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ABSTRACT
The mechanisms of carbon sticking reactions to C36 and C–C80 fullerenes were investigated with molecular dynamics simulations (MD) using
the Second-generation Reactive Empirical Bond Order (SREBO) and Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO)
potentials that were specifically optimized for carbon-carbon interactions. Results showed the existence of three possible sticking configura-
tions where the projectile atom can stick either to one, two or three atoms of the target fullerene. They also showed that although the two
potentials give similar magnitudes for the sticking cross-sections, they yield fairly different results as far as sticking mechanisms and config-
urations at thermal collision-energies, i.e., in the range 0.05–0.5 eV, are concerned. While AIREBO, that takes into account the long-range
Lennard-Jones interaction, essentially results in a surface-sticking configuration with a single atom of the target fullerene, SREBO potential
yields both surface- and two neighbors-sticking (2N-sticking) configurations. The fullerene structure is preserved in the last configuration
while it can be recovered by a 2000 K annealing in the former configuration. Results obtained with SREBO eventually showed larger sticking
probabilities for C36 as compared with C80. In spite of this, the sticking cross-sections obtained for C80 are similar to or even larger than those
obtained for C36 due to the larger size of C80 that compensates for its smaller sticking probabilities.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0166116

I. INTRODUCTION

The study of the properties of intermediate and large carbon
clusters, Cn with n > 32, especially with even number of carbons, is
of great interest due to the potential applications of these clusters in
a variety of fields, such as nanotechnology and biomedicine (Bratov-
cic 2023, Paukov et al., 2023; Perez-Mellor et al., 2022; Rao et al.,
2021; Yang et al., 2022). Carbon nanostructures are produced by gas
phase nucleation which represents the fundamental principle under-
lying their synthesis process (Afanas’ev et al., 2001; Alekseev et al.,
2001; Borand et al., 2021; Farhat and Scott 2006). In particular, car-
bon clusters can be obtained at low temperature in non-equilibrium
glow discharges, such as DC or radio-frequency capacitively cou-
pled discharges, by the sputtering of a graphite cathode (Arnas et al.,

2010; Michau et al., 2016a; Novikov et al., 2021; Wang et al. 2020).
This leads to the emission of a significant quantity of carbon, most
of which is in the form of carbon-atom, C2-dimer and possibly C3-
trimer (Bernholc and Phillips, 1986; Dominique and Arnas, 2007).
The interaction of these injected primary species with active plasma
species such as electrons, ions and radicals, leads to a molecular
growth giving rise to large clusters (Michau et al., 2016b). The
identification and control of the nanostructures that can form in
such situations require a detailed analysis of the molecular growth
processes.

Despite their large number, experimental studies of the key-
reactions involved in large clusters formation in plasma did not
always make it possible to determine the structure, morphology,
physical properties and molecular growth mechanisms. For this rea-
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son, several groups made use of molecular simulation approaches.
Most of the studies on carbon clusters were devoted to fullerenes and
addressed more specifically the issues related to the thermal stability
of this type of clusters. Among these studies, only very few made
use of first principle simulations. This is for example the case of
Celaya et al. (2017) who combined density functional theory (DFT)
and quantum molecular dynamics simulations to study the thermal
stability of quasi-fullerenes Cn (n = 20, 42, 48 and 60) at high tem-
perature (800–1000 K). Actually, most of the computational studies
on intermediate and large carbon clusters made use of molecular
dynamics simulations with the Second-generation Reactive Empiri-
cal Bond Order (SREBO) potential to describe carbon-carbon inter-
action (Cai et al., 2005; Kosimov et al., 2010; Ueno and Saito, 2008).
For instance, Zhang et al. (2005) used MD simulations with SREBO
to study the thermal stability of four fullerene structures, i.e. C20,
C26, C36, and C60. There are however only few investigations carried
out on the reaction-mechanism involved in the formation of car-
bon clusters. Actually, the published studies dealt with fairly specific
growth processes. For instance, Yamaguchi and Maruyama (1998)
used molecular dynamics to study the formation of carbon clusters
by the condensation of an atomic carbon vapor emitted by a graphite
cathode. They showed that, in the temperature range 2500–3000 K
and under a fairly high carbon-atom density, i. e., around 1019 cm−3,
the process starts with the formation of carbon dimers that grow
and form linear then poly-cyclic molecules. If their density is high
enough, these later undergo a coalescence process that results in dif-
ferent types of structures depending on the temperature level. More
specifically, they observed that graphene-like structures are formed
at temperatures below 2500 K, while fullerenes are obtained between
2500 and 3000 K. Molecular dynamics simulation studies similar to
the example briefly described above mainly dealt with cluster for-
mation by condensation in fairly dense carbon vapor where second
order cluster-cluster reaction processes are very likely. There are
however many situations where the formation of large carbon cluster
proceeds by successive addition of carbon atoms or carbon dimers.
This is especially the case in DC and RF glow discharges where
carbon atoms and dimers produced by sputtering from a graphite
electrode show much larger populations than the larger carbon clus-
ters (Bernholc and Phillips, 1986). There is to our best knowledge
only one study by Alekseev and Dyuzhev (1999) who investigated
the formation of fullerene from polycyclic carbon structures. They
made use of geometrical considerations to show that fullerene for-
mation route from polycyclic clusters can take place by addition of a
C2-dimer. These authors focused however on a single growth route
and did not give any qualitative or quantitative information on the
reaction mechanism and on the probability of the growth process.

In spite of the lack of information and quantitative data on
carbon cluster growth by addition of C-atom or C2-dimer, several
authors spent an important effort for developing kinetic models in
order to understand carbon cluster formation in glow discharges,
where the molecular growth process is dominated by C and C2
addition (Michau et al., 2016a; Schwiegert et al., 1995). The imple-
mentation of these models faces a major difficulty related to the
poor knowledge of the cross-section data for the collisions between
carbon-atom or carbon-dimer and larger size carbon clusters. Some
authors relied on approximate empirical expressions for the reac-
tion rate constants (Michau et al., 2016b), while others derived the
reaction constants directly from the kinetic theory of gases. For this

purpose, they used the apparent diameters of the clusters involved
and assumed a value of 1 for the sticking probability of a carbon
atom or dimer on larger carbon cluster (Schwiegert et al., 1995).

