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Abstract

Carbazole-containing donor—acceptor type conjugated polymers were prepared by Sonogashira cross-coupling reaction of 3,6-diethynyl-9-
hexadecylcarbazole and arylene dibromides, and the optical and electrochemical properties were extensively investigated. Copolymerization
with 4,7-dibromo-2,1,3-benzothiadiazole furnished the orange-colored polymer with a charge-transfer band at 440 nm in CH,Cl,, indicating
efficient intramolecular donor—acceptor interactions. On the other hand, the color of the copolymer with 2,5-dibromopyridine was ocher and
the longest wavelength absorption band was 381 nm in CH,Cl,, suggesting almost negligible donor—acceptor interactions. This difference
was also reflected by the emission spectra, solvatochromic behaviors, and electrochemical redox potentials. Comparison of the ethynylene spacer
between the donor and acceptor moieties to other -spacers revealed that the ethynylene spacer serves as a more efficient 7-spacer than vinylene
and direct connection (without spacer) for strong donor—acceptor coupling in this polymer system.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Donor—acceptor (D—A) type conjugated polymers have at-
tracted increasing attention since they can serve as efficient
nonlinear optical (NLO) and electrochromic materials as
well as low-band-gap polymers with high intrinsic conducti-
vity in the neutral state [1—11]. The NLO effects and the elec-
tronic properties are highly dependent on the polymer band
gaps associated with intramolecular D—A interactions. Carb-
azole is known not only as an efficient short wavelength emitter
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but also as a strong electron-donating chromophore. The con-
jugative coupling with electron-accepting moieties through
a T-spacer results in a charge-transfer band caused by the in-
tramolecular D—A interactions. The strength of D—A interac-
tions is determined by acceptor groups and T-conjugated
spacers. Strong electron-accepting groups and short spacers
generally enhance the D—A interactions, whereas weak elec-
tron-accepting groups and long spacers lower the D—A
strength. To utilize these characteristics in practical optoelec-
tronic materials, many conjugated carbazole polymers have
been prepared and the properties were extensively investigated
[12—17]. One of the most common approaches to conjugated
carbazole polymers is the connection at 3,6-positions through
m-conjugated spacers [18—30]. For example, some alternating
copolymers, poly(1) and poly(2), of electron-donating carba-
zole and electron-accepting benzothiadiazole groups via direct
connection and through a vinylene spacer, respectively, have
been prepared, and they were revealed to show excellent
electrochromic and electroluminescent properties based on
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the D—A interactions (Scheme 1) [31—34]. However, another
advantageous Tt-spacer of ethynylene group has never been ap-
plied to the alternating conjugated polymer composed of the
same donor and acceptor combination [35]. An ethynylene
spacer is an important class of T-spacers for efficient elec-
tronic communication of 7t-chromophores and for construction
of poly(arylene ethynylene)s by Sonogashira cross-coupling
reaction [36,37].

In this paper we report the preparation of novel carbazole-
containing D—A type conjugated polymers by Sonogashira
cross-coupling reaction. Efficiency of D—A strength in the
polymers was characterized by optical absorption and emis-
sion spectroscopy as well as electrochemistry. The D—A
type polymers showed significant solvent-dependence of opti-
cal absorption and emission spectra. Especially for the poly-
mer with benzothiadiazole acceptors, the intensity of the
charge-transfer band can be controlled by addition of trifluoro-
acetic acid (TFA) or methanol.

2. Experimental section
2.1. Measurements

"H 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. Infrared (IR) spectra were recorded on
a JASCO FT/IR-4100 spectrometer. UV—vis spectra were re-
corded on a JASCO V-550 spectrophotometer. Fluorescence
spectra were measured on a JASCO FP6500 spectrophotome-
ter. Gel permeation chromatography (GPC) was measured on
a JASCO system (PU-980, CO-965, RI-930, UV-970, and
AS-950) equipped with polystyrene gel columns using THF
as an eluent at a flow rate of 1.0 mlmin~' after calibration
with standard polystyrene. Thermogravimetric analysis
(TGA) was carried out on a Rigaku Thermoplus TG 8120,
at a heating rate of 10 °C min~' between 20 °C and 500 °C.
Differential scanning calorimetry (DSC) measurements were
carried out on a Rigaku Thermoplus DSC 8230 equipped
with LN, controller. Electrochemistry measurements were car-
ried out at 20 °C in a classical three-electrode cell. The work-
ing and auxiliary electrodes were a glassy carbon disk
electrode (0.07 cm?) and Pt, respectively. The reference elec-
trode was Ag/Ag"/CH;CN/nBuyNCIO, for both solution and
thin film measurements. Polymer thin films on a glassy carbon

disk electrode were prepared by casting the CH,Cl, solution
followed by drying under air.

