectra recorded in situ with a 
film of PT deposited on ITO did not show any significant change in 
the potential range studied here. The spectrum presented in Fig-
ure 74 typifies the spectral behavior; the laser wavelengths used 
for exciting resonance Raman scattering are in a broad absorption 
feature that decreases from a maximum around Amax = 480 nm 
(where the preferred laser wavelength for maximum resonance en-
hancement is situated) to rather low values at Amax = 900 nm. 
Based on the spectra obtained in aqueous solution, an assignment 
of the observed optical absorptions to various electronic transi-
tions was not considered to be justified, whereas, on the contrary, 
in nonaqueous solutions, various pronounced bands that change 
as a function of electrode potential were observed and tentatively 
assigned [73]. 

Otero and Angulo [929] used electroreflectance spectroscopy 
at selected laser wavelengths to measure the population of vari-
ous species in poly(3-methylthiophene). Although no detailed re-
sults were presented, the method was claimed to be equivalent to 
ECESR with regard to the quantitative measurement of free spins. 

Because of the strong coloration of PT, especially in the partly 
and fully oxidized state, resonance Raman spectroscopy has been 
employed successfully to elucidate the molecular structure and 
changes thereof as a function of applied electrode potential and 
other experimental parameters [930]. Resonance Raman and in-
frared spectra of polythiophene obtained ex situ under various, 
frequently unsatisfactorily defined experimental conditions have 
been reported [931-935]. These early results were, in part, incon-
sistent. In particular, the assignment of bands not found in the 
thiophene monomer to modes of the newly created polymer was 
repeatedly contradictory. 

In situ Fourier transform infrared spectroscopy with 3-methyl-
thiophene films deposited on a germanium ATR crystal was de-
scribed by Neugebauer et al. [936-938] as a chain structure with 
coupling of the monomer units in the a-a^ position and the pres-
ence of free charge carrier in the conducting form of the polymer. 
Whereas in situ infrared spectroscopy is hampered by the pres-
ence of a strongly absorbing electrolyte film in the electrode win-

dow gap, the use of in situ Raman spectroscopy should be much 
easier. Bukowska and Jackowska [939] reported spectra that ev-
idenced polymer formation from pyrrole and thiophene on elec-
trochemically roughened electrodes as commonly used in surface-
enhanced Raman spectroscopy—a chemical process that involves 
surface silver chloride and the respective monomer. Subsequently, 
Bukowska and Jackowska [940] presented some preliminary Ra-
man spectra of polythiophene with a few assigned bands. A the-
oretical foundation for the interpretation of vibrational spectra 
of PT was provided by Faulques et al. [941]. Their results are 
taken into consideration in the subsequent interpretation of Ra-
man and infrared spectra; relevant data are incorporated in the 
tables herein. Kofranek et al. [942] reported the results of a the-
oretical ab initio study of vibrational spectra of thiophene, olig-
othiophenes, and PT based on double zeta quality basis sets. For 
the monomer, satisfactory agreement between calculated and ex-
perimentally observed band positions was concluded. Inspection 
of data listed in Table XXV reveals close correspondence between 
the assignments for the polymer reported by various authors and 
the assignments and band positions stated by Kofranek et al. 

SRR spectra were recorded in a wide range of electrode poten-
tials. Typical examples from a range of ^SCE = ~400 to 1600 mV 
with both acidic (0.1-M H2SO4) and neutral (0.1-M KCIO4, pH = 
4.95) electrolyte solution are shown. Cyclic voltammograms were 
recorded in this range of electrode potential to establish potentials 
where PT is present in its reduced or its oxidized form. They were 
rather featureless, for example, in a sulfate electrolyte solution at 
approximately £̂ SCE = 1̂ 00 mV, an anodic current commences 
and increases up to the onset of oxygen evolution. A very weak 
broad shoulder around £̂ SCE = 1400-1500 mV is presumably 
caused by a anodic process that involves the PT film (but see, for 
comparison, Fig. 73, recorded with a different electrolyte). In the 
reverse cathodic scan, only features known from clean gold elec-
trodes used with this electrolyte solution were observed. A very 
similar behavior was observed with a solution of 0.1-M KCIO4 used 
in the experiments by Sunde et al. [943], who explained the ab-
sence of a well defined voltammetric peak as attributable to the 
anodic doping process in sulfate- or perchlorate-containing solu-
tions by various effects, mostly related to the type of anion used, 
because at least in the initial potential scan, a peak was found with 
a solution of KNO3, which nevertheless deteriorated as rapidly as 
the features observed here. 

SRR spectra obtained with a solution of 0.1-M KCIO4 i^ the 
electrode potential range outlined in the preceding text are repre-
sented with two typical examples in Figure 75. (Because no signif-
icant differences were observed when the exciting wavelength was 
changed from AL = 488 to 514.5 nm, only spectra obtained with 
the former wavelength are reported here.) In addition to an in-
crease in the width of the high wave number shoulder of the band 
around 1455 cm""̂  with increasingly anodic electrode potentials, 
no further significant changes in the spectra are observed. The as-
signments of the bands based on literature data [931-935, 944,945] 
are collected in Table XXV. For comparison, the data on liquid 
thiophene reviewed by Dollish et al. [946] are included in the ta-
ble. 

With an acidic electrolyte solution of 0.1-M H2SO4, a very sim-
ilar set of spectra was collected (see Fig. 76). Data of the observed 
bands are also incorporated in Table XXV. At first glance, only 
a few bands observed with the polymer correspond to monomer 
modes. From studies that involve isotopic substitution in the thio-
phene ring and the use of various oligomers [931-933, 935], a fairly 
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Table XXV Spectral Assignment of Raman Bands of Polythiophene Based on Literature Data [931-935]; C—Cinterr. Denotes Interring C—C Mode 

Mode 

^""Mnterr. 

7CH 
Sym. ring bend. 

7CH 

^ring 

^CH, i.p. 
Oligomer mode 

^~Mnterr. 

^CH 

»'C=C, sym. 

^ring 

Thiophene 

liq. [946] 

— 
683 

— 
714 
751 

1035 

— 
— 
1257 

— 
1502 

^SCE = 

651 

— 
696 

— 
742 

1046 

1175 
1222 

— 
1456 

— 

O.I-MKCIO4 

= OmV ^SCE = 

650 

— 
699 

— 
— 
1050 

1175 
1222 

— 
1455 

— 

Polythiophene on a gold electrode 

= 1200 mV ^SCE = 

655 

— 
700 

— 
— 
1050 

1180 
1221 

— 
1453 

— 

= 0mV 

0.1-M H2SO4 

^SCE = 

652 

— 
700 

— 
741 

1047 

1180 
1218 

— 
1455 
1504 

800 mV EscE = 1600 mV 

650 

— 
680 

— 
— 
1055 

— 
1219 

— 
1455 

1525 

Refs. 
[944], 

[945]^ 

— 
^'lO 

— 
^ 9 

^̂ 18 

VJ 

— 
— 
^15 

— 
^14 

Ref. 

[951]^ 

D5 
— 
VJ 

— 
^6 

^5 

D2 

V4 

— 
^2 

Dl 

Calc. 

[957] 

— 
— 
696 

— 
746 

1039 

1197 

— 
1249 

1459 

1497 

^The numbers refer to the alternative numbering scheme suggested by Bazzaoui et al. 

600 900 1200 

Raman shift / cm"^ 

600 900 1200 

Raman shift / cm~^ 

Fig. 75. SRR spectrum of a polythiophene film deposited on a gold elec- Fig. 76. SRR spectrum of a polythiophene film deposited on a gold elec-
trode from a 0.1-M KCIO4 electrolyte solution at electrode potentials (a) trode from a 0.1-M H2SO4 electrolyte solution at electrode potentials (a) 
EscE = 0 mV and (b) ESQE = 1200 mV; 488-nm laser light; resolution ŜCE = 0 mV, (b) ŝCE = 800 mV, and (c) ESCE = 1600 mV; 488-nm 
8 cm~ .̂ laser light; resolution 8 cm~̂  

complete assignment of the bands is deduced. Thus, there are two 
bands that change only slightly upon polymerization: the in-plane 
C—H deformation mode (around 1045 cm~l) and the ring defor-
mation found with the monomer at 751 cm~l and in the polymer at 
741 cm~l. The symmetric in-plane ring deformation at 606 cm~l 
in the monomer is shifted to around 700 cm~l. The band around 
650 cm~l is related to a C—Qnterring mode of the polymer chain 
shifted by structural distortion in the solid polymer. Bands found in 
the range 1155-1180 cm~l indicate polymer chains present as cis 
coplanar isomers in addition to the highly symmetric all-trans con-
formation [932]. These isomers are found in a solution of terthio-
phene, indicating the coexistence of rotational isomers, whereas 
they are absent in the solid state of terthiophene. A satisfactory 
assignment of this band to a particular molecular mode is possible 
only when comparing spectra of isotopically marked terthiophene 
with their unmarked counterparts; this has not been reported so 
far. 

The band observed around 1222 cm"l corresponds to a band 
found in the normal Raman spectrum of terthiophene [933]. This 
band is not observed with bithiophene; thus, its assignment to an 
interring C—C mode by Akimoto et al. [932] is not quite straight-
forward. It is nevertheless supported by a strong shift upon isotopic 
l^C substitution and only a small shift after deuteration. 

According to Scott [947], the band at 1455 cm~l is due to a 
symmetric C=C intraring stretching mode. Akimoto et al. [932] as-
signed this band to a symmetric C=C stretching mode. Its shoulder 
at higher wave numbers ("tail") and weaker bands located therein 
were assigned to the corresponding antisymmetric C=C stretch-
ing mode [933]. The broadness of the tail has been used as an 
argument for the presence of shorter polymer units, because the 
position of this band increases in wave numbers with decreasing 
chain length [933]. Because, based on the molecular structure of 
polythiophene, the chain length is identical with the conjugation 
length, the increased tail with an increase in electrode potential 
(see Fig. 76a and b) seems to indicate at least a small change in 
the polymer. However, this tail remains even after the potential is 
switched back to the initial cathodic value of £̂ SCE = ^ mV. The 
degradation of the polymer, that is, a splitting of longer chains into 
shorter ones with a corresponding higher content of units with the 
symmetric C=C mode at higher wave numbers, as suggested by 
Bukowska and Jackowska [948], is a plausible explanation. It is 
supported by the observation that the anodic current observed at 
the positive potential limit decreases rapidly in subsequent cycles 
and is not accompanied by a corresponding cathodic wave. This 
implies an irreversible change of the polymer film. This degra-
dation by means of a nucleophilic attack of OH~ ions at posi-
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tively charged centers in the FT chain may lead not only to chain 
splitting, as deduced from the evidence reported here, it may also 
result in the formation of oxy- or hydroxy-substituted thiophene 
units. So far, no direct proof has been found, whereas in the case 
of polypyrrole. Beck et al. [949] observed pyrrolinones after the 
irreversible overoxidation. The already discussed "effective conju-
gation coordinate" approach was applied by Geisselbrecht et al. 
[950] to the interpretation of Raman spectra of FT and polyisoth-
ianaphthene. Results could be used successfully in the interpreta-
tion of the line position and dispersion of the major band around 
1400-1600 cm-1. 

The mentioned lack of observable change in the Raman spec-
tra as a function of degree of doping and state of oxidation was 
addressed by Bazzaoui et al. [951]. It was explained by the con-
siderably changed resonance conditions. Upon oxidation, the res-
onance enhancement based on the presence of the broad UV-vis 
absorption band as seen in Figure 74 was decreased drastically, 
because, according to the report of Bazzaoui et al., the inten-
sity of this absorption is reduced dramatically. Accordingly, res-
onance enhancement is found at another wavelength (e.g., AL = 
1064 nm). Contrary to the claim of Bazzaoui et al., the expected 
relationship between degree of oxidation, conceivable resonance 
enhancement, and observed scattered intensity is, at least, not 
supported by the reported spectra. Those spectra recorded with 
short wavelength excitation are always rather poor, whereas the 
spectra (almost independent of state of oxidation) recorded with 
AL = 1064 nm always have much better signal to noise ratio. In ad-
dition, Bazzaoui et al. provide a different scheme of numbering of 
observation vibrational modes as collected in Table XXV. The in-
tensity ratio of the bands at 1411 and 1428 cm"^, when measured 
with AL = 1064 nm, was suggested as a measure of the degree 
of oxidation. The increase of disorder in polymer films observed 
with atomic force microscopy was taken as an explanation of the 
observation that in thick films with a higher degree of disorder-
ing the topmost, cauliflower-like layer, which is doped first upon 
oxidation, ultimately covers undoped parts at the bottom. 

Danno et al. [952] obtained in situ resonance Raman spectra 
and UV-vis absorption spectra of poly(3-octylthiophene). Bands 
indicative of polaron and, at higher electrode potentials, bipolaron 
formation were observed. The strong decrease of luminescence 
and of the intensity of major Raman lines is most likely due to 
the reasons already discussed. 

The use of resonant Raman spectroscopy combined with pho-
toluminescence measurements has been suggested by Sauvajol 
et al. [953, 954] as a tool for determination of the "quality" of 
FT films expressed in terms of degree of polymerization, degree 
of conjugation, and percentage of C = 0 defects. Raman spectra 
were found to depend only very weakly on the mentioned parame-
ters, whereas photoluminescence showed considerable changes of 
profile and intensity as a function of film quality. 

The use of model compounds in the interpretation of vibra-
tional spectra of FT was been discussed by Foussigue et al. [955]. 

Bazzaoui et al. [956] reported in situ Raman spectra of films 
prepared by electropolymerization of bithiophene from a solution 
of CH2CI2 on a platinum electrode and on a roughened silver elec-
trode. In the case of the latter electrode, surface enhancement 
was assumed (an overall increase by a factor of 10 was stated). 
Unfortunately the spectra displayed in the report do not support 
this claim convincingly. With the platinum electrode, the differ-
ence between the spectra of the reduced and the oxidized forms 
is limited to different overall intensities (as already stated). This 

difference was explained by invoking changes in the resonance 
conditions upon doping and dedoping. Assignment was based on 
calculated band positions reported by Louarn et al. [957]. Ex-
cept for minor differences, the observed positions correspond to 
those listed in Table XXV. The band around 1498 cm~^ showed 
a slight dependency on the conjugation length of the polymer. 
Its position did not depend on the oxidation state, whereas the 
band width changes considerably. This broadening was assigned to 
changes of the conjugation length, which in turn depend on dis-
tortions on the polymer brought about by oxidation, resulting in 
diminished coplanarity of the rings and lower conjugation length. 
With the silver electrode, additional bands were observed. With 
respect to the orientation of the polymer on the silver surface, 
a flat position of the polymer chain with tilted rings of the thio-
phene moiety was concluded. This also takes care of the consid-
erable silver-sulfur interaction. A contradiction with results ob-
tained with NEXAFS reported by Tourillon et al. [958] is ad-
dressed. The latter authors concluded a flat orientation of the re-
duced poly(3-methylthiophene). The presumed differences are ex-
plained by invoking different behavior of substituted and unsubsti-
tuted thiophene and by considering the differences in experimen-
tal conditions. The possible influence of the very different experi-
mental techniques was not addressed. 

Experimentally observed resonance Raman data on poly(3-
methylthiophene) and poly(3-octylthiophene) were provided by 
Laourn et al. together with calculated data based on the concept 
of a valence force field model listed in Table XXVI [957]. 

The mentioned silver-sulfur interaction, or, more generally, a 
metal-sulfur interaction, was not found with aluminum as a sub-
strate metal. From a comparison of theoretical data obtained with 
ab initio Hartree-Fock calculations with experimental data. Bo-
man et al. [959] concluded a a-carbon-aluminum interaction. 

To increase the scattered light intensity in Raman spectroscopy, 
which was thought to insufficiently low, Bazzaoui et al. [960, 961] 
prepared polymers of bithiophene in the presence of silver ions 
in a rather complex electrolyte solution. The silver thus incorpo-
rated in the polymer film caused enhancement effects usually ob-
served in SERS. The reported spectroscopic results did not differ 
markedly from those reported before. 

Ex situ resonance Raman spectra of electrochemically prepared 
polythiophenes deposited under a broad variety of experimental 
conditions (solvent, temperature, water, and oxygen content in so-
lution) were reported by Sauvajol et al. [962]. From the obtained 
results (the assignment of bands was based on previously reported 
results and is in agreement with data collected in Table XXV), 
they concluded that the structure of the Raman spectra is predom-
inantly driven by the conjugation length. Further parameters of the 
obtained polymers, like the degree of polymerization and the per-
centage of C = 0 defects, were derived from additionally recorded 
ex situ IR spectra. 

Wallnofer et al. [963] investigated various anellated and alky-
lated polythiophenes [(polyisothianaphthene (PITN), polyison-
aphthothiophene (FINT), poly(3-octylthiophene) (FOT)] prepared 
by electropolymerization with resonance Raman spectroscopy at 
various laser wavelengths.^"^ The spectrum of FOT is dominated 
by a strong luminescence (which is related to some of the possible 
applications of this material). The main peak is around 1460 cm~^ 

^̂  Results pertaining to PITN and PINT are discussed subsequently. Re-
sults pertaining to POT are reviewed subsequently. 
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Table XXVI. Spectral Assignment of Raman Bands of Poly(3-methylthiophene) and 
Poly(3-octylthiophene) Based on Data by Louarn et al. [957] 

Mode 
Poly(3-methylthiophene) Poly(3-ocytylthiophene) 

Exp. Calc. Exp. Calc. 

Combin. mode 
Combin. mode 
C—Qik. stretch. 
Ring deform. 
Ring deform. 
Interr. stretch. 
Interr. stretch. 

rcH 
C-C stretch. 
C=C stretch. 
C=C stretch. 
C-H stretch. 

270 

552 

984 

720 

741 

— 

1210 

1186 

1360 

1445 

1514 

3060 

276 

558 

984 

716 

733 

1208 

1211 

1147 

1367 

1447 

1513 

3060 

1018 

722 

— 

— 

1200 

1160 

1375 

1438 

1505 

3060 

1016 

718 

734 

1200 

1202 

1147 

1374 

1437 

1507 

3060 

as found with FT This band is assigned to the stretching mode of 
the Peierls distortion. Some small peaks at higher wave numbers 
indicate the presence of disordered parts. Trznadel et al. [964] re-
ported a study of regioregular poly(3-octylthiophene) investigated 
with UV-vis NIR and Raman spectroscopy. CVs obtained with this 
polymer showed two clearly separated oxidation peaks compared 
to the CV of the nonregioregular polymer, which shows a broad 
peak only with a very weak shoulder. This observation is consid-
ered to be an indicator of an enhanced structural homogeneity of 
the regioregular polymer that results in more isoenergetic poly-
mer chains with a smaller number of coupling defects and polymer 
chain segments of different lengths. This observation supports the 
subsequent interpretation of spectroelectrochemical data. UV-vis 
spectra of the undoped polymer are dominated by a strong absorp-
tion around 2.39 eV (A = 518 nm) assigned to the TT ^ TT* tran-
sition. This observation confirms previously reported values [965]. 
Incomplete dedoping is concluded from the observation of very 
weak peaks around 1.8, 1.3, and 0.7 eV (A = 688, 953, and 
1770 nm). Oxidation results in bleaching of this band and a con-
current growth of bands at 0.7 and 1.6 eV (A = 1770 and 774 nm). 
Complete bleaching of the former band was achieved at very posi-
tive electrode potentials in excess of the electrode potential of the 
second oxidation peak in the CV. Assignment of the new peaks was 
supported by time-dependent measurements of absorption. As a 
result, subsequent formation of polarons and their recombination 
into bipolarons is suggested. Raman spectra of the polymer with 
different excitation wavelengths were obtained. As already dis-
cussed for PT, the fairly selective resonance enhancement results 
in spectra obtained with AQ = 514.5 nm of the undoped segments 
only (i.e., upon doping, the spectra showed no visible change). 
With light of AQ = 676.4 nm, monitoring of doping-induced 
changes was possible. Table XXVII lists the calculated and the 
experimentally observed band positions. Yuan et al. [966] studied 
poly(3-methylthiophene) with electroreflectance spectroscopy. An 
absorption that appears at 1.7 eV (A = 728 nm) and is found only 
at intermediate doping levels was assigned to polaron gap states. 

An in situ study of doping and dedoping of PT in a nonaqueous 
electrolyte solution was reported by Ivaska et al. [967]. A broad 
band at wave numbers higher than about 1500 cm~^ that appear 

at positive electrode potentials and bands at 1330 and 1020 cm~^ 
were found. They were assigned to two different types of doping, 
and they disappeared during PT reduction. 

With a combination of spectroelectrochemical tools, includ-
ing, in particular, Raman and infrared spectroscopy (unfortunately 
in situ and ex situ measurements were not clearly separated), 
Louarn et al. [968] studied poly(3-alkylthiophenes) and poly(4,4^-
dialkyl-2,2^-bithiophenes) in a comparative investigation. Various 
monomeric bithiophenes result upon chemical oxidation in "head-
to-head" and "tail-to-tail" analogues of the 3-alklythiophenes. The 
interband TT -^ TT* transition was found to be blue shifted, indi-
cating a higher torsion angle in the case of the polybithiophenes. 
Upon oxidation, doping-induced bipolaronic bands were seen in 
the UV-vis NIR spectra at essentially the same position as found 
with the corresponding poly(3-alkylthiophenes). This was seen as 
evidence that the torsion angle of both polymers is getting closer. 
Bipolaronic bands were also found with infrared spectroscopy. All 
five bands expected from theoretical calculations already had with 
the onset of the oxidation peak recorded with cyclic voltammetry. 

Agosti et al. [969] reported a number of Raman spectra (no 
resonance enhancement because of NIR excitation) of a selection 
of oligo- and polythiophenes, and they searched for structure-
property correlations that possibly can be derived from the vi-
brational data. Some relationships that are particularly useful for 
chemical diagnosis were proposed. 

In a study of the interaction between polymer films and the 
electrode surface used as a support. Torsi [970] studied electro-
chemically synthesized films of bithiophene on platinum and p-
doped Si(lOO). From the infrared spectra obtained ex situ, he con-
cluded that the polymer chains interact via the vr-electrons with 
the underlying surface. 

ESR spectra of PT with a Dysonian-shaped single line (for com-
parison and further discussion, see the preceding section for ESR 
measurements with PANI) were observed by Tourillon et al. [971]. 
ECESR in situ investigations of doping and dedoping of PT have 
been reported frequently. Chen et al. [972] obtained data that im-
ply spinless charged states at low to intermediate doping levels. 
Consequently, they concluded that bipolarons are energetically 
lower than polarons. Basically very similar results were reported 
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Table XXVII. Spectral Assignment of Raman Bands of Regioregular Poly(3-octylthiophene) [964] 

275 

Mode 

Ring deform. 
Ring deform. 
Ring deform. 
CaS—Ca deform. 
Ca—S—Ca deform. 
C/3-Caikyl stretch. 
C^-Hbend. 
Ca—Ca Stretch. 

+ C^ - H bend. 
C^+—Hbend. 
C^—C^ Stretch. 
Ca=Cp stretch. 
Ca=C^ stretch. 

Polythiophene 
Exp. 

300 

— 
— 
700 
740 

— 
1045 
1224 

— 
1365 
1455 
1497 

Calc. 

304 
420 
522 
696 
746 

— 
1040 
1210 

1249 
1359 
1460 
1498 

Regioreg 
Exp. 

— 
— 
597 
682 
728 

1016 
— 
1210 

1182 
1378 
1442 
1512 

. POT red. 
Calc. 

— 
— 
586 
705 
723 

1016 
— 
1202 

1143 
1376 
1436 
1504 

Regioreg. POT oxid. 

(AL = 

Exp. 

— 
— 
597 
682 
723 

1006 

— 
1220 

1185 
1375 
1407 
1491 

1064 nm) 
Calc. 

— 
— 
587 
703 
724 

1011 

— 
1215 

1149 
1377 
1409 
1494 

by Zotti and Schiavon [973], who observed two consecutive oxi-
dation waves (the CVs displayed in the original report show only 
shoulders). Consequently, they concluded that PT is oxidized in 
two steps. The ECESR signal shows only one broad maximum 
during the current increase of the first oxidation wave (step). No 
spins are found with the fully oxidized poymer. Obviously spinless 
species (bipolarons) are energetically favored in the oxidized state. 
This conclusion is supported by in situ UV-vis data. A display of 
the optical absorption at A = 700 and at 900 nm as a function of in-
jected charge shows distinctly different dependencies that confirm 
the presence of two distinctly different states of oxidation. 

In a comparative study of various polythiophenes with in situ 
ECESR, Zotti and Zecchin [974] found considerable differences 
in the changes of ESR spectra recorded with oxidized polymers 
after turning the electrode potential to open circuit. With poly-
bithiophene, a decay of the ESR signal following first order ki-
netics was found. The calculated half-lives decreased with increas-
ing positive oxidation potentials. The latter observation was ex-
plained by invoking an electrochemically induced oxidative cross-
linking, resulting in a stiffening of the polymer. With alkoxy- and 
alkyl-substituted polymers, the polaron decay was completely ab-
sent and a swelling of the material was observed. The general im-
portance of these structural parameters in the polaron-bipolaron 
debate was highlighted. 

In a critical review based, in particular, on results of ESR, UV-
vis, and vibrational spectroscopies, Furukawa [975, 976] reconsid-
ered the polaron-bipolaron discussion. For PT, he concluded that 
polarons are the dominant species generated by doping. The ab-
sence of ESR absorption may be caused by quenching interactions 
with free spins instead of their true absence (as already discussed). 

Genoud et al. [977, 978] measured ECESR spectra of chem-
ically prepared poly(3-butylthiophene) and poly(4,4^-dibutyl-2,2^-
bithiophene). Despite the same stochiometry, the distribution pat-
tern of the butyl substituents is different for the polymers. With the 
latter, polymer spin creation and annihilation occur within a much 
smaller range of electrode potentials and at significantly more pos-
itive electrode potentials. The latter obervation was taken as a sign 
of a higher stereoregularity. 

In a more general investigation of PANI, PT, and PPy (for the 
other polymers, see the preceding sections), Devreux et al. [436] 
studied the correlation between injected electric charge per ring 
and the number of spins per ring. Their results are displayed in 
Figure 71. The general shape of the trace corresponds to plots al-
ready shown that display the relationship between the electrode 
potential and the spin concentration. Devreux et al. concluded 
from a thermodynamic consideration of the results that with PPy 
and PdT, polarons and bipolarons are almost degenerate and, con-
sequently, in a thermodynamic equilibrium, whereas for PANI, 
polaron pairing is hindered by potential barriers that disable the 
establishment of a thermodynamic equilibrium. From a different 
approach, a 7r-electron tight-binding model was proposed [979] 
and, subsequently, it was proposed that sulfur-cented functions are 
important and bipolarons instead of polarons are created in the 
doped-excited state. 

The occurrence of polarons and bipolarons on thiophene 
oligomers as a function of the degree of doping and their con-
ceivable mutual interconversion were studied with model com-
pounds by Horowitz et al. [980]. Oligomers with 6 and 12 re-
peat units oxidized by adding FeCl3^^ were investigated with in 
situ UV-vis and ESR spectroscopy. With the shorter oligomer, 
the polaron and the bipolaron are generated successively; with 
the longer oligomer, only the bipolaron state could be identified. 
Observed optical transitions were used to estimate bandgap en-
ergies. The latter are a direct measure of the chain length. From 
comparison with further results reported by other authors, it was 
concluded that short oligomers (with less than 8 repeat units) 
are more appropriately described with molecular orbital models, 
whereas longer oligomers (with more than 12 repeat units) are 
treated better with a one-electron model. The transition point 
at about 10 repeat units seems to correspond to a chain length 
sufficient to enable the coexistence of two polarons. In a subse-

^̂  Strictly speaking, these results are not based on electrochemical inves-
tigations. Their importance with respect to the polaron-bipolaron contro-
versy seems to justify their inclusion. 
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quent study, Nessakh et al. [981] studied the electrooxidation of 
oligothiophenes with 1 < n < 12 (number of thiophene rings). 
Simultaneously UV-vis spectra of the electrolyte solution were 
recorded. With 4 < n < 8, two oxidation waves, indicating the 
subsequent formation of the radical cation and the dication, were 
observed. UV-vis data also show two absorption maxima indica-
tive of the presence of a radical cation with two allowed optical 
transitions that support this assumption in the case of n = 6. 
With n = 12 (12T), two oxidation waves, but only one absorp-
tion maximum were found. This observation is in agreement with 
results obtained during chemical oxidation and reviewed already. 
The formal oxidation potential derived from the UV-vis data cor-
responds closely to data of the first oxidation wave found with 
shorter thiophene chains. Nessakh et al. as a result proposed a 
model wherein two doubly charged 12T species form a ir dimer. 
A study with related compounds [2, 5''-dimethylterthiophene, 
2,5'-(dithiomethyl)-5,2'-bithienyl and 2,5''-(dithiomethyl)-5, 2\ 
5^2 '̂-terthienyl] and essentially the same results was reported by 
Hill et al. [982]. 

Ex situ measurements with electron diffraction and electron en-
ergy loss spectroscopy (EELS) by Fink et al. [983] provided evi-
dence for the presence of bipolarons in doped PT, but polarons 
cannot be ruled out entirely. Reedijk et al. [984] studied charge 
transport in PT doped with FeCl3.^" Results imply a change from 
quasi-one-dimensional variable range hopping at low doping levels 
to three-dimensional variable range hopping. 

The polaron-bipolaron topic has been treated repeatedly from 
a theoretical point of view. Results may be used to interpret ex-
perimental evidence gathered with spectroelectrochemical meth-
ods. Aleman [985] studied the spatial extension of bipolaronic 
defects in various polymers based on five-membered aromatic 
rings including thiophene: benzoid structure was found for neu-
tral oligomers, whereas a quinoid structure extending over six rings 
was deduced for dications. 

Zotti [986] reinvestigated the relationships between electrode 
potential, injected charge, and in situ measured electrical conduc-
tivity. As a function of injected charge, with all investigated poly-
thiophenes, three different types of relationships were observed. 
Up to a certain threshold value (at low charge levels), a slow in-
crease of conductivity was followed by a linear increase that ended 
in a plateau value. The threshold value cannot be explained by 
percolation, because only homogeneous polymers were investi-
gated and no evidence of electrochemically induced heterogene-
ity (formation of conducting islands in an insulating matrix) was 
found. Instead, TT dimerization of polarons was concluded. Mea-
surements of electrical conductivity often performed with other in-
trinsically conducting polymers as part of attempts to identify the 
mobile charge carriers seem to be scant with PT. An ex situ study of 
the conductivity of various 3-alkyl-substituted PTs yielded increas-
ing conductivities with increasing temperatures up to a certain, 
polymer-typical temperature [987]. Beyond this temperature, the 
conductivity dropped. These results were correlated with changes 
in the UV-vis spectra. The absorption found around A = 500 nm 
(2.5 eV) shifted to higher energies with increasing temperature. 
This change was explained in terms of changing effective conjuga-
tion lengths. The decrease of coplanarity of neighboring thiophene 

^^Although these results are not based on electrochemical investigations, 
their importance with respect to the mode of charge propagation seems to 
justify their inclusion. 

rings with higher temperatures effected by a change in the confor-
mation of the alkyl groups is the likely cause. The occurrence of a 
glass transition invoked in the case of PANI was considered. Be-
cause of the absence of rehable data for the investigated polymers, 
the transition temperature could be estimated to be between the 
glass transition temperature and the melting point. 

With a combination of in situ conductivity and potential-step 
chronocoulometric measurements, Harima et al. [988] studied the 
enhancement of carrier mobilities in poly(3-methylthiophene). In 
addition to the obvious effect of the electrochemically induced in-
crease in the concentration of mobile charge carriers, a drastic mo-
bility enhancement of over 4 orders of magnitude, which implies a 
change from hopping to metalhc transport, was concluded. 

The influence of preparation conditions on the conductivity of 
PT was studied by Kabasakalogu et al. [989], who reported the 
effects of type and concentration of electrolyte in the electropoly-
merization solution, deposition time, deposition potential, and de-
position current. 

Using a somewhat different experimental approach to in situ 
conductivity measurements, Kankare et al. [990] studied the 
conductivity of poly(3^4'-didodecylterthiophene) and poly(3\3'^-
didodecylterthiophene) during electropolymerization. With the 
former polymer, the measured conductance was related to the 
charge consumed during polymerization (instead of polymeriza-
tion time); in the latter case, this relationship was not observed. 
This was explained by taking into account the different reactiv-
ities of the radical cation species formed during polymerization, 
which in turn influence the amount of polymer actually formed 
in addition to formation of side products. The electrical con-
ductivity of rather thick films of poly(3,4-ethylenedioxythiophene) 
was reported by Morvant and Reynolds [991]. Maximum conduc-
tivity was attained at relatively low electrode potentials; corre-
spondingly, the polymer was rather stable in its conducting state. 
Lankinen et al. [992] studied poly(3-methylthiophene) with in situ 
conductivity and infrared spectroscopic measurements. With an 
acetonitrile-based electrolyte solution, higher conductivites were 
observed with BU4NPF6 than with BU4NCIO4. The onset of 
overoxidation at ^̂ sat.mercurosulfate — 1.4 V was derived from the 
infrared spectra based on the observed decrease in the absorp-
tion assigned to polarons-bipolarons. In aqueous solutions, con-
ductivities lower by about 3 orders of magnitude and with consid-
erably slower doping and dedoping kinetics were found. Infrared 
results were similar to those found with the nonaqueous solution. 
The changes in conductivity were generally smaller with aqueous 
solutions [993]. In a similar study [994] of poly(3-thiophene-3-
methanol) with in situ conductivity and UV-vis absorption mea-
surements with nonaqueous electrolyte solutions containing vari-
ous anions, optical absorptions similar to those obtained with PT 
were observed. Differences between films formed and studied in 
the presence of BU4NPF6 or BU4NCIO4 were found. In a sub-
sequent study with additional spectroelectrochemical in situ tools 
(optical beam deflection and infrared spectroscopy), the redox be-
havior of these films was investigated further [995]. From CVs, 
a further covalent coupling in the polymer with the formation of 
methoxy bridges was inferred. Unfortunately, the infrared spectra 
did not provide proof of this suggestion. From results of both opti-
cal techniques, the exclusive participation of the electrolyte anions 
in the charge compenzationwas deduced. In situ UV-vis measure-
ments of this polymer revealed an absorption maximum at about 
A = 400 nm (3.05 eV), implying a conjugation length of five to six 
monomer units [996]. 
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Abrantes et al. [997] reported a study of electropolymerization 
of 3-methylthiophene with probe beam deflection. The observed 
values of beam deflection as a function of polymerization time 
were explained by invoking fluxes of various species involved in the 
process (i.e., monomers, oligomers, protons, anions, and cations). 

The photoelectrochemical behavior of films of poly(3-methyl-
thiophene) on platinum electrodes was studied by Semenikhin 
et al. [998,999] and Abrantes and Correia [1000]. At negative elec-
trode potentials, a cathodic photocurrent was observed with an 
acetonitrile electrolyte solution. Upon exposure to light, the cur-
rent increased. This "photoactivation" behavior was attributed to 
a photoelectrochemical reduction of the polymer with an accom-
panying increase in the width of the space-charge region wherein 
the photocurrent was generated. This region is localized close to 
the polymer-solution interface. El Rashiedy and Holdcroft [1001] 
reported an extensive study of the photoelectrochemical proper-
ties of poly(3-hexylthiophene). At very negative electrode poten-
tials (E < E^cE = 0-̂  V) i^ ^^ aqueous electrolyte solution, a 
depletion layer at the polymer-solution interface was found. Illu-
mination of the polymer resulted in water splitting. The observed 
photovoltage correlates linearly with pH (and consequently with 
the electrode potential of the H2/H~^-couple), implying the ab-
sence of Fermi-level pinning. Quantum efficencies as a function of 
film thickness and incident light wavelength were reported. Pho-
toexcitations in PT were investigated by Moraes et al. [1002]. Hsu 
et al. [1003] investigated relaxation processes in freshly deposited 
PT and poly(3-methylthiophene) films with and without electrolyte 
solution being present. The rather complex processes seem to 
include reduction of the polymer in the presence of oxidizable 
species, for example, by water or thiophene monomers. A light illu-
mination effect was observed that was stronger with light of shorter 
wavelength. No explanation was provided. The a forementioned 
photoelectrochemical reduction may be the cause. A further study 
of the relaxation of poly(a,ft>-bis(3-thienyl)alkenes) and poly(3-
alkylthiophenes) was reported by Mangold and Jiittner [1004], 
who took into account earlier studies of ICP relaxation phenom-
ena [1005-1007]. A significant influence of the degree of cross-
linking and of the length of the alkyl chain used as a substituent 
was found. 

The semiconducting properties of an electrochemically gener-
ated film of polybithiophene was studied by Fikus et al. [1008]. 
The value of the flat band potential for the p-type semiconducting 
polymer in its reduced state iÊ scE = 0-6 V was confirmed by in 
situ photocurrent measurements. 

Photoproduction of both charge- and spin-carrying species was 
observed with various ex situ spectroscopies. Further basically sim-
ilar results also obtained ex situ were reported by Kaneto et al. 
[1009] and Hattori et al. [1010]. Light-induced phase transitions 
("photoswitching") were observed by Hosaka et al. [1011]. 

The change of PT from its reduced to its conducting oxidized 
state was studied by Tezuka et al. [1012] with an optical setup ca-
pable of detecting the local change in color. With a diode array de-
tector, local changes in optical absorptivity were detected that are 
indicative of local conductivity. Under potentiostatic control in an 
acetonitrile-based electrolyte solution, processes in the film itself 
controlled the rate of conversion, whereas in a propylene-based 
solution, diffusion control was found. The results were converted 
into a growth model, in which oxidation starts at the polymer-
solution interface and subsequently penetrates into the bulk of the 
polymer. 

Table XXVIII. 

