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a b s t r a c t

1,4-Bis(2-thienyl)-benzene monomer is successfully synthesized via coupling reaction. Poly(1,4-bis(2-
thienyl)-benzene) (PBTB) is electrochemically synthesized and characterized. Resulting polymer film has
distinct electrochromic properties. Its application in electrochromic devices (ECDs) is discussed. PBTB is
switched between yellow in the neutral state and green in the oxidized state. Electrochromic switching
of PBTB film is performed and the polymer film shows a maximum optical contrast (�T %) of 44.8% at
vailable online 28 December 2010
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610 nm in visible region with a response time of 1.6 s. The coloration efficiency (CE) of PBTB is calculated
to be 162 cm2 C−1. Electrochromic device (ECD) based on PBTB and poly(3,4-ethylenedioxythiophene)
(PEDOT) is also constructed and characterized. Maximum contrast (�T %) and switching time of the
device are measured as 29.5% and 0.43 s at 628 nm. The CE of the device is calculated to be 408.9 cm2 C−1.
Clear change from green (at neutral state) to blue color (at full oxidized state) of this ECD is demonstrated

.
lectrochemical polymerization
oly(1,4-bis(2-thienyl)-benzene)

with reasonable cycle life

. Introduction

�-Conjugated polymers have attracted much attention because
f their promising electronic, optoelectronic and electrochemical
roperties [1], which can be designed and fabricated by various
unctional conjugated polymers applied in electronic devices, such
s thin-film transistors [2], sensors [3], polymer light-emitting
iodes [4], photovoltaics [5], and electrochromic devices [6–8].
ecently, electrochromic (EC) polymers have drawn a lot of
ttentions due to their outstanding coloration efficiency [9], fast
witching times [10], multiple colorations with the same material
11], fine-tunability of the band gap (and the color) [12], high sta-
ility [13], thin film flexibility and cost effectiveness [14], which
ave been widely used in the fields of displays [15], energy-saving
smart” windows [16] and memory devices [17]. For EC polymers,
he electrochromism is related to the changing of band gaps dur-
ng the doping–dedoping process [18,19]. Thus, in order to achieve
ifferent properties EC polymers, an effective way is to adjust
he electronic character of the �-orbit along the neutral polymer
ackbone, including main chain and pendant group structural mod-
fication and copolymerization [10,19].
In the last years, polymers with a regular alternating arrange-

ent of an aromatic �-electron system are receiving attention
or various important technological applications [11]. Amount of

∗ Corresponding author. Tel.: +86 635 8324551; fax: +86 635 8239001.
E-mail address: j.s.zhao@163.com (J. Zhao).

013-4686/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2010.12.062
© 2010 Elsevier Ltd. All rights reserved.

researches about these polymers are focused on their conduct-
ing, electroluminescent and photoluminescent properties and their
potential application in electronic and electro-optic devices [20,21].
Enhanced delocalization of �-electrons through the �-conjugation
on the polymer backbone would improve optical and electric prop-
erties of the polymers, including semiconducting properties in the
doped state [22].

Among electrochromic materials, thiophenes are a class of
important EC conjugated polymers because of their high elec-
trical conductivity and good redox property. They exhibit fast
response time, outstanding stability and high contrast ratios in
the visible and NIR regions in their electrochromic applications
[10]. Moreover, they have facile Eg tunability through struc-
tural modification reported extensively in past few years [23,24].
Thus, the electron-rich heterocycles such as thiophene and 3,4-
ethylenedioxythiophene (EDOT) are the most common monomers
used for electrochemical polymerization. On the other hand,
poly(p-phenylene) (PPP) is an interesting material for electro-
optical applications as its band gap is in the blue region of the
visible spectrum and its thermal stability is combined with high
photoluminescence [25]. It has been known that the introduction
of phenylene bridge in the bithiophene polymer main chains could
result in changed HOMO–LUMO band gap polymers compared with

both homopolymers [25]. Furthermore, the broad range of substi-
tution possibilities on phenylene rings or on thiophene rings render
possibilities to obtain tunable band gap electrochromic materi-
als [25,26]. The electrochromic properties of polymers containing
alternating bithiophene and phenylene repeat units have begun to

dx.doi.org/10.1016/j.electacta.2010.12.062
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:j.s.zhao@163.com
dx.doi.org/10.1016/j.electacta.2010.12.062
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cheme 1. Synthetic routes of monomer and polymer. Reagents: (i) Mg, Et2O; (ii)
,4-dibromobenzene, NiCl2(PPh3)2, THF.

