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Constant-pressure molecular-dynamics calculations have been carried out to investigate the reorienta-
tional behavior of Cg, molecules in the solid phase. Under ambient conditions, an intermolecular poten-
tial based on pairwise-additive atom-atom interactions yields a stable fcc crystal in which the Cg, mole-
cules are found to undergo rotational diffusion. On cooling to 200 K the molecules freeze into an orien-

tational ordered structure with tetragonal symmetry.

Although the presence of a phase transition just

below room temperature agrees well with calorimetric, x-ray, and NMR data, the predicted low-
temperature structure does not. Possible reasons for this are discussed. The orientational relaxation
time and phonon density of states are calculated at several temperatures. The former is in fair agree-

ment with NMR data.

1. INTRODUCTION

The discovery of the carbon cluster Cq, has opened a
horizon for scientists from many disciplines.! It is known
that the 60 carbon atoms in the cluster sit on the vertices
of a truncated icosahedron, and hence from a soccer-
ball-like molecule called fullerene.! The effective syn-
thesis of fullerene? has made it possible to study the tradi-
tional solid-state properties of this new form of carbon
and to study its chemistry. The recent observation of su-
perconductivity in the alkali-metal-doped solids (ful-
lerides) has attracted considerable attention.> 8

Experimental techniques such as nuclear-magnetic-
resonance (NMR),’" "' x-ray-diffraction,’>” " and
theoretical methods,!®~ ! such as static energy minimiza-
tion'® and molecular-dynamics solution,'® have been used
to investigate the structure and orientational properties
of this fascinating system. The x-ray studies indicate that
under ambient conditions pure Cg, solid is a face-
centered-cubic (fcc) crystal in which the fullerene mole-
cules undergo rotational diffusion.’” !> The NMR (Ref.
11) and calorimetrical measurements'? suggest that a
phase transition occurs on cooling to around 260 K,
while the x-ray study suggests 249 K.!? High-pressure
and infrared spectroscopic data indicate a transition to a
low-symmetry phase.?®?! In this article, we present
molecular-dynamics results for pure solid C¢, based on a
pairwise-additive atom-atom intermolecular potential.
Anticipating results we will see that this simple model is
able to rationalize some, but not all, of the available data.

II. DETAILS OF THE CALCULATIONS

Molecular-dynamics calculation have been performed
using a rigid molecule description, since the high-
frequency intramolecular vibrations couple weakly with
molecular thermal motion. As mentioned above, the 60
carbon atoms of fullerene form a truncated icosahedron,
which consists of 12 pentagonal and 20 quasihexagonal
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faces. There are two distinct C-C bond lengths. The
values used in this work, 1.37 and 1.448 A, were taken
from the quantum-chemistry calculations.?? Intermolecu-
lar interactions were represented by a C-C Lennard-Jones
(12-6) potential with the parameters (¢=28 K and 0 =3.4
A) taken from a study of graphite.?> The C-C potent1a1
obtained from a recent intermolecular potential fitting?*
to the lattice spacing and heat of sublimation® of pure
Cqo solid is very similar to the potential used herein. We
have shown elsewhere!® that the calculated lattice con-
stant as a function of pressure is in fair agreement with
the experimental equation of state up to 20 kbar.'42°

Due to the large number of interaction sites on each
Cgo» most of the molecular-dynamics simulations were
performed on a small system with 2 X2 X2 fcc unit cells.
A single calculation was carried out for a periodically re-
plicated fcc lattice with 3X3X3 unit cells for compar-
ison. We employed a constant-pressure algorithm,?%?’
which allows volume and shape fluctuations of the simu-
lation box. The required Parrinello-Rahman equations of
motion for the translational degrees of freedom were
solved by usmg a third-order Gear predictor-corrector al-
gorithm.?® The rotational degrees of freedom, described
by quaternions, were intergrated by a fourth-order algo-
rithm. Typically systems are allowed to relax for about
30 ps, after which configurations were collected to deter-
mine ensemble averages of various properties.

