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A novel methacrylate modified 2-(3-thienyl)ethyl methacrylate (TE-MA) was synthesized, and free
radical polymerized and electrochemical polymerized to obtain the precursor polymer
polymethacrylate (PMA) functionalized with thiophene (TE-PMA) and PMA modified polythiophene
(PTE-PMA), respectively. Structure characterization and properties of PTE-PMA, including FT-IR,
morphology, electrochemical, and electrochromic properties, were systematically investigated. In
addition, PTE-PMA exhibited obvious color changes from gray to purple and good electrochromic
properties, including satisfactory coloration efficiency (128 cm? C™* at 400 nm; 115 cm? C™* at 900 nm)
and fast response time.
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1. INTRODUCTION

Electrochromics change the absorption band of the materials through charge injection and
removal [1,2]. In particular, conducting polymer have been regarded as potential electrochromes in
optical displays, smart windows and electrochromic camouflages due to their advantages compared to
inorganic materials including multicolor with one conjugated polymer, ease process of organic
electrochromic materials with the large surfaces, high optical and electrochemical stability, and high
optical contrast ratio with low response time [1-8]. Based on this, the design and synthesis of novel
electrochromic polymer is highly necessary.
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As is known to all scientists in electrochromic field, polythiophenes are the most extensively
explored in electrochromic field. The unsubstituted polythiophene revealed obvious color change from
red to blue attributing to the change of n-n* transition with simultaneous formation of polaron in near-
infrared region [9,10]. In the context of electrochromism, considering lower potentials of oligomers,
bithiophene has been polymerized by electrochemical method. And the polythiophene from
bithiophene was red on neutral state, light blue on oxidized state, and dark blue on reduced state,
which was different from that of polythiophene from thiophene [11,12]. Considering the ease of
functionalization and structure-controlled optical properties, since then polythiophenes have attracted
lots of attention as electrochromic materials.

In particular, substituents not only change the redox potential, solubility and band gap of the
polymer, but modify the electrochromic performance through sterically hindering and pull-push dual-
effect of substituents [13-22]. Methacrylate is regarded as a popular crosslinking and sterilizing group.
Previously reported acrylate/methacrylate modified ProDOTs and PEDOTs were regarded as
photopatterning electrochromic materials for the fabrication of devices [13-15]. Interestingly, the
network film exhibited enhanced stability compared to corresponding chainlike film [13], which has
been demonstrated by Sotzing’s work. For the commercialization of electrochromic polymer, long-
term stability is essential factor.

Therefore, the methacrylate group was introduced into thiophene ring to obtain a precursor
(TE-MA), and the precursor polymer (TE-PMA) was free radical polymerized. Finally, PMA modified
polythiophene (PTE-PMA) with network was electrochemical polymerized, as shown in Scheme 1. In
addition, the properties of PTE-PMA, including FT-IR, morphology, electrochemical,
spectroelectrochemical and electrochromic properties, were systematically explored.

2. EXPERIMENTAL SECTION

2.1 Chemical

3-Thienylethanol (TE, 98%; J&K Scientific Ltd.) and Azodiisobutyronitrile (AIBN, 99%;
Energy Chemical) were used directly without further purification. Dichloromethane (CH,Cl,,
analytical grade; Shanghai Vita Chemical Reagent Co., Ltd.), tetrahydrofuran (THF, analytical grade;
Xilong Chemical) and boron trifluoride diethyl etherate (BFEE, J&K Scientific Ltd.) were refluxed
and distilled under a nitrogen atmosphere before use. Tetrabutylammonium hexafluorophosphate
(BusNPFg, 99%; Energy Chemical) was dried under vacuum at 60 °C for 24 h before use. Other
materials (analytical grade, >98%) were purchased from Shanghai Vita Chemical Reagent Co., Ltd.
and were used directly without any further treatment.

