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I. Introduction

The electronic properties of linear m-conjugated
systems (LCSs) have acquired a growing importance
in many areas of modern chemistry and physics of
condensed matter. At the molecular level, LCSs
represent the simplest models of molecular wires,*
which together with their complementary functions
such as molecular switches, or logical gates, have
contributed to the emergence of the concepts of
molecular electronics and logic.2® On a quite differ-
ent dimensional scale, LCSs constitute the elemental
bricks of molecular materials that have given rise to
considerable research effort in basic and applied
material science with the view to developing new
materials for information and communication tech-
nologies. Until recently, conjugated polymers (CPs)
represented the best known protopypes of LCSs.*
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Current interest in CPs started in the late 1970s
with the discovery of metallic electrical conductivity
in oxidatively doped polyacetylene (CH)y (1).58
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In the wake of this pioneering work, new classes
of CPs based on aromatic precursors such as pyr-
role,”® benzene,® aniline,° or thiophene!*!? have been
developed. In addition to improved environmental
stability, these polymers differ from (CH)y by (i) their
nondegenerate ground state, which has important
consequences regarding the nature of the charged
species involved in the mechanisms of charge trans-
port,®® and (ii) by their electrochemical synthesis
which leads in one step to a doped conducting
polymer, thus contributing to extending their poten-
tial practical applications.

During the past 20 years these CPs have given rise
to an enormous amount of experimental and theo-
retical work devoted to (i) the analysis of their
structure and properties using a whole arsenal of
physical techniques, (ii) the development of synthetic
methods allowing a better control of their structure
and electronic properties, (iii) the synthesis of func-
tional polymers in which the electronic properties of
the LCS are associated with specific properties af-
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forded by covalently attached prosthetic groups,21415
and (iv) the analysis of their multiple technological
applications extending from bulk utilizations such as
antistatic coatings, EMI shieldings or energy storage,
to highly sophisticated electronic, photonic, and bio-
electronic devices.

However, whereas the number of envisioned ap-
plications soon mushroomed, attempts to develop
industrial scale utilizations of CPs have remained
limited. This situation essentially results from the
fact that the present performance of CPs in terms of
conductivity, charge storage capacity, and environ-
mental stability are still insufficient to compete with
existing technologies. Parallel to this sudden aware-
ness concerning the initially envisioned applications
of CPs, the past five years have been marked by an
explosion of the number of works devoted to new
advanced applications of LCSs in the fields of elec-
tronic and photonic devices. Electroluminescent
diodes (LEDSs) is probably the most demonstrative
example.16:17

The conjunction of this new situation with the
problems related to the industrial bulk applications
of CPs probably explains the sudden emergence of
problems related to bandgap control on the forefront
of the synthetic chemistry of LCSs. As a matter of
fact, a rapid survey of the various consequences of
bandgap reduction shows that this approach probably
represents the most appropriate response to many
of the above discussed problems.

First of all, reduction of the bandgap (Eg) will
enhance the thermal population of the conduction
band and thus increase the number of intrinsic
charge carriers. Apart from immediate implications
for electronic and optoelectronic devices, in the long
term, the decrease of E4 can lead to true “organic
metals” showing intrinsic electrical conductivity with-
out resorting to oxidative or reductive doping. On
the other hand, the lower oxidation potential (or less
negative reduction potential) associated with narrow
gaps will result in a stabilization of the corresponding
doped state. Furthermore, the possibility of achiev-
ing stable reductive doping at moderate potential is
of crucial importance for CP-based supercapacitors.®

The red shift of the absorption and emission
spectra resulting from a decrease of E; will make
available CPs transparent in the visible spectral
range and potentially useful for the fabrication of
LEDs operating in the IR.*®* Furthermore the in-
creased electron affinity associated with a low-lying
LUMO level allows the fabrication of LEDs with
stable metals electrodes.?®

Among other factors, a decrease of Eg implies an
optimization of the electron transmission properties
of the LCS which has important implications for
molecules or materials designed for quadratic or cubic
nonlinear optics.

Finally it must be stressed that a better knowledge
of the relationships between the structure and elec-
tronic properties of LCSs can contribute to improving
our understanding of the structural variables that
determine the possible synthesis of a superconducting
organic polymer which remains a fascinating goal for
chemists working on organic conductors.?*
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The design, synthesis, characterization, and theo-
retical evaluation of small bandgap LCSs involves
many different scientific disciplines and the related
literature is presently disseminated over a wide
variety of specialty journals. In this context, it
appears timely to try to consolidate this literature
in a comprehensive format in order to identify and
critically evaluate the various strategies allowing the
control of the bandgap of LCSs.

Il.  Background

For more than a century, synthetic chemists have
demonstrated their ability to construct molecules and
materials capable of fulfilling a huge variety of
requirements in terms of mechanical, physical, and
chemical properties. However, the synthesis of small
bandgap LCSs or of a true organic metal poses
specific problems that concern both the conception
of the proper target compounds and the definition of
the relevant synthetic strategies.

The unique properties of LCSs originate from their
extended m-conjugated system delocalized over a
large number of recurrent monomer units. (CH)y
which consists of alternate single and double carbon—
carbon bonds is the simplest model of this class of
materials. By using a simple Huckel approximation,
the bandgap of (CH), should be ideally zero i.e. the
frontier orbitals consist of two degenerate nonbonding
orbitals with two electrons as in the case of [4n]-
annulenes.??

However, as predicted by theory,?® such a low
dimensional structure is unstable and the coupling
of electrons and phonons with lattice distortions leads
to a localization of single and double bonds which lifts
the degeneracy and results in a localization of
m-electrons with the opening of a bandgap (Eg)
generally larger than 1.50 eV. Since polyaromatic
polymers have bandgaps significantly larger than
this value, which corresponds to the bandgap of
(CH)y, polymers showing lower E4 values can be
considered as small bandgap conjugated polymers.

While the HOMO—-LUMO energy gap of a LCS
molecule (AE) and the Egy value of the resulting
material are usually determined from the low-energy
absorption edge of the electronic absorption spec-
trum, AE and Eg can also be determined from
solution oxidation (E.x) and reduction (Eq) poten-
tials. In the case of molecular materials, and pro-
vided that intermolecular interactions are not too
high, it has been demonstrated?*2¢ that E4 can be
estimated from Eqx and Eeq Using:

Eg ~ (on - Ered) + (S+ +S)[1 -

[[1 — (Vex))/[1 — (Ue]]]

Where S is the solvation energy of the ionized
molecule minus the solvation energy of the neutral
molecule and ¢; and ¢, are the dielectric constants of
the solution and the solid, respectively.

In the case of CPs, the value of Ey cannot be
deduced from the optical or electrochemical charac-
teristics of the precursor and must be determined
from the material itself. While this is particularly
easy for electrogenerated CPs directly deposited onto



Synthetic Principles for Bandgap Control

an electrode surface, such experiments have also
been carried out with electrodes made from chemi-
cally prepared polymers. Measurements are gener-
ally performed using cyclic voltammetry (CV) al-
though electrochemical voltage spectroscopy has also
been employed for the determination of the threshold
for electron and holes injection.?7-29

As pointed out in many theoretical works, Peierls
instability which depends on the degree of bond
length alternation (BLA) in the conjugated path
represents the major contribution to the existence of
afinite Eg value in LCSs.3973% This BLA contribution
to E4 (E”") is related to the difference between single
and double bond lengths.

Polyaromatic polymers such as poly(p-phenylene)
(X = —(CH=CH)—) poly(pyrrole) (X = NH) and poly-
(thiophene) (X = S) differ from (CH)x by their non-
degenerate ground state i.e. the two limiting meso-
meric forms aromatic vs quinoid are not energetically
equivalent.3* In most cases the quinoid form has a
smaller E4.33

A /A
X X X X X X

X =-CH=CH-, NH, S

Although the bandgap of these polymers depends
mainly on E", several other specific parameters also
play a determining role (Scheme 1). Thus, the
existence of what are essentially single bonds be-
tween the aromatic cycles allows the occurrence of
interannular rotations. Because orbital overlap var-
ies approximately with the cosine of the twist angle
(6),%53¢ any departure from coplanarity will result in
an increase in Eyg. This problem has been widely
investigated for poly(thiophene) (PT) and its oligo-
mers (nTs). Theory and experiment have shown that
nTs and the derived cation radicals are not planar
but subject to a strong rotational disorder.3”~44 This
statistical distortion, which can account for the
observed saturation of effective conjugation with
chain length in nTs,*~47 contributes to an increase
in Eg by a quantity E°.

An important difference between (CH)x and poly-
(aromatic) LCSs lies in the resonance energy of the
monomer unit. This aromaticity results in a compe-
tition between m-electron confinement within the
rings and delocalization along the chain.”® The
contribution of the heteroatom*®:5° or more generally
of the bridging group®' to the bandgap has been
considered in several theoretical works while the
question of delocalization length or confinement
length in aromatic LCSs was recently discussed.*®
Whereas this problem is still largely unsolved,*&52 it

Scheme 1
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is evident that the aromatic resonance energy of the
cycle (ERes) plays a major role in this process and in
the final value of E,.

The most usual way to modifiy the HOMO and
LUMO levels of a m-electron system involves the
grafting of electron-releasing or -withdrawing sub-
stituents that will respectively increase the HOMO
level or lower the LUMO one. Although such sub-
stituent effects represent a classical tool of synthetic
chemistry, their eventual contribution to the bandgap
(ES9) has been seldom considered in theoretical
works,3253

The above four factors determine the magnitude
of the HOMO—-LUMO gap of a single chain LCS.
However, the interactions between individual mol-
ecules that are responsible for their organization into
a condensed phase can represent an important
contribution to the bandgap (E'). In fact it has been
envisioned that such interchain coupling could con-
tribute to considerably minimizing the Peierls insta-
bility.>*

To summarize, the bandgap of polyaromatic LCSs
is determined by five contributions i.e. the energy
related to BLA, E°", the mean deviation from planar-
ity E?, the aromatic resonance energy of the cycle
ERes, the inductive or mesomeric electronic effects of
eventual substitution ES*®, and the intermolecular or
interchain coupling in the solid state E™™.

Probably the most important feature of this equa-
tion is that it makes clear the various structural
variables that have to be mastered in order to control
the gap of LCSs. Consequently, the main synthetic
strategies adopted for the design of small bandgap
LCSs will be focused on the reduction of the energetic
contribution of one or more of these parameters.

Ill.  Structural Definition and Control of the
Poly(thiophene) Bandgap

A. Electrochemical Synthesis

Among the various LCSs developed during the past
two decades, poly(thiophene) derivatives (PTs) have
become the focus of considerable interest due to a
unigue combination of original electronic properties,
environmental stability, and structural versa-
tility.111255-57 This interest has been confirmed in
recent years with a sustained increase in the overall
research efforts devoted to PTs and their relative
share within the CPs field.2%® In such a context, it
is not very surprising that PT has rapidly become
the most widely investigated model system for the
design of small bandgap LCSs.

The extent of the effective conjugation in the PT
backbone was identified early as a crucial parameter
to achieving high electrical conductivity.5*~%2 Con-
sequently, the control of the structural regularity of
the polymer chain has rapidly become a major
problem. During the period 1985 to 1990 this objec-
tive was essentially pursued through the optimiza-
tion of the electrochemical synthesis.®®" %7 These
works focused mainly on 3-substituted monomers
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that produce more conductive polymers containing
fewer a—pf' linkage defects.58

Systematic analyses of the mechanisms of elec-
tropolymerization and polymer growth and correla-
tions established between electrosynthesis conditions
and polymer structure led to the definition of elec-
tropolymerization conditions leading to PT films with
enhanced effective conjugation and conductivities
reaching 2000 S cm~1.%¢ In parallel, analyses of the
evolution of the electrochemical and optical properties
of the polymer have revealed that the increase in
conductivity was correlated to a decrease of the
bandgap from 2.20 to 1.90 eV.57:69

Similar strong effects of electrosynthesis conditions
were observed for 3-alkylthiophenes and other 3-sub-
stituted monomers and it was concluded that inter-
actions among side substituents could indirectly
contribute to controling the long-range order in the
polymer.70-76

Indirect substituent effects leading to an improved
structural regularity were also reported for PTs
derivatized by polyether chains or by substituted
phenyl groups.”>"? In particular with poly[3-(3,6-
dioxaheptylthiophene)]’* (2) no irregular head-to-
head (HH) or tail-to-tail (TT) linkages were detected
in the soluble fraction of the electrochemically syn-
thesized polymer. This is in striking contrast to the
results obtained for the chemically prepared one.”®

This low amount of linkage errors was attributed
to a preferential orientation of the monomers with a
nonzero dipole moment under the high electric field
present at the electrode solution interface (typically
in the range of 10’ V. m~1). While these various works
have allowed the bandgap of PTs to be reduced from
2.20 to ca. 1.85—1.90 eV,®770.7275 they have also
underlined the problems related to the chemical
polymerization of thiophene derivatives.

