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We characterize the collision-induced fusion reaction of buckminsterfullerenes by means of direct self-
consistent-charge density-functional tight-binding molecular dynamics simulations. In agreement with experi-
mental data, we find that the highest probability of fusion is for collisions with incident energy range of
120-140 eV. In this energy region, fusion occurs by way of the formation of hot, vibrationally excited
peanut-shaped structures within 1 ps. These nanopeanuts further undergo relaxation to short carbon nanotubes
and are cooling by evaporation of short carbon chains during the next 200 ps. The size of the fusion product
after the evaporation agrees well with the average size of carbon clusters experimentally detected after colli-
sions on the microsecond time scale. The average number of sp® carbons in our simulations is in an excellent

correlation with experimental cross sections.
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Fullerenes and carbon nanotubes (CNTs) are promising
building blocks of nanotechnology for the production of
nanoscale devices and nanomachines with complex geom-
etry. They are chemically very stable and inert. This suggests
that the nanomachines, once synthesized from such nanob-
locks, should remain structurally stable. Unfortunately, the
required technology to allow engineered production of ma-
chines and devices at nanoscale level is still in its infancy.
The controlled growth of specific fullerene isomers and
CNTs, and furthermore the controlled assembly of smaller
carbon nanoblocks into larger units remains a major chal-
lenge in nanotechnology for material science and CNT
research.!? Potential applications include molecular machin-
ery, sensors, catalysts, polymer composites, biological and
medical materials, molecular data storage, and single-gate
electron transistors.

As noted by Zhao et al., fusion of smaller components
into a larger whole is a ubiquitous process in condensed mat-
ter. At the molecular level, it corresponds to chemical
synthesis.>*® At the pioneering age of fullerene science, the
merging of two spherical units to form a larger structure
seemed impossible, due to very high energy required to
break a multitude of carbon cage bonds.* First coalescence
experiments were performed by Whetten® and Campbell.”®
Whetten er al. have reported mass spectroscopy (MS) mea-
surements of hot, dense Cg, vapors, revealing their coales-
cence to higher fullerene adducts with MS maxima around
multiples of the initial mass minus one or two C, units.®
Campbell presented evidence for coalescence of fullerenes
via high-energy collision®”® under well-defined single-
collision conditions. The processes described by Campbell®
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focus on collisions at hyperthermal energies and include
collision-induced fragmentation and ionization, charge trans-
fer and endohedral fullerene formation. In addition, scatter-
ing, fusion and (multi) fragmentation in fullerene-fullerene
collisions have been discussed by the same authors. A sys-
tematic description of fullerene reaction dynamics results can
be found elsewhere.*>

In addition to studies of reactive Cg collisions, fusion of
more complex carbon nanostructures has been reported in
the literature.*>~'2 Yoon et al. reported unusually fast fusion
of two CNTs originating in a single Y junction, proposing a
zipper mechanism for this coalescence based on series of
orchestrated Stone-Wales transformations.'” Jin er al. pre-
sented a technique for fusion of CNTs via controlled head-
to-head and head-to-side “plumbing” engineering for nano-
technology applications.!! However, no molecular dynamics
(MD) simulations of nanocarbon fusion processes based on a
quantum chemical potential have been reported.

Here we report our theoretical efforts related to collision-
induced fusions of Cg, fullerenes, aimed at improving under-
standing of processes related to assembling of smaller carbon
nanoblocks into larger units. This reaction can be considered
as a prototype reaction for the fabrication of short CNTs and
other, more complex structures.

We modeled fusion of two Cg, fullerene cages by means
of direct MD simulations, where the electronic structure
(both cold and thermally excited) was computed on the fly
within the framework of the self-consistent-charge density-
functional tight-binding (SCC-DFTB) theory.!*!” Overall
we performed around 1000 Born-Oppenheimer MD simula-
tions of collision by applying various initial conditions. Em-
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FIG. 1. (Color online) Schematic outcomes of collision between
fullerenelike (denoted as circle or oval) structures: (a) nonreactive
elastic scattering, (b) dimerization/polymerization, (c) collision-
induced internal reorganization/inelastic scattering, (d) partial coa-
lescence, (e) full coalescence, (f) fragmentation. Black arrows on
panels (a) and (c) and on left panel represent velocity vector of
corresponding unit.

ploying direct MD techniques with explicit quantum-
mechanical treatment of electronic structure allows to
address such questions as: (a) what is the nature of fusion
reaction between carbon nanoparticles, (b) how does the out-
come of the collision depends on the incident velocity, (c)
what is the role of electronic excitations (via electronic tem-
perature) in the fusion reaction, (d) what is the effect of long
time, post collision relaxation of fusion products, (e) what is
the prospect for controlled fusion of carbon nanostructures
and its application in nanoscale engineering, and (f) how
reliable are SCC-DFTB/MD simulations for the description
of high energy fusion reaction in comparison to experiment.

