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Abstract. A series of carbazole-based polymers were synthesized via Suzuki polymerization between N-(2-ethylhexyl)car-
bazole-3,6-bis(ethyleneboronate) (Cbz) and dibromobenzazole unit. Three different polymers, PCBN, PCBS and PCBSe
were obtained from 4,7-dibromo-2-hexyl-2H-benzotriazole (BN), 4,7-dibromo-2,1,3-benzothiadiazole- (BS) and 4,7-dibro-
mo-2,1,3-benzoselenadiazole (BSe), respectively. It is observed that, the variation of heteroatoms (N,S and Se) on the ben-
zazole unit have most important effect on electro-optic properties of the PCBX polymers. Neutral state color of the polymer
films and their electrochromic performances are also influenced. Among the synthesized polymers, the PCBS bearing 2,1,3-
benzothiadiazole as acceptor units has a broad absorption and 50% of AT in the near-IR regime at the oxidized state. This
property of PCBS is a great advantage for near-IR electrochromic applications.
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1. Introduction

For 20 years, the donor-acceptor electrochromic poly-
mers have been intensively studied owing to their re-
spectable properties such as their tunable band gaps,
and also electrochemical and optical properties. A
reversible and visual color change called as elec-
trochromism is obtained by the reversible redox be-
havior of the electroactive polymers. Electron-donor
and electron-withdrawing parts are attached on the
same polymer backbone of the donor—acceptor sys-
tems [1]. HOMO-LUMO energy levels of these sys-
tems are recognized exactly due to their dual elec-
trochemical properties. These polymers have also an
important charge transfer band in the neutral state to
apply on the photovoltaic and electroluminescent de-
vices. They also can be used in electrochromic ma-
terials to fabricate smart windows [2, 3], switchable
mirrors [4, 5] and camouflage materials [6, 7].
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Carbazole is one of the widely used donor moieties
in the donor-acceptor systems as it can be function-
alized at different positions such as (3,6) [8], (2,7) [9]
or N-positions [10]. It is also an efficient blue emis-
sive polymer in the organic light emitting diodes
[11]. Owing to their effective carrier transport prop-
erties, carbazole based polymers can form relatively
stable cations (polarons) and dications (bipolarons)
when applying positive potential or doping agent
[12]. Because of these superior properties, these
polymers can be used in electrochromic materials,
light emitting diodes, electrophotography and as
photovoltaic constituents [9, 13—15]. Nevertheless,
organic optoelectronic applications of poly-3,6-car-
bazoles are limited because of both poor conjugation
within the polymer backbone and also not obtaining
high molecular weights. Therefore, poly-3,6-car-
bazoles are still used as host materials because of
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their high ability of hole transporting [16—18]. Be-
sides, these polymers demonstrate remarkable elec-
trochromic properties due to the conjugation broken
on the carbazyl nitrogen. One of the exciting multi-
color polymer frameworks based on the 3,6-linked
carbazole moiety was proposed by Reynolds and
coworkers [18-20]. These polymers can form radical
cations that are separated from each other owing to
the broken conjugation on the polymer backbone.
When applying higher potentials on the polymer,
radical dications (bipolarons) are formed in the poly-
mer system via removing another electron. For these
reasons, containing
poly(3,6)carbazole derivatives have multielec-
trochromic behavior due to their district oxidation
property in the anodic regime [21, 22].

To understand the effect of heteroatom variation both
on electro-optic properties of polymers and also on
their electrochromic performance, we synthesized a
series of donor-acceptor polymers based on N-(2-eth-
ylhexyl)carbazole-3,6-bis(ethyleneboronate) (Cbz)
and dibromobenzazole unit (BX)with different het-
eroatoms (N, S and Se) named as poly(4,7-(N-hexyl-
benzotriazole)-3,6-(N-(2-ethylhexyl)carbazole)
(PCBN), poly(4,7-(2,1,3-benzothiadiazole)-3,6-(N-
(2-ethylhexyl)carbazole) (PCBS) and poly(4,7-(2,1,3-
benzoselenadiazole)-3,6-(N-(2-ethylhexyl)carbazole)
(PCBSe). The band gap of polymers and also the neu-
tral state color of the films can be tuned by attaching
a heteroatom on the acceptor moiety, changing ni-
trogen to sulfur or selenium. Further, owing to multi
step redox behavior at the anodic regime, various col-
ors were obtained on the polymer films upon applied
potentials. Among the PCBX polymers, PCBS has a
broad absorption and 50% of AT in the near-IR
regime at the oxidized state. Owing to this property,
PCBS can be a good candidate to use for near-IR
electrochromic applications.

electrochromic materials

2. Experimental section

2.1. Materials

Compounds were procured from Aldrich. The initial
compounds (Cbz, BN, BS and BSe) were prepared
and characterized according to the literature [23].

