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Carbon nanostructures formed through physical synthesis come in a variety of sizes and shapes. With the end goal
of rationalizing synthetic pathways of carbon nanostructures as a function of tunable parameters in the synthesis,
we investigate how the initial density and quench rate influence the morphology of carbon nanostructures ob-
tained from the cooling of a gas of atomic carbon by molecular dynamics simulations. For the structural analysis,
we combine classical order parameters with a data-driven approach based on local density descriptors and kernel

similarity measurements. Aided by this complementary set of tools, we describe in detail the formation of car-
bon nanostructures from the gas phase. Their formation proceeds through the nucleation of small liquid carbon
nanoclusters followed by growth into unique objects. We find that ordered structures can only be obtained at
certain quenching rates and that among those, fullerene-like particles are favored at intermediate densities while
nanotubes-like structures require higher initial densities. © XXXX CEA. Elsevier

1. Introduction

At the nanometric scale, carbon allotropes can be found in sev-
eral different forms, including nanodiamonds, amorphous structures,
nanotubes, nanosheets, and fullerenes. This diverse set of structures
shows potential for numerous applications. The unique properties of
carbon nanotubes — e.g. their extraordinary electric conductivity and
mechanical response - is currently explored and exploited in research
domains like tissue engineering [1], microelectronics [2,3], biomedical
science [4,5], and material reinforcement [6]. Similarly, fullerene-like
nanoparticles, i.e. spherical shells of carbon atoms, attracted an inter-
est in catalysis [7] and in biological applications where they are used
as e.g., anti-HIV, radical scavenger, radio-tracer, and antibacterial com-
pounds [8,9].

Among different synthetic procedures, physical routes constitute a
prominent family of methods to manufacture carbon-based nanomateri-
als, since they do not require the use of other chemical precursors. Gen-
erally, physical synthesis consists of an ablation step (e.g., via sputtering,
lasing, or combustion) to generate a hot, highly out-of-equilibrium gas,
followed by the subsequent cooling of the ablated species, which leads
to gas condensation and the formation of nanostructures. Laser abla-
tion has been used to generate dense graphitic and diamond-like parti-
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cles [10,11] in liquid as well as single-walled carbon nanotubes [12,13]
and fullerenes [14] in gas. In addition, thin films of amorphous carbon
were obtained using magnetron sputtering [15,16].

From an experimental standpoint, spectroscopy techniques have
been instrumental in addressing the complexity of nucleation in out-of-
equilibrium environments. In particular, Raman spectroscopy, Fourier
transform infrared spectroscopy, laser-induced fluorescence, and plasma
spectroscopy enable to probe the temperature of the system at the early
stages of the gas condensation, when the latter is composed of clusters of
few atoms and isolated carbon atoms [17]. Plasma spectroscopy can be
used to measure the relative chemical composition, the temperature and
electron density in the context of laser ablation [10,18,19]. Neverthe-
less, experiments still struggle to devise a fully detailed atomistic picture
of nucleation during the nanostructure formation thus preventing from
a rational control of the synthesis products.

In this context, simulations represent an ideal and complemen-
tary tool to study and rationalize the formation mechanisms in out-of-
equilibrium conditions. Previous works using atomistic modelling have
proven instrumental in the understanding of ablation mechanisms, us-
ing two-temperature models [20-24]. In addition, numerous numerical
investigations enabled to derive an atomistic understanding of the gas
condensation step in single element materials with different chemistries,
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namely, silicon [25], germanium [26,27], and transition metals [28].
Similarly, the atomistic mechanisms occurring during the synthesis of
binary systems with diverse chemical arrangements (e.g., alloyed, Janus
and core-shell nanoalloys) were explored in the case of physical meth-
ods [29-32]. An emerging topic in numerical modeling of nanomaterials
further concerns the simulation and study of phase changes from liquid
to solid at the nanoscale [33,34].

