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’ INTRODUCTION

First studies on electrochromic materials started with inor-
ganic semiconductors such as tungsten trioxide (WO3) and
iridium dioxide (IrO2),

1 and then organic small molecules such
as viologens, metallophthalocyanines,2 and finally conducting
polymers, received much attention for electrochromic applica-
tions.3 Construction of conducting polymers that contain multi-
ple redox-active chromophores are important for the preparation
of novel polymeric electrochromic materials, which exhibit at
least two distinct color states and may give multiple colors,
depending on the structure of the material.4 Besides, conducting
polymers have the potential to be used as electrochromic mate-
rials because of their structurally controllable HOMO�LUMO
band gap by means of easily tuning of colors and also process-
ability, high contrast ability, and fast response time. Furthermore,
electrochromic polymers can be switched between their various
color states many times without any noticeable decline in perfor-
mance, so they have been known to possess excellent switching
reproducibility.5 There are a large number of studies about elec-
trochromic polymers with neutral state absorbance that very
across the visible region such as high color tunable thiophene
based system of the Reynolds group.6a Furthermore, these poly-
mers have been reported with neutral state absorbances ranging
form the UV for propylenedioxythiophene (ProDOT)�phenylene
copolymers5g andpoly-3,4-(2-ethylhexyloxy)thiophenederivatives5h

to near-infrared (NIR) for donor�acceptor low-band-gap poly-
mers5a such as conjugated system with colors between that range
from yellow, orange, red, magenta, blue green, to cyan. Because
of these properties, these polymers have been used in many fields
such as smart windows, thermal control and thermal emission
detectors for spacecraft, camouflage materials in warfare, optical

communications, and biomedicals.3 Also, as the palette of avail-
able colors in electrochromic polymers grows, these materials
should become more useful for display technology.6

Carbazole (Cbz)-based polymers have various advantages
such as a strong electron-donating (p-type) chromophore, and
also easily functionalized at its (3,6-), (2,7-), or N-positions, and
then covalently linked into polymeric systems, both in the main
chain as building blocks and in a side chain as subunit.7 On the
other hand, Cbz-based compounds are well-known as a good
hole transport and photonic material for optoelectronic devices.8

Furthermore, poly(3,6-Cbz)s exhibit interesting electrochromic
properties because of the conjugation breaks that are present due
to the inclusion of a 3,6-linkage. Reynolds et al. suggested that
one of the interesting multicolored system is that based upon the
3,6-linked Cbzmoiety.4a�c Owing to broken conjugation lengths,
these polymers generate radical cations which are separated from
one another and do not combine. Upon further oxidation at
higher potentials, another electron is removed, giving dications.
Because of these properties, 3,6-linked Cbz-based electrochro-
mic materials have multiple colors with separate colors present
for the neutral, polaronic, and bipolaronic species at various
oxidation states.4a�f,9On the other hand, recently reportedmate-
rials, 2,5-di(2-thienyl)-1H-pyrrole (SNS) derivatives,10 have very
useful properties for electrochromic applications such as (i) the
oxidation potentials of the SNS derivatives is lower (about +0.7 V
vs SCE) than that of many of other electroactivematerials, (ii) the
functionalization of the ter-heteroatom unit by the Paal�Knorr
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ABSTRACT: We describe the synthesis and structure�property relationships of two branched
electroactivemonomers containing carbazole core, 2,5-di(2-thienyl)-1H-pyrrole, differentiated by
the length of side alkyl chains (DSNSC-1 and DSNSC-2). Structural identification of initial
compounds and products were carried out by using FT-IR and 1H and 13C NMR spectroscopy.
The electroactive materials DSNSC-1 and DSNSC-2 were directly coated on to ITO glass surface
by using electrochemical polymerization process. The results clearly indicate that the length of
side alkyl chain has a major impact on optical and electrochemical properties of these polymers.
Poly-DSNC-2 with longer side alkyl chain exhibits a high contrast ratio (ΔT%= 68% at 850 nm), a
response time of about 0.8 s, and high coloration efficiency (352 cm2 C�1) and retained its
performance by 97.1% even after 5000 cycles.
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reaction seemed an attractive one step procedure for the intro-
duction of various bridges into the monomer, and (iii) provided
that good quality of the films poly-SNS can easily be generated on
ITO/glass surface thus high electrochromic performance would
be obtained.11 Furthermore, an electroactive or photoactive
moiety is introduced along this SNS backbone to tune the band
gap and thus to gain useful properties.12