2.2. Instrumentation
Fourier transform infrared spectra (FT-IR) were
recorded on a Perkin Elmer FT-IR Spectrum One spec-
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trometer by using an attenuated total reflectance
(ATR) module (4000650 cm™"). '"H-NMR spectra
were recorded on a Bruker Advance DPX-400 at 25 °C
in deuterated chloroform solutions with tetramethyl-
silane (TMS) as internal standard. Electrochemical
analyses were performed by Biologic SP50 poten-
tiostat—galvanostat system with a platinum disk
(0.02 cm?) as working electrode (WE), Ag wire as
reference electrode (RE) and Pt wire as counter elec-
trode (CE). UV-vis absorption spectra were recorded
by an Analytic Jena Speedcord S-600 diode-array
spectrophotometer. The optical band gaps (£,) of poly-
mers were found from their absorption onsets [24].
The emission spectra measurements were taken by
a PTI QM1 fluorescence spectrophotometer. Spectro-
electrochemical measurements were carried out to
consider absorption spectra of polymer films under
applied potential. The color coordinates are deter-
mined by three characteristics; luminance (L), hue (a),
and saturation (b) in Commission Internationale de
I’Elcairage (CIE) system [25]. To determine these
characteristics, Analytic Jena UV—vis spectropho-
tometer containing a chromameter module was used.
GPC analysis of the polymers was performed with
Agilent 1260 HPLC instrument. This system consists
of an Agilent 1200 series pump, three Waters Styragel
HR columns (guard, 4, 3) and a BI-DNDC differen-
tial refractometer (Brookhaven Instruments Corpo-
ration, 620 nm) with a THF flow rate of 1 mL/min.
Polystyrene was used as calibration standard. Sur-
face morphologies were investigated by Nanosurf
Naio AFM.

2.3. Synthesis of PCBX polymers

The polymers were synthesized via Suzuki polymer-
ization reaction between 2-ethylhexyl-9H-carbazole-
3,6-diboronicacidbis(1,3-propanediole) ester and di-
bromo benzoazole-based heterocycles. Benzoazole-
dibromide (1 mol) and 2-ethylhexyl-9H-carbazole-
3,6-diboronic acid bis(1,3-propanediole) ester (1 mol)
were added into potassium carbonate solution (K,COs3,
2M in H;0) and 20 mL toluene. Then, Pd(PPh;3),
(5 mol%) was added to flask. The mixture was heat-
ed to 110°C and refluxed for 16 h under N,. For end-
ing the reaction benzeneboronic acid (0.122 mol) was
added and refluxed about 3 h and then bromoben-
zene (0.122 mol) was also put into flask and stirred
for 3 h, too. Lastly, the mixture was cooled and then
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filtered. After that, it poured into methyl alcohol. The
crude product was filtered again and dried. Soxhlet
extraction was achieved with methyl alcohol and
then CHCI; for the last purification.

PCBN (Yield 78%; yellow powder): FTIR [cm™]:
3094 (C-H aromatic); 2957, 2931, 2856 (C—-H
aliphatic); 1615 (C=N); 1595, 1530 (C=C aromatic);
1443 (C-N); '"H-NMR (CHCI3-d): 6 ppm, 8.84-7.17
(m, 8H, C—H aromatic); 4.81 (m, 2H, —-NCH ,—, tria-
zole); 4.52 (m, 2H, —-NCH,—, carbazole); 2.17-1.33
(m, I17H, C—H aliphatic); 0.91 (m, 9H, —CH5).
PCBS (Yield 86%, orange powder): FTIR [cm™]:
3086 (C-H aromatic); 2954, 2929, 2850 (C-H
aliphatic);, 1612 (C=N); 1578, 1524 (C=C aromatic);
1441 (C-N); '"H-NMR (CHClI;3-d): § ppm, 8.82—7.48
(m, 8H, C—H aromatic); 4.29 (m, 2H, -NCH»-); 2.19—
1.38 (m, 9H, C—H aliphatic); 0.91 (m, 6H, —CH3).
PCBSe (Yield 82%; red powder): FTIR [cm™']: 3084
(C—H aromatic); 2950, 2925, 2796 (C—H aliphatic);
1610 (C=N); 1574, 1522 (C=C aromatic); 1440
(C-N); '"H-NMR (CHCIs-d): 6 ppm, 8.71-7.16 (m,
8H, C-H aromatic); 4.29 (m, 2H, -NCH»-); 2.15—
1.39 (m, 9H, C-H aliphatic), 0.91 (m, 6H, —CH3).

