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Simulated dynamics of Ne @ Cg, aggregates beyond dissociation
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(Received May 2006; in final form May 2007)

Molecular dynamics (MD) computer simulations are utilized to better understand the dynamics of small (N = 5) endohedral
Ne@Cg, aggregates. Multiple runs at various temperatures are used to increase the reliability of our statistics. The aggregate
holds together until somewhere between 7= 1150 and 1200 K, where it dissociates, showing no intermediate sign of melting
or fullerene disintegration. When the temperature is increased to around 7 = 4000 K, the encapsulated neon atoms begin
to leave the aggregate, with the fullerene molecules still remaining intact. At temperatures near 7= 4400 K, thermal
disintegration of the fullerenes preempts the aggregate dissociation. Above this temperature neon atoms are more quickly
released and the fullerenes form a larger connected structure, with bonding taking place in atom pairs from different original
fullerene molecules. Escape constants and half lives are calculated for the temperature range 4000 K = 7 = 5000 K. The
agreements and disagreements of results of this work with experiments suggest that classical MD simulations are useful in
describing fullerene systems at low temperatures and near disintegration, but require development of new techniques before it
is possible to accurately model windowing at temperatures below 7'= 3000 K.

Keywords: Endohedral fullerenes; Molecular dynamics; Noble gases; Encapsulation

1. Introduction

For two decades, fullerenes have remained at the forefront
of scientific curiosity and research efforts. They are
physically interesting molecules in their own right and can
display a rich diversity of behavior when they have atoms
trapped inside their cages or have other atomic and
molecular species adsorbed on their exterior. Because of
their symmetry and durability it is of interest to place
various atoms within a fullerene cage and study the
dynamics of this endohedral system. Many experimental
[1-14] and computational [15-28] studies address the
behavior of endohedral fullerene/noble gas systems as
well as the dynamics of fullerene systems and how they
may encapsulate certain atoms. Encapsulation of noble
gases by fullerenes happens frequently during the
molecules’ formation in the presence of noble gases at
extraterrestrial sites and in the laboratory production
processes employing an electric arc between carbon
electrodes in a noble gas environment. Specifically,
helium isotopes may be trapped in fullerenes found in
extraterrestrial objects or even on the ancient earth and, if
the sample size is large enough, unique helium isotope
ratios are preserved and can, therefore, be calculated [29].

Study of such helium isotope ratios in endohedral
fullerenes yields significant information about the
extraterrestrial microscopic environment at the time of
their formation.

Another interesting aspect of encapsulation is that for
an aggregate of fullerene/endohedral noble gas molecules,
the release of the encapsulated species can be studied as
functions of temperature and time. Shimshi et al. [30]
completed a mass spectroscopic study of the release of
Ne@Cg. They found that it was possible for the fullerene
to release a Ne atom without the molecular cage being
destroyed, which is impossible if the Ne atom is simply
pushed through the cage. Therefore, they attribute the
release of the encapsulated species to a window
mechanism [15,16]. Such a mechanism involves tempor-
ary carbon—carbon bond breaking which disrupts the
hexagonal/pentagonal bond symmetry, opening the cage
up for guest atom escape. After a guest atom has passed
through the opening, the bond will re-form. They also find
that, in the presence of impurities, the rate of release is
increased by orders of magnitude. The half life for Ne
escape at 7=903K is more than one month but at
T = 1173K it is on the order of 10h. Here, a modified
window mechanism has been proposed, where the
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impurity (perhaps a radical) adds to the cage and weakens
fullerene bonds and then leaves after the release, allowing
reconstitution of the bonds. The fullerene bonding
topology and the integrity of the bonding has a profound
effect on the system’s dynamics, as the introduction of an
ambient gas [1,4], the introduction of bonding atoms [31]
or even trace amounts of impurities [30] can dramatically
affect the release rates, almost always promoting more
rapid release and at lower temperatures. It is even possible
to experimentally hold a fullerene window open so as to
facilitate endohedral capture and release [13].

