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ABSTRACT: The behavior of the fullerene molecular complex [{Zn-
(Et2dtc)}2·DABCO]·C60·(DABCO)2 at high pressure was studied by Raman
spectroscopy and X-ray diffraction (XRD) using the diamond anvil cell
technique. The Raman spectra taken at room temperature with a green laser
of 532 nm showed a peculiarity near 2 GPa related to the formation of
interfullerene covalent bonds. However, the XRD study up to 2.6 GPa
showed smooth and monotonous pressure dependence of the lattice
parameters and cell volume well fitted by the Murnaghan equation of state
with K0 = 10.67 GPa and K′ = 6.96. The changes in the Raman spectra were
caused by photoinduced polymerization in fullerene layers that could be
suppressed when using a near-infrared laser of 785 nm. The photo-
polymerization at elevated pressure had a thermal activation character; the
activation energy of 1.09 eV at 1.05 GPa decreased to 0.18 eV at 1.85 GPa,
which gave rise to a fast photopolymerization at room temperature.

1. INTRODUCTION
The molecular complexes of C60 have a layered structure with a
weak van der Waals intermolecular interaction, in which the
close-packed molecules in the fullerene acceptor layers are
alternated with layers of the molecular donor. The behavior of
the fullerene complexes at high pressure is of interest due to
the reduction of interfullerene and interlayer distances,
resulting in an increased overlap of the molecular orbitals.
The overlap of the highest occupied molecular orbital
(HOMO) of the molecular donor and the lowest unoccupied
molecular orbital (LUMO) of the fullerene acceptor stimulates
the charge transfer between them, as well as charge
redistribution on the fullerene molecule cage. In addition, a
decrease in the interfullerene distances at high pressure raises
the possibility of covalent bonding between adjacent fullerene
molecules. The formation of covalent bonds in the fullerene
layers at high pressure was reported in a number of Raman
studies of various molecular complexes and doped C60
materials.1−9 On the other hand, the covalent bonding of
C60 in the fullerene layers of molecular complexes {Pt-
(dbdtc)2}·C60 and {Pt(nPr2dtc)2}·(C60)2 was observed even at
ambient conditions under laser irradiation10,11 In fact, the
photoinduced polymerization of C60 films under intense UV or
visible light was observed for the first time much earlier.12

Finally, photopolymerization in the fullerene layers of a
{Cd(dedtc)2}2·C60 complex was observed in the Raman
spectra between 2 and 6 GPa at ambient temperature while
outside this pressure range photopolymerization was sup-
pressed.13

The photopolymerization of pristine C60 occurs in the
surfaces of bulk samples owing to small light penetration depth
(∼1 μm near 500 nm); the phototransformed material is rather
disordered and contains various oligomers.12,14,15 The bulk
fullerene polymers synthesized under high-pressure/high-
temperature (HPHT) treatment of the C60 powder are highly
ordered, and their crystalline structures have been identified by
X-ray diffraction (XRD) as one-dimensional orthorhombic
(1D-O), as well as two-dimensional tetragonal (2D-T) and
rhombohedral (2D-R).16,17 The polymerization of C60 occurs
via the [2 + 2] cycloaddition mechanism that necessitates the
rotation of molecules to attain a suitable mutual orientation
when the double C�C bonds of adjacent molecules face each
other.18 The phonon modes of crystalline C60 polymers exhibit
splitting and softening due to the lowering of the molecular
symmetry caused by intermolecular covalent bonds.19,20 The
Raman examination of the C60 polymers is based mainly on the
Ag (2) pentagonal pinch mode (PP-mode) behavior associated
with the in-phase stretching vibration, which involves
tangential displacements of carbon atoms with the contraction
of the pentagonal rings and expansion of the hexagonal rings.
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The PP-mode frequency downshifts due to the lowering of the
average cage stiffness with the appearance and an increase in
the number of the sp3-like coordinated carbon atoms per C60
molecule associated with the intercage bonds. The Ag (2)
mode of the C60 monomer at 1468 cm−1 shifts down to 1458
cm−1 in the linear chains (1D-O polymer, 4 sp3-like
coordinated carbon atoms), while in the planar polymers, the
peak downshifts further to 1446 cm−1 (2D-T polymer, 8 sp3-
like coordinated carbon atoms) and 1408 cm−1 (2D-R
polymer, 12 sp3-like coordinated carbon atoms).19−21

