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Abstract Poly(9-phenylcarbazole) (P9PC) films were
synthesized electrochemically by direct anodic oxidation of
9-phenylcarbazole in boron trifluoride diethyletherate
(BFEE) containing additional 2% sulfuric acid (by vol-
ume). The oxidation potential onset of 9-phenylcarbazole
in this medium was measured to be 0.9 V vs. SCE, which
was much lower than that in acetonitrile containing
0.1 mol L™' BuyNBE, (1.1 V vs. SCE). P9PC films
obtained from this medium showed good electrochemical
behavior and good thermal stability with an electrical
conductivity of 0.09 S cm™'. The structure and morphol-
ogy of the polymer were investigated by UV-visible
spectroscopy, infrared spectroscopy, and scanning electron
microscopy (SEM), respectively. The results of quantum
chemistry calculations of 9-phenylcarbazole monomer
indicated that the polymerization mainly occurred at Cj
and Cg positions. Fluorescent spectral studies indicated that
POPC was a blue-light emitter.
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Introduction

Inherently conducting polymers (CPs), such as poly(para-
phenylene) [1], poly(para-phenylenevinylene) [2], poly-
thiophene [3, 4], polypyrroles [5], polyindole [6],
polyfluorene [7], and polycarbazole [8] are of interest
because of their several potential applications. Among
them, carbazole and it derivatives are well known to
exhibit good electro- and photo-active properties [9].
Polycarbazole, with the advantages of good environmental
stability, photoconductivity and electrochromic properties,
has attracted great attention due to its potential industrial
applications in electroluminescent applications [10, 11],
light-emitting diodes (LEDs) [12, 13], electrochromic dis-
plays [14], organic transistors [15], and rechargeable
batteries [16], as hole-transporting and photoluminescence
efficiencies units [17, 18].

It is well know that the properties of conducting poly-
mers strongly depend on their structural characteristics.
Therefore, structural consideration is an important factor in
the synthesis of new materials. In the case of carbazole-
based conjugated polymers, all previous studies were
devoted to 3,6-linked, N-substituted and 2,7-linked carba-
zole units [19]. Our previous studies have investigated that
electrosyntheses of poly(N-octylcarbazole), poly(N-(6-
bromohexyl)carbazole), poly(1,6-bis-(carbazole)hexane)
and poly(1,12-bis(carbazolyl) dodecane) films [20, 21].
They all exhibited high quality, nice structural stability and
good light-emitting properties. Recently, the high molec-
ular weight poly(N-alkyl-3,6-carbazole)s were successfully
synthesized [17]. They possess good solubility, film-
forming ability, thermal stability, and moderately high
photoluminescence efficiency [17]. Poly(9-alkyl-9Hcarba-
zole-2,7-diyl) can be considered as promising candidates
for application in blue light emitting diodes in view of their
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high fluorescence quantum efficiencies [22]. The HOMO
level can be engineered by substitution at the 3, 6, and 9
position of the carbazoles [23]. Moreover, polycarbazoles
have possibility of substitution at N position. This facile
process provides the opportunity to improve both the sol-
ubility and functionality of the resulting polymer. On the
other hand, flexible side chains can cause steric hindrance
and thereby provide a means to control the effective con-
jugation length and thus tuning the color of the emitting
light in devices [24]. From these points described above,
N-functionalized carbazole with phenyl substituent is very
typical and it is very necessary to investigate the chemical
and electrochemical properties of poly(9-phenylcarbazole)
(P9PC) films.

Electrochemical polymerization is a very effective
approach for the electrosyntheses of conducting polymer
films with several advantages such as cheap and one-step
conducting polymer film formation, mainly in common
organic solvent such as acetonitrile or in water. In recent
years, boron trifluoride diethyl etherate (BFEE) was found
to be a good electrolyte for electrochemical polymerization
of aromatic compounds such as benzene [25], thiophene
[26], carbazole [27] and its derivatives, etc. [20, 21]. The
addition of a certain amount of sulfuric acid into BFEE as a
mixed electrolyte can further improve the properties of
corresponding polymer [28].

