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ABSTRACT: Two novel p-conjugated monomers, 6-(4-octyloxyphenyl)-4,8-bis(thiophene-2-yl)-3H-[d] imidazole[1,2,5] benzothiadia-

zole (M3) and 4-(4-octyloxyphenyl)-2,6-bis(thiophene-2-yl)-3H-[d] imidazole-acenaphtho[1,2-b]quinoxaline (M4), were synthesized.

The monomer M4 contains a thiophene electron-donating unit and electron withdrawing unit in which quinoxaline and benzimida-

zole integrated in one benzene ring. Electrochemical polymerization of the monomers was carried out in acetonitrile/dichloromethane

solvent mixture containing tetra-n-butylammonium hexafluorophosphate and electrochromic properties of polymers (P3 and P4) are

described in this article. Furthermore, the effects of structural difference on electrochemical redox behavior and spectroelectrochemi-

cal properties of the two resulting polymers were examined. The results showed that an anodic wave at 10.48 V versus Ag wire

pseudo-reference electrode corresponding to the monomer M4 oxidation was observed, while one anodic wave at 10.70 V was

observed in oxidation of M3 as it contains stronger electron withdrawing thiadiazole structure. The UV-vis-Near-infrared (Near-

infrared spectroscopy) (NIR) spectra analysis revealed that the two polymers have one absorbance band centered at 603 nm. The

band gaps, defined as the onset of the absorption band at 603 nm of these polymers, were determined as 1.60 eV for P3 and as 1.55

eV for P4. The electrochromic results showed that P3 revealed about 20% optical contrast at 980 nm and the P4 has 30% optical

contrast at 806 nm with low response time (1 s for each polymer). VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40861.
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INTRODUCTION

Electrochromism involves electroactive materials that show a

reversible color change when a small DC voltage is applied. The

electrochromic materials include inorganic and organic materials.

The inorganic materials are mainly metal oxides such as WO3,

NiO2, and TiO2, and the organic materials include small mole-

cules and conjugated polymers.1–3 Among conjugated polymers,

low-band gap polymers obtained by electrochemical polymeriza-

tion of suitable redox active monomers draw considerable atten-

tion at present due to their potential ability in visible, IR, and

microwave electrochromics. This type of polymers can be used in

photoelectric devices such as electrochromic displays, vision sys-

tems, or smart windows.4,5 In recent years, many studies on the

design and synthesis of low-band gap electrochromic polymers

have been carried out due to their unique optoelectronic proper-

ties. In these studies, the most used method to obtain low-

bandgap is the donor–acceptor approach.6–11 Some works

reported that low-bandgap polymers containing quinoxaline as

an acceptor unit demonstrated good electrochromic ability.12–20

These polymers generally show a variety of excellent properties

such as distinct optical changes throughout the visible region,

short switching time, and low-voltage electrochromic response

(i.e., potential lower than 1.3 V).

Among a wide variety of acceptor units, benzimidazole unit has

also been shown to be an excellent building block for synthesis

of low-bandgap conjugated polymers. Benzimidazole-containing

polymers and copolymers were synthesized and characterized by

several research groups.21 Electrochromic investigation of elec-

trochemically polymerized benzimidazole-containing donor–

acceptor type polymers was first reported by Akpinar et al.22

Ozdemir et al. reported the synthesis of several monomers by

combining benzotriazole and quinoxaline units in an acceptor

unit and polymerized electochemically to obtain multipurpose

donor–acceptor type polymers. These polymers revealed both
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p- and n-type doping properties and excellent electrochromic

properties.23 Nurioglu et al. also reported the synthesis of sev-

eral new material which containing benzimidazole as acceptor

and these materials exhibits good electrochromic properties.24

From the results of these previous researches, we conclude that

low-bandgap materials which contain quinoxaline or benzimid-

azole units as acceptors are excellent materials for electrochro-

mic devices. However, quinoxaline or benzimidazole structure

is used separately in these studies as the electron acceptor

unit. How will the electrochromic properties of the polymers

be if the quinoxaline and benzimidazole are integrated in one

electron acceptor unit? So, in this study, we designed and

synthesized two new monomers 6-(4-octyloxyphenyl)-4,8-bis

(thiophene-2-yl)-3H-[d] imidazole[1,2,5] benzothiadiazole

(M3) and 4-(4-octyloxyphenyl)-2,6-bis(thiophene-2-yl)23H-[d]

imidazole-acenaphtho [1,2-b]quinoxaline (M4). The monomer

M4 was synthesized using M3 as raw material and it contains a

thiophene electron-donating unit and electron withdrawing

unit in which quinoxaline and benzimidazole integrated in one

benzene ring. The two monomers were polymerized by el-

ectrochemical polymerization method on indium tin oxide

(ITO)-coated glass slide to investigate the spectroelectro-

chemistry as well as switching properties of the polymers

(Scheme 1).

