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ABSTRACT

Since fullerene formation occurs under conditions where direct observation of atomic-scale reac-
tions is not possible, modeling is the only way to reveal atomistic mechanisms which can lead to
selection of abundant fullerene isomers (like Cgo-/p). In the present paper we review the results
obtained for different atomistic mechanisms by various modeling techniques. Although it seems
that atomic-scale processes related to odd fullerenes (such as growth by consecutive insertions of
single carbon atoms and rearrangements of the sp? structure promoted by extra sp atoms) pro-
vide the main contribution to selection of abundant isomers, at the moment there is no conclu-
sive evidence in favor of any particular atomistic mechanism. Thus, the following multiscale
modeling strategy to solve the mystery of the high yield of abundant fullerene isomers is sug-
gested. On the one hand, sets of reactions between fullerene isomers can be described using the-
oretical graph techniques. On the other hand, reaction schemes can be revealed by classical
molecular dynamics simulations with subsequent refinement of the activation barriers by ab initio
calculations. Based on the reaction sets with the reaction probabilities derived in this way, the dif-
ferent atomistic mechanisms of abundant fullerene isomer selection can be compared using kin-
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1. Introduction

Fullerenes were discovered more than 30years ago.’
However, the detailed atomistic mechanism of their forma-
tion is still not known. To be more precise, now it is appar-
ent that formation of an initial arbitrary fullerene shell
occurs via the self-organization process, while atomic-scale
processes at the later stage corresponding to selection of cer-
tain abundant fullerene isomers (like Cgp-I;) remain unclear.
Although a set of atomic-scale mechanisms of these proc-
esses have been proposed, we do not pursue here the goal to
choose and prove one specific mechanism among them. On
the contrary, we show that the present knowledge of atomis-
tic mechanisms of fullerene formation is far from the state
where the problem is solved and further mammoth job is
necessary. We believe that it is hardly probable that atomic-
scale mechanisms of selection of abundant fullerene isomers
can be revealed by direct observation under experimental
conditions (like arc discharge) where this selection takes
place. Therefore, atomistic modeling is the only way to clar-
ify details of the atomistic mechanisms. However, atomistic
modeling alone is not sufficient to unravel the mystery of
formation of Cgy-I, and other abundant fullerene isomers
since it would require huge computing resources. The aim
of the present paper is to propose the whole strategy to
solve this mystery using a multiscale approach which com-
bines various simulation methods such as atomistic model-
ing, kinetic models and graph techniques.

Fullerene is a molecule with the shape of a closed shell
which consists of an even number of sp® carbon atoms and
contains only pentagons and hexagons. Such a structure is a
so-called classical fullerene. Here we use the term “odd full-
erene” for a molecule with a similar structure but with an
extra sp atom instead of one bond (so-called sp defect?) or
above one bond. Other polygons such as heptagons, octa-
gons and so on are considered as defects of fullerene struc-
ture (even fullerenes with such polygons in the sp structure
are often referred to as nonclassical fullerenes). According to
the isolated pentagon rule, abundant fullerene isomers (like
Ceo-I, with icosahedral symmetry and Cyy-Ds, isomer) have
no adjacent pentagons.

The paper is organized in the following way. In Sect. 2
we consider the formation of initial arbitrary fullerene shells
via self-organization. Section 3 is devoted to possible atomis-
tic mechanisms which can lead selection of abundant fuller-
ene isomers starting from an arbitrary fullerene shell and
experimental results related with these mechanisms. In Sect.
4 we discuss modeling of fullerene formation. Subsection 4.1
is devoted to inherent features of fullerene formation which
lead to problems in atomistic modeling. Different simulation
methods used to study fullerene formation and the results
obtained are described in Subsections 4.2 and 4.3, respect-
ively. Section 5 is devoted to the proposed strategy to
unravel the mystery of formation of abundant fuller-
ene isomers.
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Figure 1. Schematic representation of formation of the initial fullerene shell according to the self-organization paradigm: (a) nonequilibrium carbon vapor, (b) for-
mation of carbon chains and a ring, (c) sticking of the chains and ring together into a polycyclic carbon cluster, (d) growth and transformation of the polycyclic car-

bon cluster into the initial fullerene shell with numerous defects.

2, Self-organization paradigm of
fullerene formation

Although a set of exotic ways of fullerene formation has
been proposed,’*®) at the moment, the commonly accepted
paradigm of fullerene formation is self-organization of a car-
bon system without precursors of certain structure (see, for
example,™% for reviews). Such a paradigm is based on two
main statements. First, a fullerene is the ground state of a
carbon system consisting of tens or hundreds atoms.!*!~*3]
Second, experiments show fullerene formation starting from
various initial systems consisting of pure carbon material:
fullerenes are formed in hot carbon vapor during arc dis-
charge synthesis''*! or graphite laser ablation'! as well as
under laser ablation of higher carbon oxides in the processes
involving at intermediate stages carbon rings C;g, C,4, and
Cso that merge into larger clusters>'®); merging of Ce, full-
erenes during laser ablation of the fullerene Cq, film also
leads to formation of fullerenes containing hundreds of
atoms'”); direct transformation of a small graphene flake to
a fullerene under action of the electron beam has been
revealed®); transformation of bicyclic and tricyclic carbon
clusters to fullerenes has been observed in the drift
tube.[*®*-?2! Transformation of amorphous carbon clusters to
fullerenes has been shown also by molecular dynamics
(MD) simulations.>**! According to the self-organization
paradigm, formation of the initial fullerene shell starting
from carbon vapor occurs through the following stages (see
Figure 1): first chains grow, then these chains stick together
into polycyclic clusters, the polycyclic clusters grow and
transform into fullerene shells with numerous defects (see,
for example, MD simulations!*%4?%)),