Since the Cg molecule has icosahedral symmetry,
orientational ordering is described by appropriate aver-
ages of the spherical harmonic functions of sixth order,
([Q6m 1’=([3 Y¢,, 1), where m =0,1,...,6. The
summation is over the 60 carbon atoms on each molecule,
[--+] denotes an ensemble average, and { -:-)
represents an average over all molecules. Analytical ex-
pressions for the Yy, are given in the Appendix. There
are 13 independent “order parameters” corresponding to
the real and imaginary parts of each Y,,. For a free ro-
tor, the average (|[ 3 Y, l.,/>=0. When the Bucky
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ball is oriented with a twofold, threefold, or fivefold axis,
etc., pointing along crystal axes, certain of the
(I[ 3 Y, layl) are large whereas others vanish by sym-
metry. The values of these order parameters depend on
which of the three crystal axes the Cg, symmetry axes
aligned along. The values for several ideal orientations
are presented (see Table IT in the Appendix).

III. SIMULATION RESULTS

A. Atom-atom model

Molecular-dynamics calculations were performed at
zero pressure for several temperatures ranging from 350
down to 80 K in order to study orientational freezing.
Throughout the run carried out under ambient condi-
tions, the crystal structure of solid Cg4, remained face cen-
tered cubic. The calculated lattice constant 14.14 A
agreed well with the experimental value of 14.17 A.!? In
this structure the fullerene molecules are rotating as is in-
dicated in Fig. 1, which is a snapshot of the typical
orientational-disordered configuration. The calculated
configurational energy, volume, and enthalpy are given in
Table 1.

Orientational freezing can be monitored by following
the variation of the rotational diffusion coefficients with
temperature.!” However, microscopic orientational order
is better described by following the temperature variation
of the quantities (|[ 3 Y, o,/ ), defined in the Appen-
dix. Values calculated from the molecular-dynamics tra-
jectories are shown in Fig. 2. At high temperature the
order parameters are small, and suggest that the C¢, mol-
ecules behave like weakly hindered rotors. The rapid
change of some order parameters below 200 K indicates
that Cy4y molecules have stopped rotating on the simula-
tion time scale. Furthermore, the large values for
Re(I[S Yon )y m=0,4 and Im(I[ 3 Yen T,
m =2,6, and nearly zero values for other m at low tem-
perature are indicative of freezing into a well-defined or-
der phase.

The nature of the ordering is clear in the snapshot of
the configuration at 106 K shown in Fig. 3. The orienta-
tions of three mutually perpendicular twofold axes of the
Bucky ball point in the following way. One of these two-
fold axis points along a crystal axis, in this case the z axis,
and the remaining two axes point along [110] and [110]
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FIG. 1. A snapshot of C¢, molecules in the fcc rotator phase
at 340 K (see text).

directions, respectively. Since these two twotold axes are
not equivalent, there exist two distinct molecular orienta-
tions, which differ by a 90° rotation. (These occur with
equal probability.) The small system size studied here,
and existence of some defects (misoriented molecules),
makes it difficult to define the unit cell of the lattice.
With the kind of molecular orientational ordering men-
tioned above, some of the molecular hexagonal faces stay
parallel with those of neighboring molecules, but the
centers of these two hexagons are displaced relative to
each other similar to that in the local structure between
two graphite sheets. The hexagonal faces are inclined 36°
away from the first twofold axis. This kind of relative
orientation can be better accommodated if the crystal lat-
tice undergoes a tetragonal distortion, as shown in Fig. 4.
The packing of Cg, molecules is no longer equivalent
along the x, y, and z directions.

We have also carried out a simulation at 103 K for a
system containing 108 C,, molecules, primarily in order
to obtain more information on phonon modes. Both the
resulting structure and the orientational information are
consistent with the small system results. The orientation-
al order parameters, and lattice constants are shown in

TABLE 1. Molecular-dynamics results.

