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A systematic study of the potential energy global minimum (GM) structures of model binary fullerene clusters
of compositions (Cep),(Css)nns N = 24 has been carried out using the basin-hopping method. The stiff Girifalco
pair potential is used. We report a novel GM geometry for (Cgy)13 with D5 geometry. To the best of our
knowledge, this is the first reported homogeneous 13-particle cluster whose potential is pairwise additive that
has this structure. For homogeneous fullerene clusters larger than N = 13, the dominant packing motif is
decahedral. By contrast, for the binary clusters studied, polyicosahedral structures are observed for a broad
range of cluster sizes and compositions. It is pointed out how the favorable size ratio reduces strain to produce
these packing motifs. For N = 23 and N = 24, we observe a reduced strain “stacked” polyicosahedral motif
between the compact polyicosahedral and decahedral stability regions. Mackay-icosahedron based GMs were

found for clusters (Cgp); (Cgs)n-1, N > 18.

I. Introduction

Since their discovery in 1985, fullerenes' have been recog-
nized as a rich potential area for research. Thin films of fullerene
derivatives have a wide range of photochemical and electrical
properties.”™* Among many other technological possibilities,
they have considerable potential applications in molecular
electronics.’

There is also considerable interest in using functionalized
fullerenes to generate self-assembled supramolecular structures
both on surfaces and in solution phases.>”*%~% Such structures
may have important technological applications in creating
nanoscale templates.!” The full understanding of self-assembly
using noncovalent interactions requires a knowledge of the
intermolecular interaction between species, together with a
comprehension of how these intermolecular interactions influ-
ence the possible growth sequence and structure of supramo-
lecular assemblies. The detailed study of assemblies whose
structure is dominated by noncovalent intermolecular interac-
tions—such as atomic and molecular clusters and biomolecules—
is a rich one and has been the subject of considerable current
research activity.!! ™14

If theory or modeling are to guide experiment in this field,
greater understanding of the details of the potential energy
surface and the role this surface plays in kinetics and thermo-
dynamics is desirable. A good first step is to address the role
played by the potential energy in the formation and stability of
gas phase clusters. Gas-phase clusters of Cg fullerene molecules
have been investigated in considerable detail both experimentally
and theoretically.!'3720 Recently, it has been shown that the
pairwise additive approximation is not sufficiently accurate to
agree with all the available experimental data.!” However, many
of the properties of Cg fullerene clusters can be at least
qualitatively understood by assuming they interact through a
pairwise-additive potential in which each is treated as if it were
a pseudoatom. In particular, we use the Girifalco pair potential'®?!
which has been shown to reproduce many of the details of the
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fullerene cluster growth sequence. We will use this approxima-
tion here to facilitate the connection of our findings with the
extensive theoretical literature that has used the same potential.

Understanding the growth sequence and structure of homo-
geneous gas phase clusters has been an active area of research
in recent years.'?*22"28 With the recent availability of efficient
search algorithms to locate the cluster geometry which is the
global minimum (GM) of the potential energy surface,!""142773!
connections between the details of the potential energy function
and the cluster geometry are now generally well understood.
In particular, there is a large body of knowledge for pairwise
additive potentials. Shown in the lower part of Figure 1 are the
fullerene—fullerene pair potentials used here.

A particularly useful model pair potential function is the
Morse potential:

VM(V) _

. eP(I*V/re)(eP(lfr/rg) _ 2) (1)

The three parameters of the Morse potential are: the equi-
librium separation, r.; the potential energy well depth, Vy(r.)
= ¢; and the dimensionless range parameter, p. The independent
variable is the dimensionless variable r/r., and the potential
energy is in units of €. Plotting in these scaled units allows the
qualitative properties of potential functions to be readily
compared, even if they differ significantly quantitatively. Pair
potentials can be locally fit to a Morse function about the
minimum of the potential curve. Although the fit to the full
potential is not perfect globally, this has proved very useful in
monitoring how properties change with the range parameter.''?>%3

