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Abstract

The pressure-assisted photopolymerization in the fullerene complex with ferrocene Cyy{Fe(CsHs),}, was studied for the
first time by simultaneous in-situ Raman and X-ray diffraction (XRD) techniques at pressures up to 8 GPa. The irreversible
splitting of the A,(2) mode in the Raman spectra, resembling pristine fullerene polymerization, was observed at 4.6 GPa.
The structural analysis does not show the formation of covalent bonds between adjacent fullerene molecules at a pressure
up to 5 GPa. The unit cell volume and interfullerene distances are smooth and monotonous functions of pressure, and the
shortest interfullerene distance 9.4 A at 5 GPa significantly exceeds 9.06 A typical of fullerene polymers. The changes in the
Raman spectra at 4.6 GPa grow with the laser power and exposure time, showing typical photopolymerization phenomena.
The distance between ferrocene and fullerene molecules decreases linearly with pressure changing the slope at 2 GPa due to
intermolecular interaction crossover. The length of a ferrocene molecule in the complex increases with pressure in contrast
to its decrease in a pristine ferrocene crystal. This behavior is associated with a change in the charge state of an iron atom

and indicates a charge transfer from ferrocene to fullerene molecules.
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Introduction

The fullerene molecular complexes are interesting for studies
at high pressure because of their layered structure in which
close—packed molecules in fullerene layers alternate with
molecular donor layers. The reduction of intermolecular
distances at high pressure increases the overlap of the highest
occupied molecular orbital (HOMO) of the molecular donor
and the lowest unoccupied molecular orbital (LUMO) of
the fullerene acceptor that can stimulate a charge transfer.
At the same time, a decrease in the intermolecular distances
raises the possibility of covalent bonding between molecules
in fullerene layers. Generally, the studies of fullerene
complexes at high pressure are aimed at finding the pressure-
induced charge transfer from a molecular donor to an
acceptor Cg, molecule and/or fullerene polymerization in the
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Cyp layers of complexes. The behavior of various fullerene
complexes at high pressure was studied in a number of
publications, and the pressure-induced charge transfer, as
well as the pressure-induced polymerization in fullerene
layers have been reported many times [1-6].

The ability of pristine Cg, to form intercage covalent
bonds is due to the existence of 30 unsaturated double
C=C bonds in the fullerene molecule. The polymerization
of fullerene was observed for the first time in thin films
or surfaces of bulk samples under illumination by visible
light, owing to the small penetration depth of the light;
the photopolymerized material is rather disordered and
contains various Cg, oligomers [7-9]. On the other hand,
the treatment of C, fullerene under various conditions
of high pressure and high temperature (HPHT) results
in formation of bulk ordered crystalline polymers. XRD
studies of carefully prepared HPHT fullerene polymers
have identified their crystal structures as one-dimensional
orthorhombic (1D-0), two-dimensional tetragonal (2D-
T) and two-dimensional orthorhombic (2D-0O) [10, 11].
The infrared absorption and Raman spectra studies of
fullerene polymers show the splitting and softening of the
intramolecular phonon modes of Cg, due to the formation
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of intermolecular covalent bonds via [2 + 2] cyclo-addition
mechanism and the concomitant symmetry and molecular
stiffness reduction [12, 13]. Spectroscopic examination
of the Cg, polymers is based on the behavior of the A,(2)
pentagon-pinch mode of the Cg, cage, corresponding to
the in-phase stretching vibration that involves tangential
displacements of carbon atoms with a contraction of the
pentagonal rings and an expansion of the hexagonal rings.
In the Cg polymers, the A,(2) mode downshifts due to the
decrease of the mean intramolecular bond strength. The
softening depends on the number of the sp’-like coordinated
carbon atoms per fullerene molecular cage, associated with
intermolecular covalent bond formation. The Ag(2) mode
of the fcc Cqy monomer appearing at 1468 cm™' downshifts
to 1458 cm™ in the 1D-O polymer (4 sp’-like coordinated
carbon atoms). In the 2D-T polymer (8 sp’-like coordinated
carbon atoms), the peak further downshifts to 1446 cm™!,
while in the case of the 2D-R phase (12 sp’-like coordinated
carbon atoms) the Ag(Z) mode exhibits the largest softening
and is observed at 1408 cm™! [10-12, 14, 15].

