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Electrochemistry, morphology, thermoelectric and
thermal degradation behaviors of free-standing
copolymer films made from 1,12-bis(carbazolyl)
dodecane and 3,4-ethylenedioxythiophene

Ruirui Yue, Baoyang Lu, Jingkun Xu, Shuai Chen and Congcong Liu

A copolymer based on 1,12-bis(carbazolyl)dodecane (2Cz-D) and 3,4-ethylenedioxythiophene (EDOT) was electrochemically

synthesized in dichloromethane containing 0.1-M tetrabutylammonium tetrafluoroborate. Cyclic voltammetry, Fourier-transform

infrared, morphological and elemental analyses confirm that the resultant polymer is a copolymer rather than a composite or a

blend of the two homopolymers. The copolymer exhibits good redox activity and high electrochemical stability. In contrast with

powdered poly(3,4-ethylenedioxythiophene) (PEDOT), the copolymer formed in this study exists in a free-standing film state, and

it has a higher thermal stability and better mechanical properties. Moreover, the copolymer films emit blue light, depending on

the monomer feed ratios. The thermoelectric properties of the copolymer films were also investigated. Because the 2Cz-D/EDOT

feed ratios were different, the electrical conductivities of the obtained copolymer films were improved to varying degrees

compared with that of the poly(1,12-bis(carbazolyl)dodecane) (P2Cz-D) film. The highest obtained electrical conductivity was

0.6S cm�1, four orders of magnitude higher than that of P2Cz-D (2.7�10�5 S cm�1). The Seebeck coefficients of the copolymer

films were also modified compared with that of P2Cz-D. All of these enhanced properties will be beneficial to the potential

applications of these materials in polymer optoelectronics or as organic thermoelectric materials.
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INTRODUCTION

In spite of their short history, conducting polymers (CPs) have
attracted considerable attention as an emerging area of polymeric
materials for applications in electronic and photonic devices by virtue
of their metal-like electrical conductivity in conjunction with their
polymeric properties such as flexibility, low density and ease of
structural modification.1–6 However, despite a great deal of work
focused on fundamental research on conventional CPs, the design
and synthesis of novel CPs with unique properties are still seen as
necessary and significant to enable the application of these materials.
Carbazole-containing polymers have generated significant interest

because of their applications in electrochromic devices, hole-trans-
porting layers, electroxerography, microcavity photoconduction and
as photovoltaic components that provide a highly efficient matrix as a
current carrier transport.7–11 These polymers also constitute a signi-
ficant portion of photoconductive polymers and organic photorecep-
tors.12 Carbazole can be easily functionalized at its 3,6-,13,14 2,7-15 or
N-16,17 positions and then covalently linked to a polymer, either in the
main chain as a block18 or in the side chain as a pendant group.19

Dicarbazoles connected with various etheroxide spacers or carbon
chains have been investigated.20–24 The increasing polymerization
positions, together with the flexible spacers between the chromo-
phores, lead to the crosslinked polymer structures. Owing to the ease
of formation of relatively stable radical cations (polarons), carbazoles
readily polymerize in electrochemical polymerization processes. As
reported by our group, poly(1,12-bis(carbazolyl)dodecane) (P2Cz-D)
free-standing films with high mechanical properties and outstanding
blue-light emitting properties can be easily obtained through direct
anodic oxidation of 1,12-bis(carbazolyl)dodecane (2Cz-D) in a neutral
system.25 However, the as-formed P2Cz-D films show relatively poor
conductivity, which impedes their practical applications.
Generally, the properties of CPs can be tuned by adjusting the

electronic characteristics of the p-orbital along the neutral polymer
backbone, including main-chain and pendant-group structural modi-
fication and copolymerization.26,27 As a general synthetic method,
copolymerization is a promising strategy that can result in the
combination of the properties of the homopolymers. For that matter,
many recent studies have reported novel copolymers based on
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3,4-ethylenedioxythiophene (EDOT) and other components.28–31

