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ABSTRACT
The crystal structure of the molecular complex C60�{Fe(C5H5)2}2 was studied by single crystal X-ray
diffraction (XRD) analysis at pressures up to 5GPa using the diamond anvil cell (DAC) technique.
The XRD data and subsequent structural analysis clearly show that there is no pressure-induced
polymerization in fullerene layers in pressure range studied. The reciprocal unit cell volume V0/V is
a smooth and monotonous function of pressure and fits well to the Murnaghan equation of state
(V0/V)

B’¼ {1þ P�(B’/B0)}, where V0 is the volume at ambient pressure, B0¼8.7GPa and B’¼10.5 are
the bulk modulus and its derivative, respectively. Pressure dependence of the shortest distance
between the C5H5 ring of the ferrocene molecule and the center of the nearest fullerene molecule
is linear, while the slope changes at 2.2GPa indicating on the intermolecular interactions cross-
over. Other relevant parameter, the Fe-C bond lengths of ferrocene, sensitive to iron charge state,
gradually increases. This peculiarity can a sign of pressure-induced partial charge transfer between
the donor ferrocene and acceptor fullerene molecules.
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1. Introduction

The properties of the donor-acceptor molecular complexes
of C60 at high pressure were studied in numerous publica-
tions.[1–6] Traditionally these studies are aimed at finding
the pressure-stimulated charge transfer from donor mol-
ecule to acceptor fullerene molecule and/or the fullerene
polymerization in C60 layers of complexes. Normally, the
observations are based on Raman spectroscopy at high
pressure. However, more direct, structural evidence is
required to conclude that the phenomena take place. In
case of the C60 fullerite crystals the fullerene polymers,
carefully prepared by high pressure/high temperature
(HPHT) treatment, have been studied by both XRD crystal
structure analysis and Raman spectroscopy, and the typical
changes in their phonon spectra have been identified.[7–11]

Therefore, Raman spectroscopy is often used for detection
of the C60 polymerization processes. For example, the most
intensive Ag(2) mode of the C60 molecule is commonly
used for these purpose – this band shifts from 1468 cm�1

for single molecule to1464 cm�1, 1458 cm�1, 1446 cm�1

and 1408 cm�1 in dimers, linear chains, planar tetragonal
and rhombohedral polymers, respectively.[11] In addition,
the transfer of one electron from alkali metal to C60 mol-
ecule in intercalated fullerides also results in downshiftng
of this mode by about 6 cm�1.[12] It should be noted that
irradiation of the fullerite by laser light upon the Raman
measurements may also result in photo-induced polymer-
ization. The photopolymerization was observed for the first

time in thin films and surfaces of bulk fullerite samples.[13]

Later, the laser-induced photopolymerization was observed
also in a number of fullerene molecular complexes at ambi-
ent conditions.[14,15] In addition, the pressure-stimulated
photopolymerization was observed in some other fullerene
molecular complexes insensitive to irradiation at ambient
conditions.[4,5,16]

In this work, we report the XRD study of the neutral
molecular donor–acceptor complex of fullerene with ferro-
cene – C60�{Fe(C5H5)2}2 at pressures up to 5 GPa. Earlier,
the Raman study of this complex at high pressure revealed
presumably the signs of the pressure-induced charge trans-
fer and polymerization in C60 layers.[2] Another Raman
study has shown that observed in[2] polymerization is
related most likely to the pressure-assisted photopolymeri-
zation that was observed also in some other molecular
complexes of fullerene.[4,5] In view of this, we have carried
out XRD studies of the C60�{Fe(C5H5)2}2 complex single
crystals at pressures up to 5 GPa aimed at finding the evi-
dences of both charge transfer and polymerization in ful-
lerene layers at high pressure, argued in.[2] We found that
the reciprocal unit cell volume V0/V is a smooth and mon-
otonous function of pressure and fits well to the
Murnaghan equation of state (V0/V)

