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a b s t r a c t

Novel conjugated polymers P1–P7 containing 3,9-linked carbazole units in the main chain were
synthesized by the polycondensation of 3-ethynyl-9-(4-ethynylphenyl)carbazole (EEPCz) and dihaloar-
enes, and their optical and electrical properties were studied. Polymers with weight-average molecular
weights of 4100–48,000 were obtained in 24–92% yields by the Sonogashira coupling polycondensation
in tetrahydrofuran (THF)/Et3N at 30 or 50 �C for 48 h. All the polymers absorbed light around 350 nm.
The polymers with electron-accepter units exhibited absorption bands originating from charge transfer.
The polymers except the one containing azobenzenes emitted variously colored fluorescence with
moderate quantum yields upon excitation at the absorption maxima. P1–P3 were oxidized around 0.6 V,
and then reduced around 0.5 V. The conductivity of P3 was 1.1� 10�14 S/cm at 103 V/cm.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Carbazole is a well-known conjugated unit that has interesting
optical and electronic properties such as photoconductivity and
photorefractivity [1]. Carbazole derivatives are used as materials
for hole-transporting layers of electroluminescent devices due to
their high charge mobility [2]. Carbazole derivatives are also usable
for light-emitting layers because they are thermally stable and
show blue photo- and electroluminescence-based on the large
band gap of the biphenyl unit and planarity improved by the
bridging nitrogen atom [3]. Much effort has been done to synthe-
size polymers containing carbazoles in the main chain, e.g.,
poly(carbazole) possessing carbazolylene main chain exhibits
properties largely different from each other according to the posi-
tion of linkage (Chart 1). The main chain conjugation of 3,6-linked
poly(carbazole)s is not long, because one-electron abstraction from
the nitrogen atom forms stable cation radical species that disturb
conjugation [4]. Compared to 3,6-linked poly(carbazole)s, the main
chain conjugation of 2,7-linked poly(carbazole)s is long, because
the main chain can form a resonance structure like poly(p-pheny-
lene). In fact, 2,7-linked poly(carbazole)s emit blue light in the film
state-based on the long conjugation length [5].
: þ81 75 383 2592.
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On the other hand, less attention has been paid to 3,9-carba-
zolylene-based conjugated polymers compared with 3,6- and 2,7-
linked ones, presumably due to their difficult synthesis. A few
examples are 3,9-poly(carbazole) [6] and 3,9-linked copolymers of
carbazole with fluorine [7]. Since conjugated polymers containing
3,9-linked carbazole have C–N bond in the main chain, it is inter-
esting to investigate the effect of unshared electron pair of the
nitrogen atom on the optical properties and the redox reaction of
the polymers. 3,9-Carbazolylene-based polymers are expected to
be applicable to light-emitting layers, because the conjugation of
the main chain seems to be extended through nitrogen atom.

Meanwhile, poly(aryleneethynylene) is also a typical conjugated
polymer that possesses photoelectronic properties. Especially, it
strongly emits fluorescence due to the rigid structure that reduces
nonradiative decay [8]. Some poly(aryleneethynylene)s feature
almost quantitative fluorescence quantum yields [9]. Poly-
(aryleneethynylene)s containing carbazole in the main chain emit
intense blue-green fluorescence in high quantum yields [10].

We have recently synthesized 3,9- and 2,9-linked carbazole-
containing conjugated polymers including poly(3,9-carbazolyle-
neethynylenephenylene) (Chart 2) by the polycondensation of
ethynyl- and iodo-substituted 9-arylenecarbazolylene monomers,
and examined the optical and electrical properties [11]. The poly-
mers absorbed light at wavelength regions longer than those of the
corresponding monomers due to the conjugated main chain
through the nitrogen atom of the carbazole unit. The drawback of
the polymers was poor solubility. Solvent-soluble polymers are
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Chart 1. Structures of poly(carbazole)s.
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desirable from the viewpoint of assembling photoelectric devices.
In this paper, we report the synthesis of 3,9-linked carbazole-
containing conjugated novel polymers P1–P7 by the poly-
condensation of 3-ethynyl-9-(4-ethynylphenyl)carbazole (EEPCz)
with dihaloarenes 1–7 (Scheme 1), and examination of the optical
and electrical properties, along with the analogous polymer P30.
p-Phenylene-linked polymers (P1 and P3) are employed as a stan-
dard skeleton of polymers. Octyl group of P3 is introduced to
enhance the solubility. m-Phenylene-linked one (P2) is also
synthesized to examine the difference of properties between the p-
and m-linked polymers. Azobenzene-, anthracene-, benzothiadia-
zole-, and bis(thienyl)benzothiadiazole-linked polymers (P4–P7)
are synthesized, expecting extension of conjugation length that
causes bathochromic shift of UV–vis absorption and fluorescence
emission. Azobenzene-containing P4 is expected to show photo-
isomerization as well.

