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ABSTRACT: 1,2-(19,19,29,29-Tetracyanomethanoxymethano)[60]fullerene, a derivative of
C60, is a better electron acceptor than the parent C60. The film of PVK doped with 1.6
wt % of this derivative was prepared and characterized. The micromorphology of the
film was studied by transmission electron microscopy (TEM) and high-resolution trans-
mission electron microscopy (HRTEM). The photoinduced discharge curves and photo-
conduction spectra of the films were measured. The results showed that PVK doped
with the C60 derivative displayed more photoconductivity than that of PVK doped with
pure C60 or a mixture of C60 and C70. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 72:
209–213, 1999
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INTRODUCTION

Fullerenes, in particular the readily available
C60, possess a wide range of physical and chemi-
cal properties that make them interesting as
building blocks for superconductors, photoconduc-
tors, semiconductors, ferromagnetic, and new ma-
terials.1–5 Fullerenes are known to be good elec-
tron acceptors. In the presence of electron donors
such as aromatic amines, TDAE, tetrathiaful-
valene derivatives, and some polymers (PPV,
PVK), weakly bonded charge–transfer complexes
can be formed.6–12 Through the interaction of
charge–transfer, the formation of a complex and
the stacking form, such as molecules, can exhibit
some special optic, electronic, and magnetic prop-
erties.

PVK has been investigated extensively due to
its photoconductivity after doping, the charge–
transfer complex formation with acceptors, and

carrier transport properties, and several publica-
tions have illustrated strong interest in its photo-
conductive properties.13–17 The C60 moiety has
been found to be a good electron acceptor in photo-
induced intramolecular processes such as elec-
tron transfer and energy transfer when illumi-
nated by light. Wang13 first reported the prepa-
ration of photoconducting films of PVK doped
with a mixture of C60 and C70 through a liquid
phase mechanical mixing and found fullerenes
could be doped into PVK to enhance its charge–
generation efficiency. So far, only the photocon-
ductivity of pure C60 and mixtures of C60 and C70
doped into different polymers have been reported.
We are interested in using a C60 derivative that
possesses stronger electron-accepting ability than
C60 to dope PVK in an effort to show a new pho-
toconductive phenomenon.

Recently, a C60 derivative (TCNEO-C60) was
synthesized by N. Jagerovic et al.,18 as shown in
Scheme 1. The compound has two couples of an
acceptor CN group. We employed cyclic voltam-
metry (CV) to study the electrochemical proper-
ties of TCNEO-C60, and found that TCNEO-C60
exhibited stronger electron-accepting ability than
the parent C60. Therefore, we suggested that the
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photoconductivity of TCNEO-C60–doped PVK
could be much better than that of pure C60 and a
mixture of C60 and C70 doped into PVK. The pho-
toconductivity of TCNEO-C60–doped PVK has
been studied. In fact, it was found that the films of
PVK doped with the derivative (TCNEO-C60)
showed higher photoconductivity than that of
PVK doped with C60. The result indicates that
increasing electron-accepting ability of fullerenes
is a key factor in the improvement of photocon-
ductivity of polymers doped with fullerenes.

EXPERIMENTAL

Preparation of TCNEO-C60

A mixture of TCNEO and C60 (1 : 1 molar equiv.)
in dry toluene was stirred and refluxed under an
atmosphere of nitrogen for 15 h. Then the solution
was evaporated under reduced pressure and the
residue was purified by column chromatography
(silica gel, petroleum ether: chloroform 5 2 : 1),
yielding 38% of the monoadduct (TCNEO-C60).
The FD-mass spectrum shows a peak at 865 (rel-
ative intensity 100%, [M 1 H]1) and the peak for
fullerene at 721 (relative intensity 9%, [C60
1 H]1). The FTIR exhibits a typical absorption
band at 2245 cm21 for the CN group.

Cyclic voltammetry (CV) was carried out with
an electrochemical instrument consisting of an
EG&G Par Model 175 Universal Programmer and
Model 174A polarographic analyzer. Absorption
spectrum measurement was carried out utilizing
a diode-array spectrophotometer HP8452A.

