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Solid C7Q A molecular-dynamics study of the structure and orientational ordering
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Classical constant-pressure molecular-dynamics simulations have been performed for solid C70 using a

pairwise-additive atom-atom Lennard-Jones potential that gave a good account of the high-temperature

rotator phase of solid C60. The simulation results indicate that freezing of the rotational motion of C7p

molecules about the long and short axes occurs at different temperatures. At high temperatures, an

orientationally disordered fcc phase is preferred over a hcp lattice. At low temperature, a triclinic phase

seems to be favored by the present model, but other structures (space group Pa 3, and hcp) also have very

competitive potential energies. Estimates of the molecular-reorientation times are given. The librational

phonon density of states has been studied. As expected, libration frequencies for rotation about the long

axis are lower than that about the short axis.

I. INTRODUCTION

The advent of efficient synthesis' procedures for mac-
roscopic quantities of fullerenes has lead to widespread
investigation of the solid-state properties of these sys-

tems, especially C6Q. At room temperature the spheroid-

shaped C6Q molecules adopt a fcc lattice in which mole-

cules are rotating. Upon cooling, an orientational or-
dered phase is observed below 250 K. The properties of
solid C6Q have now been well characterized and a clear
picture has emerged concerning the structural and
dynamical behavior. ' Recent diffraction studies reveal
evidence for residual partial disorder in the low-

temperature phase. '

Solid C7Q has received less attention than solid C6Q. The

C7Q cluster is ellipsoid shaped. The carbon-atom cage can
be thought of as a band of hexagons capped with halves
of a C6Q molecule. ' NMR, Raman, and infrared experi-
ments' plus theoretical calculations ' have all
confirmed this basic structure. Thus, C7Q is composed of
12 pentagons and 25 hexagons which together form an

elongated molecule. The two pentagons located at the

top and bottom of the molecule are perpendicular to the

long axis of the C7Q molecule. The narrower midsection

of C7Q has almost the same cross-sectional diameter as

C6Q although its fivefold axis is about 1 A longer than
that of the latter. NMR data show that there exist five

types of inequivalent carbon atoms. ' Theoretical cal-
culations ' indicate that there are eight different bond
lengths which can be classified, roughly, as single, inter-
mediate, and double bonds.

Since C7Q is ellipsoidal and not spherica1 like C6Q, one
would expect some differences between them in solid-
state properties. For example, the C7Q system could
perhaps display a very rich phase diagram akin to that of
solid Nz. Indeed, NMR experiments indicate that at
ambient condition, C7Q molecules rotate anisotropically.
So far, limited information is available about the struc-
ture and orientational ordering. Energy-minimization

calculations predicted a hcp packing of C7Q molecules to
be more stable than a fcc structure, at zero tempera-
ture. Early x-ray-diffraction data' suggested that solid

C7Q has a face-centered-cubic structure, and also showed
that the C7Q pentane fulleride crystal is monoclinic.
More recent x-ray-diffraction data show that the equi-
librium phase above room temperature is fcc, but that
structural defects as well as residual solvent tend to stabi-
lize the hcp phase. Thus even highly pure C7Q samples
contain mixed-phase crystals consisting primarily of the
fcc phase but also some hcp. In both the fcc and hcp
structures the data were well described by a model incor-
porating complete molecular orientational disorder.

In this paper, we report the results of a molecular-
dynamics (MD) study of orientational ordering in solid

C7Q Several different structures are compared. The
simulation results suggest that a low-symmetry triclinic
phase achieves a more efficient packing relative to the
Pa3 and hcp structure, favored by N& molecules. The
rotational motion of the C7Q molecule is confirmed to be
anisotropic; molecules rotate faster about their long axes
at high temperature. C7Q molecules are predicted to stop
tumbling on the MD time scale at a temperature between
300 and 400 K. However, molecules continue to spin
about their long axes. Around 100 K the spinning
motion is also frozen on the MD time scale.

II. DETAILS OF THE CALCULATIONS

Since C6Q and C7Q have similar cohesive energies, ' we

have adopted the same intermolecular potential used in
our study of C6Q. ' In that work, the potential energy
was assumed to be the sum of pairwise-additive inter-
molecular interactions, each represented by a sum of C-C
Lennard-Jones (12-6) potentials with the parameters
( e =28 K and o =3.4 A) taken from a study of graph-
ite. The room-temperature structure and compressibili-
ty of C6Q obtained by using this potential model are in

good agreement with experimental data. The limitation
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of this simplistic intermolecular potential for C60 has
been discussed in a recent article. While orientational
freezing occurs in the correct temperature range, the re-
sulting ground-state structure is not consistent with ex-
perimental data. The potential model for C60 has been
improved by incorporating additional interacti. on sites as
well as electrostatic interactions. However, the compu-
tational time necessarily increases. Since the simple mod-
el did so well for C60 in the high-temperature rotator
phase, we adopted the same model here.