Dissolved state 
PT8 
PT14 
POMT 

Solid state 
PT8 
PT14 
POMT 

Absorption Maxima for Dissolved and 
Solid State Samples 

Amax 

Reduced 

435 
435 
420 

505 
500 
545 

(nm) 
Oxidized 

800 
800 
800 

800 
800 
820 

Tourillon and Gamier [1013] reported absorption maxima of 
the reduced state around Amax = 480 nm and of the oxidized 
state around Amax = 650 nm with the latter band extending into 
the NIR for poly(3-methylthiophene). Guay et al. [1014] stud-
ied a variety of 3-substituted thiophenes. Poly(3-octylthiophene) 
(PT8), poly(3-tetradecylthiophene) (PT14), and poly[(3-octyloxy)-
4-methylthiophene] (POMT) were investigated in solution and as 
caste films on ITO electrodes using cyclic voltammetry and in situ 
UV-vis spectroscopy. Although these polymers are assumed to 
have a nonplanar conformation in solution and a coplanar confor-
mation in the solid state, CVs do not show evidence of this confor-
mational difference. It is assumed that the dissolved species adopt 
a coplanar conformation in the vicinity of the electrode. Further 
details are provided by the UV-vis data. The respective absorp-
tion maxima for dissolved and solid state samples are provided in 
Table XXVIII. 

The differences in the energy of absorption between sohd and 
dissolved state of about 0.4-0.7 eV (70-125 nm) are caused by 
the conformational changes. The different conformations pro-
posed are supported by experimental evidence obtained with neu-
tron diffraction measurements [1015], light scattering measure-
ments [1016], and X-ray diffraction data [1017]. Assuming sym-
metrical changes of HOMO and LUMO^^ by the conformational 
changes, the actual values of the HOMO are changed by about 
0.2-0.3 eV. This is not evident from the electrode potential of 
the first oxidation wave as seen in the CVs. Actually, the oxida-
tion potentials of the dissolved species are lower than those of 
the solid state samples. Nevertheless, the absorption bands of the 
oxidized species are very close, implying similar electronic struc-
tures. This conclusion is in agreement with the observation re-
ported by Rughooputh et al. [1018] that bipolarons stabilize the 
coplanar structure of poly(3-alkylthiophenes). Other possible in-
fluences may account for the experimentally observed higher oxi-
dation potentials of the solid state samples, for example, film re-
sistance or slow counterion movement. 

Li and Aoki [1019] observed a large swelling of poly(3-hexyl-
thiophene) films prepared chemically and subsequently oxidized 
electrochemically in a nonaqueous solution after transfer into 
chloroform. More highly oxidized films showed a greater swelling. 
The shift of the absorbance at A = 302 nm, attributed to the 

^̂ LUMO is the acronym for lowest unoccupied molecular orbital. An 
electron is injected into this orbital upon reduction. 
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77 -^ 77* transition with higher oxidation potentials apphed to 
the film, indicates an increasing degree of conjugation. The ab-
sorption at A = 765 nm relative to the presence of mobile charge 
carriers (i.e., to the presence of electrical conductivity) decreased. 
The effect of a higher degree of oxidation (attained both by higher 
electrode potentials and longer times of electrolysis) was explained 
based on infrared data that indicated the loss of aromaticity caused 
by structural changes in the 4 position of the thiophene unit. 

Christensen et al. [1020] used in situ infrared spectroscopy to 
investigate the relationship between vibrational data and film mor-
phology. Although the preparation of their films was essentially 
the same, vibrational data varied slightly. This variation was corre-
lated with different films morphologies, which, in turn, may have 
been caused by minute differences in actual solution composition. 

Servagent and Vieil [1021] studied the mass change of a film of 
poly(3-methylthiophene) using EQMB. Results provided a clear 
separation of monomer deposition and ionic movement associated 
with doping. A doping ratio around 0.3 was calculated. A delay 
of ionic movement that indicates nonequilibrium with respect to 
charge equilibration in the polymer was observed. The relationship 
between consumed charge and observed mass increase indicates 
inclusion of oligomers. Consequently, estimates of film thickness 
based solely on consumed charge must be treated carefully. 

Conformational effects have also been invoked as an expla-
nation for observed effects in in situ UV-vis spectra and CVs 
of poly(rran5-thiophene-2-yl-2,2^:5'2'̂ -terthiophene-5-yl-ethylene) 
polyltrans-TTYE] and of poly(^ran5-2,2'-bithiophene-5-yl-2,2':5'2'̂ -
terthiophene-5-yl-ethylene) [po\y(trans-BTTYE)] [1022]. With 
both polymers, p doping was observed and the optical transitions 
were explained based on the polaron-bipolaron model. In the 
doped state, the interband transition was not seen in the UV-vis 
spectra. Instead, absorptions that correspond to transitions into 
lower and upper bipolaron states were found. The red shift of 
the absorption edge and the smaller bandgaps with both poly-
mers as compared to standard PT are attributed to a larger spac-
ing between neighboring thiophene rings, whereas hindrance ef-
fects seem to be smaller. The remaining differences between the 
two polymers under discussion could not be explained satisfacto-
rily. The assumption of bipolarons only was supported by results 
from ECESR experiments. In a corresponding report, optical data 
were treated in more detail [1023]. UV-vis spectra recorded in situ 
with a nonaqueous electrolyte solution showed a band at 2.5 eV 
(A = 495 nm) assigned to the interband transition (77 ->- 77* tran-
sition). A small shoulder at 1.3 eV (A = 953 nm) was attributed 
to traces of dopant incorporated during electropolymerization and 
removed only in part during dedoping. Upon oxidative doping, the 
band caused by the interband transition disappeared and a band 
around 1.3 eV (A = 953 nm) evolved. At very high oxidation po-
tentials, bands at 1.2 and 1.6 eV (A = 1032 and 774 nm) were 
observed. Spectral changes could be explained within a polaron-
bipolaron model. In comparison, the band of undoped po\y(trans-
BTTTE) is larger by about 0.1 eV. 

With in situ UV-vis spectroscopy, Zagorska and Krische [1024] 
found evidence to indicate a more regular structure of polymers 
prepared from 4,4'-dibutyl-2,2^-bithiophene and 4,4 -̂dioctyl-2,2 -̂
bithiophene and modified electrochemically as compared to poly-
mers prepared from 3-alkylthiophenes. Nevertheless, a shorter 
conjugation length was found. 

Riihe et al. [1025] investigated 3,4-cycloalkylthiophenes. The 
electric conductivity and the UV-vis spectra recorded in situ in-
dicate a decrease of conductivity and conjugation length with in-

creasing ring size. Because the conductivity data fit the predic-
tions of the hopping theory, a considerably larger influence of the 
chain packing as opposed to the structure of the electronic back-
bone, on the conductivity is concluded. In a study of chemically 
prepared polymers from alkyl- and alkoxy-substituted thiophenes, 
Leclerc and Daoust [1026] found that monosubstituted thiophenes 
gave soluble and electroactive polymers, whereas processabil-
ity requires 3,4-disubstitution. Good yields were observed during 
chemical polymerization of alkoxy-substituted thiophenes [1027]. 
Good electrical conductivity was found with samples that showed 
a highly regular substitution pattern with an a, a'-linked back-
bone and a planar or almost planar conformational structure. As 
already mentioned, poly(3-alkoxy-4-methylthiophenes) obviously 
met these requirements particularly well; in addition, they were 
found to be processable. The observed low oxidation potential of 
about E^cE ^ 0-62 V for the transition of the polymer from its 
reduced into its oxidized, conducting state impUes an enhanced 
stability of the conducting state. The relationship between confor-
mational preference (in particular, coplanarity) was studied theo-
retically with 2,2'-bithiophene model compounds by Aleman and 
Julia [1028]. 

Zotti et al. [1029] prepared polymers of oligothiophenes (n = 
2-4) that carry pentoxy groups in position 3 or 4 of both termi-
nal thiophene units by chemical and electrochemical polymeriza-
tion [1029]. Polymers with the substituent in the 3 position (IT) 
were almost completely soluble in chloroform, whereas those with 
the substituent in the 4 position (ET) were only partially solu-
ble; the latter polymer with n = 2 was completely insoluble. Os-
mometric determination of the chain length of the soluble frac-
tions of all polymers gave degrees of polymerization between 3 
and 5. UV-vis spectra of films electropolymerized directly onto 
an ITO electrode were different from those recast from the sol-
uble polymer onto this substrate. Electrodeposited IT with n = 3 
showed a single strong band at A = 554 nm and a weak band at 
A = 630 nm, whereas the chemically polymerized sample showed 
bands at A = 478 and 512 nm. Evaluation of the data under the 
assumption that they are related to the bandgap energy resulted 
in a bandgap that corresponded to A = 650 nm for infinite poly-
mer chain length. This correlation was suggested as a rough tool 
for the determination of the degree of polymerization. It also im-
plied, that bandgap energies for these polymers are smaller than 
those of the corresponding polyalkylthiophenes. A comparison of 
the results obtained with IT and ET of various values of n shows 
that with an increase of n, the absorption maximum is blue shifted, 
implying a lower degree of polymerization. The polymers could be 
oxidized electrochemically at rather low electrode potentials. Con-
sequently, the doped state was relatively stable. Upon doping the 
UV-vis spectrum of an electrodeposited film of ET with n = 3 at 
low levels, the band at A = 554 nm decreases in intensity, and a 
broad band around A = 2200 nm and a shoulder at A = 1100 nm 
can be seen. In the fully doped state, the band at low wavelengths 
is practically absent, whereas the band around A = 2500 nm domi-
nates the spectrum. These values correspond with those of similar 
substituted PTs already discussed. Steric effects, which should be-
come evident when comparing data for corresponding ET and IT 
polymers, were not found. 

RoncaU et al. [1030] studied a series of 3-substituted polythio-
phenes [poly(3-methylthiophene) (PMT), poly(3-isoamylthiophe-
ne) (PiAT), poly(3-nonylthiophene) (PNT), and poly(3-3,6-dioxy-
heptylthiophene) (PDHT)]. The symmetry of the current waves in-
creases in the given ranking, implying an enhanced reversibility of 
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the oxidation-reduction process. The absorption maximum in the 
UV-vis spectra recorded in situ showed a bathochromic shift from 
PiAT to PDHT In the doped state, PiAT, PNT, and PDHT show an 
intense absorption at 1.5 eV at intermediate doping levels that was 
not seen with PMT The bandgap is narrower in the highly doped 
state. These effects are particularly evident with PDHT. They are 
tentatively explained by assuming an extended effective conjuga-
tion length that results from the stabilization of a more planar con-
formation. The PDHT compound was subjected to further investi-
gations by Roncah et al. [1031]. In particular, the influence of envi-
ronmental parameters (electrolyte, solvent, etc.) was studied. UV-
vis spectra recorded in situ showed striking effects of the anion-
solvent combination on band positions and on the electrochemical 
response. The results are discussed in terms of feedback effects of 
the interactions between the oligo(oxyethylene) substituents and 
the chemical environment of the polymer on charge and mass 
transport in the polymer and on the geometry and rigidity of the 
conjugated poly(thiophene) backbone. 

The electropolymerization of a-terthienyl substituted at the 
P position of the median thiophene unit with methyl, octyl, and 
dioxaheptyl groups was investigated by Roncah et al. [1032]. Sur-
prisingly, the substituents did not significantly affect the oxida-
tion potential, whereas the polymerization process and the poly-
mer properties are influenced to some extent. Although polymers 
formed from unsubstituted terthienyl monomers are poorly conju-
gated, the oxidation potential of the polymer investigated here is 
reduced because of the presence of the substituents. This is sup-
ported by a bathochromic shift of the absorption by about 70-
80 nm that increases with the size of the substituents. The reported 
spectra provided evidence of trapped monomers within the poly-
mer film. 

Ferraris and Newton [1033] studied a variety of polymers pre-
pared from a-terthienyl and 2,5-di(2-thienyl)pyrrole, n-alkylated 
at the j8 position of the central ring, to evaluate the effects of the 
size and position of the substituent and the sequence of substi-
tuted and unsubstituted ring units on optical and electrochem-
ical properties of both the monomer and the electrochemically 
prepared polymer. A superior effective degree of conjugation as 
compared with the corresponding polymer prepared from the 3-
alkylthiophenes was observed. The observed bandgap was slightly 
smaller than observed with the parent compound. 

Shirakawa et al. [1034] prepared chemically as well as elec-
trochemically soluble poly(2,5-thienylene) derivatives [poly(3-(a>-
phenylalkyl-2,5-thienylene)]. The UV-vis spectra recorded in situ 
with the polymer in its reduced form showed a band at about A = 
1126 nm caused by insufficient dedoping of the as-prepared film 
being formed in its doped state. A strong absorption at A = 399 nm 
is assigned to the TT ^- TT* transition. Upon oxidation, bands at 
A = 728 and 1548 nm appear. Although no assignment is pro-
vided, it seems safe to suggest that the former band is caused by 
polaron states of the slightly doped polymer, whereas the latter 
band indicates bipolaron states. 

Although the investigated polymers of poly(3-octylthiophene) 
with controlled high molecular weight were prepared chemi-
cally [1035], the results of conductivity measurements after elon-
gation are of interest with respect to theories of electrical conduc-
tion in ICPs. A higher molecular weight resulted in a higher con-
ductivity, whereas elongation resulted in pronounced anisotropy 
of conduction. This was explained by assuming a decreased hop-
ping distance caused by the reorientation of the polymer. Dyrek-
lev et al. [1036,1037] studied the change of conductivity of poly[3-

(4-octylphenyl)-2,2'-bithiophene] after elongation and subsequent 
doping with iodine. The extent of doping depended on the initial 
value, the sample orientation, and the amount of elongation. Re-
sults were again discussed in terms of variable range hopping. 

The already addressed electronic effects of substituents on the 
oxidation potential, the electronic bandgap, and other properties 
of the polymer were studied with a particular set of bithiophenes 
by Demanze et al. [1038, 1039]. They electropolymerized 3,3'-
disubstituted-2,2'-bithiophenes with substituents ranging from hy-
drogen and hexyl groups over methoxy or carboxy functions to 
cyano substituents. It was found that by merely changing the sub-
stituents, the oxidation potential can be changed by as much as 
1.12 V. With in situ UV-vis spectroscopy of the most intriguing 
sample (with a cyano and a methoxy substituent), the TT -> TT* 
transition was found at A = 435 nm. At intermediate oxidation lev-
els, two new bands around A = 735 and 1400 nm were observed. 
Based on comparison with known data, these bands are assigned 
to polaronic states and a short conjugation length. After further 
oxidation, a new band around A = 557 nm was observed together 
with a blue shift of the already present lower energy band. This is 
explained by suggesting the formation of TT dimers of the radical 
cations. Finally, at even more positive electrode potentials, a large 
band centered around A = 960 nm and attributed to the stable 
bipolaronic state was found. Demanze et al. [1040] reported a fur-
ther study of these bithienyls (with electron-donating substituents 
like methoxy or hexyl groups and — CN as electron-accepting sub-
stituents). UV-vis spectra recorded in situ with —O—Me and —CN 
groups showed a band at A = 435 nm in the reduced state. This 
band is attributed to the TT ^ TT* transition. It is close to the cor-
responding value reported for poly(3-alkylthiophenes). Upon oxi-
dation, the intensity of this band decreases, whereas bands around 
A = 735 and 1400 nm appear. Further oxidation results in a band 
at A = 557 nm and a slight blue shift of the band at A = 1400 nm. 
Finally, a band around A = 960 nm dominates the spectrum. These 
observations are interpreted in terms of three distinct charge stor-
ing species successively formed on the polymer. These species are 
polarons formed in the first oxidation step. Because of the particu-
lar properties of the substitutents, these polarons are highly local-
ized on the thiophene units that carry the — O—Me substituents. 
In most other PTs and substituted polythiophenes, these polarons 
are more or less delocalized, resulting in their transformation into 
bipolarons [1041, 1042]. Descriptions of the subsequently formed 
species were not provided. Results obtained with the same sub-
stituents were reported again by Demanze et al. [1043]. Band po-
sitions in all various states of oxidation varied only very slightly. 
The band found in [1040] at A = 1400 nm is not reported correctly 
at A = 1141 nm. 

A study of poly(3,3'-dibutoxy-2,2'-bithiophene) with in situ Ra-
man spectroscopy was provided by Pron et al. [1044]. Emphasis 
was placed on selective enhancement as already observed with 
plain PT Using laser light \i = 458 and 676 nm, only bands 
typical of the undoped, reduced form were observed, whereas ex-
citation with \i = 1064 nm resulted in additional bands of the 
doped form, too. Bands and their assignment together with re-
spective bands of PT and a representative poly(3-decylthiophene) 
are collected in Table XXIX. UV-vis spectra also recorded in situ 
show typical changes upon oxidation. In the reduced form, a band 
at A = 610 nm assigned to the TT ̂  TT* transition dominates the 
spectrum. Oxidation causes a significant decrease of intensity of 
this band up to complete bleaching and the occurrence of a very 
broad feature initially centered around A = 1000 nm, which grows 
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Table XXIX. Spectral Assignment of Raman Bands of PT, Poly(3-decylthiophene), and 
Poly(3,3'-dibutoxy-2,2^-bithiophene)[1044] 

Polythiophene Poly(3-decylthiophene) Poly(3,3'-dibutoxy-2,2^-bithiophene) 
Mode Exp. Calc. Exp. Calc. Exp. Calc. 

S—C-deform. 

C/3-Csubst. stretch. 
Ring deform. 
Ca~Ca Stretch. 
+ C^-Hbend. 

Cfl—C« stretch. 

Ca=C^ stretch. 

542 
741 
720 
985 

558 
735 
715 
984 

1014 1010 
1186 1147 
1210 1208 
1370 1367 
1361 1375 
— 1435 
1444 1447 
1520 1527 

C-H stretch. — 
C-H stretch. 

of alkyl or butoxy group — 
C^-H stretch. — 

2956 

— 562 

725 716 

1091 1082 

1018 1015 

1160 1148 

1200 1207 

1375 1373 

1385 1384 

1438 1436 

1515 1511 

2884 — 

2923 — 

— 2961 
3055 — 

— 
699 

754 

1112 

— 

1170 

1190 

1290 

1415 

1451 

1522 

2874 

2920 

523 

676 

757 

1108 

1004 

1163 

1201 

1300 

1401 

1456 

1512 

— 
— 

into a continuously increasing absorption (ranging deep into the 
NIR range) upon further doping. 

Hagiwara et al. [1045] electropolymerized poly(3,4-dimethoxy-
thiophene) on ITO glass electrodes. UV-vis spectra measured in 
situ showed a broad absorption at about Amax = 1700 nm with 
the as-grown (i.e., oxidized) film, which disappeared upon electro-
chemical reduction and was replaced initially by a band around 
Amax = 830 nm and, finally, by bands around Amax = 510, 551, 
and 598 nm. The proposed assignment was the same as for PT; the 
multiplicity of bands in the reduced state was attributed to contri-
butions from vibronic levels. 

Havinga et al. [1046] prepared polymers of four different 
thienylene-vinylene monomers that contained the 3,4-alkoxy-
thiophene moiety with various alkoxy groups. The purpose of 
this investigation was to improve the properties of the polymer 
prepared from the parent compound 3,4-ethylenedioxythiophene. 
NIR-vis spectra obtained from films after both chemical and elec-
trochemical doping basically showed changes similar to those ob-
served with other PTs. Contrary to the parent compound, the poly-
mers investigated here change in the energy of absorption bands 
as a function of doping level. This change attributed to the pres-
ence of vinylene spacers. These spacer reduce the bandgap and 
blue shift the absorption bands by about 0.2-0.3 eV. The electronic 
conductivity is lower by about 3 orders of magnitude. 

Randazzo et al. [1047] electropolymerized 2-vinylthiophene in 
a nonaqueous electroyte solution at a platinum electrode. Two ox-
idation products were found: a semiconducting dark coating of 
the electrode and a nonconducting dark precipitate in the an-
ode compartment. The latter product could also be obtained by 
chemical, benzoyl peroxide-inititated free radical polymerization 
in a spectroscopically very similar form with a higher molecular 

weight. Based on the results of numerous spectroscopic meth-
ods employed ex situ, a. structure is proposed with 25% of the 
thiophene rings cross-linked at the 5,5'-position. This results in a 
very short conjugation length of two thiophene units, but the elec-
tronic conductivity is comparable with other intrinsically conduct-
ing polymers with presumably higher conjugation lengths. 

Wallnofer et al. [1048,1049] investigated various anellated and 
alkylated polythiophenes (PITN, PINT, and POT^^) prepared by 
electropolymerization with resonance Raman spectroscopy at var-
ious laser wavelengths. PITN has been the subject of predictions 
based on theoretical considerations. Bredas [1050] suggested that 
PITN has an aromatic structure with a bandgap of AE = 0.5 eV 
based on the conclusion that the fused benzene ring on top of 
the thiophene unit reduces the distance between thiophene units 
and results in a reduced bandgap. A preliminary synthesis of the 
polymer reported by Wudl and co-workers [1051-1053] showed a 
strong optical absorption around 1 eV. In a subsequent report, Lee 
and Kertesz [1054] concluded that the effect of the benzene ring 
should be strong enough to make the quinoid state with a bandgap 
of 1.16 eV the ground state. The spectrum of undoped PITN at 
long wavelengths was dominated by a band around 1460 cm~^ 
that was assigned to the stretching mode of the polymer backbone. 
Upon lowering the laser wavelength, the broad band splits into sev-
eral components that show two different types of resonance en-
hancement. Resonance Raman spectra of the related compound 
PINT were very similar. The two types of bands were assigned to 
different phases of the polymer (benzoid and quinoid). For both 

^̂  Results pertaining to POT were reviewed previously. 
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PINT and PITN, a quinoid structure of the neutral ground state 
was postulated: 

aromatic quinoid 

PITN 

In a study of PITN with in situ and ex situ resonance Raman 
spectroscopy combined with a vibrational analysis, Wallnofer et al. 
[1055] obtained further details of PITN in its various doped and 
undoped states. A theoretical foundation for the interpretation of 
vibrational spectra of PITN was provided by Faulques et al. [1056]. 
Their results were taken into consideration in the previous dis-
cussion of Raman and infrared spectra. Zerbi et al. [1057] rein-
vestigated PITN prepared chemically with Raman spectroscopy ex 
situ because they believed that previous results were inconclusive. 
Their results, based on the effective conjugation coordinate, imply 
that PITN in its electronic ground state is present in the quinoid 
form. 

A somewhat different approach toward a modified PT was em-
ployed by Huchet et al. [1058]. By using a bithiophene monomer 
substituted with an oxa-coupled tetrathiafulvalene (lit) group, 
they obtained electrochemically active polymers that show elec-
trochromism, too. The fairly complex CVs imply redox processes 
that involve the substituent. Actually, the oxidation potential of 
tetrathiafulvalene is at about £̂ SCE ^ 0-4 V [1059], whereas the 
corresponding value for the oxidation of thiophene is £̂ sCE ^ 
2.07 V [871]. Consequently, polymerization of a thiophene-based 
monomer is accompanied by oxidation of the tetrathiafulvalene. 
Undoping was found to be extremely slow (on an hour time scale). 
Huchet et al. took this as a sign of enhanced stability of the oxi-
dized state of this polymer with the tetrathiafulvalene in both its 
oxidized and its reduced state. Further details of synthetic routes 
to the respective monomers were described by Bryce et al. [1060]. 
A similar investigation was reported elsewhere [1061]. In addition 
to electrochemical evidence of redox processes that involve the 
polymer backbone and the substituents separately, UV-vis spectra 
provided information about electrochemically induced changes. 
Of particular interest was the observation that oxidation of TTF 
into its radical cation and further into its dication proceeds via a 
dimeric dicationic TTF2 species. The relative oxidation poten-
tial for the TTF and the polymer depended on the type of the 
polymer backbone itself. In the case of a thiophene-like back-
bone, the TTF was oxidized first, whereas with a hybrid thiophene-
ethylenedioxythiophene backbone, the latter was oxidized first. 

During overoxidation, the electrochemical redox activity of PT 
is destroyed. This was found to be accompanied by a loss of UV-vis 
absorption bands around A = 480 nm for neutral and A = 700 nm 
for oxidized PT; the only band observed is around A = 390 nm 
[1062]. In addition to electrochemical overoxidation, which causes 
degradation of the polymer, chemical degradation by reaction with 
other substances of the environment has been observed. Studies 
performed ex situ employing UV-vis spectroscopy and infrared 
spectroscopy led to the conclusion that poly(3-methylthiophene) 
is stable in its doped state (dopant BF3-ethyl ether), whereas PT 
with the same dopant reacts (most likely with oxygen from the air) 
as evidenced by a color change [1063]. A study of PT degrada-
tion caused by doping-undoping cycles in a nonaqueous solution 
that contained tetrafluoroborate anions with XPS was reported by 

Takenaka et al. [1064]. The observed changes were attributed to 
chemical reactions that involved fluoride ions released from the 
electrolyte anions. Wang et al. [1065] investigated PT degradation. 
The pristine fibn of PT showed known absorption bands in UV-vis 
spectra around A = 488 and 871 nm. Upon degradation caused 
by electrode potential excursions to values beyond E^cE = 2.2 V, 
only an absorption around A = 410 nm was observed. No absorp-
tion indicative of transitions that involve bipolaronic states, which, 
in turn, are indicative of electrical conductivity, were found. The 
observed absorption is, instead, suspiciously similar to the value 
found for quinquethienyl (A = 416 nm [1066]). This implies a 
severely reduced effective conjugation length. Further ex situ in-
vestigations with infrared spectroscopy provided evidence of the 
formation of C=0 groups (passivation of the film). 

Fink et al. [1067] reported results of electron diffraction and 
electron energy loss spectroscopy measurements of (PT) films per-
formed ex situ that yielded data that describe the crystalline struc-
ture. 

PT and poly(3-methylthiophene) were electropolymerized on 
iron substrates and characterized ex situ with various spectroscopic 
techniques [1068]. Results imply strong similarities to the corre-
sponding polymers prepared on platinum electrodes. The depo-
sition of these polymers on iron has been suggested as corrosion 
protection [1069, 1070]. Ochmanska and Pickup [1071] reported 
data on the conductivity of poly(3-methylthiophene) recorded in 
situ using a somewhat complicated technique described elsewhere 
in detail [1072]. A linear correlation between electrode potential 
and conductivity was found. Within an extended range of electrode 
potentials, Ofer et al. [1073] clearly identified the range of elec-
trode potentials wherein a maximum of conductivity is observed. 
In slight disagreement with the data of Ochmanska and Pickup, 
a deviation from the described relationship is observed. As found 
with most other polymers, a decrease in conductivity is observed 
in the case of poly(3-methylthiophene) after passing the second 
oxidation current wave in the CV 

Bazzaoui et al. [1074] investigated PT deposits on oxidizable 
(zinc, iron, and aluminum) and noble metals (platinum) using res-
onance Raman spectroscopy and XPS. Data imply better struc-
tural organization of the PT films on the former metals with an 
increase of disorder with increasing film thickness for all metals. 
With Al, in particular, XPS data suggest specific interactions be-
tween the metal and the Ca atoms of the thiophene unit. This 
may, in part, explain the especially strong adhesion of the film 
on this metal. Redox reactions at the interface between poly(3-
methylthiophene) and aluminum were studied by Uehara et al. 
[1075]. With the doped polymer used for deposition of aluminum 
corrosion and undoping with formation of AICIO4 were observed. 
With the undoped polymer, no such reaction was found. This re-
dox reaction may play a role in the rectifying and photovoltaic ef-
fects shown by this interface. 

Hong et al. [1076] prepared polymers of semifluoroalkyl-
substituted thiophenes by chemical and electrochemical oxidation. 
The effect of fluorination as observed in cyclic voltammetry and, 
in particular, in UV-vis spectroscopy was attributed to intermolec-
ular interactions effected by the end-standing fluor substituents at 
the alkyl chains. A direct influence of these groups on the poly-
mer backbone was considered unlikely because of the length of the 
alkyl chain between the thiophene ring and the fluoro substituents. 

A copolymer of 3-alkylthiophene and an azo chromophore (2-
[Ar-ethyl-A^-[(4-notrophenyl)azo]phenyl]amino]ethyl-3-thienylace-
tate) was prepared chemically by Zagorska et al. [1077]. From 



282 HOLZE 

a polymer solution in chloroform, films were cast on ITO elec-
trodes for in situ UV-vis spectroscopy and cyclic voltammetry. In 
addition, vibrational spectra were recorded ex situ. The azo com-
pound resulted in an additional redox peak pair attributed to the 
azo chromophore. The UV-vis absorption spectrum with bands 
caused by the polythiophene and the azo chromophore showed 
evidence of the mutual influence of the doping state and the ab-
sorption energy. The resonance conditions effective in surface res-
onance Raman spectroscopy with laser excitation at \i = 514 nm 
were considerably changed as compared to PT. In the oxidized 
state, the additional absorption caused by the azo chromophore 
decreased the resonance effect for the polymer backbone consid-
erably, whereas the resonance conditions for the azo chromophore 
were enhanced. Consequently, in the reduced state, the vibrational 
spectra were dominated by the polymer, whereas in the oxidized 
state, the modes of the chromophore were predominant. 

A copolymer of 3-methylthiophene with functionalized thio-
phenes that carry activated ester groups was prepared by elec-
tropolymerization by Li et al. [1078]. The conductivity of the film 
was comparable to values found with unsubstituted PT. The ob-
tained films can be used as substrates for the preparation of further 
functionalized electrodes. Further details, especially with respect 
to the polymerization mechanism (preferably radical cation dimer-
ization) and suitable thiophene-substituted thiophene combina-
tions have been reported elsewhere [1079]. With ;7-nitrophenyl 
substituents and further substituents, the electrochemical fea-
tures of the polymer backbone and the nitro group were ob-
served [1080]. The electrochemical behavior of the nitro group was 
more complex than in solution. The presence of the latter group 
had a dramatic effect on the TT system of the polymer chain in 
terms of electrochemical activity. The redox activity of the poly-
mer was lost rapidly with some of the investigated compounds. An 
electrochemically formed polymer of 3-thiophene acetic acid was 
described by Li and Aoki [1081]. In aqueous solutions, oxidation 
of the film caused a change of the pH value of the solution to-
ward lower, acidic values. This was explained by assuming an acti-
vation of the dissociation of the carboxylic acid by means of poly-
mer backbone oxidation. Examination of the polymer in variously 
doped states ex situ with infrared spectroscopy showed a change 
of the absorbance of the carboxyl group with a state of oxidation 
corresponding closely with the pÂ a value derived from the elec-
trochemical and pH measurements. Bartlett and Dawson [1082] 
observed rapid passivation of the polymer film in their investiga-
tion of the same polymer. This was identified as being specific for 
this compound with similar esters, no passivation was found. Most 
likely the activation of the acidic function with the effects observed 
elsewhere was absent with these compounds. 

Latonen et al. [1083] prepared a copolymer of 3-octylthiophene 
and paraphenylene. The recorded in situ infrared spectra showed 
bands previously found with pure polyparaphenylene (PPP) and 
POT. A copolymer of 3,4-Z?:,3̂  4'-^:dithienothiophene and aniline 
was studied by Mirzynska et al. [1084] using the rotating ring-disk 
electrode method. 

In an attempt to modify the electrochromic properties of 
PT, Mudigonda et al. [1085] studied a series of polymerized 
N-substituted 2-(5^-vinyl-2^-thienyl)-5-(2^^-thienyl)pyrroles. After 
chemical oxidation, postprocessing by electrochemically induced 
cross-linking on platinum and ITO substrates was performed. UV-
vis absorption recorded in situ in a two electrode arrangement 
showed a band at A = 330-380 nm attributed to the TT -^ 
77* transition. Upon doping, bands around A = 450-500 and 

850-954 nm were observed. The former band was assigned to 
the radical cation of the three ring moiety, whereas the latter 
band was attributed to the radical cation of the six ring moiety. 
A broad absorption remaining after dedoping-reduction around 
A = 400-500 nm was assigned to the neutral sexiaryl monomer. 
Despite the variation in substituents, the electrochromic prop-
erties did not change significantly. Subsequently, copolymers 
of 5-vinylterthiophene and A -̂phenyl-2-(5 -̂vinyl-2 -̂thienyl)-5-(2^ -̂
thienyl)pyrrole, of A/̂ -vinylcarbazole and 5-vinylterthiophene, and 
A/̂ -vinylcarbazole and A -̂phenyl-2-(5 -̂vinyl-2 -̂thienyl)-5-(2^ -̂thie-
nyl)pyrrole were prepared with different stoichiometrics. These 
polymers showed good cyclability and good color contrast. 

Emge and Bauerle [1086] electropolymerized bithiophenes 
substituted with diaminopyridine or diaminotriazine. The unpro-
tected amino groups did not interfere with the polymerization re-
action. Electrochemically induced doping of the polymer resulted 
in changes of the UV-vis spectra similar to a, a'-linked PT. The 
electrochemical properties as evidenced with cyclic voltammetry 
were considerably changed after the addition of the complemen-
tary base uracil. The hydrogen bonding interaction (i.e., basically 
chemical information) can thus be transformed into an electrical 
signal. 

Poly-benzo(l,2-b;3-4bOdithiophene was electropolymerized by 
Taliani et al. [1087]. Based on in situ recorded UV-vis spectra, the 
low electronic conductivity was explained by the absence of a low-
energy doping-induced electronic absorption indicative of mobile 
charge carriers. This was in agreement with a similar absence in ex 
situ infrared spectra, the low level of doping (one anion per eight 
monomer units), and the relatively large value of the interband 
transition energy. The latter argument seems questionable when 
this value is compared with similar values of other polymers like 
PPP 

Marrec et al. [1088] electropolymerized polyethers that pos-
sess two 3-thienyl units. Results implied that half of the thiophene 
units are involved in the polymer formation process. The in situ 
measured UV-vis absorption spectra showed the TT -> TT* tran-
sition at about 390-430 nm for the investigated polymers [1089]. 
No significant influence of the length of the polyether chain was 
found, contrary to polymers prepared from monomers with a sin-
gle thiophene unit only [1090]. Upon oxidation, the position of 
this band is blue shifted and becomes less intense. A new band 
that corresponds to the formation of bipolarons was observed at 
Amax = 770 nm. At even higher doping levels, this absorption 
shifted to Amax = 620 nm and an additional absorption around 
Amax = 1000 nm, indicating the emergence of metallic behav-
ior. The change of the position of the TT -> TT* transition was 
attributed to a distortion of the conjugated backbone caused by 
further coupling reactions of still available functional groups in the 
polymer. 

The synthesis of p- and n-dopable 3-/>-(trimethylammonium-
phenyl)bithiophene and its electrochromic properties was de-
scribed by Loveday et al. [1091]. These materials have been con-
sidered as constituents of supercapacitors. The UV-vis spectra 
recorded in situ during p doping were reported in passing only. 
They showed a decrease of a short wavelength absorption, an in-
crease of an intermediate absorption around A = 800 nm, and 
an absorption with a maximum at about A = 1525 nm. Although 
no assignment was provided, the behavior is basically similar to 
that reported for most other PTs. For investigations of n doping of 
polyalkylterthiophenes, see [1092]. 
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Because of possible ion-selective effects, pseudo-crown ethers 
were prepared by electropolymerization from suitably substituted 
thiophenes by Roncali et al. [1093]. The polymer formed from 
l,14-(3-thienyl)-3,6,9,12-tetraoxatetradecane showed an absorp-
tion maximum at A = 430 nm in the undoped state. Compared 
to the respective value for poly(3-(3,6,9-trioxadecyl))thiophene, a 
blue shift of about 50 nm, indicating a shorter mean conjugation 
length, was found. In the oxidized form, this band was considerably 
reduced in intensity, and a new band at A = 750 nm, attributed 
to a transition into the upper bipolaron band, was seen. The re-
sults were found to be inferior to those of polymers prepared from 
3-polyether-substituted monomers. A general review of this field 
was provided by Fabre and Simonet [1094]; for further details, see 
also [1095]. 

Results of spectroscopic investigations of transition-metal-
substituted oligothiophenes, considered to be suitable for nonlin-
ear optical applications, were reported by Lancellotti et al. [1096]. 

Electrooptical properties of composites made of Ti02 coated 
with PT based on in situ UV-vis spectroscopy were reported by 
Rammelt et al. [1097]. Optical properties of poly(3,4-ethylene-
dioxythiophene)-sulfated poly(j8-hydroxyether) composite films 
prepared by electrochemical copolymerization were studied with 
in situ UV-vis spectroscopy by Yamato et al. [1098]. In the reduced 
state, a strong absorption around A = 600 nm, assigned to the 
TT ̂  77* transition, indicating a bandgap of AE = 1.6 eV, was 
found. The actual position of the absorption maximum depended 
somewhat on the ratio of the components in the composite. The 
intensity of this band decreased upon oxidation. A fairly broad fea-
ture around A = 900-1000 nm appeared. 

6. MISCELLANEOUS POLYMERS 

Poly(o-aminophenol) was obtained by electropolymerization in an 
acidic aqueous solution [1099]. The relationship between elec-
trode potential appUed to the polymer film, current, conductivity, 
and concentration of free spins is displayed in Figure 77. The con-
ductivity passes through a fairly narrow maximum, whereas the 
concentration of free spins (polarons) stays at high levels. Obvi-
ously the presence of free spins is not a sufficient precondition of 
electric conductivity, perhaps because the polarons are trapped be-
tween insulating sections of the polymer. 
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Fig. 77. CV of a film of poly(o-aminophenol) in an acidic electrolyte solu-
tion with potential-dependent conductivity and concentration of free spins 
(based on data from [1099]). 

Pham et al. [1100] electropolymerized 5-amino-l-naphthol 
from both aqueous and nonaqueous solutions onto glassy carbon 
and platinum electrodes. The electrochemically active and con-
ducting films were found to be formed via the amino group based 
on the infrared spectra recorded in situ during the polymeriza-
tion. With in situ Raman spectroscopy, the structure of the film 
that contained amine and imine links similar to the PANI struc-
ture was identified [1101]. Upon oxidation, some amine units are 
transformed into imine groups. 

Agrawal and Jenekhe [1102] reported the electrochemistry 
and UV-vis spectroscopy of a series of conjugated polyquinolines 
and polyanthrazolines with systematically varied substituents. The 
good agreement between the value of the bandgap energy as de-
rived from UV-vis spectroscopy and as derived from electrochem-
ical data (electrode potential of polymer reduction and oxidation) 
is noteworthy. Despite the fact that such a correlation is logical, 
experimental support is scant. 