EDOT is a popular choice as a comonomer because it produces a
low band gap polymer with high stability and good conductivity.32

EDOT and its derivatives can give rise to non-covalent intramolecular
interactions with adjacent thiophenic units, thus inducing the self-
rigidification of the conjugated system in which it is incorporated.33,34

On the basis of the above considerations, the electrochemical
copolymerization of 2Cz-D and EDOT was carried out in CH2Cl2
containing Bu4NBF4 as the supporting electrolyte. The resultant
copolymer was characterized by means of Fourier-transform infrared
(FT-IR), elemental analysis, scanning electron microscope and cyclic
voltammetry. The light-emitting properties, thermoelectric behavior
and thermal stability of the copolymer films were studied in detail.

EXPERIMENTAL PROCEDURE

Materials
2Cz-D was synthesized according to general procedures already described in

the literature.35 3,4-Ethylenedioxythiophene (EDOT, Sigma-Aldrich, Shanghai,

China, 98%) and 1,12-bisbromo-dodecane (Acros, Shanghai, China) were used

as received. Tetrabutylammonium tetrafluoroborate (Bu4NBF4, Acros) was

dried at 60 1C for 12h before use. CH2Cl2 (AR, Beijing Chemical Plant, Beijing,

China) was refluxed with CaH2 and distilled before use. All other reagents are

commercial-grade products and were used as received. Indium-tin-oxide (ITO)-

coated glass (Shenzhen Changda Electronic Company, Shenzhen, China) was

washed with ethanol and then with deionized water under ultrasonication and

was further dried in air.

Electrochemical synthesis and testing
Electrochemical polymerization and examination were carried out in a one-

compartment three-electrode cell with a Model 263 potentiostat-galvanostat

(EG&G Princeton Applied Research, Beijing, China) under computer control

at the temperature of ice water. The working and counter electrodes in

cyclic voltammetry experiments were two platinum wires placed 0.5 cm apart,

both with 0.5-mm diameters. Before each examination, the wires were carefully

polished and cleaned with water and then with acetone. An Ag/AgCl electrode

immersed directly in the solution was used as the reference electrode. All solutions

were deaerated with a dry argon stream before experiments. To obtain amounts

of polymer films, a platinum sheet with a surface area of 4.5 cm2 and a stainless

steel sheet with a surface area of 5.0 cm2 were used as the working and counter

electrodes, respectively. These sheets were carefully polished with abrasive paper

(1500 mesh) and then washed with water and then with acetone before each

examination. The polymers deposited on ITO glass (about 2.0 cm2) were used

for ultraviolet–vis, fluorescence and scanning electron microscope measure-

ments. For specific analysis, the as-formed polymers were dedoped with 25%

ammonium for 2 days and then washed repeatedly with water and acetone.

Finally, the samples were dried at 60 1C for 2 days under vacuum.

Characterization
The temperature dependence of the electrical conductivity (s) and the Seebeck

coefficient (S) were measured by a four-point thermoelectric property mea-

surement unit coupled with a liquid-nitrogen container for rectangular-shaped

film (length: 12.0–13.0mm, width: 3.0–3.5mm, thickness: 0.03–0.10mm) or

pellet (length: 15.0mm, width: 3.0mm, thickness: 1.0–2.0mm) samples from

room temperature to 200K. The Seebeck coefficient (S) was obtained from the

slope of the produced thermoelectric voltage as a function of the temperature

difference along the length of the sample.

Ultraviolet–vis spectra were measured with a Perkin-Elmer Lambda 900

UV-visible-near-infrared spectrophotometer (Perkin-Elmer, Beijing, China).

