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Synthesis and properties of carbazole-based hyperbranched conjugated
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Abstract

Carbazole-based novel hyperbranched conjugated polymers linked with triphenylamine and benzene moieties were synthesized by Sonoga-
shira coupling polycondensation of N-octadecyl- and N-octyl-3,6-diethynylcarbazoles with tris(4-iodophenyl)amine and 1,3,5-tribromobenzene.
Solvent-soluble polymers with number-average molecular weights in the range of 3500e21,000 were obtained in 48e66% yields. The UVevis
absorption bands of the polymers were red-shifted compared to that of carbazole, indicating the extension of conjugation length. The polymers
emitted blueegreen fluorescence with high quantum yields up to 67% in CHCl3. Poly(1/3) containing triphenylamine units emits visible light
and shows unique solvatochromism. The polymers were electrochemically redox-active.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymers containing carbazole moieties in the main chain
or side chain have attracted much attention because of their
unique properties derived from carbazole [1], which allow
them to be applied to various photonic materials such as
photoconductive, electroluminescent, and photorefractive ma-
terials [2]. Polyvinylcarbazole is a representative functional
polymer carrying carbazole in the side chain. Polyacetylenes
with pendent carbazole have also been investigated, some of
which exhibit photoluminescence, photoconductivity, and
electroluminescence, as expected from the conjugated main
chain along with the carbazole side chain [3e5]. On the other
hand, conjugated polymers containing carbazole in the main
chain have also been extensively studied, which include
polycarbazoles [6], polycarbazolyleneethynylenes [7], and
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polycarbazolylenevinylenes [8]. Carbazole-containing poly-
(arylenevinylenes) emit blue-green fluorescence with high
quantum yields [9]. Most of these polymers containing carb-
azole in the main chain form aggregates under certain condi-
tions, because of intense p-stacking nature of carbazole
units [10]. Aggregation of polycarbazoles leads to formation
of weakly emissive interchain species in thin films, which
significantly reduces the luminescence quantum efficiency
[11]. Spherical shaped molecules cannot regularly stack in
a side-by-side fashion, and thus they are exempted from aggre-
gate-based fluorescence quenching [12]. Hyperbranched poly-
mers are spherical shaped molecules, and have recently
gathered increasing attention both in scientific and industrial
fields due to their unique molecular architecture. They show
excellent optical properties such as high light-emitting effi-
ciency, superb optical-limiting performance, processability,
thermal resistance, and morphological stability [13,14].

Polymeric and oligomeric materials based on triphenyl-
amine as well as carbazole are important organic semiconduc-
tors that are applicable to hole-transporting materials in thin
layer electrooptical devices such as organic light-emitting
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diodes, solar cells, organic field effect transistors, two-photon
micro/nanolithography, and photorefractive holography [15].
Consequently, incorporation of carbazole or triphenylamine
into hyperbranched polymers hopefully leads to the develop-
ment of optically and electronically functional novel polymers
[16]. However, hyperbranched polymers carrying carbazole
and triphenylamine have been scarcely investigated to the
best of our knowledge. In the present paper, we disclose the
synthesis of carbazole-based novel hyperbranched polymers
linked with triphenylamine and benzene moieties [poly(1/
3)epoly(2/4)] as illustrated in Scheme 1, and examination of
the optical and electrochemical properties. We also discuss
the effect of aggregation on the optical properties.

2. Experimental

2.1. Measurements

1H (400 MHz) and 13C (100 MHz) NMR spectra were
recorded on a JEOL EX-400 spectrometer using tetramethyl-
silane as an internal standard. IR, UVevis, and fluorescence
spectra were measured on JASCO FTIR-4100, V-550, and
FP750 spectrophotometers, respectively. The number- and
weight-average molecular weights (Mn and Mw) of polymers
were determined by gel permeation chromatography (GPC)
on a JASCO GULLIVER system (PU-980, CO-965, RI-930,
and UV-1570) equipped with polystyrene gel columns (Sho-
dex columns K804, K805, and J806), using THF as an eluent
at a flow rate of 1.0 mL/min, calibrated by polystyrene stan-
dards at 40 �C, and GPC right-angle laser light scattering
(RALLS) on a Viscotek T-60A eluted with THF at 40 �C. Cy-
clic voltammograms were measured on an HCH Instruments
electrochemical analyzer ALS600A-n. The measurements
were carried out with a glassy carbon rod as the working elec-
trode coupled with a Pt plate counter and an Ag/AgCl refer-
ence electrode, with a solution of a polymer (0.5 mg/mL)
and tetrabutylammonium perchlorate (0.1 M) in CHCl3.

