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Lennard-Jones potential model for the condensed phases of &
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A simplified site-site Lennard-JonékJ) model for the intermolecular potential of;gis studied by a series
of classical constant-pressure molecular-dynamics calculationsyafrgstals, at several temperatures and zero
pressure. The molecular model approximately simulates the real molecular volume and form and consists of 12
LJ interaction sites arranged in a polyhedraDaf, symmetry. It is found that this simple model reproduces
many properties of cubic and hexagonal crystals af,Glthough further improvement is needed, mainly in
the temperatures of the succesive phase transitions.

[. INTRODUCTION stable than the pseudocubic onABCABC array. Sprik
et al!? improved the model by adding a set of distributed

At room temperature G, crystallizes in two possible charges on C atoms and short bonds. A series of molecular-
phases: cubic fcc490% of the samplgsand hexagonal. dynamics(MD) simulations on cubic &, crystals predicted a
The last one is metastable: in several days the hexagon#ic to trigonal phase transition a380 K and a trigonal to
crystals show an irreversible structural transformation to thenonoclinic transition at= 200 K. No calculations on hexago-
fcc phasé:? Above 360 K both crystals are in a plastic nal crystals are reported.
phase: the centers of mass show a regular array and the mol- Despite the excellent results, this type of detailed semi-
ecules reorientate continuously to achieve, in a temporal avempirical model shows two problems. The first one is that
erage, the corresponding crystal site symmefydpon cool-  the charge distribution for & is based on estimations for
ing, these crystals exhibit two first-order phase transitionsCgo,237° but a subsequent molecular-orbital calculatfon
due to a sequential orientational ordering of the@olecu-  determined that the real charge distribution withig, @ight
lar axis first, and then about that axis. be several times lower than those estimated. This fact sug-

The hexagonal crystals show, on cooling, a first-ordemgests, by similarity with other molecular crystals in which
phase transition from a hcp pha@#a=1.63 to a hexagonal the electrostatic interactions are negligibles, that the molecu-
lattice (c/a=1.82, with all molecules aligned along the lar volume and polarizability are the main factors to deter-
crystallographic ¢ axis and reorientating continuously mine the intermolecular interactions and that they, in turn,
around it! At lower temperatures there is a transition to anmight be approximately reproduced by a semiempirical
orientationally ordered monoclinic structure with doubling of atom-atom model! The second problem is that the large
the unit cell €=4). In hexagonal coordinates the monoclinic amount of interaction centers makes prohibitive a study of
P112,/m unit-cell parameters area,=b,, b,=c;, the statical and dynamical properties of large samples of
cn=2a;,, B=120°. Afterwards it was pointed out that this molecules in pure or doped phases, in bulk or in two-
structure corresponds to an orthorhomBiema* dimensional problems, and for different thermodynamic

The fcc crystals instead transform, on cooling, in rhom-states.
bohedral crystals with all molecules aligned alddg1] and In a recent paper we proposed, as a first approach to the
with a uniaxial rotation around the long molecular aXi5. real potential, a simple site-site LJ intermolecular potential
Single crystals cannot be preserved through this first-ordemodel for the condensed phases of,C® The model con-
phase transition, although the cubic phase can be easilists of 12 LJ interaction sites, arranged in a polyhedra of
supercooled’? The low-temperature structure is mono- Dg, Symmetry. The reduction in the number of interaction
clinic, a slight distortion of the rhombohedral structdfghis  sites makes affordable the above-mentioned studies. The
structure has not been determined. model can also be of theoretical interest, since it allows to

These phase transitions show a large thermal hysteres&udy the phase diagram of molecules witk, symmetry. In
and the transition temperature$.j are strongly dependent particular, of the solid phases introduced by the broken
on the purity and thermal evolution of the sampleA  symmetry of the parent moleculegg: Lattice sums calcula-
modulated differential scanning calorimefrfor example, tions over suggested low-temperature structures fgyi@-
has located them at 360 and 280 K in cubic crystals and 35fly that, at 0 K, those with fcc or hexagonal packing show
and 300 K in hexagonal crystals. Other measurements shothie lowest configurational enerdyHere we study the orien-
deviations of about 10-30 K from these valdé$:*° tationally ordered and disordered phases af,Gas given by