Fluorescence spectra were captured using an F-4500 fluorescence spectro-

photometer (Hitachi, Beijing, China). Infrared spectra were recorded with a

Bruker Vertex 70 Fourier-transform infrared spectrometer (Bruker, Beijing,

China) with samples in KBr pellets. Mechanical properties were measured by

an Instron 2365 universal testing instrument (Instron, Shanghai, China) at a

stretching rate of 5mm per minute. Elemental analyses were performed with

an S-4700 X-ray elemental analyzer (Hitachi). A VEGA\LSU Tescan scanning

electron microscope (Tescan, Shanghai, China) was used to analyze the surface

morphologies of as-formed polymer films. The thermal stability of the polymers

was analyzed by a Pyris Diamond TG/DTG thermal analyzer (Perkin-Elmer)

under a nitrogen stream with a heating rate of 10Kmin�1.

RESULTS AND DISCUSSION

Electrochemical polymerization
Cyclic voltammetry is a highly successful method that qualitatively
reveals the reversibility of electron transfer during electrochemical
polymerization and also examines the electrical activity of polymer
films by monitoring the oxidation and reduction in the form of a
current–potential diagram (cyclic voltammogram, CV).36 To investi-
gate the electrochemical polymerization behavior of the monomer
mixtures and the effect of the initial monomer feed ratio on the
copolymerization process, CVs of 2Cz-D, EDOT and that of the
monomer mixtures with different feed ratios were recorded and are
shown in Figure 1 and Supplementary Figure S1. The growth of the
CPs/copolymers appears as an increasing redox peak current density
on each CV. Figure 1a displays the CV of 2Cz-D performed between
1.27 and 0.3V. The onset oxidation potential of 2Cz-D is 1.10V lower
than that of EDOT (1.33V) shown in Figure 1c, observed from the
first circle of the CVs. The small difference in the oxidation potential
between 2Cz-D and EDOT (0.23V) suggests that copolymerization
between the two is possible. Upon repeated scanning, a reversible
redox process develops at 0.85 and 0.70V for 2Cz-D (Figure 1a),
suggesting the formation of an electroactive polymer with good redox
reversibility. For the EDOT CVs, typical broad redox peaks can be
observed between 1.2 and 0.3V (Figure 1c). Figure 1b presents the
CVs of the monomer mixtures with 2Cz-D:EDOT¼1:5. Similar to the
CV of 2Cz-D (Figure 1a), the mixture displays redox peaks at 1.0 and
0.6V, which are much broader than those of 2Cz-D but are consistent

0.0
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Figure 1 Cyclic voltammograms of 2Cz-D (a), EDOT (c) and monomer

mixtures with a feed ratio of 2Cz-D:EDOT¼1:5 (b) in CH2Cl2+0.1-M

Bu4NBF4. Potential scan rate: 100mVs�1.
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with those of EDOT (Figure 1c). As the CV scanning continued, the
redox waves underwent a clear shift in potential, indicating the
increase in the electrical resistance of the as-formed polymer film
and thus the overpotential needed to overcome the resistance.37

Similar phenomena can also be observed in Supplementary Figure
S1. As the initial monomer feed ratio (2Cz-D:EDOT) decreased from
5:1 (Supplementary Figure S1a) to 1:10 (Supplementary Figure S1f),
the CVs of the monomer mixtures changed gradually and became
increasingly similar to that of EDOT (Figure 1c). The appearance of
these new redox peaks confirms that some reactions must occur
between 2Cz-D and EDOT during the electrochemical polymerization
process in CH2Cl2+0.1-M Bu4NBF4.
A high oxidation potential is known to make the electropolymer-

ization of an aromatic monomer quite difficult and also to lead to
some side reactions. Furthermore, the polymer films deposited on the
working electrode surface are easily overoxidized during the further
polymerization process, which takes place under a higher oxidation
potential. Therefore, the preparation of high-quality conductive poly-
mer films requires an appropriate polymerization potential. To choose
an optimal polymerization potential for the monomer or monomer
mixtures, a set of current transients were recorded during the
potentiostatic polymerization and copolymerization processes at
different applied potentials, as shown in Supplementary Figures S2
and S3. Considering the overall factors affecting the quality of the
as-formed polymer films such as polymerization rate, unavoidable
overoxidation, room temperature and adherence to the electrode
surface, the applied polymerization potentials were chosen as 1.3V
for 2Cz-D and 1.5V for both EDOT and the monomer mixtures with
different feed ratios in CH2Cl2+0.1-M Bu4NBF4.

