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6.1 INTRODUCTION

The development of large-scale, high-purity production methods for carbon nano-
tubes (CNTs) is highly desirable for further increasing the practical applications of
these fascinating materials. In addition to the previously known laser furnace [1] and
arc discharge techniques [2], catalytic chemical vapor deposition (CCVD) methods
[3-6,7-10] have been widely pursued as a potential low-cost, large-scale production
method. In earlier versions of this technique, such as the high-pressure carbon mon-
oxide method [7], floating catalysts were used during the CVD process. However,
more recently, a high-purity technique for production of vertically aligned single-
walled CNTs on a quartz substrate has been developed using a supported catalyst [8],
which was followed by a later refinement by the addition of water, resulting in very
long (millimeter-thick) nanotube forests [9], and later termed “super growth” [11].
Koziol et al. [12] have reported mechanical property data from high-performance
CNT fibers, in which the addition of sulfur was critical for promoting the formation

77



78 Industrial Applications of Molecular Simulations

of thin-walled nanotubes on the catalyst surface [5]. More recently, the same authors
have also demonstrated the role of nitrogen in stabilizing the structure of iron car-
bide catalyst particles [13], thus providing some degree of control over the chiral
angle of CNTs synthesized.

To achieve higher efficiencies for the CCVD method, and a greater degree of
control over the type and structure of CNTs produced, the role of catalyst metals
has been widely studied [10,14]. It is well known that the catalytic metals are essen-
tial for synthesis of single-wall CNTs (SWCNTs). The mechanism by which this
occurs is commonly thought to be according to the vapor—liquid—solid (VLS) model
[15,16], which involves the following steps: adsorption and decomposition of the
carbon source molecules at the surface of the catalytic metal, followed by diffusion
of the carbon atoms within the particle, and their segregation and graphitization once
the metal cluster is saturated with carbon. There exist an abundance of transmis-
sion electron microscope images of the catalytic metals attached to the tip or root
of SWCNTs [17,18], which support such a mechanism. Furthermore, studies of the
formation process by molecular dynamics (MD) simulation [19,20] are also consis-
tent with the VLS model. It is therefore plausible that the action of additives such as
oxygen and sulfur, which are a prerequisite for super growth [11] or rapid produc-
tion of fibers [5], is to affect one or more stages of carbon incorporation into CNTs
according to the VLS model.

At present, it is not yet clear which metal is most suitable as a catalyst of CNT
growth, although various transition metals (including iron, cobalt, nickel, and
molybdenum) and their alloys are commonly used. For example, Herrera et al. found
that the selectivity of Co—Mo catalysts toward formation of SWCNTs depended on
stabilization of Co species in a nonmetallic state, resulting from an interaction with
Mo that is a function of the Co/Mo ratio [21]. On the other hand, Lan et al. claimed
that Mo may not in fact be necessary for the formation of SWNCTs, which they pro-
duced using Co alone [22]. The catalytic activities of various transition metals in the
formation of SWCNTSs by a laser-furnace technique were compared [23], resulting in
three criteria that could be used to determine a “better” catalyst: graphitization abil-
ity [24], low solubility in carbon, and stable crystallographic orientation on graphite.
Flahaut et al. found that a variation in the proportion of Mo with respect to Co in a
mixed (Mg, Co, and Mo) oxide catalyst had an influence on the yield, structure, and
purity of tubes produced [25]. Hu et al. studied the morphology and chemical state
of Co—Mo catalysts using transmission electron microscopy and X-ray photoelectron
spectroscopy, and found that particles composed of Co molybdates and metallic Co
are important for the promotion of SWCNT growth [26]. Recently, a combinatorial
method for examining the best concentration ratio of Mo—Co binary metal nanopar-
ticles [27] or Fe/Al,O; catalysts [28] was investigated, and millimeter-thick forests of
nanotubes were produced [28].