Froyer et al. [1103] described a combined chemical-electro-
chemical routine to obtain PPP on ITO electrodes in a non-
aqueous solution. Contrary to all polymerization reactions re-
viewed herein this reaction proceeds via the reduction of a nickel-
dibromophenyl adduct. The film being formed in its neutral, yel-
lowish colored form shows a strong UV-vis absorption around 
A = 390 nm. This is assigned to the interband transition. The po-
sition implies a long conjugated structure; this conclusion is sup-
ported by infrared data. The polymer could be reduced and oxi-
dized electrochemically. The CVs obtained in a single electrolyte 
solution showed large redox peaks with prepeaks in both scan di-
rections just before the anodic-cathodic maximum. A thorough in-
terpretation resulted in the conclusion that these prepeaks corre-
spond to the actual onset of reduction-oxidation. Consequently, 
the potential difference AE = 2.8 V corresponds to the energetic 
difference between the involved molecular orbitals. This value fits 
nicely with the value of the band gap (interband transition) derived 
from the UV-vis absorption at 2.8 eV (A = 390 nm). Upon oxida-
tion, the intensity of the interband transition diminishes, whereas 
two bands around 2.65 and 0.9 eV emerge. They are assigned to 
electronic transitions that involve the presence of bipolarons. No 
evidence of an optical transition indicative of the existence of po-
larons was found. During reduction, a strong absorption at about 
0.6 eV and a weak absorption around 2.1 eV are observed. Again, 
the intensity of the interband transition is decreased upon reduc-
tion up to the vanishing point. The bands were assigned by tak-
ing into account their change as a function of electrode poten-
tial to transitions that involve polaron states at intermediate re-
duction levels and bipolaron states in the fully reduced form of 
the polymer. A purely electrochemical route via electroreduction 
of benzene toward PPP was reported by Chang et al. [1104]. La-
caze et al. [1105] prepared PPP electrochemically from a variety of 
electrolyte solutions under controlled deposition conditions. The 
structural properties of the obtained films were derived from elec-
trochemical data only. Also via an electrochemical route, Selvan 
et al. [1106] and Pisarevskaya et al. [1107] prepared PPP The latter 
group studied the morphology of the PPP as a function of deposi-
tion conditions. 

The influence of deposition conditions on the structure of PPP 
films was studied by Damlin et al. [1108] using in situ FTIR spec-
troscopy. Results indicate that high concentrations of biphenyl 
(the starting monomer) resulted in PPP with long and cross-linked 
chains. 
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Miyashita and Kaneko [1109] studied vapor-deposited films of 
PPP using cyclic voltammetry and in situ UV-vis spectroscopy. In 
nonaqueous solutions, reversible anion as well as cation doping 
and dedoping that involve at least two different doping sites with 
a close correlation between electrochemical and spectroscopical 
data were found. In an aqueous solution, the electrochemical pro-
cesses were considerably slower. As an explanation, hindered dif-
fusion of hydrated counterions into the film was proposed. Scan-
ning electron microscopy pictures were considered to support this 
suggestion. The additional optical absorption bands of the doped 
PPP film were ascribed to transitions from the valence band into 
the bipolaron state. 

A general treatment of the redox processes of ICPs with special 
attention to PPP based on considerations of various conceivable 
processes and species involved therein was provided by Vorotynt-
sev and Heinze [1110]. 

Based on theoretical calculations, Bredas et al. [1111] con-
cluded, that bipolarons are energetically favored on PPP as 
compared to polarons. In a critical review based, in particular, 
on results of ESR, UV-vis, and vibrational spectroscopies, Fu-
rukawa [1112] reconsidered the polaron-bipolaron discussion. For 
poly(/>-phenylene) and poly(j7-phenyelene vinylene), Furukawa 
concluded, that polarons are the dominant species generated by 
doping. The absence of ESR absorption may be caused by quench-
ing interactions with free spins instead of their absence as already 
discussed. 

Damlin et al. [1113] reported infrared data on poly(para-
phenylenevinylene). Various bands associated with atomic move-
ments in the polymer chain were assigned. Upon oxidation, a 
broad absorption starting at 1700 cm~^ and reaching beyond 
5000 cm~^ indicative of mobile charge carriers, was seen. Dur-
ing n doping, additional bands were found in the fingerprint re-
gion. Bilkiewicz et al. [1114] electrooxidized azulene in a nonaque-
ous electrolyte solution. CVs and UV-vis spectra recorded in situ 
showed electroactivity of the polyazulene film. 

APPENDIX 

Acronyms commonly used in surface analysis, surface spectroscopy, 
and spectroelectrochemistry 

AEAPS 
AES 
AFM 
APD 
APS 
ARAES 
ARPEFS 

ARUPS 

ATR 
AXAFS 
CD 
CDAD 

CELS 
CL 

Auger electron appearance potential spectroscopy 
Auger electron spectroscopy 
Atomic force microscopy 
Azimuthal photoelectron diffraction 
Appearance potential spectroscopy 
Angle-resolved Auger electron spectroscopy 
Angle-resolved photoemission extended fine struc-
ture 
Angle-resolved ultraviolet photoelectron spec-
troscopy 
Attenuated total reflection spectroscopy 
Atomic X-ray absorption fine structure spectroscopy 
Circular dichroism 
Circular dichroism photoelectron angular distribu-
tion 
Characteristic energy loss spectroscopy 
Chemiluminescence 

DAPS Disappearance potential spectroscopy 
DEMS Differential electrochemical mass spectroscopy 
DESERS De-enhanced surface-enhanced Raman spec-

troscopy 
DRIFT Diffuse reflection infrared Fourier transform 

spectroscopy 
DS Desorption spectroscopy 
EBMA Electron beam microanalysis; see EMMA 
ECESR Electrochemical electron spin resonance spec-

troscopy 
ECTDMS Electrochemical thermal desorption mass spec-

trometry 
EDX Energy dispersive X-ray (analysis) 
EELS Electron energy loss spectroscopy 
EIS Electron impact spectroscopy 
ELEED Elastic low-energy electron diffraction 
ELL Ellipsometry 
ELS Energy loss spectroscopy 
EMIRS Electrode potential modulated infrared spec-

troscopy 
EM(MA) Electron microprobe (mass analysis) 
EMP Electron microprobe; see EMMA 
EQMB, EQCM Electrochemical quartz microbalance 
ERS Electroreflectance spectroscopy 
ESCA Electron spectroscopy for chemical analysis 
ESD Electron-stimulated desorption 
ESDIAD Electron-stimulated desorption ion angular dis-

tribution 
ESR Electron spin resonance (spectroscopy) 
EXAFS Extended X-ray absorption fine structure (anal-

ysis); see also NEXAFS, SEXAFS 
EXELFS Extended electron loss fine structure spec-

troscopy 
FAB Fast atom bombardment 
FD(S) Flash desorption (spectroscopy) 
FES Field emission spectroscopy 
FIM Field ion microscopy 
FIS Field ion spectroscopy 
FMIR Frustrated multiple internal reflectance (spec-

troscopy) 
FTIR Fourier transform infrared spectroscopy; see 

also FTIRRAS, MIRFTIRS, PMFTIRRAS, 
SNIFTIRS, SPAIRS 

FTIRRAS Fourier transform infrared reflection-
absorption spectroscopy 

HEED High-energy electron diffraction 
HIID Heavy-ion-induced desorption 
HIXE Proton-induced X-ray emission spectroscopy 
HREELS High resolution electron energy loss spec-

troscopy 
lES, lETS Inelastic electron tunneling spectroscopy 
ILEED Inelastic low-energy electron diffraction 
IMXA Ion microprobe X-ray analysis 
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INS Ion neutralization spectroscopy 
INSEX In situ X-ray reflection-transmission diffraction 
IR Infrared spectroscopy; see also EMIRS, IR-

RAS, LPSIRS 
IRE Infrared emission spectroscopy 
IRRAS Infrared reflection-absorption spectroscopy; 

see also PMFTIRRAS 
IRS Internal reflectance spectroscopy 
IS Ionization spectroscopy 
ISS Ion surface scattering (spectroscopy) 
lES Inelastic tunneling spectroscopy 
ITO Indium-tin oxide 
LD Laser desorption 
LEED Low-energy electron diffraction 
LEEM Low-energy electron microscopy 
LEIS Low-energy ion scattering 
LID Laser-induced fluorescence 
LIMS Laser ionization mass spectroscopy 
LIPS Laser-induced plasma spectroscopy 
LPSIRS Linear potential scan infrared spectroscopy 
MBRS Molecular beam relaxation spectroscopy 
MBS Mossbauer spectroscopy 
MESS Molecular beam surface scattering 
MEIS Medium-energy ion scattering 
MER(S) Multiple external reflectance (spectroscopy) 
MIR(S) Multiple internal reflectance (spectroscopy) 
MIRFTIRS Multiple internal reflection Fourier transform 

infrared spectroscopy 
MSS Molecule-surface scattering 
NEXAFS Near edge X-ray absorption fine structure spec-

troscopy 
NR(S) Normal Raman (spectroscopy) 
OSEE Optically stimulated exoelectron spectroscopy 
OTE Optically transparent electrode 
PAM Photoacoustic method 
PAS Photoacoustic spectroscopy 
PASCA Positron annihilation spectroscopy for chemical 

analysis 
PAX Photoelectron spectroscopy with adsorbed 

xenon 
PBD Probe beam deflection 
PCS Photocurrent spectroscopy 
PD Photodesorption 
PDIRS Potential-difference infrared spectroscopy 
PEEM Photoelectron emission microscopy 
PES Photoelectron spectroscopy; see also ESCA, 

UPS, XPS 
PhD Photoelectron diffraction 
PI Penning ionization 
PIXE Particle-induced X-ray emission spectroscopy 
PMFTIRRAS Polarization-modulated Fourier transform in-

frared reflection absorption spectroscopy 
PMRS Potential modulated reflectance spectroscopy 

PSD Photon-stimulated desorption 
PTS Photothermal spectroscopy 
PVS Photovoltage spectroscopy 
RAIRS Reflection-absorption infrared spectroscopy 
RAS Raman spectroscopy [also NR(S)]; see also DE-

SERS, SERRS, SERS, SRS, SRRS, SUERS 
RAS Reflection anisotropy spectroscopy 
RBS Rutherford backscattering 
REMPI Resonance-enhanced multiphoton ionization 
RHEED Reflected high-energy electron diffraction 
RRS Resonance Raman spectroscopy 
SAES Scanning Auger electron spectroscopy 
SANS Small-angle neutron scattering 
SC Surface conductivity (measurement) 
SHEED Surface high-energy electron diffraction 
SEM Scanning electron microscope 
SERS Surface-enhanced Raman spectroscopy 
SERRS Surface-enhanced resonance Raman spec-

troscopy 
SEXAFS Surface-extended X-ray absorption fine struc-

ture (analysis) spectroscopy 
SFG Sum frequency generation 
SHG Second harmonic generation 
SI Surface ionization 
SIMS Secondary ion mass spectroscopy 
SNIFTIRS Subtractively normalized interfacial Fourier 

transform infrared spectroscopy 
SPAIR(S) Single potential alteration infrared (spec-

troscopy) 
SPM Scanning probe microscopy; see STM, SEM, 

AFM 
SRRS Surface resonance Raman spectroscopy 
SRS Surface Raman spectroscopy; specular re-

flectance spectroscopy 
STM Scanning tunneling microscope 
SUERS Surface-unenhanced Raman spectroscopy 
SXAPS Soft X-ray appearance potential spectroscopy 
SXES Soft X-ray emission spectroscopy 
TDMS, TDS Thermodesorption mass spectroscopy 
TEAS Thermal energy atom scattering 
THG Third harmonic generation 
TLC Thin layer cell 
TPD Temperature-programmed desorption 
TPRS Temperature-programmed reaction spec-

troscopy 
UPS Ultraviolet photoelectron spectroscopy 
UV-vis Spectroscopy with ultraviolet and visible light 
XANES X-ray absorption near edge structure 
XES X-ray emission spectroscopy 
XPD X-ray photoelectron diffraction 
XPS X-ray photoelectron spectroscopy 
XSW X-ray standing wave 
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1. INTRODUCTION 

The science and technology of conjugated conducting polymers 
have advanced very rapidly since the first report of metallic con-
ductivities in doped polyacetylene in 1977 [1]. Following the case 
of polyacetylene, other conducting polymers, such as polypyrrole, 
polythiophene, poly(/7-phenylene), polyaniline, poly(/>-phenyle-
nevinylene), and poly(2,5-thienylenevinylene), have been reported. 
The chemical structures of conjugated polymers are shown in Fig-
ure 1. They have a variety of chemical moieties such as the viny-
lene group, benzene rings, and heterocycles. A large number of 
studies published during the past 23 years have opened a new 
field in materials science that encompasses soHd-state and theo-
retical physics, synthetic chemistry, and device engineering [2, 3]. 
Although conjugated polymers have been developed as organic 
conductors, they can be used for semiconductor devices instead of 
inorganic materials. Semiconductor devices fabricated with con-
jugated polymers, such as transistors [4, 5], photodiodes [6], and 
light-emitting diodes [7], have been proposed. Conjugated poly-
mers with various substituents such as long alkyl chains are soluble 
in organic solvents. Since soluble and high-purity polymers became 
available, polymer semiconductor devices have been developed ex-
tensively [8-10]. Conjugated oligomers have been investigated as 
models of conjugated polymers, whereas they themselves have po-
tential applications in electronic devices. Novel properties of con-
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(a) (b) (0) 
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w // 
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W // 
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Fig. 1. Chemical structures of conjugated polymers: (a) trans-
polyacetylene; (b) cw-polyacetylene; (c) polythiophene; (d) polypyrrole; 
(e) poly(/7-phenylene); (f) poly(p-phenylenevinylene); (g) poly(2,5-
thienylenevinylene); (h) substituted polythiophenes (R: H, C6H13, 
CgHiy, C10H21, C12H25, etc.); (i) substituted poly(/?-phenylenevinylene)s 
(R, R': H, OCH3, OC6H13, OCgHn, etc.); (j) substituted poly(2,5-
thienylenevinylene)s (R: H, C4H9, etc.). 
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Conjugated Polymer 
Indium/Tin Oxide 

]^— Glass 

^ ^ ^ 
Light 

Fig. 2. Schematic structure of a light-emitting diode fabricated with a 
conjugated polymer. 

Actual samples of conjugated polymers have more or less dis-
ordered structures and a distribution of conjugation lengths. Thus, 
spectroscopic studies of well-defined model compounds including 
radical ions, divalent ions, and electronically excited states, are 
useful for a better understanding of the optical properties of con-
ducting polymers. An introduction to the carriers in conjugated 
polymers is given in Section 2. In Section 3, we describe the elec-
tronic absorption spectra of neutral and doped polymers. 

jugated systems originate from 7r-electrons that respond easily to 
external electric and magnetic fields. 

Most of the undoped conjugated polymers are organic semi-
conductors. Optical bandgaps of conjugated polymers are in the 
range from 1 to 3 eV [11]. When a conjugated polymer is irra-
diated by light across its bandgap, charge separation occurs. The 
charge separation can result in the formation of charge carriers 
and the polymer shows photoconductivity. Upon the addition of 
an electron acceptor such as Qo, photoconductivity is enhanced 
dramatically [12]. Thus, conjugated polymer-C6o composites are 
good active layers for photovoltaic devices such as photodetec-
tors or solar cells. Electroluminescence, the generation of light 
by electrical excitation, is observed for organic materials. Conju-
gated polymers can be used for active layers in electrolumines-
cent devices (light-emitting diodes). The schematic structure of a 
one-layer light-emitting diode fabricated with a conjugated poly-
mer is shown in Figure 2. Spreitzer et al. [13] recently reported 
that light-emitting diodes fabricated with a copolymer of poly(;7-
phenylenevinylene) derivatives show very high power efficiency 
(16 InVW); this value is comparable to that of light-emitting diodes 
fabricated with inorganic semiconductors or organic molecules. 
The process response for electroluminescence requires injection 
of electrons from one electrode and holes from the other, the 
capture of oppositely charged carriers (so-called recombination), 
and the radiative decay of the excited electron-hole state (exciton) 
produced by this recombination process. 

Chemical doping is performed by exposing a polymer film in 
various ways to an electron acceptor (iodine, ASF5, H2SO4, etc.) 
or an electron donor (alkali metals, etc.). The main process of dop-
ing is a redox reaction between polymer chains and acceptors or 
donors. Upon acceptor doping (p-type doping), an ionic complex 
that consists of positively charged polymer chains and counteran-
ions (17, AsF^, etc.) is formed. Counteranions are generated by 
reduction of acceptors. In the case of donor doping (n-type dop-
ing), an ionic complex that consists of negatively charged polymer 
chains and countercations (Na~ ,̂ K"̂ , etc.) is formed. Counterca-
tions are generated by oxidation of donors. Electrical conductiv-
ity can be controlled by the dopant content. Charge carriers are 
formed by chemical doping. 

A deep understanding of creation, transport, and decay pro-
cesses of charge carriers is important for understanding the elec-
tronic properties of conjugated polymers at both intact and doped 
states. The carrier in a conjugated polymer is not an electron or 
a hole, but a quasiparticle with structural changes of the polymer 
backbone, because of the strong electron-lattice interaction of the 
polymer. Solitons [14], polarons [15-17], and bipolarons [16-18] 
have been proposed as charge carriers. They are collectively called 
elementary excitations or self-localized excitations. They can, in 
principle, move along a polymer chain with geometrical changes 
and hop a polymer chain to a neighboring chain. 

2. CHARGE CARMERS IN CONJUGATED POLYMERS 

2.1. Ground-State Structures 

The question of whether the C—C bonds in an infinite polyene 
chain are equal or alternate in length has been discussed by quan-
tum chemists since the 1950s [19, 20]. Bond alternation is closely 
related to the electronic properties of the polymer. A structure 
that has bond alternation is expected to be a semiconductor, be-
cause of the existence of bandgap. On the other hand, a structure 
that has no bond alternation is expected to be a metal, because 
of the nonexistence of bandgap. Various experimental results on 
oligoenes have shown the existence of alternating single and dou-
ble bonds. The bond alternation in /ra«5-polyacetylene has been 
confirmed by X-ray [21] and nutation nuclear magnetic resonance 
(NMR) [22] studies. According to the nutation NMR study [22], 
the lengths of the C—C and C=C bonds in ^ran^-polyacetylene 
are 1.44 and 1.36 A, respectively. However, it is difficult to de-
termine exact structure parameters for conducting polymers from 
X-ray diffraction studies, because single crystals of the polymers 
are unavailable. It is then useful to examine the structures of the 
polymers and model oligomers by molecular orbital (MO) meth-
ods, especially at ab initio Hartree-Fock levels or in higher approx-
imations, and density functional methods. 

The ground states of conjugated polymers can be divided into 
two types: degenerate and nondegenerate. The total energy curve 
of a degenerate system in the ground state is schematically shown 
as a function of a structural deformation coordinate, R, in Fig-
ure 3; that for a nondegenerate system is shown in Figure 4. The 
prototype of degenerate polymers is rran^-polyacetylene, which 
has alternating C—C and C=C bonds. There are two stable struc-
tures (A and B in Fig. 3) with alternating C—C and C=C bonds, 
whereas the structure with equal C—C bond lengths (C in Fig. 3) 
is unstable. The two stable structures are identical with each other 
and have the same total energy; in other word, they are degener-
ate. The C—C and C=C bond lengths are calculated to be 1.373 
and 1.423, respectively, by extrapolation from bond lengths of 
rmn^-oligoenes calculated at the MP2/6-31G* level [23]. On the 
other hand, a nondegenerate polymer has no two identical struc-
tures in the ground state, namely, the benzenoid and quinoid struc-
tures as shown in Figure 4. Most conjugated polymers belong to 
this class. Let us consider polythiophene as an example of nonde-
generate polymers. An ab initio MO calculation at the Hartree-
Fock level with the 6-31G* basis set for a-terthiophene has shown 
that the C—C, C=C, and C—S bond lengths of the central ring 
are 1.430,1.351, and 1.739 A, respectively, and the interring C-C 
bond length is 1.464 A [24]. Thus, polythiophene has a benzenoid 
structure and has bond alternation. Suppose a structural change 
from a benzenoid to quinoid structures. The energy of the quinoid 
structure is higher than that of the benzenoid. Degeneracy is lifted 
in this geometry. 
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Fig. 5. Schematic structures of self-localized excitations in polythio-
Fig. 3. Total energy as a function of a structural deformation coordinate p^ene: (a) a positive polaron, (b) a positive bipolaron, and (c) two positive 
R for ^raAi5-polyacetylene. polarons 

Table I. Self-localized Excitations and Chemical Terminologies 

0) 
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RQ R 

Fig. 4. Total energy as a function of a structural deformation coordinate 
R for a nondegenerate polymer. 

2.2. Self-Localized Excitations 

Types of self-localized excitations depend on the degeneracy of 
ground states. Consider polythiophene (Fig. Ic) as a typical nonde-
generate polymer. The main process of chemical doping is the mul-
tistage oxidation (or reduction) reaction of conjugated polymer 
chains. In the case of acceptor doping, many electrons are removed 
from a polymer chain. The maximum charge transfer is typically 
about 7 mol% per carbon atom. When an electron is removed 
from an infinite polymer chain, charge H-e and spin 1/2 are local-
ized over several repeating units with structural changes (Fig. 5a). 
This is a self-localized excitation called a positive polaron. These 
structural changes associated with charge transfer are due to an 
electron-lattice (electron-phonon) interaction. For an oligomer, 
it is well known that the equilibrium geometry of a charged state 
is different from that of the neutral state. When another electron 
is removed from the positive polaron, charge +2e is localized over 
several rings (Fig. 5b). This species is called a positive bipolaron. 
A positive bipolaron has charge +2e and no spin. If a bipolaron is 
unstable, two polarons are formed as schematically shown in Fig-
ure 5c. Although the charge and spin are depicted as being local-
ized on one carbon atom in Figure 5a-c, it has to be borne in mind 
that they extend over several rings with geometrical changes in real 
polymers. In the case of donor doping, a negative polaron and a 
negative bipolaron can be formed. Solitons are expected only for 
degenerate polymers such as rra/i5-polyacetylene. Solitons can be 
formed between the A and B phases (Fig. 3). Solitons are clas-
sified into neutral, positive, and negative types according to their 
charges. A neutral soliton has no charge and spin 1/2. A positive 
(or negative) soliton has charge +e (or - e ) and no spin. Solitons 
are nothing but bond-alternation defects or misfits in polyenes that 
were studied by the Hiickel method in the early 1960s [19]. Self-
localized excitations expected for conjugated polymers are listed in 
Table I. The self-localized excitations of conjugated polymers can 
be separately detected by electronic absorption, vibrational spec-
troscopy and electron-spin-resonance spectroscopy. In particular. 

Self-localized excitation 

Positive polaron 
Negative polaron 
Positive bipolaron 
Negative bipolaron 
Neutral soliton 
Positive soliton 
Negative soliton 
Singlet exciton 
Triplet exciton 

Chemical term 

Radical cation 
Radical anion 
Closed-shell dication 
Closed-shell dianion 
Neutral radical 
Cation 
Anion 

Si 

Ti 

Charge 

+e 
- e 
+2e 
-2e 
0 

+e 
- e 
0 
0 

Spin 

1/2 
1/2 
0 
0 

1/2 
0 
0 
0 
1 

electronic absorption spectroscopy gives us useful information on 
the electronic excitations in conjugated polymers. 

3. ELECTRONIC SPECTRA 

3.1. Neutral and Charged Oligomers 

3.1.1, Oligothiophenes 

The electronic absorption spectra of unsubstituted and substituted 
a-oligothiophenes have been reported [25-37]. Whereas the sol-
ubilities of unsubstituted oligothiophenes are low, various types 
of substituted oligothiophenes (Fig. 6) have been synthesized. As 
far as I know, the longest oligothiophene synthesized is a hepta-
cosamer, which has 27 thiophene rings and shows absorption at 
461 nm (2.69 eV) [34]. Neutral oligomers show an intense broad 
absorption band in the visible region. In most cases, vibrational 
progressions are not observed. The absorption band is assigned to 
the 77-77* transition. The absorption maxima and molar absorption 
coefficients are listed in Table II. The absorption maxima are plot-
ted as closed triangles against the number of thiophene rings in 
Figure 7. 

The radical cation and the divalent cation of each oligothio-
phene are model compounds of charge carriers in polythiophene. 
Thus, electronic absorption spectra of the radical cations and dica-
tions of oligothiophenes have been studied [26, 28-31, 33, 35, 38-
46]. Oligothiophenes can be oxidized chemically by using oxidants 
such as FeCl3 [38] and THr+(C104 ) [35] (THI, thianthrene). For 
short-chain oligomers, a neutral oligomer is stepwise oxidized to 
its radical cation and dication. In the FeCl3 oxidation processes, 
the reactions 

T + 2FeCl3 ^ T + -\- F e C r + FeCl2 
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Table II. Absorption Maximum (Amax) and Molar Absorption Coefficient (s) for Oligothiophenes 

Oligomer^ 

2T 
3T 
4T 
5T 
6T 

2Dod-6T 
2BU-7T 
6Hex-9T 
3Dod-9T 
4Dec-12T 
80ct-13T 

10Hex-15T 
12Oct-20T 
160ct-27T 

Amax(nm)(eV ^) 

302 (4.11) 
355 (3.49) 
390 (3.18) 
416 (2.98) 
432 (2.87) 
425(2.92) 
441 (2.81) 
440 (2.82) 
451 (2.75) 
465 (2.67) 
453 (2.74) 
456 (2.72) 
461 (2.69) 
461 (2.69) 

e(mol ^dm^cm )̂ 

12,500 
25,000 
45,500 
55,200 
60,000 
— 

50,500 
— 
— 

110,000 
93,700 
— 

151,700 
211,400 

Solvent 

Chloroform 
Chloroform 
Chloroform 
Chloroform 
Chloroform 
Dichloromethane 
Dioxane 
Chloroform 
Dichloromethane 
Chloroform 
Tetrahydrofuran 
Chloroform 
Tetrahydrofuran 
Tetrahydrofuran 

Ref. 

[25] 
[25] 
[25] 
[25] 
[25] 
[35] 
[37] 
[32] 
[35] 
[29] 
[34] 
[32] 
[34] 
[34] 

^mRnT, a-oligothiophenes with n thiophene rings; m, the number of substituents; R, substituent; Dod, do-
decyl; Bu, butyl; Hex, hexyl; Dec, decyl; Oct, octyl. 

<. .<X<!^ *'".^?{i!>i^". 

.R R, 

R R 

.R R. 

R R R R 

(f) SiMGa 
SiMes 

Fig. 6. Chemical structures of a-oligothiophenes: (a) unsubstituted olig-
othiophenes; (b) dimethyloligothiophenes (Me: CH3); (c) and (d) partly p-
substituted sexithiophenes (R: C10H21, C12H25); (e) partly /3-substituted 
dodecamer (R: C10H21, C12H25); (f) partly j3-substituted disilylsexithio-
phene (R: n-C^Rg); (g) end-capped oligothiophenes. 

T-+ + 2FeCl3 -> T 2 + -f FeCl" + FeCl2 

occur, where T is an oligothiophene. In the oxidation with 
THr+(C10~), the reactions 

T + THr+ -> T + + THI 

T + + THr+ -> T 2 + + THI 

occur. In this case, the extent of oxidation can be measured by 
absorbance of the band due to the reduced THI. The radical cation 
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Fig. 7. Observed electronic transition energies of a-oligothiophenes in 
various states: A, neutral species; •, radical cation; o, dication. 

gives rise to an electron-spin-resonance (ESR) signal, whereas the 
dication gives rise to no ESR signal. 

The changes of the electronic absorption spectrum of a substi-
tuted sexithiophene (Fig. 6d; R = C6H13) upon the THT+CCIO^ ) 
oxidation in a dichloromethane (CH2CI2) solution are shown in 
Figure 8a [47]. The neutral oligomer gives rise to an absorption 
band at 3.00 eV. Two strong bands observed at 0.83 and 1.60 eV 
are attributed to the radical cation of the hexamer, whereas the in-
tense band observed at 1.19 eV is attributed to the dication of the 
hexamer. Two peaks at 1.40 and 1.56 eV are attributable to vibra-
tional transitions. The radical cation of each oligomer shows two 
intense bands. 

A substituted dodecamer with 12 thiophene rings (Fig. 6e; R 
= C6H13) shows quite different spectral changes upon oxidation. 
The spectral changes of the dodecamer upon the THr+(C10^) 
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1 2 3 
Energy / eV 

Fig. 8. Spectral changes of (a) /3-substituted hexamer and (b) /3-
substituted dodecamer upon the THr"^(C10^) oxidation in CH2CI2 so-
lution. The inset keys show the number of equivalents of THr+(C107) 
added. 

Table III. Optical Transition Energies (in eV) of Radical Cation 
Monomers and Dimers of Oligothiophenes 

Oligomer^ 

2Me-3T 

EC-3T 

EC-4T 

EC-5T 

EC-6T 

2Dod-6T 

3Dod-9T 

Monomer 

T ] E HE" 

1.41 

1.32 

1.05 

0.99 

0.84 

0.87 

0.67 

2.17 

2.00 

1.79 

1.71 

1.59 

1.60 

1.46 

Di 

1.75 

1.63 

1.37 

1.19 

0.98 

1.12 

0.95 

D2 

2.66 

2.57 

2.25 

2.10 

1.81 

1.81 

1.94 

Dimer 

Do 

1.43 

1.25 

1.09 

0.93 

— 
— 

— 

^H (kJmol- i ) 

- 4 2 

— 
-58 

-65 

— 
-88 

- 6 1 

Ref. 

[41] 

[31] 

[31] 

[31] 

[30] 

[30] 

[35] 

^2Me-3T, dimethylterthiophene (see Fig. 6b); EC-nT, end-capped oligoth-
iophenes (see Fig. 6g); other abbreviations, see the footnote to Table II. 

HE 

(a) 

LE 
Pr 
>H^ 4ir4 

(b) (c) 

Fig. 9. Molecular orbital energy-level diagrams of (a) the neutral species, 
(b) the radical cation, and (c) the dication of an oligomer. 

oxidation in dichloromethane are shown in Figure 8b. In these 
spectra, the stepwise oxidation reactions from neutral species to 
the radical cation and the dication are not observed, in contrast to 
the case of the hexamer. At low oxidation levels, two bands appear 
at 0.60 and 1.46 eV. Upon further oxidation, two bands at 0.76 and 
1.59 eV become strong, whereas the 2.77-eV band attributed to 
neutral species is still observed. These spectral changes originate 
from the disproportionation reaction of the radical cation of the 
dodecamer [35]: 

2 ( 1 2 T - + ) ^ 1 2 T + 1 2 T 2 + . 

The 0.60- and 1.46-eV bands are attributed to the radical cation of 
the dodecamer, whereas 0.76- and 1.59-eV bands are ascribed to 
the dication of the dodecamer. Similar spectral changes were re-
ported by van Haare et al. [35] for a dodecamer with different alkyl 
substituents. They also clarified that the divalent cation is singlet 
by using ESR spectroscopy. 

The observed transition energies of radical cations versus the 
number of thiophene rings are plotted in Figure 7 as solid circles. 
Each radical cation gives rise to two bands in the near-infrared re-
gion [low energy (LE) band] and in the visible region [high energy 
(HE) band]. As the number of thiophene rings increases, the tran-
sition energy associated with the LE or HE band converges to a 
finite value. The molecular orbital diagram of the radical cation 
of an oligothiophene is shown in Figure 9b; the neutral state and 
the dication of the oligomer are shown in Figure 9a and c, respec-
tively. The LE and HE bands of the radical cation of each olig-
othiophene are indicated by arrows in Figure 8b [31, 44, 48-50]. 
These transitions are dipole allowed and polarized along the chain 

axis [44, 48]. For the charged oligomers with Cih symmetry, the 
transition shown as a dotted arrow is dipole forbidden [44, 49,50]. 
For the charged oligomers with €2^ symmetry, this transition is ex-
tremely weak, because the transition is polarized in the direction 
perpendicular to the chain axis [44, 48]. 

There are three possible states for the dication of an oligothio-
phene: closed-shell (bipolaronic structure), singlet biradical (two-
polaron structure), and triplet biradical (two-polaron structure) 
[35, 51, 52]. The observed transition energies of dications versus 
the number of thiophene rings are plotted in Figure 7 as open cir-
cles. The dications of oligothiophenes up to nonamer give rise to 
one strong band (D band) and have closed-shell structures. The 
molecular orbital diagram of the closed-shell dication is shown in 
Figure 9c. The D band of the dication of each oligothiophene is in-
dicated by an arrow in Figure 9c [46, 49]. This transition is dipole 
allowed and polarized along the molecular chain axis [31, 44, 48-
50]. For the charged oligomers with C2h symmetry, the transitions 
indicated by dotted arrows are dipole forbidden [44, 49, 50]. For 
the charged oligomers with Civ symmetry, this transition is ex-
tremely weak, because the transition is polarized in the direction 
perpendicular to the molecular chain axis [44, 48]. The transition 
energy associated with the D band due to the dications decreases 
more rapidly than the energy associated with the LE and HE bands 
(see Fig. 7). It is surprising that the dication of dodecamer gives 
rise to two band, whereas the dications of oligothiophenes up to 
nonamer give rise to one intense band. This result probably indi-
cates that the bipolaronic charged domain on a dication contin-
ues to expand with increasing number of rings. Then, the dication 
of duodecithiophene takes the singlet biradical state (two-polaron 
structure). 

Hill et al. [40, 41] and Bauerle et al. [30, 31] reported the sin-
glet 77-dimer formation of the radical cations of oligothiophenes. 
Upon lowering the temperature of a solution of a radical cation, 
the LE and HE bands of the radical cation show blue shifts, and 
an ESR signal that originates from the radical cation disappears. 
Consequently, the new absorption bands have been ascribed to the 
singlet TT-dimer of the radical cations. These absorption bands due 
to the dimer are called D^ and D2 herein. A band that appears in 
the near-infrared range upon dimer formation is called DQ. The 
observed positions of the DQ, D I , and D2 bands are listed in Ta-
ble III. There exists a monomer-dimer equilibrium, 

2T-+ ^ (T2)2+ 
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Table IV Maximum Wavelength (A^) and Quantum Efficiency ((/)^) 
of Fluorescence at Room Temperature for Oligothiophenes 

H - ^ . : 

Sr 

- . ^ 

HE 

LE 

r+ (T2)2+ 

• ^ 

T-+ 

Fig. 10. Molecular orbital energy-level diagram for a singlet dimer of the 
radical cation of an oligothiophene. 

where T is an oligothiophene. The enthalpies of dimer forma-
tion were obtained by van't Hoff plots for electronic absorption 
or ESR measurements, and they are listed in Table III. Bauerle et 
al. [31] proposed the tentative assignments of the DQ, D J , and D2 
bands within the framework of the Hiickel theory. They also pro-
posed the energy-level diagram of a radical-cation dimer (Fig. 10). 
A molecular orbital of the dimer is constructed by the linear com-
bination of the orbitals of the monomers; each monomer level 
(such as L, S, and H in Fig. 10) is thus split into energetically lower 
(such as L+, S+, and H+) and higher levels (such as L~, S~, and 
H~). As a result, the levels of the dimer are fully occupied or unoc-
cupied. This is in agreement with the experimental result that the 
ESR signal of the radical-cation monomer disappears upon dimer 
formation. Let us assume that the dimer has inversion symmetry. 
The Di band has been attributed to the transition between the H"^ 
and S~ levels, and the D2 band is attributed to the transition be-
tween the S"̂  and L~ levels [31]. In the case of unsubstituted and 
partly j8-substituted hexamers, radical-cation dimers are present 
at room temperature [30]. On the other hand, no bands due to 
radical-cation dimers have been observed at room temperature 
for partly j8-substituted disilyloligothiophenes [28]. 

The photoexcitations of oligothiophenes were reviewed by 
Janssen [53]. Fluorescence is observed for oligothiophenes. The 
observed fluorescence band has been assigned to the dipole-
allowed transition from the Si state that is derived from the 
ground state by the promotion of one electron from the highest oc-
cupied molecular level (HOMO) to the lowest unoccupied molec-
ular level (LUMO) [54-57]. The maximum wavelengths and quan-
tum efficiencies of oligothiophenes [37] are listed in Table IV. The 
electronic absorption spectra of the Si states were measured in the 
range from 1.3 to 2.9 eV by the Kerr ellipsometry method [58] and 
pump-probe time-resolved spectroscopy [59, 60]. One strong pho-
toinduced band was obtained for each oligothiophene; this band 
was attributed to the S« ^ Si transition. Electronic absorption 
spectra attributed to the T« <- Ti transition of oligothiophenes 
have been reported [60-62]. The transition energy of each olig-
othiophene shows a downshift in going from a solution to a solid 
film; for example, the Ti state of an undecamer gives rise to the 
band at 1.54 eV in a CH2CI2 solution and at 1.26 eV in a solid 
film [62]. With increasing number of thiophene rings, the Tn ^ 
Ti and S^ ^ Si transition energies decrease. The position of the 
Tn ^ Ti transition is higher than that of the S^ ^ Si transition 
for each oligothiophene. The molecular and electronic structures 
of oligothiophenes have been calculated by using semiempirical 
molecular orbital methods [63-65]. 

Oligomer^ 

2T 
3T 
4T 
5T 
6T 

2BU-7T 
80ct-13T 
12Oct-20T 
160ct-27T 

Xf (nm) (eV-1) 

362 (3.42) 
407 (3.05) 
437 (2.84) 
482 (2.57) 
502 (2.47) 
522 (2.38) 
554 (2.24) 
559 (2.22) 
560 (2.21) 

4>F 

0.017 
0.066 
0.18 
0.36 
0.41 
0.34 

— 
— 
— 

Solvent/matrix 

Dioxane 
Dioxane 
Dioxane 
Dioxane 
Dioxane 
Dioxane 
Tetrahydrofuran 
Tetrahydrofuran 
Tetrahydrofuran 

Ref. 

[37] 

[37] 
[37] 
[37] 
[37] 
[37] 
[34] 
[34] 

[34] 

^Abbreviations as cited in the footnote to Table II. 

Table V. Absorption Maximum (Amax) and Molar Absorption 
Coefficient {s) for /7-Oligophenyls in Chloroform^ 

Number of rings Amax (nm) (eV ^) s (mol ^ dm^ cm ^) 

251.5 (4.93) 
280 (4.43) 
300 (4.13) 
310 (4.00) 
317.5 (3.90) 

18,300 
25,000 
39,000 
62,500 

>56,000 

^Datafrom[66]. 