raw attentions of researchers [26]. However, to the best of our
nowledge, there are still no reports on the fabrication of dual
ype ECDs based on poly(1,4-bis(2-thienyl)-benzene) (PBTB) and
oly(3,4-ethylenedioxythiophene) (PEDOT).

It is well known that the pursuit of new high-quality elec-
rochromic materials is still the main goal of scientists in the
eld of ECDs. Besides the neutral green polymers, the neutral
ellow polymers also showed important values since which can
e used to fabricate neutral green dual type ECDs with PEDOT
sed as the cathodically coloring materials. According to Nie et al.,
oly(indole-6-carboxylicacid) (PIn) was switched between yellow

n the reduced state and green in the oxidized state. Furthermore,
he ECD based on PIn and PEDOT was green in its reduced state,
hort switching time and high optical contrast was also observed
6].

In this study, 1,4-bis(2-thienyl)-benzene (BTB) monomer was
ynthesized via coupling reaction according to the report in the
iterature [27]. In this BTB monomer structure, the para position
ubstitutions (thiophene) of the phenylene ring modify the degree
f conjugation (extended �–�* bonding system) [28]. Due to the
onjugated structures of the corresponding monomers, poly(1,4-
is(2-thienyl)-benzene) can be easily achieved by electrochemical
olymerization of 1,4-bis(2-thienyl)-benzene monomer in com-
on organic solution with a much lower oxidation potentials than

hat of thiophene [29]. The resultant polymer film presents unique
lectrochromic property (yellow color at neutral state and green
olor at full doped state) due to the introduction of phenylene units
nto poly(2,2-bithiophene) backbone. The obtained PBTB polymer is
haracterized via cyclic voltammetry, SEM, UV–vis and FT-IR spec-
ra. The spectroelectrochemical and electrochromic properties of
he PBTB and its dual type polymer ECDs constructed with PEDOT
re also investigated in details. The results of the study show that
BTB is also a good candidate for fabrication of neutral green ECDs.

. Experimental

.1. Materials

1,4-Dibromobenzene, 2-bromothiophene and 3,4-
thylenedioxythiophene (EDOT, 98%) are all purchased from
ldrich Chemical and used as received. Commercial high-
erformance liquid chromatography grade acetonitrile (ACN,
edia Company, Inc., USA) are used directly without further purifi-
ation. Sodium perchlorate (NaClO4, Shanghai Chemical Reagent
ompany, 98%) is dried in vacuum at 60 ◦C for 24 h before use.
ther reagents are all used as received without further treatment.

.2. Synthesis of 1,4-bis(2-thienyl)-benzene
The 1,4-bis(2-thienyl)-benzene (BTB) monomer was synthe-
ized according to the procedure reported before by Yang et al.
27]. As shown in Scheme 1, 2-bromothiophene is reacted
ith magnesium to afford Grignard reagents which are then

ross-coupled to 1,4-dibromobenzene in the presence of cat-
a 56 (2011) 2815–2822

alytic bis(triphenylphosphino) dichloronickel(II) (NiCl2(PPh3)2).
The purified product is an orange-yellow crystal. 1H NMR and FT-IR
spectra verified the structure and purity of the BTB monomer.

2.3. Instrumentation

1H NMR spectroscopy studies are carried out on a Varian AMX
400 spectrometer and tetramethylsilane (TMS) is used as the inter-
nal standard for 1H NMR. FT-IR spectra are recorded on a Nicololet
5700 FT-IR spectrometer, where the samples are dispersed in KBr
pellets. UV–vis spectra are measured with a Perkin-Elmer Lambda
900 UV–vis-near-infrared spectrophotometer. Scanning electron
microscopy (SEM) measurements are taken by using a JEOL JSM-
6380LV SEM. The photographs of electrochromic films and device
cell are taken by a Fujifilm Shot (FinePix F200EXR) digital camera.