The self-organization paradigm explains only how arbi-
trary fullerenes are formed. However, the principal mystery
related with the fullerene formation is the high yield of cer-
tain abundant fullerene isomers. The yield of two of the most
abundant fullerene isomers Cgo-I, and C;o-Dsy, in the ratio of
approximately 3:1 can achieve up to 26% of carbon soot pro-
duced in arc discharge synthesis.'**! Other abundant fuller-
enes such as Csq, Csq, Cy6, C7g, and Cgy and so on should be
also mentioned (see, for example, Refs. [3, 26, 27]). The self-
organization paradigm does not give any advantage to certain
fullerene isomers and even to certain fullerene sizes. On the
contrary, the mixture of fullerenes of different sizes with a
wide set of different isomers for each fullerene C,,, should be

formed upon self-organization of any initially chaotic carbon
system where fullerenes can be produced. Moreover, the self-
organization paradigm does not give any preference to forma-
tion of initial fullerene shells consisting of an even number of
atoms relative to shells consisting of an odd number of atoms.
For example, mass spectra of carbon clusters produced from
graphite by laser ablation®’ and using the pulsed micro-
plasma cluster source!”® show that the fraction of clusters
with an odd number of atoms is only several times less than
the fraction of even clusters. MD simulations of fullerene for-
mation as a result of self-organization of initially chaotic car-
bon systems also demonstrate that formation of both even
and odd fullerenes takes place.[>242°-32

MD simulations devoted to formation of initial fullerene
shells through self-organization of carbon
vapor(242529:30:33-371 3 transformation of amorphous car-
bon clusters,>*>?®! graphene flakes,®>*®! short carbon nano-
tubes with open ends,***! and small nanodiamond
clusters™! to fullerenes indicate that such initial shells (just
after complete formation of the sp® structure) contain not
only adjacent pentagons but also numerous structural
defects like heptagons, octagons and so on. There are no
reasons to suppose that the initial fullerene shell formed as a
result of self-organization has the perfect structure consist-
ing only of pentagons and hexagons, all the more, to sup-
pose absence of adjacent pentagons. Thus, to explain
formation of abundant fullerene isomers with certain struc-
ture from initial fullerene shells with an arbitrary structure
formed as a result of self-organization, it is necessary to
investigate atomic-scale reactions of bond rearrangements,
insertion and emission of carbon atoms and small molecules
which occur after fullerene shell formation.

3. Atomistic mechanisms and experimental results
for fullerene isomer selection

First we briefly list possible atomistic mechanisms which can
contribute into selection of abundant fullerene isomers. We
emphasize once more that the present state of fullerene forma-
tion studies does not allow us to choose a particular atomistic
mechanism, all the more certain atomic-scale reactions which
lead to formation of Cgy-I;, and other abundant fullerene iso-
mers. Since Cgo-I;, is the most abundant fullerene isomer,
schemes of possible atomic-scale reactions are shown in



@

(®)

©

@

©

FULLERENES, NANOTUBES AND CARBON NANOSTRUCTURES @ 757

Figure 2. Schematic representation of atomic-scale reactions which change the numbers of atoms in polygons of the sp? structure of the fullerene shell. Left: (a),
(b), and (e) reactions which lead to the Ceo-lj, fullerene, (c) and (d) reactions which lead to the Cg; fullerene with the same sp? structure as the Ceo-/j, fullerene but
with an sp atom instead of one bond. Right: generalized schemes of these reactions. The double-headed arrow points to atoms that form a new bond after break-
ing the bond indicated by x. The atom which was the sp atom before the reaction is colored in black. The new bond formed as a result of the reaction is shown in
bold. Left: the numbers of sp? atoms in polygons of the fullerene shell are indicated (the sp atom is not included in these numbers). Right: g, b, ¢, and d are the
numbers of sp? atoms in polygons of the fullerene shell before the reaction (excluding the sp atom). (a) Stone-Wales (SW) reaction.*? (b) Endo-Kroto mechanism
of C, molecule insertion or emission.*! Polygon b is divided into two parts, b; and b,, it can be concluded that (b; — 2) + (b, — 2) = b. (c and d) SW reactions
assisted by the sp atom: (c) the case where the same atom is sp before and after the reaction, (d) the case where the sp atom becomes the sp? atom and vice
versa one former sp? atom becomes the sp atom."*! (e) Annihilation of a pair of sp atoms accompanied by pentagon formation.”?

Figures 2 and 3 by the examples of Cgy-I;, isomer or isomers
which can be transformed to Cgo-Ij, isomer by one simple reac-
tion. These examples, however, do not mean that atomic-scale
reactions that actually take place in real systems are known in
detail. General schemes of the reactions without specification
of the numbers of atoms in polygons of sp’ fullerene structure
are also shown in Figures 2 and 3.

