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ABSTRACT 

Two conjugated molecules have been designed and synthesized for preparing electrochromic thin film devices on the 
surface of electrodes through electropolymerization. These devices exhibit good contrast at around 80% in mid-infrared 
region and rapid response time, especially EP02 which could be switched between on and off state in around 1 s. The 
interesting electrochromic properties and easy processable properties open the door to electrochromic applications using 
large or flexible surfaces such as IR shutters and apertures. 
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1. Introduction 

There is a great deal of interest in new electrochromic 
(EC) materials which exhibit rapid switching time, long- 
term stability, and high contrast [1]. Over the past few 
years, electrochromic devices (ECDs) utilizing electroac-
tive conjugated polymers have received increasing atten-
tion owing to their fast response time, low fabrication 
cost and easy functional modifications [2-4]. Conjugated 
polymers, such as polyanilines, polypyridines, polypyr-
roles, polythiophenes [5-9], and in particular, poly (3,4- 
ethylenedioxythiophene) (PEDOT) and PEDOT vinyle- 
nes have thus far proved most useful [10]. Dietrich et al. 
have compared the electrochemical and optical properties 
of PEDOT and poly (3,4-propylene-dioxythiophene) (PP- 
roDOT), which exhibit the most promising electrochro- 
mic properties because their electronrich nature gives 
them especially low redox switching potentials [11-14]. 
Meanwhile, band gap control is an important strategic 
key in the construction of polymer based EC devices for 
a specified contrast in certain wavelength. Serials of con- 
jugated polymers, which con- sist with various donor- 
acceptor subunits, have been developed for controlling 
specific absorbance [15-18]. 

Advanced materials capable of large, dynamic (swit 
chable, controllable) variation of infrared (IR) signature 
have been intensely sought recently for two urgent ap-
plications: 1) As infrared camouflage countermeasures 
against night vision sensors for all armed forces compo- 
nents (land/sea vehicles, aircraft, soldiers) [19]; 2) For 

optical information technology, to replace bulky, costly 
mechanical shutter and filter in infrared detection and 
imaging [20]. While conducting polymers [21,22] have 
shown some intrinsic variation of mid-to far-IR signature, 
the practical utilization of this has remained elusive. 

In the earlier work, Dan et al. have synthesized and 
used of a series of conjugated polymers with different 
functional groups which have enabled further exploration 
in the relationship between electrochromic properties and 
chemical structures [23]. These polymers contain ethyl- 
enedioxythiophene (EDOT) units, which provide excep- 
tional stability in the oxidation state and combined with a 
low energy requirement for oxidation. Fluorene and Car- 
bazole are introduced into the polymer chains to improve 
ECDs’ performance through the adjustment of spacing 
between the polymer chains to facilitate ion injection 
[24]. The introduction of the acceptor unit benzothiadia- 
zole (BT) and its derivations was used to decrease the 
lowest unoccupied molecular orbital (LUMO) level and 
narrow the band gap, thereby extending absorbance to 
longer wavelengths. 

Herein, we prepare electrochromic thin film devices in 
the solid state, which are fabricated through electropo- 
lymerization in solutions from donor-acceptor-donor nar- 
row band gap monomers. Compared with spin-coated 
samples [23], these electrodeposited products are easy 
patterned and fabricated to highly scalable, uniform and 
homogeneous thin films. Most importantly, the devices 
based on these films can be switched reversibly between 
the doped and de-doped states with rapid response times 
and high contrast in IR, which are promising to be prac-  *Corresponding author. 
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tically used on fabrication of large and flexible devices. 

2. Experiment Section 

All reagents are purchased from commercial sources and 
used without further purification, unless otherwise noted. 
The solvents are distilled and dried using known methods 
[25]. All reactions are carried in air atmosphere unless 
otherwise mentioned. The following acceptor and donor 
blocks were prepared according to literature procedures: 
4,7-dibromo-2,1,3-benzothiodiazole (DB-BT), [26] tribu-
tyl (2,3-dihydrothieno [3,4-b][1,4] dioxin-5-yl) stannane 
(EDOT-T), [27] tributyl (1,4-bis [2-(3,4-propylenedioxy- 
thienyl)) stannane (ProDOT-T), [28] 4,7-di(2,3-dihydro- 
thieno [3,4-b][1,4] dioxin-5-yl) benzo [1,2,5] thiadiazole 
(BDT) [29]. ITO/glass electrodes are obtained from Del- 
ta Technologies, Ltd., and rinsed successively with dis-
tilled water, acetone and isopropanol before use. 