N T (K) U one (kJ/mol) V (A3/molecule) H (kJ/mol) 7 (ps)
32 83.4 —153.5 686.8 —151.3
106.0 —1534 687.1 —150.6 1136
157.6 —150.7 692.0 —146.5 195
202.0 —146.9 699.0 —141.7 20
266.7 —145.0 702.8 —138.1 15
256.2 —144.5 703.8 —137.8
267.9 —144.7 703.5 —137.8
340.3 —142.2 706.4 —133.5 5
108 103.1 —152.9 694.5 —150.3
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the figures together with data of the smaller systems.
Simulations at room temperature and two pressures,
P =75 and 150 kbar, indicated that the structure and the
orientational ordering of the solid are very similar to that
of the low-temperature phase, except that the lattice con-
stant is much smaller. As in the low-temperature phase,
the lattice distorted away from being cubic, but with
unit-cell lengths @ =b =13.6 A, ¢ =12.85 A for P =75
kbar, and a =b =13.4 A, ¢ =12.65 A for P =150 kbar.
This predicted orientational ordered phase may corre-
spond to the low symmetry phase observed in the recent-
ly reported experiments at high pressure.?! The calculat-
ed average lattice constant is compared with experimen-
tal compression data'?° in Fig. 5. It seems that the 12-6
C-C potential is slightly too hard in the high-pressure re-
gion. This may be due in part to the use of a rigid mole-
cule. A recent calculation based on a flexible model pre-
dicts a distortion of the Cg, structure at high pressure.?’
Molecular reorientation can be studied by calculating
the autocorrelation functions (ACF’s) of unit vectors
along symmetry axes. For simplicity we focus here on
the twofold axes. A fit of the long-time tail of the corre-
lation function to an exponential form yields reorienta-
tional times, which are listed in Table I. A dramatic in-
crease of reorientational time accompanies the freezing of
C¢o molecules. Indeed, at low temperatures the estimated
times greatly exceed the MD run lengths and are hence
subject to large uncertainty. The relaxation time, espe-
cially in the low-temperature region, is much shorter
than that estimated from NMR data!'! and neutron
scattering.’® Orientation of a body-fixed c, axis relative to
a reference frame changes even when molecules jump to
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equivalent orientations. Thus, the calculated relaxation
time herein is different from that obtained in quasielastic
neutron scattering, and is usually shorter. However, x-
ray and neutron measurements cannot detect the
difference between equivalent orientations. Taking this
fact into account, we calculated ACF’s of order parame-
ters, Q¢ = 3, Ygm, Which are invariant when molecules
rotate to equivalent orientations. Figure 6 shows the
variation with temperature of the Q¢, ACF for m =4.
Clearly, a slowing down in the reorientational motion sets
in below 200 K. The oscillation in the short-time region
indicates librational motion with a period of about 3 ps,
which yields about 11 cm ™! for the librational frequency.
This estimate is consistent with that obtained from the
angular velocity ACF (see below). The relaxation time
obtained from autocorrelation of order parameters in the
room-temperature range agree well with both NMR data
and the above-mentioned calculation. In the low-
temperature range it is not very easy to estimate a relaxa-
tion time because of the inevitable poor statistics in the
long-time region. The short relaxation time obtained
from the ACF of ¢, may result from several facts. First
of all, due to the slow reorientation at low temperature, it
is really necessary to have a longer simulation run to ob-
tain a meaningful long-time tail. Therefore, the calculat-
ed relaxation times gives a lower limit. Also, the time-
dependent configurations displayed on a graphics termi-
nal indicate that one of 32 C¢, molecules rotates rather
fast even at low temperature. This makes the average re-
laxation time shorter. Third, the discrepancy is likely
due to the fact that the potential barrier for the orienta-
tional motion in the model is too low. A lower barrier
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FIG. 2. Orientational order parameters {|[ 3 Y, l.,|?, as defined in the text. Solid circles, m =0; asterisks, m =1; crosses,
m =2; triangles, m =3; squares, m =4; pentagons, m =5; and hexagons, m =6. The abrupt change of the calculated values below
200 K signals the onset of orientational freezing on the MD time scale. Solid lines are a guide to the eye.
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height inevitably permits the Cq, molecule to rotate fas-
ter.

The density of phonon states has been obtained from
the ACF’s of velocity and angular velocity. Figure 7
shows the Fourier transformation of the average values of
ACPF’s for a 2X2X?2 fcc lattice at 106 K and a 3 X3 X3
system at 103 K. It is clear that in solid Cg, the libra-
tional motions have much lower frequencies than the
translational modes. Some phonon peaks are split at low
temperature due to the distortion of the lattice from a cu-
bic structure. Application of pressure causes the density
of phonon states to shift to much higher frequency as
shown in Fig. 8. The high-pressure librational modes
shift to 40 cm ™! from a value of 10 cm ™!, in the low-
temperature ordered phase. Both the average frequency
of the translational band and the bandwidth are almost
triple the zero-pressure values.

