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I .  IntroduclEon 

I 

The last few decades have been marked by the 
growing importance taken by two classes of materials, 
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organic polymers and inorganic semiconductors. Thus 
the lightness of weight, procesenbility, and resistance 
against corrosion of organic polymers have led in many 
applications to the replacement of metals or to the 
creation of original materials. On the other hand, it is 
almost superfluous to mention the considerable impact 
of inorganic semiconductors on both everyday life and 
on the development of many fields of modern science 
and technology. In such a context, it is not very sur- 
prising that materials capable of simultaneously pres- 
enting the properties of organic polymers and of sem- 
iconductors rapidly become a subject of considerable 
interest for both academic and industrial researchers 
in domains ae different as chemistry, solid-state physics, 
and electrochemistry. 
As a matter of fact and although their structure and 

physicochemical Properties still poae a number of fun- 
damental problems, conducting polymers (CPs) are a t  
present intensively studied in view of their multiple 
potential technological applications extending from bulk 
utilizations such as antistatic coatings to sophisticated 
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molecular devices such as organic electronic components 
or selective modified electrodes and sensors. 

The modern era of CPs began at the end of the 19709 
when Heeger and MacDiarmid discovered that poly- 
acetylene, ((CH),), synthesized by Shirakawa's method,' 
could undergo a 12 order of magnitude increase of 
conductivity upon charge-transfer oxidative doping.2 
The essential structural characteristic of CPs is their 
conjugated T system extending over a large number of 
recurrent monomer units. This characteristic feature 
results in low-dimensional materials with a high an- 
isotropy of conductivity which is higher along the chain 
direction. (CH), is the simplest model of this class of 
materials and despite its environmental instability 
which constitutes a major obstacle to practical appli- 
cations, (CH), remains the archetype of CPs and is still 
subject to much theoretical and experimental work.3 

Poly(heterocyc1es) (2) can be viewed as an sp2p, 
carbon chain in which the structure analogous to that 
of cis(CH), (1) is stabilized by the heteroatom. These 

JTLJLm- 
( 1 )  (2) 

CPs differ from (CH), by (i) their nondegenerate 
ground state related to the nonenergetic equivalence of 
their two limiting mesomeric forms, aromatic and 
quinoid, (ii) their higher environmental stability, and 
(iii) their structural versatility which allows the modu- 
lation of their electronic and electrochemical properties 
by manipulation of the monomer structure. 

An important step in the development of conjugated 
poly(heterocyc1es) occurred in 1979 when it was shown 
that highly conducting and homogeneous free standing 
films of poly(pyrro1e) could be produced by oxidative 
electropolymerization of pyrr01e.~ The electrochemical 
synthesis of poly(pyrro1e) from aqueous H2SO4 solutions 
had been initially reported 10 years before but the poor 
mechanical and electrical properties of the obtained 
material did not give rise to further  development^.^ 

The electrochemical polymerization has been rapidly 
extended to other aromatic compounds such as 
thiophene,6J furan, indole: carbazole, azulene, pyrene? 
benzene? and fluorene.'O These pioneering works have 
also triggered a renewal of interest for electrogenerated 
poly( aniline). 11-13 

Among these numerous CPs, poly(thiophene) (PT) 
has rapidly become the subject of considerable interest. 
From a theoretical viewpoint, PT has been often con- 
sidered as a model for the study of charge transport in 
CPs with a nondegenerate ground state, while on the 
other hand, the high environmental stability of both its 
doped and undoped states together with its structural 
versatility have led to multiple developments aimed at  
applications such as conductors, electrode materials, 
and organic semiconductors. 

PTs have been already considered in several reviews 
devoted to CPs in general or to some of their more 
specific aspects such as electr~polymerization,'~-'~ 
electr~chemistry,'~J~ environmental ~tabil i ty, '~ or op- 
tical properties.20 However, until now, the only review 
specifically focused on PTs was published in 1986 and 
covered the early developments of the field up to 1985.21 
However, the considerable progress accomplished in 
their preparation and in the characterization of their 
structure and electronic and electrochemical properties 

since this period and the fact that the essential part of 
the work on functional PTs has been published during 
the last five years outline the need for a more up to date 
review of this class of CPs. 

I I .  Synthesls of Poly(th1ophenes) 
Although the obtention of polymeric materials from 

thiophene derivatives has been known for the 
origin of the intensive research efforts aiming the op- 
timization of the preparation of PTs is in keeping with 
the emergence of the widespread general interest for 
CPs in the early 1980s. PTs are essentially prepared 
by means of two main routes, i.e. the chemical and the 
electrochemical syntheses. 

A. Chemical Synthesis 

Thiophene oligomers have been prepared by several 
methods and some of them have been proposed as 
generalizable to the preparation of polymers. Thus, 
mixtures of several thiophene oligomers have been ob- 
tained by reaction of 24odothiophene with copper 
bronze.23 Trithiophene has been prepared by cycliza- 
tion of l,4-diketones containing one or more thiophene 

Quater- and sexithiophene have been syn- 
thesized by coupling of a-lithiated thiophenes in pres- 
ence of cupric chloride or organ~boranes .~~~~ '  The 
synthesis of PT by oxidative coupling of bis-lithiated 
thiophene derivatives has been also reported.28 Grig- 
nard coupling of 2,5-dihalothiophenes in presence of 
transition metal complexes has been extensively em- 
ployed for the synthesis of PTs. Polycondensation of 
2,5-dibromothiophene using respectively 2,2'-bi- 
pyridinenickel dichloride and nickel acetylacetonate as 
catalyst was reported almost simultaneously in 1981 by 
two research g r o ~ p s . ~ ~ ~ ~ O  The polymers were obtained 
as powders containing 20-30% of oligomeric material 
soluble in chloroform. The insoluble parta yielded after 
doping, conductivities of 5 X and 4 X lo-' S cm-' 
for PT and poly(methy1-3-thiophene) (PMeT), respec- 
tively.3l A conductivity of 14 S cm-' has been reported 
for PT prepared by nickel-catalyzed Grignard coupling 
of 2,5-diiodothio~hene.~~ More recently thiophene and 
3-methylthiophene oligomers have been synthesized by 
NiC12(dppp) (dppp = Ph2PCH2CH2CH2PPh2) coupling 
of Grignard compounds with the appropriate bromo- 
thiophene.33 PT has been also prepared by plasma 
polymeri~ation~~ and by oxidative polymerization of 
thiophene and bithiophene in the gas phase using AsF5 
under pressure.35 The highest conductivity of 2 X 
S cm-' was obtained using thiophene as starting ma- 
terial. More recently, oxidative polymerization in liquid 
phase, initially proposed for the preparation of poly- 
(pyrrole),36 has been extended to PTS.~ ' -~~ 

B. Electrochemical Synthesis 
Although it is likely that chemical syntheses are the 

most adequate methods of preparation of oligomers of 
defined structure, until now, the most extensively con- 
jugated and most conductive PTs have been prepared 
by electrochemical polymerization. 

1. Cathodic Route 

Besides the oxidative anodic electropolymerization 
of the monomer which is the most convenient and most 
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widely used method, PT can be also prepared by a 
cathodic route involving the electroreduction of the 
complex (2-bromo-5-thieny1)triphenylnickel bromide in 
acetonitrile. This method initially proposed for the 
synthesis of poly(p-phenylene),40 has been extended to 
PT.41 The major drawback of this method is that the 
polymer is produced in its neutral insdating form which 
leads rapidly to a passivation of the electrode and limits 
attainable film thickness to ca. 100 nm. On the other 
hand, this technique presents the advantage to be ap- 
plicable to electrode materials subject to anodic corro- 
sion such as small band gap  semiconductor^.^^ 
2. Anodic Route 

Compared to other chemical and electrochemical 
syntheses of conducting poly(heterocycles), the anodic 
electropolymerization of the monomer presents several 
distinct advantages such as 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 
thickness by the deposition charge, and possibility to 
perform a first in situ characterization of the growing 
process or of the polymer by electrochemical and/or 
spectroscopic techniques. 

The electropolymerization of bithiophene was initially 
mentioned in 1980: whereas the first report of the 
electropolymerization of thiophene appeared two years 
latter.7 Following these initial works, a large number 
of studies have been devoted to the analysis of the 
electropolymerization reaction and to the optimization 
of electrosynthesis conditions. 

3. Mechanisms of Electropo&merization 

The electrochemical formation of conducting poly- 
mers is an unique process. Although it presents some 
similarities with the electrodeposition of metals since 
it proceeds via a nucleation and phase-growth mecha- 
ni~m,4~-& the major difference lies in the fact that the 
charged species precursors of the deposited material 
must be initially produced by oxidation of the neutral 
monomer at the anode surface. The consequence of this 
is that various electrochemical and chemical follow-up 
reactions are possible, making the elucidation of the 
electropolymerization mechanism a very complex 
problem. 

Despite the large amount of work devoted to elec- 
trogenerated PTs, the mechanism of the electropolym- 
erization of thiophene has been scarcely considered. 
This situation probably arises from the fact that it is 
generally admitted that the electropolymerization of 
aromatic compounds occurs via an unique mechanism 
which has been more extensively analyzed using pyrrole 
as a model  omp pound.'^*^^^^-^ An important aspect of 
the electropolymerization reaction is that it proceeds 
with electrochemical stoichiometry, with n values in the 
range of 2.07-2.5 Faradays/mol.@ The oxidation of the 
monomer requires 2 electrons/molecule while the excess 
of charge corresponds to the reversible oxidation or 
doping of the polymer. Figure 1 represents the mech- 
anism proposed for the electropolymerization of het- 
erocy~les,4~ by analogy to the already known coupling 
reactions of aromatic  compound^.^^^^^ The first elec- 
trochemical step (E) consists in the oxidation of the 
monomer to its radical cation. Since the electron- 
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2 Q  - ----c + 2 H *  

- + 2H'  

Figure 1. Mechanism of electropolymerization of five-membered 
heterocycles. 

transfer reaction is much faster than the diffusion of 
the monomer from the bulk solution, it follows that a 
high concentration of radicals is continuously main- 
tained near the electrode surface. The second step 
involves the coupling of two radicals to produce a di- 
hydro dimer dication which leads to a dimer after loss 
of two protons and rearomatization. This rearomati- 
zation constitutes the driving force of the chemical step 
(C). Due to the applied potential, the dimer, which is 
more easily oxidized than the monomer, occurs in its 
radical form and undergoes a further coupling with a 
monomeric radical. Electropolymerization proceeds 
then through successive electrochemical and chemical 
steps according to a general E(CE), scheme, until the 
oligomer becomes insoluble in the electrolytic medium 
and precipitates onto the electrode surface. 

This mechanism leaves however several questions in 
abeyance concerning the nature of the rate-limiting 
step, the exact role of oligomers in the initial deposition 
step, and the subsequent growth of the polymer chains, 
respectively. What is finny established is the oxidation 
of the monomer to its radical cation and the fact that 
the electropolymerization process is not diffusion-lim- 
ited. Thus a first characterization of the monomeric 
radicals by ultrafast cyclic voltammetry has been re- 
cently reported.53 On the other hand, chronoabsorp- 
tometric experiments have shown that during the 
electrodeposition of poly(pyrrole), the absorbance in- 
creases linearly with time t and not with t1/2.49 Ac- 
cording to the authors, this result implies that electro- 
polymerization is not diffusion-limited and that the 
rate-determining step is the radical-coupling process. 
A similar behavior has been observed for the electro- 
deposition of PMeT even in viscous electrolytic media 
or under high anodic potentials." The initial deposition 
step and the process of propagation of the electropo- 
lymerization are less clearly understood and still a 
matter of controversy. Thus an alternative mechanism 
involving a radical attack on a neutral monomer has 
been The radical-coupling mechanism is 
supported by the lack of polymerization when the ap- 
plied potential is adjusted to a value sufficient to oxidize 
the polymer but not the monomer. However, concern- 
ing the radical-monomer mechanism, it has been 
stressed that the potential required by the second ox- 
idation step might be higher than the oxidation po- 
tential of the polymer it~elf." 

In the case of the electropolymerization of pyrrole in 
the presence of BF4- it has been suggested that the 
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polymerization process is initiated by the oxidation of 
the anion.55 However, this hypothesis appears unac- 
ceptable since the oxidation of BF4- occurs only at  a 
potential ca. 2 V more positive than the potential where 
poly(pyrro1e) is formed. On the basis of theoretical 
calculations, the deprotonation has been proposed as 
the rate-limiting step in the electropolymerization of 
thiophenes.56 This hypothesis is however contradicted 
by the absence of isotopic effect57 on the electropolym- 
erization rate of [2,5-2H2Jthiophene and [2H4]- 
t h i ~ p h e n e . ~ ~ , ~ ~  

The exact role of oligomers in both the initial steps 
and the propagation of the electropolymerization has 
been also a point of debate. On the basis of the delay 
observed between the rise of the current and the onset 
of ellipsometric signals, it has been concluded that the 
formation of oligomers in solution precedes the polymer 
deposition.60*61 The growth of PT and poly(bi- 
thiophene) has been analyzed by time-resolved UV-vis 
spectroscopy. The comparison of the solution spectra 
with those of authentic neutral thiophene oligomers has 
led to the conclusion that oligomers involving ca. 7 and 
12 monomer units were present in s o l ~ t i o n . ~ ~ ~ ~ ~  How- 
ever, taking into account for the applied potential and 
for the high stability of oligomeric radical cations, which 
increases strongly with their ~ize,1~*@ it seems likely that 
the observed spectra correspond to oxidized species 
(radical cation or dication) and hence to chain lengths 
considerably shorter than the assumed ones. In fact, 
oxidized soluble oligomers have been recently detected 
by rotating ring-disk experiments.64 

The adsorption of thiophene on the electrode surface 
has been proposed as the f i s t  step by several groups 
and evidence for adsorption has been obtained by in 
situ IR ~ p e c t r o s c o p y . ~ ~ ~ ~  These observations appear 
difficult to reconcile with the hypothesis of the forma- 
tion of oligomers in solution. As a matter of fact, it is 
not easy to imagine why, once adsorbed, the monomer 
leaves the electrode surface to form oligomers in solu- 
tion which reprecipitate onto the electrode. On the 
other hand, monomer adsorption appears consistent 
with NEXAFS experiments which indicate that the fmt 
polymer layer lies essentially flat on the electrode 
surface and that the pol eric chains are well ordered 

agreement with the electronic absorption spectra re- 
corded at  various stages of the electropolymerization 
which reveal a steady decrease of the mean conjugation 
length and of the resolution of the vibronic fine struc- 
ture with the progress of the electrop~lymerization.~~~~~ 

Perhaps the major argument against oligomer for- 
mation as the main reaction pathway toward the poly- 
mer is provided by the considerable deterioration of the 
mechanical, electrical, electrochemical, and optical 
properties of the polymer observed when oligomers are 
used as the substrate for electropolymerization instead 
of the monomer.69 As discussed below, if oligomers 
formation was actually a necessary step between the 
monomer and the polymer, the same polymer should 
be obtained with both types of precursor. Thus, al- 
though oligomers have been detected in the synthesis 

or extracted from as-grown PT films,7o 
these results do not constitute an unequivocal proof 
that the electropolymerization proceeds via oligomers 
formation since the observed oligomers may well result 

up to a thickness of 50 r 66 These observations are in 
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from side reactions competitive to the growth of the 
polymer chains. 