2. Experimental section

2.1. Measurements

1H (400 MHz) and 13C (100 MHz) NMR spectra were recorded on
a JEOL EX-400 spectrometer using tetramethylsilane as an internal
standard. IR, UV–vis and fluorescence spectra were measured on
JASCO FT/IR-4100, V-550 and FP-750 spectrophotometers, respec-
tively. Cyclic voltammograms (CV) were recorded with an HCH
Instruments ALS600A-n electrochemical analyzer. Melting points
(mp) were measured on a Yanaco micro melting point apparatus.
Elemental analysis was done at the Microanalytical Center of Kyoto
University. Mass spectra were measured on a JEOL JMS-HX110A mass
spectrometer. Number- and weight-average molecular weights (Mn

and Mw) of polymers were determined by gel permeation chroma-
tography (GPC) on a JASCO GULLIVER system (PU-980, CO-965, RI-
930, and UV-1570) equipped with polystyrene gel columns (Shodex
columns K805� 3), using THF as an eluent at a flow rate of 1.0 mL/
min, calibrated by polystyrene standards at 40 �C.

2.2. Materials

Unless otherwise stated, reagents were commercially obtained,
and used without further purification. 3-(Trimethylsilylethy-
nyl)carbazole [12], 9-(4-iodophenyl)-3-trimethylsilylethynylcarbazole
[11], 4,40-diiodoazobenzene (4) [13], 4,7-dibromo-2,1,3-benzothia-
diazole (6) [14] and 4,7-bis(5-bromo-2-thienyl)-2,1,3-benzothia-
diazole (7) [15] were synthesized according to the literature. The
solvents used for polycondensation were purified before use by the
standard methods.
Chart 2. Structure of poly(3,9-carbazolyleneethynylenephenylene).
2.3. EEPCz

Trimethylsilylacetylene (1.13 mL, 8.00 mmol) was added to
a mixture of 9-(4-iodophenyl)-3-trimethylsilylethynylcarbazole
(1.88 g, 4.04 mmol), PdCl2(PPh3)2 (28.0 mg, 0.0399 mmol), PPh3

(31.0 mg, 0.118 mmol), CuI (30.0 mg, 0.157 mmol) and Et3N (30 mL)
under hydrogen, and the resulting mixture was stirred at room
temperature overnight. Then, solvent-insoluble salt precipitated
was filtered off, and Et3N was removed from the mixture by
evaporation. The residue was extracted with CHCl3, and the
combined organic layer was washed with 1 M HCl, sat. NaHCO3 aq.
and water. The organic layer was dried with anhydrous MgSO4, and
concentrated by evaporation to give brown solid. It was purified by
silica gel column chromatography eluted with hexane/ethyl acetate
to obtain 3-trimethylsilylethynyl-9-(4-trimethylsilylethynylphe-
nyl)carbazole as white solid. After that, it was dissolved in THF
(45 mL), and a suspension of K2CO3 (1.17 g, 8.47 mmol) and MeOH
(75 mL) was added to the solution. The resulting mixture was
stirred at room temperature overnight. The solution was extracted
with ethyl acetate, and the combined organic layer was washed
with water subsequently, dried over anhydrous MgSO4, and
concentrated on a rotary evaporator to give pale yellow solid. It was
purified by silica gel column chromatography eluted with hexane/
ethyl acetate to obtain EEPCz as white solid. Yield: 0.589 g
(2.02 mmol, 54%). Mp: 115.2–116.2 �C. 1H NMR (400 MHz, ppm,
CDCl3): 3.08 (s, 1H, –C^CH), 3.18 (s, 1H, –C^CH), 7.27–7.34 (m, 2H,
Ar), 7.36–7.45 (m, 2H, Ar), 7.47–7.55 (m, 3H, Ar), 7.71 (d, J¼ 8.3 Hz,
2H, Ar), 8.09 (d, J¼ 7.6 Hz, 1H, Ar), 8.28 (s, 1H, Ar); 13C NMR
(100 MHz, ppm, CDCl3): 75.6 (–C^CH), 78.4 (–C^CH), 82.7
(–C^CH), 84.6 (–C^CH), 109.7, 109.9, 113.6, 120.5, 120.8, 122.9,
121.5, 123.0, 123.5, 124.6, 126.6, 126.8, 130.0, 133.7, 137.5, 140.3,
140.9. IR (cm�1, KBr): 3276 (H–C^), 3044, 2100 (HC^C), 1600, 1512,
1485, 1475,1455, 1361 (N–Ar), 1327, 1281, 1226, 1188,1105, 848, 839,
806, 766, 744, 727, 669, 641, 629, 601, 591, 417. Anal. Calcd for
C22H13N: C 90.69; H 4.50; N 4.81. Found: C 90.79; H 4.60; N 4.62.

