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Abstract Electrochemical copolymerization of furan and
3-chlorothiophene was performed at constant electrode
potential in a binary solvent system consisting of boron
trifluoride diethyl etherate + ethyl ether (BFEE + EE; ratio
1:2) and trifluoroacetic acid (10% by volume). The
homopolymers and copolymers obtained were studied with
cyclic voltammetry, in situ ultraviolet–visible spectroscopy,
in situ resonance Raman spectroscopy, and in situ conduc-
tivity measurements. The spectroelectrochemical properties
of the copolymers show intermediate features between
polyfuran and poly(3-chlorothiophene). The conductivity
changes of homo- and copolymer films are almost
completely reversible when the potential shift direction is
reversed.
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Introduction

Conducting polymers have been studied intensively since
the 1970s. Initially, it was the inorganic polysulfurnitrile
(SN)x that was discovered to be highly conducting, but
interest soon turned to organic polymers, in the hope of
exploiting conventional plastics processing technology for
the processing of the materials.

Continuous development and research in conductive
polymers has revealed numerous areas of application such
as materials for battery electrodes [1], gas sensors [2],
chemical sensors [3–10], biosensors [11–14], ion sieving
[15], corrosion protection [16], and microwave shielding [17].

Among conducting polymers with an extended π-
electron system, polyfuran is interesting because of its
possible technological applications as a humidity sensor
[18]. Polyfuran is very sensitive to humidity, and its
electrical resistivity decreases considerably and reversibly
upon contact with moisture. In addition, polyfuran can be
used as an optoelectronic device, as upon doping, the color
changes from yellow-brown to black-brown [19].

Polyfuran is among the most ill defined of conjugated
polymers when compared to, e.g., polypyrrole or poly-
thiophene. Polyfuran has been synthesized previously,
results pertaining to electrochemical behavior, electrical
conductivity, infrared spectroscopy, Raman spectroscopy,
and the mechanism of the electrochemical polymerization
have been reported [20–26]. Free-standing polyfuran
films have been successfully synthesized by electrochem-
ical polymerization of furan at low electrode potential
(EAg/AgCl=1.2 V) in a binary solvent system containing boron
trifluoride diethyl etherate (BFEE) and additional ethyl ether
(EE). The polymer shows good mechanical properties; its
electrical conductivity is around 10−2 S cm−1 [27].

Polythiophene is an environmentally stable conjugated
polymer in both the neutral-insulating and doped-
conducting states [28–30]. Much interest has been generated
in studies of substituted polythiophenes in view of the fact
that introduction of substitutions in the monomers influ-
ences significantly the properties of the resulting polymers. A
wide range of substituted thiophene-based polymers has
gained popularity and importance in conducting polymer
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research [31–33]. However, only few articles have reported
poly(3-halide thiophene)s [34–38].

Poly(3-chlorothiophene) films were synthesized electro-
chemically by direct oxidation of 3-chlorothiophene in
mixed electrolytes of BFEE and trifluoroacetic acid (TFA)
or sulfuric acid (SA) [39, 40]. The addition of a super acid,
such as TFA or simply SA, to BFEE decreases the
oxidation potential of the monomer and improves the
general quality of the polymer film [41, 42].

Copolymerization is an important method to modify the
properties of individual homopolymers. So far, electro-
chemical copolymerization of furan and 3-methyl thiophene
was performed potentiostatically in a binary solvent system
consisting of BFEE and additional EE (ratio 2:1) [43].
Recently, in our laboratory, electrochemical copolymeriza-
tion of furan and thiophene was successfully realized in a
binary solution system consisting of BFEE and additional
EE at constant electrode potential; the spectroelectrochem-
ical properties of these films were investigated [44–46].

According to our knowledge, there are no reports
concerning the electrochemistry of furan-3-chlorothiophene
copolymer films. We report here the electrochemical
copolymerization of furan and 3-chlorothiophene in the
mixed solvent system composed of BFEE + EE (ratio 2:1)
with added TFA (10% by volume). The spectroelectro-
chemical properties of these copolymers were investigated
and compared with those of the respective homopolymers.

Experimental

Furan (Aldrich, 99%) and 3-chlorothiophene (Aldrich,
98%) were distilled under nitrogen just before use. EE
(Acros) was dried and distilled in the presence of sodium.
BFEE (Acros, 48% BF3) was used as received. Tetrabutyl-
ammonium tetrafluoroborate (TBATFB; Aldrich, 99%) was
dried under vacuum at 80 °C for 24 h. TFA (Riedel-deHaën,
99%) and acetonitrile (Merck, anhydrous, <10 ppm H2O)
were used without further purification.

Electropolymerization of furan and 3-chlorothiophene
was performed potentiostatically in a BFEE + EE (ratio 1:2)
and TFA (10% by volume) solution containing, in addition,
0.1 M TBATFB in a one-compartment three-electrode cell
at room temperature at constant electrode potential for
2 min. The constant electrode potentials for preparation of
copolymer films were chosen according to the threshold
polymerization potentials of the homopolymers. Copoly-
mers are labeled according to molar ratio of the monomers
in the polymerization solution and to the deposition
potential: (a) furan/3-chlorothiophene (mole ratio 1:1),
EAg/AgCl=1.5 V, (b) furan/3-chlorothiophene (mole ratio
1:1), EAg/AgCl=1.7 V, (c) 0.10 M furan and 0.0125 M
3-chlorothiophene (mole ratio 1:8), EAg/AgCl=1.5 V, and (d)

0.10 M furan and 0.0125 M 3-chlorothiophene (mole ratio
1:8), EAg/AgCl=1.7 V.

A platinum sheet electrode (approximate surface area
1.5 cm2) was used as working electrode, a nonaqueous
Ag/AgCl electrode filled with acetonitrile containing 0.1 M
TBATFB saturated with AgCl as reference electrode. After
polymerization, the film was washed with acetonitrile to
remove any traces of mono- and oligomers.

