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t is well-known that carbon nanotubes
can readily absorb different molecules
and ions,’ but the exact mechanism of
how the guest-species enter the nanotube
host is still debated. Experiments show that
molecules can enter nanotubes either from
the vapor phase,> the molten phase (neat
compound),* or from solution (dissolved
compound).>® Although the mechanism of
the latter method is least understood, ab-
sorption of molecules from solution is be-
coming increasingly important as it offers a
route for insertion of chemically and bio-
logically active molecules into nanotubes.
By contrast, insertion of guest-molecules
from the gas phase has been explored in
detail for fullerene Cgo.2? It is generally ac-
cepted that prior to insertion into the nano-
tubes, the fullerene guest-molecules be-
come adsorbed on the nanotube surface
(Figure 1b) but remain mobile and migrate
freely along the nanotube eventually reach-
ing the nanotube terminus (Figure 1c). A
moderate activation barrier (~0.3 eV per
Ce0) Mmay need to be overcome for the mol-
ecule to enter the nanotube, but this ener-
getic penalty is richly compensated upon
encapsulation of the molecule (Figure 1d)
due to the significantly enhanced van der
Waals interactions between the nanotube
and the encapsulated molecule (i.e., the
nanotube surface wraps around the mol-
ecule maximizing the contact area). Clearly,
the efficiency of the encapsulation in this
case depends critically on the ratio of the
nanotube diameter and the diameter of the
guest-molecule.® Having a perfect geo-
metrical match for the nanotube interior,
Ceo interacts strongly with the inside of
single-walled carbon nanotubes (SWNT)
with a typical diameter of 1.3—1.5 nm.
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ABSTRACT We have demonstrated that the ability of fullerenes to form clusters is essential for the filling of

single-walled carbon nanotubes in solution. In solutions where C4 exists in the form of discrete solvated molecules

(e.g., in CS,) no fullerene encapsulation in nanotubes takes place, as the large molar excess of solvent compared

to solute prohibits Cs, from entering the nanotubes. However, in solutions containing large clusters of C¢ (e.g., in

n-hexane) nanotubes become densely filled with fullerene molecules despite the large excess of solvent. The

interactions between carbon nanotubes and fullerene clusters provide an efficient transport of Cs, into nanotubes

that avoids the detrimental effects of the solvent molecules. This new mechanism provides the first rational

explanation of experiments involving nanotube filling with guest-molecules in solution.
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Typically vapor phase filling with Ce
leads to high filling rates of up to 100%
(i.e., nearly all nanotubes are filled with
guest-molecules) as the potential guest-
molecules are able to migrate freely, unhin-
dered by other molecules (such as solvent),
on the outside and inside of the nanotube.
Since fullerene molecules are vaporized in
vacuum, the absence of solvent or any
other molecules means that the fullerenes
can pack closely in the nanotube giving
highly ordered arrays of many hundreds of
molecules in a row. Unfortunately, the high
temperatures required for vaporization
(400—600 °C) mean that this method is lim-
ited to molecules which are stable to such
elevated temperatures and able to sublime
readily.

Encapsulation of guest species that
neither melt nor sublime has been shown
to be possible by immersion of nanotubes
with open termini in solutions of these com-
pounds. This provides a way of encapsulat-
ing molecules, such as fullerenes functional-
ized with organic groups® or endohedral
fullerenes,”® which are unstable to the
harsh conditions required for sublimation.
The key role of the solvent in this
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Figure 1. Stages of carbon nanotube filling with fullerene Cq
via the vapor phase mechanism: (a) fullerene in the gas phase,
(b,c) fullerene adsorbed on the nanotube surface diffusing to-
ward the open terminus, (d) fullerene encapsulated inside the
nanotube.

mechanism is to enable the transport of guest-
molecules from the bulk solution phase into the car-
bon nanotubes. However, the fate of the thousands of

solvent molecules which enter the nanotubes with each

guest-molecule remains largely unclear. No viable
mechanism of filling carbon nanotubes from the solu-
tion phase has been formulated thus far.