In this article, we report the synthesis of novel derivative of
SNS, 3,6-bis(2,5-di-2-thienyl-1H-pyrrol-1-yl)-9-ethyl-9H-carba-
zole (DSNSC-1) and 3,6-bis(2,5-di-2-thienyl-1H-pyrrol-1-yl)-9-
dodecyl-9H-carbazole (DSNSC-2), with branched structures
and then electrochemically polymerized onto transparent ITO/
glass surface to give multielectrochromic polymers. It is deter-
mined that the electrochromic performance was strongly im-
proved as a result of prolongation of the side alkyl chain attached
to N atom of carbazole molecule. Here we demonstrate that the
derivative poly-DSNSC-2 containing dodecyl side alkyl chain
exhibits a high contrast ratio (ΔT = 68% at 800 nm), a very short
response time (about 0.8 s), a high redox stability, and a high
coloration efficiency (352 cm2 C�1).

’EXPERIMENTAL SECTION

Materials. All chemicals were purchased fromAldrich and Fluka and
used without further purification. 9H-Alkylcarbazole (1),13 3,6-dinitro-
9H-alkylcarbazole (2),13 3,6-diamino-9H-alkylcarbazole,13 and 1,4-dithio-
phene-2-yl-butane-1,4-dione14 were prepared from previously published
procedures.
Synthesis of 3,6-Bis(2,5-di-2-thienyl-1H-pyrrol-1-yl)-9-al-

kyl-9H-carbazole (DSNSCs). 3,6-Diamino-9H-N-alkylcarbazole (15
mmol), 1,4-bis(2-thienyl)butane-1,4-dione (45 mmol), and p-toluene-
sulfonic acid (34 mg, 20 mmol) were added into 50 mL of dry toluene.
The content of the flask was then refluxed for 72 h under a Dean�Stark
trap. The reaction was excused with TLC until initial compounds were
consumed. At the end of the reaction, the mixture was cooled and
solvent was removed under reduced pressure. The residue was filtered
through a short pad of silica gel by eluting with CH2Cl2 to yield 3,6-
bis(2,5-di-2-thienyl-1H-pyrrol-1-yl)-9-ethane-9H-carbazole (DSNSC-1):
71%; 3,6-bis(2,5-di-2-thienyl-1H-pyrrol-1-yl)-9-dodecyle-9H-carbazole
(DSNSC-2): 64%. FT-IR (cm�1): (C�H aromatic) 3103, 3038; (C�H
aliphatic) 2977, 2921, 2862; (CdC phenyl) 1598 1486; δH (400 MHz;
CDCl3; Me4Si): 8.02 (s, 2H, Ar�Hg); 7.62 (d, 4H, Ar�Hb); 7.48 (t, 2H,
Ar�Hf); 6.96 (d, 2H, Ar�Ha); 6.77 (d, 4H, Ar�He); 6.61 (d, 4H,
Ar�Hc); 6.54 (s, 4H, Ar�Hd); 4.38 (t, 2H, �N�CH2�); 1.96�1.21
(C�H aliphatic; for N-dodecyl-carb), 0.92 (t, 3H, R�CH3, for N-
dodecyl-carb), 1.45 (t, 3H, R�CH3, for N-ethyl-carb) δC (100 MHz;
CDCl3; Me4Si): 138.13, 135.8, 134.9, 131.6, 124.1, 121.6, 119.2, 114.5,
110.7, 109.6, 106.2 (aromatic C) 43.18 (N�CH2�, 34. 28�21.27 (N�
CH2(CH2)10), 14.54 (�CH3; forDSNSC-2), 19.38 (CH3; forDSNSC-1).

