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Abstract

Reactive molecular dynamics (MD) simulations are employed to investigate the coalescence of incipient soot
clusters. Initially, one thousand acetylene molecules collide and react with each other, allowing bond breakage and
new bond formation upon collision, leading to various species (e.g., linear hydrocarbons, branched polyaromatic
hydrocarbons) up to the formation of nascent soot clusters with diameter of up to 3.5 nm. The structure and
composition of the formed soot clusters are quantified by the packing density and carbon-to-hydrogen (C/H) ratio,
respectively, during nucleation and up to the formation of large nascent soot nanoparticles. Then, the nucleated
incipient soot clusters are isolated from the surrounding reactive species and are allowed to coalesce with each other
isothermally to investigate soot coalescence. The coalescence between incipient soot clusters of different sizes is
elucidated at various process temperatures, ranging from 800 to 1800 K. The characteristic coalescence time of
nascent soot is quantified by tracking the evolution of the particle surface area, for the first time. Soot clusters
consisting of up to 760 atoms coalesce instantly (within 0.1 ns), especially at relatively low temperatures (i.e., 800 —
1000 K). At higher temperatures (1200 — 1600 K), incipient soot clusters are less prone to coalescence due to the
larger fraction of constituent aromatic rings leading to more rigid particles. Large clusters consisting of more than
1300 atoms do not coalesce within the time scales investigated here (i.e., up to 5 ns). The employed reactive MD
approach gives significant insight into fundamental soot formation and growth mechanisms, which are typically
treated semi-empirically, facilitating a better understanding and more efficient control of soot in combustion

processes.
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1. Introduction

Soot clusters are undesired carbonaceous nanoparticles formed during incomplete combustion of hydrocarbon fuels®.
These carbonaceous nanoparticles are emitted from combustion sources, such as combustion engines, diesel vehicles
in urban environments and coal burning for power generation, or biomass burning, such as wildfires. Such particles
(soot) have adverse effects on public health and atmospheric pollution. For example, exposure to soot and
particulate matter can cause DNA mutations, lung cancers® and cardiovascular diseases®. In addition, soot particles
act as nuclei for ice formation, affect cloud properties such as their lifetime, emissivity and albedo* and, when
associated with non-absorbing aerosols constituents, like sulfate, they increase the positive radiative forcing nearly
balancing the net cooling effect of other anthropogenic aerosols®. Yet, some forms of carbonaceous nanoparticles are
reproducibly generated in materials science in the form of carbon black, the largest flame-made nanostructured
material by volume and value since the early 2000s®’. These carbon-based engineered particles find niche market
applications, including catalysis (e.g., carbon-coated cobalt nanoparticles can be used as organocatalysts that can be
recycled by rapid magnetic separation®), energy harvesting applications (e.g., carbon nanotubes combined with
fluoropolymers exhibit high piezoelectric activity®) or bioimaging (e.g., carbon-based quantum dots have great
potential as fluorescent labels for cellular imaging™).

Due to the enormous complexity of the reaction networks involved in combustion, major complications
arise in modelling the kinetics of particle growth. The current understanding of soot formation broadly includes:**
(a) formation of soot precursors and polycyclic aromatic hydrocarbons (PAHS), (b) inception of nascent soot from
large PAHSs, (c) surface growth by addition of gas-phase molecules, (d) particle agglomeration by coagulation, and
(e) oxidation. The first stage of the formation of soot is nucleation or inception. In general, PAHs are believed to
play a major role as soot precursors*’. The details of soot formation have been subject of debate over the years. The
coalescence, stacking and dimerization of PAHSs (e.g., pyrene,* coronene®) is the most commonly adopted
nucleation mechanism in currently available detailed soot models, supported by experiments™. However, recent
reactive molecular dynamics (MD) simulations,™ electronic structure calculations®® and vacuum ultraviolet aerosol
mass spectrometer measurements’” indicated that PAH dimerization hardly contributes to nucleation of soot,
implying that other possible chemical pathways may lead to soot. Molecular dynamics simulations have been
applied to combustion processes involving the formation of incipient soot particles by physical nucleation of pyrene
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and coronene,® peri-condensed aromatics and PAHs with aliphatic chains”*® or by chemical nucleation*® owing to



the development of reactive forcefields. However, most of those computational studies are limited to the homo-
molecular dimerization rates of a limited number of PAHs that have been traditionally believed to contribute to
incipient soot formation, neglecting the effect of radicals or other soot precursors. Soot formation accounting for
chemical reactions has also been studied by nucleation of oxygenated compounds during diesel combustion at 3000
K2 or of heterogeneous PAHs in the presence of small reactive species at 1000 — 1750 K%, leading to the formation
of aromatic-aliphatic linked hydrocarbons.