In short, although these various investigations have 
contributed to elucidate some aspects of the electro- 
polymerization mechanism, several steps of the process 
are not fully understood yet and are still subject to 
controversial interpretations. 

4. Effects of Electrosynthesis Conditions 

The electropolymerization of five-membered hetero- 
cycles involves many experimental variables such as the 
solvent, concentration of reagents, temperature, cell 
geometry, nature and shape of the electrodes, and ap- 
plied electrical conditions. As a consequence of the 
diversity of these parameters and of the complexity of 
the electropolymerization pathways, electrosynthesis 
conditions determine to a large extent the structure and 
properties of the resulting polymer. However, due to 
the interdependence of many of the experimental var- 
iables, the analysis of the effects of an individual pa- 
rameter and hence the optimization of electrosynthesis 
conditions constitute a complex problem. 

The solvent of the electrolytic medium exerts a strong 
effect on the structure and properties of PT films. As 
a matter of fact, the solvent must simultaneously 
present a high dielectric constant to ensure the ionic 
conductivity of the electrolytic medium and a good 
electrochemical resistance against decomposition at the 
high potentials required to oxidize the thiophene ring 
( N 1.4-2.3 V/SCE depending on substitution). Al- 
though the electropolymerization of 3-methylthiophene 
in aqueous medium has been reported, the obtained 
material has not been characterized in detail.71 In 
contrast, several works have shown that the presence 
of traces of water in the synthesis medium has delet- 
erious consequences for the electropolymerization re- 
a c t i ~ n ~ ~ i ~ ~  and for the conjugation length and conduc- 
tivity of the polymer.59 Thus it has been shown that 
the presence of water in the synthesis medium results 
in the incorporation of carbonyl groups in the 

The most conductive PTs obtained until now have 
been prepared in rigorously anhydrous aprotic solvents 
of high dielectric constant and low nucleophilicity such 
as a ~ e t o n i t r i l e > ~ * ~ ~ , ~ ~  ben~onitri le,~~ n i t r o b e n ~ e n e , 7 ~ ~ ~ ~ ~ ~  
and propylene carbonate.79*@' These solvents lead also 
to the highest current efficiency of electropolymeriza- 
tion.81 

Acetonitrile leads generally to powdery deposits or 
to brittle films with conductivities typically comprised 
between 0.02 and 10 S cm-l for PT and 0.1 and 50 S 
cm-' for PMeT.7i73v74 As shown by the main literature 
data on electrogenerated PT and PMeT (Table I), 
benzonitrile, nitrobenzene, or propylene carbonate allow 
the obtention of compact free-standing films with con- 
ductivities exceeding 100 S cm-1.67-70,75-80 PTs are 
generally electrogenerated in the presence of small an- 
ions derived from strong acids such as ClO4-, PF6-, BF4-, 
and AsF6-, associated with lithium or tetraalkyl- 
ammonium cations.7.67-70,73-80 HS04- and S042- lead to 
poorly conducting  material^.^^^^^ The nature of the 
anion strongly affects the m0rphology8~7~~ and electro- 
chemical propertiesa of PTs prepared in acetonitrile. 
A partial crystallinity has been observed in PMeT 
grown in acetonitrile with CF3S03-.85@ Unlike pynole, 
the electropolymerization of thiophene in the presence 
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TABLE I. Electropolymerization of Thiophene (T) and 3-Methylthiophene (MeT)" 
lmonomerl (M) solvent electrolyte T PC) electrical conditions u (S cm-') ref 

T 
0.01 
0.01 
0.4 
0.4 
0.2 
0.2 
0.3 
0.2 
0.1 

MeT 
0.01 

0.2 
0.2 
0.1-0.4 . 
0.1 
0.2 
0.05 
0.05 

- 

MeCN 
MeCN 
PhCN 
PhCN 
PhNOz 
PhNOz 
PhNOp 
PC 
PhNOp 

MeCN 
MeCN 
PhNOp 
PC 
PhNOp 
PhNOp 
PhNOp 
PhNOp 
PhNOp 

rt 
rt 
rt 
rt 
5 
5 
5 
5 
rt 

rt 
rt 
5 
5 
5 
5 
rt 
rt 
rt 

1.6 V/SCE 
1.9 V/SCE 
10 mA cm-2 
20 mA cm-2 
2 mA cm+ 
2 mA cm-2 
3 mA 
10 mA cm-2 
2 mA cm-2 

1.7 V/SCE 
1.5 V/SCE 
2 mA cm+ 
10 mA cm-2 
2 mA cm-2 
2 mA cm-2 
2OP mA cm-2 
(3.Zip), 0.25 
1.5 mA cm-2 

10-100c 
0.02 

106 
97 
10 
36 
40 

270 
370 

1 

120 
510 
750 
450 
740 
600 

1975 

30-10Oc 

7 
74 
75 
75 
76 
78 
97 
79 
93 

74 
73 
77 
79 
94 
70 
93 
92 
67,68 

MeCN: acetonitrile. PhCN benzonitrile. PhN02: nitrobenzene. PC: propylene carbonate. rt: room temperature. nc: compacted 
Dellet. np: 0.5-s Dulses. nip: one 0.2-5 initial pulse. 

of electrolytes containing aromatic anions such as halo- 
or alkylbenzenesulfonates or naphthalenesulfonates 
yields no or little polymer of low doping level and 
c o n d u c t i ~ i t y . ~ * ~ ~  The temperature of electropolymer- 
ization has been reported to affect the extent of the 
conjugated system and hence the optical and electrical 
properties of the polymer, the films produced at  40 O C  

having a shorter mean conjugation length than those 
prepared at  5 0C.70377-80p88 

The anode material is a 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 re- 
sulting polymer. PTs are generally grown on noble 
metals such as platinum7iM@@'-70*74 and gold& or on 
optically transparent electrodes such as tin oxide or 
indium-tin oxide (ITO) coated glass.M~69~69*7680 How- 
ever, PTs have been also deposited on other surfaces 
such as titaniumsg or i r ~ n . ~ ? ~ ~  Until now, the most 
conductive polymers have been obtained on bulk 
platinum, presumably because thiophene adsorbs more 
efficiently on platinum and also because platinum 
presents a larger number of potentially active sites thus 
leading to a high density of initial nucleation sites and 
to more compact The differences 
observed in the optical spectra of PMeT films electro- 
deposited in the same conditions on Sn02 and IT0 
electrodes of different surface resistivities confirm the 
marked influence of the anode properties on the poly- 
mer structure.68 

The applied electrical conditions exert considerable 
effects on the structure and properties of electrogen- 
erated PTs. PTs have been deposited in potentios- 
tatic6~7~73~74 or g a l v a n o s t a t i ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~  conditions and 
by recurrent potential  sweep^^^^^ or current p u l ~ e s . ~ ~ ? ~ ~  
Although, from a thermodynamical viewpoint it is likely 
that the applied potential is the relevant electrical pa- 
rameter, the most homogeneous and conducting films 
are generally obtained in galvanostatic condi- 
t i o n ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~  at  potentials ca. 0.5 V more positive 
than the oxidation potential of the monomer. The role 
of this overpotential is not fully elucidated; however, 

it has been shown that highly conducting films can be 
obtained at the potential corresponding to the onset of 
electropolymerization provided that the electropolym- 
erization is initiated by a short pulse at  high poten- 
tiaLg2sg3 This result indicates that an initial overpo- 
tential allows the instantaneous creation of a larger 
number of initial nucleation sites, which contributes to 
improve the compactness and thus conductivity of the 
polymer. Besides their effecta on the electrical, optical, 
and electrochemical properties of the films, electrical 
conditions have been shown to affect the orientation of 
the polymer chains and the mechanical properties of 
PTS.~'?~* 

During the last few years, the optimization of the 
electrosynthesis of PTs has been the subject of several 
s t ~ d i e s ~ ~ ~ ~ ~ ~ * ~  and owing to its better stereoregularity 
and ~onductivity,7~ PMeT has been often used as model 
compound. Although, these works have led to signifi- 
cant improvements of the conductivity (Table I), this 
progress has been essentially accomplished by empirical 
approaches, and the relationships between the electro- 
synthesis conditions, the polymerization mechanism, 
and the structure and properties of the polymer have 
been scarcely considered. It has been shown that under 
constant electrical conditions (2 mA cm-2), high mo- 
nomer concentrations (0.51 M) produce loose, poorly 
conducting, films containing significant amounts of 
soluble o l i g o m e r ~ . ~ ~ J ~ ~  The decrease of monomer con- 
centration improves both the cohesion of the films and 
their conductivity which reaches values in the range of 
500 S cm-l for 0.1 M m ~ n o m e r . ~ ~ J ~ l  Conversely, for a 
given monomer concentration, it is possible to define 
the electrical conditions leading to the polymer of op- 
timal conjugation length and conductivity (Figure 2).68 
The decrease of conductivity observed beyond the op- 
timal current density is probably related to the fact that 
PTs are unstable at  the potentials required for their 
formation.84 An important consequence of this so-called 
"polythiophene paradox" 99 is that the degradation of 
the polymer may compete with its electrodeposition, 
especially at highly anodic potentials or when the mo- 
nomer concentration in the medium becomes too low 
to sustain the rate of polymer deposition imposed by 
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Figure 2. Effect of electrosynthesis current density on the 
conductivity of 200-nm-thick PMeT f i i  prepared with (a) 0.1 
M monomer on bulk Pt and (b) 0.2 M monomer on ITO. 

Figure 3. Competitive reactions pathways in the electropolym- 
erization of thiophene. 

the applied electrical conditions." 
The electrochemical and optical properties of films 

obtained with various monomer concentrations and 
electrical conditions show that the increase of the con- 
ductivity is correlated to a decrease of the oxidation 
potential and to a bathochromic shift of the absorption 
maximum, changes that are indicative of an extension 
of conjugation. These results have been interpreted on 
the basis of a reaction scheme involving two competitive 
pathways, the growth of polymer chains on the anode 
surface and the parallel formation of soluble oligomers 
(Figure 3), this latter process being favored when the 
ratio current density/monomer concentration is lower 
than its optimal value.68~70~101 The occurrence of oli- 
gomers in the electrolytic medium has two main con- 
sequences. First, their limited solubility and low re- 
activity allow their insertion in the polymer without 
chemical c o ~ p l i n g , 6 ~ ~ ~ ~  thus reducing the cohesion and 
conductivity of the material. Second, the relative re- 
activity of the a and @ positions, which is about 9515 
in the case of the monomer,l" decreases with the length 
of the ~ l igomer , '~*~ leading thus to a statistical increase 
of the number of a$' couplings and hence to a decrease 
of the mean conjugation length in the polymer. 

X n m  

Figure 4. Effect of thickness (d )  on the electronic absorption 
spectrum of undoped PMeT films on ITO: (1) d = 6 nm, S = 
0.05; (2) d = 20 nm, S = 0.25; (3) d = 50 nm, S = 0.5; (4) d = 104 
nm, S = 1; (5) d = 190 nm, S = 2. 

The mean effective conjugation length along the 
polymer chains is determined by two parameters: the 
stereoregularity of the polymer, i.e. the ratio of a+'/ 
a-a' linkages, and the planarity of the conjugated ?r 

system. Although of different origin, these two factors 
are not independent. As a matter of fact, the occurrence 
of an e@' linkage in a given chain modifies its electronic 
distribution which in turn can promote the formation 
of branching on sites rendered energetically more fa- 
vorable than the polymer chain end. Moreover, the 
presence of linkage defects in a given chain can generate 
distortions in adjacent chains and thus modify their 
electronic distribution which can favor the formation 
of further linkage errors. It appears thus that the 
formation of a conjugation defect in the very early steps 
of electropolymerization has much more dramatic con- 
sequences for the overall stereoregularity and stacking 
order of the polymer chains than the occurrence of the 
same defect at  a later stage of the process. This in- 
terpretation appears consistent with the considerable 
increase of morphological disorder and decrease of 
conductivity that accompany the progress of the elec- 
tropolymerization.68 In contrast, the limitation of the 
polymer growth to very thin films produces more com- 
pact material while the conductivity increases dra- 
matically, reaching values in the range 2000 S cm-l for 
200-nm-thick PMeT films prepared in optimal condi- 
t i o n ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  The analysis of the electrochemical and 
spectroscopic properties of the films reveals that re- 
ducing the film thickness from 200 to 5 nm produces 
a 100-mV decrease of the oxidation potential and a 
40-nm bathochromic shift of the absorption maximum 
with the emergence of a fine structure in the absorption 
spectrum (Figure 4). These results confirm that ul- 
trathin films are considerably more ordered and more 
conjugated which suggests that their conductivity 
should be much higher than the current experimental 
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TABLE 11. Electropolymerization of Bithiophene (BT) and 
Trithiophene (TT) (NMP = N-methylpyrrolidinone) 
[monomer] electrical U 

(M) solvent electrolyte conditions (S cm-I) ref 
BT 

0.1 MeCN HSO, 1.17 V/SCE 0.1 74 
0.01 MeCN LiC104 0.01 mAcm-l 1 109 
0.1 PhNOz Bu,NC104 2.00 mA cm-2 2 X 69 
0.1 MeCN Bu4NPFs 2.00 mA cm-' 0.6 69 
0.1 MeCN LiC104 2.00 mA cm-l 2.8 69 

rryn 
1 1  

0.002 
0.01 
0.01 
0.01 
0.066 
0.066 - 

0.1 

MeCN 
MeCN 
MeCN 
NMP 

MeCN 
PhNOz 

MeCN, 
PC 

NMP 

Et4NBF4 1 V/SCE 10-2-10-3 112 
H2S04 1 mA cm-2 2 X 107 
Bu4NBF4 1 mA cm-2 1.2 X 107 
Bu4NHS04 1 mAcm-2 1 X IO4 107 
Bu,NClO, 2 mA cm-z 5 X 69 
LiC104 2 mA cmw2 2 X 69 
Bu~NBFI - 1 X 114 