Structural and morphological characterization
Figure 2 shows the FT-IR spectra of P2Cz-D, poly(3,4-ethylenedioxy-
thiophene) (PEDOT) and poly(2Cz-D/EDOT) obtained with 2Cz-
D:EDOT¼1:5 in the dedoped state. According to the spectrum of
P2Cz-D, the band at 3058 cm�1 can be ascribed to the C–H stretching
vibration of benzene rings, and the bands at 2924 and 2840 cm�1 are
assigned to the aliphatic C–H stretching vibration. The band at
745 cm�1 suggests the existence of a 1,2-disubstituted benzene ring.
The band at 712 cm�1 is ascribed to an out-of-plane deformation
vibration of the long alkyl chain.25 In the PEDOTspectrum, the bands
at 1519, 1334 and 1208 cm�1 originate from the stretching modes of
C¼C and C–C in the thiophene rings, and the bands at 1090 and
972 cm�1 stem from the stretching vibrations of C–O–C and C–S–C
in the EDOT rings, respectively.31 Compared with the constituent
homopolymers, poly(2Cz-D/EDOT) exhibits bands at 2924, 2840 and
743 cm�1, indicating the presence of 2Cz-D units. The bands at 1343,
1191, 1073 and 981 cm�1 assigned to EDOT rings can also be
observed. The above results demonstrate that poly(2Cz-D/EDOT)
contains both 2Cz-D and EDOT units. Furthermore, according to
previous studies, the electrochemical polymerization of carbazole and
its derivatives mainly occurred at the 3,6 positions,38 suggesting that
the copolymerization of 2Cz-D with EDOT still occurred at the
3,6 positions.
As-formed P2Cz-D, PEDOTand poly(2Cz-D/EDOT) were all in the

doped state and appeared black in color on platinum sheets. After
dedoping with 25% ammonia, the color of the P2Cz-D film changed
to brown, but PEDOT and poly(2Cz-D/EDOT) were still black, as
shown in Figure 3, indicating the presence of PEDOT segments in
poly(2Cz-D/EDOT) chains. However, as-formed P2Cz-D can be easily
peeled off the electrode surface into a free-standing film with a smooth
surface (Figure 3a). PEDOT polymerized under the same conditions
as P2Cz-D appeared as a black powder (Figure 3c). As expected,
the poly(2Cz-D/EDOT) films obtained by the copolymerization of
2Cz-D and EDOT were free-standing with smooth and compact
surfaces (Figure 3b). These results indicate that poly(2Cz-D/EDOT)
is a copolymer rather than a composite or blend of P2Cz-D and
PEDOT. Furthermore, the mechanical properties of the as-formed,
free-standing copolymer films were studied, and their tensile strengths
were measured as 125B90 kg cm�2, which was lower than that
of the P2Cz-D film (172 kg cm�2). The measured tensile strength
of poly(1,12-bis(carbazolyl)dodecane-co-3,4-ethylenedioxythiophene)
(P(2Cz-D-co-EDOT)) films depends on the initial monomer feed
ratios. In general, increasing proportions of EDOT in the copolymer
chain led to poorer mechanical properties of the copolymer films. The
above data reveal that the as-formed copolymer films exhibit good
mechanical properties, indicating the formation of crosslinks between
conjugated chains with long alkyl chains as the bridge, as shown in
Scheme 1.
Figure 4 shows the scanning electron microscopy images of P2Cz-D

(a), PEDOT (b) and the copolymer (c) films deposited on ITO
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Figure 2 Fourier-transform infrared spectra of P2Cz-D, PEDOT and P(2Cz-D-

co-EDOT) (2Cz-D:EDOT¼1:5) in the dedoped state deposited from

CH2Cl2+0.1-M Bu4NBF4.

