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4,7-Bis(2,3-dihydrothieno [3,4-b] [1,4] dioxin-5-yl)-2-dodecyl-2H-benzo [1,2,3] triazole (BEBT) was
polymerized both electrochemically (ePBEBT) and chemically (cPBEBT). Since chemical polymerization
enabled a soluble polymer in common organic solvents, a single layer electrochromic device of ePBEBT
was constructed. The polymer cPBEBT was also used in bulk heterojunction (BHJ) solar cells as the
active layer in combination with a soluble fullerene derivative, 1-(3-methoxycarbonyl)-propyl-1-1phenyl-(6,6)C61 PCBM.
& 2010 Elsevier B.V. All rights reserved.
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1. Introduction
The ability to sense or respond to a controllable external
stimulus classiﬁes conjugated polymers as candidates for smart
materials [1]. Applications of these materials to low cost
optoelectronic devices will be possible using solution processable
conjugated polymers with promising electrical and physical
properties. Recent worldwide research interest is focused on
organic solar cells (OSCs) [2–5] and electrochromic devices (ECDs)
[6]. Polymers that are applicable to many ﬁelds are regarded as
multi-purpose smart materials for organic electronics [7].
Conjugated polymers allow ﬁne tuning in optical properties via
structural modiﬁcations and, in principle, highly efﬁcient devices
can be obtained by design of low band gap polymers. However, the
performance of polymer based solar cells is quite low compared
with those of their inorganic counterparts due to restricted charge
transport and limited exciton diffusion lengths. [8].
Among conjugated polymers, poly-3,4-ethylenedioxythiophene
is proven to be an excellent candidate for optoelectronic applications [9] and known as the blue component of ECD-based display
devices [10,11]. Our previous study on the integration of
benzotriazole moiety to PEDOT chains resulted in enhancement
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of optical properties of the resultant polymer [11]. The contrast
was improved (53%) compared with those of PEDOT (44%) with a
much shorter switching time (1.1 s compared with to 2.2 s for
PEDOT) and higher coloration efﬁciency (211 cm2/C vs 183 cm2/C).
Although the pendant alkyl chain on benzotriazole moiety
provided high solubility to the monomer (4,7-bis(2,3-dihydrothieno [3,4-b] [1,4] dioxin-5-yl)-2-dodecyl-2H-benzo [1,2,3] triazole
(BEBT)), high electroactivity of the oligomers and the polymer
resulted in the electrodeposition of insoluble chains on ITO.
However, its chemical polymerization succeeded in the production
of a soluble polymer. Here we highlight the photovoltaic and
electrochromic device applications of PBEBT as the active layer.
The ability to play with the structure of the active component will
enable one to improve the performance of polymer/organic based
devices compared with their inorganic counterparts.

2. Experimental
2.1. General
Propylene carbonate (PC), tetrabutlyammonium hexaﬂuorophosphate (TBAPF6), poly(methylmethacrylate) (PMMA) and
acetonitrile (AN; Merck) were purchased from Aldrich and used
without further puriﬁcation. BEBT was synthesized according to
the reported procedure[11]. All electrochemical studies were
performed under ambient conditions using a Voltalab 50
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potentiostat. Average molecular weights were determined by gel
permeation chromatography (GPC) using a Polymer Laboratories
GPC 220. All current–voltage (I–V) characteristics for the photovoltaic devices were measured using a Keithley SMU 236 under
nitrogen in a dry glove box. A Steuernagel solar simulator, AM 1.5,
was used as the excitation source with an input power of
100 mW/cm2 white-light illumination, which was calibrated
using a standard crystalline silicon diode. The solar cells were
illuminated through the ITO side. The spectrally resolved photocurrent (IPCE) was measured with an EG&G Instruments 7260
lock-in ampliﬁer. The samples were illuminated with monochromatic light (xenon). Fluorescence measurements were conducted
using a Varian Eclipse spectroﬂuorometer. A Varian Cary 5000
UV–vis spectrophotometer was used to perform the spectroelectrochemical studies of the polymer.
2.2. Synthesis of poly 4,7-bis(2,3-dihydrothieno[3,4-b] [1,4]
dioxin-5-yl)-2-dodecyl-2H-benzo[d][1,2,3]r triazole
200 mg BEBT was dissolved in 10 mL of CHCl3 under argon
atmosphere. FeCl3 (227 mg) was suspended in 30 mL of nitromethane and slowly added to the monomer solution. The yellow
solution slowly turned to light blue. The mixture was stirred for
15 min and then poured into 200 mL methanol. The precipitate
was dissolved in CHCl3 and extracted several times with water.
The organic phase was evaporated and the residue was dissolved
in 50 mL THF, 50 mL hydrazine monohydrate added and the
mixture was stirred for 12 h, where during this period the
solution turned to deep blue. THF was evaporated, chloroform
was added to the residue and the organic phase was extracted
with water. The solvent was evaporated and the residue was
stirred in acetone overnight to remove unreacted monomers. The
polymer was ﬁltered and dried under vacuum to give PBEBT as a
blue solid. 1H NMR (400 MHz, CDCl3, d): 7.90 (benzotriazole), 4.5
(O–CH2), 4.6 (N–CH2), 2.0–0.8 (pendant alkyl chain).

