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/ . Introduction 

A. Conducting Polymers as a Growing Class of 
Electronic Materials 

Interest in conducting polymers as a new class of 
electronic materials began with the preparation of 
(CH)1 in the form of shiny coherent films, with the 
discovery that polyacetylene could be doped by 
charge-transfer reactions with an oxidizing or reducing 
agent,1 and with the discovery that the doped polymer 
exhibits a dramatic increase in conductivity with values 
in the metallic regime. The study of these materials has 
generated entirely new scientific concepts as well as the 
potential for new technology.2 

Organic conducting polymers have a highly aniso­
tropic quasi-one-dimensional structure similar, in some 
aspects, to that of charge-transfer salts. In the con­
ducting state, both these types of materials are ionic. 
In charge-transfer complexes, conductivity is greater 
along the stacking direction (due to ir-7r overlap be­

tween successive molecules in the one-dimensional 
stack) while in conducting polymers conductivity is 
higher along the chain direction (due to ir-ir overlap 
between successive monomers in the one-dimensional 
chain). In conducting polymers, the chainlike structure 
leads to strong coupling of the electronic states to 
conformational excitations (solitons, polarons, bipo­
larons, etc.) peculiar to one-dimensional systems. The 
relatively weak interchain binding allows diffusion of 
dopant molecules into the structure (between chains), 
while the strong intrachain carbon-carbon bonds 
maintain the integrity of the polymer. 

Conducting polymers can be broadly divided into two 
types, namely, those with a degenerate ground state and 
solitons (see below) as the important excitations and 
those where the ground-state degeneracy is lifted so that 
polarons and bipolarons (see section IIIB) are the im­
portant excitations and the dominant charge-storage 
configurations. Polyacetylene, (CH)1, is the extensively 
studied example with a degenerate ground state (the 
double and single bonds can be interchanged with no 
cost of energy). Poly(p-phenylene), poly(p-phenylene 
sulfide), and polyheterocycles (polypyrrole, poly­
thiophene, etc.) each have a nondegenerate ground state 
(for example, in poly(p-phenylene) the quinoid form has 
a higher energy than the benzenoid form). 

B. Summary of Physical Properties 

7. Polyacetylene 

Polyacetylene is the simplest conjugated conducting 
polymer. It consists of weakly coupled chains of CH 
units forming a pseudo-one-dimensional lattice. Both 
the cis and trans forms can be prepared as silvery 
flexible films which can be made either free-standing 
or on a substrate with thickness varying3 from 10"5 to 
0.5 cm. The trans isomer is the thermodynamically 
stable form. Any cis:trans ratio can be maintained at 
low temperature, but complete isomerization from cis-
to trans-(CH)x can be accomplished after synthesis by 
heating the film to temperatures above 150 0C from a 
few minutes to more extended time periods.4,5 It can 
also be prepared in pure trans form at room tempera­
ture.58 

Electron microscopy studies show3,6,7 that the as-
grown (CH)x films consist of randomly oriented fibrils 
of ~20-nm diameter. The films can be stretch-oriented 
to in excess of 5 times their original length with con­
comitant partial alignment of the fibrils.6,8,9 The nom­
inal bulk density is 0.4 g cm-3 compared with the 1.2 
g cm-3 obtained by flotation techniques.10 Therefore, 
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the polymer fibrils fill only about one-third of the total 
volume and the effective surface area is quite high (~60 
m2/gm). X-ray studies show that the (CH)1 films are 
highly crystalline («80%).n-12 

The electrical conductivity of polyacetylene can be 
varied in a controlled manner over 15 orders of mag­
nitude through chemical or electrochemical doping. 
Figure 2 shows electrical conductivity of doped 
trans- (CH)x films as a function of dopant concentration. 
Recent studies have reported conductivities as high as5b 

1.5 X 105 S/cm (comparable to that of copper), with 
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indications that the intrinsic conductivity may be con­
siderably greater. 

The carriers generated by the doping of (CH)x result 
from charge transfer. Charge transfer occurs from 
polymer to acceptor (A), with the polymer chain acting 
as a polycation in the presence of A" species. For a 
donor (D), the polymer chain acts as a polyanion in the 
presence of D+ species. The A" or D+ ions reside be­
tween polymer chains. Chemical compensation has 
been demonstrated, implying that the doping is rever­
sible. Reversible doping can also be carried out elec-
trochemically. In this case the polymer is used as the 
working electrode; upon oxidation or reduction, the 
counterions enter the structure (between chains) from 
the electrolyte. The reversibility implies that the (CH)x 
chains remain intact in the doped polymer; this has 
been verified in detail through structural studies. 

If the bond lengths in pure trans- (CH)x were uniform, 
the polymer would be a quasi-one-dimensional metal 
with a half-filled band. Such a system is unstable with 
respect to a dimerization distortion (the Peierls insta­
bility)13,14 in which adjacent CH groups move toward 
each other forming alternately short (partial double) 
bonds and long (partial single) bonds, thereby lowering 
the energy of the system. Clearly, by symmetry, the 
double and single bonds may be interchanged without 
altering the energy. Thus, there are two lowest energy 
states, A and B, having two distinct bonding structures 
(Figure 29). This two fold degeneracy leads to the ex­
istence of nonlinear topological excitations (bond al­
ternation domain walls or solitons) which appear to be 
responsible for many of the remarkable properties of 
(CH)x.

15"20 

The proposed soliton in (CH)x is a topological kink 
in the electron-lattice system: a bond alternation do-
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Figure 2. Electrical conductivity of doped JrCmS-(CH)1 film as 
a function of dopant concentration. 

main wall connecting A and B phases with opposite-
bond alternation (see Figure 29b). Since there is com­
plete degeneracy (the kink can be anywhere) and since 
the mass is small, the kink is expected to be mobile.2* 
The competition of elastic and condensation energies 
spreads the domain wall over a region of about 15a, 
where a is the C-C distance along the (CH)1 chain. 

For a more detailed review of the physical properties 
of polyacetylene and their interpretation in terms of the 
soliton model (and other models) the reader is referred 
to ref 2a. 

2. Polypyrrole 

Among the conducting polyheterocycles, the most 
intensively studied polymers are polypyrrole, poly­
thiophene, and their derivatives as well as poly-
phenylene and polyphenylene chalcogenides. Poly­
pyrrole was shown to be a conducting polymer in 1968. 
Dall'Olio et al.21 prepared it by oxidation of pyrrole in 
sulfuric acid as a black powder with room temperature 
conductivity of 8 S cm-1. This work was then extended 
by workers at IBM who showed that films of this 
polymer can be obtained by electrochemical polymer­
ization.22 These films could be cycled electrochemically 
between a conducting (doped) state and an insulating 
state, with conductivities varying from22 100 to 10~10 S 
cm-1. Unlike the morphology of the Shirakawa poly­
acetylene, which is fibrillar, polypyrrole films are dense. 
Thus, physically impermeable films of polypyrrole could 
be prepared. 

3. Polythiophene 

Polythiophene and its derivatives are stable both in 
their doped and in their undoped states. The most 
important aspect of this heterocycle is the ease of 3-
substitution, which can be used to prepare new poly­
mers with exciting properties. By substituting long 
flexible chains in the 3-position, one can decrease the 
interchain interaction and achieve high solubility (and 
processibility) with some sacrifice in conductivity. 
Several organic solvent soluble and even water-soluble 
3-substituted polythiophenes with high conductivities 
have been prepared. For example, poly(3-hexyl-
thiophene) has a room temperature conductivity of 30 
S cm-1. Poly(3-methylthiophene) has much higher 
conductivity (<r a* 500 S cm-1). It has been reported23 

that certain substituted polythiophenes with conduc­
tivities above 1000 S cm-1 can be prepared. The parent 
polythiophene has a room temperature conductivity of 
50-100 S cm"1. 

Molecular design concepts resulted in the modifica­
tion of polythiophene; by benzannelation, a new poly­
mer, poly(isothianaphthene), was synthesized with the 
smallest band gap among all conjugated conducting 
polymers. This polymer has a band gap of 1 eV com­
pared with the parent polythiophene, which has a band 
gap of 2 eV. 

C. Electronic Spectroscopy 

The high-contrast electrochromic phenomenon asso­
ciated with electrochemical doping and the nearly 
identical spectral changes which occur on chemical 
doping are of particular interest. The characteristic 
changes in absorption spectrum sketched in Figure 3 
appear to be general features of conducting polymers. 
The oscillator strength associated with the interband 
transition (prior to doping) shifts into the free carrier 
contribution in the infrared (after doping). The effect 
of such spectral changes depends initially on the mag­
nitude of the energy gap (Eg). If Eg is greater than 3 
eV, the undoped insulating polymer is transparent (or 
lightly colored) whereas after doping, the conducting 
polymer is typically highly absorbing in the visible. If, 
however, Eg is small (~ 1-1.5 eV), the undoped polymer 
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Figure 3. Schematic diagram of optical density of a conducting 
polymer as a function of photon energy. Solid curve, neutral 
polymer (semiconductor), which is transparent for hu < Eg; 
dashed curve, heavily doped polymer (metallic). 

will be highly absorbing, whereas after doping, the free 
carrier absorption can be relatively weak in the visible 
provided the typical carrier scattering time (and mean 
free path) is sufficiently long. 