Procedures of synthesizing monomer 1 (4,7-bis (3,3- 
diethyl-3,4-dihydro-2H-thieno[3,4-b][1,4] dioxepin-6- 
yl) benzo[c][1,2,5] thiadiazole). The precursor (1.0 mol 
ratio), Zn powder (10 mol ratio) are mixed together in 40 
mL acetic acid, and stirred for 2 hours. After the mixture 
cool to room temperature, the solid is filtered off and 
filtrate is evaporated in vacuum. The produce can be 
used directly without further purification. 50 mL ethanol 
is added into the solid and followed by tetradecane- 
7,8-dione. The reaction is continued for 24 hours in room 
temperature. And then evaporated in vacuum and puri-
fied through silica gel chromatographic column. 1H NMR 
(500MHz CDCl3), δ = 7.85 (s, 2H), 6.54 (s, 2H), 4.40 (m, 
4H), 4.20 (m, 4H), 3.10 (tr, 4H), 2.03 (m, 4H), 2.08 (br, 
4H), 1.53 - 1.31 (m, 16H), 0.91 (tr, 6H); 13C NMR 
(500MHz CDCl3), δ = 152.7, 149.8, 147.9, 127.6, 124.3, 

117.4, 106.2, 43.8, 23.7, 7.3; Anal. Calcd for C32H38N2O4S2: 
C, 66.41; H, 6.62. Found: C, 66.67, H, 6.32. MS m/z 
Calcd for C32H38N2O3S2: 578.8, Found 578.9 

Procedures of synthesizing monomer 2 (5,8-bis(2,3- 
dihydrothieno[3,4-b][1,4] dioxin-5-yl)-2,3-dihexy-lqui- 
noxaline). The dibromo monomer (1.0 mol ratio), bis(4,4, 
5,5-tetramethyl-1,3,2-dioxaborolane) (2.5 mol ratio),  
Pd(PPh3)4 (0.02 mol ratio), and toluene were placed into 
a two neck bottle under argon. After complete dissolution 
of the reagents, a degassed 2 M K2CO3 solution was add- 
ed under argon to the mixture. The reaction was refluxed 
under stirring for 24h. The mixture was poured into me- 
thanol (200 mL), and purified through silica gel chroma- 
tographic column. 1H NMR (500MHz CDCl3), δ = 8.58 
(s, 2H), 6.54 (s, 2H), 4.40 (s, 4H), 4.32 (s, 4H), 3.10 (t, 
4H), 2.04 (m, 4H), 1.60 - 1.34 (m, 12H), 0.91 (tr, 6H); 
13C NMR (500MHz CDCl3), δ = 154.4, 141.3, 140.0, 
137.2, 128.3, 127.1, 113.6, 102.8, 64.9, 64.4, 34.8, 31.9, 
29.6, 29.3, 28.3, 22.7, 14.1; (Anal. Calcd for  
C36H48N2O4S3: C, 64.64; H, 7.23. Found: C, 64.36, H, 
7.58. MS m/z Calcd for C36H48N2O4S3: 668.9, Found 
669.0. 

3. Result and Discussion 

3.1. Electrochemical Polymerization  

Electrochemical studies were carried out with a CHI 
600D electrochemical workstation, using an indium tin 
oxide (ITO)-coated glass slide as the working electrode 
(25 × 15 × 0.8 mm, RS = 70 – 100 Ω), a gold flag as the 
counter electrode, and an AgCl coated Ag wire, which 
was directly dipped in the electrolyte solution, as the 
reference electrode. The E1/2 = (Epa + Epc)/2 of the  
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Scheme 1. The synthesis protocol of monomer 1 and 2. 

Copyright © 2012 SciRes.                                                                             OJPChem 



Z. T. LI  ET  AL. 154 

  
Fc/Fc+ couple is 0.26 V vs Ag/AgCl under these con- 
ditions. 