It is clear that much remains to be understood about the
dynamics of small endohedral Cg, aggregates that have
broken off from a larger crystal, as well as the endohedral
release process. Since classical MD simulations have had
some success in aiding our understanding of the dynamics
exhibited by fullerenes and fullerene complexes, it seems
reasonable to extend such simulations to study the
dynamics of endohedral noble gas—fullerene aggregates.
We have chosen the noble gas for this study to be Ne.
Specifically, the purpose of this study is to understand the
dynamics of Ne@Cg, aggregates better, to unravel the
endohedral release process, and to determine half-lives for
release. Classical MD simulations of many different
fullerene systems have been completed [15—-28], and it is
well known that phase transition temperatures involving
bonded interactions do not agree with experiment.
Therefore, this study, while facilitating a better under-
standing of the results of other similar simulations
[15-28] does not, and cannot be expected to, provide
phase transition temperatures that fit experimental results.

2. Computational approach

The Ne@Cg, aggregate chosen for this study has five
endohedral fullerenes. Previous work has been done on the
stability of fullerene aggregates with up to 25 members
[32]. In our simulations, we picked an aggregate size that
was not particularly biased for stability or instability. In
addition, we wanted to use the smallest such aggregate
because the process of release takes a substantial amount
of simulated time. With a smaller aggregate size, it is
possible to do many runs and obtain reasonable statistics.
Based on the plots resulting from experimental work [32],
the aggregate size we chose had N = 5. Moreover, in a real
aggregate containing many more fullerenes, as the
temperature rises, smaller crystallites leave the aggregate
edge and it is likely that endohedral release happens in the
gas phase from such small free crystallites. For this reason,
periodic boundary conditions are not utilized; we wish to
simulate small aggregates where edge effects are
important and aggregate dissociation is not stifled. There
is a very large reflecting box the aggregate is kept in so
that the system volume is constant. However, none of the
particles ever reflect off this wall in our simulation, so in
actuality we implement free boundary conditions on the
aggregate. Above 257K, the fullerite crystal forms an

FCC lattice. As shown in figure 1, we model the initial
configuration of the aggregate at every temperature as one
face of an FCC unit cell which has sheared off from the
cell. To simulate the Ne@Cg, complexes an (N,V,T) MD
method is utilized.

As simulated time runs forward, the equations of
motion are integrated using a standard Verlet algorithm
with a time step Az = 0.0005 ps, and various thermodyn-
amic quantities and order parameters of interest are
calculated. At each of the temperatures 7 = 1000, 2000,
3000, 4000, 5000 K, 100 runs are completed, with initial
velocities being randomized so that a robust statistical
picture of release can emerge from this study. In the
temperature  ranges 1000K =7 =2000K and
4000K = 7 = 5000 K, the results of five different runs
were averaged at temperatures spaced 50K apart. The
former range addresses aggregate dissociation and the
latter focuses on individual fullerene disintegration.
Temperature control is achieved by velocity rescaling
for the carbon atoms in fullerene and the noble gas
population separately. Each run is taken out to 2 X 10°
time steps (1 ns) by which time equilibration is attained. In
our simulation we average the time it takes the first
trapped Ne atom to escape from the aggregate of cages at
every temperature considered. At 7= 4000 K the average
escape time is less than 1 ns with a standard deviation on
the order of a few hundred picoseconds.

