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Oxygen-Modified
Poly(4-dicyanomethylene-4H-cyclopenta[2,1-b;3,4-b']dithiophene):
A Tunable Low Band Gap Polymer
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The reaction of n-doped poly(4-dicyanomethylene-4H-cyclopenta[2,1-b;3,4-b']dithiophene)
with O, at negative potentials (e.g., —0.60 V) produces changes in the polymer’s electro-
chemistry, electronic spectrum, and conductivity profile that indicate a lowering of its band
gap. Cyclic voltammetry of O,-modified films shows increased currents in the voltage region
corresponding to the band gap, between the original onsets of n and p doping. The onset of
electronic absorption shifts from 0.8 eV to lower energies with increasing reaction time. In
situ conductivity measurements show that the intrinsic conductivity increases by as much
as a factor of 100 (to ~1078 S cm™1), corresponding to a reduction of the band gap to ~0.2
eV. Thus by controlling the reaction time with O, the band gap of the polymer can be tuned
over the range of <0.2 to 0.8 eV. Raman spectra suggest that electrochemically driven
substitution of the polymer with hydroxyl groups at the g-positions of the thiophene rings

is responsible for the lowering of the band gap.

Introduction

m-Conjugated electroactive polymers have attracted
considerable attention in the last two decades. In this
field, the search for low band gap conducting polymers
has become one of the central goals,! since band gap
governs intrinsic electronic and optical properties. Low
band gap polymers have high intrinsic electrical con-
ductivities, and possibly even intrinsic metallic conduc-
tivities.? Also they are stable when doped, due to the
lower p-doping potential and/or the less negative n-
doping potential associated with their narrow band
gap.34

A number approaches to the design and synthesis of
low band gap polymers have been developed.! These
include (a) increasing the contribution of the quinoid
resonance structure to the ground state,>” (b) use of
alternating donor and acceptor moieties along a polymer
chain,®?® and (c) introducing electron-withdrawing groups
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at a carbon bridging the g positions of bithienyl
precursors.’0-12 Following these and other approaches,
a significant number of conducting polymers with band
gaps below 1 eV have now been reported.!

Among the known low band gap conducting polymers,
poly(4-dicyanomethylene-4H-cyclopenta[2,1-b; 3,4-b']-
dithiophene)!1~16 (poly-1) has one of the lowest band

NC CN

gaps. We have investigated its in situ conductivity as a
function of potential and shown that its intrinsic
conductivity (~1078 S cm™1) corresponds to that prediced
from its band gap (0.8 eV).1” We have also shown that
its band gap can be decreased to below 0.19 eV, and its
intrinsic conductivity correspondingly increased to >7
x 1072 S cm™1, by making a copolymer with the donor
thiophene, 3,4-ethylenedioxythiophene.'® During the
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course of these studies, we found that the electrochem-
istry of poly-1 coated electrodes changed significantly
when they were cycled through the n-doped (reduced)
state in the presence of O,. These changes suggested a
lowering of the band gap, and further investigation has
confirmed this.

In this paper, we show by electrochemical, spectro-
scopic, and conductivity studies that the reaction of
n-doped poly-1 with O, leads to a structural modification
that lowers its band gap in a controllable way. We
provide evidence that this modification involves substi-
tution of carbonyl/hydroxyl groups at free S-positions
along the polythiophene chain (structure 2).

Experimental Section

4-Dicyanomethylene-4H-cyclopenta[2,1-b;3,4-b']dithio-
phene was donated by Philips (The Netherlands). Nitroben-
zene (Fisher, ACS) was first distilled following addition of
diluted H,SO,4 to remove most of the impurities, and redistilled
after it was dried over CaCl,. The middle fraction of the second
distillate was collected and stored under Ar. Acetonitrile
(Aldrich, HPLC grade) and BusNPF; (Fluka, puriss) were used
as received.

A Pine Instruments RDE4 Potentiostat, x—y recorder, and
conventional three-electrode cell were used for electrochemical
experiments. Polymer-coated Pt disks (5.2 x 102 or 1.3 x 10~
cm?) were used as working electrodes, with a Pt wire counter
electrode, and a SCE reference electrode.

Poly-1 films were synthesized galvanostatically on Pt elec-
trodes, at 0.1 mA/cm? for 800 s, from 5 mM solutions of
monomer 1 in nitrobenzene containing 0.1 M BusNPFs. These
conditions produce a ~0.4 um thick film of poly-1 on the
electrode.’” Electrochemical measurements on the polymer
coated electrodes were carried out in a monomer-free aceto-
nitrile solution containing 0.1 M BusNPFs. For cyclic voltam-
metry, the solution was purged with argon, while for electro-
chemically driven modification of the polymer it was saturated
with dry air.