Once formed, the nascent soot particles evolve due to physical or chemical interactions such as
agglomeration, aggregation and chemical reactions with gas-phase species such as adsorption and/or condensation
of PAHSs.? During soot growth, the coalescence among soot clusters (sometimes ambiguously referred as
“sintering” in a nod to inorganic nanoparticle terminology®) can lead to particle restructuring and surface area
reduction. However, coalescence is typically either neglected or simplified in detailed soot models. Recent scanning
mobility particle size?® and primary particle size distribution measurements® support that coalescence of soot
primary particles can take place in the inception flame region and becomes less important at higher heights above
the burner.?* Monitoring the soot particle size distribution by transmission electron microscopy (TEM) image
counting as function of the height above the burner showed?* that the particle size distributions shift to smaller
particle sizes and narrow down, indicating particle coalescence.

In metallic nanoparticles, sintering (a process similar to coalescence in soot) depends on particle size,
process temperature and even crystallinity, as shown by MD simulations of gold nanoparticles®®. Non-reactive MD
simulations have been used to study the coalescence of soot particles consisting of stacked homogeneous PAHSs
exhibiting rapid coalescence at temperatures higher than the clusters’ melting point with characteristic coalescence
times, 7, at the order of 0.01 ns and slower coalescence (z. = 5 ns) at lower temperatures (T < 500 K)*.
Nonetheless, such non-reactive simulations do not account for new chemical bond formation or breakage that might
take place between the coalescing species.

Here, incipient soot formation and coalescence is investigated in silico by reactive MD simulations, for the
first time, without making a priori assumptions about the soot cluster constituent building blocks. The base
configuration resembles with soot formation in acetylene pyrolysis. Nascent soot clusters with diameter of up to 3.5
nm are formed by clustering reactions of acetylene molecules at 1500 K. The atomic composition and structural

characteristics of the formed nascent soot particles are quantified by the C/H ratio, packing density, aliphatic-to-



aromatic ratio and the number of 5-, 6- and 7-member rings. These incipient soot clusters are then extracted and
placed next to each other in vacuum to allow their coalescence. The characteristic coalescence time of pairs of
equally sized soot clusters adhering to each other with random initial orientations is calculated by tracing the
evolution of the total surface area during particle coalescence?’. The probability of coalescence is determined for
various particle sizes as function of temperature.

The novelty of this work lies in exploring the formation and growth of the soot clusters from pure acetylene
without making any a priori assumption about possible pathways to soot or the characteristics of soot itself. This
work provides an important glimpse at the inception of soot and coalescence of incipient soot clusters and can

facilitate the design of more energy-efficient, soot-free and selective chemical processes.

2. Theory

2.1 Molecular Dynamics (MD)

One thousand acetylene molecules are randomly distributed in a simulation cell with dimensions of 83 x 68 x 74 A,
corresponding to acetylene density of 0.1 g/cm®. A density higher than realistic flame conditions is used to ensure
that nucleation and incipient soot cluster formation takes place within a few nanoseconds. Previous studies®® of
acetylene reactions by reactive MD simulations have shown that the initial acetylene density does not affect the
mechanism of carbon black formation. Acetylene molecules react at 1500 K, a temperature relevant for soot
formation in combustion environment,*® accounting for bond breakage and new bond formation upon molecular
collisions by employing the reactive force field (ReaxFF) of Castro-Marcano et al.* for hydrocarbons. In ReaxFF
the bond lengths are adjusted based on changes in the local chemical environment and are updated at every MD
step®. Therefore, bond cleavage and bond formation are described accurately during chemical reactions leading to
the formation of radicals in the nucleation stage of soot. The equations of motion are integrated by the velocity-
Verlet algorithm® with a timestep of 0.25 fs** using the Nosé-Hoover thermostat® with a damping parameter of 10
fs. The simulations are performed in the NVT (constant number, volume and temperature) ensemble for up to 10 ns

using the LAMMPS® MD code.

