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Fullerenes are lowest energy structures for gas phase all-carbon particles for a range of sizes, but
graphite remains the lowest energy allotrope of bulk carbon. This implies that the lowest energy
structure changes nature from fullerenes to graphite or graphene at some size and therefore, in turn,
implies a limit on the size of free fullerenes as ground state structures. We calculate this largest stable

single shell fullerene to be of size N = 1 x 10% using the AIREBO effective potential. Above this size
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DOI: 10.1039/d3cp01716h fullerene onions are more stable, with an energy per atom that approaches graphite structures. Onions

and graphite have very similar ground state energies, raising the intriguing possibility that fullerene
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1 Introduction

The standard enthalpy of formation of the Cgo fullerene is
0.4 eV per atom."? The value is given relative to bulk graphite.
For isolated (gas phase) carbon clusters, in contrast, the
fullerenes® are the lowest energy structures for small enough
systems. There must therefore be a limit to the size of gas phase
fullerenes in equilibrium.

This work provides the results of a calculation of this size,
involving a comparison of the energies of the multilayer full-
erene onions” and the graphene® or graphite structures. In total,
the icosahedral symmetry fullerenes, the compact graphite
structures, the fullerene onion structures, and graphene sheets
were considered. Clusters of fullerenes,® which provide an
efficient way of producing large and mass selected all-carbon
gas phase systems, can be ruled out as candidates for lowest
energy structures by the known values of fullerite binding
energies. They will therefore not be considered here further.

2 Computational method

Models based on structural motifs have been shown to accu-
rately predict the relative stability of fullerene isomers ranging
from Cg, to icosahedral fullerenes containing up to 6000 carbon
atoms.”*? In these works, the results of Density Functional
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onions could be the lowest free energy states of large carbon particles in some temperature range.

Theory calculations are typically used as input to arrive at simple
expressions for the relative fullerene energies.

The same strategy is followed in this work. The system sizes
that are relevant in this study are orders of magnitude larger
and will render any attempt of a full quantum mechanical
calculation unfeasible. Instead, the empirical AIREBO potential
by Stuart et al. was used to describe the interactions, both of
intra- and intermolecular nature.'® This is a reactive manybody
potential where the interaction strengths and bond angles
depend on the local environments of the participating atoms.
Long-range dispersion forces are also included in the definition
of the AIREBO potential. It has been used previously to accu-
rately model graphene and fullerenes in numerous studies'*™®
and generally compares favorably with more advanced theory
and with experimental data.™

The initial structures of graphene layers and fullerene cages
were generated using a custom code that built graphene sheets
with a D¢, symmetry (see Fig. 1). From these, the 20 triangular
faces of icosahedral (I, symmetry) fullerenes could be formed
from Coxeter constructions with (m,n) = (1,1), (2,2), (3,3)....7°
Such icosahedral fullerenes consist of 60n> atoms, where 7 is
the same positive integer as used in the Coxeter constructions.
All of the resulting structures contain exactly 12 pentagons
arranged as the vertices of a regular icosahedron, with the
remaining carbon rings consisting entirely of hexagons.

The multilayered onion structures were built by placing
successively larger fullerene structures around all of the smaller
icosahedral fullerenes, starting with Cg, as the innermost shell.
The sizes of such onions is given by the sum N = 60 x % ",

n=1
where 1, is the Coxeter index of the outermost fullerene layer. The
fullerene layers were structured with their symmetry axes aligned.

The fullerene onions that have been observed experimen-
tally are more spherical than the lowest energy single shell
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Fig. 1 The ground state configurations of structures considered in this work. From left to right, top row: an icosahedral fullerene structure (Csgao), @
nested fullerene structure, denoted onions (C12240, consisting of 8 layers: Cgo through Csgao With the number of atoms 60 x n?, n = 1 to 8); bottom row: a
finite monolayer of graphene (Cs7s0), and a truncated portion of an infinite three-layer graphite particle.

fullerenes (see Schwerdtfeger et al.”>® and references therein).
Calculations®' suggest that this is due to C,-emission that
introduce one heptagon and an additional pentagon. However,
as the binding energy per atom for these two classes of onions
is very similar for species containing more than thousand
atoms (see Fig. 6 in Bates and Scuseria®'), and as the introduc-
tion of a heptagon combination in any case increases the
energy, it is justified to consider the icosahedral structures
here. Indeed, test calculations of individual fullerenes show
that defects such as heptagons result in a negligible increase
(less than 1 meV per atom) in the potential energy of a fullerene

Potential Energy per Atom (eV)

107 104 107
Number of Atoms, N

consisting of more than a few thousand atoms (see ESI{ for
details).

