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Syntheses and properties of copolymers containing
indolocarbazole moiety in the side chain

Masaji Akimoto1, Tatsuya Kawano2, Yuta Iwasawa2, Yusuke Takahashi2, Kazuki Yamashita2, Masuki Kawamoto3

and Yu Nagase1,2

Novel copolymers containing the indolo[3,2-b]carbazole (INC) moiety were synthesized, and the effects of the INC content

on their physical properties were investigated. The homopolymer of the INC-containing monomer, 1-octyl-7-(4-vinylbenzyl)

indolo[3,2-b]carbazole and copolymers with styrene were prepared by radical polymerization. Four kinds of copolymers with

different compositions were obtained. The glass transition temperatures (Tgs) were observed in the range of 101–112 1C, and

the decomposition temperatures were nearly 400 1C. The photonic properties of the copolymers were also evaluated in solution

in tetrahydrofuran and for spin-coated films on a fused silica substrate. In the ultraviolet-visible absorption spectra, maximum

absorption peaks were observed at 340–345 nm in both the solutions and the films. In the case of the solutions, the

photoluminescence intensities of the copolymers increased with increasing INC monomer units in the copolymer. On the

contrary, the photoluminescence intensities of the copolymer films decreased with increasing INC content in the copolymer,

which is likely due to the concentration quenching caused by the condensation of intermolecular interactions derived from INC

components. The copolymer with a low content of the INC moiety exhibited high emission and good film-forming ability.
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INTRODUCTION

Recently, interest in organic compounds for electronic and photonic
materials has increased greatly due to their utility as active compo-
nents in a number of electronic devices, such as electroluminescence
devices, light-emitting diodes and field-effect transistors.1–7 In parti-
cular, organic compounds that possess a p-conjugated system, such as
pentacene and oligothiophene, have attracted much attention8–13

because of their mechanical properties, low cost and variety of
photonic properties obtained by chemical modification. Therefore,
significant progress has been made in the study of p-conjugated
organic compounds, which might be competitive with amorphous
silicon in electronic and photonic devices. Although there are some
p-conjugated organic compounds that exhibit higher charge carrier
mobility than amorphous silicon, p-conjugated organic compounds
have not been used commercially because they are easily oxidized
under ambient conditions and lack solubility and photonic stability.
According to the relatively high HOMO level and the low band gap,
most p-conjugated organic compounds are easily photo-oxidized,
resulting in the degradation of electronic characteristics when their
films are processed in air or used in ambient conditions.14,15

Thus, we attempted to synthesize a novel p-conjugated organic
compound that exhibits satisfactory photonic performance with good

thermal stability and processability. In this study, we focused on
indolo[3,2-b]carbazole (INC), which possesses a conjugated structure
and a relatively low HOMO level. INC is known to show strong blue
fluorescence under irradiation by ultraviolet (UV) light. In recent
years, there have been some reports on the preparation and char-
acterization of derivatives of INC.16–25 In particular, Hu et al.21 have
reported 1,7-dinaphtylindolo[3,2-b]carbazole, which showed excellent
hole-transport properties in light-emitting diodes. Later, the first
organic field-effect transistors using N-alkylated INC as an active
layer was successfully fabricated.16 In addition, there have also been
some reports on polymers containing the INC moiety.26–29 For
example, Li et al.15 synthesized a new class of polyindolocarbazole
via the coupling polymerization of 2,8-dichloroindolo[3,2-b]carbazole
derivatives, a film of which could be manufactured by spin coating
and exhibited a field-effect transistor mobility of 0.02 cm2V�1 s�1.
However, INC derivatives have drawbacks, including poor solubility in
organic solvents and a lack of chemical stability.
In our previous work, the solubility of INC was improved by the

alkylation of the N-position of INC with relatively long alkyl groups.30

It was found that the photonic properties, such as ultraviolet-visible
absorption and the photoluminescence spectra of N-alkylated INC,
were similar to those of INC, and the photoluminescence quantum
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yield of N-alkylated INC was 0.52–0.54. To investigate the funda-
mental characteristics of the INC moiety in the polymer, we designed
a novel N-substituted monomer based on the INC moiety. In this
paper, the introduction of alkyl and 4-vinylbenzyl groups at the
N-positions of INC was carried out to produce an INC-containing
vinyl monomer, 1-alkyl-7-(4-vinylbenzyl)indolo[3,2-b]carbazole.
Using this new monomer, the homopolymer and copolymers with
styrene were prepared by radical polymerization to obtain styrene-
type polymers containing the INC moiety as a side chain. Further-
more, the thermal and photonic properties of the polymers obtained
were investigated to determine the thermal and photonic performance
of INC-containing polymers.