In the upper part of Figure 1 we show the Girifalco potential
for Cq0—Cgo. Also shown is a Morse fit to this potenetial, and
the LJ potential which reproduces only the € and the r.. As can
be seen, the LJ is a “soft” potential, with V(r > r.) increasing
more slowly as a function of r than the “stiff”” Girifalco potential.
The stiffness parameter for the Lennard—Jones potential is found
to be p = 6.0,2?*? compared with p = 13.6 for the Morse. It
should be noted that the long-range Girifalco potential is
somewhat more attractive than the corresponding Morse potential.
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Figure 1. (a) Comparison of pairwise-additive potentials in reduced
units of distance and energy. The Morse (p =13.62) potential shown
has the same curvature as the Girifalco Cq—Cg potential at the
minimum. The Lennard-Jones potential shown has the same well depth.
(b) Comparison of Girifalco fullerene-fullerene potentials used in this
study.

From eq 1 and the above discussion, it can be seen that the
range parameter will play a role in determining cluster
structure.'"?>% For soft potentials nearest-neighbor (NN) in-
teractions at separations not very different from r. can be
accommodated without a large increase in potential energy from
that of the well depth. By contrast, for stiff potentials there is
considerable energetic penalty for NN interactions where r does
not equal r.. We shall refer to this as strain energy.

The principles determining the ground-state structure of
homogeneous clusters are now well understood. Icosahedral
packing optimizes the number of NN interactions. However,
the icosahedral motif is also strained. The alternative decahedral
packing and close-packing motifs are less strained, but also
provide fewer NN contacts. Since the strain penalty is not great
for soft potentials, icosahedral packing dominates for small
clusters. This is well documented for the Lennard-Jones
potential, (LJ)y.8207283! In fact, (LJ)y. remains icosahedral for
N values well into the thousands, with a few isolated exceptions
(such as truncated octahedra, Marks decahedra, the Leary
tetrahedron.?®) By contrast, for fullerene clusters (with stiff
potentials) the GM structures adopt less strained geometries for
as few as 14 particles.'®!” The contrast in the growth sequences
of soft and stiff potentials has been cataloged exten-
sively,!317:2223.2528.33

While considerable work has been done on homogeneous
clusters, considerably less effort has been devoted to the details
of nonhomogeneous clusters. Binary clusters—containing two
types of particle—have received some attention,'33*7° but the
general level of understanding is still well behind that of the

homogeneous clusters, since the parameter space is so large.
However, since fullerenes can be generated in a wide variety
of sizes, this seems to be a natural area in which mixed clusters
with components of different sizes can be investigated
experimentally.
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Based on the studies of binary clusters, there is some reason
to believe that the ratio of “sizes” of the homogeneous
components will be an important variable, as we will briefly
explain. For convenience, we define the interaction length ratio,
St = rAB /r.BB (where we have assumed B is the “larger”
particle). One important finding has been that a single smaller
particle in the central location can relieve the strain felt by the
icosahedral cluster. In fact, the choice of S' = 0.952 relieves
this strain completely.3648

Most of these studies have focused on (soft) binary LJ (BLJ)
systems A,By,. From them, it seems to be clear that the
geometry of BLJ clusters is considerably more sensitive to the
ratio of interaction lengths of the component species than it is
to the ratio of the interaction energies. For S! close to unity,
most compositions are icosahedral, as would be expected for
the homogeneous case. However, for values of S! significantly
smaller, strain can be introduced, and geometries not typical of
the homogeneous case can be induced.*® For n = 0, the dominant
packing motif for most N values is icosahedral. A relatively
small number, n, of “impurity” species can be accommodated
since they reduce the strain by occupying interior icosahedral
sites, preserving the icosahedral geometry. In addition, for values
of n close to N, the clusters tend to be icosahedral, with the
larger impurity atoms occupying surface sites. However, for near
equimolar compositions (n comparable to 50% mole fraction)
nonicosahedral structures have been observed.*

A recent interesting study of a binary Morse cluster
A,Bsg.,* fixed the energy and length parameters and explicitly
varied the stiffness parameter. It was shown that variation of
the interaction stiffness parameter alone is capable of driving
structural changes in the structure for the 38-mer.