Currently, only tentative attempts to provide a
model for the transport of fullerenes from conven-
tional and supercritical fluid solutions into carbon
nanotubes have been made,%”° which do not explain
the experimental observations entirely. For example,

Figure 2. HRTEM images of SWNT treated with (a,b) an n-hexane solution of Cs, and (c,d) a CS; solution of Cg,. Enlarged re-
gions show (a) fullerene molecules as circles closely packed inside a nanotube, and (c—d) solvent molecules (CS,) inside the
nanotube that appear as faint contrast between the nanotube sidewalls (areas highlighted with white arrows). Scale bars
=2nm.
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Simon et al. simply compare the state of Cg, dissolved
in n-hexane to that in the gas phase, thus completely
disregarding the solvent.” Khlobystov et al. consider the
role of the solvent explicitly and conclude that the
physical size of solvent molecules is important for trans-
port of guest-molecules into nanotubes,® while
Yudasaka et al. progress further by emphasizing the
importance of the relative strength of the
nanotube—fullerene and fullerene—solvent interac-
tions,® which gives guidance for choosing the appropri-
ate solvent for solution filling. Despite this progress,
none of the previous studies offer any mechanism that
provides a satisfactory rationale for the experimental
observations. In this study, we report the first full expla-
nation of experiments involving nanotube filling with
guest-molecules in solution.

RESULTS AND DISCUSSION

We have studied the encapsulation of Cs in nano-
tubes from both carbon disulfide (CS,), a traditionally
good fullerene solvent, and n-hexane, a poor fullerene
solvent. Freshly annealed nanotubes were immersed in
the two fullerene solutions and the resultant suspen-
sions were treated with ultrasonic waves to allow the
two components to mix thoroughly.'® The SWNTs were
then filtered and washed extensively with CS, to re-
move any unencapsulated fullerene molecules from
the outside of the nanotubes. The samples were then
analyzed by high resolution transmission electron
microscopy (HRTEM), Figure 2.

e * .

www.acsnano.org



Extensive HRTEM inspection allows filling rates to
be approximated as 60—65% for n-hexane solution
and <1% for the CS, solution. Large numbers of close-
packed fullerenes were observed inside nanotubes with
no physical gaps between the molecules for SWNT
samples immersed in the n-hexane solution of Cg. In
comparison, very few fullerenes were found in SWNT
immersed in the CS, solution of Cg, with no ordered ar-
rays of more than 2 or 3 guest-molecules observed in-
side the nanotubes. However, the nanotubes are occa-
sionally seen to contain faint contrast features which
can be attributed to solvent molecules trapped within
the confines of the nanotube (Figure 2¢,d). These obser-
vations are consistent with previous reports®”® claim-
ing that insertion of fullerene is only possible from
poorly solvating solvents or from supersaturated solu-
tions. It has been suggested that the solvent molecules
transport the fullerene molecule to the desired loca-
tion inside the nanotube then are simply removed
when the nanotubes are filtered or dried.> However,
confinement in the quasi-1D nanotube interior means
that it becomes very important to consider the size and
shape of solvent molecules used for solution based fill-
ing, Figure 3, and the number of solvent molecules per
molecule of C4, Table 1.

When considering a classical solution of a fullerene
species, it is assumed that each fullerene molecule is
fully surrounded with a large number of solvent mol-
ecules (Figure 4a). According to the Young—Laplace
equations, carbon nanotubes immersed in a liquid
with a surface tension of below 200 mN/m should be
spontaneously filled with this liquid at atmospheric
pressure.’2 Typically, solvents used for dissolving
fullerene have a surface tension that is far below 200
mN/m and can therefore enter into carbon nanotubes
together with the guest-molecules of the compound in-
tended to be encapsulated.

