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Abstract Electrochemical oxidation of thin films of 9-(2,3-
epoxypropyl)carbazole (OEPC) oligomer deposited on an
electrode leads to the formation of an in-situ cross-linked
structure with biscarbazyl redox sites due to the anodic
coupling of pendant carbazole units. Electrochemical,
optical, and thermal characterizations confirm the formation
of a conducting network containing electroactive biscarba-
zolyl units. When the electrochemical cross-linking takes
place in a starting thin film containing a mixture of OEPC
and a perylene bisimide polymer [poly(Pery-EO3)], a semi-
interpenetrating polymer network is formed which pos-
sesses both electron donor and electron acceptor properties.
Indeed, the electrochemical behavior of the semi-inter-
penetrating polymers network (IPN) is characterized by two
reversible oxidations and two reversible reduction waves
corresponding to the biscarbazolyl and perylene redox
moities, respectively. The energy levels of the highest
occupied molecular orbital EHOMO and lowest unoccupied
molecular orbital ELUMO of each donor and acceptor in the
semi-IPN have been evaluated and indicate a possible
electron transfer from biscarbazole to perylene, which could
be taken advantage of in the field of solar cells application.

Introduction

Organic solar cells have attracted much interest motivated
by developing inexpensive, efficient, and renewable energy
sources [1–4]. A highly promising route in this field
concerns bulk heterojunction structures in which an
electron donor and an electron acceptor are associated in a
unique thin layer with the aim of obtaining a large-area
donor–acceptor interface which will improve the exciton
separation [5].

A lot of studies have been carried out on the association
of an electron donor conjugated polymer such as polypara-
phenylenevinylene or polyalkylthiophene derivative and an
electron acceptor material, among which are fullerene
derivatives [6–8], perylene derivatives [9–15], n dopable
polymer [16, 17], or others [18, 19] in order to increase the
dissociation efficiency. Among these electron-acceptors,
perylene derivatives have received considerable attention
due to their unique combination of optical, redox, and
stability properties. Their electron-transport properties have
also been reported in amorphous polymeric structures [20–
22] or in self-organized architecture such as smectic
discotic liquid crystal phases [23]. On the other hand,
carbazole derivatives and, more particularly, poly(vinyl-
carbazole) have attracted attention in the field of photovol-
taic devices due to their good photoconduction properties
[24, 25]. Associations of carbazole and perylene derivatives
in a mixture have already been examined [26–28]. Chen et
al. [27] have studied a fluorinated perylene diimide doped
polyvinyl carbazole film and shown high exciton dissoci-
ation and good electron transport ability. Müllen et al. [28]
have designed a donor/acceptor pair composed of poly(2,7-
carbazole) derivatives and perylene tetracarboxydiimide in
bulk-heterojunction leading to a power efficiency of 0.6%
under AM1.5 illumination.
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In this paper, we have considered the design of a single
layer two-component system through the combination of p
and n dopable polymers into a semi-interpenetrating polymers
network architecture (semi-IPNs). We have chosen an ethyl-
eneoxide/carbazole based oligomer [oligoepoxypropylcarba-
zole (OEPC)] [29] as hole transporting material. The
realization of the three-dimensional networks has been
achieved by anodic coupling of carbazole pendant units in
the presence of a polyimide [poly(Pery-EOn)] containing
electron-transporting perylenediimine moieties. The ethyl-
eneoxyde units present in both materials are expected to
ensure a good compatibility and, therefore, to limit the phase
separation of the initial mixture deposited on the anode.
Figure 1 shows a schematic representation of the blend
before electrochemical oxidation and the formation of the
semi-IPN after cross-linking of the pendant carbazole units.

First, the possibility to electrochemically cross-link a thin
OEPC film will be presented. Then, it will be shown that the
association of OEPC with the perylene bisimide-based
polymer during the electrochemical oxidation leads to the
formation of a p/n dopable semi-IPN. Extraction experiments
of the linear polyimide from the semi-IPN during the
electrochemical cross-linking process will be presented as
an indirect kinetics witnessing the gradual formation of the
semi-IPN. Energetic levels of biscarbazole and perylene
bisimide units will be derived from electrochemical and
optical characterizations. Finally, fluorescence quenching
studies of perylene moieties in the polyimide in the presence
of carbazole monomer will illustrate the possible electron
transfer between the donor and the acceptor materials.

