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ABSTRACT By means of atomistic simulations we observed the
formation of many topologically non-equivalent carbon clus-
ters formed by the condensation of liquid droplets, including:
(i) standard fullerenes and onion-like structures, (ii) clusters
showing extremely complex surfaces with both positive and
negative curvatures and (iii) complex endohedral structures. In
this work we offer a thorough structural characterization of the
above systems, as well as an attempt to correlate the resulting
structure to the actual protocol of growth. The IR and Raman
responses of some exotic linear carbon structures have been
further investigated, finding good agreement with experimen-
tal evidence of carbinoid structures in cluster-assembled films.
Towards the aim of fully understanding the process of cluster-to-
cluster coalescence dynamics, we further simulated an aerosol
of amorphous carbon clusters at controlled temperatures. Var-
ious annealing temperatures and times have been observed,
identifying different pathways for cluster ripening, ranging from
simple coalescence to extensive reconstruction.

PACS 36.40; 61.43.Bn, 61.48.+c; 81.05.Tp

1 Introduction

Carbon-based structures can be roughly divided
into two large families: the first containing high-symmetry
clusters (HSC) (e.g. fullerenes or tube-like molecules) and
the second containing the huge variety of amorphous clus-
ters (AC). While the nucleation dynamics and the equilibrium
morphology of HSC have been extensively investigated in
recent years [1, 2], little is known about amorphous carbon
clusters. Interest in amorphous cluster structures has recently
increased, due to experimental reports about their extremely
complex and still puzzling physical behavior. Recent experi-
ments suggest, for example, the lack of specific ‘magic num-
bers’ in the mass distribution of cluster beams produced both
by pulsed laser vaporization sources (PLVS) [3] and pulsed
microplasma cluster sources (PMCS) [4–6]. As a matter of
fact, almost comparable concentrations of both even- and odd-
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membered clusters are observed [3]. PMCS, in particular, pro-
vides clusters containing as many as 30–1000 atoms [5, 6].
Furthermore, materials grown by PMCS cluster assembling
display intriguing structural features, like stable linear carbon
chains [7–9]. It is guessed that both chain-like and foam-like
structures are produced during the carbon vapor cooling pro-
cess, depending on annealing conditions [4, 5]. The resulting
clusters further grow giving rise to larger structures, which
eventually are deposited on a substrate or filter.

This scenario defines the framework for the present
computer-based study. By means of atomistic simulations,
we investigated the condensation of liquid carbon droplets
in different physical conditions. We observed the formation
of many topologically non-equivalent carbon clusters, in-
cluding: (i) standard fullerenes and onion-like structures, (ii)
clusters showing extremely complex surfaces with both pos-
itive and negative curvatures, (iii) endohedral linear chain
structures and (iv) many open topologies with truncated
graphite-like structures. In this work we offer a thorough
structural characterization of the above systems, as well as
an attempt to correlate the resulting structure to the actual
protocol of growth. Some exotic endohedral objects have
been further investigated, finding excellent agreement be-
tween linear chain objects observed in simulated clusters and
the experimental evidence of carbinoid structures in cluster-
assembled films [7]. Towards the aim of fully understanding
the process of cluster-to-cluster coalescence dynamics, we
further simulated an aerosol of amorphous carbon clusters
at controlled temperatures. By modifying annealing tem-
perature and time we have observed different pathways for
cluster ripening, ranging from simple coalescence to exten-
sive reconstruction.

2 Computational framework

Cluster formation has been investigated by means
of tight-binding molecular dynamics (TBMD) [10]. The ba-
sic idea of the TBMD scheme is to derive the interatomic
forces governing the time evolution directly from the elec-
tronic structure of the simulated system. In order to reduce as
much as possible the computational workload, the electronic
structure is calculated in the framework of the semi-empirical
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tight-binding (TB) model. Assuming a frozen core picture for
the electrons, we can write the total potential energy of the
system of ion cores and valence electrons as

Etot = Uee +Uei +Uii , (1)

where the electron–electron, electron–ion and ion–ion inter-
actions are given by Uee, Uei and Uii, respectively. Atomic
trajectories are then generated by the TB Hamiltonian

