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Abstract: Soot or black carbons are combustion-generated carbonaceous nanoparticles formed dur-
ing the incomplete combustion of hydrocarbon fuels. The complexity of hydrocarbon systems often
makes it difficult to investigate the fundamentals of soot formation experimentally. To address this,
this study uses reactive molecular dynamics simulations with reactive force field (ReaxFF) poten-
tials. The current work focuses on the formation and evolution of soot during acetylene pyrolysis.
The analysis provides insights into the physicochemical aspects of soot formation and the matu-
ration of incipient soot particles. In this work, we focus on the evolution and interdependence of
features such as the number of carbon atoms, number of aromatic rings, mass, C/H ratio, the radius
of gyration, atomic fractal dimension, surface area, volume, and density. Based on the physico-
chemical features, two distinct classes of nascent soot can be observed. These are termed type-1 and
type-2 particles. The type-1 particles show significant morphological evolution, while the type-2
particles show chemical restructuring without significantly changing the morphology. Qualitative
correlations of various degrees are also observed between some of these morphological features.
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1. Introduction

Soot, also known as black carbon, is a byproduct of incomplete combustion of hydrocarbon fuels
[1] that can cause serious health issues such as lung cancer [2] and cardiovascular disease [3]. It
also contributes to global warming and the melting of Arctic ice [4]. Understanding the formation
and evolution of soot is crucial to regulating and controlling its negative effects.

The evolution of solid soot particulates from gaseous species is a complex process that is not
fully understood. It is believed to occur through a series of complex physicochemical events in-
cluding the formation of gas phase soot precursor molecules such as polycyclic aromatic hydro-
carbons (PAHs), nucleation of nascent soot particles, surface growth, formation of aggregates, and
fragmentation and oxidation of soot particles. Each of these steps plays a role in the formation and
evolution of soot particles.

The formation of soot particles, specifically the nucleation process, is not well understood. Re-
searchers believe it starts with small gas-phase precursor molecules, such as acetylene, which lead
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to the formation of solid or solid-like primary particles containing PAHs like benzene, pyrene and
coronene [5—7]. These primary particles then grow due to surface interactions and coalescence
to form larger soot particles. However, the exact chemical pathways are unknown and numeri-
cal models of soot formation rely on empirical approximations. These approximations include
assumptions about particle shape [8, 9], density [10], and chemical reactions [8, 11].

Reactive molecular dynamics (RMD) simulation is becoming a popular tool for studying the
difficult physicochemical changes that occur during soot nucleation [12-15]. The ReaxFF po-
tential [16], a reactive force field developed for carbon, hydrogen, and oxygen chemistry (CHO-
parameters [17, 18]), is commonly used in RMD simulations of soot-relevant systems. This poten-
tial can capture the evolution of hydrocarbon systems at a range of temperatures and pressures and
is based on bond order between atoms, which carries valuable information about bond breakage
and formation. RMD simulations can provide detailed structural information at the atomic scale,
making it a useful tool for analyzing nascent soot particles and extracting critical morphological
information and correlations.

The present study aims to use reactive molecular dynamics (RMD) simulations to mimic the
pyrolysis of acetylene at different temperatures. By doing this, the study aims to generate many
nascent soot particles at various stages of development, and then to analyze the physical and chem-
ical properties of these particles to gain a better understanding of how they evolve.

2. Numerical Methods

The present study conducts a series of RMD simulations to investigate the formation of primary
soot particles from acetylene pyrolysis. The simulations were run at four different temperatures
(1350K, 1500K, 1650K, and 1800K) to capture soot particles from various thermally activated sys-
tems. The RMD simulations were run using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [19] software. The ReaxFF potential for hydrocarbons [16, 20] was used
to capture the chemical changes (bond breakage and formation) during the molecular collisions
between the acetylene molecules. The coordinates of each atom were calculated and updated us-
ing the velocity-Verlet algorithm [21] in conjunction with the Nose-Hoover thermostat [22] with a
Tyamp value of 10 fs. A constant number, volume, and temperature (NVT) ensemble strategy was
used to run each simulation up to 10 ns. The simulation results were probed every 0.10 ns, and
the meaningful clusters of hydrocarbons that resemble primary soot particles were isolated, cata-
loged, and analyzed. Features such as surface area and volume of primary particles were calculated
using MSMS software developed by Sanner [23] and other physicochemical characteristics were
analyzed mostly using MAFIA-MD [24]. The open visualization tool (OVITO) [25] was used for
visualization of the molecular clusters.

The primary focus of this study is to shed light on the chemical and morphological features
of incipient soot particles obtained from RMD simulations. To achieve this, a set of physical,
morphological and chemical attributes are calculated for each particle, and machine learning tech-
niques such as k-means clustering [26] and t-distributed stochastic neighbor embedding (t-SNE)
[27] are used to classify the soot particles based on these attributes. Additionally, statistical and
physical correlated-ness between the physicochemical properties are explored using Kendall’s Tau
[28] correlation to gain deeper insights into the soot formation process.
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3. Results and Discussion
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Figure 1: Formation and evolution of incipient soot cluster during acetylene pyrolysis at 1650 K

The present study conducts a series of reactive molecular dynamics (RMD) simulations of one
thousand acetylene molecules in a semi-infinite domain at four different temperatures. The system
of atoms goes through various chemical and physical interactions, leading to the formation of larger
atomic clusters through the pyrolysis of acetylene. The process starts with the acetylene molecules
combining to form small linear chains, then transforming into cyclic structures. After cyclization,
the small clusters grow due to bond formation at the surface and internal reorganization, resulting
in larger atomic clusters that resemble nascent soot particles. The evolution of one of these atomic
clusters is illustrated in Figure 1, where carbon and hydrogen atoms are represented by black and
red dots respectively. Similar formation mechanisms have also been reported by contemporary
literatures [29, 30] in carbon-black simulations.

