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1,4-Bis(2-thienyl)-2,5-difluorobenzene monomer was successfully synthesized via Suzuki coupling
reaction. Poly(1,4-bis(2-thienyl)-2,5-difluorobenzene) (PTF,P) was electrochemically synthesized and
characterized. Characterizations of the resulting polymer PTF,P were performed by cyclic
voltammetry (CV), UV-vis spectroscopy, Fourier transform infrared spectroscopy (FT-IR) and
scanning electron microscopy (SEM). Moreover, the spectroelectrochemical and electrochromic
properties of the polymer film were investigated. The resulting polymer film has distinct
electrochromic properties and shows five different colors (yellow, yellowish green, green, greenish
blue and blue) under various potentials. The PTF,P film shows a maximum optical contrast (AT%) of
46% at 605 nm with a response time of 1.92 s. The coloration efficiency (CE) of PTF,P film was
calculated to be 178.8 cm? C*. An electrochromic device (ECD) based on PTF,P and poly(3,4-
ethylenedioxythiophene) (PEDOT) was also constructed and characterized. The optical contrast (AT%)
at 630 nm was found to be 27% and response time was measured as 0.66 s. The CE of the device was
calculated to be 491.4 cm? C™. This ECD has satisfactory redox stability.

Keywords: Conjugated polymer; Spectroelectrochemistry; Electrochemical polymerization;
Electrochromic device; 1,4-Bis(2-thienyl)-2,5-difluorobenzene.

1. INTRODUCTION

Conducting polymers continue to receive much attention because of their ease of synthetic
accessibility and perfectly controlled architecture that allows a fine-tuning of the intrinsic properties,
e.g. electronic, optical, conductivity, etc. [1]. These polymers are excellent candidates for applications
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in displays [2], light emitting diodes [3], photovoltaic devices [4] and electrochromic devices [5,6]. For
electrochromic device applications, electrochromism is the reversible change in optical properties that
can occur when a material is electrochemically oxidized (loss of electron(s)) or reduced (gain of
electron(s)) [7]. Conjugated polymers (CPs) stand for a family of important electrochromic materials
that have recently received much attention due to their several advantages over inorganic compounds.
These include outstanding coloration efficiency, fast switching ability, multiple colors with the same
material and fine-tunability of the band gap (and the color), excellent processability and low cost [8].
To achieve color change in electrochromic polymers, absorption in the visible region should be
monitored by means of an externally applied potential. Upon doping, electronic states change due to
the formation of polaronic and bipolaronic bands causing a change in the absorption characteristics of
the polymer [2,9].

Among the electrochromic conjugated polymers, polythiophenes have occupied prime position
due to its high conductivity, good redox reversibility, swift change of color with potential, and stability
in environment [10]. Synthesis of new polythiophene derivatives with the ability to tailor the
electrochromic properties is an important part of conducting polymer research [11,12]. Structural
modification of conjugated polymer chains has proved useful in the preparation of redox dopable
electronically conducting polymers with a broad range of mechanical, electrical, electrochemical and
optical properties [13]. Now, a series of phenylene-substituted di-2-thienylphenylene polymers have
been synthesized, these polymers demonstrate electrochemical and optical properties very similar to
polythiophene, while retaining the synthetic flexibility for substitution found in phenylenes [13].
Among these polymers, a family of polymers containing alternating thiophene and fluorine-substituted
phenylene units has been synthesized and characterized [14-16]. The introduction of fluorine on the
polymer backbone can stabilize the excess negative charge in the n-doped state increasing the doping
level and stability of the polymer [15]. The synthesis and characterization of 1,4-bis(2-thienyl)-2,5-
difluorobenzene has been reported by J.R. Reynolds [16]. However, to the best of our knowledge,
there are still no reports on the electrochromic devices of poly(1,4-bis(2-thienyl)-2,5-difluorobenzene).

According to above consideration, in this study, 1,4-bis(2-thienyl)-2,5-difluorobenzene (TF,P)
monomer was synthesized via Suzuki coupling reaction. Electrochemical polymerization of TF,P
monomer is successfully carried out in 0.2 M NaClOg4/acetonitrile (ACN) solution. The
spectroelectrochemical and electrochromic properties of the PTF,P film are investigated in detail. The
PTF,P film shows yellow color at neutral state and blue color at full doped state. In addition, we
constructed and characterized dual type electrochromic devices based on PTF,P and PEDOT in detail.
Neutral state of device shows yellowish green color, while oxidized state reveals blue color.

