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ABSTRACT
The temperature dependence of the photopolymerization rate in pristine C60 and fullerene
molecular complexes {Pt(dbdtc)2}�C60 and {Pt(nPr2dtc)2}�(C60)2 was studied. The Raman spectra
measured in the temperature region 190–323K exhibit an intensity increase of the dimer-related
Ag(2) mode of the C60 molecule and a decrease of the monomer’s one under long laser irradiation.
The photopolymer content grows exponentially with the laser exposure time while the growth
time constant decreases with the increase of temperature. Since the polymerization via the 2þ 2
cycloaddition reaction necessitates the parallel orientation of double C¼C bonds of neighboring
C60 molecules, the acceleration of fullerene rotations at elevated temperatures affects the polymer-
ization rate. The photopolymerization rate under fixed conditions of laser power, excitation wave-
length and beam focusing exhibits an activation-type dependence on temperature. The activation
energy EA, obtained from the Arrhenius dependence of the polymer growth time constant on the
temperature, increases from (0.13±0.01) eV and (0.18±0.01) eV for {Pt(nPr2dtc)2}�(C60)2 and
{Pt(dbdtc)2}�C60 molecular complexes to (0.24± 0.04) eV for pristine C60.
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Introduction

The photo-induced polymerization of C60 was observed, for
the first time, under intense illumination by visible or ultra-
violet light and the [2þ 2] cyclo-addition mechanism was
proposed to explain the creation of covalent bonds among
adjacent fullerene molecules.[1,2] The photopolymerization
effectively occurs in thin films or surfaces of bulk samples
resulting in creation of various disordered oligomers, that can-
not be studied by traditional structural analysis and Raman
spectroscopy becomes very important in this case.[3] The
structural analysis is effective in the study of the ordered crys-
talline polymers of C60 obtained under various conditions of
high-pressure and high-temperature treatment of C60.

[4,5]

X-ray diffraction studies of these polymeric phases prepared
under carefully controlled conditions have established their
crystal structure while the IR absorption and Raman scattering
studies have identified important changes in their vibrational
spectra, related to the splitting and softening of phonon
modes caused by intermolecular covalent bonding.[4–8] The
Raman identification of the C60 polymers is based on the
downshift of the Ag(2) mode in all C60 polymers. The soften-
ing depends on the number of intermolecular covalent bonds
per C60 molecule: the Ag(2) mode shifts from 1468 cm�1 in
monomer to1464, 1458, 1446 and 1408 cm�1 in dimers, linear
chains, planar tetragonal and rhombohedral polymers, respect-
ively.[8] Photopolymerization within the C60 layers takes place
also in some fullerene molecular complexes at ambient

conditions.[9,10] In other cases, the photopolymerization at
ambient conditions does not occur but it may appear at ele-
vated pressure.[11–13]

In this work, we report a comparative study of the
photopolymer formation kinetics in the fullerene layers
of the molecular complexes ({Pt(dbdtc)2}�C60 and
{Pt(nPr2dtc)2}�(C60)2 and pristine C60 under long laser
irradiation. Spectra were recorded at fixed conditions of
laser wavelength and power, beam focusing and spot loca-
tion. The photopolymerization, manifested by the appear-
ance of a number of new peaks in the frequency region of
the Ag(2) mode, is rather fast at room temperature but
becomes much slower at lower temperature. The frequen-
cies of the newly appearing Ag(2) mode components are
close to those of the various crystalline polymers.[7,8] The
intensity of these bands gradually increases with illumin-
ation time, while the photopolymer content can be inferred
by the ratio of the sum of the integrated intensities of the
new Ag(2) mode components to the total spectral intensity
in the frequency region of the Ag(2) mode. The photopoly-
mer output grows exponentially with the laser irradiation
time while the exponential growth time constant exhibits
an activation type of temperature dependence. The activa-
tion energy EA, obtained from the Arrhenius dependence of
the polymer growth time constant on temperature,
increases from (0.13 ± 0.01) eV and (0.18 ± 0.01) eV for
{Pt(nPr2dtc)2}�(C60)2 and {Pt(dbdtc)2}�C60 molecular com-
plexes to (0.24 ± 0.04) eV for pristine C60.
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Experimental details

The samples of the donor–acceptor complexes
({Pt(dbdtc)2}�C60 and {Pt(nPr2dtc)2}�(C60)2 were obtained
by evaporation of solutions containing fullerenes and corre-
sponding donors. The complexes possess layered structure
in which the close-packed fullerene layers alternate with
layers of molecular donor.[14] For Raman measurements,
small samples of complexes of about 60 mm in diameter and
microcrystals of commercial C60 powder were used. The
spectra were recorded in the back-scattering geometry using
a micro-Raman set-up composed of a spectrograph Acton
SpectraPro-2500i and a CCD Pixis2K detector system cooled
to �70 �C. The 532 nm line of a single mode YAG CW
diode pumped laser was focused on the sample by means of
Olympus 10� and 50� objectives, the elastically scattered
light was suppressed by a super-notch filter with suppression
efficiency OD¼ 6 and bandwidth � 140 cm�1, while the
beam intensity on the sample was 100� 300 mW. Raman
measurements at various temperatures were carried out by
the use of an optical liquid nitrogen cryostat, operating in
the 80� 400K temperature range.