2.2. Evaluation of photoconductivity

A 5 wt% solution of a polymer in THF was cast on an
ITO electrode and then dried for 12 h in vacuo to prepare
a thin film with a thickness of 6 mm. Au was vacuum evapo-
rated to prepare a counter electrode for the ITO electrode.
The relationships between current (I ) and applied voltage
(V) for the ITO/the polymer film/Au cells (effective electrode
area 0.12 cm2) were measured at room temperature under
reduced pressure of 10�2 Torr in the dark and under
Scheme 1. Polycondensation of N-alkyl-3,6-diethynylcarbazoles 1 and 2 with tris(4-iodophenyl)amine (3) and 1,3,5-tribromobenzene (4).
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photoillumination (2.5 mW/m2) with a Xe lamp using a
thermoabsorption filter.

2.3. Materials

N-Octadecyl-3,6-diethynylcarbazole (1) and N-octyl-3,6-
diethynylcarbazole (2) were synthesized according to the
literature [9]. Tris(4-iodophenyl)amine (3) and 1,3,5-tribromo-
benzene (4) were purchased from TCI and Aldrich, respec-
tively, and used as received. The solvents used for
polymerization were purified by standard methods.

2.4. Polycondensation

The polycondensation of diethynylcarbazoles with triha-
loarenes was conducted in a Schlenk tube under nitrogen.
N-Octadecyl-3,6-diethynylcarbazole (140 mg, 0.30 mmol),
tris(4-iodophenyl)amine (125 mg, 0.20 mmol), PdCl2(PPh3)2

(4.0 mg, 0.005 mmol), CuI (3.7 mg, 0.02 mmol), and PPh3

(7.6 mg, 0.030 mmol) were added to a mixture of toluene/
Et3N (9:1, v/v) (5 mL), and the resulting mixture was stirred
at 30 �C for 72 h. Et3N and toluene were removed from the
mixture by evaporation, then the obtained material was
washed with water, dissolved in a small amount of CHCl3,
and then the mixture was filtered. The filtrate was poured
into a large amount of acetone to precipitate a polymer. It
was further purified by repeated precipitation, isolated by
filtration, and dried under reduced pressure. Yield of 54% is
obtained. The other polymers were synthesized in a similar
manner.

2.5. Spectroscopic data of polymers

Poly(1/3): 1H NMR (400 MHz, in ppm, CDCl3): 0.78e1.75
(m, 35H, C17H35), 4.17 (broad s, 2H, NCH2), 7.02e8.17 (m,
18H, Ar). IR (KBr): 3458, 3036, 2921, 2850, 2204, 1598,
1560, 1542, 1505, 1482, 1466, 1381, 1317, 1283, 880, 830,
800, 728, 669 cm�1. Poly(2/3): 1H NMR (400 MHz, in ppm,
CDCl3): 0.82e1.85 (m, 15H, C7H15), 4.21 (broad s, 2H,
NCH2), 6.83e8.39 (m, 18H, Ar). IR (KBr): 3433, 3035,
2923, 2852, 2202, 1597, 1505, 1482, 1381, 1348, 1316,
1283, 1226, 879, 830, 803, 726, 652 cm�1. Poly(1/4): 1H
NMR (400 MHz, in ppm, CDCl3): 0.87e1.86 (m, 35H,
C17H35), 4.29 (broad s, 2H, NCH2), 7.29e8.25 (m, 9H, Ar).
IR (KBr): 3434, 2936, 2852, 2207, 1598, 1560, 1509, 1475,
1433, 1398, 1383, 1170, 1035, 849, 804, 721, 652 cm�1.
Poly(2/4): 1H NMR (400 MHz, in ppm, CDCl3): 0.83e1.79
(m, 15H, C7H15), 4.15 (broad s, 2H, NCH2), 7.00e8.17 (m,
9H, Ar). IR (KBr): 3421, 3049, 2923, 2852, 2204, 1597,
1547, 1509, 1484, 1466, 1381, 1349, 1285, 1224, 1149,
1131, 879, 860, 804, 723, 652 cm�1.