LiC104 0.5-3 mA cm-' 20 115 

5. Effects of Monomer Structure 

Besides the analysis of the electropolymerization 
process, the control of the structure and properties of 
PTs has been pursued through another strategy which 
involves the modification of the monomer structure. A 
first approach consists in the use of thiophene oligomers 
as substrate for the electropolymerization. Owing to 
their lower oxidation potentia133*103p104 electropolymer- 
ization can be performed under milder conditions,"JM 
and furthermore, since the thiophene rings are exclu- 
sively a-a' linked in the starting molecule, one could 
expect the resulting polymer to contain less a+' defects 
than the polymer prepared from the m ~ n o m e r . ~ ~ ~ ~ ~ ~ * ~ ~ ~  

The electropolymerization of thiophene oligomers, 
and in particular of bithiophene (BT) and trithiophene 
(TT), has been investigated by several groups.69~99~104-"8 
Despite the diversity of the applied electrosynthesis 
conditions, consistent results have been obtained, 
showing that the resulting polymers differ markedly 
from that prepared with the monomer. As a matter of 
fact, these materials are generally obtained as powdery 
deposits with conductivities inferior by several orders 
of magnitude to that of PT (Table 11). Thus, the 
conductivity of poly(bithi0phene) (PBT) reaches at best 
a few S cm-' while that of poly(terthi0phene) (P'TT) lies 
generally in the range of S cm-1,6911079112v114 alth ough 
a value of 20 S cm-' has been recently reported for P'IT 
prepared in l-methyl-2-pyrr0lidinone.~'~ A comparative 
study of the electrochemical and spectroscopic prop- 
erties of PT, PBT, and PTT, has shown that the in- 
crease of the length of the starting molecule leads to an 
increase of the oxidation potential and to a hypso- 
chromic shift of the absorption maximum of the re- 
sulting polymersgJO' (Figure 5). These results, and 
those reported more recently by show that 
the lower conductivities of PBT and PTI' are correlated 
to a decrease of the average length of the conjugated 
?r system in the polymer. This limited conjugation can 
be explained by considering the changes in the re- 
activity of the substrate resulting from the delocaliza- 
tion of the T electrons over the entire molecule. On one 
hand, the overall reactivity of the substrate decreases 
or, in other words, the stability of the corresponding 
radical cation increases, which causes a decrease or even 
in some cases a complete loss of polymerizability. This 
conclusion is consistent with the limited electropolym- 
erization of TT169J17J18 as shown by the fact that PTT 
contains large amounts of unreacted TT and of the 

0 .  d. 

" - 1  

Figure 5. Electronic absorption spectra of neutral polymers on 
IT0 electrodes: Dot-dashed line, PT; dashed line, PBT; solid 
line, PTT. 

compound resulting from an unique coupling, e.g. sex- 
i t h i ~ p h e n e . ~ ~ J ~ '  On the other hand and as already 
discussed, the conjugated structure of oligomers results 
in a decrease of the relative reactivity of a positions 
which has deleterious consequences for the stereose- 
lectivity of the polymerizati~n.'~*~~ 

More generally, this behavior appears characteristic 
of the electropolymerization of extensively conjugated 
molecules. Thus the conductivity of poly(dithien0- 
thiophene),l19 poly(dithieny1benzenes) ,120J21 and poly- 
(dithienylnaphthalenes)'= lies typically in the range of 
lo4 to S cm-l, values comparable to that of PTT. 
Similarly, the electropolymerization of dithienylalkenes 
with 1-4 double bonds between the two thiophene 
r ing~ '~~J"  or that of heteroarylenevinylene compounds 
involving thiophene and N-methylpyrrole125 leads in the 
best case to poorly conducting polymers or is even 
completely inhibited by the high stability of the cor- 
responding radicals.'26J26 Although conductivities up 
to 15 S cm-' have been obtained on poly(2,2'-bi- 
thieny1-5,5'-diyl~inylene),~~ this value is still lower than 
that of the parent polymer poly(thienyleneviny1ene) 
prepared by chemical r o u t e ~ . ' ~ ~ J ~ ~  In summary, it is 
now clearly established that the electropolymerization 
of the monomer and oligomers does not lead to the 
same polymer and that, contrary to what could be ex- 

the use of conjugated precursors for 
electropolymerization yields finally less conjugated and 
less conducting polymers. These results lead thus to 
the conclusion that monomeric structures remain the 
most appropriate for efficient electrosynthesis of ex- 
tensively conjugated and highly conducting PTs. 
Conversely, owing to the simplicity of their structure, 
thiophene oligomers constitute interesting models for 
the study of the electronic properties of PT.'*135 This 
conclusion has triggered a renewal of interest in the 
synthesis of these materials33~'06~1'3-116~136-139 that had 
been somewhat forsaken for more than 15 years.lqO 

An alternative strategy to increase the stereoregu- 
larity of electrogenerated PTs consists in the activation 
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of the a positions of the thiophene ring in order to 
increase their relative reactivity. A fvst attempt in this 
direction involved the electropolymerization of 2,5-di- 
lithiothiophene in the presence of CuC12. The con- 
ductivity of the polymer reached 4.8 S cm-' upon doping 
by AsFP2* A more recent approach consists in the ac- 
tivation of the a-a' positions of the monomer by tri- 
methylsilyl groups (TMS).14' Although the polymer 
obtained from 2,5-bis(trimethylsilyl)thiophene (3) is 
rather similar to that obtained from the unactivated 
monomer, 2,5'-bis(trimethylsilyl)bithiophene (41, leads 
to a significant improvement of the electrochemical and 
electrical properties. 

Roncall 

(3) 

(4) 

Thus, instead of the powdery deposita generally ob- 
tained with BT, the electropolymerization of 4 produces 
flexible, free-standing, films with a conductivity ca. 30 
times larger than that of the polymer obtained from 
unactivated BT, a doping level 50% higher and a 
voltammetric response identical to that of PT.14' These 
comparatively better results have been attributed to two 
causes: the lower a-d selectivity of BT and the lower 
TMS/monomer ratio since it seems likely that the 
elimination of the bulky TMS group during electropo- 
lymerization can affect the morphology of the resulting 
polymer and hence its electrochemical and electrical 
properties. On the basis of these conclusions and con- 
sidering that the activation of only one a position leads 
also to good resu1ts,l4' tetrathienylsilane (5), in which 
the ratio TMS/monomer has been reduced to its min- 
imal value, has been synthesized and used as precursor 
for the electrosynthesis of PT. 

S 

( 5 )  

Whereas it has been reported that no polymer can be 
formed with thiophene concentrations lower than 2 X 

M,99 the electropolymerization of 5 occurs at  very 
low concentrations (2.5 X M) and leads to highly 
conducting PT films with a highly defined electro- 
chemical response and the lowest oxidation potential 
reported until (Figure 6). 

I I I .  Structure and Properties of 
Poly(thil0phenes) 

A. Macromolecular Structure 

The extent of the conjugated ?r system constitutes the 
essential structural parameter which controls the 

0 1 
I I c 

VISCE 

Figure 6. Cyclic voltammogram of PT synthesized from tetra- 
thienyhilane (deposition charge 100 mC CI I -~  on pt; electrode area 
0.07 cmz; electrolytic medium 0.1 M LiC10,/CH3CN scan rate 
20 mV 8-l). 

magnitude of the energy gap, conductivity and elec- 
troactivity of C P S . ' ~ ~  In absence of distortion of the 
conjugated backbone, the effective mean conjugation 
length (MCL) of PT is determined by the stereoregu- 
larity of the ea' linkages in the polymer.lU Owing to 
the rigidity of their conjugated structure, unsubstituted 
CPs are generally insoluble and infusible which pre- 
cludes their characterization by conventional analytical 
techniques. As a consequence the determination of the 
MCL of PT constitutes a complex problem which has 
been essentially approached by means of indirect 
methods. 

IR and 13C NMR spectra of neutral PTs have shown 
that a-a' linkages predominate in PTs.31J45J46 Thus 
the IR spectrum of PT chemically synthesized from 
2,5-dibromothiophene shows one sharp 6(C-H) out-of- 
plane vibration band at  788 cm-', characteristic of 2,5- 
substituted thienylene,91*14sJ47 whereas the spectrum of 
the polymer obtained from 2,4-dibromothiophene shows 
two out-of-plane 6(C-H) vibration bands at  730 and 820 
~ m - ' . ~ ~  On the other hand, XPS and IR data indicate 
that although PBT is considerably more ordered that 
poly(pyrrole),'48 electrogenerated PT has nonnegligible 
a-8' ~oupling,'~ whereas PMeT has a more regular 
structure.'49 The presence of a significant amount of 
a-8' linkages in PT has been confirmed in several 
works. Thus MCL values ranging from 6 to 12 cy-&'- 
linked thiophene rings have been proposed on the basis 
of the conductivities of short-chain oligomers or of 
Raman and IR s t ~ d i e s . ' ~ J ~ J ~ ~  The IR spectra of PTs 
selectively labeled with deuterium at a and/or posi- 
tions led tQ a value of 18 for the MCL with an average 
degree of polymerization of 150.59 Furthermore, these 
various studies have confirmed that the conductivity 
of PTs is essentially correlated to the MCL. 

6. Conformation and Tertiary Structure 

Although PTs are essentially amorphous polymers, 
partial crystallinity has been observed in some cases. 
Thus 35% crystallinity, increasing up to 56% after 
annealing at  380 "C has been reported for PT chemi- 
cally synthesized by Grignard coupling of 2,bdiiodo- 
t h i 0 ~ h e n e . l ~ ~  Two models of crystalline structure de- 
rived from that of poly@-phenylene) have been pro- 
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Figure 7. Evolution of the in situ electronic absorption spectrum of PMeT upon electrochemical doping: (a) -0.2 V/Ag; (b) +0.3 
V; (c) +0.4 V; (d) +0.5 V; (e) +0.6 V; (f) +0.8 V; (9) +1.1 V. 

posed, an orthorhombic unit cell with a = 7.80 A, b = 
5.55 A, and c = 8.03 A, and a monoclinic unit cell with 
a = 7.83 A, b = 5.55 A, and c = 8.20 A and 0 = 9 6 O .  
Similar unit cells have been proposed from theoretical 
studies.'% It is worth noting that these unit cells imply 
planar polymer chains with a transoid conformation of 
the thiophene rings. TEM and X-ray studies have 
shown that PMeT electrogenerated in the presence of 
CF3S03- is partially crystalline. These results have led 
to the proposal of a helical structure of the polymer 
chain, this structure implying a cisoidal conformation 
of the thiophene rings.= The existence of such a coil 
structure has been theoretically reexamined'" and ex- 
perimentally confirmed on electrogenerated poly(pyr- 
role), by scanning tunneling micro~copy.'~~ 

C. Optical and Charge Transport Properties 

The identification of the charged species responsible 
for the conduction mechanism in CPs has attracted 
much attention. In (CH), which has a degenerate 
ground state, solitons have been shown to be the dom- 
inant charge storage species.lS In contrast, poly- 
aromatic CPs such as poly(pyrrole), poly@-phenylene), 
and PT have a nondegenerate ground state and the two 
limiting mesomeric structures, i.e. aromatic and qui- 
noidal are not energetically equivalent, the quinoidal 
form having a higher energy.'57 In these polymers, the 
removal of an electron from the conjugated 7r system 
provokes a local distortion of the chain and the ap- 
pearance of two states in the gap corresponding to a 
polaron (or radical cation) with spin 1/2. Theoretical 
calculations have shown that adjacent polarons are 
unstable and lead to the formation of spinless doubly 
charged defects e.g. bipolarons (or dications) which have 
been proposed as the dominant charge storage spec- 

The role played by the heteroatom in the 7r band 
structure of poly(heterocyc1es) has been questioned in 
several papers. According to some authors, the influ- 
ence of the heteroatom is negligiblelmJ6' whereas for 
others, the dominant effect of the heteroatom is via the 
direct interaction of ita p-orbital lone pair with the 

ies.157-160 

carbon backbone ?r-band structure.'62 
The identification of the nature of the elementary 

electronic excitation has been subjected to several ex- 
perimental work8.160,161,163,165-173 In situ absorption 
spectra of PT recorded at  various doping levels show 
that the interband absorption around 2.5 eV decreases 
continuously as doping proceeds while two new ab- 
sorption bands appear at e 1 . 5  and 0.5 eV (Figure 7). 
At the highest doping level, the spectrum presents the 
characteristics of the free-carrier absorption of the 
metallic state.80J60J63J64 On the basis of these optical 
features, the two subgap absorption bands have been 
attributed to the occurrence of bipolarons.'@'Ja On the 
other hand, from the analysis of the evolution of the 
absorption spectrum of PMeT between the neutral state 
and the lightly doped form (1.3 mol W )  it has been 
concluded that polarons are the primary elementary 
excitations in the dilute regime.165 Evidence for tran- 
sient occurrence of polarons has been also obtained by 
time-resolved in situ reflection spectroscopy or pho- 
toinduced a b s o r p t i ~ n . l ~ ~ J ~ ~  

There is much controversy about the doping level at  
which the polaron concentration reaches ita maximum 
and the absolute value of spin concentration. Thus 
upper limit values of 1 X and 3 X have been 
proposed for the spin/charge ratios of PT and PMeT, 
respe~t ive ly . '~~J~~ More recently, a spin/charge ratio 
close to unity has been reported for doping levels up 
to 10 mol 90 and it has been concluded that polarons 
are the dominant charged species in doped PMeT.170 
EXAFS experiments have revealed an absence of 
modification of the C-C and C-S bond lengths which 
should accompany the transition from the aromatic to 
the quinoidal structure during the formation of bipo- 
1ar0ns.l~~ This result led the authors to question the 
bipolaron model and they proposed that charge trans- 
port arises from the formation of a metallic state coming 
from the modification of the electronic structure. The 
oxidation proceeding through uniform extraction of 
electrons from the 7r band and continuous extension of 
the ?F and ?F* bands to the Fermi l e ~ e l . ' ~ ' J ~ ~  

In summary, although the bipolaron theory has re- 
ceived a large general agreement, the nature of the 
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charged species responsible for the conduction in PTs 
is still a matter of debate. However, it should he em- 
phasized that the various experimental studies devoted 
to this question have been carried out on polymers 
synthesized in very different conditions. Taking into 
account for the considerable effects of the synthesis 
conditions on the structure and properties of PTs, the 
existing controversies may result, for a large part, from 
differences in the structure of the investigated mate- 
rials. Thus for instance, polarons and bipolarons differ 
by the minimal conjugation length required by their 
spatial e ~ t e n s i 0 n . l ~ ~  Consequently, the same analysis 
performed on poorly or extensively conjugated polymers 
may lead to quite different conclusions regarding the 
nature of the charge storage species. 