H =
∑

α

p2
α

2mα

+2
(occup)∑

n

εn +Urep , (2)

where the label α runs over the atoms in the simulation
cell and the second sum is extended to those electron ener-
gies εn belonging to the lower half spectrum of the TB ma-
trix. The effective repulsive potential Urep = Uii −Uee can be
expressed as a sum of suitable two-body potentials Urep =∑

α,β>α Φ(Rαβ), where Φ(Rαβ) is guessed on the basis of
physical intuition and numerical convenience for molecu-
lar dynamics applications. The free parameters appearing in
Φ(Rαβ) are usually determined together with those obtained
in the scaling functions for the TB hopping integrals. The
interatomic forces are derived by means of the Hellman–
Feynman theorem, so that their many-body nature is naturally
taken into account. In this work we used the TB model de-
veloped by Xu, Wang, Chan and Ho [11].

In order to study different carbon cluster topologies rang-
ing from 60 to 300 atoms, we have

1. Prepared an initial spherical distribution (radius R) of n
carbon atoms (density �(n; R) = n(4/3πR3)−1). The ini-
tial atomic coordination has been imposed to be ≤ 3 and
the interatomic distance is assumed ≥ 1.8 Å. Different ini-
tial densities � of 1.8–2.5 g/cm3 have been investigated.

2. On these initial configurations we have performed an en-
ergy minimization run in order to reach a local energy
minimum.

3. The resulting structure is then heated to a very high tem-
perature (e.g. ∼ 5000–6000 K) in order to produce its
fragmentation in clusters of different dimensions: from
small carbon molecules (e.g. dimers, trimers, etc.) to
medium-size clusters Cn (e.g. n � 30 atoms). They will
act as nucleation seeds.

4. At this point the carbon vapor is cooled to 2500–4000 K in
100–160 ps in order to observe cluster condensation (the
simulation time step was 0.5 fs).

Our attention has then been focused on intercluster coales-
cence. In order to study systems involving more than a thou-
sand atoms, we have switched from TB to model potential
molecular dynamics (MPMD) as based on the Tersoff cohe-
sion model [12, 13]. In the Tersoff MPMD picture, the system
potential energy can be written as E = 1/2

∑
i �= j Vij , where

Vij = fC(rij)[aij fR(rij)+bij fA(rij)] , (3)

and where fR represents the repulsive pair potential, fA the
attractive pair potential and fC a cutoff function, while bij is
a function measuring the bond order and aij is a function lim-
iting the interaction shell only to first neighbors.

A vapor of clusters, obtained by the previous TBMD
model (1350 atoms in a simulation cell with 103 nm3 volume)
and further optimized in the Tersoff MPMD approximation,
has then been annealed at temperatures ranging from 1000 K
to 5000 K for a total simulation time of 0.3 µs, observing in-
tercluster coalescence dynamics.

3 Large cluster formation and characterization

During the condensation step we observed that
an extensive microstructure evolution of carbon clusters oc-
curs through both the modification of their topology and the
absorption/desorption of small fragments from/to the sur-
rounding vapor. As a result of these processes the system ex-
plores many local energy minima, whose stability is strongly
correlated to specific thermodynamic parameters, like tem-
perature, pressure, carbon vapor density and so on. From
our simulations we observed that any significant cluster re-
construction dynamics is quenched at temperatures below
1500 K. For this reason we will here suppose that the system
undergoes a rapid cooling below 2000 K. The stabilized inter-
mediate cluster structures will contribute to the final cluster
population, appearing in mass spectra [4]. Obviously other
thermodynamic parameters like buffer-gas pressure, super-
sonic expansions, turbulence, etc. will contribute to the final
cluster topology. Nevertheless, in the present study we will
discard all these parameters, assuming as a first approxima-
tion that the main driving force to cluster nucleation is the
annealing temperature.

3.1 Open, nautilus-like and closed clusters

By focusing on temperatures of 2500–3500 K,
three main families of metastable cluster structures can be
identified: open clusters, nautilus-like clusters and closed
clusters.