The polymer films of EP01 and EP02 (polymerized 
from monomer 1 and 2, respectively) are deposited on 
ITO-coated glass substrates by cycled scanning at a scan 
rate of 250 mV/s from –0.2 to 1.2 V vs Ag/Ag+ from a 
0.01 M monomer solution in 0.1 M TBAPF6/ acetonitrile, 
which are bubbled with nitrogen before use to remove 
any incipient oxygen. Several drops of Dichloromethane 
are required to dissolve the monomers and then CH3CN 
is added to get the solution in certain concentration. 
However, too much CH2Cl2 hindered polymer formation 
and deposition on the electrode and only the use of 
monomer saturated solution helped to circumvent that 
problem. 

The repeated scanning electropolymerizations of mo- 
nomer 1 and of 2 are shown in Figure 1, respectively. 
During the first anodic scan, a single peak is observed 
which corresponds to irreversible monomer oxidation 
and formation of cation radicals. The oxidation of 
monomer 1 (Ep,m) is starting at +1.06 V, and at 1.02 V for 
 

 

Figure 1. Cyclic voltammograms of (a) monomer 1 and (b) 
monomer 2 in 0.01 M monomer solution in 0.1 M TBAPF6/ 
acetonitrile at scan rates of 250 mV/s. 

monomer 2. With repeated potential scanning, polymers 
EP01 and EP02 films grow onto the electrode surface in 
succession. The oxidation potentials of the polymer also 
increase with film thickness due to the increase in poly- 
mer resistance. 

The polymer films formed on the electrode are rinsed 
with a monomer-free solution of CH3CN in which films 
are not soluble, and cyclic voltammograms are further re- 
corded with scan rate values of 250 mV/s. The Ep,ox and 
Ep, red of the EP01 and EP02 system are highly sepa-
rated as the longer and bulkier chains on the periphery 
inhibit the fast movement of counter ions. The peak oxi-
dation (Ep,ox) potentials of EP01is around +0.41 V at 250 
mV·s–1. However, Ep,ox for EP02 is +0.75 V at 250 
mV·s–1). The lower (Ep,ox) potentials of EP01 than that of 
EP02 reveals the weaker effect of the electron accepting 
capability of the benzo [c] [1,2,5] thiadiazole unit on the 
polymer oxidation process than that of quinoxaline [30]. 

3.2. Optoelectrochemical Analyses 

For assembling electrochromic cells, a quasisolid or vis-
cous gel electrolyte base prepare from an acetonitrile 
solution of poly(methyl methacrylate) (PMMA), propyl-
ene carbonate and ethylene carbonate in weight ratios of 
1:0.1:0.4:0.4, and then tetrabutyl ammonium tetrafluoro- 
borate TBABF4 is added in a 0.9 M concentration rela- 
tive to the solution. 30 times cycled scanning at a scan 
rate of 250 mV/s from –0.2 to 1.2 V are enforced to 
reach 220 nm thin films. Before examining the optical 
properties of polymer films, they are rinsed with acetone- 
trile twice before devices fabrication and then place in a 
vacuum oven at 80˚centigrade overnight. And followed 
by spin-coating a gel electrolyte on two separate ITO/ 
glass substrates, the coated surfaces were manually sand- 
wiched together and sealed with epoxy. The electroch- 
romic devices were placed to dry at room temperature 
overnight. UV-Vis-NIR spectra are recorded on a V - 
570 Jasco UV-Vis-NIR spectrophotometer. 

The in situ spectroelectrochemistry is performed by 
holding the film at the desired potential and measuring 
the absorbance from 400 nm to 2500 nm with applied 
potentials at 0 V and 2.5 V vs Fc/Fc+ for p-doping. The 
polymer switches from a dark teal-green in the neutral 
state to a slate-blue in the oxidized state. As shown in 
Figure 2, the polymer EP01 and EP02 have the analo-
gous absorbance bands in the visible region at around 
550 nm, characteristic of donor-acceptor systems. A 
window of transmission is centered on 500 nm and gives 
the polymer a green color as the green light is not ab- 
sorbed and is allowed to pass through the film. As the 
polymers are oxidized, depletion of both of these transi- 
tions occurs with a decrease in the absorbances at 550 
nm and 400 nm. For polymer EP01, the doping-induced  
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(a) 

 
(b) 

Figure 2. Electrochromic properties of devices based on (a) 
EP01 and (b) EP02 at 2.5 V and 0 V. 
 
infrared absorption bands centered at 900 nm and a broad 
absorbance beginning at 1200 nm and extending into the 
mid-IR corresponding to 2.5 V bias. The electrochromic 
property of EP02 is slightly different when device is 
turned on. The doping-induced absorbance at around 
1000 nm and a broad absorbance beginning at 1500 nm 
and also extending into the mid-IR, which is due to the 
narrower band gap of origin materials. 