Furthermore, the PP-mode downshifts in fullerenes doped
with alkali metals due to the lowering of the cage stiffness
caused by electron transfer from a metal to a fullerene
molecule, which results in PP-mode softening of about 6 cm−1

for every transferred electron.22

The ability of C60 to form intermolecular covalent bonds is
due to the existence of 30 unsaturated double C�C bonds in
the fullerene molecule cage. Usually, fullerene molecules are
oriented so that the double C�C bond of one molecule faces
the electron-poor center of the hexagon (H-orientation) or the
center of the pentagon (P-orientation) of another molecule.
The H- and P-orientations minimize the Coulombic repulsion
energy and correspond to the local minima of free energy.23,24

They are separated by an energy barrier that is caused by
enhanced Coulombic repulsion when double C�C bonds of
adjacent molecules are oriented along each other, which is
necessary for covalent bonding. The face-centered cubic
structure of pristine crystalline fullerene at room temperature
is characterized by continuous jumping of the C60 molecules
between H- and P-orientations, which looks like the rotation of
fullerene molecules. The rotation rate decreases with a
decreasing temperature since the jumps over the barrier have
a thermally activated character. Thereby, the transition of the
orientation ordering to the simple cubic phase occurs at 249 K
when the rotation of molecules is stopped, and they form the
so-called “orientational glass”.23−26 The rate of the photo-
induced polymerization at fixed conditions of laser power and
beam focusing increases with temperature due to an increase in

the rotation rate of C60 molecules. The temperature depend-
ence of the photopolymerization rate was studied in pristine
C60, as well as in the molecular complexes {Pt(dbdtc)2}·C60
and {Pt(nPr2dtc)2}·(C60)2. In this way, the activation energies
of photopolymerization were determined for the first time,
which, in fact, are the activation energy of C60 cage rotations.

27

In this letter, we present the results of high-pressure Raman
and XRD studies of the [{Zn(Et2dtc)}2·DABCO]·C60·
(DABCO)2 fullerene complex. The Raman spectra measured
with a green laser with an excitation of 532 nm show the
softening and splitting of the Ag (1) and Ag (2) phonon modes
of the fullerene molecules near 2 GPa caused by the formation
of covalent bonds between them. At the same time, the
pressure dependence of the lattice parameters is smooth and
monotonous in the pressure range under study of up to 2.6
GPa, as well as the pressure dependence of the cell volume,
which is well described by the Murnaghan equation of state
with parameters K0 = 10.67 GPa and K′ = 6.96. There are no
signs of polymerization because the smallest distance between
the fullerene molecules at 2.6 GPa is 9.6 Å. This exceeds
analogous distances of 9.26, 9.2, and 9.09 Å in linear
orthorhombic, planar rhombohedral, and planar tetragonal
polymers, respectively.17 More detailed XRD analysis con-
firmed the absence of covalent bonds between adjacent
fullerene molecules. The Raman spectra taken with a poorly
absorbed near-infrared laser show the smooth pressure
behavior of phonon modes without indications of covalent
bonding. The data obtained give evidence of photopolymeriza-
tion in the fullerene layers that does not take place under
ambient conditions and appears at elevated pressure. To clarify
the occurrence of photopolymerization at high pressure, we
studied the kinetics of photopolymer formation in a temper-
ature region of 266−358 K at three different pressures of 1.05,
1.35, and 1.85 GPa. We found that the activation energy of
photopolymerization (related to the rotation of fullerene
cages) decreased with pressure from (1.05 ± 0.18) eV at 1.05
GPa to (0.18 ± 0.03) eV at 1.85 GPa, which resulted in rather
fast photopolymerization in the fullerene layers of the

Figure 1. Raman spectra of the [{Zn(Et2dtc)}2·DABCO]·C60·(DABCO)2 complex at high pressure recorded with λexc = 532 nm (left panel) and
with λexc = 785 nm (central panel). Right panel�pressure dependence of the Ag (1) and Ag (2) mode frequencies. Circles�λexc = 532 nm,
squares�λexc = 785 nm, and dotted lines�linear fits.
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[{Zn(Et2dtc)}2·DABCO]·C60·(DABCO)2 complex at room
temperature near 2 GPa.