Results and discussion

Figure 1 shows the Raman spectra of the
{Pt(nPr2dtc)2}�(C60)2 complex in the region of the Ag(2)
mode recorded during 120 second scans at 203K after con-
tinuous laser irradiation of sample for 120, 720 and 1440 sec
with kexc¼ 532 nm at a power of 100mW. The spectra con-
sist of two bands centered at 1471.5 and 1466 cm�1, which
are related to the Ag(2) mode of the C60 monomer and
dimer, respectively. The intensity of the dimer band grad-
ually increases with irradiation time, while the ratio of the
integrated intensity of the dimer band to the total spectral
intensity in the frequency region of the Ag(2) mode provides
a measure for the photopolymer content. The dependence of
the photopolymer content on the laser exposure time is

shown in Figure 1 by open circles along with the fitting of
the data by an exponential growth function (dotted line):

PðtÞ ¼ Psat � f1� exp ð�t=sÞg (1)

Here, P(t) is the time-dependent content of the photo-
polymer, Psat¼ 67% is the content of the photopolymer
attained after saturation of the photopolymerization, and
s¼ 830 sec is the exponential growth time constant. In fact,
the time constant depends on the laser power and focusing
conditions; the increase of laser power leads to the acceler-
ation of photopolymerization and the exponential growth
time constant decreases. This implies the necessity of careful
control of the laser power, beam focusing and spot location
during all Raman measurements.

Figure 2 shows the dependence of the photopolymer con-
tent on the laser exposure time for {Pt(nPr2dtc)2}�(C60)2
complex at various temperatures. Circles, triangles and stars
represent the data obtained at 266, 233 and 203K, respect-
ively; the dotted lines are fits of the data by an exponential
growth function. The temperature of the sample was stabi-
lized with an accuracy ±0.3 K by the use of a liquid nitrogen
cryostat equipped with a temperature controller. As
expected, the photopolymerization inhibits at lower temper-
atures and the exponential growth time constant increases.
Note, that this series of Raman spectra were measured at
different sites of the same sample under carefully controlled
conditions of laser power, beam focusing and spot location.
The temperature dependence of the relative exponential
growth time constant sT/s277, where the s277 is the time con-
stant at 277K, is shown in the inset of Figure 2. The experi-
mental data are represented in the Arrhenius plot by
hexagons while the dotted line is their linear best squares
fit. The temperature dependence is well described by the
Arrhenius equation:

sðTÞ ¼ A� exp ðEA=kBTÞ (2)

where EA is the activation energy, A is a dimensionless con-
stant, kB is the Boltzmann constant, T is the temperature

Figure 1. Raman spectra of the {Pt(nPr2dtc)2}�(C60)2 complex in the region of
the Ag(2) mode recorded during 120 sec scans at 203 K after continuous irradi-
ation for 120, 720 and 1440 sec. Open circles: the dependence of the photopoly-
mer content on the laser exposure time, dotted line: fitting of data by
exponential growth function.
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Figure 2. The dependence of the photopolymer content on the laser exposure
time for the {Pt(nPr2dtc)2}�(C60)2 complex at various temperatures. Circles, trian-
gles and stars – data obtained at 266, 233 and 203 K, respectively; the dotted
lines are fits by an exponential growth function. Inset: Arrhenius dependence of
the exponential growth time constant sT/s277 on temperature.
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and s the decay time constant. The activation energy
EA¼ (0.13 ± 0.01) eV obtained is rather small.

Similar measurements were carried out for the fullerene
complex {Pt(dbdtc)2}�C60 and pristine C60. The combined
results from all these measurements are shown in Figure 3.
The open circles, hexagons and triangles are experimental
data related to the dependence of the exponential growth
time constant sT/s277 on temperature for the
{Pt(nPr2dtc)2}�(C60)2, {Pt(dbdtc)2}�C60 and pristine C60,
respectively. The linear fittings of experimental data are
shown by appropriate small symbols. All the experimental
data are well described by the Arrhenius equation. Note that
the pristine C60 undergoes an orientational ordering phase
transition near �260K associated with an fcc-to-sc struc-
tural transformation (shaded triangle area in Figure 3).[15]

At a lower temperature, the nearly free rotations of the C60

molecules are frozen and the photopolymerization rates, as
well as the accuracy of its determination, drastically drop.
The activation energy EA derived from the Arrhenius plots
is (0.13 ± 0.01) eV, (0.18 ± 0.01)eV and (0.24 ± 0.04) eV for
the {Pt(nPr2dtc)2}�(C60)2 complex, the {Pt(dbdtc)2}�C60

complex and the pristine C60, respectively. It is interesting
that the larger activation energy of the photopolymerization
is consistent with the higher energy barrier between the
monomer and polymer states for Pt(dbdtc)2}�C60 complex
with respect to the Pt(nPr2dtc)2}�(C60)2 complex.[9,10] Since
the photopolymerization takes place due to laser irradiation
and molecular rotations, the activation energy of photopoly-
merization under fixed conditions of laser power, excitation
wavelength and beam focusing have to be related to the acti-
vation energy of the molecular rotations. In view of this, the
activation energy (0.24 ± 0.04) eV for the pristine C60 is
remarkably close to the calculated energy barrier of �0.3 eV
between the P and H relative orientations of the C60 mol-
ecule in solid state.[16] In the P and H orientations the dou-
ble C¼C bond is faced to the center of pentagon or
hexagon of a neighboring molecule, respectively. The smaller
values of the photopolymerization activation energy in C60

molecular complexes could be ascribed to the incorporation
of the donor molecular layers in the fullerene structure and
the weakening of the interfullerene interaction, resulting in
the lowering of the energy barrier between the P and H ori-
entations of the C60 molecule.
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