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ABSTRACT. The formation mechanism of fullerene, a new type of carbon molecule with hollow
caged structure, was studied by using the molecular dynamics method with the simplified classical
potential function. The clustering process starting from isolated carbon atoms was simulated under
controlled temperature condition. Here, translational, rotational and vibrational temperatures of each
cluster were controlled to be in equilibrium. The structures of clusters which were obtained after
enough calculation depended on the controlled temper&tuggelding the graphitic sheet fai, <

2600 K, fullerene-like caged structure for 2600 K.« 3500 K, and chaotic 3-dimensional structure

for T > 3500 K. Through the detailed trace of precursors, it was revealed that the key feature of the
formation of the caged structure was the chaotic 3-dimensional cluster of 40 to 50 atoms which had
large vibrational energy. In addition, when the precursors were kept under lower vibrational energy,
the successive growth of 2-dimensional graphitic structure was observed. Since the time scale of the
simulation was compressed, the annealing process of each cluster was virtually omitted. In order to
examine this effect, an imperfecg@btained from the similar simulation was anneale2b@0 K for

50 ns without collisions. The perfect Buckminsterfullerepevias finally obtained after successive
Stone-Wales transformations.

1. INTRODUCTION

The existence of soccer-ball structured €hown in Fig. 1.1 (a) was demonstrated by Krett@l.

(1985) through their time-of-fight mass spectra of carbon clusters generated by the laser-
vaporization supersonic-nozzle technique. They observed the promigésigBal and the complete

lack of odd-numbered clusters. They named the clustgy & truncated icosahedron
Buckminsterfullerene since the beautiful network structure resembled the famous geodesic dome
designed by Buckminster Fuller. Since the mass spectra of positive carbon clusters exhibited only
even numbered clusters in the range 4ft€ at least o [Rohlfing et al. (1984) and Maruyamet al.

(1991)], we could speculate that all of those clusters had polyhedral structure. Carbon clusters with
such kind of hollow close-caged structure are then called fullerene [Fig. 1.1]. In 1990, discoveries of
simple techniques for macroscopic generation and isolation of fullereneydkraeret al. (1990),



Haufler et al. (1991) and Tayloret al. (1990)
provided conditions for the application of this kind
of new material in many fields. The observation of
the superconductivity by Hebadd al. (1991) atT.

= 18 K of potassium-doped £ crystal further
accelerated the research field. Within a few years,
macroscale amount of metal containing fullerene o
[Chai et al. (1991), Shinoharat al. (1992) and "}.
Kikuchi et al. (1993)], higher fullerenes [Kikuclat ©
al. (1992) and Achiba & Wakabayashi (1993)] and
bucky tube in Fig. 1.1(c) [liima 1091) and Figure 1.1. Typical structures of fullerene
Ebbesen & Ajayan (1992)] were available.

A common technique of the macroscopic generation of fullerene is to use the arc-discharge method
which is simply an arc-discharge of graphite electrodes under a certain pressure of helium buffer gas
condition proposed by Hauflext al. (1991). The amount of extracted fullerene compared to the
collected soot can be yielded up to about 15% under the optimum condition. Usually the generated
fullerene consists of 80% ok§> 15% of Go and a small amount of higher fullerene likg,C7s, Cso,

Caa, .., being some quite interesting magic numbers. It is also surprising that vaporized carbon atoms
can automatically form such highly symmetric structures ligeirtCthe clustering process. Besides
these theoretical interests, it is required to clarify the generation mechanism in order to find a more
efficient generation method of the higher fullerene or the metal doped fullerene.