In fullerene solutions (Table 1) the molar ratio of sol-
vent to solute is very high, which means that even in
very concentrated solutions there will be tens of thou-
sands of solvent molecules per molecule of Cg. Statisti-
cally, it is more likely for solvent molecules to enter the
nanotube first (Figure 4b). The interaction between the
solvent molecule and the inner wall of the nanotube is
significantly lower than that for Cgy so solvent mol-
ecules are able to move freely in and out of the nano-
tube at room temperature (Figure 4b). However, when
an individual fullerene molecule enters a nanotube (Fig-
ure 4¢,d) it forms strong van der Waals interactions
with the nanotube interior (3 eV)?* meaning that the
encapsulation process of a fullerene molecule is irre-
versible. In the case of the CS, solution, there will be
thousands of molecules of solvent for every Cq, present
in the system. Therefore, each SWNT, which have a typi-
cal length of 2—5 pwm in our experiments, will absorb
on average only a small number (<10) of molecules of
Ceo from the CS, solution. This explains the extremely
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Figure 3. (a) Fullerene molecule and (b) n-hexane molecule
both with a black circle illustrating their critical dimension, d.

poor filling rate of SWNT which were immersed in CS,
solutions of fullerene and the presence of faint, diffuse
features within the nanotubes observed by HRTEM
which can be attributed to numerous CS, molecules
tumbling inside the SWNT.

The fact that nanotubes immersed in n-hexane solu-
tions of C¢o become densely filled with fullerenes ap-
pears to contradict the nanotube filling mechanism de-
scribed above. Since there are nearly twice as many
solvent molecules per Cg in the n-hexane solution as
compared to CS,, the filling rate of the SWNT with
fullerenes is expected to be significantly lower for
n-hexane. Indeed, the internal channels of the nano-
tubes are expected to be filled predominantly with
n-hexane with almost no Cg present. This is in a stark
contrast to our experimental observations (Figure 2a,b).
The only possible explanation for the presence of large
numbers of Cg in the nanotubes is that in solution
fullerenes interact with SWNT not as discrete molecules
but as large clusters of molecules. Fullerenes have a very
limited solubility in n-hexane (Table 1) as a result of
their low affinity for alkane molecules, and hence it is
energetically more favorable for Cso molecules to form
clusters in the n-hexane solution due to attractive inter-
fullerene van der Waals interactions (Figure 6a). The
high cohesive energy of fullerene clusters (~2 eV)'3 out-
weighs the weak solvation energy of the poor solvent
(n-hexane) leading to the formation of fullerene clusters
in the liquid phase. Dynamic light scattering (DLS)
measurements of a solution of Cso in n-hexane clearly
demonstrate the presence of fullerene clusters (Figure
5).

TABLE 1. Solubility of Cgo,'* the Mole Fraction of Cs in a
Variety of Saturated Solutions and the Critical Dimension
of the Individual Solvent Molecules (Critical Dimension of
CeoIs 1 nm)

solubility of molar ratio of aitical dimension
solvent Co/gL™! Coo of solvent/nm
carbon disulfide 7.9 6.6 X 107 0.36
toluene 28 4x107* 0.67
o-dichlorobenzene 27 53X 107" 0.78
ethanol 0.001 1x1077 0.44
carbon dioxide unknown unknown 0.28
chloroform 15 36X 107 0.51
n-hexane 0.043 12X 1074 0.44
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Figure 4. (a) Individual Cso molecules dissolved in CS,, (b—d) the sequential steps of the encapsulation process of Cs; molecules
from CS, solution into a SWNT. Solvent molecules are present in a large excess as compared to Cs, and therefore, are more likely
to enter the nanotube first (b), followed by a single fullerene molecule (c). Thousands of solvent molecules are then expected to en-
ter the SWNT after the initial fullerene (d), which will become trapped by a second fullerene, creating large gaps between indi-
vidual fullerenes inside the nanotube. (Note, in reality up to 66 000 CS, molecules will be separating the two closest fullerenes in
the nanotube and therefore, on average, each nanotube in our experiment is expected to encapsulate only one Cq).
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The n-hexane solution is shown to contain fullerene
aggregates of around 255 nm in diameter; this corre-
sponds to clusters containing approximately 8.5 million
Cso molecules. When the molecular clusters are re-
moved from the solution by filtration (membrane filter,
pore size 200 nm), UV —vis spectroscopy shows a 1000-
fold decrease in the concentration of fullerene remain-
ing in the filtrate. This confirms that in the n-hexane so-
lution used for filling nanotubes 99.9% of C4y molecules
exist in the form of clusters. The existence of meta-
stable fullerene clusters in supersaturated solutions is
also well documented;'®~2° however, the connection
between this phenomenon and nanotube filling mech-
anisms has never been made.