2. EXPERIMENTAL

2.1. Materials

1,4-Dibromo-2,5-difluorobenzene, 2-bromothiophene, trimethylborate (B(OMe)3),
tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs)s) and 3,4-ethylenedioxythiophene (EDOT, 98%)
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were purchased from Aldrich Chemical and used as received. Commercial high-performance liquid
chromatography grade acetonitrile (ACN, Tedia Company, INC., USA), poly(methyl methacrylate)
(PMMA, Shanghai Chemical Reagent Company), propylene carbonate (PC, Shanghai Chemical
Reagent Company) and lithium perchlorate (LiCIO4, Shanghai Chemical Reagent Company, 99.9%)
were used directly without further purification. Sodium perchlorate (NaClO,4, Shanghai Chemical
Reagent Company, 98%) was dried in vacuum at 60 °C for 24 h before use. Other reagents were all
used as received without further treatment. Indium-tin-oxide-coated (ITO) glass (sheet resistance : <
10 Q o, purchased from Shenzhen CSG Display Technologies, China) was washed with ethanol,
acetone and deionized water successively under ultrasonic, and then dried by N, flow.

2.2. Synthesis of 1,4-bis(2-thienyl)-2,5-difluorobenzene (TF,P)

1,4-Bis(2-thienyl)-2,5-difluorobenzene (TF,P) was synthesized via Suzuki coupling reaction.
As shown in Scheme 1, 2-bromothiophene in a dry ethylether (Et,O) was added dropwise to a stirred
suspension of magnesium powder in anhydrous Et,O at room temperature. The obtained Grignard
reagent was reacted with trimethylborate (B(OMe)s) in dry tetrahydrofuran (THF) to afford (2-
thienyl)boronic acid, which was then cross-coupled to 1,4-dibromo-2,5-difluorobenzene in the
presence of catalytic tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3),). The purified product was a
white solid. *H NMR and FT-IR spectra verified the structure and purity of the TF,P monomer.
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Scheme 1. Synthetic routes of monomer and polymer. Reagents: (i) Mg, Et,0; (ii) B(OMe)s, THF; (iii)
1,4-dibromo-2,5-difluorobenzene, Pd(PPhs),, THF.

2.3. Instrumentation

'H NMR spectroscopy studies were carried out on a Varian AMX 400 spectrometer and
tetramethylsilane (TMS) was used as the internal standard for *H NMR. FT-IR spectra were recorded
on a Nicololet 5700 FT-IR spectrometer, where the samples were dispersed in KBr pellets. Scanning
electron microscopy (SEM) measurements were taken using a Hitachi SU-70 thermionic field emission
SEM. UV-vis spectra were carried out on a Perkin-Elmer Lambda 900 UV-vis—near-infrared
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spectrophotometer. Digital photographs of the polymer films and device cell were taken by a Canon
Power Shot A3000 IS digital camera.

2.4. Electrochemistry

Electrochemical synthesis and experiments were performed in a one-compartment cell with a
CHI 760 C Electrochemical Analyzer under computer control, employing a platinum wire with a
diameter of 0.5 mm as the working electrode, a platinum ring as the counter electrode, and a silver
wire (Ag wire) as the pseudo reference electrode. The working and counter electrodes for cyclic
voltammetric (CV) experiments were placed 0.5 cm apart during the experiments. All electrochemical
polymerization and CV tests were taken in ACN solution containing 0.2 M NaClQO, as the supporting
electrolyte. The pseudo reference electrode was calibrated externally using a 5 mM solution of
ferrocene (Fc/Fc*) in the electrolyte (E12(Fc/Fc*) = 0.20 V vs. Ag wire in 0.2 M NaCIO4/ACN) [17].
The half-wave potential (Ey) of Fc/Fc™ measured in 0.2 M NaCIO4/ACN solution is 0.28 V vs. SCE.
Thus, the potential of Ag wire was assumed to be 0.08 V vs. SCE [18]. All of the electrochemical
experiments were carried out at room temperature under nitrogen atmosphere.