2.4. 1,4-Bis(3-ethynyl-9-carbazolyl)benzene (8)

A mixture of 3-(trimethylsilylethynyl)carbazole (0.50 g, 1.90
mmol), 1,4-diiodobenzene (0.30 g, 0.94 mmol), CuI (19.1 mg,
0.10 mmol), 1,10-phenanthroline (68.5 mg, 0.38 mmol), K3PO4

(0.81 g, 3.82 mmol), and toluene (15 mL) was stirred at 120 �C for
24 h. After cooling, the residue was extracted with CH2Cl2, and the
organic layer was combined and washed with water. The organic
layer was dried with anhydrous MgSO4, and concentrated on
a rotary evaporator to give gray solid. It was purified by silica gel
column chromatography eluted with hexane/ethyl acetate to obtain
1,4-bis(3-trimethylsilylethynyl-9-carbazolyl)benzene as white
solid. After that, it was dissolved in THF (15 mL), and a suspension
of K2CO3 (0.23 g, 1.90 mmol) and MeOH (15 mL) was added to the
solution and the resulting mixture was stirred at room temperature
overnight. The solution was extracted with ethyl acetate, and the
combined organic layer was washed with water subsequently,
dried over anhydrous MgSO4, and concentrated on a rotary evap-
orator to give pale yellow solid. It was purified by silica gel column
chromatography eluted with hexane/ethyl acetate to obtain 8 as
white solid. Yield: 0.18 g (0.39 mmol, 40%). Mp: 204.7–205.7 �C; 1H
NMR (400 MHz, ppm, CDCl3): 3.11 (s, 2H, –C^CH), 7.36 (vt,
J¼ 7.3 Hz, 2H, Ar), 7.46–7.53 (m, 4H, Ar), 7.55 (d, J¼ 8.0 Hz, 2H, Ar),
7.60 (d, J¼ 8.5 Hz, 2H, Ar), 7.81 (s, 4H, Ar), 8.16 (d, J¼ 7.8 Hz, 2H, Ar),
8.34 (s, 1H, Ar); 13C NMR (100 MHz, ppm, CDCl3): 75.7 (–C^CH),
84.7 (–C^CH), 109.7, 109.9, 113.6, 120.6, 120.9, 123.0, 123.5, 124.7,
126.7, 128.4, 130.1, 136.5, 140.5, 141.1. IR (cm�1, KBr): 3309 (H–C^),
3043, 2919, 2109 (HC^C), 1517, 1475, 1452, 1352 (N–Ar), 1325, 1230,
1184, 1105, 807, 766, 742, 727, 651, 630, 592, 570, 504, 419. Anal.



Scheme 1. Polycondensation of EEPCz and 8 with dihaloarenes 1–7.

K. Tamura et al. / Polymer 50 (2009) 4479–4487 4481
Calcd for C34H20N2: C 89.45; H 4.42; N 6.14. Found: C 89.26; H 4.72;
N 6.05.

2.5. Polycondensation

All the polycondensations were carried out in a glass tube
equipped with a three-way stopcock under nitrogen. A monomer
(0.25 mmol) solution was added to a catalyst solution under dry
nitrogen, and the resulting solution was kept at 30 or 50 �C for 48 h.
To the reaction mixture, 1 M HCl aq. (5.0 mL) was added, and the
resulting mixture was poured into MeOH (300 mL) to precipitate
a polymer. It was separated from the supernatant by filtration. THF
(5–20 mL) was added to the polymer, and the resulting mixture was
filtered. The filtrate was poured into MeOH (300 mL) to precipitate
a polymer once again. It was separated from the supernatant by
filtration and dried under reduced pressure.
Scheme 2. Synthetic rou
2.6. Spectroscopic data of the polymers