Originally, only atomic-scale reactions which preserve the
sp° structure of the fullerene shell (that is only sp> atoms are

present in the structure before and after the reaction) were
proposed to explain selection of abundant fullerene isomers.
Two types of such reactions, which keep the even number of
atoms in a fullerene, were considered: bond rearrangements
with a constant number of atoms and C, molecule emission/
insertion. The simplest bond-rearrangement reaction in which
the numbers of atoms in polygons of the fullerene sp® struc-
ture are changed is the Stone-Wales (SW) reaction.!*?! The
scheme of SW reaction which leads to formation of the Cgo-
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Figure 3. (a) Three subsequent sp-defect migration®

I, isomer and the general scheme of SW reaction are shown
in Figure 2(a). All these reactions, the C, molecule emis-
sion,?*%!  C, molecule insertion,®*¥°¥ and SW
reaction*”*®%53 can in principle contribute into abundant
fullerene isomer selection. However, later it was proposed
that the main atomistic mechanism of selection of abundant
fullerene isomers includes reactions in odd fullerenes with
participation of sp atoms: bond-rearrangement reaction in
which the numbers of atoms in polygons of the fullerene sp”
structure are changed assisted by a nearby sp
atom, 244455455 fyllerene shell growth by insertion of single
carbon atoms with subsequent annihilation of pairs of sp
atoms,* insertion of a C, fragment from a C; molecule
with formation of an odd fullerene at the intermediate
stage,'*® insertion of a C, fragment from a longer carbon
chain attached to a fullerene shell,” and emission of a C,
molecule from the odd fullerene.**

Experimental results on atomistic mechanisms of selection
of abundant fullerene isomers are scarce. Evidently, it is not
possible to investigate experimentally intermediate structures of
forming fullerene shells under the conditions when selection of
abundant fullerene isomers takes place. Moreover, only the sol-
uble part of the soot containing fullerenes can be analyzed,®!
while the structure of the insoluble rest of soot is still unknown.
We are not aware of any experimental studies of bond-rear-
rangements reactions which preserve the number of fullerene
atoms. Nevertheless, some processes of fullerene growth and
decrease of even fullerenes in size which can be indirectly
related to the atomistic mechanisms of selection of abundant
fullerene isomers listed above have been considered in the
experiments. Based on the studies of distribution of kinetic
energy release for accelerated fullerene ions produced by laser
ablation of graphite, the energy required to emit a C, molecule
was estimated to be 4.5, 4.6 and 3.5eV for Ctg, C¥, and C,
ions, respectively.*®) However, the authors of this paper men-
tioned that the low values of these energies could be associated
with highly exited states of the fullerene ions. The reaction rates

(b) \\___/'

events by the example of the Cg; fullerene with the same sp? structure as the Cgo—Cy, fullerene but with an
sp atom instead of one bond. (b) Generalized scheme of sp-defect migration event. The double-headed arrows point to atoms that form a new bond after breaking
the bond indicated by x. The atom which was the sp atom before the reaction is colored in black. The new bond formed as a result of the reaction is shown in
bold. (a) The numbers of sp? atoms in polygons of the fullerene shell are indicated (the sp atom is not included in these numbers); former sp atoms are cross-
hatched. (b) g, b, ¢, and d are the numbers of sp? atoms in polygons of the fullerene shell before the reaction (excluding the sp atom).

for the C, molecule emission were measured in the experi-
ments with laser ablation of polyimide™” and graphite.*®! The
lowest rates in comparison with other ions were detected for
C*o and C%,. The analysis of mass spectra of direct ions pro-
duced during laser ablation of fullerite containing Ceo-I;, and
C,0-Ds, showed that the C¥, ion is more stable relative to
emission of the C, molecule than C%,./*®! This experiment also
demonstrated the growth of the C;, fullerene with formation of
larger even fullerenes, while the growth of the Ce fullerene did
not take place under the same conditions. Note that reactions
of C, molecule insertion and emission have not been observed
directly and their possibility is a circumstantial conclusion
based on the presence of even fullerene ions only in the mass
spectra. The study of mass spectra of fullerenes formed during
laser ablation of the Cgy-I, isomer simultaneously with
amorphous >C revealed generation of another abundant iso-
mer, Cy-Ds;,.°® Based on the distribution of the number of
13C atoms in the Cyy-Dsy, isomer in these mass spectra, it was
suggested that fullerene growth by single atom insertion and
related bond-rearrangement reactions assisted by a nearby sp
atom can provide a dominant contribution into atomistic
mechanisms of selection of abundant fullerene isomers.

It should be emphasized that all these observations have
been made under conditions that are different from the real
conditions of fullerene synthesis (like arc discharge) when
abundant isomers are formed. Therefore, these observations
only demonstrate the possibility of such reactions and can-
not prove that these reactions actually contribute into the
atomistic mechanisms of selection of abundant fullerene iso-
mers. Thus, theoretical modeling starting from consideration
of the system at the atomic level holds the key to the deter-
mination of isomer selection mechanisms.

4. Modeling of fullerene formation

Although theoretical approaches should be crucial for
resolving the mystery of formation of abundant fullerene



isomers, there are a number of problems that complicate
modeling of this process. In the present section we first dis-
cuss the inherent features of fullerene formation which lead
to problems in atomistic modeling. Then we give an over-
view of different simulation methods used to study fullerene
formation. After that results obtained by modeling on pos-
sible atomistic mechanisms of selection of abundant fuller-
ene isomers are reviewed. And finally probabilities of
different atomistic mechanisms to contribute notably into
the isomer selection are considered.

4.1. Problems in atomistic modeling

The information on the atomistic mechanisms is normally
obtained theoretically via atomistic modeling such as ab ini-
tio or classical MD. However, modeling of the whole fuller-
ene formation process using only atomistic methods is
problematic because of the following inherent features of
the process.

First, fullerene formation is a multistage process. It can
be divided into two main stages of formation of the initial
fullerene shell via self-organization and later selection of
abundant fullerene isomers by one or several of atomistic
mechanisms listed above. Furthermore, it is not evident that
formation of several abundant isomers from the initial mix-
ture of numerous fullerene isomers of different sizes is a
one-stage process. It is possible that several atomistic mech-
anisms with different time scales contribute comparably into
the isomer selection. Note also that formation of initial ful-
lerene shells due to self-organization of a chaotic carbon sys-
tem is the process that is much faster than subsequent
selection of abundant fullerene isomers (see, for example,
Refs. [2, 23]). Therefore, studies of fullerene shell formation
and selection of abundant fullerene isomers need different
simulation approaches. Here we consider mainly the strategy
for modeling of abundant isomer selection.