Electrochemical Polymerizations (Poly-DSNSCs). Electro-
chemical polymerization processes were carried out in a dichloro-
methane solution of 2.0 � 10�3 M DSNSC-1 or DSNSC-2 monomer

and 0.1 M TBAPF6 by repetitive cycling at a scan rate of 100 mV s�1. A
platinumwire was used as a counter electrode and Ag/AgCl as reference.
The polymer was directly coated onto platinum disk (0.02 cm2) or ITO
(8�12Ω, 0.8 � 5 cm2, active area adjusted to 1 cm2). After coating of
poly-DSNSCs, the ITO-glass surface was cleaned (i.e., dedoped) elec-
trochemically in a monomer free-electrolyte solution in order to remove
the residues. Poly-DSNSCs were found to be very slightly soluble in
dichloromethane by agitating in an ultrasonic bath. Then these solutions
were used for themeasurement of theirUV�vis absorptionmeasurements.
Instrumentation. FT-IR spectra were recorded by a Perkin-Elmer

FT-IR Spectrum One by using the ATR system (4000�650 cm�1). 1H
and 13C NMR (Bruker Avance DPX-400) data were recorded at 25 �C
by using CHCl3-d as a solvent and TMS as an internal standard.

The cyclic voltammetry (CV) technique used for electrochemical
measurements was performed by Biologic SP-50 electrochemical work-
station. These measurements were carried out under an argon atmo-
sphere, and the electrochemical cell includes an Ag/AgCl as reference
electrode (RE), Pt wire as counter electrode (CE), and glassy carbon as
working electrode (WE) immersed in 0.1 M TBAPF6 as the support-
ing electrolyte. HOMO and LUMO energy levels of the polymers were
calculated according to the inner reference ferrocene redox couple
E�(Fc/Fc+) = +0.41 V (vs Ag/AgCl) in dichloromethane by using the
formula EHOMO =�e(Eox� EFc) + (�4.8 eV).15 Onset values of oxida-
tion potentials were taken into account while calculating HOMO energy
levels. LUMOenergy levels were calculated by the addition of the optical
band gap to the HOMO level.

UV�vis spectra were recorded by Perkin-Elmer Lambda-35 spectro-
photometer. The absorption spectra of monomers and corresponding
polymers were recorded in dichloromethane (liquid phase) or on ITO/
glass transparent film (solid phase). The optical band gap (Eg) of pro-
ducts were calculated from their low-energy absorption edges (λonset)
(Eg = 1241/λonset).

16

Spectroelectrochemical measurements were carried out to consider
absorption spectra of these polymer films under applied potential.17 The
spectroelectrochemical cell consists of a quartz cell, an Agwire (RE), a Pt
wire (CE), and an ITO/glass as transparent working electrode (WE). All
measurements were carried out in the 0.1 M TBAPF6 as supporting
electrolyte in acetonitrile.

Colorimetry measurements were performed by using KonicaMinolta
CS-200 chromameter with viewing geometry as recommended by CIE.
According the CIE system, the color is made up of three attributes; lumi-
nance (L), hue (a), and saturation (b). These parameters weremeasured
at neutral, intermediate, and fully oxidized state of the electrochromic
polymer on the ITO/glass surface.18

’RESULTS AND DISCUSSION

Synthesis and Characterization. The new electroactive
monomers containing Cbz and SNS units with different length
of side alkyl chains were synthesized in four steps (Scheme 1).
The initial compounds, 9-alkyl-9H-carbazole (1), 3,6-dinitro-
9-alkyl-9H-carbazole (2), and 3,6-diamino-9-alkyl-9H-carbazole
(3), were synthesized and fully characterized according to the
previously reported studies.13 The final products, DSNSC-1 and
-2, were synthesized via Paal�Knorr reaction carried out be-
tween 3 and 1,4-dithiophene-2-yl-butane-1,4-dione (4)14 pre-
pared from thiophene and succinyl chloride in dry toluene in the
presence of p-toluenesulfonic acid as catalyst.19 The reaction
yields of DSNSC-1 and DSNSC-2 were found to be 71% and
64%, respectively.
After completion of the synthetic works, chemical structures of