The pressure behavior of fullerene molecular complexes
is studied usually by in-situ Raman spectroscopy at high
pressure. The pressure-induced formation of covalent bonds
between molecules in fullerene layers is always concluded
from typical changes in Raman spectra related with A,(2)
mode softening [1, 2, 5, 6]. However, these changes may be
due to photo-induced polymerization in laser spot of ~2 mkm
in daiameter and depth caused by laser irradiation during
Raman measurements as in the case of thin Cg films under
intense visible light or laser irradiation [7]. For example, the
Raman spectra of the { Cd(dedtc), },oCg, fullerene molecular
complex, which are insensitive to durable laser irradiation at
ambient conditions, show laser intensity and irradiation time
dependent changes at elevated pressure resulting in softening
of the A,(2) mode [4]. The photopolymerisation in the laser
irradiation spot occurs in several molecular complexes at
ambient conditions [16, 17], while some fullerene complexes,
which are insensitive to laser irradiation at ambient conditions,
demonstrate typical features of photopolymerization at
elevated pressure [4, 5, 18]. In addition, the softening of
the A,(2) mode occurs also in negatively charged fullerene
molecules due to a decrease in molecular stiffness, namely the
transfer of one electron from an alkali metal to a C¢, molecule
in intercalated fullerides results in the downshifting of this
mode by about 6 cm™! [19]. In view of this, the conclusion
that pressure-induced polymerization phenomena really take
place in bulk sample should be confirmed by more direct
structural evidence. Thereby, it is quite necessary that the
signs of polymerization, observed in the Raman spectra of
fullerene complexes at high pressure, must be verified by
independent in-situ XRD experiments in an appropriate
pressure range to confirm the pressure-induced covalent
bonding in the fullerene layers of a bulk sample.
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In this work, we report the results of first simultaneous
XRD and Raman studies of the neutral molecular
donor—acceptor complex of fullerene with ferrocene,
Ceo'{Fe(CsHs), },, at pressures up to 8 GPa. In 2012, the
Raman study of this complex at high pressure revealed
supposedly the signs of pressure-induced charge transfer
and polymerization in Cg4, layers [2]. Recent Raman
studies of this and several other fullerene complexes have
shown that polymerization assumed in [2] may be related
to the pressure-assisted photopolymerization [4, 5, 19].
Because of this, we have carried out the XRD study of
high-quality single crystals of the Cgy*{Fe(CsHs),},
complex at pressures up to 5 GPa, as well as new Raman
study of this complex at pressures up to 8 GPa. Our
investigation is aimed at finding the structural evidence of
both polymerization in fullerene layers and charge transfer
at high pressure in order to verify the Raman data argued
earlier in [2]. We found that the Raman spectra at high
pressure exhibit peculiarities near ~2 GPa and ~ 4.6 GPa
associated with the splitting of several phonon modes.
The splitting of totally symmetric A,(1) and A,(2) modes
near 4.6 GPa is irreversible and resembles typical changes
associated with the formation of fullerene linear polymeric
chains. Nevertheless, the XRD data and accurate structural
analysis show that the unit cell volume V/V is a smooth
and monotonous function of pressure which fits well the
Murnaghan equation of state (VO/V)B' ={1+P(B’/By)},
where By=38.7 GPa and B’ = 10.5 are the bulk modulus and
its derivative, respectively. There are no structural changes
that could indicate the pressure-induced formation of
interfullerene covalent bonds in Cg layers in the pressure
range studied. At the highest pressure of 4.6 GPa, fullerene
molecules are still far apart to form intermolecular
covalent bonds typical of fullerene polymers. At the same
time, accurate Raman measurements at 4.6 GPa show the
splitting of the A,(2) phonon mode and redistribution of
split component intensities which depends on the laser
power and exposure time, which is typical for pressure-
assisted photopolymerization in fullerene layers. In
addition, the pressure dependence of the shortest distance
between ferrocene and fullerene molecules demonstrates
a peculiarity near 2 GPa where the linear dependence
changes its slope indicating a change in the donor—acceptor
interaction. This may be a reason for Cg, symmetry
disturbance and the splitting of several degenerate H,
modes observed at this pressure. Finally, our structural
data clearly show that the length of a ferrocene molecule
in the C¢{Fe(CsH;),}, complex gradually increases from
3.29 A at ambient pressure to 3.34 A at 4.5 GPa, whereas
its length in pristine ferrocene crystals decreases with
pressure. Taking into account that the length of a ferrocene
molecule with the Fe?* iron charge state increases from
3.29 A to 3.4 A for the Fe3* iron charge state [20], we
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think that this peculiarity indicates a partial charge transfer
from the ferrocene donor to the Cgy, acceptor molecules,
induced by high pressure.