EXPERIMENTAL

Materials and Equipments

All chemicals were purchased from Shanghai Boka Chemical

Co. and used as received unless otherwise noted. Dry tetrahy-

drofuran (THF) was distilled over sodium with addition of

benzophenone. 4,7-dibromo-5,6-dinitro-benzo[1,2,5]thiadiazole,

4,7-di(thiophene-2-yl)25,6-dinitro-benzo[1,2,5]thiadiazole and

p-octyloxybenzaldehyde were synthesized according to the li-

terature procedures.25–27 The tetra-n-butylammonium hexa-

fluorophosphate (TBAPF6) electrolyte dissolved in the solvent

mixture of dichloromethane (DCM) and acetonitrile (ACN)

and was used as supporting electrolyte solution in electro-

chemical polymerization and spectroelectrochemistry analysis

process.

A Zahner-Zennuim (Germany) electrochemical workstation was

used for all electrochemical studies. Electrochemical polymeriza-

tion was performed in a three-electrode cell consisting of an ITO

glass as the working electrode, platinum wire as the counter elec-

trode, and Ag wire as pseudo-reference electrode. Electronic

absorption spectra and electrochromic switching of polymers

were taken with a Shimadzu UV-3600 UV-Vis-Near-infrared

(Near-infrared spectroscopy) (NIR) Spectrophotometer linked

with a MCP-1 Potentiostat (Jiangsu Jiangen, China). 1H-NMR

Scheme 1. Schematic route for the synthesis of monomer.
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spectra of monomers were recorded in CDCl3 on VARIAN

INOVA-400 spectrometer (400 MHz). Chemical shifts were given

in ppm downfield from tetramethylsilane.

6-(4-octyloxyphenyl)24,8-bis(thiophene-2-yl)23H-[d]

imidazole[1,2,5] benzothiadiazole (M3)

A mixture of 4,7-dibromo-5,6-dinitro-benzo (383 mg, 1 mmol)

and iron powder (750 mg) in acetic acid was stirred for 3.5 h at

80�C. Then, the reaction mixture was poured into water

(250 mL) to precipitate and extracted by diethyl ether. The

diethyl ether solution was washed with brine and dried with

Mg2SO4. After the solvent was removed, the residue was dis-

solved in acetic acid (25 mL), p-octyloxybenzaldehyde (416 mg,

2 mmol) was added to the solution and refluxed for 72 h. After

that the reaction mixture poured into water and extracted by

CHCl3. The organic phase was washed with NaHCO3 solution,

water, and dried with Mg2SO4. After removing the organic sol-

vents, the crude product was purified on a silica gel column

[CHCl3: petroleum ether(60–90�C) 5 1 : 2 as eluent] to give the

desired product M3 as red powder (356 mg, 65%). 1H NMR

(400 MHz, dimethyl sulfoxide (DMSO)) d: 12.62 (s, 1H); 8.46

(d, J 5 8.8 Hz, 2H); 7.90–7.85 (t, 2H); 7.80 (d, J 5 3.8 Hz, 2H);

7.35 (d, J 5 4.5 Hz, 2H); 7.17 (d, J 5 8.8 Hz, 2H); 4.11–4.08

(m, 2H); 1.78–1.74 (m, 2H); 1.44–1.25 (m, 10H); 0.89–0.84 (m,

3H). UV-vis (CHCl3): kmax 5 328, 389, 506 nm.

4-(4-octyloxyphenyl)-2,6-bis(thiophene-2-yl)-3H-[d]imidazole-

acenaphtho[1,2-b]quinoxaline (M4)

To a mixture of 3 (544 mg, 1.0 mmol) and zinc dust (1.31 g,

20.0 mmol) in acetic acid (50 mL), a few drops of water was

added and stirred at 35�C for 6 h, the color changed from red

to pink. The solution was filtered twice and acenaphthylenequi-

none (200 mg, 1.1 mmol) was added to the pink solution, then

the solution was stirred for 48 h at room temperature, after

which it was poured into water and was extracted by CHCl3
and the organic phase was dried over MgSO4. After removing

the organic solvents, the crude product was purified on a silica

gel column [CHCl3: petroleum ether (60–90�C) 5 2 : 1 as elu-

ent] to give the desired product M4 as dark red powder (440

mg, 68%). 1H NMR (400MHz, DMSO) d: 12.82 (s, 1H); 8.46

(d, J 5 9.2 Hz, 2H); 8.30–8.27 (m, 2H); 8.02–7.98 (m, 2H);

7.95–7.88 (m, 2H); 7.85–7.83 (m, 2H); 7.42–7.38 (m, 2H); 7.18

(d, J 5 8.8 Hz, 2H); 4.10–4.07 (m, 2H); 1.77–1.74 (m, 2H);

1.44–1.26 (m, 10H); 0.87–0.84 (m, 3H). UV-vis (CHCl3):

kmax 5 314, 383, 481 nm.