The optical properties of a conducting polymer are 
important to the development of an understanding of 
the basic electronic structure of the material. The ir 
conjugation in the polymers is implied by their color 
and their electronic spectra; thus spectroscopy is a 
powerful probe for characterization of the electronic 
processes that occur in the polymer in the undoped and 
doped states, as well as during doping. The changes of 
the optical spectra accompanying doping are significant, 
and these spectral changes have played a key role in 
elucidating the mechanism of doping and the nature of 
the charge-storage species in the polymer chain. In this 
review we summarize the optical studies of some of the 
key conducting organic polymers that have become im­
portant in recent years. We focus primarily on the 
polymer systems studied in the Institute for Polymers 
and Organic Solids at UCSB. Parallel studies on these 
and related systems have been carried out in many 
laboratories throughout the world.2 

The experimental technique of in situ optoelectro-
chemical spectroscopy is described in section II, and the 
spectroscopic data for a number of the most-studied 
polymers are summarized in section III. These results 
are put into a theoretical context in section IV, where 
we summarize the concepts of charge storage in solitons, 
polarons, and bipolarons and the associated spectro­
scopic signatures. 

/ / . Experimental Setup for In Situ 
Optoelectrochemlcal Spectroscopy 

This technique24'25 utilizes an electrochemical cell 
with the polymer under study as the working electrode, 
a counter electrode, a reference electrode, and an ap­
propriate electrolyte in solution in a solvent that has 
an electrochemical window compatible with the oxida­
tion and/or reduction potentials of the polymer. The 
in situ technique has been adapted to study many 
different properties of conducting polymers, e.g., 
spectroscopy, electron spin resonance, and structure 
(through X-ray diffraction). The details of the cell 
design depend on the specific use. In the case of in situ 

•SEAL 

Pt WIRE 

POLYTHIOPHENE 
ON CONDUCTING 
GLASS 

DETECTOR 

Figure 4. Diagram of apparatus used for in situ visible-IR 
absorption measurements during electrochemical doping. 

optical studies the cell is designed to minimize light 
scattering and to optimize light throughput (rectangular 
cell, semitransparent, electrode, etc.); for in situ electron 
spin resonance studies, the cell must fit inside the 
microwave cavity of an ESR spectrometer. 

A Pyrex cell was designed and constructed so that the 
visible to near-IR spectra of a conducting polymer (e.g., 
polyacetylene, polythiophene) could be recorded in situ 
throughout the electrochemical doping and/or undop-
ing process. A schematic diagram is shown in Figure 
4; the glass cell contains a Pt-metal strip, polymer 
sample on an indium/tin oxide (ITO) conducting glass, 
and Ag/Ag+ or Li reference electrode. The electrolyte 
solution, 0,1m Bu4NClO4 in acetonitrile, completes the 
internal circuit. The cell is thin and of rectangular cross 
section in order to minimize scattered light, to prevent 
divergence of the beam, and to minimize the ratio of 
the electrolyte to polymer volumes. The cell is sealed 
with the P t wires extending through the seals. A piece 
of conducting glass is also mounted in the cell without 
polymer film for a reference determination of back­
ground absorption. The experimental setup is quite 
general and can be carried out with any monochromator 
and a microcomputer. 

In a typical experiment the reference sample is run 
first to obtain an effective "source" spectrum I0 in­
volving all absorptions not due to the polymer. The 
data are stored in the computer. The sample-containing 
portion of the cell is rigidly mounted in the light path 
so that a single area of the polymer film is in the beam 
throughout the doping-undoping cycle, thus allowing 
quantitative in situ comparison of the spectra for each 
voltage (i.e., each dopant concentration). The raw 
transmission data (7j) as well as the optical density [-In 
(IJIo)] are stored in the computer for each value of the 
applied voltage. The data are typically analyzed in 
terms of the optical density or absorption coefficient, 
a = (1/d) in (IJIo), where d is the sample thickness. 

The voltage across the cell is set to the desired value, 
and the cell is allowed to come to equilibrium. During 
this time, the monochromator is set at Xmax, and the 
strength of the band-gap transition a(co) (absorptivity) 
is monitored along with the cell current. Initially, after 
stepping the external voltage, current flows and then 
decays steadily with time as the cell approaches equi-
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Figure 5. (a) Absorption coefficient of SrCWs-(CH)1: (X) before 
doping; (•) after doping to a fraction of a percent by exposure 
to AsF5 vapor. See ref 37. (b) In situ absorption curves for 
SrGW-(CH)1 during electrochemical doping with ClO4". The ap­
plied cell voltages (relative to Li) and corresponding concentrations 
are as follows: curve 1, 2.2 V (y = 0); curve 2, 3.28 V (y «= 0.003); 
curve 3, 3.37 V Cy = 0.0065); curve 4, 3.46 V (y « 0.012); curve 
5, 3.57 V (y « 0.027); curve 6, 3.64 V (y « 0.047); curve 7, 3.73 
V Cy « 0.078). See ref 24. 

librium. Correspondingly, the absorption coefficient 
changes continuously after a voltage step and ap­
proaches a steady value characteristic of the new dopant 
concentration. By monitoring the approach to equi­
librium through a{t), one can obtain direct information 
on the kinetics of the charge-transfer reaction (in ad­
dition to the spectra at equilibrium). After these pa­
rameters reach steady state, a spectrum is taken, and 
the process is repeated at successive cell voltages until 
the entire doping range has been covered. 

/ / / . Spectroscopic Results for Specific 
Conducting Polymers 

A. Polyacetylene 

The visible spectrum of trans-polyacetylene film 
shows a strong absorption band with Xmax at 1.9 eV and 
a band gap of about 1.4 eV. The cis isomer has a similar 
spectrum with slightly higher energies. The Xmax ab­
sorption in the polymer corresponds to a ir-ir* transi­
tion from the valence band to the conduction band. 
Polyacetylene can be doped with various electron ac­
ceptors such as AsF5,12, Br2, BF3, HF, and HClSO3 as 
well as by electron donors such as Li, Na, and K; in all 
cases the spectral changes are essentially the same. 
Although one would like to make a direct comparison 

of the doping-induced spectral changes of cis- (CH)x and 
trans- (CH)1, this is not possible, since while doping, 
cis-polyacetylene undergoes isomerization to the trans 
isomer.26 

The interesting observation that on doping poly­
acetylene (with I2 or AsF5), the intensity of the inter-
band transition decreased and, simultaneously, a new 
intense absorption appeared in the near-IR at an energy 
of about half the initial interband transition was re­
corded in 1980.37 This "mid-gap" transition was shown 
to be a general feature of doped polyacetylene, inde­
pendent of dopant, and independent of whether the 
dopant was n-type (reduction) or p-type (oxidation).300 

Although the initial experiments utilized chemical 
doping, the most elegant and quantitative way to study 
the effect of doping on the optical properties is by use 
of optoelectrochemical spectroscopy, as described 
above.25 

Electrochemical studies27,28 have allowed precise 
control of the doping process and quantitative mea­
surement of the dopant concentration. The in situ 
visible-IR absorption studies29 when combined with 
electrochemical voltage spectroscopy (EVS) demon­
strate30 that the charge is stored in the mid-gap states. 
Moreover, the EVS data give directly the energies for 
charge injection and removal.30 The results29 of in situ 
measurements (performed during electrochemical dop­
ing) of the visible-IR absorption in trans- (CH)x are 
shown in Figure 5. As the doping proceeds, the mid-
gap absorption appears, centered near 0.65-0.75 eV, 
with an intensity that increases monotonically in pro­
portion to the dopant concentration. 

The mid-gap optical absorption provides direct evi­
dence for charged soliton states in doped polyacetylene. 
Independent evidence has been obtained from the 
doping-induced modes31'32 that appear in the mid-in­
frared associated with the local vibrational modes of the 
charged bond-alternation domain wall. Again, these 
mid-infrared modes are independent of dopant2b and 
show characteristic shifts after deuteriation,32 i.e., for 
(CD)1 compared with (CH)x. That all of these spec­
troscopic features are associated with charged solitons 
has been proved unambiguously through a series of 
photoinduced absorption33"35 and photoinduced ESR 
measurements.36 

The remarkable oscillator strength associated with 
these doping-induced spectroscopic features arises di­
rectly from the spatial extent of the charge-storage 
state.37 Whereas one might anticipate that the ratio of 
oscillator strengths would be equal to the dopant con­
centration, a detailed theoretical analysis shows that for 
dilute concentrations the mid-gap transition is en­
hanced by a factor of about 21, where 21 is the full width 
of the bond-alternation domain wall and a is the car­
bon-carbon spacing along the (CH)x chain. Because 21 
as 14, this enhancement of the soliton transition makes 
it observable even at highly dilute dopant concentra­
tions. 