P1 1H NMR (400 MHz, ppm, CDCl3): 7.3–7.4 (br, 6H, Ar) 7.5–7.6
(br, 5H, Ar) 7.7–7.8 (br, 2H, Ar) 8.1–8.2 (br, 1H, Ar) 8.3–8.4 (br, 1H,
Ar). IR (cm�1, KBr): 3041, 2919, 2850, 2210 (C^C), 1599, 1515, 1487,
1474, 1454, 1362 (N–Ar), 1227, 1004, 835, 807, 743. P2 1H NMR
(400 MHz, ppm, CDCl3): 7.3–7.4 (br, 6H, Ar) 7.5–7.6 (br, 5H, Ar) 7.7–
7.8 (br, 2H, Ar) 8.1–8.2 (br, 1H, Ar) 8.3–8.4 (br, 1H, Ar). IR (cm�1,
KBr): 3045, 2960, 2207 (C^C), 1590, 1512, 1484, 1454, 1362 (N–Ar),
1226, 806, 744. P3 1H NMR (400 MHz, ppm, CDCl3): 0.8–0.9 (br, 6H,
–CH2CH3), 1.1–1.5 (br, 20H, –CH2–), 1.7–1.9 (br, 4H, –CH2–), 2.8–2.9
(br, 4H, –CH2–), 7.3–7.4 (br, 1H, Ar) 7.4–7.5 (br, 5H, Ar) 7.5–7.6 (br,
3H, Ar) 7.7–7.8 (br, 2H, Ar) 8.1–8.2 (br, 1H, Ar) 8.3–8.4 (br, 1H, Ar). IR
(cm�1, KBr): 2922, 2852, 2200 (C^C), 1514, 1361 (N–Ar), 1227, 1103,
807, 743. P4 1H NMR (400 MHz, ppm, CDCl3): 7.3–7.4 (br, 1H, Ar)
7.4–7.5 (br, 4H, Ar) 7.6–7.8 (br, 6H, Ar) 7.8–7.9 (br, 3H, Ar) 7.9–8.0 (br,
tes for EEPCz and 8.



Table 1
Polycondensation of EEPCz with dihaloarenes 1–7.a

Dihaloarene Temperature (�C) Polymer

Yieldb (%) Mw Mw/Mn
c

1 30 P1 86 6200 1.6
2 30 P2 85 4100 1.4
3 30 P3 92 48 000 1.8
4 30 P4 57 12 500 2.2
5 50 P5 25 9600 3.6
6 50 P6 24 8400 2.6
7 50 P7 31 7900 2.9

a Conditions: [EEPCz]0¼ [dihaloarene]0¼ 0.10 M, [PdCl2(PPh3)2]¼ 2.0 mM,
[CuI]¼ 8.0 mM, in THF/Et3N¼ 4/1 (v/v), under N2, 48 h.

b MeOH-insoluble part.
c Estimated by GPC, eluent THF, (PSt standards).

Fig. 1. (a) UV–vis spectra of EEPCz and P1–P3 (c¼ 1.70–3.43�10�5 M) and (b) P4–P7
(c¼ 2.13–2.55�10�5 M) measured in THF.
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3H, Ar) 8.1–8.2 (br, 1H, Ar) 8.3–8.4 (br, 1H, Ar). IR (cm�1, KBr): 3042,
2958, 2922, 2852, 2204 (C^C), 1513, 1474, 1454, 1361 (N–Ar), 1325,
1226, 1098, 1003,844, 806, 743. P5 1H NMR (400 MHz, ppm, CDCl3):
7.3–7.6 (br, 8H, Ar) 7.6–7.9 (br, 7H, Ar) 8.0–8.3 (br, 2H, Ar) 8.5–8.6
(br, 1H, Ar) 8.7–8.8 (br, 1H, Ar). IR (cm�1, KBr): 3042, 2917, 2850,
2199 (C^C), 1597, 1510, 1475, 1455, 1360 (N–Ar), 1325, 1228, 743,
419, 404. P6 1H NMR (400 MHz, ppm, CDCl3): 7.3–7.4 (br, 1H, Ar)
7.4–7.5 (br, 3H, Ar) 7.6–7.8 (br, 4H, Ar) 7.8–8.0 (br, 3H, Ar) 8.1–8.2
(br, 1H, Ar) 8.4–8.5 (br, 1H, Ar). IR (cm�1, KBr): 3291, 3043, 2961,
2916, 2203 (C^C), 1598, 1509, 1474, 1454, 1362 (N–Ar), 1326, 1228,
837, 808, 744. P7 1H NMR (400 MHz, ppm, CDCl3): 7.1–7.2 (br, 1H,
Ar) 7.3–7.4 (br, 1H, Ar) 7.4–7.5 (br, 3H, Ar) 7.6–7.8 (br, 2H, Ar) 7.8–7.9
(br, 4H, Ar) 7.9–8.0 (br, 2H, Ar) 8.0–8.1 (br, 1H, Ar) 8.1–8.2 (br, 2H,
Ar) 8.3–8.4 (br, 1H, Ar). IR (cm�1, KBr): 3289, 3045, 2961, 2872, 2200
(C^C), 1598, 1509, 1475, 1454, 1362 (N–Ar), 1326, 1229, 1065, 807,
746. P30 1H NMR (400 MHz, ppm, CDCl3): 0.8–0.9 (br, 6H, –CH2CH3),
1.1–1.5 (br, 20H, –CH2–), 1.7–1.9 (br, 4H, –CH2–), 2.8–2.9 (br, 4H,
–CH2–), 7.3–7.4 (br, 2H, Ar) 7.4–7.6 (br, 8H, Ar) 7.6–7.7 (br, 4H, Ar)
7.8–7.9 (br, 4H, Ar) 8.1–8.2 (br, 2H, Ar) 8.3–8.4 (br, 2H, Ar). IR (cm�1,
KBr): 3041, 2922, 2851, 2201 (C^C), 1516, 1475, 1453, 1351 (N–Ar),
1324, 1227, 806, 743.