D. Electrochemical Properties 

Owing to the reversibility of the transition between 
the neutral and the oxidized (p-doped) or reduced (n- 
doped) states, PTs are highly electroactive materials. 
However, although PTs are easily and reversibly elec- 
trooxidized, the stability of the negatively charged form 
is rather limited and electrochemical n doping is gen- 
erally more difficult to achieve. The charging processes, 
which is achieved by application of an adequate po- 
tential to the polymer electrode, involves the simulta- 
neous transport of charges and ionic species in the 
polymer matrix. The final doped conducting state is 
characterized by the presence of positive charges asso- 
ciated with charge-compensating anions along the 
polymer chains. 

Since the energy of the HOMO and LUMO are 
closely related to the reversible half-wave oxidation and 
reduction potentials corrected by the solvation ener- 
gies,174J75 electrochemical techniques can provide im- 
portant information regarding the magnitude of the 
energy gap and the extent of the conjugated ?r system 
in C P S . ' ~ ~  However, this type of characterization is not 
straightforward since, as for others CPs, the electro- 
chemical behavior of PTs depends on many variables 
such as the film thickness, the nature of the substrate 
electrode, and the composition of the electrolytic me- 
dium. These various parameters control to a large ex- 
tent the charge propagation and mass transport in the 
polymer, the solvation of the ionic species and of the 
different polymer forms, and the Coulombic interac- 
tions between charged sites. The analysis of these 
variables is rendered even more complex by the fact 
that the number and spatial localization of charged 
sites, the ohmic (and probably ionic) conductivity and 
the capacitance vary continuously with the doping level 
and hence with the electrode potential. Thus whereas 
theoretical models have been derived to account for the 
electrochemical behavior of fixed-sites redox poly- 
m e r ~ , ~ ~ ~ , ~ ~ ~  the modelization of the electrochemical be- 
havior of CPs remains largely, an open question. 

Figure 8 shows the cyclic voltammogram of a PMeT 
film recorded between -0.2 and +1 V/SCE in CH3CN. 
Coulometric measurements have shown that the ap- 
plication of potential positive of ca. 1.2 V/SCE results 
in an irreversible loss of electroactivity while protons 
can be detected during the reverse scan.84 Other ex- 
periments have shown that this degradation is accom- 
panied by a decrease of the mean conjugation length 
and of the number of active  site^.'^"'^^ The anodic 
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Figure 8. Cyclic voltammogram of PMeT (deposition charge 100 
mC cm-z on Pt; electrode area 0.07 cm2; electrolytic medium 0.1 
M LiClO,/CH,CN; scan rate 50 mV 8-l). 

branch of the CV shows a single anodic peak at  0.6 V 
assigned to the doping process. This peak appears 
rather broad with a width at  half-height (PWHH) of 
ca. 230 mV. This value, much larger than the 90 mV 
expected for a surface reaction with Nernstian behav- 
i0r,182J83 has been attributed to interactions among 
charged sitedM or to the distribution of the various 
lengths of conjugated segments in the polymer.70 This 
latter interpretation could account for the much nar- 
rower PWHH observed on the polymers obtained by 
electropolymerization of thiophene o l i g o m e r ~ . ~ J ~ J ~ ~  As 
appears in Figure 8, the anodic peak is followed by a 
large residual current plateau. This residual current 
has been interpreted by a distribution of redox states 
with increasingly higher energies.l= However this hy- 
pothesis is in contradiction with several theoretical and 
experimental works that have shown that the current 
plateau is due to capacitive charging 
Thus, derivative cyclic voltabsorptometry experiments 
performed on various PT derivatives have revealed that 
electrochemically induced spectral changes are essen- 
tially limited to the potential region corresponding to 
the anodic peak.lg2Jg3 The cathodic branch of the 
voltammogram, which corresponds to the undoping 
process, is more complex than the anodic one and ex- 
hibits two successive components. The dissymmetry 
between the doping and the undoping processes has 
been pointed out in several works and various inter- 
pretations have been proposed including: structural 
relaxation and conformational c h a n g e ~ , ~ ~ ~ J ~ ~  distinct 
oxidation stages with modification in the interactions 
among charged ~ i t e s , l ~ J ~ ~  and differences in the prop- 
erties of the oxidized and neutral p01ymer.l~~ 

The electrochemical behavior of PT derivatives de- 
pends strongly on the composition of the electrolytic 
medium. Although electrochemistry is generally per- 
formed in acetonitrile, other solvents have been em- 
ployed. Due to their hydrophobicity, PTs present only 
a limited electroactivity in aqueous media.19"202 Ni- 
trobenzene203 or propylene carbonatelgl lead to ill-de- 
fined voltammetric waves, probably because of their 
high viscosity which leads to a decrease of the hetero- 
geneous electron-transfer rate.204 In contrast the volt- 
ammetric response recorded in CH2C12 is very similar 
to that obtained in CH3CNam Liquid SO2, which allows 
the polymers to be reversibly oxidized to a greater ex- 
tent than conventional solvents, has been used for the 
study of the electrode properties of PMeT in re- 
chargeable batteries206 or for in situ conductivity mea- 
s u r e m e n t ~ . ~ ~ ~  In this case, PMeT has been shown to 
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present a finite potential window of high conductivity,2°5 
whereas the decrease of conductivity at  high potential 
was not observed in other studies performed in CH3C- 
N.207 

The electrochemical behavior of PTs depends sig- 
nificantly on the nature of the anion and cation in the 
electrolytic medium. Early work found significant 
changes in the shape and position of the voltammetric 
waves of poly(heterocyc1es) as a function of the elec- 
trolyte that was interpreted by changes in the kinetics 
of the redox process.la Recently, the aggregation of the 
electrolyte in the presence of crown ether has been 
shown to give rise to unusual transient current phe- 
nomena.208 Systematic analyses where only the anion 
was replaced during cyclic voltammetry have shown 
that the anion affects primarily the electrodeposition 
process and the polymer structure and that the polymer 
keeps the memory of the anion used for its synthesis.84 
In contrast, the nature of the cation affects essentially 
the chargdischarge process.84 These results and other 
studies have shown that the discharge of the polymers 
involves not only anion expulsion, but also the con- 
comitant transient incorporation of cations. The rela- 
tive magnitude of these two processes depends on the 
relative mobilities of the two species in the polymer- 
.m211 With regard to the large amount of work devoted 
to the anion doping of PTs, the electrochemical cation 
doping has only been scarcely considered. This is 
probably due to the poor stability of reduced PTs, 
especially in presence of traces of water or oxygen. 
Electrochemical n doping of PT has been achieved in 
the presence of tetraalkylammonium cations and a 
dependence of the doping level on the size of the cation 
has been ~ b s e r v e d . ~ ' ~ ? ~ ~ ~  As discussed below, the poly- 
mer structure is a determining factor for the ability to 
dope n. Thus, in contrast to PT, the electrochemical 
n doping of PMeT has been observed only at  low tem- 
perature in CH3CN or liquid 
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I V. Conducting Composite Materials and 
Copolymers 

Besides the fundamental problems related to the 
elucidation of their electropolymerization mechanism, 
structure, and properties, PTs are intensively investi- 
gated in view of their multiple potential technological 
uses. The wide spectrum of these applications implies 
profound modulations of the form, structure and 
properties of the polymers in order to meet the specific 
requirements of each type of envisioned application. 
The selection of the proper method of modification 
depends on both the desired property and the level at 
which the modification will occur, i.e. molecular, mac- 
romolecular, or macroscopic. Consequently, the various 
possible approaches for polymer modification resort to 
three main strategies, i.e. the derivatization of the 
monomer structure prior to polymerization, the syn- 
thesis of copolymers, and the association of the CP with 
others materials or chemical entities in order to prepare 
hybrid materials in which the properties of both com- 
ponents are associated with possible synergic effects. 

A. Poly( thiophene)-Polymer ComposHes 

Many potential applications of CPs are still hampered 
by their poor mechanical properties and insufficient 

Figure 9. Electrodeposition of PMeT-PVC hybrid films by 
recurrent potential scans (100 mV s-l): (a) 0.2 M 3-methyl- 
thiophene in 1:l PhN02/CH&12 + 0.1 M Bu4NC1O4; (b) same 
as a plus 10 g/L PVC; (c) same as a plus 30 g/L PVC. Electrode 
area was 0.07 cm2. 

environmental stability. A possible answer to these 
problems consists in the preparation of composite ma- 
terials in which CPs are associated with classical insu- 
lating polymers of superior mechanical properties. 
Hybrid materials involving poly(pyrro1e) and PVC have 
been initially prepared by two-step methods involving 
the dip coating of an electrode by a PVC film followed 
by the electropolymerization of pyrrole within this 
solid-state host matrix.215p216 Several chemical methods 
involving gas- or liquid-phase polymerization of pyrrole 
in a host matrix loaded with an oxidant such as FeC13 
have also been d e ~ c r i b e d . ~ l ~ - ~ l ~  In the case of PTs, the 
first examples of electrogenerated composites have been 
prepared by means of a one-step method which consists 
in the direct electropolymerization of thiophene from 
an electrolytic medium containing the dissolved host 
polymer (PMMA, PVC, poly(styrene1; Figure 9).W200~220 
This technique which leads to the simultaneous de- 
position of the host polymer matrix and of the con- 
ducting phase thus allows the rapid obtention of very 
homogeneous films whose composition, thickness, op- 
tical transmission, conductivity, and electrochemical 
properties can be widely tuned by means of the elec- 
trosynthesis conditions. Another advantage is that the 
ordered structure of the conducting polymer is retained 
in the composite material, thus allowing the obtention 
of high conductivities with small concentrations of CP. 
Thus transparent PVC-PMeT films showing 85% op- 
tical transmission and conductivities of to lo-' S 
cm-' are obtained with less than 2 %  PMeT. These 
materials have been shown to retain the electroactivity 
of PT5Lv2O0 and furthermore, the incorporation of PT in 
a polymeric matrix leads to a significant increase of 
electrochemical cyclability and long-term environmental 
stability of the conductivity. Other types of PT com- 
posites electrogenerated by means of multistep methods 
have been reported including PBT-polyTHF,221-222 
PT-PVC,223*224 PT-poly (styrene), PT-poly(bispheno1 
A PT and PMeT-Nafi0n,2~~-~~~ PMeT- 
nitrilic and PBT alloyed with PVC, PVA, and 
polycarbonate.231 Following the development of soluble 
poly(3-alkylthiophenes) (PATS) (see section V.D), 
conducting composite materials have been produced by 
the direct mixing of the PAT and the host polymer 
either in solution232 or in the molten state.233 Despite 
their simplicity, these methods present two main 
drawbacks. Since the composites are prepared in their 
insulating form, the obtention of a conductive material 
requires subsequent doping which poses the problem 
of the homogeneity of doping, especially with thick 
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films. Furthermore, substantial conductivity appears 
only beyond the percolation threshold which lies gen- 
erally in the range of 10-20%.232*233 

Roncali 

between those of PT and poly(pyrro1e) has been pre- 
pared by electropolymerization of 2,2’-thienylpyrr0le.~ 
Various block copolymers have been prepared by elec- 
tropolymerization of a basic structure involving two 
thiophene rings linked by a foreign moiety such as one 
or several double phenyl g r o ~ p s , ~ ~ O J ~ ~  bi- 
phenyl:& naphthalene,122 pyrrole and N-substituted 
pyrroles,115J25~247 and substituted thioph- 
e n e ~ . ~ ~ ~  However, as discussed in section II.B, such 
conjugated substrates lead generally to incomplete 
electropolymerization and to poorly conducting mate- 
rials. Because of these problems, better results are 
generally obtained by chemical synthesis. Thus 
thiophene has been copolymerized with benzene, bi- 
phenyl, or substituted phenyl groups by means of 
various chemical syntheses including Grignard cou- 

Stetter reaction followed by ring closure,249 or 
oxidative dehydr~genat ion .~~~ Poly(2,bthienylene- 
vinylene) can be viewed as the intermediate structure 
between (CH), and PT and thus as a particular case of 
thiophene copolymer. This polymer, which was pre- 
pared 20 years ago by the Wittig has been 
subject to a renewal of interest since it has been shown 
that highly conducting films (a = 60 S cm-l) could be 
obtained by means of soluble p r e c u r ~ o r s . ~ ~ ~ J ~ ~  Fur- 
thermore, the substitution of the thiophene ring by 
electron-donating groups allows a significant reduction 
of the band gap.252 Copolymers of 3-methylthiophene 
and methyl methacrylate have been prepared by reac- 
tion of the Grignard 3-methylthiophene monomer and 
methyl methacrylate. Although the copolymers show 
good solution processability, the conductivity remains 
rather limited (0.2-6.5 S cm-’) due to the interruption 
of conjugation caused by the methacrylate bridges.253m 
Carbon atom bridged poly(terthi0phenes) are another 
recent example of interrupted conjugation in the poly- 
mer backbone.2s 

B. Poly( thiophene)-Metal Composites 

A quite different approach consists in using the CP 
not as active element but as host matrix in which metal 
particles are incorporated by electrodeposition. PATS 
electrogenerated in acetonitrile with triflate anions 
appear particularly interesting for this purpose owing 
to their fibrillar morphology and large surface-to-vol- 
ume ratio.82 Thus PMeT electrodes containing elec- 
trodeposited particles of Ag, Pt, or Cu have been re- 
ported to exhibit important electrocatalytic activity for 
proton r e d ~ c t i o n . ~ ~ ~ ? ~ ~ ~  In the case of the inclusion of 
Cu2+ ions, it has been proposed that the interactions 
between Cu2+ and the sulfur atoms in PMeT chains 
increase the long-range order in the polymer.236 An 
important problem posed by the preparation of such 
hybrid structures concerns the control of the concen- 
tration, size, and distribution of the metal particles in 
the CP matrix. As a matter of fact, the reduction of 
metallic salta occurs generally in the cathodic potential 
region where PTs are in their undoped insulating form. 
A detailed analysis of the PMeT-Pd system has shown 
that the application of cathodic potential pulses shorter 
than the time needed to fully undope the polymer al- 
lows the homogeneous incorporation of the Pd particles. 
Furthermore, their size, concentration, and 3D distri- 
bution in the PMeT matrix can be straightforwardly 
controlled by means of the characteristics of the po- 
tential In addition, the electrocatalytic 
properties of PMeT-Pd-modified electrodes for O2 re- 
duction are tightly correlated to the characteristics of 
the Pd particles.238 The inclusion of metals or metal 
ions in PTs has been also achieved by others methods 
such as, complexation of transition metal ions used for 
the chemical synthesis of the or reduction 
of metal ions (Zn2+) by the photoexcited PMeT.240 