Graphite structures were formed by stacking graphene layers
with a small offset in the xy-plane (equal to the length of a C-C
bond) between each layer so that each hexagonal ring had a
carbon atom from the two surrounding layers placed directly
above its center and such that every second layer shared the
same xy-coordinates. Infinite layers were modeled using peri-
odic boundary conditions in the xy-plane and the asymptotic
graphite limit with an infinite number of layers was reached by
also including periodic boundaries along the z-axis.

A 1 graphene layer
—— —7.825+ 7.403N"Y/2 — 2.906 N !
» 2 graphene layers
—— —7.850 4+ 10.548N~'/2 — 5.860N
4 graphene layers
—— —7.863+14.986N~1/2 — 11.824N !
8 graphene layers
—— —7.870 + 21.202N~Y/2 — 23.061N
B 16 graphene layers
—— —7.873 4+ 30.034N~-'/2 — 46.714N*
© 32 graphene layers
—7.875 + 42.483N /2 — 92.898 N
® 1 fullerene
—— —7.826+11.72In (%) N-!—33.80N"!
#  Onions
—7.876 + 6.032N /2 — 6.588N
—--— Graphite limit (—7.876)

Fig. 2 The ground state energy per atom for the different structures calculated here in eV. Fits to each class of of particles are shown as solid lines with
the parameters given in the legend. The limit energy of bulk graphite consisting of a infinite number of infinitely large graphene layers is presented as the

dashed line.
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The input geometries of all systems were optimized under
the AIREBO force field using the LAMMPS molecular dynamics
software package®” to provide the ground state structures and
energies. Fig. 1 shows a selection of optimized structures of the
geometries considered here. A complete archive of the opti-
mized structures is available as well.*®

3 Results

The ground state potential energy per atom for the different
structures are shown as a function of size in Fig. 2. The smallest
system considered here is a single Cq ring (not shown in the
figure) while the largest structures that we have explicitly
studied contain millions of atoms. As seen from the figure,
the single shell fullerene allotrope is the lowest energy structure
type for systems containing up to approximately 10* atoms.
Above this size the energy of the multi-layer onion fullerene
structures dives below that of the single shell fullerenes which
has already reached energies close to the asymptotic value of
—7.83 eV per atom. The smallest onion that we identify in our
calculations with a lower potential energy per atom than a
comparably sized single shell fullerene is the Cy,,4¢ cluster that
consists of 8 fullerene layers (Cg, through Csg,9, shown in Fig. 1).

Fig. 2 also gives least square fits of energies vs. size to
facilitate comparisons between the different species. For graphene
and the graphitic and onion-like structures, the functional form of
the fit is given by

E(N,n)/N = Ey(n) + Ex(n) / VN + Es(n)/N, (1)

where N is the total number of atoms in the system, n is the
number of graphene layers (not relevant for the onions), while E,
E,, and E; are free parameters that depend on n. The trends are
well-described by this functional form. The E, and E; terms
summarize the contributions from surface energies, e.g., the edge
effects in the finite graphene layers, which become negligible in
the continuum limit. For the icosahedral fullerenes we find that
this form gives a poor representation of the scaling of the
potential energy with size. These compounds do not have edges
and instead the next-to-leading order term (in the total energy)
was taken to be of logarithmic form. This has been used pre-
viously and found to give a good fit for the strain that arises from
the curvature introduced by the 12 pentagons.'>**?* The relatively
slowly varying logarithmic form should be compared with the
value for a perfect sphere which in the continuum limit will have a
size-independent total strain energy.”® The onion energies include
the higher strain from the smaller Russian doll fullerenes.
Including this and the effective surface term from the graphite-
like interaction of the layers adds up to the term proportional to the
square root of the total number of atoms, at least to leading order.

The dashed line in Fig. 2 shows the potential energy limit of
ideal bulk graphite within the AIREBO model. The calculation
using periodic boundary conditions (PBCs) to simulate graphite
consisting of an infinite number of infinitely large graphene
layers represents the bulk ground state of carbon with no external
pressure applied. The limit for finite numbers of graphene layers
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were also determined for systems consisting of up to 256 layers
using PBCs in only two dimensions.