In contrast, the solution of Cy, in CS, does not con-
tain any fullerene clusters (i.e., only fully solvated Cg
molecules are present) with no species of greater than
1 nm detected (additional DLS and UV —vis data is in-
cluded in S5, Supporting Information file).

When nanotubes are immersed in a solution con-
taining Cy clusters, the solvent is free to enter and
leave the nanotube as before (Figure 6b). However,
eventually a fullerene cluster will come into contact
with the end of a nanotube (Figure 6c) and one of the
fullerene molecules will enter the nanotube becoming
irreversibly encapsulated.

1 10 100 1000
size /nm

10000

Figure 5. DLS measurements for solution of Cq, in n-hexane (solid line)
and CS; (dotted line), showing the presence of fullerene clusters in
the n-hexane solution.
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Solvent molecules within the nanotube are now pre-
vented from leaving the nanotube from that end by
the fullerene cluster but are free to leave from the other
end of the nanotube. The fullerene cluster is expected
to be attached firmly to the nanotube, as fullerenes are
attracted strongly to the nanotube surface and to each
other by van der Waals forces which are particularly sig-
nificant in a weakly solvating solvent.?! As long as the
fullerene cluster remains in this “docking” position (Fig-
ure 6d,e) no surrounding solvent molecules can enter
the nanotube. The fullerenes within the cluster will pro-
ceed one by one into the nanotube driven by the large
energy gained upon encapsulation (Figure 6d), while
the solvent molecules, interacting with the nanotube
only weakly, will be driven out through the other end
of the nanotube. This will result in a continuous array of
fullerenes with no solvent molecules between the indi-
vidual fullerene cages (Figure 6e) as observed by HR-
TEM. Clearly, the successful encapsulation of fullerenes
is only possible if the nanotube is open at both ends
and has no internal obstructions to the solvent/
fullerene moving inside. Therefore, only relatively short
and structurally perfect nanotubes can be filled in solu-
tion which significantly lowers the filling rate of solu-
tion methods (typically 30—70%) as compared with the
gas phase methods (80— 100%).

If the proposed mechanism is considered a
diffusion-limited process? the average time needed
for a cluster of fullerenes to collide with the entrance
of a stationary SWNT in solution can be expressed as:

t = (4styDRn)”"

where n is the concentration of clusters in solution, D
is the diffusion coefficient of the cluster, R is the clus-
ter radius, and vy is a factor taking into account that col-
lisions can to occur at the two ends of the nanotube.
This estimation shows that the time required for colli-
sion between the fullerene clusters observed in our ex-
periments and the nanotube entrance is significantly
shorter (5 min) than the duration of the experiment

(3 h). Consideration of the mobility of the nanotubes
would further decrease the estimated time of collision
(S2, Supporting Information).
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Figure 6. (a) Clusters of C4 in n-hexane, (b—e) the sequential steps of the encapsulation process of Cs, molecules from n-hexane. Solvent
molecules enter the nanotube first (b), followed by a cluster of fullerenes making contact with the open end of a SWNT (c). Fullerenes from
the cluster enter the nanotube one-by-one (d,e), while the solvent molecules are expelled from the opposite end of the nanotube.