B. Chemical Synthesis

Since their first synthesis in 1986,”7-7° poly(3-
alkylthiophenes) (PATs) have attracted increasing
interest owing to the significant improvement in
solubility resulting from the grafting of flexible
hydrocarbon chains onto the PT backbone. This
processability and the prospect of industrial applica-
tions have triggered a strong renewal of interest in
chemical synthesis. Thus, polymerization of 3-alkyl-
thiophenes using FeCl; as oxidant acquired a growing
importance.8®

However, it became rapidly evident that the poly-
mers produced by this method contained a significant
amount of regiochemical defects. As a matter of fact,
whereas 3-substitution by long alkyl or polyether
chains can exert positive effects on the long-range
order of electrogenerated polymers,’®~7> the counter-
part is that any defect in the ideal head-to-tail (HT)

Roncali

Scheme 2

R
U/ HT  HT
S RR R
o~ I\ /Y
S S S
HH TT

Scheme 3
R R

A 4/:§—|3rllﬂ Bng*@—Br .
\R /l( \ R

v
B R R vii/'
BrQ—Br L ZnBr*@-Br

Reagents and conditions: i), Bro/AcOH; ii), LDA/THF;

iii), MgBr,.OEty; iv), Ni(dppp)Cly; v), Bro/CHClg; vi), Zn/THF;

vii), Ni(dppe)Cl,
relative placement of consecutive monomer units
induces a severe steric repulsion between substitu-
ents and thus a distortion of the conjugated chain
with a loss of effective conjugation (Scheme 2).

While this problem can be minimized by the use
of optimized electrosynthesis conditions,®”707¢ this it
not the case for oxidative polymerization with FeCl;
which leads to polymers containing about 25% of
regiochemical defects.®! In order to circumvent this
obstacle, new regiospecific chemical syntheses have
been proposed. These methods are based on the
selective formation of an organometallic group at a
selected a-position of the thiophene ring. Thus,
McCullough et al. have developed a synthesis based
on the lithiation of 2-bromo-3-alkylthiophenes at the
5-position followed by metal exchange to obtain the
Grignard compound which is then polymerized by
cross coupling using Ni(dppp)Cl,®? as catalyst (Scheme
3, route A).8 Another approach reported by Rieke
et al. involves the regiospecific formation of an
organozinc compound by the reaction of dibromo-3-
alkylthiophenes with highly reactive Zn, and subse-
guent nickel-catalyzed polymerization (Scheme 3,
route B).%*

The resulting polymers show conductivity levels
considerably higher than those of PATs obtained by
oxidative polymerization with FeCl3,2~87 and of the
same order of magnitude for values obtained under
optimized electrosynthesis conditions.567.6° The im-
provement of the regioregularity of the polymer
induces important changes in the optical spectrum
with a bathochromic shift of absorption bands and
the emergence of a well-defined vibronic fine struc-
ture with maxima at 525, 560, and 610 nm.85-8" Such
optical features previously observed for electrogen-
erated PT films are typical of highly ordered polymers
(Figure 1).707275

This brief summary shows that recent advances in
the synthesis and control of the regularity of PT
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Figure 1. Solid-state UV—vis absorption spectra of sub-
stituted poly(thiophenes): (top) poly(3-octylthiophene),
(from ref 85); (middle) poly(3-hexylthiophene) (from ref 87);
(bottom) PDHT (from ref 74). (Reprinted from the refer-
ences cited. Copyright 1991, 1993, and 1995 by the Ameri-
can Chemical Society.)

chains have led to considerable progress in terms of
structural definition, conjugation length, and con-
ductivity. These changes can be correlated to a
reduction of the bandgap which decreases from 2.20
eV?4 to values in the range of 1.70—1.80 eV.67:72.8586
These values, close to those calculated by the VEH
technique,® represent the current experimental limit
for classical PTs and are thus the reference point for
the evaluation of new strategies for gap reduction.
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IV. Fused Ring Systems as Precursors

A. Isothianaphthene

Since its first synthesis more than 10 years ago,
poly(isothianaphthene) (PITN) has become the pro-
totype for small bandgap polymers and the subject
of much theoretical work. While isothianaphthene
(ITN) had been known for some time®°® it was only in
1984 that Wudl et al. considered its possible use as
a precursor for a new type of PT.?®® This approach
was based on the idea that the relative weight of the
limiting resonance forms ¢ and d (Scheme 4) could
be expected to be important and hence could contrib-
ute to stabilizing the quinoid form of the polymer.*°

This conclusion can be reached intuitively by
considering that after fusion of the thiophene and
benzene cycles only one of them can accomodate an
aromatic sextet (Scheme 5). Then, on the basis of
the comparison of the aromatic resonance energy of
benzene (1.56 eV) and thiophene (1.26 eV)* it is
likely that the benzene ring will have a greater
tendency to remain aromatic to the detriment of the
thiophene cycle.

Optical and electrochemical determination of the
bandgap of PITN gave consistent results with values
of 1.0—-1.2 eV i.e. about 1.0 eV lower than PT.%2%

As the first example of a small bandgap CP, PITN
rapidly became the focus of considerable theoretical
interest®4°47% and the origin of the small gap, a
matter of debate.?*~1% First Brédas et al. concluded
that the ground electronic state of PITN should have
an aromatic structure for which a gap value of 0.54
eV was proposed.®* Later, Lee et al. carried out
guantum chemical calculations which suggested a
quinoid structure with a bandgap of 1.16 eV,349%
which was in good agreement with experiment.®293
However, shortly after it was pointed out that such
a quinoid structure implies terminal doubly bonded
sp? carbon at each end of the polymer chain, and a
mixed structure with a middle part essentially quinoid
and aromatic regions at both ends of the conjugated
chain was proposed.®

From a comparative experimental and theoretical
study of short-chain model compounds of aromatic
and quinoid geometry based on *C NMR data, it was
concluded that the quinoid form was slightly more
stable than its aromatic counterpart.’%9102 This

Scheme 4
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Scheme 6

sailsstiee
5 NaZS
Q A|203 NaIO,;

8 7 6

conclusion was confirmed by a comparative analysis
of the vibrational spectra of these model compounds,
although it was pointed out that the aromatic and
quinoid forms are almost isoenergetic and could
actually coexist.1%* Extrapolation of the HOMO—
LUMO transition of ITN oligomers (monomer to the
tetramer) led to an estimated bandgap of 0.63 eV for
a fully planar PITN while extrapolation of the X-ray
structure of the dimer (syn conformation with a
dihedral angle of 50°), led to a predicted bandgap
value of 1.55 eV.1%

While ITN (8) had been initially obtained by the
high-temperature catalytic dehydrogenation of its
1,3-dihydro derivative 6,%° in 1971 Cava et al. have
described a simpler procedure allowing the prepara-
tion of 8 in high yield by dehydration of the sulfoxide
7106-108 (Scheme 6).

The electrochemical polymerization of 8 was ini-
tially reported to be rather delicate. Thus, the use
of electrolytes such as BusNCIO,; or Bus;NBF, in
MeCN, commonly employed for the electrodeposition
of PTs, led to a white precipitate of poly(dihy-
droisothianaphthene) as the main product.®® How-
ever, polymerization could be achieved by indirect
oxidation of 8 by electrogenerated chlorine or bro-
mine.?%.92.109 More recently, it has been shown that
satisfactory results could be obtained by the applica-
tion of repetitive potential scans to solutions contain-
ing classical electrolytes such as Ety,NBF, or Bu.-
NBF,; in MeCN.'10"12 Furthermore, whereas the
CVs of PITN prepared by the indirect method were
difficult to interpret due to the lack of the redox
system corresponding to the reduction (n-doping) of
the polymer,®22 complete and well-defined CVs have
been obtained on films produced by means of the
improved electrodeposition procedure,*°-112 (Figure
2).

Poly(8) has also been prepared by means of chemi-
cal syntheses. Thus oxidation of the dihydro deriva-
tive 6 with atmospheric oxygen, FeCls'*® sulfuric
choride,'** or N-chlorosuccinimide,!*® leads directly
to the doped conducting polymer. It has also been
reported that poly(8) could be directly obtained from
phthalic anhydride or phthalide by reaction with
P4S10.11

B. Substituted Isothianaphthenes

These initial investigations on poly(8) have been
followed by a large amount of work devoted to the
synthesis of substituted analogs of 8. This work was
motivated by the desire to achieve both a further
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Figure 2. Cyclic voltammogram of poly(8) obtained after
several redox cycles in 0.2 mol L~ BuyNBF4/CH3CN, scan

rate 50 mV s~1. (Reprinted from ref 112. Copyright 1995
Elsevier Science SA, Lausanne, Switzerland.)

reduction of E; and the development of soluble
analogs of poly(8).

A first step in this direction involved the synthesis
of poly(5,6-(methylenedioxy)isothianaphthene) 9.117
This compound was prepared from 1,2-bis(chloro-
methyl)-4,5-(methylenedioxy)benzene according to a
synthetic route similar to that in Scheme 6. While
the CV of the monomer revealed a slight decrease in
the oxidation potential from 0.85 V/Ag*/Ag for 8 to
0.65 V, as expected from the electron-releasing effect
of the methylenedioxy substituent, this effect was not
observed in the CV of the polymer which, in con-
strast, showed an oxidation potential slightly higher
than poly(8). Furthermore, whereas the bandgap
was comparable to that of poly(8), the conductivity
of both the chemically and electrochemically prepared
polymers (3—6 1072 S cm™1) was considerably lower
than that of poly(8) (50 S cm~1).17

Soluble analogs of poly(8) have been prepared by
grafting long alkyl chains onto the phenyl ring.
Thus, poly(5-decylisothianaphthene) has been syn-
thesized by chemical polymerization of 10 using
FeCl3.'® The polymer was soluble in common or-
ganic solvents. Polymer solutions showed a Amax at
512 nm while a solution-cast film exhibited an optical
bandgap of 1.0—1.3 eV. Other soluble alkyl deriva-
tives of poly(8) have also been mentioned in a
patent.!’® Poly(5-tert-butylisothianapthene) has re-
cently been synthesized.’?® 5-Methylisothianaph-
thene (11) was reported to electropolymerize at a
lower potential than unsubstituted 8, however, the
resulting polymer oxidizes at a higher potential than
poly(8).***

Halogen substitution of the phenyl ring (12—14)
induces considerable changes in the onset potential
for n-doping which shifts from —1.1 V/SCE for 8 and
11 to —0.2 V for the dichloro derivative 14 (Figure
3). However, the expected reduction of the bandgap
was not definitively confirmed by the red shift of the
electronic absorption spectrum which was smaller
than expected.1??

While introduction of fluorine at the 5-position (12)
leads to a positive shift of the onset potential for
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Figure 3. Cyclic voltammogram of poly(14) on ITO,
electrolytic medium 0.2 mol L~ Et;NBF4/CH3CN, scan rate
50 mV s~1. (Reprinted from ref 111 Copyright 1992 Royal
Society of Chemistry, UK.)

n-doping, substitution at the 4-position (13) produces
the reverse effect, presumably for steric reasons.??
Whereas theoretical works have predicted the band-
gap to be independent of substitution,® full substitu-
tion by fluorine 15 produces a considerable increase
of Eg from 1.10 to 2.10 eV, which has been attributed
to both electronic and steric effects of substitution.??
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C. Thienopyrazine

Parallel to the direct substitution of various posi-
tions of the phenyl ring, annelation of the thiophene
ring with other moieties capable of producing further
reduction of Ey has been undertaken by several
groups. This approach was first illustrated by the
synthesis of poly(thieno[3,4-b]pyrazine (16) (Scheme
7).124

This polymer was designed on the basis of theoreti-
cal calculations predicting a bandgap smaller than
that of poly(8) (0.70 eV vs 0.80 eV).%” Furthermore,
reduced steric interaction between adjacent monomer
units was also expected. The monomer 2,3-dihexyl-
thieno[3,4-b]pyrazine (16) was synthesized according
to Scheme 7 and chemically polymerized using FeCls.
The undoped polymer was dissolved in chloroform
and dialized (M,, cutoff 3500) against chloroform. The
electronic spectrum showed an absorption maximum
at 875 nm (in CHCI; solution) and at 915 nm for a
solution cast film with a bandgap of 0.95 eV. Films
cast after doping with NOBF, in solution exhibited
a maximum four-probe conductivity of 3.6 1072 S
Cm—1_124
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More recently, other polymers derived from 16 with
various alkyl chain lengths have been investigated
by Raman spectroscopy, and it was concluded that
the polymer has a quinoid ground-state geometry in
the neutral state and an aromatic one in the doped
state.'?®

D. Fused Thiophenes

The results obtained with PITN derivatives led to
interest in other fused ring systems as potential
precursors of small gap CPs. In particular thieno-
[2,3-b]Jthiophene (17),*%¢ thieno[3,2-b]thiophene (18),1%”
dithieno[3,2-b:2',3'-d]thiophene (19),'*® and the cor-
responding electrogenerated polymers have all been
investigated in recent years.'?°-132 Contrary to theo-
retical expectations, these polymers show bandgaps
slightly larger than PT.1%3

In fact, it has been shown that the red shift of Amax
vs the number of carbons in the conjugated path of
the related thienoacene series is comparable to that
observed in the corresponding oligothiophenes,**
suggesting that the mode of annelation in thienoacene
is not particularly propitious for the reduction of Ej.