3. Results and discussion

3.1. Polycondensation

Table 1 summarizes the conditions and results of the poly-
condensation of A2-monomers 1 and 2 with B3-monomers
3 and 4 catalyzed by PdCl2(PPh3)2ePPh3eCuI. The polymeri-
zation mixtures of monomers 1/3 and 2/3 became pale yellow
in 3 h, and gradually turned into brown accompanying appear-
ance of solvent-insoluble white acicular solid. The polymeri-
zation mixtures kept transparency throughout the reaction.
After 72 h, the mixture was passed through a cotton filter
and poured into acetone to isolate a soluble product. When
we raised the monomer concentrations twice as large as those
of Table 1 keeping the mole ratios of 1/3 and 2/3 at 3:2, the
polymerization mixtures did not keep transparency, and the
amount of insoluble part in CHCl3 increased, leading to the
decrease of the CHCl3-soluble polymer yields. On the other
hand, the polymerization mixture of monomers 1/4 and 2/4 be-
came orange 12 h after initiation, and gradually turned into
dark orange accompanying appearance of solvent-insoluble
solids. The polymerization temperature affected the polymeri-
zation of monomers 1/4 and 2/4. Namely, when the tempera-
ture was raised to 80 �C in the polycondensation of 1 and 2
with 4, a large amount of solvent-insoluble polymers was
formed in a short period, presumably because the reaction
went out of control to yield networks. After reaction for
30 h, the polymers were obtained in 48e66% yields. The
low yields were due to removal of solvent-insoluble parts
(about 15%) by filtration. The Mns of the polymers estimated
by GPC with UV detection calibrated by polystyrene were in
the range of 3500e21,000, while those estimated by GPC-
Table 1

Polycondensation of A2-monomers 1 and 2 with B3-monomers 3 and 4a

Run A2-monomer/B3-monomer Temp (�C) Polymerb

Yield (%) GPC-UV GPC-RALLS Unit ratio of

A2-monomer/B3-monomer (r)e

Mn
c Mw/Mn

c Mn
d Mw/Mn

d

1 1/3 30 54 20,100 2.32 98,000 2.78 1.05

2 2/3 30 66 11,700 2.41 36,700 3.16 1.53

3 1/4 60 52 3500 1.28 14,600 2.15 0.81

4 2/4 60 48 8600 1.94 15,400 2.59 1.34

a Conditions: [1]0¼ [2]0¼ 60 mM, [3]0¼ [4]0¼ 40 mM, [PdCl2(PPh3)2]¼ 1 mM, [CuI]¼ 4 mM, [PPh3]¼ 6 mM in toluene/Et3N¼ 9:1 (v/v), 72 h.
b Acetone-insoluble part.
c Determined by GPC-UV, eluted with THF, polystyrene calibration.
d Determined by GPC-RALLS, eluted with THF.
e Calculated by 1H NMR using Eqs. (1) and (2).
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RALLS were in the range of 14,600e98,000. The RALLS-
determined molecular weights were apparently larger than
those determined by GPC-UV with polystyrene calibration,
as commonly observed in the cases of non-linear polymers
such as star-shaped, dendritic, and hyperbranched polymers
[17]. N-Octadecylated poly(1/3) and poly(1/4) were soluble
in common organic solvents including CHCl3, THF, CH2Cl2
and toluene, and insoluble in acetone, MeOH and n-hexane.
On the other hand, N-octylated poly(2/3) and poly(2/4) were
soluble in CHCl3 and THF, partly soluble in CH2Cl2 and
toluene, and insoluble in acetone, MeOH and n-hexane, indi-
cating that the longer alkyl chain was effective to enhance
the solubility of the polymers.