Open clusters (O) (see Fig. 1a–c) are basically small
graphite sheets presenting a local curvature induced by spe-
cific graphite-like network defects (e.g. five, seven or even
more complex defects). According to the curvature these clus-
ters can be divided into two sub-families: low-curvature (Lc)
open clusters (e.g. almost flat graphite sheets, see Fig. 1a) or
high-curvature (Hc) open clusters (e.g. open fullerenes, see
Fig. 1b, or complex involuted structures, see Fig. 1c).

Nautilus-like clusters (N) (see Fig. 1g–i) are formed by
graphite-like shells curled on themselves one or more times,
forming a structure similar to a nautilus shell topology. These
objects had been guessed in 1986 by Kroto and Smalley as
intermediate states along the path to large fullerenes [14].
Nevertheless, to our knowledge this is the first time they have
been observed nucleating from a pure carbon vapor without
any initial guess.

Closed clusters (C) (see Fig. 1d–f) are characterized in
general by one or more graphite-like closed shells. Although
these shells have no high-symmetry topology like C60 buck-
minsterfullerene, they are nevertheless extremely stable even
under high-temperature annealing. As Maruyama and Yam-
aguchi reported [2], clusters must undergo a long annealing
(> 200 ns) at temperatures above 2500 K in order to evolve
towards high-symmetry topologies.
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FIGURE 1 Examples of clusters of the open (a–c), nautilus-like (d–f) and
closed (g–i) families

By reducing the system temperature below 2000 K along
the nucleation path, both O cluster and N cluster topologies
can be frozen. Nevertheless, we observe that O and C clusters
may further grow by adding small carbon molecules from the
surrounding vapor and by modifying their internal curvatures.
An example is reported in Fig. 2. In this case we observe the
transition of an O cluster towards a C cluster passing through
an N cluster structure during a 3000 K annealing. On the other
hand, not all N and O clusters investigated by our simula-
tions evolve towards C clusters. Rather, we see that some of
them keep on growing by absorbing small carbon molecules
from the carbon vapor. As we see, for example in Fig. 3, small
chains can be absorbed and embedded in the graphite-like net-
work in less than 0.5 ps. Acting in this way, graphite sheets
can grow up to a micrometric size or N clusters can increase
their number of swirls.

Interesting enough, no distinction exists between even-
and odd-membered clusters of the O and N families. Con-
versely, our simulations report only even-membered
C clusters.

3.2 Linear cluster defects and endohedral structures

All previous families of clusters can be considered
a sort of complex graphite-like network presenting a given

FIGURE 2 Evolution of a 300-atom system during a 3000 K annealing.
Simulation time and main cluster family for each frame are reported in
the lower left corner of the frame: (O) → open, (N) → nautilus-like and
(C) → closed. Three main intermediate states along the final (C) structure at
160 ps are reported in (a), (b) and (c)

curvature and folding. Nevertheless, we know from experi-
mental evidence that more complex cluster topologies, with
high concentrations of linear carbon chain structures, can be
stabilized in a PMCS source [4]. Similar extensive linear
chain structures have been observed also in our simulations.
They are characterized by linear chains possibly entangled
or linking nearby graphite-like fragments. Despite the com-
plexity and variety of these networks, we can classify such
structures as follows:

1. linear chains external to cluster surface (i.e. ‘hairy fuller-
enes’ like in Fig. 4a),

2. linear structures on cluster surface (Fig. 4b),
3. complex endohedral linear chains confined to the cluster

graphite-like shell (Fig. 4c).

‘Hairy fullerenes’ present long linear chains anchored to ex-
ternal shell defects like adatoms. Simulations show also that
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FIGURE 3 Rapid degeneration (∼ 0.55 ps) of a linear carbon chain C6 ab-
sorbed on the border of a local graphite-like cluster O at 2500 K

FIGURE 4 Three examples of linear carbon chains in a carbon cluster: (a)
‘hairy fullerene’, (b) shell defect and (c) endohedral structure

these linear chains are not strongly bonded on the cluster sur-
face, but can easily stick or detach.