2. EXPERIMENTAL DETAILS
The samples of the [{Zn(Et2dtc)}2·DABCO]·C60·(DABCO)2
complex were synthesized by evaporation of a solution
containing fullerene acceptors and DABCO donors by the
method described in.28 The structural data were obtained for
the high-quality single crystals at ambient and elevated
pressures using a four-circle Oxford Diffraction Gemini-R
diffractometer equipped with a two-dimensional AtlasS2 CCD
(Mo Kα1 λ = 0.71073 Å, graphite monochromator, ω-scan)
and diamond anvil cell (DAC) with Boehler type Ia diamond
anvils. The XRD data showed that the [{Zn(Et2dtc)}2·
DABCO]·C60·(DABCO)2 complex acquired an orthorhombic
structure, space group Pbam with unit cell parameters a =
10.4349 Å, b = 17.0992 Å, c = 21.1554 Å, and V = 3774.73 Å3.
In the fullerene layers, each C60 molecule was surrounded by
six neighbors, with the shortest distances between the centers
of the fullerene molecules being 10.0158 (four neighbors) and
10.4349 Å (two neighbors). No C−C bonds were found
between the fullerene molecules at ambient conditions, and,
therefore, the molecules in the fullerene layers were in a
monomeric state. The Raman spectra were recorded in the
backscattering geometry using an Acton SpectraPro-2500i
spectrograph with a green laser of 532 nm and a LabRam HR
micro-Raman setup with a near-infrared laser of 785 nm, both
equipped with Peltier-cooled CCD detectors. The laser beam
was focused on the sample by a 50× objective with laser power
before the DAC of 150 μW for the 785 nm laser and 250 μW
for the 532 nm laser. The Raman measurements at high
pressure were carried out using a Mao-Bell type DAC, while
the 4:1 methanol/ethanol mixture was used as a pressure-
transmitting medium, and the ruby fluorescence technique was
used for pressure calibration.29 For measurements at high
pressure and temperatures in a range of 170−360 K, a self-
made compact cylindrical DAC with a diameter/height of
about 39 mm was used, which was compatible with a nitrogen
cryostat equipped with a temperature controller, and a resistive
heat exchanger provided temperature control with an accuracy
of ±0.4 K similar to that described earlier in.30 The DAC was
placed into a cylindrical cavity inside the heat exchanger, which
ensured good thermal contact with the DAC, while the
pressure was set at room temperature with subsequent control
when the required temperature was reached.

3. RESULTS AND DISCUSSION
Figure 1 depicts the Raman spectra of the [{Zn(Et2dtc)}2·
DABCO]·C60·(DABCO)2 complex at room temperature and
various pressures of up to ∼5 GPa recorded with a green laser
of 532 nm (left panel) and a near-infrared laser of 785 nm
(central panel). The spectra in the left panel were taken at a
laser power of ∼250 μW and exposure time of up to 1 h,
whereas in the central panel, the laser power was ∼150 μW,
and the exposure time was about the same. The Raman
measurements in every case were performed consequently at
the same fixed site of the sample for each pressure. The
phonon bands in the Raman spectra are related to the Ag and
Hg modes of the fullerene molecule due to the dominant
contribution of C60 in the Raman scattering cross-section of
the fullerene complexes with molecular donors.31 The spectra
at ambient conditions are identical in the left and central

