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Atomistic simulations at two levels, classical and quantummechanical, are performed to probe the binding possibilities of
the smallest multi-shelled concentric fullerenes, known as
“carbon onions”. We focus on the binding behavior of adjacent
carbon onions and promote their binding through the addition
of vacancies, as well as through doping with boron and nitrogen
atoms. Molecular dynamics (MD) simulations are used to
address the effect of different conditions of temperature and
pressure on the binding of the onions and the thermal stability of
the assembled structure. At a smaller scale, density-functional
theory (DFT) based calculations reveal the electronic structure
of the coalesced carbon onions, their charge density and frontier
orbitals. The effect of van der Waals forces is also evaluated
using a tight-binding scheme. Our main ﬁnding is that binding
of adjacent carbon onions is promoted through the addition of
vacancies and/or dopants on the outer surface of the carbon
onions. The results are evaluated with respect to the relative
distance between the adjacent carbon onions, the number of
vacancies, and the amount or type of doping. We aim to
optimize the conditions for assembling these nanoscale
building blocks and understand their corresponding electronic
properties in view of their potential in nano-assembling novel
functional nanomaterials.

(a) Two adjacent small carbon onions repel each other, while
the carbon onions merge when tuning the external conditions
and introducing vacancies on the structures as revealed from
quantum mechanical (b) and classical simulations (c),
respectively.
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1 Introduction The discovery of novel unconventional forms of carbon with fullerenes [1, 2] and carbon
nanotubes [3] being the most representative examples led to
a potential broader use of carbon materials in various kinds
of applications ranging from electronic devices to drug
delivery. Within this new era of carbon materials, carbon
onions were synthesized [4]. These are concentric multi-

shelled fullerene clusters held together by van der Waals
forces and are built up of spherical graphene layers of up to a
few nanometers in size [5–12]. Carbon onions are considered
to be the most stable among the carbon nanostructures [13].
The smaller carbon onion is that with a C20 fullerene in the
core [14]. The onion-like graphite nano-particles can occur
in a wide range of structures, from polyhedral to nearly
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