Experimental section

Reagent

Perylene-3,4,9,10-tetracarboxylic dianhydride, 4,7,10-trioxa-
1,13-tridecanediamine, 1,4-butanesultone, and poly(ethylene
glycol) bis (3-aminopropyl)terminated (1,500 g mol−1)
purchased from Aldrich were used without any treatment.
N,N-dimethylformamide (DMF) purchased from Adrich was

dried on calcium hydride and distilled under vacuum prior to
use. Acetonitrile (VWR Prolabo), tetrabultylamonium
perchlorate (Fluka), were used without further purification.

Synthesis of oligomer and polymer

Poly(Pery-EO3) and poly(Pery-EO34) (Fig. 2) were synthe-
sized following the procedure previously described [30, 31].
The carbazole oligomer (OEPC) was synthesized by cationic
polymerization of oxirane carbazole derivative using triphe-
nylmethane cation salt as previously described [32].

4-carbazol-9-yl-butane-1-sulfonate sodium salt
(CzSO3Na) was synthesized by reaction of carbazole with
sodium hydride in toluene, subsequent addition of butane
sultone, and refluxing 6 h under stirring according to the
method of Reynolds et al. [33]. Steric exclusion chroma-
tography analysis of OEPC [using tetrahydrofurane (THF)
as eluent and monodisperse polystyrene standards for the
molecular weight evaluation] gives a molecular weight of
Mn=650 with polydispersity index Ip=1.2 and an average
polymerization degree of 2.9.

Apparatus

Cyclic voltammetries were performed with an Autolab
Potentiostat/Galvanostat PGSTAT30 in a three-electrode
single-compartment cell. The working electrode was either
a platinum disc of 0.785 cm2 or a glass substrate-coated
indium tin oxide (ITO) electrode of 1.2 cm2 (from Delta
Technologies). The counter electrode consisted of a
platinum wire and the reference electrode was a saturated
calomel electrode. All potentials were internally referenced
to the ferrocene–ferricinium couple. For the electrochemical
synthesis of the semi-IPN, a mixture of OEPC and poly
(Pery-EO3) (1/1 wt.%) was dissolved in dichloromethane
(2 mg/ml) before coating onto working electrode (20 μl),
then evaporated. Electrochemical characterizations of the
semi-IPN were carried out under saturated argon atmo-
sphere after the solution was purged for 15 min.

UV-Vis and fluorescence spectra were recorded on a
JASCO V570 and JASCO FP-6200 spectrometer either in

Fig. 1 Scheme of the electro-
chemical cross-linking
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THF solution (in 5 mm length Q quartz cells) or on ITO
substrate for solid state thin film before and after
electrochemical cross-linking. Infrared spectra were per-
formed with a Fourier transform infrared (FTIR) Tensor 27
BRÜKER spectrometer equipped with an attenuated total
reflectance probe.

Morphological observations of specimens were carried
out with a Dimension 3100 atomic force microscope (AFM)
with a Nanoscope IIIa controller from Veeco Instruments.
The images were acquired using intermittent contact mode
under ambient conditions. The cantilevers used (Budget-
Sensors) had nominal spring constants of 20–80 N/m and
resonant frequencies in the range 200–260 kHz.

Thin films for AFM studies were prepared using a spin
coater P6700 from Specialty Coating Systems. A solution
of OEPC in dichloromethane (25 mg/ml) was spin-coated
onto ITO substrates at 1,500 t/min.

Results and discussion

Synthesis, optical, and electrochemical characterization
of poly(Pery-EOn)

Polyimides containing perylene and oligoethyleneoxide
moieties have been synthetized by polycondensation
reaction between perylene-3,4,9,10-tetracarboxylic dianhy-
dride and the corresponding diaminated oligoethers
4,7,10-trioxa-1,13-tridecanediamine or poly(ethylene gly-
col) bis(3-aminopropyl)terminated (1,500 g mol−1) in
refluxing DMF. The formation of imide linkage proceeds
in two steps via a polyamic intermediate [30, 31].
Polyimides have been characterized by FTIR. The dianhy-
dride C=O vibration bands (at 1,768, 1,753, 1,742, and
1,729 cm−1) characteristic of the perylene starting monomer
disappears after 20 h reaction and the concomitant appear-
ance of imide C=O stretching vibration bands (at 1,692 and
1,655 cm−1) confirms the completion of the condensation
reaction [34, 35].