B. Polypyrrole 

Pyrrole is known to polymerize to give black con­
ducting powder referred to as "pyrrole black".38 In its 
doped form, polypyrrole (PP) has better chemical and 
thermal stability than Shirakawa-polymerized poly-
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Figure 6. (a) Optical absorption curves of polypyrrole (a) before 
and (b) after exposure to oxygen, (b) Optical absorption curves 
for (a) neutral polypyrrole before exposure to oxygen, (b) neutral 
polypyrrole after exposure to oxygen, and (c) polypyrrole per-
chlorate. 

acetylene. It has been shown by CPMAS 13C NMR and 
IR techniques that polymerization occurs mainly by 
a-substitution.39 The polymerization of the pyrrole can 
be carried out chemically or electrochemically. Chem­
ical polymerization can be carried out both in solution 
and from the gas phase to give black conducting pow­
der. 

In the neutral form, polypyrrole films are yellow/ 
green and are sensitive to air and oxygen. The elec­
trochemically freshly prepared films are in their oxi­
dized form and are copper-bronze when viewed in re­
flection. The effect of oxygen on the neutral film of 
polypyrrole was studied by Street et al.39 The data in 
Figure 6 were obtained for pyrrole film samples elec­
trochemically deposited on a nesa glass microscopic 
slide. The absorption data for the gray transparent 
oxidized polypyrrole perchlorate film before exposure 
to oxygen is shown in Figure 6. These absorption data 
for oxidized films are similar to those reported previ­
ously by Kanazawa et al.22 These authors interpreted 
the broad band peak near 1.0 eV as due to the con­
duction electrons. The peak near 3.0 eV was associated 
with an interband transition derived from the 7r-7r* 
transition of the pyrrole moiety.40 On exposure of the 
gray film of oxidized pyrrole to 330 Torr of dry oxygen, 
the intensity of the ~1.0-eV "free carrier" peak in­
creases significantly (Figure 6a). After several hours 
of pumping at IQr6 Torr, the ~1.0-eV peak decreased 
to a ~ 3.5 cm"1. 

The absorption spectrum of the yellow/ green neutral 
polypyrrole before exposure to oxygen (Figure 6) shows 
two peaks: a major one at ~3.2 eV and a smaller peak 
near 1.3 eV. The yellow/ green film of neutral poly­
pyrrole rapidly becomes black on exposure to oxygen 
and the ~3.2-eV peak height decreases by a factor of 
2; the low-energy 1.3-eV peak increases until it becomes 
the dominant peak. The general appearance of the 
spectrum of this film is very similar to that of electro­
chemically oxidized pyrrole (Figure 6), though there are 
some small shifts in the energy of the two peaks. It is 
interesting to note that for both P P + and PP0, reaction 
with oxygen leads to an increase in the intensities of 
peaks associated with the free carriers in the 1-eV re-

Figure 7. Optical absorption spectra of C104~-doped polypyrrole 
as a function of dopant concentration. The dopant level increases 
from the bottom curve (almost neutral polypyrrole) to the top 
curve (33 mol % doping level). 

gion. This increase in intensity is accompanied by an 
increase in the conductivity of the neutral polymer from 
<10"5 to 1O-2 S cm"1; however, the conductivity of the 
P P + does not increase. This was interpreted as the 
~1.0-eV peak not being directly associated with free 
carriers. This peak is therefore probably not intrinsic 
to the neutral polymer but reflects partial oxidation. 

The optical properties of polypyrrole perchlorate at 
intermediate stages of oxidation between the conducting 
and insulating forms were studied by Yakushi et al.41 

Polypyrrole perchlorate films for optical studies were 
prepared by electrochemical polymerization in a 
glovebox using P t as electrode and tetrabutyl-
ammonium perchlorate as electrolyte in dry deoxygen-
ated acetonitrile solution. The films at various stages 
of reduction were prepared by controlling the potential 
during the electrochemical reduction of as-grown po­
lypyrrole perchlorate film in acetonitrile solution of 
tetrabutylammonium perchlorate. The reduction was 
achieved by holding the films at a fixed potential 
maintained for approximately 30 min, during which 
time the reducing current fell to zero. 

Figure 7 shows the absorption spectrum of "as-grown" 
polypyrrole perchlorate film together with the spectra 
of a series of such films subjected to various reduction 
potentials.41 The voltages shown in Figure 7 were those 
applied between the working and counter electrodes, 
which were separated by 6 mm. The optical densities 
of the films in Figure 7 are not strictly comparable 
because each spectrum was measured by using a dif­
ferent free-standing film, the thickness of which varied 
by - 1 5 % . 

The as-grown films of polypyrrole perchlorate have 
absorption bands at 1.0 and 2.7 eV and a weak shoulder 
at ~3.6 eV. The most strongly reduced films have a 
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Figure 8. Visible absorption spectra of films of poly(2,2'-bi-
thiophene) deposited on conducting glasses (thickness, 0.1 ̂ m). 

strong absorption band at 3.2 eV, a shoulder at 4.5 eV, 
and three very weak absorption bands at 0.7,1.4, and 
2.1 eV. As the extent of reduction increases, the in­
tensities of the 1.0- and 2.7-eV bands characteristic of 
the as-grown film decrease and shift to the red. At the 
same time the shoulder at 3.6 eV increases and also 
shifts to the red. 

The 3.2-eV band in the reduced form has been as­
signed to the -K-K* transition of the •K electrons in the 
highest occupied molecular orbital. Initially Yakushi 
et al.41 interpreted the data in terms of the presence of 
a range of conjugation lengths in polypyrrole films. The 
red shift in the 2.7-eV peak upon reduction of the film 
to the neutral state was interpreted as being due to a 
more facile reduction of conjugated segments compared 
to longer conjugated segments. The 2.1-eV peak in the 
reduced film was assigned to residual oxidized long 
conjugated segment. The data have been, however, 
recently interpreted as evidence for the presence of 
polarons and bipolarons in polypyrrole.20 

The PP absorptions below the gap at 0.7,1.4, and 2.1 
eV of polypyrrole have been attributed to the presence 
of polarons. At an intermediate doping level, the ab­
sorption at 1.4 eV disappears. This absorption was also 
observed to disappear at low doping level during a study 
of its evolution as a function of time.42 ESR measure­
ments have shown a correlation between the appearance 
of additional spins and the presence of the 1.4-eV 
peak,42 which suggests that the 1.4-eV peak is related 
to polarons (radical cations) that eventually recombine 
into thermodynamically more stable bipolarons (dica-
tions). At an intermediate doping level, the two wide 
optical absorptions peaking at 1.0 and 2.7 eV are in 
agreement with the existence of two bipolaron bands. 
The band gap transition shift to higher energies, 3.6 eV, 
is also in agreement with the calculated value by Bredas 
et al.43'44 

C. Polythiophene 

Polythiophene (PT) and its derivatives are the first 
examples of conducting polymers that are stable toward 
oxygen and moisture both in their undoped and in their 
doped states. They can be synthesized chemically or 
electrochemically. A chemically synthesized polymer 
is produced in its undoped insulating state and can be 
doped chemically or electrochemically to its conducting 
state. The electrochemically synthesized polymer is, 
however, obtained in the oxidized (doped) conducting 
state and can be "chemically" compensated (NH3, hy­
drazine, etc.) or electrochemically "undoped" to its in-
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Figure 9. In situ absorption curves for polythiophene during 
electrochemical doping with ClO4". The applied voltages (against 
Li) are shown on the left. The corresponding concentrations were 
obtained as EVS measurements and are as follows (in mol % per 
thiophene ring): 3.60 V (y = 2.8%); 3.65 V (y = 4%); 3.70 V (y 
= 5.4%); 3.80 V (y = 9.6%); 3.85 V (y = 12%); 3.90 V (y = 14%); 
4.05 V (y = 20%). 

sulating state. Gamier et al. have studied the absorp­
tion spectra of doped and undoped polythiophene, 
poly(2,2/-bithiophene), and poly(3-methylthiophene).46 

Figure 8 shows visible absorption spectra of the oxidized 
and reduced state of poly(2,2'-bithiophene) deposited 
on conducting glass. The neutral ("doped") polymer has 
a strong absorption band at 480 nm characteristic of the 
•K-K* interband transition. On doping, the interband 
transition decreases and the absorption peak shifts to­
ward higher energy. In an electrochemical cell, the 
conductivity of these systems can be switched between 
the conducting and insulating states by application of 
the appropriate voltage. Since this switching is accom­
panied by a color change, these materials have potential 
electrochromic display applications. 

Chung et al.25 have studied in detail the in situ ab­
sorption spectroscopy during electrochemical doping. 
The PT sample used for the optical study was prepared 
by electrochemical polymerization using bithiophene 
as a monomer. The polymerization was done under 
mild conditions (low voltage, ~3 .8 V vs Li; current 
density, 0.5 mA cm-2) and the sample film was obtained 
on ITO glass using Al as a cathode and LiClO4 as 
electrolyte solution. 

Figure 9 shows a series of spectra25 taken in situ 
during the doping cycle as the doping proceeded via the 
oxidation reaction shown in eq I. 

