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Fragmentation of fullerenes
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We have performed classical molecular-dynamics simulations of the fragmentation collisions of neutral
fullerenes (C24, C60, C100, and C240) with a hard wall. The interactions between the carbon atoms are modeled
by a Tersoff potential and the position of each carbon atom at each time step is calculated using a sixth-order
predictor-corrector method. The statistical distribution of the fragments depends on impact energy. At low
energies, the fragment distribution appears symmetric, with both the large and small fragment distributions
well fitted by an exponential function of the same exponent, the value of which decreases with impact energy.
At intermediate energies, the distribution of the smallest fragments can be fitted equally well by a power law
or an exponential function. At high impact energies, the entire fragmentation pattern is well described by a
single exponential function, the exponent increasing with energy. The observed tendencies in fragment distri-
butions as well as the obtained exponents are in agreement with experimental observations. The fragmentation
behavior of the four investigated fullerenes is very similar, and it is noted that C60 appears to be the most
stable.
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I. INTRODUCTION

The beautiful symmetric structures of the fullerenes ha
received a large amount of recent attention@1#, and have led
people to suggest fullerenes for practical applications in
rapidly emerging field of molecular electronics@2#. The re-
sistance of a single C60 has already been successfully me
sured@3#, and a single fullerene has been proven to work
a transistor when placed within a gold nanojunction@4#. Re-
lated structures~carbon nanotubes! have also been shown t
possess very promising characteristics for use in molec
electronics applications~e.g., as wires between gold contac
@5#!. The stability of these unusual systems is crucial to th
use in molecular electronic devices, and it is likely that t
information we provide on the stability of fullerenes ma
also have implications for the stability of carbon nanotub

Surface-impact fragmentation patterns from objects ra
ing in size from meteorites@6# to gypsum balls@7# to atomic
clusters consisting of thousands of atoms@8# are known to
follow a power-law distribution, at least in the experime
tally available impact energy regimes. On the other hand
exponential fragment mass distribution has been obse
for collisions of C60 ions with light target gases@9#, suggest-
ing a different fracture mechanism on the mesoscopic s
than on the larger scales. Moreover, experimental stu
have reported a wide variety of fragment distributions
C60 @9–18#. On a smaller scale, the fragmentation of nucle
well understood, the fragment mass distribution being w
described by a statistical multifragmentation model@19#
which predicts a qualitative dependence of fragment dis
bution on impact energy.

The present work complements the experimental stu
by simulating the surface-impact fragmentation of C60 and
the fullerenes C24, C100, and C240. In our simulations, we
have the advantage of being able to cover the entire rang
1050-2947/2003/67~4!/043203~7!/$20.00 67 0432
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energies from those producing no fragmentation to th
which are large enough to yield total atomization of t
fullerene. The simulated fragment distributions of t
fullerenes have a qualitative as well as a quantitative dep
dence on the impact energy, thus helping to explain the
ferences among the experimental results.

Figure 1 shows snapshots from a simulated surfa
impact fragmentation collision for a C60 fullerene, and from
a collision at a lower energy for which no fragmentatio
takes place. Even though the lower energy is far larger t
individual bond energies, we see~e.g., from the lower pane
of Fig. 1! that the inelasticity is manifested by a conversi
into vibrational energy without destruction of the cage stru
ture.

II. SIMULATION METHOD

The fullerenes were modeled as collections of point ato
subject to the well-known classical interaction potential

FIG. 1. Simulated surface-impact collision of a C60 fullerene at
incident energies 300 eV~top! and 100 eV~bottom!. From left to
right: before, during, and after impact.
©2003 The American Physical Society03-1
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troduced by Tersoff@20#. The Tersoff potential is an empiri
cal form that contains both two-body and angle-depend
three-body contributions and has parameters that were
sen to optimize the description of various solid phases
carbon, silicon, germanium, and their alloys. An initial sta
atomic configuration of each fullerene was obtained by st
ing from an experimentally reported structure@21# and relax-
ing to the equilibrium position consistent with the Terso
potential. The appropriacy of the Tersoff potential was s
ported by the fact that in all cases the relaxation caused
minor position changes and removed small amounts
roundoff asymmetry from the experimental configuration.