Cyclic voltammetry of the polymers was carried out in a
monomer-free acetonitrile solution containing 0.1 M
TBATFB as supporting electrolyte. Before every experi-
ment, the solution was deaerated by bubbling with N2. The
reference electrode potential was verified frequently with
respect to an aqueous saturated calomel electrode because
the employed nonaqueous reference electrode system is
prone to potential drift [47]. A custom-built potentiostat
interfaced to a standard PC via an ADDA-converter card
operating with custom-developed software was used to
record cyclic voltammograms (CVs).

Ultraviolet–visible (UV–vis) spectra were recorded for
homo- and copolymer films deposited on an optically
transparent indium tin oxide (ITO) glass electrode (Merck)
in the supporting electrolyte solution in a standard 10-mm
cuvette using a Shimadzu UV 2101-PC instrument (resolu-
tion 0.1 nm); a cuvette with the same solution and an
uncoated ITO glass was placed in the reference beam. The
absorption maximum λ1max assigned to the π→π* transi-
tion is observed with the polymer in its neutral state. The
absorption maximum λ2max was assigned to an intra-band
transition from the valence band into the upper bi-polaron
band of the polymer in its oxidized state. The electrode
potential where the UV–vis spectrum was measured
depended on the type of polymer, it was always positive
to the polymer oxidation peak as observed in the respective
CVs (see Figs. 2 and 3). Because maxima are weak and
shift considerably as a function of electrode potential, all
numbers are approximate only.

For the in situ conductivity measurements, the homo-
and copolymer films were deposited on a two-band Pt
electrode in a one-compartment three-electrode cell. For
conductivity measurements, this electrode was connected to
a specially designed electrical circuit supplying 10 mV of
direct current voltage across the two Pt strips [48, 49]. To
ensure good bridges over the gap, CVs of the deposited
films on the two-band electrode were recorded before each
series of conductivity measurements in the electrolyte
solution. Deposition time was 2 min in all experiments;
because of the necessary variation of the deposition
potential and conceivable different rates of polymerization,
the actually deposited amounts of polymer may vary.

A platinum disc electrode (2×5 mm) embedded in epoxy
resin was used as working electrode for Raman spectros-
copy. The platinum disc electrode was polished with
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diamond polishing paste down to 0.3 μm and then to
0.05 μm with aqueous alumina slurry. Raman spectra of
homo- and copolymer films were recorded using an ISA
T64000 spectrometer (Jobin-Yvon) connected to a liquid
nitrogen-cooled Spectraview 2D CCD detection system.
The spectra were measured using 647.1 nm exciting laser
light provided by Coherent Innova 70 series ion laser; the
laser power was always maintained at 70 mW to avoid
destruction of the samples.

Results and discussion

Electrochemical polymerization and electrochemistry

CVs of a platinum working electrode in the polymerization
solution containing the monomers are given in Fig. 1. The
background electrolyte solution is electrochemically silent
in the whole potential range. The polymerization threshold
(the lowest potential needed to sustain growth of a polymer
layer) of furan is EAg/AgCl=1.35 V (curve a) and of 3-
chlorothiophene EAg/AgCl=1.55 V (curve c). The addition
of TFA (10% by volume) to BFEE + EE (ratio 1:2)
decreased the oxidation potential of the monomers; the
polymerization rate was also accelerated because TFA
increases the ionic conductivity of the electrolyte [40].
The small difference between the oxidation potentials of the
two monomers suggests a large probability of copolymer-
ization of the two monomers. Curve b was obtained when a
current–potential curve was taken in a solution containing
0.1 M furan and 0.1 M 3-chlorothiophene. The oxidation
potential of the mixture of furan and 3-chlorothiophene is
around EAg/AgCl=1.40–1.50 V, which is between the
oxidation potentials of the two monomers, implying that

oxidation of both monomers is likely, the copolymer chains
may accordingly be composed of both furan and 3-
chlorothiophene units [43].

The CVs of polyfuran, the copolymer (D) deposited at
EAg/AgCl=1.70 V from a solution obtained from a BFEE +
EE (ratio 1:2) and TFA (10% by volume) solution
containing 0.10 M furan and 0.0125 M 3-chlorothiophene
and poly(3-chlorothiophene) in the acetonitrile-based sup-
porting electrolyte solution are shown in Fig. 2. For
polyfuran, there is a broad anodic peak at EAg/AgCl= ∼0.57 V
caused by polymer oxidation and a corresponding
broad cathodic peak around EAg/AgCl=∼0.43 V due to
polymer reduction with a peak potential difference of
0.14 V. For poly(3-chlorothiophene), the respective peaks
are at EAg/AgCl=∼1.40 V and at EAg/AgCl=∼1.24 V, with a
difference of 0.16 V. The difference and the broad, poorly
defined current waves are commonly observed in the
electrochemistry of intrinsically conducting polymers
(ICPs) due to a number of factors including the diffusion
of the dopant ions in and out of the film and the change of
the conformation of the polymer chain during the redox
processes [23, 27]. Substituted polythiophenes prepared
from nonsymmetric monomers usually show broad redox
waves in their CVs [50]. This phenomenon is ascribable to
the presence of coupling defects distributed statistically, this
results in a series of energetically nonequivalent chain
segments.