Such an assumption is probably too much strong. Indeed, the
possibility of non-reactive elastic or inelastic scattering cannot be
disregarded. Moreover, the interaction dynamics and the sticking
probabilities of C or C2 with large carbon clusters are likely to signif-
icantly depend on the collision-energy and on the cluster size. Also,
to our best knowledge, the structures and stability of the clusters
resulting from the sticking process have never been studied in the
literature.

The objective of this paper is related to this last point. Our
aim is to investigate the growth of one intermediate, i.e. C36, and
one large, i.e. C80, fullerenes by C-atom addition. We are particu-
larly interested in examining the possibility to preserve the fullerene
structure during the growth process or to recover this structure by an
annealing of the reaction product. The choice of C36 was motivated
by the fact that fullerene isomers show significant stability and abun-
dance under the conditions of interest only for clusters with more
than 32 atoms (Allouch et al., 2021). C80 was considered in order to
investigate how the cluster size affects the sticking mechanism and
probability. We make use of classical molecular dynamics to ana-
lyze the interaction of carbon-atom with the fullerenes considered,
to identify the different sticking configurations and to investigate
their stabilization by annealing. We determine the partial stick-
ing probability for each configuration and infer the overall sticking
cross-sections as function of the collision energy. Two simulation
sets using two bond-order interaction potentials optimized for C–H
system were used. The first one, SREBO, takes into account only
short range interactions while the second, Adaptive Intermolecu-
lar Reactive Empirical Bond Order (AIREBO), takes into account
torsional effects and long range interactions.

The paper is organized as follows. In the Sec. II we briefly give
the main feature of our MD approach and discuss the method-
ology adopted to determine the sticking probabilities and cross
sections for C-atom/Fullerene interactions. The set up of our sim-
ulation is presented in Sec. III. In Sec. IV, the simulation results
obtained using SREBO and AIREBO are discussed. The different
sticking configurations along with their probabilities as function of
the collision-energy are analyzed. The total sticking probabilities and
cross-sections are then inferred from this analysis.

II. MODELING AND SIMULATION METHODOLOGY
The determination of the sticking cross-section on a 3D cluster

for a prescribed collision energy, i.e., a projectile velocity magnitude
in the target cluster frame, requires calculating the average stick-
ing probability over a large number of projectiles arriving from all
space directions with randomly oriented velocity. For this purpose
and in the case of fullerene clusters that usually show quasi-spherical
geometry, we define a reference sphere, also called interaction sphere
(Sint), centered at the cluster center of gravity and with a radius Rint
(cf. 1). This radius depends on the maximum distance dmax separat-
ing two atoms in the cluster structure (i.e. the diameter in the case of
a spherical fullerene) and on the cut-off radius Rcut of the interaction
potential following the expression (Ning et al., 2017):

Rint = 2.2(
dmax

2
+ Rcut) (1)
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The cut-off radius Rcut are set to 2 and 3 Å for the SREBO
potential and for the short range interactions in AIREBO poten-
tial, respectively (Stuart et al., 2000). The estimated values of dmax
are 6 Å and 10 Å, for C36 and C80, respectively. The radius of the
interaction sphere is chosen so as: i - the target and the projectile do
not interact when starting the simulation when the projectile atom is
located on the interaction sphere (Rint > Rcut +

dmax
2 ); and ii - the ini-

tial distance between the projectile and the target is greater than the
distance between two atoms of the target, Rint > dmax. Equation (1)
enables Rint fulfilling both conditions. In fact, one can make use of
any Rint value greater than the one given by Eq. (1). However, a
too large value of Rint makes it necessary to perform a large set of
simulations when investigating the effect of the angle and requires
longer computation time for each simulation. The factor 2.2 enables
satisfying the conditions mentioned above while keeping reasonable
computation time.

If a large number of projectile C-atom with initial positions
randomly distributed on the interaction sphere are sequentially sub-
mitted to the target cluster with a prescribed velocity magnitude and
a randomly distributed velocity direction, the average sticking prob-
ability at the collision-energy, εcol, corresponding to the prescribed
velocity magnitude depends on the fraction of the atoms that stick
to the cluster and is given by Eq. (2):

⟨psticking⟩ =
Nstuck atoms

Ntotal atoms
(2)

where Nstuck and Ntotal denote the number of atoms that stick to the
cluster and the total number of atoms used in the simulation, i.e. the
total number of trajectories, respectively.

The number of sticking events experienced by a given target
cluster during Δt is given by the following rate equation:

Nstuck atoms = σ × v∗ × npro jectile × Δt (3)

where npro jectile is the density of the projectile atom, σ the cross-
section assumed constant for the sake of simplicity in this derivation

and v∗ =
√

8kBT
πm the thermal velocity of the projectile. Actually,

σ × v∗ represents the sticking rate.
The expression of Nstuck atoms maybe also rearranged:

Nstuck atoms = (Sint × v∗ ×
nprojectile

4
× Δt) ×

4 × σ
Sint

(4)

The factor in brackets represents the number of projectiles
entering the interaction sphere during Δt, referred to as Npro jectile,
provided the interaction potential is negligible with respect to the
projectile kinetic energy for a length-scale of the order of the inter-
action sphere diameter, which is the case here as will be discussed
below.

The sticking cross-section σsticking(εcol) may be therefore
expressed as a function of the average sticking probability ⟨psticking⟩

and of the cross-sectional area of the interaction sphere, Sint = πR2
int,

as follows:

σsticking(εcol) = ⟨psticking⟩ × Sint (5)

It is worthy to mention at this stage that the cross-section value
determined from Eq. (5) does not depend on the surface of the inter-

action sphere. Actually, the quantity that depends on the surface of
the interaction sphere is ⟨psticking⟩, and, for a given collision-energy,
⟨psticking⟩ varies linearly with the surface of the interaction sphere so
as the sticking cross-section remains constant.