2.4. Electrochemistry

Electrochemical synthesis and experiments is carried out in a
one-compartment cell with a CHI 760 C Electrochemical Analyzer
under computer control, employing a platinum wires with a diam-
eter of 0.5 mm as working electrode, a platinum ring as counter
electrode, and a silver wire (Ag wire) as pseudo reference elec-
trode. The working and counter electrodes for cyclic voltammetric
experiments are placed 0.5 cm apart during the experiments. The
electrolytes used are 0.2 M of NaClO4 in ACN solution. The elec-
trodeposition is performed from a 0.004 M solution of the monomer
in the electrolyte potentiodynamically at a scan rate of 100 mV s−1

or potentiostatically at +1.30 V vs. Ag wire. The pseudo refer-
ence is calibrated externally using a 5 mM solution of ferrocene
(Fc/Fc+) in the electrolyte (E1/2(Fc/Fc+) = + 0.20 V vs. Ag wire in 0.2 M
NaClO4/ACN) [10]. The half-wave potential (E1/2) of Fc/Fc+ mea-
sured in 0.2 M NaClO4/ACN solution is 0.28 V vs. SCE. Thus, the
potential of Ag wire was assumed to be +0.08 V vs. SCE. Cyclic
voltammetry of polymer is carried out using the same electrode
set-up in monomer-free electrolyte solution. All of the electro-
chemistry experiments are carried out at room temperature under
nitrogen atmosphere.

2.5. Spectroelectrochemistry

Spectroelectrochemical data are recorded on Perkin-Elmer
Lambda 900 UV–vis-near-infrared spectrophotometer connected
to a computer. A three-electrode cell assembly is used where the
working electrode is an ITO-coated glass slides (sheet resistance:
< 10 � �−1, purchased from Shenzhen CSG Display Technologies
(China)), the counter electrode is a stainless steel wire, and an
Ag wire is used as pseudo reference electrode. The potentials are
reported vs. Ag wire. Polymer films for spectroelectrochemistry are
prepared by potentiostatically deposition on ITO-coated (the active
area: 2.1 cm × 0.8 cm) glass slides.

2.6. Preparation of the gel electrolyte

A gel electrolyte based on poly(methyl methacrylate) (PMMA)
(MW: 350,000) and LiClO4 is plasticized with propylene carbon-
ate (PC) to form a highly transparent and conductive gel. ACN is

also included as a high vapor pressure solvent to allow an easy
mixing of the gel components. The composition of the casting solu-
tion by weight ratio of ACN:PC:PMMA:LiClO4 is 70:20:7:3. The gel
electrolyte is used for construction of the polymer electrochromic
device cell [9].
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Scheme 2. Multi-layers structure of ECD.
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ig. 1. 1H NMR spectrum of 1,4-bis(2-thienyl)-benzene monomer in CDCl3. Solvent
eak at ı = 7.262 ppm is marked ‘x’.

.7. Construction of ECDs

ECDs are constructed using two complementary polymers,
amely PBTB as the anodically coloring material and PEDOT as
he cathodically coloring material (Scheme 2). The PBTB and
EDOT films were electrochemically deposited on ITO electrodes
1.8 cm × 2.4 cm) at 1.3 and 1.4 V with the charges of 2.5 × 10−2 C
nd 3.5 × 10−2 C, respectively. ECDs are built by arranging the two
olymer films (one oxidized, the other reduced) facing each other
eparated by a gel electrolyte (Scheme 2). The spectroelectrochem-
cal measurements of the ECD are undertaken after the evaporation
f ACN in 24 h.