Figure 3 Photographs of as-formed free-standing P2Cz-D (a) and P(2Cz-D-co-EDOT) (2Cz-D:EDOT¼1:5) (b) films and PEDOT powder (c) in the dedoped

state electrosynthesized from CH2Cl2+0.1-M Bu4NBF4.
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electrodes in the doped state (insets of Figure 4). Macroscopically, all
the polymer films appeared to be smooth, homogeneous and com-
pact. Microscopically, some crevices can be observed on the relatively
smooth surface of the P2Cz-D film (Figure 4a). In contrast, the surface
of the PEDOT film (Figure 4b) appears somewhat similar to dried and
cracked earth, which could be partly attributed to the quick volatiliza-
tion of CH2Cl2 from the polymer or the poor polymer film quality. By
comparison, the as-formed copolymer film (Figure 4c) has a much
smoother, more compact and more homogeneous surface with few
tiny flaws, indicating the excellent crosslinking structure of the
copolymer. In addition, the smooth and homogeneous structures of
the compact copolymer films have an extremely beneficial effect on
their electrical conductivity and also make them good candidates for
applications such as ion-selective electrodes, ion-sieving films and
matrices for hosting catalyst particles.39,40

To further explore the structure of the copolymer films obtained
potentiostatically with different 2Cz-D/EDOT initial feed ratios,
elemental analysis was performed and the results are shown in
Table 1. Obviously, the ratio of 2Cz-D/EDOTunits in the correspond-
ing copolymers is not proportional to the 2Cz-D/EDOT feed ratio in
CH2Cl2+0.1-M Bu4NBF4, although the ratio of 2Cz-D/EDOT units in
the copolymers decreases as the feed ratio decreases in CH2Cl2. When
the feed ratio is 5:1, the 2Cz-D/EDOT ratio in the copolymer is 0.35.

When the feed ratio decreases to 1:10, the 2Cz-D/EDOT ratio in the
copolymer decreases to 0.09. Therefore, in the copolymer, P2Cz-D
segments can be seen as the skeleton of the crosslinking structure,
consistent with Scheme 1.

Electrochemistry of copolymer films
To obtain deeper insight into the electrochemical behavior of as-
formed copolymer films, the CVs of P(2Cz-D-co-EDOT) films depo-
sited with different monomer feed ratios were recorded under

N

(CH2)12

CH2(CH2)10CH2

S

OO

N

Chemical bond

N

O O Electrochemical

copolymerization
S

=

=

=

=

Scheme 1 Electrochemical copolymerization route of 2Cz-D and EDOT.
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Figure 4 Scanning electron microscope images of P2Cz-D (a), PEDOT (b) and P(2Cz-D-co-EDOT) (2Cz-D:EDOT¼1:5) (c) films synthesized in

CH2Cl2+0.1-M Bu4NBF4 at a constant applied potential of 1.30, 1.50 and 1.50 V for 100 s, respectively. Insets: photographs of the corresponding polymer

films deposited on indium-tin-oxide glasses in the doped state.

Table 1 Element analysis results of polymer films obtained with

different 2Cz-D/EDOT ratios at constant applied potential of 1.5V in

CH2Cl2+0.1M Bu4NBF4

2Cz-D/EDOT

feed ratio C (%) N (%) O (%) S (%)