In parallel to the experimental approaches, numerical simulations have contrib-
uted to the interpretation of the role of the catalytic metals during CNT growth.
The CNT formation process has been investigated by various types of calculation,
including classical MD [19,20,29,30], ab initio MD [31,32], ab initio molecular
orbital (MO) methods [33], and tight-binding Monte Carlo [32,34]. In general, each
level of the calculation has its own advantages and disadvantages: ab initio methods
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have high chemical precision and a few free parameters, but the time and size scales
of such simulations are extremely restricted by their computational complexity [35].
Hence, an appropriate method should be selected for the purpose of the calculation
in every case. One way of overcoming the computational limit is to develop a multi-
scale modeling approach for understanding the formation process of CNTs [36,37].
However, it is difficult to describe the entire process of CNT growth, from carbon
source molecules to a forest of cylindrical tubes, although recent simulation work
using a reactive force field has captured the step-by-step atomistic nucleation of a
CNT with definable chirality [38].

Due to their important role in CNT growth, among other reasons, the thermo-
dynamic stability of different types of catalytic metal nanoclusters, including the
noble metals Au [39,40] and Ag [41], and various transition metals [42—45], has been
studied using an atomistic modeling approach. The general issues of how structural
properties of nanoclusters depend on their energetics, thermodynamics, and kinetic
effects have been recently reviewed by Baletto and Ferrando [46], and, for transition
metal clusters, in particular, Alonso has summarized their electronic, magnetic, and
structural properties [47]. Therefore, we shall not give a detailed discussion here;
however, it suffices to say that even using very simple empirical pair potentials (e.g.,
Lennard—Jones [48]) or embedded atom models (e.g., Finnis—Sinclair [49], Sutton—
Chen [50], and Gupta [51]), finding the global minimum energy configuration for a
pure metal nanocluster of more than 100 atoms is an extremely challenging problem
[52]. For ab initio methods, and alloyed systems, an exhaustive search is therefore
out of the question. Nevertheless, there are a range of general structural motifs, some
with only short-range order (e.g., icosahedral or decahedral clusters) and some with
long-range order (e.g., closed-packed clusters) that occur regularly in a wide range
of systems due to stabilization either by geometric or electronic effects [46], leading
to certain “magic sizes” predominating in distributions of clusters. In the case of
clusters of transition metals typically used for catalyzed CNT growth, in which the
d electrons in unfilled shells are localized, geometric stabilization is the dominant
effect [47].

The properties of the Mo and Mo-S nanoclusters have been examined previ-
ously using ab initio calculations, and their structural stability is discussed in Refs.
[53-60]. Most studies used density functional theory (DFT) with a generalized gra-
dient approximation for the exchange-correlation functional and focused on the role
of MoS, clusters in heterogeneous catalysis. The main conclusion of relevance to
current work is that the lowest energy structures tend to have a metal core with sul-
fur atoms at the surface. However, in general, the size of the clusters was too small
(typically from 1 to 10 Mo atoms, although Li and Galli have recently presented
results on triangular (MoS,), platelets with n up to 78 [60]) to discuss the role of the
Mo during CNT growth due to the computational demands of DFT. For this reason,
a semiempirical MO (SEMO) calculation using the AM1* Hamiltonian was used
in this study to investigate the stability of freestanding and fullerene-encapsulated
Mo clusters. A more detailed justification for the choice of SEMO methods is given
in Section 6.2, and the rest of the paper is structured as follows. First, the energy
and structure of the freestanding clusters of Mo, and Mo, _ X, (with X: O, S, N)
are examined. Then, the energy and structure of fullerene-encapsulated Mo, @C,
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clusters are investigated, focusing on the defect formation and breakup of fullerene.
Finally, we conclude with a discussion of the effect of sulfur addition in Mo, _,,S @
C,go encapsulated molybdenum sulfide clusters.