panels; the phonon bands in both panels demonstrate a
positive pressure shift typical of crystals with a van der Waals
intermolecular interaction. The difference in the pressure
behavior of the Raman spectra appears at pressures above 2
GPa when the phonon bands in the left panel split and
broaden, whereas the spectra in the central panel do not show
noticeable changes. The right panel in Figure 1 illustrates the
pressure dependence of the Ag (2) and Ag (1) phonon mode
frequencies. The Raman data obtained with the green laser
(solid circles) show a peculiarity near ∼2 GPa, whereas those
obtained with the near-infrared laser (solid squares)
demonstrate a smooth linear behavior. At pressures below 2
GPa, the data taken with the green and infrared lasers
completely match their growing linear behavior. At higher
pressure, the data taken with the green laser show sublinear
pressure behavior of the Ag (1) mode, while the Ag (2) mode
frequency shows a plateau between 2 and 3 GPa and then
continues to grow linearly up to ∼8 GPa. The Ag (2) mode
frequencies at P < 2 GPa obtained with the green laser and
those obtained with the near-infrared laser up to 8 GPa are
well described by the linear dependence Ω = 1467.8 + 5.5 × P
with a pressure coefficient of 5.5 cm−1/GPa and zero pressure
frequency of 1467.8 cm−1 characteristic of the C60 monomer.
The data taken with the green laser at pressures between 3 and
8 GPa are also well described by the linear dependence Ω =
1461.7 + 5.3 × P with zero pressure value of Ω0 = 1461.7 cm−1.
This value was obtained from extrapolation of the linear
dependence to ambient pressure and coincides with the Ag (2)
mode frequency of the fullerene dimers C120, which indicates
the formation of fullerene dimers under irradiation with a
green laser. A similar transformation of the intensity of the Ag
(2) PP-mode observed earlier under green laser irradiation in
the fullerene complex {Cd(dedtc)2}2·C60 was associated with
pressure-assisted photoinduced polymerization.13 The absence
of signs of photopolymerization up to 8 GPa in the Raman
spectra taken with the near-infrared laser in contrast to those
taken with the green laser is related to 104 stronger light
absorption at 532 nm than that at 785 nm.32 Thus,
photopolymerization under the 785 nm laser is suppressed
due to a small number of broken double C�C bonds caused
by light absorption, which are insufficient for an effective [2 +
2] cycloaddition reaction. Interestingly, at a pressure of >10
GPa, the Raman spectra taken with the near-infrared laser
show weak signs of photoinduced polymerization. This is due
to a large red-shift of the C60 absorption spectrum that leads to
an essential increase in the laser absorption at 785 nm and
more intensive breaking of double C�C bonds.32

To determine whether the formation of covalent bonds
between neighboring fullerene molecules is associated with a
dramatic decrease in the distances between fullerene molecules
at P > 2 GPa, we performed the XRD measurements at high
pressure. Figure 2 depicts the pressure dependence of the
lattice parameters of the [{Znd(Et2dtc)}2·DABCO]·C60·
(DABCO)2 complex at pressures of up to 2.6 GPa. The left
inset on the bottom of Figure 2 shows the arrangement of the
donor and acceptor molecules in the lattice cell at ambient
pressure in view along the a-axes, while the right inset shows
the arrangement of the C60 molecules within the fullerene
layers. The open circles in Figure 2 illustrate the pressure
dependence of the lattice volume V/V0, the open squares
demonstrate the pressure dependence of the lattice parameter
C/C0 (perpendicular to the molecular layers), and the
pentagons denote the pressure dependence of the shortest
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distance between the fullerene molecules d/d0, where d = 1/
2(a2 + b2)1/2. The dotted lines are the fits of the experimental
data by the Murnaghan equation of state

V V P K K( / ) 1 ( / )K
0 0= { + · } (1)

where K0 = (10.67 ± 1.26) GPa is the bulk modulus and K′ =
(6.96 ± 2.14) is its derivative, which are close to those of the
fullerene crystal in a simple cubic phase.33 The small value of
the bulk modulus and the large value of its derivative are
typical for molecular crystals that characterize their high

compressibility associated with weak van der Waals inter-
molecular interaction. The compressibility along the ab axes
within the molecular layers is smaller than that in a
perpendicular direction along the C axes due to the layered
structure of the molecular complexes. The XRD data show a
smooth and monotonous pressure dependence of the lattice
parameters without any indication of a phase transition in the
pressure region under investigation. The smallest distance
between the centers of the fullerene molecules at the highest
pressure under study of 2.6 GPa is 9.6 Å. Taking into account
that this distance in crystalline C60 polymers is 9.26 Å in linear
orthorhombic, 9.2 Å in planar rhombohedral, and 9.09 Å in
planar tetragonal polymer,17 it is obvious that no covalent
bonds between molecules in the fullerene layers may be
formed at 2.6 GPa. This conclusion is confirmed by the
detailed XRD analysis that specifies the absence of covalent
bonds between adjacent fullerene molecules. The calculations
based on the compressibility data show that the covalent
bonding in the fullerene layers may be possible at P > 15 GPa
when the shortest interfullerene distances are close to those
typical for intercage distances in fullerene polymers.16,17

