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ABSTRACT: In this work, two thiazole-containing monomers N-(thiazol-2-yl)—2-(thiophen-3-yl)acetamide (ThDBTH) and N,N'-
([4,4'-bithiazole]-2,2’-diyl)bis(2-(thiophen-3-yl)acetamide) (Th,DBTH) were synthesized through amidification reaction of 2-(thio-
phen-3-yl)acetyl chloride with aminothiazole derivatives and characterized by FTIR and 'H and '’C-NMR. The monomers were sub-
jected to electrochemical polymerization and optoelectronic properties of the resultant conducting polymers were investigated.
Additionally, copolymerization of ThDBTH in the presence of thiophene was achieved. PThDBTH, PTh,DBTH, and P(ThDBTH-Th)
exhibited optical band gaps of 2.15, 2.30, and 1.95 eV, respectively. Switching time and optical contrast of the polymers were
evaluated via kinetic studies. The P(ThDBTH-Th) revealed satisfactory switching time and appropriate optical contrast of 1.27 s and

24.97%, respectively. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42206.
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INTRODUCTION

Within last 30 years conducting polymers and within the last
decade their electrochromic properties have aroused interest
both in scientific and commercial society. Among many conju-
gated polymers, polymers that are based on thiophene deriva-
tives received immense consideration owing to their chemical
stability and relative ease in polymerization." Electrochromism
refers to the reversible color change of a material upon burst of
charge. Various types of materials such as viologens, transition
metal oxides, and polymers can be used in the construction of
electrochromic devices, which could serve as smart windows,
displays, etc. Electrochromic polymers have been the center of
attention owing to their promising features such as flexibility,
low-power consumption, ease of processing, and low processing
cost.” Conducting polymers, especially polythiophene™* and
polypyrrole™® derivatives, represent a large family of electro-
chromic materials that are known to possess superior proper-
ties. However, products that could be used in daily life
applications are yet to be discovered. Incorporation of moieties
having different properties in a single repeating unit provides
the opportunity to convey properties of these moieties to the
polymers as well as to enhance its optical and electrical
properties.

Thiazole is a well-known electron-deficient heteroaromatic unit
that confines an imine nitrogen in a thiophene unit. Conjugated
polymers bearing thiazole units in its structure are well known
for demonstrating high mobilities” and stacking along the poly-
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mer backbone, which gives rise to enhanced m—7 interactions
and n-dopable polymers. These units find exquisite attention in
the field of light-emitting diodes and organic field-effect transis-
tors.® Moreover, bithiazole-containing polymers that are che-

lated with transition metal ions show ferromagnetism.”'

Owing to interesting properties of the thiazole- and thiophene-
containing polymers, we proposed the use of thiazole within
polythiophene structure through synthesis of two different
monomers via simple synthetic approach. These two monomers,
abbreviated as ThDBTH [N-(thiazol-2-yl)—2-(thiophen-3-yl)a-
cetamide] and Th,DBTH [N,N'-([4,4'-bithiazole]-2,2'-diyl)-
bis(2-(thiophen-3-yl)acetamide)], were characterized by several
techniques such as 'H-NMR, ""C-NMR, and FTIR. Electro-
chemical behavior of ThDBTH and Th,DBTH both in the pres-
ence or absence of boronitrifluoride diethyletherate (BFEE) was
studied by cyclic voltammetry (CV). Moreover, copolymeriza-
tion of ThDBTH with thiophene was achieved, where structural
and optoelectronic properties of all polymers were investigated
by CV, FTIR, elemental analyses, SEM, spectroelectrochemistry,
kinetic, and colorimetry studies.

EXPERIMENTAL

Materials

Acetonitrile (ACN) (Merck), dichloromethane (DCM), and
BFEE (Sigma) were used without further purification. Tetrabu-
tylammonium tetrafluoroborate (TBAFB), tetrabutylammonium
hexafluorophosphate (TBAPF), and LiCIO, were of electroana-
Iytical grade. Thiophene (Th) (Aldrich) was distilled before use,
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3-thiophene acetic acid (Aldrich), triethylamine (TEA)
(Aldrich), trifluoroacetic acid (TFA) (A.Aesar), 2-aminothiazole
(Merck), thionyl chloride (Aldrich), thiourea (Aldrich), and 1,4-
dibromobutanedione(Aldrich) were used as received. 2,2'-Dia-
mino-4,4'-bithiazole (DBTH) was synthesized according to liter-
ature starting from thiourea and 1,4-dibromobutanedione.''?