There are several types of interaction potentials used in
the simulations. The neon—neon potential as well as the

a

Figure 1. Initial conditions utilized for the simulations. The five
fullerenes in the aggregate form one face of an FCC fullerite unit cell
with lattice constants @ =b = 144 A. The carbon atoms in each
fullerene are colored green if they are closest to its center of mass, red if
they are farthest away and a mixture of red and green if they are in
between. The orange atoms inside the fullerene cages are encapsulated
Ne atoms, and the relative atomic sizes, chosen for visual clarity, are not
to scale.
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neon—carbon potential are of a Lennard—Jones form,

0'<> 12 (TN 6
uLy(ryj) = 4g; <ru> - (ru) ; ey
ij i

where the potential parameters between various species
are given in table 1; mixed interaction parameters are
obtained with the use of Lorentz—Bertholot combining
rules involving C—C parameters for the same potential as
in equation (1). The r;; '2 term results in a repulsive force
that becomes strongly evident when electron clouds of
interacting atoms overlap. Ultimately, such repulsion has
its origin in the Pauli exclusion principle. The r; 6
dispersion term has its origin in the van der Waals
attractive forces arising from fluctuating dipolar inter-
actions. In addition, there is a non-bonded carbon—carbon
interaction [27] which is in a modified Lennard—Jones

form
o 12 oo\ 6
ury(rij) = ecc <£> —2<£) ()
I",‘j r,j

whose parameters are also shown in table 1. The carbon—
carbon bonded interactions are modeled by Brenner’s
empirical extended bond-order potential [33] which has
parameters that are fit to various energetics of hydro-
carbons, diamond and graphite.

VR(ry) = f(ry) 5 expl—BV2S(r — R,)]
Valr) = f(r) B exp| By 2 = R
1

r<R1

)

[1 + cos (Yéz_j;?f)}, R <rj <R,

flry) =

o wi—

s r,-j>R2

(3a)

In equations (3a), Vg and V, are the repulsive and
attractive terms, respectively, which are essentially
modified Morse potentials. The screening function f{r;)
restricts the interaction to nearest neighbors as defined by
the values for R; and R,. In addition, the Brenner potential
takes bonding topology into account with the empirical

Table 1. Parameters for the non-bonded Lennard—Jones interaction

potentials.
Species g4(K) oy (A)
Ne—Ne 36.68 2.79
C—Cx* 28.00% 3.40%
c—C 34.839 3.805

The interactions with asterisks (*) in the middle row are not used explicitly in the
simulations because they are for a standard LJ interaction, not the modified one
actually used. Rather, they are used only in combining rule relationships to get Ne—
C interactions of the form in equation (1).

bond order function Bj; given by the relationships

N -6
Byj=1+ [Zk i Gc(e,-jk)f(nk)]

2 2
Ge(6) = ag [] + d_% - WOC‘“W} . (3b)

By ="

Here, the three-body bond angle is defined as

Ok = cos” ! <—rji : rjk), (3¢)

rj,-rjk

where 7, is the displacement vector from carbon atom a
to carbon atom b. Variations of the Brenner potential have
been used for many different types of carbon allotrope
simulations, as the empirical bond order function controls
aggregate formation to some extent. For example,
Yamaguchi er al. [22-26] do not include information
from the conjugate compensation term [33] because with
it the potential would not adequately apply to small
aggregates having non-terminated carbons. Since we are
dealing initially with complete fullerenes which even-
tually break up, we disregard the compensation term as
well. The entire carbon—carbon interaction is a sum over
all bonded and non-bonded interactions:

N N
ucc = Z Z {[VR(ry) — ByiVa(ri)] + Pjury(ry)}. (4)

=1 j>i

Here, P;; is a screening function [27] which we implement
by creating bonded and non-bonded neighbor lists. All
carbon—carbon bonded potential parameters are given in
table 2.

3. Results and discussion

At low temperature (7= 1000K) the aggregate holds
together, as do the fullerene molecules comprising it. This
is evidenced for the aggregate by the sharp peak in the
inter-fullerene pair distribution function Pijye,(7;;) shown
in figure 2, which is the calculated frequency of
occurrence of a certain carbon atom pair separation
between two carbon atoms in different fullerenes being

Table 2. Parameters for the bonded carbon—carbon Brenner interaction

potential.
Parameter Value
D, 73333.33K
B 1.5A7!
S 1.29
R, L1315 A
R, L7A
R, 2.000 A
) 0.80469
ao 0.011304
Co 19
Dy 2.5
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Figure 2. Inter-fullerene pair distribution function Piyer(r) for
temperatures 7= 1000K (blue), 1100K (cyan), 1150K (green),
1200 K (orange; barely visible on the horizontal axis) and 5000 K (red).

between r; and r; + Ary, divided by the normalizing
factor 27rr;Ary;.