The wall was modeled by a structureless potential of
form

V5V0@12tanh~gz!#, ~1!

where z is a cartesian coordinate normal to the wall. T
parameters used wereV05100 hartree andg51.0 bohr21.
This value ofV0 is high enough that, at all impact energi
used, all atoms bounce back from the wall. The value og
was chosen to make the wall comparable in steepness
diamond surface. These parameter values make the pote
negligible when all atoms are more than about 10 Å from
wall, but do not make the wall so steep that simulation
comes difficult. Earlier studies@22# indicate that the qualita
tive results are not sensitive to the details of the wall desc
tion or to its lack of atomic structure.

The simulations were initiated with the fullerene po
tioned outside the range of the wall potential, in its sta
equilibrium geometry, and with all atoms assigned a unifo
velocity normal to the wall and consistent with the desir
impact energy. Each simulation was started with a differ
random orientation of the fullerene, and this orientation d
tribution led to a distribution of fragmentation outcomes. O
earlier work@22# also showed that an assumption of nonze
initial temperature would have had little effect on the sim
lation statistics.

The dynamics was simulated by a stepwise integration
the classical equations of motion, using 0.1 fs time steps
a sixth-order Gear predictor-corrector formula@23#. This pro-
cess was carried out using a computer program written
one of the authors. Most simulations were run for 2
~20 000 steps!, and fragmentation was determined from t
atomic positions at the end of the simulation. Based on
fact that the Tersoff potential has a finite-distance cutoff,
have chosen to define a fragment as a group of atoms ea
which has a nonzero interaction with some other membe
the group. A few runs were extended to 4 ps to see whe
or not fragmentation at earlier times was essentially co
plete. These, and earlier studies that also examined the e
gies of individual fragments, were consistent with the co
clusion that little fragmentation, and essentially
recombination, would occur after the first picosecond.

For C60, fragmentation statistics at each impact ene
were accumulated by making batches of 1000 trajecto
~with the orientations in each batch random with respec
those in the other batches!, and these batches were then co
bined to provide overall statistics on 8000-trajecto
04320
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samples. These data enabled us to verify that the stati
did not vary with sample size for batches of 1000 trajector
or more. Sets of 1000 trajectories were then run for each
the other fullerenes.

The use of a structureless wall and efficient computer p
gramming enabled us to produce a large number of sim
tions with a modest consumption of computer resources.
an example, a 20 000 step trajectory for a C60 fullerene re-
quired approximately 67 s on a Sun Sparc Ultra 5~a serial
workstation!.

III. STABILITY OF FULLERENES

Figure 2 shows the percentage~based on 1000 trajecto
ries! of each of the fullerenes that remains unfragmented a
function of the impact energy per carbon atom. One way
characterize the stability with respect to surface impact is
determine the energy at which 50% of the fullerenes h
fragmented; we denote this energyEcrit . From Fig. 2,Ecrit /n
~wheren is the number of carbon atoms in the fullerene! was
found for each type of fullerene and in the inset, this quan
is plotted againstn. As is seen there, the C60 fullerene ap-
pears more stable with respect to fragmentation than
other investigated fullerenes.

We find the values ofEcrit /n to be in the interval 2.7–3.6
eV per carbon atom. As the average bond strengths
fullerenes are of the order of 4–5 eV, the data indicate t
even after impact, the bulk of the incident kinetic ener
remains widely distributed among the atoms of the molecu
This behavior at energies insufficient to fragment the m
ecule was noted by Mowreyet al. @24#, who referred to it as
‘‘resilience.’’

IV. FRAGMENT DISTRIBUTION

The fragment distributions from the collisions of th
fullerenes against a hard wall are shown in Figs. 3, 4, 5,
6 for C24, C60, C100, and C240, respectively. The data show

FIG. 2. Percentage of fullerenes that remain unfragmented
function of impact energy per carbon atom. The inset showsEcrit /n
for each of the investigated fullerenes.
3-2
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span the range from the lowest energy at which any fragm
tation occurs to the highest energy that has not led to
atomization. The points on the plots indicate the total nu
bers of fragments of each size in a 1000-trajectory sam
For C60, the raw data consisted of eight times 1000 traj
tories and the numbers shown in Fig. 4 are the average n
bers of fragments from a 1000-trajectory sample; for
other fullerenes, 1000-trajectory data was used directly
there are no fragments of a given size, its mark is omitted
avoid overly dense plots, only about half of the availab
data sets are shown. Also, for the sake of clarity, in Fig
only alternate fragment sizes were marked; in Fig. 6,
marking was reduced to every fourth fragment size. All t
data obtained in this study are available from the author

The full lines in Figs. 3–6 are fits of the data to th
exponential form

N~s!5C1 exp~2as!, ~2a!

or, in the right-hand side of the top panels,

N~s!5C2 exp~2b@n2s# !, ~2b!