Of the systems shown in Fig. 2, only the onion structure
asymptotically approaches the graphite limit within the uncer-
tainties of the fitted curves. The asymptotic limits for the
different graphene, fullerene, and onion particles, determined
from the fits shown in Fig. 2 and the calculations using PBCs,
are given in Table 1.

The parameters determined from the fits, E;, E,, and Ej3, can
be used to extract a scaling relation for the potential energy of
graphitic particles of arbitrary sizes. Fig. 3 shows fits made to
these parameters as functions of the number of layers, n. The fits
made in the upper panel, where the exponents are free para-
meters, suggest that E; scales linearly with n while E, scales as
the square root of n over the range of particle sizes modeled. In
the lower panel of Fig. 3 we show the scaling of the asymptotic
potential energy limit (E;) in terms of the so-called excess energy.
The excess energy, Egpycess, 1S defined as the difference per atom
in potential energy between a given particle and that of bulk
graphite. Here, the limits obtained for n graphene layers from
the PBC calculations, Epsess(72), are shown as the different data
points. In the figure, the asymptotic limit for the onion struc-
tures is shown as a constant while the corresponding excess
energy for up to 256 stacked graphene layers is shown as the blue
points. The red curve shows a fit of a powerlaw to these point
that allows the E;(n) parameter to be scaled to sizes larger
than those explicitly modeled. The exponent from this fit, p =
—0.994 + 0.004, is consistent with a 1/n scaling of Egycess- The
same fit using the “fit limit” values from Table 1 result in an
exponent of p= —1.019 £ 0.009. Noteworthy is that the fitted
curve crosses the curve for the onions structures at n = 480. This
is an estimate of the fewest number of graphene layers required
to give a structure with a lower potential energy than the onions,
made with the fit parameters explained below.

From the fitted parameters shown in Fig. 3 we can derive
a single expression for how the potential energy per atom
of a graphite particle scales with the total number of atoms
(N) and number of graphene layers (n). The expression we

Table 1 Asymptotic limits on the potential energy per atom (E;) deter-
mined from the fits in Fig. 2 (center column) and from calculations using
periodic boundary conditions to achieve infinitely large layers (right
column). The fitted values are given with their respective uncertainties.
Here and in the following the error bars are calculated as statistical

Structure Fit limit (eV) PBC limit (eV)
1 graphene layer —7.82497(8) —7.82569
2 layers —7.84985(9) —7.84931
4 layers —7.86322(7) —7.86275
8 layers —7.86970(7) —7.86948
16 layers —7.87307(6) —7.87285
32 layers —7.87470(5) —7.87454
64 layers — —7.87538
128 layers — —7.87580
256 layers — —7.87601
Fullerene —7.82577(2) —

Onion —7.87611(6) —

Bulk graphite — —7.87622
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Fig. 3 Top panel: The coefficients to the 1/N*? and 1/N terms from the
fits to egn (1), (E> and Es) respectively, for different numbers of stacked
graphene layers. Bottom panel: The scaling of the asymptotic potential
energy, E;, of stacked graphene layers as a function of n together with a
fitted power law expression and the corresponding limit for onion struc-
tures. The shaded areas in both panels show the 1o statistical uncertainties
of each curve.

arrive at is
Egraphite(n, N)/N = —7.87622 + 0.053n "%
+7.43\/n/N —293n/N,

where Egaphiee 1S given in units of eV. Optimizing the energy
with respect to the layer number, n, gives the ground state
minimum energy. An approximate value is found for large N by
solving for the minimum with only the second and third terms

n ~ 0.0588N", 3)

This is a rather small number of layers, reflecting the large cost
of creating an edge on a graphene sheet compared to separat-
ing graphene sheets.