MATERIALS AND METHODS

Materials
INC was prepared by the procedure reported by Bergman.31 Di-tert-butyl

dicarbonate and 1-iodooctane were purchased from Tokyo Chemical Industry

(Tokyo, Japan). p-Chloromethylstyrene was provided gratis from Seimi

Chemical (Kanagawa, Japan). A solution of 60%-sodium hydride in oil

was purchased from Sigma-Aldrich (Tokyo, Japan) and used as received.

A 1.6-M hexane solution of butyllithium, 4-(N,N-dimethylamino)pyridine

and ammonium chloride were purchased fromWako Pure Chemical Industries

(Kanagawa, Japan). Tetrahydrofuran (THF) was distilled over sodium

to remove any water present. Anhydrous dimethylformamide and 1-methyl-

2-pyrrolidinone (NMP) were purchased from Sigma-Aldrich. The

radical initiator, 2,2¢-azobis(isobutyronitrile), was purified by recrystallization

from ethanol.

Synthesis of 1,7-di-tert-butyloxycarbonylindolo[3,2-b]carbozole (1)
Under an argon atmosphere, INC (10.0 g, 39.0mmol) was dissolved in

625ml of THF. Then, di-tert-butyl dicarbonate (18.7 g, 85.7mmol) and

4-(N,N-dimethylamino)pyridine (1.04 g, 8.58mmol) were added to this

solution. The mixture was stirred at room temperature for 12h. After the

solvent was evaporated, the crude product was washed with 200ml of ethyl

acetate to obtain 13.3 g of compound 1 as a white powder. Yield: 74.7%.
1H-NMR d (400MHz, CDCl3, p.p.m.): 1.83 (18H, s), 7.38 (2H, t,

J¼7.32Hz), 7.48 (2H, t, J¼7.31Hz), 8.08 (2H, d, J¼7.32Hz), 8.30 (2H, d,

J¼7.30Hz), 8.94 (2H, s).

Infrared (IR), n (KBr, cm�1): 2977, 1720 (C¼O), 1481, 1434, 1373, 1303,

1238, 1149, 1049, 879, 844, 748.

Synthesis of 1-tert-butyloxycarbonylindolo [3,2-b]carbazole (2)
Under an argon atmosphere, compound 1 (5.0 g, 11.0mmol) was dissolved in

185ml of THF, and the solution was cooled at 0 1C. Then, 20.6ml of 1.6M

hexane solution of butyllithium (20.6ml, 32.9mmol) was slowly added to this

solution. After the reaction mixture was stirred for 1 h, the mixture was

quenched with a saturated aqueous solution of ammonium chloride and

extracted with chloroform. The solvent was removed under reduced pressure,

and the product was washed with an excess amount of acetone to obtain 2.60 g

of compound 2 as a white powder. Yield: 67.4%.
1H-NMR d (400MHz, CDCl3, p.p.m.): 1.84 (9H, s), 7.36 (1H, t, J¼7.32Hz),

7.42–7.52 (3H, m), 7.93 (1H, s), 8.03 (1H, d, J¼6.83Hz), 8.09 (1H, s), 8.16

(1H, d, J¼7.81Hz), 8.31 (1H, J¼7.81Hz), 9.05 (1H, s).

IR, n (KBr, cm�1): 3417 (N-H), 2970, 1724 (C¼O), 1612, 1515, 1442, 1357,

1311, 1149, 844, 763, 744.