Numerical simulations at 100, 300, and 500 K, using athis model, by performing a series of classical constant-
rigid molecular model with a nonbonded Lennard-Jofiels  pressure molecular-dynamid#D) simulations at several
model between the 70 C atoms, show good agreement wittemperatures and zero pressure, in((HBH) ensemble. This
experimental data, although the configurational energy is caimethod allows fluctuations of the volume and shape of the
culated too high! At 100 K, this model calculates a MD box and is therefore useful to search the stable crystal-
pseudohexagonal structurABAB array) to be slightly more line configuration at each point of the phase diagram.

0163-1829/96/5%)/21594)/$06.00 53 2159 © 1996 The American Physical Society



2160 BRIEF REPORTS 53

I1l. CALCULATIONS
Uc(kJ/mol)

Using the proposed model, we perform a series of classi-
cal constant-pressure MD simulatih! of C,, crystals, in
the (NPH) ensemble. The molecules are considered as rigid
bodies and the motion of their centers of mass is followed
with a third-order predictor-corrector algorithm, their orien-
tations with quaternions and a fourth-order algorithm. The
time step is of 0.0035 ps and the cutoff radius for the inter-
molecular interactions is of 16 A. Nevertheless, correction
terms due to the truncated tail of the potential are taken into
account.

The crystals were studied at several temperatures in the
range of 50—-1500 K and zero pressure. Although there is
some controversy about the fusion temperatule) (of
fullerenes??® the point atT=1500 K was included after an
estimation ofT;=1800 K for Cg, crystals?®?*and consider-
ing that it should be higher for & crystals.

The samples consisted of 256,{anolecules initially lo-
cated in a fcc ABCABQ or in an hexagonalABAB) ar-
ray. Three series of MD runs, referred to as “cubic, " “trigo-
nal,” and “hexagonal, " were performed. The corresponding
initial configurations, at low temperatures, are an ordered
Pa3 structure(cubic samplg a fcc array with all molecules
aligned along one main diagonétigonal samplg and an
orthorhombicP nmastructure for the pseudohexagonal crys-
tals (hexagonal samp)é Sample size effects have been
tested with a MD box of 108 molecules, obtaining similar
results. At each point of the phase diagram the MD samples
are equilibrated for 5000 to 10 000 time steps. The crystals
were studied first upon heating and their thermal hysteresis

FIG. 1. (@) Evolution on heating of the configurational energy by @ subsequent cooling.

U onf OF cubic (solid line), trigonal (solid triangle$, and hexagonal

crystals(dashed ling (b) Difference U".,,,— US,,) (empty circles

and U~ US,) (solid triangles. (c) Relationship between IV. RESULTS
Ucons @ndV for all samples.

gbo 7 T8l \',(As')sbo

The three series show quite similar values of configura-
tional energyU .ns as a function of temperatufie[Fig. 1(a)].
At high temperatures this is an expected behavior: in the
This simplified LJ intermolecular potential model was de-Plastic phases the molecules are very nearly spherical, and

veloped for the crystalline phases ofRef. 19 and after- this is a known result for LJ systems, in which the difference
wards transferred to § crystalst® The molecular volume [N €nergy between fcc and hep arrays is less than 0.0619%.

and form of these molecules can be approximately reproft 50 K we CaCICUIateUconf:_zzj--? r|1<J/m0|, equal for or-
duced by a 12 LJ sites polyhedra of, respectively,or  dered cubic Uc,,) and hexagonalUc,,) crystals. Figure

