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ABSTRACT: Self-consistent charge density functional tight-binding and density func-
tional theory calculations have been employed to study the energetics of the graphene−C60
fullerene fusion. We show that there is an optimal value of the bond-puckering angle of
single-layer graphene-like systems, which facilitates fusion with other low-dimension carbon
systems. Specifically, chemical attachment of a C60 fullerene to a single-layer graphene sheet
is not feasible from the energetic point of view due to lack of puckering of the pristine
graphene surface, but may occur for systems with some surface curvature. The presence of
various defects in the graphene surface, including formation of four- and five-membered
rings, Stone−Wales defects, or single and double vacancies may create some surface strain
leading to formation of reactive sites in graphene, which are susceptive to binding with a
fullerene. As an example, we show that a single vacancy in the graphene surface can lead to formation of a stable chemical bond
with a fullerene.

■ INTRODUCTION

Graphene is one of the most promising technological materials
due to its outstanding electronic, mechanical, and thermal
properties.1−6 In recent years, it has been realized that hybrid
materials composed of graphene and other low-dimension sp2

carbon systems, like nanotubes and fullerenes, may add to this
remarkable array of properties. For example, carbon nanotube
peapods, fullerenes inside carbon nanotubes (CNTs)7−9 and
nanobuds, fullerenes attached to either the outer surface of
single-walled carbon nanotubes (SWCNTs)10−12 or graphene,
have been suggested as building blocks of nanoelectronic
devices and have promise in the field of spintronics.13,14 The
later may also serve as a precursor to the synthesis of pillared
graphene structures, which are predicted to have remarkable
structural, thermal, and electronic transport properties.15−18 To
date, however, graphene−fullerene peapod structures have yet
to be synthesized experimentally and only recently a first step
toward controlled synthesis of pillared graphene has been
made.19

Experimental synthesis of a graphene−fullerene system may
appear feasible, based on its similarity to a fullerene−fullerene
system, for which experimental fusion has already been
observed.20−23 In the C60 dimer system, the energetically
most favorable bond arrangement geometry involves two sigma
bonds and formation of a four-membered square ring.24 The
energy barrier for the C60 dimer dissociation has been
experimentally estimated to be between 1.25 and 1.56

eV.25,26 However, a perfect graphene surface is known to be
nonreactive (apart from its edges) due to its zero curvature.
From the chemical point of view , single-layer graphene

(SLG) is a conjugated, chemically inert π-surface composed of
aromatic sp2-bonded carbon atoms. Carbon nanotubes, a
similar sp2-bonded carbon system, but with high curvature
are, on the contrary, relatively reactive and can be function-
alized rather easily.27 The difference in reactivity of these two
carbon systems is in part related to structural strain in
nanotubes introduced by bending the planar SLG sheet, which
causes curvature-induced pyramidalization at single carbon
atoms28 and π-orbital misalignment between adjacent pairs of
carbon atoms.29

Various types of defects may help reduce activation energy
barriers for fullerene attachment to SLG, either by acting as
nucleation centers for chemical functionalization of gra-
phene30,31 or by introducing high lattice strain centers via
forcing local curvature of the graphene structure. While
graphene is known for the high formation energies of point
defects resulting in low defects concentration,32 point defects
do exist in graphene33−35 and can be deliberately introduced
using various methods, like irradiation or chemical or
mechanical treatment.36−38
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In this work we use the self-consistent charge density
functional tight-binding (SCC-DFTB) and density functional
theory (DFT) methods to evaluate energy barriers for the
formation of the SLG−C60 chemical bonding and provide
critical information in relation to the chemical synthesis of such
systems. We explore the energetic profiles of the binding
reaction (by calculating points along the reaction path) for
pristine SLG sheets and evaluate the effect of various types of
lattice defects on these profiles, including single and double
vacancies and Stone−Wales defects. We also explore the effect
of strain on the reactivity of graphene and compare it to the
reactivity of carbon-nanocones, where high curvature is an
intrinsic structural feature.39 Finally, we also examine the
performance of the DFTB method in describing carbon-based
nanosystems. The present work sheds light on the energetic
requirements related to the graphene−C60 fusion and provides
some guidance for the experimentalists in synthesizing novel
hybrid materials based on graphene and fullerenes.