3.2. Polymer structure

The polymer structures were examined by IR and 1H NMR
spectroscopies. No absorption was observed around 3300 and
2102 cm�1 attributable to the stretching vibration of ^CeH
single and ArC^CH triple bonds in the IR spectra of
poly(1/3)epoly(2/4), while an absorption peak was observed
at 2210 cm�1 attributable to the stretching vibration of
ArC^CAr0 triple bond. In the 1H NMR spectra of the poly-
mers, no signal was observed around 3.0 ppm assignable to
acetylenic proton of the monomers as shown in Fig. 1. All
these results clearly indicate that Sonogashira coupling poly-
merization took place to form the polymers composed
of eC^Ce linkage.

To gain more insights into the polymer structures, the unit ra-
tios (r) of A2-monomers 1 and 2 versus B3-monomers 3 and 4
were calculated based on the integration ratios between the
NeCH2 proton signal around 4.2 ppm (peak b in Fig. 1) and aro-
matic proton signals at 7.0e8.3 ppm. In the case of poly(1/3)
and poly(2/3), r can be calculated according to Eq. (1).

ð3rþ 6Þ=r ¼ AAr=ANeCH2
ð1Þ

where r is A2-monomer unit/B2-monomer unit (mol/mol), AAr

is the integration area of aromatic proton signals, and ANeCH2

is the integration area of NeCH2 proton signals.
In the case of poly(1/4) and poly(2/4), r can be calculated

according to Eq. (2).

ð6rþ 3Þ=2r ¼ AAr=ANeCH2
ð2Þ

The calculated results of the polymers are given in Table 1. We
could not determine the degree of branching by NMR spec-
troscopy, because there were no appropriate signals available
to distinguish dendritic, linear, and terminal units, which are
necessary to determine the parameter [18]. Since no signal
of a terminal acetylene proton was observed in the 1H NMR
spectra, the completion of the end-capping reaction was
confirmed.

3.3. Polymer properties

Fig. 2A depicts the UVevis spectra of poly(1/3)epoly(2/4)
measured in CHCl3. All the polymers exhibited absorption
peaks at 310 and 350e370 nm attributable to carbazolylene
and phenyleneethynylene moieties. The absorption peaks
were red-shifted compared to those of 1 and 2 (290 and
350 nm). This fact means the extension of conjugation length
upon transformation from the monomers to polymers. The
UVevis absorption band edges of poly(1/3) and poly(2/3)
positioned at a longer wavelength than those of poly(1/4)
and poly(2/4) indicate that the triphenylamine-based former
two polymers have main chain conjugation longer than that
of the latter two polymers.

Fig. 2B shows the fluorescence spectra of poly(1/3)e
poly(2/4) excited at the absorption maxima. The polymer
solutions emitted fluorescence, whose maximum wavelength
was 420 nm upon excitation at 370 nm in the cases of triphe-
nylamine-linked poly(1/3) and poly(2/3), and 375 nm upon
excitation at 355 nm in the cases of benzene-linked poly(1/
4) and poly(2/4). As summarized in Table 2, the fluorescence
quantum yields of the present polymers ranged from 9 to 67%
in CHCl3, which were larger than those of polyacetylenes car-
rying carbazole moieties in the side chain [5]. However, they
were smaller than those of poly(aryleneethynylenes) (up to
86%) [9]. Entanglement of polymer chains containing excited
species may occur to cause intersystem crossing to some
extent, but the concrete reason is unclear. The fluorescence
quantum yields of poly(1/4) and poly(2/4) were much larger
than those of poly(1/3) and poly(2/3). It is likely that triphe-
nylamine-linked poly(1/3) and poly(2/3) were less rigid than
benzene-linked poly(1/4) and poly(2/4), resulting in low quan-
tum yields due to nonradiative decay [9]. It was also found that
the fluorescence quantum yields of poly(1/3) and poly(1/4)
were larger than those of the counterparts, poly(2/3) and
poly(2/4), respectively. The presence of longer alkyl chains
on the nitrogen atoms led to increase of the fluorescence
quantum yields of the polymers.