While ITO/glass electrodes are sufficiently transparent 
in the visible region, their transmission window drops off 
substantially at longer wavelengths, as shown in Figure 
2. The ITO/glass utilized in this study has a transmittance 
value of 85% at 1500 nm, reduced to 72% at 2500 nm, 
the limiting wavelength for solution-based spectraelec-
trochemistry. In Figure 3, the normalized absorbance of 
both polymers with the elimination of glass/ITO absorb- 
ance revealed that both devices have the maximum con-  

trast is 85%, almost in the whole mid-IR region have 
around 80% contrast. Especially EP02, the absorption 
curved is more flat and smooth, which meet the practi- 
cally application requirement well. However, for apply- 
ing in IR region, an electrode material with higher near- 
to mid-IR transparency is required in the future. 

3.3. Electrochromic Switching Studies 

Electrochromic switching studies are carried out to mo- 
nitor absorbance changes with time during repeated po- 
tential stepping between reduced and oxidized states to 
obtain an insight into changes in the optical contrast. In 
an initial experiment illustrate in Figure 4, the EP01 and 
EP02 devices are switched by stepping the potential be-
tween –2.5 and +2.5 V with a switching interval of 10 s 
while monitoring the absorbance at 900 nm and 1000 nm, 
respectively. The polymer film repeatedly and repro-
ducibly change from a dark blue absorptive reduced state 
at –2.5 V to a light gray transmission oxidized state at 
+2.5 V with a higher transmission. By examination of 
one of the double potential switches of EP01 and EP02, 
device based on EP01 need around 4 s to turn on device 
to reach 80% of total transformation and 2 s to turn de-
vice off. Meanwhile, the device based on EP02 switch 
much faster, which the reduction is completed in ca. 0.8 s, 
reoxidation requires around 1.5 s. It can be seen that in 
both cases the reductive processes proceed somewhat 
more rapidly than the oxidation processes. The rapidity 
of the reduction can be attributed to the ease of transport 
through the polymer film to the electrode contact. Re-
oxidation of the neutral film initiates at the insulating 
polymer-electrode interface, and a conducting front pro- 
pagates through the film’s thickness. For EP01, the 
longer alkyl-substitution on polymer back bone lead to a 
larger inter-chain distance, which will block the transport 
from film to electrode. As the result, the conductivity of 
oxidized polymer EP01 films is lower than that of EP02 
and result in a slower turn off speed. Moreover, as the 
subunit of EP02, the ProDOT (3,4-propylenedioxythio- 
phene), which have cyclic substitutions propylenedioxy, 
could separate polymer back bone and afford a suitable 
space for ion injection and accelerate the oxidation proc-
ess. [31] 

4. Conclusion 

We have prepared two donor-acceptor-donor structured 
monomers containing extended conjugation systems in 
good yields which are easily electrochemically poly- 
merized to yield stable and uniform electroactive films. 
The devices in solid state based on the two polymers 
show good contrast and rapid responds, which are as 
high as 80% in mid-IR region and the switching speed of 
EP02 is around 1s which is faster than that of EP01. The    
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(a)                                                       (b) 

Figure 3. Normalized devices’ contrast in mid-IR; (a) EP01; (b) EP02. 
 

 
(a)                                                      (b) 

Figure 4. Switching properties of (a) EP01 and (b) EP02 at 900 nm and 1000 nm respectively with 10 s interval of step bias of 
2.5 V and –2.5 V. 
 
reason would be the substitutions on EP02 afford suitable 
size for ion injection, which could accelerate polymer 
doping. And the side chains on EP02 are shorter than that 
of EP01, which attributed to reasonable conductivity to 
ease transport through the polymer film to the electrode. 
These interesting solubility and easy processability prop-
erties open the door to electrochromic applications on 
large or flexible surfaces such as IR shutters and aper-
tures. 
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