The low-temperature structure in the fullerenes
themselves is quantified in a few different ways. Figure 3
shows a sharp low-temperature peak in P(r), the fullerene
radial probability distribution, which is the calculated
probability of a carbon atom being a certain distance from
the center of mass of the fullerene molecule containing it.
Moreover, the low-temperature fullerene pair distribution
function P/(r;) shown in figure 4 exhibits a strong solid-
like signature. Py(r;) is calculated exactly as Piyer(r;) 18,

T =1000K
) T = 2000K
z T = 3000K
2 T = 4000K
< T = 5000K
b
-9

b AP
T

T T

6 7 8 9 10
Distance » from CM (})

4050 K to 4250 K

4300 K — 4500 K

P(r) (Arb. Units)

4550 K - 4950 K

2 3 4 5 6 7 = 9 10
Distance r from CM(A)

Figure 3. Top: P(r), the fullerene radial probability distribution for
T = 1000K (blue), 2000 K (cyan), 3000 K (green), 4000 K (orange) and
5000K (red). Bottom: Best Gaussian fits for 4050 K = 7' = 4950 K split
into blue, green and red groups as indicated on the plot. The Gaussian fits
are chosen for visualization ease because of the number of curves present,
and the fastest change in their character take place between 7' = 4300 and
4500 K, corresponding to the green group of curves.
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. 1 T=5000K
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D u
: T=3000K
£ - A/\m
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\

o 1 2 3 4 5 6 7 8 9 10
Pair separation r; (A)

z T = 4050K
= T = 4300K
= T = 4500K
£ T = 4950K
>
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o 2 4 6 8 10 12 14
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Figure 4. Top: fullerene pair distribution function P((r;j) for 7= 1000 K
(purple), 2000K (blue), 3000K (cyan), 4000K (orange) and 5000 K
(red). Bottom: fullerene pair distribution function P(r;) for T = 4050 K
(blue), 4300 K (green), 4500 K (orange) and 4950 K (red). In the upper
plot, vertical lines indicate the location of the low-temperature peaks for
first, second and third neighbors. In the lower plot, note that there is a
large change in the character of the curves between 7 = 4300 and
4500 K.

with the exception that both carbon atoms in the pairs are
in the same fullerene molecule.

Inspection of Pjye(r;;) in figure 2 gives an indication of
the first significant change in the system with increasing
temperature. As the temperature increases from
T =1000K, the peak near r; = 12A dramatically drops
in amplitude due to thermal fluctuations. By 7= 1200 K
the distribution is essentially flat, because all the atom pair
separations are greater than the highest value of the
abscissa of the plot. Therefore, the data suggests that the
aggregate dissociates in the temperature range
1150K = T = 1200 K, which is in agreement with other
calculations [34,35] of the melting of Cg, structures under
pressure, and the well known fact that, at low pressure,
fullerites sublime and do not melt. The plots of P(r;) in
figure 4 illustrate that the dissociation of the aggregate has
no noticeable general effect on the structure of the
fullerene molecules themselves. However, the plateau
between r; = 6 and 7.5 A present at low temperature dies
off more quickly at higher temperatures, suggesting that
the walls of the molecules themselves become slightly
thinner with increasing temperature. The plots of P(r) in
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figure 3 confirm the insensitivity of the fullerene
molecules to the aggregate dissociation and also show
that in the temperature range 1050K = 7' = 1950K the
peak in the distributions actually shifts towards lower
distances, which suggests that as temperature increases
from 7= 1000K the molecules also contract slightly.
Negative thermal expansion coefficients in this tempera-
ture range have recently been observed experimentally
[36]. Typical molecular snapshots shown in figure 5
confirm that the aggregate holds together until around
T=1150K and then dissociates with the endohedral
fullerenes still intact.