according to the published procedure [11] Monomer, BEBT, was
polymerized either electochemically (ePBEBT) or chemically
(cPBEBT; Scheme 1). However, the polymer was soluble only in
the case of chemical polymerization. For electrochemical
polymerization indium tin oxide coated glass slide (ITO) was
used as the working electrode. The monomer was electrochemically deposited on ITO in a TBAPF6/AN solution. Iron (III)
chloride (FeCl3) in nitromethane:chloroform(1:1) mixture was
used as the catalyst for chemical polymerization. The polymer
was then reduced with hydrazine, precipitated in methanol and
washed with acetone several times to remove the catalyst and the
unreacted monomer. The GPC results are given in Table 1.
3.2. Construction of electrochromic and photovoltaic devices
Homopolymer of BEBT was utilized as the cathodically coloring material in a single layer device. As a result of electrochemical
polymerization, ePBEBT was deposited on ITO (Delta Technologies, 7  50  0.7 mm3) via cyclic voltammetry. ECD was built by
arranging the polymer coated ITO and the free ITO facing each
other separated by a gel electrolyte.
cPBEBT was used as the electron donor component in bulk
heterojunction solar cells in combination with a soluble fullerene
derivative,
1-(3-methoxycarbonyl)-propyl-1-1-phenyl-(6,6)C61
PCBM. Photovoltaic devices were prepared by spin coating (ca.
90 nm) the blend from a chlorobenzene (CB) solution on a PEDOT:
PSS (polyethylenedioxythiophene:poly styrenesulfonate) coated
ITO glass substrate. As the metal contact, Al was deposited under
vacuum. It has been shown in the literature that solar cell
efﬁciency can be enhanced by varying the polymer to PCBM ratio
[13]. Thus, composition of the blends was varied as 1:1, 1:2, 1:3
and 1:4 (w:w, 5 mg cPBEBT:10 mg PCBM for 1:2). These blends
containing active layer were spin cast from CB onto freshly
prepared ITO/PEDOT:PSS substrates. Thicknesses of the active
layers were measured by AFM data of the substrates (Table 2). The

2.3. Preparation of the gel electrolyte
Gel electrolyte was prepared using TBAPF6:AN:PMMA:PC in
the ratio of 3:70:7:20 by weight. After TBAPF6 was dissolved in
AN, PMMA was added to the solution. In order to dissolve PMMA,
vigorous stirring and heating are required. Propylene carbonate
(PC), as the plasticizer, was introduced into the reaction medium
after all PMMA was completely dissolved. The mixture was stirred
and heated until a highly conducting transparent gel electrolyte
was produced [12].

Table 1
Average molecular weight of PBEBT calculated from GPC result.
Polymer

Mn (g/mol)

Mw (g/mol)

PDI

Avg. no. rep. un.

PBEBT

95,800

152,000

1.6

168

Table 2
Thicknesses of the active layers with varying PBEBT:PCBM ratios.
Thickness (nm)

3. Results and discussion
3.1. Synthesis
Synthesis of 4,7-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)2-dodecyl-2H-benzo[1,2,3] triazole (BEBT) was performed

Pristine PBEBT
PBEBT:PCBM(1:1)
PBEBT:PCBM(1:2)
PBEBT:PCBM(1:3)
PBEBT:PCBM(1:4)

Scheme 1. . Synthetic routes for ePBEBT and cPBEBT.
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Scheme 2. . Schematic representation of (A) electrochromic device (B) BHJ solar cell.