There has been little systematic research in exploring binary
mixing for stiff potentials. Since the computational effort
required to locate reliable energetic GMs rises steeply as a
function of N, it is advantageous to work with smaller clusters.
As noted above, structural transitions for clusters with stiff
potentials occur for smaller cluster sizes. We therefore expect
a richer range of structures for smaller total cluster sizes when
looking at binary fullerene clusters than has been the case for
BLJ clusters.

To our knowledge, there has only been one study of the
cluster geometry of mixed fullerene clusters. Garcia et al.'s
considered the cluster (Cg),(Cro)n-n. (N = 11—22) using the
Girifalco potential for both pure and mixed interactions.'*' They
found that all the mixed clusters with N < 13 were icosahedral.
They also noted that all clusters with N > 21 were decahedral.
Binary clusters that were close to homogeneous (N > 14, n <
2) or (N > 14, n > 12) tended to be decahedral; equimolar
clusters for 13 < N =< 21 where n approached N/2 were found
to favor icosahedral packing.

The interaction size ratio, ST, for the Cgo/Cyo system is 0.97,
close to unity. This suggests that the binary clusters will tend
to look very similar to the homogeneous clusters for the same
size; that is, decahedral when N > 13. As can be seen from the
results of Garcia et al., this is indeed the case. The icosahedral
structures were particularly stable when the smaller central
species could relieve the strain of an icosahedon, as was the
case (Cg0)1(Cy0)13—1 or a double icosahedron such as
(C60)2(C70)19—2. The only geometries reported were icosahedral
and decahedral.

In this work, we consider the binary clusters of (Ceg),-
(Csa)n—n (N = 6—24). The interaction size ratio for this system
is 0.94. This is a larger deviation from unity than that used in
the previous treatment on binary fullerene clusters.'® It is
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TABLE 1: Binding Energies € and Preferred Separations r,
for Cg and Cgy Determined Using Girifalco’s Pairwise
Additive Potential

Cs0—Ceo Cso—Csq4 Cgy—Cgy
Fullf:rene radius (A) 3.55 4.20
re (A) 10.0558 10.7064 11.3568
elkg (K) 3218.2 3616.4 4080.0

expected that this should lead to a richer diversity of GM
structures than was observed in this earlier work.

In Section II, we outline the potential energy functions used,
together with our search techniques. In Section III we present
Results and Discussion. Concluding Remarks are in Section I'V.

II. Methods

II.A. Potential Energy Functions. Interactions between
particles were modeled using Girifalco’s pseudoatomic pairwise
additive potential derived using the assumption that C-atom
density is spherically distributed.”! Proposed originally for
Ce—Cgo, this potential has been generalized to account for
interactions between larger fullerenes and fullerenes of different
sizes.!"” Using this parametrization, the Cgo—Cg4 equilibrium
separation and well depth are within 1% of the Lorentz—Bertholet
values based on the parameters of the homogeneous interactions.
The equilibrium separations and well depths for this potential
are given in Table 1.

IL.B. GM Search Method. Unbiased GM searches were
carried out using the basin-hopping algorithm,?! based on the
“Monte Carlo-quench” method employed to study protein
conformers.?’ Starting from a random configuration of particles
in a spherical container, each BH run consisted of 5000 MC
move + quench steps subject to a Metropolis acceptance
criterion at a fixed temperature of 3500K. The three types of
moves employed and their relative abundances were: translations
of all particles, 0.8; identity exchange for two nonidentical
particles, 0.1; and angular moves for the weakest bound surface
particle, 0.1. Translational steps were selected on a flat interval
[—1, 1] multiplied by 3 A. Angular moves were performed by
calculating the maximum radius, 7y, between the center of
mass and every particle, removing the weakest bound particle,
and then replacing it with random angular coordinates at distance
rmax from the center of mass. The angular and identity exchange
moves were intended to avoid large energetic barriers separating
homotops and to speed transitions between distant regions of
the potential energy surface.