In this work, C70 molecules are considered to be rigid
with the carbon coordinates taken from quantum-
chemistry calculations. With these carbon coordinates
C-C bond lengths fall between 1.364 and 1.486 A, the
equatorial cross sectional diameter is 7.092 A and the
spatial extent along the fivefold axis is 7.966 A. We chose
the long axis of the molecule to be the z direction of the
principal axis. A standard constant-pressure molecular-
dynamics algorithm was used. ' The equations of
motion for translational degrees of freedom were solved
by a third-order Gear predictor-corrector algorithm.
Rotational motion, described by quaternions, was in-
tegrated by a fourth-order algorithm. Because of the
large number of interaction sites involved in the evalua-
tion of the force and configuration energy, most simula-
tion runs were performed on small systems containing ei-
ther 32 or 108 C70 molecules.

III. SIMULATION RESULTS

Since there is no information on the low-temperature
structure available at present, it is difficult to choose an
optimal initial configuration. We have therefore com-
pared three obvious initial configurations. (1) Molecular
centers on the lattice points of a fcc lattice, with the long
axis of all C7O molecules pointing along one of the diago-
nal (ill) directions. (2) A static structure resembling
that of a Pa 3 lattice, in which the molecules are placed at
the fcc lattice points and the long axes are arranged along
the four appropriate (111) directions. (3) Molecular
centers on the lattice points of a hcp lattice with fivefold
axes pointing along the c direction. For simplicity, we
will denote the three sets of simulation data as fcc, Pa3,
and hcp. In fact, during the MD simulations some sys-
tems relaxed to a different structure. In this case, the no-
tation we employ only refers to the initial configuration
of the simulation, rather than the specific symmetry at
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that particular temperature.
As suggested by NMR data, C70 molecules rotate an-

isotropically under ambient conditions. Here, the rota-
tional motion is monitored by calculating the reorienta-
tional relaxation times of the three mutually perpendicu-
lar principal axies. Table I gives the estimates of the re-
laxation times for two of the simulations mentioned
above. The rotational motion is not particularly sensitive
to the lattice structure: The two sets of data agree with
each other surprisingly well, in view of the large statisti-
cal uncertainty in evaluating the appropriate time-
correlation functions. At 100 K, C7o molecules are no
longer rotating on the MD time scale. As the tempera-
ture increases the molecules first begin to spin about the
fivefold (long) axis and above 300 K they start tumbling.
Thus, there are two orientational freezing processes cor-
responding to the freezing of tumbling motion between
300 and 400 K and freezing of spinning about the long
axis around 100 K.

In the low-temperature phase, the phonon density of
states for the librational motion has two bands. Figure 1

v(cm )

FIG. 1. The librational phonon density of states for a triclin-
ic lattice of solid C70. The solid line is for the total density of
states, the dotted line is for the librational motion about a five-
fold long axis, and the dashed line is for the libration about a
short axis. The intensities are in arbitrary units.

TABLE I. Reorientational relaxation times and orientational order parameters for solid C70 in two
structures. Typical error for v

&
and ~2 is 25%.

Structure T (K)
~~ (ps)

Long axis Short axis
~2 (ps)

Long axis Short axis C4 C,
fcc 107

326
498

600
18

200
10

13
5

—1.47
—0.98
—0.26

2.08
1.05
0.52

Pa 3 100
311
521

300
7

—1.46
—0.65

0.04

2.07
0.82
0.28
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shows the density of states for the librational motion for
the fcc sample at 100 K (the lattice at 100 K is now actu-
ally triclinic; see below). Similar results are found for
samples with Pa 3 and hcp structures. The phonon densi-
ty is calculated by taking the Fourier transformation of
the angular velocity correlation function. Strictly speak-
ing, x and y directions are not equivalent for a C7Q mole-
cule, but they are very similar so that librational frequen-
cies about these two axes overlap and cannot be resolved.
The density of states for the librational motions about the
molecular short axis (in the molecular x-y plane) and the
z axis is shown in Fig. 1 also. The low-frequency band
corresponds to librational motion about the long axis. As
temperature increases, molecules begin to spin about the
long axis and the peak frequency systematically shifts to
zero.

If the high-temperature phase is cubic, the orientation-
al ordering of the long axis can be described by an orien-
tational distribution function, which in turn can be ex-
pressed in terms of the Kubic-harmonic functions. The
coefficients, C4 and C6, customarily used as orientational
order parameters are given in Table I. Above 400 K,
the small values of C4 and C6 suggests that C7Q molecules
are oriented randomly. In fact, the analysis of a typical
trajectory shows that rnolecules undergo hindered aniso-
tropic rotations. The anisotropic motion is also justified
by the different relaxation times for rotations about long
and short axes, respectively. The large positive C6 and

large negative C4 around room temperature are con-
sistent with preferential (111) orientation of the long
axis.

The symmetry of the lattice is, of course, strongly re-
lated to the orientational ordering of the C7Q molecules.
In the case where the MD run was initiated with all mol-
ecules initially pointing along a common diagonal of a fcc
lattice, the low-temperature crystal spontaneously dis-
torted to a triclinic structure stretched along the fcc
(111) direction. At 100 K, when there is no rotation,
the centers of mass of C7O in the (111)plane form a slight-

ly distorted triangular lattice as signaled by the small
splitting of simulation cell angles. The slight distortion is
due to the incompatibility of the fivefold symmetry of the
long axis with that of the (111) lattice plane. A snapshot
of three adjacent (111)planes suggest that C7O molecules
are orientationally ordered.