- f -O- te + /LiCiO4 — -eO- f c CClO4
-V + / L i ( I ) 

The different applied voltages correspond to different 
doping levels (y): 3.5 V (y = 2.8%); 3.65 V (y = 4%); 
3.7 V (y = 5.4%); 3.8 V (y = 9.6%); 3.85 V (y = 12%); 
3.9 V (y = 14%); 4.05 V Cy = 20%). In each case the 
cell was allowed to reach quasi-equilibrium before the 
spectra were taken. Doping levels (y) were obtained 
from direct electrochemical measurements for Vap„ 
against Q in a parallel experiment using electrochemical 
voltage spectroscopy.25 As the doping level increased, 
the intensity of the interband transition decreased 
continuously and the absorption peak shifted toward 
higher energy. In addition, two new absorption features 
appeared in the IR below the gap edge with intensities 



190 Chemical Reviews, 1988, Vol. 88, No. 1 Patil et al. 

0.32-

o'0 -3 2 

< 

- /^ 
' ' 

\ 

VA 

I I 

(a I 

i 

-
-

-

s 2 

-0.4 

Figure 10. Difference spectra obtained from the data of Figure 
9: (a) ya„p = 3.65 V, y = 4% (or 1% per carbon); (b) Vapp = 3.85 
V, y = 12% (or 3% per carbon). In each case, the neutral-point 
spectrum (Vapp = 2.50 V) was used as the reference. The broken 
curves are extrapolation that attempt to separate the contributions 
from the two absorption peaks. 

that increased as the dopant level increased. The lower 
energy IR peak remains at a constant energy (ca. 0.65 
eV) while the higher energy peak shifts toward higher 
energy as the dopant level is increased. At an applied 
doping potential of 4.3 V, the frequency-dependent 
absorption is characteristic of the free carrier spectrum 
of the metallic state, similar to that found in heavily 
doped (either chemically or electrochemically) poly-
acetylene.213 

The spectra of Figure 9 for ftco > 0.8 eV were ob­
tained by using an identical cell (but with no sample) 
as reference. However, below 0.8 eV the strong ab­
sorption of the electrolyte solution limited the accuracy 
of the data. The extension of the curves on Figure 9 
below 0.8 eV was performed on selected individual 
samples that were doped (to a particular applied volt­
age), washed, dried, and sealed in a tube. 

Better accuracy was obtained by analyzing the dif­
ference spectra from the sample. Two examples are 
shown in Figure 10a (Vapp = 3.65 V, y = 1% per carbon) 
and Figure 10b (3.85 V, y = 3% per carbon). In each 
case the spectrum was taken at the appropriate applied 
cell voltage (against Li) and the neutral-point spectrum 
(2.5 V, y = 0) was used as the reference. The two do­
pant-induced infrared bands are seen clearly with peaks 
at ft W1 = 0.65 eV and ftu>2 = 1.5 eV. As noted above, 
ft W1 is essentially independent of dopant concentration 
whereas ftw2 increases with increasing frequency. Ex­
amination of Figures 9 and 10 indicates that the os­
cillator strength of these two dopant-induced IR ab­
sorption bands is comparable to that of the mid-gap 
absorption in polyacetylene, indicating that these two 
absorption features arise from electronic transitions 
between the valence band and two localized energy 
levels that appear in the gap upon charge-transfer 
doping. 

The difference spectra of Figure 10 show that the 
oscillator strength that appears below the gap edge 
comes primarily from the interband transition. In 
contrast to ^rarcs-polyacetylene,29,37 the loss of interband 
oscillator strength is not uniform but is greatest for 
frequencies near the band edge. 

PT CIO4 doping 

3 " X ^ ' ' 

0 1 2 3 
energy (eV) 

Figure 11. Absorption spectra of PT during electrochemical 
doping of ClO4". 

A procedure similar to that described above was 
performed in the subsequent electrochemical undoping 
process by using a series of stepped-down constant 
applied potentials. The electrochemical reaction is the 
reverse of eq I. At Vapp = 2.5 V, the spectrum of un-
doped polythiophene was reproduced. 

Both in the doping and in the undoping parts of the 
cycle, an isosbestic point appears at ftw = 2.0 eV for 
dilute doping levels. At higher dopant concentrations 
(e.g., for Vapp > 3.85 V, y < 3% per carbon) this isos­
bestic point disappears and the spectrum qualitatively 
changes, evolving toward that of the metallic limit. 

Kaneto et al.46 have studied the absorption spectra 
of PT film during electrochemical ClO4" doping. Figure 
11 shows absorption spectra as a function of dopant 
concentration. The peaks at 0.7-0.9 and 1.5-1.8 eV 
show a blue shift with increasing dopant concentration 
and a tendency to merge into a single, broad absorption 
in the infrared at the highest dopant concentration. 
Kaneto et al. observed the formation of charge carrier 
with spins only below 3 mol % of dopant concentration. 
From the optical and ESR studies their conclusion was 
similar to that of Chung et al., that the charge is stored 
predominantly in bipolarons.25 

D. Poly(lsothlanaphthene) 

The spectroscopic results presented above, in com­
bination with theoretical calculations, were used to 
design poly(isothianaphthene) (PITN), a polymer 
having the smallest energy gap of any known conjugated 
polymer.47 PITN was prepared in three different ways 
from isothianaphthene, including electrochemical syn­
thesis.478 Upon doping, the conductivity of PITN in­
creases several orders of magnitude up to about 50 S 
cm-1. Doping-undoping cycles are electrochemically 
reversible and are accompanied by a high-contrast 
electrochromic color change. In the undoped state, thin 
films of PITN are blue-black; upon doping, they become 
transparent yellow. Doped PITN is thus the first ex­
ample of a transparent highly conducting organic 
polymer. In its highest doped state, PITN is very 
unstable in the atmosphere, a property unique to this 
heterocycle. 

The absorption spectrum of PITN films was studied 
as a function of photon energy. Figure 12 shows the 
comparison of the spectrum of an as-grown film (dashed 
curve) with the spectrum of a film that was compen­
sated electrochemically (Figure 12b, solid curve) and 
by ammonia (Figure 12a, solid curve). The spectrum 
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Figure 12. (a) Absorption coefficient of PITN vs photon energy. 
Dashed curve, as grown; solid curve, after composition with am­
monia, (b) Absorption coefficient of PITN vs photon energy. 
Dashed curve, as grown; solid curve, after electrochemical com­
pensation. 

consists of an intense interband absorption with a peak 
at hu ai 1.4 eV, a weak shoulder on the low-energy side, 
and an indication of a second absorption band at higher 
energies (ftw > 3.5 eV). The weak shoulder at lower 
energy arises from the 5% doping of the as-grown films; 
the shoulder decreases in magnitude after compensation 
with NH3 (dashed curve on Figure 12a). The in situ 
spectrum of an electrochemically compensated film 
(undoped .electrochemically to ^2 .5 V with respect to 
Li) is presented in Figure 12b. There is a small blue 
shift (~0.05 eV) with the PITN sample in the elec­
trolyte, perhaps indicative of some solvent penetration. 
The data of Figure 12 indicate that the low-energy 
shoulder is not an intrinsic feature of the neutral 
polymer; the onset of intrinsic absorption occurs at has 
=* 1 eV, implying that the energy gap of pure PITN is 
=*l eV. The P ITN absorption (from Figure 12) is 
compared with the corresponding data from poly-
thiophene in Figure 13. The similar shapes of the two 
curves, even including the sharp feature on the leading 
edge, demonstrates clearly the reduction of the energy 
gap of PITN to about half that of the parent poly-
thiophene. 

The spectral features associated with the observed 
color change on doping are shown in Figure 14, in which 
the absorption spectrum of electrochemically compen­
sated PITN is compared with that obtained after 
electrochemical doping (p type with ClO4"). These data 
were obtained in situ with the thin film sample on 
conducting glass in a sealed electrochemical cell (~0.2 
m LiClO4 in propylene carbonate electrolyte with the 
PITN sample at the neutral point, ~2.4 V vs Li); the 
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Figure 13. Absorption coefficients of polythiophene (solid curve) 
and poly(isothianaphthene) (dashed curve). 

Figure 14. Spectral changes associated with the observed color 
change on doping; absorption spectrum of PITN after electro­
chemical compensation (solid curve) and after in situ electro­
chemical doping (dashed curve) (see text). 
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Figure 15. In situ electronic spectroscopy of PITN. Solid line 
at 2.7 V is a 6% Cl"-doped sample and the 3.9-V line corresponds 
to the same sample, fully doped. Voltages are vs Li. 

dashed curve corresponds to the maximum doping level 
for which the cell was stable, ~4.3 V vs Li. In situ 
measurements of the visible-IR absorption spectrum 
as a function of dopant concentration provide infor­
mation on the changes in electronic structure that occur 
during doping. Absorption data for a series of applied 
voltage vs Li are given in Figure 15. For this study, 
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Figure 16. The various resonance contributors for PITN. 

the sample was mounted in a cell similar to that used 
by Chung et al. in their study of polythiophene.25 The 
working electrode was the polymer on ITO glass and 
the counter electrode was lithium metal scraped clean 
of its oxide layer and pressed into nickel mesh under 
an argon atmosphere. The cell was constructed in a 
controlled-atmosphere drybox. 