To confirm that the observed changes between 2 and 3 GPa
in the Raman spectra of [{Znd(Et2dtc)}2·DABCO]·C60·
(DABCO)2 are caused by photopolymerization in the fullerene
layers, we examined in detail the evolution of the Ag (2) PP-
mode under conditions of long-term laser irradiation at various
pressures. The left panel in Figure 3 shows the evolution of the
PP-mode in a series of Raman spectra recorded from the same
site of the sample at 0.55 GPa, laser power of 250 μW, and λexc
= 532 nm every 10 min. The spectra do not demonstrate
changes with an increase in the laser exposure time; thereby,
no signs of covalent interfullerene bonding are observed. The
central panel depicts the evolution of the Raman spectra
recorded at a higher pressure of 1.85 GPa and similar
conditions from a new site of the sample. The spectra are
gradually transformed with an increase in the laser exposure

Figure 2. Parameters of the [{Zn(Et2dtc)}2·DABCO]·C60·
(DABCO)2 crystal lattice versus pressure. Circles�the cell volume
V/V0, squares�parameter c/c0, and pentagons�the shortest distance
between the fullerene molecules d/d0. Left inset�lattice cell in view
along the a-axes, and the right inset�lattice cell in view along the c-
axes.

Figure 3. Raman spectra recorded near the Ag (2) PP-mode: left panel�P = 0.55 GPa, central panel�P = 1.85 GPa, λexc = 532 nm, 250 μW,
exposure 10 min. Right panel�P = 3.85 GPa, λexc = 785 nm, 150 μW, exposure 12 min.
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time. The main changes are associated with the emergence and
growth in intensity of new components near the Ag (2) PP-
mode with lower frequencies related to the photo-oligomers of
C60 similar to those observed in the experiments on fullerene
photopolymerization.3,11,13,15 The right panel in Figure 3
shows the Raman spectra recorded in the same region of the Ag
(2) PP-mode at 3.85 GPa with the near-infrared laser of 785
nm every 12 min. These spectra also do not show any changes
that may be associated with photopolymerization since it is
suppressed due to very small laser light absorption. The
characteristic changes in the Raman spectra taken with the
green laser at 1.85 GPa are undoubtedly caused by
photopolymerization within the laser spot. Thus, the most
interesting feature in these experiments is the absence of
photopolymerization under ambient conditions and its
emergence at elevated pressure, which requires additional
study to clarify its nature.
Photopolymerization at ambient conditions in pristine C60

and some molecular complexes of fullerene has a thermal
activation character.27 The activation energy of photopolyme-
rization is, in fact, an energy barrier between the H- and P-
orientations of the fullerene molecules.23 The suppression of
photopolymerization at room temperature and low pressure in
the [{Znd(Et2dtc)}2·DABCO]·C60·(DABCO)2 complex may
be related to a rather high activation energy of C60 rotations
under ambient conditions. In this case, an increase in the
sample temperature may stimulate the rotation of molecules,
which results in the emergence of photopolymerization. One
should take into account that all fullerene polymers are
unstable at elevated temperature and decompose to a
monomeric state even under moderate heating.10,34−40 For
example, HPHT 1D-polymers decompose at ∼271 °C,
whereas 2D-polymers decompose at ∼284 °C.34,38 The dimers
C120 synthesized by a solid-state mechanochemical reaction of
C60 with potassium cyanide and HPHT dimers transform into
monomers at ∼162 and ∼180 °C, respectively.37,39 As regards
photoinduced dimers in pristine C60, they are also stable up to
∼180 °C,40 while photo-oligomers in the molecular complexes

of fullerene are less stable and decompose at a lower
temperature of about 130 °C.10 Thus, to stimulate photo-
polymerization in fullerene complexes, heating should be
carried out carefully to avoid the decomposition of newly
formed photo-oligomers at excessive temperature. On the
contrary, cooling slows down the rate of photopolymerization
when it is initially fast at room temperature, as in the case of
the {Pt(dbdtc)2}·C60 complex or pristine C60.27 To study the
kinetics of photoinduced polymerization, we performed Raman
measurements in the [{Znd(Et2dtc)}2·DABCO]·C60·
(DABCO)2 complex at pressures of 1.05, 1.35, and 1.85 GPa
and in a temperature range of −7 to +91 °C using the green
laser and the homemade DAC equipped with a cryostat/
heater. The Raman spectra recorded at 1.05 GPa and 46 °C
showed signs of weak photopolymerization 10 min after laser
exposure with 250 μW. No signs of photopolymerization were
found at similar conditions and ambient temperature; thus, the
heating of the sample did lead to the activation of C60
rotations, which was necessary for photopolymerization. Figure
4 shows the summary results of Raman measurements with the
green laser at a pressure of 1.35 GPa, power of 250 μW, and
seven temperatures in a region of 24−55 °C. The Raman
spectra were recorded near the Ag (2) PP-mode, which
changed significantly; the new red components related to the
photo-oligomers of C60 appeared and grew in intensity under
laser illumination.13,15 The right inset on the bottom of Figure
4 shows the time evolution of changes in two spectra taken at
1.35 GPa and 45 °C at a laser exposure time of 10 and 40 min.
The decomposition of the spectra using the Voigt contour and
the calculations of component intensities confirmed a decrease
in the primary intensity of the Ag (2) PP-mode associated with
the C60 monomer and an increase in the intensities of two
newly appeared bands related to the photo-oligomers. The
relative intensity of the monomeric Ag (2) PP-mode with
respect to the total intensity of all modes including the photo-
oligomers, IM/I(M+P), as a function of laser exposure time is
shown in the left part of Figure 4. The solid circles, rhombus,
and squares show this dependence at 27, 36, and 45 °C,