In this work, we employ molecular dynamics simulations (MD) to
reveal the mechanisms associated with the formation of carbonaceous
nanoparticles in gas condensation. To characterize the condensation
pathway and map the influence of the quenching rate and the gas den-
sity, we first monitor classical order parameters such as coordination
numbers, as well as the length of the rings in each structure using
Franzblau analysis. Then, we measure the similarity between archetyp-
ical reference structures and those obtained by gas condensation using
a kernelized metric based on a local-density representation.

The combination of traditional topology-based order parameters and
the local-density kernelized similarity metric allows us to quantitatively
establish relationships between synthesis parameters and structure. We
find that large annealing rates lead to amorphous carbon structures,
while slow temperature annealing results in more ordered nanostruc-
tures. The gas density is also crucial in determining the morphology
of the carbon nanostructure. In particular, the emergence of fullerene-
like carbon particles can only be obtained at lower gas density while
nanotube-like nanostructures are favored at higher gas density. Lower
gas densities further favour the abundance of 3-coordinated carbon
atoms and of atoms in 6-membered rings.

Our numerical simulations also provide a dynamical picture of the
formation process. From a mechanistic perspective, we show that the
gas phase synthesis of carbon nanostructures proceeds through three
stages: 1) the nucleation of small carbon clusters, 2) the rapid growth of
the carbon nanostructure, 3) a steady-state phase where local and minor
rearrangements take place.

In the next section of the report, we detail the computational meth-
ods employed to perform and analyze the carbon nucleation and growth
simulations. Then, we present the result of our simulations paired with
an in-depth analysis of the influence of the quenching rate and gas den-
sity on the final structure, as well as on the nucleation and growth mech-
anism. The conclusion of the manuscript presents a brief overview of our
main result as well as an outlook on the transferability of our approach
to study other systems.

2. Computational methods

The accurate modeling and characterization of carbon nanostruc-
tures nucleation and growth from the gas phase demands for the com-
bination of a number of techniques. This section details the employed
numerical methods. We first describe and motivate our molecular dy-
namics set-ups. Then, we justify the choices made for characterizing the
carbon nanostructures in terms of classical and modern order parame-
ters.

2.1. Molecular dynamics

To simulate the nucleation and growth of carbon nanostructures
from a gas, molecular dynamics simulations were carried out using the
LAMMPS software [35]. The Tersoff potential [36,37] is adopted to
model carbon interactions because of its efficiency [38] and fair accu-
racy [39]. Although there are many more recent carbon potentials [40-
42], they usually lack the execution speed of the original Tersoff poten-
tial and/or are less widely used. The chosen Tersoff potential is very well
known at least (also with its limitations) and has been successfully used
to explain and predict the behavior of carbon systems in various environ-
ments, including high-pressure and high-temperature conditions [43].
In each carbon gas condensation simulations, the initial state of the sys-
tem consists of 1000 carbon atoms randomly positioned in a cubic box.
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The volume of the simulation box is fixed for the whole duration of
the simulation. The system is then evolved according to Newton’s equa-
tion of motion by means of a velocity-Verlet integration scheme, with
a time-step of 1 fs. Motivation for the timestep value can be found in
the SI. The temperature of the ensemble is enforced by a Nose-Hoover
thermostat using a damping factor of 100 fs The initial temperature is
set to 10,000 K. The final temperature is 3,000 K.

For a systematic assessment of the influence of the quenching rate
and the gas density on the final nanostructures, we consider 5 different
gas densities, corresponding to 5 simulation box edge of —i) 0.312 g/cm?
(40 A box edge), ii) 0.092 g/cm? (60 A box edge), iii) 0.039 g/cm? (80 A
box edge), iv) 0.020 g/cm? (100 A box edge), v) 0.012 g/cm3 (120 A box
edge) — and 6 different quenching rates — i) 700 K/ns, ii) 350 K/ns, iii)
140 K/ns, iv) 70 K/ns, v) 35 K/ns, vi) 14 K/ns - for a grand total of 30
different simulation conditions. For each of the situations, indeed, 5 in-
dependent simulation runs have been carried out. These were initialized
from different random initial positions of the atoms and different initial
velocities. All the other simulation parameters are identical among each
group of 5 runs.