Experimental

The high-quality single crystals of the donor—acceptor
complex Cg{Fe(CsHs),}, were synthesized by slow
evaporation of a toluene solution containing fullerene
Cso and ferrocene Fe(CsHs), molecules. The complex is
crystallized in a triclinic layered structure where close-
packed fullerene layers alternate with the layers of
ferrocene molecules [21]. The high-quality single crystal
XRD analysis performed in this work confirmed the crystal
structure above with the unit cell parameters a=10.060(1)
A, b=11.311(1) A, c=18.514(1) A, a=83.63(1)°,
$=89.82(1)°, y=289.46(1)°, V=2093.6(2) A> under ambient
conditions. In the fullerene layers, each Cy, molecule is
surrounded by six neighbors with the shortest distances
between the molecule centers d”’=10.060 A (two neighbors)
and d'=11.015 A (four neighbors). The XRD data at high
pressure were collected in series of four pressure runs with
the samples of a typical size of ~250 p using a four-circle
Oxford Diffraction diffractometer equipped with a two-
dimensional CCD Atlas S2 and a diamond anvil cell (DAC)
with Boehler-type Ia anvils.

The Raman spectra were recorded in back-scattering
geometry from small pieces of a split single crystal of
Ceo'{Fe(CsHs), }, with a diameter of ~80 mp using a micro-
Raman setup comprised of an Acton SpectraPro-2500i
spectrograph and a CCD Pixis2K. The 532 nm line of a
single mode diode pumped laser was focused on the sample
by an Olympus 50x objective in a~2-pm diameter spot.
The laser line was suppressed by an edge filter, while the
beam intensity before DAC varied from 0.7 mW to 2 mW.
The measurements at high pressure were carried out using
a Mao-Bell type DAC; the 4:1 methanol/ethanol mixture
or silicone oil was used as a pressure transmitting medium,
and the ruby fluorescence technique was used as a pressure
calibration tool [22].

Results and discussion

Figure 1 shows Raman spectra of the Cqy{Fe(CsHs),},
complex, recorded at a pressure up to 6.4 GPa, laser power
of 0.7 mW, and exposure time of ~30 min. The spectra
were recorded from the same sample site upon pressure
increase in the frequency region of 2501615 cm™! and are
presented after the subtraction of background. The spectral
region around the strong triply degenerate 7, mode of a
diamond, appearing at 1332 cm™! at ambient pressure
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Fig. 1 Raman spectra of the Cy,{Fe(CsHs),}, complex in the energy
region of 250-1615 cm™! and pressure up to 6.5 GPa

[23], is excluded. The phonon bands in the experimental
spectra and intensity distribution between them are similar
to those obtained earlier in [2]. The Raman spectrum
under ambient conditions coincides basically with that
of pristine C¢, but contains additionally several phonon
modes of a ferrocene molecule with the most intensive
band between them at~315 cm™'. A number of weak
ferrocene modes do not appear in the Raman spectrum
of the complex, whereas several modes of ferrocene and
fullerene molecules located near the diamond T,, mode
are excluded. As the pressure increases, the majority of
Raman peaks shift to higher energies, while the H,(3) and
H,(4) fullerene modes exhibit a negative pressure shift. An
important feature in the Raman spectra is the splitting of
fullerene modes: Hg(4) and Hg(7) degenerate modes split
near ~2 GPa, whereas the most intriguing is the splitting of
non-degenerate totally symmetric Ag(l) and Ag(Z) phonon
modes at a pressure of 4.6 GPa. In addition, the degenerate
H,(1) and H,(2) modes initially exhibit the signs of splitting
which gradually increases with pressure. The reversible
with pressure splitting of the degenerate H, modes may be
related to the symmetry reduction of a fullerene molecule
due to the enhancement of the donor—acceptor interaction
at high pressure. At the same time, the splitting of the A, (1)
and A,(2) modes is irreversible with pressure and resembles
characteristic changes in the Raman spectra of pristine Cq
upon polymerization under HPHT treatment [14].