I. OVERVIEW OF COLLISION ROUTES

The outcome of collisions between fullerenic structures
can be classified as one of the following routes: (A) nonre-
active scattering/elastic collision (A+B — A+B), (B) dimer-
ization (A+B—A-B), (C) nonreactive reorganization/
inelastic scattering (A+B— A"+B or A+B—A*+B"), (D)
partial coalescence (A+B— A=B), (E) full coalescence (A
+B—C), and (F) fragmentation (A+B —nD).

Figure 1 shows the schematic summary of possible routes
for collision between nanocages. A similar classification for
the collision of fullerenes has been presented by Campbell et
al’ Tt is difficult to precisely and strictly characterize the
results of fusion. As is shown on Fig. 1, only some the routes
lead to fusion between nanoparticles (namely, routes D and
E). In case of partial coalescence (case D), only some of the
cage bonds are broken, lending a peanut shape to the result-
ing dimer structure. One can speculate whether the further
fusion of peapods to fully coalesced structure (E) is feasible
or not. The result of full fullerene coalescence can be either
tubulenes (short CNTs) or fullerenes of larger size.*>!3
Route B corresponds to fullerene dimerization. This process
occurs when the collision energy is not high enough to break
more than one or a few bonds. In this case, fullerene adducts
rather than coalesced structures are produced. It is sometimes
suggested that such dimerization through the formation of a
[2+2] (sp*-joined) cycloadduct is an important initial step in
the coalescence of fullerenes.*!° For the sake of complete-
ness, we shall also mention “nonreactive” (routes A and C)
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and fragmentation (panel F) cases. Obviously, the latter re-
sults from impacts with collision energies high enough to
completely obliterate the cage structures (see also Ref. 5).
The case of nonreactive scattering (case A) results from the
collision with low impact energy, insufficient to break any
cage bond. In the presence of free dangling bonds, such a
soft collision could allow the formation of an adduct (case
B). For the collision with impact energies large enough to
break some of the bonds, the resulting structure may become
subject to internal bond reorganization (for example, Stone-
Wales-type transformation) without necessarily creating in-
terstructure bonding, hence leading to disconnected cages
(route C). This route is denoted as “nonreactive reorganiza-
tion.” This process may be also associated with exchange of
atoms between two collision. Nonreactive collisions (case A)
and high impact fragmentations (case F) are not within the
scope of the present study.

II. COMPUTATIONAL METHODOLOGY

Modeling of collisions was performed by means of direct
molecular dynamics based on the SCC-DFTB quantum
chemical potential'>*!3 in conjunction with Fermi-Dirac
smearing at various electronic temperatures to approximately
include the effect of electronic excitations'®!72% and to im-
prove convergence in the iterative self-consistent-charge
scheme. Although all structures consist only of the element
carbon and little charge polarization is expected, yet we
needed to invoke the self-consistent-charge methodology to
prevent unwanted zwitterionic electronic states that can ap-
pear in the noncharge-consistent variant of DFTB when a
multitude of dangling bonds with similar energies is created.
The potential energy for the motions of nuclei is given by the
electronic free energy, which is sometimes referred to as
Mermin free energy,'~>3

E[mtzESCF_ TelSe' (1)

The first term, Egcp, is the electronic energy from the SCC
minimization of the electronic structure at a given electronic
temperature 7,;, and the second term, 7,S,, describes the
electronic entropy contribution associated with the fractional
molecular orbital occupancies f; as follows:

M
Se=—kpX [filog(f) + (1 - f)log(1 = f)].  (2)
i=1

The fractional orbital occupancies f; are determined using a
Fermi-Dirac distribution function. We tested the effect of
electronic temperature (7,;) using the values 0, 1000, 2000,
3000, and 10 000 K. Nuclear motion was followed via clas-
sical Newtonian dynamics and velocity Verlet algorithm with
time step dr=1 fs. No periodic boundary conditions were
applied, which means that our collisions are occurring in
vacuum.