Quite different is the behavior of linear chains lying on
the outer surface of a shell (Fig. 4b). Simulations reveal that
chains stabilized in this way are extremely stable even at tem-
peratures above 2000 K. Only at temperatures above 2500 K
did we observe that such objects rapidly evolve by forming
a more stable graphite-like network.

Much more complex is the situation for endohedral struc-
tures. These structures are composed of carbon networks of
graphitic fragments and linear chains. These networks are
confined inside an otherwise stable shell. Thanks to the vol-
ume confinement imposed by the external shell, endohedral
structures can assume very peculiar topologies that are ex-
tremely stable even under long annealing at temperatures
above 2500 K.

Depending on the number of carbon atoms in the linear
chains or in the graphitic fragments, we have observed differ-
ent behaviors. As we can see from Fig. 5, a graphitic fragment
under high-temperature annealing naturally may evolve to-
wards a more stable linear network of carbon atoms. During

FIGURE 5 Evolution of a C226 C cluster with an endohedral structure dur-
ing a 3000 K annealing. Initial endohedral structure atoms (τanneal = 0 ps) are
highlighted in red. Endohedral structure mass during annealing is reported in
the lower right corner of each frame. Annealing time is reported in the upper
left corner of each frame. In (i) a plot of the number of atoms belonging to
the endohedral structure versus simulation time (in ps) is reported

this process we observe the drift of some atoms from the en-
dohedral structure towards the external shell (red atoms traced
in Fig. 5). Most likely the endohedral structure in its initial
configuration is not free to evolve because of spatial confine-
ment. However, if some carbon atoms drift to the shell surface
more room is created for its microstructure evolution, which
eventually drives the formation of linear objects as shown in
Fig. 5.

Obviously all these phenomena are strongly related to an-
nealing temperature. Below 2500 K, almost all intermediate
states previously observed (e.g. Fig. 5a–h) can be stabilized.
It is clear from this point of view that a linear carbon chain
(pure sp carbon structure), confined in a carbon nanotube
(highly sp2 shell), is the most stable example of an endohedral
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structure. Systems of this kind have been recently experi-
mentally observed in High-Resolution Transmission Electron
Microscopy (HR-TEM) images [15].

4 Raman spectra of chain-like structures

Recent experimental investigations report such
carbon chain networks using Raman spectroscopy tech-
niques [16, 17].

In order to investigate the infrared (IR) and Raman re-
sponses of the linear chains, we have extracted such fragments
from the TBMD-generated clusters. We decorated them with
hydrogen atoms so as to saturate dangling bonds. Finally, the
geometry of H-terminated structures has been fully optimized
by means of Gaussian 03 [18] in a hybrid B3LYP density
functional model along with a standard Pople’s 6-311G∗∗ ba-
sis set (HDFT). Structural optimization has been obtained by
first looking for equilibrium hydrogen positions at clamped
carbon positions. Then carbon positions have been relaxed
keeping hydrogen positions fixed, in order to mimic the sur-
rounding cluster environment. The same Gaussian 03 package
has then been used to evaluate the Raman and IR spectra.
Original TBMD-generated clusters and the fully optimized

FIGURE 6 Complete cluster structure and the extracted fragments with hy-
drogen (red): linear cluster shell defects (a) and endohedral structure linear
networks (b–d). For endohedral structures, in order to mimic the external
graphite-like shell confinement, we fixed the positions of carbon atoms high-
lighted in blue

H-truncated fragments are shown in Fig. 6. It is important to
notice that only small deviations have been observed between
the TBMD and Gaussian 03 optimized structures.

The resulting Raman and IR spectra are reported in Figs. 7
and 8, respectively. Raman mode localization reveals that
three main regions can be distinguished: modes at frequen-
cies ω above 1700 cm−1, of 1000–1750 cm−1 and under
1000 cm−1. Modes above 1750 cm−1 are associated with the
stretching modes of the chains. Those of 1000–1750 cm−1

are mainly associated with the graphite-like network modes.
Modes below 1000 cm−1 are mainly due to bending modes.
The same three regions can be identified in IR spectra in
Fig. 8.