2.2 Characterization

'H NMR and **C NMR spectra were measured by a Bruker AV 400 NMR spectrometer with
CDClj; as the solvent and tetramethylsilane as an internal standard. Infrared spectra were recorded with
a Bruker Vertex 70 Fourier-transform Infrared (FT-IR) spectrometer with samples in KBr pellets.
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Scanning electron microscopy (SEM) image was performed on a VEGA 1I-LSU scanning electron
microscope (Tescan).

2.3 Monomer synthesis

The monomers, 2-(3-thienyl)ethyl methacrylate (TE-MA) and poly[2-(3-thienyl)ethyl
methacrylate] (TE-PMA), were prepared by the synthetic route in Scheme 1[17].
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Scheme 1. Synthesis route for TE-MA, TE-PMA and PTE-PMA.

2-(3-Thienyl)ethyl methacrylate (TE-MA). The solution of 3-thienylethanol (5 g, 39.1 mmol),
methacryloyl chloride (4.15 g, 39.68 mmol), dry triethylamin (5.6 g, 55.5 mmol) in THF (30 mL) and a
small amount of CuCl were added to a flask. The solution was refluxed at 70 °C for 8 h under a
nitrogen atmosphere. The resulting mixture was poured into water and extracted with CH,Cl,. The
organic layer was washed with water, dried with MgSO,4 and removed by rotary evaporation. Finally,
the product was purified by silica column chromatography to obtain 3.9 g colourless liquid. (Yield:
65%) 'H NMR (400 MHz, CDCls): & (ppm) 7.28 (m, 1H), 6.98-7.04 (m, 2H), 6.09 (t, 1H), 5.56 (t, 1H),
4.37 (t, 2H), 3.02 (t, 2H), 1.94 (s, 3H). *C NMR (100 MHz, CDCls): & (ppm) 167.2, 138.1, 136.2,
128.2, 125.5, 121.5, 64.5, 29.5, 18.3.

Poly[2-(3-thienyl)ethyl methacrylate] (TE-PMA). TE-PMA was prepared by free-radical
polymerization with azobisisbutyronitrile (AIBN) as the initiator. After TE-MA was consumed, the
reaction mixture was added into soxhlet thimble, washed with methanol and dried in vacuum. Finally,
the product was purified by repeated precipitations to obtain white solid. *H NMR (400 MHz, CDCls):
d (ppm) 7.26 (s, 1H), 6.94-7.01 (b, 2H), 4.14 (b, 2H), 2.94 (b, 2H). 1.75-1.82 (b, 2H). 0.76-0.87 (b,
3H). GPC: M, = 24837, M,, = 101574, M,,/M, = 4.09.
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2.4 Electrosynthesis and electrochemical test

Electrochemical tests were performed in self-assembly electrolytic cell by a Model 263A
potentiostat-galvanostat (EG&G Princeton Applied Research). The electrolytic cell contains an
Ag/AgCI reference electrode and two Pt wires as the working electrode and the counter electrode,
respectively. To get sufficient polymer, Pt wires were replaced by Pt sheets as the work electrode and
the counter electrode. During the electrochemical examinations, the two Pt sheets were placed 5 mm
apart., Except for reference electrode, these electrodes were polished and cleaned carefully prior to
each experiment. To remove the electrolyte, monomers, and oligomers, the polymer attached to Pt
sheet was washed repeatedly with anhydrous CH,Cl,. Besides, the solvent-electrolyte systems were
blanked by nitrogen stream before each experiment.

2.5 Electrochromic Test

Electrochromic propertities were recorded on a Cary 50 Ultraviolet-Visible Near-Infrared
spectrophotometer. The electrolytic cell includes ITO-coated glass as the working electrode, a Pt wire
counter electrode, an Ag/AgCI reference electrode and a transparent cuvette used as the container. All
electrochromic tests were performed in CH,Cl,-BusNPFg (0.1 mol L™). It should be noted here that the
solvent-electrolyte systems were blanked by nitrogen stream before each experiment.