After doping, there is no indication of an energy gap 
over the limited spectral range, suggesting that the 
electronic structure of heavily doped PITN is that of 
a metal and the spectral changes shown in Figures 14 
and 15 are qualitatively similar to those obtained for 
polythiophene25 and polyacetylene48 where a variety of 
related experiments have confirmed the existence of a 
metallic state at high doping levels.215'49 

The spectroscopic data demonstrate that PITN is a 
small band gap semiconductor with Eg ~ 1 eV. The 
overall shape of the interband transition is remarkably 
similar to that reported for polythiophene and poly­
acetylene. The major reduction of the energy gap 
compared with that of the parent polythiophene pre­
sumably results from a combination of effects: namely 
(i) the many resonance contributors shown in Figure 
16 would be expected to lead to higher stability and 
more nearly equal bond lengths along the pseudo-
polyene backbone; (ii) the polarizability of the benzene 
ring would tend to reduce the repulsive electron-elec­
tron interactions between two ir electrons on the same 
monomer unit or on neighboring carbons along the 
backbone. 

The small band gap is consistent with the quantum 
chemical calculations of Bredas et al.,47d who find that 
for conjugated polymers based on aromatic rings the 
band gap decreases as the quinoid character of the 
backbone increases. For PITN, the benzene ring built 
onto the thiophene monomer forces some quinoidal 
contribution into the ground state of the five-membered 
sulfur-containing ring and thereby leads to a reduction 
of the energy gap. 

E. Poly(alkylthiophenes) 

To be potentially useful in electronic applications, a 
material must be environmentally stable, have excellent 
electronic and mechanical properties, and be solution 
or melt processible. The delocalized electronic struc­
tures of Tr-conjugated polymers which are responsible 
for their unusual electronic properties tend to yield 
relatively stiff chains with little flexibility and with 
relatively strong interchain attractive interaction which 
make them insoluble and nonprocessible. 

Formmer et al.50 successfully made solutions of con­
ducting polymers by performing the doping in the 
presence of a specific solvent that allowed the polymer 
to dissolve as it was doped. They dissolved poly(phe-
nylene sulfide) (PPS) powder in AsF3 solvent while at 
the same time oxidizing with AsF5. This resulted in a 

Figure 17. Optical absorption of PPS. Solid line, melt-molded 
film (~0.5 mm thick) doped with AsF6; dashed line, AsF6 doped 
in AsF3 solution, ~0.01 m in monomer repeat units (-S-Ph-). 

blue conducting polymer solution from which con­
ducting films could be cast on different substrates. 
These films exhibited conductivities from 25 to 200 S 
cm"1. The high conductivities in these samples cast 
from solution were speculated to arise from, the homo­
geneous distribution of dopant throughout the polymer 
film. 

Electronic absorption spectra of both solution and 
films of doped PPS have been recorded in the visible-
IR region50 (Figure 17). The basic similarities between 
optical spectra obtained on conventionally doped PPS 
solid and on doped PPS solutions indicate that the 
AsF3-AsF5 solution is a conducting polymer solution. 

Jenekhe et al.51 reported another processible polymer 
in liquid I2 from which also a conducting film could be 
cast. Although this work represents important progress, 
toxicity and environmental instability of these solvent 
systems (AsF3-AsF5 or liquid I2) make them undesira­
ble. 

Recently, several groups have prepared soluble, highly 
conducting, and environmentally stable polythiophenes 
having long alkyl chains.52-54 In these polymers, solu­
bility can be achieved through addition of an appro­
priate side group. Thus, whereas neither PT nor 
poly(3-methylthiophene) (P3MT) is soluble, the addi­
tion of relatively long, flexible, hydrocarbon chains to 
the thiophene ring has increased the solubility and 
processibility of this conjugated polyheterocycle without 
significantly changing the ^-electronic structure. Since 
these polythiophene derivatives are soluble in common 
organic solvents (chloroform, THF, etc.) in both their 
neutral and conductive (doped) forms, they have op­
ened the way to study optical and magnetic properties 
in solution as well as charge-storage configurations of 
doped isolated macromolecules in dilute solution. 

Several soluble polythiophenes have been synthesized 
by electrochemical polymerization of thiophene deriv­
atives having a flexible side chain at the 3-position. 
Polymers studied were poly(3-hexylthiophene) (P3HT), 
poly(3-octylthiophene) (P30T) , poly(3-dodecyl-
thiophene) (P3DDT), poly(3-octadecylthiophene) 
(P30DT), and poly(3-icosylthiophene) (P3IT). The 
conductivities of oxidized films of P3HT, P30T, 
P3DDT, P30DT, and P3IT were 10-100 S/cm. The 
IR spectra of solution-cast films were the same as those 
of neutral films obtained by electrochemical reduction 
of as-grown films, indicating that no deterioration took 
place during dissolving, casting, and drying.52"54 

The existence of ^--conjugation in these materials is 
implied by their colors and their electronic spectra. The 
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Figure 18. Absorption spectra of PT and a few alkyl derivatives 
of 3-substituted PTs: (- - -) PT; (- - -) P3MT; (•-•-) P3BT; (—) 
P3HT. 
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Figure 19. Absorption spectrum of P3HT/THF solution («2 
X 10"4 M) at room temperature. 

electronic absorption spectra of the P3ATs (Figure 18) 
indicate that the band edge occurs at about 2 eV, a 
value that is typical for the entire P3AT series. Al­
though slight shifts in the edge and in the weak 
shoulder just above the edge are observed, the data are 
essentially independent of the alkyl substituent. 

Figure 19 shows the UV-visible absorption spectrum 
of a P 3 H T / T H F solution. The maximum extinction 
coefficient (at 435 nm) is approximately 8800 mL"1 cm-1. 
On dissolution, a major shift of the ir—ir* absorption 
band is observed (Figures 18 and 19). 

The absorption spectra of P3HT for as-synthesized 
and solution-cast films are compared in Figure 2054 (the 
corresponding spectra for the P3BT are essentially the 
same as those of P3HT). The spectral characteristics 
of the solution-cast films are nearly identical with those 
of the as-synthesized films both in the neutral case and 
after doping (with ClO4" ions). It is noteworthy that 
the T-v* absorption edge is neither shifted nor signif­
icantly broadened. In addition, the residual absorption 
below the interband transition is extremely weak for the 
solution-cast films, indicating the absence of impurity 
or disorder-induced states in the gap. 

Both as-synthesized and solution-cast films can be 
readily doped with resulting electrical conductivities 
that are quite high; e.g., a =« 40 S cm -1 for films of 
poly(butylthienylene). UV-visible absorption spectra 
of these soluble polythienylenes have been obtained for 
solid films (as synthesized and solution cast) and for 
the polymers in solution. The spectral characteristics 
of the solution-cast films are essentially identical with 
those of the as-synthesized films both in the neutral 
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Figure 20. Absorption spectra of neutral (undoped) and con­
ducting (doped) P3HT films at room temperature: (a) as-syn­
thesized film; (b) solution-cast film. 

ENERGY (eV) 

Figure 21. Absorption spectra of the neutral and doped polymer 
(y « 0.1,0.16, and 0.36) at a P3HT concentration of C0/100 (in 
chloroform). The inset shows an extended-range IR spectrum 
(obtained with C » C0 in chloroform). 

state and after doping. The comparison of the spectra 
of the as-grown and solution-cast films suggests that the 
electronic structure of the P3ATs is unchanged after 
dissolution and subsequent processing into thin solid 
films, and the solution-cast films have a well-defined 
electronic structure that is equivalent in overall features 
to that of the most highly crystalline polythiophene (in 
fact, the absorption edge is even sharper and the re­
sidual absorption below the edge is even weaker than 
observed for chemically coupled, annealed poly­
thiophene). This implies weak interchain electronic 
interactions; i.e., the electronic structure is highly an­
isotropic or quasi-one-dimensional. This quasi-one-
dimensionality is consistent with the good solubility of 
the alkyl-substituted polymer. The combination of high 
conductivity and weak interchain coupling implies that 
electronic motion along the conjugated chains is the 
dominant transport mechanism. 

The absorption spectra of the neutral and the doped 
polymer at different doping (y = 0.1, 0.16, and 0.36) are 
compared in Figure 21 for a polymer concentration of 
C0/100 (C0 = 1 mg/mL, 6 X 10"3 /n).54 The effect of 
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Figure 22. Series of visible-near-IR absorption spectra taken 
at successively higher doping levels (P3HT concentration 0.4C0 
in chloroform). The inset compares the spectra for the neutral 
polymer solution with that for maximum doping (y «= 0.53) at C 
« C0/100. 

doping is characteristic of conducting polymers. The 
Tr~ir* transition is depleted with the oscillator strength 
shifted onto two principal subgap features in the in­
frared. That the low-energy feature is indeed a peak 
(implying two localized gap states) is demonstrated in 
the inset, where the broad-band mid-IR absorption and 
the near-IR spectrum (obtained with two different in­
struments) are superposed. The data in the inset were 
obtained at a polymer concentration of C = C0. Ad­
ditional weak absorption can be seen in the inset hu> 
SS 2.15 eV; excess absorption is also observed at this 
energy in the spectrum taken with C0/100 (C0 = 1 
mg/mL); this feature shows up clearly in difference 
spectra. The two principal subgap absorption bands 
with maxima at Aw1 «= 1.55 eV and hu2 *= 0.5 eV in the 
doped polymer are consistent with charge storage pre­
dominantly in bipolarons. The IT—IT* transition energy 
(onset at «=2.2 eV, peak at «2.8 eV) is, however, greater 
than (hui + hic2) «* 2.05 eV. 