3.1.2. Oligophenyls 

The electronic absorption spectra of unsubstituted and substituted 
;?-oligophenyls have been reported [66-68]. Each oligomer shows 
an intense absorption in the ultraviolet region. The band is as-
signed to the TT-TT* transition. The absorption maxima of biphenyl, 
/7-terphenyl, /?-quaterphenyl, /7-quinquephenyl, and /7-sexiphenyl 
are listed in Table V. The electronic absorption spectra of p-
oligophenyls in the radical-anion and dianion states have been 
studied [68-75]. Furukawa et al. [73] showed that neutral terphenyl 
is stepwise reduced to its radical anion and dianion in tetahydro-
furan by using sodium (Na). In these reduction processes, the re-
actions 

P + Na ^ P*~ + Na+ 

P - + Na ^ P^- + Na+ 

occur, where P is an oligophenyl. The reported transition ener-
gies [72-74] of the radical anions and the dianions in solutions are 
listed in Table VI. Each radical anion gives rise to two strong ab-
sorption bands: the LE and HE. On the other hand, each dianion 
gives rise to one strong band; this band is called D. The transi-
tion energies associated with the LE, HE, and D bands decrease 
with increasing number of rings. The transition energies due to 
the dianions (D band) decrease more rapidly than those due to 
the radical anions (LE and HE bands). This is also observed for 
the dications of oligothiophenes described previously. Buschow et 
al. [69] reported that the positions of the absorption bands due to 
the radical anions depend on the nature of solvents and counted-



SPECTRA OF POLYMERS AND OLIGOMERS 309 

Table VI. Absorption Maxima of the Radical Anions and the Dianions 
of p-Oligophenyls in Solutions 

Radical anion 
Number of rings 

2 
3 
4 
5 
6 

LE(nm)(eV-l) 

637 (1.95) 
916 (1.35) 

1205 (1.03) 
1390 (0.89) 
1560 (0.79) 

HE (nm) (eV" 

405 (3.06) 
481 (2.58) 
518 (2.39) 
544 (2.28) 
558 (2.22) 

^Ref. 

[69] 
[73] 
[73] 
[73] 
[73] 

Dianion Ref. 

— — 
650 (1.91) [73] 
775 (1.60) [73] 
997 (1.24) [73] 

1170 (1.06) [73] 

^10 
LE 

HE 
t-

^10-

08 09 = 
07-

06 J ^ 

(a) (b) 

Fig. 11. Molecular orbital energy-level diagrams of (a) the radical anion 
and (b) the dianion of biphenyl. 

ons; they discussed these observations in light of free ions and ion 
pairs. 

Zahradnik and Carsky [75] studied the electronic absorption 
spectrum of the radical anion of biphenyl using the Pariser-Parr-
Pople method combined with a limited configuration interaction 
(CI). The molecular orbital energy-level diagram of the radical an-
ion is similar to that shown in Figure 11. The ^g and </)9 orbitals 
are associated with the transitions that have dipole moments per-
pendicular to the molecular long axis and very weak intensity. The 
LE and HE bands primarily originate from the transitions shown 
in Figure 11. Rubio et al. [76] calculated the electronic transition 
energies associated with the radical anion and radical cation of 
biphenyl using an ab initio multiconfigurational second-order per-
turbation theory (CASPT2). They interpreted the transition ener-
gies quantitatively and demonstrated the configurational nature of 
the transitions. It is reasonable to consider that the LE and HE 
bands of the radical anions of oligophenyls have natures similar to 
those of the LE and HE bands of the radical anion of biphenyl, re-
spectively [73]. Note that the transitions indicated by dotted arrows 
are dipole forbidden under the planar structure with D2h symme-
try [73]. 

3.1.3. Oligophenylenevinylenes 

Electronic absorption spectra of unsubstituted and substituted 
oligo-/>-phenylenevinylenes (Fig. 12) in the neutral, radical-anion, 
dianion, and radical-cation states have been reported [77-87]. 
Neutral oligomers show an intense visible absorption band at-
tributed to the TT-TT* transition. The absorption wavelengths and 
molar absorption coefficients are tabulated in Table VII. Because 
the charged species are easily decomposed in the presence of a 
small amount of oxygen or water, contradictory experimental re-
sults were reported for the charged species of these oligomers. 
The data that seem to be most rehable have been selected from 
the reported articles. The transition energies of the radical an-
ions and dianions are Hsted in Table VIII [88]; those of the radical 

(a) 

n-^ 

n-^ 

t-Bu, 

(c) 

t-Bu 

t-Bu 

n - l t-Bu 

Fig. 12. Chemical structures of oligo-p-phenylenevinylenes. Me, CH3; 
t-Bu,C(CH3)3. 

cations are listed in Table IX. Each radical anion gives rise to two 
strong absorption bands (called LE and HE), and so does each 
radical cation. Each dianion gives rise to one strong absorption 
band (called D). The transition energy due to the D band of the 
dianions decreases more rapidly than those due to the LE and HE 
bands of the radical anions. Note that the formation of dianions 
has not been reported for long oligomers (the number of vinylene 
groups N = 5 and 6). The observed transition energies of the LE 
and HE bands are quite similar to those of the radical cation for 
each oligomer. 

Karabunariiev et al. [89] studied the electronic absorptions as-
sociated with the radical anions of oligophenylenevinylenes us-
ing the Pariser-Parr-Pople/CI method on the basis of the struc-
tures obtained from the AMI method. Cornil et al. [90] stud-
ied the radical anions and dianions of oligophenylenevinylenes by 
means of the intermediate neglect of differential overlap (INDO) 
CI method on the basis of the structures obtained from the AMI 
method. According to their calculations, the LE and HE bands 
of each radical anion are assigned to the transitions indicated by 
arrows in Figure 13b, because the CI expansion coefficients of 
the corresponding configurations are predominant. On the other 
hand, the D band of each dianion is attributed to the transition 
indicated by an arrow in Figure 13c [90]. 

The radical-cation dimer of the oligophenylenevinylene {n = 
2) is formed at low temperatures [91]. The radical cation gives rise 
to two bands at 1.03 and 1.95 eV, whereas the dimer gives rise to 
two bands at 1.26 and 2.36 eV. The observed blue shifts are 0.23 
and 0.41 eV for the LE and HE bands, respectively. The enthalpy 
of dimer formation is 53 kJmol"^. These blue shifts and the en-
thalpy of formation are similar to those reported for the radical-
cation dimers of oligothiophenes (see Table III). 

Strong fluorescence is observed for oligophenylenevinylenes 
[77, 86]. The observed wavelengths are tabulated in Table X. The 
Ti state oftrans-stHhenQ was observed by means of flash photolysis 
[92]. The electronic absorption spectra associated with the triplet 
states of oligophenylenevinylenes (n = 2-6) in KBr pellets were 
measured in the range from 1.3 to 2.3 eV [86]. Each oligomer gives 
rise to one strong absorption band attributed to the T,̂  <- Ti tran-
sition [93-95]. For examples, 4Bu-PV2 gives rise to the band at 
2.12 eV and 4Bu-PV6 gives rise to the band at 1.61 eV. Among 
oligophenylenevinylenes, the Sn ^ Si absorption band of trans-
stilbene was observed at 2.12 eV in a hexane solution [96]. The 
chain-length dependence of the S^ ^ Si transitions has not been 
clarified yet. 
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Table VII. Absorption Maxima (Amax) and Molar Absorption 

Oligomer^ 

PVl 

2Me-PVl 

PV2 

2Me-PV2 

4BU-PV2 

PV3 

2Me-PV3 

4BU-PV3 

PV4 

4BU-PV4 

PV5 

4BU-PV5 

PV6 

4BU-PV6 

4BU-PV7 

Amax (nm) (eV ^) 

295 (4.20) 

317 (3.91) 

350 (3.55) 

360 (3.44) 

359.8 (3.45) 

385 (3.22) 

386 (3.21) 

386.9 (3.20) 

385 (3.22) 

402.7 (3.08) 

388 (3.20) 

412 (3.01) 

388 (3.20) 

417.9 (2.97) 

415 (2.99) 

nevinylenes 

s(mo\~^ dm^cm"^) 

— 
— 
— 
— 

56,200 

— 

87,100 

— 
112,000 

— 
112,000 

— 
135,000 

— 

Coefficients (s) of Oligo-

Solvent 

Hexane 

Tetrahydrofuran 

Hexane 

Tetrahydrofuran 

Chloroform 

Chloroform 

Tetrahydrofuran 

Chloroform 

Dioxane 

Chloroform 

Dioxane 

Chloroform 

Dioxane 

Chloroform 

Chloroform 

p-phenyle-

Ref. 

[77] 

[85] 

[77] 

[85] 

[82] 

[77] 

[85] 

[82] 

[77] 

[82] 

[77] 

[82] 

[77] 

[82] 

[82] 

"mR-PV«: m, the number of substituents; R, substituents; Me, methyl; Bu, butyl; n, the number of 
vinylene groups. PV«, see Fig. 12a; 2Me-PV«, see Fig. 12b; 4Bu-PVn, see Fig. 12c. 

Table VIII. Absorption Maxima of the Radical Anions and the Dianions of 01igo-/?-phenylenevinyl-
enes in Solutions 

Radical anion 
Oligomers^ 

2Me-PVl 

4BU-PV1 

2Me-PV2 

4BU-PV2 

2Me-PV3 

4BU-PV3 

4BU-PV4 

4BU-PV5 

4BU-PV6 

LE(nm) (eV- i ) 

694 (1.79) 

699 (1.77) 

1136 (1.09) 

1085 (1.14) 

1449 (0.86) 

1453 (0.85) 

1720 (0.72) 

1923 (0.64) 

1976 (0.63) 

H E ( n m ) ( e V - i ) 

488 (2.54) 

492 (2.52) 

631 (1.96) 

612 (2.03) 

711 (1.74) 

712 (1.74) 

759 (1.63) 

786 (1.58) 

794 (1.56) 

Ref. 

[85, 88] 

[81] 

[85, 88] 

[81] 

[85, 88] 

[81] 

[81] 

[81] 

[81] 

Dianion 

520 (2.38) 

504 (2.46) 

794 (1.56) 

805 (1.54) 

965 (1.28) 

979 (1.27) 

1176 (1.05) 

— 
— 

Ref. 

[85] 

[81] 

[85] 

[81] 

[85] 

[81] 

[81] 

— 
— 

^Abbreviations as cited in the footnote to Table VII. 

Table IX. Absorption Maxima of the Radical Cations and the 
Dication of Oligo-p-phenylenevinylenes in Solutions" 

Radical cation 

Oligomer^ LE (nm) (eV'^) 

2Me-PVl 

2Me-PV2 

2Me-PV3 

"Data from [87]. 

^See Figure 12b. 

804 (1.54) 

1200 (1.03) 

1550 (0.80) 

H E ( n m ) ( e V - i ) 

507 (2.45) 

636 (1.95) 

713 (1.74) 

Dication 

990 (1.25) 

H 
(a) 

LE 

H-
HE 

^ -ir4-

(b) 

^ 

(C) 

Fig. 13. Molecular orbital energy-level diagrams of (a) the neutral 
species, (b) the radical anion, and (c) the dianion of a oligomer. 

^ , ^ ^ , . tuted oligoenes are not stable, various types of substituted oli-
314 C/ll^O€H€S 

' ' ' * goenes have been studied. The absorption bands or peaks of all-
The electronic spectra of oligoenes (which are also called polyenes) trans conformers of unsubstituted oligoenes (Fig. 14a) [100-102], 
have been reviewed elsewhere [20, 97-99]. Whereas unsubsti- Q:,a>-dimethyloligoenes [101, 103, 104], a,ft)-di-rerr-butyioligoenes 
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Table X. Fluorescence Maximum Wavelengths 
of 01igo-/?-phenylenevinylenes in KBr̂  

Table XII. Absorption Maximum (Amax) of 
All-̂ ra/i5-Q:,w-diphenylpolyenes in Benzene^ 

Oligomer^ 

PVl 

PV2 

PV3 

PV4 

PV5 

Ai7(nm)(eV-l) 

362 (3.42) 

444 (2.79) 

493 (2.52) 

521 (2.38) 

521 (2.38) 

^Datafrom[77]. 

^See Figure 12a. 

Fig. 14. Schematic chemical structures of f̂lW5-oligoenes at neutral 
and charged states: (a) unsubstituted oligoenes; (b) a,w-dibutyloligoene; 
(c) Q;,a>-diphenyloligoene {NQ = 12); (d) a,w-diphenyloligoenyl anion 
(Nc = 13). 

Table XL Absorption Maximum (Amax) of 
MUrans-a, w-di-tert-butylpolyenes in 

Az-Pentanê  

^ C = C 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

13 

Amax(nm)(eV 1) 

237.2 (5.23) 

275.6 (4.50) 

311.4 (3.98) 

343.0 (3.61) 

371.2 (3.34) 

396.2 (3.13) 

418.8 (2.96) 

438.8 (2.83) 

456.4 (2.72) 

468.8 (2.64) 

494 (2.51) 

"Data from [105]. 

(Fig. 14b) [105], a,ft>-diphenyloligoenes (Fig. 14c) [106, 107], and 
a,w-dithienyloligoenes [108] have been reported. Each oligoene 
gives rise to an intense absorption with several peaks attributed 
to vibrational transitions in the ultraviolet or visible region. Note 
that the positions of electronic absorption bands strongly depend 
on solvents [20, 98]. This absorption band is dipole allowed, be-
cause the molar absorption coefficient is very large. Although the 
observed absorption peaks are due to vibrational transitions, a 
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Amax(nm)(eV 1) 

319 (3.89) 

352 (3.52) 

377 (3.29) 

404 (3.07) 

424 (2.92) 

445 (2.79) 

465 (2.67) 

"Data from [107]. 

LUMO — i — - ^ 

Antibonding 
Orbitals 

HOMO - f ^ 

-fJ- -#- - ^ -fi- Bonding 

-4~ ^ - ^ " ^ 0̂ '̂ '̂̂  
^ - ^ - ^ ^ 

(a) (b) (0) (d) 

Fig. 15. Some configurations that describe the low energy singlet states 
of an oligoene. 

precise vibrational analysis cannot be made because of the broad 
bandwidths. The position of the longest maximum in absorption 
spectra for a,w-di-terr-butylpolyenes and a,ft>-diphenylpolyenes 
are listed in Tables XI and XII, respectively. Although these ab-
sorption maxima (Amax) depend on the kind of substituents, they 
increase with increasing number of C=C bonds (NQ-Q). 

Let us consider an unsubstituted linear oligoene with Â  C=C 
double bonds, that is, 2N 7r-electrons. The number of molecular 
orbitals equals the number of 7r-electrons. These molecular or-
bitals can be classified into two types: N bonding and N antibond-
ing. The three low-lying singlet states of linear oligoenes are de-
scribed [20, 98] in terms of the configurations shown in Figure 15. 
The ground state SQ is well described by the single configuration in 
which the Â  bonding orbitals are doubly occupied (Fig. 15a). The 
second excited state S2 is described by the single configuration that 
is derived from the ground state by promoting one electron from 
the HOMO to the LUMO, as shown in Figure 15b. On the other 
hand, the Si state is a correlated state that cannot be written in 
terms of a single configuration because of electron correlation, but 
is approximately described by a linear combination of the doubly 
excited configuration in which two electrons are promoted from 
the HOMO to the LUMO (Fig. 15c) and the double jump config-
uration in which one electron is promoted from the HOMO to the 
LUMO+1 (Fig. 15d). Electron correlation is essential for a correct 
description of the electronic state ordering for linear oligoenes. 
(In most conjugated oligomers except for linear oligoenes, the or-
dering of Si and S2 is reversed.) In the all-trans planar structure 
(C2h symmetry), SQ and Si have Ag symmetry and are called 1 ^ Ag 
and 2 ^Ag, respectively; S2 has B^ symmetry and is called 1 ^Bw 
As a result, the transition between SQ and Si is dipole forbidden. 
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whereas the transition between SQ and S2 is dipole allowed. The 
intense absorptions described in the foregoing text are attributed 
to the 1 B̂̂ ^ ^ 1 ^Ag transitions (TT-TT* transitions). This is a gen-
eral property of linear oligoenes of all chain lengths independent 
of local symmetry and/or the presence of cis bonds. This is why the 
labels 1 ^Ag for SQ, 2 ^Ag for Si, and 1 ^B^ for S2 are used in the 
literature on oligoenes even in cases where C2h symmetry is not 
realized. Ordering that locates the 2 ^Ag excited state below the 
l^Bu excited state is peculiar to linear oligoenes. The ordering of 
the Ag and B^ excited states is associated with fluorescence for 
conjugated oligomers. 

The observed 1 ^B^ ^ 1 ^Ag (0-0) transition energy, En, has 
been expressed as a function of the number of C=C double bonds 
(NQ=Q) fitted by the equation [105] 

EnitV) = Eoo + 
Nr= C=C 

(1) 

where Eoo and k are constants. From observed transition energies 
of a,ft>-dibutyloligoenes, £̂ 00 and k are determined to be about 
1.56 and 9.5 eV, respectively, in carbon disulfide and about 1.79 
and 9.4 eV in pentane [105]. The differences between these esti-
mated values come from the fact that the observed transition en-
ergies are sensitive to solvents. Equation (1) suggests that the 1 
^Bu transition energy goes to a finite limit (Eoo) at infinite chain 
length. 

The position of the observed weak fluorescence for each oh-
goene shows a considerable red shift in comparison with the po-
sition of its absorption band. In other words, a large Stokes shift 
is observed. This emission band is due to the transition from the 
2 ̂  Ag excited state to the 1 ^Ag ground state. The absorption band 
associated with the 2 ^Ag <̂- ̂ Ag transition is not observed, be-
cause it is expected to be extremely weak. The transition energy 
for the 2 ^Ag excited state is always lower than that for the 1 ^B^ 
state for each polyene. 

a, ft>-Diphenyloligoenyl anions are model compounds of a neg-
ative soliton in rran^-polyacetylene. The chemical structure of a 
diphenyloligoenyl anion is schematically shown in Figure 14d. 
These compounds with odd numbers of carbon atoms at the oU-
goene parts have a negative charge, but no spin. The radical anions 
of a, w-diphenyloligoenes are model compounds of a negative po-
laron in ̂ ra«5-polyacetylene. These compounds with even numbers 
of carbon atoms at the oligoene parts have a negative charge and 
spin 1/2. The observed electronic transition energies [109-111] of 
these charged compounds are plotted versus the numbers of oli-
goene carbon atoms (A ĉ) i^ Figure 16. The radical anion of each 
diphenyloligoene gives rise to two absorption bands [109]. The 
transition energies associated with the radical anions are shown 
as solid circles in Figure 16. The LE band is weak in intensity and 
the HE band is strong [109]; these spectral features are quite dif-
ferent from those reported for the radical ions of the oligothio-
phenes, oligophenyls, and oligophenylenevinylenes. The LE and 
HE bands are attributed to the transitions indicated by arrows in 
Figure 12b, which are from the calculations performed by means of 
the Pariser-Parr-Pople and Longuet-Higgins and Pople methods, 
including aU singly excited configuration interactions [112]. On the 
other hand, each diphenyloligoenyl anion gives rise to one strong 
absorption band [100, 101], which is called band S. The transition 
energies of the S band are shown as open circles in Figure 16. The 
S band is ascribed to the transition from the nonbonding orbital 
to the LUMO shown in Figure 17 [112,113]. Figure 16 shows that 

5 

Number of Polyene Carbon Atoms 

Fig. 16. Observed electronic transition energies of ̂ fl«5-oligoenes in var-
ious states, (a), •, neutral a,w-diphenyloligoene; •, radical anion of a,(o-
diphenyloligoenes; o, a, w-diphenyloligoenyl anion. 
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Fig. 17. Molecular orbital energy-level diagram of the anion of an odd 
oligoene. 

Table XIII. Absorption Maxima of the Radical Cations of 
a,w-Di-tert-butylpolyenes in Freon Matrix̂  

^C=C 
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«Data from [114] 

LE(nm)(eV-l) 

626 (1.98) 

738 (1.68) 

861 (1.44) 

1000 (1.24) 

1180 (1.05) 

1270 (0.98) 

1440 (0.86) 

1720 (0.72) 

1970 (0.63) 

HE(nm)(eV-l) 

430 (2.88) 

498 (2.49) 

571 (2.17) 

653 (1.90) 

734 (1.69) 

800 (1.55) 

879 (1.41) 

1010 (1.23) 

1110 (1.12) 

the transition energies associated with the HE band are coincident 
with those associated with the S band. Parkes and Young [110] re-
ported that the positions of the S band in diphenyloligoenyl anions 
strongly depend on the nature of solvents; these properties have 
been explained by the presence of loose ion pairs and tight ion 
pairs [110]. 

The radical cations of polyenes are models of a positive polaron 
in rran^-polyacetylene. The electronic absorption spectra of the 
radical cations of a, w-dibutyloligoenes have been reported [114]. 
The observed absorption maxima of the radical cations [114] of 
dibutyloligoenes are Hsted in Table XIII. Each radical cation gives 
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rise to two absorption bands: the LE band is weak in intensity and 
the HE band is strong. These spectral features are similar to those 
of the radical anions of diphenyloligoenes. According to studies 
performed by molecular orbital methods [114,115], the intensities 
of the LE and HE bands have been explained by the configuration 
interactions. 

The Ti states of oligoenes including carotenoids have been 
studied by means of flash photolysis [116,117]. Each oligoene gives 
rise to one strong absorption band attributed to the T^ ^ T^ tran-
sition. Note that spectra in the range below 1.88 eV have not been 
reported. The observed energies decrease with increasing NQ=Q. 

3.2. Neutral and Doped Polymers 

The absorption of conjugated polymers appears in the region from 
ultraviolet to near-infrared. The optical absorption spectra of con-
jugated polymers have been studied from the experimental and 
theoretical standpoints [2]. The excitonic effect is essential and 
significant in conjugated polymers, although the band picture is 
very useful for a rough understanding of the electronic properties 
of conjugated polymers. The discussions about exciton and band 
pictures have been reviewed previously [118]. The peak and band 
shape of absorption depend on the molecular weight, substituents, 
state, and defect content of the polymer. The observed maxima 
of absorption in some typical polymers are listed in Table XIV 
[119-125]. The band edges are usually 0.3-0.5 eV lower than these 
maxima. Thus, optical bandgaps of conjugated polymers are in the 
range from 1 to 3.5 eV. 

The charge carriers in conjugated polymers are polarons, bipo-
larons, and charged solitons. The importance of spinless charge 
carriers, charged solitons, and bipolarons has been pointed out 
[119, 122, 126]. The charge carriers in conjugated polymers can 
be generated by chemical doping, electrochemical doping, or 
photoirradiation. The maxima of the subgap absorption due to 
charged excitations generated by chemical doping and photoirra-
diation are compiled in Table XV [88,119,122,124,127-133]. Ta-
ble XV shows that there are one or two subgap absorption bands. 
The two-band features observed for nondegenerate polymers, 
such as polythiophene, poly(/>-phenylene), polypyrrole, poly(/>-
phenylenevinylene), and poly(2,5-thienylenevinylene), were dis-
cussed previously with regard to spinless bipolarons. However, re-
cent studies on charged model compounds have revealed that the 
two-band features can be attributed to polarons and the one-band 
feature to bipolarons [50, 134-138]. Excitons as well as carriers 
play an important role in optical properties of conjugated poly-
mers. The photoexcitation dynamics associated with excitons and 
carriers have been studied on a time scale from femtosecond to 
millisecond [139, 140]. The major species on the micro- to mil-
lisecond time scale are carriers that are charged self-localized ex-
citations and triplet excitons that are neutral excitations. 

3.2.1. Subgap Absorptions 

Theoretical consideration provided the basis for the assignments 
of doping- and photoinduced electronic absorptions in conjugated 
polymers. Energy-level diagrams of electronic excitations in conju-
gated polymers are shown in Figure 18, according to a continuum 
electron-phonon-coupled model proposed by Fesser, Bishop, and 
Campbell [141]. Note that the Fesser-Bishop-Campbell model is 
a continuum version of the Su-Schrieffer-Heeger model, which 

Table XIV. Maximum of Absorption in Conjugated Polymer Films 

Polymer Maximum (eV) State/solvent Ref. 

fran5-Polyacetylene 
Polythiophene 
Poly(/7-phenylene) 
Polypyrrole 
Poly(isothianaphthene) 
Poly(p-phenyienevinylene) 
Poly(2,5-thienylenevinylene) 
Polyaniline 

Leucoemeraldine base 
Emeraldine base 
Pernigraniline base 

L9 
2.6 
3.4 
3.2 
L4 

2.85 
2.3 

3.8 
2.0, 3.8 
2.3, 3.8 

Film 
Film 
Film 
Film 
Film 
Film 
Film 

Film 

[122] 
[122] 
[120] 
[119] 
[122] 
[125] 
[121] 

[123] 
A'̂ -methylpyrrolidinone [124] 
A'̂ -methylpyrrolidinone [124] 

Table XV. Maximum of Subgap Absorptions Due to Charged 
Excitations in the Film State 

Polymer Method Maximum (eV) Ref. 

^ra«5-Polyacetylene 

Polythiophene 

Poly(/?-phenylene) 

Polypyrrole 
Poly(p-phenylenevinylene) 

Poly(2,5-thienylenevinylene) 
Polyaniline 

Emeraldine salt 

AsF^ doping 
Na"*" doping 
Photodoping 
ClO^ doping 
N(n-Bu)^ doping 
Photodoping 
Photodoping 
AsF^ doping 
N(n-Bu)^ doping 
ClO^ doping 
ClO^ doping 
Na+ doping 
Photodoping 
Photodoping 

HCl treatment 

0.7 
0.7 

0.48 
0.65,1.5 
0.65,1.65 
0.4,1.3 

0.9 
0.9,2.1 
0.7,2.4 
1.0,2.7 
0.9,2.3 

1.55 
0.6,1.6 
0.44,1 

[122] 
[122] 
[127] 
[122] 
[128] 
[129] 
[129] 
[130] 
[130] 
[119] 
[131] 
[88] 
[132] 
[133] 

1.4,3.0 [124] 

DDPnoonn 
A A A A * F A 

CB 

• • 
(d) (e) (f) (g) (h) 

Fig. 18. Schematic electronic structures: (a) neutral polymer; (b) positive 
polaron; (c) negative polaron; (d) positive bipolaron; (e) negative bipo-
laron; (f) neutral soliton; (g) positive soliton; (h) negative soliton. CB, con-
duction band; VB, valence band. The full and dashed arrows represent 
allowed and forbidden optical transitions, respectively. 
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is a solid-state-physics version of the Hiickel theory. The elec-
tronic transitions due to the electronic excitations can be corre-
lated to those of the charged and electronically excited states of 
oligomers. In an infinite polymer chain, the interaction between 
repeating units leads to the formation of the valence band and 
the conduction band as shown in Figure 18a. The bandgap be-
tween the valence and conduction bands is expressed as 2Ao. For a 
polaron or a bipolaron, two localized electronic levels—^bonding 
and antibonding—are formed symmetrically with respect to the 
gap center at -CDQ and +(JOQ, respectively (Fig. 18b-e), because of 
electron-hole symmetry. The positions of the localized electronic 
levels (i.e., ±O)Q) depend on the extent of the structural changes 
associated with the polarons and bipolarons. On the other hand, 
for solitons, one localized electronic level, which is nonbonding, is 
formed at the gap center (Fig. 18f and g). 

3.2.1.1. Polarons 

When a positive polaron is formed, one electron is removed from 
the -coQ level (Fig. 18b). Thus, a positive polaron is expected to 
have the following intragap transitions: 

• Pi transition: -COQ level f̂- valence band 
• P2 transition: -{-COQ level < COQ level 
• P3 transition: -\-O)Q level <̂- valence band, and conduction band 

< o)Q level 

When a negative polaron is formed, one electron is added to the 
+6)0 l̂ v l̂ (Fig- 1̂ )̂- 1^ this case, three transitions are also ex-
pected. Within the Fesser-Bishop-Campbell model, the subgap 
absorptions due to the P^ and P2 transitions are much stronger 
than that due to the P3 transition, because the P3 transition is 
symmetry forbidden. Quantitatively, the intensities of these sub-
gap absorptions are given as a function of the ratio WQ/AQ. 

The radical cations of oligothiophenes and oligophenylene-
vinylenes, and the radical anions of oligophenyls and oligophen-
ylenevinylenes give rise to two strong absorption bands, as de-
scribed in the previous sections. These observations indicate that 
two subgap absorptions are expected for a polaron in a nonde-
generate polymer. The radical anions and radical cations of oli-
goenes give rise to one strong absorption band and one weak 
band, as described previously. These observations indicate that 
one strong subgap absorption and one weak subgap absorption are 
expected for a polaron in ̂ ra«5-polyacetylene. This is probably be-
cause electron-electron interactions, which are not taken into ac-
count in the Fesser-Bishop-Campbell model, have a strong effect 
on the optical absorptions of a polaron in ̂ ra«5-polyacetylene. 

3.2.1.2. Bipolarons 

When a positive bipolaron is formed, two electrons are removed 
from the -COQ level (Fig. 18d). Thus, a positive bipolaron is ex-
pected to have the following intragap transitions: 

• BPi transition: -WQ level <- valence band 
• BP3 transition: +wo level <- valence band 

The transition from the -COQ level to the -\-COQ level is missing, be-
cause the -COQ level is unoccupied. When a negative bipolaron 
is formed, two electrons are added to the -\-COQ level and thus 
two transitions are again expected (Fig. 18e). Within the Fesser-
Bishop-Campbell model, the subgap absorption due to the BPi 
transition is much stronger than that due to the BP3 transition. 

because the BP3 transition is symmetry forbidden. Quantitatively, 
the intensities of these subgap absorptions are given as a function 
of the ratio COQ/AQ. 

The dications of oligothiophenes up to nonamer and oligophen-
ylenevinylenes, and the dianions of oligophenyls and oligophenyl-
enevinylenes give rise to one strong absorption band. These ob-
servations indicate that one subgap absorption is expected for a 
bipolaron in a nondegenerate polymer. 

3.2.1.3. Solitons 

Soliton excitations are possible only in degenerate polymers such 
as rra«5-polyacetylene. For a neutral soliton, a nonbonding elec-
tronic level is occupied by one electron. Thus, a neutral soliton is 
expected to have a single intragap transition (Fig. 18f): 

• S transition: soliton nonbonding level <̂- valence band, and 
conduction band ^ soliton nonbonding level 

When a positive soliton is formed, one electron is removed from 
the soliton nonbonding level. In this case, one transition is also ex-
pected (Fig. 18g). When a negative soliton is formed, one electron 
is added to the soliton nonbonding orbital; thus, one transition is 
again expected (Fig. 18h). Each of a,w-diphenyloligoenyl anions 
that are model compounds of a negative soliton gives rise to one 
absorption band, as described in the previous section. Thus, a sin-
gle subgap absorption is expected for solitons. 

Shimoi, Abe, and Harigaya [135] and Shimoi and Abe [136] 
calculated the optical absorption spectra associated with a po-
laron and a bipolaron by using a Peierls-Hubbard Hamiltonian 
with electron-phonon coupling and electron-electron interaction 
terms. According to their calculations, a polaron gives rise to two 
subgap absorption bands and a bipolaron gives rise to a single sub-
gap absorption band. Essentially, their results are consistent with 
those obtained by the Fesser-Bishop-Campbell model. 

3.2.2. Polythiophenes 

As a typical example of nondegenerate polymers, the optical ab-
sorption spectrum of neutral polythiophene [137] is shown in Fig-
ure 19. The bandgap of polythiophene is estimated to be 1.94 eV 
from the onset of the observed absorption. The maximum absorp-
tion in substituted polythiophenes depends on the kind of sub-
stituents. Regioregular poly(3-alkylthiophene)s have been synthe-
sized by head-to-tail coupling of 3-alkylthiophene [142, 143]. The 
absorption spectra of regioregular poly(3-alkylthiophene)s show 
distinct vibrational progressions, although those of regiorandom 
polymers show no progressions [142, 143]. These observations in-
dicate that the structures of these polymers are homogeneous. 
Fluorescence is observed for polythiophenes. The light-emitting 
diodes fabricated with various types of substituted polythiophenes 
show colors ranging from blue to near-infrared [144]. 

The doping- and photoinduced absorption spectra of poly-
thiophene, substituted polythiophenes, and their composites have 
been reported [145-166]. Let us discuss the subgap absorptions 
due to charged excitations in unsubstituted polythiophene. The 
optical absorption spectrum of BF^-doped polythiophene [42, 46] 
and the photoinduced absorption spectrum of polythiophene [145] 
are shown in Figure 20. In the spectrum of BF^-doped polythio-
phene (Fig. 20a), doping-induced bands are observed at 0.73 and 
1.68 eV, which are located below the gap edge, 1.94 eV. The 0.73-



SPECTRA OF POLYMERS AND OLIGOMERS 315 

Energy / eV 

Fig. 19. Optical absorption spectrum of a polythiophene film. 

Energy / eV 

Fig. 20. (a) Optical absorption spectrum of a BF^-doped polythiophene 
film (room temperature) and (b) photoinduced absorption spectrum of a 
polythiophene film (20 K). 

and L68-eV absorption bands are assigned to the Pi and P2 tran-
sitions expected for a positive polaron. Thus, it can be concluded 
that positive polarons are formed on BF^-doping (p-type dop-
ing). The electronic absorption spectra of ClO^-doped polythio-
phene at various dopant content have been reported by Chung 
et al. [146] and Kaneto et al. [147]. The band positions depend 
slightly on the dopant content. At the maximum doping level, the 
two-band feature disappears and absorption extending to the in-
frared region is observed. This result is reminiscent of free carrier 
absorption. The optical absorption spectra of photogenerated car-
riers in conjugated polymers can be measured by the steady-sate 
method, because the lifetimes of the photogenerated carriers are 
in the range from micro- to milliseconds. In the photoinduced dif-
ference absorption spectrum of polythiophene, two broad bands 
are observed at 0.45 and 1.25 eV as shown in Figure 20b [145]. The 
observed photon energy of each photoinduced absorption band is 
lower than that of the doping-induced band, as clearly shown in 
Figure 20. The 0.45- and 1.25-eV bands are assigned to the P^ and 
P2 transitions of polarons [129]. Thus, the charge separation in-
duced by photoirradiation can result in the formation of a positive 
polaron and a negative polaron. Lane et al. [129] reported that 
the photoinduced absorption spectrum of a polythiophene film an-
nealed at 573 K for 30 min is dominated by a single band at 0.9 eV 
(Table XV). This absorption band is assigned to the BP^ transition 
ofbipolarons[129]. 

The assignments of the doping- and photoinduced absorp-
tion bands of polythiophene, substituted polythiophenes, and their 

composites are listed in Table XVI. Note that the two-band fea-
ture attributed previously to bipolarons has been newly ascribed 
to polarons. In addition to the previously described subgap absorp-
tion bands of polythiophene, additional bands have been observed 
in the range between 1.8 and 1.96 eV by modulation and time-
resolved measurements [145, 148, 149, 166]. These bands have 
been ascribed to a triplet exciton [145, 148]. The observed posi-
tions, 1.96 eV, are higher than the position 1.54 eV [62] of the 
Tn ^ Ti absorption of undecamer in a CH2CI2 solution. The 
positions of the bands attributed to triplet excitons in substituted 
polythiophenes are sensitive to the substituents and solvents, as 
shown in Table XVI. The photoinduced band observed at 1.8 eV is 
assigned to a polaron pair [149,166]. In the composite of a conju-
gated polymer and buckminsterfuUerene 050 > C60 acts as a strong 
electron acceptor upon photoirradiation [12, 161, 165]. Photolu-
minescence and electroluminescence are quenched upon doping 
by a small amount of €50, whereas photoconductivity is enhanced 
[12, 161,165]. In a polythiophene-C6o composite, charge separa-
tion occurs efficiently. Thus the intensities of the subgap absorp-
tions due to polarons become strong. Friend and co-workers [167-
169] reported in situ voltage-induced electronic absorption spectra 
of field-effect transistors fabricated with poly(3-hexylthiophene). 
They observed the absorption bands due to injected carriers in the 
electronic devices. 

3.2.3. Polyarylenevinylenes 

Poly(/7-phenylenevinylene) derivatives are promising candidates 
for the active layer of polymer light-emitting diodes. Thus, various 
types of substituted poly(;7-phenylenevinylene)s have been synthe-
sized. Whereas these derivatives are soluble in organic solvents, a 
high-quality thin film of these polymers can be formed. The opti-
cal properties of these polymers have been reviewed previously [8, 
169]. The electroluminescence spectrum of the device fabricated 
with a conjugated polymer is almost the same as that of the photo-
luminescence spectrum of the thin film of the polymer. The peaks 
in photoluminescence spectra are compiled in Table XVII [170, 
171]. 

Doping- and photoinduced electronic absorptions in poly(p-
phenylenevinylene), substituted poly(;7-phenylenevinylene)s, and 
their composites, have been reported [88, 131, 132, 160, 164-
166,172-181]. In the optical absorption spectrum of ClO^-doped 
poly(/7-phenylenevinylene), doping-induced subgap absorption 
bands are observed at 0.9 and 2.3 eV (Table XV). These two 
bands are assigned to the Pi and P3 transitions of a polaron. 
Thus, positive polarons are formed upon ClO^ doping (p-type 
doping). On the other hand, a single band is observed at 1.55 eV in 
the absorption spectrum of Na-doped poly(/7-phenylenevinylene) 
(Table XV). According to a Raman study [88] of Na-doped 
poly(;7-phenylenevinylene), both negative polarons and negative 
bipolarons are generated upon Na doping. The observed 1.55-eV 
bands are overlapped by the absorptions of negative polarons and 
negative bipolarons [88]. The photoinduced bands observed at 0.6 
and 1.6 eV (Table XV) are also assigned to the P^ and P3 transi-
tions of polarons. Thus the charge separation induced by photoir-
radiation can result in the formation of a positive polaron and a 
negative polaron, as is the case in polythiophene. 