2.5. Spectroelectrochemistry

Spectroelectrochemical data were recorded on Perkin-Elmer Lambda 900 UV-vis-near-
infrared spectrophotometer connected to a computer. A three-electrode cell assembly was used where
the working electrode is an ITO glass, the counter electrode was a stainless steel wire, and an Ag wire
was used as the pseudo reference electrode. The polymer films for spectroelectrochemistry were
prepared by potentiostatically deposition on ITO electrode (the active area: 0.8 cm x 2.0 ¢cm). The
measurements were carried out in 0.2 M NaCIO4/ACN solution.

2.6. Preparation of the gel electrolyte

A gel electrolyte based on PMMA and LiCIO, was plasticized with PC to form a highly
transparent and conductive gel. ACN was also included as a high vapor pressure solvent to allow an
easy mixing of the gel components. The composition of the casting solution by weight ratio of
ACN:PC:PMMA:LICIO,4 was 70:20:7:3. The gel electrolyte was used for construction of the polymer
electrochromic device cell [19].

2.7. Construction of ECDs

ECDs were constructed using two complementary polymers, namely PTF,P as the anodically
coloring material and PEDOT as the cathodically coloring material. The PTF,P and PEDOT films
were electrodeposited on two ITO glasses (the active area: 1.8 cm x 2.5 cm) at 1.4 V. Electrochromic
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device was built by arranging the two polymer films (one oxidized, the other reduced) facing each
other separated by a gel electrolyte.

3. RESULTS AND DISCUSSION

3.1. 'H NMR spectrum, FTIR spectra of TF,P monomer

'H NMR spectrum of TF,P (Fig. 1): C14HgS2F2, o (ppm, CDCls): 7.513 (d, 2H), 7.432—7.387
(m, 4H), 7.135 (t, 2H). The 5-thienyl proton resonance was observed as a doublet at 7.513 ppm, while
the 4-thienyl proton was found as a triplet at 7.135 ppm. The 3-thienyl and the phenyl protons overlap

in the 7.432—7.387 ppm range [16].

o/ ppm

Figure 1. 'H NMR spectrum of 1,4-bis(2-thienyl)-2,5-difluorobenzene (TF,P) monomer in CDCls.
Solvent peak at 6 = 7.257 ppm is marked by “x’.

FT-IR spectrum of TF,P monomer is shown in Fig. 4a. In the spectrum of TF,P, the band
around 1539 cm * is ascribed to the stretching vibrations of phenylene rings, and the bands at 1487 and
1437 cm™* are due to the stretching vibrations of thiophene rings [13]. The C-Hg and C—H, out-of-
plane bending of thiophene are observed at 818 and 688 cm*, respectively [20].

3.2. Electrochemical polymerization and characterization of PTF,P films

3.2.1. Electrochemical polymerization

The successive CV curves of 0.005 M TF,P in 0.2 M NaCIO4ACN are illustrated in Fig. 2.
The onset oxidation potential (Eonset) Of TF2P in the solution is 1.25 V, which is higher than that of 1,4-
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bis(2-thienyl)-benzene monomer (1.05 V) in the same electrolyte solution [18]. This phenomenon
arises because the excess charge of the radical cation is delocalized over the aromatic backbone and the
increase in electron withdrawing character of the phenylene group due to the introduction of fluorine
atoms [21].

As the CV scan continued, PTF,P film was 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 were increasing [22]. The CV curves of TF,P show distinct reduction waves at 1.07 V,
while the corresponding oxidation waves are overlapped with the oxidation waves of the TF,P
monomer and cannot be observed clearly [23].
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Figure 2. Cyclic voltammogram curves of 0.005 M TF,P in 0.2 M NaClO4/ACN solution at a scan rate
of 100 mV s %, j denotes the current density.

3.2.2. Electrochemistry of the PTF,P film

Fig. 3 shows the electrochemical behavior of the PTF,P film (prepared on platinum wires by
sweeping the potentials from 0 to 1.4 V for three cycles) at different scan rates between 25 and 300
mV s in 0.2 M NaCIO4/ACN.