GM searches consisting of a maximum of 50 BH runs were
performed for all compositions (Ce),(Csa)n-n up to N = 24. For
each composition, the 50 overall lowest energy structures from
all runs were saved. For small and nearly homogeneous clusters,
the majority of the 50 runs located the same putative GM.
However, for large approximately equimolar (n = N/2) clusters,
the lowest energy structure was often only found in a single
run, and systematic searches were discontinued beyond N =
24. Accordingly, we cannot claim with a high degree of
confidence that all of the highly mixed structures are GMs, and
some could likely be improved. However, unless explicitly
noted, all structures discussed are assumed to be putative GMs.

III. Results and Discussion

III.A. Homogeneous Fullerene Clusters. We consider the
homogeneous clusters first, since they provide a good overview
of many of the concepts required to understand the binary
clusters. The (Cg)y, N < 24, cluster GMs using the Girifalco
potential?' have been reported in detail elsewhere.'®!'”3 Our
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Figure 2. Ds GM structure of (Cgy);3 viewed from two perspectives
(upper) and the cluster’s radial distribution function plotted with the
Cgs—Cyy interaction potential on the same horizontal distance scale
(lower).

findings are in complete agreement with published data for both
geometries and energies of the GMs. The GM is icosahedral
up to (and including) N = 13. However, for N = 14, the less
strained decahedral geometry is preferred.

Homogeneous (Cgy)y, N < 24, clusters have geometries
identical to those of the corresponding (Cgo)y cluster, with the
exception of the important case N = 13, which we discuss in
more detail below. We note in passing that the N = 6 GM has
octahedral symmetry (as do (LJ)s and (Cgp)s). As is the case
with (Cep)14, for (Cgq)14 the packing is decahedral. (Cgp)y and
(Cgq)y have identical decahedral geometries for 14 < N < 23.
Both are close-packed for N = 24.

The GM structures of 13-mers using a pairwise additive
potential are particularly well documented in the literature.>>*
The GM of the 13-particle Morse cluster, M;3;, has been
investigated as a function of the range parameter. For soft
potentials, the icosahedron is preferred, but this preference shifts
to a Ds, decahedron as the stiffness is increased. These 13-
particle icosahedron and decahedral structures both have two
five-particle rings which are staggered and eclipsed when viewed
along their respective Cs axes and a torsional twist can
interconvert them. The GM structure we report for (Cgq);3 lies
between these extremes: The five-particle rings in (Cgy)3 are
almost, but not completely, eclipsed. This removal of the
horizontal mirror plane perpendicular to the Cs axis results in a
Ds structure. We are not aware of previous GM structures of
this geometry for 13-mers resulting from pairwise-additive
potentials being reported in the literature.

The reason for this geometry can be explained as follows.
Since the Cg4 potential is somewhat stiffer (p = 15.1) than the
Ceo potential (p = 13.6), its 13-mer might be expected to assume
the less strained decahedral motif. However, there is slightly
more long-range attraction for the Girifalco potential compared
with the fitted Morse potential (see Figure 1a). This results in
a slight “twist” of the two five-membered rings to gain a small
amount of attractive energy between the two particles diagonal
to each other (at r = +/2r.) across the exposed {100} faces of
the decahedron. This can be seen from Figure 2, where the radial
distribution function is shown. For a decahedral cluster, all
second NN distances would be r = v/2r. (16.06 A). The “twist”
allows half of these distances to shorten, increasing the energetic
stability.