RESULTS AND DISCUSSION

Synthesis and Characterization

The synthetic route toward the monomer and polymer are

shown in Scheme 1.

The reagent 4,7-dibromo-5,6-dinitro-benzo[1,2,5]thiadiazole (1)

was synthesized by the nitration of 4,7-dibromo-benzo[1,2,5]-

thiadiazole using a mixture of fuming HNO3 and CF3SO3H as

the previously described method. 4,7-Di(thiophene-2-yl)-5,6-

dinitro-benzo[1,2,5]thiadiazole (2) was synthesized through

Stille coupling reaction of 1 and 2-(tribytylstanny)thiophene in

freshly distilled THF with Pd(PPh3)2Cl2 as the catalyst under

nitrogen atmosphere in good yield. M3 was reduced with zinc

Figure 1. 1H-NMR spectra of monomer M3.

Figure 2. 1H-NMR spectra of monomer M4. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. UV–vis–NIR spectra of M3 and M4 in DCM. The concentration

of the monomers is c 5 3.0 3 1025 mol/L for M3 and c 5 1.2 3 1024

mol/L for M4. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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powder to give the amine, and its condensation reaction with

acenaphthylenequinone in acetic acid was performed to give

M4.

1H-NMR spectrum of M3 is shown in Figure 1. All of the

detected peaks are consistent with the proposed structure. The

signals at f (4.11–4.08 ppm), g (1.78–1.74 ppm), h (1.44–1.25

ppm), and m (0.89–0.84 ppm) arise due to the existence of

three types of methylene and one type of methyl protons. Peaks

d (8.48–8.45 ppm) and e (7.18–7.16 ppm) correspond to four

protons on benzene ring. Peaks a (7.90 ppm), b (7.85–7.80

ppm), and c (9.05 ppm) implies the presence of protons on thi-

ophene rings. Peak at k (12.62 ppm) is assigned to the proton

of amine in imidazole ring.

1H-NMR spectrum of M4 is shown in Figure 2. The signals at f

(4.10–4.07 ppm), g (1.77 ppm), h (1.44–1.27 ppm), and m (0.87–

0.84 ppm) arise due to the existence of three types of methylene

and one type methyl protons. Peaks d (8.48–8.45 ppm) and e

(7.18–7.15 ppm) correspond to four protons on benzene ring.

Peaks a (7.88–7.83 ppm), b (7.42–7.38 ppm), c (8.34–8.33 ppm),

and n (9.45–9.44 ppm) implies the presence of protons on thio-

phene rings. Peaks o (8.02–7.97 ppm), p (8.30–8.27 ppm), and

q (7.95–7.94 ppm) are assigned to the protons of acenaphtho

ring. Peak at k (12.8 ppm) is assigned to the proton of amine in

imidazole ring. 1H-NMR results reveal that the presumed struc-

ture was obtained.

Optical Properties of Monomers

The solution state UV–vis absorption spectra for the two mono-

mers can be seen in Figure 3. The concentration of the mono-

mers is 3.0 3 1025 mol/L for M3 and 1.2 3 1024 mol/L for

M4. All of the monomers showed three distinct absorption

bands: the band around 300–500 nm can be assigned to the

p-p* transition. M4 exhibited a side peak at 474 nm and the

maximum absorption of M3 is located at 505 nm, which is red

shifted 29 nm in compared with the peak of M4. The red shift

in this intramolecular charge transfer band can be attributed to

the nature of electron acceptor units in two aspects. The ace-

naphtho structure in M4 has larger planer conjugation than the

thiadiazole structure in M3 and the absorption peaks of M4

should appear at longer wavelength than M3. However, the

experiment exhibits an opposite result. This is because the steric

repulsion between the thiadiazole structure and thiophene unit

is lower than that between the acenaphtho structure and thio-

phene unit, which leads to a planar geometry. The second

aspect might be the presence of two lone pair on the sulfur

atom in thiadiazole increases the electron cloud density of elec-

tron acceptor unit of M3, and it leads to greater p-conjugation

of M3. These arguments conclude that M3 has a coplanar back-

bone, and enhanced p-delocalization, which lead to a red-

shifted absorption maximum in the visible region.