The additional absorption near 2.15 eV is not the 
result of a (third) polaron mode. Detailed examination 
of difference spectra shows that this feature decreases 
in relative high strength at high y and at high C, 
whereas the magnetic data indicate in both cases a 
monotonic increase in the number of polarons per ring. 

A series of visible-near-IR spectra taken at succes­
sively higher doping levels (polymer concentration of 
0.4 mg/mL) are shown in Figure 22. The well-defined 
isosbestic point at 505 nm (2.45 eV) implies the coex­
istence (and interconversion) of two regions on a doped 
P3HT chain, neutral regions where the IT-IT* transition 
is unchanged and localized regions surrounding the 
charge-storage configuration (bipolarons). As the dop­
ing level is increased, the subgap absorption grows at 
the expense of the IT-IT* transition; at high doping levels 
in dilute solution (see inset to Figure 22), nearly all the 
7r-electron oscillator strength has been shifted into the 
two intense infrared bands. 

The magnetic resonance data demonstrate that at 
dilute concentrations (i.e., in the isolated single-chain 
limit) charge is stored predominantly in a spinless 
configuration for doped P3HT in solution. For dilute 
solutions (C « C0), virtually all the charge is stored in 
bipolarons; polarons are formed only as a result of an 
odd number of charges on a single macromolecule. 
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Figure 23. Self-doped polymers. 
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Figure 24. Electronic (UV-visible) absorption spectra of cast 
films of P3-ETSNa (curve 1), of P3-ETSH (curve 2), and of the 
methyl ester of P3-ETS (curve 3). 

F. Poly(thlophenealkanesulfonates): Self-Doped 
Polymers That Are Water Soluble 

Recently, the sodium salts and the "proton salts" 
(acids) of poly(3-thiopheneethanesulfonate) (P3-ETSNa 
and P3-ETSH, respectively) and poly(3-thiophene-
butanesulfonate) (P3-BTSNa and P3-BTSH, respec­
tively) were prepared.55,66 In these polymers, the 
counterions are covalently bound to the polymer 
backbone, leading to the self-doped concept. In the 
self-doped conjugated polymer, charge injected into the 
ir-electron system is compensated by proton (or Li+, 
Na+, etc.) ejection, leaving behind the oppositely 
charged counterion. The principle as applied to poly-
heterocycles is depicted in eq I (Figure 23). 

Equation I takes the advantage of the addition of a 
flexible side chain in a thiophene unit like those of 
long-chain poly(alkylthiophenes) which make them 
soluble. More importantly, these polymers are water 
soluble; the class of self-doped polymers therefore 
contains the first known water-soluble conducting 
polymers. 

The absorption spectra for the neutral polymer films 
and polymer solution in water were studied. The ex­
istence of TT conjugation in these polymers is implied 
by their colors and their electronic spectra. The elec­
tronic (UV-visible) absorption spectra of cast films of 
the methyl ester of P3-ETS, of P3-ETSNa, and of P3-
ETSH are shown in Figure 24. The spectra of the three 
polymers are virtually identical; the onset of TT-TT* ab­
sorption occurs at about 600 nm (1.96 eV) and the peak 
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Figure 25. UV-visible spectra of P3-ETSNa (dashed line) and 
of P3-ETSH (solid line) in aqueous solution. 
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Figure 26. Comparison of the ir-ir* absorption for a film of 
P3-BTSH (cast from water; broken curve) and for a solution of 
a the same polymer in water (solid curve). 

is at about 425 nm (^2.6 eV). The addition of the side 
chain and sulfonate group, etc., does not cause any 
significant changes in the electronic structure of the 
conjugated backbone. 

Figure 25 shows UV-visible spectra of the sodium salt 
(P3-ETSNa) and of the acid (P3-ETSH) in aqueous 
solution. Both spectra are essentially identical (the 
absorption edge is slightly broader for the acid). The 
spectra of Figure 24 and 25 indicate a relatively small 
spectral shift upon dissolution; the onset of absorption 
shifts from 600 nm in the cast solid film to 550-575 nm 
in solution, whereas the absorption maxima are at 425 
nm in both cases. This is in contrast to the results 
obtained from the poly(3-alkylthienylenes) where a 
significant blue shift is found between the solid film and 
the solution spectra. In Figure 26, the absorption 
spectra show a comparison of the w-w* transition for 
a film of P3-BTSH (cast from water) and for a solution 
of the same polymer in water. The data once again 
indicate a relatively small spectral shift upon dissolu­
tion. 

Figure 27. A series of spectra obtained from P3-ETSNa taken 
at different cell voltages in the relatively dilute opening region; 
the cells consisted of a polymer solution film cast onto a trans­
parent indium/tin oxide (ITO) glass electrode (anode), platinum 
counter electrode (cathode), and a Ag/Ag+ reference electrode 
in acetonitrile with tetrabutylammonium perchlorate as elec­
trolyte. 

Figure 28. In situ absorption spectra of P3-ETSH; the electrolyte 
was fluoroboric acid-trifluoroacetic acid (at a 3:10 ratio) at a 
concentration of about 0.2 M in acetonitrile. The series of spectra 
were taken with the cell charged to successively higher open-circuit 
voltages. In this case, the polymer was observed to spontaneously 
dope in the strongly acidic electrolyte solution. 

The Tr-electron structure of these water-soluble po-
lythiophene derivatives is the same as that of the parent 
polymers, as shown by the spectra of the neutral poly­
mers (i.e., addition of the saturated side chains has little 
effect on the delocalized ir-electronic system). The ir-ir* 
transition onsets near 2 eV with a peak at about 3 eV. 
The onset compares favorably with polythiophene; the 
peak is somewhat blue-shifted with respect to poly­
thiophene. This broadening of the leading edge implies 
a relatively high degree of polydispersity. 

The data shown in Figures 27 and 28 are consistent 
with charge storage as bipolarons. In each case, the 
following characteristic features are observed: two 
doping-induced transitions in the infrared, indicating 
the formation of two localized states in the gap. Pre­
liminary results of in situ electron spin resonance ex­
periments are consistent with charge storage via spinless 
carriers. 
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The experimental conditions for in situ optoelectro-
chemical spectroscopy were essentially those reported 
for the above in situ spectroscopic studies. Figure 27 
shows a series of spectra obtained from P3-ETSNa 
taken at different cell voltages in the relatively dilute 
doping regime. The results are typical of polythiophene 
and the P3AT derivatives; the ir—ir* transition is de­
pleted with a concomitant shift of oscillator strength 
into the two infrared bands characteristic of bipolaron 
formation. The same qualitative features are observed 
for P3-BTSNa, although the two bands are slightly 
shifted (by about 1.0 eV) more deeply into the infrared. 
We note, however, that doping occurs to a much lower 
extent than in all cases described above. 

Spectra of P3-ETSH are shown in Figure 28. In this 
case, the electrolyte was fluoroboric acid-trifluoroacetic 
acid (in a 3:10 ratio) at a concentration of about 0.2 M 
in acetonitrile. The series of spectra were taken with 
the cell charged to successively higher open-circuit 
voltages. In this case, the polymer was observed to 
spontaneously dope in the strongly acidic electrolyte 
solution. The change in chemical potential of the 
polymer as a result of this spontaneous doping leads to 
the increased cell voltages noted on the figure. The 
appearance of two gap states is consistent with bipo­
laron formation. Once again, in this case complete 
doping was not achieved. Control of the doping level 
(with associated changes in the intensities of the ir-w* 
and gap state transitions) was achieved by imposing a 
voltage lower than the equilibrium open-circuit voltage. 
This was confirmed with electrochemical measure­
ments. The cyclic voltammetry carried out on films of 
the above polymer (P3-ETSH/ITO glass working 
electrode, platinum counter electrode, and Ag/Ag+ 

reference electrode in acetonitrile with fluoroboric 
acid-trifluoroacetic acid as electrolyte) indicated an 
electrochemically robust polymer when cycled between 
+0.1 and +1.2 V vs Ag/Ag+ in a strongly acid medium. 
The polymer could be cycled and corresponding color 
changes from orange to blue-green and vice versa could 
be observed without noticeable change in stability at 
100 mV/s. 

IV. Charge Storage: SolHons, Polarons, and 
Blpolarons 

In traditional three-dimensional semiconductors, the 
fourfold (or sixfold, etc.) coordination of each atom to 
its neighbor through covalent bonds leads to a rigid 
structure. In such systems, therefore, the electronic 
excitations can usually be considered in the context of 
this rigid structure leading to the conventional concepts 
of electrons and holes as the dominant excitations. The 
situation in semiconductor polymers is quite different; 
the twofold coordination makes these systems generally 
more susceptible to structural distortion. As a result, 
the dominant "electronic" excitations are inherently 
coupled to chain distortions. Thus, quite generally, one 
expects that solitons, polarons, and bipolarons will be 
the excitations of major importance in this class of 
one-dimensional polymer semiconductors. 