DSNSCs were elucidated by FT-IR and 1H NMR. Significant
changes were observed between the spectral properties of the
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initial compounds and the products. The signals arising from the
functional groups of the reactants (�NH2 in 3 and CdO bonds
in 4) were disappeared in the FT-IR spectrum of the products of
DSNSCs. A characteristic strong peak at 685 cm�1 was attributed
to the formation of pyrrole ring in DSNSCs as a result of
the completion of final ring-closure reaction (see Supporting
Information). On the other hand, in the 1H NMR spectra of
DSNSCs, characteristic singlet signal observed at 6.54 ppm is
another evidence of this ring-closure reaction. Furthermore,
other aromatic signals attributed to thiophene and carbazole
moieties were observed as expected. Because of electron-with-
drawing effect of nitrogen atom on carbazole, the N�CH2 signal
was observed as triplet at higher ppm than other aliphatic pro-
tons. Because of the same effect,�CH3 end groups of DSNSC-1
and DSNSC-2 were observed at 1.45 and 0.92 ppm as expected
(Figure 1), respectively.
Electrochemical and Optical Properties. The electrochemi-

cal properties of DSNSC monomers and corresponding poly-
mers were investigated by cyclic voltammetry (CV). During CV
scan in the anodic regime, DSNSC-1 and DSNSC-2 exhibited
semireversible oxidation waves with half-wave potentials (Em,1/2

ox )
observed at 0.57 and 0.78 V, respectively (Figure 2a,b). DSNSC
is a conjugated systemwhich consists of a Cbz as a center and two
SNS structures around Cbz center. Therefore, the charges can be
delocalized on the conjugated macromolecular structure. If there

are more than one electroactive group and thus expand the
conjugation length on an electroactive molecule, two different
electron transfer mechanisms, which are intermolecular electron
transfer and intramolecular electron transfer, can occur. For the
intermolecular electron transfer process, the most important
parameter is the distance between the molecules. Because of
the shorter alkyl side chain on DSNSC-1, the molecules can ap-
proach each other more and the charge interaction between them
become higher than that of the DSNSC-2. This effect decreased
the oxidation potential pretty much by increasing the ground
state energy level (HOMO) of DSNSC-1. Because of all of these
reasons, it is clear that oxidation potential of DSNSC-1 is lower
than that of DSNSC-2 because of the length of side alkyl chain.
Thus, electrochemical polymerization of DSNSC-2 monomer
requires a higher potential than DSNSC-1. When potentiody-
namic electrochemical polymerization of DSNSC-1 was carried
out by repetitive cyclic scans at potentials between 0 and +0.9 V,
it exhibited a new redox couple at Ep1,a

ox = 0.55 and Ep1,c
ox = 0.45

(Figure 2c). When the second monomer, DSNSC-2, was sub-
jected to the same procedure between 0 and +1.1 V, its new
redox couples were observed at Ep2,a

ox = 0.78 and Ep2,c
ox = 0.66

(Figure 2d). Because of the extended conjugation as a result
of cross-linking occurred between peripheral thiophenes, oxida-
tion potentials of poly-DSNSC-1 and poly-DSNSC-2 occurred
as reversible and at lower potentials than the corresponding

Scheme 1. Synthetic Route to DSNC-1 and DSNC-2
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monomers. Upon each successive cycle, the intensified oxidation
waves clearly indicate the formation of poly-DSNSCs on the
surface of working electrode (Figure 2c,d). After coating of poly-
DSNSCs onto the substrate, the ITO-glass surface was cleaned
(i.e., dedoped) electrochemically in a monomer free-electrolyte
solution in order to remove the residues which come from the
electrolyte. HOMO energy levels of the monomers and the
polymers were calculated according to the onset values of their
oxidation potentials, and then their LUMO energy levels were
calculated by adding the optical band gap from their HOMO
levels (Table 1).
The absorption spectra of DSNSCs and poly-DSNSCs were

recorded in the solution phase using dichloromethane (Figure 3).
Because of having many photoactive groups in their structures,
both of the monomers exhibited multiple absorption bands at-
tributed to π�π* transitions arising from carbazole and SNS

moieties. In addition, the maximum absorption wavelength (λmax)
showed a blue shift from 351 to 338 nm with the increase in the
length of side alkyl chain. Thus, DSNSC-1 has an onset value of
442 nm corresponding to a 48 nm red shift with respect to that of
the DSNSC-2. According to these results, the optical band gap
values of DSNSC-1 and DSNSC-2 were found to be 2.92 and
3.14 eV, respectively. π�π* conjugation is extended as a result
of cross-linking electrochemical polymerization process when
going from monomer to the polymer. The absorption bands of
poly-DSNSC-1 and poly-DSNSC-2 are broadened and batho-
chromically shifted with respect to corresponding monomers.
As a result of prolongation of side alkyl chain, steric hindrance
is promoted, and the molecular structure of the monomer and
polymer chains can be separated further from each other. This
separation results in significant changes in the optical and electro-
chemical properties of both monomers and polymers under

Figure 1. 1H NMR spectrum of DSNSC-2.