On the basis of the following equations, the optical density (AOD) and the coloration efficiency
(CE) are calculated [1,23,24]:

AOD = 10g(Tox/Tred) 1)

CE = AOD/Qq (2)

where Tox and Tyeq are transmittance of electrochromic material at oxidized and reduced states.

Qq is injected/ejected charge of electrochromic material in per unit.

3. RESULTS AND DISCUSSION

3.1 Electrochemical polymerization

To choose the suitable solvent, the electrochemical polymerization performances of TE-PMA
(1.84 g L™) were explored by cyclic voltammetry (CV) in BFEE, CH,Cl,-BFEE (1:4, by volume) and
CH,CI,-BFEE (1:1, by volume). CV of TE-PMA was directly studied in BFEE, as shown in Figure
1A. CVs of TE-PMA in this medium revealed no obvious redox peaks, which was attributed to the
poor solubility of TE-PMA in BFEE. In addition, there was no PTE-PMA attached on the working
electrode. Therefore, CH,CIl, was added to the system, as shown in Figure 1B. The decrease of
equilibrium concentration of TE-PMA results in a decrease of peak current after several cycles of CV
scans. Combining the good solubility of TE-PMA in CH,CI, and the facile synthesis of high-quality
polymer films in BFEE [25-27], a solvent electrolyte containing 50% (vol) BFEE and 50% (vol)
CH,Cl, was chosen as the electrolyte system (Figure 1C).
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Figure 1. CVs of TE-PMA in BFEE (A), CH,Cl,-BFEE (1:4, by volume) (B) and CH,Cl,-BFEE (1:1,
by volume) (C). Monomer concentration: 1.84 g L™. Scan rates: 100 mV s™.

The oxidation potential of TE-PMA (first cycle of Figure 1C) is found at 0.80 V, which is
lower than that for its analog 3-thienylethanol (0.94 V). This indicated that the TE-PMA has a higher
conjugated length [28,29]. During the repetitive anodic potential scan, the current intensities grew
steadily. The phenomenon clearly demonstrated that PTE-MA attached on the work electrode grew.
From the CV results, the corresponding polymer PTE-PMA exhibited broad redox waves. It could be
ascribed to the formation of PTE-PMA with different chain length and the transition of conductive
species [16]. And the oxidation and reduction peaks were observed at 0.44 and 0.12 V for PTE-PMA.
During polymerization process, the peak potential change could be ascribed to the increased electrical
resistance of PTE-PMA, and the resistance needed the over potential to overcome [26].

3.2 Optimization of electropolymerization condition
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Figure 2. Chronoamperograms of TE-PMA in CH,CI,-BFEE (1:1, by volume) on the Pt electrode.
Monomer concentration: 1.84 g L™
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The deposition potential significantly influences the structure and quality of polymer, which is
in connection with various properties including stability and optical performance. In order to choose an
appropriate potential for polymerization of TE-PMA, current density-time (I-t) curves of TE-PMA at 6
different potentials in CH,Cl,-BFEE (1:1, by volume) were recorded, as shown in Figure 2. On the
basis of chronoamperograms and phenomenon during the experiments, combining with the facts
influence the quality of the polymer, the appropriate polymerized potential of TE-PMA was 1.1 V.
Also, the continuous, homogeneous and smooth polymer film was obtained under optimized potential,
in agreement with the I-t curves.