Second, the number of atomic-scale reactions which take
place between formation of the initial fullerene shell with
numerous defects and final structure of a certain isomer is
huge. For example, based on MD simulations,' it was con-
cluded that all atoms of the fullerene can be replaced after
the initial shell formation due to insertion and emission of
C, molecules during selection of abundant isomers. The MD
study of structural transformations in odd fullerenes® gave
one further example of the large number of such reactions.
Namely, it was found that only one of about 250 atomic-
scale reactions occurs with a change in the polygons of the
sp> structure and thus can in principle lead to selection of
abundant fullerene isomers, while the majority of the reac-
tions is migration of sp defect across the sp’ structure,
which remains the same.

And finally, a mixture of different isomers with a wide
range of sizes should be formed initially via self-organization
of carbon vapor. This statement was confirmed excellently
by MD simulations where formation of fullerenes of differ-
ent sizes and with numerous structural defects was observed
under the same initial conditions of carbon vapor.>*3!]
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Summarizing, the following inherent features of selection
of abundant fullerenes make it difficult to study this process
via atomistic simulations: (1) possibility that several atomis-
tic mechanisms with different time scale simultaneously
contribute into isomer selection; (2) a huge number of
atomic-scale reactions on the way from the initial fullerene
shell to a certain abundant isomer; (3) a variety of possible
ways from a certain initial fullerene shell to a certain abun-
dant isomer; (4) a great number of different isomers within
a wide range of fullerene sizes in a mixture of initial fuller-
ene shells.

4.2. Simulation methods

Let us now discuss advantages and disadvantages of different
methods for modeling of fullerene formation. The set of
methods used up to now to study fullerene formation
includes MD simulations, quantum chemical calculations of
activation barriers and energy changes for atomic-scale reac-
tion related to fullerene formation, and kinetic models.

The main advantage of the reactive MD technique in ful-
lerene formation studies is the possibility to directly observe
non-equilibrium processes consisting of a huge number of
atomic-scale reactions of bond rearrangements. As discussed
above, formation of the initial fullerene shell with defects
through self-organization has been revealed in this way for a
wide set of starting carbon systems. Furthermore, MD simu-
lations allow to discover new atomic-scale reactions that are
not foreseen using imagination only. For example, the fol-
lowing reactions at last stage of initial fullerene shell forma-
tion have been revealed by MD simulations: detachment of
carbon chains consisting of few atoms and attachment to
the shell by one end'” and insertion of such chains
attached to the shell by both ends into the sp” structure of
the shell.'”®! As for the reactions taking place after the initial
fullerene shell formation, the sp-defect migration in odd
fullerenes,’ emission of C; molecules from odd fuller-
enes,?* transformation of an odd fullerene into an even ful-
lerene via attachment of the C, molecule to an extra sp
atom with subsequent emission of the C; molecule,* and
the multistage open window mechanism of C, molecule
emission from the sp2 structure of the Cgo-Ij, fullerene!s”
have been discovered via MD simulations.

However, this advantage of MD simulations is useful
only for relatively fast processes when the reaction probabil-
ities (or reaction rates) are not too low in comparison with
the frequencies of thermal vibrations of atoms near equilib-
rium positions. The maximal duration of the processes that
can be modeled using this approach for carbon systems
consisting of about 100 atoms is on the order of 1 ps for
reactive classical MD simulations'>?*! and up to 5ns for
tight-binding MD simulations.®! This time is considerably
less than the formation time of the Cg, fullerene of 0.4ms
estimated for graphite laser ablation in the furnace filled
with a buffer gas.®") To deal with this problem, MD simula-
tions related to fullerene formation are normally performed
at an elevated temperature of 2400-4500K for reactive clas-
sical MD simulations>*>*?! and 2000-5600K for tight-
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binding MD simulations.!*>?*-3>"] The dependence of the
reaction rate p on the absolute temperature T is determined
by the Arrhenius equation as

p = Q exp(-Ea/ksT), 1)

where Q is the pre-exponential factor, E, is the activation
barrier of the reaction, kg is the Boltzmann constant. Thus,
a high temperature allows to considerably decrease the com-
putational time. It should be kept in mind, however, that
any ratio of reaction rates also depends on temperature
exponentially. Therefore, MD simulations at an elevated
temperature allow to obtain only qualitative results for ful-
lerene formation but the contributions of different atomic-
scale reactions into the total process of selection of abundant
fullerene isomers are not always realistic.

An additional issue one should take care of when per-
forming MD simulations is related to the adequacy of react-
ive potentials for carbon. Significant efforts have been
directed toward elaboration of potentials able to describe
physical quantities important for fullerene formation.[6>¢*
The parameters of the last version REBO-1990EVC of first-
generation Brenner potential were fitted to the energies of
graphene edges, carbon chains, and monovacancy motion in
a graphene layer, which makes this version adequate for
simulations of the processes during the fullerene forma-
tion.' The adequacy of the REBO-1990EVC potential was
confirmed by the good quantitative agreement of energy
changes in sp-defect migration events in odd fullerenes with
the values obtained by DFT calculations.'”) Nevertheless,
only qualitative agreement was achieved for the activation
barriers of such events.