3. Results and discussion

3.1. Synthesis of PCBX polymers

Cbz, BN, BS and BSe were synthesized according to
procedures from the literature [23]. Syntheses of the
polymers (PCBN, PCBS and PCBSe) were achieved
by Suzuki reaction between Cbz-donor and BX-ac-
ceptors respectively (Figure 1). FTIR and 'H-NMR
analysis were used to prove the formation of the
PCBX polymers. Noteworthy, spectral properties vari-
ations were detected for initial and the final com-
pounds. According to "H-NMR spectra of polymers,

H.C CH.

H.C
H,C H.G N
3 fO 3 CH, N/ N
O—pg ?&c "
N

CH,

Figure 1. Synthetic route for PCBX polymers
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carbazole and benzazole aromatic proton signals were
observed 8.84—7.16 ppm. Because of the electron-ac-
ceptor effect of carbazyl nitrogen, N—CH, aliphatic
group signal was detected at higher ppm, (4.52 ppm
for PCBN — 4.29 ppm for PCBS and PCBSe) than
that of other aliphatic protons (Figure 2). The similar
situation was also observed in the benzotriazole’s
N-CHj; aliphatic signal (4.81 ppm).

GPC was used for the investigation of polydispersity
index (PDI) and molecular weight of the polymers.
According to GPC measurements, degree of poly-
merization of PCBX polymers was found to be 7, 6
and 4 respectively (Table 1). The results obtained in-
dicate that these molecules are oligomers. Because
of the presence of an alkyl chain on the benzotriazole
moiety, the molecular weight of PCBN higher than
that of the other polymers.

3.2. Optical properties of PCBX polymers

The optic characterization of PCBX polymers were
achieved by UV-Vis and Fluorescence spectroscopy.
Owing to n-n* transitions arising from the conjuga-
tion of the polymer main chain, PCBX polymers
showed absorption bands at about 300 nm. Besides,
because of the interaction of carbazole-donor and
benzazole-acceptor at the conjugated polymer sys-
tem, a typical charge transport band was obtained at
360 nm for PCBN, at 440 nm for PCBS and at
475 nm for PCBSe, respectively (Figure 2a). Finally,

Table 1. Molecular weights of PCBN, PCBS and PCBSe
M, M,

Polymer [Da [Da] PDI
PCBN 3339 4768 1.42
PCBS 2516 3632 1.44
PCBSe 1626 2031 1.24

Pd(PPh,),
Br ————=
Toluen, K,CO,

CH,
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Figure 2. Absorption (a) and fluorescence (b) spectra of PCBX polymers in CH,Cl, solution

the optical band gaps were found to be 2.80 eV for
PCBN (at 442 nm), 2.42 eV for PCBS (at 513 nm)
and 2.18 eV for PCBSe (at 569 nm) respectively.
According to this result, there is about 127 nm
bathochromic shift from PCBN to PCBSe. On the
other hand, similar results were observed in the flu-
orescence measurements. Upon PCBXs excited from
absorption maxima of their charge transfer band
(Mmax = 360 nm for PCBN, A, = 440 nm for PCBS,
and Amyx =475 nm for PCBSe) strong emission bands
were obtained at 440, 580, and 623 nm with Stokes’
shifts of 157, 140, and 148 nm, respectively (Fig-
ure 2b). The emission colors of the polymer solu-
tions were diverse as cyan, orange and red, respec-
tively. Finally, absorption and fluorescence behavior
could be arranged by the substitution of different het-
eroatoms on the benzazole acceptor moiety to car-
bazole donor unit.

3.3. Electrochemical properties of PCBX
polymers

To understand the redox behaviors of PCBX poly-

mers, cyclic voltammetry (CV) technique was used.