The chosen gas densities and cooling rates span considerable mag-
nitudes and include synthesis conditions relevant to experiments thus
allowing for an informative and comprehensive picture of the relation-
ship between synthesis parameters and carbon nanostructure morpholo-
gies. This is particularly relevant for laser synthesis methods like laser
ablation in liquid or pulsed laser deposition, where the cooling from gas
occurs via extremely rapid quenching [10]. In Ref. [10], no tempera-
ture higher than 6000 K was measured because the experiments rely on
the plasma emission spectroscopy from C, molecules that only appear
below approximately 6000 K as evidenced by our current calculations.
Yet, in Ref. [19], it is shown by using plasma emission spectroscopy from
atomic species, that the temperature can go up to 1.5 x 10* K. In addi-
tion, regarding the quenching rates, we chose to study different values
that are located below and above the experimental measurements.

2.2. Numerical analysis

2.2.1. Topological descriptors

We characterize carbon nanostructures by means of topological or-
der parameters commonly used in the literature, namely, the popula-
tion of n-coordinated (n = 2, 3) carbon atoms and of 6-membered carbon
rings. To evaluate the coordination of a carbon atom, we count the num-
ber of neighbors within a cut-off of 1.7 A. We choose this distance be-
cause it includes the entire first neighbor shell of graphite and diamond
and excludes second neighbors in case of the two crystals. Atoms which
are neighbors share a bond. The number of bonds in a ring defines its
length, which we analyze using Franzblau statistics [44] as implemented
in the polypy [45] code.

To evaluate global order parameters, i.e., inertia tensor descriptors
and similarity kernel measures, we look at the largest connected clusters
sampled during the dynamics.

Atoms are grouped together into clusters based on a simple distance
cut-off criterion of 2 A possibly across periodic boundaries.

2.2.2. Inertia tensor descriptors

We assess the degree of anisotropy and the density of the carbon
nanostructures by monitoring global order parameters derived from the
gyration tensor. Let 4; label the diagonal elements of the gyration ten-
sor, ordered so that 4} < 43 < A7 the squared radius of gyration is found
equal to:

2 _ 32, 42, ;2
Ry =2 + 4, +4; (M
The asphericity parameter reads [46]:

. Ay = A2+ (Ay = A2 + (4, = A
2(Ay + Ay + 4,)?
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For reference, when considering a fixed number of atoms, larger radii
of gyration correspond to larger volumes and smaller densities. The as-
phericity parameter ranges from O (spherical) to 1 (cylindrical) [46].

2.2.3. Similarity with respect to reference archetypes

Along these two traditional approaches of structural characteriza-
tion, we also consider a data-driven approach based on kernel similarity
measurements and local density descriptors.

Local density descriptors For each atom, we assign a set of 69 features
within the Atomic Cluster Expansion (ACE) framework [47], where the
descriptors are computed as described in Dusson et al. [48] using the Ju-
lia ACE package [49]. This representation is smooth by construction, in-
variant to rotation, translation, and permutation of identical atoms, and
allows for a characterization of the local atomic environment that does
not depend on hand-crafted features. The ACE descriptors are further-
more able to encode many-body correlations (here limited up to 4 be-
cause of the corresponding computational complexity to go beyond this
number), and offer a descriptive representation of the local geometry
around atoms. A similar approach has been successfully employed in sta-
tistical learning methods to map structure-property relationships [50-
53].