2.2 Extraction of incipient soot clusters



Soot clusters are isolated from the surrounding molecules at various stages of soot inception at 1500 K and are
simulated isothermally in the NVT ensemble in vacuum at different temperatures ranging from 800 to 1800 K for up
to 0.5 ns. The rationale of the single-particle isothermal simulations is to emulate the physicochemical restructuring
of soot clusters during thermal aging. During cluster restructuring, atoms or small molecules (of up to 3% of the

initial number of atoms) leave the particle surface without practically altering the particle size.

2.3 Characteristic coalescence time
Pairs of particles with random initial orientations are placed next to each other at a minimum separation distance of
0.3 nm*® in a cubic simulation cell with dimensions 300 x 300 x 300 A, applying non-periodic boundary
conditions.”® The separation distance of 0.3 nm is chosen to ensure that the closest atoms between the two
coalescing clusters are close enough to ensure instant adhesion. Once particles are placed close to each other, they
adhere either by reactions forming new chemical bonds or by weak non-bonded interactions. Upon adhesion, the
particles either stick and fuse or they dissociate. The evolution of the surface area of particles that stick is
determined using the MSMS 6.2.1% code, which calculates the solvent-accessible area (free surface area) of
overlapping spheres. A probe radius of 2.25 A is employed for the surface area calculation, corresponding to that of
a N, molecule. This method of surface area calculation is comparable to the measurement of the specific surface
area by N, adsorption®.

For each pair of particles, seven random initial orientations were simulated for up to 3 ns at each
temperature. The characteristic coalescence time, z., is the time required for the neck diameter to reach 83% of the
initial particle diameter.* This time corresponds to 67% reduction of the excess particle surface area over that of a

fully coalesced sphere, a.. The rate of change of the surface area by coalescence is:*

da 1
- aa) (1)

C
Although soot coalescence is typically neglected or overlooked in the literature, some models accounted for

1.** used a sectional

soot coalescence in ethylene/air diffusion* and premixed flames®. Specifically, Veshkini et a
soot model to describe soot coalescence by employing a surface diffusion mechanism model developed for titania

particles (by combining equations 6 and 7 from Kobata et al.*):
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where d, (m) is the particle diameter, T (K) is the temperature and R is the gas constant. Chen et al.* also used a
viscous flow coalescence rate (based on the sintering rate of amorphous silica)* in soot population balance equation

to account for soot particle coalescence:*?
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where dyisinmand T in K.

2.4 Chemical structure of soot clusters
The chemical structure of soot clusters is extracted by post-processing the MD-obtained atom coordinates from
trajectory files of each cluster using a Python script developed in-house™ using a structure-conversion method for
organic molecules®. The tool detects the number of aromatic rings (i.e., 5-, 6- and 7-membered rings), the total
number of aromatic and aliphatic carbon atoms, and the coordinates of both aromatic and aliphatic components. Due
to the highly interconnected nature of the network of molecules, a divide and conquer algorithm is developed.

Initially, the whole domain is divided into several overlapping sets of smaller subregions. The subregions
can overlap with each other to eliminate the possibility of losing any information of interconnectivity at the
intersection of subregions. Then, each of these subregions is analyzed and the relevant soot chemistry is extracted.

First, the ring structures in the clusters are extracted by generating an adjacency matrix based on the range
of carbon-carbon bond distances (1.3 A — 1.6 A) obtained from MD simulations. The adjacency matrix is converted
into several simply connected graphs*’. Each graph corresponds to a different network of carbons in the cluster.
After separating the graphs, an efficient algorithm™ is used to identify all elementary circuits in the graph based on
the minimum spanning tree using the Kruskal algorithm®. The closed circuits (rings) are detected using a depth-first
search algorithm® and the 5-, 6- and 7-membered circuits, representing the aromatic rings in each of the molecules
in the cluster, are quantified. Once the aromatic rings are obtained, the aliphatic carbon atoms are identified.