The assignments of doping- and photoinduced absorption 
bands of polyarylenevinylenes and their composites are listed in 
Table XVIII. Note again that the two-band feature is assigned to 
polarons in this review, in contrast to the previous assignments that 
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Table XVI. Assignments of the Doping-Induced and Photoinduced Absorption Bands of 
Polythiophenes and Their Composites 

Polymer^ 

PT 

PMT 
PET 
PHT 

POT 

PDT 

PDDT 
PMBET 

POT-C60 
PMBET-C60 

PMBET-A 

Method^ 

PI 

DI 
DI 
DI 
PI 
VI 
DI 
PI 
PI 
PI 
PI 
PI 
PI 
PI 
PI 
PI 
PI 
PI 
PI 
PI 
PI 
PI 
PI 

Band (eV) 

1.95 
1.96 
1.8 

0.65,1.6 
0.7, 1.6 

0.45,1.65 
0.35,1.3 

0.3-0.35,1.35,1.75 
0.6,1.6 

<0.2,1.25 
1.05 

<0.35,1.25 
1.75 

0.55,1.55 
2.1 
1 

1.1 
1.24 

<0.64,1.47 
1.47 
1.5 
1.45 

<0.7,1.26 
<0.64,1.47 
<0.7,1.26 

State/solvent 

Film 
Film 
Film 
Film 
Film 
Film 
Film 
Device 
Film 
Film 
Film 
Film 
Film 
Chloroform 
Chloroform 
Film 
Film 
Film 
1,2-Dichlorobenzene 
1,2-Dichlorobenzene 
p-XylQUQ 

Film 
Film 
1,2-Dichlorobenzene 
Film 

Species 

Triplet exciton 
Triplet exciton 
Polaron pair 
Polaron 
Polaron 
Polaron 
Polaron 
Polaron 
Polaron 
Polaron 
Triplet exciton 
Polaron 
— 
Polaron 
— 
Triplet exciton 
Triplet exciton 
Polaron 
Polaron 
Triplet exciton 
Triplet exciton 
Polaron 
Polaron 
Polaron 
Polaron 

Ref. 

[145] 
[148] 
[166] 
[154] 
[151] 
[155] 
[155] 
[169] 
[160] 

[160,162] 
[160] 
[158] 
[158] 
[158] 
[158] 
[156] 
[164] 
[164] 
[163] 
[163] 
[163] 
[160] 
[164] 
[163] 
[164] 

^PT, polythiophene; PMT, poly(3-methylthiophene); PHT, poly(3-hexylthiophene); POT, poly(3-
octylthiophene); PDT, poly(3-decylthiophene); PDDT, poly(3-dodecylthiophene); PMBET, poly(3-
(2-(3-methylbutoxy)ethyl)thiophene); A, tetracyano-/?-quinodimethane and its derivatives. 

^DI, doping induced; PI, photoinduced: VI, voltage induced. 

Table XVII. Maximum Wavelength of Photoluminescence in 
Poly(/?-phenylenevinylene) Derivatives 

Polymer^ 

PPV 
BuEH-PPV 
DOO-PPV 
MEH-PPV 

CN-PPV 

Wavelength (nm) 

550 
560 
582 
555 
630 
555 
690 

State/solvent 

Film 
Film 
Film 
Toluene 
Film 
Toluene 
Film 

Ref. 

[170] 

[8] 
[171] 
[170] 
[170] 
[170] 
[170] 

^PPV, poly(l,4-phenylenevinylene); BuEH-PPV, poly(2-butyl-5-(2'-
ethylhexyl)-l,4-phenylenevinylene); DOO-PPV, poly(2,5-dioctoxy-1,4-
phenylenevinylene); MEH-PPV, poly(2-methoxy-5-(2^-ethylhexyloxy)-
1,4-phenylenevinylene). 

the two-band feature is due to bipolarons. In addition to these pho-
toinduced absorption bands, additional bands have been observed 

at 1.45 and 1.36 eV [132,176]. These bands have been ascribed to 
triplet excitons [132, 176], because a single absorption attributed 
to the Tn ^^ Tj transition is observed between 1.61 and 2.12 eV 
for each oligomer [86]; 4Bu-PV6 gives rise to the absorption due to 
the Tn ^ Ti transition at 1.61 eV. Brown et al. [180] reported the 
in situ voltage-induced absorption spectra of electroluminescent 
devices (polymer light-emitting diodes) fabricated with po\y(p-
phenylenevinylene). These in situ absorption measurements are 
useful in studying the mechanism of electroluminescence in the 
devices, because injected carriers cannot be detected by fluores-
cence spectroscopy, but by absorption spectroscopy. 

3.2.4. Polyacetylene 

In the optical absorption spectrum of AsF^-doped ^ran^-polyacet-
ylene, a single band is observed at 0.7 eV [122] (Table XV). This is 
half the bandgap (1.4 eV) [122] of/ran^-polyacetylene. This subgap 
absorption band is assigned to the S transition of a positive soHton 
generated by p-type doping, because the energy of the S transition 
is half the bandgap (Fig. 17g). The subgap absorption at 0.7 eV 
in Na-doped ^ran^-polyacetylene is also attributed to the S transi-
tion of a negative soliton. Photoinduced electronic absorptions in 
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Table XVIII. Assignments of the Doping-Induced and Photoinduced Bands of Poly(arylenevinylene)s 
and Their Composites 

Polymer^ 

PPV 

DMO-PPV 

DOO-PPV 

MEH-PPV 

BCHA-PPV 

MEH-PPV/C60 

DOO-PPV/C60 

BCHA-PPV/C60 
PBTV 

Method^ 

PI 

PI 

VI 

VI 

DI 

PI 

PI 

PI 

DI 

PI 

PI 

PI 

DI 

PI 

PI 

PI 

PI 

PI 

PI 

PI 

PI 

PI 

PI 

Band (eV) 

1.45 

1.36 

0.65,1.55 

1.37 

0.68,1.76 

0.45,1.35 

0.68,1.80 

1.35 

0.60,1.55 

0.37,1.36 

0.35,1.3 

1.36 

0.57,1.59 

0.43,1.36 

1.34 

1.47 

1.5 

<0.7,1.5-2.0 

1.34 

0.45,1.4 

0.4,1.8 

0.43,1.47 

0.55,1.1 

State/solvent 

Film 

Film 

Device 

Device 

Film 

Film 

Film 

Film 

Film 

Film 

Film 

Film 

Film 

Film 

Film 

Film 

p-xylene 

Film 

Film 

Film 

Film 

Film 

Chloroform 

Species 

Triplet exciton 

Triplet exciton 

Polaron 

Triplet exciton 

Polaron 

Polaron 

Polaron 

Triplet exciton 

Polaron 

Polaron 

Polaron 

Triplet exciton 

Polaron 

Polaron 

Triplet exciton 

Triplet exciton 

Triplet exciton 

Polaron 

Triplet exciton 

Polaron 

Polaron pair 

Polaron 

Polaron 

Ref. 

[132] 

[176] 

[180] 

[180] 

[173] 

[173] 

[175] 

[175] 

[173] 

[173] 

[174] 

[174] 

[173] 

[173] 

[164] 

[178] 

[178] 

[164] 

[164] 

[166] 

[166] 

[178] 

[159] 

P̂PV, poly(l,4-phenylenevinylene); DMO-PPV, poly(2,5-dimethoxy-l,4-phenylenevinylene); DHO, 
poly(2,5-dihexoxy-l,4-phenylenevinylene); DOO-PPV, poly(2,5-dioctoxy-l,4-phenylenevinylene); 
MEH-PPV, poly(2-methoxy-5-(2'-ethylhexyloxy)-l,4-phenylenevinylene); BCHA-PPV, poly(bis-2,5-
ep/-cholestanoxy-l,4-phenylenevinylene); PBTV, poly(3-butyl-2,5-thienylenevinylene). 

^Abbreviations as cited in footnote b of Table XVI. 

rra«5-polyacetylene have been reported [181-185]. Photoinduced 
bands are observed at 0.5 and 1.35 eV. The band at 0.5 eV has 
been ascribed to charged solitons [182,183], because the position 
at 0.5 eV is similar to that of the 0.7-eV band attributed to a pos-
itive soliton in acceptor-doped rran^-polyacetylene. Orenstein and 
Baker [181] showed that the band at 1.35 eV can be correlated with 
the Tn ^ Ti transitions of oHgoenes. A triplet exciton is viewed 
as a neutral soliton pair. Levey et al. [186] ascribed the 1.35-eV 
band to a neutral soliton on the basis of the results of light-induced 
ESR measurements. Wei et al. [174] confirmed this assignment 
by absorption detected magnetic resonance measurements. Bur-
roughes et al. [187] reported the voltage-induced electronic ab-
sorption spectra of field-effect transistors fabricated with Durham 
polyacetylene; they observed a voltage-induced absorption band at 
0.55 eV, which is assigned to injected charged solitons. 

4. CONCLUDING REMARKS 

polymers and oligomers are useful in designing electroluminescent 
devices (light-emitting diodes) fabricated with conjugated poly-
mers. The subgap absorptions induced by chemical doping or pho-
toirradiation are associated with self-localized excitations (soli-
tons, polarons, bipolarons, and excitons) in conjugated polymers. 
Charged solitons, polarons, and bipolarons are charge carriers in 
conjugated polymers. Doping- and photoinduced absorptions have 
been studied on the basis of the absorption spectra of model com-
pounds: the radical ions, the divalent ions, the anions, and the T^ 
states of various oligomers. The two subgap absorptions are ex-
pected for a polaron and a single subgap absorption is expected for 
a bipolaron in nondegenerate polymers. In most nondegenerate 
polymers, such as polythiophenes, poly(;?-phenylene)s, polypyr-
role, poly(/^-phenylenevinylene)s, and poly(2,5-thienylenevinyl-
ene)s, the doping- and photoinduced two-band features are ob-
served and attributed to polarons. Thus polarons are the major 
carriers generated by chemical doping or photoirradiation. 

The optical absorption and emission spectra of conjugated poly-
mers and oligomers have been reviewed. The optical bandgaps of 
the conjugated polymers that are organic semiconductors range 
from 1 to 3.5 eV The photoluminescence spectra of conjugated 
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1. INTRODUCTION 

1.1. Electrically Conducting Polymers 

Polymers are generally insulators and they have been increasingly 
used as substitutes for structural materials, such as metals, wood, 
and ceramics, because they can be produced from cheap raw ma-
terials in addition to being light weight, low temperature proces-
sible, and corrosion resistant, and demonstrating high mechanical 
strength. However, until the last few decades, polymers have been 
unsuccessful in replacing metals and semiconductors in electrical 
and electronic applications owing to their insulating properties. 
The phenomenon of photoconduction in sohd anthracene was ob-
served at the very beginning of this century, as early as in 1906, 
by Pochettino [1]. Later, in 1941, Szent-Gyorgy [2] resuscitated 
the idea of electronic conduction by suggesting the movement of 
TT-electrons from molecule to molecule in complex biological sys-
tems. The remarkable achievements in the field of inorganic semi-
conductors triggered research groups the world over to search for 
polymeric materials of practical potential in the electrical and elec-
tronics industry. An explosion of research and development work 
has been done to tailor polymers with desirable physical, chemical, 
electrical, and electronic properties during the last three decades, 
and the subject was widely reviewed during this period [3-10]. 

This review chapter deals with the class of intrinsically con-
ducting polymers where chemical structure can produce, sustain, 
and assist the motion of charge carriers (electrons and holes) nec-
essary for electrical conduction. For a polymer to be included in 
this class, it must possess a conjugated backbone, which provides 
a great degree of derealization of 7r-electrons. The overlapping 
set of molecular orbitals gives a reasonable carrier mobility along 
the polymer chain. The charge carriers must be provided extrin-
sically by a charge-transfer process that is generally called doping, 
because pristine polymer contains no charge carriers, p-type and n-
type doping of conjugated polymers is carried out by reaction with 
oxidants and reductants, respectively. Doping of conducting poly-
mers involves the addition of a very high concentration of doping 
agent, in contrast to the substitution by a low concentration (parts 
per million level) of doping atoms in semiconductors such as in 
silicon and germanium [11-14]. In brief, to show electronic con-
duction a polymeric system must possess both an orbital system, 
which allows charge carriers to be mobile, and the charge car-
riers. A controlled variation of electrical conductivity over many 
orders of magnitude has, thus, become possible via such doping 
reactions (Fig. 1). In a conducting polymeric composite, an insu-
lating polymer mixed with a critical amount of conducting material 
such as metal powder provides the electronic conduction, whereas 
the polymer matrix acts as a soHd adhesive to keep the conducting 
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Fig. 1. Electrical properties of some important materials and electrically conducting polymers. 

components together and render mechanical strength, but makes 
no contribution to electrical conduction. These conducting com-
posites are enjoying a fairly good demand from industry due to 
their low cost, light weight, good mechanical strength, and reason-
ably high electrical conductivities; however, they are not the sub-
ject of this chapter [15]. 

There is a great variety of appHcations for electrical conducting 
polymers in electronic devices, electromagnetic shielding, inter-
connection technologies, renewable energy sources, semiconduc-
tor devices, thin film technology, sensors, electrochemomechan-
ical devices, display devices, photovoltaics, smart windows, and 
so on [16-26]. Although knowledge of the environment stability 
of a polymer (i.e., molecular, structural, and physical properties) 
is a prequalification for its use in an practical application, most 
conducting polymers were known to exist only in the form of in-
tractable and nonprocessible powders until the last two decades. 
A trace amount of electrophilic reagent such as oxygen may cause 
serious damage to the long conjugated backbone of the polymer 
due to addition reactions of unsaturated bonds. This reactivity and 
instabihty of conjugated polymers has limited their use in most 
possible and promising applications. The emergence in the early 
1970s of direct and precursor routes to high quality polyacetylene 
[27,28] films and an electrochemical polymerization route to poly-
heterocyclics such as polythiophene [29] and polypyrrole [30, 31] 
further triggered investigations of these materials due to some-
what easier fabrication of experimental samples. In the forthcom-
ing paragraphs, the various aspects of the stability of electrically 
conducting polymers (ECPs) are discussed. 

1.2. Stability of Electrically Conducting Polymers 

Polymers undergo chemical reactions just like any typical low 
molecular weight organic compound, leading to the deterioration 
of useful polymer properties. The ability of a polymer to retain its 
useful properties is defined as the stability. There are many exter-
nal factors that a polymer has to withstand to retain its usefulness, 
such as heat, light, oxygen, ozone, moisture, mechanical stress, and 

atmospheric pollutants, along with other operative mechanisms at 
the time of processing. The presence of reactive sites in polymers 
owing to the presence of superoxides, defects, and chemically re-
active groups may also be taken as important causes of polymer 
instability [32-35]. Figure 2 details the various factors that may be 
important in the discussion of the stability of ECPs. 

Electrically conducting polymers are long chain molecules that 
have a high degree of conjugation and few defects. This implies an 
electronic structure with an empty conduction band and a filled 
conduction band. For a perfect chain in a perfect lattice, there 
are no other sites between the two bands. The ionization potential 
of the polymer, that is, the energy required to remove the high-
est energy electron from the polymer, is an important property 
for ascertaining its stability toward chemical reactions that pro-
ceed via charge transfer, in general. Another property of interest 
is the bandgap, that is, the energy required to transfer an electron 
from the top the valence band to the bottom of the conduction 
band, which controls the electronic properties of the polymer. The 
bandgap also controls the electromotive force (emf) of batteries in 
which the polymer is used as an electrode [36-40]. 

1.2.1. Intrinsic Stability of ECPs 

Pristine ECPs, on exposure to heat and light, undergo chain scis-
sion that leads to a lowering of molecular weight (i.e., conjugation 
length) as well as cross-linking that leads to an increase in molec-
ular weight. These processes cause modification in the chemical 
structure of ECP chains, affecting their dopability and, therefore, 
their electroactivity. Pristine ECPs have been reported to contain 
spins, and inter- and intrachain reactions may alter the structure of 
these pure pristine polymers [41-44]. The action of heat on ECPs 
can cause bond scission at temperatures that correspond to the dis-
sociation energies of the bonds present in the polymer. The higher 
is the dissociation energy of the bond, the higher is the tempera-
ture required to break the bond; hence, the weakest bond in the 
polymer chain determines its intrinsic stability. The presence of 
aromatic rings in the polymer backbone enhances the intrinsic sta-
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bility of ECPs due to the relative inertness of the phenylene rings. 
However, the stability may be affected further by the nature of the 
groups that link the phenylene rings in the polymer [45-47]. The 
intrinsic stability of doped ECPs is a function of the reactivity of 
the polymer backbone, that is, its ionization potential and the re-
activity of the dopant (i.e., its oxidizing or reducting power). Due 
to its low ionization potential of 4.7 eV, polyacetylene is compara-
tively very reactive and, therefore, the stability of doped polyacety-
lene is decided by the strength of the doping agent [48]. The ioniza-
tion potentials of polythiophene and polypyrrole are >5 and 4 eV, 
respectively; therefore, better stability of polythiophene, which is 
aromatic in nature [49], compared to polypyrrole and polyacety-
lene may be predicted for the undoped polymers [48]. The pres-
ence of aromatic rings in the polymer chain yields thermally sta-
ble polymers, which are further supported by the high ionization 
potentials of about 5.4 and 6.5 eV of poly(paraphenylene) and 
poly(m-phenylene), respectively [50]. 

1.2,2. Extrinsic or Oxidative Stability of ECPs 

In the presence of atmospheric oxygen, the polymers that contain 
low dissociation energy bonds, such as O—O, C—N, C—CI, and 
C—C, are the most susceptible to oxygen attack at elevated tem-
peratures. In practice, the thermal stability of polymers is less than 
usually expected because of the accidental inclusion of weak link-
ages in the main chain. At the same time, polymers with C—F, 
phenyl, fused rings, and so forth are expected to show enhanced 
oxidative stability at higher temperatures [51, 52]. Polyacetylene 
may be taken as a linear analogue of benzene, because it also 
contains all vinylic hydrogens like those in benzene; hence, poly-
acetylene may be expected to show similar stability. The differ-
ence between the two is that polyacetylene has a very extended 
structure of 7r-electron overlap, resulting in a polymer of much 
lower ionization potential of 4.7 eV versus an ionization potential 
of 9.25 eV for benzene. The ionization potential of polyacetylene is 
low enough to allow electron transfer from the polyacetylene chain 
to oxygen, leading to the formation of a charge-transfer complex, 
which further lowers the activation energy for subsequent oxida-

tion. In the less ordered amorphous polyacetylene, there are states 
of lower energy within the bandgap that further ease the charge-
transfer reaction of oxygen [53]. By analogy to polyacetylene, other 
undoped conjugated polymers would be expected to be unstable 
in oxygen if their ionization potentials are low enough to allow 
charge-transfer of oxygen. The ionization potentials of polypyrrole 
and polythiophene are 4 and >5 eV, respectively; hence, polypyr-
role shows poor stability, whereas polythiophene shows compar-
atively better stability toward oxygen attack in the undoped state 
[54]. Polyphenylenes are reported to show high oxidative stability 
due to an aromatic backbone, and fairly high stability of polyani-
line is also well documented [55, 56]. Unlike p-type doped poly-
acetylene, other p-type doped polymers are expected to be stable 
with respect to oxygen, but similarly vulnerable to the degradative 
reactions of their doping counterions as well as other chemicals 
that may cause chemical compensation of the doped polymers [57]. 

1.2.3. PhotostabilityofECPs 

Electrically conducting polymers are finding a great relevance in 
photonic devices; hence, it is vital to understand their photosta-
bility. Sunlight contains infrared and visible radiation along with 
ultraviolet radiation in the range of 300-400 nm. The energy of 
radiation is related to wavelength by the equation 

^ . . X. 1. 1 .19x10^ E(kJ/mo\)= 1 
A (nm) 

Therefore, 300-nm radiation, for example, is equivalent to about 
397 kJ (about 95 kcal) of energy—enough to initiate many inter-
esting reactions as evident from Table I, which gives the bond dis-
sociation energies of various bonds generally present in polymers. 
When chemical bonds are broken by these radiations, free radi-
cals are formed and the way in which they react decides the nature 
of the photochemical reaction. The bonds that absorb the radia-
tion, the bonds that undergo cleavage, and the reactions of radicals 
all depend on the chemical behavior of the polymeric material. 
Especially where the primary radicals are mobile, as in conduct-
ing polymers, in polymer solutions, an in molten polymers, over-
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Table I. Dissociation Energies of Bonds Typically Present in Polymers 

Bond 
Dissociation energy 

[kcalmorl(kJmol-l)] 

O-O 
C-N 
c-ci 
c-c 
c-o 
N-H 
C-H 
O-H 
C=C 
C=N 
C-F 

35 (146) 

73 (305) 

81 (339) 

83 (347) 

86 (360) 

93 (389) 

99 (414) 

111(464) 

146 (611) 

213 (891) 

103-123 (431-515) 

Source: Adapted with permission from R. W. Dyson, Ed., "Specialty Poly-
mers," 2nd ed., p. 13. Copyright © 1998, Blackie Academic & Profes-
sional, London. 

all chemical reactions of free radicals so generated are very inter-
esting. In the presence of oxygen, chemical reactions that involve 
oxygen radicals are possible and may lead to the extreme case of 
photoinitiated oxidation. Factors such as heat, oxygen, and other 
degrading agencies may further complicate the photostability of 
ECPs and their stabilization. As the number of conjugated bonds 
increases, the wavelength of maximum absorption encroaches on 
the visible region of the electromagnetic spectrum and may cause 
the formation of free radicals, homolytic bond fission, reaction 
with atmospheric oxygen, and so forth. However, the interaction of 
high energy radiation and ultrasonic radiation is less selective and 
very similar to mechanical degradation of polymers. A short ex-
posure to high energy radiation leads to crss-linking, which causes 
a marked improvement in tensile strength, rigidity, resistance to 
flow, and chemical stability at elevanted temperature. However, 
a longer exposure has a destructive effect that causes scission of 
bonds and effects electrical properties in both cases [58-61]. 

1.2.4. Stability of Doped ECPs in Electrochemical Systems 

Electrically conducting polymers have been considered as poten-
tial candidates to replace traditional materials in primary and sec-
ondary battery electrode applications because of their high elec-
trical conductivity, high selectivity to electrode reactions, low cat-
alytic activity toward side reactions, sufficient mechanical strength, 
ease of fabrication, low cost, and so on. These materials are dis-
tinct from traditional inorganic materials, because they are neither 
dissolved nor redeposited during charging and discharging reac-
tions and, hence, they may be expected to give long-life electri-
cal storage systems. However, the electrode materials must pos-
sess high stability toward degradation reactions as well as moder-
ate coefficients of diffusing ions during the charging-discharging 
process. The development of various types of systems may be ex-
pected because the number of electrically conducting polymers is 
growing day by day [62-64]. 

1.2.5, Compensation or Electrical Neutralization of 
Doped ECPs 

A chemical compensation process is one in which, for example, 
a p-type doped polymer (i.e., oxidized polymer) reacts chemically 

with reducing agents, such as NH3, H2O, Na, and K, and regains 
its insulating state. It may be considered as an n-type doping of a 
p-type doped polymer in which the polymer passes through an in-
sulating stage and vice versa. The compensating reagents diffuse 
into the polymer matrix and neutralize the charge of the system 
by a charge-transfer reaction. The process of compensation may 
involve electronic interaction of the compensating reagent with 
carbonium ions, charge transfer, proton abstraction from polymer 
and/or compensating agent, or addition to C=C. Compensation 
leads to depletion of dopant concentration and a decrease in the 
conjugation length of the polymer that result in the loss of elec-
troactivity. Under certain assumptions, the electrical conductivity 
may be considered to be a function of the conjugation length of the 
polymer and the amount of active dopant present in the polymer-
dopant system, because the number of charge carriers depends on 
the dopant concentration. In a doped polymer, the rate and extent 
of electrical conductivity loss thus depends on the rate of of dif-
fusion of the compensating agent into the polymer matrix and the 
rate of chemical reaction between the polymer-dopant system and 
the compensating agent. The effect of chemical reactions that lead 
to depletion in the conjugation length due to the addition reac-
tion of C=C bonds should also be given due importance discussing 
these processes [65-68]. 

1.3. Stabilization 

The long conjugated backbone of electrically conducting polymers 
is sufficiently reactive due to the much lower ionization potential. 
Doping by oxidizing or reducing agents further enhances the reac-
tivity, whereas doping agents themselves interact with the polymer 
and lead to the formation of permanent bonds. It is, therefore, 
extremely important to undertake some preventive measures to 
inhibit degradative reactions and impart stability to the polymer. 
These preventive measures collectively are known as polymer sta-
bilization. There are several ways to stabilize polymers; some of 
them are given in the following fist [69-72]. 

1. The stability of electrically conducting polymers may be 
improved by incorporating antioxidants, which are readily 
oxidized or form stable products after combining with the 
polymers. In general, antioxidants belong to the classes of 
phenols, aromatic amines, and compounds of amines and 
aminophenols with aldehydes, ketones, and thio 
compounds, as well as quinonos. Radical traps such as 
azobisisobutyronitrile also may be used to improve the 
stability of these materials. 

2. Predoped (by electron acceptors) electrically conducting 
polymers possess little tendency for electron transfer from 
the polymer to oxygen and, hence, show enhanced 
stability in the presence of oxygen. 

3. Devices fabricated by using electrically conducting 
polymers may be encapsulated with some materials of 
reduced permeability to oxygen and moisture. 

4. Blending of electrically conducting polymers with other 
more stable polymers may lead to better stability. 

5. Electrically conducting polymers with better stability may 
be synthesized by applying newer concepts such as 
fluorine substitution, introduction of aromatic structures 
in the main chain, use of comparatively more stable 
doping agents, and fusion of aromatic structures with the 
main chain. 
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2. STABILITY OF INDIVIDUAL 
POLYMEMC SYSTEMS 

2.1. Polyacetylenes 

Polyacetylene is the simplest of all the conducting polymers. It can 
be prepared by direct polymerization of acetylene or by heating 
a precursor polymer under an inert atmosphere. With the devel-
opment of newer methods of polymer stabilization, polyacetylene 
once again is attracting the attention of research groups due to its 
1.5-eV bandgap, which is ideal for photovoltaic applications [73-
75]. The stability and degradation of polyacetylene have been re-
viewed by Chien [76] and Pochan [77] in great detail. Polyacetylene 
was reported to be stable up to 300° C in an inert atmosphere by Ito 
et al. [78] and rapid weight loss was observed by thermogravimetry 
from 320° C under a heUum atmosphere. Oxygen interaction with 
pristine polyacetylene leads to an increase in electrical conduc-
tivity due to the doping effect of oxygen. However, long-term ex-
posure caused irreversible loss of electrical properties due to for-
mation of carbonyl bonds, which interrupt the conjugation of the 
polymer backbone [79, 80]. Oxygen acts as a doping agent as well 
as a catalyst during isomerization of cis- to rrfln5-polyacetylene, a 
comparatively more stable form of Shirakawa polymer [81, 82]. 
The interaction of triplet state oxygen with free radicals due to in-
complete arrangement of electrons during isomerization was sug-
gested by several workers to impart instability to the polymer [83-
86]. Billingham et al. [87] reported the detailed study of Durham 
polyacetylene, which reacts rapidly with atmospheric oxygen as re-
vealed by the change in resistivity (Fig. 3). Initially, electrical con-
ductivity increased rapidly as oxygen formed the charge-transfer 
complex, but after a few hours, the electrical conductivity de-
creased due to irreversible oxidation and interruption in conju-
gation that prevented the charge flow. There was very little ef-
fect on the stability of antioxidant stabilized Durham polyacety-
lene; however, annealed polymer showed a five times slower rate 
of oxidation. Similar findings by Yang and Chien [88] claimed that 
most of the antioxidants were found to be ineffective in stabilizing 
Shirakawa polymer, including A'̂ -^butyl-2-phenylnitrone, a highly 
effective spin trapping additive for polyolefins. Durham polymer 
with 1-8 mol% of AsF^ counterion produced a conductive mate-
rial that was stable for several weeks and remained resistant to ox-
idative degradation on exposure to dry air, whereas higher doping 
levels made the polymer unstable as manifested by the appearance 
of C—F bonds in the IR spectrum and decay in electrical conduc-
tivity [87]. According to Druy et al. [89], p-type doped polyacety-
lene is intrinsically unstable in terms of electrical conductivity in 
an argon atmosphere at ambient temperatures; however, the elec-
trical conductivity of the doped polymer decreased at a faster rate 
in order I2 > CIO J > IrCl4 > FeCl3 at 75 and 110°C. Doping the 
polymer with a strong oxidizing agent, ClO^, gave high electrical 
conductivity, greater stability toward oxygen compared to undoped 
material, and high chemical reactivity that led to explosions as ob-
served in TGA studies by several workers [77, 88, 89]. Ziegler-
Natta polyacetylene was observed to be more stable, because the 
onset temperature of decomposition was 420° C [90] as compared 
to the polymer prepared by Aldissi [91] that had an onset tem-
perature of 125° C in thermogravimetric experiments. Treatment 
of p-type doped polymer that contained differed counterions with 
HBF4 produced a polymer with enhanced stability [92-94]. ASF5-
doped Durham polyacetylene resulted in irreversible loss of elec-
trical conductivity along with an increase in the optical absorption 

Time (10 in) 

Fig. 3. Resistivity change on exposure of a 7-/Am-thick film of polyacety-
lene to 600 torr of oxygen at 50. Reprinted with permission from N. C. 
Billingham et al., Polym. Degrad. Stab. 19, 323 (1987). Copyright © 1987, 
Elsevier Science Ltd., Oxford. 

edge from 1.5 to 1.8 eV, indicating the formation of sp^ carbon 
centers and leading to loss of conjugation length on exposure to 
50 torr of dry ammonia. Addition to C=C, thus puncturing the 
conjugation, was further confirmed by the appearance of a new 
band at 1300 cm~^ due to C—N stretching in the IR spectrum of 
an exposed sample [95]. 

It has been observed that the stability of polymers increased 
with substitution on the backbone, but dopability was badly af-
fected. Phenyl-substituted polyacetylene is fairly stable, but can-
not be doped to produce a conducting material. The onset tem-
peratures of thermal degradation of poly(phenylacetylene) and 
poly(methylacetylene) were reported to be 270 and 150° C, re-
spectively, under nitrogen [96]. A number of disubstituted poly-
acetylenes were prepared by several workers [97-101] and their 
onset temperatures of initial weight loss ranged from 180 to 500° C 
as evident from Table II. Blending polyacetylene with polybutadi-
ene had no impact on its stability, whereas blending with EPDM 
followed by cross-linking yielded slightly better air stability [102]. 
The stability of polypyrrole deposited on pristine as well as doped 
polyacetylene containing InCl^, FeCl^, ClO^, and BF^ counte-
rions was reported to be fairly stable in humid air (humidity 40%) 
and the polymer fihns could be handled in an ambient atmosphere 
without deterioration in electrical conductivity [103]. 

Blumstein and co-workers [104-106] synthesized nanocom-
posites of montmorillonite (Mont) and poly(2-ethynylpyridine) 
(P2EPy) in which the polymer was intercalated between the layers 
of the clay. These types of materials are attracting the interest of 
many researchers due to their unique optical, electrical, mechan-
ical, and thermal properties. Thermogravimetric studies on pure 
Ca^+ containing Mont revealed that it contains 3.2% sorption wa-
ter released up to 110°C and 4.8% structural water released upto 
600° C, whereas the total weight loss of CaMont-P2EPy compos-
ite in air includes adsorbed water, constitutional water, and the 
polymer to the extent of 25%. Polymer content in the composite, 
thus calculated to be 0.23-g polymer per gram of dehydrated clay. 
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Table II. Onset Temperature of Thermal Decomposition of 
Disubstituted Polyacetylenes in Air 

Polymer 

-(c=c)7r 
1 1 
S «-CioH2i 
Ph 

- ( C = C ) ^ 
1 1 
S Ph 1 

ẑ-Bu 

Me Naphth 

- ( c = c ) ^ 
Me Ph 

Ph Ph-SiMe3 

Ph Ph 

- ( C = C ) F 
Ph Ph 

1 r-Bu 

Ph Ph-OPh 

- ( c = c ) ^ 
1 1 

Ph Ph 
1 n-Bu 

Onset temperature 
(°C) 

200 

180 

340 

280 

420 

500 

380 

420 

320 

Ref. 

[97] 

[97] 

[98] 

[98] 

[99] 

[99] 

[99] 

[99] 

[99] 

posed to air for a month showed new absorption bands that cor-
respond to the formation of —OH, — OOH, — O—, and epoxide 
due to oxidative degradation similar to that reported in the case of 
polyacetylene [108, 109]. However, no change in the color of the 
polymer was onbserved after 1 month. Pristine polymer showed an 
electrical conductivity of less than 1 x 10"^ Scm~^ which was 
enhanced on to 2.1 x 10~^ Scm~^ (as measured on the com-
pressed pellet of CT complex) when a CT complex with TCNQ 
was formed. 

The work of Kim et al. [110] focused on polyacetylene fiber net-
works ranging in diameter from 60 to 80 nm. The dark red gel of 
low density foamlike polyacetylene doped with iodine showed a re-
markably low temperature dependence of resistivity as compared 
to bulk polyacetylene film. Polyacetylene fiber networks were 
found to be more sensitive to air than the bulk polymer, because 
the resistance of the iodine-doped fiber network increased more 
rapidly than that of the bulk polyacetylene film on exposure to air. 

2.2. Polyheterocyclics 

Electrically conducting polymers based on polyheterocyclic mono-
mers are of considerable interest due to their fascinating optical, 
electrical, and electrochemical properties. The electrical conduc-
tivity, processibility, and stability of these materials can be var-
ied and controlled by manipulating the chemical structures using 
chemical modification techniques. These polymers are potential 
replacement materials for traditional inorganics in a wide range 
of applications such as batteries, field-effect transistors, light-
emitting displays, electrochromic displays, and sonsors. Polyhete-
rocyclics based on polythiophene and polypyrrole are the most in-
tensely studied. The stability studies of these polymers are cov-
ered in the subsequent subsections of this chapter and include ho-
mopolymers, copolymers, and substituted and ring fused materi-
als. 

is in agreement with the results obtained from spectroscopic stud-
ies. Total weight loss of composite in nitrogen is 17.5% at 800° C; 
hence, 42% of the polymer remains in the composite at 800° C un-
der nitrogen. Pure P2EPy polymer degrades completely by 570° C 
in air, but retains its weight to the extent of 24% by 800° C under 
nitrogen. The saturated polymer, poly(2-vinylpyridine) is known to 
degrade completely in air by 400° C under nitrogen. The enhanced 
stability of P2EPy maybe attributed to the conjugated backbone of 
the polymer, which prefers to cross-link rather than to depolymer-
ize [104]. When the polymer is intercalated in CaMont, it shows 
higher stability than the pure polymer. It has been suggested that 
this remarkable enhancement in the stability of the composite is 
due to steric factors that hinder the thermal motion of polymer 
segments sandwiched between the layers of clay, the hindered dif-
fusion of volatile decomposition products, and the conjugated na-
ture of the polymer backbone which leads to the formation of 
cross-hnked structure on heating [106]. 

Shimizu and Yamamoto [107] reported the synthesis of a 
tetrathiafulvalene-substituted polyacetylene by Rh catalyzed poly-
merization. Tetrathiafulvalene (TTF) is a strongly electron donat-
ing molecule and forms highly conducting charge-transfer (CT) 
complexes with electron acceptors. The polymer, poly(2-ethynyl-
tetrathiafulvalene) (I) was observed to be stable under nitrogen, 
but degraded gradually in the air. An IR spectrum of polymer ex-

2.2.1. Polythiophenes 

Polythiophene and its derivatives show remarkable air stability in 
both oxidized and reduced form [111]. However, there are vari-
able reports on their stability in different types of environments. 
The ionization potential of polythiophene is estimated to be above 
5 eV, which is high enough to protect the polymer from forming a 
charge-transfer complex with oxygen to cause oxidative instabihty. 
Both electrochemically as-prepared polythiophene and polythio-
phene redoped after ammonia compensation showed much better 
air stability compared to polyacetylene [112,113]. 

We performed a detailed stability study of the polymer contain-
ing various counterions and their ammonia compensated counter-
parts by thermogravimetry, UV-vis, IR, and electrical conductivity 
monitoring [114-117]. Polythiophene doped with BF^ counteri-
ons showed a weight loss of 18% in air as well as in nitrogen at-
mosphere, whereas a weight loss of 77% in air by 600° C and 7% in 
nitrogen by 700° C was observed in the thermogravimetric analysis. 
Perchlorate containing polythiophene showed a continuous weight 
loss with increasing temperature in both air and nitrogen, and was 
accompanied by explosions due to fast oxidation reaction with the 
polymer backbone. 

Polythiophene containing BF^ counterions showed a loss of 
dopant on exposure to ambient and slightly higher temperatures 
without any loss of conjugation; however, at higher temperatures 
(around 175°C), it undergoes fast loss of dopant and then loss 
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Table IV. Apparent Rate Constants of Electrical Conductivity Loss for 
Polythiophene that Contains Various Counterions 

20 O) 

TIME DAYS 

Fig. 4. Variations of band edge energy in UV-vis spectra of BF^-doped 
polythiophene on ageing (1) at 80° C and (2) at 175° C Reprinted with per-
mission from F Mohammad et al, Bull. Electrochem. 9(2/3), 109 (1993). 
Copyright © 1993, Central Electrochemical Research Institute, Tamil 
Nadu, India. 

Table III. Changes in Amax and Bandgap Estimated from UV-vis 
Spectra of Electrochemically Prepared Polythiophene that Contains 
BF^ Counterions During Thermal Degradation in Ambient Air^ 

Time 

(days) 

00 

13 

20 

56 

76 

00 

04 

06 

15 

23 

30 

37 

Sample 

^max 

(nm) 

476 

505 

509 

502 

501 

476 

480 

469 

461 

450 

442 

417 

1 

BG 

(eV) 

Degradat ion at 80° C 

2.06 

1.87 

1.89 

1.87 

1.87 

Degradat ion at 175° C 

2.06 

1.96 

1.92 

1.94 

1.98 

2.08 

2.40 

Sample 

>̂ max 

(nm) 

478 

505 

509 

503 

503 

478 

481 

464 

459 

455 

436 

420 

2 

BG 

(eV) 

2.02 

1.88 

1.94 

1.89 

1.90 

2.02 

__ 
1.81 

1.89 

2.01 

2.14 

2.20 

Source: Adapted with permission from F. Mohammad et al., Bull Elec-
trochem. 9(2/3), 109 (1993). Copyright © 1993, CECRI, India. 

