Open Access Article. Published on 07 April 2022. Downloaded on 4/25/2022 4:19:30 PM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

PCCP
View Article Online

PAPER

Cite this: DOI: 10.1039/d2cp00196a

View Journal

Designing stable binary endohedral
fullerene lattices
Abigail Miller, Matthew Halstead, Elena Besley

and Anthony J Stace

*

Nanoparticle lattices and endohedral fullerenes have both been identified as potential building blocks for
future electronic, magnetic and optical devices; here it is proposed that it could be possible to combine
those concepts and design stable nanoparticle lattices composed from binary collections of endohedral
fullerenes. The inclusion of an atom, for example Ca or F, within a fullerene cage is known to be
accompanied by a redistribution of surface charge, whereby the cage can acquire either a negative (Ca)
or positive (F) charge. From calculations involving a combination of van der Waals and many-body
electrostatic interactions, it is predicted that certain binary combinations, for example a metal (A) and a
halogen (B), could result in the formation of stable nanoparticle lattices with the familiar AB and AB2
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stoichiometries. Much of the stability is due to Coulomb interactions, however, charge-induced and van
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der Waals interactions, which always enhance stability, are found to extend the range of charge on a
cage over which lattices are stable. Some lattice types are shown to be three or four times more stable
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involving endohedral C84 is also discussed.

than an equivalent neutral C60 structure. An extension of the calculations to the fabrication of structures

1 Introduction
The fabrication of both nanoparticles1–3 and molecular fullerenes4–6 into functional materials has advanced significantly
and has now reached a point where some of their unique
properties are becoming fully characterised leading to the
development of future electronic, magnetic and optical devices.
For fullerenes, these advances have come about because of a
dramatic increase in the ability of synthetic techniques to
prepare a wide range of endohedral fullerenes, X@Cn, where
n usually starts at 60, and for X as a metal, a significant fraction
of the periodic table has been accessed.4–6 Particular attention
has been paid to the encapsulation of rare-earth metals as these
may have applications in optics and could form new magnetic
and electronic materials.4–6 For example, Gd@C82 has been
shown to display gate-controlled switching between electronic
states in the presence of an external electric field.7 Recent work
has also demonstrated that other metals, such as encapsulated
lithium, Li@C60, have the potential to act as molecular
switches,8 and calculations on Ca@C60 have identified internal
motion on the part of the metal atom as a mechanism for
switching charge polarisation on the cage.9
Parallel to this work on fullerenes, has been the fabrication
of nanoparticle crystals with compositions varying from polymers through semiconductors to metal-centred particles,1–3
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and where self-assembly frequently leads to the formation of
ordered lattices with regular structures resembling those
adopted by crystalline atomic materials, e.g. NaCl, CsCl, AlB2
etc. Depending on the nature of the particles used in the
fabrication process, the lattices have been identified as materials which could have a range of unique properties.1–3
The purpose of this work is to use a recent development in
the theory of many-body electrostatic interactions10 to explore
some of the known characteristics of endohedral fullerenes
with a view to determining if they could form new and novel
nanolattice structures. As a consequence, some of the optical
and electrical properties previously identified for fullerenes,7,8
could be incorporated into new materials fabricated into
the regular lattice structures known to be adopted by nanoparticles.1–3
The literature on nanoparticle lattices1–3 shows there to be a
certain degree of ambiguity in the nature of the constituent
particles: they are often charged in isolation, but there is
uncertainty as to whether or not any charge remains in the
lattice once the particles have assembled. Additionally, there is
often some dispersion in particle size; and the particles are
frequently decorated with ligands which could influence both
van der Waals interactions and the dielectric constant of, for
example, a particle that has a metallic core. In contrast, much
of this uncertainty disappears with fullerenes, Cn: their exact
size is known and shows no dispersion for a fixed value of n;11
the dielectric constant is known;12 an accurate van der Waals
potential is available;11,13,14 and finally, whilst the particles are
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overall neutral, a charge of either sign can be induced on the
cage through the judicious selection of X, the encapsulated
species in X@Cn.4–6 Thus, interacting particles will experience a
combination of electrostatic and van der Waals interactions
that can be fully characterized to define a lattice structure and a
lattice energy. Several stable endohedral fullerene complexes
involving Li@C60 have already been prepared,15–17 and of these,
Li+@C60SbCl6 ,15 and Li+@C60PF6 ,16 are probably the most
fully characterised. The stability of such complexes relies on
electron transfer between the two constituents leading to the
formation of an ionic solid, and attempts to form similar
complexes involving other metallofullerenes have not been
successful.6 In part, this problem appears due to the extreme
reactivity of X@C60 fullerenes;6 however, samples of crystalline
C60 metallofullerenes have been prepared through functionalization, which has been shown to increase the HOMO–LUMO
gap thereby reducing reactivity.18 Issues with the reactivity of
endohedral C60 metallofullerenes would clearly present difficulties with fabricating the types of lattices envisaged here;
however, C60 is the most fully characterised of the fullerenes
and those features of the molecule are used to underpin the
calculations.
The ideas discussed here are equally applicable to any quasispherical fullerene, such as C84, and recent work on electrostatic interactions between spheroids oﬀers the potential to
extend this type of study to ellipsoid structures, such as C70.19
Calculations with a two-body version of the electrostatic theory
have successfully accounted for a range of experimental measurements on the gas phase fragmentation patterns of a series
of charged fullerenes.20
In the analysis that follows, each endohedral fullerene in the
form of X@C60 remains overall neutral, but because many of
the interactions could involve fractional amounts of charge, it
is possible to explore the participation of metallofullerenes that
may not be susceptible to reactivity or the donation or acceptance of integer numbers of electrons.

