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Abstract The electrochemical copolymerization of car-
bazole (CZ) and dibenzo-18-crown-6 (DBC) was success-
fully achieved in pure boron trifluoride diethyl etherate
(BFEE) by direct anodic oxidation of the monomer
mixtures on the platinum or stainless steel electrodes. The
optimal feed ratio together with the suitable applied
potential for their copolymerization was determined. The
copolymer films, which were electrosynthesized with a
feed ratio of CZ/DBC = 1:5, owned both the advantages of
poly(dibenzo-18-crown-6) (PDBC) and polycarbazole
(PCZ), such as nice electrochemical behavior, excellent
fluorescence properties and good mechanical properties.
Besides, the copolymers possessed better thermal stability
and higher electrical conductivity than those of PDBC or
PCZ. The structure of the copolymers was investigated by
UV-vis and FT-IR spectroscopy. Fluorescent spectral
studies revealed that the dedoped copolymer film was a
good blue-light emitter with strong emission at 410 nm.
With these advantageous properties, as-formed poly(CZ-
co-DBC) films may be a good candidate for optoelectronic
devices.
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Introduction

Inherently conducting polymers with n-conjugated elec-
tronic structures have been widely investigated since the
late 1970s [1-3] due to their potential industrial applica-
tions based on their high electrical conductivity and good
environmental stability. Among these polymers, polycar-
bazole (PCZ) and poly(dibenzo-18-crown-6) (PDBC) have
been received considerable attention. PCZ and its deriva-
tives (PCZs), have a structure of a pyrrole ring with two
fused benzene rings, are well known to exhibit excellent
electroactive and photoactive properties because of their
high hole-transporting mobility of the charge carriers [4].
Moreover, PCZs, with the advantages of good environ-
mental stability, photoconductivity, and electrochromic
properties, have attracted great attention because of their
wide fundamental interest and potential industrial appli-
cations in electroluminescent applications [5-7], light-
emitting diodes [8, 9], electrochromic displays [10],
organic transistors [11], rechargeable batteries [12], and so
forth. However, it is hard to obtain freestanding films of
PCZ.

Dibenzo-18-crown-6 (DBC) as one of dibenzo-crown
ethers derivative, has several other advantages. Firstly, its
polymer film is light-sensitive, the photocurrent of which
can increase with increasing illumination intensity [13].
Secondly, its polymer constitutes a new family of elec-
troactive polymers after other well-known ones like poly-
acetylene [14]. Thirdly, the band gap of CPs obtained from
DBC will be decreased due to the fact that DBC has very
low LUMO level [14]. Finally, high-quality free-standing
PDBC films with favorable electrical and mechanical
properties were just reported by us [26]. These properties
facilitate future applications of PDBC films in membranes
domain. Comparing with the advantages of both PCZ and
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PDBC, it would be interesting to copolymerize CZ with
DBC.

The usage of boron trifluoride diethyl etherate (BFEE)
as the solvent and the supporting electrolytes is mainly
because catalytic effect [15]. With the use of BFEE, a wide
variety of high-quality conducting polymers electrochem-
ically from heterocyclic or fused ring aromatic monomers
have been successfully achieved [16-22]. In this work,
BFEE was chosen as the solvent and electrolyte for the
electrochemical copolymerization of CZ and DBC, and
high-quality free-standing poly(CZ-co-DBC) films can be
easily electrodeposited by direct anodic oxidation of the
monomer mixtures on the stainless steel electrodes. The
electrochemical behavior, structural characterization, fluo-
rescence properties and thermal stability of as-prepared
poly(CZ-co-DBC) films were studied in detail.

Experimental
Materials

BFEE (Beijing Changyang Chemical Plant) was distilled
and stored at 0 °C before use. CZ (Shanghai Chemical
Reagent Plant) was purified by recrystallization from
methanol. DBC (Alfa Aesar) was used as received without
further purification. Tetrabutylammonium tetrafluoroborate
(TBATFB, 95%; Acros Organics) was dried under vacuum
at 60 °C for 24 h before use. Commercial HPLC grade
acetonitrile (ACN; Tianjin Guangfu Fine Chemical
Research Institute), tetrahydrofuran (THF, analytical grade;
Shandong Laiyang Fine Chemical Corporation), sulfuric
acid (98%; Ji’nan Chemical Reagent Company), and
ammonia (25%j; Ji’nan Chemical Reagent Company) were
used directly. Other reagents were all analytical grade and
used as received.