2.2. Materials

Chemicals and dehydrated solvents were purchased from
Kanto, Tokyo Kasei, and Wako, and used as received. 3,6-Di-
ethynyl-9-hexadecylcarbazole was prepared according to the
literature procedure from 9-hexadecylcarbazole by iodination
followed by Sonogashira cross-coupling reaction with trime-
thylsilylacetylene and the deprotection of the silyl group
[38]. 4,7-Dibromo-2,1,3-benzothiadiazole was prepared by
bromination of commercially available 2,1,3-benzothiadiazole
[39].

2.3. Polymerization

All the polymerizations were carried out by Sonogashira
cross-coupling reaction of the two monomers in an inert atmo-
sphere. In a glove box 3,6-diethynyl-9-hexadecylcarbazole
(100 mg, 0.227 mmol), arylene dibromide (0.227 mmol),
Pd(PPh3), (10.5 mg, 9.72 umol), and Cul (1.7 mg, 9.0 pmol)
were placed in a Schlenk tube. After addition of deoxygenated
toluene (3.0 ml) and diisopropylamine (1.5 ml), the tube was
removed from the glove box and then heated to 60 °C for
24 h. After cooling to room temperature, the polymerization
mixture was poured into a large amount of methanol to precip-
itate a polymer, which was collected by filtration followed by
drying in vacuo at room temperature.

Poly(3): '"H NMR (300 MHz, C¢Dy): 6 =0.90—0.92 (br,
—CHj), 1.10—1.34 (br, —CH,—), 3.57 (br s, N—CH,—),
6.83—8.40 ppm (br, ArH); IR (KBr): v =2923, 2851, 2203,
2140, 1623, 1595, 1483, 1383, 1350, 1286, 1236, 1149,
1132, 882, 841, 806, 723, 653, 590 cm™". Poly(4): 'H NMR
(300 MHz, C¢Dg): 6=0.90—0.92 (br, —CH3), 1.10—1.34
(br, —CH,—), 3.54—3.56 (br, N—CH,—), 6.82—9.11 ppm
(br, ArH); IR (KBr): v=12923, 2852, 2209, 2140, 1627,
1595, 1564, 1540, 1485, 1467, 1383, 1351, 1286, 1235,
1149, 1132, 1089, 1002, 880, 832, 806, 742, 727 cm .
Poly(5): '"H NMR (300 MHz, C¢Dg): 6 =0.92 (br s, —CHj3),
1.07—-1.32 (br, —CH,—), 3.49-3.62 (br, N—CH,—), 6.81—
8.32 ppm (br, ArH); IR (KBr): v =2923, 2852, 2208, 2139,
1628, 1596, 1483, 1467, 1383, 1351, 1286, 1236, 1149,
1132, 1069, 1022, 1010, 882, 805, 723, 653, 590 cm ™.

3. Results and discussion
3.1. Polymer synthesis and characterization

All the polymers were prepared by Sonogashira cross-cou-
pling reaction between 3,6-diethynyl-9-hexadecylcarbazole
and arylene dibromides (Scheme 2). The polymerization re-
sults are summarized in Table 1. The carbazole monomer
and the arylene dibromides were reacted in toluene//Pr,NH
(2:1) mixtures at 60 °C for 24 h in the presence of Pd(PPh3),
and Cul as catalysts. The monomer feed ratio was maintained
at [C=CHYJ/[Br] = 1:1 so as to furnish larger molecular weight
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polymers. Poly(3) and Poly(4) possessing benzothiadiazole
and pyridine electron-accepting moieties, respectively, were
obtained as an orange and ocher solid, respectively, reflecting
the different intramolecular D—A strength (vide infra). Poly(5)
was prepared as a control sample without D—A interactions.
As shown in Table 1, all polymers were obtained in moderate
yields (61—67%) with reasonable molecular weights, e.g.,
a number average molecular weight, M,,, of 6000 for poly(4)
determined by GPC (THF eluent, calibrated with polystyrene
standards). The polymer structures were characterized by 'H
NMR and FT-IR spectra. In the 'H NMR spectra, the alkyne
peak of the carbazole monomer almost completely disap-
peared after the polymerization (Fig. 1). The IR absorption
bands were consistent with the '"H NMR results. The =C—
H and C=C stretching vibrations of the carbazole monomer
at 3291 and 2103 cmfl, respectively, became negligible after
the polymerization, and a new peak ascribed to the C=C