B’¼ {1þP�(B’/B0)},
where V0 is the volume at ambient pressure, B0 ¼ 8.7 GPa
and B’ ¼ 10.5 are the bulk modulus and its derivative,
respectively. There are none observed structural changes
which could indicate on the pressure-induced polymeriza-
tion in C60 layers in the pressure region studied. It should
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be noted the fullerene molecules are still far from each
other to form the intermolecular covalent bonds.
Nevertheless, the pressure dependence of the shortest dis-
tance between the ferrocene and fullerene molecules shows
peculiarity near 2.2 GPa where the linear dependence
changes its slope indicating on the intermolecular interac-
tions crossover. Additionally, our data show that the Fe-C
bond lengths gradually increase with pressure, conjugated
parameter, the length of the ferrocene molecule, gradually
increases from 3.29 Å at ambient pressure to 3.34 Å at
4.5 GPa. Taking into account that the length of the
Fe2þ(C5H5)2 equal to 3.29 Å increases to 3.4 Å for the
Fe3þ(C5H5)2,

[17] we suppose that observed peculiarity is
due to pressure-induced partial charge transfer from the
ferrocene donor to the C60 acceptor molecules.

2. Experimental details

The single crystal samples of the donor-acceptor complex
C60�{Fe(C5H5)2}2 were obtained by slow evaporation of
toluene solution containing fullerene C60 and ferrocene
Fe(C5H5)2 molecules. The XRD data at high pressure were
collected in series of four independent pressure runs with
the high-quality single crystals of typical size �250 l using
the four-circle Oxford Diffraction diffractometer equipped
with two-dimensional CCD Atlas S2 and DAC with
Boehler type Ia anvils. As a pressure transmitting medium
was used the mixture 4:1 methanol/ethanol and the ruby
fluorescence technique was employed as pressure calibra-
tion tool.[18]

3. Results and discussion

The complex is crystallized in triclinic layered structure in
which the close-packed fullerene layers alternate with layers of
the ferrocene molecules.[19] Crystal structure analysis taken in
this work confirmed the crystal structure above with unit cell
parameters a¼ 10.060(1)Å, b¼ 11.311(1)Å, c¼ 18.514(1)Å,

a¼ 83.63(1)o, b¼ 89.82(1)o, c¼ 89.46(1)o, V0¼2093.6(2)Å3 at
normal conditions. In the fullerene layers, each C60 molecule
is surrounded by six neighbors with the shortest distances
between the centers of molecules d'¼10.060Å (two neighbors)
and d''¼11.015 (four neighbors).

Figure 1 depicts the pressure dependence of the unit cell
volume of the C60�{Fe(C5H5)2}2 complex at pressure up to
�5GPa. The insert shows the arrangement of the ferrocene
donor and fullerene acceptor molecules in view along the a
axes. The experimental V0/V behavior is fitted well by
Murnaghan equation of state:

ðV0=VÞB0 ¼ f1þ P � ðB0=B0Þg (1)

whith the B0¼8.7GPa bulk modulus and the B’¼10.5 deriva-
tive. The values of bulk modulus and its derivative are close to
those of the C60 fullerite in simple cubic phase.[20] The pressure
dependence of the cell volume is smooth and monotonous and
does not show any peculiarity hinting at phase transition.

Pressure dependence of the shortest distances d’ (closed
circles) and d’’ (open circles) between the C60 molecules is fit-
ted well by a two-dimensional analog of the Murnaghan equa-
tion of state (1) (Figure 2, dotted lines). The inset in Figure 2
shows the hexagonal arrangement of the fullerene molecules
with the depicted d’ and d’’ shortest distances. The pressure
dependence of the d’ and d’’ is also smooth and does not
show any peculiarity in the pressure range investigated. The
full structural analysis clearly shows that the fullerene mole-
cules are far enough from each other and do not form inter-
fullerene covalent bonds. We tend to believe that the reported
in[2] pressure-induced polymerization observed at pressures
from 4 to 5GPa is due to the effect of laser irradiation upon
the Raman measurements. Moreover, the pressure-assisted
photopolymerization under laser irradiation was clearly mani-
fested in the recent high-pressure Raman study of this com-
plex.[5] Additionally, our preliminary high-pressure Raman
data (not presented in this short communication) also indicate
on the pressure-assisted photopolymerization starting at

Figure 1. Pressure dependence of the cell volume V/V0 of the C60�{Fe(C5H5)2}2
complex at pressure up to �5 GPa (circles) and it’s fit by Murnaghan equation
of state (dotted line). Insert: the arrangement of the ferrocene donor and fuller-
ene acceptor molecules in view along a axes.