Prior to collision simulations, we computed a 10 ps ther-
malization trajectory of a single Cg, molecule at the tempera-
ture 7=1500 K in order to generate a set of suitable initial
structures and velocities for the collision simulations. The
Nose-Hoover chain algorithm?* was used for the initial ther-
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FIG. 2. (Color online) Time dependence of kinetic and potential energy during collision MD between two Cg, with T,,;=2000 K. Top
left: elastic collision (route A) with CM kinetic energy Ej;,=3.6 eV. Top right: inelastic collision without significant structure deformation
(route A) at E;;,,=42 eV. Bottom left: collision-induced partial fusion (route D) at Ej;,=102 eV. Bottom right: collision induced disinte-
gration of carbon skeleton (route F) at Ej;,=141 eV. The difference between total kinetic energy (green) and collision kinetic energy
(purple) is a heat energy (1500 K). At time =0 fs the ordering of plots (from top to bottom) is Ekin(coll+heat), Ekin (CM), Etot (dotted line),

Epot (solid line).

malization of Cgy. The MD simulations of collisions were
performed microcanonically and total simulation time equal
to 2 ps, starting from randomly selected geometries and ve-
locities from the thermalization run. After the 2 ps collision
simulations, we performed long time scale (up to 1 ns) simu-
lations of postcollision relaxation of selected fusion product.
The relaxation simulations were performed both microca-
nonically and canonically with Nose-Hoover chain thermo-
stat and various temperature ramps to model cooling.

The starting structures of Cg, for collision simulations
were selected randomly (both collision partners) from the
initial thermalization trajectory. Initial separation (time ¢=0)
between center of mass (CM) of collision partners was set to
20 A. At such large intermolecular separation there is prac-
tically no interaction between Cg, molecules. Initial struc-
tures were randomly rotated to better sample configurational
space. The internal vibrational velocities were rotated corre-
spondingly and the incident velocity vector added to the ve-
locities of the projectile Cgy molecule. We tested the range of
incident velocities from 0.6 X 10~ up to 4.4 X 10~ a.u. ev-
ery 0.2X 107 a.u. The corresponding collision kinetic en-
ergy with respect to the CM of the combined system was
ranging from 3.2 to 172 eV. In comparison, the thermal en-
ergy of two Cgy buckminsterfullerenes at 7=1500 K
amounts to 23.3 eV.

To include statistical variations, we performed ten inde-
pendent collision simulations using different starting geom-

etries and velocities from the thermalization trajectory with
applied random rotation of the Cg, orientation for every set
of initial conditions (incident velocity, electronic tempera-
ture). Overall we performed a total of about 1000 molecular
dynamics simulations (20 incident velocities X5 values of
T,;X 10 sets of initial structures). All our simulations were
restricted to central collision only and we did not consider
the effect of rotational dependence in the present study.

III. DISCUSSION OF RESULTS

A. Conservation of energy and the effect of electronic
temperature

Figure 2 presents a few examples of total-energy fluctua-
tions with time for MD simulations at 7,,=2000 K. Overall,
the total energy during the simulation is conserved very well
and the fluctuation of the total energy (denoted as Etot) are
very small (rms smaller than 0.1% of the kinetic energy). For
MD trajectories with 7,,=0 K with the largest incident ve-
locities (Ej;,, =90 eV), the electronic-structure calculations
failed to converge the iterative self-consistent charges. This
instability results from the ambiguity of orbital occupations
due to the narrowing of the highest occupied molecular or-
bital (HOMO)/lowest unoccupied molecular orbital (LUMO)
gap, which is itself a consequence of the large number of
carbon-carbon bonds being broken and then reformed after
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TABLE 1. Results of collision simulation results for different incident velocities and 7,; as obtained by
visual inspection of trajectories. Vj, is an incident velocity of the Cg projectile in X 1073 a.u. and E;, denotes
collisional kinetic energy of both Cg units with respect to CM. Table legend: r=bonds reorganization, ex
=carbon exchange, op=cage opening, d=dimerization, pF=partial fusion, F=fusion, ev=evaporation of
small carbon chains (C,, Cs, etc.), D=disintegration of fullerenes cage/fragmentation.