Synthesis of 1-tert-butyloxycarbonyl-7-octyl-indolo
[3,2-b]carbazole (3)
Under an argon atmosphere, compound 2 (10.0 g, 28.1mmol) was dissolved in

446ml of dichloromethane, and 59ml of 50% NaOH aqueous solution,

tetrabutylammonium iodide (2.1 g, 5.69mmol) and 1-iodooctane (40.4 g,

16.8mmol) were added to this solution. After it was stirred at room tempera-

ture for 22h, the solution was extracted with chloroform, and the solvent was

removed under reduced pressure. The product was purified by column

chromatography on silica gel with hexane and chloroform to obtain 11.2 g of

compound 3 as a yellow viscous liquid. Yield: 83.2%.
1H-NMR d (400MHz, DMSO-d6, p.p.m.): 0.78 (3H, t, J¼6.34Hz), 1.08–

1.45 (10H, m), 1.69–2.02 (11H, m), 4.48 (2H, t, J¼6.83Hz), 7.23 (1H, t,

J¼7.32Hz), 7.47–7.54 (2H, m), 7.61 (1H, d, J¼8.29Hz), 8.19 (1H, d,

J¼7.81Hz), 8.26 (1H, d, J¼8.29Hz), 8.32 (1H, d, J¼7.32Hz), 8.38 (1H, s),

8.96 (1H, s).

IR, n (KBr, cm�1): 2920, 1720 (C¼O), 1508, 1442, 1369, 1303, 1149, 1026,

829, 744.

Synthesis of 1-octylindolo[3,2-b]carbazole (4)
Under an argon atmosphere, compound 3 (9.19 g, 19.6mmol) was heated with

stirring at 150 1C for 96h. Then, the product was purified by recrystallization

with ethyl acetate to obtain 6.32 g of compound 4 as a pale yellow powder.

Yield: 87.6%.
1H-NMR d (400MHz, DMSO-d6, p.p.m.): 0.78 (3H, t, J¼6.76Hz), 1.19–

1.24 (6H, m), 1.31–1.36 (4H, m), 1.83–1.86 (2H, m), 4.42 (2H, t, J¼6.84Hz),

7.14–7.18 (2H, m), 7.36 (1H, t, J¼7.39Hz), 7.42 (1H, t, J¼7.57Hz), 7.45 (1H,

d, J¼7.88Hz), 7.53 (1H, d, J¼8.33Hz), 8.13 (1H, s), 8.21–8.23 (2H, m), 8.24

(1H, s), 11.06 (1H, s).

IR, n (KBr, cm�1): 3402 (N-H), 2923, 2341, 1508, 1458, 1323, 1245, 840, 744.

Synthesis of 1-octyl-7-(4-vinylbenzyl) indolo[3,2-b]carbazole (5)
Under an argon atmosphere, sodium hydride (60% NaH in oil, 0.816 g,

20.4mmol) was dispersed in 68ml of dimethylformamide, and the mixture

was stirred at 0 1C for 30min. Compound 4 (5.0 g, 13.6mmol) was added to

this solution, and the mixture was stirred at 0 1C for 30min. After

p-chloromethylstyrene (3.11 g, 20.4mmol) was added to this solution, it was

stirred at 70 1C for 24h. Then, the reaction mixture was poured into 2 l of

methanol to obtain the crude product. The product was purified by recrys-

tallization with ethanol and chloroform to yield 4.88 g of the monomer

compound 5 as a pale yellow powder. Yield: 74.1%.
1H-NMR d (400MHz, DMSO-d6, p.p.m.): 0.79 (3H, t, J¼6.83Hz), 1.18–

1.32 (10H, m), 1.83 (2H, t, J¼6.83Hz), 4.46 (2H, t, J¼6.83Hz), 5.16 (1H, d,

J¼11.2Hz), 5.69 (1H, d), 5.73 (2H, s), 6.59–6.66 (1H, m), 7.13–7.21 (4H, m),

7.35 (2H, d, J¼8.29Hz), 7.39–7.44 (2H, m), 7.56 (2H, d, J¼8.29Hz), 8.19 (1H,

d, J¼7.31Hz), 8.29 (1H, d, J¼7.31Hz), 8.34 (1H, s), 8.35 (1H, s).

IR, n (KBr, cm�1): 3051, 2923, 2854, 1612, 1508, 1465, 1326, 840, 740.

Preparation of the homopolymer containing the INC moiety (HP)
Under an argon atmosphere, compound 5 (3.00 g, 6.2mmol) was dissolved in

10ml of NMP, and 2,2¢-azobis(isobutyronitrile) (0.03 g, 0.18mmol) was added

to this solution. Then, the mixture was stirred at 60 1C overnight. The reaction

mixture was poured into an excess amount of methanol to precipitate the

polymer. The reprecipitation was carried out by pouring the NMP solution into

excess methanol to obtain 2.48 g of HP as a pale yellow powder. Yield: 82.7%.