2.7. Evaluation of photoconductivity

A 2 wt% solution of P3 in THF was cast on an ITO electrode and
then dried in vacuo for 12 h to prepare a thin film with a thickness of
20 mm. Au was vacuum-evaporated to prepare a counter electrode
for the ITO electrode. The relationships between current (I) and
applied voltage (V) for the ITO/P3 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 photo-illumination
(2.5 mW/m2) with a Xe lamp using a thermoabsorption filter.
Table 2
Solubility of the polymers.a

Polymer Solvent

Hexane Toluene CH2Cl2 CHCl3 MeOH Acetone DMF

P1 � þþ þþ þþ � þ þþ
P2 � þþ þþ þþ � þ þþ
P3 þ þþ þþ þþ � þ þ
P4 � þ þ þþ � þ þ
P5 � þ þ þþ � þ þþ
P6 � þ þ þþ � þ þ
P7 � þ þ þþ � � þþ
P30 � þþ þþ þþ � þ þ
Poly(3,9-carbazolylene-

ethynylenephenylene)
� þ þ þþ � � þ

a THF-soluble part. Symbols: þþ, soluble; þ, partly soluble; �, insoluble.
2.8. Molecular mechanics and molecular orbital calculations

The geometries of the conformers in Fig. 4 were optimized first
with molecular mechanics using the MMFF94 force field [16], then
with the semiempirical molecular orbital method using the AM1
hamiltonian on Wavefunction, Spartan ’06 Windows. The ends of the
trimers were terminated with methyl groups. The UV–vis spectra of
EEPCz and P1–P3 were predicted regarding EEPCz and the trimers of
1–3 using the MOS-F, ZINDO [17] on Fujitsu Scigress Explorer 7.7,
wherein the geometries were optimized using the AM1.
Table 3
UV–vis and fluorescence spectroscopic data of the polymers.a

Polymer lmax (nm) lemi (nm) 4b (%)

P1 303, 355 400 91
P2 272, 292, 341 393 61
P3 304, 361 399 83
P4 261, 351, 374 392 0.33
P5 290, 355, 374 499 63
P6 298, 319, 441 548 28
P7 320, 478 566 22
P30 303, 347 392 80
Poly(3,9-carbazolylene-

ethynylenephenylene)c
295, 352 376 28

a Measured in THF.
b Determined using anthracene as a standard.
c Data from Ref. [11].



Fig. 2. UV–vis spectra of 8 and P30 (c¼ 1.99–2.92�10�5 M) measured in THF.
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3. Results and discussion

3.1. Monomer synthesis

Scheme 2 illustrates the synthetic routes for carbazole-based
monomers EEPCz and 8 having two ethynyl groups. EEPCz was
synthesized by the Sonogashira coupling of 9-(4-iodophenyl)-
Fig. 3. (a) UV–vis spectra of P1 and P2 predicted by MOS-F (ZINDO) and (b) rela-
tionship between the lmax observed and predicted.
3-trimethylsilylethynylcarbazole with trimethylsilylacetylene, fol-
lowed by desilylation using K2CO3 [12]. Monomer 8 was synthe-
sized by the Ullmann type coupling of diiodobenzene with two
equivalents of 3-trimethylsilylethynylcarbazole, followed by desi-
lylation. The monomers were obtained as white solids after puri-
fication by column chromatography. The structures of the
monomers were confirmed by 1H, 13C NMR, and IR spectroscopies
besides elemental analysis.