No. Vo Ein T,=0 K 1000 K 2000 K 3000 K 10000 K
1 0.6 32

2 0.8 5.4

11 2.6 59.2

12 2.8 68.8 d+ex+op
13 3.0 79.1 r+ex r+ex r+op
14 32 90.0 r+ex r+ex r+ex+op d+ex+op
15 34 101.7 d+ex+op op pF r+ex F

16 3.6 1141 r+op+ev pF r r+op F+ev
17 3.8 127.3 pF F F F+ev F

18 4.0 141.1 F F F+ev/D F F/D
19 4.2 157.5 F+ev/D D D D D

20 44 172.9 D D D D D

the high impact collision event. Such a problem is not ob-
served in finite electronic temperature simulations where
fractional occupation of orbitals near the Fermi level ensures
similar electron occupation for orbitals with similar energies.

In addition to improving the iterative self-consistent-
charge algorithm, Fermi-Dirac smearing allows to approxi-
mately describe thermal excitation of electrons.'®!720 This
however brings a question about validity of the SCC-DFTB
Hamiltonian to correctly reproduce the excited electronic
states. Our recent benchmark simulation of electronic density
of states for Cg, and other fullerenes correctly predict
HOMO-LUMO gap and, in agreement with experimental
data, suggests that C,g is metallic while Cy, and C,, are
not.2> Also, the detailed discussion of electronic excitations
with SCC-DFTB Hamiltonian via time-dependent response
theory for Cg, and for polycyclic aromatic hydrocarbons is
presented by Niehaus.?® The SCC-DFTB results in Ref. 26
yields a good agreement for optical spectra with experiments
and first-principles calculations. Thus, (a) our recent simula-
tions of electronic density of states benchmark for Cg, and
(b) the discussion presented in Ref. 26 suggest that SCC-
DFTB Hamiltonian is a reasonable and computationally in-
expensive approach in modeling of low-lying electronic ex-
citations.

A brief summary of trajectories obtained with different
electronic temperatures is presented in Table I. Using differ-
ent values of electronic temperature allow to probe and con-
trol in an “average” way the effect of electronic excitation.?”
The results of simulations for different values of electronic
temperature are consistent but the trajectories themselves can
be different in terms of individual bond breaking and forma-
tion events. The overall observed trend is that for the ther-
mally excited electrons the carbon-carbon bonds are weak-
ened as the contribution from excited states increases with
T,;, and the fusion between fullerenes becomes possible for
lower values of the collision energy. This effect complements
the thermal activation of nuclei.

B. Time dependence of potential and kinetic energy

Four representative trajectories obtained at 7,,=2000 K
are presented in Fig. 2. The two top panels present nonreac-
tive collision cases, in which both fullerenes bounce back
after the collision. The two bottom panels present reactive
collision cases, in which extensive carbon bonding reorgani-
zation is observed and the entire impact energy is converted
into internal energy (heat+potential energy). The time evo-
lution of the total energy is shown in Fig. 2 as E,,, (blue
line), where we also plot the fluctuation of the total kinetic
energy Ey;,(coll+heat) (green line). The latter consists of two
components: (a) translational (collision) Kinetic energy and
(b) internal vibrations of the carbon cage (heat). The first
component, the translational collision kinetic-energy contri-
bution, is denoted as Ey;,(CM) and is measured with respect
to the center of mass of the whole system Cgj...Cg as a sum
of translational kinetic energy of CM for each Cg, subsystem
with respect to the CM of total system,

E;n(CM) = E;;,(CM,) + E;,(CM,). (3)

The second component, namely, the instantaneous value of
the heat, can be obtained as a difference between the total
kinetic energy (green), Ej;,(coll+heat), and the incident ki-
netic energy E;;,(CM). The time of the collision event can be
identified from the plot as the sudden drop of E,;,(CM). For
example, for the cases with E;,(CM) equal to 3.6 and 42 eV
the collision occurs at 900 fs and 350 fs, respectively. In
these nonreactive cases, both Cg, units bounce back, and the
value of E;;,(CM) increases after the collision as both
fullerenes start moving apart. The collision kinetic energy
E;;,(CM) stabilizes at some level once the separation be-
tween both fullerene units is large as the interaction between
the cages is reduced due to increasing distance. The differ-
ence between initial and final E,;,(CM) constitutes a fraction
the kinetic energy that is (a) converted at the collision into a
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heat, and (b) is absorbed into the potential energy by the
carbon-bond network deformation induced by the impact.