Until now dithieno[3,4-b:3',4'-d]thiophene (20)'% is
the only thienothiophene precursor leading to a small
bandgap polymer. The polymer was initially syn-
thesized by electropolymerization'3%13 put a photo-
chemical method has recently been reported.'®” It
was claimed that the polymer was transparent in the
visible spectral region in its doped form while the low
energy absorption edge of the undoped neutral state
indicates a bandgap of 1.10—1.20 eV (Figure 4).

As a result of its small gap, poly(20) can be easily
n-doped at moderately negative potentials, a property
which has been considered with regard to applica-
tions in redox supercapacitors.'® Finally it is worth
noting that polymerization of 20 can occur at the free
o-positions of each terminal thiophene ring thus
opening up the possibility of reaching polymers of
higher dimensionality.

Thieno[3,4-c]thiophenes with a 10-electron system
and sulfur in the formal oxidation state +4 (21) have
been the subject of synthetic and theoretical interest
for more than 20 years.'*%-141 However, until now
only a few examples of this class of compounds have
been synthesized while many of them, and in par-
ticular the unsubstituted derivative (21, R = H) are
unstable and have only been detected by trapping
experiments as cycloaddition products.4!

The corresponding oligomers and polymer have
been theoretically evaluated but there was little
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Figure 4. Electronic absorption spectra of poly(20) film
recorded in situ during the electrochemical doping: (—)
(neutral, (--+) full doped. (Reprinted from ref 137. Copyright
1994 Royal Society of Chemistry, UK.)

agreement between the reported results which pre-
dicted that the bandgap would be smaller,® or
larger42143 than that of poly(8). However, owing to
the very limited stability of 21 it may take time
before this polymer can be effectively synthesized.
Thieno[3,4-b]thiophene (22) was synthesized 20 years
ago by Wynberg et al.»** This compound which was
unstable in air exhibited a ca. 0.50 eV red shift of
the absorption edge compared to the parent mol-
ecules 17 and 18. While the corresponding polymer
is still to be synthesized, it has already been theoreti-
cally considered and bandgaps of 1.54 and 1.63 eV
have been calculated for the aromatic and quinoid
forms respectively.14?
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V. m-Conjugated Precursors

The use of conjugated oligomers as precursors for
the electrochemical synthesis of PT has been consid-
ered early.*'2 This approach is motivated by two
main reasons. First, since the starting molecule
already contains exclusive a—a' linkages, the result-
ing polymer can be expected to contain fewer a—p'
conjugation defects than that prepared from a mon-
omeric precursor. Second, as the oxidation potential
of the precursor decreases with conjugation and
hence with chain length,*> electropolymerization will
require less positive potentials, thus limiting possible
side reactions of the cation radical, or overoxidation
of the deposited polymer at high potentials.146.47
However, both theory and experiment have shown
that the increase in conjugation in the precursor
molecule results in a rapid loss of reactivity of the

Roncali

corresponding cation radical,#84° and thus in pro-
gressive inhibition of electropolymerization.50-154

With these limits in mind, the conjugated precursor
approach presents several advantages such as the
possibility of designing sophisticated precursor struc-
tures combining building blocks with different elec-
tronic properties.

A. Terthienyls

The use of terthienyls as precursors for electropo-
lymerization has been widely investigated.’> While
noticeable improvement in effective conjugation and
conductivity have recently been achieved by the
grafting of solubilizing side chains,>*'%5 or by the use
of chemical polymerization,®>%¢ it is generally ac-
knowledged that terthienyls are not the most ap-
ropriate precursors for improving the structural
definition and conductivity of PTs.148-154 |n spite of
these inherent reactivity problems, trimeric precur-
sors have drawn renewed attention in the context of
small bandgap polymers. In fact, the insertion of a
tailored ring system into the middle of a trimeric
precursor presents several advantages such as the
construction of alternate donor and acceptor moieties
or the stabilization of rather unstable fused ring
systems. This allows an initial evaluation of their
impact on the electronic properties of the LCS.

An early application of this idea was illustrated by
23 in which ITN is used as the median ring system.
The synthesis of 23 was reported almost simulta-
neously by four groups, according to the procedures
depicted in Scheme 8.101.157-159

The oxidation potential of 23 was lower than that
of terthienyl (0.80 vs 1.05 V/SCE) and the CV
exhibited some reversibility indicative of a rather
stable cation radical. Electropolymerization by re-
petitive potential scans led to a poorly conductive
polymer (0 = 5 x 1072 to 1072 S cm 1)157.1%8 as is
generally observed for poly(terthienyls).150152 The
absorption edge of the neutral polymer led to an
estimated bandgap of 1.70 eV,571%9 a value interme-
diate between those of PT and PITN.

Poly(isonaphthothiophene) (poly(24)) has been con-
sidered in several theoretical works. There is how-
Scheme 8

SaE

O—— MgBr

2. Na H
S
LS
CHO @MQBF
Suhsive
CHO
255
s. I '\ s
N /S \J
23



Synthetic Principles for Bandgap Control

ever little agreement among the various predicted
bandgap values that extend from 0.10 to 1.55
gV.%.143160-163  \While this polymer is still to be
synthesized, a terthienyl containing a central isonaph-
thothiophene (25) was recently prepared using the
general route employed for the synthesis of 23.164

I\ s. I N\ s
S \ /  § \

24 25

Compared to the parent 23, 25 exhibits a consider-
able shift of Amax (546 vs 427 nm) and a much lower
oxidation potential (0.62 vs 0.87 V respectively).
Furthermore the CV waves appear rather symmetric
which is characteristic of a stable cation radical.
Electrodeposition was performed by repetitive poten-
tial scans. The CV of the resulting polymer was
similar to that of poly(23) and suggests an incomplete
polymerization. Although a bandgap as low as 0.65
eV has been claimed, in agreement with some theo-
retical predictions,*6%162 this result was not unequivo-
cally confirmed by the optical spectra.

In order to reduce steric interactions between the
fused benzene ring and the adjacent thiophene rings
in 23, Yamashita et al. have synthesized a series of
trimers containing a median thieno[3,4-b]pyrazine
ring system (26—30).1%5 These compounds were
prepared from 3',4'-dinitroterthienyl using a proce-
dure similar to that used for the synthesis of 16.1%4

H1 R1
7\
26 R1 = Rz = H
s. I N\ s 27 Ry=Me, Ry=H
\ / S \ / 28 R1=CGH13, H2=H
29 R;=Cy3Hy7, Ro=H
Rg R2 30 R1 = R2 = CsH13

The electronic absorption spectra of 26—30 show
appreciable red shifts compared to 23 with Amax
ranging from 484 nm for 30 to 529 nm for the
unsubstituted 26. These compounds are irreversibly
oxidized at 0.80—1.00 V/SCE, depending on substitu-
tion and reversibly reduced in the —1.10 to —1.50 V
region. These moderately negative reduction poten-
tials have been attributed to the electron-withdraw-
ing effects of the thieno[3,4-b]pyrazine moiety.%

Except for 30 in which the alkyl chains (Ry) induce
a large steric hindrance to planarity, all compounds
could be electropolymerized by repetitive potentials
scans and the bandgaps of the polymers estimated
from electrochemical and optical data were in the
range of 1.00—1.50 eV.165

The problem of steric interactions in this particular
system has been analyzed in more detail by Ferraris
et al. who synthesized 2,5-di(2-thienyl)pyridino[c]-
thiophene 31 (Scheme 9).166

The single-crystal X-ray structure of 31 revealed
a small dihedral angle between the median moiety
and the thiophene ring on the nitrogen side (ca. 3.5°)
and a much wider angle of 39° on the CH side. This
result confirmed that introduction of nitrogen in the

Chemical Reviews, 1997, Vol. 97, No. 1 181

Scheme 9
/A
1 s,
2. CrO, 7
N_ _CHO 3. P2Ss
Ej: s. I\ s
ZCHO \ / S \
31
Scheme 10
1. NBS .S,
HN.  NH, 2. PhNHSO N“°N
3. Me3SiCl
& 3
s Br S Br
B
s~ ~MgBr
s Ni(dppp)Cl,
NN
s. I N\ s
\ S \ /)
32

six-member heterocycle reduces steric interactions
with adjacent thiophene rings. This compound oxi-
dizes at 0.52 V/SCE, i.e. 0.28 V less positive than 23.
Polymerization by repetitive potential scans led to a
polymer with a bandgap of 1.40 eV.166

Yamashita et al. have synthesized another trimeric
fused-ring system built around a thieno[3,4-c][1,2,5]
thiadiazole median ring (32) (Scheme 10).1%7 This
system was selected on the basis of the lower HOMO—
LUMO gap of thienothiadiazole (TTD) compared to
isothianaphthene 8. Thus TTD shows its lowest
m—ma* transition at 415 nm instead of 343 nm for
8.89139 Furthermore, it was expected that the short
intermolecular S---N contacts already observed in the
solid state for other series of compounds containing
the thiadiazole unit%8 could contribute to controling
the structural order in the polymer.

The X-ray structure of 32 shows that the three
rings in the molecule are nearly coplanar with
intramolecular distances between the nitrogen atoms
and the sulfur of the adjacent thiophene (3.13 A)
shorter than the sum of the van der Waals radii (3.35
A). The molecule showed small AE with the lowest
m—z* transition at 618 nm and oxidation and reduc-
tion potentials at +0.85 and —0.93 V/SCE, respec-
tively. Electropolymerization produced a polymer
with a Amax at 934 nm in the neutral state and a
bandgap of ca. 0.90 eV. This small E4 value was
confirmed by CV which showed oxidation and reduc-
tion peaks at +0.70 V and —1.10 V/SCE with a 0.90
V difference between the threshold potentials for p-
and n-doping.1¢”

These authors have extended this approach to the
synthesis of other trimeric precursors. Thus, 33 in
which a tricyclic median ring system was used as
electron-deficient unit was described in a short
conference paper (Scheme 11).16°

This compound exhibits an even smaller AE value
than the parent 32 with the lowest Amax at 990 nm
and oxidation and reduction potentials at +0.87 and
—0.19 V/SCE. The reduced form shows spectral
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features quite comparable to terthienyl thus under-
lining the major influence of the pyrazine moiety in
the internal charge-transfer process. As expected,
the resulting electrogenerated polymer exhibits a
very narrow electrochemical bandgap with a ca. 0.30
V potential difference between the onset for oxidation
and reduction (Figure 5).

The low-energy absorption edge of the optical
spectrum was observed below 0.50 eV which is the
smallest bandgap value reported so far.

More recently the same group reported the syn-
thesis of 34 (Scheme 12), in which a benzobis(1,2,5-
thiadiazole) acts as the electron-withdrawing moi-
ety.l70

Compound 34 exhibits a larger HOMO—-LUMO gap
than 33 with a Amax at 702 nm and oxidation and
reduction potentials at +0.95 and —0.53 V/SCE,
respectively. However, the electronic absorption
spectrum of the polymer electrodeposited on ITO was
quite similar to that of poly(33) with a bandgap equal
to or slightly lower than 0.50 eV.17°

These various examples show that trimeric precur-
sors offer interesting opportunities to built up com-
plex molecular architectures combining moieties of

p-doping

n-doping

-1.0 -0.5 0.0 +0.5 +1.0
Figure 5. Cyclic voltammogram of poly(33) at a Pt
electrode in 0.1 mol L= BusNCIO4/PhCN, scan rate 10 mV
s, (Reprinted from ref 167. Copyright 1995 Elsevier
Science SA, Lausanne, Switzerland.)
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different electronic properties and in some cases of
limited stability. This approach has been success-
fully applied to several hybrid ring systems leading
to polymers with bandgaps among the smallest so far
reported.

However, the scope of this approach has two
important limitations. On the one hand the poor
reactivity of the radical cation derived from conju-
gated precursors with high-lying HOMO level can
limit the efficiency of electropolymerization. On the
other hand, the dilution effect resulting from the
insertion of the active moiety between two thiophene
rings (i.e. four in the resulting polymer) may in some
cases, limit the reduction of Eg4 to values intermediate
between those of the two constitutive building blocks.

B. Bithienyls

Bithiophene (BT), which was the first thiophene
derivative to be electropolymerized,!! remains an
interesting precursor combining good film-forming
properties with a moderate oxidation potential (1.30
VISCE).

Until now, BT-based precursors of electrogenerated
small bandgap CPs have been limited to a few
examples built on bridged bithiophenes.