solidi

status

physica

pss

a

278

spherical ones [15]. The striking importance of these carbon
structures is that these can give a more complete insight on
the mechanism by which carbon atoms rearrange themselves [16]. Carbon onions can also be viewed as nanobuilding blocks with important applications in nanotechnology. The potential possibilities of tuning the electronic
and mechanical properties by stufﬁng the hollow graphitic
onions with metals or also doping the carbon sheets
themselves with atoms such as boron seem endless (for a
review see Refs. [17, 18]).
The spherical structure of carbon onions can be better
described through the existence of pentagon–heptagon
pairs [19–21], rather than hexagons and heptagons [22,
23]. Continuous loss of atoms due to sputtering induces a
self-compression of the spherical carbon onions, which
allows diamond to nucleate in the core of the carbon
onions [24]. Existing studies have revealed the ﬁeld emission
characteristics [25], conductivity [26], optical and tribological properties of carbon onions [27], their potential use as
solid lubricants, gas storage, [28], super-capacitor electrode
materials [29], while they have good wear behavior, and
buckle under hydrostatic pressure [30].
Fullerenes can be formed following the “shrinking hot
giant road” under non-equilibrium conditions [31]. In a same
manner, carbon onions are often produced under extreme
conditions and become strongly interlinked or coalesced.
This inter-linking is fundamental in understanding new
synthetic routes to selected carbon onion sizes and
encapsulation compounds. Coalescence is optimal for
building novel materials from nano-building blocks like
carbon onions and render these particles candidates for
molecular electronics and composite materials applications [35]. Coalescence of spherical graphitic-like molecules
was observed in nanotubes, where the encapsulated
fullerenes self-assembled in chains [32, 33] forming a
tubular structure [34]. The fullerene chains, which initially
interact through van der Waals forces coalesce into interior
tubes after high temperature annealing [35] or when
subjected to high electron ﬂux [36]. Theoretically, the
topological rearrangements that lead to coalescence of
fullerene cages have been tracked [37]. Fusion of fullerenes
can also occur through molecular collision processes [38–
40]. Carbon nanotubes have also been observed, both
theoretically and analytically, to coalesce. It was found that a
zipper-like mechanism for coalescence can proceed through
the existence of vacancies on the nanotubes allowing the
carbon atoms to reorganize [41].
Along these lines, joining nanoscale units is of
fundamental and practical importance. To our knowledge,
no similar studies on binding or coalescence of carbon
onions has been done. Along these lines, we focus on the
bonding possibilities of carbon onions. In order to render
carbon onions into building blocks in nanotechnology, a
controllable way to connect these units together is needed. It
is of high importance to qualitatively understand how the
properties of carbon onions are altered because of their
coalescence. In this work, we try to understand and tune the
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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binding possibilities of two adjacent carbon onions by
evaluating the effects of pressure, temperature, number of
vacancies (experimentally induced through electron irradiation), separation distance, as well as amount and type of
doping. The paper is organized as follows: in Section 2,
we present the methodology applied for the study of
small carbon onions, in Section 3 we discuss the binding
possibilities, various factors which guide coalescence and
the corresponding electronic properties, and conclude in
Section 4.
2 Methodology A multi-level approach for the
investigation of the binding possibilities of small carbon
onions. Speciﬁcally, focus is based on the effect of the
external conditions on their binding, as well as how this
binding inﬂuences the electronic properties of the isolated
carbon onions. Within our approach, density-functional
theory (DFT) based simulations, as well as molecular
dynamics (MD), and a tight-binding scheme are used. The
results obtained from each calculation are complementary
and give a wider overview on the binding possibilities of
small carbon onions.
At the smaller scale a DFT-based scheme is used as
implemented in the SIESTA code [42], in which the Kohn–
Sham eigenstates are expanded using a linear combination of
atomic orbitals as the basis set. We use norm-conserving
Troullier–Martin pseudo-potentials [43] and a split valence
double zeta polarized basis set. A mesh cutoff parameter
(which corresponds to the ﬁneness of the real space grid) of
200 Ry has been found to be optimal for the calculations.
We have been using the exchange-correlation functional
VDW-DF2 [44]. Due to the explicit inclusion of a strictly
non-local correlation term, this functional is found to
describe dispersion interactions with improved accuracy in
comparison to a semi-local generalized-gradient-approximation (GGA) functional [45]. The geometry optimization
was performed using the conjugate gradient algorithm and
the structure was relaxed until forces on the atoms were
lower than 0.04 eV Å1. We refer to these calculations as
static DFT in the following. In addition to the static DFT
calculations we also performed ab initio MD. (We refer to
these as ab initio MD or DFT-MD in the following sections.)
For these simulations a time step of 1.0 fs was used and the
total simulation time varied between 2 and 5 ps. The
temperature was set at 2000 K and a Nosé thermostat was
used to ensure that this temperature is reached. No pressure is
applied in the DFT simulations.
At a next level, classical MD simulations are performed as
implemented in the code LAMMPS [46], which performs
well for materials calculations. For the intra-molecular
(among atoms on the same fullerene) interaction the bondorder Tersoff potential [47] is used. This potential has been
widely and efﬁciently used in simulations of various forms of
carbon structures. The Tersoff potential includes also
parameters for boron and nitrogen atoms [48], which are
used here as dopants. For the inter-molecular (among atoms of
the inner and outer fullerenes) interactions a Lennard–Jones
www.pss-a.com