Figure 2 depicts pressure dependence of the Raman
modes of the Cg{Fe(CsHs),}, complex (open circles) and
two modes of pristine ferrocene and fullerene crystals (filled
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Fig.2 Pressure dependence of the phonon modes of the
Ceo'{Fe(CsHs),}, complex (open circles) in the frequency regions of
250 — 533 cm™! (left panel) and 690 — 1615 cm™! (right panel). Filled
circles — are several modes of pristine ferrocene and fullerene crys-
tals, broken lines — are linear fits of the experimental data. Open stars
and crossed circles show new modes that appeared at pressures of 2
GPa and 4.6 GPa (shaded areas)

circles); the broken lines are linear fits of some experimental
data. The left and right panels illustrate the Raman data in the
frequency regions of 250 — 533 cm™! and 690 — 1615 cm™,
respectively. The shaded areas show the pressure regions near
2 GPa and 4.6 GPa where changes in the pressure behavior of
the Raman modes take place. The degenerate Hg(4) and Hg(7)
modes split near 2 GPa, and the pressure dependence of the
split components is shown with crossed circles. In addition,
broad Hg(l) and Hg(2) modes split into two components in
the initial pressure range. The splitting of all modes gradually
increases with pressure and is reversible upon pressure
release (not shown in the figure). Important changes occur
at a pressure of 4.6 GPa when the non-degenerate A (1) and
A,(2) modes split together with the degenerate H,(2), Hy(3)
and H,(8) modes; the pressure dependence of newly appeared
bands is shown in Fig. 2 with open stars. These changes are
irreversible with pressure and resemble characteristic changes
in the phonon spectrum of pristine fullerene upon HPHT and/
or photo-induced polymerization [7, 10—14]. It is important to
note that the linear pressure dependence of a split A,(2) mode
component, extrapolated to lower pressures, provides a normal
pressure frequency of ~ 1458 cm™! which is characteristic of
linear polymeric chains [14]. In addition, the linear pressure
dependence of the A,(2) mode of pristine fullerene (filled
circles) differs from that of the fullerene complex; namely, the
pressure coefficient of this mode of ~7 cm™!/GPa in pristine
fullerene exceeds the corresponding value of ~5.5 cm™!/GPa
in the ferrocene complex. Note that the pressure coefficients of
the A,(2) mode in a number of the donor—acceptor complexes
of fullerene have nearly the same value [4, 19]. On the other
hand, rather smooth pressure behavior of ferrocene phonon
mode 315 cm™! practically does not differ in the ferrocene
complex and a pristine ferrocene crystal.
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Fig.3 Pressure dependence of the shortest distances d’ (open
squares) and d’’ (open circles) between Cg, molecules in the
Cgo {Fe(CsHs),}, complex and their fit by the Murnaghan equation of
state (broken lines). Central inset: the hexagonal arrangement of the
fullerene molecules along the b axes. Upper inset: the arrangement
of the ferrocene donor and fullerene acceptor molecules along the a
axes and pressure dependence of the cell volume V/V,, (open circles),
broken line — is fit of the experimental data by the Murnaghan equa-
tion of state

The Raman studies of the Cgy:{Fe(CsHs),}, complex
at high pressure in the present work and in an earlier
publication [2] presumably indicate polymerization in
fullerene layers near 4.6 GPa. Nevertheless, to find out
that polymerization actually takes place, direct structural
evidence is required. Figure 3 represents the results of a
detailed structural analysis performed on the basis of single
crystal XRD data obtained in this work. The upper inset in
Fig. 3 depicts pressure dependence of the unit cell volume of
the C¢y {Fe(CsHs), }, complex at a pressure of up to~5 GPa.
The pressure behavior of the relative volume V/V,, (open
circles) is fitted well by the Murnaghan equation of state
(broken line):