De, symmetry. The 12 LJ interaction sites are located in thel(b) shows that the differencaU"®=(U",,rU¢,,) is zero
direction of the 12 pentagonal faces, conserving then th&p to 200 K and then increases to a maximum-é kJ/mol
molecular symmetry. For &, the anisotropy of the polyhe- at~400 K. At low temperatures, our cubiza3 sample does
dra with D5, symmetry is set equal to that of the real mol- not transform spontaneously to the rhombohedral phase and
ecule(inset in Fig. 218 this was the reason to include a trigonal series in our study.
The 12 sites are located inside the real molectiiéd. At 50 K this sample is slightly more stable than the cubic
This reduction was found necessary to reproducehand one, Utconfz —221.8 kd/mol. The difference increases with
Qg0 electrostatic molecular multipolar moments ofCthe T, at 200 K isAU'"®=(U',,—Ug, 9= —0.5 kd/mol. For still
first ones different from zero when the molecule is chargechigher temperatures, AU changes sign and is
(Cqo' in doped crystals With this reduction it is also pos- UL,,~UD both higher tharlUS, ;. The trigonal sample
sible to simulate, with few interaction sites and a relativelyapproaches again the cubic one once tlea&ls of the mol-
large LJ parametee, the molecular volume and potential ecules are orientationally disordered. Figufe) Ehows that
contour. In our simulations the inertial molecular moment isthe relationship betweed ., and the volume per molecule
rescaled to its real value, to avoid modifications in the equaV) is the same for the three series.
tions of motion. The coordinates and LJ parametess ( The heat of sublimation has been measured at 739 K,
=1.0208 kJ/mol,c=6.20 A) of the 12 sites for G, were  AH,=1809) kJ/mol?® Using our interpolated value of
given in Ref. 18. Ucon= 199 kJ/mol, it can be estimatedH ,~—2RT

II. THE INTERMOLECULAR POTENTIAL MODEL
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FIG. 2. Evolution on heating of the unit-cell parameters for

hexagonal crystalga) a andb axes(b) ¢ axis, (c) c/a relationship. tations as a function of time and measuring reorientational

times and orientational probabilities. At 200 K the calculated
—Ugonf =187 kd/mol, in good agreement with the experi- hexagonal lattice parameters aae=10.2 A, c=17.95 A,
mental data. c/a=1.76, which can be compared with the experimental
All reported quantities and plots have been measured omaluesa=10.02 A, c=18.53 A, c/a=1.852 At higher tem-
heating. A subsequent cooling reveals that there is consideperatures the €molecular axis starts its reorientation, which
able hysteresis, due to a certain amount of statical orientdn turn implies an expansion imandb axes and the molecu-
tional disorder that persist at low temperatures. This disordear array tends to a close packing witfe=1.63[Fig. 2(c)].
introduces larger differences in configurational energyOnce the molecules are orientationally disordered, the lattice
(~2- 4 kd/mol at 50 K than that between cubic and hex- shows again the normal variation due to thermal expansion.
agonal phases and that between samples of 108 and 256 mol-At low temperatures our pseudohexagonal structure be-
ecules (0.3 kJ/mol at 50 K longs to the orthorhombi® nmagroup. It is similar to that
Cubic and trigonal samples conserved thBCABCar-  suggested in Refs. 1, 2, and 4, except that the molecules are
ray of the molecular centers of mass at all temperaturegotated 12° in their equatorial plarisimilar to the structure
None of the crystals show diffusion, the centers of massn Ref. 18.
librate with an amplitude 0&=0.07 A at= 100 K, and of 1.3 The orientational probabilities of the moleculag @xis
A at 1500 K. At room temperature the calculated fcc latticewere studied, for all samples, in polar angés¢e, where
parameter i=14.80 A upon heating ana=14.83 A upon 6 is measured from the crystallographic axis. At low tem-
cooling, in reasonable accord with a measured valugeratures, all molecules of cubic crystals have thejraRis
a=14.90 A®® The fcc unit-cell angles remain at=8  along a main diagonalfd==*54.7, =45, 135, 225, 315°),
= y=090°, with a deviation of 0.4° at 50 K and 0.8°. at 1500 characteristic of thé>a3 structure. The amplitude of libra-
K. The trigonal cell angles are-86.9° at 50 K, tending to tion and orientational disorder of the long axes increases
90° with increasing temperature, in the plastic phase. At 30@vith temperature, but even in the plastic phase the motion is
K the fcc latice distortion is measured to be=88—89°%°  slightly hindered and the profile exhibits the crystalline local
our calculated values a@=14.824) A and «=87.22)°. site symmetry. The behavior is similar in the trigonal sample,
The hexagonal crystals conserved alsoAlBAB array at ~ except that at low temperatures all molecules are parallel to
all temperatures, but show a strong variation in their unit-celthe main diagonal. Figure 3 shows the orientational prob-
parameter$Figs. Za), 2(b), and Zc)]. The unit-cell angles abilitiesD (), D(¢) in hexagonal crystals. At low tempera-
remain ata=y=90°, 8=120°, their fluctuation is at most tures, T=300 K all molecules are aligned along theaxis
of =0.7° at 1500 K. At low temperatures and up to 300 K a(6=0,180°). Up to= 400 K the molecules show a small tilt
normal thermal expansion can be observed, the moleculeangle (<10°) and at higher temperatures, in the plastic
are aligned along the crystallograpliiexis and in this range phase, there is a preferred orientation angl@sf65°. This
of temperatures they start to spin about the long moleculadistribution can be interpreted as a precessional motion,
axis. This was determined by studying the molecular oriensimilar to that observed in the hexagonal phasBlgfwhere
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axis. Our calculations shows accord with a NMR measure-
ment of about 15 ps at 340 K.