■ METHODS
The SCC-DFTB method (as implemented in DFTB+
software40) is used in the first part of this study. DFTB is a
computational method based on a second-order expansion of
the Kohn−Sham total energy in the density functional theory
(DFT) with respect to charge density fluctuations.41,42 The
zeroth order approach in DFTB is equivalent to a common
standard nonself-consistent tight-binding scheme, while at the
second order a transparent, parameter-free, and readily
calculable expression for generalized Hamiltonian matrix
elements can be derived and used in determining the energy
correction. These matrix elements are modified by a self-
consistent redistribution of the Mulliken charges (SCC).43 The
DFTB method has been extensively used for modeling of
carbon nanostructures, and the results were shown to be in
good agreement with more sophisticated methods in the
determination of equilibrium geometries, energies, and vibra-
tional modes.41,44−47

In the present DFTB calculations, we use a periodic
graphene sheet model containing 112 carbon atoms and a
model of C60 fullerene for all modeled graphene systems (the
models are shown in Figure 1). The models of various
graphene defects including Stone−Wales defect,48 single
vacancy,34 and double vacancy49 are prepared based on a
recent paper describing the most frequently occurring defects.32

We also evaluate the energetics of the bonding between a
fullerene and a carbon nanocone; here, a nanocone model is
prepared based on a study of the nanocone reactivity.50 In the
optimization of all structures, they have been relaxed until
atomic forces fall below 0.3 meV. A Monkhorst−Pack 3 × 3 ×
3 point mesh is used for the periodic systems in the
calculations.51 Dispersion interactions are included via a
Lennard-Jones potential between each pair of atoms with the
parameters taken from the Universal Force Field.52

In the second part of the investigation we use the M06-2X
DFT method53 as implemented in the Gaussian09 software.54

We use the 6-31+G* (for smaller systems) or 3-21G* (for
larger systems) basis sets for geometry optimizations. To
perform single-point calculations, we use the 6-31G* or 6-
31+G* basis sets. Because of the computational limitations, we
also used the ONIOM method55 for single-point calculations
with the atoms close to the bond-formation region described at
the M06-2X/6-31+G* level and other atoms described at the
M06-2X/3-21G* (denoted as ONIOM1 in the text) or PM656

(denoted as ONIOM2 in the text) levels. Throughout the text,
we use the notation method1//method2, which means that the
geometry of a particular system is optimized at the method1
level and then a single-point energy calculation is performed at
the more accurate method2 level. In all DFT calculations
involving graphene we use a graphene flake consisting of 168
carbon atoms and terminated with hydrogen atoms (without
periodic boundary conditions). The defects in this graphene
model are prepared in the same way as in the DFTB
calculations. For structure optimization, we use the standard
Gaussian convergence criteria with the SCF = tight keyword.

■ RESULTS
C60−C60 Systems versus C60 Fullerene Interacting with

Nondefective Graphene Surface. To better understand the
fullerene−SLG systems and to validate the computational
methods used in this work, we first estimate the dissociation
energy barrier in the C60 dimer using an approach similar to the
one used in the older study.44 In that work, the authors looked
at two different bond dissociation paths of the C60 fullerene
dimer. In the first path (path-1), both C−C bonds connecting
the two fullerenes are fixed by freezing the coordinates of the
four carbon atoms participating in their formation. The
remaining atoms are free to relax in the energy minimization.
In the second path (path-2), only the carbon atoms forming
one of the two C−C bonds connecting the two fullerenes are
frozen; this approach is more realistic. We also include a third
path where two C60 fullerenes interact via π−π stacking (path-
3). The energy minimum in this path corresponds to the
fullerenes being 3.56 Å apart (path-3).
We first consider calculations of the energy barriers for the