Since the macroscale generation technigue was found accidentally, the formation mechanism of
fullerene is still not clear. Several models have been proposed based on experimental insights. First,
Haufler et al. (1991) described that the growth of a hexagonal network by successive additions of
dimers and trimers eventually left pentagons as the defect. They claimed that the pentagons were
essential to give the curvature and to decrease the number of dangling bonds. Because two
neighboring pentagons may give too much strain to the network system, then the Isolated Pentagon
Rule (IPR) was assumed. It is interesting that the smallest fullerene satisfying IRFRms @ext to

the smallest is . Quite different precursors of fullerene structure were proposed, such as a piece of
graphitic sheet [Robertsat al. (1992)] or once grown bucky tube [Drawtial. (1993)]. In addition,

Heath (1992) proposed a model of clustering sequence from linear chain wp tiogCin Go-Cyo

range, fullerene at & He explained that successive &iditions followed until the satisfaction of

IPR. Besides these ideas, Wakabayashi & Achiba (1992) proposed a special model that fullerene was
made by stacking of carbon rings. The model could explain magic numbers of higher fullerenes
[Kikuchi et al. (1992) and Achiba & Wakabayashi (1993)] and isomers ®f Csq and G
[Wakabayashiet al. (1993)]. Recently, the drift tube ion chromatography experiments of laser
vaporized carbon clusters showed the existence of poly-cyclic rings and the possibility of the
annealing of such structure to fullerene [Hela¢ral. (1993), Hunteet al. (1993), Clemmeket al.

(1994) and Hunteet al. (1994)].

Although each model can explain some experimental results, it seems to be difficult to decide which
model is more plausible. We have applied the molecular dynamics method to simulate the clustering
process of carbon atoms in order to speculate the formation process of fullerene from a different point
of view. Our previous result [Maruyama & Yamaguchi (1995b)] showed the pibssibsimulating

the fullerene formation process from randomly distributed carbon atoms. However, since the



temperature control was rather arbitrary, the comparison with the physical phenomena was not easy
and no perfect fullerene were obtained. In this study, we performed the similar simulations with more
sophisticated temperature control method and considered the importance of annealing.

2. MOLECULAR DYNAMICS SIMULATION

The classical molecular dynamics method was employed for the simulation. Two major difficulties
were overcomed in this simulation. One of them was the assumption of the many-body potential
function for carbon atoms. Since the whole process involved the chemical reaction and the bonding of
carbon atoms could be varied from sp? smd sp, we could not expect a reliable classical
formulation of many-body potential. We employed the potential function developed by Brenner
(1990) and ignored the sophisticated conjugate term, because the tough and qualitative function was
more plausible than the quantitative but delicate potential function.

Another difficulty was the intrinsic long time scale of the physical process. The laser-vaporization
supersonic nozzle experiments suggested that the time scale of the formation of fullerene was about
100 microsecond [Maruyama et al. (1990)]. Probably, the time scale is longer for the arc-discharge
method. Then, the direct molecular dynamics simulation of full time scale was far from possible even
for the fastest supercomputer. Our choice was to compress the time scale, simply by assuming the
high number density of initial carbon atoms. This assumption forced us to modify the boundary
conditions and to appreciate the simulated results very carefully. We assumed that the process could
be divided into 3 major procedures: 1) Collisions of atoms or cluséefs other which would result

in the growth of cluster or fragmentation; 2) Cooling of clusters by the continuous collisions with
buffer gas molecules and radiation; 3) Annealing of clusters between collisions. The high density
meant that the rate of procedure 1) was much increased. Then, we assumed the rate of procedure 2
should be increased accordingly. Because the long time scale of the real system may imply the
relatively equilibrium distribution of kinetic energy to translational, rotational and vibrational energy,
we used the temperature control method which included the strong tendency toward the equilibrium.
Finally, the effect of procedure 3) was underestimated very much. We tried to estimate the effect of
the annealing in a separated simulation.