Electrochemical tests

Electrochemical synthesis and examination were performed
in a one-compartment cell with a model 263 A potentiostat/
galvanostat (EG&G Princeton Applied Research) under
computer control at room temperature. The working and
counter electrodes for the cyclic voltammetry experiments
were platinum wire and stainless steel wire with diameter
of 0.5 and 1 mm placed 0.5 cm apart. They were polished
and cleaned with water and acetone successively before
each examination. To obtain a sufficient amount of the
polymer for characterization, stainless steel sheets with
surface area of 10 and 12 cm® were employed as the
working and counter electrodes, respectively. The stainless
steel electrodes were carefully polished with abrasive paper
(1500 mesh) and then cleaned with water and acetone
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successively before each examination. All potentials were
referred to a saturated calomel electrode and all solutions
were deaerated by a dry argon stream and maintained at a
slight argon overpressure during the experiments. The
polymer films grew potentiostatically, and their thickness
was controlled by the total charge passed through the cell
that was read directly from the current—time (/-f) curves by
computer. After polymerization, polymer films were
washed repeatedly with anhydrous ACN to remove the
electrolyte, monomer, and oligomer [22]. The polymer
films were dedoped with 25% ammonia for 3 days and then
washed with water and acetone successively. After that,
they were dried under vacuum at 60 °C for 2 days.

Characterization

The conductivity of as-formed polymer films was measured
by conventional four-probe technique. UV-vis spectra
were taken with a Perkin Elmer Lambda 900 UV-vis/near-
infrared spectrophotometer. FT-IR spectra were recorded
with a Bruker Vertex 70 FT-IR spectrometer with KBr
pellets. Fluorescence spectra were determined with a
Hitachi F-4500 fluorescence spectrophotometer. The ther-
mogravimetric analysis was performed with a Netzsch TG
209 thermal analyzer.

Results and discussion
Electrochemical copolymerization

In order to ensure the copolymerization of CZ and DBC in
BFEE, the anodic oxidation of CZ and DBC was first
examined. The anodic polarization curves were taken in
BFEE solutions at a potential sweep rate of 50 mV s™', as
shown in Fig. 1.

The oxidation onset of CZ was initiated at 0.74 V
(Fig. 1A) while the oxidation onset for DBC was at 1.05 V
(Fig. 1E). The onset oxidation potential of DBC was much
higher than that of CZ (AE = 0.31 V). From this point, it
seems that it is almost impossible to achieve the electro-
chemical copolymerization of CZ and DBC [23]. In order
to realize the copolymerization successfully, the strategy
of diffusion method established by Kuwabata et al.
[24] was used. When a current potential curve was taken
in BFEE containing 0.01 mol L™' CZ + 0.005 mol L™!
DBC (Fig. 1B), 0.005 mol L™' CZ + 0.025 mol L™' DBC
(Fig. 1C), 0.005mol L' CZ + 0.05 mol L™' DBC
(Fig. 1D), curve B, C, and D was obtained, which can be
regarded as the superposition of curves A and E. When the
electrolytic solutions contained 0.005 mol L™' CZ and
0.025 mol L™! DBC, the anodic polarization curve C
(Fig. 1C) was obtained. Curve C was quite different from
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Fig. 1 Anodic polarization curves of 0.0l M CZ (A), 0.01 M
CZ + 0.005 M DBC (B), 0.00sM CZ+ 0.025M DBC (O),
0.005 M CZ + 0.05M DBC (D), 0.0l M DBC (E) in BFEE.
Potential scan rate: 50 mV s~

curve A and E. It can be seen that the oxidation onset of
this mixture was initiated at 0.85 V, which was interve-
nient between CZ and DBC. However, the superposition of
curve A and E can not add up to curve E. This may be
partly due to some changes of the electrochemical envi-
ronment caused by successive deposition of two monomers
during the anodic polarization, or partly due to the influ-
ence of the low electrical conductivity accompanied by the
incorporation of CZ unit into the copolymer chain [23]. In
addition, the oxidation potential of the mixture was
between the values of two monomers, which indicated two
monomers were oxidized together and the copolymer
chains were composed of CZ and DBC units, also indi-
cating the occurrence of copolymerization [25].