As the temperature is raised beyond 7 = 2000 K, the
endohedral fullerenes show expected signs of thermal
fluctuation, with very little change between T = 3000 and
4000K, and the molecular cages still remaining intact.
This is evidenced in part by the profound solid-like
character for the system still present in the distributions at
T =4000 shown in figures 3 and 4. In addition, the
thermal average of the system’s total configurational
energy (U,.) (T) shown in figure 6 does not exhibit a sharp
increase, showing the absence of a proliferation in
carbon—carbon bond breaking which would be present for
molecular disintegration. Moreover, the average maxi-
mum and minimum moments of inertia (/. and I,
respectively, shown in figure 7) are calculated by

—717'=1000K

I'=1150K

Figure 5. Final typical snapshots of the system from low temperature
through aggregate dissociation. The color scheme is identical to that in
figure 1.

-400C0

-45000
g -50000 A
% -55000+
= -60000
Vv -85000+
-700004
-75000 T T T 1
1000 2000 3000 4000 5000

Temperature (K)

Figure 6. Thermal average of the system’s total configurational energy,

(UXD).

obtaining the maximum and minimum eigenvalues of
the inertia tensor for each molecule and averaging them
over all the runs at a given temperature. As expected the
two extreme moments of inertia become slightly higher as
temperature increases. The difference Al between the two
extreme moments of inertia (a quantitative measure of the
degree of oblateness of the fullerenes) increases with
temperature but does not show any sharp changes at or
below T = 4000K, confirming that the fullerene mole-
cules remain intact up to this temperature.

At T = 4000K, the first endohedral neon atoms are
released from the aggregate. Our simulations show that
windows form and close at the onset of release but
somewhere before 7= 5000K they become permanent
defects in the fullerene cage. In previous work [28], we
simulated the dynamics of single endohedral fullerenes as
well as empty fullerene cages. Encapsulated species
include noble gases up to X@Cgq, with X = He, Ne, Ar,
Kr and Xe. It was found that an encapsulated He atom
disrupted the cage relative to the empty cage but larger
encapsulated species tended to stabilize the cage slightly.
Although we reported temperatures in that paper for which
the fullerene cage held together, the same trend holds true
for windowing and disintegration for this system. Current
work [37] regarding endohedral release for various
encapsulated noble gases confirms our previous work at
temperatures below disintegration [28]. We find that larger
endohedral species are released at slower rates, and helium
release happens unusually rapidly. Typical results are as
follows. Near 7= 4000 K windows form and then shut. At
about 7= 4200 K permanent windows form and then near

8000

7000 .‘\/
6000 \L\'——.
5000 - '

4000 4

3000

2000 -

004 a1

01 . : ; :

1600 1500 2000 2500 3000 3500 4000
Temperature (K)

AI; Iﬂmr: a“dlmin (amu ‘&2)

Figure 7. Maximum (circles) and minimum (squares) moments of
inertia .« and I,;,, respectively, for the fullerene molecules, and the
difference Al between the two extreme inertia values (triangles).
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T=4500K there is some unfolding present in the
fullerene cage which results in large windows. Smaller
endohedral species cause more destructive windowing at
lower temperatures (on the order of a few hundred Kelvin
between He and Xe), promoting earlier and more frequent
release.

