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The direct arylation reaction of a C—H bond with aromatic halides has been employed as a novel environ-
mentally-friendly polymerization method for producing conjugated polymers. In this article, 3,4-ethyle-
nedioxythiophene (EDOT) was copolymerized with a series of dibromocarbazoles (Cbzs) by the
phosphine-free and microwave-assisted direct arylation polycondensation. The microwave heating dra-
matically shortened the reaction time compared to conventional heating. Under optimal conditions, a
solution processable linear polymer, 3,6-Cbz-EDOT, with the number-average molecular weight (M,,) of
5600 and polydispersity index (M,,/M,) of 1.9 was successfully synthesized. In contrast, the other dibro-
mocarbazole monomers with different substitution patterns, i.e., 2,7-Cbz and 1,8-Cbz, did not afford the
corresponding soluble linear polymers due to the occurrence of undesired crosslinking and the poor
reactivity caused by steric hindrance or unsuitable catalysts, respectively. The electrochromic properties
of 3,6-Cbz-EDOT were investigated. The thin polymer film displayed two-step color changes with the
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Introduction

Carbazole-based conjugated polymers have attracted much
attention due to their excellent optical, electrochemical, and
conducting properties, which can be controlled by the connec-
tivity patterns of the carbazole unit and comonomer
structures."® The initially developed conjugated carbazole
polymers were poly(3,6-carbazole) derivatives because the 3,6-
positions of the carbazole showed the highest reactivity for oxi-
dative polymerization as well as towards various electrophiles.’
In 2001, Leclerc et al. and Miillen et al. independently reported
the efficient synthesis of the 2,7-dihalogeno-carbazole deriva-
tives."”'! Their pioneering studies opened the door to a new
class of poly(2,7-carbazole) derivatives, which served as a
chemically stable alternative of blue-emitting polyfluorene
derivatives.'” In addition to the emissive properties, excellent
p-type semiconducting properties were demonstrated in bulk-
heterojunction organic solar cells, thin film transistors, ther-
moelectric and electrical memory devices when donor-accep-
tor alternating poly(2,7-carbazole)s were designed.”* ™ In
contrast, our group has successfully developed poly(1,8-carba-
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and bleaching processes being 3.2 and 2.0 s, respectively.

zole) derivatives by the stepwise functionalization of the mono-
meric carbazole unit.>***" The poly(1,8-carbazole)s displayed
the combined properties of the poly(3,6-carbazole)s in terms
of the connectivity pattern and poly(2,7-carbazole)s in terms of
the effective conjugation length evaluated on the basis of the
longest absorption maxima (Amay).>> >*

The conventional synthesis of the aforementioned conju-
gated carbazole polymers was based on the Pd-catalyzed poly-
condensation, such as the Suzuki, Stille, and Sonogashira
polycondensations. However, in order to construct an environ-
mentally benign and cost-effective synthetic route of conju-
gated polymers, the direct arylation protocol, which activates
the C-H bonds of the unprepared arenes or heteroarenes to
directly react with aryl halides, was recently introduced.>**” In
contrast to the necessity of the multistep tedious preparation
of bifunctional boronic acids (for Suzuki coupling) and tin
compounds (for Stille coupling), the direct arylation protocol
can reduce the synthetic steps and, more importantly, does
not produce a stoichiometric amount of toxic byproducts.
Therefore, the number of publications using this protocol is
currently increasing. Some of the most frequently used C-H
activated reactants or bifunctional monomers are the thio-
phene-based substances. For example, 3,4-dimethylthiophene
and 3,4-ethylenedioxythiophene (EDOT) possess activated C-H
bonds only at the 2- and 5-positions of the thiophene ring, and
accordingly, they can serve as a bifunctional monomer for
the direct arylation polycondensation.*®** Kanbara and his
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coworkers recently succeeded in optimizing the polycondensa-
tion of such monomers using Pd(OAc), but without any phos-
phine ligands.>®> Furthermore, they demonstrated the
effectiveness of microwave heating in order to increase the
monomer reactivities and obtain high molecular weight poly-
mers.>* It is indeed widely recognized that the microwave-
assisted direct arylation polycondensation is an efficient
process for synthesizing optoelectronic organic polymers.*>’

We now describe the structural effects of the dibromocarba-
zole monomers on the microwave-assisted direct arylation
polycondensation with EDOT. We show that 3,6-dibromocarba-
zole is the most suitable for producing linear soluble polymers
as compared to the 2,7- and 1,8-dibromocarbazole counter
structures. We also demonstrate the reversible electrochromic
properties of the resulting polymer based on 3,6-carbazole and
EDOT. Overall, the results reported here indicate the important
aspects of the monomer structures and polymer properties
regarding the emerging polymerization technique of direct
arylation polycondensation.