Table 3
UV
HOMO, LUMO, electronic (ECV
g ) and optical (Eg ) band gap of the PBEBT.

cPBEBT
ePBEBT

HOMO (eV)

LUMO (eV)

ECV
g (eV)

EUV
g (eV)

 4.5
 4.7

 3.3
 3.4

1.2
1.3

1.6
1.6

Fig. 2. Optical transmittance changes of ePBEBT device monitored at 590 nm
while switching the potentials between the oxidized and reduced states.

Fig. 1. Electronic absorption spectra for the device on doping in the range between
 0.4 and 1.2 V.

conﬁgurations of the single layer device and BHJ solar cell are
depicted in Scheme 2.

3.3. Cyclic voltammetry
According to the band theory, oxidation onset obtained from
cyclic voltammetry (CV) revealed information on HOMO band
energy. Also LUMO energy of the polymers can be obtained
from the onset of reduction potential. The cyclic voltammogram of BEBT was taken according to a previous report using
0.1 M tetrabutylammonium hexaﬂuorophosphate (TBAPF6) and
1  10  2 M BEBT solution while sweeping potentials between
0.5 V and + 1.1 V (scan rate: 100 mV/s) vs Ag/AgCl reference
electrode. CV of ePBEBT was studied in a monomer free TBAPF6/
AN solution in order to determine the redox properties.
Similar data for cPBEBT were obtained using 0.1 M TBAPF6 in
AN. Polymer was drop cast onto a Pt foil. Three-electrode cell
consisting of Pt as the counter, ITO as the working electrode and a
Ag/AgCl pseudo-reference electrode was used. Electrodes were
calibrated with respect to Fc/Fc + . Assuming a value of  4.75 eV
vs. vacuum level for the NHE, the band edges for the HOMO and
the LUMO were estimated. The HOMO–LUMO values, electronic
band gap and optical band gap of the polymer are summarized in
Table 3. The difference between the electrochemical and optical

Fig. 3. Open circuit memory of an ePBEBT device monitored by single-wavelength
absorption spectroscopy at 590 nm.

band gap can be attributed to the creation of free ions in the
electrochemical experiment compared with the one measured
through UV experiments, which refers to a neutral state [14].

3.4. Characterization of electrochromic device
3.4.1. Spectroelectrochemistry
We examined the changes in optical absorption of the polymer
backbone using spectroelectrochemistry. Optical studies of
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electrochromic devices were performed using a UV–vis spectrophotometer coupled to cyclic voltammetry. To observe the
behavior on doping, BEBT was polymerized (as stated in
the cyclic voltammetry section) and immersed into a monomer
free solution containing AN and TBAPF6 as the solvent–electrolyte
couple. Optoelectrochemical spectra of the single layer device are

Fig. 4. PL quenching in cPBEBT:PCBM blends.

shown in Fig. 1. Due to the p-pn transition there is a maximum
absorption at 590 nm, revealing a blue color in the neutral state of
the device. On increasing the potential in oxidative direction, a
gradual decrease was observed in the peak intensity at 590 nm,
accompanied by an increase in absorption beyond 900 nm due
the formation of charge carriers (i.e. polaron bands). The disappearance of the absorption in the visible region at high
potentials resulted in a transparent regime for the device.

3.4.2. Electrochromic switching
For electrochromic applications, the response time of the
electrochromic devices is very signiﬁcant. This is deﬁned as the
time required to perform a switching between the two states
(oxidation and reduction). For this purpose double potential step
chronoamperometry coupled with optical spectroscopy was
carried out by stepping potentials between 0.4 and 1.2 V with
a residence time of 5 s. During the switching studies the percent
transmittance difference (DT%) at the wavelength of maximum
contrast (590 nm) was measured. For the device, the maximum
contrast at 590 nm was measured as 8% with a 2.4 s switching
time (Fig. 2). The transparency of the device decreased with time
since in this single layer device there is no anodically coloring
counterpart. In electrochromic devices, while one part of the
device gets oxidized (anodically coloring polymer), the other part
gets reduced (cathodically coloring polymer), resulting in a color
change. However, in single layer devices, since either the
cathodically or the anodically coloring component reveals color,
the ITO electrode itself gets either oxidized or reduced, which
leads to a short life-time for an electrochromic device.