C60−C60 bond formation/dissociation using SCC-DFTB and
DFT. The activation energy for the bond dissociation for path-
1 is equal to 1.88 eV with the transition state located at the C−
C bond distance of about 2.19 Å. The activation energy along
path-2 (a more realistic approach) is equal to 1.05 eV at the C−
C bond distance of 2.29 Å (the DFTB result; see Figure 2).
The second value should be considered as a lower limit of the
energy barrier, and it is in good agreement with the
experimental estimate. It is also closer to the semiempirical
AM1 value of 1.85 eV obtained in an older study.57 It is worth

Figure 1. Molecular systems used in this study: (a) C60−C60 model,
(b) C60−graphene model, (c) C60−naphthalene model, and (d) C60−
nanocone model.
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noting that the M06-2X/3-21G* method overestimates this
energy barrier giving the value of 1.98 eV. The 3-21G*// 6-
31+G* curve (using geometry optimized with the 3-21G* basis
set) gives the energy barrier of 1.77 eV, while both ONIOM
approaches give the value of 1.47 eV, in perfect agreement with
the experimental data. Because of the good agreement with the
experimental results, further calculations are performed only
with the DFTB and 3-21G*//ONIOM2 methods. These
methods combine good computational speed with good
accuracy.
Next, we consider a C60 interacting with SLG (Figures 3a,b)

using the DFTB method (DFT gives identical results). The
interaction in this structure originates from the relatively weak
π−π stacking of the adjacent benzene rings of the fullerene and

graphene. The equilibrium C−C distance is 3.0 Å, in agreement
with both the experimental and theoretical data.58,59

A C60 fullerene chemically bound to a pristine SLG can be
obtained in an analogous way to the fullerene dimer, utilizing a
[2 + 2] cycloaddition reaction. Both DFTB and DFT methods
show that such a system should be stable or at least metastable.
In this system, the newly formed two σ C−C bonds have the
lengths of 1.62 (DFTB) or 1.61 Å (DFT), which is slightly
more than for the corresponding distances in the C60 dimer. It
is interesting to note that in this system the graphene sheet
exhibits a noticeable local curvature at the site of the new bond,
which is identical for both DFTB-optimized and DFT-
optimized structures (Figure 3c,d).
Figure 4 depicts the energy scan along a possible reaction

coordinate of the C60 fullerene−SLG fusion obtained using

DFTB and DFT methods. At each point of the scan the
distances between the carbon atoms of fullerene and graphene
are changed in increments of 0.1 Å and all other degrees of
freedom are free to relax. An energy scan (scan-1) along one of
the σ C−C bonds, which is a possible reaction coordinate of
C60 fullerene−SLG dissociation/fusion when starting from this
structure of the adduct, reveals a 0.33 eV (DFTB) or 0.56 eV
(DFT) energy barrier for the fullerene−SLG dissociation.
However, a scan in the other direction (bond formation)
starting from a nonbonded system (scan-2) shows that no
chemical bonding occurs even at close distances. These results
suggest that the spontaneous formation of a chemical bond
between C60 fullerene and SLG is very unlikely since it requires
following a very specific reaction path with a large energy
barrier (3.3 eV) for bond formation and a low energy barrier for
bond dissociation.
Next we evaluate whether curvature in the C60 dimer system

distinguishes bonding in this system from the lack of bonding
in the C60−SLG system. To understand the impact of the
carbon system curvature on the binding energetics we have
performed additional calculations using a system of C60
fullerene interacting with naphthalene as a smaller SLG
molecule analogue, but where development of some curvature
during bonding is permitted (Figures 5a−c). For this and other
systems, we examine the bond-puckering angle defined in
Figure 5d. The optimized C60−naphthalene bonded system is
very similar to the C60−C60 dimer system with the C−C
distance of 1.60 Å. The bond-puckering angle of the bonded

Figure 2. C60−C60 potential energy surface (PES) along the reaction
coordinate. No curve smoothing function has been used in the
drawing of this and other PES profiles in this article. Instead, we
decided to connect the calculated points with straight lines. As a result,
the observed cusps have no physical origin such as singularities or
conformational changes.