2 Theory
2.1

Many-body electrostatic theory

The lattices to be simulated are represented by collections of
non-overlapping charged dielectric spheres that are arranged
into one of the selected lattice structures in three-dimensional
space. Each particle is centred at a given lattice site, has a
radius ri and a dielectric constant, and they are all suspended in
a homogeneous dielectric medium. Each particle carries a free
charge qi, uniformly distributed over the surface and is represented by a density of free charge, sf,i = qi/(4pri2). The presence
of free charge on the particles gives rise to an electrical
potential from which the electrostatic potential energy can be
determined. The electrostatic problem is formulated in terms
of set of equations which are solved iteratively to give the total
electrostatic energy of the system and the net electrostatic force
on each particle is calculated as the gradient of the energy with
respect to changes in position.10 For examples that involve large
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numbers of particles, evaluation of the total energy benefits
from the implementation of a fast multipole method (FMM),
which provides a significant enhancement to the speed of
computation, to the point where the computation of the force
is scaled lineally with the number of particles.10
In the examples given, charge-induced multipolar interactions are considered up to the sixth degree (64 pole), where the
non-additive nature of such interaction10 is taken into account
through the mutual polarisation of charged, dielectric particles.
The accuracy of each calculation is controlled through a maximum number of real spherical harmonics utilised in discretisation of the model and has been set at 6 in all calculations
reported here, which as convergence tests show, equates to
an average error of 4% in the multipole terms.21 The results
given below were typically taken from calculations on up to
5000 particles.
2.2

van der Waals interactions and partial charge analysis

The van der Waals interactions between C60 fullerene molecules were described using two- and three-body potentials given
by Pacheco and Prates-Ramalho (PPR).11 For C84 fullerenes, a
two-body van der Waals potential due to Girifalco has been
used22 together with parameters taken from Micali et al.,23
which are summarised in Table 1.
Density functional theory was used to optimise the geometry
of endohedral fullerenes using the wB97X-D/6-311G* level of
theory, as provided by the Q-Chem 5.0 quantum chemistry
software package.24 For the prediction of partial charges, the
density-derived electrostatic and chemical (DDEC) method25–27
has been selected as it reproduces reference ion states and
provides an approximately spherical atomic electron distribution, thus combining the advantages of both the Hirshfeld28
and iterative stockholder atom29 methods.