IIL.B. Binary Clusters with Compositions (Cg),(Css)n-ns
N =< 24. Putative GM structures have been located for cluster
sizes N = 6—24 and all possible Cs—Cg4 compositions. We
require a measure of relative stability to understand the structural
trends. We use the Laplacian, a sum of the second finite
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Figure 3. (a) The Laplacian of cluster energy with respect to m and
n, the number of Cgy and Cgp, respectively. (b) Geometry of the GM.
Symbols and respective motifs are: blue square (M), (poly)-icosahedral;
black plus (+), polyicosahedral stacked; red star (%), decahedral; black
hexagonal star (*), octahedral; green circle (@), Mackay overlayer; white
diamond (Q), close packed, and pink triangle (A), Ds (Cgy)13.

differences with respect to m = N — n and n, the number of
Csy and Cg, respectively. This is expressed as

[VE,,, = AE, + AE,

= (Em+l,n tE

m—1,n

+ Em,nJrl + Em,n*l) - 4E

mn

(@)

Figure 3a shows the results. Varying N = m + n leads to
qualitative changes in the Laplacian. However, for constant N,
variation in the composition, n, leads to more subtle changes.

Structures for all GMs were determined by visual inspection
and a composition phase diagram was constructed (Figure 3b).
We note that a majority of Cg)-Cgy clusters are (poly)icosahedral.
“Almost” pure clusters tend to be decahedral, with the region
of stability for this being greater for compositions where Cgy is
the majority component. In the following section, we further
detail these features of the phase diagram.

IILI.B.I. GM Structures. Polyicosahedral packing—in which
interior particles have icosahedral coordination shells—is the
most commonly observed motif for most of the binary clusters
in this study. This is in contrast to the previously reported work
on Cgy—Cy clusters, where a smaller fraction of compositions
had this structure.'® Nonpolyicosahedral structures were only
found for Cgg-rich and Cgy-rich compositions; that is, almost-
homogeneous clusters.

Cluster sizes N = 13, N = 19 and 23 show particular relative
stability in Figure 3. These are N values which correspond to
closed shell polyicosahedral structures. The most stable com-
positions at these sizes were the (Cg)1(Csa)12, (Ce0)2(Css)17, and
(Ce0)3(Cs4)20, and can be viewed as a monomer, dimer and trimer
of Cgp, respectively, where each Cg has its remaining icosa-
hedral NN shell completed with Cgy. These are shown in Figure
4a, b, and c, respectively. Each icosahedral subunit of these
clusters is equivalent to the (Cgp)(Cgs)1o GM with one or two
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Figure 4. Polyicosahedral GM structures with Cgy4 and Cg represented
as blue and green balls, respectively. The relevant portions of their
respective radial distribution functions are shown superimposed on the
pair potentials.
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Figure 5. Difference between GM energy and mean energy for binary
fullerene clusters with N = 23 as a function of n. The symbols are the
same in Figure 3. Also shown are the GM structures for n = 3, 11,
and 17.

external Cgy changed to Cgp. The RDFs confirm that the NN
interactions are all tightly distributed about their preferred
separations.

Next we consider the changes in GM structure as cluster
composition is varied but N is held constant. We highlight the
N = 23 case. Figure 5 compares the GM energies and indicates
the GM structure as the number of Cg fullerenes, n, increases.
(For simplicity, n alone will be used to denote clusters in this
series.) The end points n = 0 and n = 23 correspond to (Cgy)a3
and (Cg)»3, which have identical decahedral structures. However
an asymmetry in energies and structure is apparent as n is varied.
These transitions are described below.

First, at n = 1 a single impurity particle changes the structure
from decahedral to an incomplete N = 55 Mackay icosahedron.
(The series of Mackay structures is discussed in more detail
later.) Polyicosahedral structures dominate for n = 2 to 14.