The copolymer shows in its typical CV only one anodic/
cathodic peak couple at a position quite different from the
positions observed with the homopolymers. The appearance
of one redox peak implies that if only a single redox
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Fig. 1 CVs of (A) 0.1 M furan, (B) 0.1 M furan and 0.1 M 3-
chlorothiophene, (C) 0.1 M 3-chlorothiophene, (D) no monomer in
0.1 M TBATFB in BFEE + EE (ratio 1:2) and TFA (10% by volume).
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Fig. 2 CVs recorded in a solution of acetonitrile+0.10 M TBATFB:
(A) polyfuran deposited at EAg/AgCl=1.35 V in a BFEE + EE (ratio
1:2) and TFA (10% by volume) containing 0.1 M furan, (B)
copolymer deposited at EAg/AgCl=1.7 V in a BFEE + EE (ratio 1:2)
and TFA (10% by volume) containing 0.1 M furan and 0.0125 M 3-
chlorothiophene, (C) poly(3-chlorothiophene) deposited at EAg/AgCl=
1.55 V in a BFEE + EE (ratio 1:2) and TFA (10% by volume)
containing 0.1 M 3-chlorothiophene. dE/dt=100 mV/s
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process occurs, the polymer thus behaves uniformly
(instead of two redox processes as observed with, e.g., a
heterogeneous mixture or a composite material). In addi-
tion, it is noteworthy that both the cathodic and the anodic
current are higher than those found with the homopolymers.
Taking the peak current as an indicator of redox capacity
implying that the amount of deposited copolymer is higher
after the same time of electropolymerization (2 min).

Electrochemical copolymerization both at different
potentials and with different thiophene concentrations was
investigated. Fig. 3a shows CVs of the copolymers (A) and
(B) obtained by electropolymerization in solutions contain-
ing 0.1 M furan and 0.1 M 3-chlorothiophene at EAg/AgCl=
1.5 and 1.7 V. The redox peak potential of the copolymers
shifts to higher potentials with increasing polymerization
potential of the copolymer. This indicates that more 3-

chlorothiophene units are incorporated into the copolymer
with increasing preparation potential.

When the furan/3-chlorothiophene feed ratio is changed
from 1:1 to 8:1, CVs as shown in Fig. 3b are obtained.
Only one redox peak couple appears. When comparing the
CVs of the copolymers prepared at the same polymerization
potential in these different solutions, it is observed that
lower concentration of thiophene leads to a negative shift of
the redox peak potentials of the copolymer. This implies
that more 3-chlorothiophene units are incorporated into the
copolymer film when the concentration of 3-chlorothio-
phene is increased.

The electrochemical characteristics of the homopolymers
and copolymers displayed in Fig. 2 and Fig. 3b indicate that
keeping the potential of electrosynthesis of copolymers
formed in mixed solutions near the threshold potential for
electropolymerization of furan may result in the furan-based
copolymers and vice versa.

The peak potential values of the copolymers prepared at
different potentials from these three different solutions are
listed in Table 1, the peak potentials of the homopolymers
are added for comparison.

In situ UV–vis spectroscopy

The in situ UV–vis absorption spectra of polyfuran and
poly(3-chlorothiophene) are displayed for reference in
Fig. 4. Polyfuran shows a broad absorption band around
407 nm in the neutral state. This broad absorption band
with λ1max corresponds to the π→π* transition, the width
indicates the coexistence of segments of both long and
short effective conjugation length in the polyfuran films.

In an extended system, the band gap (Eg) can be defined
as the difference between the lowest energy in the
conduction band and the highest energy in the valence
band. According to the zero-order approximation, this is
equal to the lowest excitation energy, which can be
obtained from the onset value at the lower energy edge of
the optical absorption spectra [51, 52]. Eg for polyfuran
from a direct inter-band transition can be estimated from the
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Fig. 3 a CVs recorded at dE/dt=100 mV/s in acetonitrile+0.10 M
TBATFB solution of copolymers deposited at EAg/AgCl=1.5 and 1.7 V
in a BFEE + EE (ratio 1:2) and TFA (10% by volume) containing
furan/3-chlorothiophene (mole ratio 1:1); b deposited at EAg/AgCl=
1.5 V in a BFEE + EE (ratio 1:2) and TFA (10% by volume)
containing furan/3-chlorothiophene (mole ratio 1:1 and 8:1)

Table 1 Peak potentials of the copolymers prepared at EAg/AgCl=1.50
and 1.70 V from BFEE + EE (ratio 1:2) and TFA (10% by volume)
solutions containing different monomer feed ratio

Fu/ClTh
(mole
ratio)

Epol=
1.50 V

Epol=
1.70 V

PFu (Epol=
1.35 V)

PClTh (Epol=
1.55 V)

Epa/V Epc/V Epa/V Epc/V Epa/V Epc/V Epa/V Epc/V

1:1 1.10 0.92 1.30 1.11 0.57 0.43 1.40 1.24
8:1 0.62 0.60 0.97 0.80

Peak potentials of homopolymers are added for comparison.
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absorption edge (∼530 nm) of the spectrum to be about
2.34 eV very close to the value reported in the literature
[23] and in our previous work [45].

The passage from the undoped to the doped state is
accompanied by weakening as well as a blue shift of the
absorption band in the visible and shifting into near infrared
(NIR) upon further oxidation. The optical transition with
λ2max from the valence band into the higher bi-polaron
band (the higher subgap state) is located at 680 nm
(1.82 eV), see below and Fig. 5. This assignment has been
previously suggested [23, 45].

In oxidized polyfuran, furan units have positive charges
partially delocalized over several polymer segments and
balanced by so-called dopant anions. When a negative
potential is applied to the film, anions are expelled from the
polymer film (undoping), thus transforming it to the
reduced state. As an alternative or competitive process,
ingress of cations may occur. Conversely, when a positive
potential is applied to oxidize the neutral film (doping),
anions are taken up [53, 54], or the cations may be released.
Energy levels, conduction and valance bands, as well as optical
transitions for polyfuran are shown in Fig. 5 as previously
suggested for other ICPs like, e.g., polypyrrole [55].

