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Abstract. We present the results of classical molecular dynamics simulations of collision-induced fusion
and fragmentation of Cgo fullerenes, performed by means of the MBN Explorer software package. The
simulations provide information on structural differences of the fused compound depending on kinematics
of the collision process. The analysis of fragmentation dynamics at different initial conditions shows that
the size distributions of produced molecular fragments are peaked for dimers, which is in agreement with a
well-established mechanism of Cgp fragmentation via preferential C2 emission. Atomic trajectories of the
colliding particles are analyzed and different fragmentation patterns are observed and discussed. On the
basis of the performed simulations, characteristic time of C2 emission is estimated as a function of collision
energy. The results are compared with experimental time-of-flight distributions of molecular fragments
and with earlier theoretical studies. Considering the widely explored case study of Cgo—Cgo collisions, we
demonstrate broad capabilities of the MBN Explorer software, which can be utilized for studying collisions

of a broad variety of nanoscale and biomolecular systems by means of classical molecular dynamics.

1 Introduction

Recent years have witnessed extensive development of ex-
perimental and theoretical methods for the analysis of
structure and dynamics of Meso-Bio-Nano (MBN) sys-
tems. Irradiation and collision experiments have become a
frequently used tool to explore the internal structure and
dynamical properties of such diverse systems. As a result,
a number of processes occurring in collisions of atoms,
ions and atomic clusters with complex molecular targets,
biomolecules included, have been studied [1-3].
Particular attention has been devoted to the investi-
gation of irradiation- and collision-induced processes in-
volving carbon fullerenes, including electron capture and
ionization of Cgy [4-6]; fusion and fragmentation of
Ceo induced by ion impact [7-11] or collisions with sur-
faces [12,13]; fusion, fragmentation and charge transfer
induced by fullerene-fullerene collisions [14-21]; fission of
Cygo irradiated with short intense laser pulses [22], and the
formation of collective electron excitations due to pho-
ton [23-25], electron [26-28] and ion [29,30] impact.
Recent advances in the understanding of ion/atom in-
teractions with isolated polycyclic aromatic hydrocarbons
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(PAHs), fullerenes and their clusters were discussed in a
recent review [31]. Apart from well-known statistical frag-
mentation of carbon systems leading to evaporation of Cs
dimers, specific non-statistical fragmentation channels re-
sulting in a prompt single-atom atom knockout have been
observed [32-37].

A considerable progress has also been achieved in ex-
perimental studies of collision-induced processes involv-
ing biomolecular systems. The latter targets were con-
sidered either in form of isolated biomolecules in the
gas phase or as clusters containing up to several tens
of molecules. The biomolecular targets have been char-
acterized by an increasing complexity, starting from wa-
ter molecules and going to nucleobases, nucleosides and
nucleotides, amino acids and protein segments [38-40].
Most of the experiments performed dealt with protons or
multiply charged ions of carbon and oxygen, i.e. the pro-
jectiles which are of current interest for ion-beam cancer
therapy [41,42].

The amount of accumulated experimental data on col-
lision of atoms, ions and atomic clusters with MBN sys-
tems generally exceeds the corresponding outcomes of the-
oretical and/or numerical analysis. To a great extent, this
disbalance can be attributed to the problems in finding ef-
ficient theoretical and computational methods which allow
one to accurately describe the collision-induced dynamics
in large molecular systems with many internal degrees of
freedom. It is therefore highly desirable to develop a single
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theoretical and computational tool for modeling collision-
induced processes involving different nanoscale systems.
This has become possible with the development of MBN
Explorer software package [43,44]. The software supports
the most advanced molecular dynamics (MD) simulations
for a large variety of complex molecular systems. With
these methods, one can simulate and study many different
dynamical processes that occur in molecular systems, in-
cluding different collision and collision-induced processes.
By randomizing the initial conditions and carrying out
multiple MD simulations, one can generate sets of data
for the statistical analysis of the outcome of the collision
process. This approach can be used, for example, for car-
rying out the analysis of mass-spectra of the resulting frag-
ments appearing in the course of collision. Apart from the
statistical analysis, MD simulations allow one to visual-
ize resulting atomic trajectories and explore the temporal
evolution of different molecular fragments.