The potential energy sharply drops to its minimum for the
highly stable n = 3 structure (Figure 4c) described previously.
Successive GMs maintain the same compact polyicosahedral
structure as n is increased; however, the relative energy quickly
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Figure 6. GM structures with partial Mackay overlayers. A Cgy is
located at each vertex. Gray panels emphasizes the (Cg0)1(Cgs)12 core
and blue panels highlight the Mackay overlayer.

rises due to the strain penalties associated with icosahedral
packing. The strained, nearly equimolar n = 11 GM is shown
in Figure 5.

At n = 15 through n = 20, clusters adopt a less strained
polyicosahedral motif in which two “stacked” icosahedra share
only a common triangular face and a C; axis. This structural
change is evident in the energetic trend. The high symmetry/
low energy structure n = 17 shown in Figure 5 demonstrates a
second, much less common, way that polyicosahedral packing
is stabilized in binary clusters. This structure is stabilized
because the six large, external Cgy form a triangular prism to
join the two icosahedral units. (We note that the Dzugutov
potential®>—which has a positive potential energy at —2r, to
disfavor octahedral interstices and promote polytetrahedral
structures—has the same GM for N = 23.2%) However, this is
an unusual structure for clusters with realistic pairwise additive
potentials.

Finally, for n = 21 through 23, the unstrained decahedral
packing of the homogeneous cluster is restored. We note that
the N-n Cgq in n = 21 and 22 occupy external surface sites and
do not induce structural changes.

For the series of compositions (Ce)1(Css)n.1, a single Ce
impurity changes the GM structure from decahedral to Mackay
icosahedral (Figure 3b).*® Structurally, only the central Cg
particle has icosahedral coordination to its 12 NN while all Cg,
have decahedral local packing. The columnar (Cgp)1(Css)17
cluster (Figure 6a) clearly demonstrates this coexistence of
localized icosahedral and decahedral packing while (Ce0)1(Cs4)23
(Figure 6b) shows further Mackay overlayer growth.

The stability of the Mackay structures is attributed to both
the (Cg0)1(Cgq)12 core’s stability and the tendency of homoge-
neous Cgq4 to avoid strained icosahedral packing. It also suggests
that rich competition likely exists between Mackay, decahedral,
and close packed morphologies beyond the N = 24 limit of
this study.

IV. Concluding Remarks

We have obtained the putative global minimum geometries
for binary mixed clusters of Cgq and Cg fullerenes using the
stiff Girifalco pairwise additive potential up to a total cluster
size of N = 24. We report the putative global minimum
geometries of homogeneous (Cgy)y clusters. In the size range
reported, they are identical to those reported for the homoge-
neous (Cgo)y clusters: For N < 12 most are icosahedral; for N
between 14 and 23 they are decahedral, with N = 24 being
close packed. One exception to this similarity is the N = 13
case. This cluster has a Ds geometry. To the best of our
knowledge, this is the first reported homogeneous 13-particle
cluster whose potential is pairwise additive that has this
structure.

Because the fullerene—fullerene interaction potential is stiff,
a variety of different morphologies in the cluster geometry is
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available for a relatively small cluster size, N. For the binary
clusters studied, polyicosahedral structures are observed for a
wide range of cluster sizes and compositions. The favorable
interaction length ratio, S' reduces the strain associated with
these structures and produces a number of motifs not seen in
homogeneous fullerene clusters. An asymmetry is noted in the
structural transitions between the polyicosahedral mixed com-
positions and the primarily decahedral homogeneous clusters.
For example, Mackay-icosahedron based GMs were found for
clusters (Cep)1 (Csa)n-1, N > 18 containing only a single Cq.
Additionally, for N = 23 and N = 24, we observe a reduced
strain “stacked” polyicosahedral motif for limited compositions
separating the compact polyicosahedral and decahedral stability
regions. These latter two types of structure were not observed
in the only previous study of mixed fullerene clusters.'s

For fullerenes, the size ratio of the component species can
be readily varied. Our results suggest that further studies of
larger clusters and perhaps other fullerene species could be
fruitful in exploring how noncovalent interactions between
fullerenes can control self-assembly of supramolecular structures
containing fullerene derivatives.
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