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The effect of hydrostatic pressure on the Raman spectrum of hydrofullerene CgoHszs, at room tem-
perature has been investigated up to 12 GPa. The samples were synthesized by means of high-
pressure hydrogenation. The pressure dependence of the phonon frequencies exhibits two reversi-
ble changes one at ~0.6 GPa and another one at ~6 GPa. The first may be probably related to a
phase transition from the initial orientationally disordered bcc structure to an orientationally or-
dered one. The second one, at ~6 GPa, is probably driven by pressure-induced bonding of hydro-
gen to a carbon atom of a neighboring hydrofullerene cage.

Introduction Hydrofullerenes have recently attracted considerable interest, particu-
larly in relation to their potential use as hydrogen [1] storage materials. Several hydro-
fullerenes have been predicted by theoretical studies [2—4] and the synthesis of some of
them, in sufficient amounts have already been reported [5, 6]. The most stable among
hydrofullerenes, the CgoHsg, has been studied by various experimental methods, such as
IR and Raman [7], NMR [8], UV [9, 10], X-ray emission/absorption [11] and electron/
X-ray [12]/neutron diffraction [13], to identify its molecular structure and properties.
The CgoHss molecule could exist in a great number of isomeric forms, estimated to be
more than 10 but only a small number of them may be considered to be stable [4, 10].
The isomeric form with the highest symmetry Ty, has twelve double bonds, arranged as
far apart as possible on its surface, while the form having the double bonds in four
isolated aromatic six-membered rings lacking hydrogen atoms and located at the cor-
ners of a tetrahedron has a T symmetry structure. Between these two extremes are the
isomers with symmetry D34 and Sg, which have two aromatic-six membered rings at the
threefold axis poles of the molecule, with the other six double bonds isolated in six
pentagons. The presence of the various isomers in CgoHzs sample depends mostly on
the preparation method and on the kinetic parameters controlling the hydrogen addi-
tion reaction. Thus, CeoHss prepared by transfer hydrogenation of Cgy contains a mix-
ture of the principal isomers Dsg and S¢ [7, 14], while CeoHzs, prepared by zinc reduc-
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tion of Cg in aromatic solvents [15], contains the Sg isomer as the most abundant [7].
Finally, in C¢oHs¢ prepared by high pressure hydrogenation, Bini et al. [7] proposed the
D34 isomer as dominant, while Meletov et al. [16] proposed a mixture of D3q and Sg
isomers as the most abundant. Concerning the solid-state phase of CgoHss Hall et al.
[12] have suggested the body-centered cubic structure (bcc) with cell constant (11.785 +
0.015) A for the packing of the molecules in the crystalline state. Furthermore, they
claim, at least for the D34 isomer, that at sufficient low temperatures the bcc crystal
structure would be transformed to a body-centered tetragonal one.

In this paper, we present the results of a micro-Raman high-pressure study of the
hydrofullerene CeoHsz6, prepared by high-pressure hydrogenation. The motivation of the
present work was to study the effect of high pressure on the phonon frequencies and
therefore acquire information on the structural and chemical stability of the hydrofuller-
ene solid. The presence of hydrogen in the molecular cage may play an important role
in the high-pressure behavior and on the stability region of the initial bec phase, espe-
cially in the regime where the intermolecular and intramolecular distances become com-
parable. It seems interesting also to explore high pressure induced phase transition of
rotational disorder/order nature in analogy to the cases of Cg [17], and Cyg [18], where
the phase transition from the fully orientationally disordered fcc phase to the partially/
completely orientationally ordered (sc) or rhombohedral (rh) can be induced either by
lowering the temperature or by increasing pressure, respectively. The prospect of hydro-
gen belonging to a Cgy cage and being at the same distance from a nearby cage would
produce interesting effects on the C—H vibrations as well as on the structure of the
solid.

Experimental Details The starting commercial material, Cgp of 99.99% purity, subli-
mated twice in a vacuum better than 10~ Torr at 800 K, was compacted into pellets of
12 mm diameter and 1 mm thickness. Each pellet was placed into a copper capsule,
covered with a disc of 0.01 mm thick Pd foil, and then annealed in vacuum at 620 K for
2 h to eliminate contamination with ambient gases, which could have been dissolved
during compacting. The space remaining in the capsule was filled with AlH; and the
capsule was tightly plugged with a copper lid using gallium as solder. Since both Cu
and Ga are largely impermeable to hydrogen, the encapsulation described effectively
prevents hydrogen losses during subsequent treatment.