2.1 Many-Body Potential Function

We have employed the potential function proposed by Brenner (1990), originally used for his
simulation of CHCVD (chemical vapor deposition) of the diamond film. This potential was based on
Tersoff's (1986) bond-order expression and was modified to describe the variety of small
hydrocarbons, graphite, and diamond lattice. In this potential function, total energy of the system E
was described as the sum of the bonding energy of each bond betweemadpm

E,=Y Z[VR( )= BiVi(p)] (2.1)

1 j(1>)

whereVg(r) andVa(r) were repulsive and attractive force terms, respectively. Morse-type exponential
functions with a cut-off functiof(r) were used for these functions.
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The state of the bonding was expressed through theBerms the function of anglé@y between
bondi-j and each neighboring bond.
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Since small carbon clusters were not taken into account for Brenner's simulation, the clustering
process from small clusters to poly-cyclic bond-network structures could not be simulated
[Maruyama & Yamaguchi (1995a)]. In order to avoid it, we ignored the conjugate-compensation
termF which was included in the Brenner’s original expression.

Constants were as follows.

D.=6.325eV  S=1.29 B=15A" R=1315A
R =17 A R,=2.0 A
&= 0.80469 a=0.011304 =19 dy=25

Simple Verlet’'s method was adopted to integrate the equation of motion with its time step of 0.5 fs.

2.2 Temperature Control Technique

A cluster was defined as a group of carbon atoms inter-connected one another with C-C bonds. Here,
the C-C bond was defined between 2 carbon atoms whose distance was smaller than the cut-off
distanceR,. The kinetic energy of a cluster, @ith n carbon atoms was divided into translational,
rotational and vibrational energft, Kg, Ky, respectively. Each energy was expressed as

2

1 imri'xvi' 1o
K, :Enrﬂv|2, Ke=Z2— L K, :—Zn1vi'|2— Ky (2.7)
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where,m was the mass of the carbon atorfi=r, -~ and v,'=v, -V were the relative position



. . . 12 , 12
and velocity of each atoinfrom the mass center posnlorﬁ:EZri and velocity v = HZvi ,
1=1 1=1

respectively. The corresponding temperatures of each cluster and the total EY&tamich was
expressed as the weighed averagh olusters were described as

TT — %, -I-Ttotal — Z VTTT — 22 KT (28)
B ZVT 3NkB
2K, T total _ y VrTr _ 2; Kr

R ZVR kBZVR
T, =2 qea 2 WL 2) K (2.10)

ksVy Z v, kg Z W

wherev was the number of freedom of each motion of a clusterkgawds Boltzmann constant.

T, =&,
" kBVR

(2.9)

As described previously, we tried to enforce the equilibrium of translational, rotational and vibrational
temperature of the system in order to incorporate the compression of the time scale by the increase of
the number density of carbon atoms. In this calculation, each temperature of the system was
independently controlled every 0.1 ps through a simple velocity scaling so that the difference between
present temperature of the system and control temperature was reduced to 60 %.

3. HIGH TEMPERATURE STABILITY OF C ¢

In order to determine the characteristics of the potential function when applied to fullerene, high
temperature stability of the structure of Buckminsterfulleregpflg. 1.1 (a)] was examined. Sixty
carbon atoms were located at the equilibrium position of the truncated icosaheglasrti initial
condition. Then, the vibrational motion was simulated at various temperatuiogsl ns.

Fig. 3.1 summarizes the observed structure after 1ns at each temperature. For the clarity, the bond-
network structures were shown in two-dimensional maps for the hollow caged structures in Fig. 3.1
(a-d). When the temperature was below 2500 K, no change of network structure were observed
within 1 ns [Fig. 3.1 (a)]. The shaded pentagons may help to check the characteristics of truncated
icosahedron, which has twelve isolated pentagons and 20 hexagons in accordance to (IPR). Slight
deformation of the network structure was noticeable Ter= 2600 K in Fig. 3.1 (b). The
isomerization by concerted transformations was observed as discussed later. For Z&G0 30680

K, transformations occurred more frequently but principally keeping the 5-6 network structiire. At

= 3000 K, dangling bonds for atoms marked by empty symbols were seen as Fig. 3.1 (c). With these
dangling bonds, much more violent and continuous reactions were obserded: 2200 K, several
dangling bonds were moving around the network [Fig. 3.1 (d)]. When the temperature was 3500 K,
the caged structure was partially broken with a large hole [Fig. 3.1 (e)], and then, transformation to a
chaotic 3-dimensional cluster was observed in Fig. 3.1 ([} at4000 K. AtT. = 5000 K, a part of

cluster was dissociated from the main body [Fig. 3.1 (g)], and when the temperature was as high as
6000 K, the main body could not keep the size and divided into several small clusters [Fig. 3.1 (h)].