. Results and discussion

.1. 1H NMR spectrum, FTIR spectra of BTB monomer

1H NMR spectrum of BTB (Fig. 1): C14H10S2, ıH (CDCl3) 7.626
s, 4H), 7.343 (d, 2H), 7.294 (d, 2H), 7.097 (t, 2H). The protons of
henylene ring are observed at 7.626 ppm. The protons of thio-
hene ring are at 7.343 (�-proton), 7.294 (�-proton) and 7.097 ppm
�-proton), respectively.

FT-IR spectrum of BTB is shown in Fig. 4a. In the spectrum of
TB, the bands around 1599 and 1542 cm−1 are ascribed to the
tretching vibrations of phenylene rings, and the bands at 1497 and
458 cm−1 are due to the stretching vibrations of thiophene rings
19,30]. Two strong peaks located at 699 cm−1 and 815 cm−1 are
ssigned to the out-of-plane bending vibrations of C–H bonding in
he monosubstituted thiophene rings and in the 1,4-disubstituted
henylene rings, respectively [31].
.2. Electrochemical polymerization and characterization of PBTB

.2.1. Electrochemical polymerization of PBTB
The successive CV curves of 0.004 M BTB in 0.2 M NaClO4/ACN

re illustrated in Fig. 2. The onset oxidation potential (Epa onset) of
Fig. 2. Cyclic voltammogram curves of 0.004 M BTB in 0.2 M NaClO4/ACN solutions
at a scan rate of 100 mV s−1.

BTB in the solution is 1.05 V (Fig. 2), which is lower than that of
2,2′-bithiophene monomer (1.11 V) in the same electrolyte solution
[32]. As the CV scan continued, polymer films are formed on the
working electrode surface. The increases in the redox wave current
densities imply that the amount of conducting polymers deposited
on the electrode are increasing [33]. The CV curves of BTB show
distinct reduction waves of the oligomer located at 0.95 V, while the
corresponding oxidation waves are overlapped with the oxidation
waves of the BTB monomer and cannot be observed clearly [34].

3.2.2. Electrochemistry behavior of the polymer films
Fig. 3 shows the electrochemical behavior of the PBTB film (pre-

pared on platinum wires by sweeping the potentials from 0 to +1.3 V
for three cycles) at different scan rates between 50 and 300 mV s−1

in 0.2 M NaClO4/ACN. As can be seen from Fig. 3a, the PBTB film
is cycled repeatedly between doped and dedoped states without
significant decomposition. The peak current densities (j) are pro-
portional to the potential scan rates (Fig. 3b), indicating a reversible
redox process of the polymer adheres well to the platinum wire
electrode [34]. This also demonstrates that the electrochemical
processes of the polymer are reversible and not diffusion limited
[35,36].

3.2.3. FTIR spectrum of PBTB
To obtain a sufficient amount of PBTB for characterization, the

ITO glass with a surface area of 1.6 cm2 is employed as work-
ing electrodes. The polymer is synthesized at +1.3 V vs. Ag wire
potentiostatically in the solution of 0.2 M NaClO4/ACN contain-
ing 0.004 M monomer. Fig. 4b shows the FT-IR spectrum of PBTB.
The absorption peaks at 792 and 1050 cm−1 are attributed to the
out-of-plane and in-plane bending vibrations of C–H bonding in �-
position of the 2,5-disubstituted thiophene rings, respectively [37].
Compared with the spectrum of BTB, the disappearance of the out-
of-plane C–H bending vibrations of mono-substituted thiophene
rings at 699 cm−1 implies that the polymerization occurs at the
�-position of thiophene rings (see Scheme 1).

3.2.4. Scanning electron microscopy of PBTB film

The polymer film of PBTB is prepared potentiostatically at +1.3 V

vs. Ag wire from the solution of 0.2 M NaClO4/ACN containing
0.004 M monomer on ITO electrode. The surface morphology of
the neutral PBTB is investigated by scanning electron microscopy
(SEM) after dedoping at −0.1 V for 10 min in 0.2 M NaClO4/ACN. The
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trodes are also shown in Fig. 6b. As can be seen from Fig. 6a, BTB
shows a strong and sharp absorption peak at 324 nm (Fig. 6a), which
exhibits a 22 nm red shift compared with that of BT at 302 nm due to
the extended degree of conjugation (�–�* bonding system) by the
ig. 3. (a) CV curves of the PBTB film at different scan rates between 30 mV s−1 and
00 mV s−1 in the monomer-free 0.2 M NaClO4/ACN. (b) Scan rate dependence of the
BTB. jpa and jpc denote the anodic and cathodic peak current densities, respectively.
BTB film exhibits compact structure and globules like droplets
re dispersed on the side of PBTB film (Fig. 5), and the approx-
mate diameters of these globules are in the range of 500–
000 nm.