FIGURE 7 Raman spectra of structures in Fig. 6. In (e) there is reported the
total Raman response of (a–d) and experimental results (blue) [4]
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FIGURE 8 IR spectra of linear cluster shell defects (a) and endohedral
structure linear networks (b–d). Complete cluster structures and correspond-
ing endohedral substructures are reported in Fig. 6

In order to offer a direct comparison with experimen-
tal results [3, 4], we have reported in Fig. 7e the total Ra-
man spectra of all objects here investigated. As we can see
there is good agreement between experimental and theor-
etical data, although more quantitative information could
only be obtained by investigating a much richer cluster
family.

5 Coalescence and giant clusters

All clusters so far investigated contain less than
300 atoms. From experimental evidence [5, 6] we know

that these clusters can coalesce, evolving towards more
complex structures containing up to 1000 atoms and in
a few cases even more. In order to investigate this co-
alescence process we have created a vapor of 1350 car-
bon atoms arranged in eight clusters obtained by previous
TBMD investigations. The evolution of this system has
been studied by means of a Tersoff MD model. Anneal-
ing at temperatures in the range 1000–5000 K has been
investigated.

Simulation results are reported in Fig. 9. Depending on
the temperature, clusters show different coalescence features.
At 1000 K clusters agglomerate; however, no significant sys-
tem reconstruction is observed: each single cluster is still
recognizable in the final agglomerate. By increasing the tem-
perature this behavior changes and above 3500 K we observe
a complete reconstruction. In particular, at 4000 K we ob-
serve the formation of a topology close to an amorphous
schwarzite structure. Indeed, similar structures are observed
during nanofoam formation experiments, under physical con-
ditions similar to those considered in this study [19]. Fi-
nally, at temperatures above 5000 K, the cluster undergoes
a dramatic reconstruction process. Initial cluster morpholo-
gies have completely disappeared and we observe the for-

FIGURE 9 Giant C1350 fullerene structure at different annealing tempera-
tures. Annealing temperatures are reported in the upper left corner of each
cluster structure. For structures at 4000 K and 5000 K cluster sections are
reported
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mation of an onion-like topology, in line with many other
experiments [20] and simulations [21].

6 Conclusions

We have investigated the carbon vapor cooling pro-
cess and cluster nucleation dynamics by means of atomistic
TBMD simulations. During this condensation process we
have observed the formation and stabilization of complex
amorphous carbon clusters that we have classified into three
main families according to their shell topologies: (i) open
clusters (O), (ii) nautilus clusters (N) and (iii) closed clusters
(C). O clusters are basically small graphite sheets presenting
a local curvature induced by specific graphite-like network
defects. N clusters are characterized by complex graphite-
like shells curled on themselves one or more times, forming
a structure similar to a nautilus shell topology. Finally, C clus-
ters show a fullerene-like topology, with one or more graphite-
like shells closed on themselves (carbon onions).

We have observed that high temperature annealing condi-
tions drive the evolution of both O and N clusters towards the
C-cluster family, as predicted by fullerene nucleation dynam-
ics studies [2]. In addition, we have reported the possibility of
stabilizing these O- and N-cluster structures under low tem-
perature annealing conditions (e.g. below 2000 K). At such
a low-temperature regime we have also investigated the clus-
ter growth dynamics by adding small carbon molecules and
observing the stabilization of complex atomic linear chain
networks.

In the case of rapid nucleation of massive C clusters (e.g.
Cn with n � 150 atoms) we have observed the formation and
stabilization of particular endohedral structures. They natu-
rally evolve towards complex atomic linear chain networks
during high-temperature annealing. Further investigation of
the IR and Raman responses of these linear networks proved
a good agreement with experimental evidence of carbinoid
structures in cluster-assembled films [4, 16, 17].

Finally, in order to fully understand the process of cluster-
to-cluster coalescence dynamics, we simulated an aerosol of
amorphous carbon clusters at controlled temperatures. Mod-
ifying annealing temperature and time, we have observed dif-
ferent pathways for cluster ripening, ranging from simple coa-
lescence to extensive reconstruction. These phenomena might
be particularly important for example in the carbon onion [21]
evolution dynamics and in the carbon nanofoam nucleation
processes [19].
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