Figure 2. CVofDSNSC-1 (a) andDSNSC-2 (b) and repeatedpotential scanningofDSNSC-1 (c) andDSNSC-2 (d) with a scan rate of 100mVs�1, vsAg/AgCl.
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investigation. The effect of steric hindrance makes the adjacent
electroactive branched structure twisted with respect to each
other leading to shorter π-conjugation lengths and lower degree
of aggregate formation.20 Although λmax of poly-DSNSC-1 and
poly-DSNSC-2 are the same, the absorption band of poly-
DSNSC-1 is more broadened with respect to poly-DSNSC-2.
Finally, for poly-DSNSC-1, the onset absorption is observed at
549 nm which corresponds to an energy band gap of 2.26 eV.
Besides, the poly-DSNSC-2 has an onset value of 528 nm (equal
to a band gap of 2.35 eV) which means a 21 nm red shift with
respect to that of the poly-DSNSC-1.
Spectroelectrochemical Properties. Owing to spectroelec-

trochemical measurements, both the electronic structure and
optical behavior of poly-DSNSC-1 and poly-DSNSC-2 coated
onto ITO/glass surface upon p-doping process can be explained.
As each potential is stepped, the absorption in the visible regime
begins to decrease, whereas that in the NIR regime increases,
indicating the creation of lower energy polaron and bipolaron
charge carriers at the expense of the π�π* transition. At the fully
oxidized state, the DSNSC polymers have a strong absorption in
the NIR that tails into the visible, giving the polymers DSNSC-1
and -2, oily green and dark blue color due to residual red light
absorbance, respectively. Reynolds et al. suggested that one
of the interesting multicolored system is that based upon the

3,6-linked carbazole moiety.4a�c Because of conjugation breaks
present due to the inclusion of the 3,6-linked carbazole units, the
radical cations are separated from one another and do not com-
bine. Upon further oxidation at higher potentials, another elec-
tron is removed, giving dications. The ability of these materials to
support two distinct oxidation states leads to multiple color elec-
trochromic effect, with separate colors present for the neutral,
polaronic, and bipolaronic species. For poly-DSNSC-1, during
the scan from 0 to 0.6 V (Figure 4a), the valence and conduc-
tion band (λmax, π�π* transition) at about 410 nm decreased,
and new absorption bands were observed at 770 nm (Figure 4b).
At higher potentials (0.6�1.2 V) (Figure 4a), the band at 770 nm
gradually intensified and broadened and bathochromically shifted as
well (Figure 4b). Furthermore, intensification of broad band at the
near-IR region indicates the formation of polarons and bipolarons on
poly-DSNSC-1 structure (Figure 4). During the oxidation process,
the light brown color of the polymeric film (according to the color
parameters of Commision Internationale de I0Eclairage, CIE; lumi-
nance L: 40; hue a: 15; saturation b: 37) changed first to brown
(L: 37; a: 3; b: 28) and then oily green (L: 35; a: 2; b: 23).
On the other hand, the poly-DSNSC-2 had one maximum

absorption band at 418 nm (λmax,π�π* transition) at the neutral
state. Upon oxidation (Figure 5a), the intensity of λmax was
simultaneously decreased up to a certain first and second broad
bands intensified at about 735 nm (0�0.8 V) and 860 nm (0.8�
1.2 V) (Figure 5b) which indicates the formation of polarons and
bipolarons on poly-DSNSC-2 film, respectively (Figure 5).12a