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type of potential is implemented. For this potential,
parameters are taken which have been previously published
in the literature [49]. The simulation box is cubic, with an edge
length ranging between 3 and 10 nm. Periodic boundary
conditions are applied and the system is large enough so that
ﬁnite size effects are not signiﬁcant. The time step of the
simulations was set at 1.0 fs and typical time for gathering
statistics was 1 ns.
Two types of simulations are being performed in order to
unveil the role of temperature and pressure in the binding
process of the two onions. Accordingly, our simulations are
done separately under two statistical ensembles, the (N,V,T)
and the (N,P,T) ensemble. Different simulations with
temperatures ranging from 500 to 3500 K are performed.
Similarly, we set the temperature at 1000 and 2000 K and
perform different simulations with the pressure ranging
from 0.01 to 10 bar. In our simulations we have used
Nosé–Hoover thermostat and barostat. We refer to these
calculations as empirical or classical MD in the following
sections.
Finally, the DFT and MD results are supplemented by a
tight-binding molecular dynamics (TBMD) scheme, the socalled NRL-TB [50, 51]. The Hamiltonian has been
parameterized for carbon. The TBMD simulations are
carried out in the canonical (N,V,T) ensemble. The Nosé–
Hoover thermostat was used which ensured that a
temperature of 2000 K was applied to the system. The time
step for the simulations was set at 1 fs and the total
simulation time was 100 000 steps (0.1 ns). We refer to these
calculations as TBMD simulations in the following.
We have applied the computational schemes mentioned
above to study the binding possibilities of two small carbon
onions, namely two adjacent C20@C96. Each onion has an
inner fullerene, the C20 which is concentric with an outer
larger fullerene, the C96. For the C96 we randomly chose one
of its isomers, namely 96 with the C2 point group symmetry.
The random choice was based on the fact that all isomers
could accommodate the inner C20. We have, though,
performed test simulations with another isomer, the
C96(D3h) and have seen that the results do not change
qualitatively. We have modelled these small structures
instead of larger ones for computational efﬁciency. The
diameter of the carbon onion (the outer C96) is 9.7 Å,
while the diameter of the inner (C20) fullerene is 3.7 Å.
Accordingly, the distance between the inner and outer
fullerenes is about 3.0 Å. Note, that here the smallest carbon
onion is modelled and this includes only ﬁve- and sixfold
rings, rather than six- and sevenfold rings as in the case of
larger carbon onions [19–21].
The two carbon onions are placed at close distances.
This distance was varied in order to promote the binding
more easily, and found that an initial 1.8 Å separation could
lead to binding of the two carbon onions under speciﬁc
conditions. Using an initial larger separation would increase
the computational time and would also require a collision
process, i.e., an initial velocity assigned to each onion in
order to move toward each other. We wanted to avoid this
www.pss-a.com
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and rather placed the carbon onions closer together.
Nonetheless, here, we are interested in how changes in
the structure of the carbon onions (vacancies, doping) or
tuning the applied temperature or pressure, can promote their
binding.
Having this goal in mind, we focus on the following
systems: (i) an ideal carbon onion, (ii) a carbon onion with
vacancies, or (iii) dopants or (iv) carbon onions with
dopants and vacancies. The vacancies and dopants are
introduced in the outer (C96) fullerene. We vary the
number of vacancies from 1 up to 5 on each of the adjacent
outer (C96) carbon onion shells. The dopants that were
considered are nitrogen and boron. Nitrogen replaces a
carbon atom on the outer carbon onion shell, while boron
dopes the outer fullerene of the adjacent carbon onion. The
two dopants are placed in such a way, so that they are
exactly opposite each other and could potentially bond. In
order to create the vacancies in cases (ii) and (iv), carbon
atoms on the sides of the outer fullerenes which are
closest to each other were randomly chosen and removed.
Creating vacancies resembles the irradiation of carbon
onions with electrons. The chosen set-up is simpliﬁed, but
our aim is not to waste computational time in searching for
the arrangements which could lead to coalescence. The
structures are rather brought at distances, with vacancies
and dopants at desired sites, so that the carbon onions may
eventually bond under certain pressure and temperature
conditions. Note also that the TBMD calculations are
performed only for systems (i) and (ii) as the tight-binding
hamiltonian was not parameterized for nitrogen and boron.
We should also mention here that we have tried to use
similar conditions for all the schemes we have used here,
and have tried to change one parameter at a time. However,
all three methods describe the inter-atomic interactions in a
different way. In addition, the thermostat in the ab initio
MD method is not exactly the same as the ones in MD and
TBMD. We could unfortunately not avoid this as the
Nosé–Hoover thermostat is not implemented in the DFT
code nor the Nosé in the classical MD and TBMD code.
Though we expect small deviations in our results and not a
signiﬁcant qualitative difference arising from the different
thermostats, we cannot exclude it.
3 Results and discussion In the following, focus is
given on two adjacent C20@C96. Two of these ideal onions
(without vacancies or donors) are taken and placed at
different distances ranging from 1.5 to 3.0 Å. As expected,
these ideal, unmodiﬁed carbon onions repel each other. It is
energetically very unfavorable to break the ﬁve- and sixfold
rings on the carbon onion surface in order to form bonds to
the adjacent onion. Accordingly, in order to favor the
binding of the two carbon onions, we introduce different
kinds of alterations on their structure. We begin with the
introduction of vacancies. on the outer carbon onion shells
and at a next step add dopants again on the outer shells of the
carbon onions. The pressure and temperature serve as free
parameters to the problem. We ﬁx one of the two and vary
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2C20@C96 - total of 6 vacancies
(time = 5 ps)
ab initio MD
empirical MD
initial