3.3 Structural characterization

For conducting polymer, FT-IR spectrum is a very useful way to investigate the polymerized
mechanism. As can be seen from Figure 3, FT-IR spectra of the monomer, polymerizable precursor
(TE-PMA) and doped polymer (PTE-PMA) were recorded. FT-IR spectral peaks of PTE-PMA were
broader relative to those of TE-MA and TE-PMA, in agreement with other reported conducting
polymers. This mainly due to the presence of PTE-PMA with different longth. The C=C stretching
vibration frequency of the methacrylate transition at 1636 cm™ appeared in TE-MA, and disappeared
during free radical polymerization. The behavior demonstrated the formation of corresponding
precursor polymer polymethacrylate. The peak at 3109 cm™ for TE-MA (Figure 3A) was attributed to
C—H vibration of the a-position of the thiophene unit. This peak was retained in TE-MA and TE-PMA
(Figure 3) but disappeared in the electrochemical polymerized PTE-PMA (Figure 3C). It is obvious
that the thiophene ring was not destroyed during the free radical polymerization of methacrylate and
also that TE-PMA was polymerized to form PTE-PMA through a,0’-coupling of thiophene unit. The
C=0 vibration frequency for the ester group appeared as a large peak at 1716 cm™ in both TE-MA,
TE-PMA and PTE-PMA, with no obvious change in wavelength or intensity, demonstrating that the
methacrylate unit was stable during the free radical polymerization and electropolymerization process.
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Figure 3. FT-IR spectra of TE-MA (A), TE-PMA (B) and PTE-PMA (C).
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3.4 Electrochemistry of PTE-PMA film

To investigate the electrochemical activity and stability of obtained polymer, the
electrochemical property of PTE-PMA film was performed in detail by cyclic voltammetry (CV) in
monomer-free CH,Cl,-BusNPFg (0.1 mol L), as can be seen from Figure 4.

50 100 150 200 250 300

g Scan Rales:‘mM
% 0.0F = g
—~—
~
03}
300mVs'—=50mvs’
0.6 |

02 00 02 04 06 08
E /V vs. Ag/AgCI

Figure 4. CVs of PTE-PMA in CH,Cl,-BusNPF¢. Scan rates: 300 ~ 50 mV s™. Insert: plots of redox
peak current densities vs. scan rates. j,a: the ratio between oxidized peak current densities and
scan rates; jpc: the ratio between reduced peak current densities and scan rates.

The steady-state CVs of PTE-PMA revealed broad redox waves, which is consistent with CVs
of TE-PMA. A true linear relation were observed between the scan rates and the peak current densities,
which demonstrated that PTE-PMA was well attached to the electrode and the redox process was non-
diffusional. Furthermore, the calculated jpa/jpc (Jpa: the ratio between oxidized peak current densities
and scan rates; jpc: the ratio between reduced peak current densities and scan rates.) of PTE-PMA in
CH,Cl,-BusNPFs is closer to 1.0, indicating its better redox reversibility. There is a stark difference
between the anodic and cathodic peak potentials in CV curves, which due to hysteresis effect during
redox process. This phenomenon could be ascribed to a couple of reasons [26,27], including slow
mutual transformation of wvarious electronic species, slow heterogeneous electron transfer,
rearrangement of polymer chains, and the transfer of interfacial electrons corresponding to the
electrode/polymer and polymer/solution.

The electrochemical stability of active polymer is especially significant when considering the
fabrication of electronic device. Therefore, the long-term redox stability of PTE-PMA was also
investigated in CH,Cl»-BusNPFg (0.1 mol L™), as shown in Figure 5. It was noted that PTE-PMA
displayed good stability with the electrochemical activity still maintaining 81% after 1000 cycles.
Even after 4000 cycles, the electrochemical activity of PTE-PMA still preserved up 69%. These results
indicated good redox stability of PTE-PMA in comparison with polythiophene.
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Figure 5. Cyclic voltammograms of PTE-PMA upon repeated cycling at the scan rate of 150 mV's .

3.5 Morphology

To analyze the stability, electrical conductivity and redox activity of polymer, the surface
morphology of PTE-PMA deposited on the ITO electrode was investigated by scanning electron
microscopy (SEM), as shown in Figure 6. PTE-PMA film exhibited smooth and compact morphology
at high magnifications, which was beneficial to increase the electrical conductivity of conjugated
polymer. Also, the smooth and compact morphology of PTE-PMA was especially significant in
fabrication of electrochromic device.