The vibrational density of states is calculated as the Fou-
rier transform of the velocity self-correlation functions.
Comparison with neutrdfiand Ramaf? data shows that our
band of lattice frequencies, that spans up to 40 émis
calculated~30% low. The contribution of the reorientational
motion exhibit two broad peaks that, in correspondence with
the evolution of the reorientational times, tend to zero
frequencies with increasing temperature.

(pe)

204

V. CONCLUSIONS

In this paper we study a simplified atom-atom model of

the intermolecular potential of £ crystals, that consists of
T(K) 12 LJ sites in &g, array. The LJ parameters are transferred
from a previous study on £ crystals.

FIG. 4. Reorientational times, for large(l) and short(s) mo- A series of classical constant-pressure MD simulations of
lecular inertial axes in cubitfull lines), trigonal (dotted liney, and  cybic and hexagonal crystals shows that this simple model
hexagonaldashed linescrystals. The lines are a guide to the eyes. reproduces many features of the phase diagram-gfc€ys-

tals. In general, the calculated lattice parameters and configu-
the molecules have a precession angle#sf55°2” In our  rational energies are very close to the experimental values.
case the motion of the £axis is dynamically disordered Also the thermal hysteresis and the sequence of successive
between symmetrically equivalent orientations, with largerreorientational phase transitions is obtained.
times spent librating in these orientations. Nevertheless the model needs further improvements: the

The characteristic reorientational timg is obtained from  temperature corresponding to the reorientation of the long
the second-order self-correlation functions for the orientatioomolecular axis is calculated too high, which implies a need
of long and short inertial axes. Figure 4 showsT) for the  to reduce the difference between long and short axes. On the
different samples. The successive reorientational phase tranther hand, the lattice frequencies ackh relationship of
sitions can be located from this data, assuming a transitiopseudohexagonal crystals are low, which might imply a need
when a reorientational time goes to infinite. AETI500 K for larger angular variations of the potential in the equatorial
cubic and hexagonal crystals show a characteristic time of plane. An accurate measurement of the ordered low-
few ps. Below~600 K a slowing down can be observed in temperature structure and lattice frecuencies can allow a fur-
the reorientation of the long axes and an increasing numbeher refinement of the model. Nevertheless, in its present
of molecules that keep it fixed. Below 300 K, a similar  form this simple model is useful to obtain a qualitative pic-
behavior is observed for the spinning motion about the longure of the complex phase diagram of Zrystals.
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