Figure 4. Intensity of the Ag (2) mode monomer with respect to the total intensity of the Ag (2) mode, IM/I(M+P), versus exposure time. Circles�
27 °C, rhombus�36 °C, squares�45 °C, and dashed line�exponential decay fit. Bottom inset: variation of the Ag (2) mode at 1.35 GPa and 45
°C, irradiation 10 and 40 min. Top inset: temperature dependence of the exponential decay time constant, hexagons�experiment, dotted line�
linear fit.
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respectively. The dashed line is the approximation of the
experimental data by the exponential decay function

I I A t B/ exp ( / )M (M P) = · ++ (2)

where τ is the exponential decay time constants, and A and B
are the fitting constants. The exponential decay time constant
decreased from 3430 s at 27 °C to 623 s at 45 °C, showing the
acceleration of photopolymerization with an increase in the
temperature. The temperature dependence of the exponential
decay time constant τ obtained in a similar way for seven
temperatures is shown in the top right inset in Figure 4 in a
logarithmic scale as a function of 1/kBT. The experimental data
are shown with the hexagons, while the dotted line is their
best-squares fit. The temperature dependence is well described
by the Arrhenius equation

T A E k T( ) exp ( / )A B= × (3)

where EA = (0.59 ± 0.08) eV is the activation energy, A = (3.4
± 0.1) × 10−7 s is the time constant, kB is the Boltzmann
constant, and T is the temperature. The obtained activation
energy is rather high. For example, in the previously studied
molecular complex Pt(nPr2dtc)2}·(C60)2, which exhibited very
fast photopolymerization at ambient conditions, the activation
energy was EA = (0.13 ± 0.01) eV.27 For comparison, in some
other materials exhibiting photopolymerization at ambient
conditions, the activation energy was EA = (0.18 ± 0.01) eV in
the molecular complex {Pt(dbdtc)2}·C60, whereas the highest
value EA = (0.24 ± 0.04) eV was determined in pristine C60.

27

Interestingly, in the latter case, the activation energy was close
to the calculated energy barrier of 0.3 eV between the P- and
H- orientations of the C60 molecule in solid fullerene.

41

To study how the activation energy changes with pressure,
we examined additionally the kinetics of photopolymerization
in the [{Zn(Et2dtc)}2·DABCO]·C60·(DABCO)2 complex at
1.05 and 1.85 GPa. Generally, an increase in the pressure
stimulated photopolymerization, and it became faster. At all
pressures under study, photopolymerization had a thermal
activation character, and the dependence of the exponential
decay time constant on temperature is well described by eq 3.
Figure 5 shows the Arrhenius plots at 1.05 GPa with solid
squares, 1.35 GPa with solid circles, and 1.85 GPa with a solid
rhombus, while the dashed lines are linear fits. The activation