The atomic coordinates of the identified aromatic and aliphatic carbon atoms are converted from atomic

connectivity to bond orders by applying general chemical rules and valency information®. First, the bond orders are



assigned to each atomic pair using the atomic valences as input. Then, the degree of bond saturation is calculated
using the aromatic connectivity information. The bond order is assigned by trial and error, and when the atoms in
each aromatic connectivity network achieve appropriate valence states, the bond order assignment is terminated.
Once all atoms are assigned with a bond order, the information is converted to a simplified molecular-input line-
entry system (SMILES)®". Similar to the detection of the aromatic rings, the Kruskal algorithm* is used to detect
ring closures, while the primary chains and branches are identified based on the depth-first search algorithm®. The
SMILES-generated chemical structures of the closed rings are visualized using the “RDKIT” open-source

cheminformatics interface®.

3. Results and discussion

3.1 Incipient soot formation

Incipient soot particles are formed by nucleation and surface growth of acetylene molecules (Sec. 2.1). The
nucleation simulation is similar to acetylene pyrolysis as there are no oxygenated species present. Even though
nucleation starts only with pure acetylene, ReaxFF allows for bond breakage and bond formation, resulting in a
plethora of hydrocarbons (both aromatic and aliphatic) that, in turn, lead to the formation of soot. Figure 1 shows the
evolution of gas-phase molecules and nascent soot clusters at (a) 0.05, (b) 0.3, (c) 0.4 and (d) 2.7 ns, formed by
collisions of acetylene molecules at 1500 K. Aromatic and aliphatic carbon chains are depicted as black lines while
hydrogen atoms are omitted for clarity. The formation of incipient soot takes place at three different stages: the
formation of linear chains (Fig. 1a), the cyclization stage where the formation of aromatic rings is observed (Fig.
1b), and the particle growth by surface reactions with small radicals and molecules present in the surroundings (Fig.
1c and d).

Initially (for t < 0.05 ns), the reactant species consist mainly of acetylene molecules and small linear
hydrocarbons (highlighted by red circling in Fig. 1a). These linear chains formed at the early stages of nucleation
consist mainly of carbon atoms and, typically, are terminated by hydrogen atoms. At this timestep (t = 0.05 ns),
there are several hydrocarbon molecules in the simulation domain, with molecular weight of up to about 347 g/mol
(corresponding to 26 carbon atoms). Upon continuous collisions, the straight chains stick with small radicals and
with each other to form branches that lead to formation of branched PAHSs (e.g., highlighted by red circling in Fig.

1b). The branched PAHs grow further by condensation of gaseous species on a network of aromatic rings till the



formation of a large soot cluster (Fig. 1c, red encircling) that grows constantly by condensation of small free linear
radicals on its surface (Fig. 1d, red encircling) till their depletion. The above soot formation mechanism exhibits the
same growth stages with carbon black at 2500 — 3500 K, elucidated by reactive MD%,
Figure 1

The largest soot cluster formed during the simulation of nucleation and surface growth (encircled particle in
Fig. 1b —d) is isolated from the surrounding molecules at different stages of its growth and is characterized by
determining its composition and structural characteristics. Table 1 shows exemplarily snapshots of the incipient soot
clusters obtained during nucleation and surface growth at 1500 K (Fig. 1) at different stages of their growth (t = 0.25
— 2 ns). Aromatic carbon rings are depicted by black lines whereas aliphatic carbon branches are depicted as blue
beads. The number of atoms, radius of gyration, ry, aromatic-to-aliphatic carbon ratio and number of 5-, 6- and 7-
member rings are listed for each cluster. At the early stages of soot formation (t < 1 ns), the aromatic-to-aliphatic C
ratio is small indicating that the clusters consist mainly by aliphatic carbon chains that occupy the particle surface,
while the core consists of small aromatic islands (each containing 1 — 15 rings) linked together by aliphatic branches
consistent with earlier reactive MD simulations®. As the particles grow further (t > 1 ns), the surface-to-volume
ratio decreases and the clusters are composed primarily of large aromatic islands and only a few aliphatic chains that
decorate the surface, leading to larger aromatic-to-aliphatic C ratios. The composition of the aromatic islands is
quantified by the number of 5-, 6- and 7-member rings. Initially (t < 1 ns), all three types of aromatic rings exist in
the cluster but no clear trend is observed in the fraction of 5-, 6- or 7-member rings, as the soot clusters consist of a
few small aromatic islands cross-linked with aliphatic chains, corresponding to aromatic-to-aliphatic C ratios
smaller than 1. In larger incipient soot particles with aromatic-to-aliphatic C ratios greater than 1, the aromatic
islands consist mostly of 6-member rings (~55%) and a smaller fraction of 5- (~25 — 30%) or 7-member rings (~15 —
20%), regardless of the constituent number of atoms or the aromatic-to-aliphatic C ratio. These results are consistent
with TEM,* indicating that incipient soot nanoparticles exhibit an aromatic core and aliphatic shell structure.