Table 1

Polymerization results®

Polymer Yield® (%) M, x 107% M, x 1073¢ MyIM,°
Poly(3) 61 7.22 4.73 1.53
Poly(4) 67 15.5 6.00 2.58
Poly(5) 61 26.7 17.2 1.56

@ All polymerizations were carried out in toluene/iProNH (2:1) at 60 °C for
24 h: [M] =50 mM; [Pd(PPh3)4] = [Cul] =2 mM.

P After precipitation into methanol.

¢ Determined by GPC (THF eluent, calibrated by polystyrene standard).

bond of poly(arylene ethynylene)s appeared at 2203 cm ™' for
poly(3), 2209 cm™' for poly(4), and 2208 cm™' for poly(5).
The polymers are highly soluble in common organic solvents
such as CH,Cl,, CHCl3, toluene, and THF, but sparsely soluble
in methanol and hexane.

The thermal stability of the polymers was investigated by
thermogravimetric analysis (TGA) in the temperature range
of 25—500°C (Fig. 2). TGA indicated that all polymers
were so thermally stable that they did not show any noticeable
weight loss at least up to 300 °C. The 5% weight loss temper-
atures were determined to be 402 °C for poly(3), 353 °C for
poly(4), and 386 °C for poly(5). The values are comparable
to those reported for other carbazole-containing conjugated
polymers [34].

3.2. UV—vis and fluorescence spectra

Optical properties were investigated in various solvents.
Fig. 3 shows the UV—vis and fluorescence spectra of
poly(3), poly(4), and poly(5) in CH,Cl,. Poly(3) displayed
a distinct charge-transfer band at 440 nm ascribed to the intra-
molecular D—A interactions between carbazole donor and
benzothiadiazole acceptor moieties, whereas the longest wave-
length absorption band of poly(4) was almost the same as that
of poly(5) without acceptor moieties. This result indicates that
benzothiadiazole moiety is a stronger electron-acceptor than
pyridine moiety. The optical band gaps of poly(3) and
poly(4), estimated from the end absorptions in CH,Cl,, were
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Fig. 1. '"H NMR spectra of (a) poly(3) and (b) poly(4) in C¢Dg at 20 °C. The residual solvent peak is marked.

2.30 eV (539 nm) and 2.74 eV (453 nm), respectively. Copoly-
merization with a stronger electron-accepting monomer rea-
sonably reduces the band gap of the resulting carbazole
polymer. Poly(3) showed a strong emission at 566 nm in
CH,Cl,, indicating complete quenching of the emission from
carbazole moiety. On the other hand, poly(4) and poly(5) dis-
played the emission from carbazole moiety, suggesting negli-
gible D—A interactions in these polymers. In contrast to the
absorption spectra, the shape of fluorescence spectra of
poly(4) and poly(5) were different. Poly(4) showed a monomo-
dal emission peak similar to that of poly(3), whereas poly(5)
displayed multiple shoulders with the end emission reaching
700 nm.

These absorption and emission bands, especially of poly(3),
showed a distinct solvatochromism. From CH,Cl, (A=
440 nm, 2.82eV; Aemmax =566 nm, 2.19eV) to hexane
(Amax =421 nm, 2.95eV; Aemmax =494 nm, 2.51 eV), well-
defined large shifts of 0.13 and 0.32eV for absorption
and emission spectra, respectively, are observed for poly(3)
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Fig. 2. Thermogravimetric analysis of poly(3), poly(4), and poly(5).
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Fig. 3. (a) UV—vis and (b) fluorescence spectra of poly(3), poly(4), and
poly(5) in CH,Cl, at 20 °C.
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Table 2
Optical properties of the carbazole polymers

Polymer Solvent Amax (nm) Aem.max (0M) Stoke shift (cm™")
Poly(3) CH,Cl, 440, 384, 3517, 316 566 5060

Poly(4) CH,Cl, 3817 358, 318 428 2882

Poly(5) CH,Cl, 3827, 353, 315 5377, 470°%, 428, 402 b

Poly(3) Hexane 421, 307 494%, 474 3673

Poly(4) Hexane 373% 318 415, 395 2713

Poly(5) Hexane 372%, 308 418, 404 2958

% Shoulder.