To investigate the energy pathway by which indi-
vidual fullerene Cgo molecules transfer from a fullerene
cluster directly into the interior of a nanotube, interac-
tions of a (10,10) nanotube with fullerene clusters of dif-
ferent sizes corresponding to the range N, = 13—1282
molecules have been studied. Our theoretical model-
ing showed that the surface of fullerene clusters is
highly heterogeneous, containing surface molecules
with coordination numbers ranging from four to nine
which is in agreement with previous investigations of
the structure of small fullerene clusters.? The mean
coordination number of surface molecules (N.) in
clusters of medium size N,, = 100—200 is practically
the same as that in large fullerene clusters N, =
1000 (S1, Supporting Information), thus indicating
that in these models (N.) approaches a value for
macroscopically large clusters. Also, it should be
noted that the radius of a cluster of N,,, = 1000
fullerenes is already significantly greater than the
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distance between neighboring molecules within
the cluster interacting with each other via short-
range attractive forces. Therefore, the interactions
of a nanotube with an N,, = 1000 cluster of
fullerenes should be very close to those for the much
larger N, = 107 clusters observed experimentally.
To account for the inhomogeneity of the cluster sur-
face we explored encapsulation pathways for fullerenes
with different coordination numbers from clusters of
different sizes. The energy of the encapsulation path-
way was scanned with a constrained optimization, in
which a single fullerene was shifted in steps of 0.02 nm
from the fullerene cluster toward the interior of the
nanotube and the positions of all of the remaining mol-
ecules in the cluster were optimized at each step. The
key parameters of the pathway (Figure 7) are the bar-
rier for the transfer of a fullerene from a cluster to a
nanotube (E,) and the total energy gain upon encapsu-
lation of the molecule (E,). These parameters were ob-
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Figure 7. Calculated energy profiles for the transfer process of a fullerene molecule from fullerene clusters into a (10,10)
nanotube. (a) For “smaller” clusters the transfer proceeds without an activation barrier, illustrated for a fullerene with a co-
ordination number of 6 from a (Ce)¢3 cluster (squares) and for a fullerene with a coordination number of 4 from a (Cgo)144 Clus-
ter (circles). (b) In “larger” clusters the transfer proceeds with an activation barrier, illustrated for a fullerene with a coordi-
nation number of 8 from a (Ceo)171 Cluster (squares) and from a (Ceo)125> Cluster (circles). The potential energy of the Ce
molecule is plotted as a function of distance between the center of the fullerene (red) and the edge of the nanotube. The
zero potential energy in each system corresponds to the case where one fullerene is fully encapsulated inside the nano-
tube. Diagrammatic representations refer to the position of the fullerene in relation to the nanotube along the encapsula-
tion pathway having left the fullerene cluster (as only a portion of the fullerene cluster is shown, a pink dashed line sche-

matically outlines the boundary of the cluster).
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tained for all calculated energies of the encapsulation
pathway (S1, Supporting Information).

The transfer of fullerenes into a nanotube without
any barrier appears to be possible only for small molec-
ular clusters, N,, = 10—50, or for fullerenes with a coor-
dination number N. = 4 from the surface of a larger
cluster (Ceo)144 (Figure 7a). For very large clusters, such
as (Ceo)1282, the transfer of any surface fullerene into a
nanotube takes place with a barrier E, of about 0.35 eV,
which is virtually independent of the coordination num-
ber (S1, Supporting Information).

Although DLS measurements show that a distribu-
tion of different fullerene clusters exists in n-hexane with
an average cluster size of 8.5 million molecules, the acti-
vation energy for a fullerene molecule to escape from a
cluster does not depend on cluster size (S1, Supporting In-
formation). Figure 7b shows that for larger clusters the
key energetic parameters, E, and E, vary only slightly.
Therefore, even though the experimentally observed clus-
ters are significantly larger than those considered in the
calculation, the results of the theoretical calculations are
directly applicable to our experimental observations. In
contrast to the energetic barrier depending only weakly
on the coordination number of the surface molecule, the
energy gain, E, appears to decrease with the coordination
number, asymptotically approaching 0.7 eV for Cs in
very large clusters.