Table 1

The carbon-to-hydrogen (C/H) ratio of these MD-derived incipient soot clusters is between 2 — 3
(Supplementary Information: Fig. S1), consistent with CHNSO elemental analysis in premixed methane and
ethylene flames™ and laser desorption ionization combined with mass spectrometry® and atomic force microscopy

measurements™° obtained for incipient and primary soot clusters with low molar mass, providing an indirect



validation of the present reactive MD simulations. For larger soot clusters (MW > 1 kg/mol), the C/H ratio lies
between the C/H ratios of peri- and cata-condensed PAHs®’. The volume-equivalent diameter of the soot cluster is
also in line with reported values of peri-condensed PAHSs for small clusters (Supplementary Information: Fig. S2). In
addition, the shape of the MD-obtained soot clusters is quantified by their packing density, 8, and “atomic” fractal
dimension, Ds (Supplementary Information: Fig. S3). The packing density is typically used to quantify the porous
structure of nascent soot particles, while the “atomic” Dy is used to quantify the sphericity and is equivalent to the
mass fractal dimension of aggregates®® — except for the fact that C and H atoms are used instead of primary particles
to calculate the fractal dimension. Small incipient soot clusters with MW < 10 kg/mol are non-spherical as their
surface is occupied by long aliphatic chains. These low molecular weight clusters exhibit 8 < 0.6, indicting their
highly porous structure, and Ds ranging from 1.2 (chain-like clusters) to 2.7 (spherical-like clusters), indicating their
large morphological variations. Larger particles (MW > 10 kg/ mol), however, become less porous and more
spherical exhibiting 6 > 0.6 and “atomic™ D = 2.4 — 2.8, consistent with packing density estimations> based on the
ratio of the effective to bulk soot density (Supplementary Information: Eqgs. S1 — S3) and discrete element method
models of nascent soot growth in ethylene flames®, respectively. Even though the surface of those particles is still
decorated with aliphatic chains, they hardly affect the particle morphology, especially for small surface-to-volume
ratios. This is evidenced by high resolution TEM images of soot particles obtained in spark ignition flames®".

Eight soot clusters consisting of 50, 247, 348, 449, 760, 1404, 1769 and 1927 atoms were used to
investigate the effect of temperature, cluster size, structure and composition on coalescence dynamics. These
clusters are referred as clusters A — H, with A being the smaller one consisting of 50 atoms and H being the largest
one consisting 1927 atoms. Table 2 shows the snapshots of the incipient soot clusters A — H, obtained during
nucleation and surface growth at 1500 K (Fig. 1). The number of atoms, radius of gyration, ry, aromatic-to-aliphatic
C ratio and number of 5-, 6- and 7-member rings are listed for each cluster. These clusters are then simulated
isothermally in the NVT ensemble in vacuum at various temperatures to allow particle restructuring due to
temperature-dependent chemical reactions, as described in Section 2.2 section.

Table 2

Figure 2 shows the effect of temperature on aromatic-to-aliphatic carbon ratio as function of temperature

for incipient soot particles D (circles), E (squares), G (triangles) and H (diamonds), after the single-particle

isothermal simulations (see Section 2.2). The number of atoms represent the total number of atoms for the cluster
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when they were extracted from the nucleation simulation (at 1500 K). The temperatures indicate the temperature at
which these clusters restructured before coalescence. Small soot clusters consisting of 449 (cluster D) and 760 atoms
(cluster E) have fewer aromatic islands occupying their core and more aliphatic chains decorating the surface (see
also Table 2) compared to larger particles G and H (i.e., consisting of 1769 and 1927 atoms). Such small clusters
increase their aromatic-to-aliphatic carbon ratio with increasing temperature due to aromatization reactions taking

place at high temperatures, consistent with Dandajeh et al.®

Larger soot clusters, however, exhibit higher aromatic-
to-aliphatic carbon ratios (> 1.5), which are less sensitive to temperature for the timescales investigated here. The
MD-obtained results are consistent with the ratio of aromatic C-H and aliphatic C-H obtained by photoionization
aerosol mass spectrometry® and micro-Fourier transform-infrared spectroscopy (FTIR) measurements® of soot
particles with average diameter of 10 nm sampled from premixed ethylene flames. These flame-made carbonaceous
nanoparticles age as they travel in the high-temperature regions of flames for longer times (of the order of
microseconds) than the timescales simulated here.