FIG. 3. Fragment distribution from 1000 events of C24 impact
on a hard wall at various impact energies ranging from 52
472 eV.
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whereN(s) is the number of fragments of sizes; n is the
number of carbon atoms in the fullerene; anda, b, C1, and
C2 are constants. The exponential form in Eq.~2a! is chosen
as a fit to data partly because similar functional forms ha
been found to fit experimental data from the fracture
fullerenes quite well@9#, and partly because as demonstrat
in Ref. @19# the exponential functional form describes th
fragments distribution following a breakup of atomic nuc
in certain energy regimes, and a similar description, thou
not carried out yet, might be valid for the mesoscopic regi
of the fullerenes too. Equation~2b! is used as a fit to the
distribution of large fragments in the low impact energy r
gime, but does not carry any physical information. It simp
demonstrates the physical fact that the fullerene breaks
two parts, with neither undergoing further fragmentation, a
hence the fragmentation distribution is symmetric in t
small and large fragments~apart from the point originating
from the unfragmented fullerenes! and both the small and
large fragments are equally well fit by the exponential fun
tions in Eqs.~2a! and ~2b! with identical exponentsa5b.

As evident from Figs. 3–6, the appearance of the fr
ment distribution depends upon the impact energy. We ha
therefore, divided the fragment distributions into three
gimes and defined the different regimes as follows.

o

FIG. 4. Fragment distribution per 1000 events of C60 impact on
a hard wall at various impact energies ranging from 150 to 1300
3-3
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(a) Regime I. This regime comprises the low impact e
ergies, where the distribution appears mirror symmetric
tween the large and small fragments. See the upper pane
Figs. 3–6. The data indicate a preference for the break o
small fragments. Also, we see that the numerical value of
exponent from Eqs.~2a! and ~2b! decreases with increasin
impact energy, consistent with the fact that greater ene
leads to more extensive fragmentation.

(b) Regime II. As impact energies are increased, the fra
ment distribution ceases to be symmetric, and the fractio
large fragments decreases because multiple fragmenta
of the fullerenes now occur. The distribution of large fra
ments is not well fit by an exponential function. Howev
the small-fragment distribution can still be fit~as shown! by
an exponential function, the exponent being only weakly
pendent on the impact energy. In fact, this part of the dis
bution could also be fit by a power law~fitting not shown!.
Regime II is shown in the middle panels of Figs. 3–6.

(c) Regime III. At high impact energies, the entire frag
ment distribution is fitted well by the exponential distributio
of Eq. ~2a!, so a21 denotes the average size of a fragme
andC1 is a normalization factor. In this regime,a increases

FIG. 5. Fragment distribution from 1000 events of C100 impact
on a hard wall at various impact energies ranging from 219
1749 eV.
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with energy. Fragment distributions belonging to regime
are shown in the lower panels of Figs. 3–6.

Based on the above definitions, we have determined
energies at which the transitions between the regimes o
for the four investigated fullerenes. Since the definitions
not exact and the data are from discrete impact energies
values of the transition energies are given as intervals.
each of the fullerenes C24, C60, C100, and C240, both the
absolute values of the transition energy and the transi
impact energy per carbon atom are given in Table I. For
investigated fullerenes, the transition between regimes I
II occurs at impact energies near 3.4 eV per carbon at
The transition between regimes II and III is near 5.3 eV.