statistics

the second. The temperature is varied from 500 to 3500 K
while the pressure from 0.01 to 10 bar. In all ﬁgures different
colors are used to visualize the different fullerene cases of the
carbon onions.
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3.1 Introducing vacancies Vacancies, which experimentally can be introduced by electron irradiation are
introduced on both the outer shells of the onions. The vacant
sites are randomly chosen, but are always on opposite sides
of the carbon onions in order to promote the binding. We
have found bonding of the two carbon onions in all cases. In
principle, irradiation can introduce vacancies on the inner
fullerenes as well, which is an additional study we have not
focused on here.
The results obtained from both ab initio DFT and
empirical MD reveal a bonding between the two onions, but
the picture qualitatively differs as indicated in Fig. 1, where
the results after 5 ps of DFT-MD and classical MD are

Figure 2 Ring statistics distributions for the DFT ab initio MD and
classical MD results depicted in Fig. 1 after a simulation of 5 ps.
The labels “ab initio MD” and “empirical MD” correspond to
panels (a) and (b) in Fig. 1, respectively. The term “initial”
corresponds to the initial structure before the application of either
temperature or pressure.

Figure 1 Snapshots of two C20@C96 placed initially at a
separation of 1.8 Å. Three vacancies were introduced on each of
the outer shells of the carbon onions. The results are obtained
through (a) ab initio MD, and (b), (c) empirical MD. In (b) only a
temperature of 2000 K was applied, while in (c) a pressure of
0.01 bar was additionally applied for the ﬁrst 0.01 ns of the
simulation. All snapshots correspond to a time of 5 ps. In all cases,
the temperature was set at 2000 K. The silver bonds in (a) denote the
inter-linkings which are formed between the carbon onions.

shown. In both cases, a preferential binding between the
two carbon onions is seen, which results in a more
closed form in the ab initio MD case and a more open
compound in the classical MD case. The different structural
details of both results are given through a ring statistics
analysis in Fig. 2.
Varying the temperature in the empirical MD simulations revealed, that for higher temperatures the inner
fullerenes tend to open up, enclosed by the outer C96, which
still form a cage-like, but more open structure. The structures
start to open up from temperatures of about 1000 K. The two
carbon onions do form bonds for all temperatures. It was also
observed that the application of pressure for the ﬁrst 0.01 ns
of the classical MD simulations results in a more complete
bonding than in the case were only temperature is applied.
The result of such a simulation with 0.01 bar applied for
the ﬁrst 0.01 ns and then removed is shown in Fig. 1(c) for
comparison. The temperature was 2000 K. Again, it is not
necessary to apply an initial pressure. This only leads to a
faster binding.
In order to underline the role of pressure as obtained
from the classical MD simulations, representative conformations are shown in Fig. 3. The panels of the ﬁgure show
random snapshots for the carbon onions with three vacancies
each (six in total). The snapshots in this ﬁgure correspond to
a different amount of pressure, which ranges from 0.01 bar
up to 5 bar. In all the cases temperature was set at 2000 K.
Binding of two carbon onions was evident in all cases, but
occurred as expected faster for a higher pressure. We present
the bonded conformations at a time 5 ps in order to promote
comparison to the DFT results shown in Fig. 1(b). For the
smallest pressure applied, 0.01 bar, it was observed that after
about 0.02 ns the two carbon onions have already merged. A
similar behavior occurred at about 0.01 ns when a pressure of
5 bar was applied. We conclude that a pressure leads to a
faster and more complete (more interlinkings between the
adjacent carbon onions) bonding, but should not be applied

ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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order to evaluate the differences between the data that we
obtain from the classical and ab initio MD simulations.
Results are provided for the carbon onions with three
vacancies each. The mean temperature in the empirical MD
simulations was found to be 2046 K, while the same property
in the ab initio MD simulations was 2000 K, with respective
standard deviations 196 and 112 K. The averages were done
over a time of 5 ps. The average temperature over the total
time of 1 ns in the classical MD calculations was 2095 K with
a standard deviation of 124 K. Strong ﬂuctuations in the
temperature are expected in our MD simulations, since the
number of atoms in the system is only a few hundreds, thus
too few. This justiﬁes the standard deviations of 5–6% of
the average temperatures in our simulations. For one of the
simulations where a pressure of 0.5 bar was applied,
the average pressure was 1.15 and 0.32 bar over a time of
5 ps and 1 ns, respectively.

Figure 3 Snapshots of two C20@C96 placed initially at a
separation of 1.8 Å on which a different amount of pressure is
applied, as indicated from the panels. The temperature is 2000 K
and the snapshots correspond to 5 ps of classical MD simulations.

for a long time (not over 5–10 ps) to avoid collapse of the
carbon onions.
Coalescence of the neighboring nano-units was not
exactly perfect, as in most of the cases the outer C96 opens up
increasing its diameter, as mentioned above. This opening of
the outer fullerene is most likely based on the interplay
between the Tersoff and Lennard–Jones potentials used here.
The initial distance between the inner and outer fullerenes is
close to 3.0 Å. The minimum distance according to the
Lennard–Jones potential should be close to 3.4 Å (similar
to the inter-layer distance in graphite). Accordingly, the
Lennard–Jones potential tends to increase the inter-onion
distance to this value. This is opposed by the Tersoff
potential applied to the atoms on the outer fullerene shell,
which tends to keep the sp2 bond distances close to the
values for graphite. This interplay leads to a coalesced
compound, which has a more open form and includes
dangling bonds as well. Such a trend was not observed in
the DFT results. However, MD captures qualitatively the
bonding pathway. Coalescence was indeed observed (in
a more complete-closed form) in our DFT and TBMD
simulations.
It should also be noted, that we have calculated the mean
values of the temperature and pressure in our calculations in
www.pss-a.com