Also noteworthy is the fact that the cross-section values that can
be determined using the above approach cannot exceed the cross-
sectional area of the interaction sphere. As a matter of fact, the
sticking cross-section is given by the product of the sticking prob-
ability (⟨psticking⟩ < 1) and the cross-sectional area of the interaction
sphere. This means that our methodology is only valid for collision-
energy values where the cross-section is below the cross-sectional
area of the interaction sphere. We have therefore to make sure that
this is the case in the investigated range of collision-energy. The
potential energy values of the interaction between the projectile at
its initial position on the interaction sphere and the closest target
atom, i.e., for C–C distances of 10.2 and 13 Å in the cases of C36 and
C80, respectively, are below 1.5 × 10−5 and 3.6 × 10−6 eV. There-
fore, for the collision-energy range investigated in this study, i.e., 5
× 10−3 eV < εcol < 20 eV, the projectile does almost not interact with
the target outside the interaction sphere (the potential energy is too
small compared to the kinetic energy). Consequently, the projectiles
with energy values in the range considered in this study and impact
parameters greater than the radius of the interaction sphere cannot
be attracted towards the target clusters. This means that the stick-
ing cross-section is necessarily smaller than the cross-sectional area
of the interaction sphere in the investigated range of the collision
energy. This validity condition is therefore fulfilled.

The calculation of the sticking cross-section requires the deter-
mination of the average sticking-probability over a carbon-atom
population crossing the interaction sphere toward the target cluster.
This was carried out using a two-step procedure:

The first step involves the uniform distribution of a large num-
ber of projectile atoms on the surface of the interaction sphere. This
is performed using two random numbers η and ε uniformly dis-
tributed in [0, 1] to sample the cosine of the angle θs and the angle φs
that determine the position of the projectile atom on the interaction
sphere (cf. Fig. 1).

In the second step, we sample for each projectile atom the inci-
dence direction defined by the set of angles θv between the velocity
vector and the normal to the interaction sphere and φv the azimuthal
angle in the plane that is tangent to the interaction sphere at the
initial position of the projectile atom (cf. Fig. 1). The sampling
procedure is similar to the one used for θs and φs.

The second step enables averaging the sticking probability
over the different velocity directions for each projectile, while the
first step enables averaging the sticking probability over the sur-
face of the interaction sphere crossed by the projectiles coming
from all space-directions. Note that the above procedure is fully
equivalent to averaging the sticking probability over the impact
positions and angles on the cluster surface. Also, the two steps
involved in the procedure can be carried out independently, i.e. in
any order.

Exploring all the trajectories in this four-dimensional variable-
space, (θs, φs, θv, φv) without any simplification can be extremely
costly in terms of computation time. A simplified step-by-step pro-
cedure was therefore used to determine the impact of each collision
parameter on the sticking probability so as to take into account only
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FIG. 1. (a) Schematic of the interaction sphere Sint with the target cluster posi-
tioned at the center and the projectile at the initial position of the trajectory on the
surface Sint . (b) Details view emphasizing the angles θv and φv that define the
initial velocity vector of the projectile.

the most important ones in the final estimation of the overall sticking
probability and cross-section.

We first start by randomly positioning a large number of pro-
jectiles on the surface of the interaction sphere, i.e. we first sample
θs and φs. Then, we investigate the variation of the average sticking
probability over all the interaction sphere as a function of the projec-
tile velocity magnitude for a velocity direction perpendicular to the
interaction sphere. This means that we average the sticking proba-
bility over the angles θs and φs for θv= π and for a collision energy
εcol. Since this probability corresponds to θv = π, it does not depend
on the azimuthal angle φv. The average will be therefore denoted
⟨psticking⟩θs ,φs(εcol, θv = π). The aim of this first step is not only to have
a first estimate of the sticking probability, but also to investigate the
sticking mechanism and the resulting sticking configurations.

Then, we investigate the effect of the projectile velocity direc-
tion and more specifically the angle θv. For this purpose, we perform
MD simulations for 13 values of cos(θv), uniformly distributed
between −1 and 0, four values of the collision energy εcol, and two
values of the angle φv, i.e. 0 and π on the 2000 projectile atoms
randomly distributed on the surface of the interaction sphere. The
impact of the angle φv was eventually studied for each initial position
of the projectile.

III. SIMULATION PROCEDURE
A. Interaction potential

We employed two reactive bond order potentials, namely the
second generation of the REBO potential called SREBO (Bren-
ner et al., 2002) and the adaptive intermolecular REBO referred to as
AIREBO (Stuart et al., 2000), to characterize the interaction between
carbon atoms. Using the Tersoff bond-order formalism, these poten-
tials provide precise handling of covalent-bonding reactions and are
specifically parameterized for carbon and hydrocarbon systems.

The first potential (SREBO) is the simplest one. It provides
a good empirical description of covalent bonds for non-polar sys-
tems and has been widely used in the literature for studying the
stability and structural properties of many carbon systems, includ-
ing fullerenes and graphenes (Cai et al., 2005; Kosimov et al., 2010;
Lai et al., 2017). The results obtained using SREBO are comparable
to those obtained theoretically by DFT (Jones, 1999). This potential
was also used to study cluster-surface or cluster-cluster interactions.
For instance, Dzhurakhalov et al. and Ulukmuradov et al. used it
to examine the interaction between ring-shaped carbon clusters and
a rectangular nanographene (Dzhurakhalov et al., 2015) as well as
the adsorption of C60 fullerene onto the surface and at the edges of
defect-free graphene (Ulukmuradov et al., 2021), respectively. The
SREBO expression and parameters used in our calculation can be
found in (Brenner et al., 2002).

Despite its effectiveness in describing the carbon-carbon cova-
lent bond, SREBO potential suffers from certain limitations, namely
the lack of long range interactions between non-bonded atoms and
the inability to depict rotational degree of freedom around single
C–C bonds due to the absence of torsional interactions.