Cyclopenta[2,1-b:3',4'-b']dithiophene (35), was syn-
thesized in the late 1960s by two groups.t71:172

R = alkyl
35

The electropolymerization of unsubstituted 35 has
been briefly mentioned in two papers that underline
its low oxidation potential and the relatively high
conductivity of the resulting polymer.173174 Recently,
the synthesis of derivatives of 35 substituted by alkyl
chains at the bridging carbon has been reported and
the detailed characterization of the resulting elec-
trogenerated polymers confirmed the extensively
conjugated structure of these materials.”> While this
work was conducted for a quite different purpose, the
reported electrochemical and optical characteristics
of these polymers revealed that they have smaller
bandgaps than poly(BT), thus providing a first clue
on the effects of bridging the two thiophene rings.

Bithiophenes gained a renewed interest as precur-
sors in 1991 when Ferraris et al. reported that
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electropolymerization of cyclopenta[2,1-b:3',4'-b']-
dithiophen-4-one (36a) led to a polymer with a
bandgap of 1.10—1.20 eV.1"®

©

o 0
14 \i 2/ | S \‘/ \
s s s s
36a 36b

This approach was based on the idea that the
electron-withdrawing effects of the ketone group and
contribution of the primary resonance form 36b
should decrease the aromaticity of the system and
hence increase the quinoid character of the polymer.
In fact the wavelength of the lowest 7—x* transition
of 36 at 474 nm indicates a smaller AE than for BT
(Amax = 300 nm).1”” The oxidation potential of 36 was
slightly higher (40—60 mV) than that of bithio-
phene,'’®178 indicating that the carbonyl group has
only a moderate effect on the energy level of the
HOMO. Similar small differences were found be-
tween the oxidation potentials of the electrodeposited
polymers namely 0.85 vs 1.00 V/SCE for poly-
(bithiophene).176178 The bandgap value determined
by spectroelectrochemical experiments was 1.10—1.20
eV,17¢ a value confirmed by CV.178

Ketone 36, synthesized in 1970 by Wynberg et al.1"®
(Scheme 13) now occupies a special position since all
bithiophenic precursors of small bandgap PTs re-
ported so far are derivatives of this molecule.

The first example involved the electropolymeriza-
tion of 4-(dicyanomethylene)-4H-cyclopenta[2,1-b:3,4-
b'ldithiophene (37), prepared by Knoevenagel con-
densation of 36 with malononitrile.18

Compared to 36, the stronger electron-withdrawing
effects of the dicyanomethylene group lowers the
LUMO level and leads to a decrease in AE confirmed
by the 100 nm red shift of the longest absorption
maximum. This absorption band was assigned to a
m—s* transition by analogy with 36 and also on the
basis of solvatochromic effects.’® The optical spec-
trum of poly(37) was strongly reminiscent of that of
poly(36) with the emergence of a new absorption
band extending to the near IR and with a long
wavelength band edge at ca. 0.80 eV (Figure 6). The
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small difference observed between the onset potential
for p- and n-doping was consistent with this low gap
value.&

Theoretical calculations on a geometric structure
optimized by semiempirical techniques led to the
conclusion that introduction of the dicyanomethylene
group at the sp?bridging carbon induces major
geometrical changes within each ring resulting in a
structure which can be viewed as a combination of
aromatic and quinoid geometries.'8? The small E,
value calculated for poly(37) (0.59 eV) was related
to HOMO and LUMO levels located between those
of aromatic and quinoid PT chains.’8 On the basis
of the same methodology, it has been suggested that
poly[(dicyanomethylene)cyclopentadicyclopenta-
diene] should exhibit an even smaller bandgap of 0.16
eV.182

The synthesis of 4-[cyano[(nonafluorobutyl)sulfo-
nyllmethylidene]cyclopenta[2,1-b:4,3-b']dithiophene
(40) was recently described.’®® Similar to poly(36)
and poly(37), the electronic absorption spectrum of
the neutral electrogenerated poly(40) exhibits a ba-
thochromic extension toward the near IR leading to
an estimated bandgap of 0.67 eV.18

The above results may lead to the conclusion that
a significant reduction of Eq in this type of polymer
requires introduction of strong electron-withdrawing
group at the sp?-bridging carbon. This hypothesis is
however contradicted by several recent examples.
Thus, omission of the last hydrolysis step during the
synthesis of ketone 36 (Scheme 13) afforded the
dioxolane 38 which had not been isolated so far. This
compound can be easily electropolymerized and the
CV of the resulting polymer exhibits a potential
difference betwen oxidation and reduction consider-

Absorbance

0

06 10 14 18 22 26 30 34 38
E/eV
Figure 6. Electronic absorption spectrum of poly(37) on
ITO. (Reprinted from ref 180. Copyright 1991 Royal Society
of Chemistry, UK.)
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Figure 7. Cyclic voltammogram recorded in 0.10 mol L™
BusNPF¢/MeCN, scan rate 100 mV s™1: (top) PBT; (middle)
poly(36); (bottom) poly(38). (Reprinted from ref 178. Copy-
right 1994 Royal Society of Chemistry, UK.)

ably smaller than for poly(bithiophene) (PBT) and
even poly(36) (Figure 7).178

This small electrochemical gap is partly due to the
low oxidation potential of poly(38) (0.70 V/SCE vs
0.85 V for poly(36), which suggests that the dioxolane
group has less influence on the HOMO level than the
ketone or dicyano group in 36 and 37. The narrow
bandgap of poly(38) is confirmed by its optical
spectrum which shows a large red shift of the main
absorption band compared to poly(BT) and a low
energy absorption edge at 1.10—1.20 eV similarly to
poly(36) (Figure 8).

As already observed for polyether substituted
PTs,*®4 the introduction of the dioxolane group leads
to a considerable increase in hydrophilicity of the
polymer. Consequently, poly(38) remains fully elec-
troactive in aqueous medium in striking contrast to
PBT and poly(36).18> Compound 39 was prepared by
dithioacetalization of ketone 36. Similar to other
thiophenic precursors containing sulfide groups,86.187

Roncali
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Figure 8. Electronic absorption spectra of undoped poly-
mers on ITO: (--+) Dotted PBT; (- -) poly(36); (—) poly(38).
(Reprinted from ref 178. Copyright 1994 Royal Society of
Chemistry, UK.)
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electropolymerization of 39 was difficult and pro-
ceeded with low yield. Nevertheless, the electro-
chemical data of poly(39) suggest a bandgap of about
1.40 eV.18

Bithiophenes 41 and 42 have been synthesized by
Wittig—Horner or Wittig olefination of thienocyclo-
pentanones with appropriate phosphonates esters or
phosphonium salts (Scheme 14).188-1%0

As expected, introduction of the 1,3-dithiole moiety
leads to a 0.30—0.50 V decrease in the oxidation
potential compared to BT and to a 100 nm red shift
of Amax-t® Similar trends were observed for the
corresponding electrogenerated polymers. However,
polymers derived from 42 show higher oxidation
potentials and blue-shifted absorption maxima than
those derived from 41.1%° These differences probably
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reflect the lack of a-conjugation of the two thiophene
rings in 42. Polymers derived from 41 absorb at
much longer wavelengths than PBT, (up to 689 nm
for R = CO;Me) and exhibit E4 values down to 1.40
eV for R = (S)-n-hexyl. Some of these polymers show
high conductivites, up to 50 S cm™2, that have been
attributed to the consequences of intermolecular S---S
interactions.%°

These results as well as those obtained for poly-
(38) and poly(39) pose several interesting problems.
As a matter of fact, the arguments developed for poly-
(36) and poly(37) about the electron-withdrawing
effects of the CO and (CN), groups cannot be invoked
here, and the reduction of E; must have another
origin. Whereas an alternate explanation involving
the enhanced planarity and possible decrease of BLA
caused by the rigidification of the s-conjugated
system has been suggested,’1°! this question is not
fully elucidated yet.

C. Dithienylethylenes

Conjugated polymers obtained by the electropoly-
merization of dithienylethylene (43)'921% or difuryl-
ethylene (44)'% have attracted increasing interest
recently. As a matter of fact, these polymers consti-
tute interesting models of the corresponding poly-
(heteroarenevinylenes) while preserving the advan-
tages of electropolymerization in terms of rapidity
and straightforward electrochemical and spectroelec-
trochemical characterization. As for poly(arylenevi-
nylenes) or poly(heteroarylenemethines) (see section
V1), these polymers can be viewed as a combination
of the structures of (CH)x and polyaromatic CPs.

/ \ s /\ o
s o
\\/ \\/

43 44

As already discussed, a major drawback of exten-
sively z-conjugated precursors lies in the enhanced
stability of the corresponding radicals which exerts
deleterious consequences for the electropolymeriza-
tion process. Thus, electropolymerization of 43 was
initially reported as producing only poorly conductive
powdery deposits.’®® Optimized electrodeposition
conditions, low current densities, and the use of
propylene carbonate as solvent led to free-standing
films with conductivities up to 15 S cm™ and a
bandgap of 1.80 eV.196.197

While 43 was obtained by McMurry coupling of
thiophene-2-carboxaldehyde,°21% 3-alkyl substituted
analogs (45) have been synthesized by Pd-catalyzed
coupling of 1,2-bis(tri-n-butylstannyl)ethene with the
appropriate 3-alkyl-2-iodothiophene!®® (Scheme 15).
These precursors were polymerized either electro-
chemically or chemically using FeCl; leading to
soluble polymers. Electrogenerated films presented
better optical characteristics with an optical bandgap
of 1.70 eV.1981%  Analysis of the thermochromic
properties of these polymers did not provide evidence
for temperature-dependent distortion of the conju-
gated backbone, thus confirming that these polymers
are as expected, more rigid than poly(3-alkyl-
thiophenes).2%
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3,4-(Ethylenedioxy)thiophene (46) was initially
synthesized in 1970 as a potentially active anticar-
cinogen agent.?®! This compound has recently be-
come a focus of considerable attention when it was
shown that the corresponding polymer exhibits an
exceptional stability in the doped state associated
with high conductivity and a low optical bandgap
(1.60—1.70 eV).202:203

(E)-1,2-Bis-[3,4-(ethylenedioxy)thiophen-2-yl]ethyl-
ene (47) has been prepared by nickel-cataylzed
coupling of the Grignard reagent of 46, obtained by
transmetalation of the 2-lithio derivative, with trans-
dichloroethylene (Scheme 16).2% Electropolymeriza-
tion afforded an electroactive polymer with an optical
bandgap of 1.40 eV (Figure 9).

It has been shown that introduction of an electron-
withdrawing cyano group at the olefinic linkage of
poly(phenylenevinylene) led to polymers with high
electron affinity.2°5-297 This property has been used
in the fabrication of electroluminescent diodes in
which electron injection could be ensured by stable
metal electrodes.1%29208 Using a similar approach, a
further reduction of the bandgap of poly(43) was
recently accomplished by the synthesis of dihet-
eroareneethylene precursors with a cyano group at
the ethylene linkage 48—50. These compounds were
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Figure 9. Electronic absorption spectra of poly(47) on ITO
taken at (a) —1.3, (b) 0.0, (c) 0.1, (d) 0.2, (e) 0.3, (f) 0.4, (g)
0.5 V vs Ag/Ag*. (Reprinted from ref 204. Copyright 1995
Royal Society of Chemistry, UK.)
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obtained by Knoevenagel condensation of 2-thiophene-
acetonitrile with the appropriate thiophene- or furan-
2-carboxaldehyde.?%?

CHg
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While the presence of a methyl group on the
thiophene ring (50) has deleterious consequences for
the electropolymerization, incorporation of furan into
the structure (49) greatly improves the film-forming
properties allowing deposition of free-standing films
with a conductivity of 4.8 Scm™. This value, which
is considerably higher than those reported for poly-
(44),220211 shows that the association with thiophene
contributes to limiting the anodic overoxidation of
furan. Poly(48—50) show a significant bandgap
decrease compared to poly(43) or poly(44) with Eg
values of 1.40—1.50 eV for poly(49) and poly(50)
(Table 1). However, the most significant results were
obtained with poly(48) which exhibits an extension
of the absorption edge down to ca. 0.50 eV (Figure
10). The potential difference between the onset for
oxidation and reduction (less than 0.30 V) is one of
the smallest observed so far for a conjugated polymer
(Figure 11).2%°

Table 1. Main Electrochemical and Optical
Characteristics of Poly(diarylethylenes)

precursor Egd  Ered® Egap (V)P oS (cm™)  ref
43 1.80 15 196
43 0.98 1.80 1072 197
44 0.74¢ >2.50 107 210
44 0.58 2.20 0.32 211
45 1.70 107 199
47 1.40 204
48 0.55 -—0.10 0.50—0.60 0.07 209
49 1.00 -1.06 1.40 4.8 209
50 0.60 —0.50 1.50 209
58 0.58 1.40 1072-10"* 197

21n V vs SCE. P Optical. ¢ vs Ag/AgCI.
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Figure 10. Electronic absorption spectrum of undoped
poly(48) on ITO. (Reprinted from ref 209. Copyright 1995
Royal Society of Chemistry, UK.)
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Figure 11. Cyclic voltammograms of poly(48) on Ptin 0.1
mol L=! BusNPF¢/MeCN, scan rate 50—300 mV s™! by
increment of 50 mV s™*. (Reprinted from ref 209. Copyright
1995 Royal Society of Chemistry, UK.)