3 Analysis of lattice types
The energetics of lattices consisting of two frequently observed
binary nanoparticle stoichiometries,1–3 AB and AB2, has been
explored as a function of the ratio of charge residing on cages
associated with separate A and B endohedral X@C60 fullerenes
(how charge appears on the fullerenes is the subject of a
detailed discussion below). The total interaction energy of each

Table 1 Parameters used to describe van der Waals interactions: PPR
potential11 for C60, and the Girifalco Potential23 for C84

C60

Parameters

Radius
Dielectric Constant

0.5025 nm
3.46

C84

Parameters

d
a
b
R0
e/KB
Dielectric constant

0.8401 nm
5.356  10
3.542  10
1.1357 nm
4081.5 K
4.24

14
10

erg
erg
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lattice type has been determined from calculations on a combination of van der Waals (vdW), Coulomb and charge induced
multipolar interactions. The vdW interactions are described
following the work of Doye, Wales and co-workers,13,14 who
have demonstrated that expressions due to Pacheco and PratesRamalho11 can be used to determine minimum energy structures for large clusters of C60 molecules. The electrostatic
contributions to the stability of collections of endohedral fullerene cages have been calculated using a recently developed
theory of many-body electrostatic interactions,10 which provides quantitatively accurate descriptions of the large number
of Coulomb and charge-induced multipole interactions that
may be present in an ordered lattice of charged particles.
Batista et al.30 have previously recognised the significance of
nonadditive interactions in the treatment of nanoparticle
structures.
Fig. 1 shows small sections of each of the lattice types
examined. In addition to the obvious colour diﬀerence between
negatively and positively charged particles, there are also
regions of more intense colour showing enhanced charge due
to polarisation. This is particularly evident in, for example,
structure (1b) where there is a large contribution from chargeinduced polarisation (illustrated in the expanded image and
see Fig. 2(b) below). Also evident in some of the AB2 structures,
for example, (1d) and (1e), is the presence in of negative charge
(shown in blue) between two adjacent positively charged particles (shown as red). This latter eﬀect is highlighted in the

Fig. 1 Section of each lattice type: (a) NaCl; (b) CsCl; (c) ZnS; (d) AlB2;
(e) MgZn2; (f) SeAg2. Shading on each particle depicts the calculated
surface charge as being either negative (blue) or positive (red). Regions
of more intense colouration correspond to enhanced charge due to the
polarisation of bound charge and are shown in the enlarged images.
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expanded image and has been discussed previously,31,32 where
it has been shown that such mutual polarisation can ultimately
lead to like-charge attraction.
Calculation of the many-body electrostatic energy takes as
their input the number of particles, each with an assigned
radius, dielectric constant (relative permittivity), charge and
position on a three-dimensional lattice.10,21 Output consists of
the distribution of surface charge and the electrostatic energy
(or force) of an assembly of particles.10 The charge that is
assigned to each particle, denoted here as free charge, is the
quantity over which experimentalists generally have control, for
example through solvent or ionic strength, and is treated in the
model as being uniformly distributed over the surface of each
particle. However, the particles become polarised in the
presence of an external electric field, which in this context is
generated by free charge on adjacent particles. Polarised bound
charge accumulates on the surface of each particle, which leads
to an anisotropic distribution of total (free + bound) surface
charge. This is coupled with similar eﬀects on all other particles
via mutual polarisation; a mechanism which can only be
properly described through a many-body formalism.10 By separately evaluating the significance of vdW, Coulomb and chargeinduced interactions, it is possible to characterise a given
lattice type in terms of the properties of constituent X@C60
molecules that are responsible for stability.
The formation of a binary lattice requires there to be two
types of particle, which is not immediately obvious in the case
of fullerenes; however, calculations show that changes in the
nature of the encapsulated species can utilise electron aﬃnity
to create a positive or negative charge on the former. Table 2
summarises the results of calculations showing the consequences of introducing diﬀerent atoms into the C60 cage.33–36
The presence of a metal atom, such as calcium or lithium,
generally has the effect of ionising the atom and at the same
time adding electron density to the cage, and resident metals
and metal complexes have been classified as being either
mono, di, or trivalent4–6 depending on the number of electrons
assumed to be transferred to the cage.
The wide range of metal atoms that have been (or could be)
encapsulated in fullerenes means that, for the examples shown
in Table 2, the calculated charge on the cage can vary between
0.1 e and 2.0 e.33–36 In contrast, the introduction of a
fluorine or chlorine atom removes electron density from the
cage and adds negative charge to the endohedral F or Cl
atom.33 Since chlorine has the higher atomic electron affinity,
the calculated charge on a cage induced by its presence is an
upper limit to what can be achieved with a single atom.
Experimental confirmation of the anticipated charge transfer
when metal atoms are encapsulated in fullerenes, can be seen
from studies of Li@C60,37,38 where it has been shown that in
isolation, Li@C60 takes the form Li+C@60 . However, in the
condensed phase, the endohedral complex has been shown to
form a dimer Li@C60–Li@C60.37,38
The limitations discussed above regarding the amount of
positive or negative charge that can be transferred to a fullerene
cage could be relaxed with the inclusion of species more
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Fig. 2 Individual contributions to the total energy per formula unit for lattice structures of the type (left to right): NaCl; CsCl; and ZnS, each consisting of
equal numbers of positively and negatively charged X@C60 fullerene cages.