energy of photopolymerization gradually decreased with an
increase in the pressure from EA = (1.09 ± 0.18) eV at 1.05
GPa to EA = (0.59 ± 0.08) eV at 1.35 GPa and, finally, to EA =
(0.18 ± 0.0.05) eV at 1.85 GPa; the appropriate pressure
dependence is shown in the right top inset in Figure 5. We
believe that the activation energy under ambient conditions
was actually higher than that at 1.05 GPa. This may be a case
when photopolymerization could not be activated even at too
high temperatures since it could reach the limit of stability of
photo-oligomers and caused their decomposition. The right
bottom inset in Figure 5 illustrates a schematic picture of
energy levels in pristine fullerene monomers and dimers. The
monomer is shown in the local minimum of energy on the left
side of the scheme, while the dimers are shown in the other
local minimum on the right side. The difference between the
two minima ΔE is related to the binding energy of the dimers,
while the energy barrier EA between them is, in fact, the
activation energy of C60 rotations. The barrier between the two
minima is due to enhanced Coulombic repulsion between
molecules oriented toward each other by electron-reach double
C�C bonds.
To sum up, the experimentally measured activation energy

of photopolymerization in the [{Zn(Et2dtc)}2·DABCO]·C60·
(DABCO)2 complex at 1.05 GPa is about 4.5 times higher
than that in pristine C60. However, it decreases significantly
with the pressure becoming even less than that in pristine C60
at 1.85 GPa. The numerical data obtained earlier and in the
present work mean that the molecular donor could affect the
magnitude of the energy barrier between the P- and H-
orientations of fullerene molecules in the molecular complexes.
Actually, the energy barriers differ from each other in a number
of already studied fullerene complexes, as well as from that in
pristine C60.

27 This may be due to specific configurations of the
donor molecules used and different overlaps of the HOMO of
the molecular donor and the LUMO of the fullerene acceptor,
which give rise to charge transfer between them. The most
interesting, in our opinion, is that the energy barrier gradually
decreases with pressure as it was found in the [{Zn(Et2dtc)}2·
DABCO]·C60·(DABCO)2 complex and another well-known
fullerene complex with ferrocene C60·{Fe(C5H5)2}2 (unpub-
lished experimental data). At first glance, this looks paradoxical
because the van der Waals repulsion increases at high pressure
with decreasing intermolecular distances. The energy barrier
between the P- and H-orientations caused by Coulombic
repulsion changes at high pressure due to the transfer of the
charge and its distribution on the fullerene molecule cage. This
behavior was observed earlier in the fullerene complex with
ferrocene C60·{Fe(C5H5)2}2, where the asymmetric charge
transfer resulted in a redistribution of charges on the fullerene
molecule cage intensified with increasing pressure.42 The
variety of molecular orbitals and the changes in the overlap of
the donor and acceptor HOMO/LUMO orbitals at high
pressure lead to the different activation energy of photo-
induced polymerization of various complexes, which changes
additionally at high pressure.

4. CONCLUSIONS
The Raman spectra of the [{Zn(Et2dtc)}2·DABCO]·C60·
(DABCO)2 complex recorded at high pressure when using a
highly absorbable green laser showed the splitting of Hg modes
and softening of the Ag modes of fullerene molecules near 2
GPa, indicating covalent bonding. The pressure dependence of
the lattice parameters was smooth and monotonous, and the

Figure 5. Arrhenius dependence of the exponential decay time
constant: squares�1.05 GPa, circles�1.35 GPa, rhombus�1.85
GPa, and dashed line�linear fit. Top inset: activation energy EA
versus pressure. Bottom inset: scheme of energy levels for the
monomers and dimers.
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shortest interfullerene distance at the highest pressure of 2.6
GPa significantly exceeded those in fullerene HPHT polymers.
The detailed XRD analysis did not show covalent bonding in
the pressure range under study. The changes in the Raman
spectra near 2 GPa resulted from photoinduced polymerization
in the fullerene layers under green laser irradiation. The
polymerization was suppressed when using a less absorbable
near-infrared laser because of the amount of broken double
C�C bonds insufficient to activate the [2 + 2] cycloaddition
reaction. The thermally activated photoinduced polymerization
shoved the activation energy that decreased with pressure from
EA = (1.09 ± 0.18) eV at 1.05 GPa to EA = (0.59 ± 0.08) eV at
1.35 GPa and, finally, to EA = (0.18 ± 0.0.05) eV at 1.85 GPa.
The barrier between the H- and P-orientations of fullerene
molecules depended on the molecular donor and was different
for pristine fullerene and its complexes with different donors.
The barrier in the [{Zn(Et2dtc)}2·DABCO]·C60·(DABCO)2
complex, which was initially high under ambient conditions,
decreased with pressure due to the changes in the overlap of
the donor and acceptor molecular orbitals caused by partial
charge transfer and redistribution of charges on the fullerene
cage.
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