Poly(3-chlorothiophene) Fig. 4 (b) exhibits an absorption
maximum at 440 nm in the neutral state. This broad
absorption band corresponds to the π→π* transition, the
width implies again the coexistence of both long and short
effective conjugation lengths. Upon oxidation, this absorp-
tion almost vanishes; instead, a very broad feature raises
around 770 nm (1.61 eV) with its maximum λ2max shifting
into the NIR upon further oxidation. Eg for poly(3-
chlorothiophene) for the direct inter-band transition be-
tween the highest occupied molecular orbital and the lowest
unoccupied molecular orbital can be deduced from the
energy of the absorption edge (∼580 nm) of the spectrum at
about 2.14 eV. In the band gap, lower and upper polaron/bi-
polaron states are formed, the lower ones are located
1.61 eV above the valence band. The absorption bands and
band gaps of polyfuran and poly(3-chlorothiophene) are
listed in Table 2.

As the steric hindrance of the substituents at the three
positions is a major factor interrupting the coplanarity of
adjacent thiophene rings, which in turn leads to loss of
inter-ring conjugation [56, 57], one would expect the π-
conjugation length in the three-substituted polymers to
reduce appreciably with bulkier halogen substituents. The
slight difference between the band gap in poly(3-chlor-
othiophene) and that in polythiophene which is around
0.04 eV shows that Cl substituents do not influence the
inter-ring π-conjugation significantly, as the inter-ring twist
angle is relatively small in the solid state [28].

Figure 6 shows the in situ UV–vis spectra of the
copolymers (A...D) obtained from solutions of BFEE +
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Fig. 4 In situ UV–vis spectra recorded at different applied potentials
in a solution of acetonitrile+0.1 M TBATFB of a polyfuran deposited
at EAg/AgCl=1.35 V in a BFEE + EE (ratio 1:2) and TFA (10% by
volume) containing 0.1 M furan, b poly(3-chlorothiophene) deposited
at EAg/AgCl=1.55 V in a BFEE + EE (ratio 1:2) and TFA (10% by
volume) containing 0.1 M 3-chlorothiophene
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EE (ratio 1:2) and TFA (10% by volume) containing furan/
3-chlorothiophene (mole ratio 1:1 and 8:1) at deposition
potentials EAg/AgCl=1.7 and 1.5 V, respectively. The
copolymers have a broad absorption band in the neutral
state corresponding to the π→π* transition indicating the
coexistence of both long and short effective conjugation
lengths containing furan and 3-chlorothiophene monomer
units. A remarkable characteristic of the UV–vis spectra is
the shift of the broad absorption band in the neutral state of
the copolymers to higher wavelengths with increasing
preparation potential of the copolymer. This indicates that
more 3-chlorothiophene units are incorporated into the
copolymer with increasing preparation potential. Upon
oxidation, the absorption assigned to the π→π* transition
almost vanishes, instead a very broad feature rises (λ2max)
with its maximum shifting into NIR upon higher degree of
oxidation which is attributed to polaron/bi-polaron transitions
between band gap states. Eg for the copolymers prepared at
potentials EAg/AgCl=1.5 and 1.7 V from a direct inter-band
transition can also be estimated from the absorption edge
(∼550, 575 nm) of the spectrum, being about 2.26, 2.16 eV,
respectively, which is less than observed with polyfuran.

When the furan/3-chlorothiophene feed ratio changed
from 1:1 to 8:1, these two characteristics, the appearance of
a broad absorption band in the neutral state and the blue
shift of the absorption band in the visible region observed
upon oxidation and the appearance of absorption features in
the near IR region, still exist in the UV–vis spectra. When
comparing the UV–vis spectra of the copolymers prepared
at the same polymerization potential in these different

solutions, it is observed that a lower concentration of 3-
chlorothiophene leads to a blue shift of the absorption band
of the copolymer obtained. This implies that more 3-
chlorothiophene units are incorporated into the copolymer
film when the concentration of 3-chlorothiophene is
increased. The absorption bands and band gaps of the
copolymers prepared at different polymerization potentials
from these different solutions are listed in Tables 3 and 4.

In situ resonance Raman spectroscopy

As reported previously [46], laser light at λ0=647.1 nm is
the best choice in terms of avoiding selective enhancement
among the available wavelengths for studying the doping
level dependence of the Raman spectra and the bands resulting
from the oxidized species of doped polyfuran and polythio-
phenes. The in situ Raman spectra of polyfuran and poly-
thiophene are displayed for reference in Fig. 7, respectively.

The Raman spectrum of neutral polyfuran shows six
major bands at 1,590, 1,532, 1,283, 1,020, 975, and
9,202 cm−1. These bands are assigned to modes of pristine
polyfuran [58]. Polyfuran symmetric C=C intra-ring
stretching vibration and C–C intra-ring stretching vibration
were observed at 1,532–1,590 cm−1 [59, 60]. The band
located at 1,283 cm-1 is assigned to C–C and C–O ring
stretching vibration [61, 62], whereas C–H in-plane
deformation modes are located around 1,020 and 975 cm-1

[63, 64]. The band located around 920 cm−1 is assigned to
an in-plane ring deformation and the C–O ring stretching
vibration [65, 66]. Furthermore, another noticeable feature
in the spectrum is a band around 920 and 850 cm−1, which
is characteristic of two-substituted five-membered hetero-
cyclic compounds, suggesting that α-position in the
polymer are involved in the polymerization [67, 68]. These
results are completely in agreement with our last report
[46]. In this spectrum, several weak bands or shoulders are
also present at 1,470, 1,370, 1,140, and 1,210 cm−1. The
two bands at 1,470 and 1,210 cm−1 are assigned to C–H
out-of-plane bending, while the bands at 1,370 and
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Table 2 Absorption bands and band gaps of polyfuran and poly(3-
chlorothiophene)