Equipment

NMR spectra were recorded with a Bruker Avance Spectrometer
at 300 MHz for "H-NMR and 75 MHz for >C-NMR and Var-
ian Agilent VNMRS Spectrometer at 500 MHz for 'H-NMR
and 250 MHz for '’C-NMR. Chemical shifts (5) were given rel-
ative to tetramethylsilane (TMS) as the internal standard. The
FTIR spectra were recorded on a Brucker Tensor 27 spectrome-
ter. An Ivium stat potentiostat/galvanostat was used for CV
studies. A cell equipped with Pt working and counter electrodes,
and a Ag/Ag’ reference electrode was used for CV studies,
which were carried out at room temperature under nitrogen
atmosphere. Spectroelectrochemical and kinetic studies of the
polymers were performed on a Thermo Evolution Array UV-
Vis spectrophotometer in a quarts cuvette having indium tin
oxide electrode (ITO) or tin-doped indium oxide, Pt wire, and
Ag wire as working, counter, and pseudo reference electrodes,
respectively. Colorimetry measurements were recorded on a
Minolta CS-100A Chroma Meter in a proper box having D-50
illumination. Elemental analyses were performed by LECO,
CHNS-932. Scanning electron microscopy (SEM) studies were
recorded by a ZEISS-LEO 1430 SEM operating at 15 kV.

Synthesis of ThDBTH and Th,DBTH

A mixture of 3-thiophene acetic acid (0.5 g, 3.5 mmol) and thi-
onyl chloride (0.48 g, 4.1 mmol) was placed in a 50-mL round
bottom flask and then refluxed. After 3 h excess thionyl chloride
was removed by vacuum. Later, the crude liquid product was
added to a aminothiazole-containing [1.25 mmol for 2-
aminothiazole (BTH) or 0.44 mmol for DBTH] THF (10 mL)
solution at 0°C and stirred for about 4 h. The crude products
were purified on a silica gel column while eluting with 100 : 7
CHCI; : MeOH. ThDBTH and Th,DBTH were achieved with a
yield of 42 and 39%, respectively. For ThDBTH: "H-NMR (300
MHz, CDCly) § 11.23 (s, 1H), 7.48 (d, J=3.6 Hz, 1H), 7.41
(dd, J=4.9, 3.0 Hz, 1H), 7.31 (s, 1H), 7.12 (dd, J= 4.9, 1.3 Hz,
1H), 7.06 (d, J=3.6 Hz, 1H), 3.96 (s, 2H). >C-NMR (250
MHz, CDCl;) ¢ 168.18, 158.78, 136.84, 132.78, 128.24, 127.11,
124.00, 113.90, 37.69. FTIR (KBr, cm™'): 3264, 3174, 3106,
3037, 2946, 2883, 2734, 1684, 1567, 1429, 1333, 1270, 1241,
1192, 1165, 1126, 1062, 973, 814, 757, 718, 669, 624, 551, and
514. For Th,DBTH: 'H-NMR (300 MHz, CDCl;) & 9.08 (s,
1H), 7.41-7.38 (m, 1H), 7.20 (s, 1H), 7.56-7.03 (m, 1H), 6.81
(s, 1H), 3.85 (s, 2H). ’C-NMR (75 MHz, CDCl;) d 157.66,
145.08, 132.58, 128.36, 127.58, 124.58, 109.36, 104.83, 37.83.
FTIR (KBr, cm™'): 3319, 3266, 3206, 3146, 3079, 2926, 2832,
2718, 1637, 1557, 1431, 1224, 871, 798, 767, 706, 561, 526, and
504.