^BG denotes bandgap. The method of estimation is given in [44]. Both 
samples are similar; their thickness may be slightly different. 

of conjugation with an increase in bandgap energies. This ob-
servation contrasts to our previous findings, where no change in 
bandgap energies was observed in UV-vis studies as shown in Fig-
ure 4 and Table III. A faster decay in the intensity of the band 
associated with 2,5-iinkages in the polymer at temperatures above 
175° C in IR spectroscopic studies is indicative of random scission 
of the polymer backbone, which leads to the depletion of conjuga-
tion length and further supports the findings of the UV-vis studies. 
Polythiophene doped with AsF7, BF7, and C107 showed a vari-

Counterion 

B F -

B F -

B F -

B F -

B F -

B F -

B F -

B F -

B F -

AsF-

cio-

Initial 

electrical 

conductivity 

( a - 1 cm-1) 

5.65 

0.97 

0.24 

7.58 

3.85 

0.27 

0.29 

7.30 

4.86 

11.70 

0.18 

r(°C) 

30 

30 

50 

50 

50 

60 

70 

70 

70 

70 

70 

^ 0 
In vacuum 

1.85 X 10-6 

3.91 X 10-6 

2.48 X 10-5 

3.90 X 10-5 

7.54 X 10-6 

2.14 X 10-4 

1.07 X 10-4 

2.59 X 10-5 

4.32 X 10-5 

4.19 X 10-6 

5.80 X 10-6 

-^) 
Ambient air 

4.74 X 10-5 

1.26 X 10-4 

8.25 X 10-5 

8.92 X 10-5 

6.82 X 10-5 

5.12 X 10-^ 

5.44 X 10-4 

8.95 X 10-5 

7.03 X 10-4 

2.67 X 10-6 

1.53 X 10-5 

Source: Adapted with permission from F. Mohammad et al., Bull. Elec-
trochem. 10(11/12), 508 (1994). Copyright © 1994, CECRI, India. 

A^3 JCHajgH 

II 

able loss of electrical conductivity under extremely dry conditions 
and in an ambient atmosphere, and data seem to fit with reciprocal 
decay kinetics as given in Table IV. However, Tourillon and Gar-
nier [118] observed no instability in terms of electrical conductivity 
caused by the doping counterion (CF3SOP in polythiophene on 
exposured to air for 8 months. 

The synthesis and development of chemically stable and sol-
uble poly(3-alkylthiophene) were reported by Elsenbaumer and 
co-workers [119, 120] and further development by a number of 
other groups [121, 122]. The thermal stability studies on poly(3-
cyclohexylthiophene) and poly(3-hexylthiophene) revealed that 
the weight loss started at 45° C and the former polymer was slightly 
less stable than the latter [123], whereas when the solution of 
poly(3-hexylthiophene) was exposed to light, a reduction in the 
molecular weight of the polymer was seen at ambient tempera-
tures [124]. 

The use of copolymers can simultaneously broaden and allow 
better control over electrical properties and stability. Pei and In-
ganas [125] synthesized a copolymer based on 3-n-octylthiophene 
and 3-methylthiophene that was processible and contained about 
40% 3-n-octylthiophene molecules in the copolymer. This copoly-
mer (II) yielded a material of fairly good conductivity (5-
10 Scm~^) on doping with FeCl3 and displayed high stability in 
both the neutral and doped forms. The stability conferred by fluo-
rine substitution, for example, is clearly associated with a relatively 
high value for the dissociation energy of C—F bonds combined 
with the effect of the high electronegativity of fluorine atom in 
shielding the carbon chain from attack. Ritter et al. [126] reported 
studies on polymers of fluorinated 3-methylthiophene derivatives 
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in which there is a gradual increase in the fluorine atoms in the 
methyl side chain. The redox potentials of these polymers are very 
high (in the range of 1.30-1.40 V) versus Ag and, therefore, are un-
stable and spontaneously dedope on exposure to air. I could find 
no report on the thermal stability of these polymer structures III, 
IV, and V. Buchner et al. [127] improved the redox potential of 
fluorine-substituted thiophene by adding — CH2 spacers between 
the ring and the substituents by synthesizing polymers with struc-
tures VI and VII. Polymers thus prepared showed enhanced elec-
troactivity, electrochemical stability, and elasticity. 

Irreversible undoping that led to the loss of electrical proper-
ties in doped poly(alkylthiophene)s on thermal treatment was re-
ported by Inganas and co-workers. The rate of thermal undop-
ing was observed to be faster in the case of longer chains sub-
stituted on the polythiophene when compared with nonsubsti-
tuted polythiophene [128-131]. Random copolymers of methyl-
and octyl-substituted polythiophene [132] and regular copolymers 
of dimer thiophene-co-octylphenylthiophene [133] demonstrated 
much better stability. 

Polythiophene used as an electrode material showed much 
better stability as an anode in comparison to polyacetylene and 
polypyrrole in doping-undoping cycles. However, it still under-
goes degradation that leads to the loss of electroactivity, electri-
cal conductivity, electrochromic properties, mechanical strength, 
conjugation, and so forth as observed by several researchers [134-
137]. The work of Tsai et al. [138] on electrochemical systems 
based on monosubstituted polythiophenes, revealed that poly-
methylthiophene was the most stable material for electrode appli-
cations whereas poly[3,4-bis-(ethylmercapto)thiophene] was the 
least stable. Somanathan and Wegner [139] observed that poly(3-
hexylthiophene) retained its electroactivity even after 100 scans, 
whereas poly(3-cyclohexylthiophene) lost its electroactivity to a 
great extent after 20 scans in a cyclic voltammetry experiment. 
Czerwinski et al. [140] synthesized a variety of 3-substituted thio-
phene polymers incorporated with a number of metal ligands 
(VIII). When used as electrodes, all the materials that contained 
Cû ^ exhibited remarkable stability without any observable change 
in cyclic voltammogram after being cycled for weeks in aqueous 
media. These experiments were performed in aqueous media in 
the pH range of 1-13 and the electrolytes contained cations, such 

XI 

© 

XII XIII 

XIV XV 

s\. 

XVII 

as Li+, Na+, and K+, and anions, such as CI , Br , CIO4 , and 
NO^, in the absence of oxygen. 

Polymers produced from disubstituted polythiophene mono-
mers at the 3 and 4 positions cause steric hindrance between the 
substituents on the adjacent thiophene rings that leads to loss of 
effective conjugation. Polymers based on 3,4-disubstituted thio-
phene monomers show much larger bandgap and much lower elec-
trical conductivity compared to their monosubstituted counter-
parts [141]. To reduce steric hindrance, thiophene monomer was 
cycled between the 3 and 4 positions, grafted with flexible alkoxy 
groups, and electropolymerized by Dietrich et al. [142]. The small 
bandgap of this polymer (IX) is consistent with reduced steric hin-
drance and it showed remarkable stability in the doped state due to 
its low oxidation potential. Miyazaki and Yamamoto [143] synthe-
sized a 3,4 crown ether-disubstituted polythiophene (X) with a low 
degree of polymerization. The resultant polymer showed excellent 
stability toward oxygen after n-type doping with sodium. 

Swager et al. [144] used crown ether 3,4-disubstituted poly-
thiophene to fabricate sensors for electron deficient organic com-
pounds and alkali ions. The sensor device so fabricated showed 
high chemical reversibility and fast return to its original state in 
the absence of signal besides very good stability for longer expo-
sure times for the electrode materials XI, XII, and XIII. 

Poly(isothianaphthalene) (XTV), a very low bandgap polymer, 
has shown very good electroactivity and fairly good stability when 
undoped in a reverse scan of cyclic voltammetry between —1.4 
and 0.1 V versus Ag/Ag"̂  [145]. Another polymer related to 
poly(isothianaphthalene) is polythieno(3,4-^)-pyrazine (XV), in 
which two CH groups have been replaced by sterically less de-
manding nitrogen atoms. A 2,3-dihexyl derivative of XV was pre-
pared by Pomerantz et al. [146,147] as shown in the structure XVI. 
This derivative showed an onset of decomposition at 230° C and 
50% weight loss at 600° C under nitrogen in a thermogravimetric 
analysis experiment. However, this material was found to be un-
stable in air in the doped as well as in the undoped state. Whereas 
XIV was reported to be stable in air in the undoped state and un-
stable in air in the doped state, due to dedoping, Ikenoue et al. 
[148] reported the synthesis of a more stable derivative of XIV in 
which XVII could be cycled between doped and undoped states. 
This derivative showed thermal stability similar to that of the par-
ent polymer. 

Ohshita et al. [149] reported the synthesis and optical, electro-
chemical, and electron transporting properties if silicon-bridged 
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Fig. 5. Thermogravimetric curve (dotted line) of poly(4,4̂ -dipentoxy-
2,2'-bithiophene) powder and its first derivative (full line), recorded in air. 
Sample weight, 1.289 mg; scan rate, 10° C min~ .̂ Insets: Expanded scale 
of the thermogravimetric curve and the formula of the polymer. Reprinted 
with permission from G. Casalbore-MiceU et al, Synth. Met. 94,179 (1998). 
Copyright © 1998, Elsevier Science Ltd., Oxford. 

bithiophenes. The luminance of an electroluminescent device 
based on XVIII increased with operating voltage until a maximum 
value of ca. 8000 cd m~^ at 13 V of operating voltage. However, a 
rapid decrease in current density and luminescence was observed 
at higher voltage, probably due to the decomposition of the silicon-
bridged bithiophene layer in the device. Polymers based on this 
monomer are expected to show luminance in combination with 
other polymer properties. 

A detailed study of the photoelectrochemical, morpholog-
ical, and stability properties of indium-tin oxide (ITO) poly-
mer/Al junctions based on poly(4,4'-dipentoxy-2,2'-biothiophene) 
and poly(3-butylthiophene) has been reported [150-153]. The for-
mer polymer doped with BF^ was observed to be more stable 
under environmental conditions than its CIO J-doped counter-
part as evidenced by cyclic voltammetry studies [150]. Poly(4,4 -̂
dipentoxy-2,2^-bithiophene) (XIX) doped with ClO^ showed a 
loss of 0.7% weight by 107° C due to removal of water as evident 
from the thermogravimetric curve shown in Figure 5. Another run 
of the same sample up to 107° C showed a further loss of 0.09% 
weight due to trapped water. When the same sample was stored 
in an embient atmosphere for 2 h, it showed a loss in weight of 
0.3%, suggesting the hygroscopic nature of the polymer. Polymer 
dedoping occurred between 128 and 280° C, which suggests 0.94 
ClO^ ions per two thiophene rings with a weight loss of about 
22%. A further weight loss of 43% was observed in two close steps 
in the temperature range of 280-430° C, suggesting the breakdown 
of the polymer backbone. On the basis of thermal data, a for-
mula of 0.94ClO^ • O.2H2O per bithiophene unit for composition 
of this polymer was suggested [151, 152]. The transport proper-
ties of ITO/polymer (XIX)/aluminum junctions were found to be 
strongly dependent on the extent of doping. A decrease of the re-
verse saturation current and of the quality factor, and a deteriora-
tion of the rectification properties of the junction were observed in 
the dark by increasing the doping level, whereas higher values of 

the short-circuit photocurrent were achieved in the case of lightly 
doped polymer based junctions [153]. 

Magnoni et al. [154] reported studies on the stability of 
poly(3,3''-dihexyl-2,2':5^2''-terthiophene) (PDHTT) (XX) fihns 
doped with FeCl3 by IR spectroscopy. The polymer doped with 
iodine, perchlorate, and ferric chloride showed electrical conduc-
tivities of 100, 110, and 10 Scm~^ The electrical conductivity of 
FeCl3-doped polymer pressed into pellets remained unchanged 
even after 1 month under ambient conditions. The characteris-
tic bands of a bipolaron 2+ or a dication were observed in the 
electronic spectrum of doped polymer that remained unaltered 
even after 1 year of standing in open air and at room tempera-
ture. The polymer is reported to be very stable compared to other 
polythiophene-based polymers and it was suggested that this mate-
rial is stable for several years at room temperature and fairly stable 
at higher temperatures. PDHTT doped with I2 showed fast dedop-
ing on heating at 100° C. The intensity of doping induced IR bands 
reduced to half in about 8 min and an IR spectrum of pristine 
polymer was recovered after 48 min. PDHTT doped with FeCl3 
showed much slower dedoping at higher temperatures of 140 and 
170° C and the emergence of extra peaks at 1675 and 1717 cm~^ 
together with a broad band at 3100-3200 cm~^, indicative of car-
bonyl groups due to oxidative degradation of the polymer. Polymer 
heated at 130° C showed the onset of oxidation after 96 h, whereas 
the pristine polymer showed the onset of oxidation after 305 h on 
heating at 130° C in air as observed by IR spectroscopy. It was sug-
gested that the temperature of 130° C represents a threshold tem-
perature above which PDHTT starts to become unstable due to 
atmospheric agents and dopant counterions. It was also observed 
that highly doped polymer was more stable toward dedoping com-
pared to lightly doped material when heated at 130° C. Whereas 
the electrical conductivity of a doped polymer very much depends 
on the extent of doping, hence the findings of Magnoni et al. [154] 
are very significant. 

Kunugi et al. [155] chemically synthesized poly(tetraethyldisil-
anylene)oligo(2,5-thienylene) dervatives (DSmT; m = 3-5) (XXI) 
that showed electrical conductivities of 5 x 10"-̂ , 0.6 x 10~^, and 
0.3 X10-^ S cm-^ for DS5T, DS4T, and DS3T, respectively in their 
doped state. Reversible electrochemical doping and dedoping of 
the DS5T films were feasible by cycling the electrode potential 
between 0 and 1.2 V. At a potential more positive than 1.2 V, 
the overoxidation of an oligo(thienylene) unit and Si—Si bond 
cleavage took place, leading to decreased electrical conductivity 
of polymers. From their findings on molecular weight determina-
tion by gel permeation chromatography (GPC), Harima et al. [156] 
also suggested that the decomposed product contains one repeat 
unit of DS5T polymer. The Si—Si bond cleavage was supported 
by Fourier transform infrared (FTIR) spectroscopy in which the 
band that correspond to the Si-Si bond at 705 cm~^ disappeared, 
whereas the band that corresponds to Si-C (thienylene unit) at 
1425 cm~^ remained; it was further supported by fluorescence 
measurements in which the decomposed products showed max-
ima that correspond to quaterthiophene and terthiophene in the 
voltammetric investigation of DS4T and DS3T polymers. Some-
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what similar results on DS5T polymer were reported in another 
article by the same research group [157]. They observed the pres-
ence of a light yellowish green decomposition product in the so-
lution from thicker films of the polymer during potential cycling 
at lower scan rates, suggesting the decomposition of polymer film 
yields soluble products in the MeCN:Et4NBF4 medium. 

In a similar work on poly(hexamethyltrisilanylene)oligo(2,5-
thienylene) (XXII), Zhu et al. [158] reported that voltammetric 
studies of the doping and dedoping process showed two pairs of 
redox peaks in MeCN that contained 0.1-M Et4NBF4. During po-
tential cycling, the redox currents decreased considerably due to 
the decomposition of polymers. TSnT polymers were observed 
to produce species that had the basic structure of nT due to de-
composition during cycling at higher positive potentials by GPC, 
FTIR, and fluorescence measurements. Cleavage of Si—Si bonds 
at the Si—Si—Si unit in the polymer main chains also took place. 
The product of decomposition further polymerized on the work-
ing electrode and played an important role in the oxidation be-
havior of TSnT polymers [158]. It is worth mentioning here that 
no anion doping occurs in the electrochemical oxidation of polysi-
lanes as reported by Diaz and Miller [159] in their studies on 
poly(methylphenyl)silane. 

2.2.2. Pofypyrroles 

Polypyrrole is also oxygen sensitive, because its ionization poten-
tial is 4.0 eV, which is comparatively lower than that of polyacety-
lene, (4.7 eV) and low enough to allow charge-transfer interaction 
with oxygen, whereas p-type doped polypyrrole is stable to oxygen, 
but similarly vulnerable to the attack of doping counterions. p-type 
doped polypyrrole is, thus, much more stable than polyacetylene, 
but reports vary about its stability [160]. An increase in electrical 
conductivity of undoped polypyrrole from 10""̂  to 10"^ n~^ cm~^ 
was observed after 1% (wAv) uptake of oxygen, but the reaction 
of oxygen occurred at the nitrogen atoms and oxidation was re-
versible electrochemically [161,162]. The work of Samuelson and 
Druy [163] revealed that the doping counterion has a strong ef-
fect on retaining the electrical conductivity of this polymer and 
suggested a decrease of 1 order of magnitude for each year of ex-
posure to ambient air at room temperature. A faster loss of elec-
trical conductivity for perchlorate- and fluoroborate-doped poly-
mers was reported and it was suggested that encapsulation of the 
polymer device can improve the environmental stability, because 
the instability of the polymer is due to atmospheric oxygen and/or 
water [163]. The synergic effect of water and oxygen on the elec-
trical properties of fluoroborate-doped polypyrrole was observed 
by Erlandsson et al. [164]. The electrical conductivity of doped 
polymer remained unchanged after 200 days at 80° C under argon, 
but dropped rapidly in air at the same temperature [165], whereas 
Diaz et al. [166] claimed that the polymer is stable at 100-200° C, 
depending on the doping counterion. Electrochemically prepared 
polymers that contained BF^ and ClO^ counterions, observed by 
Kanazawa et al. [167] and Ogaswara et al. [168], respectively, were 
thermally stable up to 250 and 150° C, respectively. 
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Fig. 6. Sulfur distribution within poly(pyiTolephenylsulfonate) films 
treated with a 2% aqueous NaOH solution for different amounts of time. 
The film thickness is around 30 /x-m. A, initial sample; B, treated for 
120 min; C, treated for 240 min. Reprinted with permission from H. Mun-
stedt, Polymer 11, 899 (1986). Copyright © 1986, Elsevier Science Ltd., 
Oxford. 

In our thermogravimetric studies, polypyrrole that contained 
BF^ counterion showed weight loss in three steps, namely, 3% 
(45-125°C), 19.5% (125-285°C), and 22.5% (285-700°C) under 
nitrogen, leaving behind 55% of residue, whereas losses of 3% 
(45-125°C), 19.5% (125-285° C), and 48.5% (285-700° C) in air 
left behind a residue of 29% [169]. Salmon et al. [170] synthesized 
polypyrrole doped with a variety of counterions and observed that 
the polymer doped with CH^QH^SO^ was most thermally sta-
ble up to 280° C, but was less conductive in comparison to other 
materials. 

Treatemnt of polyacetylene with acids or bases produced poly-
mers with enhanced stabihty [171-173]; hence, studies were done 
to estabhsh this effect on polypyrrole as weU. Polypyrrole doped 
with phenylsulfonate and ClO^ counterions was electrochemically 
prepared and treated with different concentrations of sulfuric acid 
and sodium hydroxide. The polymer that contained phenylsul-
fonate counterions showed a depletion in sulfur content with in-
creasing time of exposure (Fig. 6) and enhanced long-term stability 
of electrical properties at elevated temperature on base treatment 
(Fig. 7). The effect of acid treatment on the ageing stability of the 
polymer was somewhat similar. It was suggested that the base as 
well as the acid treatment of polypyrrole improved the stability 
of the polymer and that the process involved the replacement of 
counterions by other anions from the base or the acid, controlled 
by the diffusion behavior of counterions [174], as evident from Fig-
ure 8. 

Loss of electroactivity, mechanical strength, and formation of 
carbonyl groups along with the formation of carbon dioxide were 
observed [175-181] when polypyrrole anode was cycled between 
charging and discharging in different electrolytic systems. How-
ever, in modified polypyrroles, the type of substituents at N, sub-
stituents on the pyrrole ring, and the conditions of synthesis also 
play an important role in deciding the stability of materials in elec-
trochemical systems [175,182-185]. 

The formation of carbonyl groups at the 3 position and of hy-
droxyl groups at the 4 position in overoxidized polypyrrole was re-
ported by Beck et al. [180] when the polymer was studied electro-
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Fig. 7. Ageing behavior with regard to the electrical conductivity of 
poly(pyrrolephenylsulfonate) film exposed to NaOH solutions of different 
concentration. Film thickness, 90 /xm; ageing temperature, 140° C; time of 
exposure, 240 min. Reprinted with permission from H. Munstedt, Polymer 
27, 899 (1986). Copyright © 1986, Elsevier Science Ltd., Oxford. 
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Fig. 8. Ion exchange in a 20-̂ Lm-thick poly(pyrrolephenylsulfonate) film 
after treatment with sulfuric acid as measured by EDX. A, initial sample; 
B, sample treated with 10% H2SO4 for 240 min. Reprinted with permission 
from H. Munstedt, Polymer 27, 899 (1986). Copyright © 1986, Elsevier 
Science Ltd., Oxford. 

chemically in an aqueous medium in the presence of certain nu-
cleophiles. Bromine substitution in the presence of Br~ and multi-
methoxylation in presence of 0.5 M KF in methanol, leading to the 
formation of sp-̂  centers, also were observed [ISO]. Incorporation 
of sp^ centers that led to a polymer of lowered electrical conduc-
tivity during electropolymerization of A/^-methylpyrrole in aqueous 
sodium sulfate solution also was observed [186, 187]. Chemically 
prepared polypyrrole showed good performance with respect to 
its mass capacity and stability during charging and discharging for 
more than 70 cycles in aqueous medium with no significant degra-
dation [188]. A secondary battery based on lithium-polypyrrole 
[using poly(ethylene oxide) (PEO) and LiC104 soHd electrolyte] 
showed fairly high coulombic efficiency of about 95% with an out-
put vohage of 3.0 V. The battery did very well for 1400 cycles after 
an initial 100 scans required to reach the optimum value; however, 
the efficiency decreased to zero at the end of the charge-discharge 
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Fig. 9. Cyclability of Li-PE0LiC104-PPY batteries at 80°C charged at 
36 and 42 mC cm~^. Reprinted with permission from T. Osaka et al., /. 
Electrochem. Soc. 141(8), 1994 (1994). Copyright © 1994, Electrochemical 
Society, New York. 

process due to sudden overoxidation of the polymer electrode as 
shown in Figure 9 [189]. 

Chen and Rjeshwar [190] observed polypyrrole film dissolution 
due to the formation of hypochlorite ions on the cathode by an 
electron transfer reaction between OH~ and Cl~ ions, leading to 
an unusual instability in the polymer electrode, whereas Momma 
et al. [191] reported a coulombic yield of 95% for 250 cycles, 
90% for 300 cycles, and no discharging beyond 300 cycles for an 
electrochemical system with polypyrrole-poly(4-styrenesulfonate) 
composition cathode in LiC104-DMS0 (dimethylsulfoxide) elec-
trolyte. No loss of electroactivity was observed in the cathode 
polymer of a LiC104-PC (propylenecarbonate) electrolytic sys-
tem. Quan et al. [192] found that electrochemical cycling caused 
irreversible oxidative degradation in the order HCIO4 < T^OH 
< H2SO4 < TsONa < Na2S04 doped polypyrrole electrodes in 
aqueous media along with a decrease in the £̂ pa value from 1.14 
to 0.96 V. 

Two types of degradation processes were observed by Beck and 
Michaelis [193], namely, fast (electrochemical) followed by slow 
(chemical), in a polypyrrole-BF4 anode corrosion experiment in 
aqueous media of pH ranging from 1 to 13. The fast corrosion of 
polypyrrole anode was due to anodic overoxidation as supported 
by the emergence of carbonyl and hydroxyl groups on the polymer 
backbone. However, the reversible cycling in an inert electrolyte 
such as acetonitrile led to a fairly improved stability in the polymer 
electrodes. The process of corrosion that leads to instability was 
proposed to involve three steps as shown in Figure 10. Work on the 
stabiUty of polyhalopyrroles in electrochemical systems revealed 
that the degradation potential, E^, depends on the nature of the 
substituents, which include those caused by steric hindrance and 
the inductive effect. In cyclic voltammetric studies, Audebert and 
Vidan [194] observed that poly(3,4-dichloropyrrole) showed the 
highest E^ in comparison to other poly(halopyrrole)s. 

The thermal stability of chemically modified polypyrroles was 
studied by using a thermal analyzer and IR spectroscopy, and it 
was reported that the stability was enhanced in the order polypyr-
role < polypyrrole-phthalic anhydride < polypyrrole-pyromellitic 



332 MOHAMMAD 

Fig. 10. Schematic representation of the chemical corrosion of polypyr-
role in three steps. Left, initial state; middle, distribution equilibrium for 
nucleophiles; right, partial chemical conversion. +, radical cationic cen-
ter; o, nucleophile in solution; •, nucleophile in the solid; #, reacted state. 
Reprinted with permission from F. Beck and R. Michaehs, Werkstojfe and 
Korrosion 42, 341 (1991). Copyright © 1991, Wiley-VCH, Weinheim. 

Table V. Thermal Stabihties of Polypyrrole Anhydride-based 
Copolycondensates 

Polymer 
system 

Polypyrrole 

Polypyrrole-
phthalican-
hydride 

Polypyrrole-
pyromellitic-
dianhydride 

Decomposition temperature (°C) 
Initial 

270 

290 

310 

20% 50% 

331 417 

351 438 

364 457 

70% 

524 

554 

572 

DSC peaks 
(°C) 

290-370 
(broad & flat) 

370, 400 
(small hump) 

420 
375, 420 

(flat hump) 
461 

(small hump) 

Source: Adapted with permission from M. Biswas and A. Roy, /. Appl 
Polym. Sci. 54,1483 (1994). Copyright © 1994, Wiley, New York. 

dianhydride on substitution as evident from Table V [195, 196]. 
It was suggested that the substituent that causes more cross-
linking produces more thermally stable material. This idea was 
further supported by other research [197-201], where polypyrrole 
condensed with other organics, such as polycarbazole, poly(A^-
vinylcarbazole) polystyrene, and polyacenequinone radical poly-
mers, showed highly thermally stable matrices due to formation of 
additional C—C bonds, cyclic structures, and cross-linking. As de-
tailed in Table VI, Biswas and Roy [202] observed an intermediate 
stability of poly(A^-vinylcarbazole) in comparison to polypyrrole 
and poly(pyrrole-A/^-vinylcarbazole). 

Kim and Elsenbaumer [203] reported the synthesis of A -̂
substituted polypyrrole, where FeCla-doped poly(l-hexylpyrrole) 
and poly(l-dodecylpyrrole) (XXIII) showed electrical conductiv-
ities of 4.3 X 10~^ and 1.2 x 10~^ Scm~^ respectively (four-
in-line probe). Both polymers are stable in air for a long time. 
The air stability of electrochemically doped poly(l-alkylpyrrole)s 
[204] and polypyrrole [205] was already reported in previous lit-
erature. However, the poly(l-butyl-2,5-pyrrole) of this series is an 

Table VI. Thermal Stabilities^ of Polypyrrole (PPY) 
Poly(A'̂ -vinylcarbazole) (PNVC), and Poly(pyrrole-A^-vinylcarbazole) 

P(PY-NVC) 

o 

o 
0 

o 
o 

Polymer 

PPY 
PNVC 
P(PY-NVC) 
P(PY-NVC) 
P(PY-NVC) 

Components (mol) 
NVC PY FeCl3 

— 0.029 0.0037 
0.029 — 0.0037 
0.029 0.029 0.0037 
0.029 0.029 0.0074 
0.029 0.029 0.0148 

Decomposition 
Ti 20% 50% 

210 255 400 
350 399 450 
352 317 425 
260 327 428 
262 350 466 

temp. (°C) 
70% 

486 
476 
497 
486 
527 

Tg (°C) 

165 
227 
200^ 
190^ 
180^ 

Source: Adapted with permission from M. Biswas and A. Roy, /. Appl 
Polym. Set 54,1483 (1994). Copyright © 1994, Wiley, New York. 

^ Ti denotes the initial decomposition temperature; Tg denotes the glass 
transition temperature. 

^ A 1:1 mixture of PNVC and PPY revealed two glass transition breaks that 
corresponded to 228 and 163° C, respectively. 

R=-C6H,3rC,2H25 
x-=FcC(; 

XXIII 

(CHaO)jCH3 

L lit 
4ui 

XXIV XXV 

exception and it degrades significantly in air after 3 days [204]. It 
also has been suggested that the lower electrical conductivities of 
these polymers are due to steric effects of long alkyl groups [204]. 
Kim and Elsenbaumer [206] also reported their studies on poly(l-
hexylpyrrylene vinylene), which exhibited an electrical conductiv-
ity of 6.18 X10"^ S cm~^ on exposure to air; on doping with FeCl3 
and AUCI3, the electrical conductivity became 0.15 and 2.5 S cm~^, 
respectively (four-in-line probe). Thermogravimetric analysis of 
neutral polymer showed an onset for weight loss at about 245° C, 
whereas melting transitions (Tm) were observed at about 140 and 
150°C with differential scanning calorimetry (DSC) analysis [206]. 

Calvert et al. [207] synthesized copolymers of pyrrole with 
polyether-substituted pyrrole to examine the effect on the ion dif-
fusion properties of the polymer, an essential requirement for bat-
tery applications. The charge storage capacity of both copolymers 
XXIV and XXV was found to be comparable with that of polypyr-
role, although 50% of the copolymers contained the nonelec-
troactivite polyether component. Copolymers could be charged 
to higher potentials and released more charge during discharges 
whereas polypyrrole showed signs of overcharging and irreversible 
reaction at a charging rate of 200 mAcm~^ and collapsed more 
rapidly to 2.5 V versus lithium at a given discharge rate. 

Takeoka et al. [208] investigated in great detail the effect of 
several antioxidants as well as the effect of various doping acids 
on the stability of electrical conductivity of electrochemically pre-
pared polypyrrole. The electrical conductivity (EC) of polypyrrole 
already had been observed to increases initially and then, after a 
maximum value, decrease on heating. The increase in EC may be 
attributed either to annealing of the polymer or to the semicon-
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Table VII. Stabilizing Effect of Various Antioxidants on the Electrical 
Conductivity of Electrochemically Prepared Polypyrrole 

Table VIII. Stabilizing Effect of Doping Polypyrrole with Various 
Sulfonic Acid Derivatives 

No. Additive (Scm-1) (TAH/CTBH No. Dopant (Scm-1) ^8/^max^ (Scm-^) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

— 

vSoiirce 

2,6-Dinitrophenol 
2,4-Dinitrophenol 
Pentachlorophenol 
2-Methyl-4,6-dinitrophenol 
2-Hydroxy-3-nitrobenzoic acid 
/?-Nitrophenol 
p-Hydroxybenzoic acid 
/7-Bromophenol 
p-Hydroxybenzaldehyde 
3,5-Di-^butyl-4-hydroxybenzaldehyde 
/7-Methoxyphenol 
2,6-Di-r-butyl-phenol 
2,6-Di-^butyl-4-methylphenol 
No addition 

! AHanted with nermissinn frnm S Takp.nl< 

9 
18 
13 
10 
16 
29 
18 
23 
38 
31 
19 
15 
15 
23 

a p.t fll Ru 

0.20 
0.06 
0.35 
0.20 
0.30 
0.45 
0.34 
0.24 
0.29 
0.24 
0.26 
0.18 
0.20 
0.26 

// Chpm Snr 

14 
15 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

Jpn. 71,1471 (1998). Copyright © 1998, Chemical Society of Japan. 

ducting property, whereas the decrease may be attributed to ther-
mal degradation of the polymer [209, 210]. The thermal stability 
of the polypyrrole was evaluated in terms of cr̂ /o-max, ^ H » and 
^AH» where at is the EC at 150° C after heating the sample for 
t h, cTmax is the maximum EC at 150° C, OBH is the EC of the 
sample at room temperature before heating, and a/^n is the EC 
of the sample at room temperature after heating. Long-term sta-
bility at 125°C was also measured, whereas the rate constant (A:) 
was calculated from î/2» that is, the time after which the EC of 
the sample decreased to half. The studies also included the ef-
fect of heat treatment on the polymer sample as observed in the 
UV-vis or IR spectra. The effect of various antioxidants on the 
stability of polypyrrole in terms of the ratio O X H / ^ ^ H are de-
tailed in Table VII and the effect of various derivatives of sulfonic 
acid doping of polypyrrole on the stability of electrical properties 
are given in Table VIII. (The numbers in the left hand columns 
of Tables VII and VIII are used to identify the antioxidants or 
acids in the subsequent discussion.) Polypyrrole doped with p-
methylbenzenesulfonic acid (16) showed similar behavior on heat-
ing at 150° C in air as well as under nitrogen up to o-max as shown 
in Figure 11, after which a decrease of 33% of o-max was observed 
in the sample at 150° C in air after 8 h due to loss of conjuga-
tion by oxidative degradation [208]. An increase in the intensity 
of bands that correspond to C = 0 and C - O H in FTIR and Ra-
man spectra also were observed [211]. In contrast, the electrical 
conductivity of polypyrrole under nitrogen at 150° C was found to 
be stable for 8 h after an initial 11% decrease of o-max- The thermal 
stability of the EC of polypyrrole became considerably poorer on 
incorporation of antioxidants as evident from Table VII. This de-
cline is similar to that in polyacetylene [87]. However, doping with 
acids that have multiprotonating substituents showed maximum 
stabilization of the electrical properties of polypyrrole at 150° C in 
air. The effect of 2-hydroxy-5-sulfobenzoic acid (27), which was re-
ported for the first time, was excellent, as evident from Table VIII 
and Figure 12. 

Sulfoethanoic acid 
7,7-Dimetyl-2-oxobicyclo[2,2,l]-
heptane-1-methanesulfonic acid 
p-Methylbenzenesulfonic acid 
p-Aminobenzenesulfonic acid 
2-Naphthalenesulfonic acid 
m-Benzenedisulfonic acid 
1,5-Naphthalenedisulfonic acid 
p-Hydroxybenzenesulfonic acid 
2,5-Dihydroxybenzenesulfonic acid 
/7-Sulfobenzoic acid 
m-Sulfobenzoic acid 
4-Sulfo-l,2-benzenedicarboxylic acid 
2-Sulfo-1,4-benzenedicarboxylic acid 
2-Hydroxy-5-sulfobenzoic acid 
p-Dodecylbenzenesulfonic acid 

3 0.18 
130 0.13 

120 0.33 
Not polymerized 

50 0.65 
50 0.88 
80 0.88 
30 0.90 

Not polymerized 
20 0.85 
50 0.94 
25 0.68 
7 0.86 

75 0.95 
25 0.25 

— 
— 

25 

10 
35 
64 
20 

12 
50 
15 
6 

70 
5 

Source: Adapted from Ref. 208 with permission from S. Takeoka et al., 
Bull Chem. Soc. Jpn. 71,1471 (1998). Copyright © 1998, Chemical Society 
of Japan. 

ô-g = o- at 150° C after 8-h heating; o-max = maximum a while heating at 
150° C. 

X H . 

Fig. 11. Time courses of the electrical conductivity of polypyrrole under 
(o) nitrogen and (•) air. Reprinted with permission from S. Takeoka et al., 
Bull. Chem. Soc. Jpn. 71,1471 (1998). Copyright © 1998, Chemical Society 
of Japan, Tokyo. 

The electrical conductivity of polypyrrole doped with 16,21,24, 
and 27 and aged at 125°C for 1000 h was stabilized best by those 
dopants that had carboxy and or hydroxy substituents as shown in 
Figure 13. The half-lives of the EC of polypyrrole doped with 16, 
21,24, and 27 were observed to be 20.0,33.9, 83.9, and 108.1 h, re-
spectively. These observations infer that a dopant that contains a 
carboxy group has a higher stabilizing effect than a dopant that 
contains a hydroxy group, and that a dopant that contains two 
such acidic groups has a much higher effect on the stabilization 
of polypyrrole [208]. Whereas the bipolaron structure is mainly re-
sponsible for electronic conduction in polypyrrole, the band that 
corresponds to the bipolaron does not show any appreciable re-
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Fig. 12. Thermal stabilization of electrical conductivity of polypyrrole by 
dopant against heating at 150° C in air o, 27, •, 18, D, 16; • , 16 + 6. 
Reprinted with permission from S. Takeoka et al.. Bull. Chem. Soc. Jpn. 
71,1471 (1998). Copyright © 1998, Chemical Society of Japan, Tokyo. 

A.H. 

Fig. 13. Long-term stability of polypyrrole at 125°C in air: •, 16, o, 21, 
D, 24; • , 27. Reprinted with permission from S. Takeoka et al.. Bull Chem. 
Soc. Jpn. 71, 1471 (1998). Copyright © 1998, Chemical Society of Japan, 
Tokyo. 

duction in intensity in the case of polymer doped with 27. This ob-
servation from UV-vis studies further supports the inference that 
27 is the most effective dopant. The materials from this study were 
suggested for use in devices where high chemical stability in air is 
a requirement for the conducting polymer. 

One of the increasingly studied subjects with respect to elec-
trically conductive polymers is their application in electrochemical 
sensors and detectors due to their versatility [212-215]. Synthesis 
of self-doped polypyrrole grafted with alkylsulfonate [216] and do-
decylsulfonate [217] has been reported. A humidity sensor based 
on the latter polymer-dopant system showed a linear relation-
ship between resistance and relative humidity (0-100%) with fairly 
good stability in air for about 6 months. Whereas a derivatized 
polypyrrole electrode (polypyrrole-A/^-carbodithionate) selectively 
detected the presence of Cu^+ ions in solution up to a lower limit 
of 1 ppm [218], the device showed a poor stability toward cycling 
in the case of Hg^+ ions in solution [219]. Detailed work on glu-
cose amperometric biosensors based on glucose oxidase immobi-
lized polypyrrole and poly(methylpyrrole) films has been reported 
[220-226]. Harsanyi [227] reviewed the subject of sensors based on 
polymer films extensively. Genies and Marchesiello [228] observed 
that glucose oxidase immobilized on the surface of the polypyrrole 
and poly(methylpyrrole) film-based amperometric biosensors was 
more sensitive and more stable over time than glucose oxidase im-
mobilized during polymerization. 

2.3. Polyaromatics 

Excellent resistance to oxidation and thermal stability, in addi-
tion to their electroactivity are the most attractive features of pol-
yaromatics, which are generally based on polyphenylene or its 
derivatives. The synthesis, characterization, and applications of 
polyaromatics have been widely covered in several reviews [229-
232]. 

23.1, Polyphenylenes 

Poly(/7-phenylene) has fascinated many research groups due to 
its low cost, good mechanical strength, and high stability under 
thermal treatment as well as in electrochemical systems. Ried 
and Freitag [233] studied the thermal stability of polyphenyls and 
observed that the melting points depend mainly on the nature 
of the linkage between phenyl rings and less on the number of 
phenyl rings in the polymer. The highest melting points seen in 
/7-polyphenyls improve little with halogenation; however, steric 
hindrance in the system caused the reverse effect. Several re-
ports found that poly(j9-phenylene) [234-237] is thermally sta-
ble up to 400° C in air and up to 550° C under nitrogen. Poly(/?-
phenylene) as well as poly(tetrafluoroethylene) have shown simi-
lar thermal stability and may be used safely up to similar temper-
ature extremes [238]. When poly(/7-phenylene) was thermally de-
composed under vacuum, the production of biphenyl, /7-terphenyl, 
4-chlorobiphenyl, /7-quaterphenyl, /7-quinquephenyl, and higher 
;?-oligophenyls was confirmed by IR, UV-vis and gas-liquid chro-
matography (GLC), and by comparing the melting points with 
standards [239]. Conductive block copolymers of polyphenylene 
and p-diethynylbenzene withstood heating for several hours at 
400-450° C [240], whereas the azo derivative of this polymer 
showed no noticeable decomposition at 300°C [240]. Highly pu-
rified, only /?-polymer of phenylene with degree of polymeriza-
tion (DP) about 20 were reported to be stable up to 525° C with a 
weight loss of only 2.8% [241] and it was also observed that poly(p-
phenylene) did not decompose even at 800° C and maintained 90% 
of its weight by 817°C, probably in the form of graphite [242]. 