In this paper, POPC films were easily prepared by direct
anodic oxidation of 9-phenylcarbazole monomer in mixed
electrolyte of BFEE containing 2% sulfuric acid. The
electrochemical properties, polymerization mechanism,
thermal stability, fluorescent properties, and morphology of
as-prepared POPC films were studied in detail.

Experimenral
Materials

Boron trifluoride diethyl etherate (BFEE, Beijing Chang-
yang Chemical Plant) was distilled and stored at —20 °C
before use. BFEE is a colorless fuming liquid, often very
stable, which can be distilled without decomposition. It is a
strong Lewis acid. BFEE is also a very hazard reagents
such as extremely destructive to tissues of the muc-
ous membranes and upper respiratory tract, extremely
destructive to skin. Swallowing BFEE can cause severe
burns of the mouth, throat, and stomach, leading to death.
Vapors are irritating and may cause damage to the eyes.
Contact may cause severe burns and permanent eye dam-
age. Persons with pre-existing skin disorders, or impaired
kidney or pulmonary function may be more susceptible to
the effects of this agent. In addition, all our experiments
concerning BFEE were performed in draught cupboard.
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9-Phenylcarbazole (Aldrich Chem. Co.), commercial high
performance liquid chromatography grade acetonitrile
(Tianjin Kermel Chemical Reagents Research Institute),
sulfuric acid (98% Beijing Chemical Factory), were
used as received. Tetrabutylammonium tetrafluoroborate
(BuyNBF,; Acros Organics; 95%) was dried in vacuum at
60 °C for 24 h before use. Dimethyl sulfoxide (DMSO;
analytical-grade) was a product of Tianjin Bodi Chemicals
Co., Ltd.

Electrosyntheses of POPC films

Electrochemical syntheses and examinations were per-
formed in a one-compartment cell by the use of a model
263 potentiostat-galvanostat (EG & G Princeton Applied
Research) under a computer control. For electrochemical
examinations, the working and counter electrodes were Pt
wire with a diameter of 0.5 mm and stainless steel wire
with a diameter of 1 mm, respectively. They were placed
5 mm apart during the experiment. To obtain a sufficient
amount of polymer for characterization, stainless steel
sheets with surface areas of 10 and 12 cm?® each were
employed as the working and counter electrodes, respec-
tively. The electrodes mentioned above were carefully
polished with abrasive paper (1,500 mesh) and cleaned
with water and acetone successively before each exami-
nation. The electrochemical dedoping of POPC films coated
on ITO electrode was performed at a constant potential of
—0.27 V vs. SCE in a monomer free BFEE containing 2%
EE solution until the current density was close to zero. All
potentials were referred to SCE.

The typical electrolytic solution was BFEE containing
2% sulfuric acid and 0.02 mol L™ 9-phenylcarbazole. The
amount of the polymer deposited on electrode was con-
trolled by the integrated current density passed through the
cell. The POPC films were prepared from BFEE containing
2% sulfuric acid (by volume) and 0.02 mol L™' 9-phe-
nylcarbazole at a constant applied potential of 1.08 V vs.
SCE. To remove the electrolyte, oligomers, and monomer,
the electropolymerized films were rinsed with CH3;CN and
pure water. As-formed polymer powder was scraped from
stainless steel sheets. For spectral analysis, the scraped
polymer was dedoped with 25% ammonia for 3 days and
then washed repeatedly with water. Finally, it was dried in
vacuum at 60 °C for 2 days.

Characterization
The electrical conductivity of as-formed POPC films was

measured by a conventional four-probe technique. Ultra-
violet-visible (UV-vis) spectra were taken with a
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Perkin—Elmer Lamda 900 ultraviolet-visible-near-infrared
spectrophotometer. Infrared spectra were recorded with a
Nicolet 510P Fourier transform infa-red (FTIR) spec-
trometer with KBr pellets. The fluorescence spectra were
determined with an F-4500 fluorescence spectrophotometer
(Hitachi). The thermogravimetric analysis (TGA) was
performed with a Pyris Diamond TG/DTA (Perkin—Elmer)
thermal analyzer. Scanning electron microscopy (SEM)
measurements were taken with a JEOL JSM-6700F scan-
ning electron microscope. The fluorescence quantum yields
(Povera) of PIPC in solution was measured using
anthrancene in CH;CN (standard, ¢,.r= 0.27) [29] as a
reference and were calculated according to the well-known
method given as

n2A refI

=X 1
d)ovemll n%efAIre ) d)ref ( )

Here, n, A and I denote the refractive index of solvent,
the absorbance at the excitation wavelength, and the
intensity of the emission spectrum, respectively.
Absorbance of the samples and the standard should be
similar [30, 31].