Thus, the NIR region, above 700 nm, was strongly absorbed at
fully oxidized state. On the basis of the foregoing results, the light
brown color of the film with CIE color parameters (L: 51; a: 5;
b: 43) turned into oily green (L: 46; a: �11; b: 36), dark green
(L: 41; a: �21; b: 6), and dark blue (L: 31; a: �1; b: �26),
respectively (Figure 4b). However, the results of poly-DSNSC-1
compared to that of poly-DSNSC-2 in order to get further sup-
port for the effect of prolongation of side alkyl chain. Especially,
poly-DSNSC-2 film exhibits a high contrast change in the near-
IR region, and it may be one of the most important materials to
be used for the near-IR applications.21

The double-step chronoamperometry technique was used to
monitor the changes in the electro-optical responses during elec-
trochemical switching. Electrochromic parameters of the polymer
films were investigated by the changes that occurred in the

Table 1. HOMO and LUMO Energy Levels and Optical Band Gap (Eg) Values of DSNSCs and Poly-DSNSCs

molecules oxidation peak potentials (V) HOMO (eV) LUMOa (eV) Eg, optical band gap (eV)

DSNSC-1 Em1,a
ox = 0.69 and Em1,c

ox = 0.45 �4.94 �2.11 2.83

semireversible

Em1,on
ox = 0.55

DSNSC-2 Em2,a
ox = 0.90 and Em2,c

ox = 0.67 5.15 2.04 3.11

semireversible

Em2,on
ox = 0.76

poly-DSNSC-1 Ep1,a
ox = 0.55 and Ep1,c

ox = 0.45 �4.70 �2.44 2.26

reversible

Ep1,on
ox = 0.31

poly-DSNSC-2 Ep2,a
ox = 0.78 and Ep2,c

ox = 0.66 �4.91 �2.52 2.39

reversible

Ep2,on
ox = 0.52

aCalculated by the addition of the optical band gap to the HOMO level.

Figure 3. UV�vis absorption spectra of DSNSC-1 (a), poly-DSNSC-1
(b), DSNSC-2 (c), and poly-DSNSC-2 (d) in dichloromethane
solution.
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transmittance (increments and decrements of the absorption
band at 400 and 850 nmwith respect to time) while switching the
potential stepwisely between neutral and oxidized states with a

residence time of 10 s.18 The percentage transmittance changes
(ΔT%) of poly-DSNSC-1 between neutral (at 0 V) and oxidized
states (at 1.2 V) were found to be 11% for 400 nm and 21% for

Figure 4. Spectroelectrochemical measurements and color changes of poly-DSNSC-1 film onto the ITO/glass surface.

Figure 5. Spectroelectrochemical measurements and color changes of poly-DSNSC-2 film onto ITO/glass surface.

Figure 6. Electrochromic switching, optical absorbance monitored for poly-DSNSC-1 (a) and poly-DSNSC-1 (b) films at 850 nm (0�1.2 V).
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850 nm (Figure 4b). For poly-DSNSC-2, these values were
determined as 41% for 400 nm and 68% for 850 nm (Figure 5b).
Besides, the oxidation and reduction response time were mea-
sured as 3.7 and 1.9 s for poly-DSNSC-1 (Figure 6a) and 0.8 and
0.6 s for poly-DSNSC-2 (Figure 6b). While optical activity of
poly-DSNSC-1 film was only retained by 38.2%, that value for
poly-DSNSC-2 was preserved by a factor of 97.1% even after
5000 cycles of operation. By the consideration of all the data, it
can be clearly considered that the electrochromic performance of
the polymer with dodecyl chain is superior with respect to the
one having ethyl. As a result of prolongation of side alkyl chain,
the molecular structure of the monomer and polymer chains can
be separated further from each other, and in this way, the
aggregation effect is diminished. Thus, dopant ions can more
freely move in and out of the space between polymer chains of
the electrochromic material during redox switching.9b These
electro-optical results also reveal that have a very strong redox
stability and very short response time because it retains its elec-
trochromic activity even after 5000 switching cycles between
reduced and oxidized states (Figure 6). Similar electrochemical
behaviors were obtained in our previous studies based on SNS-
carbazole derivative.12a,15,21d Finally, poly-DSNSC-2 can be re-
garded as a superior material than the previously reported SNS
containing analogues because of the above-mentioned electro-
chemical and electrochromic performance and data.11,12 Besides,
Sankaran and Reynolds indicated that alkyl-substituted polymers
of EDOT (PEDOT-C8 and PEDOT-C14) exhibited a higher
degree of electrochromic performances when compared to the
unsubstituted PEDOT.22 They reported that the optical contrast
(T%) of PEDOT-C14 in the oxidized film was 60% transmis-
sive while the reduced film was less than 5% transmissive (ΔT% =
55%).19 When compared to these reported values of PEDOT-C14,
the contrast value of poly-DSNSC-2 is found to be 98% and 30%
(ΔT% = 68%) in the neutral and oxidized forms, respectively. On
the other hand, the optical activity of PEDOT-C14was conservedby
a factor of 60% after 1000 cycles. The electrochromic performance
and data of poly-DSNSC-2 make it a better material than various
corresponding polymeric electrochromes. Finally, it can be con-
cluded that the enhanced performance of poly-DSNC-2 has been
due to its self-aggregation and barrier effect of longer alkyl chains.
On the other hand, the coloration efficiency (CE) is one of the