Fig. 5. Current–voltage (I–V) characteristics of solar cells. cPBEBT/PCBM (w/w) blends: (a) 1:1, (b) 1:2, (c) 1:3 and (d) 1:4.
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3.4.3. Open circuit memory of the ECD
The color persistence of an electrochromic device is also a
signiﬁcant feature since it is directly related with its practical use
[15]. The optical memory of an electrochromic device is deﬁned as
the time where the material maintains its color without applying
a potential [16]. A pulse (  0.4 or 1.2 V) for 1 s was applied and
held in open circuit conditions for 200 s while transmittance
change (DT%) was monitored as a function of time. Fig. 3 shows
the optical spectrum of ePBEBT single layer device at 590 nm
where the device retains its contrast up to 99% in 200 s at open
circuit conditions.
3.5. Characterization of photovoltaic devices
In order to investigate true photoinduced charge transfer
between the donor and acceptor moieties, photoluminescence
quenching was studied. As shown in Fig. 4 blending cPBEBT and
PCBM resulted in quenching of PL, which indicates the charge
transport between cPBEBT and PCBM. [17]
cPBEBT was used as the p type material (electron donor)
against [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as the
n type material (electron acceptor). The efﬁciency of solar cells is
given by the product of open circuit voltage (Voc), short-circuit
current (Jsc) and ﬁll factor FF. Jsc is determined by the light
absorption ability of the material, charge-separation efﬁciency
and carrier mobility as well as interfacial barriers.
Several solar cells were prepared using cPBEBT–PCBM blends.
Performances of the cPBEBT:PCBM blends were evaluated as the
possible donor–acceptor materials in organic BHJ solar cells. I–V
characteristic curves in dark and illumination under simulated
AM 1.5 are shown in Fig. 5. The short-circuit current (Jsc) reaches a
maximum value of 1.5 mA/cm2 when the blend ratio is 1:3.
Induced photon to current efﬁciency (IPCE) was determined to
obtain information on charge generation and the number of
photons with different energies that contributes to charge
generation in the solar cell. This was done by comparing the
spectral response of the solar cell and the optical absorption
spectra of the components. Fig. 6 shows the IPCE obtained for 1:1,
1:2, 1:3 and 1:4 blends.
The % IPCE plot exhibits a maximum photocurrent contribution
of 7% at around 450 nm. It is noted that the spectrum lies over a
wide range of wavelength between 400 and 600 nm.