> Could not be determined due to the uncertainty of Ay, and Aem max-

(Table 2). The emission spectra of poly(3) displayed a greater
solvatochromic effect than the absorption spectra in the same
solvents, and accordingly the large Stokes shift of 5060 cm ™
in CH,Cl,, representing a large transition dipole moment of
poly(3), became much smaller in hexane (3673 cm_l). In con-
trast, solvatochromic effects of poly(4) and poly(5) are not sig-
nificant, and the values of the Stokes shift are almost of the
same order of magnitude in both CH,Cl, and hexane.

The above results clearly demonstrate that the strength of
the D—A interactions in the carbazole-containing polymers
can be tuned by the acceptor moieties. Copolymerization
with the stronger electron-accepting benzothiadiazole moiety
results in the larger D—A interactions. However, a larger D—
A interaction does not always lead to a smaller band gap
[40—42]. In a ®-conjugated system, efficient D—A conjuga-
tion lowers the HOMO level and elevates the LUMO level,
and weaker D—A coupling, in contrast, elevates the HOMO
level and lowers the LUMO level. In addition to the combina-
tion of donor and acceptor chromophores, Tt-spacers between
them are also known to play an important role in determining
D—A coupling strength [43,44]. Therefore, to prove these cri-
teria in polymer systems, we compared the charge-transfer
band of poly(3) to the reported values of poly(1) and
poly(2) composed of the same donor and acceptor combina-
tion but different 7-spacer groups. In thin film states
poly(3) displayed the charge-transfer band at 453 nm, which
is bathochromically shifted relative to those in solutions. The
Amax Values of poly(1) and poly(2), in which donor and accep-
tor moieties are connected directly and through vinylene
spacer, respectively, are reported to be 465 and 504 nm in
thin film states [31,34]. Previously, an ethynylene spacer in-
serted between donor and acceptor groups clearly weakened
the D—A coupling because of the elongated distance between
donor and acceptor moieties [45,46]. However, in this case,
insertion of the ethynylene spacer results in a hypsochromic
shift of the A,.x, representing an enhanced D—A coupling.
This is probably caused by the sterically enforced deconjuga-
tion between donor and acceptor groups in poly(1), i.e., the
arylene units are twisted with respect to each other. Compar-
ison of the charge-transfer band positions of poly(2) and
poly(3) indicates that the ethynylene spacer much more effi-
ciently strengthens the D—A coupling than the vinylene
spacer. Consequently, efficiency of the intramolecular
charge-transfer in the ground state increases in the order of
poly(2) < poly(1) < poly(3).

We also found that intensity of the charge-transfer band of
poly(3) can be controlled by addition of trifluoroacetic acid
(TFA) or methanol. It is known that TFA undergoes proton-
ation of amine moiety, leading to disappearance of the elec-
tron-donating ability. Accordingly, upon protonation of the
carbazole moieties with TFA, the solution of poly(3) became
almost colorless and the intensity of the charge-transfer band
significantly decreased (Fig. 4). The charge-transfer band
can be fairly regenerated upon neutralization with triethyl-
amine (TEA). Addition of methanol is known to induce
aggregation of -conjugated polymers and this has been
investigated for many poly(arylene ethynylene)s including car-
bazole-containing polymers [47—50]. As the content of meth-
anol increased, the absorption bands of poly(4) and poly(5)
became broader and red-shifted tails as well as slightly blue-
shifted absorption maxima were generated (Fig. 5). This result
is consistent with the previous report by Leclerc, suggesting
that significant excitonic coupling caused such solvatochromic
effects [50]. On the other hand, addition of methanol to
a CH,Cl, solution of poly(3) brings about different chromic
behavior. As an increase in methanol content, the intensity
of the charge-transfer band of poly(3) decreased and the shoul-
der peaks at 351 and 384 nm were hypsochromically shifted
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Fig. 4. Intensity shift of the charge-transfer band of poly(3) in CH,Cl, at 20 °C
upon addition of trifluoroacetic acid followed by triethylamine.
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Fig. 5. Solvent dependent UV—vis spectra of (a) poly(3), (b) poly(4), and (c)
poly(5) in various CH,Cl,/methanol mixtures at 20 °C.