DFT calculations allow to evaluate energy changes and
activation energies of atomic-scale reactions. Using these
data, the reaction probabilities can be estimated in accord-
ance with the Arrhenius equation (1). Up to now, energy
changes and activation barriers have been calculated using
DFT-based methods for SW reactions in even
fullerenes,[*+4>-47:51,55:56.65661 qytocatalysis by an extra sp
atom of SW reactions in odd fullerenes,***>5>°%! C, mol-
ecule insertion into even fullerenes,*”>>**>5¢67] and anni-
hilation of pairs of sp atoms followed by formation of the
sp> structure.'®™ Energy changes for attachment of single
carbon atoms have been also obtained.®® Comparison of
activation barriers calculated within the DFT framework and
using empirical reactive potentials for reactions observed in
MD simulations allows one to verify the MD results (see,
eg, the study!” of sp-defect migration events in
odd fullerenes).

The binding energy of fullerenes per one atom increases
upon increasing the fullerene size and tends to the limit cor-
responding to graphite[47’52’68] (only Cgp-In and Cy-Dsy
have the binding energies slightly greater than Cs, and C;,
but lower than Cq4 and C,4, respectively). Moreover, fuller-
ene synthesis occurs under non-equilibrium conditions in
the presence of energy and carbon sources. Thus, formation
of abundant fullerene isomers has a kinetic origin. As dis-
cussed above, MD studies of selection of abundant fullerene
isomers require extremely long simulations. This explains

why development of kinetic models is important to solve the
mystery of formation of Cgo-I;, and other abundant isomers.
Note that such models should take into account atomic-scale
reactions not only for insertion and emission of carbon
atoms and small molecules by fullerenes but also for transi-
tions between certain fullerene isomers. We are aware only
one old study of fullerene formation using a kinetic model
taking into account insertion and emission of small mole-
cules without relation to the structure of certain fullerene
isomers excluding only Ceo-I;, and Cy0-Dsy.1*®! For successful
simulations of fullerene formation using kinetic models, rate
constants for the reactions mentioned above are necessary.
The rate constants for reactions of C, molecule insertion
into the sp® structure of about ten fullerene isomers have
been evaluated recently through DFT calculations of the
activation barriers.™”]

None of the described methods of atomistic modeling is
capable of dealing simultaneously with all four difficulties
related to the inherent features of the process of abundant
fullerene selection listed in the beginning of the section
within a limited computing time. Different from atomistic
modeling, kinetic models allow to overcome these difficulties
and to consider a huge number of subsequent atomic-scale
reactions even for a mixture of fullerene isomers within
available computing time. To develop kinetic models able to
consider atomistic mechanisms of abundant fullerene isomer
selection, the structure of certain fullerene isomers should
be taken into account. That is kinetic models should be sup-
plemented by numerical description of fullerene isomers as
well as of transitions between fullerene isomers via different
atomic-scale reactions.

A method based on trivalent polyhedral graphs has been
applied to enumerate all isomers of classical fullerenes'®”
and even fullerenes with one tetragon”® and one hepta-
gon”% in the structure. It has been found that a huge num-
ber of fullerene isomers are possible. For example, fullerenes
Ceéo and Cjop have 1812 and 570,000 isomers, respectively,
even if only pentagons and hexagons are present in their
structure.%®) This number increases considerably if hepta-
gons are also present.”” Note that even fullerenes with tet-
ragons and heptagons in their structure have been
considered in atomistic modeling of fullerene isomer selec-
tion.”*527% The number of atomic-scale reactions for
transitions between fullerene isomers should be at least of
the same order of magnitude. Polyhedral graphs have been
used also to consider atomic-scale reactions of transforma-
tions of the sp® carbon network.”*! Thus, approaches based
on polyhedral graphs allow to assign to each fullerene iso-
mer a set of “adjacent” isomers related by different atomic-
scale reactions. Such sets complemented by the calculated
activation barriers and related reaction rates can be used in
kinetic models of selection of abundant fullerene isomers.

4.3. Results of atomistic modeling

Let us now briefly list the results related to selection of
abundant fullerene isomers obtained by atomistic simula-
tions for even and odd fullerenes. DFT calculations show



that for majority of even fullerenes (except for the Cs, ful-
lerene) there is a classical isomer (that is only with penta-
gons and hexagons in the structure) that has the lowest
energy in comparison with nonclassical isomers with a sin-
gle tetragon”® or a single heptagon.®>”"! However, the
energy difference between classical and nonclassical isomers
with the lowest energies is roughly the same as the energy
difference between classical isomers. Thus, participation of
nonclassical isomers cannot be excluded even at the last
stages of isomer selection. According to DFT calculations,
SW reactions of bond rearrangements in even fullerenes
have a huge activation barrier: 4.7 eV*#**], 57eV®* for the
transition from Cgy-Cy, to the Cgo-I, fullerene, 6.2V,
7.0-7.3eV!%) and 7.0-7.3eV® for the back transition from
Ceo-I, to the Cgo-C,, fullerene, 6.07 eV®! for the transition
between two isomers of the Cg fullerene, 6.0V for
the transition from C;-C; to the Cyy-Ds; fullerene,
7.5eVP® for the transition from C,, with one heptagon in
the sp® structure to the Cyo-Dsj, fullerene. This makes these
reactions unlikely under conditions of selection of abundant
fullerene isomers (see, for example, calculations of the rate
constant of the SW reaction*”?). Note that no reactions of
bond rearrangements were observed during 0.5-1 ps at tem-
perature 2500 K in classical MD simulations for eight different
even fullerenes even when they had heptagons in the sp” struc-
ture or a one-coordinated atom attached.”®! Analogously, in
other classical MD simulations at temperature 3000K and
during the total time 11.4 ps, such reactions were absent for
different odd fullerenes in the part of shell with pure sp” struc-
ture, while about 17,000 reactions of bond rearrangements
with participation of an extra sp atom were detected during
the same time.'?!