We look next at the parameters describing the fragm
distributions, i.e., the quantitiesa occurring in Eq.~2a!. The
a values for the four investigated fullerenes are presente
a function of the impact energy per carbon atom in Fig.
This figure exhibits the tendencies identified in our earl
descriptions of the various fragmentation regimes. At lo
impact energies~regime I!, all four fullerenes have similara
values, decreasing with impact energy, probably indicative
a similarity in the mechanisms whereby small moieties

o
FIG. 6. Fragment distribution from 1000 events of C240 impact

on a hard wall at various impact energies ranging from 525
4827 eV.
3-4
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detached from the incoming molecule. The full line in Fig
is a linear fit to the exponents in this range. LettingEr denote
the impact energy per carbon atom, the line is described
the equationa51.220.34Er .

In regime II, thea values fall between 0.1 and 0.2. N
simple generalization is available for this regime.

At large impact energies~regime III!, the average frag-
ment size (a21) decreases with increasing impact ener
The fullerenes also differ in the waya depends uponEr :
For a givenEr , the average size of the fragments from a C24
or C60 fullerene is smaller than that from a fragmented C100
or C240. This could be because the larger fullerenes h
more opportunities to stabilize fragments of intermedi
size, whereas the smaller shatter more completely. The
ted and dashed lines are linear fits to thea values of, respec-
tively, the C100 and the C24 fullerenes, corresponding to th
equationsa520.0610.04Er and a50.0310.05Er . The
purpose of the fits in this figure is to provide an easier co
parison to experiments.

V. DISCUSSION

The qualitative variation found here for the fragment d
tribution with impact energy is similar to the distribution
resulting from the breakup of atomic nuclei. In Ref.@19#, the
statistical multifragmentation model is put forward as a th

TABLE I. Intervals containing the transition impact energy b
tween regimes I and II, and between regimes II and III for
investigated fullerenes.

I–II I–II II–III II–III
Fullerene ~eV! ~eV/carbon! ~eV! ~eV/carbon!

C24 79–84 3.3–3.5 105–121 4.4–5.0
C60 200–234 3.3–3.9 300–400 5.0–6.7
C100 328–350 3.3–3.5 525–656 5.3–6.6
C240 734–839 3.1–3.5 1364–1574 5.7–6.6

FIG. 7. Exponenta of Eqs.~2a! and~2b! as a function of impact
energy per carbon atom.
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modynamic description on the breakup of nuclei, based
the assumption that the nuclei are in equilibrium both bef
and immediately after the impact. One result of this stati
cal multifragmentation model is that the fragment mass d
tribution varies with impact energy and is a result of t
dominating disintegration mechanism in that particular e
ergy regime. Regime I in this paper corresponds to
‘‘compound nucleus’’ regime in Ref.@19#, regime II corre-
sponds to ‘‘fission like processes’’ and ‘‘fragmentation o
set,’’ and regime III corresponds to the ‘‘multifragmentation
and ‘‘nuclear gas’’ regimes. At this point, a similar statistic
ensemble description of the fullerene system based on
free energy and entropy of the system at various temp
tures does not exist in the literature. However, the similarit
between our results and those theoretically predicted fo
nuclear system in Ref.@19# are striking, and it is very likely
that a similar description, though not yet available, would
valid for the fullerenes too.

Fragmentations of fullerenes have been examined exp
mentally both by collisions with atoms, ions, or small mo
ecules@9–15#, and by surface-impact studies@16–18#. These
experiments involve beams of fullerene ions~cations and/or
anions! aimed at gaseous targets or surfaces, with the co
sion products usually identified by mass spectrometry. Ph
cally, our simulated results are closer to the experimen
surface impact studies than to the target gas impact stud
However, for studies of fragment distributions on larg
scales, it has been postulated that the distributions of, e
gypsum rods, plates, and balls are not very dependent u
the fragmentation method@7,25,26#.