ig. 4. The FT-IR spectra of (a) 1,4-bis(2-thienyl)-benzene monomer and (b) PBTB
repared at +1.30 V potentiostatically.
Fig. 5. SEM images of PBTB deposited on ITO electrode at +1.3 V potentiostatically.

3.2.5. Optical properties of BTB monomer and PBTB film
The UV–vis spectra of BTB and 2,2′-bithiophene (BT) monomers

in CH2Cl2 solution are shown in Fig. 6a, and the UV–vis spectra
of PBTB and poly(2,2′-bithiophene) (PBT) deposited on ITO elec-
Fig. 6. UV–vis spectra of (a) BTB and BT dissolved in CH2Cl2 and (b) PBTB and PBT
deposited on ITO electrode. Insert: the images of (i) PBTB and (ii) PBT film at the
neutral state.



L. Xu et al. / Electrochimica Acta 56 (2011) 2815–2822 2819

Table 1
The onset oxidation potential (Eonset), HOMO and LUMO energy levels and optical band gap (Eg) of BTB, BT, PBTB and PBT.

Compounds Eonset, vs. (Ag-wire) (V) �max (nm)/�edge (nm) Eg (eV) HOMO (eV) LUMOa (eV)

BTB 1.05 324/364 3.41 −5.53 −2.12
BT 1.11 302/342 3.63 −5.59 −1.96
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ence is found to be 1.6 s from the reduced to the oxidized state
and 0.54 s from the oxidized to the reduced state. Thus, PBTB can
be rapidly switched to the reduced state, which can be attributed
to the ease of charge transport in the conducting film when it is
PBTB 0.72 411/535
PBT 0.91 450/607

a Calculated by the subtraction of the optical band gap from the HOMO level.

ntroduction of phenylene bridge into the BT monomer. In Fig. 6b,
V–vis spectrum of PBTB exhibits an absorption band with a max-

mum at 411 nm attributed to �–�* transition of PBTB. There is a
9 nm blue shift compared to that of PBT at 450 nm, which might be
aused by the lower degree of conjugation of PBTB than that of PBT
ue to the incorporation of the rigid phenylene moieties into poly-
er main chains. The increase in the main-chain rigidity of PBTB

han that of PBT would decrease the degree of polymerization and
hen the length of the conjugated chain (i.e., conjugation degree),
hich is proved by lower onset temperature of weight loss of PBTB

han that of PBT (350 ◦C vs. 541 ◦C, the thermogravimetry curves
as not shown). In the dedoped state, PBTB film on ITO is yellow

olor (the insert (i) of Fig. 6b) and PBT film is brown red color (the
nsert (ii) of Fig. 6b). The difference between the colors of PBTB and
BT film can be attributed to the blue shift of the �–�* transition
bsorption band of PBTB compared to that of PBT.

Table 1 summarizes the electronic absorption, the onset oxi-
ation potential (Eonset) and the optical band gap (Eg) of the BTB,
T, PBTB and PBT quite clearly. HOMO energy levels of them are
alculated by using the formula EHOMO = −e(Eonset + 4.4) (Eonset vs.
CE) and LUMO energy levels (ELUMO) of them are calculated by the
ubtraction of the optical band gap from the HOMO levels [38,39].
he low energy edge of the absorption spectrum (�edge) of BTB is
t 364 nm which corresponds to optical band gap (Eg) of 3.41 eV.
or PBTB, it is observed at 535 nm corresponding to a band gap of
.31 eV. The values of the band gap for PBTB lies between 3.0 eV for
oly(p-phenylene) (PPP) and 2.04 eV for PBT [40], indicating that
he alternating introduction of 2,2′-thiophene units into copoly-

er main chain could lead to an obvious decrease in the Eg for
BTB compared with that of PPP.