Homopolymer 11max 12max Band gap

nm eV nm eV nm eV

Polyfuran 407 3.05 680 1.82 530 2.34
Poly(3-chlorothiophene) 440 2.82 770 1.61 580 2.14
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1,140 cm-1 are related to C–C and C–O stretching
vibrations, respectively, [61]. The oxidation potential of
polyfuran in acetonitrile-based electrolyte solution is mea-
sured to be EAg/AgCl=∼0.57 V. Thus, at potentials <0.57 V,
the overall features of the Raman spectra are similar to
those of neutral polyfuran. With the increase in applied
potential, the Raman bands at 1,470, 1,370, 1,140, and
1,210 cm-1 are enhanced gradually, whereas the bands
associated with the neutral species of polyfuran are still
present. Therefore, it is reasonable to conclude that the
enhanced bands are caused by the oxidized species of
polyfuran. At EAg/AgCl=0.8 V, the entire spectrum is similar
to that of doped polyfuran [26].

The in situ Raman spectra of polyfuran suggest that most
of the conjugated structures in polymer chains remain

undestroyed. This may be because overoxidation takes
place only at the electrochemically active sites, which may
be positively charged sites (polaron) in the chain, and not
all the furan rings are defective. Polyfuran shows a strong
localization at the site of the electronic perturbation, i.e., the
delocalization of the electrons along the polymer backbone
is restricted to several furan rings, as a result, the defects of
the electrochemically active sites may cause no consider-
able changes of the effective conjugation length [69].

The in situ Raman spectra of poly(3-chlorothiophene)
show a weak fluorescence background and a high signal-to-
noise ratio. The band around 1,400–1,500 cm−1 is a
common feature of Raman spectra of aromatic and
heteroaromatic systems; it is always strong and dominates
the entire Raman spectrum [70]. As can be seen in Fig. 7b,
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EAg/AgCl (a) 1.7 V, (b) 1.5 V in a
BFEE + EE (ratio 1:2) and TFA
(10% by volume) containing
furan/3-chlorothiophene (mole
ratio 1:1), (c) 1.7 V, (d) 1.5 V in
a BFEE + EE (ratio 1:2) and
TFA (10% by volume) contain-
ing furan/3-chlorothiophene
(mole ratio 8:1)

Table 3 Absorption bands and band gaps of copolymers obtained
from BFEE + EE (ratio 1:2) and TFA (10% by volume) solutions
containing 0.10 M furan and 0.10 M 3-chlorothiophene at potentials
EAg/AgCl=1.5 and 1.7 V

Polymerization potential
(EAg/AgCl)

11max 12max Band gap

nm eV nm eV nm eV

1.5 415 2.99 705 1.76 550 2.26
1.7 431 2.88 720 1.72 575 2.16

Table 4 Absorption bands and band gaps of copolymers obtained
from BFEE + EE (ratio 1:2) and TFA (10% by volume) solution
containing furan/3-chlorothiophene (mole ratio 8:1) at potentials
EAg/AgCl=1.5 and 1.7 V

Polymerization potential
(EAg/AgCl)

11max 12max Band gap

nm eV nm eV nm eV

1.5 410 3.03 690 1.80 540 2.30
1.7 420 2.95 700 1.77 555 2.24
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the most intense band is located at approximately
1,468 cm−1 and is assigned to the totally symmetric in-
plane C=C vibration of bulk thiophene rings spread over
the whole polymer chain [40, 71, 72]. A decrease in the
intensity and a broadening of the band at higher wave
numbers (tail) is observed; weaker bands located therein
have been assigned to the corresponding asymmetric C=C
stretching mode when the polymer film passed from the
neutral state to the oxidized form. This is related to changes
in the conjugation length distribution in the poly(3-
chlorothiophene) skeleton, as the broadness of the tail has
been used as an argument for the presence of shorter
polymer units and this tail increased with an increase in
electrode potential [73, 74]. Bathochromic shift of the C=C
skeleton vibration from 1,468 to 1,450 cm−1 is associated
with the increase in applied potential, which is attributed to
the symmetric stretching vibration of C=C bond ring of
radical cations (quinoid) [39, 75]. The band at 1,357 cm−1

in the spectrum of the neutral state is also found at
1,376 cm−1 in the spectrum of oxidized state and is assigned
to the C–C intra-ring symmetric stretching vibration [76, 77].
The well-defined scattering near 1,157 cm−1 is associated
with the asymmetric stretching vibration of C–C bonds.
Upon doping, this band shifts upwards to 1,162 cm−1 [78].

The bands at 927 and 827 cm−1 are assigned to C–H out-
of-plane deformations [79], while the bands at 754 and
710 cm-1 are related to C–S–C in-plane deformation [80].
Finally, the band ascribable to the C–Cl in-plane deforma-
tion observed at 439 cm-1 remains basically unchanged
when the neutral polymer is oxidized [39, 40].

The observed broadening and blue shift could be
attributed to changes in the conjugation length distribution
in the polymer chains. This conjugation length associated
with π-electron delocalization is favored when the polymer
rings are coplanar, owing to the maximum overlap of the
C–C inter-ring carbon pz orbitals. The oxidation produces
distorted parts in the polymer, thus reducing the coplanarity
of the rings and, therefore, the conjugation length [81].
Comparing the Raman spectra of neutral and oxidized
forms of poly(3-chlorothiophene), we can observe that the
overall intensity decreased upon increasing the applied
potential. This intensity difference is probably caused by a
larger resonance enhancement of the reduced film, which is
associated with a stronger UV–vis absorption at the laser
excitation wavelength. This means that the observed Raman
bands are caused by the undoped segments of the polymer
which become less and less abundant with increasing
doping level [82, 46]. Raman band assignments of poly-
furan and poly(3-chlorothiophene) at different electrode
potentials are listed in Table 5.