The successive cyclic voltammograms (CVs) of CZ,
DBC, and the mixtures of the two monomers with various
feed ratios in BFEE at a potential scanning rate of
100 mV s, were illustrated in Fig. 2. As the cyclic vol-
tammetry scans continued, polymer films were also
observed on the working electrode surface. The increase in
the redox wave currents implied that the amount of the
polymer on the electrode was increasing [26, 27]. CZ could
be reduced and oxidized between 0.4 and 0.8 V (Fig. 2A).
The CVs of DBC showed broad redox waves with the
reduction and oxidation peaks at 0.67 and 1.1 V, respec-
tively (Fig. 2E). The CVs of the mixtures with various feed
ratios were also recorded to choose a suitable feed ratio for
copolymerization. When CVs were taken in BFEE con-
taining a CZ/DBC = 0.01/0.005 (Fig. 2B) mixture, their
CV curves of the copolymers were similar to that of CZ
(Fig. 2A), indicating the domination of CZ units in the
copolymer (Fig. 2B). With an increase in the DBC

[ I NPUN NP SRR SRR RPN R BRI B
02 00 02 04 06 08 10 12 14
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Fig. 2 Cyclic voltammograms of 0.01 M CZ (A), 0.01 M CZ +
0.005 M DBC (B), 0.005 M CZ 4+ 0.025 M DBC (C), 0.005 M
CZ + 0.05 M DBC (D), 0.01 M DBC (F) in BFEE. Potential scan
rates: 100 mV s~

concentration in solution, great changes could be easily
observed. When the concentration of DBC was increased to
0.05 M, the CV curve of the copolymer was similar to that
of PDBC, implying that more DBC units were incorporated
into the copolymer film (Fig. 2D). Therefore, it can be
reasonably deduced that when the feed ratios of CZ to DBC
were more than 2:1 or less than 1:5, the copolymer was not
formed because of the similarity of the CVs to those of
pure PDBC and PCZ, respectively. Therefore, an appro-
priate feed ratio of CZ/DBC = 1:5 was chosen for the
copolymerization of CZ and DBC.

Electrochemistry of the copolymer films

To further prove the occurrence of copolymerization,
additional studies were carried out for PCZ, PDBC, and the
copolymer films prepared with a feed ratio of CZ/DBC=1:5
under a constant applied potential of 1.1 V. The electro-
chemical behavior of these polymer films were character-
ized with CV in monomer-free BFEE solutions (Fig. 3) and
concentrated H,SO, (Fig. 4), respectively. From the
experimental results, these polymer films could be cycled
repeatedly between the conducting and insulating states
without significant decomposition. Furthermore, the peak
current densities were proportional to the potential scan
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Fig. 3 CVs of A PCZ, B poly(CZ-co-DBC) = 2:1, C poly(CZ-co-
DBC) = 1:5, D poly(CZ-co-DBC) = 1:10, and E PDBC recorded in
BFEE at potential scanning rates of (a) 50, () 100, (c) 150, (d) 200,

rates (inset of Figs. 3, 4), indicating that reversible redox
couples were fixed on the electrode. In BFEE, PCZ was
oxidized and reduced from 0.98 to 0.62 V (Fig. 3A). For
PDBC, higher potentials were needed to oxidize or reduce
the film (from 1.11 to 0.63 V) (Fig. 3E). On the other hand,
the CVs of the copolymer films (CZ/DBC = 1:5) had a
new pair of anodic and catholic peaks located at 1.14 and
0.37 V (Fig. 3C), indicating that the two monomers were
oxidized together and that the copolymer chain was com-
posed of CZ and DBC units. Similar results were also
observed in concentrated H,SO,4. A detailed summary of
the oxidization and reduction potentials of these polymers
in different electrolytes is listed in Table 1.
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and (e) 250 mV s~', which were electrodeposited at the same applied
potential of 1.1 V (j = current densities jpa, jpc)