A recent extension of this strategy has concerned
the synthesis of oligomers 51—56. All these com-
pounds undergo electrochemical reduction at mod-
erately negative potentials (ca. —1.10 V/SCE) how-
ever, the position of the CN group and the extent of
conjugation strongly affect the electroreduction be-
havior.
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Thus, whereas reduction of 51 is irreversible, 52
is reversibly reduced to the dianion state through two
successive one-electron steps, while for the longer
oligomers 53—56, these two waves merge into a
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Figure 12. Potentiodynamic electrodeposition curves for
56 (left) and 55 (right), 1073 M in 10~ M BusNPF¢/CH,-
Cly, v =100 mV s71. (Reprinted from ref 212.)
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single step two-electron transfer.?2 Furthermore,
whereas 51—-54 are difficult to polymerize due to
their conjugated structure, the grafting of solubilizing
alkyl or dioxolane side groups into 55 and 56 com-
bined with the activating effects of the CN substit-
uents allows their facile electropolymerization (Fig-
ure 12) into highly cathode-active polymers with a
moderate bandgap (E; = 1.50 eV).?'?

Another interesting approach to reducing the band-
gap of poly(43) consists in the rigidification of the
dithienylethylene molecule by covalent bridging of
each thiophene ring with the central double bond as
exemplified by 58.1%7 This compound was synthe-
sized by McMurry coupling of the cyclic ketone 57,
obtained in three steps from 3-thienylacrylic acid?!3
(Scheme 17).

As could be expected, the bridging of the molecule
produces a strong enhancement of the resolution of
the vibronic fine structure in the optical spectrum of
58,2 and a red-shifted extension of the absorption
to ca. 460 nm (Figure 13). These changes are
accompanied by a decrease in the oxidation potential
from 1.10 V to 0.72 V. Compared to poly(43), poly-
(58) exhibits a strong decrease in the oxidation
potential from 0.98 to 0.58 V and a considerable
improvement of reversibility. As shown by the opti-
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Figure 13. Top: UV-vis absorption spectra of 43 (---) and
58 (—) in CH,Cl,. Bottom: Electronic absorption spectra
of undoped poly(43) (---) and poly(58) (—) on ITO. (Re-
printed from ref 197. Copyright 1994 Royal Society of
Chemistry, UK.)

cal spectrum of the polymers (Figure 13), this 0.40
V negative shift of the oxidation potential corre-
sponds to an equal reduction of the bandgap from
1.80 to 1.40 eV. This correlation suggests that the
reduction of Eg in this system reflects essentially an
increase of the HOMO level.*%”

The main electrochemical and optical data of poly-
(diheteroarene-ethylenes) (Table 1) show that with
the exception of 48—50, reduction of the bandgap in
these systems results from an increase of the HOMO
level which leads to E4 values in the range of 1.40
eV. This value which corresponds to the bandgap of
(CH)y has been proposed as the lowest limit of Eq for
these polymers.1% On the other hand, conductivities
remain rather low, which reflects the rather delicate
electropolymerization of these compounds due, as for
other conjugated precursors, to the limited reactivity
of their cation radicals.
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D. Diheteroarylene Methines

Parallel to the synthesis of poly(heteroaryleneme-
thines) by various elimination routes (see section
VI.B), Hanack et al. have developed another ap-
proach based on the preparation of short chain
conjugated precursors already containing the desired
methine linkage.?'5-21° These precursors have been
synthesized by Knoevenagel type condensation of
thiophene or pyrrole-2-carboxaldehyde with dihy-
drothiophene sulfones 59 (Scheme 18, route A) or
with sulfoxides 60, (route B) possibly substituted at
the 3- and 4-positions.
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In the case of unsubstituted sulfones, reduction to
the sulfide state (61) could not be achieved and the
sulfoxide route was the preferred one.?’®> Whereas a
large number of precursors have been synthe-
sized,?'6217 only a few examples of the corresponding
polymers have been briefly described.?18219
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Compounds 62—64 were polymerized electrochemi-
cally. However, as indicated by the quasireversibility
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of their oxidation CV, these extensively conjugated
precursors lead to rather stable cation radicals.
Consequently, electropolymerization appears essen-
tially limited to the formation of a dimer containing
significant amounts of starting material. This con-
clusion is confirmed by the similarity of the optical
spectra of the polymer and of the precursor, that both
exhibit a Amax around 450 nm and an Eg value of ca.
2.0 V.21

While the properties of these polymers are far from
exciting, in contrast the small AE values of the
precursors look very promising and clearly demon-
strate the efficiency of the incorporation of methine
linkages into the LCS.

To summarize, conjugated precursors are interest-
ing models that have established the impact of
multiple structural modifications on the bandgap of
LCSs. Furthermore, as shown by several examples,
this approach allows the incorporation into the
conjugated chain of rather unstable ring systems
capable of strongly influencing the magnitude of the
bandgap. However, the counterpart of this efficiency
at the level of the precursor molecule is a consider-
able loss in reactivity of the resulting cation radicals
which results in incomplete or even fully inhibited
electropolymerization. The conjugated precursor ap-
proach appears therefore a contradictory strategy.
The more effective it is at the molecular level the less
efficient it is at the macromolecular polymer scale.
Consequently, in view of the considerable reduction
of AE observed in some tailored conjugated precur-
sors, it seems that a chemical synthesis of oligomers
containing a limited number of these precursor
molecules would probably be much more efficient in
terms of gap reduction than their electropolymeriza-
tion.

VI.  Polymeric Precursors

Polymers involving various associations of olefinic
and aromatic substructures such as poly(arylene-
vinylenes) and poly(arylenemethines) form important
classes of CPs that have undergone considerable
developments. In spite of their different structures
these polymers have the fact in common that they
are generally synthesized by means of an elimination
reaction from a polymeric nonconjugated polymer.

A. Poly(arylenevinylenes)

The discovery of electroluminescence in poly(phen-
ylenevinylenes) (PPVs)!¢ has justified the wide cur-
rent interest in these polymers and in their smaller
bandgap parent poly(thienylenevinylene) (PTV) and
poly(furylenevinylene) (PFV). PPVs were initially
prepared by means of the polymerization of bis-
[(halomethyl)benzenes]?® by Wittig olefination?7:221.222
or Knoevenagel condensation.?®® However, these
various routes gave essentially low molecular weight
insoluble and infusible materials. An important step
in the development of these polymers occurred with
the soluble precursor route.??>-22%6 This method which
was then extended to other polymers such as
PTV?27-22% and PFV,2% involves the synthesis of a
polyelectrolytic nonconjugated polymer by condensa-
tion of 2,5-bis(chloromethyl)thiophene or -furan
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with tetrahydrothiophene followed by thermal con-
version to the corresponding conjugated polymer
(Scheme 19).

An alternative method involving hydrogen abstrac-
tion from poly(2,5-thienyleneethylene) has also been
reported.?3 While more recently a PTV dimethoxy-
substituted at the vinylene linkage has been pre-
pared by benzoin condensation of thiophene dicar-
baldehyde followed by deprotonation and oxymeth-
ylation.?32 Another soluble PTV derivative obtained
by McMurry coupling of 3,4-dibutoxythiophene-2,5-
dicarbaldehyde has also been described.?33

Several works have shown that PTV and PFV
exhibit smaller bandgaps than their purely polyaro-
matic parent PT and poly(furan). Thus PTV shows
a bandgap of 1.70—1.80 eV?%7%34 ca. 0.4 eV smaller
than PT and close to the value of 1.60 eV calculated
using the VEH method.??®> A bandgap of 1.76 eV has
been reported for PFV,23° considerably smaller than
that of poly(furan).23¢

Whereas in the case of furan-based polymers this
difference is mainly due to the overoxidation of the
furan ring in poly(furan), the smaller PTV bandgap
compared to that for PT is the result of two effects
(i) a decrease in the overall aromatic character of the
m-conjugated system, allowing a better delocalization
of m-electrons over the whole polymer chain, and (ii)
a limitation in rotational disorder due to the presence
of ethylenic linkages of defined configuration. At-
tempts at reducing the PTV bandgap have given rise
to various structural modifications, and it has been
shown that introduction of an alkoxy group at the 3-
or 3- and 4-positions of the thiophene ring could lead
to a significant decrease of E4.2%” Thus, as has been
reported recently, the electronic absorption spectra
of poly(3,4-dibutoxythienylenevinylene) and other
dialkoxy substituted PTVs synthesized by an im-
proved thermal elimination route exhibit a marked
red shift of Amax to 700 nm and a broad absorption
band extending into the near IR and leading to an
estimated bandgap of 1.20 eV (Figure 14).238

B. Poly(heteroarylenemethines)

Poly(heteroarylenemethines) are another class of
LCSs based on the association of aromatic and
olefinic moieties. These polymers differ from poly-
(arylenevinylenes) in that a variable proportion of the
aromatic moieties are converted into a quinoid form.
These polymers were proposed as low bandgap LCSs
by Jenekhe in 1986.2%° The idea was based on
theoretical considerations which led to the conclusion
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Figure 14. Electronic absorption spectra of poly(3,4-
dibutoxythienylenevinylene) on ITO: (a) neutral and (b)
doped. (Reprinted from ref 238. Copyright 1995 Royal
Society of Chemistry, UK.)

that the quinoid form of PT should possess a signifi-
cantly smaller bandgap than the aromatic form?33:240
and that poly(arylenemethines) should exhibit small
bandgaps.?*%242 Thus, by forcing some parts of the
m-conjugated system to adopt a quinoid geometry and
by mixing the aromatic and quinoid forms in variable
proportions, one should, in principle, be able to tune
the bandgap between the two limiting values.?®® The
small bandgap expected for this class of conjugated
polymers has been confirmed in a number of theo-
retical works,?#37247 while much effort has been
devoted to their synthesis. Since the initial reports
on poly(methines), thiophene derivatives have been
used as substrates because of the relatively small PT
bandgap.?®® Poly(thiophenemethylidenes) were ob-
tained by the condensation of a thiophene oligomer
with an aldehyde followed by an elimination reaction
(Scheme 20). A bandgap as low as 0.75 eV, which
was at that time the smallest known value of Eg for
an organic polymer, was claimed.?®® However, the
structure of the polymer obtained and the reality of
bandgap reduction have been subject to controversy
and, since dehydrogenation was achieved with bro-
mine,?® it has been suggested that the resulting
polymers were partially brominated and doped with
bromine.?#%2%0 Nevertheless, the effectiveness of this
synthetic route has been demonstrated by the syn-
thesis of poly(terthiophenemethylenes) by acid-
catalyzed polymerization of terthiophene with alde-
hydes.?® This method was recently extended to the
synthesis of 20 new polymers containing one to four
a-thiophene rings connected by an sp? carbon bearing
variously substituted phenyl groups (65).252 The
methylene bridge was preserved only for the poly-
mers containing bithiophenes or higher oligomers,
while in the case of single thiophene rings, consider-
able and even complete dehydrogenation occurred
(Scheme 20).252

These precursor polymers were then converted into
the corresponding poly(thienylenemethines) (66) by
dehydrogenation using DDQ. The conversion process
was effective only for precursors containing bithio-
phene units, whereas the structure of polymers
incorporating longer oligomers remained uncer-
tain.?s3
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The determination of the polymers bandgaps by
electrochemical and optical methods gave consistent
results. Polymers with single thiophene rings show
Amax in the 460—500 nm region and Eg4 values similar
or slightly smaller than that of PT. Incorporation of
bithiophene units results in a red shift of Amax (580—
650 nm) and in a reduction of Eq down to 1.14—1.45
eV, depending on the substitution of the phenyl ring.
Compared to hydrogen, para substitution by electron-
releasing groups leads to smaller Eg while introduc-
tion of electron-withdrawing groups has opposite
effects. As shown by electrochemical data, the de-
crease of Ey results mainly from a 0.45-0.60 V
decrease of the oxidation potential while the positive
shift of the reduction potential was much smaller (ca.
0.30 V).%58

Other groups have developed alternative synthetic
routes toward poly(arylenemethines). Early works
used the condensation of 2-(chloromethyl)-5-formyl-
furan with pyrrole or thiophene, or the reaction of
a,a,0’-trichloro-p-xylene with aromatic compounds in
the presence of Friedel—Crafts catalysts.?> However,
the resulting insoluble polymers exhibit a consider-
able amount of structural defects and low conductiv-
ity after doping.?® Another strategy developed by
the same group involved the condensation of 2-lithio-
thiophene with 2,5'-dithiophenedicarboxaldehyde
(Scheme 21 route A) or that of 2,5-dilithiobithiophene
with 2-formylthiophene (route B) to give a dicarbinol
67.255 Addition of protonic or Lewis acids to solutions
of 67 leads to the precipitation of an insoluble black
solid which was interpreted as a polymerization of
the cation resulting from the monodehydration of the
dicarbinol.?%®