Raman spectra of copolymers obtained both at different
polymerization potentials and with different thiophene
concentrations were investigated. Fig. 8a shows that the
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Fig. 7 In situ resonance Raman spectra recorded in a solution of
acetonitrile+0.1 M TBATFB of (a) polyfuran deposited at EAg/AgCl=
1.35 V from BFEE + EE (ratio 1:2) and TFA (10% by volume)
containing 0.1 M furan, (b) poly(3-chlorothiophene) deposited at
EAg/AgCl=1.55 V from BFEE + EE (ratio 1:2) and TFA (10% by
volume) containing 0.1 M 3-chlorothiophene, spectra offset for clarity

88 J Solid State Electrochem (2008) 12:81–94



copolymer has a broad band around 1,552 cm−1 in the
neutral state. This band corresponding to the symmetric
C=C intra-ring stretching vibration suggests the coexistence
of both long and short effective conjugated lengths due to
furan and 3-chlorothiophene monomeric units. The greater
the red shift of this peak, the longer is the effective
conjugation length of the conducting polymer [83]. The
C–C intra-ring symmetric stretching vibration has been
assigned to the band found at 1,315 cm−1. The two bands
at 930 and 1,055 cm−1 are assigned to C–H in-plane
deformations, whereas the C–O ring stretching vibration
band is located around 1,121 cm−1. The bands at 756 and
662 cm−1 are related to C–S–C in-plane deformation. The
band observed at 843 cm-1 ascribed to the C–H out-of-plane
deformation mode indicates that α–α′ coupling of radical
cations has taken place during copolymerization. This is a
characteristic of α-substituted five-membered heterocyclic
compounds. It is noticed that the features of the Raman
spectra of the copolymer are between the features of the
Raman spectra of both homopolymers, implying that
oxidation of both monomers is possible and the copolymer
chains may accordingly be composed of alternate furan and
3-chlorothiophene units.

Comparing Fig. 8a with b, one can notice that the broad
band which corresponds to the symmetric C=C intra-ring
stretching vibration in the neutral state of the copolymers

shifts to lower wave numbers and the intensity of this band
also increases with increasing the preparation potential of
the copolymers. When prepared at EAg/AgCl=1.5 V, the
copolymer shows a broad band around 1,572 cm−1, which
is close to the position of the respective band of pure
polyfuran. When prepared at EAg/AgCl=1.7 V, the copoly-
mer shows a band around 1,552 cm−1. By increasing the
preparation potential, the band attributed to C–C ring
stretching vibration shifts to lower wave numbers by
20 cm−1 and moves closer to that of pure poly(3-
chlorothiophene). Furthermore, the band corresponding to
the C–Cl in-plane deformation observed at 450 cm−1 shifts
downwards to 441 cm−1 (see Table 6). In addition, the
intensity of this band is also enhanced with increasing
polymerization potential. This indicates that more 3-
chlorothiophene units are incorporated into the copolymer
chains with increasing preparation potential.

When the furan/3-chlorothiophene feed ratio is changed
from 1:1 to 8:1 (0.1:0.0125 M), Raman spectra as shown in
Fig. 8c and d are obtained. The same previously interesting
features still exist, i.e., the C=C stretching vibration which
is considered as an indicator of effective conjugation length
shifts to lower wavenumber, as the concentration of 3-
chlorothiophene increases in the polymerization solutions.
The band which is attributed to the C–C ring stretching
vibration shifts to lower values by 9 cm−1 closer to that of

Table 5 Raman band assignments of polyfuran and poly(3-chlorothiophene) at different electrode potentials, all figures in wave numbers per
centimeter

Mode EAg/AgCl

Polyfuran Poly(3-chlorothiophene)

0.0 V 0.30 V 0.60 V 0.80 V 0.0 V 0.80 V 1.40 V 1.60 V

ν(C=C)ring 1,590 1,593 1,597 1,590 1,468 1,458 1,453 1,450
ν(C–C)ring 1,532 1,540 1,534 1,532 – – – –
ω(C–H) 1,470 1,455 1,453 1,450 – – – –
ν(C–C) 1,370 1,376 1,380 1,383 – – – –
ν(C–C)ring – – – – 1,373 1,370 1,376 1,378
ν(C–C)ring 1,283 1,278 1,280 1,280 1,220 1,223 1,224 1,225
ω(C–H) 1,210 1,208 1,215 1,202 – – – –
ν(C–O)ring 1,140 1,152 1,149 1,142 – – – –
ν(C–C)antisym – – – – 1,157 1,150 1,158 1,162
δ(C–H) 1,020 1,021 1,025 1,030 1,050 1,047 1,051 1,052
δ(C–H) 975 970 968 973 – – – –
γ(C–H) – – – – 927 925 923 926
ν(C–O)ring 920 923 924 922 – – – –
δ(Ring) 918 919 926 923 – – – –
γ(C–H) 850 835 830 856 827 823 821 813
δ(C–S–C) – – – – 754 740 736 730
δ(C–S–C) – – – – 710 707 703 700
δ(C–C)ring – – – – 656 650 650 647
δ(C–Cl) – – – – 439 437 437 439