As shown in Fig. 3, the peak current density (j) response increases with the increasing of the
scan rate, indicating that the polymer film adheres well to the electrode [23]. However, the scan rate
dependence of the current densities response of PTF,P is not linear, thus the polymer is only poorly
electroactive [16].
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Figure 3. CV curves of the PTF,P film at different scan rates between 25 and 300 mV s in a
monomer-free 0.2 M NaCIO4/ACN solution, j denotes the current density.

3.2.3. FT-IR spectrum of PTF,P

To obtain a sufficient amount of PTF,P film for characterization, the ITO glass (the active area:
1.8 cm x 2.5 cm) was employed as the working electrode. The polymer was synthesized at 1.4 V vs.
Ag wire potentiostatically in a solution of 0.2 M NaClIO4/ACN containing 0.005 M TF,P. Fig. 4b

shows the FT-IR spectrum

of PTF,P. The absorption peak at 785 cm™* is due to the out-of-plane

bending vibrations of C-H bonding in B-position of the 2,5-disubstituted thiophene rings [24].
Compare to the spectrum of TF,P, the disappearance of the C-H, out-of-plane bending vibrations of
thiophene at 688 cm " implies that the polymerization occurs at the a-position of thiophene rings.
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Figure 4. The FT-IR spectra of (a) TF,P monomer and (b) PTF,P prepared potentiostatically at 1.4 V.
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3.2.4. Morphology

The morphology of PTF,P film was investigated by scanning electron microscopy (SEM). The
PTF,P film was prepared by constant potential electrolysis from the solution of 0.2 M NaClIO4/ACN
containing 0.005 M monomer on ITO electrode and dedoped before characterization. As shown in Fig.
5, the PTF,P film exhibits an accumulation state of clusters of globules. Compare to the morphology of
poly(1,4-bis(2-thienyl)-benzene) [18], the PTF,P film shows porous structure.

3.0kV 17.1mm x10.0k SE(M)

Figure 5. SEM images of PTF,P deposited on ITO electrode potentiostatically at 1.4 V.

3.2.5. Optical properties of TF,P monomer and PTF,P film

The UV-vis spectra of TF,P monomer in CH,Cl, and PTF,P film deposited on ITO electrode
are shown in Fig. 6. As seen from Fig. 6, the absorption maximum (Amax) Oof the monomer TF,P and the
neutral state PTF,P are centered at 335 and 410 nm, respectively. The difference between the Amax
corresponding to the monomer and the corresponding polymer for TF,P; 75 nm is owing to the
increased conjugation length in the polymer [25]. The Anax OF TF,P monomer exhibits a 11 nm red shift
compare to that of 1,4-bis(2-thienyl)-benzene (BTB, 324 nm) [18].

In addition, the optical band gap (Eg) of polymer was calculated from its low energy absorption
edges (Aonset) (Eg = 1241/ Aonser) [26]. The Eg of the PTF,P film was calculated as 2.32 eV, which is only
0.01 eV higher than that of poly(1,4-bis(2-thienyl)-benzene) (PBTB) film (2.31 eV) [18]. Table 1
summarizes the onset oxidation potential (Eonset), maximum absorption wavelength (Amax) and the
optical band gap (Eg) of the TF,P, BTB, PTF,P and PBTB quite clearly. HOMO energy levels of them
were calculated by using the formula Enomo = —€(Eonset + 4.4) (Eonset VS. SCE) and LUMO energy
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levels (ELumo) of them were calculated by the subtraction of the optical band gap from the HOMO
levels [27,28].
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Figure 6. UV-vis spectrum of PTF,P film deposited on ITO electrode at the neutral state. Inset:
absorption spectrum of TF,P monomer dissolved in CH,Cl..

Table 1. The onset oxidation potential (Eonset), maximum absorption wavelength (Anax), HOMO and
LUMO energy levels and optical band gap (Eg) of TF.P, BTB, PTF,P and PBTB.

Compounds  Egnset, VS.(Ag-Wire)  Amax (Nm)

TF,P 1.25 335 3.38 5.73 ~2.35
BTB" 1.05 324 3.41 ~5.53 212
PTF,P 0.80 410 2.32 5.28 ~2.96
PBTB" 0.72 411 2.31 ~5.20 -2.89

% Calculated by the subtraction of the optical band gap from the HOMO level.
® Data were taken from Ref. [18].