The nascent soot clusters obtained from the RMD simulations are tracked and extracted at
different timesteps in order to capture their growth. From these simulations, 3324 nascent soot
clusters were extracted at various stages of evolution. These clusters range from 102 atoms to
2303 atoms. Using two unsupervised machine learning techniques, k-means clustering [26] and
t-dispersion stochastic neighbor embedding (t-SNE) [27], the particles were classified into two
classes based on their physicochemical properties. These two classes are referred to as “type-1”
and “type-2” particles. The resulting t-SNE diagram showed that similar particles fall into a nearly
continuous size range. For example, the type-1 particles have a lower total number of atoms (102-
1099) whereas type-2 particles have a higher number of total atoms (1034-2303). In total, the study
obtained 670 type-1 and 2654 type-2 nascent particles from a total 3324 particles.

In this work, we investigate some physicochemical features of soot particles, including mass,
number of atoms, C/H ratio, atomic fractal dimension (as defined in [30]), volume, surface area,
density, particle radius, and presence of cyclic structures.

The internal C/H ratio of nascent soot particles changes as they grow and evolve. To analyze
this change, particles are divided into spherical strips and the C/H ratio in each strip is measured,
called the local C/H ratio. The ratio of local C/H ratio and the overall particle C/H ratio (termed as
the global C/H ratio) is plotted against the normalized radial distance from the center of mass (by
radius of gyration R,). In Fig. 2, type-1 particles (bottom) have a slow increase in local C/H ratio,
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while type-2 particles (top) have a rapid increase in local C/H ratio, reaching a peak value 1.7 times
the global C/H ratio. This suggests that type-2 particles have a denser central region spanning a
larger area than type-1 particles.
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Figure 2: Radial distribution of C/H ratio in nascent particles as a function of normalized radial
distance from the center of mass.

Surface area and volume are important metrics used in contemporary soot models. Fig. 3
presents the evolution of particle volume and surface area for both type-1 and type-2 particles as a
function of the number of atoms in the particles. The correlation between the particle volume and
number of atoms is shown in Fig. 3(a) and it indicates an excellent correlation for both type-1 and
type-2 particles. The correlation coefficient is very close to unity for type-1 particles, indicating a
strong correlation, and still very close to unity for type-2 particles. The relationship between parti-
cle volume and number of atoms remains consistent across all simulation temperatures, indicating
that the relationship is not affected by temperature.

Figure 3(b) compares surface area for type-1 and type-2 particles. A strong correlation is
observed between surface area and total number of atoms for type-1 particles, but not for type-2
particles. This is due to a transition from initial linear growth to extensive surface reorganization as
particles transition from type-1 to type-2, caused by the graphitization of the surface. Temperature
can accelerate this process, with higher temperatures resulting in faster growth of larger particles.
Similar conclusions can be drawn for other morphological features as well.

Figure 4 illustrates the relationship between particle volume, surface area, number of ring struc-
tures and particle mass. The correlation coefficients (7) are reported separately for both types. The
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Figure 3: Variation of particle volume and surface area at different temperatures.
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Figure 4: Variation in physicochemical features with radius of gyration
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transition between types occurs at around 10050 kg/kmol, with type-1 particles to the left of the
line and type-2 particles to the right.

Fig. 4 shows the correlation between the mass of particles (type-1 and type-2) and their prop-
erties such as volume, surface area, and radius of gyration. It is observed that there is a linear
correlation between volume and surface area, and a nonlinear correlation between the radius of
gyration and mass. However, the correlation between the total number of ring structures and mass
is not as strong. The correlation remains unchanged with temperature, but there is a sharp increase
in the total number of ring structures as the particles transition from type-1 to type-2. These cor-
relations suggest that, for type-1 particles, morphological evolution plays the dominant role in the
growth of particles, while for type-2 particles, chemical evolution plays a more important role.

Looking at other physicochemical features, it is found that the variation in characteristics such
as density, radius of gyration, surface area, and volume is much less pronounced in type-2 particles
than in type-1. This is because as particles shift from type-1 to type-2, the process of evolution
changes from morphological and physical to chemical. As a result, the atomic fractal dimension
(as defined in [30]) increases from 2.1 to 2.5, creating more spherical particles. The particle C/H
ratio decreases from 2.7 to 2.3 as more rings are formed. Between type-1 and type-2 particles, the
density does not vary much and stays close to 1.51 g/cm>. It is also notable that among the ring
structures found in the soot cluster, the fraction of 6-membered rings greatly increases after the
transition from type-1 to type-2, while the fractions of 5- and 7-membered rings decrease as they
reorganize into the more stable 6 membered structures.

4. Conclusions

The study found that nascent soot particles contain both ring and non-ring structures, and that the
morphological features of these particles are often correlated with each other and with the particle
size. However, the strength and nature of this correlation varies between different types of particles.
Type-1 particles tend to have a stronger correlation between morphological features and size than
type-2 particles. Overall, type-1 particles were found to have a more prominent morphological
evolution and orderedness than type-2 particles, while type-2 particles were found to have a more
prominent and ordered chemical evolution. Additionally, type-2 particles have less variation in
morphological features than type-1 particles.
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