Reference Archetypes Similarity measures between sets of features
deriving from local density representations are a well-established tool
in the prediction and/or rationalization of structure-property relation-
ships [50-52]. Here, a kernel approach is employed to measure the sim-
ilarity between the atomic environments sampled in the nanostructures
and known structures found in fullerenes, nanotubes, and bulk amor-
phous carbon, which constitute a database. The reference structures are
depicted in Fig. S2 of the supplemental material. In particular, we mea-
sure the similarity with respect to each family of archetypes by consid-
ering:

» 3 bulk amorphous carbon configurations with different densities,
corresponding to 1000 carbon atoms in periodic boxes of edge length
between ~20 A and ~30 A.

- 8 different nanotubes with diameters between ~10 A and ~20 A.

- 8 different fullerenes with diameters between ~10 A and ~30 A.

The archetypes are chosen to encompass densities (for periodic sys-
tems) and diameters (for fullerenes and nanotubes) which were expected
to be comparable to the ones obtained in our simulations.

From an operative perspective, we first compute the ACE descrip-
tors and perform an averaging over all the atoms within the largest con-
nected cluster in each structure I: Q; = Y ,; q;/|11]], where ||I]| indi-
cates the number of atoms contained in the largest connected cluster of
I. We then normalize Q,, yielding the unit vector Q, pertaining to struc-
ture /. We include only non-isolated atoms into the analysis since we
aim to classify the carbon structures forming during the nucleation and
growth process, and the inclusion of local atomic environments from iso-
lated atoms would add noise to the characterization process. We then
measure the similarity k(Q ,,Q ;) between pairs of structures (I, J) by
adopting the following Radial Basis Function (RBF) kernel:

_ (Q[ - 01)2
> (€©)

kQ;. Q) = <exp 202

where the average is taken over the D features of the descriptors, and
o is set to 0.001. This value of ¢ is the one that maximizes the standard
deviation of similarity scores among all trajectories and references, al-
lowing for better discrimination. Additional details on the choice of o
can be found in the Supplementary Information.

The above procedure yields a similarity score between 0 and 1 for
each pair of structures, with 1 being the most similar. This score does
not depend on the size of the systems, and is invariant to the physical
symmetries relevant to the comparison of different structures. We note
that other choices in terms of descriptor space, normalization approach,
averaging methods and similarity kernel were possible while leading to
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slightly different quantitative scores. Yet, we verified that the reported
findings preserve the same qualitative information when, e.g., different
cut-off distances, number of features in the representation, or different
(but still reasonable) archetype representatives are chosen.

3. Results and discussion

3.1. Influence of the quenching rate and the gas density on final
morphologies

Our first objective is to investigate the interplay between gas den-
sity and quenching rate in determining the final structure of nanoscale
carbon.

Qualitative differences between the nanostructures can be inferred
from a simple visual inspection. A visual representation of the carbon
nanostructures sampled at the end of paradigmatic trajectories — over
the full set of gas densities and quenching rates considered in this work
- is shown in Fig. 1. The structures sampled from rapid annealing are
defective and have concave surfaces. They also exhibit a large num-
ber of carbon atoms inside otherwise hollow nanostructures. Structures
obtained at the end of slow annealing trajectories appear, on average,
more regular, and their surface comprises fewer defects. Furthermore,
the majority of the carbon atoms lie at the surface of the final nanos-
tructure in case of low annealing rates. We note artifacts at small box
edge lengths (40 A, and 60 A to a lesser extent), where some finite-size
effects appear: some nanostructures extend over the periodic boundary
conditions imposed in the simulation (see also SI Figure S3 for further
detail). This is however inevitable if we are to simulate the formation
of nanotubes in finite simulation boxes of any size. Our discussion will
thus focus in greater detail on simulations with box sizes larger than
60 A.