C. Incident energy dependence of the collision outcome

The collisions with incident kinetic energy smaller than
10 eV can be considered as elastic (route A). The value of
E;;,(CM) is conserved within =1%. The absolute value of
the changes in kinetic energy depends on the relative orien-
tation of the colliding partners. Collisions with initial inci-
dent energy E;;,(CM) larger than 10 eV are inelastic, and we
observe a significant transfer of kinetic energy into vibration
and carbon-bond deformation E,,,,. For incident energies be-
tween 10 and 60 eV, relatively small deformations of carbon
cages (route C) are observed. We do not observe bond break-
ing in this energy range but only bond stretching and angle
deformations. The most interesting (chemically reactive) re-
gion is for collisions with incident energies larger than 60 eV,
where the impact energy is high enough to allow opening of
the carbon cage and significant reorganization of the carbon-
bond network.

Table I presents the analysis of collision outcome for vari-
ous incident energy and electronic temperatures. For incident
energy between 60 and 100 eV, the probability for fusion is
small. In this energy range, we observed several structural
transformations along routes B or C, which do not necessar-
ily lead to fusion. In this energy window, the typical bond
transformations include opening of the fullerene cage, inter-
nal bond rearrangement/reorganization, evaporation of short
carbon chains C,, C;, and exchange of carbon atoms be-
tween both fullerene units. The fusion of two fullerenes
(route D) is dominant in the energy range 100-140 eV. The
final kinetic energy E,;,(CM) approaches zero after the col-
lision and fusion of both “Cgy” units. Thus, the entire initial
kinetic energy Ej;,(CM) is transferred into internal heat and
potential energy of the carbon-bond network. For the colli-
sion energies higher than 140 eV, we mostly observed disin-
tegration of the carbon network and fragmentation (route F).
In the first stage of disintegration, the cage and ring structure
of fullerenes is destroyed. It develops into an amorphous
wirelike bundle, containing carbon chains of various length.
This chain structure can relatively easily further break down
onto pieces resulting in a total fragmentation of the structure,
favored by the gain in entropy at the resulting high tempera-
ture and the absence of carbon pressure.

We occasionally observed the collision-induced symmetry
change from initially icosahedral structures of both colliding
fullerenes to lower symmetry fullerenes after the collision.
The example of final structures of Cg, with symmetry
changed from icosahedral to D,;, and C, as a result of colli-
sion is shown in Fig. 3. Within the energy window of 60—100
eV, we also observed dimerization (route B) of fullerenes
(see Table I). As can be seen in Table I, in most of the cases
the impact effects are combinations of relatively small num-
ber of major events, and the structural changes are difficult to
characterize quantitatively.

D. Effect of charge and dispersion

The experimental data are available for collisions between
neutral Cyy and ionic Cg, moieties. However, the current
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FIG. 3. (Color online) Collision-induced symmetry change for
incident kinetic energy equals 79 eV. The initial symmetry of both
fullerenes before collision was I;,. The coloring of carbon atoms is
chosen to emphasize the symmetry of fullerenes.

Born-Oppenheimer MD simulation scheme is not very suit-
able for the modeling of collision between neutral and
charged fullerenes, as the location of the positive charge is
difficult to control during the simulation, leading to unphysi-
cal situations when the charge is delocalized on both
fullerenes or fluctuates.?? Delocalization of the charge be-
tween colliding partners, in effect, introduces unphysical
Coulomb repulsion term to forces between two partially
charged Cé62+ species, slowing down the collision process.
Nevertheless, we performed simulations of [Cg...Cgol* sys-
tem for selected incident velocities to estimate the effect of
positive charge. Our results suggest that for high collision
energy, the effect of including charge on the simulation is
rather small and can be neglected. Based on (a) the compari-
son of simulation we performed for neutral and charged sys-
tems, and on (b) the fact that large size of fullerenes allows
to relatively easily accommodate charge distribution over its
structure, and on (c) the very good agreement of our SCC-
DFTB simulations with experimental results we do not ex-
pect significant differences between collisions of neutral-
neutral vs neutral-singly charged species. In our future
studies, we will address the question of charge effect and
charge transfer in collisions between fullerenes and other
species by means of our recently developed Liouville-von
Neumann molecular dynamics.?® In this method, the elec-
tronic structures is explicitly (quantum mechanically) propa-
gated in time (subject to initial conditions) rather than mini-
mized as in standard SCF procedure. Thus the dynamical
behavior of processes involving electronic charge is de-
scribed more correctly.