6.2 COMPUTATIONAL METHODOLOGY

SEMO methods based on the neglect of diatomic differential overlap (NDDO)
approximation have been widely used on small- and medium-sized organic mol-
ecules after the publication in 1977 of the first NDDO-type method: MNDO (which
stands for modified neglect of diatomic overlap) by Dewar and Thiel [61] for mol-
ecules containing hydrogen, carbon, nitrogen, and oxygen [62]. Since then, more
sophisticated Hamiltonians based on NDDO, such as AM1 and PM3, have extended
coverage of SEMO methods to all main group elements, and the variety of appli-
cations and successes of these techniques is summarized in the following review
[63]. More recently, with the publication by Stewart [64] of NDDO-type parameter
sets including Co, Ni, and Fe as part of the PM6 Hamiltonian, their application has
increased to more than 70 elements in the periodic table. However, it is important to
realize that the degree of empiricism inherent in SEMO methods, which are based
on Hartree—Fock (HF) theory, is quite different to that of the so-called “empirical”
force field models, such as those for metal clusters mentioned in the preceding sec-
tion. NDDO neglects only differential overlap between atomic orbitals on different
atoms and retains all two-electron, two-center integrals on the same atoms [35].
To compensate for this neglect, MNDO introduces parametric expressions for the
two-center integrals, which are derived from charge distributions around the inter-
acting atoms. The parameters in these expressions are determined by fitting to heats
of formation, molecular geometries, ionization potentials, and dipole moments of
a wide range of molecules. In this way, it is possible to compensate for deficien-
cies such as neglect of electronic correlation and the simplifying assumptions of
NDDO. SEMO models are therefore usually transferable between different types of
molecule, provided that representative structures have been included in the training
data set. By contrast, empirical force field models are usually based on much more
severe semiclassical approximations (such as bead-spring or mean-field representa-
tions) and must be carefully refitted for each new type of system or change of atomic
composition. SEMO methods therefore have the advantage of having fewer vari-
able parameters and can yield results with precision comparable to some post-HF
ab initio methods with a much lower computational cost [65]. In Section 6.3.1, we
compare SEMO results for a Mo cluster (based on AMI1*, described below) directly
with DFT using a hybrid exchange-correlation functional (B3LYP) [66,67] with a
minimal basis set.

Until relatively recently, NDDO-type SEMO calculations based on MNDO were
restricted to main group elements containing only s and p electrons, although older
types of SEMO methods had been used for calculating spectroscopic properties [68]
and geometries [69] of transition metal compounds. Voityuk and Rosch were the first
to describe an extension of AMI to d orbitals, which they called AM1/d, and have
reported parameters for Mo [70]. Their approach was based on an extended multi-
pole—multipole interaction scheme [69] and the introduction of two bond-specific
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parameters for Mo in the core—core repulsion term [70]. The AM1/d scheme has the
advantage that results obtained for nontransition-metal atoms are identical to those
for the original AM1 method, whereas the former is additionally able to reproduce
chemical properties of complex organometallic and bioinorganic compounds of Mo
with high precision [70]. The Mo parameters in AM1/d were later incorporated in
a slightly modified form by the Clark group into their AM1* Hamiltonian [71,72],
which uses a distance-dependent core—core repulsion parameter for some interac-
tions. The same group then later reported AM1* parameters for Al, Si, Ti, and Zr
[73]. The AM1* Hamiltonian is implemented in the SEMO software package VAMP,
now part of Materials Studio™ (MS) from Accelrys, which, at the time of writing
(MS version 4.2), contains parameters for the following elements: H, C, N, O, F, Al*,
Si*, P*, S* CI*, Ti*, Cu*, Zn*, Zr*, and Mo*, with the asterisked elements contain-
ing parameter sets that include d orbitals. In this way, it has been possible to use
AMI* to study Mo clusters in contact with C, O, S, and N, which are of relevance to
CNT production via a CCVD process, without further parameterization. Optimized
geometries and single point energies were computed using the standard eigenvec-
tor following (EF) and self-consistent field (SCF) convergence algorithms in VAMP
[74]. Because this work was carried out, further recent progress has been made using
PMB6 to extend this work to comparative studies of other transition metal elements
typically used in the CCVD processes described earlier [52]. The results from PM6
are broadly consistent with AMI* in the case of molybdenum, but cover a wider
range of transition metals including iron, nickel, and cobalt.