Results and discussion
Electrochemical syntheses of POPC films

Figure 1 shows the anodic polarization curves of 9-phe-
nylcarbazole in the solvents of BFEE mixed with 0 (A), 2%
(B), 4% (C), and 6% (D) sulfuric acid (by volume). The
oxidation onset of 9-phenylcarbazole was initiated at
0.83 V vs. SCE in pure BFEE (Fig. 1a). The addition of 2,
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Fig. 1 Anodic polarization curves of 9-phenylcarbazole in mixed
electrolytes of BFEE containing 0 (a), 2% (b), 4% (c), and 6% (d)
sulfuric acid (by volume) and in CH;CN containing 0.1 mol L'
BuyNBF, (insert). The potential scanning rate was 20 mV s~h

j = current densities

4 and 6% sulfuric acid to BFEE increased the oxidation
potential of the monomer significantly to about 0.9, 0.93,
and 0.95 V, respectively (Fig. 1b—d). They all were much
lower than that 9-phenylcarbazole in CH3CN containing
0.1 mol L™! BuyNBF, (1.1 V vs. SCE), as shown in the
insert of Fig. 1. From this point of view, pure BFEE is the
best choice because generally the lowering of the monomer
oxidation potential onset can prevent side reaction and lead
to high quality polymer films. However, no apparent redox
waves of the polymer were found in pure BFEE solution
(Fig. 2a), indicating that only a trace amount of the poly-
mer was formed [32]. On the contrary, the introduction of a
small amount of the sulfuric acid to BFEE led to the for-
mation of high quality film on Pt electrode surface.
According to Fig. 1, the oxidation potentials of the
monomer increased with sulfuric acid concentration in the
mixed electrolytes. Higher oxidation potential usually led
to side reactions during the polymerization process and
thus resulted in poor polymer film quality. On the basis of
these considerations, BFEE containing 2% sulfuric acid
was chosen as the best-mixed electrolyte for the electro-
syntheses of P9PC.

The successive cyclic voltammograms (CVs) of
0.02 mol L' 9-phenylcarbazole in the mixed electrolytes
on a Pt electrode were shown in Fig. 2. As can be seen
from Fig. 2a, the CVs of 9-phenylcarbazole in pure BFEE
were not very successful, although a polymer film still can
be formed on working electrode. No apparent redox waves
of the polymer were found, indicating that only a trace
amount of the polymer was formed. This is mainly due to
the fact that polymer film was formed on the electrode
surface and its electrical conductivity was much lower than
that of stainless steel electrode. On the other hand, the
successive CVs of 0.02 mol L™" 9-phenylcarbazole in the
mixed electrolytes with BFEE containing 2% sulfuric acid
on a Pt electrode were very successful (Fig. 2b). As it can
be seen from this figure, the cyclic voltammograms of
9-phenylcarbazole in BFEE containing 2% sulfuric
acid showed characteristic features of other CPs such as
polypyrole and polythiophene during potentiodynamic
syntheses. As the CV scans continued, a polymer film was
formed on the Pt electrode surface. POPC can be reduced
and oxidized between 0.66 V and 0.8 V. The increases of
the redox wave currents implied that the amount of the
polymer on the electrode was increased. The potential shift
of the wave maximum provide information about the
increases in the electrical resistance in the polymer film
and over-potential needed to overcome the resistance [33].
When increasing the sulfuric acid content in the mixed
electrolytes, a similar phenomenon could be observed
(Fig. 2c, d). It can also be seen in Fig. 2b—d that the
increases in the redox wave current densities per cycle was
the highest in BFEE containing 2% sulfuric acid (Fig. 2b).
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Fig. 2 Cyclic voltammograms
of 0.02 mol L™
9-phenylcarbazole in pure
BFEE (a), a mixed electrolyte
of BFEE containing sulfuric
acid 2% (b), 4% (c), 6% (d).
The potential scanning rates was
100 mv s~