.3. Electrochromic properties of PBTB

.3.1. Spectroelectrochemical properties of PBTB
Spectroelectrochemistry is used to obtain information about the

lectronic structure of PBTB and to examine the spectral changes
hich occur during redox switching. PBTB coated ITO (prepared
otentiostatically at +1.30 V vs. Ag wire) is switched between 0
nd +1.30 V in 0.2 M NaClO4/ACN system in order to obtain the
n situ UV–vis spectra (Fig. 7). In the neutral state, polymer film
xhibits an absorption peak at 411 nm due to the �–�* transition.
pon oxidation, the intensity of the �–�* transition reduce and the

imultaneous increase of absorbance at 610 nm can be observed.
The colors of the electrochromic materials are defined accu-

ately by performing colorimetry measurements. CIE system is
sed as a quantitative scale to define and compare colors. Three
ttributes of color: hue (a), saturation (b) and luminance (L) are
easured and recorded. The PBTB film on ITO electrode has distinct

lectrochromic properties. During the oxidation process, yellow
olor of the film at neutral state turns into green color at full doped
tate. These colors and corresponding L, a, b values are given in Fig. 7

see insets).

.3.2. Electrochromic switching of PBTB film in solution
It is important that polymers can switch rapidly and exhibit

triking color changes, revealing superior results in electrochromic
2.31 −5.20 −2.89
2.04 −5.39 −3.35

applications [6]. The dynamic electrochromic experiment for PBTB
is carried out at 610 nm, where the maximum transmittance dif-
ferences between redox states are observed in the visible region.
Double potential step chronoamperometry technique is coupled
with optical spectroscopy, to investigate the switching ability of
PBTB between its neutral and doped state (Fig. 8) [41]. The poten-
tial is interchanged between 0 (the neutral state) and +1.3 V (the
oxidized state) at regular intervals of 4 s. One important charac-
teristic is the optical contrast (�T %), which can be defined as
the transmittance difference between the redox states. The �T
% of the PBTB is found to be 44.8% at 610 nm, as showed in
Fig. 8b.

The coloration efficiency (CE) is also an important characteristic
for the electrochromic materials. CE can be calculated by using the
equations and given below [42]:

�OD = lg
(

Tb

Tc

)
and � = �OD

�Q

where Tb and Tc are the transmittances before and after coloration,
respectively. �OD is the change of the optical density, which is
proportional to the amount of created color centers. � denotes the
coloration efficiency (CE). �Q is the amount of injected charge per
unit sample area. CE of PBTB film is measured as 162 cm2 C−1 (at
610 nm) at full doped state, which had reasonable coloration effi-
ciency.

Response time, one of the most important characteristics of elec-
trochromic materials, is the time needed to perform a switching
between the neutral state and oxidized state of the materials [6,36].
The response required to attain 95% of total transmittance differ-
Fig. 7. Spectroelectrochemical spectra of PBTB with applied potentials between 0 V
and +1.3 V in 0.2 M NaClO4/ACN. Insert: the images of poly film at 0 V (the neutral
state), +1.05 V (the intermediate state) and +1.30 V (the full doped state).
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3.4.3. Open circuit memory of ECD
The optical memory in the electrochromic devices is an impor-

tant parameter since it is directly related to its application and
energy consumption during the use of ECDs [44]. The optical spec-
ig. 8. Electrochromic switching (610 nm) and electrical current response for PBTB
lm monitored in 0.2 M NaClO4/ACN solution under an applied potentials between
V and 1.3 0 V at regular intervals of 4 s. (a) Current response and (b) optical

esponse.

educed [43]. Based on the discussion, these properties make PBTB
promising electrochromic material [10].