Experimental

Materials

3,6-Dibromo-9-(2-ethylhexyl)carbazole 1,** 2,7-dibromo-9-(2-
ethylhexyl)carbazole 2,'" and 3,6-di-tert-butylcarbazole® were
prepared according to the reported literature procedure. Com-
mercially available solvents and reagents were used without
further purification unless stated otherwise.

General methods

"H NMR and C NMR spectra were measured on a JEOL
model AL300 spectrometer at 20 °C. Chemical shifts are
reported in ppm downfield from SiMe,, using the solvent’s
residual signal as an internal reference. Fourier transform
infrared (FT-IR) spectra were recorded on a JASCO FT/IR-4100
spectrometer in the range from 4000 to 600 cm™". MALDI-TOF
mass spectra were measured on a Shimadzu/Kratos
AXIMA-CFR mass spectrometer equipped with nitrogen laser
(4 =337 nm) and pulsed ion extraction, which was operated in
a linear-positive ion mode at an accelerating potential of 20 kV.
Dichloromethane solutions containing 1 g L™' of a sample,
10 g L' of dithranol, and 1 g L™ of sodium trifluoroacetate
were mixed at the ratio of 1:1:1, and 1 mL aliquot of this
mixture was deposited onto a sample target plate. Gel per-
meation chromatography (GPC) was measured on a JASCO
GULLIVER 1500 equipped with a pump (PU-2080 Plus), an
absorbance detector (RI-2031 Plus), and two Shodex GPC
KF-803 columns (8.0 mm I.D. x 300 mm L) based on a conven-
tional calibration curve using polystyrene standards. Tetra-
hydrofuran (40 °C) was used as a carrier solvent at the flow
rate of 1.0 mL min~'. UV-vis spectra were measured on a
JASCO V-670 spectrophotometer. Fluorescence spectra were
measured on a JASCO FP6500 spectrophotometer. Thermo-
gravimetric analysis (TGA) and differential scanning calorime-
try (DSC) were carried out on a Rigaku Thermoplus TG8120
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and DSC8230, respectively, under flowing nitrogen at the scan
rate of 10 °C min~". Electrochemistry measurements were
carried out on a BAS electrochemical analyzer model 612C at
25 °C in dehydrated CH3CN containing 0.1 M (nC,Hy),NPF; in
the three electrode cell. The working, reference, and auxiliary
electrodes were an indium-tin-oxide (ITO) electrode, Ag/Ag'/
CH;CN/(nC4H,),NPFs, and a Pt wire, respectively. Ferrocene/
ferrocinium (Fc/Fc') couple was 0.13 V (vs. Ag/Ag"). All poten-
tials are referenced to the Ag/Ag' couple unless otherwise
stated. Polymer thin films were prepared on an ITO electrode
(10 Q, about 0.8 x 2.5 cm?) by spray-coating of polymer solu-
tions (5.0 g L™ in CH,Cl,). Absorption spectra of spectroelec-
trochemistry experiments were measured on an Agilent 8453
UV-vis spectrophotometer.

General procedure for direct arylation polycondensation

Dibromocarbazole monomer (0.5 mmol) and 3,4-ethylenedioxy-
thiophene (EDOT, 0.5 mmol) were placed on a reaction tube.
The tube was transferred into a glove box under argon atmo-
sphere. Then, 1.0 mol% of Pd(OAc),, 1.5 equiv. of potassium
pivalate (KOPiv), and dry N,N-dimethylacetamide (DMAc,
2.5 mL) were added. The tube was sealed, removed from the
glove box, and subjected to the microwave synthesis. After the
reaction was completed, it was cooled to room temperature
and the resulting product was washed with water, methanol,
and hexane. The solid product was dissolved into chloroform
and reprecipitated into methanol.

3,6-Cbz-EDOT: 87% yield. '"H NMR (300 MHz, CDCL;): &
8.47 (s, 2H), 7.91 (s, 2H), 7.26 (s, 2H), 4.39 (s, 4H), 4.10 (d, J =
4.2 Hz, 2H), 2.00 (s, 1H), 1.26 (d, J = 4.5 Hz, 8H), 0.85 ppm (s,
6H). IR (neat): v = 2923, 2857, 1596, 1514, 1432, 1359, 1292,
1213, 1149, 1090, 1034, 915, 865, 802, 734, 632 cm ™.