2Cz-D/EDOT

ratio in polymer

5:1 83.2 1.07 4.09 1.53 0.35

1:1 80.31 1.70 7.50 4.56 0.19

1:5 81.55 1.78 8.88 5.23 0.17

1:10 81.10 1.05 9.48 5.76 0.09

Abbreviations: 2Cz-D, 1,12-bis(carbazolyl)dodecane; EDOT, 3,4-ethylenedioxythiophene.
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different potential scanning rates, as shown in Figure 5 and Supple-
mentary Figure S4. For comparison, the CVs of P2Cz-D and PEDOT
were also included in Figure 5. As shown in Figure 5A, the CVs of
P2Cz-D show two pairs of redox peaks at 1.6 (anodic peak potential,
Ep.a.) and 1.1V (cathodic peak potential, Ep.c.), and at 1.0 (Ep.a.) and
0.6V (Ep.c.). For PEDOT, broad redox peaks can be found over the
whole potential range as shown in Figure 5C. Obviously, the CVs of
the copolymer film (Figure 5B) displayed two pairs of broad redox
peaks at 1.5 (Ep.a.) and 1.0V (Ep.c.), and at 1.1 (Ep.a.) and 0.6V (Ep.c.),
similar to those of both P2Cz-D and PEDOT, and further indicating
the presence of 2Cz-D and EDOT units in the copolymer-conjugated
backbone. Moreover, all the peak current densities were proportional
to the potential scan rates (right parts of Figure 5), which suggests that
the electroactive polymer films were well adhered and the redox
processes were not diffusion limited.41 As the CVs were performed,
these films could be cycled repeatedly between the conducting
(oxidized) and insulating (neutral) states without significant material

decomposition, indicating that these polymer have high redox stabi-
lity. Similar behavior can also be observed in the CVs of other
copolymer films synthesized with different monomer feed ratios
(Supplementary Figure S4). As more EDOT was added, the CVs of
the obtained copolymer films became increasingly similar to that of
PEDOT, signifying that more EDOT units are present in the copoly-
mer backbone chains. The above results further imply that the
electrochemical copolymerization between 2Cz-D and EDOT in
CH2Cl2 +0.1-M Bu4NBF4 occurred exactly as displayed in Scheme 1.

Optical properties
Thin P2Cz-D, PEDOTand copolymer films deposited on ITO glass are
green, dark blue and cyan in color in the doped state, respectively, as
shown in the insets of Figure 4. When the same materials were
dedoped at a negative potential, their colors changed to transparent
colorless, dark brown and taupe, respectively. As-formed P2Cz-D,
PEDOT and copolymers are all hardly soluble in common organic
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solvents such as DMSO, chloroform, tetrahydrofuran, dichloro-
methane and acetonitrile, which might result from the long conju-
gated backbone chains and their special crosslinking structure.
Figure 6A shows the ultraviolet–vis spectra of P2Cz-D (a), PEDOT

(e) and copolymer films (b–d) in the doped state on ITO electrodes.
For P2Cz-D (a), the spectrum displays absorption peaks at 400 and
825nm. Similarly, the copolymers show absorption peaks at 395 nm
caused by the valence band–conduction band (p–p*) transition, and
wide absorption bands centered at 841 nm, indicating the presence of
conductive species such as polaron or bipolaron and the long con-
jugated chain (b–d). However, as Figure 6Ae shows, PEDOTexhibits a
much wider absorption band from 480 to more than 1000nm, and
this broad peak is characteristic of the absorptions of conductive
species. All the above features suggest that polymers with a long
conjugated structure and a high electroactivity have been formed.
P2Cz-D is a good blue-light emitter. Thus, the fluorescence proper-

ties of the copolymers were investigated and are presented in
Figure 6B. For comparison, the fluorescence spectra of P2Cz-D and
PEDOTare also included. In the spectrum of P2Cz-D (a), an emission

peak at 438 nm with a shoulder peak at 414 nm is observed. For the
copolymers synthesized with 2Cz-D:EDOT¼5:1 and 1:1 (b and c),
their emission spectra exhibit similar peaks with that of P2Cz-D. An
emission peak at 436 nm with a shoulder at 415 nm can be found,
indicating that the insertion of EDOTunits into the polymer chain has
not destroyed the original conjugated structure of P2Cz-D segments
but rather filled in the gaps between adjacent P2Cz-D segments. When
the 2Cz-D/EDOT feed ratio decreased to 1:10 (d), the emission peak
of the as-obtained copolymer is located at 413 nm with a shoulder at
437 nm, suggesting that more EDOT units inserted into the polymer
chain and a slight fluorescence quenching appeared. As shown in
Figure 6Be, PEDOT has no emission peaks in the whole visible region.
However, its poor emission properties have little effect on those of the
copolymers. Thus, similarl to P2Cz-D, these obtained copolymers are
still good blue-light emitters.