Ohshita et al. [243] reported the electrochemical and optical 
properties of several poly[(disilanylene)oligophenylene] copoly-
mers. When a film of XXVI was heated at 210° C for 20 h under 
vacuum and then cooled to room temperature, the Amax of the film 
shifted from 254 nm to a higher energy of 269 nm and the oxida-
tion peak in its cyclic voltammogram (CV) curves moved to higher 
potential of 1.38 V versus Ag/Ag+ at 1.30 V. Dissolving the poly-
mer film in tetrahydrofuran (THF) after heating at 210°C for 20 h 
yielded a reproduction of the original UV spectrum of the polymer 
in solution, indicating that no structural changes were involved in 
the process. Thermogravimetric analysis (TGA) of XXVI in a ni-
trogen atmosphere also suggested thermal stability of the polymer 
up to 210° [244]. Similar treatment of polymer film XXVII led to 
no changes in UV spectra and CV curves before and after aneal-
ing the polymer film at the same temperature [243]. Pisarevskaya 
and Levi [245] opined that the stability of poly(;?-phenylene) as 
an anode during oxidation depends on the nucleophilic capacity of 
the medium in an electrochemical system. This opinion was fur-
ther supported by the work of Beck and Pruss [246], who studied 
anodic oxidation and overoxidation of a carbon black composite 
of poly(;7-phenylene) (3:40) on platinum mesh electrode in aque-
ous 8-18-M H2SO4,8-11.3-M HCIO4, and 8-M HBF4 and, hence, 
in solutions of different nucleophilicity. The cychc voltammetric 



STABILITY OF CONDUCTING POLYMERS 335 

CH3 CH3 

r Ei Et T 

*- Et Et J 

XXVI XXVII 

4 ^ C H = N - ^ N = C H ) 7 r 
XXVIII 

studies revealed two peaks: the first reversible peak was attributed 
to oxidation of poly(;7-phenylene) and formation of some inser-
tion compound, whereas the second irreversible peak, at a com-
paratively higher potential, was attributed to oevroxidation of the 
polymer [246]. The polymer electrode was observed to become un-
stable below a concentration of 13 M of acid [245]. The molar ratio 
of Na+ doping ion in a poly(/7-phenylene) cathode varied between 
0.41 and zero when cycled between 0.05 and 0.75 V in an elec-
trochemical cell with a sodium anode and Na+(BEt^)/THF elec-
trolyte, suggesting that the totalk capacity of the polymer cathode 
can be utilized within a range of 0.7 V in a battery [247, 248]. 

Siu-Choon et al. [249] reported the synthesis of a copoly-
mer that comprises alternating 1,4-phenylene and 3-butyl-2,5-
thienylene repeat units that was used to fabricate a green light-
emitting diode. Thermogravimetric studies of this polymer re-
vealed that the material is stable upto 410° C in nitrogen and the 
maximum rate of degradation was observed around 500° C. The 
endothermic peaks at 45 and 100° C, seen in modulated differen-
tial scanning calorimetry, were attributed to melting of the side 
chains and the polymer backbone, respectively. The polymer was 
observed to be semicrystalline and a sharp glass transition temper-
ature at 52° C was determined. Similar thermal transitions were re-
ported by Ruiz et al. [250] for similar polyphenylene copolymers. 

The redox interaction of electrically conducting polymers with 
certain gases has led to their use as active components in chem-
ical sensors. They undergo doping and dedoping during cycling, 
with a change in their electrical conductivity to several orders of 
magnitude [227, 251, 252]. Chague et al. [253] reported the vapor 
phase synthesis of a copolymer based on 1,4-phenylene, poly(;7-
phenylene azomethine) (XXVIII), which showed good reversibility 
and sensitivity toward iodine vapor. Modification copolymer by in-
troducing different functional groups, such as aromatic and nitro, 
showed a strong influence on the selectivity and sensitivity toward 
the exposure of several gases such as O2, CO, CO2, NO, SO2, H2, 
CH4, and NH3 [254]. Good reversibility and shorter response time 
to a few minutes was shown by 5-30-/Am-thick copolymer layer ar-
rangements on interdigitated electrode assemblies. 

2.3.2. Poly(phenylenevinykne)s 

Poiy(;7-phenylenevinylene) (PPV) and its derivatives are promis-
ing materials for polymer light-emitting diodes, because they 
possess fairly good mechanical properties, solution processibil-
ity, and several color generations [255-258]. The photoconduc-
tivity of PPV and its derivatives led to their use in photodi-
odes [259], electrophotography [260], optocouplers [261], and 
photovoltaic cells [262-264]. This photoconductivity can be fur-
ther increased by many orders of magnitude by doping with €50 
compounds [265-267], for example. Poly(2-cyano-5-methoxy-l,4-
phenylenevinylene) produced by thermal conversion showed an 
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electrooptic coefficient of 1.2 pm V~^ that was stable during long 
annealing at 200° C [268]. These materials also have potential ap-
plications in charge storage devices. An energy density as high as 
532 W hkg-1 for Li-PPV cells has been reported [269]; this is 
comparatively much higher than polypyrrole or polyaniline. Di-
ethoxy derivative of PPV was observed to show a low energy den-
sity of 240 W h kg~^ and it showed no sign of degradation after up 
to 1000 charging-discharging cycles [270]. Gomez et al. [271] re-
ported the synthesis of several derivatives of poly(arylenevinylene) 
block copolymer (XXIX, XXX, and XXXI). All three copolymers 
are oxidized at potentials above 1.2 V versus a staturated (SCE), 
which is comparatively higher than that of other conducting poly-
mers, whereas all three are reduced at potentials around -1.5 V 
versus SCE in a cyclic voltammetric experiment with BU4NCIO4-
CH2CI2 and a glassy carbon working electrode. These copolymers 
showed intense photoluminescence and high electron affinity and, 
therefore, they are promising materials for light-emitting diodes. 

Wang et al. [272] reported the thermal stability of a novel 
disilyl-substituted poly(/7-phenylenevinylene) synthesized accord-
ing to the scheme shown in Figure 14. Poly 2,5-bis(dimethyloctade-
cylsilyl)l,4-phenylenevinylene (ODS-PPV) (XXXII) showed the 
onset of decomposition at about 260° C and a weight loss of 10% 
was observed at 392° C in TGA studies. The degradation of the 
material involved two steps; the first step from 260 to 500° C with 
a maximum rate of decomposition at 460° C and a major weight 
loss, and the second step from 500 to 650° C with a maximum rate 
of decomposition at 588° C and a minor weight loss. A carbona-
ceous residue of about 11% remained above 650° C. This residue 
may also contain silicon dioxide. It is evident from TGA studies 
that ODS-PPV is stable enough for use in electroluminescent de-
vices as shown in Figure 15. 

Gao et al. [273] reported the fabrication of a bright-blue elec-
troluminescent device based on an emissive dopant, a substituted 
ter-PV,l,4-bis[4-(2-trimethylsilylvinyl)styryl]-2,5-dibutoxybenzene 
(BTSB) and an electron transporter, AT-arylbenzimidazole (TPBI). 
The device doped with 10-wt% BTSB had a threshold voltage 
of about 3.8 V and a current efficiency of 3.2 cd A~^ at a cur-
rent density of 20 mAcm~^. The device achieved a brightness of 
11,000 cd m~^ at a current density of 360 mAcm~^, which is com-
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Fig. 14. The synthetic route for ODS-PPV. (i) Mg/THF, MeaSiHCigHav, 
(ii) NBS/benzene/BPO/hî  and (iii) KOBu'/THF. Reprinted with permis-
sion from L.-H. Wang et al., Synth. Met. 105, 85 (1999). Copyright © 1999, 
Elsevier Science Ltd., Oxford. 
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Fig. 15. Thermogravimetric analysis (TO solid line) and differential ther-
mal analysis (DTA dotted line) of ODS-PPV in air. Reprinted with permis-
sion from L.-H. Wang et al., Synth. Met 105, 85 (1999). Copyright © 1999, 
Elsevier Science Ltd., Oxford. 
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parable with the characteristics of most efficient devices reported 
to date [274]. The device was observed to be stable after storage 
for several months and showed very little degradation in perfor-
mance after encapsulation in air. 

Parker and co-workers [275, 276] fabricated a polymer light-
emitting diode from a PPV derivative known as OCiCio (XXXIII). 
This diode operated for many thousands of hours at luminances in 
excess of 100 cdm~^. The time dependence of the luminance in 
3-cm~^ devices operating at a range of temperatures from 25 to 
85° C with a current density of 8.3 mAcm~^ is given in Figure 16. 

25»q 

<̂' 10 100 1,000 10,000 
Operating Time (hrs) 

Fig. 16. Time dependence of luminance for 3-cm^ device operated at a 
range of temperature. The current density is 8.3 mA/cm .̂ Reprinted with 
permission from I. D. Parker et al.,/. Appl. Phys. 85(4), 2441 (1999). Copy-
right © 1999, American Institute of Physics, New York. 
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Fig. 17. Time for the device luminance to drop to half of its initial value 
plotted as a function of temperature. The circles indicate 3-cm^ single pixel 
devices driven in dc; squares indicate data for pixellated displays driven 
in pulsed mode (1/16 duty cycle; 200 Hz; same average luminance as dc 
devices). The current density for the dc driven devices is 8.3 mA/cm .̂ 
Reprinted with permission from L D. Parker et al., /. Appl. Phys. 85(4), 
2441 (1999). Copyright © 1999, American Institute of Physics, New York. 

The magnitude of change in luminance became more prominant 
with higher temperatures. Figure 17 shows the time for device lu-
minance to drop to half of its original value, plotted as a function 



STABILITY OF CONDUCTING POLYMERS 337 

lo-V 1 i r 

t 185-0 

^ 10* 

w 

10-1 

DC drive 
Pulsed drive 

•. T 70-C 

X 
60'C 

I T 50*C 

i 25-C 

2.7 2.8 2.9 3.1 3.2 3.3 3.4 3.5 

1000/T(K) 

Fig. 18. Luminance decay rate [(time for the luminance to drop to half 
of its initial value)"^] as a function of temperature. Data are plotted in 
Arrhenius form. The circles indicate 3-cm^ single pixel devices driven in dc; 
squares indicate data for pixellated displays driven in pulsed mode (1/16 
duty cycle; 200 Hz; same average luminance as dc devices). The current 
density for dc driven devices is 8.3 mA/cm^. Reprinted with permission 
from I. D. Parker et al., /. Appl Phys. 85(4), 2441 (1999). Copyright © 
1999, American Institute of Physics, New York. 
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there is ample evidence in the obtained data for the formation of 
chain defects that behave like electron traps, leading to the de-
crease in electron mobility and increase in operating voltage [275]. 
Finally polymer OCjCio was observed to possess a high redox sta-
bility, and each molecular unit on the polymer backbone is stable 
for more than 10^^ redox cycles [275]. 

MacDiarmid and Huang [277] reported the fabrication of light-
emitting diodes based on a novel conducting polymer, poly(2-
methoxy-5-(2'-ethylhexyloxy)-l,4-phenylenevinylene)(MEH-PPV) 
(XXXIV), and described their characteristics in great detail. The 
AI-I2-doped MEH-PPV-ITO device showed no significant degra-
dation when operated at 14 V with a resting time of 5 min be-
tween each operation in ambient laboratory conditions. Similar 
device stability was found in Al-MEH-PPV-100% doped emeral-
dine base-ITO operated at 18 V with a resting time of 5 min be-
tween each operation in a laboratory atmosphere. A device with 
the configuration Al-MEH-PPV-1.76% HCl-doped emeraldine 
base-ITO, however, showed completely different results at an op-
eration voltage of 28 V with 5 min resting time between each op-
eration, but no degradation was apparent during the study [277]. 

of temperature, and Figure 18 shows the luminance decay rate, 
defined as (luminanse half-life)"^, plotted in Arrhenius form at a 
current density of 8.3 mA cm~^ and at about 5°C above the am-
bient temperature. The linear trend up to 70°C in Figures 17 and 
18 suggests that the same mechanism is involved in the degrada-
tion that leads to the decline in luminance below this temperature, 
with an activation energy of 0.67 ± 0.06 eV. However, the deviation 
of data from linearity at 85° C suggests an additional degradation 
mechanism, which may be related to the glass transition tempera-
ture of the polymer, which is around 80° C. Figures 17 amd 18 also 
contain data for displays with an array of small pixels (0.25 mm^) 
operated in a pulsed, multiplexed mode of 1/16 duty cycle, 200 Hz, 
and an initial time-averaged luminance of 130 cdm~^. The data 
suggest that the long-term luminance degradation is not specific 
to whether the driving scheme is dc or pulsed at high power with 
low duty cycle. An empirical expression of long-term luminance 
decrease of a device operated at a constant was also suggested on 
the basis of obtained data. 

-^L 
dt 

(X jQexp m (2) 

where -dL/dt is the long-term luminance decay rate defined as 
(time to half the initial luminance) " ^ Q is the total charge passed 
through the device per unit area, Ea is the thermal activation en-
ergy (equal to 0.67 ± 0.06 eV), k is the Boltzmann constant, and T 
is the absolute temperature. On the basis of data, the presence of 
electrons that lead to degradation of the polymer layer is inferred. 
The gradual degradation of the polymer film, proportional to the 
number of electrons passed through the polymer, further suggests 
that the microscopic origin may be some form of redox instability 
in the polymer. The data obtained do not provide direct evidence 
of the microscopic processes responsible for the degradation, but 

2,3.3. PoJyanilines 

Polyaniline has potential applications in areas such as organic 
semiconductors, corrosion inhibitors, color displays, energy stor-
age devices, optoelectronic devices, and rechargeable polymer bat-
teries. This polymer has been endowed with desirable electrical, 
electrochemical, and optical properties coupled with excellent en-
vironmental stability [278-287]. 

Chemically prepared polyaniline is stable up to as high as 
650° C, but doped material reportedly undergoes HCI-H2SO4 re-
moval that begins in the 230-300° C range and leads the polymer to 
the emeraldine base. This two-stage weight loss has been reported 
in several thermogravimetric studies [288-292], whereas some re-
ports cite a third step that is due to water loss (as is the initial 
step). As studied by Palaniappan and Narayana [293], chemically 
prepared polyaniline in different acid media showed a three-step 
weight loss in thermogravimetric experiment after heat treatments 
at 150, 200, 275, and 375° C. The first step was attributed to the 
loss of water from doped polymer beginning at 110°C; the second 
minor step was due to removal of acid in the range of 110-275° C 
and the polymer underwent thermooxidative degradation beyond 
275° C in the third step. The thermal stability of polyaniline doped 
with different acids was observed to be dependent on the doping 
counterion and no change in structure of the polymer was sup-
ported by IR and electronic spectra below 200° C [293]. Kahler et 
al. [294] observed that a HBr salt of chemically prepared polyani-
line is the most thermally stable material among HF-, HC1-, HBr-, 
and Hl-doped, highly conductive materials. Pereira da Silva et al. 
[295] reported the synthesis of polyaniline films doped with cam-
phor sulfonic acid (HCSA) on platinum working electrodes with 
platinum counterelectrodes in a 0.5-M aniline 4- 1.0-M HCSA so-
lution. Potential sweeps were between -0.2 and 0.75 V at a sweep 
rate of 0.05 Vs"^ versus SCE. The polymer stability was studied 
by Raman spectroscopy as a function of programmed temperature 
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Fig. 19. Wavelengths that correspond to the maximum absorption as 
a function of pH for films of poly(o-methoxyaniline) doped with p-
toluenesulfonic acid (o) and doped with HCl (•). Reprinted with permis-
sion from W. A. Gazotti, Jr., et al., /. Electroanal Chem. 440, 193 (1997). 
Copyright © 1997, Elsevier Science Ltd., Oxford. 

increase at a rate of 10°C min~^ from room temperature to 150° C. 
Polyaniline doped with HCSA showed a great change in its Raman 
spectra on heating. The band located at 1380 cm~^ at room tem-
perature, which is one of the most prominent bands in the spec-
trum, completely disappeared by 125° C. There was a continuous 
decrease in quinoid units with increasing temperature, because the 
intensity of the corresponding band decreased and shifted from 
the 1580-cm~^ band (î  C=C quinoid ring) to higher frequencies 
(1592 cm~^; v C—C benzenoid units). These results are sugges-
tive of a conformational change from a coillike structure to an ex-
tended structure induced by temperature. A polymer power doped 
with HCSA and processed in m-cresol showed a negligible effect 
on the Raman spectrum as the temperature increased. These find-
ings are further supported by the work of Li et al. [296], which 
showed that the emeraldine-like state is the most stable at high 
temperatures and that the =N—/—NH— ratio (as determined by 
X-ray photoelectron spectroscopy of partially doped polyaniline) 
diminishes when heated to 200° C. Gazotti et al. [297] compared 
the stability of chemically prepared poly(o-methoxyaniline) doped 
with HCl and toluenesulfonic acid (TSA) by monitoring Amax as 
a function of pH from 0 to 14 as shown in Figure 19. As is ev-
ident from the figure, the TSA-doped poly(o-methoxyaniline) is 
more stable compared to HCL doped, because deprotonation of 
the former is more difficult with the increase in pH. This is why the 
former showed good performance as an optical pH sensor [298]. 

Hugot-Le Goff and Cordova Torresi [299] studied the stability 
of polyaniline films under laser light by comparing in situ and ex 
situ spectra. The purple form of the polymer degraded at the im-
pact laser point (i.e., 40-mW laser output) and considerable degra-
dation was observed in ex situ experiments. Boucherit et al. [300] 
reported that a thin layer of water on the surface of the most unsta-
ble polymer sample was sufficient to protect it from degradation. 
Bernard et al. [301] reported in situ Raman spectroscopy stud-
ies on electrochromic polyaniline films that revealed the effect of 
pH and the influence of the sweep range on cycling lifetimes. The 
degradation mechanism was explained by the gradual formation of 
head-to-head coupling in a pH range of 0-3 in HCl+KCl solution 
when samples were cycled in various potential ranges. 

Hand and Nelson [302] reported that />-benzoquinone is 
the main product of electrooxidation of polyaniline in acidic 
media and the dark green precipitate produced was quinone-
hydroquinone. Arsov et al. [303] performed detailed work on the 
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Fig. 20. Proposed mechanism of overoxidation of polyaniline. Reprinted 
with permission from L. D. Arsov et al., /. Solid State Electrochem. 2, 355 
(1998). Copyright © 1998, Springer-Verlag, Berlin. 

influence of the potential on the degradation of polyaniline by us-
ing electrochemical and Raman spectroscopic techniques. When 
cycled between the potential range of -0.65 to +0.55 V in 1.0-M 
H2SO4 + 0.1-M C6H5NH2 at a rate of 20 m V s - ^ polyaniline-
platinum electrode showed the emergence of redox peaks beyond 
+0.2 V after the fifth cycle. The Raman spectrum showed a band 
at 1678 cm~^ and a shoulder at 1722 cm~^, suggestive of the for-
mation of C = 0 bonds due to overoxidation and degradation. The 
products of degradation included /^-benzoquinone, hydroquinone, 
;7-aminophenol, quinoneimine, and oxidized polyaniline as pro-
posed in the scheme given in Figure 20. Somewhat similar results 
were also reported for a polyaniline-coated titanium electrode im-
mersed in 1-M H2SO4 by Arsov [304]. 

Paul et al. [305] reported emulsion polymerization of aniline in 
the presence of 3-pentadecylphenylphsophoric acid (PDPPA) in a 
molar ratio of 1:1 as well as a polyaniline blend prepared by me-
chanical mixing of two components at room temperature. Intrinsi-
cally doped and blended polyaniline showed electrical conductivi-
ties of 6.1 X 10~^ and 2.4 x 10~^ S cm~^ respectively. Both poly-
mers differed in their thermal stability quite a lot. When heated 
at a rate of 20° C min~^ in a thermogravimetric experiment, the 
materials showed a small weight loss of 2-5% below 150° C due 
to loss of water and low molecular weight oligomers. In emulsion-
polymerized PDPPA, the onset temperature of degradation was 
280°C in a single step. However, the blend showed two-step de-
composition starting at 240 and 350° C. Emulsion-polymerized 
polyaniline with PDPPA was observed to be more thermally sta-
ble than the polymer blend. These results were further supported 
by DSC studies. 
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Kim et al [306] reported the properties of an electrochromic 
window based on poly(aniline A/̂ -butylsulfonate)s (PANBUS) with 
and without a WO3 layer. The best result was obtained from an 
EC window composed and PANBUS and WO3 electrochromic lay-
ers with electrolyte films that contained 5% Nafion (SB5, SS5, and 
SBS5). In these systems, the transmittance changes were more 
than 95% at room temperature with applied step potentials of 
±L5 V. The contrast between the colored and the bleached states 
upon cycling remained after 2300 cycles under 60-s cycle duration 
for ±L5 V. However, detachment of the electrolyte fihn from the 
PANBUS surface was observed by scanning electron microscopy 
(SEM) after 3000 cycles. Therefore, further improvements in the 
cyclability of the PANBUS EC window by using more adhering 
solid electrolyte was proposed. Kim et al. [307] studied PANBUS 
EC windows with a polycomponent electrolyte as well and they 
observed that the electrolyte SPEBMA5 and SPEST5 films sand-
wiched between two ITO glasses retained their transparency and 
adhesivity up to 3000 cycles in the range of ±2.0 V at a rate of 
60 s per cycle. Voids were formed and the adhesion of the film 
became poor after 3000 cycles. The color contrast of a PANBUS 
EC window was much improved with a more positive applied po-
tential (+2.5-V) limit, but the redox cyclability of more than 500 
cycles could not be achieved, possibly due to oxidative degrada-
tion of the electrochromic polymer. The redox cyclability as high 
as 150,000 cycles for PANBUS has also been reported for other 
systems by the same group [308], who also observed that the liq-
uid crystal alignment on the conductive PANBUS layer was stable 
for a long time [309]. Misra et al. [310] reported the synthesis of 
poly(2-ethylaniline) from a solution of 2-ethylaniline (0.1 M) and 
tetra-n-butylammoniumperchlorate (0.1 M) in 1,2-dichloroethane 
on a platinum electrode under nitrogen. The polymer deposited 
on the electrode surface was found to be quite stable and could be 
cycled repeatedly without any evidence of decomposition. Ther-
mogravimetric analysis of the ClO^-and SbCl^-doped poly(2-
ethylaniline) showed weight losses of 3.4 and 10% by 300 and 
333° C, respectively, that may be due dopant loss. ClO^-doped 
polymer lost 85% of its weight by 400° C, whereas SbCl^-doped 
polymer lost the same weight by 600° C; hence, the later material 
seems to be more thermally stable. Chemically prepared polyani-
line and poly(dimethylaniline) examined by Toshima and Yan [311] 
showed three-step weight loss at around 100, 200, and 470° C un-
der nitrogen that was attributed to the loss of water, loss of dopant, 
and thermal breakdown of the polymer backbone. 

Electropolymerized poly(<9-methylaniline) also showed a three-
stage decomposition similar to the case of poly(dimethylaniline). 
Weight losses of about 12,16, and 100% were observed in the tem-
perature ranges of 40-120,120-320, and 320-680° C, respectively. 
The first step was attributed to the loss of trapped water, the sec-
ond, to the loss of chlorine or hydrogen chloride, and the third, to 
complete oxidative degradation of the polymer chain [312]. Gupta 
and Warhadpande [313] synthesized polymers from substituted 
anilines via a chemical method. Thermogravimetry showed that 
the A^-substituted polymers were more stable than ring-substituted 
polymers as evident from the weight losses at 800° C for poly(m-
toluidine) (62.2%), poly(o-toluidine) (61.6%), poly(o-anisidine) 
(100%), poly(acetanilide) (51.9%), poly(diphenylamine) (29.5%), 
and poly(o-naphthylamine) (69.7%). The polymers with strained 
chains possessed lower stability than polymers with flat chains. 

Highly sulfonated polyaniline was synthesized by converting an 
emeraldine base into a leucoemeraldine base followed by sulfona-
tion by fumingsulfuric acid [314-317]. This polymer had much bet-

pH 

Fig. 21. pH dependence of dc conductivity at room temperature for leu-
coemeraldine base-sulfonated polyaniline (o), polyaniline-HCl (A), and 
emeraldine base-sulfonated polyaniline (O). Reprinted with permission 
from X.-L. Wei et al.,/. Am. Chem. Soc. 118, 2545 (1996). Copyright 1996, 
American Chemical Society, Washington, DC. 

ter thermal stability than its parent polyaniline doped with HCl 
[318]. The dc conductivity of leucoemeraldine base sulfonated 
polyaniline was observed to be independent of pH in the available 
buffer range of pH 0-12 [319], whereas a decrease of 10 orders of 
magnitude in polyaniline:HCl (pH range 2-4) and of 5 orders of 
magnitude in emeraldine base sulfonated polyaniline (pH range of 
7.5-9) was observed [320] as shown in Figure 21. This striking dif-
ference is due to a greater concentration of sulfonic acid groups in 
the polymer based on leucoemeraldine. This polymer film showed 
a stable vohammogram in 1.0-M HCl in the scan range of 0.0-
0.6 V at a rate of 50 mVs~^ after 5000 cycles; however, reversible 
degradation occurred as the potential was raised to 0.8 V [321, 
322]. The sulfonated polyaniline is particularly durable for pH 4 
and potential lower than 0.35 V versus Ag-AgCl (saturated). For 
example, the optical reflectance of a film on a platinum electrode 
changed less than 20% after 7 million cycles in l-moldm~^ HCl 
[323]. The sulfonated polyaniline showed a slow rate of weight 
loss upon heating to 220° C and a one-step weight loss beginning 
at 220° C, with smaller weight loss for 300-600° C. The slow rate 
of weight loss from 100 to 220° C, attributed to the loss of water, 
whereas the weight loss from 100 to 200° C is attributed to the elim-
ination of some SO^ groups. The major weight loss above 220° C 
was associated with further removal of sulfonic groups from the 
polymer chain, and decomposition of the polymer backbone oc-
curred at higher temperatures. However, the sodium sah of the 
polymer showed a very slow weight loss up to 220° C that may be 
due to the removal of water and lower oligomers. Weight loss start-
ing at 350° C and extending to 600° C was the major operant and 
was most probably due to the dissociation of sulfonic groups from 
the polymer chain as seen by Yue et al. [324] in their thermogravi-
metric studies. 

Aniline intercalated layered double hydroxides (LDHs) were 
synthesized and their thermal stability was studied by Challier and 
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Slade [325]. Terephthalate-Cu-Cr LDHs as well as hexacyanofer-
rate (II)-Cu-Al LDHs showed weight loss in two steps that were 
attributed to the removal of trapped water and the thermal break-
down of the intercalated system. The former LDHs showed com-
paratively better thermal stability than the latter. 

Interest has been shown in double-strand (d-s) polyanilines by 
many researchers, because they offer fairly good stability under cy-
cles of heat, water, or solvents [326-329] compared to traditional 
single-strand (s-s) polyanilines. These double-strand polyaniline 
complexes may be soluble in water or organic solvents, be sus-
pendable as latex, or show strong adhesion with metals and poly-
mers. The d-s polyanilines do not unwind or decompose in acids, 
bases, solvents, mild oxidant-reductants, or heat in contrast to s-
s polyanilines, because s-s polyanilines lose dopant and become 
nonconductive under such conditions. DSC data confirm that this 
material is a molecular complex and not a simple blend of two 
components [326]. 

Variation of the electronic conductivity of conducting polymers 
with redox potential and pH of the environment is well estab-
lished. On this basis, Hoa et al. [330] fabricated biosensors from 
polyaniline and a corresponding enzyme to estimate urea, glucose, 
hemoglobin, and neutral lipid. The relative change in conductance 
of the polyaniline film versus concentration followed a straight 
line for a reasonable range and reproducibility to within 10% was 
demonstrated, which suggest some instability during scanning. Do-
gan et al. [331] also fabricated sensors based on polyaniline and a 
composite of polyaniline with poly(bisphenol-A carbonate) using 
two-probe electrical conductivity measurements to estimate am-
monia. The variation in resistance was found to be more repro-
ducible in the case of the composite sensor than in that of the pure 
polymer. Concentration levels of 0.1, 0.05, and 0.025% produced 
relative resistance changes of 9.2,4.7, and 3.1, respectively, for am-
monia, with good repeatability on application of 60-s concentra-
tion pulses. 

MacDiarmid et al. [332, 333] reported the synthesis of octaani-
line, an oligomer of aniline, and its use in a device to detect organic 
vapors such as toluene. The reversibility of the octaaniline sensor 
toward toluene vapors was observed to be excellent (99.7%) with 
a satisfactory environmental stability after a few days. 

2.3.4. Polyheteroaromatics 

Polymers based on carbazole are well known for their fairly high 
thermal stability and good electrical properties on doping with 
electron acceptors, in addition to their excellent photoconduc-
tive efficiencies. Due to its fairly good toughness and fabricabil-
ity, poly(Ar-vinylcarbazole) has been used as a photoconductor in 
electroreprographics in place of amorphous selenium [334-337]. 
The carbocomposite of poly(Ar-vinylcarbazole) showed the onset 
of decomposition at 200° C with a weight loss of 20-60% by 250-
450° C and of 100% by 600° C. Composites with higher proportions 
of carbon black showed high electrical conductivity [338]. Biswas 
and Roy [339] reported that poly(Ar-vinylcarbazole) (PNVC) pre-
pared with FeCl3:NVC (molar ratio of 9:1) showed higher stability 
than preparation with a molar ratio of 6:1. Both polymers under-
went 95% weight loss in TGA above 550°C. The higher stability of 
the former polymer was suggested to be due to higher molecular 
weight. However, the FeCl3(ether)-initiated PNVC showed some-
what higher temperature (260° C) for the onset of decomposition 
than the aqueous suspension polymerized PNVC. The oxidative 
degradation that led to the breakdown of the polymer backbone 

starts at 450°C as observed in DTA studies [339]. The synthesis 
of black shiny, nitrobenzene-soluble and iodine-doped poly(A -̂
methyl-3,3'-carbazole) was reported by Wellinghoff et al. [340] 
who observed electrical conductivity in the range of 1-10 Scm~^ 
The material showed long-term stability for many months in air at 
room temperature. 

Highly stable polymers for electronic applications based on 
benzooxazole were reported by Mercer and McKenzie [341]. 
The polycondensates of 2,2'-bis[2-(4-aminophenoxy)benzoxazole-
6-yl]hexafluoropropane with pyromellitic dianhydride, biphenyl, 
benzophenone, and so forth, after thermal imidization of the pre-
pared polyamic acid films, showed the onset of degradation in the 
temperature range of 424-456° C. Crystalline poly(benzimidazole): 
H3PO4 complex showed good electrical conductivity and stabil-
ity below 300° C, which makes it a potential material for fuel cell 
applications. The polymer in its doped state exhibits fairly good 
thermal stability at 250°C for 1000 h [342]. Phenyl-substituted 
polyquinazolinones [343-347] were observed to be thermally sta-
ble up to 420° C in air, and polyimidines also showed compar-
atively high thermal stability in air as well as in an inert en-
vironment. However, polypyrrolinones were observed to be less 
thermally stable. Poly(l,2,4-triazine)s and polyphenylquinoxalines 
were found to be fairly thermostable, and the latter also showed 
good chemical stability. The least thermostable polyquinoline 
from di(4-acetylphenyl)ether did not show any degradation at 
300° C, whereas the onset of weight loss in TGA was observed 
in the temperature range of 530-545° C and 530-570° C in air 
and nitrogen, respectively, in the case of poly(2,6-quinoline)s. 
Poly(C-phenylbenzimidazole)s showed better thermostability than 
poly(A/̂ -phenylbenzimidazole)s, whereas polyanthrazolines 
showed thermal degradation in the temperature ranges of 500-
550 and 530-600° C in air and in an inert atmosphere, respectively 
[343-347]. The electrical conductivity of poly(N-vinylimidazole) 
doped with iodine and boron trifluoride decreased from 10"^ to 
10~^ Scm~^ after 2 months exposure to ambient atmosphere 
[348]. 

To improve the thermal stability of these polymers, Biswas 
and Mitra [349] prepared copolycondensates of carbazole (CBZ) 
with phthalic anhydride (PhAn), trimellitic anhydride (TMA), 
pyromellitic dianhydride (PMDA), 1,4,5,8-naphthalene tetracar-
boxylic dianhydride (NTDA), and benzophenone tetracarboxy 
dianhydride (BTDA) along with similar copolycondensates of 
PNVC. The thermal stability of copolycondensates was observed 
to depend on anhydride moiety in the order NDTA > BTDA > 
PMDA > TMA > PhAn for both the types of materials as given 
in Table DC. Table X shows the isothermal degradation stability of 
pairs of polycondensates, and the data confirm the high thermal 
stability of NTDA over the other materials. 

2.3.5. Miscellaneous Polyaromatics 

Highly aromatic and photosensitive polymers such as polyimides 
are potential candidates in photonic applications. Wholly aromatic 
polyimides (XXXV) were observed to be white in color and solu-
ble in polar aprotic solvents such as DMAc, DMF, HMPA, and 
NMP, whereas the polymers with m-phenylene units in backbone 
were also soluble in common organic solvents such as acetone, 
chloroform, and THE All the materials showed excellent thermal 
stability up to 300° C in air without any weight loss, although ini-
tial weight losses of 5 and 10% were observed in the temperature 
ranges of 362-372°C and 376-384°C, respectively [350]. 
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Table IX. Thermal Stabilities of the Carbazole Anhydride and Poly(Ar-vinylcarbazole)anhydride 
Copolycondensates 

Polymer^ 

CBZ-PhAn 
PNVC-PhAn 
CBZ-TMA 
PNVC-TMA 
CBZ-PMDA 
PNVC-PMDA 
CBZ-NTDA 
PNVC-NTDA 
CBZ-BTDA 
PNVC-BTDA 
PNVC 

j.b 

300 
370 
305 
370 
310 
375 
330 
400 
315 
375 
375 

5 

325 
415 
330 
415 
340 
420 
430 
470 
420 
425 
420 

Temperature (°C) 
Polycondensate weight 

25 

405 
420 
410 
425 
415 
470 
515 
530 
480 
495 
430 

50 

465 
500 
475 
505 
500 
540 
545 
596 
535 
550 
440 

loss (%) 
Complete 

585 (98%) 
640 (98%) 
600 (97%) 
680 (98%) 
610 (98%) 
700 (95%) 
620 (98%) 
806 (97%) 
620 (96%) 
732 (97%) 
520 

DTApeak(endo.) 
at temp. (°C) 

470 
490 
460 

495,658 
475 

495, 656 
500 
518 
480 

495,677 

— 

Source: Adapted with permission from M. Biswas and P. Mitra, /. Appl Polym. Sci. 42, 1989 (1991). Copyright © 
1991, Wiley, Chichester. 

^Abbreviations: CBZ, carbazole; PNVC, poly(A'̂ -vinylcarbazole); PhAn, phthalic anhydride; TMA, trimeUitic acid 
anhydride; PMDA, pyromeUitic dianhydride; NTDA, naphthalene tetracarboxylic dianhydride; BTDA, benzophe-
none tetracarboxylic dianhydride. 

^Ti denotes the initial decomposition temperature. 

Table X. Isothermal Stability of Carbazole Anhydride and Poly(A/̂ -vinylcarbazole)anhydride Copolycondensates 
After Heating in Air 

Polymer^ 

CBZ-PMDA 
PNVC-PMDA 
CBZ-BTDA 
PNVC-BTDA 
CBZ-NTDA 
PNVC-NTDA 

280° C 

4.92 
4.84 
4.66 
5.10 
3.46 
3.59 

8h 
350°C 

20.96 
22.62 
19.08 
16.39 
6.48 
7.00 

280° C 

12.66 
12.89 
11.12 
10.32 
8.01 
8.52 

Total weight loss 
12 h 

350° C 

21.61 
20.76 
23.48 
20.12 
12.97 
13.01 

(%; 1 

280°C 

15.22 
14.87 
14.12 
13.01 
12.69 
11.23 

16 h 
350°C 

23.59 
22.69 
26.73 
25.83 
18.00 
17.61 

24 h 
280° C 

19.33 
17.85 
18.36 
15.66 
17.84 
13.43 

Source: Adapted with permission from M. Biswas and P. Mitra, /. Appl. Polym. Sci. 42, 1989 (1991). Copyright © 
1991, Wiley, Chichester. 

^Abbreviations are defined in Table IX. 

-(~N~C-Ar-C-N-C-VJj-C )n-

XXXV 

The thermal stability of electroactive polyacene quinone rad-
ical polymers was studied up to 1200° C under helium and the 
electrical conductivity was observed to pass through a minimum 
at about 500° C with a negative temperature dependence like in 
the case of degenerate semimetals; hence, these polymers show 
unique thermal properties [351]. The electrically conducting fihns 
of polyazulene were found to be stable in different environmental 

conditions such as acids, bases, and common organic solvents. The 
films of polymer were stable up to 80° C, and a severe decrease in 
electrically conducting properties was the result of heat treatment 
[352]. Quante et al. [353] reported the synthesis of soluble and 
photostable polyperylene-basad systems (XXXVI and XXXVII). 