For in situ conductivity measurements, the dual electrode
voltammetry technique was employed.® In this technique the
outer surface of a polymer film on a Pt disk (1.3 x 107* cm?)
electrode is connected to an adjacent Pt disk by a thin porous
gold film. The assembly is inserted into an electrochemical cell
(containing acetonitrile + 0.1 M BusNPFg in this work) and a
fixed potential difference (Epi-av = 20 mV) is maintained
between the polymer-coated Pt electrode and the gold film
while the potential of both is slowly scanned (1 mV s™2) relative
to a reference electrode (SCE). The conductivity (o) as a
function of potential (vs SCE) can be calculated from the
steady-state current (1) vs potential curve by using the
following equation:

Id

o= —
AAEpay

where d is the thickness of the polymer film and A is the
electrode area.

Spectroelectrochemical measurements were carried out
using an ITO electrode (0.8 cm?, 10—20 Q/cm?, Donnelly Corp.)
coated with the polymer, a Cary 5E UV—VI—-NIR spectrom-
eter, and a thin-layer quartz electrochemical cell containing
acetonitrile + 0.1 M BusNPFe.

Raman spectra were recorded using a Reneshaw Raman
Imaging Microscope System 1000 with a CCD31 detector and
the 633-nm red line of an argon laser. The Raman spectrum
of poly-1 was measured for its neutral (undoped) state, while
spectra of O,-modifed films, whose n- and p-doping waves
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Figure 1. Cyclic voltammograms (100 mV/s in acetonitrile

containing 0.1 M BusNPF) of unmodified poly-1 (a) and poly-1

modified with O, at —0.6 V for 2 min (b) and 6 min (c).

Electrode area: 0.0052 cm?.

overlap, were obtained (ex situ) after holding their potential
at the current minimum in their voltammogram.

All experiments in this work were carried out at room
temperature (21 £+ 2 °C)

Results and Discussion

Electrochemistry. Curve a in Figure 1 shows a
cyclic voltammogram of an unmodified poly-1 film. The
p-doping peak potential of +0.99 V is similar to that
for unsubstituted polythiophene,2® while the n-doping
peak occurs at —0.50 V, which is much higher than for
unsubstituted polythiophene.2! This substantial anodic
shift of the n-doping region causes poly-1 to be reason-
ably stable when n-doped. The electrochemical band
gap, between the onsets of p doping and n doping, is
~0.8 V.

When the poly-1 film was maintained at —0.60 V in
an Op-saturated solution first for 2 min, and then for
an additional 4 min, the cyclic voltammograms shown
in Figure 1 as curve b and c, respectively, were obtained.
In comparison with the original polymer, the p- and
n-doping peaks of the modified film are both lower and
are slightly shifted to higher and lower potentials,
respectively. A new redox wave appears within the band
gap between the original onsets of n-doping and p-
doping and grows with increasing treatment time. This
new redox process lowers the band gap of the polymer
to values that are too low to estimate by cyclic voltam-
metry since the onsets of the original p- and n-doping
waves overlap with the new wave. On the basis of
conductivity profiles (see below), the new wave can be
assigned to a new p-doping process in the modified
polymer. The band gap of the modified polymer there-
fore corresponds to the current minima at approxi-
mately —0.1 to —0.2 V in its voltammograms.

The formal potentials for p doping of the modified
polymer were +0.32 V (E%p1) and +1.02 V (E%2), while
for n doping the formal potential (E®,) was —0.51 V,
which is slightly negative compared to the original film
(E®, = —0.47 V). All peak potentials were virtually
independent of scan rate up to at least 100 mV s™1, and
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Figure 2. Electronic absorption spectra of unmodified poly-1
(a) and poly-1 films modified with O, at —0.6 V for 2 min (b)
and 6 min (c). Films on ITO electrodes in acetonitrile contain-

ing 0.1 M BusNPF¢ were held at a potential corresponding to
the middle of their band gap.

peak currents increased linearly with increasing scan
rate. Both the n-doping and p-doping processes of the
modified poly-1 exhibit good stability during multiple
scans under argon.

