This article was downloaded by:

On: 14 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Molecular Simulation

Publication details, including instructions for authors and subscription information:

M 0 L EC U L A R http://www.informaworld.com/smpp/title~content=t713644482
SIMULATION

Molecular dynamics calculations of solid C_ under high pressure
Y. Kita?; I. Okada®
 Graduate School of Integrated Science, Yokohama City University, Yokohama, Japan

To cite this Article Kita, Y. and Okada, 1.(2007) 'Molecular dynamics calculations of solid C . under high pressure’,
Molecular Simulation, 33: 1, 165 — 169

To link to this Article: DOI: 10.1080/08927020601075329
URL: http://dx.doi.org/10.1080/08927020601075329

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
wi |l be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713644482
http://dx.doi.org/10.1080/08927020601075329
http://www.informaworld.com/terms-and-conditions-of-access.pdf

17:55 14 January 2011

Downl oaded At:

Molecular Simulation, Vol. 33, Nos. 1-2, 15 January—15 February 2007, 165-169

Taylor & Francis
Taylor & Francis Group

Molecular dynamics calculations of solid Cg, under high
pressure

Y. KITA* and I. OKADA

Graduate School of Integrated Science, Yokohama City University, 22-2 Seto, Kanazawa-ku, Yokohama 236-0027, Japan

(Received 31 July 2006; in final form 19 October 2006)

Recently, we have proposed the new intermolecular interaction model of Cg. Using this new model, we have analyzed the
molecular rotational motions of Cgq in solid state with the constant-temperature and constant-pressure molecular dynamics
method at the temperature regions 180—340 K under the pressure regions 100—500 MPa. By analyzing the density of states of
the molecular rotational motions, we found that the orientational phase transitions which involve the slightly volume change
of the Cg crystal, are induced at 260 ~ 280 K under 100 MPa, 280 ~ 300 K under 200 MPa, 300 ~ 320 K under 300 MPa
and 320 ~ 340K under 400 MPa. The temperature/pressure variations of the order parameter also shows that Cgy molecules
rotate rapidly even below the orientational phase transition temperature.
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1. Introduction

Ceo molecules have the nearly spherical shape of a
truncated icosahedron [1], vertices of which are occupied
with equivalent carbon atoms having a shorter “dou-
ble”(“DB”) bond and two longer “single”(“SB”) bonds.
The DB’s fuse two slightly distorted hexagons and the SB’s
fuse a hexagon to a pentagon. At T = 260K under
ambient pressure, it has been observed experimentally that
the solid Cgp undergoes a first-order phase transition in
which the Cgy molecules develop long-range orientational
order between the molecules [2]. It has also been revealed
experimentally that the transition temperature shifts
upward with increasing pressure [3]. In both the
orientationally disordered (> T¢) and ordered (< T¢)
phases, the molecular centers of mass form a face-centered-
cubic (fcc) lattice. In the high-temperature phase (space
group Fm3m), Cgp crystals form plastic crystals [2], which
the molecular centers of mass have a long range order,
whereas the molecules are reorientating very rapidly. High
resolution X-ray as well as neutron diffraction experiments,
however, have shown a tendency occupying preferred
orientations of molecules [4,5], and the X-ray diffuse
scattering has indicated short-range orientational corre-
lations [6], even in the Fm3m phase. The molecular
reorientational motions, therefore, are not completely free.
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On the other hands, in the low-temperature phase (space
group Pa3), the Cgy molecules have a long range
orientational order, and then the crystal structure has been
belonged to a simple-cubic (sc) with four orientationally
non-equivalent molecules per unit cell [7]. The molecular
stable orientations, found experimentally in the Pa3 phase,
are obtained by rotating four molecules at (000), (%O), (O%)
and (309) in the unit cell, which are oriented at a same
standard orientation originally, by a setting angle ¢ around
the local (111), (111), (111) and (111} axis, respectively
[8]. The standard orientation is a molecular orientation
introduced for convenience, in which the Cgn molecule is
oriented as the molecular twofold axes are aligned parallel
to the cube edges being crystalline axes; there are two ways
of setting standard orientation (A and B) [9]. By analyzing
the neutron powder-diffraction profile, David et al. [7,10]
has been suggested that the majority molecular orientation
at the low temperature phase (P-orientation) is represented
by the setting angle ¢p = 22° with the use of the standard
orientation A, and whereas the minority orientation
(H-orientation) finds itself in the setting angle ¢y = 82°;
the P- and H-orientations are described by ¢p = 98" and
¢y = 38° with the standard orientation B. In the most
stable state in the Pa3 phase in which all molecules are
oriented to the P-orientation (pure P-phase), a molecular
pentagon and a DB face each other (P-configuration)
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between all the nearest neighbor molecules. In a pure
H-phase in which all molecules are oriented to the
H-orientation, a molecular hexagon and a DB face almost
each other (H-configuration) between all the nearest
neighbor molecules with slightly higher energy. It has been
found experimentally that the P-(H)orientation occupancy
decreases (increases) with increasing temperature [7]
and/or pressure [11]; the both orientations co-exist with
each other below T.. Under the ambient pressure, the
energy difference between P- and H-orientations is
estimated experimentally to be =11 meV as the average
value in the temperature range of 85-260K [10,12].
Another orientational feature, in further lower temperature
region, has been observed as a glass transition at Ty =85K
[7]. Below T, the molecular reorientations are frozen due
to the high energy barrier [13,14] 235-290 meV, and then
the fractions of these molecular orientations remains
practically constant.