3.2 Introducing dopants We further investigate
pathways to promote bonding of the carbon onions, by
adding dopant atoms on the outer fullerene cage of both
carbon onions. Boron-doped fullerene-like shells have
been experimentally produced and exhibit a polyhedral
faceted circumference [52]. These may occur through
irradiation-induced solid-state phase transformation.
Other doped carbon onions, such as C48N12, have been
the core of cross-linked carbon onions grown on a
substrate to yield thin solid ﬁlms ideal for wear-protective
applications [53].
Here, two dopant atoms are used, one for each carbon
onion and substitute two carbon atoms. A reasonable choice
is to choose elements, such as boron and nitrogen, which are
similar (in atomic size) to carbon. A similar scheme for
functionalization was used in the case of diamondoids [54],
nano-building blocks made up from diamond cages. This
choice is also justiﬁed by another work which studied the
substitution of carbon atoms by nitrogen and boron in
fullerenes and nanotubes [55]. Similarly to that work, we
substitute a carbon atom on the outer shell of an onion with a
boron and that of its adjacent carbon onion with a nitrogen
atom. Both dopant atoms are placed on opposite sides of the
carbon onions and are the nearest neighbors atoms of the
neighboring carbon onions. Vacancies are again introduced
on both outer fullerenes. It is expected that this substitution
will enhance the binding of the two carbon onions as it
should result in a much stronger bond between the two doped
carbon onions. Temperature and pressure are again varied
separately.
It is ﬁrst observed, that in the case of doped carbon
onions an elevated temperature of 2000 K is sufﬁcient to
promote the binding of the adjacent structures. The results
are shown in Fig. 4 for the doped carbon onions which also
include two vacancies. The initial structure is also sketched
together with the relevant ring statistics analysis. Doped
coalesced carbon onions form very few lower order rings
and more higher order ones as in the undoped carbon onions
discussed in Fig. 2.
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 (a) The initial and (b) ﬁnal (after a 5 ps) structures of
doped carbon onions with an additional vacancy on each C96. The
graph shows the ring statistics analysis for these two structures. No
pressure is applied and the temperature is 2000 K. The different
coloring corresponds to the different fullerene cages and the dopant
atoms. The silver bonds denote the interlinks between different
fullerene cages and the dopants. The results are obtained through
the classical MD simulations.

The effect of pressure and temperature on different
doped carbon onions was also investigated. The results are
shown in Fig. 5 for doped carbon onions each with one or
two additional vacancies, respectively. In all cases, binding
of the outer fullerene shells occurs, together with the
interlinking of the two inner fullerenes. The difference
among the cases shown lies on the structure of the inner C20.
These can be almost spherical, quite elongated, or open up
and become planar. This planarity occurs when parts of the
outer fullerene also tend to become planar. This occurs as the
number of vacancies increases and the very stable curved sp2
cages try to transform to a very stable graphite-like structure.
This is though in a large extent prevented due to the bonding
of the adjacent fullerenes. As a general remark regarding the
doped carbon onions, it was surprising to realize that the
boron and nitrogen atoms do efﬁciently promote the binding
of adjacent carbon onions. The addition of dopants has a
larger effect on the coalescence of the adjacent nanostructures as solely the addition of vacancies.

Figure 5 Snapshots of two doped C20@C96 placed initially at a
separation of 1.8 Å. The snapshots correspond to 0.1 ns simulation
time. Different conformations occur when either temperature or
pressure are applied to these molecules, as denoted by the labels in
the panels. The results are obtained through the classical MD
simulations.
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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It was also very interesting to observe the following
trend, which cannot be easily visualized in Fig. 5: when
only temperature is applied the boron and nitrogen atoms
remain bonded with some of the atoms, typically the
ones from the inner C20. On the other hand, when pressure
is applied, though these dopants still promote binding
between the adjacent carbon onions, once binding has
occurred the dopants are then “expelled” from the coalesced
molecule. Boron and nitrogen at the either edges of carbon
onions are strong donor and acceptors and have a high
tendency to bind ﬁrst. The carbon atoms that come along and
form new bonds, tend to form these bonds with other carbon
atoms and not the dopants. The carbon atoms which bond
to the dopants, similarly prefer binding with other carbon
atoms instead. A similar trend was previously shown, as
the carbon–carbon bond is preferred against the carbon–
nitrogen or carbon–boron bonds in carbon structures [56].
In our investigations, though, the carbon–carbon bonding is
preferred when pressure is also applied and not temperature
alone.
3.3 Electronic properties At a next step, the
electronic properties of a carbon onion are compared to
those of the fullerenes that make up the carbon onion. The
results discussed in this section are obtained through
quantum mechanical simulations: static and MD. The
electronic properties are probed through the electronic
density of states (eDOS) and the frontier orbitals. The latter
refer to the highest-occupied molecular (HOMO) and lowest
unoccupied molecular orbitals (LUMO), which are involved
in the bonding of two structures.
The eDOS of the ideal C20, C96, and C20@C96 are
sketched in Fig. 6 together with the doped carbon onions
with one vacancy each. These are obtained from the static
DFT calculations, where only energy minimization was
performed. In the same ﬁgure, we show results for two doped
carbon onions before and after the ab initio MD simulation.
The results for the initial conﬁguration resemble the data for
the ideal carbon onion. The eDOS of the ﬁnal coalesced
carbon onions, though, is being considerably altered by the
exact presence of the interlinks between the two adjacent
carbon onions.
In order to evaluate qualitatively how the eDOS was
altered through binding, we have turned to the projected
density of states (PDOS) for the outer and inner fullerenes.
The results are summarized in Fig. 7. The total density of
states is also shown for comparison. The main contribution
in the total density of states comes from the outer C96 of
the carbon onions. We also track the atoms of the different
fullerenes in the carbon onions, which are involved in the
bonding of the two carbon onions and present the PDOS
of these representative atoms in the same ﬁgure. This
contribution is divided into two parts: the PDOS of the
atoms involved in the bonding of the two carbon onions and
the PDOS of the atoms of the different fullerenes in each
carbon onion which form bonds. The former correspond to
the inter-carbon onion bonding and the latter correspond to
www.pss-a.com
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eDOS