PCBN, PCBS and PCBSe have a great difference

in their redox properties obtained from the CV volta-
mograms which are shown in Figure 3. The electron-
deficient character of the heteroatom on the benza-
zole moiety strongly affected the reduction potentials
of the polymers in the cathodic regime. PCBN, PCBS
and PCBSe polymers have an irreversible reduction
peak at —1.65, —1.50 and —1.42 V, respectively. Ac-
cording to these results, changing the electron-defi-
cient unit of the polymer significantly altered the re-
duction potential of the polymers. Thus, LUMO levels
responded differently and consequently PCBSe has
a lower band gap value compared with PCBS and
PCBN because of the stronger electron-withdrawing
character of benzoselenadiazole moiety [26-28].
On the other hand, semi reversible oxidation peaks
were found at £7% = 1,35 V, £\, =1.01 V and £3%, =
1.18 V for PCBN; E9% = 1,26 V, E9%. =0.98 V and
EYyn =112V for PCBS, E75 = 1,58 V, EJ. =1.05 V
and E3Y» = 1.32 V for PCBSe in the anodic region.
According to Table 2, it can be deduced that electro-
chemical and optical behaviors of the polymers were
significantly affected by varying the heteroatom on
the acceptor moiety attached to the carbazole-donor
main chain.
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Figure 3. Redox behavior of PCBN (a) PCBS (b) and PCBSe (c) in 0.1 M TBAPF/CH,Cl, electrolyte solution at scan rate

100 mV/s, vs. Ag wire
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Table 2. HOMO-LUMO, electrochemical and optical band
gaps (E,) of PCBX polymers

Polymer HOMO | LUMO | Optical E, | Electrochemical E,
[eV] [eV] [eV] [eV]

PCBN -5.66 | -3.19 2.80 2.47

PCBS =575 | -3.36 2.42 2.39

PCBSe -5.64 | -3.30 2.18 2.34

3.4. Surface morphologies

Morphology of PCBN, PCBS and PCBSe film sur-
faces was examined by atomic force microscopy
(AFM) (Figure 4). Polymer solutions were obtained
from 20 mg/mL of PCBX in CHCI;. PCBX polymer
films were prepared by using spin-casting method
on ITO substrates at 2000 rpm for 60 s from the poly-
mer solutions. While the thickness of the films were
calculated as 96, 168 and 190 nm, for PCBN, PCBS
and PCBSe respectively, the RMS (root mean sur-

face) roughness of polymers are found to be 10.38,
18.87 and 25.45 nm. The AFM image of the PCBS
and PCBSe exhibit conglomerate non-uniform struc-
ture and the roughness of these polymer films are
high. Besides, PCBN has a longer side alkyl chain
on the benzotriazole acceptor moiety. Because of this,
solvation is promoted by increasing the length of the
alkyl chain. As a result of increasing the solubility and
also expansion of m conjugation along the polymer
backbone, a uniform surface could be obtained. Con-
sequently, better polymer thin films could be obtained
by decreasing the roughness [29, 30]. As known in
the literature [31-33] during electrochromic switch-
ing, the electrolyte ions are injected/ejected to the poly-
mer film surface. Because of the feature, the elec-
trochromic performance of the PCBX polymer was
affected by the polymer film surface roughness.

144 nm

120

100

Figure 4. AFM image of PCBN (a), PCBS (b) and PCBSe (c) onto 1TO/glass surface
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3.5. Spectroelectrochemical properties of
PCBX polymers
Spectroelectrochemical investigation of PCBN, PCBS
and PCBSe films was carried out via Diode-array
UV-Vis spectrophotometer. While oxidation of PCBN
film (0—1.2 V), an absorption band at 360 nm corre-
sponds to valence band-conduction band (m—m*
transition) started to decrease and another band in-
tensified at 550 nm. This new absorption band point-
ed out the formation of polaron on the carbazole
based polymer chain and thus light yellow neutral
state color of the film (L: 78.7; a: —13.5; b: 47.8) con-
verted to green (L: 71.5; a: —27.5; b: 56.9). Addition-
ally, upon applied higher potentials (1.2-1.8 V), an-
other new band was observed in the near-IR region
(at 860 nm) as a result of the formation of a bipo-
laron. Consequently, the color of the PCBN polymer
film turned into red (L: 39.01; a: 4.98; b: 4.54) at
fully oxidized state (Figure 5).
Anodic scan of PCBS (0 to 1.8 V) (Figure 6), the
charge transfer band at 455 nm decreased, and two
new absorption bands were started to form at 600 nm
(0-1.4 V) and 825 nm (1.4-1.8 V) (Figure 5). More-
over, formation of polaron and bipolaron on the PCBS
polymer backbone was verified by the intensification
of the broad band in the visible and near-IR regime
(Figure 5). While the orange color of the film at neu-
tral state (L: 69.57; a: 5.66; b: 56.67) changed to blue
(L: 24.9; a: 3.6; b: —28.7) and then black (L: 39.08;
a: —0.4; b: —1.25) upon the applied positive potential
(Figure 6).
Further, red color PCBSe polymer film (L: 42.6; a:
28.6; b: 32.6) was exhibited a maximum absorption
band at 475 nm (Amax, the charge transfer band) at the
neutral state. During to anodic scan (Figure 7), in-
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Figure 5. Color changes and spectroelectrochemistry of
PCBN film on ITO in the anodic region
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Figure 6. Color changes and spectroelectrochemistry of
PCBS film on ITO in the anodic region