Hvelplund and co-workers@9,10# have suggested that th
primary events in fullerene-atom collisions are success
‘‘knockouts’’ of small fragments, followed by a delayed ‘‘an
nealing’’ process in which single carbon atoms are ejec
from species containing odd numbers of carbon atoms as
cage structure is healed. The time scale of such processe
exceeds our simulation capabilities, and the studies we h
made are not applicable to repeated collisions with gas m
ecules. Nevertheless, it is interesting to note that Hvelplu
et al. report that fragment distributions from C60-H2 colli-
sions at 50–200 keV can be described by equations sim
to Eq. ~2a! of this paper. They finda values in the range
0.18–0.23 and decreasing with increasing impact energy
in regime I. However, for C60-He collisions in the same en
ergy range, these authors finda values in the range 0.14–
0.17 and increasing with energy, as in regime II. Thus,
spite the fact that we are looking at neutral fullerenes, wh
they studied ions, the results show a high degree of sim
ity. But because the breakup mechanism in their work diff
from that in our simulations, the regime transitions will o
cur at different ranges of impact energy. In Ref.@10#, the
same group has noted a strong dependence of the frag
tation pattern on the choice of target atom number, with fr
ment distributions that correspond very well to those o
tained in this paper. For example, Fig. 9 of Ref.@10# shows
fragment distributions corresponding to our regime I, thou
the impact energies are substantially larger. We do not s
preference of even numbered carbon species as obse
upon the fracture of C60

1 , e.g., in Refs.@9,17#.

l
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In Ref. @11#, a bimodal fragment distribution is observe
resulting from the fracture of C60 ions with rare-gas atoms a
200 eV. This result is consistent with our findings at 200
for C60. It has also been reported@13# that collisions be-
tween Siq1 projectiles and a C60 target yield a distribution of
small Cn fragment ions (n51 –12) which is approximated
fairly well by a power law. This observation is also cons
tent with our findings for the smallest fragments in regime
where we find that both exponential forms and power la
are valid approximations to the fragment distribution. Aga
due to the different fracture mechanisms, the size of imp
energies cannot be compared.

Turning now to the surface-impact experiments@16–18#,
which are more directly comparable with the present stu
we note that all are consistent with our observation that
pact energies far larger than the bond energies are requ
for fragment ejection. The earliest of the studies we exa
ined, that of Busmannet al. @16#, indicated little fragmenta-
tion for collisions of C60

1 either with diamond or graphite
surfaces below about 150 eV. Up to 500 eV, the energ
limit of their study, the larger fragments corresponded to
loss of one or more C2 units, with most of the material in
clusters of 50 or more atoms. The distribution of the sm
fragments was not reported.

Beck et al. @17# examined not only C60
1 , but also severa

larger fullerene cations~up to C164
1 ) at impact energies be

tween 150 and 1050 eV. They concluded that at energies
the fragmentation threshold, the data were consistent wi
mechanism that involved the ejection of C2 units, but that at
higher impact energies, the fullerene ‘‘shatters’’ into a lar
number of smaller fragments. The fragment distribution, p
vided, e.g., in Fig. 2 of Ref.@17#, is qualitatively in agree-
ment with our findings and shows similar changes as a fu
tion of impact energy. A more quantitative comparison
precluded by the limited precision with which the plotte
data can be read. Further discussion of the high-energy s
tering process is provided in another contribution of Be
et al. @18# and again, they find that the fragment distributi
switches from a U shape to an S shape and finally to a pow
.

vy

s,
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ol.
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law, in agreement with the transition from regime I to II
III which is described in this paper.

It has been speculated that collisions might fission a la
fullerene into smaller cage molecules~e.g., C240→4C60, or
at least to one C60 plus other fragments!. Our data show no
such preference for ‘‘magic numbers’’ among the fragmen

VI. CONCLUSIONS

We have presented a classical molecular-dynamics si
lation study of the fragmentation of the C24, C60, C100, and
C240 fullerenes upon impact with a hard wall by using
Tersoff potential to model the C-C interactions. The result
fragment distributions depend both qualitatively and qua
tatively on the impact energy. Our results reproduce the
served fragment distributions in the limited energy rang
within which experiments have been carried out, and go
yond them such that our energy range is substantially la
and that we are not limited to fullerenes that are available
experimentation. We have divided the fragmentation dis
butions into three different regimes. Similar regimes ha
been theoretically predicted and experimentally observed
the fragmentation of atomic nuclei. Hence, the fracture p
cess of a fullerene more resembles that of an atomic nuc
than that of a larger object, say a gypsum ball, which
literature typically is reported to produce a power-law dist
bution of fragments. However, a full thermodynamical d
scription of fullerene fragmentation is still a challenge for t
future. Also, our results show that the C60 fullerene is more
stable towards fragmentation than the other investiga
fullerenes.
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