A large number of force fields supported by MBN Ex-
plorer, together with its flexible and efficient MD algo-
rithms, allow one to model collision-induced dynamics of
the ionic subsystem of the colliding complexes of various
types and internal structures, in broad range of collision
energies, and in various environmental and thermodynam-
ical conditions. The important general feature of collisions
involving MBN systems arising from the fact that they
can be characterized not only by the collision energy, but
also by temperature. The colliding systems can be pre-
equilibrated at a given temperature and then the kinetic
energy of the colliding objects can be fixed at some de-
sirable value. During the collision, part of the kinetic en-
ergy can be transferred to the internal degrees of freedom
of the colliding systems and be equilibrated there. As a
result, they may change their temperature, which may
lead to the alteration of their internal structure, as well
as to evaporation, fragmentation and multi-fragmentation
processes.

In this paper, we study collision-induced fusion and
fragmentation of Cgq fullerenes by means of classical MD
simulations performed with MBN Explorer [43]. Cgo—Ceo
collisions have been widely studied experimentally, and
there are data on the probability of fullerene fusion and on
the production of smaller clusters due to subsequent frag-
mentation [14,16,45]. By considering this widely explored
case study, we aim to demonstrate the main capabilities
of the software that is suitable for studying collisions of
a broad variety of MBN systems. The analysis of frag-
mentation dynamics shows that the size distributions of
molecular fragments produced are peaked for dimers, re-
flecting a well-established preferential Co emission. Apart
from that, the simulations provide information on struc-
tural aspects of the fused compound at different kinematic
conditions of the collision. Finally, the atomic trajecto-
ries of the colliding particles are analyzed to explore the
dynamics of the collision events. On the basis of the per-
formed simulations, characteristic time of Cy emission is
estimated as a function of collision energy. The results
are compared with experimental time-of-flight distribu-
tions of molecular fragments and with earlier theoretical
studies.
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2 Computational details

MD simulations have been performed for the microcanon-
ical (NV E) ensemble of particles, where the number of
particles N, the volume V', and the total energy E of the
system were kept constant. Integration of Newton’s equa-
tions of motion was done using the velocity Verlet algo-
rithm. To assure conservation of the total energy, we used
a small integration time step ¢t = 0.1 fs.

The two fullerenes were placed in a 300 x 300 x 300 A3
simulation box and were separated by the distance of
50 A at the initial time moment. The large size of the
simulation box was chosen to decrease the probability of
interaction between small molecular fragments produced
after the collision. The simulations were performed for sev-
eral collision energies and for different values of the im-
pact parameter. The center-of-mass collision energy was
varied from 30 eV (corresponding to collision velocity
v =40 A /ps) up to about 370 eV (v = 140 A /ps). We con-
sidered 15 values of the impact parameter, ranging from
0 A (coaxial binary collision) up to 7 A, which is approx-
imately equal to the diameter of Cgo (gliding collision).

In order to reflect the statistical nature of the fusion
and fragmentation processes, we performed 2000 simula-
tions (80 simulations for a given collision energy with dif-
ferent values of the impact parameter). The simulation
time for each run was 10 ps that is of the same order of
magnitude as in many previous computational studies of
fullerene fusion and fragmentation performed by means of
classical and quantum MD simulations [13,46-51]. In each
simulation run, the fullerenes were randomly oriented with
respect to each other. The input geometries were set up by
means of MBN Studio [52,53] — a graphical user interface
to MBN Explorer. The quantitative information on time
evolution of the fragments produced (i.e., the number of
fragments of each type) has been obtained directly from
the output of the simulations. For each collision energy,
ensemble-averaged fragment size distribution was calcu-
lated by summing up the data from each individual tra-
jectory and normalizing the resulting value to the total
number of fragments.

We employed the Brenner (reactive empirical bond-
order, REBO) potential for carbon systems [54]. It is
a many-body potential which depends on the number
of nearest neighbors and contains two-body and angle-
dependent three-body contributions. The Brenner po-
tential, alongside with a similar many-body potential
developed by Tersoff [55], has been widely used for
studying stability and structural properties of many car-
bon systems, including fullerenes [47,56-58] and nan-
otubes [59-62]. Recently, these potentials were also uti-
lized to study single and multiple atom knockouts from
PAHs, fullerenes and their clusters (see Ref. [31] and ref-
erences therein).

