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Abstract

Fullerene molecules are cage-like nanoscopic structures with pentagonal and hexagonal faces. In practical
applications such as fullerene-reinforced nanocomposites (FRNCs), these structures may be subjected to tension
force. In this research, we employ molecular dynamics (MD) simulation to compute the behavior and deformation of
different fullerene molecules, ranging from Cgo t0 Cao00, Under tension force. To model the interactions between
carbon atoms in the MD simulations, the adaptive intermolecular reactive bond order (AIREBO) force field is used.
The displacement-force and the displacement-strain energy curves are obtained. It is observed that a new type of
structural instability occurs in the fullerene molecules when the applied tension force increases. This abnormal
structural instability in the fullerenes is investigated for the first time in the literature. The critical tensile forces and
the corresponding mode shapes are determined for different fullerenes. The results indicate that the critical forces
and deformations strongly depend upon the number of carbon atoms.
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1. Introduction

The discovery of a new solid carbon molecule with great stability, so-called fullerene, in 1985 considerably
extended the scope and variety of carbon molecules and has opened an entirely new chapter on the physics and
chemistry of carbon, with many potential applications [1]. Fullerene molecules are considered as icosahedral closed
cage of carbon atoms where the atoms approximately lie either on the surface of a sphere or on the surface of a

spheroid. This class of nanoscopic structures is usually denoted by Cy, where N is the number of carbon atoms. Ceo

* Corresponding author.
Tel.: +98-7136133029, Fax: +98 7136473511
E-mail: nayebi@shirazu.ac.ir (A. Nayebi)



fullerene is the first stable member of the fullerene family. All members of fullerene family consist of an arbitrary
number of hexagonal faces and precisely 12 pentagonal faces which play the major role in forming the curvatures of
the fullerenes. In hexagonal or pentagonal faces each carbon atom is bonded to three nearest neighbor carbon atoms
via sp? hybridized bonds [2] with an average carbon-carbon distance of 1.44 A [3]. Since these molecules have
unique physical properties, they have numerous applications which include incorporation into polymers to reinforce
the nanocomposites [4-6], incorporation into thin films, and the design of novel electronic devices [2]. Furthermore,
fullerenes have also been selected for potential uses in medicine applications [7, 8]. Their closed geodesic structures
can also use as a drug delivery carrier [9]. In addition, their pseudo-spherical shape and the weak van der Waals
interaction between fullerene molecules and surrounding medium make fullerenes good candidates for nano-
bearings with super low friction [10].Therefore, the mechanical properties and behavior of fullerene family have
been investigated by several researchers.

The first effort in the mechanical modeling of fullerene molecule was carried out by Ruoff and Ruoff [11]. They
estimated the bulk modulus of an individual Cso molecule and its single crystal. A further study later published by
the same group [12] to improve their previous estimation by adopting a molecular modeling approach. Shen [13]
performed molecular dynamics (MD) simulations to investigate the compressive mechanical properties of Cg and
endohedral fullerene M@Ceso (M=Si, Ge) molecules at different temperatures. Giannopoulos et al. [14] used a
molecular mechanics approach in order to study the radial elastic stiffness and vibrational characteristics of different
fullerenes including Czo, Ceo, Cso, Ciso, Caz60, Caz0, Csoo @and Crz0 molecules. In another study, Todt et al. [15]
estimated the mechanical properties of fullerenes on the basis of continuum shell models and Monte Carlo (MC)
simulation. Recently, elastic modulus of the Cgo molecule was predicted by Jamal-Omidi et al. [16] using the finite
element method. More recently, a new approach has been designed to estimate Young’s modulus of different
spherical fullerenes by combining MD simulations and continuum shell theory [17].

Furthermore, different modeling investigations have been carried out to characterize the vibrational behavior of
these nanoscopic structures. The axisymmetric vibrations of fullerene Cego have been predicted by Chadderton [18]
on the basis of thin elastic shell model. Behfar and Naghdabadi [19] studied the vibrational analysis of multi-shell
fullerene embedded in an elastic medium by using the continuum method. Adhikari and Chowdhury [20]
investigated the natural the natural frequency and vibration modes of fullerene family on the basis of the molecular

mechanics simulation. In In another theoretical study using the finite element method, vibrational analysis of Cgo
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and Cso fullerenes has been performed [21]. On the basis of nonlocal elasticity theory, Ghavanloo and Fazelzadeh
[22] studied axisymmetric vibration of spherical shell-like nanostructures including the spherical fullerenes and
empty spherical viruses. Recently, the natural frequencies of Ceo have been calculated by Nejat Pishkenari and Ghaf
Ghanbari [23] using MD simulations with seven bond-order potentials and five force fields.