As the temperature increases, atom release begins
sooner and happens more rapidly. This is evidenced in part
by figure 8, showing ¢, the time of release for the first Ne
atom in the aggregate, starting from the entrapped state
in the aggregate at the beginning of the simulation, as a
function of temperature. In addition, the number of Ne
atoms encapsulated within the aggregate as functions of
time for each temperature is fit to curves of the form

N(t,T) = Noe "D, §))

and the rate constants k(7) as functions of temperature are
shown in figure 9. Selected release half lives as calculated
from the rate constants are shown in table 3. As the
temperature increases past 7= 4000K, P(r) in figure 3
and P(r;) in figure 4 show that the fullerenes themselves
are losing structural order. The curves for the finer
temperature scale (4050 K = T = 4950 K) in figure 3 and
the bottom plot in figure 4 both show that the fullerenes
lose a considerable amount of structural order vis-a-vis the
radial atomic distribution distance as well as the pair
distribution function, respectively, near T = 4400 K. Since
this is when the moments of inertia begin to grow very
large (well off the scale of the plot) but the configurational
energy does not, the loss of structural order here is
interpreted to be from disintegration and recombination.
Specifically, the individual fullerene cages begin to
dissociate into carbon multimers. Then the resulting
multimers which are sufficiently near to others combine to
form larger carbon aggregates. This recombination is a
result of starting with the fullerenes close together as an
aggregate in the form of one face of the FCC unit cell and
would not result from starting the simulation with a
disordered aggregate of fullerenes. The temperature at
which the fullerenes themselves show this profound loss
of structural order is in excellent agreement with
disintegration temperatures obtained by other MD
calculations involving Cgo [19] although it is well

1200
1000
800 ~ ¢

600 ~ .

1 (ps)

400 +
200 4

L]
L
T

0 ZOID 460 660 800 1000
(T - 4000K) (K)

Figure 8. Time ¢, of first atom release as a function of temperature. The
abscissa is offset by 4000 K in order be consistent with that of figure 7.

0.014

0.012

0.01 A
0.008
0.GD6 -
0.004 -

Decay constantk (ps'l)

0.002

[¢] 260 460 GOIO 860 1000
(T - 4000K) (K)
Figure 9. Rate constants k(7)) as functions of temperature. The solid line

is the best exponential fit to the data (for visual aid) and the abscissa is
offset by 4000 K in order to facilitate curve fitting.

known that they differ from experimental values. In
addition, between T = 4000 and 4300 K our simulations
show that dynamic windowing (windows that open and
close) is taking place, but at higher temperatures the
windowing results in permanent disorder being imparted
to the fullerene as discussed above. In our simulations
dynamic windowing is evident by careful inspection of
snapshots (shown and discussed later) as well as bond
angle distributions (not shown, as we are interested in the
aggregate dynamics and not the windowing mechanism in
particular). In contrast, permanent windowing above
T = 4300 K is shown again by inspection of snapshots but
also by the sharp drop in the height of first peak of the pair
distribution function shown in the bottom of figure 3.
Hence, our simulations strongly support the idea that
impurities catalyze some windowing mechanism in the
fullerene. The presence of recombination is also
confirmed by the Pjy..(r;;) curve at 7= 5000K in figure
2, where there is a sharp peak near 1.5 A indicating that
bonding between atoms from different fullerenes has taken
place. The series of broader peaks at higher separations
shows that atoms from different fullerenes have merged to
create other bonded structures. Typical molecular snap-
shots shown in figure 10 illustrate and confirm the onset of
endohedral release near 7= 4000 K, the profound loss of
structural order of the fullerene cage between T = 4300
and 4500K and the contraction of the molecules as
temperature increases from 7= 1000 K up to 7= 3000 K
as well as recombination at the highest temperatures
studied here. Also, the lack of windows for 7' < 4300 K is
evidence that dynamic windowing is taking place to
facilitate release but permanent windows are visible at

Table 3. Half lives #;,, for endohedral escape for Ne and, in the bottom
row (*), for He.

Temperature (K) tip Source
4050 2.97ns This work
4500 0.41ns This work
4950 0.057 ns This work
903 6.1yr [30]

1173 57.8h [30]

293: 40.3 h* [13]*
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7'=3000K 7' = 4000K

I'=4300K

Ne has escaped

7'=4500K

Figure 10. Final typical snapshots of the system past the dissociation
temperature up through endohedral release, and ultimately high
temperature recombination, of carbon atoms from different fullerenes.
Individual fullerenes are shown, although two molecules in an aggregate
happen to be shown together at 7= 4300 K and the Ne atom has escaped
from the bottom fullerene. Note the contraction of the molecule between
T = 1200 and 3000 K and the substantial loss of order between 7 = 4300
and 4500 K. In addition, the atoms circled in the lower right were in a
different fullerene at the start of the simulation. They have bunched with
carbon atoms of the disintegrated fullerene shown. The color scheme is
identical to that in figure 1.