Electrochemical Polymerization

Polymerization of ThDBTH was achieved potentiodynamically,
in the presence of 50 mg monomer, 0.1 M TBAFB in BFEE
between 0.0 and 2.0 V, in an electrolysis cell equipped with Pt
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working and counter electrodes and a Ag/Ag® reference elec-
trode. Thiophene was used as the comonomer for the synthesis
of P(ThDBTH-Th). ThDBTH (50 mg) was dissolved in 5 mL
BFEE and 1 uL of Th was introduced into the electrolysis cell
containing TBAFB. The films were prepared potentiodynami-
cally by scanning the potential between 0.0 and 1.5 V on ITO
glass electrodes. Conducting homopolymer of Th,DBTH was
achieved under constant potential electrolysis. Fifty milligrams
of Th,DBTH was dissolved in 5 mL BFEE and the solution was
introduced into a single-compartment electrolysis cell equipped
with Pt working and counter electrodes and a Ag/Ag" reference
electrode. During these studies, TBAFB was used as the sup-
porting electrolyte.

RESULTS AND DISCUSSION

The monomers ThDBTH and Th,DBTH were prepared via a
amidification reaction between 2-(thiophen-3-yl)acetyl chloride
and corresponding aminothiazole derivative as illustrated in
Scheme 1. The structures of the monomers were confirmed by
FTIR and 'H and ?C-NMR (Figure 1) analyses.

Electrochemical Polymerization

To investigate the electrochemical behavior of ThDBTH, a CV
experiment was performed in TBAFB/ACN supporting electro-
lyte/solvent system. As reflected in the voltammogram [Figure
2(a)], the monomer exhibited an irreversible electroactivity hav-
ing an onset at 1.4 V. However, the current intensity sharply
decreased upon repetitive cycles. Despite utilization of various
solvents (acetonitrile and dichloromethane) and supporting
electrolytes (TBAPFs and LiCIO,) polymer formation was not
observed.

In 1995 Xue and coworkers reported the low-potential electro-
chemical synthesis of polythiophene in BFEE." It was found
out that the resultant polymer had higher effective mean conju-
gation length with remarkable mechanical strength. Linear
sweep voltammetry studies showed that the oxidation potential
of thiophene was reduced to 1.3 V vs. standart calomel elec-
trode (SCE),'* which is lower than the overoxidation potential
(1.4-1.5 V vs. SCE) of the polymer. Other studies on electro-
chemical polymerization of bithiophene,'® terthiophene,'® and
pyrrole in isopropyl alcohol'” were performed by taking the
advantage of the decrease in the oxidation potential of the
monomers. Additionally, owing to the decrease in the oxidation
potential, reactive metals such as aluminum, nickel,'"® and cop-
per oxide'® were shown to be useful as the working electrodes
for electropolymerization of thiophene. Thus, to benefit from
its positive impact, we pursued continuous linear sweep experi-
ments in BFEE, which contains 0.1 M TBAFB. In accordance
with the literature, ThDBTH revealed lower oxidation peak (1.2
V) in BFEE and continuous deposition of the polymer onto the
WE was monitored by the increase in the polymer’s anodic (1.5
V) and cathodic peak (1.1 V) currents [Figure 2(b)]. Free-
standing conducting polymer films of ThDBTH were success-
fully synthesized. However, contrary to its main-chain ana-
logs,*”*" n-type doping was not available, presumably due to
lower degree of stacking. Figure 3 represents the FTIR spectra
of ThDBTH and its homopolymer, where ThDBTH revealed the
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Scheme 1. Schematic representation of monomers and polymers.
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Figure 1. (a) '"H-NMR spectra of ThDBTH in CDCI3; (b) C-NMR spectra of ThDBTH in CDCI5; (c) "H-NMR spectra of Th,DBTH in CDCIs; and
(d) *C-NMR spectra of Th,DBTH in CDCIs. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2. Cyclic voltammogram of (a) ThDBTH in 0.1 M TBAFB/ACN; (b) ThDBTH in 0.1 M TBAFB/BFEE; (c) ThDBTH in the presence of thiophene
and 0.1 M TBAFB/BFEE; and (d) thiophene in 0.1 M TBAFB/BFEE, with a scan rate of 100 mV/s.