UV-visible and fluorescence spectroscopies were used to
confirm the presence of the chromophore perylene units.
Due to the number of ethylene oxide units, poly(Pery-EO34)
is quite soluble in common organic solvent by contrast with

poly(Pery-EO3). Thus, poly(Pery-EO34) is preferred in this
work for optical and electrochemical characterization, as
well as fluorescence quenching (§d) studies, whereas poly
(Pery-EO3) will be chosen for the synthesis of the semi-IPN
since it is insoluble in the electrolyte.

UV-visible spectra of a solution of poly(Pery-EO34) in
THF (at 0.7 g l−1) shows two major peaks at 486 and
520 nm with shoulders at 457 and 426 nm, typical of a
vibronic feature and corresponding to the electronic
absorption from v=0 to v′=0,1,2,3 (where v and v′ are
quantum vibrational numbers of the ground and excited
state, respectively) [36]. Fluorescence characterization of
poly(Pery-EO34) solutions as a function of concentration
show a red shift of the emission band typical of the self
association of the polyimide due to perylene π–π stacking.
The nonaggregated free polymer chains (5.3 mg l−1) emit at
524 nm (green), whereas a main emission band appears at
572 nm for a higher concentration solution (1.36 g l−1), as
already observed [35].

The electrochemical behavior of poly(Pery-EO34) has
been studied by cyclic voltammetry in solution of 0.1 M
NBu4ClO4 in CH3CN. Two reversible reduction waves are
observed at half-wave potentials of, respectively, −1.11 and
−1.21 V vs Fc/Fc+, corresponding to the successive
formation of anion and dianion radicals of redox perylene
units [37, 38].

Electrochemical cross-linking of OEPC

In order to characterize the electrochemical behavior of
OEPC, the oligomer was first deposited onto a platinum
electrode (Pt) from a dichloromethane solution (by evapo-
ration), and the modified electrode was subsequently
immersed in 0.1 M LiClO4 in CH3CN. During the first
anodic scan, the appearance of an oxidative current is
observed for which the onset starts at 0.65 V vs Fc/Fc+ and
the oxidation peak current is reached at 0.95 V vs Fc/Fc+

(Fig. 3). Such a curve is typical of the oxidation of
carbazole derivatives, as already described for different
substituted carbazoles monomers in solution [39, 40]. In the
present work, the oligomer is deposited on the electrode
and the oxidation process needs concomitant incorporation
of anions in the bulk of the thin film to ensure the

OEPC                              n= 2 :  poly(Pery-EO3)         n=33 : poly(Pery-EO34)    
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Fig. 2 a Chemical structure of
OEPC oligomer and b poly
(Pery-EOn) polymers
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electroneutrality. Due to the presence of oligoethyleneoxide
units, which are well known to favor ionic conductivity [41],
the incorporation of ions is easy and the electroactivity of
the carbazole redox units in the solid state is kept.

During the first reverse scan, it is already possible to
observe two reduction peaks at 0.48 and 0.66 V vs Fc/Fc+,
which are characteristic of two new redox systems. During
repeated scans, the intensity of the two redox systems
grows up and reaches a maximum after 15 scans. These two
reversible well defined oxidation peaks occur, respectively,
at half-wave potentials of 0.54 and 0.77 V vs Fc/Fc+. Such
a general trend of OEPC cyclic voltammetry is similar to
the one described by Ambrose et al. [39, 40] during the
electrochemical oxidation of different N-substituted carba-
zole in solution leading to the formation of the
corresponding dimer.

According to Ambrose [40], the first anodic peak can be
assigned to the formation of the radical-cation and the
second one to the formation of the dication of a carbazolic
diade. The proposed mechanism of the formation of the
biscarbazole network is described in Fig. 4.

In order to confirm the cross-linking, the solubility
change of the film after cyclic voltammetry was tested. By
contrast with the soluble initial OEPC, the thin film formed
after cyclic voltammetry was insoluble in dichloromethane.
This result is in agreement with the interchain coupling
reaction (via pendant carbazole units) leading to a tridi-
mensional structure. Moreover the UV-Visible characteriza-

tion of the thin cross-linked film allows the evaluation of its
optical band gap from the onset of the absorption band. The
resulting value (3.24 eV after electrochemical coupling) is
lower than that of the OEPC (3.42 eV) and confirms an
increase of the electronic delocalization in agreement with
the formation of biscarbazole units. The fluorescence
characterization of the film before and after cross-linking
also enlightens some differences. The initial OEPC film
shows an emission band at 369 nm, while it is shifted at
410 nm after oxidizing coupling. Finally, thermal analyses
of OEPC and cross-linked OEPC have been carried out.
The starting OEPC oligomer exhibits a glass transition
temperature at 76 °C, which increases up to 108 °C after
electrochemical coupling in agreement with a stiffening of
the macromolecular structure due to cross-linking.