The Photoconductivities of the Samples

PVK and PVK doped with 1.6 wt % TCNEO-C60
were measured using the standard photoinduced
discharge method on an Electrostatic Paper Ana-
lyzer Model sp-428. A Tungsten lamp (30 W) was
used as the light source. The light intensity used
was 400 lx. The sample film, deposited on an

electrically grounded aluminum substrate, was
first corona charged (positively or negatively) in
the dark. The amount of surface charge was de-
tected by an electrostatic voltmeter. On exposure
to light, the photogenerated electrons and holes
migrated to the surface, and discharged the sur-
face potential. This photo-induced discharge pro-
cess is the basis of Xerography.

Photoconduction Spectra

By casting the toluene solution (1.6 wt % TCNEO-
C60–doped PVK) on an ITO (In-Sn Oxide)-coated
glass substrate, thin films were prepared. The
films were dried in vacuum at 100°C for 2 h.
Finally, an Al electrode was vacuum deposited on
top of the films. Photoconduction spectra were
recorded on combined units of an HITACHI
MPF-4 Fluorescence Spectrophotometer and
TR8651 Electrometer. The light source was a
150-W Xe lamp. For the spectral response mea-
surement of photoconductivity, the excitation
monochromator of MPF-4 was used to disperse
light.

TEM

Photoconducting films of PVK doped with 1.6 wt
% TCNEO-C60 were exposed to vapor of 0.5 wt %
aqueous solution of RuO4 for 2–3 h at room tem-
perature.19 It was found that the film-covered
grids were darkened slightly, indicating that ru-
thenium tetraoxide attacked the aromatic moi-
eties in PVK and TCNEO-C60. Electron micro-
graphs were taken with a Hitachi H-800 electron
microscope at an accelerating voltage of 100 kV.

RESULTS AND DISCUSSION

The electrochemical properties of TCNEO-C60
were studied by cyclic voltammetry (CV).20 As
shown in Figure 1, the half-wave potentials of the
product contain three reduction steps (20.44V,
20.97V, 21.42V vs. SCE) in CH2Cl2 with 0.1M
TBAPF6 as the supporting electrolyte, while
those of C60 are (20.61V, 21.02V, 21.46V vs.
SCE) under the same conditions. The second re-
duction peak (II) splits into two separate peaks,
IIa and IIb. The reason may be that 1a(TCNEO-
C60) is reduced to 1a2, undergoing a structure
change in the sense of isomerization to 1a2 and
1b2,21 which are further reduced at different po-
tentials. Significantly, the first three reduction

Scheme 1
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peak potentials of TCNEO-C60 are positively
shifted 170, 50, and 40 mV, respectively, com-
pared with those of C60, reflecting its stronger
electron-accepting ability than the parent C60.

The photoinduced discharge curves of pure
PVK and PVK doped with 1.6 wt % TCNEO-C60
are shown in Figure 2. As shown in this figure,
pure PVK does not show any detectable surface
discharge upon illumination with a Tungsten
lamp due to its low charge–generation efficiency.

However, it exhibits a remarkable improvement
in photosensitivity when doped with 1.6 wt %
TCNEO-C60. The photoinduced discharge process
is much faster and more complete than that of
undoped material and materials of using pure C60
or a mixture of C60 and C70-doped PVK.13,22 To-
gether with the low dark conductivity, it pos-
sesses three of the most important criteria for
electrophotographic applications.

Figure 3 shows the photoconduction spectra of
Al/PVK: TCNEO-C60/ITO under both positive and
negative bias. The term “positive bias” means
that the positive voltage is applied to the ITO
electrode. Also displayed is the optical absorption
spectrum of the film. As shown in this figure, a
larger photocurrent under a more positive bias
than that under a negative bias is observed. The
photoconduction spectra essentially follow the ab-
sorption spectrum, indicating that TCNEO-C60 is
the light absorber and functions as the sensitizer
for photoconductivity, and it is responsible for the
charge generation. However, in the strongly ab-
sorbing wavelengths, carriers are generated near
the surface and have to migrate through the
whole thickness of the PVK polymer film, the
result showing that only holes can achieve this.
The fact that a larger photocurrent under positive

Figure 1 The CVs of C60 and 1a (TCNEO-C60) in
CH2Cl2 containing 0.1 mol z L21 TBAPF6, scan rate: 50
mV z s21.