C, molecule insertion into the sp* structure of a fullerene
shell occurs in two stages. First, a C, molecule attaches to
the sp? structure without an activation barrier and then the
attached molecule gets inserted into the sp® structure with
an activation barrier.l*”! The values of this barrier for differ-
ent fullerenes range from 0.5 to 5eV according to DFT cal-
culations.[*°%51:5567] Barriers for a set of consecutive C,
molecule insertion events starting from the Cso-C, fullerene
and leading to formation of the Ceo-I; fullerene and starting
from the Cgo-I, fullerene and leading to formation of the
C,0-C; fullerene have been calculated.!*”>!! Particularly, the
barrier for C, molecule insertion into the Csg fullerene with
one heptagon in the sp® structure leading to formation of
the Cep-I, fullerene was found to be 1.4eV."”) The com-
puted values of the barrier indicate that the C, molecule
insertion is possible under fullerene synthesis conditions. All
these calculations of the insertion barrier, however, were
performed for the simplest Endo-Kroto insertion mechan-
ism[**] The scheme of Endo-Kroto C, insertion which leads
to formation of the Cqy-Ij, isomer and the general scheme of
this reaction are shown in Figure 2(b). Such a mechanism
was not observed in tight-binding MD simulations,’®* while
two different C, molecule insertion mechanisms were
revealed in the same study.

According to the calculations, C, molecule emission from
the sp structure of a fullerene needs in total from 7.5 to
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about 14eV for different fullerenes, 4”:5%51:55:56.62:67]

Particularly, 10.8eV is necessary for C, molecule emission
from the Cgo-I;, fullerene with formation of the Csg fullerene
with one heptagon in the sp? structure.”? Such a huge
energy change makes C, molecule emission unlikely at the
last stage of selection of abundant fullerene isomers, even
though the emission can proceed through intermediate
metastable states with an even number of sp atoms. Tight-
binding MD studies of C, molecule emission from the initial
fullerene shell formed via self-organization of carbon vapor
showed that all emission events occur at the defects of the
sp? structure.”**®) For even fullerenes, such defects are
chains attached by both ends, pairs of an sp> atom and an
sp atom and tetragons in the sp’ structure,>” whereas C,
molecules emitted from odd fullerenes include the former sp
atom.*®*?] Emission of molecules different from C,, up to
Cg, from large fullerenes with numerous defects was
observed in classical MD simulations at temperature
4100-4500 K.'*?) However, no information on the mechan-
ism of the emission events was provided in that paper. C,
molecule emission also took place from the pure sp” struc-
ture of the Ceop-I; fullerene in tight-binding MD simulations
at very high temperature of 5600 K.[6%

As for bond rearrangements in odd fullerenes, DFT cal-
culations show that the barriers for reactions promoted by
an extra sp atom which are accompanied by changes in the
number of atoms in polygons of the sp” structure are con-
siderably lower than the barriers of SW reactions in the
pure sp’ structure mentioned above. Namely, the barrier of
SW reactions assisted by an extra sp atom which lead to the
Ce; fullerene with the same sp2 structure as the Cgo-I;, fuller-
ene but with an sp atom instead of one bond is 2.9eV (and
4.0¢V is the barrier for the back reaction) in the case where
the same atom is sp before and after the reaction' (see
Figure 2¢) and 1.1-1.3 eVl (and 2.3-2.5eV*>%6! 5 the
barrier for the back reaction) in the case where the sp atom
becomes the sp* atom and vice versa one former sp*> atom
becomes the sp atom (see Figure 2d). The general schemes
of these two reactions are also presented in Figure 2(c) and
2(d). Other types of reactions that are assisted by an extra
sp atom and lead to changes in the numbers of atoms in
polygons of the sp® structure (analogously to SW reactions)
are also possible, as follows from MD simulations.?
According to DFT calculations, attachment of a single car-
bon atom to the sp” structure of a fullerene and its insertion
into this structure in the place of a former bond with forma-
tion of an sp atom is a one-stage barrierless reaction®* (dif-
ferent from two-stage C, molecule insertion described
above). Therefore, it can be expected that reactions assisted
by an extra sp atom in odd fullerenes should provide a
dominant contribution to selection of abundant fullerene
isomers in comparison with SW reactions and C, molecule
insertion in even fullerenes. Note that the same authors who
considered the atomistic mechanism of formation of the
Ceéo-I, and Cjo-Ds;, isomers via C, molecule inser-
tion,#”°>%!) jnvestigated also the alternative mechanism
with insertion of single carbon atoms.’*®) Moreover, it was
demonstrated by MD simulations that an extra sp atom in
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the sp® structure of an odd fullerene can easily move around
the fullerene shell at temperature 3000 K (so-called sp-defect
migration).”) This bond-rearrangement reaction is analo-
gous to the exchange mechanism for adatom migration on a
surface in which is a new atom becomes the sp defect at
each migration event. According to the DFT calculations by
the example of 10 different sp-defect migration events in the
Ceo fullerene, the activation barriers for such reactions lie in
the range of 1.3-2.2¢V.!?) Because of the low values of the
activation barriers for sp-defect migration, this can be the
way in which the extra sp atom gets to the place of the ful-
lerene shell where it assists to some reaction that contributes
to formation of an abundant fullerene isomer. A set of sp-
defect migration events are shown in Figure 3(a) by the
example of the Cg; fullerene with the same sp” structure of
the Cego-C,, fullerene but with an sp atom instead of one
bond. The sp? structure of the Cg-C,, fullerene is chosen to
show that sp-defect migration does not change the sp” struc-
ture and defects of the sp® structure remain the same (in
this particular case, the presence of adjacent pentagons). The
generalized scheme of sp-defect migration events is shown
in Figure 3(b).