C. Other Systems 

More recently, several new types of organieinorganic 
conducting hybrid structures have been developed. In 
these systems, the in situ intercalative polymerization 
of a thiophene derivative in host matrixes like FeOC1, 
zeolites, or xerogels leads to a new class of nanoscale 
composite s t r u ~ t u r e s . ~ ~ l - ~ ~ ~  

D. Copolymers 

Copolymerization is another powerful approach of 
modification of the structure and properties of PTs. 
The various possible methods of copolymerization differ 
by the mode of polymerization, i.e. chemical or elec- 
trochemical, by the structure of the obtained co- 
polymers, random or block, and also by the conservation 
or not of a fully A conjugated system in the copolymer 
backbone. Random copolymers have been prepared by 
electropolymerization of a mixture of terthienyl and 
pyrrole.l12 However, this method poses the problem of 
the distinction of a true copolymer from a composite 
material involving individual poly(pyrro1e) and PTT 
chains. A thiophenepyrrole block copolymer showing 
electrical and electrochemical properties intermediate 

V. Substituted Poly(thlophenes) 

A. Structural Basis of Functionalization 

Among the various possible strategies for modifica- 
tion of CPs, the polymerization of monomers modified 
by the covalent grafting of functional groups represents 
the most straighfforward method to achieve a molecular 
level control of the structure and electronic and elec- 
trochemical properties of functional CPs. However, 
despite ita elegant simplicity, this approach poses sev- 
eral complex problems. As a matter of fact, the syn- 
thesis of a modified CP in which a specific function will 
be coupled to the conjugated ?r system requires that the 
modification of the monomer structure remains com- 
patible with both the polymerization and the conser- 
vation of an extensively conjugated system in the re- 
sulting polymer in order to preserve its relevant elec- 
tronic, optical, and electrochemical properties. Con- 
sequently, the synthesis of a functional CP from a 
substituted monomer in respect of the above prere- 
quisites implies a detailed comprehension of the 
structural effects of substitution (inductive, mesomeric 
and steric) at  the various stages of organization of the 
material i.e.: 
molecular reactivity of the monomer 

propagation of the polymerization 
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macromolecular planarity of the conjugated system 
mean effective conjugation length 
intrachain conductivity 
electronic and electrochemical 
properties 

macroscopic crystallinity, morphology, porosity 
mechanical properties 
macroscopic conductivity 
electrochemical properties 

1. Electronic Effects 

A linear correlation has been found between the ox- 
idation potential of substituted thiophenes and the 
Hammet substituent ~ o n s t a n t . l ~ > ~ ~  This result clearly 
shows that electronic effects drastically affect the 
electronic density of the thiophene ring and hence its 
reactivity. Thus monomers substituted by strongly 
electron-withdrawing groups like 3-thiophenecarboxylic 
acid, 3-thiophenecarboxaldehyde, 3-cyanothiophene, 
and 3-nitrothiophene that have oxidation potentials ca. 
0.5-0.7 V higher than thiophene do not electropolym- 
erize.14974 The electropolymerization of monomers with 
less electron-withdrawing substituents such as 3- 
thiopheneacetonitrile, or 34hiopheneacetic acid, pro- 
ceeds with low-current efficiency and requires highly 
anodic p ~ t e n t i a l s . ~ ~ ? ~  Halogen-substituted monomers, 
i.e. 3-ChlOrO-, 3-bromo-, 3,4-dibromo-, and 3-iodo- 
thiophenes, are generally difficult to electropolymerize 
and lead to poorly conducting polymers with high ox- 
idation potentiaI~.~~J~~J~4’25~ However, in this latter case, 
the observed effects probably arise from a combination 
of electronic and steric  factor^.^^?^^^ The impossibility 
or difficulty to electropolymerize monomers of high 
oxidation potentials has been attributed to the high 
reactivity of the corresponding radicals which can thus 
undergo rapid reactions with the solvent or anions to 
form soluble products rather than to electropolymer- 

In the other extreme case, the substitution of 
thiophene by electron-donating groups produces a de- 
crease of oxidation potential 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 electropolym- 
erize 3-(methylthio)-, 3-(ethylthio)-, and 3,4-bis(ethyl- 
thio)thiophenes were unsuccessfulzm or led to the for- 
mation of soluble ~ l i g o m e r s . ~ ~  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.z5a A 
similar explanation could account for the failure to 
electropolymerize tetrahydrathieno[ 3,4-c] thiophene 
which, in contrast, acts as a radical scavenger capable 
to inhibit the electropolymerization of 3-methyl- 
thiophene.zm*z61 Monomers substituted by thioalkyl 
groups have been chemically polymerized; however, the 
conductivity and electrochemical stability of the ob- 
tained polymers are significantly lower than those of 
unsubstituted PT.z58~26z Although of lesser magnitude, 
similar effects result from the grafting of &oxy groups 
on the thiophene ring. In this case, the electron-do- 
nating effect of the oxygen decreases the oxidation 
potential of the monomeP3 which stabilizes the re- 

i d 4  
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sulting radicals and favors the formation of soluble 
short-chain oligomers. The electropolymerization of 
3-methoxythiophene has been investigated by several 
 group^.^^^ There are large discrepancies concerning 
the degree of polymerization which ranges from 
5-10263*265 to and the oxidation potential of the 
polymer for which values as different as +0.28 P3 and 
-0.2 V2@ vs Ag/Ag+ have been reported. The polymer 
had a conductivity of 0.3 S cm-l which was reported to 
increase by a factor of 50 after rinsing with n-hexane.= 
This result appears to be consistent with the presence 
of large amounts of soluble short-chain oligomers in the 
as-grown polymer. More recently, PTs containing 
methoxy groups have been prepared from 3,3’-dimeth- 
oxyb i th i~phene~~~  and 4,4’-dimetho~ybithiophene.~~~ 
Although these two substrates should lead ultimately 
to the same polymer structure, the properties of the 
obtained polymers differ considerably. Poly(4,4’-di- 
methoxybithiophene) shows significantly lower oxida- 
tion potential and energy gap.z7o These differences 
probably arise from the different reactivities of the two 
substrates since only 4,4’-dimethox~-2,2‘-bithiophene 
is expected to have planar conformation. It appears 
thus that electronic effects play a determining role on 
the reactivity of substituted thiophenes and that the 
obtention of extensively conjugated and highly con- 
ducting substituted PTs requires that the monomer 
reactivity is kept within defined limits. 

2. steric Effects 

Although steric factors do not significantly affect the 
oxidation potential of the monomer, they exert con- 
siderable effects on the structure and properties of the 
substituted polymer and, in some extreme cases, on the 
electropolymerization reaction. As a matter of fact, the 
distortion of the conjugated backbone caused by steric 
interactions between substituents grafted on adjacent 
monomers results in a decrease of the overlap between 
the ?r orbitals on consecutive rings and hence in a 
shortening of the effective mean conjugation length. 
This departure from planarity produces an increase of 
the ionization potential and a drop of the maximum 
conductivity upon doping. Theoretical calculations 
have shown that the electronic properties of PT evolve 
according to a cosine law. Consequently, substitutions 
leading to a torsion angle smaller than 40’ between 
consecutive rings are acceptable.z71 

B. Poly( 3,44lsubstltuted thlophenes) 

A first illustration of the effects of steric factors is 
provided by the electronic properties of PTs 3,4-di- 
substituted by simple alkyl groups. It has been recog- 
nized early that the introduction of a methyl group at  
the ,&position of the thiophene ring leads to a signifi- 
cant increase of the conjugation and c o n d ~ c t i v i t y . ~ ~ ~ ~ ~  
This effect has been attributed to the statistical de- 
crease of the number of a+’ couplings and to the de- 
crease of the oxidation potential (ca. 0.2 V) caused by 
the inductive effect of the methyl group. As a further 
step, disubstitution at  the &8’ positions has appeared 
as an interesting method to synthesize perfectly stere- 
oregular polymers by suppressing any possibility of ci-fl 
coupling. However, this approach is severely limited 
by the steric interactions between Substituents grafted 
on consecutive monomers that distort the conjugated 
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TABLE 111. Polvt3.4-disubstituted thioDhenesb 

Roncall 

polymer E 
R3 R4 (V/&?E) Am.. (nm) (S :m-') ref 

0.56 520 500 260 
1.00 350 0.5 260 

cyclopenta[c]thiophene 0.76 510 20 260 
0.72 470 180 192 

194 1.06 
194 1.10 280 

530 220 267 CH3 OCH3 
H OC,Hg 0.34 520 8 X lo4 272 

CH3 OCdHB 0.60 545 2 272 
CH3 OCBH1, 0.64 545 1 272 
CH3 OC1ZH25 - 550 5 267 

H CH3 
CH3 CHS 

H CZH5 
CHS C2H5 
CZH5 C2H5 

- - 
- 

- 

OCdHB OCdHg 0.70 460 1 x 10-5 272 

H SC2H5 0.90 450 1 x 10-3 262 
SCzHS SC2H6 1.16 390 1 x 10-7 262 

?r system, producing a considerable loss of effective 
conjugation. As shown in Table 111, poly(3,4-dialkyl- 
thiophenes) have higher oxidation potentials, optical 
bandgaps, and lower conductivities than monosubsti- 
tuted p01ymers.l~~ Although cyclization between the 
3 and 4 positions achieved in dihydrocyclopenta[c]- 
thiophene allows a significant reduction of the steric 
hindrance, this monomer is more difficult to electro- 
polymerize than 3-methylthiophene. Furthermore, the 
electrical and electrochemical properties of the corre- 
sponding polymer remain inferior to those of PMeT.260 
The comparison of the properties of PTs mono- and 
disubstituted by alkoxF2 or thioallryl groups262 (Table 
111) reveals also significant steric hindrance in these 
cases. On the other hand, unsymmetrically disubsti- 
tuted polymers such as poly(3-methoxy-4-methyl- 
thiophene), poly(3-butoxy-4-methylthiophene), poly- 
[3-(octyloxy)-4-methylthiophene], and poly[3-(do- 
decyloxy)-4-methylthiophene] show lower oxidation 
potentials and smaller bandgaps than to their mono- 
substituted or symmetrically disubstituted analogs 
(Table III).287*n2 However, due to the electronic effects 
of alkoxy groups, a precise evaluation of the reduction 
of steric hindrance is difficult. Poly[3,4-(ethylenedi- 
oxy)thiophene], which represents another interesting 
approach for the reduction of steric hindrance in 3,4- 
disubstituted PTs, has been recently mentioned in a 
conference paper but no characterization has been re- 
ported yet.273 

C. Fused Rings Systems 
Several types of conducting polymers have been 

prepared using as precursors, fused rings systems con- 
taining one or more thiophene units (Figure 10). 
Poly(is0thianapthene) (PITN), which can be viewed 
also as a particular case of disubstituted PT, has been 
prepared by both electrochemical and chemical 

Isothianaphtene 

Dithleno(3,2-b 2' ,3'-d]thiophene 

Dithieno[3.4-b 3' 4'-d]thiophene 

Dithieno(2.1 -b 3.4b' lbenzene 

Dithieno[t .2-c 3.4-c' lbenzene 

Cyclopental2,  t .b 3',4'-b']dithiophen-4-0n~ 

ti 
Thieno[3,2-b]pyrrole 

Figure IO. Fueed rings system precursors of conducting polymers. 

s y n t h e ~ e s . ~ ~ 7 ~ ~  Due to the instability of the monomer, 
the electrochemical synthesis requires very special 
conditions.274 A conductivity of 50 S cm-' has been 
reported for the iodine-doped polymer.276 The optical 
spectrum presents a maximum at 1.4 eV and an ab- 
sorption onset at  =l eV, showing that PTIN has the 
smallest energy gap among C P S . ~ ~ ~  Poly(5,6-(dioxy- 
methy1ene)isothianaphtene) has been recently de- 
scribed, however, contrary to what could be expected, 
this structural modification did not lead to significant 
changes in the electrochemical and optical properties 
of PTIN.277 Over the past few years, CPs have been 
prepared by electropolymerization of several other fused 
rings systems such as: dithieno[3,2-b:2,3'-d]thiophene 
and thien0[3,2-b]thiophene,~~~-~~' thieno[3,2-b]- 
pyrrole,282 dithieno[ 3,4-b:3',4'-d] t h i ~ p h e n e , ~  dithieno- 
[2,1-b:3,4b'Jbenzene and dithieno[ l,2-c:3,3-c'Jbenzenem 
and cyclopenta[2,1-b:3,4-b 'Idithiophen-4-0ne.~~~ Due 
to their conjugated structures, these substrates elec- 
tropolymerize at lower potentials than thiophene (Table 
IV). However, as in the case of the electropolymeri- 
zation of oligomers, the resulting materials are generally 
poorly conjugated and conducting except poly(di- 
thieno[3,44:3',4'-d] thiophene) and poly(cyc1openta- 
[2,1-b:3,4-b'Idithiophen-4-one) which have been re- 
ported to have a smaller bandgap than PT.2839285 

TABLE IV. Conducting Polymers Obtained by ElectroDolymerization of Fused Ring Systems 
monomer oxidation 

monomer potential (V/SCE) A, (nm) u (S cm-') ref 
dithieno[3,2-b:2,3'-d]thiophene 1.2 460 3 x 10-3 to 4 x 10-1 278,281 
thieno[3,2- b] thiophene 1.4 435 3 X 10" to 8 X 10" 279,281 
thieno[2,3-b]thiophene 1.58 280 
thieno[3,2- blpyrrole 0.6" 5 x 10-3 282 
dithieno[3,4-b:3',4'-d] thiophene 1.04 590 1 283 

- - 
- 

dithieno[ 2,1-b:3,4-b 'I benzene 1.33 340 1 x 10-7 284 
dithienor 1,2-~:3,3-clbenzene 0.92 390 1 x 10-7 284 