3.3. Electrochromic properties of PTF,P film

3.3.1. Spectroelectrochemical properties of PTF,P film

Spectroelectrochemistry is a useful method for studying the changes in the absorption spectra
and the information about the electronic structures of conjugated polymers as a function of the applied
potential difference [29]. The PTF,P film (coated on ITO, prepared potentiostatically at 1.4 V in 0.2 M
NaClO4/ACN solution mixing with 0.005 M TF,P monomer) was switched between 0 and 1.35 V in a
monomer-free 0.2 M NaClO4/ACN solution in order to obtain the in situ UV-vis spectra (Fig. 7). At
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the neutral state, the polymer film exhibits an absorption band at 411 nm due to the n-t* transition. As
shown in Fig. 7, the intensity of the PTF,P n—n* electron transition absorption decreases while two
charge carrier absorption bands located at around 605 nm and longer than 1050 nm increase
dramatically upon oxidation. The appearance of charge carrier bands could be attributed to the
evolution of polaron and bipolaron bands.

Furthermore, the PTF,P film shows five colors under various potentials. At 0 V, the film shows
a yellow color which passes to a yellowish green at 1.00 V. With the increase of potential, the polymer
film turns into green (1.15 V), greenish blue (1.20 V) and eventually to a blue color at 1.30 V,
respectively (Fig. 8). Compare to PBTB film, the full doped state PTF,P film shows a blue color while
PBTB film reveals green color at full doped state.
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Figure 7. Spectroelectrochemical spectra of PTF,P film on ITO electrode with applied potentials
between 0 V and 1.35 V in monomer-free 0.2 M NaClO4/ACN solution.
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Figure 8. Multichromic behavior of PTF,P film at 0 V (yellow), 1.00 V (yellowish green), 1.15 V
(green), 1.20 V (greenish blue) and 1.30 V (blue).
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3.3.2. Electrochromic switching of PTF,P film in solution

It is important that polymers can switch rapidly and exhibit a noteworthy color change for
electrochromic applications [30]. For this purpose, double potential step chronoamperometry technique
was used to investigate the switching ability of PTF,P film between its neutral and full doped states
(Fig. 9) [31]. The dynamic electrochromic experiment for PTF,P film was carried out at 605 nm. The
potential was switched between 0 V (the neutral state) and 1.35 V (the oxidized state) with regular
intervals of 3 s. One important characteristic of electrochromic materials is the optical contrast (AT%),
which can be defined as the transmittance difference between the redox states. The AT% of the PTF,P
was found to be 46% at 605 nm as shown in Fig. 9.

Response time, one of the most important characteristics of electrochromic materials, is the
necessary time for 95% of the full optical switch (after which the naked eye could not sense the color
change) [32]. The optical response time of PTF,P was found to be 1.92 s from the reduced to the
oxidized state and 0.38 s from the oxidized to the reduced state at 605 nm. The PTF,P film has similar
optical contrast and slower response time compare to PBTB [18].

The coloration efficiency (CE) is also an important characteristic for the electrochromic
materials. CE can be calculated by using the equations and given below [33]:

and = ——

AOD =1g Ty AOD
T, AQ

c

where T, and T, are the transmittances before and after coloration, respectively. AOD is the
change of the optical density, which is proportional to the amount of created color centers. » denotes
the coloration efficiency (CE). AQ is the amount of injected charge per unit sample area. CE of PTF,P

film is measured as 178.8 cm® C™* (at 605 nm) at full doped state, which had reasonable coloration
efficiency.
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Figure 9. Electrochromic switching response for PTF,P film monitored at 605 nm in 0.2 M
NaClO4/ACN solution between 0 V and 1.35 V with a residence time of 3 s.
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3.4. Spectroelectrochemistry of electrochromic devices (ECDs)

3.4.1. Spectroelectrochemical properties of ECD
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Figure 10. (a) Spectroelectrochemical spectra of the PTF,P/PEDOT device at various applied
potentials from —0.8 to 1.6 V and (b) the colors of the device at —0.8 V (the neutral state) and
1.6 V (the oxidized state).