The total potential energy of a system in the Brenner
potential framework reads as

Ui = 325 Felr) Un(rig) = by Un i)l (1)

i ]
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Table 1. Parameters of the Brenner [54] potential used in the
calculations.

De (eV)  6.325 a 0.011304
Re (A) 1315 c 19
S 1.29 d 2.5
gAY 15 R (A) 17
) 0.80469 Ry (A) 20

where 7;; is the distance between atoms i and j, and
fe(rij) is the cutoff function which limits the interaction
of an atom to its nearest neighbors. It is defined as

1, rij < Ry
1 1 rij — R

fe(rij) = 2+2COS (WR”Z_Ri), Ry <71y < Ry
0, rij > Ro

2)
with Ry 2 being the parameters which determine the range
of the potential. This function has a continuous value and
derivative for all r;;, and goes from 1 to 0 in a small re-
gion between R; and Ry, which are chosen to restrict the
potential to nearest neighbors.

The functions Ugr(ri;) and Ua(r;;) are the repulsive
and attractive terms of the potential, respectively. They
are defined as

Ur(rij) = SD—el exp [—\/QSﬂ(nj — Re)]

Ua(rij) = SDe_Sl exp l—\/; Blri; —Re)|,  (3)

where D, S, § and R, are parameters.
The factor b;; in equation (1) is the so-called bond
order term, which is defined as:

—0

1+ Z Je(rir)g(Oijx) . (4)

k#i,j

bij =

Here, the function g(6;;x) depends on the angle 6;,, be-
tween bonds formed by pairs of atoms (4,7) and (4, k).
This function has the following form:

c? c?

A2 @2+ (1+cosbyp)? |’ (5)

9(0ik) = a {1 +

where a, ¢ and d are parameters of the potential.
The utilized parameters of the Brenner potential are
listed in Table 1.

3 Results and discussion

Let us now quantify the fusion and fragmentation prod-
ucts resulting from the collision of two Cgo fullerenes at
different collision velocities and impact parameters. In
this work, collision products have been analyzed in the
end of 10 ps-long simulations. Fragmentation of fullerenes
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Fig. 1. The average size of molecular products produced in
Ce0-Ceo collisions as a function of the collision energy. The col-
lision products, including different molecular fragments as well
as non-fragmented Cgo molecules and fused Ci20 compounds,
were recorded after 10 ps of the simulations. Open and filled
squares describe the simulations performed at the fullerene ini-
tial temperature of 0 K and 2000 K, respectively. Other sym-
bols represent experimental data from references [16,45]. In the
experiments, an average temperature of the colliding fullerenes
was estimated around 2000 K.

was also simulated on a few-picosecond timescale in many
previous studies employing classical and quantum MD
approaches (see, e.g., Refs. [46-51]). Most of these sim-
ulations were conducted for about 2-4 ps and demon-
strated that the critical events leading to fusion or multi-
fragmentation of the colliding fullerenes occur very fast,
within about 1 ps. The temporal evolution of different
molecular fragments is analyzed in greater detail further
in this section.

Figure 1 shows the average size of the molecular system
recorded at the end of the simulations as a function of
the center-of-mass collision energy. The average system
size was defined as the total number of atoms divided by
the total number of molecular species corresponding to a
given collision energy. As mentioned above, data extracted
from many different trajectories at a given collision energy
were summed up and normalized to the total number of
collision products, including different molecular fragments
as well as non-fragmented Cgg molecules and fused Ciag
compounds.