7'=5000K

higher temperatures. Moreover, inspection of the struc-
tures shown in figure 10 at high temperature indeed
confirms that, since the fullerenes themselves exhibit
disorder before the aggregate has time to dissociate,
recombination can occur.

The Ne@Cg, dissociation temperature, as well as the
temperature of thermal disintegration of our fullerene
molecules, is in good agreement with previous calcu-
lations [19,33,34]. Although we are unable to locate any
prior simulation studies of endohedral noble gas atom
release, the results obtained in this study differ
considerably from that obtained experimentally [30] and
some discussion follows. In previous work [28], we
simulated the dynamics of empty fullerenes. While we
reported data in that paper in the temperature range where
the fullerene held together we also obtained windowing
and disintegration at temperatures similar to those
obtained by other simulations (but different from
experiment). Although the bonded potential used here
can help elucidate some aspects of the bonded dynamics in
nanoscale systems it does not describe the bonded

character accurately enough to give transition tempera-
tures that agree with experiment. No technique currently
exists that predict these transition temperatures. Such
inadequacy is well known but the potential has still been
widely used for nanotube and fullerene systems to
profitably study their dynamics. Our simulations in this
work are conducted with no species of any kind
surrounding the fullerenes, and the only way bonds can
be broken is with thermal agitation—i.e. the character of
the C—C bonds are not being altered. This is in contrast to
other simulations where higher energy noble gas atoms
collide with the fullerene structure, causing a window
which then closes [15,16]. In real experiments, there are
other atoms/molecules surrounding the system, and bond
breaking/forming has been shown to be extremely
sensitive to any species that may attempt to bond with
the fullerene, and the effect is almost always to accelerate
release. It is likely that, in the real molecule, the outer
electrons of noble gas atoms encapsulated within the
fullerenes interact dynamically with the fullerene bonds.
In fact, when a window is held open in a fullerene, *He
escape half lives at T = 333 K are already as low as 1.4 h.
In our study, then, a picture emerges where the simulation
results seem generally reasonable at (1) low temperatures
where non-bonded Lennard—Jones interactions dominate
phase transitions, and (2) near thermal disintegration of
fullerenes. Hence, in the temperature range
4000K = T = 5000K, it is reasonable to assume that
the windowing suspected of causing the Ne release seen in
experiment [30] would not have nearly the effect that
thermal windowing seen in our simulations does.
However, in order to accurately deal with thermal
windowing and model escape at temperatures well
below those for thermal disintegration of fullerenes, two
challenges arise immediately. To begin with, a tempera-
ture-dependent description of the bond integrity as
affected by any exohedral species will be required. That
is, the simulations should somehow take into account the
effect of impurities on any windowing mechanisms.
Moreover, the escape process will have to be artificially
accelerated in such a way as to preserve the integrity of the
physics of the model, because in order for the endohedral
population to become half of its initial value, the
simulation will have to run for one half life which, even
taking an underestimate of #;,, = 10h, would require
7.2 x 10" steps using a time step of 0.0005 ps,
translating to a real time commitment (in the case of this
study) of more than the currently accepted value for the
age of the universe.

We emphasize that the conclusions reached from this
work apply only to small Cg, aggregates, and most closely
with those which are sheared off from a fullerite FCC cell
in its equilibrium configuration. Studies such as
simulations of endohedral fullerene aggregates of varying
size, to characterize the importance of the interior of the
system to the noble gas release, and also incorporating the
effect of the aggregate becoming more crystalline, would
be interesting extensions of this work.
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