B. Local quadrupole model

In the model used above, the low-temperature struc-
ture obtained in the simulation arises from an efficient
packing of molecules. In an attempt to reproduce the
low-temperature structure proposed on the basis of ex-
perimental data'? and to raise the transition temperature,

FIG. 3. Snapshot of a configuration viewed from three or-
thogonal directions for a 2X2X2 fcc lattice at 106 K showing
the predicted ordering of the Cy, molecules. Each panel in the
figure is the superposition of four molecular planes. Therefore,
the snapshot appears to be a simple cubic lattice. The parallel
alignment of quasihexagonal faces of adjacent molecules can be
seen in the y-z (middle) and x-z (lower) planes.
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FIG. 4. Variation of the equivalent fcc cell lengths and an-
gles with temperature. The cell distortion around 200 K coin-
cides with the onset of orientational freezing. Note that the cell
angles stay at 90°.

we have also carried out simulations with a modified po-
tential model. Several aromatic molecules, such as ben-
zene, napthalene, and anthracene, have very considerable
quadrupole moments. Also, C, is an aromatic molecule
whose hexagonal faces are somewhat similar to benzene
rings. Therefore, a natural first modification of the po-
tential is to include a quadrupole moment for each face.
For convenience we will call this the local quadrupole
model. A recent study of the benzene-graphite interac-
tion included local quadrupole moments on the graphite
basal plane.31 Since the Cq, molecule is, in some sense,
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FIG. 5. Average lattice parameter as a function of pressure
from static energy (solid line) and molecular-dynamics calcula-
tions compared with experimental data from Ref. 14 (experi-
ment 1) and Ref. 20 (experiment 2).
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similar to a fragment of curled graphite sheet, we have
used the same idea here. Indeed, the value of quadrupole
moment used was taken from benzene-graphite work.’!
In effect, we assume that in the three materials mentioned
above the component of a quadrupole moment per car-
bon atom perpendicular to the molecular plane is con-
stant. Accordingly, a quadrupole moment of —1.32 B is
assigned on each carbon along the radial direction. For
the convenience of calculation, we have used a fractional
charge representation. Thus, a charge of 0.56e is placed
at each carbon atom and two charges of —0.28e are
placed 0.7 A from each carbon along the radial direction,
one inside the Cq, molecule and another outside. With
this kind of charge distribution, the net quadrupole mo-
ment of the whole C¢, molecule is, of course, zero due to
the symmetry. However, the local charges raise potential
barriers for the rotational motion dramatically. The bar-
rier now ranges from 1000 to 3000 K, depending on the
relative orientations of a pair of Cy, molecules compared
with 30 to 500 K in the original model.

The local quadrupole model yields very reasonable
high-temperature properties. In particular, the calculat-
ed lattice constant at room temperature, 14.4 A, agrees
with the experimental value to within 2%. The
configurational energy is now less than 10% greater than
the measured heat of sublimation.”> Due to the enhanced
potential barrier for the rotational motion, reorientations
are slower than that from the simple atom-atom model.
The competition between electrostatic and van der Waals
interaction results in a different orientational ordering
compared with the previous simulation where the order-
ing is dominated by atomic packing considerations.
However, at low temperature, the lattice again underwent
a tetragonal distortion, but with a =b=14.1 A and
¢ =14.4 A at T =100 K. Though the barriers are higher,
the competition between the two types of interactions did
not help to raise the transition temperature. Thus, it
seems that this local quadrupole model is unlikely to
reconcile the difference between experimental data and
the results from the simple potential for the pure Cg, sys-
tem.
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FIG. 6. Autocorrelation function of Q,, for m =4. From
top to bottom, curves are for T"=106, 157, 202, 256, and 340 K,
respectively.
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FIG. 7. Lattice vibrations of solid Cg. Shown are averaged
power spectra from VACF’s for a 2X2X2 lattice at 106 K and
a 3X3X3 lattice at 103 K. The dotted and solid curves are for
translational and librational motion, respectively. Dashed line
is the power spectrum of Cg librational modes at 340 K.