For a more quantitative structural characterization, we collect struc-
tures from the last 2% of the annealing trajectory and average structural
observables according to the classical and kernelized metrics discussed
in the method section. The number of snapshots used for averaging is
10, 20, 50, 100, 200, and 500 in the case of quench rates of 700 K/ns,
350 K/ns, 140 K/ns, 70 K/ns, 35 K/ns, and 14 K/ns, respectively. Fig. 2 A
illustrates characterization through coordination-based descriptors. By
decreasing the cooling rate and increasing the gas density, the num-
ber of 3-coordinated atoms and the number of atoms in 6-membered
rings can be increased. The population of 2-coordinated atoms follows
the opposite trend with respect to cooling rates and gas densities, i.e.,
higher cooling rates and lower gas densities result in an increase of 2-
coordinated atoms. We then note that 6-rings and 3-coordinated atoms
are indicative of higher-stability structures. We conclude that, when the
quenching is slow enough, the system has more time to explore the
energy landscape, and find lower potential energy minima. In case of
fast quenching, the system gets trapped in energetically less favorable
configurations, including under-coordinated carbon atoms. These more
open structures (i.e., including many 2-coordinated atoms) also occur
at lower density, where quenching is less effective in exploring energy
minima.

As a next step in our structural characterization, we look at iner-
tia tensor-based descriptors, which is complementary to the one of n-
coordinated atoms and rings statistics. Indeed, the radius of gyration
and the asphericity of the structures are global (i.e., related to the en-
tire structure) order parameters. To analyze these aspects quantitatively,
we report in Fig. 2 B, the average radius of gyration and asphericity
of the obtained nanostructures, as a function of the gas density and
quenching rate. No monotonic trends are identified for these two de-
scriptors. At the highest density, both gyration radii and asphericity are
high, in agreement with visual inspection (see also Fig. 1). Indeed tube-
like structures are found for the smaller boxes. At the other extreme of
low densities, structures are less regular, and therefore both indicators
are increased with respect to the minimal values found for a box edge
length of 60 A. This is the smallest size under consideration where most
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Quenching rate (K/ns)

Fig. 1. Snapshots of examples of final configurations sampled from the end of annealing trajectories, arranged according to the initial gas densities and quenching
rates. Atoms are color-coded according to their coordination (dark blue=4-fold coordinated, light blue=3-fold coordinated, green=2-fold coordinated, and orange=1-
fold coordinated). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

regular fullerenes are formed. The gyration radii tend to decrease with
the quenching rate. This can be attributed to the fact that hollow par-
ticles are formed when given enough time during the annealing. More
amorphous and dense particles occur at higher quenching rates, when
the systems are forced into more out-of-equilibrium configurations.

At this stage, using only classical order parameters, it remains dif-
ficult to fully characterize the observed structures. In particular, for
the ordered structures obtained with slow annealing, we cannot dis-
criminate well between nanotubes and fullerene-like structures. To al-
leviate this difficulty, we will now switch to our data-driven approach
for structural characterization. Fig. 2 C shows the average local envi-
ronment similarity regarding the archetypical structures (amorphous
bulk, fullerenes, and nanotubes) mentioned in the method section. First,
we confirm that rapid annealing and low densities lead to amorphous
structures, an observation which was already made by the classical
analysis.

In agreement with visual inspection, structures that do not display
carbon atoms enclosed by an outer shell are the ones whose similarity
to fullerenes and nanotubes is the largest. An assessment of finite-size
effects (Figure S3) shows that the trends also hold when considering a
smaller (500 atoms) or larger (2000 atoms) number of atoms and a fixed
density. The similarity to fullerene increases when decreasing the gas
density and for intermediate quenching rates located between 35 K/ns
and 140 K/ns. Meanwhile, the similarity to nanotubes increases at the

lowest quenching rates. Yet, we observe a non-monotonic behavior since
intermediate gas densities are required to form of nanotube-like struc-
tures. In this case, the results of the data-driven approach correlates very
well with coordination-based analysis. High numbers of 3-coordinated
atoms and 6-membered rings occur in conditions where similarities with
fullerenes and nanotubes are highest.