Figure 3. Models for C60 fullerene interacting with a graphene sheet:
(a) interaction via π−π stacking, top view; (b) interaction via π−π
stacking, side view; (c) C60 fullerene chemically bonded to SLG
optimized at the DFTB level of theory; (d) C60 fullerene chemically
bonded to SLG optimized at the DFT level of theory.

Figure 4. C60−SLG potential energy surface along the reaction
coordinate.
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naphthalene molecule is 25.2°, while the bond-puckering angle
of the adjacent fullerene bonds interacting with the naphthalene
is 30.9°. For comparison, the bond angle of an isolated fullerene
is 20.9° (DFTB) or 21.1° (DFT), whereas the bond angles of
the comparable adjacent bonds in the bonded C60 dimer system
is 30.6° (DFTB) or 30.7° (DFT). The C60−naphthalene
system resembles the C60 dimer system as the potential energy
scan along the C−C bond are both very similar, each with a
dissociation energy barrier of 1.20 eV on the DFTB level.
Preventing the naphthalene bond angle from rotating (by

freezing certain carbon atoms in the course of computations)
has a drastic effect on the energetics of the reaction (Figure 6).
If we consider a zero degree bond angle (as in ideal,
noninteracting SLG), we obtain a completely different potential
energy curve with a very high energy barrier and a low binding
energy due to unfavorable overlap of π orbitals. A bond-
puckering angle of 22.9° (as in graphene interacting with C60
fullerene, see Figure 4) gives a similar barrier to the relaxed

system, but with a slightly higher energy barrier of 1.33 eV.
Increasing the bond angle in the naphthalene molecule over the
optimal angle of 30.9° also increases the energy barrier. For the
bond-puckering angle of 33.1° we estimate the energy barrier to
be 1.58 eV, while for 40.9° it is 2.69 eV. This data suggests that
there is an optimal bond-puckering angle, equal to about 30.9°,
which allows for the strongest bonding between these types of
aromatic carbon−carbon systems.
Achieving this optimal bond angle, however, introduces an

additional lattice strain energy term, which must be overcome
so the resulting actual angle may differ somewhat from the
optimal one. For C60 fullerene bonding to another C60
molecule there is only a relatively small bond angle rotation
going from 20.9° (noninteracting C60 fullerene) to 30.6° (two
C60 fullerenes forming a C120 system) required. Chemically
attaching a fullerene to graphene, however, necessitates the
bonds in the graphene sheet involved in the bonding to rotate
from 0° to 22.9°. This requires overcoming a higher bond strain
energy. We have evaluated the reorganization energy (defined
as the energy required to change from the optimal angle of an
noninteracting system to the optimal angle for the chemically
bound system) at the M06-2X/3-21G* level of theory for both
discussed systems. As expected, the reorganization energy for
C60 fullerene is relatively low (1.42 eV), while for the SLG it is
much higher and equal to 2.26 eV for a 0° to 22.9° change and
5.57 eV for a 0° to 30.9° change.
It is worth mentioning that similar studies concerning the

impact of the curvature of nanosystems on their reactivity have
been performed earlier for nanotubes.60 In that work, a linear
dependence between the CH2/N/O exo and endo additions to
armchair nanotubes and the inverse tube diameter is shown.
The endo addition is relatively similar to the nanocones radical
addition studied earlier, where a dependence between nano-
cone curvature and methylene radical addition was found. In
our case, however, we observe no linear dependence between
the reaction energy and curvature/bond-puckering angle. This
is due to both the additional constraints caused by the overall
geometry of C60 fullerene and the requirements of orbital
overlap in the [2 + 2] cycloaddition reaction, resulting in one
optimal curvature value.
These results suggest that chemical attachment of fullerenes

to carbon structures with high intrinsic bond angle may have
relatively low activation energy barriers. To test this hypothesis
we evaluated potential energy curves for C60 interacting with a
nanocone system with an intrinsic bond angle of 25.5° (Figure
1d). As expected, the potential energy scan for this system
interacting with C60 fullerene is similar to the graphene−C60
case (Figure 7). The nanocone has a very similar barrier for the
C−C bond dissociation of 0.8 eV due to a similar bond angle. It
is not, however, as high as expected from a similar bond angle
in the C60 fullerene−naphthalene system due to the presence of
the four-membered aromatic ring, which is more reactive than
the six-membered ring and additionally lowers the energy
barrier.50