Figure 2 A qualitative comparison of photoinduced
discharge curves of a 6.5-mm-thick PVK film and a 5.9-
mm-thick TCNEO-C60 doped PVK film under the same
experimental conditions. A Tungsten lamp (30 W) is
used as the light source. The light intensity used is 400
lx.

Figure 3 Photoconduction spectra of a TCNEO-C60–
doped PVK film (2.16 mm): up triangles for positive
bias, and circles for negative bias. The field strength is
3 3 106V/cm; active area of the cells: 0.12 cm2. Absorp-
tion spectrum for a 1.9-mm-thick film is shown for com-
parison (solid line).
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bias than that under negative bias is observed
should be interpreted in terms of photoinduced
charge transfer between TCNEO-C60 and PVK. In
the case of the positive bias condition, the direc-
tion of migration of the charged carriers due to
the electric field corresponds with the direction of
the photoinduced charge separation, resulting in
a photocurrent larger than that in negatively bi-
ased case.

Photoconductivity is the convolution of photo-
induced charge generation and charge transport
processes. Because the concentration of TCNEO-
C60 in PVK (1.6% weight) is well below the per-
colation threshold, the transport of carriers has to
occur through PVK. TCNEO-C60 serves mainly as
a sensitizer for photogeneration of charges, as
demonstrated by the photoconduction spectra.
The most likely site for hole injection in PVK is
the carbazole moiety. Transport of holes can then
be accomplished by hopping along the pendant
groups (i.e., carbazole). PVK is known to be effec-
tive hole transport material.23–25 Moreover, TC-
NEO-C60 is an electron acceptor, and the carba-
zole group in PVK is an electron donor, which
leads to the formation of a weakly bonded com-
plex between them and enhances the electron
transfer from PVK to TCNEO-C60.

TEM and HRTEM have been used to visualize
the micromorphological feature of the films of the
charge transfer complex between the poly(N-vi-
nylcarbazole) and TCNEO-C60. It was necessary
to enhance image contrast for polymeric materi-
als by use of a staining agent due to the low
contrasts between structural details. The electron
transmission micrograph and high-resolution
transmission electron micrograph of the RuO4-
stained film are shown in Figure 4(a) and 4(b),
from which can be found the microdomains (dark
region) embedded in the PVK continuous matrix.
The microdomains appear to be striplike (ribbon-
like) and connect to form a network structure.
The formation striplike microdomains should cor-
respond to the charge–transfer complex between
PVK and TCNEO-C60.

PVK is a member of an interesting family of
linear vinyl polymer having large bulky pendant
groups. It is a very stiff molecule in dilute toluene
solution, and low molecular weight PVK is rod-
like. Crystal25 reported rod-type PVK single crys-
tal morphology crystallized from 0.5% p-xylene
solution at 100°C for 48 h, and pointed out that
the rod length approximated the expected molec-
ular chain length from molecular weight data.
This suggested that PVK in dilute p-xylene solu-

tion was a very stiff molecule, perhaps in a rod
conformation, because of a steric hindrance effect
from the bulky pendant groups and possible re-
sultant barriers to rotation.

The planar pendant carbazol groups lie close to
and parallel to one another, and could result in
charge–transfer interactions with tetracyano
methanoxy groups in TCNEO-C60.

This research is supported by the National Natural
Science Foundation of China. We wish to thank Prof.
D. Y. Ren for technical assistance and helpful discus-
sion.

Figure 4 (a) Transmission electron microscopy of the
RuO4-stained film (1.6 wt % TCNEO-C60 doped PVK).
(b) High-resolution transmission electron microscopy of
the RuO4-stained film (1.6 wt % TCNEO-C60 doped
PVK).
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