Finally, we also tested the effect of including empirical
dispersion term on top of the DFTB energy.'> We performed
simulation with empirical dispersion for a selected incident
velocities. Our results suggest that for high collision energy
the effect of dispersion forces is insignificant.

E. Comparison with experimental data

A review of experimental data for the collisions between
fullerenes and reactions involving fullerenes is presented in
Refs. 5 and 27. We repeat here the major findings of this
seminal work. The experimental results were obtained for a
target Cg at an environmental temperature of around 800 K
and a projectile temperature of C¢, equal to 3000 K. (a) The
barrier energy for fusion is located somewhere within the
60-80 eV E,;,(CM) range?’ (see the left panel of Fig. 4). (b)
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FIG. 4. (Color online) Left: experimental fusion cross section
from Ref. 5 for collision between Cf, and Cg. Right: theoretical
average number of sp3-type carbon atoms from current SCC-DFTB
MD collisions between two Cg calculated as average over 50 tra-
jectories at any given value of collision energy. Structure beneath is
an MD frame from 127.3 eV, T,,=2000 K trajectory at time 2 ps
(see also Table I). sp-, sp>-, and sp>-type carbons are marked by
purple, yellow, and cyan, respectively.

The experimental fusion cross section reaches a maximum
around 130-140 eV. (¢) No fusion products are detected for
collision energies higher than approximately 200 eV. Our
theoretical findings concerning barrier energy and onset of
fragmentation is in very good agreement with experiment,
see Table I, considering our observations: (a) we did not
observe bond breaking and formation for collision energies
lower than 60 eV. (b) At 100 eV, collision energy we ob-
served both molecular fusion and inelastic scattering. The
most probable fusion occurs for collision energies around
120-140 eV. (¢) For simulation with collision energies
around 160 eV and higher the probability of reaction be-
tween two fullerenes is high but the overall large amount of
available vibration energy in the system leads to postcolli-
sion degradation of carbon-bonding structures and increases
the probability of fragmentation.

To further compare the results of simulations with the
available experimental data we analyzed the occurrence of
various types of carbon hybridization?® for the final struc-
tures (after 2 ps of collision simulations). For each set of 50
trajectories at a given value of collision energy, we calcu-
lated the average number of sp” atoms over all 50 final struc-
tures (namely, at time 2 ps). We used approximated sp”
counting based on coordination number. Thus, the fourfold-,
threefold-, and twofold-coordinated carbon atoms are de-
noted, respectively, as sp?, sp?, and sp'.2® We also analyzed
the five-, six-, and seven-membered ring counts to detect a
chemical signature of fusion reaction. We found that the
maximum in the creation of sp® atoms is in an excellent
agreement with the optimum experimental energy value for
the largest fusion cross section (see Fig. 4).

The numbers of all other sp” carbons (for n=0,1,2) are
changing monotonically as a function of collision energy
(n=0 stands for atomic carbon while n=1 counts both
single- and double-bonded carbon). The number of sp-type
carbons was decreasing with the collision energy, signaling
the disintegration of carbon cage structure of fullerenes. The
number of sp! carbons was increasing and this indicates the
tendency to form linear carbon chains. This suggests that (a)
formation of sp*-type hybridization of carbon is an important
intermediate step of a fusion reaction as one might naively
expect, (b) the number sp® carbons can be used as a conve-
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nient indicator of the fusion progress in MD simulations.