Open squares in Figure 1 represent the results ob-
tained at the zero temperature of fullerenes. Illustrative
snapshots of the corresponding structures at different col-
lision energies are presented in the upper panel of Fig-
ure 2. Figure 1 shows that the maximal average size of
molecular products and hence the maximal fusion prob-
ability is obtained at collision energies of about 200eV,
which is significantly higher than experimental results ob-
tained for Cg, + Ceo collisions [16,45] (shown by blue and
green triangles). One should note that in the experiments,
an average temperature of the colliding fullerenes was es-
timated around 2000 K [16].
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In order to better match the experimental conditions,
we performed simulations where the fullerenes were given
an initial temperature of 2000 K. As a result, each ther-
mally excited molecule had an initial internal kinetic en-
ergy of about 30 eV. Different initial structures and ve-
locities used for the collision simulations were obtained
from a 10 ns-long constant-temperature simulation of a
single Cgp molecule being at T" = 2000 K. In this simu-
lation, temperature control was achieved by means of the
Langevin thermostat with a damping time of 0.1 ps. Note
that similar simulations performed at different fullerene
temperatures suggest that Cgo resembles its intact cage-
like structure up to T~ 2300 K. At higher temperatures,
a transition, which is usually considered as the fullerene
melting takes place. It corresponds to an opening of the
fullerene cage and the formation of a highly-distorted but
still non-fragmented structure [63,64].

The results of the simulations at 7" = 2000 K are shown
in Figure 1 by filled squares. In agreement to what is
known in references [46-48], a non-zero initial temperature
of the fullerenes gives a much better agreement with the
experimental results. Taking into account that statistical
uncertainty of the calculated average size of collision prod-
ucts is about 10%, the calculated numbers agree well with
the experimental data. We found that the largest average
product size and hence the highest probability of fusion
is for collisions with energies of about 90-120 eV, which
is significantly lower than the value of about 200 eV sim-
ulated at zero initial temperature. The fusion barrier de-
creases due to the thermal energy stored in the fullerenes.

Earlier works [17,50] concluded that classical MD sim-
ulations usually provide much larger values for the en-
ergy window for the fusion reaction as compared to the
energy window observed experimentally. In the analysis
presented above, we demonstrated that classical MD is an
adequate approach which can reflect the main features of
the collision-induced processes if the initial internal en-
ergy of the projectile and the target is taken into account.
Some disagreement between the simulation results and ex-
perimental data can be attributed to the way how the ini-
tial temperature was assigned to each fullerene. In experi-
ments [15,16], the target fullerene was heated up to about
800 K in the scattering cell, while the temperature of the
projectile was estimated to be as high as 3000 K [16,17].
Accounting for the different initial temperatures of the
projectile and the target may improve the agreement be-
tween the theoretical results and experiment even further.

The above-presented analysis was performed for the
collision of two neutral Cgg fullerenes, while collisions be-
tween a singly-charged and a neutral system, Cg’OfCGO,
were studied experimentally [16,45]. To explore the effect
of an excess charge on the collision dynamics, we per-
formed simulations of Cg_()*Cﬁ() collisions for selected col-
lision energies (91, 151 and 186 €V) at the initial fullerene
temperature of 2000 K. The positive charge was uniformly
distributed over the projectile, so that each carbon atom
carried a partial charge of +0.01667¢. In the new set of
simulations, we have not observed any statistical difference
from the results obtained for the two neutral molecules.
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a) 67eV

b) 120eV

e) 120eV

f) 186 eV

Fig. 2. Different isomers of C120 formed after 5 ps as a result of
fusion of two Cgo fullerenes at different collision energies. The
energies are indicated for each case study. The upper row shows
the structures which were simulated at zero fullerene temper-
ature, while the lower row corresponds to the fullerene tem-
perature of 2000 K. The structures were rendered with MBN
Studio software [52].

These results suggest that the effect of including charge in
the simulations is very small and can thus be neglected.
Charge effects may have a stronger impact on the col-
lision dynamics in the case when one of the colliding
molecules has a higher charge state or both molecules are
charged [20,65]. This is an interesting question that can
be addressed in detail in further studies.

One should note that in the simulations of the Cf,—
Cgo collisions, minor effects of charge redistribution have
been observed. Despite this, all the small fragments which
have been produced were electrically neutral, with either
zero or small partial charge on different atoms. The ef-
fects of charge redistribution can be elaborated in greater
detail by means of irradiation-driven molecular dynamics
(IDMD), that is a novel approach for modeling irradia-
tion or collision-driven chemical transformations of com-
plex molecular systems [66]. However, this is a separate
scientific problem which we do not aim to consider in this
work.