Since all abundant fullerene isomers are even fullerenes,
transformation of an odd fullerene to an even one is neces-
sary after the reactions promoted by the extra sp atom.
According to DFT calculations, emission of the extra sp
atom from the Cgq and C;, fullerenes needs in total
5-9eV.""*! Such emission was not detected in MD simula-
tions of an odd fullerene for the total time 11.4 ps at tem-
perature 3000K, while about 17,000 reactions of bond
rearrangements with participation of an extra sp atom were
detected during the same time.”) On the other hand, C,
molecule emission from an odd fullerene was observed in
classical and tight-binding MD simulations.?*3**>6? In the
papers where the scheme of C, molecule emission from the
odd fullerene is given, the C, molecule emitted includes
the former sp atom.>**?) Two ways of transformation of an
odd fullerene to the even one via attachment of an add-
itional carbon atom have been considered: (1) attachment of
a carbon atom immediately to the extra sp atom with subse-
quent transformation of the formed defect to the pure sp®
structure,® and (2) attachment of a carbon atom at an
arbitrary place of the odd fullerene, subsequent migration of
sp defects, and meeting and annihilation of the pair of sp
atoms with formation of the sp® structure.’>*®! Such annihi-
lation was observed in MD simulations in the Cgq fuller-
ene.”) The scheme of annihilation of the pair of sp atoms
which leads to formation of the Cgo-Ij, isomer and the gen-
eral scheme of this reaction with formation of pentagon are
shown in Figure 2(e). Since attachment of an additional car-
bon atom to the arbitrary place of the odd fullerene is more
probable than to the extra sp atom we assume that the
second way is the main channel of this transformation.
Attachment and insertion of short carbon chains®®? can also
contribute to transformation of odd fullerenes to even ones.

In summary, based on the observations and results of
atomistic modeling discussed above, one can consider two
probable ways of selection of abundant fullerene isomers.

The first way includes odd fullerenes as necessary intermedi-
ates between initial fullerene shells and specific abundant
isomers, while in the second one, only even fullerenes are
intermediates. The scheme comparing these two ways is pre-
sented in Table 1. The first way has advantages for selection
of abundant isomers both for reactions which change fuller-
ene size and reactions of bond rearrangements in which the
fullerene size is maintained. Namely, insertion of a single
carbon atom into the sp” structure of an even fullerene with
formation of the sp defect is accompanied by sp-defect
migration through the sp® structure. Therefore, reactions
assisted by the sp atom which change the sp® structure and
can lead to selection of abundant isomers can occur at any
place which is necessary for such a selection and not related
with the place of atom insertion. On the contrary, insertion
of a C, molecule changes the sp’ structure only at the place
of C, molecule attachment. Thus, to obtain a specific isomer
such an attachment should occur at a certain place of the
fullerene shell. It is unlikely that C, molecule attachment at a
certain place of the fullerene shell is more probable than at
any other arbitrary place since this attachment is barrierless
and occurs with a significant decrease of energy. As for reac-
tions that change the sp® structure within the same fullerene
size, such reactions for odd fullerenes are assisted by the sp
atom and have a considerably lower barrier than the reac-
tions for even fullerenes.

Therefore, we believe that the first way which includes
odd fullerenes should provide the main contribution to
selection of abundant fullerene isomers. For this way, the
following four-stage atomistic mechanism has been
proposed'?!: (1) attachment of single carbon atoms, (2) sp-
defect migration to defects of the sp® structure such as hep-
tagons or adjacent pentagons, (3) reactions assisted by the
sp atom which lead to annealing of defects of the sp® struc-
ture and other changes of the numbers of atoms in polygons
of the sp® structure and (4) annihilation of pairs of sp
atoms. Reactions of fullerenes with C; and longer carbon
chains which lead to transformation of odd fullerenes to
even ones and vice versa can also be relevant and are con-
sistent with the present four-stage mechanism. Nevertheless,
the second way which occurs through emission and inser-
tion of C, molecules into the sp® structure of even fullerenes
as well as changes of the size of the even fullerene via
attachment of carbon chains with subsequent detachment of
longer or shorter chains cannot be excluded until the proba-
bilities of these two ways are compared directly. The strategy
of multiscale modeling (including atomistic approaches and
kinetic models) which should make possible direct compari-
son of these two ways and determination of contributions of
different atomistic mechanisms and certain reactions within
this ways is considered in the next section.

5. Strategy of further multiscale modeling of
fullerene formation

Let us discuss further studies that could help to solve the
mystery of formation of abundant fullerene isomers based
on different simulation approaches. For this purpose, we
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Table 1. Comparison of two possible ways of selection of abundant fullerene isomers: with both even and odd fullerenes (middle column) and with only even
fullerenes (right column) as intermediates between initial fullerene shells and specific abundant isomers.