The surface of spin-coated OEPC thin film has been
studied by AFM (Fig. 5). Before cross-linking, the surface
is quite smooth with a root-mean-square (RMS) roughness
of around 0.23 nm. After cross-linking, large modifications
of the surface morphology of the film are clearly seen; in
particular, an increase of the surface roughness is observed.
The RMS roughness is then about 2.3 nm. This evolution
could be due to the incorporation of the electrolyte inside
the tridimensional network during its formation.

Synthesis of semi-IPN

A N-methyl pyrrolidone solution of an OEPC and poly
(Pery-EO3) mixture (1/1 wt.%) was deposited on a platinum
electrode, and subsequently evaporated. The modified
electrode was then dipped into 0.1 M LiClO4 in CH3CN
and the cross-linking of OEPC was carried out under cyclic
voltammetry between −0.4 and 0.9 V vs Fc/Fc+. The
formation of the biscarbazole network in the presence of
poly(Pery-EO3) was observed, as already observed for the
OEPC alone. Indeed, we observe during repeated scans the
increase of the two biscarbazole redox systems, indicating
the possible formation of semi-IPN.

In order to follow in real time the formation of the semi-
IPN, and thus perform an indirect kinetic monitoring of this
reaction, extraction experiments of the linear polyimide, i.e.,
poly(Pery-EO3), from the biscarbazole-based network on the
electrode have been performed in six independent experi-
ments for increasing numbers of potential scans (0 to 10).

Fig. 3 Electrochemical cross-linking by cycling voltammetry (15
cycles) of thin film of OEPC onto Pt in CH3CN/LiClO4 (0.1 mol l−1),
v=50 mV s−1
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After electrochemical coupling of OEPC (at different scan
potentials), each modified electrode is immersed for 1 min
into N-methyl pyrolidone (NMP), which is a good solvent
for poly(Pery-TEO). The UV-visible spectroscopy measure-
ment of the absorbance of the resulting solution at 522 nm
leads to the determination of the percentage of polyimide
extracted from the film at the particular level of coupling,
which arose during the given number of scans. Figure 6
shows the evolution of the percentage of poly(Pery-EO3)
dissolved in the NMP solution vs the number of potential
scans performed resulting in cross-linking. Before cycling,
the thin film is a mere blend of OEPC and poly(Pery-EO3).
In this case, which corresponds to the zero time of the semi-
IPN formation reaction, all the polymers are solubilized after
1 min of immersion in NMP. By increasing the number of
potential scan on a new starting mixture each time, we
clearly observe a decrease of the extracted amount of the
perylene derivative from the film. From ten cycles,
corresponding probably to the full formation of the semi-

IPN, only 4% of perylene dissolves into NMP. Such an
evolution confirms that the formation of the biscarbazole
network modifies the morphology of the film, which
severely limits the rate of desorption of the perylene
derivative towards the NMP.

Moreover, it is noticeable that the electroactivity of the
biscarbazole network is quantitatively kept during the
immersion in NMP while the macromonomer (without
cross coupling) is soluble. It is a confirmation of the
formation of the semi-IPN.

Electrochemical characterization and charge transfer
properties

The electrochemical characterization of the semi-IPN was
carried out by cyclic voltammetry in 0.1 M NBu4ClO4 in
CH3CN at different scan rates. Figure 7 reveals the
simultaneous presence of the two oxidation peaks of
biscarbazole group and the two reduction peaks of poly
(Pery-EO3), indicating that the two redox systems are
electroactive inside the film. The semi-IPN behaves as an
intrinsic p and n dopable material.

A linear relationship exists between the scan rate (v) and
the peak current (Ip) of either the oxidation process of
biscarbazole moieties or the reduction one of perylene
units. This result seems to indicate a thin-layer electro-
chemical behavior. We are not in the configuration of a
semi-infinite diffusion response corresponding to a Ran-
dles–Sevcik equation, in which peak current will be
proportional to v1/2.