C60 Fullerene Interacting with Defective Graphene
Surface. The second option for creating a more reactive
graphene surface is to utilize naturally occurring surface defects,
which may create highly reactive radicals and introduce
nonzero curvatures on the SLG surface. To test this option,
we have calculated potential energy surfaces for C60 fullerene
interacting with the defect-containing SLG models presented in
Figure 2. The calculations shows that in all considered cases the
fullerene avoids the area where the defect is located, as it

Figure 5. C60−naphthalene system: (a) minimum-energy structure of
bonded system; (b) minimum-energy structure of interacting system;
(c) model of a C60 fullerene bonded to a flat naphthalene; (d)
definition of the bond-puckering angle.

Figure 6. C60−naphthalene potential energy surfaces along the
reaction coordinate (DFTB level). Different values correspond to
the different bond-puckering angles, which were frozen during the
scan. Optimized curve corresponds to the potential energy scan where
the bond-puckering angle was being optimized at each step of the
potential energy scan.
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distorts the π−π stacking interaction between the adjacent
surfaces of the graphene and C60 fullerene. The C−C distance
between the fullerene and the graphene with a defect measured
as the distance between the closest carbon atoms is in the range
of 3.0−3.3 Å. The differences between interaction energies of
the ideal and distorted π−π stacking are, however, very small
(on the order of 0.1 eV), and it is clear that even at the standard
temperature the fullerene is able to move virtually freely around
the whole surface of the defective graphene surface.
For C60 attachment to pristine SLG, we find only one

minimum-energy configuration for chemical attachment, but it
is thermodynamically unstable. For defected graphene sheets,
however, there are, in some cases, multiple low energy
configurations. For each investigated defect we have built
multiple starting geometries, which have been subsequently
used in the calculations. Here, we will only focus on the
structures that are most energetically favorable (Figure 8).
For most of the studied cases, we found that the system

behaves similarly to the C60−C60 case, albeit with a much
smaller energy barrier (see Supporting Information). Following
the likely dissociation path of fullerene from the defected
graphene sheet shows a small energy barrier; a scan in the
direction of bond formation gives similar results. The height of
the energy barrier is, however, in these cases around 0.5 eV,
suggesting that the C60 fullerene is only weakly bound in these
systems, and most likely no spontaneous formation of a
chemical bond would be observed experimentally.
The lone exception is the single vacancy case (Figure 9b). In

this case, the bonded system is highly asymmetric, forming
strong carbon−carbon bonds (with bond distances of 1.56 and
1.59 Å, respectively). Breaking these bonds requires more than

2 eV suggesting that such bonding is very stable. This is also the
only case in which we can see a true energy barrier for both the
path of bond dissociation and the path of bond formation (see
Figure 9).

■ CONCLUSIONS
In this work, we present a theoretical analysis of the first step
involved in controlled C60 fullerene−graphene fusion, which, as
we have suggested, could be a path toward synthesis of pillared
graphene structures. Previous calculations for the C60−C60
fullerene fusion indicate that it is a multistep, complex process
with multiple metastable structures and complicated bond
rearrangements.61−63 The process is facilitated by creation of
generalized Stone−Wales defects, which, due to the high strain
they cause in fullerene molecules, lead to paths with relatively
low activation-energy barriers to the C60−C60 dimer formation.
Conjoining C60 molecules via simultaneous formation of two
new C−C sigma bonds is, however, the crucial step of the
whole fusion process, despite its low activation barrier. As
suggested earlier,61 the [2 + 2] cycloaddition reaction may be a
rate-limiting step for the fusion since it can be initiated only in a
geometry of the system where two C−C bonds of the fullerenes
face each other. There is a relatively low probability for thermal
activation of cycloaddition, particularly at low temperatures,
which may prevent fusion initiation. Han et al. estimated that
this step should occur on the time scale of once a week per pair
of C60 molecules at 1400 K, which is significantly longer than
the time frame of a Stone−Wales transformation.61 We note,
however, that photochemical activation, where one component
has an electron promoted to a pi-antibonding state, may

Figure 7. C60 nanocone potential energy surfaces along the reaction
coordinate.