Various thiophene- and N-methylpyrrole-based
polymers have been prepared according to this pro-
cedure. The optical spectra of solution-cast films
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exhibit absorption features in the 800—1500 nm
region with absorption edges down to 1600 nm. The
polymers were shown to be photoelectrically active
with a spectral dependence of photoconductivity
following the absorption spectrum. However, owing
to uncertainty regarding their exact oxidation state,
it was difficult to conclude unequivocally that these
polymers have small intrinsic bandgaps.?®®> More
recently, these authors reported an improved proce-
dure involving the use of a thienyl aryl ketone instead
of 2-formylthiophene and isolation of the dicarbinol
intermediate.?®® Films were then cast from solutions
of the dicarbinols, and after removal of the solvent,
the films were treated with trifluoroacetic acid. This
process, which led to immediate color change from
colorless to deep blue, was interpreted as resulting
from a polycondensation reaction as in Scheme 21,
although acid doping is also a possibility.?57258 The
optical spectra of the resulting materials show ab-
sorption edges as low as 0.60—0.80 eV for aryl-
susbstituted polymers. However, the spectrum of the
electrochemically reduced polymer showed that the
bandgap is probably closer to 1.30—1.40 eV.?%6

VIl. Ladder Polymers

The synthesis of ladder-conjugated polymers as a
mean of reaching low bandgap polymers has been
considered in early works.?59260 Such polymers that
can be considered as 1D graphite ribbons, represent
a possible strategy for increasing the dimensionality
of low dimensional w-conjugated polymers and hence
counterbalance the effects of BLA and Peierls
instability.?223:30-34

A. Polyacenes

Polyacene (68) is probably the most famous mem-
ber of this class of materials. Interest in this mate-
rial is based on theoretical considerations and also
on experimental results obtained for the first mem-
bers of the oligomer series.?>®

Polyacene can be viewed as a combination of two
parallel chains of trans (CH) fastened together. Due
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to its unique structure, this polymer has been the
focus of much theoretical interest.?6°-267 Kivelson
and Chapman proposed that 68 should be metallic
and could possibly exhibit superconducting proper-
ties.?8? Other works concluded that 68 would not be
subject to Peierls distortion and should have a
metallic band structure.?62263 A bandgap of 0.50 eV
was calculated by Yamabe et al.?6? while a zero
bandgap was predicted by Brédas et al.?®* and Po-
merantz et al.,?®> and a value of 0.20 eV was calcu-
lated by Kao and Lilly.266

Oligomers of the acene series have been synthe-
sized up to heptacene.?’® Examination of the redox
potential and the HOMO—-LUMO gap of the first
members of the series reveals a sharp decrease of AE
from naphthalene to heptacene which suggests that
increasing chain length could lead to a very small
and perhaps vanishing bandgap.?5?2%® Until now
heptacene remains the longest known member of the
series and despite several attempts leading to ma-
terials of unspecified structure,?°-273 the develop-
ment of a straighforward and unequivocal synthesis
of polyacene remains an open question. More recent
attempts have been directed toward the synthesis of
precursors by means of repetitive Diels—Alder addi-
tions,?’427> while the synthesis of polyacene via the
cyclization of polybutadiyne has been studied theo-
retically.?’® Preparation of 68 by means of the LB
method has also been considered,?”” while oligomers
with a polyacene-based structure have recently been
prepared by heating diphenyldiacetylene under high
pressure.?78.279

The search for other rigid systems possibly devoid
of Peierls distortion has led to consideration of
different structures in which fastened parallel 7-con-
jugated chains of (CH)x are combined in different
ways. Thus, polyphenanthrene (69) can be viewed
as the result of various combinations of cis-(CH)y
chains. This polymer was predicted as having a very
large bandgap of 10.6 eV. However, due to the
considerable overestimation inherent in the employed
method of calculation, the authors estimated the real
gap to be around 4-5 eV.%¢?

69

A polymer with a structure close to that of 69 was
recently synthesized by an electrophilic-induced cy-
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clization reaction (70).2° The spectral charac-
terisitics of this polymer (Amax = 360 nm, Eq = 2.60
eV) appear in qualitative agreement with the large
bandgap value predicted for polyphenanthrene.

Polyacenacene (71) is another one-dimensional
graphite involving three parallel trans-(CH)x chains.
This polymer has been considered theoretically and
predicted to have a metallic band structure with no
bandgap.?%3281 Of the three envisioned structures,
the “aromatic one”, namely that with no BLA, was
predicted to be the most energetically stable.?8!

71

B. Poly(perinaphthalene)

Poly(perinaphthalene) (72) has been of interest for
more than 15 years. Similar to 68, 69, and 71, this
polymer can be viewed as a combination of (CH)x
chains. In a first publication, Kaplan et al. reported
a conductivity of 250 S cm™! for a material obtained
by pyrolysis of 3,4,9,10-perylenetetracarboxylic di-
anhydride (PTCDA) at 700—900 °C in vacuum.?®? The
films obtained when pyrolysis was performed in the
presence of niobium as dopant were claimed to be
superconducting with an onset T, of 12 K.?82 Sub-
sequent work established that poorly conducting
material (6 =5 10™* S cm™%) could also be produced
by electron beam or argon ion beam irradiation of

PTCDA 283284
aYeYe
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Using the same precursor but a modified synthetic
procedure, Igbal et al. obtained 72 as whiskers with
pellet conductivities ranging from 102 to 15 Scm™?
depending on the pyrolysis temperature.?®®> Much
higher conductivities (up to 1100 S cm™) were
reported by Murakami et al.?®.287 however in both
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cases the hydrogen content of the material was much
lower than that expected for 72, suggesting that
significant graphitization took place during the py-
rolysis process. More recently thin films of 72 with
conductivity of 5.7 x 1074 S cm~! were obtained by
chemical vapor deposition using PTCDA as the
precursor. The activation energy determined from
the temperature dependence of the conductivity was
found to be 0.18 eV.288

The electronic properties and band structure of
PPN have been investigated using different theoreti-
cal approaches.?65285289-2% |t has been pointed out
that 72 has a zero topological bandgap and as for
(CH) the bandgap is not related to the connectivity
of the conjugated backbone but appears basically as
a consequence of the Peierls distortion and electron—
electron interaction.?®® The band structure of 72 has
been analyzed by several authors. On the basis of
the assumption of a slightly quinoid structure, Bré-
das et al. have obtained a bandgap of 0.44 eV for a
single chain and of 0.29 eV for the crystal assuming
a crystal structure similar to that of perylene.?®® A
more recent study has underlined the fact that the
bandgap is governed to a great extent by the degree
of BLA,>®* and a larger bandgap was predicted (0.56
eV) in satisfying agreement with the values extrapo-
lated from experimental data obtained on short chain
oligomers that range between 0.92—0.982% and 1.32
eV.296

Despite the interest of these various works, the
synthetic problems posed by the preparation of a
polymer with well-defined structure has remained
unsolved due, among other things, to the intractabil-
ity of the materials obtained by pyrolysis. As hap-
pened for PT, this situation has triggered a high
interest in shorter chain oligomers as model com-
pounds. While the first members of the oligorylene
series e.g. terylene and quaterylene have been known
for several decades,?°"?% their extremely low solubil-
ity has prevented any attempt at direct characteriza-
tion by conventional methods. Recently, Mullen et
al. reported the synthesis of the first examples of
soluble oligorylenes 77.2%° The preparation of these
compounds involved the palladium-catalyzed cou-
pling of 2,7-di-tert-butylnaphthalene boronic acid 73
with dibromo compounds 74 and 75, to afford the
polynaphthalene 76 which was then cyclized into the
target molecules by treatment with potassium and
oxidation with anhydrous cadmium chloride (Scheme
22). In the case of the longest compounds (n = 2) a
further cyclization reaction using Kovacic conditions®
(CuClI,/AICI5/CS;) was needed to achieve complete
cyclization.?®®

As expected, the increase in the degree of annela-
tion leads to a large bathochromic shift of An.x and
to a strong decrease of the first oxidation potential
down to a value as low as 0.23 V/SCE. These changes
result in a large reduction of the HOMO—-LUMO gap
AE down to 1.80 eV for n =2 (Table 2). Furthermore,
the number of accessible redox states increases with
n and for n = 2, the system can be oxidized to the
tetracationic and reduced to the trianionic state.?®®

The AE value obtained (1.60—1.80 eV for n = 2) is
already significantly smaller than that for poly(p-
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Table 2. Main Optical and Electrochemical Data for
Oligorylenes 77 as a Function of the Degree of
Annelation

/‘Lmax AEelec AEOpt AEtheor
(nm)  Eud Ered® (eV) (eV) (eV)

439 0.78 —1.99 2.77 2.67 2.78
560 0.43 —1.57 2.00 2.14 2.19
660 0.23 —1.42 1.64 1.80 1.84

a1n V vs SCE (ref 299).

NP, O|S

phenylene) (3.40 eV) and poly(p-phenylenevinylene)
(2.50 eV) and comparable to that for (CH) (1.40 eV).
Compounds 77 become conductive upon doping with
iodine. Their powder conductivities reached 5 S cm™
for n = 2. An EPR study of the radical anions of 77
has revealed that considerable spin density prevails
at both ends of the molecules, making them interest-
ing models for the elaboration of molecular electronic
devices.300301 Extrapolation of experimental results
obtained for 77 led to estimated values of 0.80—0.98
eV for the bandgap of 72 which falls within the range
of several theoretical predictions.293:2%4

Very recently, Schluter et al. have described the
synthesis of a new type of ladder polymer constructed
by combining 68 and 72. The resulting structure is
reminiscent of the open-chain analog of the belt
region of Cg.3%? These polymers were prepared by
Diels—Alder reaction of the dienophile 78 with the
in situ-generated bis-diene 79, to give a partially
saturated precursor 80 which was then converted
into the target polymer 81 by dehydration with
p-toluenesulfonic acid (Scheme 23).

While the first members of this new class of
polymers were poorly soluble, further work has led
to soluble polymers or oligomers with variable pro-
portions of acene vs rylene moieties in the struc-
ture.3%3304  Theoretical calculations for a polymer
based on a succession of naphtalene and anthracene
units predicted a bandgap of 2.15 eV, which is in
excellent agreement with experiment.3%
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C. Polyquinoxalines and Related Polymers

While several of the above structures are in fact
ladder polymers, this term is more generally em-
ployed in the literature on conjugated polymers, to
designate polymers already existing in nonbridged
form e.g. polyaniline or poly(p-phenylene).

Ladder-type polymers can be prepared by two main
general strategies. The first employs the polymeri-
zation of multifunctional monomers in which both
strands of the ladder structure are generated in a
single reaction, while the second is based on the
cyclization of a suitably substituted single stranded
open chain.3%

Polyquinoxalines (82) are probably one of the first
class of ladder polymers to be investigated. These
materials have initially been developed because of
their high tensile strength and excellent thermal
stability.306307 Recently, their electronic properties
have drawn renewed attention when it was suggested
that the rigidification of the structure represented
an interesting approach for the improvement of the
electronic properties of the polymers with respect to
electronic and nonlinear optical applications.308-310

Polyquinoxalines have been prepared by the con-
densation of a dihydroxy diketone with aromatic
polyamines (Scheme 24).306-308

The analysis of the electronic properties of a model
compound 5,12-dihydro-5,7,12,14-tetraazapentacene
(83) has shown that this compound absorbs down to
600 nm and can form a conductive crystalline com-
plex with methanesulfonic acid.308:30°

Other related structures involve rigid oligomers
with the heteroacene skeleton such as oligophenothi-
azines (84) obtained by direct thionation of various
anilino derivatives.3™* Oxidation of the leuco (L) form
afforded the quinoid (Q) form which exhibited a

Scheme 24
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strong absorption with maxima at 521 and 556 nm.
Surprisingly, the highest conductivity (ca. 5 x 107
S cm™1) was found for the L form while the Q form
was found to be insulating.3!!

COCLICCD

A semiconducting ladder polymer was obtained by
polycondensation of 2,3,5,6-tetrachlorobenzoquinone
and a 3,7-diaminophenazinium chloride. The poly-
mer was reported to have an intrinsic conductivity
ranging from 7.2 x 1078 to 8 x 107 S cm™1, depend-
ing on the method of preparation. However, there
was no increase in conductivity upon doping.3'?
Recently the synthesis of ladder polyanilines was
attempted through the electropolymerization of
o0-phenylenediamines3!3-316 gr o-aminophenols.3!7:318
However, the resulting polymers exhibited low mo-
lecular masses and low conductivities and their
structure was not unequivocally ascertained.313-318

D. Poly(phenylenes)

More conclusive results have been obtained con-
cerning the preparation of ladder poly(p-phenylene)
(PPP). A first step in this direction involved the
synthesis of poly(tetrahydropyrene) 85 from a di-
bromo precursor (Scheme 25).319

This polymer can be viewed as a partially rigidified
PPP in which the presence of the two ethano bridges
should improve planarity. In fact a recent analysis
of the evolution of the optical properties of oligomers
as a function of chain length has shown that for an
equal number of six benzene rings, oligomers of the
85 series absorb at a significantly longer wavelength
(352 vs 308 nm) (Table 3), thus confirming that
partial planarization markedly increases the effective
conjugation length.32°

The first fully planarized ladder PPP (86) was
synthesized in 1991 by Scherf and Mullen.??? This
polymer was obtained by Suzuki coupling®?? of an
aromatic dibromo diketone with an aromatic dibo-
ronic acid (Scheme 26).