Results and discussion
Polymer synthesis

Three symmetric dibromocarbazole monomers with different
substitution patterns, 1-3, were prepared (ESI{). A branched
ethylhexyl group was introduced into the 9-position of the car-
bazole in order to increase the solubility of the resulting poly-
mers. The dibromocarbazole monomers were copolymerized
with 3,4-ethylenedioxythiophene (EDOT) under direct arylation
conditions using Pd(OAc), as a catalyst and potassium pivalate
(KOPiv) as a base in N,N-dimethylacetamide (DMAc)
(Scheme 1). First, the reactivity of 3,6-dibromocarbazole 1 was
investigated (Table 1). The direct arylation polycondensation of
1 and EDOT at 100 °C for 6 h produced the corresponding
polymer, 3,6-Cbz-EDOT, with the number-average molecular
weight (M,) of 3000 and polydispersity index (M,/M,,) of 1.6 in
72% yield (run 6 in Table 1). It should be noted that the
employed conditions were comparable to or even better than
other reported conditions with different catalyst/ligand combi-
nations, such as Pd(OAc),/PCy;-HBF,>° and Pd,(dba)s/
P(0-MePh); *° (Table S17). In order to increase the molecular
weights, microwave synthesis was adopted due to its high

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Polycondensation of EDOT with various dibromocarbazole
comonomers.

Table 1 Direct arylation polycondensation of 1 and EDOT?

Run Temp. (°C) Time (min) M,”?(gmol™) M,/M,”> Yield (%)
1 60 30 600 2.4 14
2 80 30 5600 1.9 87
3 80 60 2500 1.6 56
4 100 30 4100 1.7 68
5 100 60 5000 2.1 75
6° 100 360 3000 1.6 72
7 120 30 1700 1.4 45

“Performed in the presence of 1.0 wt% Pd(OAc), and 1.5 equiv. KOPiv
in DMAc under microwave irradiation. ” Determined by GPC (THF
eluent, calibrated by polystyrene standards). ¢ Regular heating.

efficiency, short reaction time, and ready accessibility. Based
on the temperature dependence for the constant polymeri-
zation time of 30 min (runs 1, 2, 4, and 7 in Table 1), it was
found that 80 °C was the most suitable temperature for produ-
cing the highest M, of 5600. In order to further increase the
M, the polymerization time was increased to 60 min (run 3 in
Table 1). However, this change resulted in a decrease in the M,,
to 2500. Similar to this result, there was an optimum polymeri-
zation time at 100 °C. A prolonged polymerization time from
30 to 60 min led to a slight increase in the M, from 4100 to
5000 (runs 4 and 5 in Table 1). All the polymerization con-
ditions produced the desired 3,6-Cbz-EDOT with a reasonable
polydispersity in moderate yields except for the polymerization
at 60 °C for 30 min (run 1 in Table 1).

The chemical structure of 3,6-Cbz-EDOT was confirmed by
its "H NMR and IR spectra. In the "H NMR spectrum, the aro-
matic peaks were ascribed to the 3,6-carbazole unit. In
addition, the methylene group directly attached to the nitrogen
atom of the carbazole and the ethylene groups of EDOT were
detected at 4.39 and 4.21 ppm, respectively (Fig. 1). In the IR
spectrum, the peak at 890 cm™" attributed to the C-H bending
of EDOT disappeared, suggesting the polymer formation. The
thermal properties of the 3,6-Cbz-EDOT were measured by

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 H NMR of 3,6-Cbz-EDOT in CDCls.

thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). The TGA showed that the 5% weight loss
temperature (Tqs9,) Of 3,6-Cbz-EDOT was 386 °C, indicating a
high thermal stability (Fig. S71). The DSC curve did not reveal
clear melting and crystallization peaks, but it exhibited a
weak endothermic transition at 148 °C upon heating and an
exothermic one at 111 °C upon cooling, attributable to a glass
transition (Fig. S87).