δ In-plane deformation; γ out-of-plane deformation; ν stretching; ω out-of-plane bending
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Table 6 Raman band assignments of copolymers deposited at EAg/AgCl=1.5 and 1.7 V in a solution containing 0.1 M furan and 0.1 M 3-
chlorothiophene, all figures in wave numbers per centimeter

Mode EAg/AgCl

1.50 V 1.70 V

0.0 V 0.50 V 1.0 V 1.40 V 0.0 V 0.80 V 1.30 V 1.60 V

ν(C=C)ring 1,572 1,570 1,568 1,570 1,552 1,554 1,550 1,550
ν(C–C)ring 1,514 1,517 1,527 1,525 1,525 1,530 1,531 1,532
ω(C–H) 1,460 1,455 1,458 1,460 1,442 1,445 1,436 1,438
ν(C–C) 1,340 1,355 1,335 1,388 1,315 1,330 1,328 1,332
ν(C–C)ring 1,261 1,263 1,260 1,264 1,241 1,248 1,239 1,242
ω(C–H) 1,190 1,193 1,195 1,204 1,176 1,172 1,169 1,158
ν(C–O)ring 1,130 1,121 1,110 1,084 1,121 1,133 1,112 1,084
δ(C–H) 1,032 1,050 1,007 1,012 1,055 1,060 1,056 1,039
δ(C–H) 932 950 946 937 930 936 960 954
γ(C–H) 878 870 863 817 843 847 838 847
δ(C–S–C) 750 776 732 735 756 739 733 763
δ(C–S–C) 670 693 640 658 662 670 663 666
δ(C–Cl) 450 449 449 450 441 444 440 445

δ In-plane deformation; γ out-of-plane deformation; ν stretching; ω out-of-plane bending
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Fig. 8 In situ resonance Raman
spectra recorded in a solution of
acetonitrile+0.1 M TBATFB
of copolymers deposited at
EAg/AgCl (a) 1.7 V, (b) 1.5 V in a
BFEE + EE (ratio 1:2) and TFA
(10% by volume) containing
furan/3-chlorothiophene (mole
ratio 1:1), (c) 1.7 V, (d) 1.5 V in
a BFEE + EE (ratio 1:2) and
TFA (10% by volume) contain-
ing furan/3-chlorothiophene
(mole ratio 8:1), spectra offset
for clarity
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pure poly(3-chlorothiophene); furthermore, the mode associat-
ed with the C–Cl bond appears at 441 cm−1 when the
copolymer is prepared at 1:1 monomer feed ratio (see
Table 7). These results show that the number of 3-
chlorothiophene units in these copolymer chains increases
with an increasing 3-chlorothiophene concentration in the
polymerization solutions.

It is obvious that the Raman spectra of the copolymers
are more complex than those of pure polyfuran and poly(3-
chlorothiophene) making the assignment difficult. This
complexity may be due to the change of effective
conjugation length and more complex chemical environ-
ment of each unit encountered in the copolymer chains.
However, the in situ Raman spectra of the copolymers are
reminiscent of the in situ Raman spectra of homopolymers;
see Fig. 8a–d. We observe a decrease in the intensity and a
broadening of the symmetric C=C intra-ring stretching
vibration at higher wave numbers with an increase in the
applied potential. The overall intensity of the spectra
decreases upon increasing the applied potential. The results
reveal that the Raman spectra of the copolymers in the
doped state are different from those of neutral copolymers.
Bands related to the oxidized and, thus, distorted species
were identified with in situ Raman spectroscopy.

In situ conductivity measurements

Polyfuran deposited potentiostatically at EAg/AgCl=1.35 V
shows a single conductivity change by about three orders of
magnitude starting around EAg/AgCl=0.1 V with a stable
conductivity up to EAg/AgCl=1.2 V (Fig. 9a). When the
potential shift is reversed from 1.2 to −0.2 V, the
conductivity is almost completely restored.
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Fig. 9 Resistivity vs electrode potential data in a solution of
acetonitrile+0.1MTBATFB of (a) polyfuran, (b) poly(3-chlorothiophene)

Table 7 Raman band assignments of copolymer deposited at EAg/AgCl=1.7 V with different mole ratios, all figures in wave numbers per centimeter

Mode EAg/AgCl

8:1a 1:1a

0.0 V 0.50 V 1.0 V 1.40 V 0.0 V 0.45 V 0.90 V 1.20 V

ν(C=C)ring 1,564 1,562 1,560 1,560 1,552 1,554 1,550 1,550
ν(C–C)ring 1,510 1,501 1,505 1,513 1,525 1,530 1,531 1,532
ω(C–H) 1,451 1,452 1,447 1,449 1,442 1,445 1,436 1,438
ν(C–C) 1,330 1,335 1,327 1,343 1,315 1,330 1,328 1,332
ν(C–C)ring 1,250 1,251 1,249 1,241 1,241 1,248 1,239 1,242
ω(C–H) 1,170 1,166 1,172 1,160 1,176 1,172 1,169 1,158
ν(C–O)ring 1,070 1,069 1,073 1,061 1,121 1,133 1,112 1,084
δ(C–H) 1,030 1,025 1,023 1,022 1,055 1,060 1,056 1,039
δ(C–H) 958 939 955 943 930 936 960 954
γ(C–H) 864 834 830 842 843 847 838 847
δ(C–S–C) 772 761 758 763 756 739 733 763
δ(C–S–C) 710 702 675 703 662 670 663 666
δ(C–Cl) 451 451 454 449 441 444 440 445

a Furan/3-chlorothiophene mole ratio
δ In-plane deformation; γ out-of-plane deformation; ν stretching; ω out-of-plane bending
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The lower electrical conductivity of polyfuran when
compared with polythiophene or polypyrrole may be
attributed to the shorter conjugation length, which is
already evident in the UV–vis spectra [27, 46]. In addition,
degradation and ring opening reactions cannot be totally
suppressed in the polymerization solution, and nonconjugat-
ed regions, although in small amounts, may exist in the
polymer chains. As a consequence, the coexistence of high
and low electrical conductivity domains in the film restricts
the charge carrier migration in the polymer [24, 84].