2.4. Inorganic and Silicon Polymers 

Poly(sulfur nitride) [(SN)jc] was the first inorganic polymer with a 
backbone made up of nonmetallic elements to show an intrinsic 
electrical conductivity as high as 2.5 x 10̂  Scm~^ at room tem-
perature [354]. Parathiocyanogen [(SCN);c] is another similar in-
organic polymer that was prepared electrochemically in the form 
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R = 

R. = 

R , = 

- ( C H j ) , -

XXXVI 

of yellow or orange-red powder and film by Bowmaker et al. [355]. 
This materials was found to be stable even after several weeks of 
exposure to air as confirmed by Raman, IR, and X-ray photoelec-
tron spectroscopy. The polymer may be described as a highly resis-
tive semiconductor, because the electrical conductivity increased 
to 1.2 X 10~^ Scm~^ after doping with iodine for 7 days. The 
presence of conjugation in the polymer backbone is supported by 
a maximum at 440 nm in theUV-vis spectrum that may also be at-
tributed to the derealization of electrons along the polymer chain. 
In contrast to traditional conducting polymers such as polypyrrole, 
parathiocyanogen cannot be dedoped electrochemically, perhaps 
due to degradation of the polymer film during doping. However, 
paraselenocyanogen [(SeCN);̂ ] was observed to be unstable in air 
and, within a day, the orange color darkened to leave grey sele-
nium on the electrode [356]. 

The unusual properties, such as photoconductivity, strong elec-
tronic absorption, and photosensitivity, shown by polysilanes are 
due to or-electron derealization along the Si—Si backbone. The 
(7-electrons are so loosely bound that the ionization energies be-
come much lower for o--electrons of polysilanes. The polymer is an 
insulator with an electrical conductivity of less than 10~^^ S cm~^ 
and it becomes electrically conductive on doping with oxidizing 
agents, as ASF5, SbF5, and H2SO4. An electrical conductivity as 
high as 0.5 Scm~^ has been measured for polysilastyrene [357-
359]. Polysilanes are inert toward oxygen at ordinary tempera-
tures and stable up to 300° C; however, they are prone to hydrol-
ysis and undergo severe degradation on exposure to UV light. 
Poly(phenylsilane) showed much better photostability toward pho-
todegradation than its alkyl counterparts [360-363]. Soluble block 
copolymers of dimethylsiloxane and different compositions of 4-
vinylpyridine became electrically conductive on iodine doping and 
exhibited electrical conductivity as high as 3.8 x 10~^ S cm~^. The 
electrical conductivity reduced to 10~^ Scm~^ in ambient atmo-
sphere as well as on application of a vacuum. Incorporation of 
siloxane components in the polymer greatly improved the mechan-
ical properties and the thermal stability without affecting the elec-
trical properties of the 4-vinylpyridine component in the polymer 
[364]. Nagayama et al. [365] exploited the unique property of pho-
todecomposition of polysilane by UV light in novel offset print-
ing that requires no developing process. The polymers studied in-
clude poly(methylphenylsilane) and poly(methylphenylsilane-co-
methyl-3,3,3-trifluoropropylsilane). Manners [366] reported the 
synthesis of poly(ferrocenylsilane)s, an alternate copolymer of 
ferrocene and organosilanes (XXXVIII). Poly(ferrocenylsilane)s 
possess interesting hole transport properties and partial oxida-
tion leads to a great increase in electrical conductivity up to 
10-^ Scm-l [367]. Further heating of this polymer to 500-1000°C 
may yield magnetic ceramics [368]. 

XXXVIII 

2.5. Phthalocyanines 

Phthalocyanine is a centrosymmetric planer molecule that has the 
general formula C32H18N8, a tetrabenzo analog of naturally oc-
curring tetraazaporphyrins [369-371]. Phthalocyanines absorb in 
the visible region in the range of 600̂ -700 nm and form dark blue 
to metallic bronze to green materials that generally sublime on 
heating beyond 500° C. Their planer form is generally insoluble in 
common organic solvents and they have been used as dyes due to 
their good thermal stability [372, 373]. They have become attrac-
tive materials due to the ease of forming good quality films and 
their tailorable electrical and electronic proporties, which makes 
them ideal for use in photoelectrochemical cells, photoconduc-
tors, rectifying devices, gas sensors, electrochromic devices, and 
optical data storage [374]. A central metal atom that controls 
the overall properties of the material is incorporated in place of 
two central hydrogen atoms of metal-free phthalocyanine to get 
a great variety of metallophthalocyanines (PcMs), many of which 
are very stable in the presence of oxygen [375]. The synthesis 
of mesogenic triphenylene-based porphyrazine complexes with a 
widely extended core system that leads to enhanced stability of the 
mesophase has been reported. These materials show liquid crys-
talline behavior over a wide range of temperatures from about 
100 to 300° C [376]. TWo dimensional planer poly(phthalocyanine) 
with Cu as the central atom showed electrical conductivity as high 
as 10~^ Scm~^ that could be further increased to the extent 
of 10^-10^ S cm ^ by doping. The polymers showed high ther-
mal stability and can be used in devices that require temperature 
resistant components [377]. Doped with electron acceptors, co-
facially linked poly(phthalocyaninato)metalloxanes [PcMO]« (M 
= Si, Ge, Sn) lead to electrically conductive materials that have 
oxidative stability up to 120°C [378-380]. In general, the flu-
orobridged [(PcMF)!^]^ complexes (M = Al, Ga, Cr) showed 
lower thermal stability with regard to the loss of iodine compared 
to [(PcSiO)Iy]Az [381], whereas /x,-ethynylphthalocyaninatosilicon 
[PcSi(C=C)],i underwent decomposition on doping [382-386]. 
Doping of the bridged phthalocyaninato transition metal com-
plexes [PcM(L)]„ (M = Fe, Ru, Os, Co, Rh; L = pyz, dib, 
etc.) produced electrically conductive materials (o-rt = 10~^-
10-1 scm-l) with thermal stability up to 120-130°C [387-391]. 
Ottmar et al. [392] reported the fabrication of organic single-
and double-layer electroluminescent devices based on substituted 
phthalocyanines such as tetra-^erT-butylphthalocyanine, tetrakis(3-
phenylneopentyloxy)phthalocyanine, and tetrakis(3-phenylneo-
pentoxy)plithalocyaninatocopper(II). The device based on tetra-
ferr-butylphthalocyanine was found to be subject to swift severe 
degradation during operation, losing the blue color of the ph-
thalocyanine layer, whereas the devices based on the other two 
materials showed stable electroluminance with up to 60 V of 
driving current without any sign of short-term degradation. Bal-
asubramaniam et al. [393] prepared electrochemically thin films 
of (i) homopolymers of zinc(II)porphyrins, ZnPOH and ZnPpyr 
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XXXIX :R=-OH 

XL:R=-N^ 

XXXIX, XL XLI 

[where POH = 5-(4-hydroxy)phenyl-10,15,20-triphenylporphyrin 
(XXXIX) and Ppyr = 5-[4-(l-pyrrol-l-yl)phenyl]-10,15,20-triphe-
nylporphyrin (XL)], (ii) sandwich porphyrin layers over anthraqui-
none films, and (iii) copolymers of zinc porphyrins with pyrrole-
substituted anthraquinone, AQpyr (XLI). They reported the elec-
trochemical behavior and spectrophotometric behavior of these 
films to evaluate the stability of the resulting polymers and their 
potential use as molecular materials in electrochemical and pho-
tochemical devices. The stability of the homopolymer and copoly-
mer films in terms of the stability of the zinc porphyrin dications 
was observed to be influenced by the method of preparation as well 
as by the range of the scanning potential, similar to that in the case 
of poly(ZnPpyr) films [394]. The dication appeared to be unsta-
ble under the experimental conditions, leading to degradation of 
the film similar to the instability reported in the case of poly(vinyl-
substituted zinc porphyrin) [395] and poly(pyrrole-substituted zinc 
porphyrin) [394, 395]. The stabiUty of the films was observed to 
improve when they were scanned through selected potential range 
in which ZnP^"^ dications were not formed. No change in degra-
dation pattern was observed in the films scanned in the positive 
potential range only. The stability of the polymer films in terms 
of the stability of ZnP^"^ was estimated by measuring the loss of 
electroactivity of the films, that is, the decrease in the ZnP*+-
ZnP^+ voltammetric peak amplitude during repeated sanning in 
acetonitrile or dichloromethane solution that contained tetrabuty-
lammonium tetrafluoroborate as shown in Figure 22. It is evident 
from Figure 22 that the stability of both pyrrole-substituted and 
hydroxy-substituted zinc porphyrin dications is improved signifi-
cantly in sandwiched polymer films. The polymer films prepared 
from ZnPOH were observed to be more stable over a wide range 
of potential from —L2 to +1.8 V in comparison to those prepared 
from ZnPpyr. Several other studies of these and similar materials 
have been reported as well [397-399]. Park et al. [400] reported 
fabrication of a NO2 sensor by thermally depositing thin films of 
polycrystalline copper phthalocyanine on glass substrate. Signifi-
cantly good selectivity was observed in terms of relative resistance 
with a sensitivity as low as 1 ppm and fairly good reproducibility as 
evident from Figure 23. 

Mason et al. [401] studied muhilayer electroluminescent ITO-
(CuPc)-NPB-Alq-MgAg devices, where the optional copper ph-
thalocyanine (CuPc) served as a buffer layer, A/̂ ,A^ -̂bis(l-naph-
thyl)-A/', Ar^-diphenyl-l,l^-biphenyl-4,4^-diamine (NPB) served as a 
hole-transport layer, and tris(8-hydroxyquinoline)aluminum (Alq) 
served as an emissive as well as electron transport layer prepared 

^ homopolymers sandwich copolymers 
AQ/ZnP polymers 

Fig. 22. Stability of the zinc porphyrin dictation in homopolymer, sand-
wich, and copolymer films. Reprinted with permission from E. Balasubra-
manian et al., /. Mater. Chem. 5(4), 625 (1995). Copyright © 1995, Royal 
Society of Chemistry, London. 

2 4 6 8 

Concentration (ppm) 

Fig. 23. Relative resistance of CuPc films vs NO2 concentration mea-
sured 2-10 min after exposure to NO2. Reprinted with permission from 
C. Park et al., Sens. Actuators, B 30, 23 (1996). Copyright © 1996, Elsevier 
Science Ltd., Oxford. 

0 H H 

H-CHO>-C-NHOhNHOHi^ 
XLII 

by vapor deposition technique. The EL devices showed a rela-
tively high drive voltage and had a mean time to half-brightness 
(or half-life) of only several hours when operated at 20 mAcm~^, 
whereas the inclusion of CuPc or an oxidative treatment lowered 
the drive voltage significantly and increased the half-life to about 
4000-5000 h. 

2.6. Miscellaneous Systems 

Gordon et al. [402] synthesized a copolymer of 4,4'-diaminodiphe-
nylamine and terephthaloyl chloride by condensation polymeriza-
tion. This copolymer (XLII) was successfully doped to fairly good 
electrical conductivity by exposing it to SO3. The doped polymer, 
however, was observed to be unstable in air, most likely due to the 
strong electron-withdrawing properties of the ketone functional 
groups in the polymer. The polymer composites of benzidine-
iodine charge-transfer complexes in poly(vinylchloride), poly(vi-
nylacetate), and polystyrene have been used as cathodes with zinc 
plates as anodes in the fabrication of solid-state galvanic cells by 
Srivastava and Singh [403]. Cell reaction during idle periods re-
duced the life of the cell, because the electrodes were in contact 
with each other. The cell life was enhanced from 100 h to several 
months by putting an insulating polymer film between the elec-
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Table XL Deposition Temperatures and Performance of Four Deviceŝ  

Device 

A 
B 
C 
D 

Deposition temperature (°C) 
NPB 

RT 
140 
190 
140 

Alq 

RT 
RT 
RT 
140 

Mg:Ag 

RT 
RT 
RT 
60 

EL performance 
Threshold 

voltage 

(V) 

3.6 
4.0 
4.5 
4.0 

Voltage 
(V)at 

lOmAcm"^ 

7.4 
7.8 
8.2 
7.4 

Luminance 
(cd m~^) at 
20mAcm~^ 

618 
660 
436 
781 

Source: Adapted with permission from Z. Q. Gao et 2A.,AppL Phys. Lett 74, 3269 (1999). Copyright © 1999, 
American Institute of Physics, New York. 
^Abbreviations: RT, room temperature; NPB, A/̂ ,A/̂ -̂bis(l-naphthyl)-A/̂ ,A^̂ -diphenyl-l,l̂ -biphenyl-4,4'-
diamine; Alq, tris(8-hydroxyquinoline)aluminum; Mg:Ag, magnesium-aluminum alloy. 

trodes during idle periods. Such cells gave stable voltage output 
for about 100 h at a load of 10 m . 

By using high substrate temperature during vapor deposition, 
Gao et al. [404] fabricated organic electroluminescent devices 
with crystalline organic layers as given in Table XI in which NPB 
served as the hole-transport layer and Alq served as the electron-
transporting and light-emitting layer sandwiched between an ITO 
anode and Mg:Ag cathode (full forms of abbreviations may be 
seen in Table XI). EL devices A, B, and D were stored in air (40% 
relative humidity) for 2 months. The EL devices B and D con-
tinued to possess electroluminescence at 9 V, whereas device A 
showed no emission at all after air exposure, suggesting that the 
storage stability at high humidity had been considerably enhanced 
for devices B and D as compared to device A. Judicious incorpo-
ration of a hole-transport layer of crystalline NPB during device 
fabrication was observed to improve the device performance in-
stead of causing deterioration. With an eye toward use in solar en-
ergy conversion, Ambalagan and Natarajan [405] synthesized poly-
mer coordinated chromium complexes (i) [Cr(bpy)2(PAA)2]'̂ , 
(ii) [Cr(bpy)2(PMA)2]+, (iii) [Cr(phen)2(PAA)2]+, and (iv) [Cr 
(phen)2(PMA)2]'^, where bpy denotes 2,2'-bipyridine, phen de-
notes 1,10-phenanthroline, PAA denotes poly(acrylic acid), and 
PMA denotes poly(methacrylic acid). Irradiation of the basic so-
lutions of polymer-chromium complexes in the ligand field band 
at 436 nm showed a progressive decrease in the absorbance with 
a red shift. The spectral changes and the isosbestic points of the 
complexes were observed to be identical with those shown in 
the thermal reactions. The thermal reaction of these complexes 
showed aquation as found in other polypyridyl chromium(III) 
complexes. Ambalagan and Natarajan proposed a mechanism for 
the flash photolysis of these complexes based on their obser-
vations as shown in Figure 24. However, the complexes were 
found to be nonluminescent when the emission was monitored 
at several wavelengths in the range of 620-780 nm. The stud-
ies on the photoelectrochemical properties of thionine dye co-
valently bound to poly(acrylamidoglycolic acid) [406] as well 
as photochemical properties of ruthenium(II) polypyridyl com-
plexes with macromolecular ligands, poly(methylolacrylamide-cc>-
vinylpyridine), and poly(acrylamide-co-vinylpyridine) [407] also 
have been reported [408]. 

(NN)2CH". 

-OOC—CH OOC—CH 

I .. / I 
CHj :;=t (NN)2Cr" 

^OOC—CH 
I 

CH, 

OOC—CH 

(NN)jCr" 
/ 

CH2 + CO2 -

•CH 
1 

CHj 

(NN)2Cr'" 

CHj 

•OOC — C H 
1 

CHj 

- O O C — C H 
I 

^ C H - - - C H j • 

I 
CH, 

• Products 

Fig. 24. Proposed mechanism for flash photolysis of polypyridyl com-
plexes of chromium(III) bound to macromolecules. Reprinted with per-
mission from K. Viswanathan and P. Natarajan,/. Polym. ScL, Polym. Chem. 
29,1734 (1991). Copyright © 1991, Wiley, Chichester. 
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Acetate precursor route, 31 
Acetylene polymerization 

catalytic, 6-7,137-138 
noncatalytic, 7 
Shirakawa method, 132-133 

Acyclic polyether-substituted ECP films, 114-115 
Adsorption, 105 
AES, see Auger electron microscopy 
AFM, see Atomic force microscopy 
Akagi technique, 136 
Alkoxy precursor route, 30 
2-Alkoxyanilines, 240 
Alkyl-bridged poly(p-phenylene)s, 21 
a,a)-diphenylpolyenes, 311 
a, w-diynes, 149-150 
a,w-di-?err-butylpolyenes, 311 
a, w-dimethyloligoenes, 310 
Aluminum, interface and, 176-177 
Amphiphiles 

hydrogen-bonding and, 193-194 
self-organized structures, 189-194 

Analytes, molecular recognition, 111-112 
Anilines, redox processes, 251-252 
Anionic recognition, 122-124 
Anodic electrochemical oxidation, 11,14-15 
ARA technique, 135-136 
Aromatic structures 

bandgap and, 40-42 
combinations of, 44 
different rings, 23-25 
electrochemical synthesis, 11-18 
end groups, 44^5 
fused extended systems, 18-20 
ladder-type polymers, 20-21 
monomer unit, 42-44 
oxidation and, 11,14-15 
polyaromatic synthesis and, 18-21 
quinoid structures and, 38-40 

Atomic force microscopy (AFM), 215 
ATR, see Attenuated total reflectance 
Attenuated total reflectance (ATR), 213, 271 
Auger electron spectroscopy (AES), 217 

B 

Bandgap 
aromaticity and, 40-42 
chemical structure and, 37-46 

Benzene, oxidation of, 8-9 
Benzoine condensation, 28 
Benzothiazole condensation, 28 
Benzvalene route, 141 
Benzyllic halides, 28 
Bienzymatic systems, 109-111 
Binary catalyst-oxidant systems, 8-9 

Biosensors, 156 
Bipolarons, 314 
2,2'-Bithiophene, 265 
Block copolymers 

amphiphiles and, 193-194 
polyacetylene and, 142-143 
self-organization in, 193-194 

Bond-length alternation, 37-40 
Bridged bithiophenes, 19-20 

Calcium, interface and, 177 
Calixarene-functionalized polymers, 119-120 
Carrier mobility, 174 
Catalyst aging, 134 
Catalyst-oxidant systems, 8-9 
Catalytic polymerization, 6-7 
Cationic recognition, 114-122 
CD, see Circular dichroism 
Charge carriers 

in conjugated polymers, 304-305 
ground-state structures and, 304-305 
self-localized excitations and, 305 

Charge-density-wave dynamics, 76-77 
Charge transfer, photoinduced, 82-84 
Chemical structure, electronic properties, 33-47 
Chemical vapor deposition (CVD), 28-29,172 
Chromium, interface and, 177 
Circular dichroism (CD), 213 
Cis- versus ^ra/t5-polyacetylene, 133 
Colon method, 13 
Compensation, stability and, 324 
Composite electrolytes, polyaromatics and, 11 
Conducting polymers, 321-322 

compensation and, 324 
doped, 324 
electrical neutralization, 324 
intrinsic, 33-35, 322-323 
metaUic regime, 49-54, 66-71 
optical properties of, 65-78 
photostability of, 323-324 
polyacetylene and, 150-151 
polypyrrole, 75 
stability of, 321-345 
see also specific effects, types 

Conjugated polymers, 304 
charge carriers in, 304-305 
electrical properties of, 1-86 
electronic spectra of, 303-318 
ground-state structures and, 304-305 
molecular and ionic recognition, 103-124 
optical properties of, 1-86 
photoinduced charge transfer, 82-84 
photophysics of, 82 
properties of, 1-86 

351 
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redox effects, 104-105 
self-localized excitations and, 305 
synthesis of, 1-86 
see also Copolymers; specific effects, types 

Copolymers 
graft copolymers, 144-145 
of polyacetylene, 141-145 
polyaromatics and, 21-23 
pyrroles, 23, 265 
of substituted phenylenes, 22-23 
of substituted thiophenes, 23 

Coupling reactions 
benzyllic halides, 28 
organometallics and, 9-10,13-14 

Covalent binding, 105 
Critical states, 60-62 
Cross-linking, 105 
Crown ether-substituted ECP films, 117-119 
Curtis method, 14 
CVD, see Chemical vapor deposition 
Cyclooctatetraene route, 140-141 
Cytochromes, 105 

D 

Degradation of polymers, 254-256, 265-266 
DEMS, see Differential electrochemical mass spectrometry 
2,5-Dialkoxyanilines, 240 
Dibutyloligoenes, 312 
Dielectric function, 66, 74 
Differential electrochemical mass spectrometry (DEMS), 215 
Disordered systems, 64-65, 74-75 
Dodecamer, 306 
Doping 

dedoping process, 226 
electrical properties, 176 
electrochemical, 154 
electronic spectra, 313-317 
neutralization and, 324 
optical properties, 65-78 
poly(p-phenylene vinylene) and, 176 
primary/secondary, 225-226 
stability and, 324 

Drude model, 63-64, 71-73 
Durham route, 139-140 

ECESR, see Electrochemical electron spin resonance spectroscopy 
ECP, see Electrically conducting polymer films 
EELS, see Electron energy loss spectroscopy 
Effective number, of carriers, 67-69 
Electrical properties 

of conjugated polymers, 47-62 
of poly(p-phenylene vinylene)s, 173-176 

Electrically conducting polymer (ECP) films, 114-119, 323-324 
Electrochemical doping, 154 
Electrochemical electron spin resonance spectroscopy (ECESR), 215, 

219, 222, 226, 235-242, 249, 262-264, 270, 274,275, 278 
Electrochemical oxidation, polyaromatics and, 11,14-15 
Electrochemical synthesis 

polyanilines and, 33 
polyaromatics and, 11-12,14-15,17-18 
polypyrroles, 17-18 

Electrochemically induced changes 
polyaniline and, 227-251 
polypyrrole and, 258-265 
polythiophene and, 269-283 

Electrochromic window, 339 
Electrode material, 328 
Electroluminescence, 81-82 
Electrolytes, composite, 11 
Electron acceptor, 304 
Electron energy loss spectroscopy (EELS), 276 
Electron mobility, 174 
Electron spectroscopy for chemical analysis (ESCA), 217 
Electron spin resonance (ESR) spectroscopy, 219, 232-241, 249, 252, 

264, 274-275 
Electronic spectra, 303-318 
Electrooxidation, 218 
Electropolymerization, 267 
Electroreflectance spectroscopy (ERS), 213 
Emeraldine base, 339 
End groups, aromatics and, 44-45 
Entrapment, in polymer film, 105 
Environmental sensing technology, 155-156 
Enzyme-containing polymers, 105-111 
ERS, see Electroreflectance spectroscopy 
ESCA, see Electron spectroscopy for chemical analysis 
ESR, see Electron spin resonance spectroscopy 
3,4-Ethylenedioxythiophene-arylenes, 25 
Excitons, 80-81 
EXR\S, see X-ray absorption 
Extended aromatic ring systems, 18-21 

Feast monomer, 140 
Fermi glass, 75 
Flavoproteins, 105 
Fourier transform infrared (FTIR) spectrometers, 216, 283, 330 
FTIR, see Fourier transform infrared spectrometers 
FuUerene composites, 82-84 
Furan-benzene, 25 

Gas-hquid separation membranes, 156-157 
Gases, molecular recognition, 112-113 
Gilch route, 30-31 
Glucose oxidase, 106-109 
Gold, interface and, 177 
Graft copolymers, 144-145 
Grignard method, 9 
Ground-state structures, 304-305 
Grubbs method, 11 

H 

Hairy rods, 197-204 
Hierarchical self-organization, 193-194 
Horseradish peroxidase (HRP), 109 
HRP, see Horseradish peroxidase 
Hydrogen-bonding, supramolecular, 192-195 

I 

TCP, see Intrinsically conducting polymers 
Indium-doped tin oxide (ITO), 212 
Inorganic polymers, stability of, 341-342 
Inorganic solvents, polyaromatics and, 12 
Insulating states, 60-62 
Interphases, 211-212 
Intrinsically conducting polymers (ICP), 10-11, 33-35, 209-212, 214, 

284 
Ionic conduction, self-organization and, 194-195 
Ionic recognition, films and, 103-124 
Isomerization, 154 
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Isonaphtothiophene, 24 
Isothianaphthene, 24 
ITO, see Indium-doped tin oxide 

K 

Kramers-Kronig analysis, 66 

Ladder-type polymers, aromatics and, 20-21 
Langmuir-Blodgett films, 186-187 
Lasers, 80,180 
LEDs, see Light emitting diodes 
LEED, see Low-energy electron diffraction 
Leucoemeraldine base, 339 
Light emitting diodes (LED), 178-179, 257,266, 336 
Light-emitting electrochemical cells, 180 
Linear chain model, 34 
Liquid crystal technique, 136-137 
Living systems, polyacetylene and, 145-148 
Localization-modified model, 71-73 
Louwet-Vanderzande route, 31-32 
Low-energy electron diffraction (LEED), 215 
Low-temperature reflectance, 76-77 
Luttinger catalysts, 7,138 

M 

Macroscopic properties, 212 
Magnesium, interface and, 177 
Magnetic susceptibility, 59-60 
Magnetoconductance, 54-58 
Marvel's precursor, 10 
McCuUough method, 13-14 
McMurry reaction, 167 
Mechanical abuse detectors, 156 
Mechanical properties, 134 
MEHPPy see Poly(2-methoxy-5-(2'-ethylhexyloxy)-

1,4-phenylenevinylene) 
Meh salts, polyaromatics and, 12 
Metal-catalyzed coupling reactions, 9,14 
Metal-insulator transition, in optical spectra, 73-75 
Metallic regime 

electrical properties and, 49-60 
nature of, 77-78 
optical spectra and, 66-71 
see also specific types, effects 

Metallophthalocyanines, 195-197 
Metalloporphyrins, 113 
Metathesis catalysts, 7, 28,137-138 
Mirage effect, 215 
MNDO, see Modified neglect of differential overlap 
Modified neglect of differential overlap (MNDO), 239, 269 
Moisture detectors, 156 
Molecular recognition, 103-124 

N 

Ar-(3-sulfopropyl)aniline (NSPA), 221 
A -̂methylaniline, 244-245, 246 
Naarmann technique, 135 
l,2-Naphthoquinone-4-sulfonate (NQS), 252 
Near edge X-ray absorption fine structure spectroscopy (NEXAFS), 

268, 273 
Near infrared region (NIR), 212 
NEXAFS, see Near edge X-ray absorption fine structure spectroscopy 
Ni-catalyzed coupling reactions 

Colon method, 9-10,13 
Curtis method, 14 

McCuUough method, 13-14 
organometallic reactions and, 13-14 
Pd-catalyzed reactions, 14 
polyaromatics and, 13-14 
Rieke method, 14 
Stille method, 14 
Yamamoto method, 9-10,13 

Nicotinamide adenine dinucleotide, 105 
NIR, see Near infrared region 
Noncatalytic methods, 7,138 
Norbomene, 143 
NQS, see l,2-naphthoquinone-4-sulfonate 
NSPA, see Ar-(3-sulfopropyl)aniline 
Nuclear magnetic resonance, 171 

O 

Octaaniline, 340 
3-Octylthiophene, 282 
Oligoenes, 310-313 
Oligomers, spectra of, 303-318 
Oligophenylenevinylenes, 309-310 
Oligothiophenes, 305-308 
Optical properties 

conductivity, 66 
of conjugated polymers, 62-84 
doped conducting polymers and, 65-78 
low-temperature reflectance, 76 
metal-insulator transition, 74 
in metallic regime, 66-71 
PANI-CSA and, 66-67 
PEDOT-PF6, 71 
PPy-PF6 and, 68-69 
Shirakawa-type polyacetylene, 134 
see also specific types, effects 

Optically transparent electrodes (OTE), 212 
Optocouplers, 180 
Optoelectronic devices, 82-83 
Organometallic coupling reactions, 9-10,13-14 
OTE, see Optically transparent electrodes 
Oxanorbomadiene route, 139 
Oxidative stability, 323-325 

PA, see Polyacetylene 
PANBUS, see Poly(aniline Ar-butylsulfonate)s 
PANI, see Polyaniline 
Paraphenylene, 282 
Pariser-Parr-Pople method, 309 
PAS, see Photoacoustic spectroscopy 
PASCA, see Positron annihilation spectroscopy 
PBD, see Probe beam deflection 
Pd-catalyzed reactions, 10,14 
PDHT, see Poly(3-3,6-dioxyheptylthiophene) 
PDHTT, see Poly(3,3''-dihexyl-2,2':5',2''-terthiophene) 
PdT, see Polydithiophene 
PEDOT, see Poly(3,4-ethylenedioxythiophene) 
PEDOT-PF6, 69-73 
Peierls instability, 34-35 
Pemigraniline sites, 233 
Phenyl vinyl sulfoxide route, 140 
Phenylvinylsulfoxide, 143 
Photoacoustic spectroscopy (PAS), 216 
Photochemical doping, 154 
Photoconductivity, 79-82 
Photodiodes, 179-180 
Photoexcitation spectroscopy, 78-79 
Photoinduced absorption spectroscopy, 78 
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Photoinduced charge transfer, 82-84 
Photoluminescence spectroscopy, 79-80 
Photostability, 323-324 
Photothermal spectroscopy (PTS), 216 
Phthalocyanines, 342-343 
Pi-delocalization, 3, 45^6 
PiAT, see Poly(3-isoamylthiophene) 
PINT, see Polyisonaphthothiophene 
PITN, see Polyisothianaphthene 
PMT, see Poly(3-methylthiophene) 
PNT, see Poly(3-nonylthiophene) 
Polarons, 314 

bipolarons and, 237, 239-240 
primary photocarriers, 80-81 

Poly(l-all^lpyrrole), 332 
Poly(l-dodecylpyrrole), 332 
Poly(l-hexylpyrrole), 332 
Poly(2-methoxy-5-(2^-ethylhexyloxy)-l,4-phenylenevinylene) 

(MEHPPV), 337 
Poly(2-methoxy-/?-phenylene vinylene), 173 
Poly(2-vinylpyridine), 326 
Poly(2,5-thienylenevinylene), 303 
Poly[3-(2,5,8-trioxanonyl)thiophene], 115 
Poly[3-(3,6-dioxaheptyI)thiophene], 114-115 
Poly(3-3,6-dioxyheptylthiophene) (PDHT), 278-279 
Poly[3-(4-octylphenyl)-2,2^-bithiophene], 279 
Poly(3-alkylthiophene), 12-14, 327 
Poly(3-butylthiophene), 275 
Poly(3-cyclohexylthiophene), 327, 328 
Poly(3-hexylthiophene), 12, 327 
Poly(3-isoamylthiophene) (PiAT), 278-279 
Poly(3-methylthiophene) (PMT), 113, 268-269, 278-281 
Poly(3-nonylthiophene) (PNT), 278-279 
Poly[(3-octyloxy)-4-methylthiophene] (POMT), 277 
Poly(3-octylthiophene) (POT), 273, 279-280 
Poly(3-octylthiophene) (PT8), 277 
Poly[3-oligo(oxyethylene)-4-methylthiophene], 115 
Poly(3-tetradecylthiophene) (PT14), 277 
Poly(3,3'-dibutoxy-2,2'-bithiophene), 279 
Poly(3,3 '̂-dihexyl-2,2^:5^2''-terthiophene) (PDHTT), 329 
Poly[3,4-bis-(ethylmercapto)thiophene], 328 
Poly(3,4-dimethoxythiophene), 280 
Poly(3,4-ethylenedioxythiophene), 54 
Poly(3,4-ethylenedioxythiophene) (PEDOT), 70 
Poly(4,4'-dibutyl-2,2'-bithiophene),275 
Poly(4,4^-dipentoxy-2,2^-biothiophene), 329 
Poly(4,4^-methylenedianiline), 239 
Polyacetylene (PA), 2,132-145 

alkyne monomers and, 148-149 
applications for, 154-157 
copolymers of, 141-145 
discovery of, 132 
diynes and, 149-150 
electronic properties of, 150-154 
electronic spectra and, 315-316 
indirect routes to, 150 
living systems and, 145-148 
Peierls instability and, 34-35 
photochemical doping, 154 
polymer blends of, 145 
polymeric systems, 325-326 
precursor routes to, 138-141 
Shirakawa method, 132-133 
soluble, 8 
stereospecific polymerizations, 148 
substituted, 145-150, 145-150 
synthesis of, 6-8,132-158 

Poly(alkoxythiophene), 12 
Poly(aniline A -̂butylsulfonate)s (PANBUS), 339 
Polyaniline (PANI), 113, 217 

degradation of polymers, 254-256 
disorder in, 75 
Drude model and, 71-72 
electrochemically induced changes, 227-251 
formation of, 218-227 
metal-insulator transition in optical spectra, 73 
redox processes and, 251-254 
spectroelectrochemistry of, 217-256 
synthesis of, 32-33 

Polyaromatics 
stability of, 334-341 
synthesis and, 8-26 
valence-bond theory, 36-37 

Poly(arylene methine)s, 25-26 
Polyarylenevinylenes, 315-316 
Polybenzo[c]thiophene, 18 
Polydithiophene (PdT), 239 
Polyelectrolyte/surfactant complexes, 190-192 
Polyether-functionalized polymers, 114-119 
Polyheteroacenes, 21 
Polyheteroaromatics, 340 
Polyheterocyclics, 326-334 
Polyisonaphthothiophene (PINT), 273, 280 
Polyisothianaphthene (PITN), 18, 273, 328 
Polymer-amphiphile complexes, 189-194 
Polymer LEDs, 81-82 
Poly(Ar-vinylcarbazole), 340 
Polynaphto[2,3-c]thiophene, 18-19 
Poly((9-aminophenol), 283 
Poly(o-methoxyaniline), 338 
Poly(/?-2,5-di-«-hexylphenylene), 10 
Poly(p-phenylene vinylene)s (PPV), 26-32,163 

applications, 178-180 
doping and, 176 
electrical properties of, 173-176 
exitons and, 80-81 
interfaces with, 176-178 
oxides and, 177-178 
photocarriers in, 80-81 
physical properties of, 172-176 
polarons and, 80-81 
precursor routes, 28-32 
pristine form, 173 
stability of, 335-337 
structural properties of, 172-173 
synthesis of, 26-28,163-181 

Poly(p-xylylene), 172 
Poly(perinaphthalene), 20-21 
Polyphenanthro[9,10-c]thiophene, 19 
Polyphenylenes, stability of, 334-335 
Polypyridine, 203 
Poly(pyrrole-A^-vinylcarbazole), 332 
Polypyrrole-poly(4-styrenesulfonate), 331 
Polypyrrole (PPy), 105 

degradation of, 265-266 
electrochemically induced changes, 258-265 
formation of, 257-258 
low-temperature reflectance in, 76-77 
optical properties of, 75 
polyaromatic synthesis and, 16-18 
spectroelectrochemistry of, 256-266 
stabihty of, 330-334 

Polyrotaxanes, 120-121 
Polystyrenesulfonate, 110, 265 
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Poly(sulfur nitride), 33-34, 341 
Poly(^butylacetylene), 148 
Poly(tetrafluoroisothianaphthene), 45 
Polythienothiophenes, 19 
Polythiophenes (PT), 14,15,105, 239, 275, 305 

electrochemically induced changes, 269-283 
electronic spectra and, 266-283, 314-315 
formation of, 267-269 
polyaromatics and, 12-16 
stability of, 326-327 

Polyvinylchloride (PVC) route, 138-139 
Poly(vinylsulfonate), 110 
POMT, see Poly[(3-octyloxy)-4-methylthiophene] 
Positron annhilation spectroscopy (PASCA), 217 
POT, see Poly(3-octylthiophene) 
PPV, see Poly(;?-phenylene vinylene)s 
PPy, see Polypyrrole 
Precursor routes, 7-8,10-11, 28-32,138-141,165 
Probe beam deflection (PBD), 215 
Pseudopolyrotaxanes, 118 
PT, see Polythiophene 
PT14, see Poly(3-tetradecylthiophene) 
PT8, see Poly(3-octylthiophene) 
PTS, see Photothermal spectroscopy 
PVC, see Polyvinylchloride 
Pyrroles, 23-25, 265 

Quinoid structures, 38^0 

R 

Radiation detectors, 156 
Random copolymers, 141-142 
Rechargeable batteries, 155 
Redox processes, 104-105, 251-252 
Reductive electropolymerization, 12-16 
Reflectance, 70-71, 73-74 
Resonance Raman spectroscopy, 241 
Resonance stability, 40-44 
Rh catalysts, 7 
Rieke method, 14 
Ring-opening metathesis polymerization, 28,140 
Rod-coil block copolymers, 189 

SAMs, see Self-assembled monolayers 
Scanning tunnelling microscopy (STM), 215 
Second harmonic frequency (SHG), 213 
Secondary ion mass spectroscopy (SIMS), 217 
Self-assembled monolayers (SAMs), 186-187 
Self-localized excitations, 305 
Self-organized supramolecular structures 

conductivity and, 185-206 
electrical switching and, 204-205 
hairy rods and, 197-204 
hydrogen-bonding, 194-195 
ionic conduction and, 194-195 
organic molecules, 195-197 

SFG, see Sum frequency generation 
SHG, see Second harmonic frequency 
Shirakawa method, 132-137 
Side chains, 44 
Silicon polymers, 341-342 

Silicon-substituted alkyne monomers, 148-149 
SIMS, see Secondary ion mass spectroscopy 
Solar cells, 155 
Solitons, 150-151, 314 
Soluble precursor routes, 165-167 
Specific heat, 59-60 
Spectroelectrochemistry, 209-286 
SRS, see Surface Raman spectroscopy 
Stability, 134, 321-345 
Stacking, of organic molecules, 195-197 
Stille method, 14 
STM, see Scanning tunnelling microscopy 
Subgap absorptions, 313 
Sulfinyl precursor route, 31-32 
Sulfonium precursor route, 29-30 
Sum frequency generation (SFG), 213 
Supramolecular structures, 185-206 
Surface Raman spectroscopy (SRS), 216,218, 220, 271 
Suzuki coupling, 10 

Temperature limit detectors, 156 
Tetrathiafulvalene (TTF), 281 
Thermopower, 58-59 
THG, see Third harmonic frequency 
Thin-film preparation, 171-172 
Thiophenes, 12-13, 23-25 
Third harmonic frequency (THG), 213 
Time-of-flight technique (TOF), 174 
TOF, see Time-of-flight technique 
Toluidine, 241, 242 
Trans-polyacetylene forms, 133 
Triodes, 180 
TTF, see Tetrathiafulvalene 

U 

UUman reaction, 9 
Ultraviolet photoelectron spectroscopy (UPS), 170-172 
UPS, see Ultraviolet photoelectron spectroscopy (UPS) 
UV-vis spectroscopy, Yl^Xll, 275-283 

Vibrational spectra, 169-170 
VSO, see Phenylvinylsulfoxide 

W 

Wessling precursor route, 29-30 
Wittig reaction, 164-165 

X 

X-ray absorption (EXFAS), 217 
X-ray photoelectron spectroscopy (XPS), 172, 217 
XANES, 217 
Xanthate precursor route, 31 
XPS, see X-ray photoelectron spectroscopy 

Yamamoto method, 9-10,13 

Ziegler-Natta catalysts, 6-7,132 
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