With the success of 3,6-Cbz-EDOT in mind, other dibromo-
carbazole monomers with different substitution patterns,
namely the 2,7-dibromocarbazole and 1,8-dibromocarbazole
derivatives, 2 and 3, were also subjected to the microwave-
assisted direct arylation polycondensation with EDOT under
the same conditions (Scheme 1). Surprisingly, the polymeri-
zation of 2 and EDOT produced insoluble gels even when the
lower temperature of 60 °C and shorter time of 30 min were
adopted. This result suggested that the C-H activation most
likely occurred at the 3,6-positions of 2 in addition to the
planned direct arylation coupling at the 2,7-positions, result-
ing in the cross-linking reactions. Also, this was not caused by
the solubility problem of the resulting polymer, because
another 2,7-dibromocarbazole monomer 4 with a longer
branched alkyl chain (2-hexyldecyl group) gave the same result
when polymerized under the microwave-assisted direct aryla-
tion conditions. It should be noted that the 3,6-positions of
the carbazole derivatives are active C-H units in the direct ary-
lation coupling.*' Accordingly, the gels composed of 2,7-Cbz-
EDOT were not further characterized due to the insolubility in
common organic solvents, such as chloroform, dichloro-
methane, THF, and DMSO. In contrast, the direct arylation
polycondensation of 3 and EDOT did not proceed very well
under the employed conditions. This might be due to the
steric hindrance of the 1,8-positions mainly caused by the
bulky ethylhexyl group at the adjacent 9-position or unsuitable
catalysts for this substance.”” In addition, the 3,6-positions
of 3 were perfectly blocked by the tert-butyl group, thereby
preventing self-polycondensation.

Optical and electrochemical properties

The UV-vis absorption and fluorescence spectra of 3,6-Cbz-
EDOT were measured in CH,Cl, and in a thin film (spin-
coated on an ITO glass). We recently reported that the effective
conjugation length of the 3,6-Cbz units saturates at the penta-
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mer.”* Hence, it was postulated that the 3,6-Cbz-EDOT with
the M,, of 5600 (14 repeat units) sufficiently shows the polymer
properties. The absorption maximum (A,) in CH,Cl, was
354 nm, while the A, of the thin film bathochromically
shifted to 374 nm (Fig. 2). This red shift was due to the strong
intermolecular interaction and the closer packing of the
polymer backbones in the thin film. The fluorescence spectra
of 3,6-Cbz-EDOT exhibited two emission bands at 438 and
469 nm in CH,CIl, and 486 and 514 nm in the thin film. The
red shift in the fluorescence spectra was more significant than
that in the absorption spectra. Thus, the difference in the
emission colors between the blue in solutions and green in
films could be visually distinguished (Fig. S97).

The cyclic voltammetry (CV) of 3,6-Cbz-EDOT was measured
in CH3;CN with 0.1 M (nC4H,),NPF, as the supporting electro-
lyte at 20 °C (Fig. 3). The film showed a reversible multistep
oxidation due to the highly electron-rich carbazole and EDOT
units as well as the electroactive connectivity position of the
3,6-carbazoles.**™” In order to determine the exact oxidation
potentials, differential pulse voltammetry (DPV) was measured
using the same setup. The DPV revealed three oxidation peaks
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Fig. 2 Normalized UV-vis absorption and fluorescence spectra of 3,6-
Cbz-EDOT in CH,Cl, measured at 107® M repeat unit™* and in thin films.
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Fig. 3 Cyclic voltammetry (solid line) and differential pulse voltamme-
try (dotted line) of 3,6-Cbz-EDOT films on an ITO electrode, measured
in CHsCN with 0.1 M (nC4Hg)4NPFg at the scan rate of 0.1 V s~* under
flowing nitrogen.
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Scheme 2 Schematic illustration of the stepwise oxidation of 3,6-Cbz-
EDOT.

at 0.52, 0.80, and 1.42 V (vs. Ag/Ag"). This result suggests the
stepwise generation of three different charge states in the
oligomeric repeat units, namely a cation radical, bication, and
trication radical as illustrated in Scheme 2. Similar to the
emeraldine base of polyaniline, the positive charges are for-
mally located at the carbazole nitrogens up to the second oxi-
dation steps. However, the third oxidation occurs at the
neutral EDOT moieties.