Electrochemistry

We investigated the redox behaviors of M3 and M4 using cyclic

voltammetry at room temperature in a conventional three elec-

trode cell, using ITO glass as the working electrode, platinum

wire as the counter electrode, and Ag wire as pseudo-reference

electrode (Figure 4). Electrochemical studies of M3 and M4

were performed in ACN/DCM solvent mixture using 0.1 M

TBAPF6 as supporting electrolyte. The ratios of solvent mixture

are 53/47 (v/v) for M3 and 5/95 (v/v) for M4. The concentra-

tion of all monomers used for electrochemical polymerization

was 0.01 M.

Electrochemical polymerization of M3 on ITO electrode was

performed by applying potentials between 20.2 and 10.9 V at

a scan rate of 100 mV/s. During the first anodic scan the onset

of oxidation starts at 10.6 V and one anodic wave was observed

at 10.70 V [Figure 4(a)]. Subsequent cycling leads to one redox

couple at 10.38 and 10.19 V associated with the oxidation and

reduction of the polymers deposited on the ITO electrode sur-

face. In Figure 4(a), the increase in current density with the

number of scans clearly shows the deposition of an electroactive

film of P3 on ITO followed by the oxidation peak increased to

10.65 V and the reduction peak increased to 10.28 V,

respectively.

The potential using in multiple scan voltammetry for the elec-

trochemical polymerization of M4 was from 20.5 to 10.8 V at

a scan rate of 100 mV/s. During the first anodic scan the onset

of oxidation starts at 10.41 V, and a single peak was observed

at 10.48 V which corresponds to irreversible oxidation of the

monomer [Figure 4(b)]. The subsequent cycle leads to two new

redox couple associated with the oxidation and reduction of the

Figure 4. Cyclic voltammogram of (a) M3 in 0.1 M TBAPF6/ACN/DCM

(53/47,v/v) and (b) M4 in 0.1 M TBAPF6/ACN/DCM (5/95,v/v) solution

containing 50 mM monomer at scan rate of 100 mV/s. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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polymers deposited on the ITO electrode surface. The oxidation

peak appears at 0 and 10.46 V, and the reduction peak appears

at 20.08 and 10.34 V, respectively. On repeated scanning

increasing current response of the polymer, redox process illus-

trates that electrochemical polymerization is proceeding at the

electrode surface to form an electroactive polymer film.

The cyclic voltammogram results showed that the oxidation

potential of M4 and P4 are lower than that of M3 and P3 meas-

ured under the described conditions, this lower potential can be

attributed to difference of acceptor unit. The electron-

withdrawing strength of thiadiazole structure in acceptor unit of

M3 is stronger than the quinoxaline structure of M4.17,28 Thus,

the electron acceptor unit of M3 became more electron-

deficient and it increases the charge mobility from thiophene to

electron acceptor unit. So, the electron density of thiophene

ring in M3 was decreased and it leads to an increase in the oxi-

dation potential of M3.

The scan rate dependences of the anodic and cathodic peak cur-

rents of polymers were studied in a monomer-free electrolyte

solution. A linear relationship between the peak current and

scan rate demonstrates that the films were well adhered and

maintain reversible redox properties even at high scan rates

acquiring rapid charge/discharge process (Figure 5).

Electrochromic Studies of Polymers

After electrochemical polymerization of M3 and M4 onto ITO

surface, we treated the polymer P3 and P4 with phenylhydrazin

for 3 h and examined the spectroelectrochemical properties.

Figure 6(a) shows the spectroelectrochemical series for p-doping

of P3 between 20.2 and 10.8 V. The neutral form of the P3 is

light blue in color, having one absorbance peak centered at 603

nm in electronic absorption spectra. Stepwise oxidation of the

polymer film shows that the intensity of p–p* transition

decreased as the color changes from blue to light reddish pur-

ple. On oxidation, absorption bands intensity at 603 nm

decreased and absorption peaks red shifted when the potential

changes from 20.2 to 10.8 V, finally appear at 532 nm. Mean-

while, there appear one new absorption peak in the region from

700 to 1100 nm and the maximum absorption peak centered at

980 nm.