After polymerization, reduction of the keto groups
afforded a polyalcohol which was readily converted
into the ladder polymer 86 by Friedel—Crafts alky-
lation.®?® The soluble polymer was obtained with a
molecular weight M, of 20 000 (about 45—50 phen-

Scheme 25
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Table 3. Longest Wavelength Absorption Maxima of
PPP Oligomers (from ref 320)

no. of

benzene rings PPP 85 86
3 279 335

4 292 329
5 299 390

6 308 352
7 414

8 364

10 370

12 375

Scheme 26
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ylene units). As shown by a study of the correspond-
ing oligomers, for an equal number of benzene rings,
fully bridged oligomers absorb at a considerably
longer wavelength (Table 3),%2° thus confirming that
planarization significantly increases the effective
conjugation. In fact comparison of the optical spectra
of PPP and of its ladder version has confirmed that
the latter shows a smaller bandgap i.e. 2.70 vs 2.90—
3.20 eV for conventional PPP.324

Due to their rigid and regioregular structure,
ladder PPPs undergo low-energy losses by nonradia-
tive decay and thus exhibit a high quantum efficiency
of photoluminescence (>60%) which has been used
in the fabrication of light-emitting diodes.®?>~327 More
recently the photovoltaic properties of 86 were also
investigated.®?® Various topological isomers of ladder
PPP have been considered from a theoretical view-
point and the calculated bandgaps were in the range
of 2.40—2.50 eV, in good agreement with experi-
ment.329’33°

Using a different approach, Tour et al. synthesized
ladder PPPs in which consecutive phenyl rings are
bridged by an imine group.33 The polymers were
synthesized by Pd(0)-catalyzed coupling of a dibromo
diketone with a diboronic derivative of a protected
diamine. After polymerization, treatment of the
polymer with trifluoroacetic acid afforded the ladder
polymers 87 (Scheme 27).

The polymers were reported to be soluble in their
noncyclized form while the cyclized polymers showed
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Amax in the range of 463—490 nm in the solid state.33!

In order to achieve a further bandgap decrease, the
conversion of ladder PPP into ladder type poly-
(arylenemethide) (88) has been investigated.332.333
However, dehydrogenation with DDQ was possible
only in the case of a ladder PPP having a majority of
meta linkages, while for purely para-linked polymer,
dehydrogenation was carried out by lithiation of the
benzylic positions followed by oxidation using cad-
mium chloride.333

While the resulting polymer exhibited a series of
absorption peaks characterisitic of oligo(phenylene-
methide) segments (Imax = 544, 687, 828, and 940
nm), structural irregularities were present in the
material 333

Ladder polymers with an heteroacene skeleton
corresponding to a rigid polyphenylene sulfide with
alternant meta and para linkages 89 have been
described recently.334335 These polymers exhibit wide
gaps with Amax at 306 nm; however, they are easily
converted into aromatically stabilized near-IR ab-
sorbing polycations.33%

R = Ph-p-nDec

As demonstrated by several of the above examples,
rigidification of LCSs into ladder systems represents
an efficient strategy to reducing the bandgap of
conjugated polymers. However, until now this ap-
proach has been essentially applied to phenylene-
based structures which, owing to the high resonance
energy of the benzene ring might not be the most
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appropriate substrate for achieving very small band-
gap values.

VIll. Molecular Linear s-Conjugated Systems

Despite the broad variety of structures and syn-
thetic routes considered in the previous sections,
these different approaches resort in fact to two main
strategies namely the design of a precursor molecule,
in general extensively conjugated, already involving
the structural features expected to produce a de-
crease of Eg and the synthesis of polymers in which
a small Egy results essentially from the topology
imposed on the LCS. While many of the above
examples have demonstrated the efficiency of these
two strategies, they do present however, some im-
portant drawbacks. Thus, whereas tailored precur-
sors have made it possible to establish the role of
several structural factors in the control of E4, some
of them possess an extensively conjugated structure
which results in poorly reactive cation radicals and
hence in incomplete polymerization. On the other
hand, although the synthesis of ladder polymers has
allowed a significant reduction in the bandgap, the
lowest values reached so far on phenylene-based
systems, are still in the range of 2.0 eV.

This situation leads to the conclusion that the
design of molecular LCSs based on the combination
of the two above approaches can represent an inter-
esting new strategy for the synthesis of small band-
gap LCSs. In recent years, the control of the elec-
tronic properties of molecular LCSs with view to
synthesizing molecules and materials for quadratic
and cubic nonlinear optics has attracted keen at-
tention.3%6-338 |In this regard, thiophene-based LCSs
are of particular interest due to their stability,
structural versatility, and moderate AE.23°734 |In
fact, this recent development parallels the broad
fundamental'?37-46 and technological®34>—3* interest
in thiophene oligomers (nTs). Although the synthesis
of NLO molecules and that of small bandgap LCSs
have different aims, the common feature is that both
require the design of a conjugated z-system showing
optimal electron transmission properties.

A first possible approach to reducing the AE in nTs
involves the insertion of electron acceptor groups into
the conjugated path in order to create alternate donor
and acceptor moieties. Although this idea was
already implicit in earlier works,176180 jt was only in
1992 that this concept was proposed explicitly as an
alternative route toward small bandgap polymers.34®
Thus, condensation of squaric acid (90) and croconic
(91) acids with various bifunctional electron donor
analogs of donors in squaraine dyes,3#6734¢ such as
benzodipyrrolines or benzodithiazoles, led to poly-
squaraines and polycroconaines, 92 and 93 (Scheme
28), with bandgaps down to 0.5 eV.345 Shortly after,
this strategy was extended to include other donors
like terthienyls. However, the resulting polymers
exhibited larger gaps (1.1—1.4 eV).%*° More recently
the same group reported water-soluble polymers of
type 92 and 93 formed by substituting the donor
moiety by alkanesulfonate groups. The polymers had
optical bandgaps as low as 0.7 eV which were
correlated to the photoconductivity bandgap.3*°
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Another application of this concept involved the
thiophene—silole hybrid system 94. The basic tri-
meric structure was prepared by nickel-catalyzed
intramolecular cyclization of diacetylenic precursors
(Scheme 29).

The resulting trimers were then converted into
higher oligomers or polymers by palladium cross
coupling of organotin and halo derivatives of the basic
unit.3%* While these hybrid structures have smaller
gaps than nTs and even PT, the decrease in AE
remains limited since the Amax of compound 94
containing 33 heterocycles (n = 11) reaches only 615
nm.3! Recently, it has been shown that replacement
of the silole ring by cyclopentadienone with stronger
electron-withdrawing effects allows a further de-
crease in AE with Amax reaching 706 nm for 95.352

Et0,C._ _CO,Et EtO,C._ CO,Et

[\ I 7\ R=HMe
R™ g s s” R

95

While introduction of electron-withdrawing groups
aims to reduce Eg4 by lowering the LUMO level, the



196 Chemical Reviews, 1997, Vol. 97, No. 1

alternative approach based on the raising of the
HOMO level by incorporation of electron-releasing
groups into the electronic structure, has also been
developed. Thus, substitution of the end thiophene
rings of nTs by alkoxy groups has been shown to lead
to a decrease in oxidation potential and to a Amax red
shift_353,354

Tetrathiafulvalene derivatives (TTFs) rank among
the most effective s-electron donors which have given
rise to several organic superconducors.®%3% |t was
therefore interesting to take advantage of these
s-donor properties by synthesizing hybrid conjugated
systems combining some structural features and
properties of both nTs and TTF.3%77361 Hybrid nT-
TTFs built around z-conjugated spacers of 1, 2, or 3
conjugated thiophene rings (96) have been synthe-
sized by Wittig or Wittig—Horner olefination of the
appropriate dialdehyde, although some of them have
also been prepared by electrochemical synthesis.36!

R
.
SN
7\ s ./
A 01,2
n=01,
$" s Ry = CO,Me

)§< R; = SMe

R1 R‘ R1 - R1 = (CH=CH)2

96

The electrochemical and optical properties of NTs-
TTFs show that AE depends on substituents R; and
on the length of the nT spacer. However, although
nTs-TTFs exhibit smaller AE values than their
constitutive building blocks,35°:3¢0 the increase of the
length of the nT conjugated bridge leads, already for
n = 1, to a saturation of effective conjugation.3° In
this case AE reaches at best 2.30 eV, a value
comparable to that of sexithienyl.62 This moderate
value is, however, larger than expected in view of the
apparent conjugation length. X-ray studies have
revealed that the strong S---S interactions between
the sulfur atoms of the thiophene and 1,3-dithiole
rings rigidify the lateral parts of the molecule (Scheme
30).360

This leads to the conclusion that the observed
convergence of AE results essentially from the rota-
tional disorder in the nT spacer. Consequently
further reduction of AE in these systems should not
resort to a lengthening of the nT spacer but rather
to the minimization or suppression of rotational
disorder.

This question has been approached in several ways.
A first solution involves the substitution of both ends
of the molecule by functional groups capable of
imposing a quinoid geometry on the whole z-conju-
gated system. This is exemplified by 97 in which the
two dicyanomethylene groups stabilize the quinoid

Scheme 30
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form of the LCS.3% These compounds, developed as
conjugated electron acceptors, are characterized by
a red-shifted absorption (up to 557 nm) and by the
occurrence of their first reduction in the +0.02 to
—0.13 V vs Ag/AgCI potential range.

Extensively conjugated p-diphenoquinone analogs
98 (Scheme 31) represent another illustration of this
strategy.364-367

The nTs conjugated system was constructed by
successive Pd-catalyzed cross-coupling reactions lead-
ing to disiloxanes which were subsequently converted
into the target compounds by hydrolysis and oxida-
tion (Scheme 31). This last step leads to the dearo-
matization of the thiophene rings with formation of
a fully quinoid m-conjugated system. The electro-
chemical properties of compounds 98 show that the
first oxidation potential E.1 decreases from 1.20
VISCE for n = 1 to 0.55 V for n = 4 while concur-
rently, the first reduction potential E;.q1 shifts from
—0.46 V to —0.20 V. For n = 4 this leads to a
potential difference Esym = Eoxl — Eregl of 0.75 V
which lies among the smallest reported for molecular
LCS.365 This small AE is confirmed by the consider-
able red shift of Amax (558 to 830 nm) produced by
the increase of n from 1 to 4. The effects of the
substitution of the end phenyl rings have been
analyzed and it has been shown that Ex1 and Ee4l
correlate with Hammett o, constants.®%53¢ More
recently, replacement of thiophene by tellurophene
(for n = 1) has been shown to decrease Eg, from 1.66
to 1.31 eV.3¢7

Rotational disorder in nTs-TTFs can be minimized
by another approach involving the replacement of the
nT spacer by an oligo(thienylenevinylene) (TV) one
in which the olefinic linkages of defined configuration
will limit the possible rotations. Futhermore, incor-

Scheme 31
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poration of double bonds into the conjugated spacer
will decrease its overall aromatic character which can
be expected to improve its electron transmission
properties.