3.2. Polycondensation

Table 1 summarizes the conditions and results of the poly-
condensation of carbazole-based EEPCz with dihaloarenes 1–7
catalyzed with PdCl2(PPh3)2–CuI in THF/Et3N at 30 or 50 �C for 48 h.
Diiodoarenes 1–4 gave polymers with Mw¼ 4100–48,000 in
moderate yields (57–92%). On the other hand, dibromoarenes 5–7
gave polymers with Mw¼ 7900–9600 in low yields (24–31%). This
difference seems to be caused by the reactivity of bromoarenes
lower than that of iodoarenes in the Sonogashira coupling reaction
[18]. The formed polymers exhibited neither 1H NMR signals at 3.08
and 3.18 ppm nor IR absorption peak at 3276 cm�1 due to the
ethynyl groups of EEPCz. In addition, carbazole-based diethynyl
monomer 8 and diiodoarene 3 were polymerized to give the cor-
responding polymer P30 with Mw¼ 4100, Mw/Mn¼ 4.0 in 30% yield.
P30 did not exhibit the 1H NMR signal and IR absorption peak due to
the ethynyl group of 8, either. In the synthesis of P4–P7 and P30,
THF-insoluble parts were partly formed. It was considered that the
THF-insoluble parts were high-molecular weight polymers because
the IR spectra were almost the same as those of the THF-soluble
parts. Table 2 summarizes the solubility of THF-soluble parts of the
polymers and poly(3,9-carbazolyleneethynylenephenylene) (Chart
2). All the polymers were also soluble in CHCl3. P1 and P2 were
soluble in toluene, CH2Cl2 and DMF in addition to CHCl3 and THF.
Their solubility was high compared with poly(3,9-carbazolylene-
ethynylenephenylene) (Chart 2). P3 was partly soluble in hexane,
indicating that the octyl side chains enhanced the lipophilicity. The
polymers had film-forming property.
Fig. 4. HOMO images of P1 (top) and P2 (bottom).



Fig. 5. (a) Fluorescence spectra of EEPCz, P1 and P2 (c¼ 4.56–34.3�10�7 M), (b) P3–P7 (c¼ 2.13–2.55�10�6 M), (c) 8 and P30 (c¼ 6.63–25.0�10�7 M) measured in THF. (d)
Photograph of polymer solutions of P3 and P5–P7 (from left to right) under irradiation of UV light at 365 nm.
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3.3. Optical properties

Fig. 1 shows the UV–vis spectra of EEPCz and P1–P7 measured in
THF. P1–P4 exhibited carbazole-based absorption peaks around
300 nm, and also around 350 nm that were not observed in the
spectra of EEPCz. This fact indicates the existence of main chain
conjugation via nitrogen atom of the carbazole unit. The absorption
peak of P2 was positioned at a wavelength shorter than those of P1,
presumably due to the m-phenylene structure, which is unfavor-
able for conjugation compared to the p-linked one. P5–P7 also
exhibited carbazole-based absorption peaks around 300 nm, and
absorption bands over 400 nm originating from intramolecular
charge transfer [19]. The lmax values of P1 and P3–P7 are 3–126 nm
longer than that of poly(3,9-carbazolyleneethynylenephenylene)
[11] (see Table 3), indicating the extension of conjugation length
due to the additional arylene units. The blue shift (–11 nm) of lmax

of P2 compared with that of poly(3,9-carbazolyleneethynylene-
phenylene) seems to be caused by the m-phenylene linkage, which
is likely to disturb conjugation.

Fig. 2 shows the UV–vis spectra of 8 and P30 measured in THF.
The lmax of P30 was positioned at 347 nm, 70 nm longer than that of
8, indicating that P30 is largely conjugated compared with 8. It
should be noted that the lmax of P30 was a little shorter than that of
P3. It seems that the carbazole units and phenylene spacer of 8 are
twisted due to the repulsion between the 1,8-protons of carbazole
and phenylene protons, leading to the conjugation length of P30

shorter than that of P3.
Fig. 3 illustrates the UV–vis spectra of P1 and P2 predicted by the
MOS-F (ZINDO) method [17], together with the relationship
between the predicted and observed lmax values of EEPCz and P1–
P3. Trimers were used for prediction of P1–P3, wherein both ends
were terminated with methyl groups. The lmax of P1 was predicted
to be 325 nm, 30 nm shorter than the one observed. One possible
reason for the deviation is the difference between the trimer (pre-
dicted) and polymer (observed). Neglect of solvent effects in calcu-
lation also seems to affect it [20]. EEPCz, P2 and P3 showed the same
tendency. The almost linear relationship between the predicted and
observed lmax values indicates that the ZINDO can appropriately
simulate the UV–vis absorption spectra of the polymers.