Before describing the results obtained with AM1* on Mo-based clusters, we will
briefly remark on one further simplification made in this study: the use of spin-
restricted (RHF) methods for all calculations. Because the ground state electronic
configuration of Mo is [Kr]5s'4d’, it may generally be expected that the unpaired
d electrons will give rise to a net magnetic moment for a Mo cluster. For small
clusters, interactions between the electronic spins of adjacent atoms can be very sig-
nificant, although the magnetic moments for typical transition metal clusters (such
as Fe, Co, and Ni) are known to converge to their bulk values for sizes larger than
a few hundred atoms [47]; this effect can be understood in terms of the local under-
coordination of surface atoms in the smaller clusters. Although it is straightforward
to express HF theory, and therefore SEMO methods, in a spin-polarized framework,
it was found at a very early stage of this work that spin-unrestricted (UHF) calcula-
tions on pure Mo clusters resulted in very high values of the total electronic spin. To
avoid the effects of spin contamination, in which contributions from excited states
are mixed with the ground state wavefunction, it is conventional to require that the
expectation value of total spin operator (S?) lies within 10% of S(S + 1), where S is
the total electronic spin [75]. Because the spin state of the Mo clusters is, in general,
unknown a priori, it is difficult to eliminate the effects of spin contamination of the
ground state wavefunction and, hence, to avoid any systematic errors due to mixing
with excited states using UHF. Therefore, all optimizations were carried out using
RHF under the assumption that the electron spins are paired. This is possible, in
general, for all Mo, and Moy, _, X, clusters, where X = {O, N}, because each atom has
an even number of valence electrons, but where X = {N}, nitrogen atoms were added
in pairs to maintain an even total number of electrons. Under this assumption, the
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effects of magnetism are thus ignored as a first approximation. However, previous
DFT calculations by Murugan et al. on small Mo-S clusters have shown that struc-
tural changes due to spin polarization are small [59].

6.3 RESULTS

6.3.1 FReeSTANDING MoO,, CLUSTERS

The first attempts to build stable Mo, cluster were based on an initial configuration
consisting of a 2 x 2 x 2 supercell for bulk crystalline Mo (taken from the Materials
Studio structural database, space group Im—3m, lattice parameter a = 3.1469 A), as
shown in Figure 6.1a. The periodic boundary conditions were then removed from
the supercell to create a freestanding b.c.c. cluster containing 35 atoms. Figure 6.1b
shows the resulting structure after geometry optimization at the RHF/AMI* level
using VAMP [with SCF tolerance 5 x 10”7 eV atom™! and root mean square (rms)
force convergence 0.1 kcal mol-! A-], with atoms color-coded according to their
Mulliken charges. The total decrease in energy was —123.4 eV, corresponding to
—3.53 eV atom™!. It is clear that the most stable structure of the Mo, cluster is amor-
phous, in contrast to the bulk crystalline form. Of course, there may well be other
structures close in energy to the one shown, and we do not claim that it is the global
minimum in energy for RHF/AMI* potential energy surface.

The Mo—Mo pair distribution functions for the crystalline and amorphous clus-
ters of Mo,s given in Figure 6.1 are shown in Figure 6.2 (normalized to bulk coor-
dination number for bulk crystal of 8). They confirm that the structural order in the
amorphous particle (Figure 6.1b) is only very short-ranged and also shows that there
is a small decrease in the nearest neighbor separation due to a decrease in local coor-
dination of Mo atoms at the edge of the cluster as compared to the bulk. This is a
well-known effect in simulations for metal clusters using many-body potentials [29].