In contrast to the results described above, maintain-
ing a poly-1l-coated Pt electrode at a high positive
potential (e.g., +1.40 V) in the presence of O, does not
lead to a low band gap polymer. It produces two obvious
prepeaks, which grow and separate with time at the
high potential. We have not fully investigated these
effects, but assume that they are the result of nuleo-
philic attack on the oxidized polymer by trace H,O
(overoxidation), which has been well-documented for
polythiophenes and most other conducting polymers.22

Electronic Absorption Spectroelectrochemistry.
ITO electrodes coated galvanostatically (0.1 mA/cm?)
with a thin layer of poly-1 were used for electronic
absorption spectroelectrochemistry. The measurements
were carried out in acetonitrile containing 0.1 M Bugy-
NPFs with control of the potential of the poly-1-coated
ITO electrode. For the original poly-1 film the potential
was set at +0.20 V so that the polymer was in its
neutral state, while for the O, modified films, the
potential was kept at the value corresponding to the
polymer’s minimum doping level (approximately —0.1
to —0.2 V). Vis—NIR absorption spectra of the original
polymer, and following reaction with O, for 2 and 6 min
are shown in Figure 2 as curves a, b, and c, respectively.
The optical absorption onset for the original polymer is
~1520 nm, corresponding to a band gap of 0.82 eV.
Following reaction with O, for 2 and 6 min, it shifts to
~1850 nm (0.67 eV) and ~2600 nm (0.48 eV), respec-
tively, showing a significant reduction of the band gap,
in good agreement with the new features seen in cyclic
voltammetry (Figure 1). With controlled O, treatment,
the band gap can be tuned down to values (<0.4 eV)
that are too low to measure with our spectroelectro-
chemistry system.

In Situ Electronic Conductivity. In situ conduc-
tivity data on a log scale against potential are plotted
in Figure 3. Curves a, b, and c are for an original poly-1
film (0.37 um) and films modified by reaction with O,
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Figure 3. In situ conductivity profiles (in acetonitrile contain-
ing 0.1 M BusNPFs) of unmodified poly-1 (a) and poly-1
modified with O; at —0.6 V for 20 min (b) and 30 min (c).

Table 1. Electrical Properties of Original and
O,-Modified Poly-1 Films

reaction
time with O Omax,p Omax,n Omin Emin  Ointrinsic  Eg
(min) (Sem™) (Sem™) (Secm™) (V) (Scm™Y) (eV)
unmodified 1.1 1.2 x 7.9 x 0.18 1.0 x 0.78
103 107° 108
20 0.44 2.3 x 2.2 x —0.05 8.0 x 0.52
103 1077 1077
30 2.0 x 2.2 x 1.2 x —0.20 1.3 x 0.22

1078 10-8 1076 1076

at —0.60 V for 20 and 30 min, respectively. Longer times
were needed to modify the polymer because of the
porous gold coating needed for the conductivity mea-
surements. Table 1 lists results from the conductivity
measurements, including maximum conductivities for
n doping (Omaxn) and p doping (Omax,p), Minimum con-
ductivities (omin) and their corresponding potentials
(Emin), intrinsic conductivities (ointrinsic) and band gaps
(Eg). The method for the intrinsic conductivity and band
gap calculations has been described previously.1718

In curve a of Figure 3, the p-type conductivity of the
original poly-1 rises to a maximum of 1.1 Scm~t at +1.2
V. The n-type conductivity is ~90 times smaller, peaking
at 0.012 mS cm~t at —0.5 V. Further n doping to more
negative potentials decreases the conductivity. The low
n-type conductivity relative to the p-type conductivity
is due mainly to the lower mobility or the n-type
carriers®® and in part to the lower doping level when
the conduction band is half-filled during n doping.l” The
intrinsic conductivity and band gap are calculated to
be 1.0 x 1078 Scm~! and 0.78 eV, respectively.

In curve b, where the poly-1 has been modified by
reaction with O, for 20 min, maximum conductivities
for both n and p doping decrease, and the potential of
the maximum n-type conductivity moves negatively.
However, the minimum conductivity at —0.1 V is
increased by a factor of ~30. Further reaction with O,
(curve c) decreases the maximum n-type and p-type
conductivities further, and increases the minimum
conductivity to 1.2 x 1076 S cm™1, which is ~150 times

(23) Guerrero, D. J.; Ren, X. M.; Ferraris, J. P. Chem. Mater. 1994,
6, 1437—1443.
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Figure 4. Raman spectra of unmodified poly-1 (a) and poly-1
modified with O, (b).
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Table 2. Assignment of Raman Spectra of an Original
Poly-1 Film and an O;-modified Poly-1 Film

poly-1 O,-modified poly-1
bond frequency (cm~1)2 bond frequency (cm™1)
Cp-H 3171 O—H 2759
C=N 2230 C=N 2230, 2217
Cs=0 1712
C=C(CN); 1589 C=C(CN), 1587