most important parameters for the electrochromic application.20

CE was calculated by using CE = ΔOD/Qd and ΔOD =
log(Tcolored/Tbleached), where Qd is the injected/ejected charge
between neutral and oxidized states; Tcolored and Tbleached are the
transmittance in the oxidized and neutral states, respectively.
Using these equations, while switching the polymer film (coated

onto ITO glass surface with an active area of 1 cm2) between 0
and 1.2 V, CE of poly-DSNSC-1 and poly-DSNSC-2 was mea-
sured as 352 and 116 cm2 C�1 by chronoamperometry, respec-
tively. These results clearly show that the CE value of poly-
DSNSC-2 is ∼3 times greater than that of poly-DSNSC-1. In
consequence, this coloration efficiency of poly-DSNSC-2 is one
of the highest values in the literature.11,12,19

’CONCLUSION

Herein, we report the syntheses of a series of branched electro-
active monomers containing Cbz and SNS moieties with differ-
ent length of side alkyl chains. After completion of the structural
characterization, DSNSC-1 and DSNSC-2 were directly poly-
merized by electrochemical means onto transparent ITO/glass
surface to give electrochromic polymer film. Optical and electro-
chemical properties of DSNSCs and corresponding polymers
were greatly influenced by prolongation of the side alkyl chain.
Because of self-aggregation and barrier effect, poly-DSNC-2
having longer alkyl chain exhibits very stablemultielectrochromic
behavior with a high contrast ratio in the NIR region (ΔT% = 68%
at 850 nm). Because of this property, it can be used as NIR filter for
various applications. Compared to all data, it is clearly indicated that
the electrochromic performance of poly-DSNSC-2 is superior with
respect to poly-DSNSC-1. The various electrochemical and elec-
trochromic data such as reversible redox behavior, low response
time, high resistance to over oxidation, low driving voltage, and high
coloration efficiency can be absolutely used to indicate that poly-
DSNSC-2 would be promising material for the construction and/
or the development of electrochromic devices and optical displays.
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Table 2. Electrochromic Parameters for the Poly-DSNSC-1 and Poly-DSNSC-2

optical contrast change (ΔT%)

molecules 400 nm 850 nm

response

time (s)

optical activity

after 5000 cycles (%)

CIE color parameters:

luminance (L); hue (a); saturation (b)

coloration

efficiency (cm2 C�1)

poly-DSNSC-1 ΔT%: 11 ΔT%: 21% oxidation: 3.7 38.2 neutral state: L: 40; a:25; b:37 116

Tneut: 65% Tneut: 94% reduction: 1.9 intermediate state: L: 37; a: 3; b: 28

Toxi: 76% Toxi: 73% oxidized state: L: 35; a: 2; b: 23

poly-DSNSC-2 ΔT%: 41% ΔT%: 68% oxidation: 0.8 97.1 neutral state: L: 51; a: 5; b: 43 352

Tneut: 28% Tneut: 98% reduction: 0.6 intermediate state: (1) L: 46; a: �11; b: 36;

(2) L: 41; a: �21; b: 6

Toxi: 69% Toxi: 30% oxidized state: L: 31; a: �1; b: �26
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