ELSEVIER

10 April 1998

Chemical Physics Letters 286 (1998) 336-342

CHEMICAL
PHYSICS
LETTERS

A molecular dynamics simulation of the fullerene formation
process

Yasutaka Yamaguchi, Shigeo Maruyama '

Depariment of Mechanical Engineering, The University of Tokvo, 7-3-1 Hongo, Bunkyvo-ku, Tokvo 113, Japan

Received 12 November 1997: in final form 20 January 1998

Abstract

A molecular dynamics simulation starting from 500 isolated carbon atoms resulted in several closed caged structures
under suitable temperature control. A caged C,, cluster that appeared in the simulation was traced back to study the
dynamics and structure of C, precursors: simple chain and ring for n < 20, tangled poly-cyclic structure for 20 < n < 30,
and random caged structure for n > 30. Furthermore, it was found that the final caged structure was obtained when the
control temperature was roughly in the range from 2500 to 3000 K, and a graphitic flat structure resulted in lower control

temperatures. © 1998 Elsevier Science B.V.

1. Introduction

In 1985, the existence of soccer-ball structured
C,, was demonstrated by Kroto et al. [1] through
their time-of-flight mass spectra of carbon clusters
generated by the laser-vaporization supersonic-noz-
zle technique. Later, the discoveries of simple tech-
niques for macroscopic generation and isolation of
fullerene in 1990 [2-4] made this new material ready
for applications in many fields. Furthermore, the
observation of superconductivity by Hebard et al. [5]
at T = 18 K of potassium-doped C, crystal gave a
further motivation to the research field. Within a few
years, macroscale amounts of metal containing
fullerenes [6.7], higher fullerenes and carbon nan-
otubes [8] were available. Recently, high-quality bulk
generation of single-wall nanotubes (SWNT) is an
exciting prospect [9].
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Although fullerene is now recognized as an attrac-
tive new material and many reports regarding appli-
cations have been proposed, the mechanism of how
such a symmetric hollow caged structure can be
self-assembled is still unknown; the technique of
fullerene generation was indeed discovered almost
accidentally. Besides theoretical physical interests, it
is important to know the formation mechanism in
order to find the optimum conditions for synthesiz-
ing metal-containing fullerene, higher fullerene, and
SWNT. Here we have performed molecular dynam-
ics simulations to investigate the mechanism of empty
fullerene formation.

Several groups have approached the formation
mechanism  using molecular  simulations. Che-
likowsky [10] calculated the rapid cooling process of
60 isolated carbon atoms by using the molecular
dynamics method. Although he demonstrated the
formation of a C,, caged structure, his results seemed
to depend greatly on an unrealistic high-density con-
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dition. Another simulation used a graphitic sheet as
the initial condition [I1], and showed merely the
curling of the sheet. Schweigert et al. [12] simulated
the formation of C,, caged clusters from the C,,
tri-cyclic rings proposed by Helden et al. [13,14] by
using the Monte-Carlo method, and Astakhova et al.
[15] simulated the formation process of a small
caged structure by using the tight-binding molecular
dynamics method. However, all of these simulations
enforced particular boundary conditions or initial
conditions in order to make the caged structures.
Furthermore, as far as we know, no simulation has
been able to achieve a perfect fullerene structure.
Here. we demonstrate simulations without an artifi-
cial constraint which serves to guarantee the forma-
tion of the caged structure. And. this result leads to
the demonstration of the formation of perfect /7, C,,
structure. as detailed in the following Letter [16].

2. Numerical technique

There were two major difficulties in simulating
the process of fullerene formation by molecular dy-
namics method. One was the potential function; in
order to simulate a system including chemical reac-
tions. an appropriate potential function was required
to handle the vartable bonding states including sp,
sp’ and sp’. We applied the empirical potential
function proposed by Brenner [17], which was based
on Tersoffs [18] bond-order expression and opti-
mized for small hydrocarbons, graphite, and dia-
mond crystal. The process of clustering trom small
clusters to poly-cyclic structures could not be simu-
lated in our preliminary simulations [19], probably
because non-terminated small carbon clusters were
not taken into account in Brenner’s modeling. In
order to avoid this problem, we ignored the conju-
gate-compensation term £ in his original expression
(see Appendix A for more details). The simple Ver-

let’s method was adopted to integrate the equation of

motion with the time step of 0.5 fs.