The assembled capsules were pressurized to 3.0 GPa in a toroid-type high-pressure
chamber and maintained at (650 + 10) or (700 + 10) K for a time of 24 or 48 h. The
AlHj3; decomposes above 400 K [19], and the evolved hydrogen reacted with fullerite
after permeating through the Pd foil, which isolated the fullerite from the chemically
active Al. The amount of hydrogen gas inside the capsule corresponded to a ratio of
H/Cgp =~ 90 and therefore hydrogen was always in excess during the synthesis. The
hydrogenation procedure was repeated a second time on the material from the run.
Preliminary mass-spectroscopy data showed that at least 95% of material in ampoule is
related to hydrofullerene CgHss. The rest 5% of material are partially hydrogenated
fullerenes with different content of hydrogen. The X-ray analysis showed that the mate-
rial has a bcc structure with a lattice parameter of 11.83 A.

For Raman measurements visually uniform colorless or slightly yellow colored trans-
parent specimens were chosen and placed into a Mao-Bell type high pressure cell [20].
Raman spectra were recorded using a triple monochromator (DILOR XY-500)
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equipped with a liquid-nitrogen cooled CCD detector system. The spectral resolution of
the system was ~2 cm~!. The 676.4 nm line of a Kr* laser was used for excitation,
whose photon energy is located well below the fundamental absorption gap of the ma-
terial. The laser power was varied from 5 to 10 mW measured directly in front of the
cell. We found that at such laser powers the samples remained stable under laser irra-
diation for many days. The increase of the laser power to higher levels led sometimes
to the destruction of samples. The 4 : 1 methanol-ethanol mixture was used as pressure
transmitting medium and the ruby fluorescence technique was used for pressure calibra-
tion [21]. The phonon frequencies were determined by fitting Gaussian line shapes to
the experimental Raman spectra of the hydrofullerene.

Results and Discussion Typical Raman spectra of CgHszs recorded at room tempera-
ture in the regions 100 to 800 and 1400 to 1750 cm~! are shown in Fig. 1a and b for
increasing and decreasing pressure, respectively. The spectral region, where the strong
diamond Raman line is located, is excluded. The Raman modes appearing in the low
frequency region come from the vibrations of the molecular cage and the C—H bending
vibrations. As can been seen from Fig. 1 the Raman spectrum of the material is very
rich with well defined structures in the low frequency region, which can easily be fol-
lowed with pressure. On the contrary, the structures in the spectral region 1400 to
1750 cm~! are broad and weak, but still they can be traced up to 12 GPa, the highest
pressure studied. At first glance, the application of pressure seems to have the expected
effect in the Raman spectrum, i.e. an overall positive shift in the frequencies of the
Raman modes and a relative increase in their line widths. However, the situation is
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Fig. 1. Raman spectra of CgyHse recorded at room temperature during a) increasing and b) de-
creasing pressure cycle in the frequency region 100-1800 cm~'. The frequency region containing
the strong diamond Raman line is excluded
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Fig. 2. Raman spectra of CgoH3s recorded in
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shown in Fig. 1 and the top part of Fig. 2.
Raman Shift (cm™) The effect of Cgp hydrogenation makes
its presence clear by the dramatic
changes in the Raman spectrum. A re-
markable increase in the number of the Raman active modes is observed in comparison
to Ceo. This would be expected by the lowering of the symmetry due to the hydrogena-
tion and to the formation of new bonds. In addition to the C—H stretching modes, new
modes related to the C—H bending vibrations appear in the frequency region 1150—
1350 cm~! [16] the pressure evolution of the new modes could not be followed because
first, they are partly obscured by the very strong diamond Raman line and second, they
become broad very quickly with increasing pressure. The expected number of Raman
active modes depends strongly on the symmetry of the isomer. Taking into considera-
tion the most stable isomers of CgH3s and by using standard group theoretical argu-
ments, one can show that the expected Raman active modes are 118, 60, 73 and 95 for
the T, Ty, D3g and Sg isomers, respectively. The number of recorded lines at ambient
pressure is at least 126, which points to the fact that the samples under investigation do
consist of a mixture of at least two major isomers. A detailed study of the recorded
Raman lines [16] and comparison with theoretical estimations [7], indicate that they
contain all five of the lowest free energy isomers, and those with symmetry D3q and S¢
are the most abundant.