To check the reliability of the AMI1* method for calculating the geometry and
energies of Mo clusters in this study, the RHF/AMI1* cluster geometry shown in
Figure 6.1b was compared against DFT results using the B3LYP hybrid functional
calculated with Gaussian03 [76]. Due to the computational demands of the DFT
calculation, which took nearly 2 weeks of CPU time on a quad-processor Itanium?2

(a) (b)

FIGURE 6.1 (See color insert.) Mo,; nanocluster. (a) Initial configuration generated from
2 X 2 x 2 b.c.c. supercell, and (b) the resulting structure optimized at the RHF/AM1* level
without periodic boundaries or symmetry constraints. Mo atoms in (b) are colored according
to their Mulliken charges: red, negative; blue, positive.
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FIGURE 6.2 Mo-Mo pair distribution functions for Mo, structures shown in Figure 6.1.
Dashed line, Figure 6.1a; solid line, Figure 6.1b.

machine, it was only possible to reoptimize the structure using a minimal basis set
(STO-3G). A comparison of the AMI* and B3LYP/STO-3G optimized clusters is
shown in Figure 6.3. The change in the structure after reoptimization with DFT is
only very slight, with an rms displacement of 0.22 A atom~!, and the difference in
energy between the structures is AE = 205 meV atom™' (evaluated at the B3LYP/
STO-3G level). Although this is by no means a conclusive test of the reliability
of the AM1* method for our given application, it nonetheless adds confidence to
the validation work carried out previously for organometallic compounds [70,71].
Furthermore, because the CPU time required to carry out the SEMO calculation was
a factor of approximately 10° lower than required to achieve the DFT result, the latter
technique is still impractical for a systematic study such as undertaken here.
Attempts to build larger Mo, particles, with n > 35, using a similar method as
described above for Mo,y proved difficult due to convergence failure of the SCF
calculation. Instead, an alternative method was used in which individual Mo atoms
were added sequentially to the previously optimized clusters before reoptimizing

FIGURE 6.3 (See color insert.) Aligned structures of Mo,s nanocluster optimized with
AMI* (red, solid) and B3LYP/STO-3G (blue, transparent). The rms displacement between
the two structures is 0.22 A/atom (evaluated with Kabsch method).
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at the RHF/AM1* level. In this way, clusters of arbitrary size can be generated,
although the process is rather slow, and the question naturally arises as to how close
these structures are to the global energy minimum for clusters of that size. More
recent work using a combination of basin hopping Monte Carlo (BHMC) with clas-
sical potentials followed by refinement with SEMO theory [77] has shown that,
compared to classical global minima, structures obtained via SEMO optimization
tend to be distorted due to Jahn—Teller effect from incompletely occupied d orbit-
als. However, it must be emphasized that the aim in this study was not to carry out
an exhaustive search for the global minimum. Nevertheless, as a further test of the
confidence of the RHF/AM1* method for calculating viable cluster structures, and
to give some indication of how close these structures might be to the global energy
minimum, we compared optimized structures calculated for Mo,g and Mos; clusters
generated by sequential addition with those relaxed from coordinates of the global
optima, taken from the Cambridge Cluster Database [78], and computed using the
Gupta potential for Co [51] (with interatomic distances rescaled to the bulk value for
Mo). The reason for choosing n = 38 and n = 55 is that these are geometrically magic
numbers corresponding to the truncated octahedron and Mackay icosahedron struc-
tures, respectively. Similar structures were also predicted for both 12—6 Lennard—
Jones [48] and Ni (modeled by 9—6 Sutton—Chen) [50] clusters of equivalent size, so
it appears that they are global minima across a wide range of systems. Hence, there
is a good chance that the global energy minimum at the RHF/AM1* level, or a struc-
ture very close to it, can be found by the straightforward EF algorithm using VAMP
from these initial coordinates.

Figure 6.4 shows a comparison of RHF/AM1* optimized Mo, clusters resulting
from sequential addition (Figure 6.4a) and from the Gupta global minimum (Figure
6.4b). The overall shape of the Mo, clusters is qualitatively similar, although the

(© ()

FIGURE 6.4 Comparison of optimized Mo, cluster structures generated by RHF/AMI*
optimization after sequential addition: (a) Moss and (c) Mos;, and starting at global minimum
for Gupta potential: (b) Moss and (d) Moss. Representation is polyhedral, with Mo atoms (not
shown) at the vertices.