complex than simple atoms. The presence of both Sc3 N and
Ti3C3 in a fullerene are thought to result in the transfer of up to
6 electrons to the cage;39,40 likewise, recent calculations have
shown that a series of superhalogens, including AlF4, MgF3 and
LiF2,41 together with PtCl9 and Pt2Cl9,42 and Mg3F743 all have
electron aﬃnities higher than that of chlorine, and in some
cases, calculations have already shown these molecules to be
capable of removing electron density from the C60 cage.39,41
Finally, experiment and theory have identified molecules
capable of forming stable dianions with first and second
electron aﬃnities above that of the single electron aﬃnity of
chlorine. These species include ZrF644 and B12(CN)12,45–47
which can form stable dianions when the second electron
becomes trapped behind a Coulomb barrier; as such, their
inclusion in an endohedral fullerene, could result in the cage
losing up to 2 electrons and acquiring a charge of +2. Many of
these molecular examples would obviously require accommodation in fullerenes larger than C60;48 however, they do offer the
possibility for generating a wider range of lattice structures.
A large number of metal-containing endohedral fullerenes
that have, to date, been synthesized are readily available.4–6
What is less obvious are routes to the synthesis of the required

Table 2 Summary of calculated charge populations on the C60 cage
following the encapsulation of metal and halogen atoms. The numbers
quoted are dependent on the methods used to calculate the populations,
details of which can be found in the cited articles. Values in bold indicate
results produced in this work

Endohedral species

Calculated charge on the cage (e)

Mg
Na
K
Al
La
Lr
Au–Au6
Ca
Li
F
Cl

0.1034
0.8834
0.9534
0.8934
1.0734
0.7735
0.1 to 2.036
1.2734; 1.33; 1.44
0.6833; 0.9134; 0.5535;
0.433; 0.38
0.58

Phys. Chem. Chem. Phys.

0.94

counter ion, and although recent experiments have identified
the formation of stable F@C60,49 that aspect of the work will
require further experimental investigation. It is encouraging to
note, however, that thermally stable quantities of the nonmetallic endohedral fullerenes N@C60 and P@C60 have been
prepared, although calculations show there to be no electron
transfer from or to the cage.50 What all of the examples given in
Table 2 do demonstrate, is that there is some flexibility in the
amount of charge, either negative or positive, that could be
induced to reside on the surface of a fullerene cage. For the
purposes of the theory, it is assumed that in all of the examples
discussed below the cage has a uniform distribution of charge;
this in turn implies that X in X@C60 resides at the centre of the
cage, which is not always necessarily the case.4–6,15–17,33–36

4 Case studies and discussion
The method described is general and is demonstrated in the
case studies discussed below.
4.1