To overcome these shortcomings, Stuart et al. (2000) developed
the adaptive intermolecular REBO potential (AIREBO) that incor-
porates the Lennard-Jones potential to account for non-bonded
interactions and a novel torsional energy expression to describe rota-
tion around single C–C bonds. Surprisingly, there are only very
few investigations that make use of molecular dynamics simulations
with AIREBO potential. These are essentially devoted to fullerene-
fullerene and fullerene-graphene interactions and coagulations
(Hosseini-Hashemi et al., 2018; Rysaeva et al., 2018).

B. Simulation steps and parameters
Our simulation procedure starts by generating a stable carbon-

cluster at a temperature of 0 K at the center of a 100 × 100 × 100 Å3

simulation box. This is performed by the combined condensation-
annealing (CCA) method described in details in (Allouch et al.,
2021). In this method, the abundance of the different cluster struc-
tures for a cluster size n, is determined statistically by submitting n

J. Chem. Phys. 159, 154303 (2023); doi: 10.1063/5.0166116 159, 154303-4

Published under an exclusive license by AIP Publishing

 23 O
ctober 2023 07:44:21

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

carbon atoms initially at 0 K and randomly positioned in a simula-
tion box to an annealing process that involves a heating phase up to
a prescribed maximum temperature, a rest phase at this temperature
and a cooling phase down to 0 K. This process usually starts with
the condensation of the carbon cloud under the action of the attrac-
tive forces between the initially free carbon atoms at the early stage
of the heating phase. This condensation ends up with the formation
of a carbon cluster that undergo several rearrangements during the
annealing process (Allouch et al., 2021). Extensive parametric inves-
tigation were carried out in order to determine the set of values for
the duration of the heating, cooling and rest phases, and the temper-
ature during the rest phase that enables determining the most stable
structure. These are 100, 100 ns, 100 ps and 3000 K, respectively
(Allouch et al., 2021).

For C36, the isomer used in our study is the one that has the
lowest potential energy with a value of −6.68 eV/atoms, which is in
close agreement with the most stable isomer obtained with Basin-
Hopping method (Lai et al., 2017) and with time going-backwards
(TGB) technique (Gao et al., 2007). In the case of C80, the isomer
used in our study has an elliptic shape with an energy equal to −7.21
eV/atoms and a bond-length distribution in the range 140–150 pm,
which is in good agreement with the most stable C80 isomer
(E = −7.29 eV/atom, bonds lengths: 140–146 pm) obtained by
(Furche and Ahlrichs, 2001) using DFT.

Prior to the simulation of its interaction with a carbon atom, a
cluster obtained by the CCA method described above is first heated
to 300 K during 10 ns using Berendsen’s thermostat (Sharma et al.,
2019) with a thermal relaxation time of 1 fs. It is then kept at a tem-
perature of 300 K for 0.01 ns using the same thermostat. After the
equilibration of the cluster positioned at the center of the simulation
box, a carbon atom (the projectile) is sampled and submitted toward
the cluster. The simulation was performed in the micro-canonical
NVE ensemble (NVE: number of particles N, volume V, and energy
E are constant) and the integration time-step was set to 0.1 fs. The
simulation is stopped after three times the duration necessary to
cross the interaction sphere. This time-limit was determined after an
extensive analysis. On one hand, it is short enough to avoid the exit
from the simulation box of projectiles that do not stick to the target
and exit the interaction sphere, thus enabling to identify reflection or
insufficient contact (no sticking) events. On the other hand, it is long
enough to enables full relaxation after sticking processes and thus to
identify not only sticking events but also the different configurations
that may be obtained.

In order to determine the optimal number of trajectories
needed to achieve statistically significant sticking probabilities, we
performed several sets of 2000 trajectory simulations of C–C80
collision for representative values of the collision energy between
5.24 meV and 0.21 eV (see results in supplementary materials).
The simulation required an average execution time of 33 central
processing unit (CPU) hours per run on our computing cluster.
A good trade-off between computation cost and statistically sig-
nificant sticking probability values is obtained with 600 trajectory
simulations in the investigated range of collision-energy.

Carbon cluster elaboration environments, such as non-
equilibrium plasmas or thermal arcs, usually contain fast ions or
neutrals that carry a significant amount of energy, i.e., between few
tenths of eVs and few eVs, along with a much colder background gas
(Dominique and Arnas, 2007; Farhat and Scott, 2006; Michau et al.,

2016b). Therefore, it is very likely that the structures resulting from
the sticking processes undergo collisions with these high-energy
species and gain a significant amount of energy, i.e., excitation of the
internal, electronic, vibrational or rotational, modes or heating of the
translational mode. This excitation/heating phase is subsequently
followed by a relaxation phase due to the collisions of the stick-
ing products with the much colder background gas molecules. This
collisional heating/relaxation process may lead to a significant struc-
tural change. Consequently, the ultimate structure of the produced
cluster depends not only on the sticking mechanisms, but also on the
subsequent collisional relaxation. This collisional heating/relaxation
process is of course very complex and its detailed investigation is
beyond the scope of the present study. However, a first analysis of the
consequence of this process on the structure of the sticking product
may be performed using a simulated annealing where the excitation
phase is described by a temperature increase of the sticking product
while the relaxation phase is simulated by a thermal quenching. This
was performed using the molecular dynamics approach described in
(Allouch et al., 2021). The annealing cycle involves 100 ns heating
phase up to 2000 K, 100 ns rest phase at 2000 K and 10 ns cooling
phase down to 0 K. The initial temperature of the cycle is in the range
300–1000 K. It corresponds to the temperature of the produced Cn+1
cluster at the end of the sticking process which depends on the C-Cn
collision energy.

IV. RESULTS AND DISCUSSION
A. Typical sticking configurations

The simulations showed that the collisions between C-atom
and the fullerene may result either in an elastic scattering, an inelas-
tic scattering or a sticking with the formation of a larger carbon
cluster. No cluster fragmentation was observed in the investigated
range of collision-energy. In the following, we do not distinguish
between the elastic and inelastic scatterings. As for sticking, the
coordination number analysis using MD simulations showed the
existence of four sticking configurations (Fig. 2). In the first config-
uration, the projectile atom remains on the surface of the fullerene
and is bound to only one atom of the target cluster [Fig. 2(a)]. This
sticking configuration, referred to as surface-sticking, dominates at
low collision energy. The other three sticking configurations lead
to the formation of a carbon cluster, where the projectile atom is
embedded in the core of the cluster. The three sticking configura-
tions belonging to this second category differ by the number of the
target cluster atoms that bind to the projectile atom after the col-
lision. We may have two-, three- or four-neighbor configurations
denoted 2N-, 3N-, and 4N- sticking configurations, respectively.
These are depicted in Figs. 2(b)–2(d), respectively.