Freestanding and Fullerene-Encapsulated Mo Nanoclusters 85

surface facets in Figure 6.4a are not as well defined for the cluster made by sequential
addition, and there is some distortion preferred in Figure 6.4b even when compared
to a perfect truncated octahedron. The overall energy difference is AE = 1.860 eV,
corresponding to 48.9 meV atom™' in favor of the structure in Figure 6.4b, which is
approximately twice kg7 at 300 K. Therefore, it is reasonable to suppose that the
structure in Figure 6.4a may be one of a family of structures that are all thermally
indistinguishable from the global minimum. Figures 6.4c and 6.4d show equivalent
structures for Mos; made by sequential addition and relaxation from Gupta global
minimum, respectively. In this case, the structures differ qualitatively in appearance,
with the cluster made by sequential addition, shown in Figure 6.4c, being less spheri-
cal. However, the difference in energies is still only AE =5.412 eV, corresponding to
98.4 meV atom™' in favor of the structure in Figure 6.4d. We conclude that although
optimized structures formed by sequential addition are not in general global min-
ima, they lie very close in energy to more regular structures that could be global
minima, even for clusters that differ markedly in shape. Of course, only an exhaus-
tive search would establish with more certainty the global minimum structure, and
this has since been attempted elsewhere [77].

6.3.2 FReesTANDING MO—X CLUSTERS

Having established a suitable methodology for generating freestanding Mo, clusters,
it was subsequently possible to investigate the effects of addition by random substi-
tution of oxygen and sulfur atoms, and nitrogen dimers, to Mo clusters with a fixed
total number of atoms. We adopt the nomenclature Mo;;s_ ,X,, where X = {S, O, N}
and x is the number of nonmetal atoms. Each nonmetal atom substitution was made
by transforming one Mo atom chosen at random and then reoptimizing the cluster
geometry. As in the case of pure Mo clusters studied in Section 6.3.1, no attempt was
made to make an exhaustive search for global minimum energy, but it was presumed
that the resulting structures would be representative of realistic cluster geometries.
Figure 6.5 shows a series of optimized structures for Mo ,S, for 0 < x < 19, and
similar series were generated for O and N substitutions. Although it is difficult to
draw any definite conclusions from just a qualitative inspection of the structures in
Figure 6.5, an interesting event occurs in going from x = 7 to x = 8: a tetrahedral
cluster of four S atoms in the center of x = 7 cluster is disrupted by the addition of a
further S atom, resulting in the majority of S atoms moving to the surface of the x =
8 cluster with a corresponding drop in the heat of formation. This behavior is similar
to that found for small Mo—-S particles by Murugan et al. [59], who reported that
lowest energy structures tended to have a metal core with sulfur atoms at the surface.

To assess quantitatively the stability of Mos_ X, clusters as a function of their
stoichiometry, we define a binding energy per atom, B.E."*¢, according to the follow-
ing equation:

xE™™MT(X)+ yEMM (Mo) - EAMY (X, . Mo,)
x+y ’

B.E.f* = 6.1)
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FIGURE 6.5 Mo _ ,S, nanoclusters optimized at the RHF/AMI* level. Mo atoms are
shown in turquoise, and sulfur atoms in yellow.

where x and y are the number of X and Mo atoms, respectively (with total number
of atoms n = x + y), EAM*(X) and EAM(Mo) are the energies of isolated atoms of X
and Mo, respectively, and EAM"(X ,Mo,) is the total energy of RHF/AMI* geometry-
optimized cluster.

The behavior of B.E.e¢ for clusters of n = 35 atoms with X = {S, O, N} is shown
as a function of x in Figure 6.6. In all cases, the B.E.™¢ of the Mo,; cluster is reduced
from an initial value of 15.658 eV atom™' (or 5.062 eV bond™! by dividing by the
number of bonds according to Mayer bond orders calculated from the electron den-
sity and overlap matrices) by the substitution of nonmetal atoms. This is expected
due to the disruption of metallic bonding between the Mo atoms. In the case of
N, the rate of decrease is highest and monotonic with an increasing number of
atoms substituted. However, for S and O substitution, the rate of decrease is less
rapid and nonmonotonic. In particular, for S substitution, the expulsion of S atoms
to the surface of the x = 8 cluster (as shown in Figure 6.5) corresponds to a small
local rise in the cluster stability. A similar transition occurs for O substitution when
x = 7. These may be interpreted as magic compositions for Mo—X clusters, which
are stabilized by surface addition of a nonmetal additive, although an exhaustive
search of cluster geometries for each composition would be required to establish
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FIGURE 6.6 Behavior of binding energy for Mos_ X, clusters as a function of nonmetal
additive and number of additive atoms.