Fig. 3 depicts the cyclic voltammetric (CV) curves of
poly(1/3)epoly(2/4). The oxidation of poly(1/4) started at
0.85 V in the first scan and the potential shifted to a higher
field as the CV scan was continued. It seems that a conducting
polymer film was formed on the working electrode surface,
and the film thickness gradually increased upon CV scanning.
The potential shift provided the information on the increase of
the electrical resistance in the polymer film. Over potential
was presumably needed to overcome the resistance. The
potential was somewhat higher than those of N-alkylcarbazole
derivatives reported so far (0.7e0.8 V) [19]. On the other
hand, the other polymers did not exhibit such a large shift of
the initiation of oxidation potential. All the polymers showed
obvious reduction peaks around 0.70 V, indicating that the
present hyperbranched polymers containing carbazole moie-
ties are electrochemically redox-active.

3.4. Solvent-induced aggregation

Several conjugated polymers show significant intermolecu-
lar interactions based on p stacking in the solid state [20].
Optical properties induced by this type of intermolecular
interactions are explained by the exciton model, wherein
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Fig. 1. 1H NMR spectra of 1, 2, and the polymers measured in CDCl3.
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splitting (Davydov splitting) of an absorption band is induced
by two orientations of molecular transition dipole moments,
H-aggregates (parallel orientation of the molecules) and J-
aggregates (head-to-tail orientation) [20]. The addition of
nonsolvents to a polymer solution also possibly induces
molecular aggregation.

Fig. 4 depicts the fluorescence spectra of the polymers
measured in CHCl3/MeOH mixtures. The fluorescence

Fig. 2. UVevis and fluorescence spectra of the polymers measured in CHCl3.

UVevis spectra: c¼ 0.1 g/L; fluorescence spectra: poly(1/3) and poly(2/3)

were excited at 370 nm, c¼ 0.1 g/L; poly(1/4) and poly(2/4) were excited at

355 nm, c¼ 0.05 g/L.
intensity around 420 nm tended to decrease upon raising
MeOH content in the cases of triphenylamine-based poly(1/
3) and poly(2/3). Simultaneously, the relative band intensity
around 500 nm increased. The appearance of the red-shifted
fluorescence band can be interpreted by the intermolecular
aggregation and formation of excimers like in the film state.

Poly(1/4) and poly(2/4) also tended to decrease the fluores-
cence intensity around 400 nm upon the addition of MeOH to
CHCl3, while they did not show such excimer-based fluores-
cence as poly(1/3) and poly(2/3) did. Since the tri-arm ben-
zene linker is rigid compared to the triphenylamine linker,
excimer formation seems to be prevented in the cases of
poly(1/4) and poly(2/4). This is supported by the experimental
fact that the fluorescence of poly(1/4) and poly(2/4) is more
stable than that of poly(1/3) and poly(2/3) toward MeOH
addition. Table 2 summarizes the fluorescence quantum yields
calculated from the curves in Fig. 4.

As described above, the polymers changed the optical prop-
erties upon aggregation, presumably governed by excitonic
effects. The degree of fluorescence quenching of the present
polymers upon MeOH addition was smaller than that of
poly(N-octyl-2,7-carbazolediyl) [11]. It is considered that the
present polymers change the conformation less easily due to
the hyperbranched structure.

Fig. 5 shows the UVevis and PL spectra of poly(1/3) mea-
sured in various solvents. The UVevis spectral patterns were
almost the same to one another irrespective of the solvents,
while the peak top wavelengths and intensities were different,
especially in CH2Cl2. The fluorescence quantum yield ranged
from 13% (in toluene) to 35% (in CH2Cl2). This solvato-
chromism is probably caused by photoinduced intramolecular
charge transfer in the excited state [21].