Fig. 3.2 shows the detailed process o
the transformation of the pentagon-
migration observed at 2600 K [Fig.
3.1 (b)]. Until 19.5 ps the network
structure kept perfectse From 19.5

ps through 20 ps, bonds marked A-B ~o

and C-D were broken and a new bond '

A-C was created, leaving dangling @ W @ &\h}\&
bonds on atom B and D [Fig. 3.2 (b)]. N

Then, B chose atom D as a new bond 7 _ 3500k~ (h7.=4000k  (@)7.=5000k  (h)7.= 6000k
partner at t = 20.5 ps [Fig. 3.2 (c)].

During this process, the lines rigyre 3.1. High temperature stability of Icosahedgal C
connecting 4 atoms marked by empty
symbols in Fig. 3.2 were merely
twisted without any breakage. The whole
process could be regarded as a simple
migration of pentagons without changing
the total number of pentagons and
hexagons. This process known as Stone-
Wales transformation or pyracylene
rearrangement has been argued as a
possible path of isomerization of carbon  @t=195ps (b)t=20ps (©t=205ps
clusters [Stone & Wales (1986)].
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Figure 3.2. Migration of pentagons observed

We have shown the similar results for Tc = 2600 K

previously [Maruyama & Yamaguchi

(1995b)], where the total energy of the

system was kept constant and calculated for 100 ps. The results showed that no isomerization was
observed up to 3000 K. Since the difference of temperature control seems to have minor effect in this
calculation, the difference of the observation time may be the reason of the discrepancy. If we assume
the Arrhenius type of reaction rate for the isomerization process, this discrepancy can be explained
that with longer time we have more chance to see the isomerization process. Since the rough
activation energy was about 2.5 eV by this simulation, the rough extrapolation of the time scale to
seconds (1tns) will give the order 01000 K for the onset of the isomerization which is in a good
agreement with experimental knowledge. Furthermore, it is suggested that the compression of time
must be accompanied with the proper increase of temperature in order to reproduce the reasonable
reaction.

4. ASSEMBLY OF FULLERENE STRUCTURE

The most interesting point about the formation mechanism of fullerene is how such a hollow caged
structure can assembled itself automatically. As seen in the previous section, fullerene structure is
extraordinarily stable, even though the 2500 K may be over-estimated. We supposed the high
temperature stability would be the key of the preference of fullerene compared to diamond or
graphite structure. Although we have already demonstrated that the clustering process of caged



structures and flat structures by using this potential function [Maruyama & Yamaguchi (1995b)], it
was difficult to evaluate the effect of temperature or density due to the inequilibrium of temperature
caused by the previous temperature control method. Then, we applied a new temperature control
method and calculated the clustering process under the artificial equilibrium condition.

4.1 Structure of Generated Clusters

As an initial condition, 200 carbon atoms with random velocities were located at random positions in
a 8 nm cubic box with full periodic boundary conditions. Then, translational, rotational and
vibrational temperature of the system was controlled toward a constant tempé@tahyehe
technique described in the previous section. Several snapshots of the simulalion 8200 K are

shown in Fig. 4.1. At 20 ps, most clusters were smaller thawl@le several chain clusters as large

as Go were observed. At abotit= 60 ps, some of clusters grew to become ring or chain structure
with about 12 atoms, and the largest clustgrf@med a poly-cyclic network structure. A chaotic 3-
dimensional structuress& Cys, Ci9 and flat structure & appeared at= 120 ps, finally, at = 300 ps,

a large tube-like cluster as large ago@vith hollow caged structure mainly consisted of pentagons

and hexagons was obtained. Through the process, the equilibrium of the temperature was realized
except for the first 50 ps when the released potential energy was extremely large compared to the
cluster size.