Figure 2
3.2 Incipient soot coalescence
Clusters A — H are replicated with random initial orientations and are placed next to each other in vacuum with
interparticle distance of ~3 A to coalesce at various temperatures. Among those clusters, only particles B — E exhibit
reduction to their surface to a value lower than 67%, indicating coalescence®. Small clusters (i.e., cluster A) bounce
without adhering to each other while bigger clusters (i.e., clusters G and H), although they can adhere to each other,
they coalesce only partially, leading to minor surface area reduction. The surface area evolution of pairs of clusters
that adhere, coalesce and bounce are shown exemplarily in the Supplementary Information, Fig. S4.

Figure 3 shows snapshots of two equally sized incipient soot clusters, corresponding to cluster E in Table 2,
with initial radius of gyration, ry = 1.23 nm, coalescing at (a) 800 K and (b) 1600 K. Aliphatic C atoms are shown
with blue dots and 5-, 6- and 7-member rings are depicted as black rings, while H atoms are omitted (left columns).
At low temperature (T = 800 K), each particle consists of 760 atoms, having C/H = 2.78 (CssgH21). Initially (t = 0),
clusters at T = 800 K are placed next to each other with random initial orientation. As time proceeds, the clusters
approach each other and re-orient (t = 0.01 ns) until they adhere to each other (t = 0.1 ns) due to reactions taking
place among their aliphatic surface branches. The chemical reactions taking place between the coalescing clusters

are monitored by the radial distribution function, which reveals that the nearest carbon-carbon neighbors between
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the two clusters are at a distance within the triple carbon-carbon bond length, indicating that chemical reactions take
place during coalescence. The free-moving branches at the cluster surface occupy the concave region formed around
the neck leading to reduction or the surface area. At longer times (t > 0.1 ns), the clusters coalesce leading to the
formation of a compact oval-like dimer at 0.7 ns, hardly altering their shape (t = 1.2 ns). During coalescence, only
the free aliphatic branches participate in the neck formation and no clustering of the core aromatic islands is
observed. A movie of the coalescence dynamics of clusters (E, E) at 800 K is also shown in the Supplementary
Information, Video S1. However, larger incipient soot clusters, such as clusters G and H, do not coalesce
significantly within the time scales investigated here, as they behave as rigid spheres due to the high fraction of
aromatic C atoms (shapshots of clusters (G, G) and (H, H) coalescing at 800 K are shown in the Supplementary
Information, Fig. S5 and a movie of the coalescence dynamics of clusters (G, G) at 800 K is shown in the
Supplementary Information, Video S2).

At high T = 1600 K, each particle E has lost seven H atoms upon restructuring during single-cluster
isothermal simulations (see Section 2.2), attaining C/H = 2.86 (CssgH194), While its aromatic-to-aliphatic C ratio has
increased from 0.37 at 800 K to 0.58 at 1600 K. Similar to 800 K, the two particles adhere to each other at t = 0.1 ns,
however, the neck formed between the particles hardly grows as function of time and the dimer maintains its
concave region.

In addition, Fig. 3 shows the temporal evolution of the chemical structure of ring closures (right columns)
of the coalescing clusters (E, E) identified based on the structure-conversion method described in Section 2.4. Large
PAH structures are seen throughout coalescence at both temperatures. In each such cluster, 6-membered rings are
held together by 5- (highlighted yellow areas) and 7-membered rings (highlighted red areas), as shown exemplarily
att=1.2 ns, indicating the importance of those rings as hypothesized in recent studies™>®®. Most of these structures
are found more than once in each cluster. Initially (t = 0 ns), even though the clusters contain relatively large PAHs
composed of up to 12 rings at both temperatures, the PAH size does not increase during coalescence at T = 800 K as
PAHSs do not react with each other and coalescence takes place solely due to chemical reactions among the aliphatic
branches of the clusters. In contrast, chemical reactions among PAHSs are observed at higher temperatures (i.e., T =
1600 K), leading to formation of larger PAH structures within the coalescing clusters at t > 0.1 ns.