- cyclopenta[2,1-b:3,4-b~dithiophen-4-one 1.26 425,740 285 

"VS Ag/AgNO3. 
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TABLE V. Poly(3-alkylthiophenes)' 
U 

polymer synthesis (S cm-') solvent % solubility A, wb (nm) &,,= fb (nm) Ndp ref 
PC2T E. 5 mA cm-2 ~ .~~ 

PC2T 

PC3T 
PC4T 
PC4T 
PC4T 
PC4T 
PC4T 
PC5T 
PC5T 
PC6T 
PCGT 
PC6T 
PC6T 
PC7T 
PC7T 
PC8T 
PC8T 
PC8T 
PCBT 
PCBT 
PC8T 
PCBT 
PC9T 
PC9T 
PC9T 
PClOT 
PClOT 
PClOT 
PClOT 
PC12T 
PCl2T 
PCl2T 
PC14T 

PC18T 

PC2OT 

E; 5 mA cm-2 
GC 
E, 5 mA cm-2 
GC 
E, 2 mA cm-2 
E, 5 mA cm-2 
E 
E, 2 mA cm-2 
E, 1 mA cm-2 
E, 5 mA cm-2 
E, 2 mA cm-2 
E, 2 mA cm-2 
E, 2 mA cm-2 
OP, FeCl, 
E, 2 mA cm-2 
E, 10 mA 
E, 2 mA cm-2 
E, 10 mA cm-2 
E, 2 mA cm-2 
E, 2 mA cm-2 
OP, FeCl, 
GC 
OP, FeC1, 
E, 2 mA cm-2 
E, 5 mA cm-2 
E, 10 mA cm-2 
E, 2 mA cm-* 
E, 5 mA cm-2 
E, 2 mA cm-2 
OP, FeCl, 
E, 2 mA 
3 mA cm-2 
E, 2 mA cm-2 
E, 2 mA 
E, 4 mA cm-2 
E, 2 mA cm-2 
E, 2 mA cm-2 
E, 2 mA cm-2 

180 
270 

160 
4 

50 
150 

40 

140 
95 
30 

0.3 

1.5 

45 
110 
40 
90 
78 

28 
30 
30 

85 
100 
40 
70 

25 
67 
95 
4 
7 

16 
2 

17 
11 

0.1 

0.3 

3 

THF, tol, Xyl 

XYl 
Chl, Tol, THF 

Chl, THN 
Chl, THF 
Chl 
MeTHF 

Chl, PhCl 

Chl, THN 
Chl 
Chl 
Chl, THF 
Chl 

Chl 
Chl 
Chl, THN 
THF 
Chl 

Chl, PhCl 

Chl, THN 
Chl, THN 

50% 

200 g/L 

50% 
3% 

partial 

10% 

455 
434 

434 

440 
440 

440 
440 

440 
440 

440 

470 
460 

472 
460 
486 
488 

460 
500 
512 

488 
480 
505 
455 
495 
498 
517 

480 
505-10 

518 
525 
542 
485 
498 
480 
505-10 

480 
461 
462 
456 

20-60 

11 
300 

230 
300 
100 

1500 

140 
180 
195 
50 

150 

250 
90 

120 
190 

192 
80 

288 
192 
288 
192 
192 
114 

192 
192 
286 
94, 289 

296 
38 

192 
192 
192 
192 
286 
296 
296 
292 
292 
192 
192 
192 
192 
192 
296 
296 
286 
295 
296 
192 
192 
192 
286 
286 

94, 289 

a E electrosynthesis. GC: Grignard coupling. OP: oxidative polymerization. Chk chloroform. Tol: toluene. Xyl: xylene. PhCl: 
chlorobenzene. THF: tetrahvdrofuran. T H N  tetrahvdronaDhthalene. 

D. Poly( 3-substituted thiophenes) 

1. Linear Alkyl Chains 

Since their first synthesis in 1986, poly(3-alkyl- 
thiophenes) (PATs) have attracted increasing interest, 
owing to the significant improvement of solubility and 
fusibility resulting from the grafting of flexible hydro- 
carbon chains on the conjugated PT backbone. The 
electrochemical and chemical synthesis of PATs was 
reported simultaneously by several g r o ~ p s . ~ ~ ~ - ~ ~ ~  
Poly(3-butylthiophene) (PC4T) and random co- 
polymers of 3-methylthiophene and 3-butyl- or 3- 
octylthiophene were obtained by nickel-catalyzed 
Grignard coupling of the 2,ti-diiodothiophene mono- 
mers. The average molecular weights were in the range 
3000-8000 and the doped polymers had conductivities 
in the range of 1-5 S cm-1.288 PATs with alkyl chains 
containing 1 (PMeT) to 20 (PCBOT) carbons have been 
prepared by e l e c t r o s y n t h e ~ i s . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  The degree of 
polymerization (Nd ) ranged from 300 for PC6TZE9 to 
90 for PC20T.286 $he conductivity was found to de- 
crease with the length of the alkyl chain but remained 
a t  a high level. Thus the conductivity of poly(& 
decylthiophene) is still as high as 70 S cm-' although 
the PT backbone represents only one-third of the 

polymer (Table V). More recently, PATs 
have been prepared also through oxidative polymeri- 
zation by FeC13.37~38~291~292 The average molecular 
weights of the obtained polymers were reported to be 
higher than those of the polymers prepared by Grignard 
coupling or by electrochemical s y n t h e s i ~ . ~ ~ ? ~ ~ ~  

Owing to the rigidity of their conjugated backbone 
and to strong interchain interactions, CPs are generally 
insoluble. Until recently, this insolubility has consti- 
tuted a major obstacle to their characterization by 
classical analytical techniques and also to their tech- 
nological applications. It had been recognized early that 
the preparation of PT by Grignard coupling yields ca. 
20% of CHC13 soluble material.30*31 This soluble frac- 
tion, which contains short chain oligomers, shows nev- 
ertheless rather high conductivity (up to 5 S cm-1).293 
Soluble oligomers have been also detected in electro- 
generated PTT or PMeTeWJ0 Besides these few exam- 
ples, which are in fact the undesired consequences of 
incomplete polymerization, the solubilization of PTs has 
been achieved by polymerization with AsF5 in AsF3 
solution.294 However, in spite of their scientific interest, 
the practical applications of these results are very lim- 
ited. In this context, the discovery that the grafting of 
long alkyl chains on PT led to polymers soluble in 
common organic solvents has immediately attracted 
much attention. Thus, PATs with alkyl groups equal 
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bo# sm 400 
x nm 

Figure 11. Effects of eledrosynthesis current density (4, on the 
electronic absorption spectrum of undoped PCST films deposited 
on IT0 using 100 mC cm-2: (a) J = 0.5 mA cm-2; (b) J = 2; (c) 
J = 5; (d) J = 10. 

or greater than butyl have been reported to be readily 
soluble at room temperature in tetrahydrofuran, di- 
chloromethane, chloroform, benzene, toluene, xylene, 
nitrobenzene, benzonitrile, and tetrahydro- 
naphthalene.2869288p289 These soluble polymers can sub- 
sequently be processed into films from their solu- 
t i o n ~ . ~ ~ ~ ~ ~ * ~ ~ * ~ ~ ~  These solution-cast films show elec- 
trochemical and optical properties resembling those of 
as-grown polymer films.389286*289 Although the conduc- 
tivity of doped solution-cast films is lower than that of 
as-grown electrogenerated films,38J92*286 stretched films 
show considerably higher conductivities. Thus the 
conductivity of solution processed poly( 3-hexyl- 
thiophene) films increases from 27 to ca. 200 S cm-’ at 
a stretching ratio of 5.38 

Perhaps as a consequence of the strong immediate 
interest for these polymers, several questions have not 
been examined in detail. Thus, contradictory results 
have been reported concerning the effects of the alkyl 
chain length on the solubility. This parameter has been 
reported to increase288 or decrease2% the solubility of 
the polymer. Although it is perfectly clear that alkyl 
substituents strongly enhance the solubility of the PT 
backbone, clear conclusions are difficult to draw since 
the length of the alkyl chain affects also the ivdp.286 
Whereas in initial reports PATs were implicitly con- 
sidered as fully soluble, further analyses on electro- 
generated PATs have shown that solubility, conjugation 
and conductivity depend strongly on the applied elec- 
trical conditions and that this dependence increases 
with the length of the alkyl chain. This dependence is 
clearly illustrated by the considerable modifications of 
the optical spectrum, resulting from changes in the 
electrosynthesis conditions (Figure 11). The increased 
conjugation of polymers deposited in optimal conditions 
is correlated to a spectacular increase of conductivity 
and to a loss of solubility which decreases down to a few 

c 
V/SCE 

Figure 12. Cyclic voltammogram of poly(3-nonylthiophene) in 
0.1 M LiClO,/CH&N (deposition charge 100 mC on Pt; scan 
rate 50 mV 8-l; electrode area 0.07 cm2). 

percenta.lg2 More recent works have confirmed the 
partial insolubility of electrogenerated PATS and its 
dependence on the electrosynthesis c o n d i t i ~ n s . ~ ~ ~ @ ~ ~  
These effects have been attributed to the cross-linking 
of the However, this interpretation is 
in contradiction with the observed increase of conju- 
gation and conductivity and it seems more probable 
that the differences of solubility are related to different 
Ndpe. The precise determination of this parameter is 
not straightforward. As a matter of fact, although MW 
determinations using polystyrene standards generally 
indicate high values (up to 2.5 X lo6),% a comparative 
analysis of the results obtained with polystyrene 
standards and authentic alkylthiophenes oligomers has 
shown that polystyrene standards lead to an overesti- 
mation of at least 1 order of magnitude of the MW of 
the PATS soluble fractions. Thus, in the case of elec- 
trogenerated PC4T, the soluble fraction (50% of the 
polymer) was shown to contain oligomers with Ndp = 

The grafting of alkyl chains on PT leads also to im- 
portant modifications in the morphology of the poly- 
merslg2 and in the electrochemical and optical proper- 
ties of the conjugated backbone. Thus increasing the 
length of the alkyl chain to 7-9 carbons produces si- 
multaneously an extension of the mean conjugation 
length and an increase of the electrochemical reversi- 
bility. This reversibility is illustrated by the symmetry 
of the voltammogram (Figure 12) and by the disap- 
pearance of hysteresis in the Nernst plots (Figure 
13).1g2Je7 This higher reversibility appears consistent 
with the faster thermal undoping observed on PATS.% 
Interestingly, this length of the alkyl chain corresponds 
to the optimal length of the alkyl spacers used in 
polymeric liquid crystals and represents a compromise 
between the constrained flexibility of the side chain 
observed with short alkyl chains (n H 3) and the 
side-chain crystallization occurring with long alkyl 
chains (n > 

The doping process of PC6T solutions has been an- 
alyzed by UV-vis and ESR spectroscopies and it has 
been concluded that bipolarons are the lowest charge- 
storage configurations in dilute  solution^.^^ PATs so- 
lutions have been shown to undergo thermochromism 
and solvatochromism. Thus, besides the main absorp- 
tion band at 430 nm, the low-temperature optical 
spectra of PATS solutions present a FS involving ad- 
ditional bands at 560 and 607 Thermochromism 

up to 11.114 
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submitted to potentials of several thousands volts per 
centimeter can produce structures differing strongly 
from that of polymers chemically prepared in the ho- 
mogeneous liquid phases. 

Recently, regiochemically defined PATS have been 
prepared using 3,3/- or 4,4’-dialkylbithiophenes as 
starting Although the obtained 
polymers are considerably less conjugated than PATS 
due to their large proportion of head-to-head linkages, 
this pronounced steric effect is not reflected in the 
conductivity. Thus poly(3-hexylthiophene) and poly- 
(3,3’-dihexyL2,2’-bithiophene) prepared in the same 
conditions have conductivities of 15 and 3.7 S cm-’, 
respectively.310 

2. Branched Alkyl Chains 

In contrast to linear chains, branched alkyl groups 
drastically affect the effective conjugation of the PT 
backbone and in some cases the polymerizability of the 
monomer. Thus attempts to electropolymerize 3-iso- 
propylthiophene were unsuccessful while 3-isobutyl- 
thiophene leads to a polymer considerably less conju- 
gated and less conductive than its linear analog.OrlJg2 In 
contrast, the oxidation potential and absorption max- 
imum of poly(3-isoamylthiophene) are similar to those 
of poly( 3-amylthi0phene).~~~J~Q~~ These results have 
been interpreted by a progressive decrease of the torsion 
angle between adjacent monomer units as the distance 
between the secondary carbon and the thiophene ring 
increases. Molecular models suggest that only a cisoidal 
conformation of adjacent thiophene rings leads to a 
progressive decrease of the torsion angle corresponding 
to the observed evolution of the polymers properties, 
the steric hindrance being roughly equivalent for the 
three polymers in the case of a transoidal conforma- 
tion.lX It is worth noting that 34sobutylthiophene and 
3-isoamylthiophene lead to films approximately twice 
as thick than those obtained with the same deposition 
charge from their linear analogs. This result shows that 
branched alkyl chain affect considerably the mor- 
phology and the density of the p01ymers.l~~ Although 
PTs substituted by branched alkyl chains are not of 
specific practical interest, they provide interesting in- 
formation on the effects of steric factors in PT sub- 
stitution. 