Coordination statistics can provide some amount of structural in-
formation, while similarity measures based on features deriving from
a local density representation can better distinguish between car-
bon allotropes consisting only of 3-coordinated atoms and mostly six-
membered rings, such as fullerenes and nanotubes. While this informa-
tion can be partially inferred from global observables such as the ra-
dius of gyration and asphericity, atom density representation provide a
straightforward avenue to interpret the similarity measure according to
local contributions. The similarity measures are also able to distinguish
correctly between highly defective amorphous elongated structures ob-
tained at low density and high quench rates, and more nanotube-like
objects, which we sample at lower quench rates. This resolution can be
obtained notwithstanding the similarity of these configurations accord-
ing to visual inspection (see also Fig. 1).

From our structural analysis combining classical order parameters
along with data-driven approaches, we conclude that the gas density
and the quenching rate are two control parameters of the structure of
carbon-based nanomaterials synthesized via physical routes. Extremely
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Fig. 2. A) Density versus quenching rate phase diagrams color-coded according to the fraction of 2-coordinated carbon atoms, 3-coordinated carbon atoms, and
6-membered rings. For the former two quantities we normalize by the number of atoms considered in the simulation (i.e., 1000), for the latter we consider the ideal
case where each C atom participates in three 6-membered rings, and, in turn, normalize the total number of 6-membered rings by 500. B) Radius of gyration and
asphericity of the largest connected carbon nanostructure versus quenching rate phase diagrams. C) Similarity regarding target structures - amorphous, fullerene,
and nanotube, left to right - versus quenching rate phase diagrams. All data refer to data averaging over the final 2% of the trajectory for five independent runs.

fast quenching rates lead to amorphous nanostructures. If the annealing
is slow enough to generate ordered structures, there exists a competi-
tion between fullerene- and nanotube-like nanostructures. In particular,
fullerene-like nanostructures can only be obtained with intermediate
quenching rates regardless of the density. The position of the observed
transition highly depends on the gas density, the total number of avail-
able carbon atoms, and can hardly be compared with available experi-
mental conditions. However, we expect the existence of a transition be-
tween fullerene-like and nanotube-like nanostructures, with the latter
being preponderant at the lowest cooling rates.

3.2. Dynamical picture of the condensation

After having established the effect of gas density and quenching rate
on the final carbon nanostructure, it is natural to proceed in character-
izing the mechanism by which condensation occurs.

We begin by analyzing the number of carbon atoms in the largest
connected cluster. As reported in Fig. 3, all the tested synthesis con-
ditions lead to the formation of a single nanostructure comprising be-
tween 800 and 1000 atoms. For temperatures above 4500 to 6000 K,
the largest connected cluster contains at most 10 atoms (beside for the
cases where artifacts due to periodic boundaries can be non-negligible,
i.e., for simulation box edges of 40 10\). The critical temperature at which
a unique nanostructure appears depends on the gas density, with larger

density leading to larger critical temperature. The temperature at which
a dominant nanostructure is formed is also determined by the quench-
ing rate with higher transistion temperatures found at higher quench
rates. The temperature range over which the transistion occurs is larger
in case of the higher quench rates. Higher quenching rates correlate
with larger critical temperatures. A less clear-cut trend is observed in
the simulations with box sizes of 40 A and 60 f\, a behavior ascribed to
the previously mentioned finite-size artifacts.

For a more quantitative analysis, we set a somewhat arbitrary thresh-
old of 200 atoms for the critical nucleus, after which the growth mecha-
nisms starts. We find that this critical nucleus emerges at different tem-
peratures, depending on the gas density. For box edges of 40 A, 80 A
and 100 A the latter appears respectively at 7100 K + 60 K, 6380 +
100 K, or 5680 K + 120 K. Therefore, increasing the gas density leads to
a faster formation of the droplets. We note that the precise value of the
size of the critical nucleus should only affect quantitatively the results
but should lead to the similar qualitative picture.