C20
C96
C20@C96
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2C20@C96
2C20@C96 doped (initial)
2C20@C96 doped (final)
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Figure 6 eDOS for the fullerenes that form the carbon onion, C20
and C96, for C20@C96, as well as the two adjacent doped C20@C96
having each an additional vacancy. Results for both the initial 2
C20@C96 and ﬁnal 2 C20@C96 are given. The Fermi energy has
been shifted to zero. The results are obtained through the ab initio
MD simulations and correspond to a 5 ps simulation time.

the intra-carbon onion bonding and are shown in the lower
panel of the ﬁgure and its inset, respectively. Regarding the
contribution of the atoms that are involved in the carbon
onion coalescence, we could not observe any speciﬁc

PDOS

C20 (left)
C96 (left)
C20 (right)
C96 (right)
total

bonded atoms
inter-onion

PDOS

bonded atoms
intra-onion
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Figure 7 Projected density of states (PDOS) for the carbon onions
with three vacancies each. The upper panel shows the PDOS of
different fullerenes consisting the carbon onions after the bonding
has occurred. The lower panel shows the PDOS of all the bonded
atoms corresponding to the inter-carbon onion binding. The inset
shows the PDOS of the bonded atoms, which correspond to the
intra-carbon onion binding (see text). The Fermi energy has been
shifted to zero. The results are obtained through 5 ps of ab initio
MD simulations.
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Figure 8 The frontier orbitals (HOMO, LUMO) for the molecules
labeled in the panels. The results are obtained through the static
DFT simulations.

signatures. Only a peak coming from the bonded atoms of
the molecule is observed.
In order to understand in more detail the bonding
behavior of the doped carbon onions their frontier orbitals,
which are essential for understanding the coalescence are
shown in Fig. 8. These are compared to the orbitals for C20,
C96, and C20@C96 in the same ﬁgure. Inspection of this
ﬁgure reveals the change in the HOMO, LUMO orbitals
when two carbon onions are brought together. This change is
more pronounced when these carbon onions include defects.
It is interesting to observe that when defects such as
vacancies are introduced on the carbon onion surfaces the
frontier orbitals of the neighboring carbon onions overlap.
This is an indication, that the binding of the carbon onions
can easily be triggered, as long as certain conditions are
reached, as for example an elevated temperature. In essence,
this can be described by the frontier molecular orbital
theory [57], which states that the occupied orbitals of
one molecule and the unoccupied orbitals of another
molecule interact with each other causing attraction. In this
case, the two molecules – here the carbon onions – clearly
interact with each other.
Similar results for the doped carbon onions with one
vacancy each are presented and compared to the distributions
of the frontier orbitals before and after the ab initio MD
simulations, that is the initial and ﬁnal conﬁguration after
5 ps. The frontier orbitals are sketched in Fig. 9 in a 3-D
representation. These orbitals are also represented as 2-D
contours on a plane passing through the midpoint along the
direction where the coalescence occurs. There is again a
higher “activity” close to the doped/defect regions clearly
evident in both these representations. The frontier orbitals
become more conﬁned in the ﬁnal coalesced case, and the
electrons are more localized close to the interlinks. In fact,
the LUMO states are associated with the inner C20, while the
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9 The frontier orbitals (HOMO, LUMO) for the doped
carbon onions with one additional vacancy on each structure.
Contour slices of the HOMO and LUMO states are also given
separately. The results are shown for the initially generated (upper
panel) and the ﬁnal MD structure (lower panel), respectively. 3-D
iso-surfaces of the frontier orbitals (left) together with 2-D contour
planes (right) are sketched. The 2-D contours are shown along the
bonding direction of the two C20@C96 and exactly at the midpoint.
The results are obtained through the ab initio MD simulations and
correspond to a simulation time of 2 ps and a temperature of 2000 K.
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The outcome of these simulations is summarized in
Fig. 10. As obtained from the TBMD simulations [panel (b)
of this ﬁgure] the striking ﬁnding when the dispersion forces
are absent is that the inner fullerenes merge with the outer
ones, coalesce altogether and result in a bent single-walled
nanotube. The chirality of that nanotube cannot, though be
estimated. A small fraction of the carbon atoms (3%) were
found around the coalesced tube and were not involved
in the coalescence. For these atoms it was energetically
favorable not to form bonds with other carbon atoms. We
also found a small cluster of ﬁve atoms bound together away
from the coalesced structure. These “outer” atoms are not
shown in panel (b) for simplicity. The classical MD
simulations though [panel (c) of Fig. 10] do not show the
exact same picture. All fullerenes tend to interlink, but the
inner ones do not exactly merge with the outer ones as in
the TBMD simulations. This difference is based mainly
on the different level of description of the interatomic