Figure 8. C60 fullerene attached to graphene sheet with various defects: (a) Stone−Wales defect; (b) single vacancy; (c) double vacancy 1.

Figure 9. C60−graphene (vacancy1) potential energy surface along the
reaction coordinate.
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significantly enhance cyclo-addition rates because of favorable
orbital symmetry changes.64

We show that C60 fullerene bonding to SLG via thermal
activation requires a similar, unlikely arrangement of C−C
bonds and has a relatively high energy barrier. The dissociation
of the new C−C bonds is, however, much more likely than in
the C60 dimer case due to the presence of additional benzene
rings in the graphene sheet, which may form favorable π−π
stacking interactions with the dissociating fullerene molecule,
driving the reaction toward dissociation. Unlike the case of the
C60 dimer, where the covalently bonded system is almost
isoenergetic with the π-bonded system and the barrier from the
former to latter is high, the C60−graphene system is different.
Here, the covalently bonded system is metastable by about 3
eV, and the barrier to go from the covalently bonded adduct to
the significantly more stable, π-bonded complex is small. A
barrier of this magnitude can be easily overcome by thermal
activation. Therefore, we shall conclude that it would be highly
unlikely to form a covalently bonded C60−graphene system,
and therefore, we would need either defect-mediation,
attachment via chemical functionalization, or other means to
achieve this.
However, we find that during fullerene bonding the graphene

sheet’s local curvature adjusts via local bond rotation/puckering
in order to optimize the π orbitals overlap. We also show that
there is an optimal C−C bond angle associated with this sheet
curvature, which facilitates the attachment process. Carbon
systems with intrinsic positive curvature (including fullerenes
and carbon nanocones) possess lower energy barriers to fusion;
whereas others (like graphene) are forced to distort their
structure to facilitate the optimal bonding angle. This finding
implies that graphene should become more reactive by
artificially straining the graphene sheet. This could be
accomplished by either introducing propagating dislocations,65

by synthesizing single-sided hydrogenated graphene,66 or via
mechanical bending of the graphene sheet.67 If such a
deformation can be effectively achieved in a controlled manner,
it may lead to a controlled fullerene−graphene fusion and
synthesis of novel hybrid materials.
Introduction of defects in graphene is another method of

distorting its structure, which may lead to lowering the
activation energy barrier toward fusion with fullerenes. We
show that the attachment of C60 fullerene to carbons at the
edges of the defect is not more likely than the attachment to a
pristine graphene sheet. This effect is due to the distortion of
the ideal π system in graphene, which perturbs the π−π
stacking interaction with fullerene and forces fullerene to avoid
the defective surface of graphene. However, a successful
fullerene bonding creates in some cases a system with a
shorter and stronger (harder to break) set of C−C bonds than
in the case of graphene without defects. This behavior may be
used, e.g., in a controlled synthetic process where a defect-
containing graphene sheet is functionalized with fullerenes and
subsequently heated to remove fullerenes attached to all carbon
atoms but those involved in the defect.
We also show that the DFTB method is able to qualitatively

reproduce the energetics of the C60 fullerene−graphene
reactions. It has been shown earlier that this method is
perfectly suited to describe and model graphene-based
nanosystems (including the defects described in this work) at
a fraction of the computational cost of the DFT methods.68 In
the case of the systems studied here, the difference in
geometries of the DFTB-optimized and DFT-optimized

systems is minor, although the reaction barriers differ to
some extent, and in some cases substantially.
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