Fig. 6. IPCE spectra of the solar cells PBEBT:PCBM blends.
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4. Conclusion
A donor acceptor donor type monomer, BEBT, was polymerized
chemically and electrochemically. The resulting polymers, cPBEBT
and ePBEBT, were exploited for solar cell and electrochromic
device applications, respectively. Although the preliminary results
regarding power conversion efﬁciency are not high, optimization
of the conditions may lead to further research on such
benzotriazole bearing materials in the near future. Although the
photovoltaic results are low, they can be improved by optimization of parameters such as casting solvent and metal contacts.
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References
[1] Erin B. Murphy, Fred Wudl, The world of smart healable materials, Prog.
Polym. Sci. 35 (2010) 223–251.
[2] (a) J.C. Bijleveld, A.P. Zoombelt, S.G.J. Mathijssen, M.M. Wienk, M. Turbiez,
D.M. de Leeuw, R.A.J. Janssen, Poly(diketopyrrolopyrrole  terthiophene)
for ambipolar logic and photovoltaics, J. Am. Chem. Soc. 131 (2009)
16616–16617;
(b) S. Westenhoff, I.A. Howard, J.M. Hodgkiss, K.R. Kirov, H.A. Bronstein, C.K.
Williams, N.C. Greenham, R.H. Friend, Charge recombination in organic
photovoltaic devices with high open-circuit voltages, J. Am. Chem. Soc.
130 (2008) 13653–13658;
(c) A.P. Zoombelt, M. Fonrodona, M.M. Wienk, A.B. Sieval, J.C. Hummelen,
R.A.J. Janssen, Photovoltaic performance of an ultrasmall band gap
polymer, Org. Lett. 11 (2009) 903–906;
(d) K. Colladet, S. Fourier, T.J. Cleij, L. Lutsen, J. Gelan, D. Vanderzande, L.H.
Nguyen, H. Neugebauer, S. Sariciftci, A. Aguirre, G. Janssen, E. Goovaerts,
Low band gap donor  acceptor conjugated polymers toward organic solar
cells applications, Macromoecules 40 (2007) 65–72;
(e) G. Dennler, N.S. Sariciftci, Flexible Conjugated polymer-based plastic
solar cells: from basics to applications, Proceedings of IEEE 93 (2005)
1429–1439.
[3] C.G. Granqvist, Transparent conductors as solar energy materials: a
panoramic review, Sol. Energy Mater. Sol. Cells 91 (2007) 1529–1598.
[4] F.C. Krebs, S.A. Gevorgyan, B.S. Gholamkhass, C. Holdcroft, M.E. Schlenker, B.C.
Thompson, D. Thompson, D.S. Olson, S.E. Ginley, H.N. Shaheen, J. Alshareef, W.
Murphy, W.J. Youngblood, N.C. Heston, J.R. Reynolds, S. Jia, D. Laird, S.M.
Tuladhar, J.G.A. Dane, P. Atienzar, et al., A round rob; in study of ﬂexible largearea roll-to-roll processed polymer solar cell modules, Sol. Energy Mater. Sol.
Cells 93 (2009) 1968–1977.
[5] M. Helgesen, R. Søndergaard, F.C. Krebs, Advanced materials and processes for
polymer solar cell devices, J. Mater. Chem. 20 (2010) 36–60.
[6] (a) G. Sonmez, H.B. Sonmez, C.K.F. Shen, R.W. Jost, Y. Rubin, F.A. Wudl,
Processable green polymeric electrochromic, Macromolecules 38 (2005)
669–675;
(b) G. Chidichimo, M. De Benedittis, J. Lanzo, B.C. De Simone, D. Imbardelli, B.
Gabriele, L. Veltri, G. Salerno, Solid thermoplastic laminable electrochromic ﬁlm, Chem. Mater. 19 (2007) 353–358;
(c) G.E. Gunbas, A. Durmus, L. Toppare, Could green be greener? Novel
donor–acceptor-type electrochromic polymers: towards excellent neutral
green materials with exceptional transmissive oxidized states for
completion of RGB color space, Adv. Mater. 20 (2008) 691–695;
(d) G.E. Gunbas, A. Durmus, L.A. Toppare, Unique processable green polymer
with a transmissive oxidized state for realization of potential RGB-based
electrochromic device applications, Adv. Func. Mater. 18 (2008)
2026–2030.
[7] (a) A. Balan, D. Baran, G. Gunbas, A. Durmus, F. Ozyurt, L. Toppare, One
polymer for all: benzotriazole containing donor–acceptor type polymer as
a multi-purpose material, Chem. Commun. (2009) 6768–6770;
(b) B.C. Thompson, Y.G. Kim, T.D. McCarley, J.R. Reynolds, Soluble narrow
band gap and blue propylenedioxythiophene–cyanovinylene polymers as
multifunctional materials for photovoltaic and electrochromic applications, J. Am. Chem. Soc. 128 (2006) 12714–12725.
[8] (a) N.S. Sariciftci, L. Smilowitz, A.J. Heeger, F. Wudl, Photoinduced electron
transfer from a conducting polymer to buckminsterfullerene, Science 258
(1992) 1474–1476;
(b) G. Yu, J. Gao, J.C. Hemmelen, F. Wudl, A.J. Heeger, Polymer photovoltaic
cells: enhanced efﬁciencies via a network of ınternal donor–acceptor
heterojunctions, Science 270 (1995) 1789–1791;
(c) M.J.J. Halls, C.A. Walsh, N.C. Greenham, E.A. Marseglia, R.H. Friend, S.C.
Moratti, A.B. Holmes, Efﬁcient photodiodes from interpenetrating polymer networks, Nature 376 (2002) 498–500;