Our simulations confirm previously suggested fast redis-
tribution of vibrational energy model.> The set of all vibra-
tional degrees of freedom of fullerene cage behaves collec-
tively as an efficient sink for the translational collision
energy. The tight, resilient network of carbon-carbon bond-
ing allows fast kinetic-energy transfer away from the spatial
impact region and decreases the probability of reaction be-
tween fullerenes. In a sense, the high thermal conductivity of
the carbon cage provides a bumper mechanism, softening the
impact from the collision. This effect is likely to be respon-
sible for very low reactivity and high stability of Cg, under
sudden mechanical stress.

One can expect similar behavior in reactions involving
CNTs, where the resilient network and high thermal conduc-
tivity of the sp? carbon network can efficiently redistribute
impact kinetic energy from incoming reactants. Contrary to
this, we expect that soft and floppy carbon based nanomol-
ecule in which vibrational modes can be excited locally with-
out significant energy redistribution are much more prone to
sudden impact reactions. In consequence, it seems likely that
a “static” description of reactions involving impact on
fullerenes and CNTs, based purely on a nondynamical analy-
sis of potential energy surface with local changes in a small
region of the hypersurface, does not do justice to the dy-
namic aspects of the problem, and may require inclusion of
some model of impact energy redistribution into the static
model.

For completeness, one should notice that fullerenes and
carbon nanotubes can react and fuse in different from colli-
sion situation such as welding of carbon nanotubes under the
influence of an electron beam (e.g., in TEM
experiments).?*=3! Processes of this kind molecular transfor-
mation are on the microseconds and longer time scale which
is currently beyond the reach of direct molecular dynamics
simulations and thus requires using different theoretical
approaches.>1°

F. Postcollision relaxation

A notable difference between experimental and theoretical
studies is that the experimental detection of fusion products
takes place after several hundreds of microsecond®’ whereas
such a long time scale is inaccessible for conventional DFT-
based MD simulations, which only allow simulations for up
to a few picoseconds. Although the critical events leading to
fusion or no fusion occur within about 1 ps, the structural
relaxation occurs on much longer time scales. In the absence
of MD simulations, it was suggested that the relaxation of
the peanut structure may lead to more stable cigar-shaped
structures, representing a very small CNT.>3? Quantum
chemical MD simulations based on the SCC-DFTB potential
allow to perform simulations up to several hundreds of pico-
seconds and thus to directly study the relaxation effect. To
verify the role of postcollision structural relaxations we per-
formed constant energy (microcanonical) simulations and an-
nealing simulations (to mimic the radiative cooling and ef-
fect of secondary collisions).

For the relaxation simulations, we have chosen randomly
one of the final structures (and corresponding velocities) at 2
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FIG. 5. (Color online) Post collision transformation of a peanut-
like structure to a short CNT structure within 200 ps. The collision
energy was 127 eV. During relaxation, 20 carbon atoms evaporated
from C,( fusion product as short chains, leading to the Cy¢ struc-
ture at 120 ps. Estimated theoretical temperature of two fused
fullerenes after collision at 2 ps was 4000 K.

ps time frame from the 127 eV collision trajectories (see left
panel in Fig. 5). The estimated temperature of this immediate
fusion product calculated as an average over the last 0.5 ps of
the collision dynamics is 4000 K (£2 K). We performed 0.2
ns relaxation simulations both in the microcanonical en-
semble as well as by simulated annealing MD with various
cooling rates. The simulated annealing runs were performed
with the Nose Hoover chain algorithm. The slowest cooling
rate applied was 20 K/ps, thus it took 0.2 ns for the longest
simulated annealing run to cool down from 4000 to 0 K.

For microcanonical simulations, we observed that the ini-
tial peanut-shaped fusion product indeed transforms into
short CNT with a cigar shape. 20 carbons evaporated from
the initial Cy,, structure in the form of very short carbon
chains during the microcanonical relaxation leading to Cq
final structure (see Figs. 5 and 6). This result is in agreement
with Smalley’s shrink wrap mechanism and our previously
suggested shrinking-hot giant road to fullerenes.>® The ki-
netic energy of evaporated carbons was about twice higher
(per atom) than those remaining in the fusion product. Our
Cjoo structure from the microcanonical relaxation simula-
tions of fusion structure obtained with collision energy 127
eV are very close to the predicted from evaporation model of
Klots** and are in an excellent agreement with an average
atomic mass of Cg fusion products observed experimentally
(see Fig. 2 in Ref. 27).