’

v\?
<—> = {1 + P-(B'/By)} ey
Yo

Here B,=38.7 GPa is the bulk modulus and the
B’=10.5 is its derivative, which are close to those of the
Cyp fullerite crystal in the simple cubic phase [24]. The
pressure dependence of the cell volume is smooth and
monotonous and does not show any peculiarity hinting
at a phase transition. It should be taken into account that
polymerization must lead to an abrupt decrease in the cell
volume due to a decrease in the interfullerene distance
during the formation of covalent bonds. The diagram in
the inset shows arrangement of the ferrocene donor and
fullerene acceptor molecules along the a axes, derived
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directly from the CIF file. The diagram in the lower right
part of Fig. 3 shows hexagonal arrangement of the fullerene
molecules where the d’ and d’’ shortest distances are
depicted along the c axes, also derived from the CIF file.
The pressure dependence of the shortest distances d’ (open
squares) and d’’ (open circles) between Cg, molecules is
fitted well by a two-dimensional analog of the Murnaghan
equation of state (broken lines). The pressure dependence
of d’ and d’’ is smooth and does not show any peculiarity.
These data clearly indicate that fullerene molecules cannot
form interfullerene covalent bonds in the pressure range
under study. Indeed, the shortest distance between the
centers of C, molecules in the polymeric phases is close
t0 9.06 A [25], whereas the shortest distance d’’ between
Cy cages in the Cy{Fe(CsHs),}, complex at a pressure
of 5 GPa is 9.4 A. Thus, the detailed structural analysis
unambiguously shows that fullerene molecules are too far
apart to form interfullerene covalent bonds. With a further
increase in the pressure, the distance d’’ will gradually
decrease, and numerical estimates based on two-dimensional
compressibility data (B’=32.2 GPa and B,=21.4, see
Fig. 3) and two-dimensional analog of Murnaghan equation
of state (d”/d”a)_31={l + P-(B’/B,)} provide a value of
9.06 A at P=18.5 GPa if no phase transitions occur at
intermediate pressures.

The structural data at high pressure show that the pre-
viously reported Raman observation of polymerization at
pressures between 4 and 5 GPa [2] does not take place. We
strongly believe that changes in the Raman spectra in this
pressure range are due to photopolymerization upon laser
irradiation. Moreover, the manifestation of pressure-assisted
photopolymerization was clearly shown in a recent Raman
study of this complex [5]. In view of this, we carefully exam-
ined the transformations of the Raman spectra upon laser
irradiation at various pressures, laser powers, and exposure
times. Figure 4 shows time-dependent changes in the Raman
spectra of the Cyy{Fe(CsHs),}, complex in the region of
the A,(2) mode. The right spectra refer to a pressure of 4.6
GPa and laser power of 2 mW. The Raman spectra show the
splitting of the A,(2) mode and a gradual increase in the
split component intensity with an increasing laser exposure
time. The total intensity of the split A,(2) mode compo-
nent, associated with fullerene linear polymeric chains, with
respect to the total intensity of two bands defines the content
of the photopolymerised material. This value is depicted in
the inset of Fig. 4 with open circles showing an increase in
the polymer content with exposure time. The crossed cir-
cles demonstrate the dependence at a higher laser power
of 3 mW when photopolymerization is intensified. The
left spectra were taken at a pressure of 5.3 GPa and laser
power of 2 mW. Photopolymerization under these conditions
becomes considerably faster as it follows from dependence
of the polymer content on the exposure time, shown in the
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Fig.4 Time evolution of the Raman spectra of the Cg{Fe(CsHs),},
complex in the region of the A,(2) mode under pressures 4.6 GPa and
5.3 GPa, laser power of 2 mW. Inset: polymer content as a function of
the laser exposure time under various pressure and laser power condi-
tions