X@C60 lattice structures

In principle each AB pair should experience three separate
electrostatic interactions, which are: (i) the charged core of A
interacting with the charged core of B; (ii) an interaction
between the charged cores and the charged cages; and (iii) an
interaction between the charged cage of A and the charged cage
of B. However, a range of experimental and theoretical studies
have shown that fullerene molecules act as Faraday cages,51–58
which means that entities (other cores and cages) external to a
given cage are shielded from any charge contained within the
cage, i.e. the metal or halogen core. Therefore, electrostatic
interactions in AB and AB2 systems will be dominated by iii,
namely interactions between the charges on each A and B cage.
Thus, each lattice with, for example, an AB pair in the form of
A@C60q+B@C60q , is treated as a collection of charged, dielectric spheres, for which theory is very well established.10,31
Experiments on multiply-charged clusters, (C60)nq+59, would
suggest that a single-component X@C60 nanolattice, where
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each endohedral fullerene cage carries a charge of the same
sign will not be stable, but that a lattice of the form
(X@C60)n(C60) m which is interspersed with non-endohedral
fullerenes with m 4 n might be.
Two lattice stoichiometries have been the subject of this
study, and these are AB and AB2. For AB systems the calculations discussed below have focussed on nominal charges of
qA = 1 e and qB = +1 e on the cage, but with the negative charge
allowed to vary by 0.5 e; thus, reflecting the fact that an exact
equal and opposite match of charge on the cages will probably
not be possible. For AB2 systems the nominal charges are
qA = 2 e and qB = +1 e, but with a negative charge variation
of 1.0 e. For AB combinations where the absolute charge on
each cage is diﬀerent to what is considered here, the Coulomb
energies quoted below can be scaled using the product qAqB.60
It should again be emphasised that each X@C60 and each final
nanolattice remains charge neutral. An example of a potential
lattice would be an AB structure consisting of unit cells containing K@C60 paired with Cl@C60.
Results are presented following calculations on two stoichiometries, AB and AB2, where lattice stabilities have been calculated as a function of the charge ratios qA/qB and qA/2qB,
respectively. The intention here is to explore a range of lattice
types to see which might be best suited to form a stable
crystalline structure. For AB structures, initial calculations were
undertaken on the rock salt cubic lattice, which experiment has
identified as stable for both pure C60 above 249 K61 and for
endohedral fullerenes of the form Li+@C60(Y), where Y is PF6
or ClO4 15, 16, 17 (although Table 3 shows the cage in Li@C60 is
calculated to be negatively charged,33–35 the cage in Li+ @C60 is
predicted to carry a charge of +0.1 e34). Fig. 2a shows the results
of calculations on a lattice composed of negatively and positively charged C60 cages arranged in the form of an NaCl facecentered cubic (fcc) crystal. What is immediately obvious from
the calculated total energy is that this lattice is very stable over a
wide range in the charge ratio, with each of the separate
interactions making a contribution to overall stability. For this
example, the dominant interactions are Coulomb and van der
Waals, with the latter remaining constant across the charge
ratio range as it is not sensitive to charge. Where the vdW
interaction becomes particularly significant for stabilising the
lattice is at those charge ratios where the Coulomb energy
becomes positive; also, at these ratios, the contribution from
charge-induced interactions, which although small, is always