Author's personal copy
1802

A. Balan et al. / Solar Energy Materials & Solar Cells 94 (2010) 1797–1802

(d) J.Y. Kim, K. Lee, N.E. Coates, D. Moses, T.Q. Nyugen, M. Dante, A.J. Heeger,
Efﬁcient tandem polymer solar cells fabricated by all-solution processing,
Science 317 (2007) 222–225;
(e) S. Gunes, N. Marjanovic, J.M. Nedeljkovic, N.S. Sariciftci, Photovoltaic
characterization of hybrid solar cells using surface modiﬁed TiO2
nanoparticles and poly(3-hexyl)thiophene, Nanotechnol. 19 (2008)
424009-1–424009-5.
[9] (a) A. Kumar, D.M. Welsh, M.C. Morvant, F. Piroux, K.A. Abboud, J.R. Reynolds,
Conducting poly(3,4-alkylenedioxythiophene) derivatives as fast electrochromics with high-contrast ratios, Chem. Mater. 10 (1998) 896–902;
(b) L. Groenendaal, F. Jonas, D. Freitag, H. Pielartzik, J.R. Reynolds, Poly(3,4ethylenedioxythiophene) and ıts derivatives. Past, present, and future,
Adv. Mater. 12 (2000) 481–494;
(c) S.A. Sapp, G.A. Sotzing, J.L. Reddinger, J.R. Reynolds, Rapid switching solid
state electrochromic devices based on complementary conducting
polymer ﬁlms, Adv. Mater. 8 (1996) 808–811;
(d) D.M. Welsh, A. Kumar, M.C. Morvant, J.R. Reynolds, Fast electrochromic
polymers based on new poly(3,4-alkylenedioxythiophene) derivatives,
Synth. Met. 102 (1999) 967–968;
(e) S.I. Cho, D.H. Choi, S. Kim, S.B. Lee, Electrochemical synthesis and fast
electrochromics of poly(3,4-ethylenedioxythiophene) nanotubes in ﬂexible substrate, Chem. Mater. 17 (2005) 4564–4566;
(f) J.L.D. Boehme, S.K. Mudigonda, J.P. Ferraris, Electrochromic properties of
laminate devices fabricated from polyaniline, poly(ethylenedioxythiophene), and poly(N-methylpyrrole), Chem. Mater. 13 (2001) 4469–4472.
[10] Chad M. Amb, Pierre M. Beaujuge, R. John, Reynolds spray-processable blueto-highly transmissive switching polymer electrochromes via the donor–
acceptor approach, Adv. Mater. 22 (2010) 724–728.

[11] A. Balan, G. Gunbas, A. Durmus, L. Toppare, Donor  acceptor polymer with
benzotriazole moiety: enhancing the electrochromic properties of the ‘‘Donor
Unit’’, Chem. Mater. 20 (2008) 7510–7513.
[12] M. Ak, P. Camurlu, F. Yılmaz, L. Cianga, Y. Yagci, L. Toppare, Electrochromic
properties and electrochromic device application of copolymer of N-(4-(3thienyl methylene)-oxycarbonylphenyl)maleimide with thiophene, J. Appl.
Polym. Sci. 102 (2006) 4500–4505.
[13] K.J. Duren, X. Yang, J. Loos, C.W.T. Bulle-Lieuwma, A.B. Sieval, J.C. Hummelen,
R.A.J. Janssen, Relating the morphology of poly(p-phenylene vinylene)/
methanofullerene blends to solar-cell performance, Adv. Funct. Mater. 14
(2004) 425–434.
[14] (a) C.Q. Ma, M. Fonrodona, M.C. Schikora, M.M. Wienk, R.A.J. Janssen, P.
Bauerle, Solution-processed bulk-heterojunction solar cells based on
monodisperse dendritic oligothiophenes, Adv. Funct. Mater. 18 (2008)
3323–3331;
(b) J. Hou, M.H. Park, S. Zhang, Y. Yao, L.M. Chen, J.H. Li, Y. Yang, Bandgap and
molecular energy level control of conjugated polymer photovoltaic
materials based on benzo[1,2-b:4,5-b0 ]dithiophene, Macromolecules 41
(2008) 6012–6018.
[15] M.A. De Paoli, W.A. Gazotti, Electrochemistry, polymers and opto-electronic
devices: a combination with a future, J. Braz, Chem. Soc. 13 (2002)
441-424.
[16] M. Ak, A. Cirpan, F. Yılmaz, Y. Yagcı, L. Toppare, Synthesis and characterization of a bifunctional amido-thiophene monomer and its copolymer
with thiophene and electrochemical properties, Eur. Polym. J. 41 (2005)
967–973.
[17] N.S. Sariciftci, Polymeric photovoltaic materials, Curr. Opin. Solid State Mater.
Sci. 4 (1999) 373–378.