inset with open stars. Note that in all three series of Raman
measurements the spectra were taken from a fresh place of
the sample. Photopolymerization does not occur at pres-
sures lower than 4.6 GPa under similar conditions of laser
power and exposure time as it follows from Fig. 1. Thus,
high pressure is necessary to initiate photopolymerization,
but the reason why this happens is not entirely clear. The
polymerization via the 2 + 2 cyclo-addition reaction requires
the parallel orientation of double C=C bonds of neighbor-
ing C4y molecules. In a pristine fullerene crystal, the dou-
ble C=C bond of molecules is directed to the center of the
pentagon (P-orientation) or hexagon (H-orientation) of an
adjacent molecule. The parallel orientation of double C=C
bonds can be reached upon hopping of molecules between
the P- and H-orientations, known as rotations of Cg, cages.
Therefore, both laser irradiation and rotation of molecules
are necessary for photopolymerization. The calculated
energy barrier between the P and H orientations in pristine
Cgp is about~0.3 eV, while the experimentally determined
activation energy of molecular rotations is ~0.24 eV; this
magnitude allows molecular rotations under ambient condi-
tions [26, 27]. The energy barrier in the Pt(dbdtc), } #C, and
{Pt(nPr,dtc),} e(Cg,), fullerene molecular complexes is
even smaller most likely due to the influence of donor mol-
ecules because of the donor—acceptor interaction [27]. In
several molecular complexes with an initially large energy
barrier between the P- and H-orientations, the rotations
of molecules and hence photopolymerization under ambi-
ent conditions are inhibited, but they can appear at an ele-
vated pressure [4, 5, 19]. In our opinion, an increase in the
donor—acceptor interaction at high pressure may lead to a
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decrease in the barrier magnitude which activates molecular
rotations and promotes photopolymerization.

The peculiarities of intermolecular interaction between
ferrocene donor and fullerene acceptor molecules at
high pressure are shown in Fig. 5. The left panel depicts
experimental pressure dependence of the shortest
distance between a fullerene molecule and the nearest
cyclopentadienyl ring of a ferrocene molecule (open circles);
the broken line is a linear fit of the experimental data. The
dependence shows a peculiarity near ~2 GPa where the
slope of linear fit changes abruptly indicating the change
in intermolecular interaction. This anisotropic interaction
is concentrated on one side of a fullerene molecule that
can result in symmetry disturbance. Indeed, the splitting
of some H, modes of the fullerene molecule in the Raman
spectra at 2 GPa may be associated with the enhancement
of anisotropic donor—acceptor interaction. Surprisingly,
our data show that the ferrocene molecule length gradually
increases with pressure, while one would expect the reverse
pressure behavior (Fig. 5, central panel). Namely, the length
of a ferrocene molecule in the complex gradually increases
with pressure (open squares) The broken line is linear fit
of the experimental data 3.3 A+P-0.009 A/GPa Thus, the
initial length of a ferrocene molecule of 3.291 A at ambient
pressure increases to 3.344 A at 4.5 GPa. To understand
better this unusual behavior we performed the XRD study
of a pristine ferrocene single crystal at high pressure. As
expected, the length of a ferrocene molecule in the case of
a ferrocene single crystal decreases with pressure (open
circles). The broken line is a linear fit of the experimental
data 3.3 A-P-0.006 A/GPa. We suppose that an increase in

T T T T T T T T T 315

\
< Fe3* <
86,6 {34 &
c (=]
) c
@ 2
kel 2
06,5 Fe?* 3
5 {33 2
8 £
o
& 2
64 3
) e
c 132 ©
o w
2
= L O
63 ol ceoe