negative and therefore helps to extend the range of charge over
which the lattice remains stable.
Fig. 2b shows the result of calculations on an CsCl bodycentered cubic lattice composed of X@C60 molecules. Across
the charge ratio shown, the lattice is almost as stable as that
seen for the fcc lattice; however, in contrast to the fcc lattice,
the Coulomb contribution is comparatively small and it is the
van der Waals and charge-induced interactions that make
significant contributions to overall stability. What is significant
for both lattice types is that stability is not restricted to charge
ratios close to one; thus, allowing mis-matches of the type seen
in Table 2 to still result in a stable lattice. Finally, for the AB
lattices, Fig. 1c shows results for a ZnS lattice, which at charge
ratios close to 1, has dominant contributions from Coulomb
and vdW interactions, but is less stable than the other two
lattice types.
Fig. 3a–c show the results of calculations on three AB2 lattice
types, namely, AlB2 MgZn2 and Ag2 Se. For the AlB2 lattice, there
is very little stability to be gained from Coulomb interactions
away from qA/q2B B 1, and it is only the presence of vdW and
polarisation interactions that extend stability over what is still a
narrow range of charge ratios. In contrast, the stabilities of both
the MgZn2 and Ag2 Se fullerene lattices rely almost entirely on
Coulomb interactions, which, again, over a very narrow charge
ratio, renders both lattices to be far more stable than any of
those examined thus far.
Table 3 summarises data on the charge range over which
each of the lattice types is calculated to be stable, which given
that exact equal and opposite charges on the X@C60 constituents of a lattice may not be possible, increases the opportunity to form a stable structure. Taking as a guide to stability,
existing data on the neutral C60 fcc lattice, where just vdW
interactions are present, then a CsCl lattice could be 1.5 to
2 times more stable than its neutral counterpart. However, if it
becomes possible to closely match the positively and negatively
charged components, then a SeAg2-type lattice looks to be
extremely stable.
Fig. 4 summarises the contribution the three separate
interactions, Coulomb, charge-induced, and vdW make to the
overall stability of each lattice type when the charge ratio, qA/qB,
is one. There does not appear to be a unique prescription for
creating a lattice that is both strongly bound and stable across
a wide charge ratio. In three examples, a large Coulomb
contribution gives a lattice that, within its class, is strongly

Table 3 Total interaction energies (in eV per unit formula) for endohedral fullerenes arranged in the lattice types NaCl, CsCl, ZnS, AlB2, MgZn2, SeAg2 at
charge ratios between 0.5 and 15

qA/qB

1.5

1.4

1.3

1.2

System

Interaction energies in eV per formula unit

NaCl
CsCl
ZnS
AlB2
MgZn2
SeAg2

9.83
12.30
10.04
31.15
40.83
40.77

4.61
6.47
5.36
18.78
23.06
22.68

0.61
1.97
1.76
9.23
9.37
8.71
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2.18
1.21
0.77
2.50
0.22
1.16

1.1

1.0

0.9

0.8

0.7

0.6

0.5

3.75
3.06
2.23
1.41
5.72
6.91

4.11
3.59
2.60
2.49
7.12
8.55

3.25
2.79
1.90
0.76
4.44
6.08

1.18
0.67
0.13
3.79
2.34
0.50

2.11
2.77
2.72
11.17
13.21
11.19

6.11
7.54
6.65
21.37
28.17
25.99

12.33
13.63
12.54
34.38
47.22
44.90
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Fig. 3 Energy per formula unit for lattice structures of the type (from left to right): AlB2; MgZn2; and SeAg2, each consisting of two positively and one
negatively charged X@C60 fullerene cage.

Fig. 4 For each AB and AB2 lattice type where the charge ratio is one, the
percentage contribution to the total energy is shown for each of the
following interactions: Coulombic (blue); charge-induced (red); and vdW
(green).

bound, but at the same time, vdW and charge-induced interactions could have a significant role in the fabrication of a stable
endohedral fullerene lattice. The total energies calculated for all
the AB and AB2 structures are very clearly ckT, which means that
they should remain stable at room temperature and most likely
under the operating conditions of any application.
Since there is the potential for generating endohedral fullerenes with charges outside the range considered above for AB
structures, two further calculations have been undertaken.
Fig. 5 examines how, for the situation where qA = qB in
X@C60, the stability of NaCl and CsCl lattices varies as the
charge q on each cage increase from 0 to 2. As can be seen, the
stability of both lattice types increases significantly beyond
q = 1.0; however, there is also an interesting switch in stability
at q B 0.7 between the fcc lattice of NaCl and the cubic lattice
of CsCl, which clearly arises when the large contribution from
van der Waals and charge-induced interactions to the stability

Phys. Chem. Chem. Phys.