In principle, classical molecular dynamics does not allow a
direct characterization of the hybridization state of the atom. This
need considering orbital overlap and is therefore based on a quan-
tum approach. Here, we are using a bond-order method where each
C–C bond is characterized by its order that is determined by its
length and the angles with the adjacent bonds. In the case of the
2N-sticking configuration, the projectile establishes two bonds of
1.43 Å, which is intermediate between the length-values of simple
(1.54 Å) and double (1.33 Å) C–C bonds and would therefore cor-
respond to conjugated bonds as thoroughly discussed by Brenner
(Brenner et al., 2002; Brenner, 1990) in the frame of the bond-order
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FIG. 2. Illustration of the different types of sticking configuration resulting from C–C36 interaction. The atom in blue is the projectile atom.

approach. In the case of the 3N-sticking configuration, the projectile
establishes three bonds of 1.36, 1.56 and 1.49 Å, which approxi-
mately corresponds to one double bond, one single bonds and a
bond that is intermediate between a single and double bond, respec-
tively. Although it is difficult to conclude, the projectile atom seams
not far from a sp2 hybridization.

B. Sticking configurations probabilities as function
of the collision energy

The variation of the probabilities ⟨psticking⟩θs ,φs(εcol, θv = π) for
the different sticking configurations as function of the collision
energy for C36 are shown in Fig. 3(a) for SREBO potential and
Fig. 3(b) for AIREBO.

When using SREBO potential, i.e. in the absence of long-
distance interactions and torsional effects, the surface-sticking con-
figuration is strongly dominant for collision-energy below 2.50 eV.
This value corresponds to the C–C binding energy in the fullerene
structure. The predominance of the surface sticking configuration in
this case can be simply explained by the fact that the incident atom
does not have enough energy to break a C–C bond of the target and
to establish new bonds with two or more neighbors. When increas-
ing the projectile energy, the surface-sticking probability decreases
almost exponentially from a value of ∼0.9 at very low energy to less
than 0.1 at 20 eV. The 2N-sticking configuration in which carbon
atom is embeded in the target fullerene structure takes over from the
surface-sticking at a collision-energy of 2.50 eV. The correspond-
ing probability reaches a maximum value ∼0.55 at 7 eV. Beyond
this energy, the probability of 2N-sticking configuration decreases
and the 3N-sticking configuration takes over and becomes dominant
beyond 15 eV. Its probability increases almost linearly with collision
energy and reaches a value of 0.5 at 20 eV. The sticking with four
neighbors remains very minor in the energy range studied.

The variations of the sticking probabilities
⟨psticking⟩θs ,φs(εcol, θv = π) with the collision-energy obtained
with AIREBO potential are depicted in Fig. 3(b). These show
significant differences as compared with those obtained with
SREBO. First, the activation of the processes leading to 2N- and
3N-sticking configurations requires a much larger energy. For
example, sticking to two neighbors requires an activation energy of
2 eV with AIREBO, while it shows significant probability even for a
collision-energy value as low as 0.58 meV with SREBO. As for the
surface-sticking configurations, SREBO results in a monotonous
and regular decrease of the sticking probability that reaches almost
zero at 20 eV, While AIREBO leads to a much less regular variation.
One may distinguish two energy domains. A first one below 2.5 eV

FIG. 3. Sticking probabilities of the different sticking-configurations as function of
the collision energy for C36 fullerene calculated using SREBO (a) and AIREBO (b)
potentials.

with probability variation trend similar to the one obtained with
SREBO, and a second one above 2.5 eV with a much slowly varying
probability and a significant probability value even at high energy.
This significant difference is due to the difference between the
sticking mechanisms obtained for each potentials.

These mechanisms are discussed in the Sec. IV C.
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C. Sticking reaction and collisional relaxation
mechanisms
1. Surface-sticking configuration

The first mechanism that dominates at very low collision-
energy leads to a sticking configuration, where the projectile atom
stays at the surface of the target fullerene. When SREBO potential is
used, this mechanism does not involve any bond breaking or recon-
struction in the bulk structure of the target fullerene. The carbon
atoms surrounding the reaction site are nevertheless stabilized by
the sticking process, as shown in Fig. 4. An annealing at 2000 K leads
to the incorporation of the carbon atom into the fullerene structure
(cf. Fig. 5). As a result, a more stable fullerene like structure with an
additional carbon atom is formed.

When using AIREBO potential, the analysis of the different
mechanisms that lead to a surface sticking configuration shows the
existence of two collision-energy domains. For a collision energy
below 2 eV, the sticking mechanism is similar to the one observed
with SREBO potential and discussed previously. Above 2 eV, the
surface-sticking configuration may result from several reaction
routes. The most significant ones are illustrated in (Fig. 6). This
shows a first case where the interaction between the projectile atom
and the fullerene involves a first step where the projectile sticks to
two neighbors [Fig. 6(a)]. The intermediate complex is not stable
enough and one of the bonds formed in the first step is broken,

which ends up with a surface sticking configurations. A second
mechanism shown in Fig. 6(b) involves a first step where the projec-
tile sticks to a single neighbor, followed by a second step where the
sticking site is substituted by another one while always keeping a sur-
face sticking configuration [Fig. 6(b)]. Eventually, a third example is
depicted in Fig. 6(c) where the projectile sticks to two neighbors in
a first step. Then, a structural rearrangement of the cluster ends up
with a surface-sticking configuration and the subsequent formation
of a heptagonal defect in the bulk structure of the cluster.