As the sulfuric acid concentration was increased further in
the mixed electrolytes, the density of current per cycle
decreased. This may be ascribed to the fact that oxidation
potential of the monomer increased, together with the
strong over-oxidation effect of sulfuric acid as the sulfuric
acid concentration further increased (Fig. 1b—d). Accord-
ing to the electrochemical kinetics, at a given applied
potential (E), the polymerization rate is exponential to the
potential difference (E—EO) of E and the oxidation poten-
tial of the monomer (E°). The addition of sulfuric acid
increased E° of the monomer. Thus, the polymerization
rates decreased at the given applied potentials when
increasing sulfuric acid content. This resulted in the phe-
nomena shown in Fig. 2c¢, d. Therefore, the following work
was concentrated on the electrosyntheses and character-
izations of POPC films prepared in BFEE containing 2%
sulfuric acid.

Electrochemistry of PO9PC films

The electrochemical behavior of the POPC films deposited
electrochemically from BFEE containing 2% sulfuric acid
was studied in monomer-free BFEE containing 2% sulfuric
acid (Fig. 3a) and in concentrated sulfuric acid (Fig. 3b),
respectively. Similar to the results in the literature [34], the
steady-state cyclic voltammograms represented broad
anodic and cathodic peaks. The peak current densities were
proportional to the scan rates (inserts of Fig. 3a, b), indi-
cating good redox activity of the polymer. Furthermore,
these polymer films could be cycled repeatedly between the
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conducting (oxidized) and insulating (neutral) states with-
out significant decomposition of the materials, indicating
high structural stability of the polymer. The polymer film
obtained from BFEE containing 2% sulfuric acid can be
oxidized and reduced from 1.0 V (E,) to 0.8 V (E,) in
monomer-free BFEE containing 2% sulfuric acid at
potential scan rate of 50 mV s~'. With the scan rates
increasing, the potentials needed to oxidize and reduce the
polymer film shifted positively and negatively to about
1.08 V (E,) and 0.75 V (E_), respectively. This can be
mainly ascribed to the slow transfer rate of large doping
anions and solvent molecules in BFEE containing 2%
sulfuric acid, such as (EtO);BF3, especially at higher scan
rates [35]. However, the redox potentials of the polymer
were very stable, according to the increases of potential
scan rates, which is from 0.74 V (E,) and 0.66 V (E.) in
concentrated sulfuric acid (Fig. 3b). This indicated high
stability of POPC films even in concentrated sulfuric acid.
Moreover, the small anions in concentrated sulfuric acid
(SO;™ or HSOyY) [35] can facilitate the doping and ded-
oping process. This led to the good redox activity of POPC
films in concentrated sulfuric acid. On the other hand, the
difference of (E,—E.) related to the kinetics of the doping-
dedoping reactions is equal to 0.08 V in concentrated
sulfuric acid for the P9PC prepared from BFEE containing
2% sulfuric acid (Fig. 3a). This implied that the redox
properties of POPC films from BFEE containing 2% sul-
furic acid were fairly good in concentrated sulfuric acid.
On the basis of this discussion, it can be reasonably con-
cluded that the doping-dedoping reaction of P9PC was very
fast, also indicating high quality PO9PC film formation.
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Fig. 3 Cyclic voltammograms of a P9PC film in monomer-free
BFEE containing 2% sulfuric acid (a) and in concentrated sulfuric
acid (b), at potential scanning rates of 50, 100, 150, 200, 250 mV s
The P9PC film was synthesized electrochemically in BFEE contain-
ing 2% sulfuric acid at constant applied of 1.08 V vs. SCE. j, jp, jp.as
Jp.c are defined as the current densities, the peak current densities, the
anodic peak current densities, and the cathodic peak current densities,
respectively

Structural characterizations of POPC films

During potentiostatic deposition of POPC in BFEE con-
taining 2% sulfuric acid, a polymer film was formed on the
Pt electrode surface (blue to black as the deposit thick-
ened). The electrolyte solution was changed gradually from
slight blue to blue, then to deep blue, and finally to dark
blue during the electropolymerization. This implied that
part soluble blue oligomer formed during the electropoly-
merization diffused into the bulk solution.