Fig. 5 Variation in the stability of NaCl and CsCl lattice types for the
situation where qA = qB, and the charge q on each cage is increased from 0
to 2. The various interactions are shown as follows: van der Waals –
dashed lines; polarization – dot-dashed lines; Coulomb – dotted lines;
total energy – solid lines. For CsCl the contributions from Coulomb and
polarization interactions are almost identical.

of the CsCl lattice is superseded by the higher Coulomb
contribution to the NaCl lattice that varies as q2 and can be
seen in Fig. 1a and 4. The fact that fractional charges, o1 e, on
a pair of endohedral fullerenes in an AB structure will form a
stable lattice, could help to reduce the possibility of reactivity.6
The calculated results given in Fig. 5 predict that at zero charge
on the particles, the CsCl bcc lattice structure should be more
stable than that of the NaCl fcc lattice. If the bcc lattice could be
viewed as two interlocking simple cubic lattices, then this result
would be consistent with the simple cubic structure observed
for pure C60 at low temperatures.61

4.2

X@C84 lattice structures

The availability of a suitable van der Waals potential for C84 has
made it possible to extend the above calculations to explore the
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Fig. 6 Comparison between the stabilities of lattice structures composed of X@C60 and X@C84 fullerene cages. Individual contributions to the total
energy per formula unit for lattice structures of the type: (a) NaCl and (b) CsCl, each consisting of equal numbers of positively and negatively charged
X@Cn fullerene cages. The solid lines are for C60 and the dashed lines C84. Coulomb interactions are shown in black, many-body polarisation interactions
in red, and vdW interactions in green. The total interaction energies a shown as blue. For C60 the vdW contribution has been calculated using the PPR
potential11, and for C84 the Girifalco potential has been used.22,23

consequences of utilising larger fullerenes, which would then
allow the accommodation of many of the more complex species
discussed above. However, there is the possibility that the
inclusion of species other than atoms may change the shape
of the fullerene cage.48 For the purposes of these calculations
on C84, the van der Waals potential constructed by Girifalco22
has been used together with the many-body electrostatic theory
discussed above. There are a number of parameter sets available for the C84 Girifalco potential,23 and those chosen for these
calculations are given in Table 1. In addition, the dielectric
constant has been increased from 3.46 used for C60 to 4.24.62
Fig. 6 shows the results, where the individual contributions to
total lattice stability are compared for X@C60 and X@C84. For
the individual lattice types, NaCl and CsCl, there are competing
contributions to the relative stability. The slightly larger size of
C84 will lower surface charge density, which, in turn, will reduce
both the Coulomb (most noticeable for the NaCl lattice) and
polarisation interactions; however, the larger sphere will also
be more polarisable. As can be seen from Fig. 6, changes to the
electrostatic interactions are marginal, with X@C60 appearing
as the more stable; however, it is mainly through the van der
Waals interaction that X@C84 acquires additional stability and
for a CsCl lattice type this amounts to B0.5 eV.

calculations present here, it has been shown that stability is
derived, in part, from electrostatic interactions between fullerenes,
where the presence of certain endohedral atoms can induce either
a negative or positive charge to reside on the cage. For AB and AB2
structures, varying combinations of Coulomb, charge-induced and
van der Waals interactions contribute to overall stability, and
because the latter two interactions always enhance stability, their
presence has been shown to extend the range of charges over
which lattices are stable. The proposed lattice structures diﬀer
from those previously identified by experiment for Li@C60, in that
their formation does not require electron transfer to a counter
anion.15–17 In addition to applications in the form of devices,
recent calculations have also shown that arrays of M@C60 (M = Na,
K, Rb, Cs, Sc, Ti, Mn, Fe) could act as catalysts for the activation of
hydrogen,63 and that embedded metal clusters in the form
Mn@C60 (M = Mn, Co, Ni, Cu; n = 2–5) could stimulate the oxygen
reduction reaction.64 Both these processes are promoted by the
presence of a negative charge on the fullerene cage, and since
arrays of these materials alone might not be stable, the results
presented above may offer a route to their fabrication.
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