The second and more severe problem was the
time scale of the phenomena. The order of time for
fullerene formation through the laser irradiation or
arc-discharge method was roughly cstimated to be
from I ms to several seconds. so simulating the
whole process by present computers was hardly real-

istic. We therefore tried to compress the time by
increasing the number density of carbon atoms. The
effects of compression involve three processes: (1)
the growth or dissociation of clusters due to colli-
sions, (2) the cooling process through collisions with
buffer gas or radiation, (3) rearrangements of the
network structure during the annealing process be-
tween collisions. The density compression enhanced
the first process. By giving a rapid cooling rate, the
effects on second process, cooling, could be compen-
sated for. Considering the effect of the buffer gas.
the equilibrium of translational, rotational, and vibra-
tional temperatures were enforced in order to mimic
the longer time scale phenomena (see Appendix B).
Finally, the lack of the annealing is evaluated in the
tollowing Letter [16)].

3. Simulation results
3.1, Formation of caged structure

Five-hundred carbon atoms in gas phase with
random positions and velocities were distributed in a
342 A cubic box with full periodic boundary condi-
tion. The system was controlled toward a control
temperature 7, of 3000 K. Fig. 1 shows typical
snapshots of the clustering process. Motion pictures
are available at our WWW site [20]. At 500 ps, some
clusters formed chain or ring structure around C,,
and many carbon atoms were in forms of isolated
atom, dimers, and trimers. A zoom up picture of a
10-membered ring is shown in the bottom panel. At
7= 1000 ps. one of the largest cluster grew to about
C,, size range. At 1350 ps. a Cs, cluster of almost
closed caged structure appeared as shown in the
bottom panel. Finally at 2500 ps, the largest cluster
had grown to C,, with an almost closed caged
structure and there was another spherical C cluster.

Fig. 2 shows the growth of the C,, cluster after
2500 ps in the simulation. The vertical position and
horizontal length denote the size and the duration of
existence of clusters, respectively. For example. the
Cyo and C clusters existed independently from about
1900 to 2000 ps. coalesced at 2000 ps, and then they
grew to Cg, and C,, with additions of two other
atoms at about 2100 and 2130 ps. Here the histories
of clusters smaller than C, were omitted. Small
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Fig. 1. Snapshots of the clustering process for 7, = 3000 K.

clusters up to C,, formed simple structures like
chains or rings. These simple structures grew to
tangled poly-cyclic structures around C,,; these clus-
ters did not keep any fixed stable structures and,
indeed, there were frequent rearrangements of the
network structures. Then the cluster grew larger from

C,, through C,. gradually attaining a random caged
structure. The number of carbon atoms was not
enough to form a complete closed cage until around
Cg» when a hollow caged structure like fullerene
first appeared.

Comparing the lifetime of each cluster, C, and
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Fig. 2. A dynamic path to a caged cluster C,,.
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C,, stayed at the same sizes for relatively long times
due to their small collisional cross-section. These
caged clusters could have annealed to more sophisti-
cated structures during these intervals. This anneal-
ing effect is considered in the following Letter [16].

3.2. Effect of temperature control

One of the most important questions in the
fullerene formation is that of in which conditions the
fullerene is preferable to graphite or diamond struc-
tures. From experimental observations, relatively
high temperature is expected to be the key for the
fullerene formation. Here, we investigated the influ-
ence of the control temperature on the final structure
of clusters. In order to perform many runs at various
temperatures, we used a smaller simulation system of
200 atoms in a cubic box of 80 A.

Fig. 3 shows the largest clusters obtained at 1=
300 ps at various temperature conditions. At 7, =
1000 K, the cluster had an almost 2-dimensional flat
structure which anneals to the graphitic sheet (Fig.
3a). At T, =2000 K, the cluster was made of two
flat structures merged together (Fig. 3b). At 7. =
2600 and 3000 K, imperfect hollow caged structures
were observed (Fig. 3c¢,d). For higher temperature
around 7. = 3500 K, the cluster had a random bulky
structure including some carbon atoms with four
bonds in the middle of the sphere (Fig. 3e). At
7. =6000 K, large clusters preferred to have curled
long chain structures and thermal dissociation had an
important role (Fig. 3f). When the contro! tempera-
ture was as high as 8000 K. there were only chains
and rings smaller than C,,. Thermal dissociation

prevented the clusters from further growth, and en-
tropy ruled (Fig. 3g).

The dynamic process leading to the caged struc-
ture (7. = 3000 K) can be compared with the process
leading to the graphitic sheet as shown in Fig. 4. The
precursor clusters in the reaction process were ob-
served in detail with a special attention to the struc-
ture and the vibrational temperature. When 7, = 3000
K. the cluster growth process was similar to the case
shown in Fig. 2. The bottom panel of Fig. 4a shows
the local vibrational temperature 7, and the bond-
switching rate R_ during typical transformations.
Here, the bond-switching rate R_of a cluster C, was
defined as the number of bond creations and break-
ages in a cluster in 1 ps divided by »n. The initial
high vibrational temperature was caused by the re-
lease of potential due to coalescence of small clus-
ters. Even though the control temperature was set at
3000 K, the vibrational temperature rose up as high
as 5000 K when small chains and rings frequently
merged each other. This initial high temperature
activated the formation of the random caged struc-
ture as seen in process (2) (see Appendix A) After
this process, the vibrational temperature was kept at
about 3000 K. Even during a collision of larger
clusters as in (3) and (4), the temperature tise was
relatively small due to a large number of degrees of
vibrational freedom.