Co=Cs 1511, 1434 Co=Cs 1511, 1417, 1396
Cs—Cp 1345 Cs—Cp 1381
=C—CN 1334 =C—CN 1335
Cs—OH 1256
Cs—C= 1225 Cs—C= 1225
inter-ring 1161 inter-ring 1168
Cu—Cu Cy—Cu
C-S-C 702, 782 C-S-C 695

higher than that of the original polymer. Intrinsic
conductivities (Table 1) are increased similarly, and the
band gaps calculated from these conductivies are de-
creased to 0.52 and 0.22 eV by 20 and 30 min of reaction
with O, respectively.

Raman Spectroscopy. Figure 4 shows Raman spec-
tra of an original poly-1 film on a Pt electrode and
another film after reaction with O, at —0.65 V for 8 min.
Assignments of Raman shifts of both films are listed in
Table 2.24

The most characteristic new feature in the spectrum
of the modified polymer is the band at 1712 cm™! that
can be assigned to a carbonyl functionality. The most
significant shifts of backbone resonances occur for the
Cs—Cp bond and one of the C,=Cg bonds, suggesting
that the carbonyl is at the 4-position of the thiophene
ring (structure 2). This is supported by the disappear-
ance of the Cs—H resonance at 3171 cm™?! in the
spectrum of the original polymer and the shift of the
Co=Cg resonance at 1434 to 1396 and/or 1417 cm™* (this
band appears to have split). The new bands at 1256
cm~! and ~2759 cm~! are characteristic of an —OH,
indicating that the carbonyl group is involved in a keto—
enol tautomeric equilibrium. The low frequency of the
—OH stretch (2759 cm™1) and the splitting of the —CN
stretch suggest that the enol —OH groups are strongly
hydrogen bonded with some of the —CN groups. Vibra-
tional frequencies of bonds remote from the proposed
substitution site are almost unchanged.

(24) Louarn, G.; Buisson, J. P.; Lefrant, S.; Fichou, D. J. Phys.
Chem. 1995, 99, 11399—11404.
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The proposed substitution of the polymer with =0 at
the 4-position (structure 2) is consistent with the
modification method and presumably occurs by electro-
philic attack of O, on the n-doped polymer, as illustrated
in Scheme 1. This scheme is obviously simplistic and is
intended primarily to show the stoichiometry and
proposed location of the reaction. The suggested dianion
intermediates would be stabilized by delocalized over
several monomer units. The extent of substitution is
uncertain, but the weakness of the original Raman
resonances associated with the outer S-position (at 1334,
1434, and 3171 cm™1) in the spectrum of the modified
polymers suggests that there is extensive substitution
and perhaps some substitution at both outer S-positions.

The loss of conjugation caused by the keto tautomer
shown in structure 2 explains the decrease in the
maximum p- and n-type conductivities that accompany
modification of the polymer. The decreased band gap
presumably results from the donor character of the
—OH group of the enol tautomer, since it has previously
been shown that incorporating donor moieties into
poly-1 decreases its band gap considerably.'® Overoxi-
dation of poly-1 would also be expected to produce
structure 2,22 but although it leads to decreased maxi-
mum p- and n-type conductivities it does not decrease
the polymer’s band gap. This would suggest that over-
oxidation involves oxygen substitution at a different
position on the thiophene ring, such as the sulfur as
proposed by Barsch and Beck.?®

A reviewer has suggested that the oxygen-modified
polymer may have a two-phase structure in which
modified and unmodified phases act as donor and
acceptor components, respectively. This possibility seems
unlikely, but cannot easily be discounted with the
available data.

Conclusions

A tunable and extremely low band gap polymer has
been obtained by the reaction of n-doped poly-1 with
O,. Cyclic voltammograms of the O,-modified polymer
show a new p-doping wave within the band gap between
the original onsets of n and p doping (—0.1 V t0 0.7 V).
The consequent decrease in band gap has been con-
firmed by optical and conductivity measurements. Near-

(25) Barsch, U.; Beck, F. Electrochim. Acta 1996, 41, 1761—1771.
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IR spectra show that the band gap can be decreased
from ~0.8 eV to <0.5 eV, while in situ conductivity
measurements show an increase in the intrinsic con-
ductivity to >107% S cm™! corresponding to a band gap
as low as 0.2 eV. Raman spectroscopy suggests that
substitution of the polymer in the fS-positions with
hydroxyl groups, which are in equilibrium with a keto
tautomer, is responsible for the lowered band gap.
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