Figure 1 demonstrates that at low collision energies
(below about 100 V), the average collision product size
decreases. It happens because of the increasing probabil-
ity of non-reactive inelastic scattering of two fullerenes,
which does not lead to fusion. The complete fusion of two
Cgo into one Cigp structure was observed at T = 0 K
at the energy of 120 eV (see Fig. 2b). This is in agree-
ment with the results of density-functional tight-binding
(DFTB) MD simulations [67] which showed that the ener-
gies higher than 100 eV are needed to form a single-cage
Ci90. In this energy region, the fusion process results in
the formation of elongated peanut-shaped structures.

As known from the earlier theoretical studies [67,68], at
lower energies, the two molecules tend to form a covalently
bonded dimer (Cgp)2, and this process occurs when the
collision energy is not high enough to break more than one
or a few bonds. DFTB MD simulations [68] predicted that
the threshold collision energy for this process is about
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60 eV. One should note, however, that we observed a sig-
nificant probability of forming a covalently bonded dimer
even at the energy of 30 eV. This observation corresponds
to the results of earlier classical MD simulations using the
Tersoff potential, which gave higher formation probabili-
ties of covalently bonded (Cgp)2 dimers than within the
DFTB method (see Supplementary material in [68]), and
predicted the kinetic energy threshold as low as 15 eV.
This feature was attributed to the fact that the Tersoff
potential overestimates the bonding between sp? and sp?
carbon atoms. The Brenner potential, which we have em-
ployed in this work, may have a similar deficiency.

In Figure 2, we compare the structure of a Cy9p com-
pound formed as a result of the fullerene fusion. The
structures are shown for three collision energies, namely
67 eV (panels (a, d)), 120 eV (b, e) and 186 eV (c, f), for
both 0 K and 2000 K initial temperature of the colliding
fullerenes (upper and lower panels, respectively). As dis-
cussed above, simulations performed at zero temperature
and low collision energy result in the formation of a dumb-
bell structure (a). The simulations at the same energy but
at a finite fullerene temperature result in the formation of
a closed-cage peanut-like structure (d). A similar struc-
ture was obtained as a result of simulations performed
at 0 K and 120 eV energy (b). This compound is highly
deformed but still represents a closed-cage structure. On
the contrary, in the simulations at 2000 K and 120 eV,
the energy deposited into the system is enough to break
the fullerene cage (e). This structure resembles the “pret-
zel phase”, observed in earlier MD simulations of the Cgg
melting at T ~ 4000 K [63]. A similar open-cage struc-
ture was produced in 186 eV collision at zero fullerene
temperature (c). At this collision energy, the presence of
thermal energy of the fullerenes leads to formation of a
loosely bound structure with several linear chains (f), and
this structure is then subject to fragment. This structure
is similar to the “linked chain” phase, observed in the pro-
cess of Cgp melting at temperatures above 5000 K [63].

It is now commonly accepted that an abrupt decrease
of the fusion signal, observed experimentally at the col-
lision energies around 200 eV, is an indication of the
rapid loss of the fullerene structure and the onset of a
multi-fragmentation regime, leading to the production of
many small-size fragments [15,16]. In order to describe the
multi-fragmentation process in more detail, we have ana-
lyzed the formation of small fragments (Cy, Ca, Cs, Cy)
as a function of the center-of-mass collision energy. The
corresponding probabilities are shown in Figure 3. These
probabilities were defined as a ratio of the number of C;—
C,4 fragments formed after 10 ps, to the total number of
fragments produced. Open symbols describe the results of
simulations performed at the zero initial temperature of
colliding fullerenes, while filled symbols describe the case
of T'= 2000 K. It is seen that the formation probabilities
show different trends for different fragments. The prob-
ability of the dimer formation rapidly increases in both
cases, confirming that Co emission is the leading statisti-
cal channel of fullerene fragmentation at moderate colli-
sion energies. The probabilities for a single carbon atom
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Fig. 3. Comparison of the probabilities of small fragments
(C1-Cy4) formation in the Cgo—Cgo collisions as a function of
the collision energy. The fragments were recorded after 10 ps
of the simulations. Open and filled symbols describe the sim-
ulations performed at the fullerene initial temperature of 0 K
and 2000 K, respectively.

and a tetramer formation gradually saturate with increas-
ing the collision energy. However, the probability for Cs
formation also increases with energy, especially in the case
of nonzero fullerene temperature simulations. This obser-
vation correlates with the results of earlier TB-MD simula-
tions [51] which studied radiation-induced fragmentation
of Cgo. In the cited work, it was shown that C3 becomes
the most probable pathway of the Cgy fragmentation at
increasing excitation energy.