The lmax difference between P1 and P2 was about 15 nm both in
the observed and predicted spectra. Semiempirical molecular
orbital calculations of trimers of P1 and P2 were carried out using
the AM1 hamiltonian to obtain the information on conjugation of
the polymers. As shown in Fig. 4, the HOMO of P2-trimer was
extended over 1.5 units through m-phenylene and two carbazole
units. On the other hand, the HOMO of P1-trimer was largely
extended over 2.5 units through two p-phenylene and three
carbazole units. It is understood that P1 delocalizes the electron
through the main chain more than P2, leading to the longer lmax.

Fig. 5 depicts the fluorescence spectra of EEPCz, 8 and P1–P7
excited at the main chain-based absorption maxima. Table 3 lists the
fluorescence spectroscopic data of P1–P7 and poly(3,9-carbazoly-
leneethynylenephenylene) [11], along with the absorption lmax.
EEPCz emitted vibronic fluorescence due to the carbazole moiety



Fig. 6. (a) UV–vis spectra (c¼ 2.74�10�5 M) and (b) fluorescence spectra
(c¼ 4.56� 10�7 M) of P1 measured in various solvents.

Fig. 7. UV–vis and fluorescence spectra of P3 measured in the film state.

Fig. 8. (a) UV–vis spectra of P4 with irradiation at 300< l< 400 nm measured in THF
(c¼ 2.13�10�5 M) and (b) with irradiation at 420 nm< l, after irradiation at
300< l< 400 nm for 30 min.
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around 360 nm. P1–P7 emitted fluorescence at longer wavelength
regions than EEPCz. P1–P3 and P30 emitted blue fluorescence
around 390–400 nm in quantum yields ranging from 61 to 91%,
which are very high compared with poly(3,9-carbazolyleneethy-
nylenephenylene) [11] and poly(carbazolyleneethynylenearylene)s
reported so far [10]. P4 also emitted fluorescence at this region, but
the quantum yield was very low (0.33%) presumably due to facile
energy transfer to the cis–trans-azobenzene transition from any
higher state. P5, P6 and P7 emitted green (499 nm), yellow
(548 nm) and orange (566 nm) fluorescence, respectively. It is
thought that charge transfer occurred from carbazole to accepter
units, leading to the fluorescence emission at these long wavelength
regions [19]. The relatively low quantum yields (22–28%) are
attributable to this charge transfer.

Fig. 6 shows the UV–vis and fluorescence spectra of P1
measured in various solvents. The UV–vis spectral patterns were
almost the same one another irrespective of the solvents. The
fluorescence spectra showed similar shapes except in toluene. p–p
Interaction between P1 and toluene may have caused this differ-
ence. Another possible reason is aggregation of the polymer in
toluene, which is likely to affect the fluorescence [21].

Fig. 7 shows the UV–vis and fluorescence spectra of P3 fabri-
cated in a film by casting a toluene solution on a quartz plate. There
was little difference between the UV–vis spectra of the solution
(Fig. 1) and film samples. On the other hand, the P3 film showed
two kinds of fluorescence peaks, sharp one at 403 nm and broad
one at a longer wavelength region, which was not observed in the
P3 solution (Fig. 5b). The latter emission is attributable to excimers
because p-stacking between polymer chains occurs largely in the
bulk than in diluted solution [4c].

A P4 solution in THF was irradiated with UV light at a wave-
length of 300 nm< l< 400 nm at 20 �C to check the isomerization
of azobenzene unit, which was monitored by UV–vis absorption



Fig. 9. (a) Cyclic voltammogram of P1 (1 mM) measured at a scan rate of 0.1 V/s, vs.
Ag/Agþ in an n-Bu4NClO4 (0.1 M) solution in CH2Cl2, 2nd–5th cycles. (b) Relationship
between oxidation voltage (Eox) determined by CV and lmax of P1–P3 together with
EEPCz.