Fig. 4.2 shows the representative clusters observed for various temperature conditions after 300 ps
calculation. FofT. = 1000 K, the cluster had almost complete 2-dimensional structure though some
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Figure 4.1. Snapshots of clustering process at3000K
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Figure 4.2  Structures of clusters obtained with various temperature cntrol

large rings remained [Fig. 4.2 (a)]. Fo¢ = 2000 K shown in Fig. 4.2 (b), small poly-cyclic rings
coalesced to be a graphitic network structure consisted of two flat components and an irregular part
was at the middle. When the control temperature was 2600 K, the cluster constructed an imperfect
caged structure with a large hole [Fig. 4.2 (c)]. And Ter= 3000 K, a hollow caged structure
without any large holes was observed [Fig. 4.2 (d)]. For higher temperaflye 8500 K [Fig. 4.2

(e)], the cluster could not keep any regular structure and transform to be a kind of chaotic 3-
dimensional structure including some carbon atoms with four bondg.. Fo6000 K [Fig. 4.2 (f)],

the large clusters could not keep the size due to the thermal dissociation and formed simpler
structures. Under very high temperature conditiom.as8000 K, the clusters could not grew larger

any more and formed some small simple structures such as chains or single rings up te, fbgut C

4.2 (9)].

4.2 Precursors in the Reaction Process

The clustering process was examined in detail paying a special attention to the structure and
vibrational temperature of precursors. The clustering process yielding a caged strudiyre3000

K are shown in Fig. 4.3 (a). Precursor clusters smaller thama@ a simple structure basically
constructed by chains and a few rings. The coalescence of these small pieces resulted in the random
chaotic 3-dimensional structure aroungh.CThen, a rather complex transformation to a spherical
structure around 4 followed [marked (2) in Fig. 4.3 (a)]. At the same time, another large clugter C

with a flat graphitic structure was formed. The collision of these two clusters [mark (3) in Fig. 4.3
(a)] and annealing [mark (4) in Fig. 4.3 (a)] resulted in the caged structugg,.of C

The bottom diagram shows the vibrational temperalyrand the bond-switching rat; for the

marked cluster. The numbers with parentheses on top and bottom panel corresponds to the time
periods. Here, the bond switching r&ewas defined as the number of bond creation and breakage in

a cluster in 1 ps divided by the number of atoms of a cluster. The small clusters with larger vibrational
energy frequently switched the bond-network structure, and grew to a larger cluster before the
stabilization of the structure [mark (1) in Fig. 4.3 (a)]. The process marked as (2) in Fig. 4.3 (a)
shows the rapid annealing and decrease of the bond-switching rate towafte the middle of

the process marked (2), the bond-switching rate become rather smaller compared to the smaller chain
and ring clusters, implying the gradual annealing of semi-caged cluster.
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Figure 4.3 Precursors in clustering process

On the other hand, the clustering process yielding a graphitif:00
structure was very simple as shown in Fig. 4.3 (b)I/At 1000

K, the precursors always formed flat structure and extended the
size in 2-dimensional direction . During the whole process, 1_e
clusters had low vibrational temperature and changed :Z’ll‘oo
network structure only in the case of the collisions and olfy
around the contact point to organize the flat structure.

3000 K

4.3 Transition of Cluster Size Distribution 0 50 100 150 200

Cluster Size

Although the selectivity of the caged §tructure in the cer_t -i ure 4.4. Transition of cluster
temperature range has been explained in the previous section, it size distribution

is still unknown why G is so preferable to other sized fullerene.