To analyze in more detail the impact of the fullerene
initial temperature on the fragmentation dynamics, we
plotted the size distribution of larger fragments, up to Cjg,
formed in the end of 10 ps-long simulations. The results
of this analysis are shown in Figure 4. The simulations
performed at zero initial temperature of fullerenes (upper
panel) show that at the collision energy of 225 eV, only
a few fragmentation events have been observed, while at
the energy of 270 eV a phase transition has taken place
leading to multi-fragmentation of the fullerenes and the
formation of multiple small-size fragments. The results of
simulations at T = 2000 K fullerene temperature (lower
panel) demonstrate that the phase transition takes place
at lower collision energy. Our analysis shows that in this
case, the multi-fragmentation regime starts at the colli-
sion energy of about 185 eV. As discussed above, the most
prominent effect of the fullerene finite temperature is an
increase in the number of Cy and C3 fragments. The data
shown in Figure 4 demonstrate that at 315 eV collision en-
ergy the relative number of larger fragments is about 3-6%
of the total number of fragments produced, and these val-
ues are almost independent on the initial energy stored in
the system.

It is known that the size distribution of small fragments
C,,, produced in collisions involving fullerene molecules,
follows a n~* power law [51,69]. Having taken into account
that the simulated distributions of fragments are peaked
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Fig. 4. Number of C;—-C;o fragments, normalized to the total
number of fragments produced after 10 ps, for the center-of-
mass collision energies of 225, 270 and 315 eV. The upper and
the lower panels show the results obtained at the 0 K and
2000 K temperature of colliding fullerenes, respectively.

at n = 2, we have fitted the results for n > 2 with a
power function. As a result of the fitting procedure, we
obtained the value of A = 1.4740.04, which is close to the
value of 1.54, obtained in earlier MD statistical trajectory
simulations at 500 eV center-of-mass collision energy [70].

Apart from the statistical analysis of molecular frag-
ments produced in the collisions, MD simulations provide
a possibility to visualize resulting atomic trajectories and
explore the temporal evolution of different molecular frag-
ments. To illustrate this, we analyzed four representative
trajectories obtained at 226 eV center-of-mass collision en-
ergy at 2000 K. Figure 5 shows how the size of the largest
molecular product has been evolving in the course of simu-
lation. The two colliding fullerenes have fused into a single
compound after the first 0.4 ps of the simulations as illus-
trated by a sharp jump in the number of atoms comprising
the largest product from 60 to 120. However, the subse-
quent evolution of this system is quite different in the four
considered trajectories: the lifetime of the fused compound
varies between about 1 and 3.3 ps and the fragmentation
channels are also rather different. For instance, in trajec-
tory 1 (solid black curve) a Cy4 tetramer was emitted first
at about 3.7 ps, and the resulting Cy16 molecule dissoci-
ated into two large fragments containing 77 and 39 atoms.
The former fragment emitted a small carbon molecule and
then also disintegrated into two large products formed by
45 and 27 atoms. After another fragmentation event, the
largest molecule recorded after 10 ps of the simulation has
only 33 atoms. On the contrary, trajectory 4 (dotted green
curve) has been evolving in a completely different way: no
fragmentation into large products has been observed but
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Fig. 6. Characteristic time of emission of Cy fragments at
different collision energies at 2000 K. This quantity was defined
as a lifetime of the fused Ci29 compound before fragmenting
into C118 + C2 or Ciig—y + C2 4+ C, products. The data
extracted from the simulations are shown by symbols, while
the dashed line shows a linear least-squares fit.

the fused Ci199 compound sequentially emitted two dimers
and two trimers, so that the final structure recorded after
10 ps consists of 110 atoms.