It has been predicted experimentally that a thermally
activated jumps of Cgp molecules are induced between the
two orientations [12], but the molecular rotational motions
in crystals are not clarified in detail due to the difficulty in
observing molecular rotations in bulk crystals. For the
purpose of revealing the rotational motions and the
orientational properties of Cgp molecules in crystals, a
great number of researchers has been proposed the
empirical models for the intermolecular interaction of
Ceo [15]. In the earliest research, Cheng and Klein [16] have
proposed a simple Lennard-Jones (12-6) model for Cgg
based on an atom-—atom intermolecular potential tech-
nique. The models with the additional van der Waals
interaction points has been proposed by Sprik ef al. [17]
The models with the effective Coulomb interactions
between Cgy molecules have been also developed by Lu
et al. [18] and Pintschovius and Chaplot [19]. Lamoen and
Michel [20] have presented the intermolecular interaction
model based on Born—Mayer repulsion, van der Waals
attraction and electrostatic multiples, in which the
intermolecular interaction potential is expanded by the
rotator function [21]. Their interaction models bring about
success to revealing the orientational properties of Cg
molecules in crystals qualitatively, but they are not enough
quantitatively for reproducing the molecular orientational
properties such as the energy difference and the activation
energy between the P- and H-orientations. On the other
hands, Savin et al. [22] has proposed the semi-empirical
model for the intermolecular interaction of Cgq, in which
the Coulomb interaction is treated microscopically using
molecular charge distributions estimated by the density
functional theory (DFT) with the local-density approxi-
mation (LDA), and the short-range part of the inter-
molecular interaction is modeled by Lennard—Jones 12-6
interactions between the centers, delocalized over the
surfaces of Cgy molecules. Although their semi-empirical
model has the quantitative accuracy for the orientational
properties of C¢o molecules in crystals, their model has not
been applied to the molecular dynamics calculation and the
relaxation calculations for the large systems, because of

a great amount of computational costs in using their model.
On the other hands, Hasegawa et al. [23] has performed the
ab initio calculations, based on DFT with LDA, of Cgq
crystals. The intermolecular potential obtained by their
calculation, however, is much shallower than that expected
from the experimental heat of sublimation [24] due to the
limited capability of the density-functional calculations to
incorporate appropriately the effect of electron correlations
at large separation. In addition, the performing ab initio
calculations for the large systems has the difficulties as in
the case of applying Savin’s model to such systems.
Recently, we have proposed the new intermolecular
interaction model of Cg, and have verified the validity of
our model for describing the orientational properties of
Ceo in crystals [25,26]. In this paper, we will report the
temperature and pressure dependency of the crystal-
lographic properties of the solid Cgy obtained by our
simulations with the constant-temperature and constant-
pressure technique in the molecular dynamics method.

2. Method

2.1 Anisotropic vdW model

The intermolecular interaction potential, used in this
study, between molecule I and J [Vy] is expressed as the
following form:
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in which al, b!, and ¢! are the unit vectors parallel to the
“double” bond and two ‘“‘single” bonds of ith atom on
molecule I, respectively. eg is the unit vector parallel to
r}; . The ro, do, A, o, B, v, and m are fitting parameters.
The first and second terms, in equation (1), are the
Buckingham(exp-6) potential with an anisotropy in the
repulsive term, which depends on not only the atom—atom
distance but also the bond directions of each atoms, that is,
the molecular orientations of molecules I and J. The third
term in equation (1) is a dipole—dipole interaction in
which permanent dipole moments are placed on carbon
atoms and oriented parallel to ‘double’ bonds. Further
details of our model are discussed in Ref. [26]