homopolymerization of ThDBTH, most of the characteristic
peaks of the monomer remained unperturbed, such as carbonyl
stretching at 1680 cm ' and C=N stretching at 1551 cm ',
However, the band at 761 cm™ ' indicating C—Hau stretching of
the thiophene moiety of the monomer disappeared completely
on the spectra of the homopolymer. The shoulder at 1652 cm ™"
and the intense band at 1084 cm ™' were assigned to be due to
the formation of polyconjugation upon polymerization, and the
presence of dopant anion, respectively.

Similar to ThDBTH, electrochemical behavior of Th,DBTH was
examined in the same electrolyte system while scanning the
potential between 0.0 and 2.0 V. The monomer revealed an irre-
versible oxidation peak onset at 1.1 V and maximum at 1.7 V
whose intensity decreased upon consecutive cycles. Nevertheless,
a thin film of PTh,DBTH was coated on ITO electrode and it
was subjected to spectroscopic analysis. In literature, composite
electrolyte system made up of TFA, BFEE, and acetonitrile was
used for electrochemical polymerization of benzene** and 3-
chlorothiophene.”® To overcome the loss of electroactivity prob-
lem, we also used TFA-containing composite electrolyte systems.
However, a well-defined redox behavior was still not observed.

Electrochemical Copolymerization

Other than chemical tailoring, copolymerization is one of the
most efficient approaches for tuning the properties of conduct-
ing polymers. Throughout sometime, many studies have focused
on electrochemical copolymerization where copolymerization of
thiophene with  fluorene,®®*”  selenophene,”  naphthalene
dimide,” binaphthyl,”® thiazole,”® pyridine, and quinoxaline®>
was achieved. With these efforts, numerous novel conducting
polymers have been prepared with distinct superior properties,
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such as enhanced electrical conductivity and electrochemical
activity, fine tuning of band gap, and color of the polymer.
Thus, the next step of our study was to proceed toward
copolymerization.

For this purpose, continuous linear sweep voltammetry studies
were pursued in the presence of thiophene under the same
experimental conditions. As seen in Figure 2(c), there was a
drastic change in the voltammogram; both the increase in the
increments between consecutive cycles and the oxidation poten-
tial of the material were different than those of both monomer
and pure thiophene, which in fact could be interpreted as the
formation of copolymer. The resultant copolymer [P(ThDBTH-
Th)] revealed lower oxidation (0.6 V) and reduction (0.3 V)
potentials compared to its parent polymer, PThDBTH.

Figure 3(c) reflects the FTIR spectrum of the copolymer having
similar vibrational signals as of the homopolymer; such as aro-
matic C—H, aliphatic C—H, aromatic C=C, C—C ring stretch-
ing, and dopant-related peaks around 1084 cm . As
polythiophene (PTh) does not contain strongly stretching C=0
and C=N groups, presence of these bands at 1694 cm™'
(C=0) and 1537 cm ' (C=N) could be considered as the
proof of successive copolymerization. Moreover, evolution of
the new peak at 793 cm ™ is in accordance with the FTIR spec-
tra of pristine polythiophene [Figure 3(d)]. To further prove the
successive electrochemical copolymerization and determine the
composition of the copolymer we have performed elemental
analyses (Table I) on PThDBTH, P(ThDBTH-Th). When we
compare weight percentages of S and N of the two polymers, it
is clear that the copolymer is higher in sulfur content. As the
comonomer (thiophene) contains only S as the heteroatom,
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Figure 3. FTIR spectrum of (a) ThDBTH, (b) PThDBTH, (c)
P(ThDBTH-Th), and (d) PTh. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

such result ensures inclusion of thiophene units within the
copolymer backbone and formation of a true copolymer. More-
over, by considering the molar S/N ratio we could roughly esti-
mate that for every ThDBTH unit within the copolymer
structure there are five thiophene units, which is in accordance
with the relative increase in the molar C/N ratio also.