As-prepared P9PC films from BFEE containing 2%
sulfuric acid were in doped state and metallic dark in color.
When dedoped by 25% ammonia, their color changed into
brown. Doped and dedoped POPC were soluble in the
strong polar solvent DMSO. Therefore, the UV-vis spectra
of the 9-phenylcarbzale, doped and dedoped P9PC films

dissolved in DMSO were examined, as shown in Fig. 4.
The monomer showed several characteristic absorptions at
340, 327, 291, and 286 nm (Fig. 4a). On the contrary, the
spectrum of the PY9PC films shows a much broader
absorption at 306 nm. The overall absorption tails off to
about 370 nm. Generally, higher wavelength means higher
conjugation length. Therefore, the result of the red shift of
UV-vis spectra of POPC means higher conjugation back-
bone in comparison with the monomer [36]. The peaks
located at 340 and 327 nm were absent for the polymer
(Fig. 4a). This proved that higher conjugation length was
formed in polymer. However, the doped films showed
another strong absorption on the ITO electrode, with peaks
at ca. 760 nm, 405 nm, 312 nm (Fig. 4d). These wide
absorptions can be assigned to the absorption of conductive
species on the main backbone of the POPC in the doped
stated. In comparison with dedoped P9PC films in solution
and on ITO (Fig. 4c, e), the spectrum of the doped P9PC
films were similar (Fig. 4b, d), respectively. This may be
due to the automatic dedoping process of POPC in DMSO
solution, because the counterions in P9PC films obtained
from BFEE containing 2% sulfuric acid can be mainly
ascribed to BF,, [BF;OH] [37], SO;~ or HSOj. These
counterions can move out of the polymer in DMSO solu-
tion, resulting in automatic dedoping. On ITO electrode,
the polymer film in doped state was very stable, resulting in
the similarity of the absorptions of both doped and dedoped
polymers on ITO electrode.

Vibrational spectroscopy can provide structural infor-
mation on neutral and doped conducting polymers. The
comparison on the evolution of the vibrational modes
appearing in conducting polymers and in some simpler
related molecules acting as references usually facilitates
the interpretation of the experimental absorption spectra.
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Fig. 4 UV-vis spectra of 9-phenylcarbazole (a), doped PIPC films
(b) and dedoped P9PC films (c¢). Solvent: DMSO. Insert: doped POPC
(d) and dedoped P9PC (e) films on ITO electrode
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Therefore, the FTIR spectra of 9-phenylcarbazole mono-
mer (Fig. 5a), doped POPC (Fig. 5b) and dedoped P9PC
(Fig. 5¢) were examined. Absorption vibration bands at
725 and 750 cm™! indicated that existence of a 1,2-di-
subsituted benzene ring (Fig. 5a). After polymerization,
these bands became very weak (Fig. 5b, c¢). At the same
time, these polymers exhibited a new peak at about
810 cm_l, indicating the emergence of 1,2,4-tri-substituted
benzene ring. This can provided the information that the
polymer of 9-phenylcarbazole occurred mainly at (Cs, Cg),
(Cy, C7) or (C,, Cg) positions (Scheme 1). The bands at
1,233 cmfl(Fig. 5a, b, ¢) were related to the C-C defor-
mation of carbazole [38]. These bands at 1,450, 1,629, and
1,632 cm ™! (Fig. 5a, b, ¢) can be ascribed to the C=C
vibration on benzene ring. The bands in the region from
1,600 to 1,100 cm™! were assigned to the stretching and
shrinking modes of C=C and C-C, which were selectively
broadened for the polymer.