HOMO is extended on the C96 and close to the center of the
coalesced compound. This HOMO state is strongly involved
in the bonding between the outer C96s.
3.4 Effect of dispersion forces As a ﬁnal remark,
we focus on the role of the van der Waals forces in the
carbon onions. The presence of dispersion forces is crucial
in stabilizing the concentric fullerenes, in analog to multiwalled carbon nanotubes, at a ﬁxed distance close to
the graphite inter-layer distance (3.4 Å). These forces are
also the reason why in the coalesced carbon onions the
inner and outer fullerenes coalesce separately with a
small probability to form interlinks, especially if the
temperature is high or pressure is applied. Within this
concept, we were triggered to investigate the coalesced
structure when the dispersion forces are absent. To
this end, the simulations for two C20@C96 placed at a
separation of 1.8 Å are repeated. For these new simulations, the dispersion interactions between the inner and
outer fullerenes are turned off. The carbon onions with the
three vacancies on each side are simulated again. These
structures correspond to the cases which, as shown in
the previous sections, tend to coalesce with classical and
ab initio MD. The calculations are performed with the
classical MD and the TBMD scheme. The TBMD choice is
justiﬁed by the fact that we wanted to use a more accurate
method than MD, which also includes electronic structure
information, but should computationally be less demanding than DFT. We also wished to introduce another level of
accuracy to check and supplement our previous results.
Note, that TBMD calculations with van der Waals forces
could not be done, as these forces are not taken into
account in the TBMD model we use. Similar conditions for
both the classical MD and the TBMD simulations were
used in order to make robust comparisons.
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 10 Snapshots of two C20@C96 placed at a separation of
1.8 Å. In (a) the initial structures are shown, in (b) the TBMD
results, and in (c) the classical MD results. In (b) the carbon onions
have coalesced forming a small capped nanotube, and in (c)
interlinks (colored in silver) are observed between the inner and
outer fullerenes, as well as between the adjacent fullerenes. The
graph in (d) depicts the ring-size distributions for (a), (b), and (c).
For these results the dispersion forces have been switched off.
The snapshots are shown at a simulation time of 0.1 ns and a
temperature of 2000 K. No pressure was applied.
www.pss-a.com
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interactions in these two computational schemes. The total
simulation time for these two methods varied, but the results
we show correspond to the same time-step. In this respect,
the time should not be an issue unless in the classical
MD simulations a longer time is needed than the TBMD
simulations. We have though performed the classical
MD simulations for 1 and 10 ns and still do not get the
same qualitative picture as with the TBMD simulations. We
should note here that over the 0.1 ns run for both the classical
MD and TBMD simulations the mean temperature was
1996.42 and 1999.98 K, with standard deviations 120.64
and 118.51 K, respectively.
The coalesced carbon onions are mainly made up of ﬁveand sixfold rings similar to the initial structures as seen in
Fig. 10(d) in which the ring statistics of the initial and ﬁnal
conformations for both TBMD and classical MD simulations
is compared. In the coalesced tube (TBMD simulations), also
some higher and lower rings are formed, with the seven- and
eightfold rings found at the vicinity of the bend. The bending
of the tube is formed due to the presence of these high-fold
rings and the occurrence of ﬁvefold rings at their vicinity.
The higher-order rings try to induce a negative curvature at
the bend-site, which is then opposed by the ﬁvefold rings. In
the interlinked carbon onions obtained from the classical MD
simulations the ring statistics analysis, shows that no loworder rings (three- and fourfolded) exist, but rather highorder rings. The majority of the carbon atoms is ﬁve- and
sixfolded, but a signiﬁcant fraction of eight- and ninefolded
atoms do exist. The structural differences that occur from the
classical MD and the TBMD calculations are again mainly
based on the different interatomic potentials, as the mean
temperature and initial conditions were similar for both
computational schemes. In order to exclude the effect of
relaxation, we have also calculated the ring statistics for the
classical MD simulations after a time of 10 ns (not shown).
A decrease of the ﬁvefold rings was observed, while the
number of sixfold rings remain the same. On the other hand,
the eightfold rings have increased, while there is a more
pronounced increase in the ninefold rings.
The eDOS for the coalesced and initial structures shown
in Fig. 10(a), (b) are summarized in Fig. 11. These are
compared also with the ideal case of two 2C20@C96 without
any vacancies. The total eDOS is shown in panel (a) of this
ﬁgure, while in (b) the total eDOS for each case is
decomposed into the contributions from the different ringsizes which occur in these structures (Fig. 10c). First, it is
interesting to observe that the carbon onions with three
vacancies each develop a small gap (about 0.9 eV) away
from the Fermi surface. This gap does not exist for the
coalesced case. Regarding the contribution of the carbon
rings, as shown also in the ﬁgure, apart from the contribution
of the three- and fourfold rings, the other ring sizes
contribute similarly to the electronic structure of the
coalesced carbon onions, i.e., the small nanotube. These
results are important in order to evaluate the effect of van der
Waals forces in the coalescence process of two carbon
onions. To this end, in panel (c) of the same ﬁgure, the
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Figure 11 eDOS for the carbon onions depicted in Fig. 10. The
total eDOS are shown in panel (a), while in (b) the eDOS is
decomposed into the contributions coming from the different ring
sizes formed in the structures. In (c) the PDOS shows the
contributions from the four different fullerenes consisting of two
carbon onions. The labels in (c) correspond to the different carbon
onion shells shown in Fig. 10(a). The results are obtained through
the TBMD simulations after a simulation time of 0.1 ns and a
temperature of 2000 K. The Fermi energy has been shifted to zero.