The spectroelectrochemical series for p-doping of P4 were

recorded at varies applied potential between 20.4 and 10.7 V

[Figure 6(b)]. Oxidation of an electrochromic material produces

radical cations and further oxidation produces dications, allow-

ing new electronic transitions thereby changing the absorption

spectra. The absorbance assigned to p–p* transitions for neutral

form of P4 is at 603 nm. Stepwise oxidation of the P4 film

Figure 5. Scan rate dependence of (a) P3 and (c) P4 in monomer free ACN/DCM (5/95) solution containing 0.1M TBAPF6 at scan rates of 50, 100, 150,

200, 250, 300, 350, 400, 450, and 500 mV/s. Relationship of anodic (�) and cathodic (•) current peaks as a function of scan rate for (b) P3 and (d) P4

film. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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shows that absorption bands intensity at 603 nm decreased as

the color changes from blue to yellow brown. These decrease as

the doping proceeds while new absorbance bands evolve in the

region from 630 to 1100 nm. The maximum absorption peak

appeared at 1092 nm when the applied potential was 20.3 V.

The absorption bands intensity increased and the absorption

peaks blue shifted while the potential changes from 20.1 to

10.7 V and eventually appear at 806 nm, blue shifted about

286 nm. Conversely, a similar derivative which contains only

acenapthylquinoxaline structure as electron acceptor unit has a

broad absorption band evolve at 1700 nm.13 Another similar

derivate in which the electron acceptor unit is benzo[d] imidaz-

ole structure also has a broad absorption band appeared at 1120

nm.24 As compared to the two type electron acceptor unit, the

electron withdrawing unit of P3 and P4 has an absorption band

at the shorter wavelength. This result indicates that when imid-

azole structure were combined with thiadiazole and quinoxaline

structure, respectively, in a benzene ring at the same time, there

exists four N atoms and the electron withdrawing unit has

stronger electron-deficient than the reported structure. During

the stepwise oxidation the acceptor unit became more electron-

deficient and it may increase the molecular orbital energy, so

the absorption peak blue shifted.The band gap (Eg), defined as

the onset of the absorption band at 603 nm of the two poly-

mers film, were calculated as 1.6 eV for P3 and 1.55 eV for P4.

Electrochromic Switching

Electrochromic switching studies of P3 and P4 were performed

while the potential was stepwise switched between 20.2 and

10.8V for P3 and between 20.4 and 10.7 V for P4, the neutral

and oxidized states with a residence time of 5 s (as shown in Fig-

ure 7). The optical switching studies were investigated using a

square wave potential step method coupled with optical spectros-

copy in a monomer free solution. During the experiment, the %

transmittance at the wavelength of maximum contrast was meas-

ured by a UV–vis spectrophotometer. The optical contrast meas-

ured as the difference between %T in the neutral and oxidized

forms (%DT) were found to be 20% at 980 nm for P3. Further-

more, the switching times was calculated as 1 s for this polymer.

At the same condition, the optical contrast was determined for P4

as 17% at 603 nm and 30% at 806 nm with 1 s switching times.

CONCLUSIONS

In conclusion, two novel low band gap electroactive donor–

acceptor type p-conjugated monomers consisting of thiophene

as the donor unit and imidazole[1,2,5] benzothiadiazole and

imidazole-acenaphtho [1,2-b]quinoxaline as the acceptor units

were synthesized via a Stille coupling reaction and its electro-

chemical polymerizations were achieved on ITO-coated glass

Figure 6. Electronic absorption spectra of (a) P3 and (b) P4 on ITO in

0.1 M TBAPF6/ACN/DCM (5/95,v/v) at various applied potentials

between 20.2 and 0.8V for P3 and between 20.4 and 0.7 V for P4.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. Optical transmittance changes for (a) P3 at 980 nm and (b) P4

at 603 and 806 nm in TBAPF6/ACN/DCM (5/95,v/v) while the polymers

switched between 20.2 and 0.8 V for P3 and between 20.4 and 0.7 V for

P4 with a switch time of 5s. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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slides to determine the optoelectronic properties of the poly-

mers. The spectroelectrochemical and electrochromic switching

properties of these polymers were studied. The experimental

results showed that both polymers have electrochromic ability

in visible and NIR region. P3 revealed about 20% optical con-

trast at 980 nm, whereas P4 exhibits 17% optical contrast at

603 nm and 30% at 806 nm with 1s switch times. Optical prop-

erties were compared with those of previously reported donor–

acceptor–donor type p-conjugated polymers. The p–p* absorp-

tion band of the polymers were observed at a shorter wave-

length than those Donor–Acceptor–Donor type polymers which

contains only imidazole or quinoxaline as acceptor unit.
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