There are two general classes of structures which lead 
to qualitatively different electronic (spectroscopic) 
properties: (i) systems in which the ground state is 
twofold degenerate (trans-polyacetylene is the proto-
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Figure 29. (a) Chemical structures of CiS-(CH)x and trans-(CH)x. 
(b) The two degenerate ground-state structures of trans- (CH)1. 
The atomic distortions are indicated by the arrows, (c) Chemical 
structure of polythiophene. (d) Two inequivalent structures for 
the thiophene heterocycle in polythiophene. 

type example). In this case, solitons are the important 
excitations and the dominant charge-storage species; (ii) 
systems in which the ground-state degeneracy is lifted 
(the polyheterocycles are the principal examples). In 
this case polarons and bipolarons are the important 
excitations with charge storage in bipolarons. 

As shown in Figure 29, trans-(CH)1 is a twofold-de­
generate Peierls insulator that allows for the possibility 
of nonlinear excitations in the form of soliton-like 
bond-alternation domain walls, each with an associated 
electronic state at the center of the energy gap.16-18'57 

For polythiophene, on the other hand, the two struc­
tures sketched in Figure 29 are not energetically 
equivalent. Polythiophene can be viewed as an sp2p2 
carbon chain in a structure analogous to that of cis-
(CH)1 but stabilized in that structure by the sulfur that 
covalently bonds to neighboring carbon atoms to form 
the heterocycle. 

In the following section, we summarize the theoretical 
concepts and use them to develop a methodology for 
understanding the general features of the optical 
properties described above. 

A. SolHons and Bipolarons: Some Concepts 

Although single-soliton defects can exist on imperfect 
chains (and have been studied extensively),58 intrinsic 
excitations, either photoproduced or doping-induced, 
must occur in the form of soliton-antisoliton (SS) pairs. 
The energy level diagrams for neutral and positively or 
negatively charged solitons are shown in Figure 30. 
The most appropriate experimental evidence for the 
existence of midgap states is derived from spectroscopy 
(see Figure 5). This dopant-induced electronic tran­
sition has been observed to be independent of the do­
pant ion and of the nature of the charge (positive or 
negative). 

Theoretical analysis16-18'57 has demonstrated that a 
charged soliton represents the lowest energy configu­
ration for an excess charge on a trans-(CH)1 chain; i.e., 
E$ < A, where E3 is the energy for creation of a soliton 
and A is the energy for creation of an electron or hole 
(A = Eg/2). Both numerical calculations using a dis­
crete lattice model and analytical results for a contin-
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Figure 30. (a) Energy level diagram of the midgap state asso­
ciated with the soliton where ho>i = 2A is the interband transition 
and ft O)8 = A is the midgap transition; left, neutral soliton; center, 
positive soliton; right, negative soliton. (b) Energy level diagram 
for a charged (positive) bipolaron. Because of the splitting of the 
levels, there are two possible transitions in addition to hoij. (c) 
Energy level diagram for a charged (positive) polaron. Because 
of the additional occupancy by the unpaired spin, there is an 
additional transition (hua
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Figure 31. Schematic diagram of polythiophene backbone 
structure leaving out the sulfur atoms (see Figure 2). The two 
configurations (A phase and B phase) are nearly (but not precisely) 
degenerate as shown in the diagram at the bottom of the figure, 
where we plot energy against the distortion parameter, u (u -
0 when the bond lengths are equal). 

uum model indicate that (neglecting electron-electron 
Coulomb interaction) 

2ES = (4/TT)A (1) 

Quantum chemical calculations43 are fully supportive 
of the results obtained from field theoretical models. 
Charged solitons are therefore formed by electron 
transfer onto or off the polymer chains on doping with 
electron donors or acceptors. 

An analogy can be constructed26 between PT and 
(CH)x as shown in the diagrams of Figure 31, where we 
redraw the polythiophene backbone structure purposely 
leaving out the sulfur heteroatom. The resulting 
structure is that of an sp2ps polyene chain consisting 
of four-carbon all-trans segments linked through a 

cis-like unit. Photoinduced absorption measurements59 

have demonstrated the quantitative validity of this 
point of view; excitations generated by optical absorp­
tion across the 7r-ir* energy gap interact predominantly 
with the pseudo-polyene backbone; the interaction with 
the ring modes is weak and can be ignored to first ap­
proximation. In such a structure, the ground state is 
not degenerate (as sketched in Figure 31). However, 
the energy difference per bond, AE/I, might be ex­
pected to be small, i.e., greater than zero (as in 
trans-(CH)x) but less than that of cis-(CH)x. An ob­
vious consequence of the lack of degeneracy is that the 
schematic PT structure of Figure 31 cannot support 
stable soliton excitations because creating a soliton pair 
separated by a distance d would use an energy of about 
d(AE/l). This linear "confinement" energy leads to 
bipolarons as the lowest energy charge-transfer con­
figurations in such a chain with creation energy some­
what greater than (4/ir)A (the creation energy for a 
bipolaron goes to 1 in the limit of zero confinement). 
The corresponding energy level diagram (for a positive 
bipolaron) is sketched in Figure 30b. Two gap states 
are for a positive bipolaron (charge 2|e|) and filled for 
a negative bipolaron (charge -2|e|). 

1. Discussion in Terms of Confined SS Pairs, 
Polarons, or Bipolarons 

The absorption spectrum of neutral polythiophene 
is remarkably similar to that of trans-(CH)x

29,37 but 
blue-shifted by about 0.4-0.5 eV. Even the familar 
structure on the leading edge, attributed by MeIe60 to 
dynamical chain distortion following electron-hole 
creation, is evident in the data. These similarities 
suggest that polythiophene can be viewed as similar to 
T̂OrW-(CH)1 but with the ground-state degeneracy lifted 

by a small amount because of the inequivalence of the 
two structures with opposite bond alternation. This 
analogy was emphasized in the schematic structure 
shown in Figure 29. 

Although this description of PT is admittedly sche­
matic, there is experimental evidence that it represents 
an excellent starting point for a more detailed de­
scription of the doping processes in this system. The 
optical absorption data (Figures 9 and 10) indicate an 
energy level structure at dilute doping levels as shown 
in Figure 30b with ^w1 and Hw2 just below the peaks 
because the transitions involved are between a localized 
gap state and the valence band density of states. The 
value for the interband absorption can be estimated 
from the data of Figures 9 and 10 to be hui »» 2.1 eV. 
In this case, the joint density of states of the valence 
and conduction bands is involved in the absorption so 
that the point of steepest slope in a(w) or the crossover 
in the difference curves (Figure 10) is used. Although 
there is surely some uncertainty in the assignment of 
the precise energies, the data from the dilute dopant 
concentrations yield 

hoi\ + hic2 hw{ = E% (2) 

where Eg = 2A0 is the energy gap. The results expressed 
quantitatively in (2) indicate the existence of electron-
hole symmetry in the doped polymer. Figure 30b shows 
that the two doping-induced energy levels appear sym­
metrically with respect to the gap center at ± hos = 0.40 
± 0.05 eV. The existence of electron-hole symmetry 



198 Chemical Reviews, 1988, Vol. 88, No. 1 Patil et al. 

implies that the schematic structure of Figure 31 rep­
resents an essentially correct point of view. The sulfur 
atoms stabilize the polyene chain in the configuration 
of Figure 31 through covalent bonding to neighboring 
carbon atoms. However, evidently the sulfur is only 
weakly interacting with the ir-electron system of the 
polyene backbone.59 If this were not the case, some of 
the transferred charge would reside on the sulfur, and 
the electron-hole symmetry implied by Figures 9 and 
10 and sketched in Figure 30b would not be present. 

We assign the two energy gap states inferred from 
Figures 9 and 10 to the two levels expected from charge 
storage in bipolaron states in doped PT and the P3AT 
derivatives. This assignment is based on three facts: 

(i) The two transitions imply formation of two levels 
of symmetric with respect to the gap center. 

(ii) The observation of only two transitions implies 
that the two levels are not occupied. If there were 
electrons in the lower level (as there would be for a 
"hole" polaron), then a third absorption would be evi­
dent, arising as a transition between the two localized 
levels. This is not observed. 

(iii) Analysis of the data leads to co0/ A0 = 0.35. This 
small value is inconsistent with polaron formation, for 
which O)0/A0 > 0.797.18'61 

The small value inferred for o>0/A0 implies weak 
confinement. By using the results of Fesser61 in their 
detailed analysis of the bipolaron problem, one can 
extract values for the relevant microscopic parameters. 
The confinement parameter is defined as 

7 = A6AA0 (3) 

where Ae is the constant external gap parameter (2Ae 

would be the energy gap without the bond alternation 
contribution, Ai( which arises from the spontaneous 
symmetry breaking arising from the Peierls instability), 
X is the dimensionless electron-phonon coupling con­
stant appropriate to the twofold commensurate case 
and A0 is the the full gap parameter (A0 = Ae + A;). 
From Fesser et al.61, we obtain 7 = 0.1-0.2 using the 
experimental value co0/A0 «* 0.35. This small value for 
7, implying weak confinement, is consistent with the 
point of view expressed in Figure 31 and with the re­
markable similarity of the shape of the absorption 
curves of neutral ^rCmS-(CH)1 and neutral PT. 