.4. Spectroelectrochemistry of electrochromic devices (ECDs)

.4.1. Spectroelectrochemical properties of ECD
A dual type ECD consisting of PBTB and PEDOT is constructed

nd its spectroelectrochemical behaviors are also studied. Before
omposing the ECD, the cathodically coloring polymer (PEDOT) is
ully oxidized while the anodically coloring polymer film (PBTB)
s fully reduced. PBTB/PEDOT ECD is switched between −0.8 and
1.5 V. The spectroelectrochemical results show PBTB layer is in its
eutral state and PEDOT is in oxidized state at −0.8 V, and the device
olor is green (Fig. 9). As the applied potential increased, the PBTB
ayer start to be oxidized while PEDOT layer is reduced, which lead
o a new absorption at 628 nm due to the reduced state of PEDOT,
nd the dominated color of the device is blue at +1.5 V (Fig. 9).

.4.2. Switching of ECD
Kinetic studies are also done to test the response time of

BTB/PEDOT ECD. While switching the potential between −0.8 and
1.5 V with a residence time of 2 s, the optical response at 628 nm

nd the electrical current response of the device are recorded at
he same time, as illustrated in Fig. 10 (the figure of the electrical
urrent response is not shown). The response time is found to be
.43 s at 95% of the maximum transmittance difference from the
eutral state to oxidized state and 0.21 s from the oxidized state
Fig. 9. (a) Spectroelectrochemical spectra of PBTB/PEDOT device at various applied
potentials from −0.8 to +1.5 V and (b) the colors of the device at −0.8 V (the neutral
state) and +1.3 V (the oxidized state).

to the neutral state, and �T % is calculated to be 29.5%. The CE of
the device (the active of area is 1.8 cm × 1.8 cm) is calculated to be
408.9 cm2 C−1, a high and advantageous value, especially for large
area devices.
Fig. 10. Optical response (at 628 nm) as a function of time of PBTB/PEDOT device
by applying potentials between −0.8 V (the neutral state) and +1.5 V (the oxidized
state) at regular intervals of 2 s.
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Fig. 11. Open circuit stability of the PBTB/PEDOT ECD monitored at 628 nm.
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ig. 12. Cyclic voltammogram of PBTB/PEDOT device as a function of repeated scans
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ra for PBTB is monitored at 628 nm as a function of time at −0.8
nd +1.4 V by applying the potential for 1 s for 200 and 100 s time
ntervals, respectively. As seen in Fig. 11, both blue and green
tates are highly stable and the device keeps its color without
ignificant loss. Thus, this device shows a good optical memory.
ased on this discussion, PBTB/PEDOT ECD is well performing under
pen circuit conditions, indicating this ECD has potential applica-
ions.

.4.4. Stability of ECD
Redox stability is another important parameter for ECDs. The

tability of devices toward multiple redox switching usually limits
he application of electrochromic materials in ECD utility [6]. For
his reason, the PBTB/PEDOT ECD is tested by cycling of the applied
otential between −0.6 and +1.3 V with 500 mV s−1 to evaluate the
tability of the devices (Fig. 12). After 500 cycles, 86.0% of its elec-
roactivity is retained and there is no obvious decrease of activity
etween 500 cycles and 1000 cycles. These results indicate that this
CD has reasonable redox stability.
. Conclusions

1,4-Dis(2-thienyl)-benzene monomer containing benzene and
hiophene units is synthesized by coupling reaction and then
ts polymer is successfully synthesized by electrochemical oxida-
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tion of the monomer in 0.2 M NaClO4/ACN solution. The obtained
polymer film is studied by cyclic voltammetry, UV–vis and FT-IR
spectra, scanning electron microscopy. Electrochromic properties
of PBTB film are investigated in detail. Spectroelectrochemistry
reveals that PBTB film has good electrochromic properties (yel-
low color at neutral state and green color at full doped state).
The dual type ECD constructed utilizing PBTB and PEDOT has
reasonable response time (0.43 s) and optical contrast (29.5%) at
628 nm. The CE of the ECD is calculated to be 408.9 cm2 C−1. It
is interesting that this ECD shows green color at neutral state.
These properties make PBTB a good candidate for commercial
applications.
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