2.2 Molecular dynamics calculations of solid Cg,

Molecular dynamics (MD) calculations were performed
with the rigid body approximation for Cg, at the
temperature of 180, 200, 220, 240, 260, 280, 300, 320
and 340 K under 100, 200, 300, 400, and 500 MPa. The all
molecular dynamics calculations were performed on the
system with 4 X 4 X4 fcc unit cells, where 256 Cg
molecules are contained, and with the three dimensional
periodic boundary condition under the constant-tempera-
ture [7T'], thermodynamics tension [#] and the number of
particles [N] (TtN statistical ensemble). We also
employed the constant-temperature [27] and constant-
pressure technique [28,29], which allows volume and
shape fluctuations of the parallelepiped MD cell, and
scales the translational and angular velocities of molecules
using a heatbath variable. The required Nose and
Ray—Rahman equations of motion for the molecular
translational degrees of freedom were integrated by using
a fifth-order Gear predictor—corrector algorithm [30]. The
Euler equations for the molecular rotational degrees of
freedom, described by quaternions, were integrated by a
forth-order algorithm. To integrate these equations of
motion, we used the most stable molecular configuration

in solid state as initial coordinates. For all MD
calculations, we simulated the systems for 200 ps with
the time step of 2fs. Typically, the systems needs the
simulation time of =20ps for relaxing the temperature
and lattice parameters of the systems. Thus, we analyzed
the molecular and crystallographic properties with the
calculation results after =20 ps.

3. Results and discussions

Figure 1 shows the density of states for the translatio-
nal(phonon) and rotational(libron) motions, obtained by
the Fourier transformation of the autocorrelation func-
tions of the molecular velocity and angular velocity
averaged over simulation time and molecules. From
figure 1, it is clearly found that the density of states of
phonons, under any setting pressure, depends on the
temperature slightly, and the spectrum is distributed from
20-70cm™". On the other hands, the density of states of
librons has the drastic change depending on the
temperature; the libron peaks are not split and shift
downward at the high temperature regions in contrast to
the distributions at the low temperature regions. Such
drastic changes implies the orientational phase transition
of Cgy molecules [26,31]. The phase transition tempera-
tures [T¢] estimated from figure 1 are 260 ~ 280K
under 100 MPa, 280 ~ 300K under 200 MPa, 300 ~
320K under 300 MPa and 320 ~ 340K under 400 MPa.
The orientational phase transition under 500 MPa was not
observed at the setting temperatures in this study. It is
also observed that the orientational phase transition
involves the slightly volume change of the Cg, crystal
shown in figure 2, where T shifts upward with
increasing pressure. In addition, our phase transition
temperature of 300 ~ 320 K under 300 MPa, is in good
agreement with the results by the single-crystal neutron
diffraction [11].
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180K
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Figure 1. The calculated power spectra of the molecular translational (phonon) and librational (libron) motions in our simulation. Black and dotted

curves are the density of states for the phonon and libron, respectively.
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Figure 2. The temperature variation of the relative volume V/V, (Vo:
the volume at 300 K under ambient pressure).

For analyzing the molecular rotational properties in
detail, we also show the temperature variation of the order
parameter in figure 3, proposed by Cheng and Klein [31].
Their order parameter is the auxiliary function defined by
O6m = > Yem where Yg, is the spherical harmonic
function of sixth order which are defined clearly in Ref.
[31] and Y is over all carbon atoms on the Cgg. It is known
that such auxiliary function takes a small value for the
rapid molecular rotating, and a relatively large value for
the “stopped” molecular rotating. From figure 3, it is
found that the values of {[Qg,,]) are small considerably at
the high temperature region, which means the rapid
rotational motion of Cg. Furthermore, figure 3 indicates
that Cq, molecules rotate rapidly even below the
orientational phase transition temperature estimated by
analyzing the density of states of the librons.
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Figure 3. The temperature variations of the order parameter ([Qg,,]) for

m = 3, which defined in Ref. [31].

4. Conclusion

In this study, we performed the theoretical analysis on
solid Cgo using the constant-temperature and constant-
pressure molecular dynamics method with the new
intermolecular interaction model of Cgo proposed by us.
By analyzing the temperature/pressure variations of the
density of states of librons in solid Cgy, we found that
the orientational phase transition temperature
are 260 ~ 280K under 100 MPa, 280 ~ 300K under
200 MPa, 300 ~ 320 K under 300 MPa and 320 ~ 340K
under 400 MPa. The temperature/pressure variations of the
order parameter also shows that Cgy molecules rotate
rapidly even below the orientational phase transition
temperature estimated by analyzing the density of states of
the molecular librational motions.
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