Fig. 10. Relationships between current and voltage applied to ITO/P3/Au cells (effec-
tive electrode area 0.12 cm2, thickness 20 mm) measured at room temperature under
reduced pressure of 10�2 Torr. (-) Without photoirradiation. (�) Under photo-
irradiation (2.5 mW/m2) with a Xe lamp using a thermoabsorption filter.
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spectroscopy. As shown in Fig. 8, P4 strongly absorbed light around
350 nm, which is attributable to p–p* transition band of the
conjugated main chain containing trans-azobenzene units. This
absorption slightly decreased the intensity upon UV light irradia-
tion to level off in 1 min. Simultaneously, a weak shoulder
absorption attributable to n–p* transition band of cis-azobenzene
units appeared around 410 nm. These spectral changes indicate
that trans-to-cis photo-isomerization of azobenzene moieties took
place at the polymer main chain. Next, the UV light irradiated
sample was further irradiated with visible light to check the
reversibility of photo-isomerization of the azobenzene units. P4
slightly increased and decreased the absorption around 350 and
410 nm upon visible light irradiation, respectively. After 1 min, the
UV–vis absorption returned to the original state. These spectral
changes indicate the cis-to-trans photo-isomerization of azo-
benzene moieties in the polymer, and the isomerization is revers-
ible. It seems that the small degree of photo-isomerization is due to
the overlap of absorption bands of azobenzene with those of
conjugated main chain.

3.4. Electrochemical properties

We further examined the electrochemical properties of the
polymers. Fig. 9 (a) depicts the CV curves of P1 measured in CH2Cl2
with tetra-n-butylammonium perchlorate as an electrolyte and Ag/
Agþ electrode as a reference. P1 was reversibly oxidized at 0.52 V
and then reduced at 0.47 V, which was likely to occur at nitrogen
atom of carbazole unit. P1 did not exhibit a peak based on the
formation of C–C bond linkages between the 6-positioned carbons
of carbazoles at adjacent polymer chains. It seems that cation
radical generated by oxidation is delocalized to suppress this
reaction. P1 was oxidized and reduced at 0.06 V and 0.04 V lower
than those of poly(3,9-carbazolyleneethynylenephenylene) [11].
Moreover, we investigated the relationship between oxidation
voltage (Eox) and lmax of P1–P3 together with EEPCz. As shown in
Fig. 9 (b), Eox and lmax showed a linear relationship. It is considered
that a long conjugation length narrows the band gap, leading to
a low Eox.
3.5. Conductivity

Fig. 10 depicts the I–V curve of an ITO/P3/Au cell. The dark
conductivity was calculated to be 1.1�10�14 S/cm under an elec-
tric field of 103 V/cm (2 V). This conductivity is 2 orders higher
than that of a polyphenylacetylene carrying carbazole moieties in
the side chain [22], presumably due to the p-conjugation of the
main chain, which is effective for electronic functional applica-
tions. The current under an applied voltage at 2 V was twice as
large under photo-illumination as in the dark. This proves that P3
is photoconductive. It has been reported that photocurrent/dark
current ratio of polyacetylenes carrying carbazole moieties in the
side chain is 10–50 [22], which depends on the structure but is
much larger than that of P3. As mentioned above, the present
polymers showed fluorescence quantum yields higher than poly-
acetylenes with carbazole pendants, suggesting that quenching
effectively diminishes photogenerated holes. It is assumed that
P3, therefore, shows lower photoconductive properties. However,
the results of Fig. 10 clearly indicate that the designed polymer
works as a photoelectronic functional polymer such as light-
emitting materials.
4. Summary

In this article, we have demonstrated the synthesis of novel
conjugated polymers P1–P7 containing 3,9-linked carbazole units
in the main chain, and examined the optical and electrical prop-
erties. The polymers were obtained by the polycondensation of the
corresponding diethynyl-substituted carbazole derivatives EEPCz
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and 8 with dihaloarenes (1–7) by the Sonogashira coupling poly-
condensation. The polymers were more soluble in various solvents
than poly(3,9-carbazolyleneethynylenephenylene) [11] that we
previously synthesized. All the polymers absorbed light at a wave-
length region longer than the carbazole units. This seems to be
brought about by the conjugated main chain through the nitrogen
atom of the carbazole unit. In addition, P5–P7 exhibited absorption
bands originating from charge transfer from carbazole to accepter
units. The polymers emitted variously colored fluorescence excited
at the main chain-based absorption maxima. Especially, P1, P3 and
P30 emitted blue fluorescence in high quantum yields. P1–P3 were
reversibly oxidized and reduced, whose oxidation potentials cor-
responded well with the lmax values. P3 showed the dark
conductivity of 1.1�10�14 S/cm (103 V/cm).
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