2. 2N-sticking configuration
The process leading to 2N-sticking configuration involves a

C–C bond breaking in the bulk structure of the target cluster. This
bond is shared either between two hexagons, one hexagon and one
pentagon, or, to a much lesser extent, two pentagons. Figure 7 shows
the reaction dynamics for the three sticking mechanisms mentioned
above. When the projectile atom (k) breaks the bond i–j shared
between a pentagon and a hexagon, the sticking dynamics starts by a
first phase where the projectile atom (k) establishes a bond (k–i) with
a single neighbor (i). This leads to the formation of a highly unsta-
ble transition state with a nine-atom cycle [Fig. 7(a-2)]. Then, in a
second phase, the projectile establishes a bond (k–j) with the second
atom (j) of the broken bond (i–j). As a result, a fullerene-like struc-
ture with a heptagon-hexagon defect is obtained [Fig. 7(a-3)]. This
defect may be readily eliminated and transformed to a hexagon pair

FIG. 4. Effect of the surface-sticking process on the stability of the target fullerene in the case of C36 and SREBO potential. One can notice that the potential energy of the
atoms surrounding the sticking site show substantial decrease after the sticking process, which indicates a significant stabilization.

FIG. 5. C36 interaction leading to surface-sticking configuration and incorporation of the carbon atom into the C36 fullerene structure after annealing. The simulation was
performed with SREBO potential.
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FIG. 6. Different C36 interaction mechanisms leading to a surface-sticking configuration with AIREBO potential. For each mechanisms (a), (b) and (c) the first row enables
identifying the reaction site and the nature of the cycles involved in the process, while the second row shows the overall transformation of the cluster. The potential energy in
eV/atom for the involved cluster structures are indicated.
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after a simulated annealing at a temperature of 2000 K as shown in
Fig. 7(a-4).

When the projectile atom breaks a pentagon-hexagon shared
bond (i–j), the sticking process starts by a first phase where the pro-
jectile atom (k) establishes two bonds, denoted (k–i) and (k–j) [cf.
Fig. 7(b-2)], with two neighbors (i and j). This leads to the forma-
tion of a transition state with two heptagon cycles [cf. Fig. 7(b-2)].
This structure relaxes without any rearrangement. As a result, a
fullerene like structure with a heptagon-heptagon defect is obtained
[Fig. 7(b-3)]. A simulated annealing at 2000 K eliminates one of
these heptagons by transforming a pentagon-heptagon pair into a
hexagon pair as shown in Fig. 7(b-4).

When the projectile atom breaks a pentagon-pentagon shared
bond (i–j), cf. Fig. 7(c-2), the sticking process starts by a first phase
where the projectile atom (k) establishes a bond with a single neigh-
bor (i), denoted k–i. This leads to the formation of a highly unstable
transition state with eight-atom cycle. Then, in a second phase, the
projectile establishes a second bond with the second atom (j) of the
broken fullerene bond. The formation of k–j bond leads to the transi-
tion from eight-atom cycle to two hexagonal cycles [Fig. 7(c-3)]. The
annealing of this structure, at 2000 K, results in transforming the two
hexagons into a pentagon-heptagon pair. As a result, a fullerene with
a heptagonal defect is obtained as shown in Fig. 7(c-4).

3. 3N-sticking configuration
The 3N-sticking configuration is obtained in two situations

corresponding to trajectories where the collision takes place at the
center of a pentagon or a hexagon, as shown in Fig. 8. When the
collision takes place at the center of a pentagon, the sticking mech-
anism starts by a first phase where the projectile atom establishes
three bonds with three neighbors, which leads to the formation of a
highly unstable transition state with a three-atom cycle and a hep-
tagon [Fig. 8(a-2)]. This structure relaxes without undergoing any
rearrangement. As a result, a fullerene like structure with two defects
is obtained [Fig. 8(a-3)]. The triangle-pentagon defect linked to the
three-atom cycle can be eliminated and transformed to a hexagon
after a simulated annealing at a temperature of 2000 K as shown in
Fig. 8(a-4).

When the collision takes place at the center of a hexagon, the
sticking process starts by the formation of four bonds with four
neighbors, which results in a highly unstable transition state with
a triangle-triangle pair [Fig. 8(b-2)]. One of these triangles is elimi-
nated by the conversion of a triangle-pentagon pair to a hexagon. As
a result, a fullerene like structure with a triangle defect is obtained
[Fig. 8(b-3)]. This defect is eliminated and transformed to a hexagon
after a simulated annealing at a temperature of 2000 K as shown in
Fig. 8(b-4).

D. Overall sticking probability of carbon atom
on a C36 and C80 fullerenes

We discuss, first, the variation of the sticking probability as
a function of the collision energy for situations where the projec-
tile is directed toward the center of the cluster, i.e. we discuss the

variation of ⟨psticking⟩θs ,φs(εcol, θv = π). Then, we investigate the vari-
ation of the sticking probability with θv and φv. The overall sticking
cross-sections are then determined from these probabilities for C36
and C80 fullerenes.

1. Sticking probability as a function
of the collision energy

We performed two sets of simulations, a first one with SREBO
potential and a second one with AIREBO. The collision-energy
range explored in the two sets is 0.58 meV–20 eV. The results are
shown in Fig. 9. The sticking probability obtained With SREBO
remains high, and typically greater than 0.78 over the entire energy
range considered. It shows significant variation over a limited energy
range, i.e., 0.58 meV–2 eV, a pronounced maximum value of 1 at
0.2 eV and remains almost constant above 2 eV.

Figure 9 also shows the variation of the sticking probability
with the collision energy obtained for C80 using SREBO. The results
are similar to those obtained for C36, except at very low energy, i.e.,
Einc < 0.2 eV, where the sticking probability for C80 is much lower,
with a value of 0.56 at 0.58 meV. This is due to the fact that the bonds
between the carbon atoms in the C80 are much stronger, and larger
collision energy is required in order to break a C–C bond in the C80
(cf. Fig. 10).