3. Fluoroalkyl Chains 

Fluoropolymers are generally known for their high 
thermal stability, chemical inertness, low coefficient of 
friction, and hydrophobicity. The association of these 
properties with the electronic properties of CPs could 
lead to new materials of interesting properties from 
both scientific and industrial viewpoints. Polymers 6-8 
have been recently synthesized electr~chemically.~~~ 
Alkyl spacers were inserted between the thiophene ring 
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Figure 13. Nernst plots obtained in 0.1 M LiC104/CH3CN from 
in situ absorptometry at various ratios of the concentration of 
oxidized and reduced sites [O]/[R]: (a) PMeT; and (b) PCST. 

has been also observed on solution-cast PATs films.302 
The origin of FS in the electronic spectra of PATS has 
given rise to much debate and it has been attributed 
either to vibrational coupling involving the C=C 
stretching mode in the thiophene ring (1450 cm-l, 0.18 
eV)301 or to rotational defects around single bonds 
leading to discrete lengths of conjugated segments.303 
However, the former interpretation seems now more 
widely a c ~ e p t e d . ~ ~  PATs have been reported to be 
fusible and to undergo p i e z o c h r ~ m i s m . ~ ~ ~ ~ ~ ~  Photolu- 
minescence has been found to increase with the length 
of the alkyl chain and with temperature with a maxi- 
mum around the melting point.306 

The structure of PATS is not fully established and 
different models have been proposed. Planar chains 
with alternating “up and down” thiophene rings,3o7 or 
alternation occurring each two monomers, i.e. “up-up- 
d ~ w n - d o w n ” , ~ ~  have been inferred from X-ray exper- 
iments. On the other hand, experimental and theo- 
retical works have led to the proposal of an helical chain 
structure implying a syn conformation for electrogen- 
erated From this point of view, the 
distinction between chemically and electrochemically 
synthesized polymers can be of importance since until 
now, helical structures have been observed only on 
electrogenerated p0lymers,6~J~~ and one can imagine 
that the highly dissymmetric electrochemical interface 

CH2- CH,-CH,-(CFz),-CF3 
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Figure 14. Poly(thiophenes) substituted by aryl groups. 

and the fluoroalkyl groups in order to neutralize their 
electronic effects. In these conditions, the introduction 
of up to 50% of fluorine in the structure has been 
shown to lead to elastomeric materials with higher 
electroactivity than  PATS.^^^ 
4. Aryl Groups 

PTs derivatized by aryl groups are interesting from 
several viewpoints. On the one hand, the analysis of 
the electronic and steric effects of such substituents 
represents an important step in the study of struc- 
ture-properties relationships in substituted PTs. On 
the other hand, phenyl groups constitute interesting 
anchoring sites for further functionalization. 

Poly(3-phenylthiophene) (9, Figure 14) has been 
prepared by both chemical and electrochemical 
syntheses and polymers showing quite different prop- 
erties have been obtained (Table VI).313-315 Different 
results have also been reported concerning the con- 
ductivity and electrochemical properties of electrogen- 
erated 9. Thus a conductivity of 140 S cm-l and doping 
levels of 78 and 72% for, respectively, p and n doping, 
have been claimed.313 In the same paper, a p-doping 
level of 69% was found for PT. Since the doping level 
of PT generally does not exceed 25% in the best 
case,14Js-20J42 these doping levels appear clearly over- 
estimated. Although the direct grafting of a phenyl 
group on the thiophene ring is expected to induce an 
important steric hindrance to the coplanarity of the PT 
backbone, the conjugation of the two cycles does not 
allow a clear distinction between the steric and elec- 
tronic effects of the phenyl ring. The conjugation of 
the two cycles is supported by the large modifications 
of properties resulting from the para substitution of the 
phenyl ring by a methoxy or by a trifluoromethyl group 
(10 and 11, respe~t ive ly) .~~~ Evidence for the steric 
effect of the phenyl ring has been provided by poly(3- 
benzylthiophene) (12).290*314.315v317 The similarity of the 
optical electrochemical and electrical properties of this 
polymer with those of poly(3-isobutylthiophene) (Tables 
I11 and VI) confirms that it is less conjugated and less 
conductive than PT itself. On the other hand, the re- 

I I I I - 
4M) 500 6w 700 

Figure 15. Effects of the substitution of the phenyl ring on the 
electronic absorption spectra of neutral poly[3-[2-(benzyloxy)- 
ethyllthiophenes]: (a) 18; (b) 16; (c) 19; and (d) 20. 

2. nm 

TABLE VI. Poly(thi0phenes) Substituted by Aryl Groups 
E ,  Q 

polymer (V/SCE) A, (nm) (S cm-') ref 
9 0.76" 560 140 313 
9 0.96 
96 

10 0.65 
11 1.00 
12 0.95 
12 0.74' 
13 0.85 
14 0.85 

545 
438' 
545 
535 
435 
440 
485 
510 

5 314 
315 

40 313 

0.5 290 
13 316 
25 317 
20 317 

1.8 x 10-3 313 

" Vs Ag/Ag+. Chemical synthesis. In CHCl,. 

sults obtained on polymers 12, 13, and 14 (Table VI) 
shows that increasing the length of the spacer produces 
an extension of conjugation and an increase of con- 
ductivity consistent with a progressive reduction of 
steric h i n d r a n ~ e . ~ ~ ~ $ l ~  The effects of the substitution 
of the phenyl ring have been analyzed in polymers 
14-18. Substitution by a methyl group (15) inhibits 

& e c H 3  &eF 
&*CF> f l + F  F F  

(16) ( 1 5 )  

(17 )  (1x1 

the electropolymerization. This effect has been at- 
tributed to the decrease of the oxidation potential of 
the phenyl ring which enables parasitic side reactions.314 
The electronic and steric decoupling of the phenyl ring 
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TABLE VII. Poly(thiophenes) 3-Substituted by Alkoxy Groups 
0 

polymer, R3 E ,  (V) A,, (nm) (S cm-') N d p  ref 
OCH3 0.33 JSCE 480 5-10 264 

-0.20 J Ag J Ag+ 465 0.33, 15a 79 266, 268 
0.28 J Ag J Ag+ 430 263 

25-30 265 
475 1 x 10-2 267 

OCH2CH3 485 1 x 10-2 267 
O(CHz)&H3 490 6 X 267 
O(CHz)&H3 525 3 x 10-3 10-40 267 
O(CHz)ioCH3 3 x 10-3 267 
O(CHdiiCH3 530 6 X IO-' 10-50 267 
O(CHz)izCH3 2 x 10-3 267 
O(CHz)&H3 525 2 x 10-3 10-40 267 
O(CHZ)IICHB I x 10-3 267 
O(CHz)zO(CHz)zOCH3 5 x 10-2 320 

a After rinsing with hexane. 

in polymers 14, 16, 17, and 18 is confirmed by the in- 
variance of the absorption maximum (520 nm) (Figure 
15). However, the dependence of the resolution of the 
vibronic FS on the substitution of the phenyl ring shows 
that interactions among substituted phenyl groups in- 
directly affect the ordering and rigidity of the polymer 
framework.318 Furthermore, the correlation of the n- 
doping level with the resolution of FS suggests that 
cation doping depends much more on these structural 
parameters than anion doping. 

These results together with those obtained with 
branched alkyl chains allow a first attempt to ration- 
alize the structural effects involved in the substitution 
of PT. This rationalization is illustrated by the concept 
of functionalization space, defined as the volume in 
which a given substituent must be introduced in order 
to preserve (i) the polymerizability of the monomer and 
(ii) an extended effective conjugation length in the re- 
sulting polymer (Figure 16). This volume is deter- 
mined by means of three parameters, the length of the 
spacer needed to neutralize the electronic substituent 
effects and the acceptable limits of intra chain distor- 
tion and inter chain distance.lg2r317 

5. Ethers and Polyether Chains 

Conjugated polymers substituted by polyether com- 
plexing groups are another class of potentially very 
promising electroactive materials. As a matter of fact, 
substitution of PT by oligo(oxyethy1ene) chains leads 
to interesting new properties such as solubility, hy- 
drophilic character, and original electrochemical and 
optical behaviors. Such polymers could find interesting 
applications in selective electrodes and membranes and 
all-polymer solid-state batteriesS3l9 Furthermore, the 
formation of an ether function also constitutes an in- 
teresting method of derivatization. However, the 
preparation of such functional PTs requires the control 
of the electronic effects of the oxygen atom in order to 
preserve both the polymerizability of the monomer and 
the electronic properties of the polymer. Depending on 
its position in the side chain, the oxygen diversely af- 
fects the reactivity of the monomer and the properties 
of the resulting polymer. As already discussed (section 
V.A), the direct grafting of an alkoxy group at the 3- 
position limits the polymerization reaction to short- 
chain oligomers264y267*320 (Table VII). However, this 
negative effect can be partly compensated by increasing 
the length of the alkyl residue. Thus, 3-(dodecyloxy)- 

Figure 16. Functionalization space of poly(thiophene). 

thiophene or 3-(octyloxy)-4-methylthiophene lead to 
more conjugated polymers than 3-methoxythiophene- 
.2671272 The conductivity of polymers with a first oxygen 
atom introduced after one methylene group has been 
reported to increase with the number of ether groups 
and hence with the overall size of the substituent. 
Values exceeding 1000 S cm-' have been claimed for a 
polymer containing three ether (Table VII), 
while other studies led to quite different conclusions.322 

The effects of the position of the first oxygen atom 
in the side chain have been analyzed on two basic 
structures, PC4T and PC9T.317>322 In both cases, the 
introduction of the oxygen after one methylene group 
raises the oxidation potential of the monomer and de- 
creases the conjugation and conductivity of the corre- 
sponding polymer (Table VIII). In contrast, the in- 
sertion of a -(CH2-CH2)- spacer brings back the oxi- 
dation potential to a value similar to that of 3-alkyl- 
thiophenes and leads to more conjugated and more 
conducting p0lymers.3~~3~~ A recent work has confirmed 
the positive effects of such a spacer.323 The increase of 
the number of ether groups in the side chain leads to 
a progressive inhibition of the electropolymerization. 
Thus, attempts to electropolymerize a monomer con- 
taining seven ether groups remained unsuccessful.322 

In the course of these studies, poly[3-(3,6-dioxa- 
hepty1)thiophene)l (PDHT) has appeared as an inter- 
esting compromise between the conservation of an ex- 
tensively conjugated structure, as confirmed by the 
position of its absorption maximum at 556 nmlg3 and 
the emergence of original properties associated with the 
oligo(oxyethy1ene) side chain. 

Thus, a considerable increase of hydrophilicity has 
been observed which allows PDHT to remain fully 
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TABLE VIII. Poly(thiophenes) 3-Substituted by Oxyalkyl Groups 
ll 

(S cm-') 

1.90 1.10 435 
1.80 0.88 460 
1.94 1.10 460 

0.90 498 
1.80 0.88 517 
1.80 0.88 500 

1.94 1.10 420 
1.80 0.80 552 
1.80 0.80 440 

no electropolymerization 

V/SCE 0 

Figure 17. Effect of [Li'] on the cyclic voltammetric response 
of PDHT (deposition charge 100 mC on Pt; scan rate 30 mV 
s-'; electrode area 0.07 cm2; electrolytic medium LiC104/CH3CN): 
[Li+] = 0.1 M, (solid line), 0.5 M (dashed line), and 1 M (dot- 
dashed line). 

electroactive in aqueous media, contrary to  PATS.^^^ 
Furthermore, PDHT exhibits a specific electrochemical 
response in presence of Li+ (Figure 17). These specific 
interactions with Li+, make PDHT the first example 
of poly(heterocyc1e) capable to dope n with alkali cat- 
i o n ~ . ~ ~ ~ ~ ~ ~ ~  As consequences of this high sensitivity to- 
ward environmental factors, reversible modifications of 
the optical spectrum can be induced by the solvent or 
the cation of the electrolytic medium in which the 
polymer has been cycled, or by immersion in strong 
hydrogen-bonding solvents327 (Figure 18). These first 
evidences of solid-state solvatochromic and ionochromic 
effects have been interpreted in terms of feed-back 
control of the conformation and rigidity of the conju- 
gated backbone by the interactions between the oligo- 
(oxyethylene) side chains and the chemical environ- 

An interesting extension of this new class of func- 
tional CPs would consist in the derivatization of PT by 
macrocycles. However, the size of such substituents and 
the steric constraints imposed by the conservation of 
the effective conjugation will require spacer groups of 
considerable length. Such long spacers will drastically 
limit the interactions between the crown ether and the 
conjugated ?r system and hence the possibility to ad- 
dress the complexing properties of the macrocyclic 
cavity through the conjugated PT backbone. This 
difficulty is illustrated by the poor electrical and elec- 
trochemical properties of PT 3-substituted by nickel- 
cyclam through a -(CH2-CH2)- spacer.329 A possible 
answer to this problem consists in the simultaneous 
formation of the macrocyclic cavity and conjugated 
backbone by using as substrate for electropolymeriza- 

ment.327P8 
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Figure 18. (A) In situ electronic absorption spectra of PDHT 
(60 mC cm-2 on ITO) recorded at  0 V/Ag after a voltammetric 
cycle in 1 M Bu,NC104/CH3CN (dotted line), 1 M LiC104/CH3CN 
(solid line), and 1 M LiC104/H20 (dashed line). (B) In situ 
electronic absorption spectra of PDHT (60 mC cm-2 on ITO) 
Recorded a t  0 V/Ag after a voltammetric cycle in 1 M Li- 
C104/CH3CN (solid line), same film immersed in hexafluoro-2- 
propanol (dotted line), and same film after recycling in 1 M 
LiC104/CH&N (dashed line). 

tion two thiophene rings linked together by an oligo- 
(oxyethylene) chain (Figure 19). Preliminary investi- 
gations have shown that, in presence of Li+, this sub- 
strate electropolymerizes at  a potential 300 mV lower 
than PATS, indicating possible template-assisted ring 
closure. Furthermore, although less conjugated than 
some PTs substituted by linear polyether chains, the 
obtained polymer is highly electroactive, demonstrating 
thus the feasibility of this new approach.332 

6. Redox Groups 

With regard to the considerable amount of work de- 
voted to poly(pyrro1e) substituted by redox centers,333 
only a few examples of derivatization of PT by redox 
active groups have been described. This situation is 
partly due to the much higher oxidation potential of the 
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Figure 19. Electrosynthesis of poly(thiophenes) containing 
macrocyclic cavities. 

thiophene ring which, in some cases, may lead to the 
degradation of the attached redox center during elec- 
tropolymerization and also to the more drastic steric 
conditions imposed by the conservation of polymer- 
izability in substituted PTs. Nevertheless, PTs 3-sub- 
stituted by bipyridy1,332 benzoquinone,333 v i ~ l o g e n , ~ ~ ~ ~  
ferrocene,335 and te t ra th ia f~ lva lene~~~ have been re- 
ported. Although not all of these materials have been 
characterized in detail, the electrochemical signature 
of the attached redox group is generally apparent in the 
voltammetric response of the obtained polymers. 