The one-dimensional energy gap in ^rCmS-(CH)1 has 
been estimated as E 1D *» 1.6-1.8 eV.62 Taking the 
values of Eg

lD = 2.1 eV for polythiophene, one can es­
timate Ae « 0.15-0.2 eV. Thus, from (3), one finds X 
= 0.5-1 for PT. Although this is quite clearly not a 
precise determination of X, the resulting value is rea­
sonable. Note that even though the sulfur appears to 
play only a minor role in the ir-electron structure of PT, 
the bonding to neighboring carbons to form the heter-
ocycle may lead to significant contributions to the chain 
stiffness, phonon dispersion, the electron-coupling 
constant, etc. 

The relative intensities of the two gap absorptions, 
h<x>i and no>2, can be obtained from Figure 10. Although 
the in situ instrumental configuration does not allow 
data acquisition at frequencies below about 0.6 eV, the 
overall features are clear (we have sketched the ex­
trapolated shape of h w to lower frequencies based on 
the line shape expected for a transition between a 
localized state and a one-dimensional band). The lower 
energy peak has the greater integrated intensity by a 

factor of about 2; i.e., 1((D1)ZI(O)2) «* 2. This ratio has 
been calculated by Fesser et al.,61 who find 7(O)1) > I(w2) 
for bipolarons, in agreement with the experimental re­
sults; however, with co0/A0 « 0.35, they predict /(Co1)/ 
7(o)2) s» 6. Although the origin of this discrepancy is not 
clear, recent theoretical studies have shown that this 
ratio is sensitive to the strength of the electron-electron 
interactions; for intermediate coupling, the ratio is in 
approximate agreement with experiment. It is obvious, 
however, that the model is oversimplified in many ways. 
In the case where the ground state is degenerate, the 
mid-gap transitions steal oscillator strength uniformly 
from the interband transition. This has been observed 
and experimentally verified in the in situ optoelectro-
chemical spectroscopy studies of ^rCmS-(CH)x.

29,37 For 
PT, this is not the case. Figures 9 and 10 demonstrate 
that as the doping proceeds the interband transition 
weakens, but not uniformly. The loss of oscillator 
strength is greater near the interband edge, causing the 
apparent shift to higher energies with increasing dopant 
concentration. Although a detailed quantitative com­
parison is difficult, Fesser et al.61 have shown that the 
loss of oscillator strength, /3(co), is greater near the band 
edge in the case of bipolarons. By using W0/A0 «= 0.35 
(appropriate to PT), /3(co) is 2 times greater for hw = 
E„ than the corresponding value at higher energies. 
Thus, the qualitative features of the observed changes 
in interband absorption are in excellent agreement with 
the predictions based on charge storage in bipolarons. 
A more detailed analysis is not possible at present be­
cause of the limited spectral range currently available. 

As the dopant concentration is increased, ho>i re­
mains essentially constant, whereas no>2 shifts toward 
higher energies. This concentration-dependent shift is 
not expected within the confines of the noninteracting 
bipolaron theory. The shift may signal the importance 
of interactions between bipolarons leading at suffi­
ciently high concentrations to the metallic state. Al­
ternatively, the shift may imply some involvement of 
the sulfur heteroatom at high dopant levels leading to 
a breakdown of the precise electron-hole symmetry. We 
note in this context that the electron spin resonance line 
of heavily doped metallic PT (doped with AsF5) exhibits 
a small g shift (2.008) relative to that of polyacetylene 
under similar conditions (2.0026), implying some charge 
on the sulfur heteroatom at high dopant levels.63 

In the heavily doped limit (Vapp = 4.3 V), all signs of 
the interband transition have disappeared, and the 
spectrum (Figure 9) is dominated by the free carrier 
absorption in the infrared. In this regime, the optical 
properties of doped P T are those of a metal. The 
magnitude and spectral dependence of a(u>) are similar 
to those reported earlier64'65 for Na-doped trans-(CH)x, 
where electrical conductivities in excess of 103 fi"1 cm 
were inferred from the frequency-dependent absorption 
in the IR and subsequently observed directly in dc 
measurements.65 Thus, metallic doped PT can be ex­
pected to be an excellent conductor. Although previous 
conductivity measurements on electrochemically syn­
thesized (and doped) P T have yielded values66 as high 
as 100 and 500 IT1 cm -1 for poly(3-methylthiophene), 
the intrinsic values may in fact be much higher. 

Whereas charge storage in polythiophene was rela­
tively easily interpretable in terms of bipolarons, the 
situation with polypyrrole is not as simple. At low 
doping levels, it is clear that charge is stored in the form 
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of polarons whose associated quinoid-like geometry 
relaxation extends over about four pyrrole rings. The 
polaron levels are about 0.5 eV away from the band 
edges. When a second electron is taken out of the 
backbone, the energetically favored species is the bi-
polaron which also extends over four pyrrole rings. The 
geometric relaxation is stronger than in the polaron 
case. This is reflected in the 0.75-eV energy gap be­
tween the band edges and the bipolaron states. The 
bipolarons' binding energy is 0.69 eV, compared to 0.12 
eV for the polarons, indicating that bipolarons are fa­
vored over polarons by 0.45 eV. As shown in section 
III.B, this is supported by ESR measurements on oxy­
gen-doped PP. 

The overlap between bipolaron states in the gap leads 
to the formation of two 0.4-eV-wide bipolaron bands in 
the gap and at the same time the gap widens from 3.2 
to 3.6 eV in the 33% doped material. This is due to the 
fact that the bipolaron states in the gap originate from 
states in the VB and CB edges. The whole band 
structure evolution is well represented by the evolution 
of the PP optical spectra upon doping with perchlorate 
ion (see Figure 7). 

V. Summary and Conclusion 

The field of conducting polymers has been firmly 
established. Rapid progress in the past few years has 
demonstrated that the potential exists for the discovery 
of new concepts and phenomena as well as the devel­
opment of new technology. 

In this review we have summarized the optical studies 
of some of the key conducting organic polymers that 
have become important in recent years. The optical 
properties of conducting polymers are important to the 
development of an understanding of the basic electronic 
structure of the material. The in situ technique de­
scribed for studying the charge-transfer doping reacions 
in conducting polymers has made it possible to deter­
mine the nature of the charge-storage states as well as 
to monitor the kinetics of the charge-transfer reaction. 
Such studies have played an important role in clarifying 
the chemistry and physics of conducting polymers. In 
conjugated polymers other than polyacetylene, electrons 
added or removed from the delocalized ir-bonded 
backbone initially produce polarons (radical ions cou­
pled to a spatially extended distortion of the bond 
lengths) which subsequently combine to form dianions 
or dications (spinless bipolarons), respectively. In po­
lyacetylene anions and cations but not radical anions 
or radical cations are produced during charge transfer. 
The development of an understanding of these novel 
spinless negative or positive solitons (or charged 
bond-alternation domain walls) has been a major focus 
of the theoretical studies of conducting polymers. The 
study of these bipolarons in polythiophene (or solitons 
in polyacetylene) has demonstrated that the concepts 
carry over in detail and that an understanding of the 
resulting phenomena is possible even for relatively 
complex systems. 

The high-contrast electrochromic phenomenon asso­
ciated with electrochemical doping and the character­
istic changes in absorption spectra shown throughout 
the review appear to be general features of conducting 
polymers. The oscillator strength associated with the 
interband transition prior to doping shifts into the free 

carrier contribution in the infrared after doping. The 
effect of such spectral changes depends initially on the 
magnitude of the energy gap. If Eg is greater than 3 eV, 
the undoped insulating polymer is transparent (or 
lightly colored), whereas after doping the conducting 
polymer is typically highly absorbing in the visible. If, 
however, Eg is small (~ 1-1.5 eV), the undoped polymer 
will be highly absorbing, whereas after doping the free 
carrier absorption can be relatively weak in the visible 
(provided the typical carrier scattering time and mean 
free path are sufficiently long), rendering the polymers 
transparent in this visible region of the electromagnetic 
spectrum. 

A principal goal of the field of conducting polymers 
is to achieve a fundamental understanding of the rela­
tionship between chemical structure of the monomer 
units and electronic properties of the resulting conju­
gated polymer. With insights described in this review, 
specific electronic properties should be obtainable by 
molecular design. Initial success in this direction was 
the preparation of the 1-eV-gap polymer PITN. 

Another result of fundamental importance described 
in this review was the discovery that polymers that are 
soluble (and hence processible) in common organic 
solvents and in water show the same spectroscopic 
characteristics in dilute solution as in the solid state, 
particularly as a function of doping; i.e., charge storage 
in the form of dications is not relegated to a solid state 
effect but is an intrinsic, single-molecule effect. 

The future of the field relies on creative synthesis of 
new systems and the attainment of completely aligned 
polymer chains in the solid state. The essential feature 
required for conducting polymers is conjugated systems 
with a ir-electron band structure. Such polymers can 
undergo charge-transfer reactions electrochemically or 
with suitable electron donors or acceptors to provide 
potential carriers. The mobility of these carriers will 
be determined by a variety of effects, including chain 
perfection and crystallinity, obtained by chain align­
ment. 

As powerful and informative as the reviewed in situ 
spectroscopic technique is, it should never be used 
without the support from other characterization meth­
ods such as elemental analysis (in the case of doping 
studies), electron spin resonance, NMR, IR, etc. A case 
in point is the recent report of the preparation of very 
small band gap semiconducting polymers.67 A more 
complete study68 showed that the true energy gap was 
in fact relatively large. 
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