The resistivity vs the applied potential plot of poly(3-
chlorothiophene) deposited potentiostatically at EAg/AgCl=
1.55 V is displayed in Fig. 9b. The polymer shows a single

change in resistivity. When the applied potential is
increased, the resistivity decreased sharply by three orders
of magnitude around EAg/AgCl=0.8 V with a highly stable
conductivity up to EAg/AgCl=2 V. In a potential scan back
from 2.0 to 0.0 V, the resistivity is almost completely
restored.

The conductivity of poly(3-chlorothiophene) is around
one order of magnitude lower than that of polythiophene1.

0.0 0.5 1.0 1.5 2.0
1.6

2.0

2.4

2.8

3.2

3.6

4.0

a

 

L
o
g
 (
R

 /
 o

h
m

)

E
Ag/AgCl

 / V

0.0 0.5 1.0 1.5 2.0

1.2

1.5

1.8

2.1

2.4

2.7

3.0

b

L
o
g
 (
R

 /
 o

h
m

)

E
Ag/AgCl

 / V

-0.3 0.0 0.3 0.6 0.9 1.2
2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

c

 

L
o
g
 (
R

 /
 o

h
m

)

E
Ag/AgCl

 / V

0.0 0.3 0.6 0.9 1.2 1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

d

L
o
g
 (
R

 /
 o

h
m

)

E
Ag/AgCl

 / V

Fig. 10 Resistivity vs electrode
potential data in a solution of
acetonitrile+0.1 M TBATFB
of copolymers deposited at
EAg/AgCl=1.5 and 1.7 V, respec-
tively, in a BFEE + EE (ratio 1:2)
and TFA (10% by volume)
containing (a, b) furan/3-chlor-
othiophene (mole ratio 1:1),
(c, d) furan/3-chlorothiophene
(mole ratio 8:1)

1The comparison is only qualitative because the actual amount of
polymer is not known and can hardly be determined. Taking the peak
currents and peak areas of the respective CVs as qualitative indicators,
the comparison seems to be valid nevertheless.
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This can be explained qualitatively by invoking the
difference between the hydrogen and chlorine radii which
is around 0.60 Å. This difference may increase the steric
hindrance and distortion along the polymer chain which
modifies the structure and thus the properties of the
polymer [35]. The lower conductivity can also be ascribed
to the physical discontinuity within the polymer matrices,
which increases the resistance of the polymer [85].

In situ conductivity measurements both at different
electrode potentials and with different 3-chlorothiophene
concentrations in the polymerization solution were per-
formed; results obtained with copolymers of different
compositions (labeled A...D) are presented in Fig. 10.
Copolymer (B) shows a single change in resistivity. When
the applied potential is increased, the resistivity decreases
sharply at EAg/AgCl=0.7 V with a stable conductivity up to
EAg/AgCl=2 V. Furthermore, its conductivity is close to that
of poly(3-chlorothiophene) and higher than that of poly-
furan by 1.8 orders of magnitude. The resistivity is almost
completely restored when the potential is shifted back from
EAg/AgCl=2.0 to 0.0 V. The same changes can be observed
with copolymer (A). However, its conductivity is higher by
1.2 orders of magnitude as compared to polyfuran. This
indicates that more 3-chlorothiophene units are incorporat-
ed into the copolymer chains with increasing preparation
potential.

When the furan/3-chlorothiophene feed ratio is changed
from (1:1) to (8:1), the same interesting features are still
existent, i.e., copolymers show a single change in resistiv-
ity, when the applied potential is increased, the resistivity
decreased, and the resistivity is almost restored when the
potential is shifted back to EAg/AgCl=−0.2 V. In the case of
copolymer (C), its behavior is close to that of polyfuran
with a conductivity higher by 0.3 orders of magnitude,
whereas the difference is 1.3 orders of magnitude for
copolymer (D).

By comparing copolymers (A, B) with copolymers (C,
D), one can conclude that the number of 3-chlorothiophene
units in these copolymer chains increases with an increas-
ing 3-chlorothiophene concentration in the polymerization
solutions, and the conductivities of the copolymers are
between the conductivities of both polyfuran and poly(3-
chlorothiophene), implying that oxidation of both monomers
is possible and the copolymer chains may accordingly be
composed of alternate furan and 3-chlorothiophene units.

Another noticeable feature is the fact that in situ
conductivity properties are not the sum of those of the
two individual homopolymers. This result may eliminate
the possibility that the copolymers can be considered as
block copolymers. It may be concluded that copolymers (B)
and (C) have structures approaching those of a polythio-
phene-based random copolymer and a polyfuran-based
random copolymer, respectively.

Conclusions

Electrochemical copolymerization of furan and 3-chloro-
thiophene was successfully realized in a binary system
consisting of BFEE + EE (ratio 1:2) and TFA (10% by
volume) at constant electrode potential. The spectroelec-
trochemical properties of the copolymers show intermediate
characteristics between polyfuran and poly(3-chlorothio-
phene), implying that oxidation of both monomers is
possible and the copolymer chains may accordingly be
composed of alternate furan and 3-chlorothiophene units.
At higher polymerization potentials and at higher concen-
trations of 3-chlorothiophene in the feed, more 3-chloro-
thiophene units are incorporated into the copolymer. The
reversible doping/dedoping behavior of homo- and copolymer
films is also reflected in in situ conductivity measurements.
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