120

oo-o D_D_D\D/D\(D -
100 |- '\_ \

number of atoms
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FIG. 6. (Color online) Maximum (open squares), minimum (full
squares), and average (full circles) carbon cluster mass observed
experimentally as the product of a fusion reaction as a function of
collision energy from Ref. 27. The full line is an estimate of the
cluster from the statistical thermal evaporation model (Ref. 34). The
open circle (red) is result from the current post collision relaxation
simulation. For collision energy 127 eV, we observed that 20 car-
bons evaporated from the hot C;,, fusion product within 0.2 ns
SCC-DFTB dynamics.
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To the contrary, we did not observe evaporation of car-
bons in annealing simulations. In previous constant tempera-
ture simulations at 3000 K, we found C, evaporation occur-
ring from giant fullerenes once every few hundreds of
picoseconds, much slower than the present simulation time.
The final structures from simulated annealing simulations
was somewhat transformed but remains more or less similar
to a peanut rather than to a cigar. Our annealing simulations
suggest that the radiative cooling may be in part responsible
for the experimentally observed larger masses of fusion
product as opposed to low pressure carbon evaporation.

IV. SUMMARY

We performed around 1000 direct hyperthermal collision
Born-Oppenheimer MD simulations between two buckmin-
sterfullerenes for initial collision velocities of the projectile
Cg ranging from 0.6 X 107 a.u. (collision energy is 3.2 eV)
up to 4X 107 a.u. (collision energy 172 eV), using the
quantum chemical SCC-DFTB potential. The simulations
were performed for various electronic temperatures and com-
pared with experimental results obtained by Campbell.>?’
Our theoretical investigation suggests the following: (1)
SCC-DFTB provides a convenient, computationally inexpen-
sive, and adequately accurate model for the simulation of
high-energy (hyperthermal) collision reactions between
nanosized carbon molecules. The effect of including elec-
tronic excitation through electronic temperature is small and
is comparable to thermal activation of reactants.

(2) Five energy regions can be distinguished in which
different collision results dominates: (a) elastic collision re-
gion for collision energies smaller than 10 eV, (b) inelastic
nonreactive collision with significant heat transfer for colli-
sion energies within 10 and 60 eV, (c) inelastic collisions
with internal reorganization for energies within 60 and 100
eV, (d) fusion region for collision energies between 100 and
140 eV, (e) disintegration of fullerene cage structure and
fragmentation for energies larger than 140 eV.

(3) The crucial, all-determining period of fusion reactions
occurs within a relatively short time of about 1 ps. The sub-
sequent relaxation of fusion product occurs on the order of
hundreds of picoseconds with evaporation of short carbon
chains and transformation of peanut shaped fusion product to
structurally more stable short CNT depending on effective-
ness of cooling processes/environmental pressure.

(4) The fusion reaction occurs through the formation of
sp> carbons. The average number of sp* carbons from SCC-
DFTB simulations is a good indicator of fusion probability
and agrees very well with the experimental cross section for
fullerene fusion. Important intermediate structures are linear
carbon chains that are involved in sp? carbon network bond
breaking and formation processes.

(5) The presented SCC-DFTB direct MD simulations are
in very good agreement with experimental®>?’ findings: (a)
energetic fusion window for collision of C¢, opens at around
60 eV, (b) the probability of fusion reaches maximum at
around 120-140 eV and then decreases, (c) the relaxation
simulation reproduces very well observations of carbon
evaporation, and the predicted atomic mass of around 100
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carbon atoms for the fusion product after relaxation is in
very good agreement with experimental observations.

(6) Our SCC-DFTB MD simulations do not support static
models of fusion reaction in which fusion occurs via cas-
cades of local bond breaking and then reconnections (for
example, sequence of [2+2] cyclocadditions followed by
SW transformation) as proposed in zipper reaction
mechanisms? and in Ref. 10. The large number of strongly
coupled vibrational modes can efficiently transfer the energy
released from local cycloaddition reactions away from the
local impact with an incoming reactant. Thus, the resilient
carbon cage is an efficient energy sink that prevents local
bond breaking.

(7) Besides fusion, several structural transformation can
be observed for energies larger than 60 eV. Collision can lead
to the change in symmetry, to dimerization, or exchange of
carbon atoms between fullerenes.
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