About 80 % of generated fullerene argy, @r typical arc-

discharge method. In addition, the percentageseiCfullerenes generated from laser-vaporization
cluster source is usually less than 0.1 %. The key mechanism of selegfingpyCexplain this
difference. We considered that the annealing of clusters could give a hint to this problem. The
simulation shown in Fig. 4.3 (a) may not be regarded as a successful one, because thisibnal co

of Cso size range clusters have made too large clustgr C

In order to estimate the time for annealing, we considered the collisional rate and collisional cross
section of each cluster. The time traces of typical large clusters obtaiiedf8000 K are shown in

Fig. 4.4. Long vertical lines apparent in the figure mean the collision free periods. These long lines
appeared when the cluster size grew to abasit Ceo, especially with 3-dimensional structure. This



is related to the decrease of the collisional cross-section by the transformation to the compact 3-
dimensional structure. As a consequence, these 3-demensional clusters can get enough time for
annealing toward the perfect fullerene structure which would be stable enough to reject further
reactions even with later fisions.

5. EFFECT OF ANNEALING

Considering the time scale compression in this simulation, the time scale of the annealing process
appeared in Fig. 4.4 can correspond to tens of micro-seconds in practice. In order to evaluate the
effect of annealing process, we picked up an imperfegt&ed cluster obtained in our previous
similar simulation [Maruyama & Yamaguchi994)], and simulated the annealing process without
collisions. The temperature was controlledTat= 3000 K for first 8 ns to promote the annealing
speed, then set fof. = 2500 K for about 50 ns. Some snapshots of bond-network structure are
summarized in Fig. 5.1. Here, shaded and empty faces are pentagons, and hexagons, respectively
heptagonal faces are marked as 7, empty symbols are atoms with dangling bond. The initial cluster
included 4 dangling bonds and 8 heptagons [Fig. 5.1 (a)]. The number of these defects gradually
decreased until 15 ns [Fig. 5.1 (c)], where all dangling bonds were terminated and no heptagons
remained. A clear correspondence can be seen in the potential energy per atom in the bottom picture.
Then, the bond-network could gradually changed through Stone-Wales transformation without the
inclusion of heptagons or dangling bonds. However, there were more violent reconstruction of whole
network structures at about 18 ns [Fig. 5.1 (c)] and 34 ns. There were only successive Stone-Wales
transformations after about 37 ns [Fig. 5.1 (e)] toward the final perfect Buckminsterfulleggne C

Fig. 5.1 (f). We believe that the violent reconstruction is due to a little too high temperature of the
simulation and is not necessary for the real physical annealing process.
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Figure 5.1. Annealing process to perfegs C



6. CONCLUSIONS

A molecular dynamics simulation of the clustering process starting from randomly distributed carbon
atoms yielded the imperfect fullerenes under certain high temperature conditions. On the other hand,
flat graphitic sheet were generated under low temperature condition. The caged structure was shaped
through the annealing of chaotic 3-dimensional precursors arognditG small surface area, in
contrast with the consecutive growth mechanism of graphitic sheet. The 3-dimensional clusters
around Gy could form a more sophisticated structure through their long lifetime due to the small
collisional cross section. Although the simplified potential and the time-scale compression technique
due to the computational limitation made it difficult to compare the simulation with experimental
results, we could demonstrate that the formation of fullerene was simulated completely through the
self-assembly of carbon atoms. Furthermore, the annealing process to the perfect
Buckminsterfullerene § was demonstrated. These results may suggest the possible path of
clustering to fullerene.

NOMENCLATURE

B : Normalized bond order function T.: Control temperature
D: Potential well depth t: Time
E,: Bonding energy Va: Attractive term
f: Cut-off function Vr: Repulsive term
K: Kinetic energy V. Velocity vector
ks :  Boltzmann constant
m:  Mass of carbon Greek Symbols
n: Number of molecules of a cluster B:  Potential parameter
Rs:  Bond switching rate o Potential parameter
R.:  Equilibrium bond length v:  Number of freedom of cluster’s motion
R;: Cut-off distance parameter 0 Angle
R.: Cut-off distance parameter
rij - Distance between atonand atomn) Subscripts
r:  Position vector R: Rotational or repulsive
S: Potential parameter T: Translational
T:  Temperature V:  Vibrational
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