Table 3
Electrochemical data of the carbazole polymers®

Polymer Cyclic voltammetry Differential pulse
voltammetry
E°Y (V) ES (V) E°Y (V)

Poly(3) In solution” 0.92, 1.49 1.10, 1.47 0.94, 1.23
Poly(4) In solution® 1.03,1.17  0.94, 1.07
Poly(5) In solution” 0.93, 1.47
Poly(3) Film® 0.94 0.96, 1.18
Poly(4) Film® 0.91 0.96

Poly(5) Film*® 0.90 0.94, 1.20

* Potentials vs. Ag/Ag™ couple. Working electrode: glassy carbon electrode;
counter electrode: Pt; reference electrode: Ag/Ag™.

® In CH,CL, (1 mM/repeat unit) with 0.1 M (n-C4Ho)4NCIO, at 20 °C.
Scanning rate of 0.1 Vs~' for CV. Fe/Fc™ =0.21 V.

¢ In CH3CN with 0.1 M (n-C4Hy)4NClO, at 20°C. Scanning rate of
0.1 Vs~ for CV. Fe/Fc™ =0.08 V.

d po= (Epa + Epe)/2, in which Ep, and E,. correspond to the anodic and
cathodic peak potentials, respectively.

¢ E, =Irreversible oxidation peak potential at scanning rate of 0.1 V sl

(Fig. 5). This can be explained by the formation of J-aggre-
gates. We speculate that the aggregation induced the sterically
twisted deconjugation between donor and acceptor moieties,
leading to insufficient D—A interactions and, consequently,
a decrease in the intensity of the charge-transfer band. It
should be noted that the cast film of poly(3) possesses the
strong charge-transfer band, suggesting the different aggrega-
tion behavior in CH,Cl,/methanol mixtures.

3.3. Electrochemistry

Electrochemical properties of the carbazole-containing
polymers were investigated using cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) in solutions and
in the cast films. The redox potentials are summarized in
Table 3.

Although all the polymers could be oxidized in the reason-
able potential range, the first oxidation waves of D—A type
polymers were not reversible in the CV time scale. This is
because the oxidized arylamine moieties feature a strong
electron-acceptor and the conjugative coupling with other
electron-accepting groups dramatically lowers the chemical
stability. Unlike very broad and featureless CV traces in
CH,Cl,, those of the cast film on the glassy carbon electrode
exhibited well-defined oxidation potentials (Fig. 6). The po-
tential difference reflects the D—A coupling strength in the
polymers. Coupling with a stronger electron-acceptor such
as benzothiadiazole moiety makes the oxidation of carbazole
donor more difficult. On the other hand, a weaker acceptor
group does not significantly affect the oxidation potentials.
This result is fully consistent with the UV—vis absorption
spectra of the polymers (vide supra). The DPV revealed almost
the same oxidation potentials for these polymers, indicating
the close HOMO levels. Difference in the polymer band
gaps was therefore thought to be derived from the difference
in the LUMO levels. However, reduction potentials of acceptor
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Fig. 6. Cyclic voltammetry of the cast films of (a) poly(3) and (b) poly(4)
measured in CH3CN with 0.1 M (n-C4Hg)4NCIO, at 20 °C, at scanning rate
of 0.1 Vs~

moieties were not observed even for benzothiadiazole moiety,
in spite of several trials under different conditions.

4. Conclusion

We have shown the band gap tuning of the D—A type con-
jugated polymers containing carbazole units in the main chain,
prepared by Sonogashira cross-coupling reaction of 3,6-diethy-
nylcarbazole derivative and arylene dibromides. Copolymeri-
zation with a stronger electron-acceptor leads to more
efficient intramolecular D—A coupling, which was evaluated
by the optical absorption spectra of the charge-transfer band
as well as the electrochemical oxidation potentials. Appear-
ance of the charge-transfer band and the anodic shift in the
oxidation potential of poly(3) with respect to poly(4) clearly
demonstrate this. When poly(3) was compared to the previ-
ously reported poly(1) and poly(2), the ethynylene spacer
was proven to be the most effective 7t-spacer for strong
D—A coupling in this case.
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