Thermoelectric properties
Figure 7 shows the temperature dependence of the electrical con-
ductivities of P2Cz-D, PEDOT and the copolymers. The copolymer
films were deposited potentiostatically with different 2Cz-D/EDOT
feed ratios at the same applied potential of 1.5V. As shown in Figure 7,
all the electrical conductivities of the polymers gradually decreased as
the temperature decreased from 300 to 200K, typical for semicon-
ducting materials.42,43 The P2Cz-D film had an electrical conductivity
at ambient temperature of 2.7�10�5 S cm�1, and it gradually
decreased to 2.3�10�5 S cm�1 at 200K. When the initial 2Cz-D/
EDOT feed ratios were 5:1 and 3:1, the electrical conductivities of
the obtained copolymer films were 3.1�10�5 and 1.5�10�4 S cm�1 at
ambient temperature, respectively. Compared with the P2Cz-D film,
little improvements were achieved for the electrical conductivities of
the two copolymers. Therefore, the s–T curves of the two copolymers
were visually overlapped with the curve of P2Cz-D in Figure 7. For the
copolymer films obtained with 2Cz-D:EDOT¼1:1 and 1:3, their
electrical conductivities were 0.01 and 0.04 S cm�1 at ambient tem-
perature, and these decreased to 0.003 and 0.01 S cm�1 at 200K,
respectively. When the feed ratio decreased to 1:5, the obtained
copolymer film exhibited a higher electrical conductivity of
0.6 S cm�1 at ambient temperature, lower than that of the PEDOT
pellet (3.5 S cm�1), but four orders of magnitude higher than that of
the P2Cz-D film. On the basis of the above discussion, it can be easily
deduced that adding more EDOT increased the electrical conductivity
of the as-formed copolymer film. With more EDOT added, the
increasing electrical conductivities of the copolymers can be explained
by the fact that the presence of a sufficient amount of EDOT units in
the system greatly completed and enhanced the conjugated structure
of the as-formed copolymers. However, when the 2Cz-D/EDOT feed
ratio decreased to 1:10, the electrical conductivity of the obtained
copolymer film was 0.07 S cm�1 at ambient temperature, lower than
that of the copolymer obtained with feed ratio of 1:5, but the value is
still higher than those of other copolymers. This could occur because
as increasingly more EDOT was added in the system, the oxidation
and polymerization of EDOT became dominant. However, the small
amount of 2Cz-D in the system would affect the further growth of the
conjugated chain of PEDOT because of steric hindrance. As a result,
the integrality of the crosslinked structure and the regularity of the
conjugated structure were both disturbed, which lowered the electron
transfer capability and reduced the electrical conductivity. Moreover,
note that each group of data in Figure 7 was repeated with different
samples to ensure that the data was accurate and credible.
Figure 8 shows the temperature dependence of the Seebeck coeffi-

cients of the PEDOT pellet and some of the obtained copolymer films.
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The figure shows that as the temperature decreased, most measured
Seebeck coefficients showed a downward trend. For PEDOT, the
Seebeck coefficient at ambient temperature was 13.3mVK�1 and
gradually decreased to 5.8mVK�1 at 200K. After copolymerization,
the Seebeck coefficients of the copolymer films obtained with 2Cz-
D:EDOT¼1:1, 1:3, 1:5 and 1:10 were 17.3, 13.6, 13.3 and 8.8mVK�1 at
300K, respectively, comparable to that of PEDOT. For the copolymer
obtained with 2Cz-D:EDOT¼1:10, the Seebeck coefficient first
decreased and then remained almost unchanged as the temperature

decreased. However, for P2Cz-D and the copolymer films prepared
with 2Cz-D:EDOT¼5:1 and 3:1, no Seebeck effect was measured,
mainly because of the lower electrical conductivities and limited
carrier mobility. Thus, the S–T curves of these materials were not
included in Figure 8.