In all of our simulations, formation pathways and kinetics do play
an important role. Indeed, condensation products of varying degrees
of metastability are obtained, with the more stable structures found at
lower quench rates. We complement our analysis with a characterization
of the evolution of the carbon nanostructures during the condensation
process. This allows to understand the observations concerning the con-
densation products. For this discussion, we look at a fixed intermediate
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Fig. 3. Temperature-dependent evolution of the number of carbon atoms in the largest connected cluster found in the simulations.
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Fig. 4. Time- and temperature- dependent evolution for a fixed cell edge (80 A) of the carbon coordination statistics (panel A), asphericity and radius of gyration of
the largest connected carbon nanostructure (panel B) and the similarity between the carbon configurations sampled during annealing and the reference archetypes
(panel C). The amount of 4-coordinated atoms has been exaggerated by a factor of 10 for better visibility. The three columns correspond to different quench rates
indicated on top. Fig. S5 (supplemental material) compares the effect of the quenching rates directly in terms of 1-, 2-, 3-, and 4- coordinated atoms.

density (Cell size of SOA) so that potential finite size effects do not in-
terfere with the analysis. Fig. 4 reports the evolution of several of the
previously introduced structural indicators: (A) coordination numbers,
(B) asphericity and gyration radii, and (C) the kernel similarity metric
comparing to reference archetypes.

The initial conditions are the same in the three cases analysed in
Fig. 4: an atomic gas of a density of 0.039 g/cm? at 10000 K. Down to
6000 K, the evolution of the systems subject to the three different quench
rates is very similar: atomic gas and short-lived mono-coordinated atoms
(dimers) dominate the picture, with the dimer population reaching a
smooth maximum at around 8000 K (yellow curve). Short chains (two-
coordinated atoms) become more important at temperatures around
6000 K and peak at slightly lower temperatures. Asphericity and gy-
ration radii are calculated here on the basis of the largest connected
fragment, which consists of very few atoms in these early stages. In turn,

these indicators fluctuate significantly, and do not carry much informa-
tion at the beginning of the simulations. By the same token, the simi-
larity regarding the solid reference archetypes is close to zero, which is
a clear indication that kernel similarity measurement does not lead to
false positives when comparing to structures that are not in the reference
database.

In the next step, most of the atoms condense into a single droplet,
which is reflected by the fact that both the largest fragment (gyration
radius) and the number of three-coordinated atoms (at the expense of
mono- and two-coordinated atoms) increase significantly. Asphericity
decreases and fluctuates less, which is also compatible with a (filled)
droplet geometry. Remarkably, the similarity to bulk amorphous car-
bon already increases in the higher temperature ranges (6000-4000 K),
meaning that the system transitions through a liquid-like phase that lo-
cally resembles amorphous carbon. This transition is sharper and oc-



K. Rossi, G.D. Forster, C. Zeni et al.

curs at slightly higher temperatures in case of the lower quenching
rates.

The subsequent evolution depends very much on the quench rate. In
the case of the highest quench rate (left column in Fig. 4), this transi-
tion is very smooth and the process of atom addition from the gas phase
continues until the end of the simulations. Movements of atoms in the
largest cluster become more and more sluggish, until it turns solid-like
at around 3500 K. This leads mostly to filled amorphous carbon parti-
cles, as indicated by the high similarity to amorphous carbon (Fig. 4 C,
left panel). At the very end of the simulations, similarity to fullerenes
reaches similar values across different quenching rates, which correlates
with the fact that some of the particles may reorganize into partly hol-
low structures.

At this final stage, three-coordinated atoms dominate, even though
they are less numerous compared to slower quenching. This is mostly
because the particles do contain fewer atoms, with some low coordi-
nated atoms in separated small clusters and chains. Compared to slower
quench rates, a higher number of 4-coordinated atoms is found here,
even though their total amount remains very limited. Due to the pe-
culiarities of the Tersoff potential, we may expect that the fraction of
4-coordinated atoms is likely to be underestimated here [54]. Nonethe-
less, the picture is confirmed by the global indicators: the gyration radius
is small compared to the other simulations due to the (partial) filling of
the particles and the reduced number of atoms they contain. Aspheric-
ity is relatively low for these mostly spherical, but internally disordered
particles. In agreement with the two observations above, local environ-
ments in the final structure are rather similar to amorphous carbon, as
reported in Fig. 4 C, left panel.