Figure 4(a,b,d) represents the SEM images of PThDBTH, PTh,
and P(ThDBTH-Th) under same magnification, respectively.
As we could see PTh exhibits its well-known compact
cauliflower-like appearance upon enlargement [Figure 4(c)],
whereas PThDBTH revealed a much more coarser globular
structure. The copolymer, on the other hand, presented a differ-
ent more open morphology from PThDBTH and pure PTh,
which further supported the formation of a true copolymer.

Electrochromic Properties of ThDBTH-Based Polymers

To investigate the optoelectronic properties of PThDBTH, the
polymer film was deposited on ITO via potentiodynamic electro-
chemical polymerization of ThDBTH (0.01 M) in the presence of
BFEE and TBAFB between 0.0 and 2.0 V. Optoelectronic charac-
terization (Figure 5) of the polymer was performed in a UV-Vis
spectrophotometer while incrementally increasing the applied
potential between 0.0 and 2.1 V in the same monomer-free elec-
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trolyte system. The electronic band gap of the polymer was calcu-
lated as 2.15 eV, which is slightly higher than that of PTh (1.99
eV), which was synthesized under the same conditions. It is well
known that the nature of the substituted group (both electronic
and steric) generally affects optoelectronic properties of conju-
gated polymers. It has been demonstrated that the alkyl side
chains with steric hindrance could cause significant inter-ring
twisting, thereby giving rise to a substantial reduction in 7-
stacking, blue shift in A, and increase in the band gap.

At 0.0 V PThDBTH revealed a broad absorption (n—n* transi-
tions) with 4. of 420 nm. At this state the polymer appeared in
yellow color. Amplification of the applied potential resulted in
reduction in the intensity of m—n* transitions along with evolution
of new bands located at 710 nm. Upon further oxidation, new
charge carriers were formed leading to new absorption at longer
wavelengths (beyond 940 nm). In accordance with former stud-
ies,” these transitions are attributed to polaron and bipolaron
charge carrier band formations, respectively. However, despite var-
iation of polarization medium and potential the polymer did not
reveal reversible coloration upon repetitive switching.

Later on, we have investigated the spectral behavior of
PTh,DBTH in a similar manner. At 0.0 V PTh,DBTH was in
neutral state having n—n* transition at 415 nm. Upon amplifica-
tion of applied potential this transition diminishes and a new
transition at 850 nm evolved. However, it was not possible to
reversibly switch this material between its oxidized and reduced
forms more than once.

Finally, optoelectronic properties of the copolymer films were
investigated. For this purpose, P(ThDBTH-Th) films were
deposited onto ITO via potentiodynamic cycling between 0.0
and 1.7 V in TBAFB/BFEE. In neutral state the copolymer dis-
played orange appearance having a /g, of 480 nm (E,= 1.95
eV), which is considerably different than pure polythiophene
(Amax =497 nm, red) and PThDBTH (/A =420 nm, yellow).
Upon rise in the applied voltage, evolution of the new bands
centered at 710 nm and beyond 970 nm was recorded (Figure
6), which were accompanied by gradual decrease in the intensity
of the bands at A, 420 nm. At the ultimate oxidation the
copolymer appeared in blue with an intensified absorption in
NIR region. As seen in Figure 7 PThDBTH displayed color tran-
sition from yellow to blue. The copolymer, on the other hand,
revealed orange to blue coloration, which is different from both
polythiophene (red-blue) and PThDBTH. However, owing to
subjective nature of color, which depends on lighting, viewing
angle, etc., we performed colorimetry studies to provide an
objective and quantitative practice. Table II reflects the results
of the colorimetry studies where L defines relative luminance,
a,b defines the hue and saturation of the material on a typical
L*a*b*- CIE system.