In recent years, fullerene-reinforced nanocomposites (FRNCs) have attracted considerable attention among the
community of scientific researchers [24-27]. In the FRNCs, due to the sensible difference between the stiffness of
the fullerene and the matrix, the fullerenes may be subjected to tension force. Despite the importance of this
phenomena, to the authors’ knowledge, no investigation has focused sufficiently on the behavior and deformation of
fullerenes under tension forces. Hence, in this investigation, we present a comprehensive study to investigate the
mechanical behavior of fullerenes when subjected to tensile loading and the feasibility of structural instability. In
this way, the mechanical behavior of several icosahedral fullerenes ranging from Cgo t0 Caooo iS investigated.
Accordingly, this study performs the MD simulations based on the Adaptive Intermolecular Reactive Empirical
Bond Order (AIREBO) [28] force field to model the interactions among carbon atoms. Here, all simulations are
performed at 1 K. It is the first reported attempt to use MD simulations to investigate the deformation and structural

instability of fullerene molecules.

2. Simulation details

In the present paper, all MD simulations are performed using the large scale atomic/molecular massively parallel
simulator (LAMMPS) [29] and VMD package [30] is employed to visualization of the results. Since choosing an
appropriate interatomic potential is very important to obtain reasonable results with sufficient precision, the
AIREBO potential function is adapted to model the interactions among carbon atoms in the fullerenes. The AIREBO
potential is able to accurately reproduce the mechanical behavior observed experimentally in the fullerenes [23].
This potential function consists of three sub-potentials, which are the reactive empirical bond order (REBO)
potential ER®B®, the Lennard-Jones potential EY, and torsional potential E™". Two first potentials are pairwise
potentials while the last one is four-body interatomic potential function. The AIREBO potential function is defined
mathematically as [31, 32]

1 N N N N
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To reduce the computational effort, all of the simulations are done with the cut-off distance 12.20 A. In order to
simulate the tensile test, the initial geometry of fullerene molecules is first created in LAMMPS. Prior to
deformation, the initial geometry of molecules is relaxed to achieve a stress-free state and minimum energy by using
the conjugate gradient algorithm. After initial energy minimization, the canonical ensemble NVT, in which the fixed
variables are the number of atoms, volume and temperature, is applied. Furthermore, to maintain the simulation
temperature at 1 K, the Nosé—Hoover thermostat algorithm [33] is used and the velocity Verlet algorithm [34] is
applied to perform numerical integrations with simulation time-step 1 fs.

In the present simulations, each fullerene molecule is divided into three regions, depending on the boundary
conditions imposed (Fig. 1). The first region consists of the lowermost hexagonal face where all atoms are kept
fixed (black color). The atoms of the uppermost hexagonal face (second region) are constrained to move along the
z-axis (red color). In the third region, the atoms are allowed to move freely. Furthermore, the lowermost and
uppermost hexagonal faces are exactly opposite to each other and are not destroyed during the simulation. In
addition, to study the deformation of the fullerene, we perform uniaxial tensile tests under deformation-control
method. The deformation rate is set to 0.01 A/s which is verified to be small enough to ensure quasi-static
deformation. The tensile force exerted on the fullerene is computed by the summation of inter-atomic forces
between carbon atoms of the uppermost hexagonal face. Thus, if the z-axis is assumed to lie along the displacement

direction of the fullerene, then axial force (F) is computed as follows:

F=YF, )

6
i=1

where F, is the component of inter-atomic forces along the z-axis.