To get deep insight into POPC structures and the poly-
merization mechanism, the atomic electron density
population and reactivity of 9-phenylcabazole monomer
(Scheme 1) were calculated at the B3LYP/6-31G(d,p) level
using Gaussian 03 software [39]. The results of main
atomic electron density populations showed negative
electric charges on C(l), C(3), C(4), C(5), C((,), and C(g)
(Table 1), which implied that these atoms will donate
electrons when 9-phenylcabazole monomer is electro-
chemically polymerized because the polymerization is
performed through radical cation intermediates. According
to the molecular orbital theory, the reaction between the
active molecules mainly happens on the frontier molecular
orbitals and near orbitals. For 9-phenylcabazole, the pro-
portions of atoms Cy), C(3, C(s), and C(gy in HOMO were
higher than other atoms as listed in Table 2. At the same
time, C(yy, C3), C(¢), and Cs, also had rich negative charges

(a) monomer
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(C) dedoped
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628
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1034
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Fig. 5 FTIR spectra of 9-phenylcarbazole monomer (a), doped POPC
films (b) and dedoped P9PC films (c)
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Scheme 1 Chemical structures of 9-phenylcarbazole

Table 1 Main atomic electron density populations for 9-
phenylcarbazole

Atom Electric charge Atom Electric charge
Cuy —0.111149 Co) —0.098753
Ca) —0.100856 Cuy —0.133559
Ces) —0.133559 Ce) —0.100856
Ca) —0.098753 Cs) —0.111149
N9, —0.728497 Cao) 0.292927
Can 0.041265 Caz 0.041265
Cas 0.292927 Caa 0.233045
Cas) —0.089582 Cae) —0.098243
Camn —0.077862 Cas) —0.098243
Caoy —0.089582

(Table 1). When coupling at C;, and Cg, position, there
would be significant steric effect. Therefore, these theo-
retical results implied that the polymerization between the
monomers would happen preferentially on Cy and Cg), in
well accordance with the results of IR and literatures [19].

The fluorescence spectra of monomer O9-phenylcar-
bazole, doped P9PC and dedoped P9PC prepared in
BFEE containing 2% sulfuric acid were examined in
DMSO. As shown in Fig. 6, an obvious emission peak at
390 and 408 nm was found in the fluorescence spectra of
doped (Fig. 6b) and dedoped (Fig. 6¢c) P9PC, respec-
tively. For the monomer, they were located at 350 and
365 nm (Fig. 6a). This implies that there was a large
bathochromic shift in the emission wavelength between
the monomer and the polymer. The red shift of the
emission peak further proved the formation of conjugated
backbone of P9PC, in well agreement with the UV-vis
spectral results (Fig. 4). These results demonstrate that
PO9PC may be a good candidate in blue-light-emitting
materials, since it is very difficult to achieve blue-light-
emitting materials [40-42]. The fluorescence quantum
yield of as-formed POPC in DMSO was measured to be
0.25 according to Eq. 1.
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Table 2 Main composition and proportion of the frontier orbitals in
9-phenylcarbazole (%)

Atom HOMO-1 HOMO LUMO LUMO+1
Ca) 1.4444 8.9426 10.1078 0.8732
Co) 16.4308 0.0711 14.3361 0.4052
Cs) 2.9344 9.7703 0.1334 1.2765
Cu 6.7136 37514 14.5165 0.3433
Ces) 6.7136 37514 14.5165 0.3433
Ceo 2.9344 9.7703 0.1334 1.2765
Cer 16.4308 0.0711 14.3361 0.4052
Ces) 1.4444 8.9426 10.1078 0.8732
N, 0.0701 30.5242 1.2310 0.1089
Ciio) 10.7904 1.6909 1.1430 3.7872
Cun 11.4204 4.5442 8.0026 0.7161
Cia 11.4204 4.5442 8.0026 0.7161
Cus 10.7904 1.6909 1.1430 3.7872
Cas 0.1958 1.3001 0.2150 28.7256
Cas) 0.0531 3.3686 0.5664 8.0609
Cuie) 0.0613 0.4467 0.0695 6.1986
Cir 0.0065 27012 0.0063 27.4203
Cas) 0.0613 0.4467 0.0695 6.1986
Ci1o) 0.0531 3.3686 0.5664 8.0609