tensity of n—m* transition and charge transfer bands
were decreased. On the other hand, new absorption
bands at about 650 nm (0—1.4 V) and 800 nm (1.4—
1.8 V) started to be intensified depending on the for-
mation of polarons and bipolarons, respectively (Fig-
ure 7). Hence, above 700 nm (the Near-IR region)
was intensely absorbed by the PCBSe polymer film
at fully oxidized state. According to these results, the
red polymer film converted to oily green (L: 34.5; a:
—11.7; b: 16.5), and dark blue (L: 29.6; a: —2.98; b:
—11.7), respectively (Figure 7).

Kinetic performance of PCBX polymers was carried
out by the square-wave voltammetry which observes
the difference of transmittance at the point of absorp-
tion maxima against to time while applying voltage
between redox states of polymers with a residence
time of 10 s (Figure 7). The percentage transmittance
change (AT%) of PCBX polymers was investigated
between 0-1.8 V with switching time of 10s. As a
result of these measurements, A7% was found to be
21% for PCBN at 860 nm, 45% for PCBS at 825 nm
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Figure 7. Color changes and spectroelectrochemistry of
PCBSe film on ITO in the anodic region
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and 41% for PCBN at 800 nm respectively (Fig-
ure 8).

Optical activity is one of the most significant param-
eter to determine the electrochromic performance of
the polymer films [34]. While PCBN has 62% of the
optical activity, PCBS and PCBSe have 84% and
86% of the optical activity after 1000 cycles, respec-
tively. The reduction and oxidation response times
were also determined. The values were found to be
4.8 and 1.2 s for PCBN, 2.4 and 6.1 s for PCBS, and
1.8 and 2.4 s for PCBSe respectively.

Another important parameter is coloration efficiency
(CE) for the electrochromic applications. CE was de-
termined via the equation: CE = AOD/Q4 and AOD =
log(Tcotored/ Thleached) [Where Theached 1S transmittance
at neutral state, Tolored 1S transmittance at oxidized
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state and Qq is Injected/ejected charge between redox
states] [25]. According to this equation, CE values of
PCBN, PCBS and PCBSe were determined as 93,
178 and 154 cm?-°C~! respectively. As it can be clear-
ly observed, CE values of PCBS and PCBSe are ap-
proximately two times greater than that of PCBN.
Considering all data, electrochromic performance of
the polymers was significantly affected by the type
of heteroatom on the benzoazole acceptor moiety.
Finally, PCBN, PCBS and PCBSe polymer films
exhibited multi-electrochromic behavior, reasonable
response time and optical contrast. Furthermore,
PCBS has a broad absorption band in both the visi-
ble and near-IR regime at its oxidized state. Conse-
quently, it could be a good candidate to use a visible
and near-IR filter in various applications.
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4. Conclusions

In this work, a series of carbazole based electro-
chromic polymers with benzazole moiety as elec-
tron-acceptor were synthesized and characterized.
Besides, the heteroatom variation effects on the anal-
ogous electrochromic polymers were also investigat-
ed. The polymer thin films of PCBX were obtaining
by using spin-casting metod. They have several col-
ors presented for the neutral and polaronic species,
owing to multiple redox behavior of carbazole moi-
ety at their oxidized state. The neutral state color of
PCBX polymers were yellow, orange and red, re-
spectively. On the other hand, the color of the films
converted to red, black and dark blue at fully oxi-
dized state, respectively. In conclusion, electro-
chromic polymers PCBN, PCBS and PCBSe exhib-
it medium band gaps (2.47, 2.39 and 2.34 e¢V) and
reasonable electrochromic performance (optical ac-
tivity, coloration efficiency and oxidation/reduction
times).
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