In Figs. 3 and 4 we present the pressure dependence of the well-resolved Raman
lines as a function of pressure at room temperature. The open (closed) symbols corre-
spond to pressure increase (decrease), while the solid lines through the experimental
points represent linear least squares fittings. Different symbols correspond to different
runs. The shaded areas near P ~ 0.6 and ~6.0 GPa denote the change in the slope of
the pressure induced frequency shift, or the disappearance of some Raman lines. The
fitting parameters and a tentative mode assignment of the observed modes are com-
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Fig. 3. Pressure dependence of low frequency Raman active modes of CgHsg in the frequency re-
gions, a) 150-400 cm~! and b) 450-560 cm~!. The peak positions are obtained by fitting Gaussians
to the experimental data. Open (closed) symbols correspond to increasing (decreasing) pressure.
Solid lines represent linear least squares fits. The different symbols correspond to different pres-
sure runs. The shaded areas at P ~0.6 and ~6.0 GPa denote the regions in which changes in the
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piled in Table 1. In the mode assignment column we indicate the isomeric form to
which this mode most likely belongs. The mode assignment is based on the theoretical
predictions by Bini et al. [7]. Also for comparison the corresponding data for Cgy are
included. From Figs. 3 and 4 and Table 1 we see that all the observed modes have
positive pressure coefficients and at least four lines disappear for pressures higher than
6 GPa. Furthermore, the majority of them exhibit a reversible change in the slope of
their pressure dependence at 0.6 and 6 GPa.

In the absence of any structural investigations of CgyH3¢ under pressure we try to
understand the observed behavior of the Raman lines with pressure by comparing the

Table 1

The phonon frequencies, their assignment and the pressure coefficients for the CgHsg
Raman active modes. The corresponding values for Cg are also included for comparison

CeoHas Ceo")

0-0.7 GPa 1.16-5.8 GPa 6.6-11.8 GPa 0.4-2.4 GPa

Mode o (P=0) dw/OP dw;/OP i /OP » )
(cm™h (cm™Y/GPa) (cm~YGPa) (cm~Y/GPa) (cm™!) (cm™!/GPa)
Ty(T) 180.6 56+01 64+01
Eq(Th) 196.0 47 £ 0.6 31+04 0.6 £0.1
E,(T) 206.6 27 +£03 22 +0.1 1.6 £ 0.1
Tg (Th) 212.6 23+£03 2.6 £0.1 1.7+0.2
E,(Dsy) 230.6 35+£01  29+01 12 +02
239.1 32+02 2.6 £0.2 1.5+ 0.2
261.1 21 +£0.1 1.3 +0.1 04 +0.2 272 Hy(1) 3.2
305.2 22 +02 1.8 +£0.2 12 +0.2 294 w 2.5
317.8 3.1+£0.1 1.9+ 0.1 1.0 £ 0.2
E¢(Dsy) 339.6 21+£01 14+01  09=+0.1
A(Se) 347.1 2.8 £0.1 1.6 £ 0.1 1.1 £ 0.1 345 w, 2.9
Eq(Th) 366.7 32+02 0.6 £0.2 1.7 £ 0.3
Aq(Se) 458.7 52+12 46 +£03 454 w4 1.4
472.4 20+£08 1.9 +£ 0.2 0.8 £0.1
Ay(T) 484.2 4.6 +£0.2 05+02 33+02
Ay(Se) 491.0 33401  27+01 495 Hy(2) 42
501.8 20+ 0.1 2.7 £ 0.1 33+£0.1
E,(Se) 530.6 27+£02 1.7+ 0.2 24 +£0.2 522 ws 1.0
E.(Dsy) 585.7 26+£02 20402 0802
E,(Se) 598.6 23+£02 1.9 +£ 0.2 09 +0.2
T,(Th) 622.6 29+02 20+0.2 23+02 624 w7y 1.5
E,y(Dsg) 632.5 24 £0.1 20+ 0.1 20+03
Eg(D3aq) 642.5 20+0.2 1.5+ 02 25+02
T,(T) 655.8 12£02 17402  12+02
E,(Th) 669.3 1.9+ 0.1 1.3+ 0.1
A(Dsx) 6956 18401 16401 2.0 + 0.4
Aig(D3q) 730.9 1.4+ 0.2 25+02 23+02 729 wg -2.9
Ty(T) 1459.5 10.0 £ 0.2 6.7 +£0.2 44+ 04 1467 Ay(2) 55
E,(Se) ? 1494.5 9.6 £ 0.3 48 +£03 51+04
A,(Se) 1674.6 4.6 +£0.3 72 +03 6.9 + 04
Ay(Th) 1712.5 52403 36 +03 28 £0.5