Using the above energetic parameters it is also pos-
sible to estimate the average time for the transfer of
one fullerene molecule from a fullerene cluster into a
nanotube using the Arrhenius formula:

E

a

t!= voexp(—ﬁ_)

where E, is the activation barrier and v; is the pre-
exponential multiplier which has the same order of mag-
nitude as the frequency of oscillation of the fullerene in
the cluster that is closest to the open end of the nano-
tube. According to the MD simulation this frequency (vo),
is approximately 6 X 10" s~ for the largest cluster
(Coo)1282- For vo =~ 102 s and E, = 0.35 eV at T = 300 K,
it is estimated that the average time for the transfer of one
fullerene molecule into a nanotube is ~107 s. This time
is much shorter than the time required for the collision
between the fullerene clusters and nanotubes to occur
(300 s), and is substantially shorter than the duration of
the nanotube filling experiment (3 h).

The calculations show that regardless of the size of
the large clusters, the activation barrier for the transfer
of a fullerene into the nanotube reaches a plateau in the

EXPERIMENTAL METHODS

Encapsulation experiments were carried out using arc-
discharge produced SWNT (NanoCarbLab) and Cg, (SES Re-
search). All other reagents and solvents were purchased from
Sigma-Aldrich Chemicals and were used without further purifica-

\\K) VOL. 4 = NO.9 = CHAMBERLAIN ET AL.

region of 0.35 eV (Figure 7). This barrier is very close to
the barrier of 0.37 eV reported for insertion of C¢o mol-
ecules preadsorbed on the SWNT surface (Figure 1b),
which is known to lead to a spontaneous and irrevers-
ible encapsulation of fullerenes.? The energy of 0.7 eV
gained upon transfer and encapsulation of each Cq is
sufficiently high and the transfer time of 1076 s per Cq
is sufficiently short to enable efficient filling of carbon
nanotubes directly from fullerene clusters docked at the
nanotube termini. Mechanical mixing of macroscopic
crystals of fullerene and nanotubes without solvent in
principle also allows transport and encapsulation of the
guest-molecules directly from the crystals into the
nanotube (S4, Supporting Information), but the yield
of this process is very low due to polymerization of
fullerenes caused by the mechanical activation. An al-
ternative route for the cluster-to-nanotube transfer pro-
cess to occur would involve the adsorption of fullerene
clusters on the SWNT sidewalls followed by a surface
diffusion of individual fullerene molecules into the
nanotubes. However, this pathway appears to be ener-
getically significantly less favorable than the direct
docking mechanism (S3, Supporting Information file).

CONCLUSIONS

Methods for the insertion of molecules into carbon
nanotubes from the solution phase have become in-
creasingly more important as the demand for novel op-
tically, magnetically, and biologically active molecules
confined within SWNT is rapidly increasing.?* Previously,
we and others have demonstrated that the nature of
the solvent is crucial for the molecular encapsulation
process.>~7? The filling of nanotubes with fullerenes
was significantly more efficient for weakly solvating sol-
vents, such as n-hexane, ethanol, or supercritical CO,,
than for good fullerene solvents, such as toluene,
o-dichlorobenzene or CS,. Up until now, these experi-
mental facts have been in contradiction with the cur-
rent understanding of fullerene—nanotube interac-
tions. We have demonstrated experimentally that in
solution fullerenes interact with nanotubes not as indi-
vidual discrete molecules, but as large clusters of mol-
ecules. Theoretical modeling indicates that the rate of
nanotube filling in solution is limited by the diffusion of
fullerene clusters toward the nanotube termini. Consid-
eration of fullerene clusters in the nanotube filling
mechanisms for the first time provides a satisfactory ex-
planation for experimental observations and opens
new avenues for the assembly of molecular architec-
tures in carbon nanotubes.