The information stored in the atomic trajectories can
be used to explore the dynamics of the collision events. In
particular, one can analyze characteristic times of emission
of fragments of a given size. We have monitored emission
of the most frequently produced fragmentation products,
Cso dimers, at different collision energies at 2000 K; the re-
sults of this analysis are shown in Figure 6. The emission
time was defined as a lifetime of the fused C159 compound
before fragmentation into C118 + Co or Cy18_5 + Co + C,,
products. One can see that at collision energies of about
100-150 eV, i.e., before the multi-fragmentation takes
place, Cq fragments are produced in small numbers and
mostly within a time window of 5-10 ps after the two
fullerenes had collided. With an increase of the collision
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energy, the dimers start to eject from the system much
faster. At the center-of-mass collision energy of 315 eV,
Cq fragments are produced in much larger numbers on a
sub-picosecond time scale, thus indicating the multifrag-
mentation regime. One can expect that with a further in-
crease of collision energy, the fragments will be produced
even faster, on the order of several tens of femtoseconds.
Note that similar behavior was also observed for other
abundantly produced fragments like single carbon atoms
and C3 molecules.

4 Conclusion and outlook

This work has been devoted to the investigation of Cgg
fullerene collisions and collision-induced fusion and frag-
mentation processes by means of classical molecular dy-
namics simulations performed with the MBN Explorer
software package. The simulations were performed in a
broad range of collision energies, thus allowing to model
the formation of covalently-bonded dumbbell structures,
closed-cage C129 compounds, open-cage structures, as well
as sequential emission of small-size molecular fragments
and rapid multi-fragmentation. We demonstrated that
classical molecular dynamics is capable of describing the
main features of the collision-induced processes if the ini-
tial internal energy of the projectile is taken into account.

We analyzed the fragmentation dynamics and showed
that the size distributions of molecular fragments pro-
duced are peaked for dimers, reflecting a well-known
statistical channel of Cgg fragmentation via emission of
carbon dimers. The performed atomistic simulations pro-
vided information on structural aspects of the fused com-
pound at different collision energies and thermal en-
ergy of the colliding molecules. Our results have been
compared with well-established experimental results on
time-of-flight distributions of molecular fragments. The
simulation results have been found in agreement with the
experimental data and the results of earlier theoretical
studies. We demonstrated that, apart from statistical
analysis of produced fragments, molecular dynamics sim-
ulations performed with MBN Explorer allow one to ana-
lyze temporal evolution of these fragments. In this work,
we studied the temporal evolution of several atomic tra-
jectories and evaluated the characteristic time of emission
of the most abundantly produced fragment, the Cy dimer.

Performing this analysis, we presented some of the ca-
pabilities of MBN Explorer to model collisional processes
involving a broad range of Meso-Bio-Nano systems. Al-
though it is not possible to cover many different case stud-
ies in a single paper, we note that by means of this tool,
it is possible to model collision-induced processes with
many different nano- and biological systems. A broad va-
riety of interatomic potentials, including many-body po-
tentials for multicomponent systems, and the CHARMM
molecular mechanics potential for organic and biomolec-
ular systems, are implemented in the software, allowing
for all-atom modeling of composite materials and nano-
bio interfaces. MBN Explorer provides also the tools to
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the multiscale modeling of collisions in which the dy-
namics of Meso-Bio-Nano systems is accompanied by the
random, local quantum transformations of the system
(such as ionization or charge transfer) induced in the sys-
tem during the collision process. Recently, such possibil-
ities have been implemented through the reactive force
field [71] and the irradiation-driven molecular dynamics
approach [66]. The latter represents a classical molecu-
lar dynamics with the superimposed random processes of
local quantum transformations related to the irradiation
conditions. All these features allow modeling of the colli-
sion phenomena involving a broad variety of nanoscale
and biomolecular systems, including such widely stud-
ied systems like PAHs, novel materials like boron-nitride
fullerenes and nanotubes, metallic nanoalloys, collisions
with surfaces, and many more. A detailed analysis of the
processes occurring in these systems is of great current
interest but goes well beyond the scope of a single paper.
Therefore, this analysis will be continued in future works.
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