The variations of the sticking probabilities
⟨psticking⟩θs ,φs(εcol, θv = π) with the collision energy determined
with AIREBO potential show a very different behavior as compared
to SREBO for both C36 and C80. In particular, the two potentials
yield opposite trends for these variations at low energy (Einc < 2 eV).
Indeed, the sticking probabilities calculated with AIREBO show
significant decreases and pronounced minima at 2 eV approxi-
mately. At high collision energy, SREBO and AIREBO yield similar
probability variation trends with almost constant values. However,
AIREBO gives a significantly lower sticking probability for both C36
and C80.

The large differences between the total sticking probability val-
ues obtained by SREBO and AIREBO are mainly due to the presence
of the long range interaction Lennard-Jones (LJ) potential. This is
shown in Fig. 11 where we depicted the sticking probability values
as function of the collision energy obtained when either the LJ inter-
action term or the torsional energy term are taken into account or
disregard. The figure shows that the sticking probabilities obtained
by AIREBO when LJ term is disregarded are practically equal to
those obtained using SREBO. Actually, the effect of these long range
interactions is a further stabilization of the target cluster (cf. Fig. 10)
with a subsequent decrease of the overall sticking probability.

The difference in the variation trends of the sticking probabili-
ties as function of the collision-energy between SREBO and AIREBO
is the consequence of the differences in the sticking mechanisms and
in the values of the energy required to activate 2N- and 3N-sticking
configurations.

When SREBO potential is used, the decrease of the prob-
ability for the surface-sticking configuration at very low energy
(Einc < 0.2 eV) is largely compensated by the significant increase
of the probability for 2N-sticking configuration. This explains the
net increase of the overall sticking probability at very low energy,
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FIG. 7. Different C36 interaction mechanisms leading to 2N-sticking configuration with SREBO potential. For each mechanisms (a), (b) and (c) the first row enables identifying
the reaction sites and the nature of the cycles involved in the process, while the second row shows the overall transformation of the cluster. The potential energy in eV/atom
for the involved cluster structures are indicated.
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FIG. 8. Different C36 interaction mechanisms leading to a 3N-sticking configuration with SREBO potential. For each mechanisms (a) and (b) the first row enables identifying
the reaction site and the nature of the cycles involved in the process, while the second row shows the overall transformation of the cluster. The potential energy in eV/atom
for the involved cluster structures are indicated.

as discussed previously (cf. Fig. 3). At intermediate energy values
(0.2 eV < Einc < 2 eV), this compensation effect is no more effec-
tive and the overall sticking probability reaches a maximum and
then decreases. In the case of AIREBO, the decrease of the probabil-
ity for the surface-sticking configuration is not compensated by any
other mechanism at very low energy. The 2N-sticking configuration
is indeed active only above 2 eV and its probability shows very small
value. This explains the net decrease of the overall sticking prob-
ability ⟨psticking⟩θs ,φs(εcol, θv = π), which shows opposite behavior as
compared to the SREBO case. The occurrence of the surface-sticking
configuration is enhanced by the activation of additional complex
mechanisms when AIREBO is used (cf. Fig. 6). As a result, the cor-
responding probability reaches a minimum at a collision energy of
2 eV and then slightly increase.

The partial probabilities for the different sticking configura-
tions show large variations at high collision-energy (cf. Fig. 3).
Nevertheless, a compensation effect takes place between the different

sticking channels and the overall sticking probabilities show very
limited variations for both SREBO and AIREBO (cf. Fig. 9).

2. Sticking probability as function of the incident
and azimuthal angles θv and φv

The effects of the incidence and the azimuthal angles were
investigated for SREBO and AIREBO. Similar radial distributions of
the sticking probability were obtained for the two potentials. Also,
the azimuthal variation of the sticking probability was investigated
for a collision energy of 0.1 eV, and three values of θv: 165○, 170○

and 190○. For each of these values, trajectory simulations were per-
formed for 12 values of φv (k × π

6 , k = 0, 1, 2, . . . ). The results showed
that the sticking probability does not depend on φv.

Therefore, we only discuss the variations of the sticking proba-
bilities with the incidence angle calculated with SREBO for C36 and
C80.
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FIG. 9. Variations of the overall sticking probabilities for C–C36 and C–C80 as
a function of the collision-energy of the projectile atoms, obtained with SREBO
[straight line (a) and (b)] and AIREBO [dashed line (c) and (d)].

FIG. 10. Snapshot of the potential energy, also called atomic potential energy, for
each atom in the structure after 10 ns of equilibration at 300 K.Carbon atoms are
colored according to their potential energy.

Figure 12 shows the variations of the sticking probabilities,
i.e., ⟨psticking⟩θs ,φs(εcol, θv, φv), of C-atom on C36 [(a)] and C80 [(b)]
fullerenes as function of the impact angle θv, for two values of the
azimuthal angle, φv = 0 and φv = π, and four values of the collision-
energy, i.e., 0.1; 0.13; 0.17 and 0.21 eV. Results show that in the
case of C36 and for all the investigated values of φv and collision-
energy, the sticking probability is almost constant and equal to 1
when the projectile enters the interaction sphere with an angle below
20○ with respect to the normal to the sphere, i.e. θv between 160○

and 180○. The sticking probability decreases very sharply for θv
below 160○ and reaches zero when the projectile enters the inter-
action sphere with an angle of 30○ with respect to the normal to the
interaction sphere, i.e., θv ≈ 150○. The value of the sticking prob-
abilities significantly depends on the collision energy in the region

FIG. 11. Variations of the overall sticking probabilities for C–C36 as a function of
the collision-energy of the projectile atoms calculated with SREBO, AIREBO with
both LJ interaction and torsional effect, AIREBO without LJ and AIREBO without
torsional effect.

≈150○ < θv < 160○. Lower kinetic energy projectiles are more likely
captured by the cluster.

Overall, the results obtained for C80 are similar [Fig. 12(b)] with
an azimuthal symmetry of the sticking probability, a large sticking
probability for impact angles below 20○, i.e., θv between 160○ and
180○, a sharp decrease of the sticking probability over a 10○ range of
the impact angle, i.e., θv between 150○ and 160○, and zero sticking
probability for impact angles larger than 30○, i.e., θv less than 150○.