The parametrization in eqn (2) allows us to extrapolate the
ground state potential energies for particles consisting of
stacked graphene sheets to sizes larger than we are able to
explicitly simulate without using PBCs. An example of this, with
the minima calculated numerically with the full expression in
eqn (2), is shown in the upper panel of Fig. 4. There, the excess
energy per atom is plotted for n = 256, 512, 1024, and 2048
layers of graphene, as well as the corresponding curve for
fullerene onion structures. Due to the uncertainties in these
calculations, indicated by the shaded areas in the figure, the
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Fig. 4 Top panel: Extrapolated potential energy curves for fullerene
onions and graphitic particles consisting of different numbers of layers.
The first graphitic curve to cross below the onion curve corresponds ton =
480 graphene layers (not shown) at N ~ 10*® atoms in total. Bottom panel:
The particle sizes for which the potential energy of a graphitic particle is
lower than that of an onion particle with the same size N as function of the
number of graphene layers, n. The shaded areas in both panels show the
1o statistical uncertainties of each curve.

minimal number of 480 graphene layers given above could be
as small as approximately 200. The curve for 480 graphene
layers (not shown) crosses the onion curve at a particle size of
N = 10" atoms (only a single significant digit is given in
consideration of the calculation uncertainties). However, for
particles consisting of more layers, the crossing point occurs at
smaller total sizes, as seen in the curves for 512, 1024, and 2048
layers. In the lower panel of Fig. 4 we show the crossing point as a
function of the number of graphene layers in a graphite particle.
Starting from 480 layers, the corresponding crossing point is seen
to take place at smaller particle sizes until a minimum is reached
at 1160 layers, where the cross over points between onions and
graphite takes place for 10" atoms. This is then the estimate of
the size of the largest stable onion. In terms of particles size, this
corresponds to a spherical particle with a diameter of a few
micrometers. After this there is a slight increase in the cross-
over particle size with increasing number of graphene layers.
The effect of deviations from the idealized structures con-
sidered so far has also been considered by the introduction of
three different types of defects. One is bond rotation, where a
pair of neighboring carbon atoms were rotated by 90 degrees
around the center of their connecting bond. This causes the
conversion of four adjacent hexagons into two pentagons and
two heptagons. A second type was the removal of a single atom
and the third the removal two adjacent carbon atoms were

Phys. Chem. Chem. Phys., 2023, 25,16790-16795 | 16793
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removed. The defects were introduced at the center of the 20
facets of an icosahedral fullerene. In all cases, the energy
increased, although the increas per atom decreased with size.
More details are given in the ESL

4 Summary and discussion

The results here show that the minimum energy structure of free
carbon particles is, in order of increasing size, single shell
fullerenes, onions, and graphite. The coefficients to the leading
order terms of graphite and onion structures differ for two
reasons. One is the inter-layer interaction. This is a free para-
meter for the graphite sheets and can be optimized uncon-
strained, whereas the onion structures are limited to the radii
defined by the closed shells number of atoms equal to 607>, The
energy penalty of this distance effect is minor, however,
seen also from the fact that the optimal distance between
graphite layers is close to the distance given by the radii of two
consecutive shells in the onion. The close match makes the
magnitudes of the leading order terms of the onions and the
graphite very similar. Another diffeerence is the vibrational
spectra. These will add different vibrational zero point
energies to the calculated structures. It has not been possible
to treat this question here due to the very large particle numbers
involved.

The limitations of the numerical calculations notwithstanding,
we can nevertheless draw some conclusions and make some
conjectures. One aspect concerns the expected reduction in the
HOMO-LUMO gap with increasing size predicted by Noél et al.>”
The authors extrapolated their calculated gap beyond their high-
est calculated size of 6 x 10° to find that the gap vanishes above
N =7 x 10", This is above the calculated largest fullerene size and
raises the question of the use of these fullerenes for electronics in
analogy to the uses envisioned for graphene.

The implications of our findings could be important for a
better understanding of the carbon inventory of interstellar and
circumstellar environments. The crossover point from onions
to graphite in our model occurs at particle sizes on the order of
micrometers. This is of the same order of magnitude as the
upper limit of interstellar dust grains,*® which could suggest
that onion-like structures are prevalent in these regions. Pre-
vious experimental work has indeed suggested that fullerene
onion particles could explain certain interstellar extinction
features, lending support to this possibility.

The main unresolved question of this work is how the
energies calculated compare to the reaction barriers between
the different allotropes. This will remain a topic for future
study. We should also mention the potential role of imperfec-
tions in the structures, as well as the possibility of other, more
exotic carbon structures.’® These open questions make it
difficult to formulate any strong experimental predictions. We
will express a guarded optimism concerning conversion rates,
however. In contrast to expectations, carbon dimers have been
shown to attach barrier-less to Cgo in gas phase, and to be
incorporated into the cage.*' Hence the combined process of
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bond breaking and bond formation in a conversion may only
experience barriers for the bond breaking part.
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