IR, n (KBr, cm�1): 3024, 2923, 2850, 1612, 1577, 1466, 1323, 1111, 1007, 829,

741, 687.

Preparation of copolymers containing the INC moiety (CP1–CP4)
The similar polymerizations were carried out for the mixtures of monomer

compound 5 and styrene to prepare copolymers, CP1–CP4, with different

compositions of monomer units. The typical procedure is described below.

Under an argon atmosphere, compound 5 (2.8 g, 5.78mmol) and styrene

(0.20 g, 1.9mmol) were dissolved in 7.7ml of NMP, and 2,2¢-azobis(isobutyr-
onitrile) (0.03 g, 0.18mmol) was added to this solution. Then, the mixture was

stirred at 60 1C overnight. The reaction mixture was poured into an excess

amount of methanol to precipitate the polymer. The reprecipitation was carried

out from the NMP solution into excess methanol to obtain 2.34 g of CP1 as a

pale yellow powder. Yield: 78.1%.

IR, n (KBr, cm�1): 3024, 2924, 1612, 1508, 1466, 1323, 1007, 880, 833,

740, 698.

Preparations of coating films
The coating polymer films were prepared by spin coating 1.0wt.% polymer

solutions dissolved in chloroform onto a fused silica substrate at 1000 rpm. The
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thickness of the coated polymer films was measured with a Dektak surface

profiler, SLOAN DEKTAK IIA (Veeco Co., Plainview, NY, USA).

Characterizations
1H-NMR spectroscopy was conducted with a JEOL NM-TH5SK 400MHz

Fourier-Transform-NMR (JEOL Ltd., Tokyo, Japan), and the chemical shifts

were estimated in parts per million with tetramethylsilane as an internal

standard. IR spectra were recorded with a Shimadzu FTIR-8400 spectrometer

(Shimadzu Co., Kyoto, Japan). The molecular weights of the polymers were

determined with a Tosoh gel permeation chromatography system (Tosoh Co.,

Tokyo, Japan) equipped with four columns of TSK gels and a refractive index

detector, RI-8010, using THF as an eluent. The elution was detected by both

refractive index and laser light scattering detectors using the Tosoh LS-8000 to

determine the absolute molecular weight. Standard polystyrenes were used to

calibrate the molecular weights. Differential scanning calorimetry and thermal

gravimetric analysis were carried out on Seiko Instruments DSC-6200 and TG/

DTA-6200 (Seiko Instruments Inc., Chiba, Japan), respectively, at a heating rate

of 10 1C/min under a nitrogen atmosphere. Ultraviolet-visible adsorption and

photoluminescence spectra were conducted with a JEOLV-530 and SHIMAD-

ZU RF-5300PC, respectively.

RESULTS AND DISCUSSION

Preparation of the INC-containing monomer
The starting INC was prepared according to the literature,31 via a
cyclization reaction of di(1H-indol-3-yl)methane obtained from
indole and formaldehyde by the Mannich reaction. In our previous
paper,30 1-octyl-7-(4-vinylbenzyl)indolo[3,2-b]carbazole (5) was pre-
pared as a monomer compound by a reaction of 1-iodooctane with
the INC anion derived from the reaction of INC with sodium hydride,
followed by the addition of p-chloromethylstyrene. However, the yield
of monomer 5 was very low because the mono-alkylation of the N-
position of INC proceeded with a large amount of byproduct,
dialkylated INC, and so on. Therefore, we investigated a new synthetic
route to prepare monomer 5, as shown in Scheme 1. At first, both N-
positions of INC were protected by a tert-butyloxycarbonyl (Boc)
group; then, the deprotection of one of the Boc groups was easily

achieved by a reaction with n-butyllithium at 0 1C to obtain com-
pound 2, which has been described in the literature.32 After the
alkylation of 2 through the reaction with NaH and 1-iodooctane,
the deprotection of 3 was carried out by a reaction with sulfuric acid
to obtain mono-alkylated INC, 4, with high yield. Finally, the reaction
of 4 with NaH and p-chloromethylstyrene gave the desired monomer,
5, with high yield.