E. C–C36 and C–C80 sticking cross-section
The sticking cross-sections were estimated from the aver-

age sticking probabilities using Eq. (5). The sticking cross-sections
obtained for the four energy values typical of carbon nanostructures
synthesis environment are given in Table I. In the case of C36,
the two investigated potentials yield similar values for the stick-
ing cross-section, in the range 120–140 Å2, except for the largest
energy value considered in this work. However, the cross-section
calculated with SREBO decreases with the collision energy, while
the one obtained with AIREBO shows almost no dependence on the
collision energy. In the case of the C80, the two investigated poten-
tials yield significantly different cross-section values. SREBO tends
to predict cross-section values 30% larger than those obtained with
AIREBO. Also, the two potentials give different variation trends.
While SREBO yields monotonous increase of the cross-section as
function of the energy, the cross-section obtained with AIREBO do
not show any clear variation trend.

Besides, the simulations performed with SREBO result in sim-
ilar cross-section values for C36 and C80 at low energy (0.10 and
0.13 eV) and significantly larger cross-section value for C80 at high
energy (0.17 and 0.21 eV). The results are different for AIREBO
that predicts significantly larger cross-section values for C36 over
all the investigated energy range. This difference is a direct con-
sequence of the probability variation trend for the surface-sticking
configurations discussed in Sec. IV D 1 (cf. Fig. 9).
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FIG. 12. Variation of the sticking probability as a function of the injection angle θv calculated with SREBO for C36 (a) and C80 (b).

TABLE I. C–C36 and C–C80 sticking cross-sections calculated with SREBO and AIREBO for different collision energies.

Collision-energy (eV)

Sticking cross-section of C–C36 (cm2) Sticking cross-section of C–C80 (cm2)

SREBO AIREBO SREBO AIREBO

0.10 1.40 × 10−14 1.34 × 10−14 1.30 × 10−14 1.03 × 10−14

0.13 1.37 × 10−14 1.34 × 10−14 1.35 × 10−14 0.94 × 10−14

0.17 1.31 × 10−14 1.33 × 10−14 1.54 × 10−14 0.98 × 10−14

0.21 1.17 × 10−14 1.34 × 10−14 1.70 × 10−14 0.92 × 10−14

V. CONCLUSION

Classical molecular dynamics simulations were performed in
order to study the mechanisms of carbon atom sticking to C36 and
C80 carbon fullerenes. We focused on the analysis of the interac-
tion dynamics, the identification of the different sticking config-
urations, the determination of the corresponding sticking proba-
bilities and the overall sticking cross-sections. We compared the
results obtained with SREBO and AIREBO interaction potentials, to
emphasize long range interactions and torsional effects.

We showed the existence of a variety of sticking mechanisms.
When SREBO potential is used, the sticking process mainly results
in a surface-sticking and 2N-sticking configurations for collision-
energy in the thermal range, i.e., from 5 × 10−3 to 0.2 eV. The
reaction route leading to the 2N-sticking configuration where the
projectile is fully integrated in the fullerene structure is activated
even at very low energy. The surface-sticking configuration becomes
unlikely at high collision-energy, typically above 15 eV. We showed
that a fullerene structure can be recovered by an annealing at 2000 K.
Except in the case of the surface-sticking configuration, the sticking

mechanism always involves the formation of highly unstable struc-
tures containing one or more large cycle defects and, less frequently,
three atom-cycles. Most of these defects can be readily eliminated by
annealing.

Taking into account the LJ interaction with AIREBO leads to
a significant change in the interaction dynamics. Typically, these
interactions tend to favor the surface-sticking configuration over a
wide range of collision energy, i.e. up to 10 eV. The probability to
obtain this configuration remains significant even at collision energy
as high as 20 eV. There are several reaction routes that lead to this
configuration, the dominant one depending on the collision energy.
At low energy, i.e. below 2 eV, this configuration is obtained by
a single step addition process as in the case of SREBO. At larger
energy, it is obtained by multi-step processes that were not observed
with SREBO. The activation of the reaction routes leading to 2N-
sticking configuration requires large energy (∼2 eV) with AIREBO.
The probabilities of 2N- and 3N-sticking configurations are lower
than in the case of SREBO.

The differences in the interaction mechanism and the partial
sticking probability for the different configurations observed with
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SREBO and AIREBO results in very different trends in the vari-
ation of the overall sticking probability with the collision-energy.
However, the simulations performed with both potentials predict
almost constant sticking probability-values for collision-energy val-
ues larger than 2–4 eV. The most significant sticking probability
variation are observed between 5 × 10−3

− 2 eV for both potentials,
even though the corresponding variation trends are different.

The sticking cross-sections determined for C36 and C80 with
SREBO are fairly close, and are respectively, factors 3 and 5, greater
than the geometrical cross-section. Their variations as function of
the collision-energy show however opposite behaviors, since the
sticking cross-section decreases with energy for C36 while it increases
for C80. These results tend to show that sticking upon a collision to
a larger cluster is less likely. However, a larger cluster size tends to
compensate for the lower sticking probability. The sticking cross-
section for C36 obtained with AIREBO show similar value. This is
not the case for C80 for which the sticking cross-section obtained
with AIREBO are significantly lower than the value obtained by
SREBO. These results show that taking into account the long-range
interactions tends to stabilize the cluster and to decrease the stick-
ing probability, and this effect is much more pronounced for larger
cluster.

Our results, and in particular the cross-section values obtained,
show that the growth of both fullerenes may proceed through reac-
tions with C-atom. As a matter of fact, the projectile atom can be
always easily integrated to the fullerene target structures after a sim-
ulated annealing at a temperature of 2000 K. Such annealing may
be ensured by collisions with thermal or moderate energy species
in non-equilibrium discharge plasmas used for the synthesis of car-
bon structures. It appears therefore that the contribution of C-atom
to cluster growth in these discharges is mainly related to its density
level as compared to other possible precursor species, e.g. C2.

SUPPLEMENTARY MATERIAL

The number of simulations necessary to achieve statistically
significant values for the sticking probability was determined by per-
forming a large set of simulations for different values of the collision-
energy. The details of this study are given in the supplementary
material.
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