The optical gaps Egoptical of the electron donor (biscar-
bazole network) and electron acceptor (perylene based
polyimide) were determined from the onset of the absorp-
tion bands of each polymer deposited onto ITO. EHOMO of

0

20

40

60

80

100

0 2 4 6 8 10 12

Number of cyclic voltammetry scans for cross-linking

Solubilization of poly( Pery-EO3) (%) 

Fig. 6 Kinetics of extraction of poly(Pery-EO3) during the formation
of the biscarbazolyl network (by cyclic voltammetry)

Fig. 5 AFM image of OEPC
before and after potentiody-
namic cross-linking
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the biscarbazole network and ELUMO of excited poly(Pery-
EO3) were estimated from the cyclic voltammetry by the
onset of the oxidation and reduction of each redox unit,
respectively [42]. ELUMO of the biscarbazole network and
EHOMO of excited poly(Pery-EO3) have been deduced from
the optical band gap [43]. The corresponding values are
gathered in Table 1.

In an aim to prepare photovoltaic devices using such
semi-IPN, it can be assumed that perylene units will play
the role of light harvesting (since the absorption of
biscarbazyl is quite low in the visible range by comparison
to the perylene absorption). The generation of excitons
would mainly occur on perylene units and the higher
energy of the HOMO of biscarbazyl units in the network
should ensure the electron transfer to the HOMO of
photoexcited perylene, as shown in Fig. 8.

The charge transfer process between the electron acceptor
(perylene-based polymer) and the electron donor (carbazole
derivative) can be confirmed following the evolution of the
emission intensity of poly(Pery-EO34) during the addition
of a carbazole derivative. A N-butanesulfonate carbazole
sodium salt (CzSO3Na) (see “Experimental section”) was
chosen (Fig. 9) because the interactions of alkaline cation
with ethyleneoxyde units should improve the interaction

between the electron donor and the electron acceptor
materials in dilute solution. Figure 9a shows that the
presence of carbazole derivative quenches the emission of
perylene derivative. The fluorescence quenching can be
derived from the Stern–Volmer equation

IO=I ¼ 1þ KSV Q½ �
where Io is the fluorescence intensity of poly(Pery-EO34)
without the addition of CzSO3Na, I is the fluorescence
intensity of poly(Pery-EO34) upon the addition of
CzSO3Na, KSV is the quenching constant, and [Q] is the
concentration of CzSO3Na.

Figure 9b clearly shows the dependence of the relative
fluorescence intensity IO/I on the concentration of carbazole
derivative. The value of the Stern–Volmer constant KSV is
4.3 103 M−1. By comparison, a similar experiment has been
carried out using paratoluenesulfonate sodium salt in the
same experimental conditions. In this case, no quenching of
poly(Pery-EO34) emission is observed, which confirms the
contribution of carbazole units to the quenching possibly
due to electron transfer from photoexcited perylene to
carbazole moieties.
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Table 1 Optical gap and energetic molecular orbital of biscarbazole
network and poly(Pery-EO3)

Egoptical
a (eV) EHOMO (eV) ELUMO (eV)

Biscarbazole network 3.2 −5.1b −1.9
Poly(Pery-EO3) 1.8 −5.9 −4.1b

a Determined by UV-Vis spectra
b Determined by cyclic voltammetry

Fig. 8 Energetic diagram of cross-linked OEPC and excited poly
(Pery-EO3)
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Conclusions

This study describes the formation of an in-situ anodic
cross-linking of a thin film from an oligomer bearing
pendant carbazole groups. The charge transfer from the
electrode to the film with concomitant incorporation of
anions in the thin layer ensures the coupling of
carbazole units in the bulk of the material, as
confirmed by optical, thermal, and electrochemical
characterizations.

The electrochemical cross-linking of a mixture of
carbazole oligomer and perylene-based redox copolymer
in the film leads to a semi-interpenetrating polymer
network. Electroactivity determination of both biscarbazole
and perylene redox units confirms the p and n dopable
properties of the semi-IPN. An energetic diagram of the
materials indicates the possibility to realize electron transfer
between the electron donor and acceptor materials, as
confirmed by preliminary results of fluorescence quenching
of perylene bisimide materials by a carbazole derivative.
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