. . L M S J3q

0 2 4 01 2 3 4 5 60 20 40

Pressure, GPa N

Fig.5 Left panel: pressure dependence of the shortest distance
between the ferrocene and fullerene molecules (open circles), bro-
ken line is linear fit of the experimental data. Central panel: pressure
dependence of the ferrocene molecule length in the complex (open
squares) and in a pristine crystal (open circles), broken lines are lin-
ear fits of the experimental data. Right panel: histogram of the sys-
tematized data on the ferrocene molecule length depending on the
oxidation state of an iron atom (CCDC database)
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the ferrocene molecule length in the fullerene complex is
due to a pressure-induced charge transfer from the ferrocene
donor to the Cg, acceptor molecules. Really, the published
structural data specify a change in the ferrocene molecule
length depending on the iron valence state. The right panel
in Fig. 5 depicts systematized data from the Cambridge
Structural Database (CCDC) [20] related to the dependence
of the ferrocene molecule length on the valence state of an
iron atom. The data are presented in the form of a histogram
which shows the number of communications vs. the reported
length of the ferrocene molecule with two different valences
of the iron atom. According to these data, the length of the
ferrocene molecule under ambient conditions increases
from~3.29 A for Fe** to~3.40 A for Fe**. In light of this,
the data shown above mean that the valence of the iron
atom in the ferrocene donor molecule gradually increases
from 2% to 3" when the pressure increases. In other words,
the application of high pressure to the Cyy{Fe(CsHs),},
complex stimulates the charge transfer from the ferrocene
donor to the fullerene acceptor molecule. Thus, at a
pressure of ~4.5 GPa the partial charge transfer results in
the intermediate oxidation state of the iron atom, whereas
the complete transfer of one electron may be expected at a
pressure of ~8 GPa. The observed charge transfer may be
due to the high-pressure stimulated overlap of the electron
orbitals of the donor and acceptor molecules and changes
in their electron energy spectra. Note that some indirect
indications of the charge transfer can be found in the pressure
behavior of the A,(2) fullerene mode that demonstrates
smaller pressure shift coefficients in the donor—acceptor
complexes as compared with pristine fullerite crystals. The
values of initial interfullerene distances and bulk modulus
of a pristine fullerene crystal and fullerene complexes differ
quite slightly, so the difference in pressure shift coefficients
may be related to a gradual charge transfer and the softening
of these modes with pressure. The effect of simultaneous
positive pressure-induced shift and softening of the mode
due to charge transfer leads to a decrease in the total pressure
shift coefficient.

Conclusions

Summarizing, the Raman spectra of the Cqy*{Fe(CsHs), 1},
complex at high pressure manifest peculiarities near ~2
GPa and ~4.6 GPa associated with the splitting of various
phonon modes. The splitting of totally symmetric A,(1)
and A,(2) modes near 4.6 GPa resembles that typical of
the formation of fullerene polymeric chains. The XRD
study of the high-quality single crystals at a pressure
of up to 5 GPa shows smooth and monotonous pressure
dependence of the unit cell volume V/V,, that fits well to the
Murnaghan equation of state (V,/V)? = {1+ P-(B’/B,)} with
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B,=8.7 GPaand B’=10.5. There are no observed structural
changes that could indicate the pressure-induced formation
of interfullerene covalent bonds in Cg layers in the pressure
range studied. At a pressure of 4.6 GPa, the shortest
distance between fullerene molecules is 9.4 A that is far
enough from the intermolecular distances characteristic
of fullerene polymers. The numerical estimates based on
compressibility data provide an intermolecular distance of
9.06 A, typical for fullerene polymers, at P>18.5 GPa if no
phase transitions occur at intermediate pressures. It has been
revealed that changes in the Raman spectra at pressures
higher than 4.6 GPa are related to pressure-assisted
photopolymerization in fullerene layers which intensifies at
an increased laser power and pressure. Photopolymerization
at high pressure may be associated with the appearance
of fullerene molecule rotations. This may be due to a
pressure-induced decrease in the initially high energy
barrier between the H and P fullerene orientations that
inhibits molecular rotations under ambient conditions. The
pressure dependence of the distance between the ferrocene
and fullerene molecules shows a peculiarity near 2 GPa.
This is associated with the enhancement of the anisotropic
donor—acceptor interaction at high pressure which leads to
the disturbance of fullerene molecule symmetry resulting in
the splitting of several Raman modes. Finally, the structural
data show that the length of the ferrocene molecule in the
complex gradually increases with pressure from ~3.29 A for
the Fe?* charge state to~3.40 A for the Fe’* charge state.
Definitely, high pressure stimulates the charge transfer from
the ferrocene donor to the fullerene acceptor molecule in
the C¢,{Fe(CsHs),}, complex.
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