Preparation of the INC-containing polymers and their thermal
properties
The homopolymer of the INC-containing monomer, 5, and the
copolymers with styrene were prepared by radical polymerization,
as shown in Scheme 2. The results of the polymerizations are
summarized in Table 1 with their thermal properties. All of the
polymers in this table were soluble in toluene, chloroform, THF and
NMP but insoluble in methanol.
In the copolymerization, the molar ratio of monomer 5 and styrene

was fixed at 75/25, 50/50, 25/75 and 5/95 to obtain four copolymers
with different compositions. The compositions of the copolymers, x/y,
could not be determined exactly because the broad peaks of phenylene
protons were observed in their 1H-NMR spectra. Interestingly, the
absolute weight-average molecular weights (Mw*) of these polymers,
which were determined by laser light scattering, were higher than
the values of Mw determined by gel permeation chromatography
measurements, as listed in Table 1. It is assumed that the interaction
of the INC moiety was very strong, and thus the molecular size of the
polymer was compact in the solution. As a result, a lower Mw than
the absoluteMw* was observed in the gel permeation chromatography
measurements.
The thermal properties of the polymers were evaluated by

differential scanning calorimetry and thermal gravimetric analysis.
According to the differential scanning calorimetry curves shown in
Figure 1, the Tgs of the copolymers increased with increasing INC
content, and the Tg of homopolymer of 5, HP, was clearly higher than
that of polystyrene. This result suggests that the molecular interaction

Scheme 1 Synthesis of the indolo[3,2-b]carbazole-containing monomer.
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due to p-stacking between the INC moieties was stronger than that
between styrene units, and thus the Tgs of the polymers were higher
than that of polystyrene. Moreover, the 10% decomposition tempera-
tures, Td10, of these polymers were nearly 400 1C, as shown in Table 1
and Figure 2. Interestingly, the degradation temperatures of HP and
copolymers CP1–4 were higher than that of polystyrene. Therefore,
these INC-containing polymers exhibited relatively high thermal
stabilities. In addition, as shown in Figure 3, the X-ray diffraction
patterns of the polymers exhibited broad peaks, which suggests that all
of the polymers were in the amorphous state.

Photonic properties of the polymers
The photonic properties of the polymers were evaluated in solutions
of THF and films. The polymer thin films were prepared by spin
coating onto fused silica substrates. The thicknesses of the HP, CP1,
CP2, CP3 and CP4 films were 161, 148, 143, 149 and 149 nm,
respectively, which were determined using a Dektak surface profiler.
Figures 4 and 5 show the ultraviolet-visible absorption spectra of the
copolymers in their solutions and films, respectively. The maximum
absorption peaks of the polymer solutions were observed at 340–
342 nm, whereas those of films were 344–345 nm. Therefore, the
maximum absorptions of the films were slightly shifted to longer
wavelengths than those of the solutions. In addition, the peak intensity
decreased with decreasing INC content of the copolymers. From the
results of Figure 4, the actual compositions of copolymers were

estimated from the maximum peak intensities (341nm) of
the copolymers in comparison with that of the homopolymer, HP.
As a result, the actual compositions (x/y) of CP1, CP2, CP3 and
CP4 were estimated to be 85/15, 66/34, 56/44 and 35/65 wt.%,
respectively. The weight ratios of monomer 5 to styrene of
CP1, CP2, CP3 and CP4 after copolymerization were calculated to
be 93/7, 82/18, 61/39 and 20/80 wt.%, respectively, from the
molar ratios listed in Table 1. Therefore, it was found that the
copolymer compositions were not in agreement with the ratio of
monomer 5 and styrene in the copolymerization due to the difference
in monomer reactivity between monomer 5 and styrene in the radical
copolymerization, where the yields of the copolymers were in the
range of 70– 80%.
The photoluminescence spectra in the polymer solutions and the

films are shown in Figures 6 and 7. In the case of the solutions, the
photoluminescence intensities of the copolymers were in the order of
CP14CP24CP34CP4, which is essentially the same order as the
INC content. Therefore, the photoluminescence behavior of these
copolymers must be derived from the INC moiety. It was also
confirmed that the homopolymer of 5, HP, exhibited a luminescence
pattern similar to those of the copolymers.
On the contrary, as shown in Figure 7, the photoluminescence