Table I. Elemental Analysis of PThDBTH and P(ThDBTH-Th)

Material C% H % N % S %
PThDBTH 22.27 3.53 5.90 12.49
P(ThDBTH-Th) 37.25 3.00 2.93 22.65
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Figure 6. Spectroelectrochemistry study of P(ThDBTH-Th) at applied
tials between 0.0 and 2.1 V in 0.1 M TBAFB/DCM.

potentials between 0.0 and 1.5 V in 0.1 M TBAFB/DCM.
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The capability of a polymer to change rapidly between its
extreme states is important for daily life applications such as
displays. Kinetic studies can monitor these types of properties
by measuring switching time and percent transmittance change
of the polymer upon applied potential. It is conventional to use
a square wave potential step method coupled with optical spec-
troscopy. In this experiment, the potential was set at an initial
potential for a set period of time, and was stepped to a second
potential for a set period of time (10 s), before being switched
back to the initial potential again. Kinetic studies were per-
formed within the light of spectroelectrochemistry studies, as it
involves the information about the potentials to be applied for
a full switch and wavelength of maximum contrast. The switch-
ing time of P(ThDBTH-Th) was determined by monitoring the
%T change at 480 nm through switching of the applied poten-
tial in a square wave form between 0.0 and 1.0 V with a resi-
dence time of 10 s. The optical contrast was measured as the
difference between %T in the neutral and oxidized forms and
noted as 24.76%. Contrary to its homopolymer, the copolymer
has good stability with 1.27 s of switching time (Figure 8).
Interestingly, the switching time of the copolymer was slightly
lower than that of pristine PTh (1.36 s), which was synthesized
under same experimental conditions. Former studies®*™’ under-
lined the critical role of film morphology on switching proper-

Table II. Electrochromic Properties of the Polymers

ties of the conducting polymers, where a correlation between
the switching time and diffusion distance of the dopant ions
was drawn. It was found that polymer films having a more
open morphology possess faster switching speeds. Such reason-
ing is in accordance with the SEM studies of the polymers (Fig-
ure 4), P(ThDBTH-Th) displayed a more open
morphology compared to its parent homopolymers.

where

As the last part of our study, coloration efficiency of the copoly-
mer was calculated. Coloration efficiency, which could be
described as the alteration of optical density per introduced
charge, provides a quantitative measure for effective use of
charge. In accordance with literature,” we have calculated the
coloration efficiency of the copolymer to be 698 cm?*/C, which
is suitable for small area devices.

CONCLUSION

In this study, we proposed the use of thiazole ring in polythio-
phene structure and investigated the optoelectronic properties of
these polymers. For this purpose, two different thiazole-
containing monomers (ThDBTH and Th,DBTH) were synthe-
sized via basic synthetic approach. CV was utilized as the major
characterization technique to acquire information about electro-
chemical behavior of monomers. Preliminary studies were

Material Jmax (NM) Eg(eV) Color (Ox) Color (Red) L a
PThDBTH 420 2.15 Blue Yellow (ox) 88 -1
(red) 89 4 13
P(ThDBTH-Th) 480 1.95 Blue Orange (ox) 69 -2 5
(red) 56 37 37
PTh 495 1.99 Blue Red (ox) 47 =7 =2
(red) 51 52 46

ox, oxidized state; red, reduced state.
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Figure 8. Electrochromic switching, (a) transmittance change, and (b)

current change monitored at 480 nm for P(ThDBTH-Th).

performed in TBAFB/ACN-supporting electrolyte/solvent system.
Both monomers revealed irreversible electroactivity at around 1.2
V, which sharply decreased upon consecutive scans. To overcome
such problem similar type of experiments were performed in the
presence of BFEE. In both cases it was possible to synthesize
polymer films upon scanning between 0.0 and 2.0 V. Addition-
ally, copolymer of ThDBTH with thiophene was synthesized in
the presence of BFEE at constant potential electrolysis. Spectroe-
lectrochemistry experiments were performed to investigate key
properties of all polymers. Switching time and optical contrast of
all polymers were evaluated via kinetic studies. Band gap of
PThDBTH, P(ThDBTH-Th), and PTh,DBTH was found to be
2.15, 1.95, and 2.30 eV, respectively. P(ThDBTH-Th) exhibited a
switching time of 1.27 s and optical contrast of 24.76%. Results
implied the possible use of these materials in electrochromic
devices owing to their satisfactory electrochromic properties.
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