Figure 6. SEM images of PTE-PMA.
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3.6 Spectroelectrochemical property
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Figure 7. Spectroelectrochemistry and colors of PTE-PMA film on an ITO-coated glass in CH,Cl,-
BusNPFs (0.1 mol L) at different applied potentials.

Spectroelectrochemical study of PTE-PMA film was performed in monomer-free CH,ClI,-
BusNPFs (0.1 mol L™) to evaluate electronic property and band gap (Figure 7). Thin PTE-PMA film
was electrochemically deposited on transparent ITO-coated glass by potentiostatic method. In the
reduced state, PTE-PMA revealed two absorption bands, centered at 400 nm and 580 nm, which was
different from the absorption bands of PTE-MA. The absorption band at 400 nm originated from n-7*
transition of thiophene ring, while the absorption band at 580 nm might due to free polymerized
methacrylate [16]. Upon increase of potential applied to PTE-PMA, the intensities of the absorption
band at 400 nm decreased, and the band at 580 nm and 900 nm began to intensify, which
demonstrating that the formation of the polaron. At the same time, the color of PTE-PMA changed
from grey to purple, corresponding to the spectrum change of PTE-PMA. In addition, the optical band
gap of PTE-PMA was calculated on the basis of the formula Eq = 1240/Zonset, Where Aonset iS the onset of
n-n* transition. The value of the optical bandgap for PTE-PMA was 2.58 eV.

3.7 Electrochromic property

The double step chronoamperometry method was used to monitor the transmittance changes
between the neutral and the oxidized states upon optical switching of PTE-PMA, as shown in Figure 8.
The electrochromic parameters of PTE-PMA, including optical contrast ratio (AT %), coloration
efficiency, response time, and optical memory, were analyzed with the changes in transmittance. The
potentials applied on PTE-PMA were changed alternatively between -0.2 V and 0.9 V for the
switching time of 10 s. The electrochromic parameters of PTE-PMA are summarized in Table 1.
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Figure 8. Transmittance monitored at 400 nm (A) and 900 nm (B) for PTE-PMA during double step
spectrochronoamperometry between -0.2 V and 0.9 V. Switching time: 10 s.

The optical contrasts of PTE-PMA are 6% at 400 nm and 15% at 900 nm. Despite these values
seem to be low, the color change was obvious during electrochromic switching process. Also, PTE-
PMA switched rapidly and achieved 95% of its optical contrast in 2~5 s at all wavelengths. It was
obvious that PTE-PMA had more fast response times at all wavelengths during oxidation process
relative to reduction process (oxidation: 2.6 s at 400 nm, 4.3 s at 900 nm; reduction: 4.5 s at 400 nm,
4.6 s at 900 nm).

Table 1. Electrochromic parameters for PTE-PMA

oxidation reduction Abs. Abs.
max onset
400 6 2.6 4.5 128
PTE-PMA 900 15 13 16 115 400 480 2.58

Coloration efficiency (CE), obtained for a certain amount of the charge inserted in the polymer
as a function of the change in optical density, is also an important criterion for identifying the
electrochromic performances [1]. In this work, CE of PTE-PMA were calculated as 128 cm? C™ (at
400 nm) and 115 cm? C™* (at 900 nm), respectively (Table 1).

4. CONCLUSIONS

In conclusion, a novel netwok polymer, PTE-PMA, was synthesized through two steps
including free radical polymerization and electrochemical polymerition. Structure characterization and
properties of PTE-PMA, including FT-IR, morphology, and electrochemical performance, were
systematically explored. PTE-PMA revealed a obvious changes from gray to purple. In addition, PTE-
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MA exhibited good electrochromic properties, including satisfactory coloration efficiency (128 cm? C’
! at 400 nm; 115 cm? C™* at 900 nm) and fast response time (2~5 s).
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