On heating, the C7Q rnolecules start to rotate about
their long axes, a motion that averages out the fivefold
symmetry and leads to a trigonal lattice. When the tem-
perature increases further, the molecules begin to tumble
around. This motion, which effectively makes the mole-
cules more spherical, leads to a higher-symmetry phase,
namely a fcc lattice, as indicated by the equal ce11 lengths
and 90' cell angles.

When the centers of mass of C7Q molecules are assigned
to a hcp lattice with the fivefold axis of all C7Q pointing
along the c direction, the lattice spontaneously distorted.
However, the lattice relaxes to ideal hcp when the tem-
perature is sufficiently high that the molecules rotate
more or less isotropically.

It is not surprising that the initial Pa 3 structure

remains cubic for all temperatures and simply expands as
the temperature is increased. At high temperature, both
the Pa3 and the initial fcc lattice converged to a fcc
structure where C7Q molecules are orientationally disor-
dered.

Unfortunately, the question as to the structure of the
ground state remains unanswered by our calculations. A
possible structural martensitic transition, between hcp
and fcc, is likely inhibited by the periodic boundary con-
ditions in the present si.mulations. To obtain better
statistics on the evaluation of the configuration energy,
we carried out lengthy simulations on 3X3X3 unit-cell
systems for the three structures discussed above. With
this system we were able to use a larger cutoff (15 A) for
the computation of interactions between pairs of mole-
cules. At 100 K, configurational energies obtained for
the triclinic, hcp, and Pa3 structures, —166.9, —166.3,
and —165.5 kJ/mo1, respectively, are very competitive.
The triclinic structure has slightly lower configurational
energy relative to the other two lattices. This is con-
sistent with more efficient molecular packing, since the
calculated volumes per C7Q molecule are 814.9 A for the
triclinic, 815.7 A for the hcp, and 817.2 A for the Pa 3
structures. The hcp lattice parameters obtained at 100 K
are a =10.05 A, b=17.45 A, and c=18.60 A for a rec-
tangular simulation box in the x-y plane. This gives
c/a =1.795, which is considerably greater than the ideal
hcp value of 1.632. The average cell length of the triclin-
ic structure is 14.92 A and the simulation box shears by
5'.

Simulations on the larger system were also performed
around 500 K for hcp and fcc lattices. The potential en-
ergies obtained were again very competitive for these two
structures. The configurational energies for the smaller
samples are in good accord with those for large samples.
Both sets of data indicate that, energetically, C7Q favors a
triclinic lattice at 100 K and fcc at higher temperature.

IV. CONCLUSIONS

We have presented results of molecular-dynamics
simulations on the solid phase of rigid C7Q molecules
based on a simple pairwise-additive atom-atom inter-
molecular potentia1. The simulation results suggests that

C7Q molecules freeze into an orientationally ordered
phase above 100 K. Spinning about the long axis occurs
around 100 K and tumbling motion starts above 300 K.
C7Q molecules undergo relatively rapid anisotropic rota-
tion at higher temperatures. The calculated value of the
orientational freezing temperature, between 300 and 400
K, can be compared with the experimental value of
300—350 K. The density of librational states is predict-
ed to exhibit two distinct bands of librational modes cor-
responding to the motion about the long and short axes,
respectively. Since the frequency spectrum is very sensi-

tive to the potential model adopted, this calculation will

likely provide a rather stringent test of our model. The
predicted frequencies are likely lower bounds since elec-
trostatic interactions will almost certainly increase the
torsional barrier.
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We have identified structural transformations associat-
ed with the rotational degrees of freedom of the C70 mole-
cules. As molecular orientational disordering increases,
molecules become effectively more spherical and the
centers-of-mass structure approaches a fcc lattice. This
finding agrees with recent x-ray-diffraction data, in
which the majority of scattering peaks at high tempera-
ture can be indexed to a fcc lattice with a smaller fraction
of a hcp component. The calculated fcc lattice constant,
15.1 A at 400 K, agrees fairly well with the experimental
value of 14.96 A at room temperature. The hcp lattice
parameters for the model system at 472 K, a =10.4 A,
b=18. 1 A, and c=18.1 A, are reasonably consistent
with the experimental values a =10.56 A, b =18.29 A,
and c = 17.35 A at 325 K.

All three structures investigated here have very com-
petitive configurational energies at low temperature. The
low-symmetry triclinic phase has a slightly lower energy
and achieves more efficient packing compared with the
other two structures studied herein. However, the
current data seem to disagree with a published energy-
minimization calculation which suggested that the hcp

lattice is favored over the triclinic phase by 1.47 kJ/mol.
We are unable to explain the difference but note that the
latter work was carried out by using a model with flexible

C70 molecules. One should also keep in mind that the
free energy rather than configurational energy should be
used as the criterion for judging the stability of a particu-
lar structure. Further study, especially in the low-
temperature region, with a more refined intermolecular
potential, will be necessary to help clarify the experimen-
tal situation.
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