this definitively. There are smaller subsidiary fluctuations in the B.E.™ curve for
both S- and O-substituted clusters between 9 < x < 16, but for x > 16, both curves
become monotonically decreasing as the nonmetal atoms dominate the behavior of
the cluster. For a cluster with a larger total number of atoms, it may be possible to
observe magic behavior for a greater number of substituted atoms. In summary, cal-
culations on freestanding Mo—X clusters show preferential segregation of S and O to
the surface of Mo clusters for certain compositions, which is consistent with previous
DFT studies on small clusters [59] and experimental studies of Fe-catalyzed CNT
growth in which a sulfur-rich layer was seen to form at the surface of the catalyst
particle [79]. Furthermore, recent unpublished simulation work by present authors
using BHMC with classical potentials, followed by refinement with SEMO theory,
suggests that surface segregation is not an artifact of the initial configuration. We
next describe the behavior of fullerene-encapsulated clusters.

6.3.3 ENpoHEDRAL MO,@C, 5,

Even using SEMO techniques, the size of the system required for simulating a
metal cluster interacting with a graphene sheet presents a formidable challenge, and
therefore a more simplified model is required. Instead, the freestanding Mo, clus-
ters studied in Section 6.3.1 were encapsulated by a spherical fullerene molecule,
which has the advantage of being highly symmetrical (i.e., no periodic boundaries or
dangling bonds) and whose properties are already well known. While buckminster-
fullerene, Cy, itself is too small to encapsulate anything larger than isolated atoms
[80-85], there are other related structures sufficiently large to completely contain a
Mo;; cluster; we chose the [, isomer of C,q, that satisfies the isolated pentagon rule.
Of course, due to its closed m-system, C,q, is more stable than a graphene sheet of
equivalent size, but by changing the size and composition of the encapsulated cluster,
we were able to observe the effects of perturbing the C,q, ground state and thereby
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FIGURE 6.7 Endohedral fullerene Mo, clusters: (a) Moys@C,g,, (b) Mo;,@Cq, and (c)
Mo,,@C,q,. Mo atoms are represented by semitransparent spheres, colored according to their
Mulliken charges (red, negative; blue, positive) with ranges set the same for each image.

draw inferences about the nature of interaction between the cluster and fullerene.
We adopt the standard nomenclature for endohedral fullerenes of X@C,g,, where X
denotes the chemical formula of the encapsulated cluster.

Figure 6.7 shows a set of visualizations, aligned and rendered using the VMD
package [86], for RHF/AMI* optimized geometries of Mo,@C,q, nanoclusters,
where n = 35-37. The Mo atoms are represented by semitransparent spheres, colored
according to their Mulliken charges (with red being negative and blue being positive)
and the color ranges are identical for each image. It is possible to discern a general
trend of increasing polarization in the Mo, cluster, which coincides with a slight dis-
tortion of the C,g, structure and a decrease in the calculated C,g, band gap, indicating
that there is increasing charge transfer from the cluster to the C,g, m-system as the
cluster becomes larger. In Figure 6.8, the RDFs show a slight expansion of Mo—Mo
distance in Mo;;@C,, compared to a freestanding Mos; cluster, again consistent
with there being charge transfer from the Mo, cluster to the fullerene molecule.

As the size of the Mo cluster was increased beyond n = 37 by sequential addition,
as described in Section 6.3.1, the cluster polarization and strain in the C 4, molecule
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FIGURE 6.8 Mo—Mo pair distribution functions for the freestanding Mos; cluster (shown in
Figure 6.1a) and the Mo,;;@C,,, endohedral structure (shown in Figure 6.7a). The distribution
for bulk b.c.c. Mo is also included for comparison.
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