intensities of the copolymer films were in the order of
CP44CP34CP24CP1, which is the opposite order of the INC
content, and the HP film exhibited the lowest peak intensity. Further-
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Scheme 2 Preparation of the indolo[3,2-b]carbazole-containing homopolymer and copolymers.
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Table 1 Results of polymerizations and thermal property of the

polymers

Code

Molar ratio

of 5/styrene a Mw�10�4 b Mw/Mn b

Mw*�10�4

(by LALLS) c Tg/1C d Td10/ 1C
e

HP 100/0 12.6 5.52 87.6 121 420

CP1 75/25 6.28 3.16 34.8 112 413

CP2 50/50 4.15 2.12 21.8 107 409

CP3 25/75 2.45 1.94 14.8 104 405

CP4 5/95 4.35 2.08 — 101 396

PStf — — — — 100 396

Abbreviations: GPC, gel permeation chromatography; LALLS, laser light scatting;
Mn, number-average molecular weight; Mw, weight-average molecular weights; Mw*, absolute
weight-average molecular weight; Td10, temperature at 10 % weight loss; Tg, glass transition
temperature.
aThe molar ratio of monomer 5 and styrene in the polymerization.
bMn and Mw were determined by GPC based on polystyrene standards (eluent: tetrahydrofuran).
cMw* was determined by LALLS method based on polystyrene standards (eluent:
tetrahydrofuran).
dTg was determined by differential scanning calorimetry at 10 1C per min on the third heating
scan.
eTd10 was determined by TG-DTA.
fPolystyrene standard (Mw¼43900), purchased from Tosoh Co., Ltd.
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more, the peak pattern of the CP4 film was similar to that of the CP4
solution, but the peak patterns of the CP1–3 and HP films were
different from those of the solutions. The maximum wavelengths of
photoluminescence of the CP1–3 and HP films were observed in the
range of 425 nm to 450nm, with a long tail extending beyond 600 nm.
Cho et al.33 have reported that a similar tendency was observed in
poly-4-(9-carbazolyl)methylstyrene film, which was probably due to
the excimer formation of the carbazole moiety. Consequently, it is
proposed that the increase of the INC component in the polymer
caused concentration quenching due to the condensation of inter-
molecular interaction between the INC components, which have
stronger interactions than the carbazole component. In contrast, the
decrease of the INC component in the polymer led to lower inter-
molecular interactions of INC components and increased the photo-

luminescence intensities of the polymer films. Actually, in the case of
the CP4 film, which had the lowest content of INC units, 35 wt.%, two
maximum photoluminescent peaks were clearly observed at 423 nm
and 448nm, and the peak intensity of the CP4 film at around 423 nm
was remarkably stronger than that of the other films.

CONCLUSION

A new synthetic route for INC-containing monomers was established,
and polystyrene-based copolymers containing the INC moiety
were prepared by radical polymerization. The copolymers obtained
were amorphous and exhibited higher thermal stability than
polystyrene. Therefore, the INC moiety improved the thermal stability
due to the strong interaction between the planer INC groups.
In the ultraviolet-visible absorption spectra, the peak intensities of
the solutions and films increased with increasing INC monomer
units. On the contrary, the photoluminescence spectra of the
polymer solutions and films indicated the opposite tendency. The
photoluminescence intensities of the copolymer films decreased
with increasing INC content in the copolymer, although the intensities
in the copolymer solutions increased according to the INC
content due to the concentration quenching in polymer films by the
intermolecular interaction between the INC components at high
concentrations.
The fundamental performance of copolymers containing the INC

moiety as a side chain was described in this paper. In particular, the
copolymer CP4 exhibited high emission and good film-forming
ability, although the INC content was 35wt.%. In our previous
work, we estimated the photoluminescence quantum yields of INC
and alkylated INC to be 0.50 and 0.52–0.54, respectively.30 Therefore,
copolymers containing the INC moiety are candidates for photonic or
electronic materials in the emission or carrier-transporting layer of
electroluminescence devices.
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Figure 6 The photoluminescence spectra of the solutions of polymers
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341 nm for all polymers, and the concentration of the polymer solutions was
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