Thermal analysis
The thermal degradation behavior of CPs is important for their
potential applications. For most CPs, their skeletal decomposition
temperatures are usually lower than 600K, which hinder their
practical usage in various fields. To investigate the thermal stability
of the obtained copolymers, thermogravimetric analytical experiments
were performed under nitrogen as shown in Figure 9. This figure
depicts three-step weight losses for both the copolymer (Figure 9b)
and the homopolymers (Figures 9a and c). Both P2Cz-D and the
copolymer (Figures 9a and b) initially underwent small weight losses
of B7.85 and 8.43% as the temperature increased from 300 to 676K
and from 300 to 567K, respectively, which might be attributed to
water evaporation trapped in the polymers. With the gradually
increasing temperature, a prominent weight loss of B44.69% was
found at 676K oTo818K for P2Cz-D (Figure 9a), and B38.29% at
567K oTo813K for the copolymer (Figure 9b), which were both
essentially due to the oxidizing decomposition of the skeletal polymer
backbone chain structure. The corresponding maximal degradation
rate was at 765K for P2Cz-D and 670K for the copolymer. The
degradation above 818 or 813K was probably caused by the overflow
of the oligomers decomposed from the polymer main chains, as
mentioned previously. However, the thermogravimetric curve of the
copolymer (Figure 9b) shows unclear boundaries between adjacent
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weight-loss steps compared with that of P2Cz-D (Figure 9a). As the
temperature increased from 300 to 574K, the weight of PEDOT
gradually decreased (a weight loss of about 24.59%, Figure 9c).
In addition to the reasons outlined above, other explanations may
include the loose powder state of PEDOTand the weak C–O bonds in
EDOT molecules, which are easily broken at moderate temperatures,
making the polymer thermally unstable. About 23.94% weight loss
was observed from 574 to 695K, indicating the decomposition of
skeletal PEDOT backbone chains. When the temperature was higher
than 695K, the decrease in the weight of the polymer still continued
because of the continued degradation of the oligomers decomposed
from the polymer backbone chain. In addition, when the temperature
reached 1000K, the residual weight of the polymer was 43.81% for
P2Cz-D, 36.83% for PEDOT and 45.96% for the copolymer. All the
above features demonstrate the high thermal stability of the copoly-
mers. Therefore, this copolymer film can be used over a wide
temperature range for potential applications.

CONCLUSION

P(2Cz-D-co-EDOT) was electrochemically synthesized by the direct
anodic oxidation of 2Cz-D and EDOT in CH2Cl2+0.1-M Bu4NBF4.
CVs, FT-IR and morphological and elemental analyses confirm that
the resultant polymer is a copolymer with crosslinked structure rather
than a composite or a blend of the two homopolymers. As-formed
copolymer films show high electrochemical activity and stability, good
blue-light emittance, high thermal stability and good mechanical
properties. Furthermore, the obtained copolymers are free-standing
films with smooth and compact surfaces that can be directly peeled off
the electrode surface by hand. The electrical conductivities of the
copolymer films were improved compared with that of the P2Cz-D
film. The highest electrical conductivity of the copolymer film was
0.6 S cm�1, four orders of magnitude higher than that of P2Cz-D
(2.7�10�5 S cm�1). In addition, the Seebeck coefficients of the copo-
lymer films were also modified compared with that of the P2Cz-D
film. In conclusion, a novel conducting copolymer film that combines
the advantages of the homopolymers (P2Cz-D and PEDOT), such as
high mechanical properties, good blue-light emittance, high thermal
stability and improved thermoelectric properties, has been successfully
synthesized and could be applied to photoelectronic fields or used as
an organic thermoelectric material.
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