At intermediate quenching rates (center column in Fig. 4), the par-
ticles transition into more hollow structures at around 4500 K where
their condensation pathway clearly diverges from the one of the system
with the highest quench rate. The number of three-coordinated atoms
increases significantly as many of the dangling bonds are healed, and
the structure becomes locally two-dimensional. This reorganization into
more hollow particles is accompanied by a sudden increase in gyration
radius. The obtained fullerene-like particles are rigid, mostly asymmet-
ric, and contain in many cases two shells. The kernel similarity index in-
deed is able to discern such features, indicating the highest resemblance
to fullerenes at the latest stages of the simulations when the tempera-
ture is decreased below 3500 K. In this final stage of the simulation, the
similarity to amorphous carbon instead clearly decreases.

In the case of the lowest quench rates (right column in Fig. 4),
the transition to hollow, sometimes double-walled, fullerenes occurs at
slightly higher temperatures and is more marked. The gyration radius,
for instance, increases faster and further, which is correlated to a higher
fraction of single-walled fullerenes. In comparison to the intermediate
quench rate, some smaller differences occur in the very end of the sim-
ulations, where the similarity to carbon nanotubes increases faster and
becomes the majority fraction in the final products, albeit by a small
margin. This is due to another reorganization of the structures, which
takes place when they are already in a solid-like state. The transition
from dense amorphous to hollow structures is gradual and takes place
slowly, which is why it is not observed at high quench rates, where
there is not enough time to overcome the energy barriers required for
the structural reorganization. This second restructuring reduces curva-
ture in one direction and allows healing of some defects.

4. Conclusion

In this work, we use molecular dynamics to simulate the physical
synthesis of carbon nanostructures. Thereby, we address the effect of
initial gas density and quenching rate on the final structure. To char-
acterize the latter, we adopt an analysis toolbox which comprises tra-
ditional local and global order parameters based on the coordination
number and gyration tensor, as well as a data-driven approach that ex-
ploits local density descriptors and kernel similarity measurements. The
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complementary analysis methods quantitatively characterize the carbon
nanostructure evolution and allow charting the mechanistic pathway in
the nanostructure formation.

We observe that extremely fast annealing rates (700 K/ns) lead to
the synthesis of amorphous nanostructures. Slower rates favor the for-
mation of fullerene-like (and nanotube-like, to a slightly lesser extent)
morphologies. By adopting a structural characterization which lever-
ages diverse order parameters, we further establish a dynamical picture
of the condensation process. We find that the nucleation of small car-
bon nanoclusters takes place between 10000 K and 5000 K. Later, a
phase change corresponding to the formation of a larger nanostructure
takes place between 5000 K and 4000 K, which is more amorphous or
fullerene-like depending on the annealing rate. The melting tempera-
ture of nanocarbons with the Tersoff potential is in the range of 4000
to 5,000 K. Ref. [55] for instance, indicates the melting temperature
for nanotubes at around 4,800 K. In experiments, the melting point is
lower, in the range of 2850 to 3300 K [56]. Due to the rather rapid cool-
ing in our simulations and the peculiarities of the Tersoff potential, it is
not very surprising that we obtain transition temperatures at the upper
end of the spectrum reported in the literature. Finally, minor structural
rearrangements are observed between 4000 K and 3000 K.

Besides providing some insights on the complexity of the carbon ex-
perimental synthesis via gas-phase nucleation, we believe our work will
pave the way to explore other initial conditions (e.g., other gas den-
sities), as well as other materials (e.g., silicon, boron, and transition
metal dichalcogenides), which allow for the formation of non-carbon
fullerenes and nanotube-like (hetero-)structures.
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