Fig. 6 depicts the IeV curve of an ITO/poly(1/3)/Au
cell. The dark conductivity was calculated to be ca.
1.8� 10�15 S/cm under an electric field of 103 V/cm. This
value is about one order higher than that of poly(t-Bu2CzPA)
[22], presumably due to p conjugation of hyperbranched poly-
mer. The longer alkyl chain on the carbazolyl group is proba-
bly effective for p stacking of carbazolylene moiety through
hydrophobic interaction between alkyl chains. This results in
higher dark conductivity of poly(1/3). Higher fluorescence
quantum yields of the polymers with longer alkyl chain sup-
port this explanation. The current was twice as large under

Table 2

Fluorescence quantum yields of poly(1/3)epoly(2/4) measured in CHCl3/

MeOH

CHCl3/MeOH (v/v) Fluorescence quantum yielda (%)

Poly(1/3)b Poly(2/3)b Poly(1/4)c Poly(2/4)c

10:0 14.8 9.0 66.8 50.0

9:1 16.7 9.2 72.0 60.6

7:3 15.0 5.2 68.3 53.2

5:5 11.4 4.5 55.0 49.6

3:7 9.2 4.0 44.0 45.0

a Determined based on carbazole.
b Concentration 0.1 g/L, excited wavelength 370 nm.
c Concentration 0.05 g/L, excited wavelength 355 nm.
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Fig. 3. Cyclic voltammograms of the polymers measured at a scan rate of 0.1 V/s versus Ag/Agþ in a CHCl3 solution containing tetrabutylammonium perchlorate

(0.1 M). Polymer concentration: 0.5 g/L.
photoillumination as in the dark. This proves that poly(1/3)
exhibits photoconductivity. It has been reported that photocur-
rent/dark current ratio of polyacetylenes carrying carbazole
moieties in the side chain is 10e50, which depends on the
structure but is larger than that of poly(1/3) [5]. The dark
current of poly(1/3) is comparable to that of polyacetylenes
carrying carbazole moieties in the side chain. By taking the
absorption edge and the low conductivity of both polymers,
the carrier mobility is not so much different among them.
Therefore, the difference in these photocurrents should be
attributed to the number of photogenerated carriers. As men-
tioned above, poly(1/3) showed higher fluorescence quantum
yield than polyacetylenes with carbazole pendants, suggesting
that photogenerated holes should diminish in poly(1/3) by the
effective quenching. It is assumed that poly(1/3), therefore,
shows lower photoconductive properties. However, the results
of Fig. 6 clearly indicate that the designed polymer works as
an optoelectronic functional polymer.
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Fig. 4. Fluorescence spectra of the polymers measured in CHCl3/MeOH with various compositions. Poly(1/3) and poly(2/3) were excited at 370 nm, c¼ 0.1 g/L;

poly(1/4) and poly(2/4) were excited at 355 nm, c¼ 0.05 g/L.
4. Conclusions

In this article, we have demonstrated the synthesis of carb-
azole-based novel hyperbranched conjugated polymers linked
with triphenylamine and benzene units. Solvent-soluble
polymers with Mn ranging 3500e21,000 were successfully
obtained by the polycondensation of diethynylcarbazoles
with tris(4-iodophenyl)amine and 1,3,5-tribromobenzene in
48e66% yields. The UVevis absorption of the polymers
was red-shifted as compared to carbazole, indicating the
extension of conjugation length. The fluorescence quantum
yields of the polymers reached 67% in CHCl3 at the maxi-
mum, which were larger than those of polyacetylenes carrying
carbazole moieties in the side chains. The fluorescence quan-
tum yields of poly(1/3) and poly(1/4) having longer N-alkyl
chains were larger than those of poly(2/3) and poly(2/4),
respectively. The degree of fluorescence quenching of the
present polymers upon MeOH addition was smaller than the
linear counterpart previously reported. The branched structure
was effective to suppress the decay of fluorescence. CV study
confirmed that the polymers were electronically redox-active.
Poly(1/3) was proved to work as an optoelectronic functional
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polymer. The information obtained in this study may assist the
rational design of tunable light-emitting materials based on
carbazole-containing polymers.
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Chem A 2005;109:11687e95.

[16] (a) Li ZA, Di CA, Zhu Z, Yu G, Li Z, Zeng Q, et al. Polymer

2006;47:7889e99;
(b) Wu CW, Lin HC. Macromolecules 2006;39:7232e40;

(c) Liu XM, Xu J, Lu X, He C. Macromolecules 2006;39:1397e

402;

(d) Liu XM, Xu J, Lu X, He C. Org Lett 2005;7:2829e32.

[17] Muchtar Z, Schappacher M, Deffieux A. Macromolecules 2001;

34:7595e600.
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