On the other hand, the clustering process at 7, =
1000 K (Fig. 4b), yielding the flat structure was
quite simple. Because of the high cooling rate, the
initial temperature rise was only up to 2000 K, which
was not enough to activate transtormations from the
flat structure. Hence, the cluster simply extended the
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Fig. 3. Structures of clusters obtained with various control temperatures 7,
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Fig. 4. Vibrational temperature of precursors in the clustering process. Parenthesized numbers in top and bottom panels correspond.

flat structure in the 2-dimensional direction by suc-
cessive coalescence at side edges.

4. Conclusion

By using the molecular dynamics method, the
process of fullerene-like caged cluster formation was
demonstrated from gas-phase carbon atoms. A dy-
namic reaction process leading to a C, cluster was
analyzed. The typical structure of small precursors
C, was chain for n <10, and ring for 10 < n < 20.
When the appropriate temperature control (cooling
rate) was applied. the potential release duc to the
coalescence of small pieces gave very high vibra-
tional temperature at about C,,. This increase in the
temperature activated the transformation from flat
structures to tangled poly-cyclic structures. These
clusters became the seeds for the caged fullerene-like
structures after further addition of small pieces and
annealing. The dependence of the final structure on
temperature was studied with smaller simulation sys-
tems. It was found that the fullerene-like caged

structure was obtained when the control temperature
was roughly in the range of 2500-3000 K, and the
graphitic sheet structure was obtained for lower tem-
perature.
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Appendix A. Potential energy expression

The total energy of the system £, was expressed
as the sum of the bonding energies between all
atoms i and J.

hh: Z Z [VR("H)

[ =)

~ B, Vi(r,)] (n

where V(r) and V,(r) are repulsive and attractive
force terms. respectively. Morse-type exponential



Y. Yamaguchi, S. Maruvama / Chemical Physics Letters 286 (1998) 336-342 REN

Table 1

Potential parameters

D, (eV) 6.325

S 1.29

B U /A) 1.5

R, (A) 1.315
R, (A) 17

R+ (A) 20

0 (1.804069
dy 0.011304
o 19

dy 25

functions with a cut-off function f(r) were used for
these terms.

<

Vil r) =/(r) exp{=BV2S(r=R)}  (2)

S—1
D.S
Vi(r) =f(r) sexp(=BV2/S(r=R)} ()
1 (r<gk))
1 r—R,
f(l):; ]+COS—__7T (Rl<i‘<R])
| 0 V (r>R;)
(4)

The bonding state is described through the term
B™ as the function of the angle 6, between bond
i ~— j and each neighboring bond i — .

B, + B,

B =
: 2

\ 8
Bi,(l+ Z [G&'(erlk).f‘(r:’/i)]) (5)
kKC#i.7) /
where
¢ ¢ "
Gu(9)=a[, I+ = - — s) (6)
dy di+ (1 +cos)

Constants used are summarized in Table 1.

Appendix B. Temperature control

A pair of carbon atoms closer than the cut-off
distance R, with each other was considered to share

a bond, and a group of carbon atoms connected with
bonds was defined as a cluster. The total kinetic
energy of the cluster C, containing n carbon atoms
was separated into translational, rotational and vibra-
tional energy, K. K,. K. respectively.

5

n
Y omr X

i=|

1
K= ;mnl?\z. Ky =

i
- 23 m\rj\z
it

] n R '
K\,:; Y mlvll” - K, (7)

=1
where /m denotes the mass of carbon atom. and
ri=r.—F, v, =r,— Vvare position and velocity rela-
tive to those of the center of mass of the cluster r
1 |
==y r.0=—Y"_r.
n n
The temperatures of each cluster, Ty, T,,. Ty, and
the total temperatures T, Ty, 74 are expressed as
follows.

2K, Yo, T, 25K,
Ty =——. Ti=——-= (8)
T3k, Yo,  3NK,
- 2K, _ YvgTy _ 2V Ky ©)
Y ke § Ly kyXvy
2K, ToyTy YK,
Ty= -, Ty=ot= 10y
kyvy Ly, kpXvy

where v and k; are the number of degrees of
freedom of motion and Boltzmann's constant, re-
spectively. In order to enforce temperature equilib-
rium, cach temperature of the system was indepen-
dently controlled to the control temperature 7, so
that the difference between T, and 7T was re-
duced by 60% in 0.1 ps.
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