IV. CONCLUSIONS

Computer simulations have been carried out to investi-
gate the orientational ordering of molecules in solid Cg,.
Two different potential models give reasonable room-
temperature properties. Also, the calculated lattice con-
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FIG. 8. Room-temperature density of states for a 2X2X2

lattice at zero pressure and P =75 kbar. Solid and dotted
curves are for translational and librational motions, respective-

ly.




1894

stant as a function of pressure agrees well with experi-
ment in the low-pressure region. The calculated density
of phonon states provides rudimentary information on
the dynamics of the solid, which remains to be tested by
appropriate experiments. The simulation results indicate
that there exists a transition from a hindered rotor to an
orientationally ordered phase as temperature decreases.
This is consistent with experimental findings.!! '3 How-
ever, the calculated transition temperature is lower than
the experimental value and the predicted tetragonal dis-
tortion is not observed in the x-ray experiments.'> The
discrepancies between experiments and the simulation
data most likely result from the oversimplified inter-
molecular pair-potential models. As shown in Table I,
the calculated potential energy of the solid is less than the
measured heat of sublimation.?> A rescaling of the C-C
well depth by 15% would likely improve the agreement
with the experimental transition temperature somewhat
but is unlikely to alter the ground-state structure.

The low-temperature crystal structure and molecular
orientation reported herein are consistent with a recent
static calculation which included the internal degrees of
freedom of Cg,.!® The rigid-molecule description has pro-
vided similar structural and orientational information as
the flexible-molecule model, at least at low pressure.
Since our goal here is not centered on the internal vibra-
tions of the molecules, we have taken advantage of the
rigid-molecule model, which not only saved tremendous
computational time but also considerably reduced the
complexity of the potential. In summary, the present and
previous calculations apparently reveal deficiencies in in-
termolecular potentials currently in use to describe Cg,
and a rationalization of the reported low-temperature
structure does not exist at the present time.
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APPENDIX
Since Cg, has icosahedral symmetry, the lowest

nonzero order parameters are spherical harmonic func-
tions of sixth order, Y, . Here, we use the auxiliary
functions Qg,, = 3, Y, as order parameters, where the
summation is over all 60 carbon atoms on the Cg, mole-
cule. If 7=(x,y,z,) is a vector in the direction of each
carbon atom, relative to the center of mass of Cg, then
the Yy, can be expressed in the following way:

5
13 1 |231 315
Y..= |[— 212 6212 4.2
O \4r | S| 167 1677
105 5
4+ —= 2.,4__ 7 6
62" 16 |”
0.5 0.5
Y., = 13 1 (x tiy)
1 | 4r 42 6
X ——62325————3}152%2-#—1(8)5”4’ ,
0.5 0.5
y.— |13 1 (x +iy)?
2 | 4rx 1680 o
y 34865 Lo 9:522r2+ 125 r4] ’
0.5
V.= |13 1 (x +ip)?
8 | 4 60480 r6
X %223—9;;5-”2 ,
0.5 0.5
Y., = 13 2 (x+iy)4
4 | 4n 10! r6
10;9522~ 9‘2‘5# ,
13171 %
— |13 A & Fp)r
Yos= |2 l”’ s (10395z) ,
371 % i
- |13 1 e+l
Yoo= |2 o i (10395) .

TABLE II. Values of real and imaginary parts of Qg,, for molecular twofold, threefold, and fivefold

axes pointing along fcc crystal {001) directions.

c,® c;® cs®

m Re Im Re Im Re Im

0 —0.456 0.000 —0.812 0.000 1.461 0.000
1 0.000 0.000 0.000 0.000 0.000 0.000
2 1.046 0.000 0.000 0.000 0.000 0.000
3 0.000 0.000 —1.240 0.000 0.000 0.000
4 0.854 0.000 0.000 0.000 0.000 0.000
5 0.000 0.000 0.000 0.000 —1.165 0.000
6 —0.705 0.000 0.748 0.000 0.000 0.000

#Three mutually perpendicular ¢, axes point along the x, y, and z direction, respectively,

"Threefold axis point along the z direction.
‘Fivefold axis point along the z direction.
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FIG. 1. A snapshot of Cg molecules in the fcc rotator phase
at 340 K (see text).