UV-vis and fluorescence spectra

All the copolymers obtained were metallic dark in the
doped state, and changed little after dedoping. Therefore,
the UV-vis spectra of PCZ, PDBC, and the copolymer
dissolved in DMSO were shown in Fig. 5. The broadening
of the absorbance of the copolymer in comparison with
PCZ and PDBC implied the wide molar mass distribution
of the as-prepared films. For the PCZ film (Fig. 5A), there
was a maximum absorption peak at 334 nm with a tailor to
about 400 nm. This absorption could be ascribed to the
n—7* transition of carbazole monomer. At the same time,
the very broader peaks around 734 nm can be attributed to
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Table 1 Redox peak potentials of PCZ, PDBC, and poly(CZ-co-
DBC) measured in BFEE and concentrated sulfuric acid

BFEE Concentrated
sulfuric acid
Ep./V Ep./V Ep./V Ep./V
PCZ 0.98 0.62 0.87 0.57
Poly(CZ-co-DBC) = 2:1 1.11 0.63 0.75 0.59
Poly(CZ-co-DBC) = 1:5 1.14 0.37 0.92 0.49
Poly(CZ-co-DBC) = 1:10 1.07 0.67 0.85 0.73
PDBC 1.37 0.21 0.79 0.57

Ep, anodic peak potential, Ep. cathodic peak potential

the radical cation of carbazole units in the doped state [26].
The PDBC film (Fig. SE) showed a maximum at 305 nm
with a tailor to about 400 nm (7—n* transition). This
absorption band could be attributed to the benzene ring in
DBC units. This wide peak about 638 nm can be assigned
to the absorption of conductive species (polaron or bipo-
larons) on the main backbone of PDBC in the doped state

[27]. As seen from the figure, the spectrum of the
copolymer (Fig. 5B-D) showed different characteristic
absorptions of both PCZ and PDBC obviously. They
showed maximum absorption at 396 nm (Fig. 5B), 310 nm
(Fig. 5C) and 314 nm (Fig. 5SD) with tailors to about
400 nm, respectively, in addition, they also showed dif-
ferent broader peaks at 756 nm (Fig. 5B), 768 nm
(Fig. 5C) and 734 nm (Fig. 5D). Although the absorptions
of copolymer were similar to the PCZ and PDBC, however,
there was an obviously red shift of the main absorption of
the copolymer films in comparison with that of PCZ due to
the incorporation of DBC units, further confirming the
occurrence of copolymerization. Moreover, there was a
small increase in the absorption towards the visible region
with the increase in the applied potential during
copolymerization.

An important interest of conducting polymers was their
unique and promising fluorescence properties. Figure 6
showed the fluorescence spectra of as-formed PCZ, PDBC
and the copolymer films in DMSO. It was well known that
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Fig. 5 UV-vis spectra of the (A) PCZ, (B) poly(CZ-co-DBC) = 2:1,
(C) poly(CZ-co-DBC) = 1:5, (D) poly(CZ-co-DBC) = 1:10, (E)
PDBC, and the blank solution spectra of DMSO (F). Solvent:
DMSO. The polymer films were prepared from BFEE solutions at the
same applied potential of 1.1 V
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Fig. 6 Fluorescence spectra of (A) PCZ, (B) poly(CZ-co-DBC) =
2:1, (C) poly(CZ-co-DBC) = 1:5, (D) poly(CZ-co-DBC) = 1:10, and
(E) PDBC, which were made from BFEE solutions at 1.1 V. Solvent:
DMSO

PCZ was an ideal blue-light emitter polymer [26].
According to Fig. 6, an obvious peak of the emission
spectra was found around 410 nm for PCZ and PDBC.
Whereas the poly(CZ-co-DBC) = 1:5 (Fig. 6D) had the
other peak at 430 nm. This might be due to the interaction
between CZ units and DBC units in the copolymer. This
indicated that the good blue-light emitter characteristics of
PCZ was inherited by the copolymer of poly(CZ-co-
DBC) = 1:5 and implied that poly(CZ-co-DBC) = 1:5
might have some potential applications in various fields,
such as organic lasers.