Way of abundant fullerene isomer selection

With odd and even fullerenes as intermediates

between arbitrary initial fullerene shell and specific

abundant isomer

With only even fullerenes as intermediates between
arbitrary initial fullerene shell and specific
abundant isomer

Result of chaotic self-organization of a
carbon system
Reactions which change the fullerene size

Reactions of bond rearrangements in which the
fullerene size is maintained

Advantages/disadvantages for abundant fullerene
isomer selection

Mixture of odd and even fullerenes with defects

Insertion of single carbon atoms with subsequent
migration of sp defects formed

Changes of sp? structure promoted by sp atoms,
and annihilation of pairs of sp atoms

Advantages

1) Due to sp defect migration reactions assisted
by the sp atom which change the sp? structure
and can lead to selection of abundant isomers
can occur at any place which is necessary for
such a selection and not related with the place

Mixture of even fullerenes with defects
Insertion and emission of C, molecules
SW reactions

Disadvantages

1) Insertion of a C; molecule changes the sp?
structure only at the place of C, molecule
attachment

2) High activation barriers of SW reaction lead to
low reaction rates

of atom insertion

2) Low activation barriers for changes of sp?
structure promoted by sp atoms lead to high

reaction rates
Conclusion
isomers selection

Highly probable way of abundant fullerene

Hardly probable way of abundant fullerene
isomers selection

Molecular dynamics simulations

» schemes of reactions at atomic-scale level:
bond-rearrangement,
emission/insertion of atoms and dimers, etc.
« initial structure of fullerenes just after
fullerene shell formation

: :

ADb initio calculations Graph techniques

* sets of isomers related
via possible reactions

* parameters of reactions:
activation energy,
energy change, etc.

: ;

Kinetic models

* yields of fullerene isomers of different size
and structure depending on time and temperature
* comparison of these yields for different ways
and related atomistic mechanisms of abundant
fullerene isomers selection

Figure 4. Scheme of multiscale atomistic simulations strategy for comparison
of different pathways and related atomistic mechanisms of selection of abun-
dant fullerene isomers.

propose the following strategy divided into four research
lines (see the scheme shown in Figure 4).

First, in accordance with the paradigm of fullerenes for-
mation via self-organization, a mixture of even fullerene iso-
mers (ie., those with the pure sp® structure) and odd
fullerene isomers (ie., those with the sp® structure and a
single sp atom) of different size should exist before selection
of abundant fullerene isomers. The adequate choice of the
initial set of classical and nonclassical fullerene isomers for
further studies of selection of abundant fullerene isomers
can be a difficult challenge. Reactions completing formation
of the sp® structure of the fullerene shell (which determine
the structure of initial fullerene shell) are still not well

known. On the one hand, tight-binding MD simulations of
fullerene shell formation in carbon vapor showed that in
this case, the dominant contribution is provided by reactions
which are accompanied by changes in the number of atoms
in the forming fullerene shell (such as detachment of chains
attached to the fullerene shell by one end and C, molecule
insertion at defects of the sp® structure).?**®*2?! On the
other hand, in classical MD simulation of fullerene shell for-
mation as a result of transformation of an amorphous car-
bon cluster, reactions that conserve the number of atoms in
the forming fullerene shell (such as insertion of chains
attached to the fullerene shell by both ends into the sp®
structure) were prevailing.'”! Classical MD allows to consider
longer formation times and, therefore, lower temperatures
that are closer to the experimental conditions. It can be use-
ful to revise the simulations of formation of the initial fuller-
ene shell in carbon vapor and determine schemes of various
reactions completing formation of the sp® structure via clas-
sical MD simulations using the state-of-the-art reactive
potential for carbon mentioned above.** The barriers of
reactions found by MD simulations can be refined using ab
initio methods to improve the description of the shell for-
mation process.

Second, MD simulations can be used to reveal atomic-
scale reactions related to selection of fullerene isomers which
have not been foreseen using imagination only. In this way,
reaction schemes can be obtained, for example, for reactions
in odd fullerenes assisted by an extra sp atom which are
accompanied by changes in the number of atoms in poly-
gons of the sp’ structure. An MD study of annihilation of
sp atom pairs would be also useful for the same purpose.
Among the tasks that can be studied using MD simulations,
one can also investigate probabilities of attachment of car-
bon atoms, C, molecules and carbon chains to regions of
the fullerene shell with a different local sp® structure as well
as regions of the shell of an odd fullerene which contain the
sp atom. It is also important to think on the schemes of
subsequent insertion of attached C, molecules and chains
into the sp” structure.
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Third, the schemes of atomic-scale reactions revealed by
MD simulations described above can be used to choose
reactions for ab initio calculations of activation barriers and
analyze the corresponding reaction probabilities. Such calcu-
lations need considerable computing power consumption. In
this regard, the study of performance of a wide set of DFT,
double-hybrid DFT and MP2-based methods in comparison
with high-level ab initio methods for bond-reorganization
reactions in eight Cg isomers can be mentioned.”?! The
reaction probabilities as functions of temperature can be
estimated using the activation barriers obtained in the
framework of the transition state theory.™”)

The fourth research line within the discussed strategy is
application of kinetic models to study of selection of abun-
dant fullerene isomers. We believe that sets of isomer pairs
related by bond-rearrangement reactions for the same fuller-
ene (such as SW reactions, changes of the sp® structure pro-
moted by an sp atom, and annihilation of pairs of sp atoms)
as well as isomer pairs related by insertion and emission of
carbon atoms and C, molecules for different fullerenes can
be obtained by numerical methods using graph theoretical
techniques. Based on such sets of isomer pairs related by
certain reactions and the values of the reaction probabilities
dependent on temperature, the processes leading to selection
of abundant fullerene isomers can be investigated by kinetic
models under diverse experimental conditions and direct
comparison of different pathways (or sets of subsequent
reactions) from arbitrary initial fullerene shells with defects
to specific abundant fullerene isomers can be performed. In
this way, combination of the results of the four research
lines within the proposed strategy of multiscale modeling
will make it possible to solve the mystery of the high yield
of abundant fullerene isomers.
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