I\ I \

S 4 S \ s / S A\ s
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R R = CO,Me R
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99

The synthesis of the first examples of extended TTF
analogs built according to this approach (99) has
confirmed these hypotheses and in contrast to 96, no
effective conjugation saturation was observed when
increasing the length of the TV spacer. Thus, for n
= 3, a AE value of 2.0 eV, already smaller than the
bandgap of PT, was obtained.®®® Furthermore, as
shown by their CV, even for n = 1, these compounds
are directly oxidized into their dication state through
a single-step two-electron process, thus confirming
the weak Coulombic repulsion in these systems.368
A further chain extension of these systems has been
accomplished by grafting solubilizing alkyl chains on
the thiophene rings of the oligo(thienylenevinylene)
spacer (100 and 101).3%° These compounds exhibit a
further decrease in oxidation potential and the dica-
tion can be formed directly at less than 0.20 V while
the tetracation is reached around 1.00 V (Figure 15).
This increase of the HOMO level results in a further
decrease of AE down to 1.85 eV.3%°

A recent analysis of the effects of the number of
double bonds inserted between the two heterocycles
in the dithienyl and difuryl polyene systems 102 and

L L 1 I 1
-0.50 0.00 0.50 1.00 150 V

Figure 15. Cyclic voltammograms of 100 (R = SMe), (103

mol L=1) in 0.1 mol L~! BusNPF¢/CH,ClI,, scan rate 100 mV
st (from ref 369).
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101 R = SMe
R = n-propyl

103 has shown that AE depends on the nature of the
heteroatom, on the length of the conjugated spacer
and on R. A judicious combination of these structural
variables allows a considerable increase of the HOMO
level and leads to oxidation potentials among the
lowest so far reported for hybrid TTF systems.3"°

102

103

R = CO,Me, SMe, n-Pr

A much more drastic approach for the suppression
of rotational disorder involves the full rigidification
of the conjugated system by the bridging of the
monomer units. While the use of bridged bithienyl
precursors represented a first step in this direc-
tion,173-178.180 35 more decisive step has been ac-
complished by the synthesis of a fully rigid terthienyl,
105. This compound has been prepared by oxidative
coupling of the enolate®”* of ketone 57, followed by
cyclization of the resulting 1,4-diketone 104 (Scheme
32).372

A comparison of the CV of 105 and terthienyl (3T)
shows that the bridging of the thiophene rings
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induces a negative shift of the first oxidation peak
corresponding to the formation of the cation radical
from 1.07 to 0.60 V. Furthermore, whereas reduction
of 3T requires very negative potentials, (—2.00 V in
DMF)%® that of 105 occurs at —0.75 V in MeCN
(Figure 16), while in THF reversible reduction to the
anion radical and dianion states are observed at
—1.00 and —1.15 V. These shifts result in decrease
of AE from 3.20 to 1.35 eV.372

The fact that effects of such magnitude are ob-
served already for a trimer indicates that rigidifica-
tion of nTs is a powerful approach, and these early
results strongly suggest that extension of this strat-
egy to longer oligomers could lead to very small
bandgaps.

Other recent examples of rigid LCSs involve ex-
tended TTF hybrid systems built around rigid bithie-
nyls bearing various substituents at the bridging
carbon 106—108."* Compared to their nonrigid
analogs 96, the CV of these compounds reveal a
decrease in the oxidation potential to 0.38 V for 106
and 107 and 0.18 V for 108 while the reduction
potential undergoes a positive shift up to —0.56 and
—0.52 V for 106 and 107, respectively. Consequently,
these compounds can be reversibly charged to their
tricationic and trianionic states in a relatively narrow
potential range (Figure 17).

y
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Figure 16. Top: Cyclic voltammogram of 105 (10-3 mol
L1 in 0.1 mol L* BusNPF¢/MeCN, scan rate 100 mV s71,
s = 2 uA (from ref 191). Bottom: Cyclic voltammogram of
terthienyl, oxidation in BuyNPFg/MeCN, s = 2 yA (from
ref 191), reduction in BusNI/DMF s = 4 uA. (Reprinted from
ref 38. Copyright 1991 American Chemical Society.)
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Figure 17. Cyclic voltammograms of 106 (10—2 mol L™1)
in 0.1 mol L= BusNPF¢/CH,Cl,, scan rate 100 mV s™1,
(Reprinted from ref 373. Copyright 1994 Royal Society of
Chemistry, UK.)

These considerable changes lead to electrochemical
AE values as low as 0.90 eV in the case of 106, in
satisfying agreement with optical data.®”3
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These low gap values have been confirmed by the
electronic absorption spectrum of a vacuum sublimed
thin film of 106 which exhibits an absorption onset
around 1.10—1.20 eV (Figure 18). This result con-
firms that the small AE values observed in solution
are effectively associated with narrow bandgaps of
the corresponding materials in the solid state.8
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Figure 18. Solid-state electronic absorption spectrum of
106 vacuum sublimed on glass (from ref 191).

IX. Supramolecular Bandgap Control

While many of the above recent examples show
that it is now possible to tailor individual molecules
with small AE values, the similarity of the AE and
Eg values of 106 show that intermolecular interac-
tions are weak in the condensed phase. However,
this is far from being a general rule and in many
cases such interactions can significantly influence the
magnitude of the bandgap. A detailed survey of the
different strategies involved in crystal engineering
and supramolecular chemistry is of course beyond the
scope of this review. Therefore, in this last section,
only a few representative examples of possible ap-
proaches capable of contributing to a supramolecular
control of the electronic properties of materials
derived from LCSs will be briefly discussed.

Although for CPs this question has theoretically
been considered at an early stage,> works aimed at
the control of the supramolecular organization have
remained scarce. Until now most attempts in this
direction have been based on the same general
strategy. Substituents with a strong tendency to self-
assemble or to stack are covalently attached to the
m-conjugated spine in order that interactions among
these substituents exert an indirect control on the
structure and electronic properties of the LCS in the
condensed phase. Although such indirect substituent
effects have already been invoked to account for the
extended conjugation observed for some 3-substituted
PTs,707475 their deliberate use to control the organi-
zation of CPs is relatively recent. In the case of PT,
an early example of application of this strategy
involved substitution by phenyl groups sterically and
electronically decoupled from the conjugated back-
bone. The optical and electrochemical properties of
these polymers showed that interactions among the
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substituted phenyl groups lead to considerable en-
hancement of the resolution of the vibronic fine
structure in the optical spectrum and to an increase
of the n-doping level. These changes are indicative
of a more rigid z-conjugated system.”?

Other attempts in the same direction involve
3-substitution of the thiophene ring by perfluoroalkyl
chains,3747376 or by mesogenic groups.3’’37® However,
the efficiency of these various approaches for control-
ling the electronic properties of the polymers remains
to be demonstrated.

ST S S SERS
\—/ \—/ \—/
109

An interesting related strategy concerns the graft-
ing of TTF derivatives onto conjugated polymers.377:380
Thus, when TTF is grafted on the PT backbone
through a spacer group of appropriate length (109),
the CV of the resulting polymer exhibits a splitting
of the TTF first reduction wave, typical of the
occurrence of the mixed-valence dimer (TTF),*,381
which indicates that self-assembly of the oxidized
TTF moieties already takes place in the material
(Figure 19).380

More recently, attempts to synthesize conjugated
systems of higher dimensionality have been reported.
The first model involved spiro-fused oligothiophenes
that have been synthesized as models for molecular

| l l | l
0 0.25 0.50 0.75 1.0 E V/SCE
Figure 19. Cyclic voltammograms of poly(109) electrode-
posited on Pt, in 0.1 mol L~ BusNPFs/MeCN, scan rate 10
mV s, (Reprinted from ref 380. Copyright 1993 American
Chemical Society.)
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logic.3382 From a different viewpoint, the first ex-
ample of a tetrahedral precursor with four polymer-
izable terthienyl groups linked to a central silicon
atom (110) has been synthesized.383

Electrooxidation of 110 leads to the deposition of
a tetrakis-cation radical salt which can be subse-
guently converted into a material containing sexithie-
nyl units by further electrooxidation.®®® Whereas
electrochemical, spectroscopic, and analytical data of
the resulting material are consistent with the ex-
pected 3D structure, further work is still needed to
definitively confirm this conclusion.

As shown by these few examples, the supramo-
lecular control of the electronic properties of CPs and
LCSs-based materials is still very rudimentary.
Consequently, the actual potentialities of this emerg-
ing field of research are difficult to evaluate at this
early stage of development.

The control of the supramolecular organization is
considerably more advanced where molecular con-
ductors and in particular charge transfer salts of TTF
derivatives are concerned. Unlike most of the oligo-
meric and polymeric LCSs, TTF salts can be obtained
as single crystals which makes it possible to use
crystal engineering rules.?® While the prominent
role of intermolecular S-S interactions in the orga-
nization of crystals of TTF derivatives or of their
cation radical salts is well known,385386 gother direct-
ing effects such as hydrogen bonding3® or lipophilic
interactions38-3% have also been demonstrated. The
use of interactions between long alkyl chains as
molecular fasteners has been demonstrated by In-
okuchi et al. who have shown that single crystals of
alkylthio-substituted TTF, exhibited intrinsic con-
ductivities as high as 107° S cm™%, correlated to a
decrease in the ionization potential and an increase
of the charge carriers mobility.?8 The invariance of
the electronic properties of individual molecules has
led to the conclusion that the observed phenomena
reflected a collective behavior resulting from a closer
packing of the TTF molecules in the crystal.

Examples of similar effects remain scarce in the
case of LCSs, and whereas the effects of substitution
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by alkyl chains on the optical properties of sexithienyl
have been discussed,®*! no changes in the bandgap
have been reported yet.

Perhaps one of the most promising ways to achiev-
ing supramolecular control of the bandgap is to bring
LCSs together at short intermolecular distances by
means of covalent bonds. As a matter of fact, several
examples in the literature have shown that when
stacks of aromatic systems are fastened by short
covalent linkages, frontier orbital overlap induces an
increase of the HOMO level. This process is similar
to the formation of conducting bands in the z-stacks
of conducting organic crystals. This phenomenon
was clearly demonstrated with cyclophanes 111 for
which the shortening of the inter-ring distance by a
decrease in n produced a considerable red shift of the
absorption edge.392-3%

111

A related CPs example concerns the poly(cyclo-
phane) 112 obtained by oxidative polymerization of
a bis-phenolic precursor. The electronic absorption
spectrum of this polymer was similar to that of
3,3',5,5'-tetramethyl-4,4'-diphenoquinone but red
shifted by about 70 nm, with an optical gap of 1.80
ev_395
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Another convincing recent example concerns the
synthesis of a covalently linked molecular s-stack
113.3% The better z-orbital overlap resulting from
the fastening of the benzene rings produces drastic
changes in the CV of 113 which exhibits two revers-
ible oxidation waves at 1.28 and 1.74 V vs Ag/AgCI.
These changes represent a decrease of more than 1.20
V in the oxidation potential of benzene thus confirm-
ing that covalent fastening of z-electrons systems can
represent a powerful approach for the control of their
electronic properties.
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X. Conclusions and Perspectives

The persistent problems related to the unsatisfac-
tory level of performance for exisiting CPs for bulk
utilization, together with their rapidly expanding
advanced electronic and photonic applications have
triggered a strong intensification of research on small
bandgap LCSs in the past five years.

In polyaromatic systems, the search for a quinoid
geometry has long remained the archetypal approach
widely illustrated by numerous experimental and
theoretical works on poly(isothianaphthene).

In recent years this strategy has been enriched by
the emergence of new approaches based on two main
routes namely the electropolymerization of tailored
extensively conjugated precursors and the creation
of m-conjugated systems by means of elimination
reactions on non-conjugated precursor polymers.

By allowing the incorporation into the conjugated
chain of rather unstable ring systems capable of
strongly influencing the magnitude of the bandgap,
the electropolymerization of w-conjugated precursors
has led to materials that exhibit some of the smallest
bandgaps reported so far. However, in many cases,
the scope of this aproach is limited by the low
reactivity of the cation radicals produced by the
electrooxidation of extensively conjugated systems.
Further progress in this area could resort in the
elaboration of longer oligomers by means of chemical
synthesis or in the control of the reactivity of the
linking sites of oligomeric precursors by appropriate
structural modification.

The soluble precursor route has been successfully
applied to the preparation of several CPs. However,
the efficiency of this approach for the synthesis of
small bandgap LCSs is less evident and the bandgap
of the poly(arylenemethines) prepared by this method
are still much larger than expected. The main
problem here is probably related to the control of the
elimination reaction in order to produce a defect-free
fully conjugated polymer chain.

The preparation of ladder polymer is a challenging
task as evidenced by the fact that the synthesis of
the most famous member of this class of polymers,
namely polyacene, has resisted all attempts so far.
Whereas the first results obtained in the oligorylene
or ladder PPP series look very promising and confirm
the efficiency of the rigidification of the LCS for the
reduction of the bandgap, the smallest gap values
reached by these systems are still in the range of 2.0
eV. The high aromatic resonance energy of the
benzene ring is probably an important factor.

In spite of their specific limitations, all these
approaches have greatly contributed to improving our
knowledge of the relevant structural parameters that
control the electronic properties and the magnitude
of the gap in LCSs. In this context, the recent
development of small bandgap molecular LCSs ap-
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pears particularly interesting. As a matter of fact,
the use of well-defined model structures allows a
refinement of the study of the structural/electronic
property relationships and the analysis of the effects
of subtle structural variations. On the other hand,
being the most recent, this approach has the enor-
mous advantage of benefiting from all the previous
experience. Thus, the substitution and/or rigidifica-
tion of thiophene oligomers has allowed the develop-
ment of molecular LCSs with bandgaps approaching
the smallest values reached so far. These results are
important as they suggest that the extension of these
concepts to longer molecular LCSs or even to poly-
mers could lead to materials with very small or
perhaps vanishing gaps.

However, the synthesis of such small gap LCSs is
only half the solution of synthesizing intrinsically
conducting materials. The proper organization of
these elemental bricks into a 3D supramolecular
architecture is also required. Furthermore, the
potential industrial use of such material will be
conditioned by the possibility of preparing them in
processable forms. This question is far from trivial
since, for example, rigidity and solubility are often
contradictory. In this respect, recent advances in
various fields such as composite materials,3°7:3%
gels,3%94% and dendrimers*914%2 will certainly open up
exciting new perspectives.
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