Structural characterization

Infrared spectra can provide evidence for the occurrence of
copolymerization, especially for those insoluble and
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Fig. 7 IR spectra of (A) CZ, (B) poly(CZ-co-DBC) = 2:1, (C)
poly(CZ-co-DBC) = 1:5, (D) poly(CZ-co-DBC) = 1:10, and (E)
DBC. (The polymers were made from BFEE solutions at 1.1 V).
Solvent: DMSO

infusible. The copolymers prepared potentiostatically from
BFEE containing CZ and DBC at 1.1 V were analyzed
with FT-IR spectroscopy as shown in Fig. 7, and the
monomer of CZ and DBC were also investigated for
comparison. From this figure, no apparent difference was
found between the FT-IR spectra of the copolymer pre-
pared from BFEE, indicating the similar structure of the
polymer obtained with different feed ratio of CZ and DBC.

In Fig. 7B, the band at 734 cm™' was assigned to the
out-of plane vibration of -CH,—CH,—. The band at 1132-
1060 cm ™! was assigned to the -CH,—O—CH,— stretching
vibration of the monomer [27]. The peaks at 8§76 cm~!in
the spectra of polymer can be ascribed to the C-H wagging
of benzene ring isolated hydrogen, which suggested that
benzene ring on PDBC unit was 1, 2, 4, 5-tetrasubstitution.
This result implied that the electro-polymerization of DBC
was at the 4, 5-position of the benzene ring on DBC unit
[27]. The peaks at 804 cm ™' was also assigned to the C-H
wagging of benzene ring isolated hydrogen, indicating the
occurrence of polymerization on the benzene ring of CZ
unit [26]. The bands at 1235 cm ™! were related to the C-C
deformation of CZ [26]. The bands in the region from 1440
to 1610 cm™", which mostly consisted of the C=C and C—C
stretching and shrinking modes, were selectively broad-
ened. The peaks at 685 cm™' were related to the C-C
deformation of benzene ring. In Fig. 7C, D, these peaks
can also be found. The broad peak at 3400 cm™' (Fig. 7B)
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observed in the poly(CZ-co-DBC) = 2:1 spectrum was the
characteristic absorption of N-H bond in the CZ unit,
which was narrow in the spectrum of poly(CZ-co-DBC)
(1:5) (Fig. 7C) and poly(CZ-co-DBC) = 1:10 (Fig. 7D)
film. From Fig. 7C, D, the absorption peak at about 2900
and 1446 cm™' was attributed to the —CH, stretching of
crown ethers of the monomer DBC, but in Fig. 7B the band
at 2900 cm™' was unconspicuous.

Some peaks differ apparently from the polymer of PCZ
[26] and PDBC [27] in many regions. This may be due to
the interaction between CZ units and DBC units in the
copolymer and may be regarded as evidence of copoly-
merization. On the basis of the previous discussion, the
characteristic peaks of CZ and DBC could be found in the
spectrum of the copolymer (Fig. 7B). All these features
implied that the copolymerization happened during the
potentiostatic electro-polymerization of CZ and DBC, in
well accordance with the results of CV.

Thermal analysis

The degradation behavior of conducting polymers is very
important for their potential applications. Therefore, the
thermal analysis of copolymers was tested by thermo-
gravimetric analysis, as shown in Fig. 8. All thermal
analyses were performed under a nitrogen stream in the
temperature range of 300-1100 K with a heating rate of
10 K min~'. According to Fig. 8A, when the temperature
reaches 324 K, the weight loss of the PCZ was about 1%.
We can get the similar result in (Fig. 8B-E), But the PDBC
has lost about 4%. This degradation can be ascribed to the
water evaporation or other moisture trapped in the polymer,
which is not necessarily associated with a change in
polymer structure [23]. As shown in Fig. 8, prominent
decomposition of PCZ was occurred at about 400 K
(Fig. 8A). When the temperature reached 700 K, the
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Fig. 8 Thermogravimetric (TG) curves of (A) PCZ, (B) poly(CZ-co-
DBC) = 2:1, (C) poly(CZ-co-DBC) = 1:5, (D) poly(CZ-co-DBC) =
1:10, and (E) PDBC, which were made from BFEE solutions at 1.1 V