7. Self-Doped Poly(thi0phenes) 

The concept of self-doped conducting polymers was 
introduced a few years ago with the synthesis of poly- 
(3-thiophene-j3-ethanesulfonate) and poly(3- 
thiophene-6-butanesulfonate) .337 In these polymers, the 
charge-compensating anion is covalently bound to the 
polymeric backbone. Consequently, instead of anion 
incorporation, the charge compensation upon doping 
involves the expulsion of cationic species. Furthermore, 
the presence of the sulfonate group makes these poly- 
mers the first examples of water-soluble CPs. Due to 
the impossibility to polymerize the monomers in their 
acidic or sodium salt forms, the polymers have been 
prepared by electropolymerization of the corresponding 
methyl esters, followed by conversion to the polyelec- 
trolytic form by methyl iodide in acetone.337 Films cast 
from water solutions exhibited rather short conjugation 
(Amm = 425 nm), and conductivities of ca. S cm-' 
increasing up to 1-10 S cm-I upon exposure to bro- 
mine.338 Higher conductivities have been reported for 
poly(3-thiophenepropanesulfonate) prepared by direct 
chemical polymerization of the monomer with FeC13.399 
A self-doped PT has been prepared from 3'-propane- 
sulfonate trithiophene. Unlike the previous ones, this 
monomer electropolymerizes in acetonitrile without 
addition of supporting electrolyte, providing thus un- 
ambiguous evidence for ~elf-doping."~ This result has 
been attributed to the lower oxidation potential of the 
trimer compared to the monomer. The fact that the 
counteranion/monomer ratio is closer to ita usual value 
of 25% is probably also a favorable factor. More re- 
cently, self-doped PTs with lower oxidation potentials 

o''"' 0 
& A  

(21)  (22) 
Figure 20. Chiral Poly(thiophenes). 

Figure 21. Cyclic voltammograms of 22 (deposition charge 400 
mC on pt; electrode area 0.07 cm2; scan rate 50 mV 8-l): solid 
line, 0.1 M (ls)-(+)-l&camphorsulfonic acid/CH&N and dashed 
line, 0.1 M (1R)-(-)-10-camphorsulfonic acid/CH3CN. 

and improved electrochemical behavior have been 
prepared from 3-(w-carboxyakyl)thiophenes with alkyl 
chains containing 4-14 carbons.340 

8. Chlral Poly(thi0phenes) 

Conjugated polymers substituted by optically active 
groups have potential technological applications as 
materials for enantioselective modified electrodes and 
membranes or for microwaves absorbers.341 On the 
basis of the analyses of structural factors in PT func- 
tionali~ation,'~~.~~~~~~~ polymers 19-22 have been syn- 
thesized by electropolymerization of enantiomeric mo- 
nomers (Figure 20).342 The polymers exhibited high 
stability and conductivities lying typicdy in the range 
of 1-10 S cm-'. The high specific rotations measured 
on the two antipodes of 20 aZ2,, = +3000° and -3OOOO 
have been interpreted by a macromolecular asymmetry 
arising from an helical polymer structure.343 The 
analysis of the electrochemical behavior of the two an- 
tipodic forms of 20 using d- and l-camphorsulfonates 
as supporting electrolyte has shown that the amount 
of charge reversibly exchanged during voltammetric 
cycles is 50% higher in the presence of the d-anion for 
the (2S)-(+) polymer, whereas the reverse response is 
obtained with the (Z)-(-) polymer (Figure 21). These 
results constitute the first evidence of enantioselective 
molecular recognition on a chiral-conducting polymer 
(Figure 22).3441345 More recently, the electropolymer- 
ization of (S)-(+)-3-(2-methylbutyl)thiophene provided 
another example of chiral PT.346 
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the electrode and the solution. Improved stabilizations 
have been achieved by means of copolymers of PBT 
and p o l y ( p y r r 0 1 e ) ~ ~ ~ ~ ~ ~  and more recently by the use of 
composite films of the same copolymer and PVC.357 

B. Applications of the Undoped State 

1. Electronic Devices 

Various types of electronic devices involving the 
electronic properties of neutral PTs have been de- 
scribed. Photovoltaic cells based on electrogenerated 
PTs have been s h o w  to present rather high quantum 

(thiophenes). efficiencies under monochromatic illumination, but the 
overall conversion yield under polychromatic light re- 

V I .  Appiications of Poiy(thi0phenes) mains low (-0.15% ).359360 Photoelectrochemical cells 

'-= 0" Qi d o r l  

Figure 22. Enantioselective doping process of chiral poly- 

Besides the fundamental problems posed by the 
elucidation of their structure, electronic, and electro- 
chemical properties, the considerable research effort 
invested in the development of PTs is largely motivated 
by their multiple potential technological applications. 
These applications can be divided into three main 
groups resorting to (i) the electrical properties of the 
doped conducting state, (ii) the electronic properties of 
the neutral semiconducting state, and (iii) the electro- 
chemical reversibility of the transition between the 
doped and the undoped states. A detailed survey of 
these various applications is beyond the scope of the 
present work and would deserve a specific review. 
Therefore, in this last section, the main fields of ap- 
plications of PTs will be only briefly presented. 

A. Applications of the Doped State 

The development of a first domain of application, 
which concerns essentially antistatics and EM1 shield- 
ing,231 is conditioned by the processability of the ma- 
terials and by the environmental long-term stability of 
the conductivity. Although these applications have not 
been intensively investigated yet, the recent develop- 
ment of conductive hybrid materials and of soluble PTs 
can trigger interesting new developments. 

The sensitivity of the conductivity of PTs toward 
gases has been analyzed in several papers.347-349 Ex- 
posure of PT films to NO and NO2 increases their 
conductivity, whereas H2S and NH3 have opposite ef- 
f e ~ t . ~ ~ ~ i ~ ~ ~  These results have led to the proposal of 
PT-based gas sensors; however, the selectivity of such 
devices is rather poor. A PT-based radiation detector 
has also been proposed on the basis of the conductivity 
changes observed upon irradiation with an electron 
beam in the presence of SF6.350 

Photoelectrodes used in photoelectrochemical solar 
cells generally involve small bandgap semiconductors 
such as Si, GaAs, CdS, or CdSe that are subject to rapid 
photocorrosion under illumination. In order to solve 
this problem, the use of electrodeposited thin films of 
poly(pyrro1e) has been p r o p o ~ e d . ~ ~ ~ ~ ~ ~ ~  These films 
which act as a barrier limits the photocorrosion while 
allowing electronic transfers between the semiconductor 
and the electrolytic medium. As an extension of this 
idea, GaAs photoanodes have been stabilized by thin 
films of electrogenerated PTs.3539354 One of the main 
problem posed by this approach concerns the rapid 
undoping of the PT film which increases its resistivity 
and thus limits the efficiency of charge transfer between 

based on PTs- and.CdS-PT junctions have been de- 
s ~ r i b e d ~ ~ l - ~ ~  as well as a photochargeable device based 
on a bilayer membrane of PMeT and Prussian 
PT-GaAs and all organic PT-poly(pyrro1e) p-n junc- 
tions have been also r e p ~ r t e d . ~ ~ ~ ~ ~ ~ '  Schottky barriers 
and FETs involving electrogenerated PT36g371 or solu- 
tion cast PATS films3729373 have been described by sev- 
eral groups. Thiophene oligomers, initially investigated 
as active material in photovoltaic devices in 1974," 
have been used recently for the realization of Schottky 
diodes by vacuum sublimation.374 Although these 
various works have demonstrated the feasibility of the 
use of PTs in electronic devices, the performances of 
these systems are still largely inferior to those of inor- 
ganic semiconductors. 

The concept of molecular electronics is probably one 
of the most exciting in modern chemistry. Although it 
is sometimes abusively used to qualify almost any kind 
of electronic devices in which organic materials are in- 
volved, in its strict acception, molecular electronics or 
Y~hemionid"'75 refers to the possibility to achieve basic 
computer functions such as amplification, memory, and 
logical operations by means of single  molecule^.^'^^^^ 
This futuristic concept is expected to lead to fast 
switching speed and to allow the previsible limit to 
circuits miniaturization imposed by inorganic semi- 
conductors to be surpassed. Although interesting ex- 
perimental works have been carried out to test the 
feasibility of this con~ept,3~*~l its demonstration is still 
to be made. Besides enormous efforts of synthetic 
chemistry, the communication with and between mo- 
lecular logical functions constitutes perhaps one of the 
most difficult problems. Recent developments in this 
field are oriented toward the synthesis of model mole- 
cules which could act as molecular or molecular 
rectifiers,381 or to the preparation of LB  film^.^^^^^ In 
this context, orthogonally fused thiophene oligomers 
have been recently whereas LB films 
containing thiophene 01igomers'~~J~~ or  PATS^^ have 
been also prepared. 

2. Nonlinear Optics 

The third-order nonlinear optical response of conju- 
gated polymers has recently received much attention 
in general and PTs have attracted particular interest 
owing to their highly conjugated structure and to the 
recent improvements of their processability. Experi- 
ments carried out on PT and on several of its substi- 
tuted derivatives have shown that PTs present a large 
and very fast nonlinear optical r e s p o n ~ e . ~ ~ ~ - ~ ~ ~  
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chemical transistors have been realized in which the 
gate is constituted by a PMeT film deposited between 
the source and the drain, the drain current behg driven 
by the electrochemically controlled conductivity of the 
PMeT film.40e The device has been shown to be sen- 
sitive to oxidanta and reductanta and to amplify signals 
up to a kilohertz frequency.410 More recently this 
concept has been extended to solid-state organic tran- 
sistors using an ionic conductor solid electrolyte.411 

C. Electrochemical Applications 

1. Energy Storage 

Perhaps the most worldwide-discussed application of 
CPs concerns their use for electrical energy storage in 
rechargeable batteries. Although initial enthusiasm 
based on too optimistic performance evaluations has 
been tempered by several unresolved problems such as 
self-discharge and unsufficient cycle life, interest in this 
field of research remains high. Initial works used PT- 
iodine adducta in conjunction with Zn or Li electrodes. 
Primary and secondary cells were constructed using 
chemically and electrochemically prepared PTs, the 
latter leading to better performances.m391 More recent 
studies have confirmed the high voltage and good en- 
ergy and power densities of PTs ce11s,392-396 although 
self-discharge has been recognized as a serious prob- 
1em.395*396 Solid-state lithium cells involving poly- 
(ethylene oxide)-LiC104 electrolytes and PT cathodes 
have been also assembled. However, these cells operate 
only beyond the phase-transition temperature of the 
electrolyte, i.e. 70 0C.397 More recently, several sub- 
stituted PTs have been investigated as possible elec- 
trode and studies on PATS cells398~399 
have confirmed the influence of the polymer structure 
on the electrochemical behavior. 

2. Electrochromic Devices 

The considerable spectral changes in the visible re- 
gion associated to the doping/undoping process of PTs 
have led to several proposals of electrooptical systems 
such as display devices or electrochromic windows. 
Initial characterizations revealed good optical contrast, 
response times ranging from 10 to 300 msm1rm and cycle 
life up to 1.2 X lo5 charge-discharge cycles for PMeT 
films on bulk Pt electrodes.403 Poly(is0thianaphtene) 
films on semitransparent gold electrodes have been 
shown to retain ca. 75% of their initial optical density 
after 6 X lo3 cycles.404 More recent studies have un- 
derlined the essential role of the electrosynthesis con- 
ditions on the cycle life.179 A comparative study of the 
electrooptical properties of poly(bithiophene), poly- 
(dithieno(3,2-b:2’,3’-d)thiophene] and PMeT has shown 
that the latter led to the best results, confirming the 
influence of the polymer structure on the performance 
and durability of the devices.405 Since PT derivatives 
are subject to overoxidation, the doping level and hence 
the potential at  which the system is switched plays a 
determining role on its long-term stability. Thus cycle 
lives exceeding lo7 cycles have been obtained on alkyl- 
and polyether-substituted PTs films operated at  10% 
of their maximum c a p a ~ i t y . ’ ~ ~ ? ~ ~  

3. Electrochemical Sensors and Modified Electrodes 

Selective modified electrodes and electrochemical 
devices appear as one of the most promising fields of 
application of PTs. Modified electrodes for electroca- 
talysis have been prepared from P M e P 7  or PT-metal 
hybrid  material^.^^^.^^^ On the other hand, the molec- 
ular and ionic recognitions observed with some func- 
tional PTs could find applications in selective modified 
electrodes for electrocatalytic or electroanalytical pur- 
p o s e ~ . ~ ~ ~ * ~ ~ ~  The reversible electrochemical doping of 
a PT derivative with a neurotransmitter has been ap- 
plied in a drug-release device.408 All-organic electro- 

V I I .  Concluslons and Perspecflves 

After 10 years of development, PTs occupy an ori- 
ginal position in the growing class of conjugated elec- 
troactive polymers. As a matter of fact, in addition to 
their stability, electroactivity, and conductivity, PTs 
represent an almost unique class of materials in which 
structural versatility is associated with a moderate loss 
of conductivity. This particularity makes PT one of the 
most interesting substrates for the study of structure- 
properties relationships in conjugated polymers and for 
the design of functional conducting polymers. 

Although the development of hybrid materials has 
significantly contributed to solving some important 
problems inherent to CPs such as insufficient me- 
chanical properties and environmental stability, the 
most important advances have been accomplished 
through the manipulation of the monomer structure. 
Conducting polymers processable by conventional 
polymer techniques are now available, thus suppressing 
one of the main obstacles to their technological appli- 
cations. On the other hand, the derivatization of the 
monomer has also triggered the emergence of a new 
generation of CPs in which the electronic and electro- 
chemical properties of the conjugated backbone are 
coupled to specific functions, such as redox activity or 
molecular recognition, which can be addressed through 
the conjugated backbone. This new class of advanced 
molecular materials allows exciting sophisticated ap- 
plications in the fields of selective sensors and molecular 
electronics to be envisioned. 

The only important point where the manipulation of 
the monomer structure has not yet succeeded concerns 
the increase of the conductivity. Thus, until now, the 
most significant progress in the improvement of the 
molecular order and conductivity has been accom- 
plished with the simplest thiophene derivatives, and the 
obtained conductivities are still far below the expected 
intrinsic conductivity of conjugated polymers.412 Fur- 
ther progress in this area requires a better under- 
standing of both the electropolymerization reaction and 
the structureproperty relationships in PT substitution. 
As a matter of fact, although electropolymerization has 
been shown to lead to the most conducting PTs and to 
original structures such as helical poly(heterocycles), 
the mechanisms involved in several intermediate steps 
are not fully elucidated and it seems evident that a 
more detailed comprehension of these elementary pro- 
cesses can significantly contribute to the obtention of 
highly oriented defect-free polymers. On the other 
hand, the knowledge of the structure-properties rela- 
tionships in PT substitution is still rather rudimentary. 
Progress in this direction will require enormous basic 
research effort since, as shown by many of the above 
examples, rather simple substitutions can have consid- 
erable consequences as they can affect both the for- 
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mation and the various levels of organization of the 
material. Solutions to these fundamental problems may 
not be sufficient, but they are certainly necessary con- 
ditions if the idea, already envisioned 25 years ago, of 
synthesizing an ambient temperature superconducting 
polymer4I3 should some day become a reality. 
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