?) Data taken from K. P. Meletov, G. A. Kourouklis, D. Christophilos, and S. Ves, Zh. Eksper.
Theor. Fiz. 108, 1456 (1995) [J. Exper. Theor. Phys. 81, 798 (1995)].
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corresponding behavior of Cg and Cyy. For example, at 0.4 GPa at room temperature
[17] or by cooling down to 259 K, Cg transforms from the fcc structure, in which the
Ceo rotation are completely disordered, to the sc structure, where the molecular rota-
tions are partially ordered. Similarly, C7y [18] undergoes an orientational ordering phase
transition from an fcc structure to a rhombohedral phase at 0.35 GPa or by cooling at
280 K. Furthermore, Hall et al. [12] found that the distortion of the molecules brought
about by the hydrogenation together with the hydrogen atoms around the equator
gives to the CgoHss molecule a strongly oblate shape. The bec structure allows effective
packing of oblate spheroids if the polar axes of the molecules are aligned. The longer
second-nearest neighbor distance then prevents close approaches of the equatorial hy-
drogen atoms. If this alignment really occurs, then there should be a tendency to form a
tetragonal structure with c/a less than unity. So they predict that at sufficiently low
temperatures the bcc structure will transform to a body-centered tetragonal structure.
Thus, keeping in mind the pressure behavior of C¢y and Cyo and the finding by Hall et
al. [12], we speculate that the observed anomaly at 0.6 GPa in the observed Raman
modes could be assigned to such a structural transition, i.e., from the bcc to a tetrago-
nal structure. This assumption would explain in some way the observed pressure coeffi-
cient discontinuity at 0.6 GPa and the strong broadening of the hydrogen C-H stretch-
ing modes, since in the tetragonal phase the hydrogen atoms are coming closer to each
other and so the enhanced interaction is expected to broaden the spectral lines.

The most striking effect of pressure on the Raman spectra of CgyHzs is on the stretch-
ing C—H vibrations, where a dramatic broadening occurs with increasing pressure. This
may be attributed to the enhancement of the interaction between the hydrogen atoms
and the Cgy molecular cages as the volume decreases. Although this interaction is ex-
pected to be very complicated and it will become much more so in the structural phase
transition regime, we could, to a first approximation for a qualitative understanding,
assume that the number of the main C—H Raman modes of CgoH3zg do not change with
pressure and therefore, the observed broadening could be attributed to the variable
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equal to four. The pressure behavior of the peaks obtained in this way is displayed in
Fig. 5. Despite the crudeness of our procedure, the pressure dependence of the C—H Ra-
man peaks show a behavior, which, up to ~6 GPa, is compatible with that of the fullerene
molecular cage modes. For example, an overall positive shift, up to about 6 GPa, and
changes in the slopes of the pressure dependence of the mode frequencies at the same
critical pressure in the low pressure regime are similar to the case of the cage modes.
However, their pressure dependence is different for pressures higher than 6 GPa, where a
softening in the C—H stretching vibrations is observed. We would like to mention that
even if we follow the frequency of the “centre of gravity” of the C—H Raman band as a
function of pressure, we find a change in the slope of the pressure dependence at about
6 GPa. Concerning the anomaly in the pressure dependence at ~6 GPa in the Raman
spectra, especially the behavior of the C—H stretching modes, this could be attributed to a
possible second phase transition in which hydrogen bonding is involved. At this pressure
it is reasonable to assume that the intermolecular and intramolecular distances start be-
coming comparable and therefore hydrogen interaction with carbon atoms belonging to a
neighboring molecular cage is enhanced. As the pressure increases further, this interac-
tion is facilitated resulting in the softening of the C—H bonds. This phase transition is
reversible as clearly indicated by our experimental data (see Fig. 2). Such a behavior of
hydrogen bonds under pressure is already known in materials containing hydrogen bonds,
which under pressure exhibit a softening in their vibrational frequency because of the
pressure induced enhancement of the hydrogen interaction [22].
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