3. Results and discussion

In the present study, the onset of structural instability in the fullerene is identified by a sudden/sharp drop in the
strain energy as well as the axial force caused by the abrupt changes in structural configurations. The similar
criterion have been widely used in the literature to determine the buckling in carbon nanotubes [35-40]. To interpret
the observation of the instability in the fullerenes, it should be noted that the tensile forces applied at the upper
hexagonal face of the fullerenes leads to the circumferential compressive stress. Under this compressive stress, the

distance between atoms in equatorial region of the fullerene reduces and consequently the interatomic forces



increases. As the group of atoms come too close to each other a relative slip will occur especially in equatorial
region and the atoms form a new configuration to endure smaller interatomic forces. This leads to a sudden drop in
the axial force as well as the strain energy.

From the MD simulations, the displacement of the upper hexagonal, the tensile force and the strain energy due to
the applied force are directly computed, and then the force-displacement curve and the strain energy curve are
plotted. Typical force-displacement curve for Csao is shown in Fig. 2a. The maximum force before the initiation of
instability is termed the critical force (Fc), while the corresponding elongation is termed the critical displacement
(der). As it is shown, the force drops suddenly at displacement 7.1 A with a critical force Fer = 52.9 nN (point B in
the Fig. 2). Furthermore, it is observed that the force-displacement curve is approximately linear prior to the onset of
instability. To ensure the occurrence of the instability in the fullerene, the strain energy-displacement curve for Csao
is also plotted in Fig. 3. At a displacement 7.1 A, a sudden drop in the strain energy is also observed. The drop in
force-displacement curve is more observable than the strain energy-displacement curve at the same displacement.
Noted that, the sudden energy release and the corresponding drop in force are associated with significant structural
and geometrical changes of fullerene molecules. As it can be seen in Fig. 3, the strain energy varied quadratically in
term of the displacement. Furthermore, the loading-unloading curves are plotted in Fig. 4. As it can be seen, the
unloading curve retracts along the same path as the loading curve, as shown in Fig. 4. This means that the material
behavior before point B is purely elastic.

According to the prescribed criterion, the critical force and corresponding displacement, and the magnitudes of
energy release at the critical load are calculated and listed in Table 1 for nine fullerene molecules including Ceo,
Ci180, Coa0, Csa0, C720, Coso, C1280, C1620 and Cao00. As can be inferred from the results in the table, the values of critical
displacement increase with respect to increasing the size of the molecules. In addition, Fig. 5 displays the calculated
critical force as a function of the equivalent radius of the fullerene. It is apparent from the figure that C24o fullerene
possesses the maximum force capacity among the investigated cases. It is also observed that, for molecules larger
than Ca4, the critical force decreases with the increase of the molecule size. Finally, the initial and collapsed
configurations of the fullerenes are displayed in Fig. 6. In this figure, the snapshots are plotted in x-y plane.

Furthermore, it should be noted that no bond breaking is occurred during the simulation.



4. Conclusions

A comprehensive molecular dynamic study was conducted for the assessment of structural instability behavior of
the nine fullerenes subjected to tensile loading. In this connection, the deformational morphology of the fullerenes
was explored via a set of MD-based simulations, employing the AIREBO potential energy function together with the
Nosé—Hoover thermostat technique to maintain a constant temperature. The critical force and corresponding
displacement were investigated through analyzing the force-displacement and the strain energy-displacement curves
obtained from MD simulations. The results obtained indicated that the critical forces and collapsed configurations
strongly depend upon the number of carbon atoms. Furthermore, the Caso fullerene has maximum force capacity

among the simulated fullerenes.
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Table 1. Critical force and displacement, and the magnitudes of energy release at the critical load for different

fullerenes

Fullerene Fer (NN) Ao (A)  AE(eV)
Coo 56.2 2.1 0.8
Ciso 72.4 53 7.8
Caao 84.4 6.3 23.6
Csao 52.9 7.1 13.6
Cro 44.7 6.5 0.2
Coso 40.6 7.4 0.4
Ci280 36.2 7.3 0.6
Cie20 32.0 7.8 0.3
Ca000 27.4 7.8 0.1
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Fig. 1. Molecular structure of Crzo fullerene subjected to tensile load
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Fig. 2. (a) Force-displacement curve for Csag, (b) Undeformed configuration (point A), (c) deformed

configuration prior to the instability (point B) and (d) collapsed configuration (point C).
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Fig. 6. Initial and collapsed configurations of the nine fullerenes.
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