The HOMO, HOMO-1, LUMO, and LUMO+1 are defined as highest
occupied molecular orbital, next highest occupied molecular orbital,
lowest unoccupied molecular orbital, and next lowest unoccupied
molecular orbital

Thermal analysis

The thermal stability of CPs is very important for their
potential applications. TGA is a significant dynamic way of
detecting the degradation behaviors. The weight loss of a

=— (a) & _=300 nm

~— (b)1_=310nm

Relative Intensity

350 400 450 500
Wavelength / nm

Fig. 6 Emission spectra of 9-phenylcarbazol monomer (a), doped
POPC (b) and dedoped P9PC (c). Solvent: DMSO

50

DTG

300 400 500 600 700 800 900 1000
Temperature / K

Fig. 7 TGA curves of doped P9PC films obtained potentiostatically
at 1.08 V vs. SCE from BFEE containing 2% sulfuric acid

polymer sample was measured continuously, whereas the
temperature was changed at a constant rate. To investigate
the thermal stability of PO9PC films prepared in BFEE
containing 2% sulfuric acid, the thermal analysis of doped
POPC was tested, as show in Fig. 7. The thermal analysis
was performed under a nitrogen stream in the temperature
range of 292-1,054 K at a heating rate of 10 K/min. As
shown in Fig. 7, there was a slight weight loss from 292 K
to 452 K, up to 6.0%. This degradation can be ascribed to
water evaporation or other moisture trapped in the polymer
[43]. The decomposition up to 20.1% occurred between
452 K and 716 K. This weight loss was attributed to the
degradation of the skeletal P9PC chain structure. In addi-
tion, there was still evident decomposition, about 8.0%,
between 716 K and 876 K, possibly because of the over-
flow of some oligomers that decomposed from P9PC with
increasing temperature. The last one was about 65.9% from
876 K to 1,054 K, possibly owing to the ashing of carbon.
From the differential thermalgravimetry (DTG) curves
(Fig. 7b), it can be seen that when the temperature was
585 K, the weight loss rate of PO9PC was fastest. These
results indicate good thermal stability for the POPC films
obtained from BFEE containing 2% sulfuric acid.

Morphology and conductivity

The SEM images of a PO9PC film prepared in BFEE
containing 2% sulfuric acid are shown in Fig. 8. Micro-
scopically, the polymer film resembles ordered arran-
gements of the granules. The growth of nuclei was in the
form of clusters. This morphology facilitated the movement
of doping anions into and out of the polymer film during
doping and dedoping process, in well accordance with the
good redox activity of POPC films (Fig. 3a, b).
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Fig. 8 SEM micrographs of POPC film deposited on the ITO glass
electrode surface from BFEE containing 2% sulfuric acid at applied
constant potential of 1.08 V vs. SCE

The conductivity of pressed PI9PC pellets from
BFEE containing 2% sulfuric acid was measured to be
0.09 S em™".

Conclusions

P9PC films with an electrical conductivity of 0.09 S cm ™"
were electrochemically synthesized by direct anodic oxi-
dation of 9-phenylcarbazole in BFEE containing 2%
sulfuric acid. The oxidation potential of 9-phenylcarbazole
in this medium was determined to be 0.9 V vs. SCE, which
was much lower than that determined in acetonitrile con-
taining 0.1 mol L' BuyNBF, (1.1 V vs. SCE). As-formed
POPC films showed good redox activity and high stability
both in BFEE containing 2% sulfuric acid and concentrated
sulfuric acid. Electrochemical, structural and morphology
studies implied that P9PC films could be obtained from
BFEE containing 2% sulfuric acid. According to infrared
and quantum chemistry calculations, the polymerization of

@ Springer

9-phenylcarbazole mainly occurred at C;, Cg positions.
TGA results indicated good thermal stability of the POPC
films obtained from BFEE containing 2% sulfuric acid. The
fluorescence quantum yield as-formed P9PC in DMSO was
measured to be 0.25.
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