Electrochromism

Based on the optical and electrochemical studies, the electro-
chromic properties of the 3,6-Cbz-EDOT thin film were investi-
gated. Spectroelectrochemistry was used to monitor the
spectral changes in the electrochromic films. The spray-coated
thin films on an ITO-coated glass plate together with the refer-
ence and counter electrodes were placed in a 1-cm cuvette. The
UV-vis-near infrared spectra were measured in CH3;CN con-
taining 0.1 M (nC,4H,),NPF, at 20 °C. The polymer films dis-
played three distinct colors in response to the application of
different potentials. When potentials more positive than 0.50 V
were applied to the film, the original absorption band at
356 nm started to decrease and a new absorption band at
519 nm appeared (Fig. 4). This spectral change continued up
to the potential application of 0.80 V. As a result of this electro-
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Fig. 4 Spectroelectrochemistry of 3,6-Cbz-EDOT films on an ITO elec-
trode measured in CH3zCN with 0.1 M (nC4Hg)4NPFs.
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chromism, the pale yellow color of the neutral polymer film
changed to red. However, during the course of the continuous
spectral changes up to 0.80 V, there were two isosbestic points
at 443 nm (0.00-0.50 V) and 431 nm (0.50-0.80 V) (Fig. S10%).
The first isosbestic point corresponds to the generation of
cation radicals from the neutral state, and the formed cation
radical species smoothly changed into the closed-shell struc-
ture of bication during the spectral changes with the second
isosbestic point. Accordingly, the stable red color of the film is
attributed to the bication. A further continuous increase in the
applied potential from 0.80 to 1.40 V resulted in a well-defined
low-energy band at 802 nm ascribed to the trication radical
state. Thus, the film color eventually turned dark blue. It was
thought that this state is the full oxidation form of the
polymer main chain of which the chemical stability is slightly
beyond the limit (vide infra).

Reversible color production by controlled potential appli-
cations is essential for the fabrication of practical electrochro-
mic and electrofluorochromic devices.*®*>* To gain a detailed
insight into the film stability and coloring mechanism, the
response time and switching processes were investigated. The
original absorbance at 356 nm and the bication absorbance at
519 nm were monitored as a function of time (Fig. 5a). The
pulse time was determined to be 20 s. The UV-vis-near infra-
red spectral changes in the oxidation process from the neutral
to carbazole bication were fully reversible. The switching time
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Fig. 5 (a) Repeated absorbance changes at 356 nm and 519 nm and (b)

enlarged change at 356 nm upon electrochromic switching between 0
and 0.8 V of the 3,6-Cbz-EDOT film on the ITO-coated glass plate.
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was evaluated as 90% of the full switch, because it was
difficult to visually perceive any further color changes beyond
this point. The results revealed that the switching times of the
coloring and bleaching process for the polymer film were 3.2
and 2.0 s, respectively (Fig. 5b). The polymer film quickly
switched between the neutral yellow and oxidized red states.
Unfortunately, the second electrochromic color change of the
3,6-Cbz-EDOT film from red to dark blue was not fully revers-
ible upon the repeated pulse applications. This was probably
due to the unstable trication radical state of the fully oxidized
polymer backbone (vide supra).

The proportionality factor that relates the optical absor-
bance change of an electrochrome at a given wavelength (AA)
to the density of the injected/ejected electrochemical charge
necessary to induce a full switch (Qg) is called the coloration
efficiency (CE). CE values are inherent to the electrochromic
material under characterization, some being intensely colored
by nature in at least one redox state which others display
fainter tones over their doping/dedoping cycles regardless of
the deposited film thicknesses. The quantitative determi-
nation of the CE was estimated using the following equation:

CE = AA4/Qq (1)

where Qq is in C ecm™ and CE is in em?® C™*. For the electro-
chromic device based on 3,6-Cbz-EDOT, the CE was calculated

=
—
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Fig. 6 Current consumption upon (a) repeated and (b) enlarged elec-
trochromic switching between 0 and 0.8 V of the 3,6-Cbz-EDOT on the
ITO-coated glass plate.
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to be 61.9 cm® C™* (Fig. 6). This value is comparable to that
reported for aromatic polyamines.”*>°

Conclusions

In summary, the microwave-assisted direct arylation polymeri-
zation of dibromocarbazole derivatives and EDOT was investi-
gated. A short polymerization time was the prominent feature
of the microwave heating. Only the 3,6-dibromocarbazole
derivative afforded the corresponding soluble polymer,
3,6-Cbz-EDOT, whereas the other counter dibromocarbazole
monomers produced insoluble gels (2,7-dibromocarbazole)
and oligomers (1,8-dibromocarbazole). The electrochromic
application of 3,6-Cbz-EDOT was investigated based on the
electroactive structure of the 3,6-carbazole-based polymers.
The 3,6-Cbz-EDOT films showed two-step color changes from
light-yellow to red and finally to dark blue under a continuous
potential increase. The detailed analysis of the electrochromic
behavior revealed that the first step was fully reversible with
the fast response time of 2.0 s and the coloration efficiency of
61.9 cm® C™'. This is the first report that demonstrates the
advantageous features of the 3,6-dibromocarbazole monomer
over the other symmetric dibromocarbazole monomers in the
microwave-assisted direct arylation polymerization. In
addition, it was clearly shown that the resulting 3,6-Cbz-EDOT
is a very promising electrochromic polymer.
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