A dual type ECD consisting of PTF,P and PEDOT was constructed and its
spectroelectrochemical behaviors were studied. Before composing the ECD, the anodically coloring
polymer film PTF,P was fully reduced and the cathodically coloring polymer PEDOT was fully
oxidized. The spectroelectrochemical spectra of the PTF,P/PEDOT device as a function of applied
potential (between —0.8 V and 1.6 V) are given in Fig. 10. The PTF,P layer is in its neutral state at —0.8
V, where the absorption at 414 nm is due to n—n* transition of the PTF,P film. At that state, PEDOT
does not reveal an obvious absorption at the UV-vis region of the spectrum and device reveals
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yellowish green color. As the applied potential increases, the PTF,P layer starts to get oxidized and the
intensity of the peak due to the n—=* transition decreased. Meanwhile, PEDOT layer is in its reduced
state, which leads to a new absorption at 630 nm due to the reduction of PEDOT, and the dominated
color of the device is blue at 1.6 V (Fig. 10).

3.4.2. Switching of ECD

Kinetic studies were also done to test the response time of PTF,P/PEDOT ECD. Between —0.8
and 1.6 V inputs with a regular time interval of 2 s, the optical response at 630 nm was illustrated in
Fig. 11. The response time was found to be 0.66 s at 95% of the maximum transmittance difference
from the neutral state to oxidized state and 0.20 s from the oxidized state to the neutral state, and
optical contrast (AT%) was calculated to be 27%. The PTF,P/PEDOT device has similar response time
and optical contrast compared with the PBTB/PEDOT device [18]. The CE of the device (the active of
area: 1.8 cm x 2.0 cm) was calculated to be 491.4 cm® C™* at 630 nm.
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Figure 11. Electrochromic switching, optical transmittance change monitored at 630 nm for
PTF,P/PEDOT device between —0.8 V and 1.6 V with a residence time of 2 s.

3.4.3. Open circuit memory of ECD

The optical memory in the electrochromic devices is an important parameter because it is
directly related to its application and energy consumption during the use of ECDs [34]. The optical
spectrum for PTF,P/PEDOT device was monitored at 630 nm as a function of time at —0.8 V and 1.6 V
by applying the potential for 1 s for 200 and 100 s time intervals, respectively. As shown in Fig. 12, at
yellowish green colored state device shows a true permanent memory effect since there is almost no
transmittance change under applied potential or open circuit conditions. In blue colored state device is
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rather less stable in terms of color persistence, however this matter can be overcome by application of
current pulses to freshen the fully colored states.
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Figure 12. Open circuit stability of the PTF,P/PEDOT device monitored at 630 nm.

3.4.4. Stability of ECD
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Figure 13. Cyclic voltammogram of PTF,P/PEDQOT device as a function of repeated with a scan rate
of 500 mV s ™.

The stability of the devices toward multiple redox switching usually limits the utility of
electrochromic materials in ECD applications. Therefore, redox stability is another important
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parameter for ECD [35]. For this reason, the PTF,P/PEDOT device was tested with cyclic
voltammetry by applying potentials between —0.2 and 1.6 V with 500 mV s* to evaluate the stability
of the device (Fig. 13). After 1000 cycles, the CV curve reveals the device retaining 92% of its original
electroactivity, which indicating that this device has satisfactory redox stability.

4. CONCLUSIONS

1,4-Bis(2-thienyl)-2,5-difluorobenzene monomer was synthesized by Suzuki coupling reaction
and then its polymer was successfully synthesized by electrochemical oxidation of the monomer in 0.2
M NaCIO4/ACN solution. The obtained polymer film was studied by cyclic voltammetry, UV-vis
spectra, FT-IR spectra and scanning electron microscopy. Spectroelectrochemistry reveals that PTF,P
film has distinct electrochromic properties and shows five different colors under various potentials
(yellow, yellowish green, green, greenish blue and blue). Maximum contrast (AT%) and response time
of the PTF,P film were measured as 46% and 1.92 s at 605 nm. The dual type ECD based on PTF,P
and PEDOT was also constructed and characterized. Electrochromic switching study results show that
optical contrast (AT%) and response time were 27% and 0.66 s at 630 nm, respectively. The CE of the
ECD was calculated to be 491.4 cm? C*. This ECD shows yellowish green color at neutral state and
blue color at oxide state.
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