decomposition was only up to 20% (Fig. 8A). This weight
loss was attributed to the degradation of the skeletal PCZ
backbone chain structure. And PDBC film started to lose
weight when the temperature reached 450 K (Fig. 8E). The
decomposition was up to 20% when the temperature
reached 577 K (Fig. 8E). But the copolymer obtained at
1.1 V underwent degradation at about 400 K (Fig. 8B-D),
and the decomposition was up to 20% when the tempera-
ture reached 690 K which was higher than that of PDBC,
but lower than that of PCZ. The maximal decomposition
rate of PCZ was located at 660 K (Fig. 8A). And the most
prominent decomposition of PDBC happened at about
635 K (Fig. 8E). But the corresponding maximum decom-
position rates occurred at 654, 673 and 670 K for poly(CZ-
co-DBC) (Fig. 8B-D), respectively. When the temperature
reached 860 K, the decomposition of PCZ was up to 29%
(Fig. 8A), and poly(CZ-co-DBC) was up to 37, 43, and
39% (Fig. 8B-D). But at 860 K, the weight loss of the
PDBC was about 80% (Fig. 8E). A detailed summary of
the thermal analysis results were listed in Table 2. It could
be concluded that PCZ films have better thermal stability
compared with PDBC, and poly(CZ-co-DBC). On the other
hand, because of the CZ units in the copolymers, the
thermal properties of the obtained copolymers were similar
to PCZ. All the aforementioned results implied that the
incorporation of CZ units into the polymer contributed to
the improvement of the thermal properties of PDBC.

Conductivity and morphology

The conductivity of the poly(CZ-co-DBC) = 1:5 film
obtained from BFEE was measured to be 0.8 S cm™!,
which was significantly higher than that of PCZ (7.5 x
10738 cm_l) obtained from BFEE [26], 5.0 x
107*S ecm™! obtained from ACN [28], and PDBC
4.1 x 10728 cm_l) obtained from BFEE [27], which was
listed in Table 3. The poly(CZ-co-DBC) = 1:5 film
deposited on the electrode surface was shiny, metallic,
compact and smooth. Moreover, the polymer film was very
flexible and had a fairly good mechanical property. It can
be peeled off from the electrode surface as a free-standing
film, as shown in Fig. 9. Another advantage was that much
cheaper stainless steel sheet was used as the working
electrode for large-area polymer film deposition. In addi-
tion, the shape and size can be adjusted by the shape and
size of the working electrode.

Conclusions
In summary, high-quality free-standing poly(CZ-co-DBC) =

1:5 films with conductivity of 0.8 S cm™" were electro-
chemically synthesized in pure BFEE containing
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Table 2 The thermal analysis results of polymer prepared from BFEE solutions at constant applied potentials of 1.1 V

Polymer Initial decomposition Maximum decomposition Weight of decomposition
temperature (K) temperature (K) at 860 K (%)

A PCZ 324 660 29

B Poly(CZ-co-DBC = 2:1) 300 654 37

C Poly(CZ-co-DBC = 1:5) 318 673 43

D Poly(CZ-co-DBC = 1:10) 300 670 39

E PDBC 300 635 80

Table 3 Conductivity values for copolymers and homopolymers

Polymer poly(CZ-co-DBC) (1:5)* PCZ* pCz° PDBC?

Conductivity (S cm™") 0.8 7.5 x 1073 5.0 x 107 4.1 x 1072

? Obtained from BFEE
® Obtained from acetonitrile

Fig. 9 Photograph of a free-standing poly(CZ-co-DBC) = 1:5 film

0.005 mol L™' CZ and 0.025 mol L™" DBC. As-formed
poly(CZ-co-DBC) films showed good redox activity. TGA
results indicated that the copolymer films with good ther-
mal stability can be prepared from BFEE. The fluorescence
spectra implied that the copolymer was a good blue light
emitter. These copolymer properties could extend the
applications of both PCZ and PDBC.
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