tion. The following procedure was used for each filling
experiment:

Purified SWNT (3 mg) were annealed in air at 520 °C for 15
min and then kept at 400 °C to avoid the presence of water in
the sample. A 3-fold excess of fullerene (4 mg) was dispersed/
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dissolved in the chosen solvent (4 mL of n-hexane or CS,; a stable
supersaturated solution is formed in n-hexane) using ultrasonic

waves, the freshly annealed SWNTs were added, and the result-
ant suspensions were treated with ultrasonic waves for 3 h. The
suspension was then filtered and washed with CS, (20 mL) to re-
move any fullerenes adsorbed on the surface of the nanotubes

and then with methanol (20 mL).

Transmission electron microscopy analysis was performed
using JEOL-2100F field-emission gun and JEOL-4000EX LaBg mi-
croscopes. The imaging conditions were carefully tuned by low-
ering the accelerating voltage of the microscope to 100 kV and
reducing the beam current density to a minimum. Nanotube
samples (2—3 mg) were dispersed in 2 mL of methanol using
an ultrasonic bath and deposited onto lacy carbon-film-coated
TEM copper grids. The filling rates were determined by taking
micrographs of 100 X 100 nm? areas from different regions of
the specimen and estimating the proportion of filled nanotubes
for each area. By averaging the filling factors over 50—70 areas it
is possible to obtain a good representation of the composition
of each sample.®

DLS measurements were performed using a Malvern Instru-
ments Nano-ZS Zetasizer at room temperature. Cqo (5 mg) was
dispersed in CS, or n-hexane (5 mL) using sonication, and the re-
sultant solution/suspension was allowed to equilibrate for 10
min. Average particle diameters (APD) are quoted in units of nm.
Quoted values are the average of 3 measurements. Cg, (CS, solu-
tion): APD = 0.66 * 0.19 nm, C¢ (n-hexane solution): APD =
255 = 18.62 nm. Filtration of the n-hexane solution through a
PTFE membrane filter (pore size 200 nm) removes all the clus-
ters observed in DLS, which correspond to 99.9% of fullerene in
the original solution.

Theoretical Methods. To investigate the interaction of fullerene
clusters with empty carbon nanotubes a coarse grained model
was developed in which each fullerene is represented as a single
point with effective potential. For fullerene—fullerene interac-
tions we used a pair potential introduced by Girifalco:*®

1 1 2 1
Vir) = —o| —— + —— — =+ p[—— +
) OL[s(s — 17 ss+ 1)} 54] B[s(s -1)°
1 l]
s(s + 1)9 s10

where r; is the distance between the centers of two fullerenes,
s = r;/(2a) and a is the Cq fullerene radius (0.355 nm). This po-
tential was obtained by integrating the Lennard-Jones 12-6 po-
tential (U = 4&((o/r)'>—(a/r)®)) interaction for two perfect
spheres whose surfaces consist of a uniform density of carbon at-
omes. For a fullerene—fullerene interaction the potential has the
following parameters; « = N?e/3(c/2a)° and B = N?e/18(c/2a)"?,
where N is the number of carbon atoms in the fullerene. A bicu-
bic spline interpolation was used to approximate the
fullerene—nanotube interaction using the potential energy ob-
tained by numerical summation of a pair of interatomic interac-
tion energies described by the Lennard-Jones 12-6 potential. The
parameters ¢ = 2.86 meV and ¢ = 0.3466 nm of the Lennard-
Jones potential were used for the fullerene—fullerene interac-
tion.”® The parameters ¢ = 2.62 meV and ¢ = 0.344 nm were
used for the fullerene—nanotube interaction.?® The cutoff dis-
tance of the Lennard-Jones potential was chosen to be 0.12 nm.

In the MD simulations the time step was 6 fs, which is about
100 times smaller than the period of thermal vibrations of
fullerenes inside the cluster. The temperature of the coarse-
grained system was controlled using a velocity rescaling
algorithm.
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