projected density of states (PDOS) are added. The PDOS
sketches the contributions for each fullerene in the two
carbon onion complex. The results are shown for the
coalesced tube in Fig. 10(b). The labels correspond to the left
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and right inner and outer fullerenes which are better viewed
in Fig. 10(a). All contributions ﬁll up the electronic band gap
of the initial structure in Fig. 11.
Finally, a comparison of different cases modeled with
classical MD simulations alone is done. Different simulations were performed under pressure and temperature
conditions similar to the ones used in Section 3.1 and for
the carbon onions having three vacancies each. In these
calculations, the van der Waals forces were again switched
off in order to unravel the role of the van der Waals forces
in the empirical MD calculations alone. A qualitative
difference in the bonding of the two onions was seen as
compared to the cases where the van der Waals forces are
present. The difference is based on the number of new bonds
which are formed and the atoms involved in these bonds.
There are many bonds formed between the carbon onions,
as well as between the inner and outer fullerene of each
carbon onion. The number of bonds is larger when pressure
is applied compared to the case where only temperature is
applied. In the former case, some of the atoms of the inner
fullerenes tend to move to the surface, i.e., the outer
fullerene of the carbon onion. We have also observed a
similar behavior using another C96 isomer with a D3h point
group symmetry.
4 Summary and conclusions In summary, in this
work we have studied the binding possibilities of small
concentric carbon onions. Binding is promoted by introducing vacancies and/or dopants on the outer surfaces of the
carbon onions and in some cases also by applying pressure
and/or increasing temperature. Binding could potentially
also be promoted by other ways, such as Stone–Wales
defects on the carbon onions, but this was not the subject of
this work. Focus was given to the quantiﬁcation of the
factors that guide the coalescence of two carbon onions. The
structural and electronic properties of the coalesced carbon
onions were analyzed. Although binding was promoted
under different structural (vacancies, dopants) and external
(temperature, pressure) conditions as mentioned above, the
bonding characteristics of the two carbon onions do differ.
An additional detailed insight on these characteristics was
gained by analyzing the electronic properties, such as the
total and projected eDOS and the frontier orbitals. Through
these, the distribution of the frontier states was revealed.
These orbitals are involved in the coalescence and are
distributed closely to the interface between the two carbon
onions.
Overall, it was found that the presence of dopants more
effectively leads to coalescence of the carbon onions
compared to the introduction of vacancies alone. An
elevated temperature is sufﬁcient to promote the coalescence
and the application of pressure leads to a faster and more
complete bonding of the carbon onions. Most importantly,
when only temperature is applied, the resulting coalesced
compound is more stable and does not include any
unphysical bonding as sometimes introduced due to the
presence of pressure. The effect of the van der Waals forces
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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in the binding was also evaluated and can potentially also
lead to the formation of a small nanotube. Finally, small
carbon onions were included in our studies for computational efﬁciency. Our aim was to indicate a coalescence
pathway and present a proof of principles regarding the
binding of two small nano-units, like the carbon onions. This
study can be further expanded to include higher order carbon
onions with additional defects/vacancies or dopant atoms,
which are expected to enhance the functionalization of these
as well as similar nano-carbons.
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