Figure 2. Pressure dependence of the shortest distances between the C60 mol-
ecules d’ (closed circles) and d’ ’ (open circles) and its fit by the Murnaghan
equation of state (dotted lines). Inset: in the hexagonal arrangement of the ful-
lerene molecules in view along b axes.
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�4.5GPa. Finally, one should remember that the shortest dis-
tance between the centers of the C60 molecules in various
polymeric phases becomes close to 9.06Å.[21] Note, that the
shortest d’’ distance between C60 molecules in the
C60�{Fe(C5H5)2}2 complex at 5GPa is 9.4Å as it measured in
this work, i.e., the fullerene molecules are still far from each
other to form the intermolecular covalent bonds. Under fur-
ther pressure increasing d’’ distance will gradually decrease,
the numerical estimation on the basis of present in-plain com-
pressibility data shows that the value 9.06Å would be reach-
able at pressures P� 18.5GPa, if any phase transitions do not
occur at intermediate pressures.

Figure 3 (left panel) depicts the experimental pressure
dependence of the shortest distance d (open circles) between
fullerene molecule and nearest cyclopentadienyl ring of
ferrocene (see inset), the dotted line is a linear fit of experi-
mental data. The dependence shows peculiarity near
�2.2GPa where the slope of linear fit abruptly changes indi-
cating on the intermolecular interactions crossover.
Additionally, our data show that the Fe-C bond lengths
gradually increase with pressure while one would expect the
reverse pressure behavior. Conjugated parameter, the length
of the ferrocene molecule L, gradually increases with pres-
sure (Figure 3, central inset in right panel). The dotted line
is a linear fit of experimental data – L¼ 3.29ÅþP�0.012Å/
GPa. Thus, the initial length of ferrocene molecule at ambi-
ent pressure 3.291Å increases to 3.344Å at 4.5GPa.

We suppose that observed dependence is due to pressure-
induced partial charge transfer from the ferrocene donor to
the C60 acceptor molecules. Indeed, the published crystal
structure data demonstrate the change of ferrocene molecule
length with the iron valence state. The insert in the right side
of panel depicts the systematized data from the Cambridge
Structural Database (CCDC)[17] on the ferrocene molecule
length depending on the valence state of iron atom. The data
are presented in the form of histogram which shows the num-
ber 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
increases from �3.29Å for Fe2þ to �3.40Å for Fe3þ. In light
of these data the observed dependence above means that the
valence of the iron atom in ferrocene donor molecule grad-
ually increases from 2þ to 3þ when pressure increases. In
other words, the application of high pressure to the
C60�{Fe(C5H5)2}2 complex stimulates the charge transfer from
ferrocene donor to fullerene acceptor molecule. Thus, at pres-
sure �4.5GPa the partial charge transfer results in intermedi-
ate oxidation state of iron atom, whereas the complete transfer
of one electron is expected at pressure �9.1GPa.

Finally, we have studied the crystal structure of the high
quality single crystals of the C60�{Fe(C5H5)2}2 complex at
pressures up to 5GPa by XRD using the DAC technique.
The unit cell volume V/V0 is smooth and monotonous func-
tion of pressure and fits well to the Murnaghan equation of
state (V0/V)

B’¼ {1þP � (B’/B0)} with B0¼8.7GPa and
B’¼10.5. No structural indications of the pressure-induced
polymerization in fullerene layers were observed in the pres-
sure range under investigation. There are structural data
that show in favor of pressure induced partial charge trans-
fer from ferrocene to fullerene molecules.
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