Figure 3

12



Figure 4a shows the temporal evolution of the aromatic-to-aliphatic C ratio of coalescing clusters (E, E) at
800 K (black line) and 1600 K (red line), discussed in Figure 3. At 800 K, the aromatic-to-aliphatic C ratio of
clusters (E, E) is ~0.26 and does not change during coalescence, indicating that no aromatization takes place. At
1600 K, however, the fraction of aromatic C atoms increases as more rings are formed, leading to the formation of
larger PAH structures (as shown in Fig. 3b, t > 0.1 ns). The number of 5- (brown lines), 6- (blue lines) and 7-
member rings (green lines) of coalescing clusters (E, E) are also shown at 800 K (Fig. 4b) and 1600 K (Fig. 4c). At
T =800 K (Fig. 4b) the 6- and 5-member rings are the dominant types of aromatic rings found in clusters (E, E),
while about 13% of the identified aromatic rings are 7-membered. Even though the number of 5-, 6- and 7-member
rings fluctuates, their average number does not alter during coalescence. Nonetheless, the aromatization that takes
place at T = 1600 K leads to an increase to all three types of aromatic rings, while the number of 5-member rings is
comparable to that of 6-member rings, highlighting their importance in the soot clusters formed by coalescence at
high temperatures.

Figure 4

The degree of coalescence is quantified by monitoring the normalized surface area during coalescence of
pairs of clusters. These simulations can lead to full or partial coalescence or bounce of the two particles.
Coalescence and bounce events result in decreasing and increasing surface area of the soot cluster pairs, a,
respectively. Figure 5 shows the temporal evolution of the coalescing soot clusters surface area, a, normalized by the
initial surface area before particle adhesion, ao, during coalescence of soot clusters with (a) initial ry = 1.23 nm
(pairs of cluster E, denoted here as (E,E)) at 1600 K (red line), 1200 K (green lines), 1000 K (blue lines) and 800 K
(black lines) and (b) particles (E, E) (black line), (D, D) (blue line) and (C, C) (green line) at 800 K. The lightly
colored shaded areas represent the variability of multiple coalescence simulations with random initial cluster
orientations. The initial cluster orientation can affect the evolution of the surface area reduction and, in turn, the
characteristic coalescence rate, as clusters rotate to find energetically favorable contact points or surfaces (please see
Supplementary Video S2), delaying cluster adhesion. Such cluster rotation has been observed also for gold®® and
titania®’ nanoparticles. The broken horizontal line at a/a, = 0.863 indicates the characteristic coalescence time, z,
which corresponds to the time required for the free surface area to decrease by 67%.

For soot clusters (E, E) (Fig. 5a), the average a/a, hardly changes for t < 10 ns as the clusters re-orient

without adhering to each other. Nonetheless, the presence of aliphatic branches attached at the particle surface
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causes abrupt fluctuations in the free surface area. For t > 10°® ns, the normalized surface area decreases upon
coalescence due to the formation and growth of a neck at the interface of the two clusters. The temporal evolution of
ala, follows the same trend for all coalescing clusters, regardless of temperature. However, for clusters coalescing at
low temperature (i.e., at T = 800 K), the normalized surface area drops slightly faster than at higher temperatures.
This delay in the coalescence rate with increasing temperature is in stark contrast to the temperature dependence of
the characteristic sintering time of monometallic®®, bimetallic®’ or oxide® nanoparticles obtained by tracking the
MD-derived normalized surface area. This difference can be attributed to the aliphatic chains at the soot clusters’
surface contributing to coalescence, which are absent from metallic or oxide nanoparticles. Furthermore, high
temperatures favor the formation of additional aromatic rings in the soot clusters leading to an increase in the
aromatic-to-aliphatic ratio (Fig. 2). Therefore, the soot clusters become more rigid and less prone to coalescence
with increasing temperature.

At T =800 K (Fig. 5b), soot clusters have similar evolutions in their normalized surface area during
coalescence. For all particles, a/ay drops below the threshold of a/ag = 0.863 early on (within a few nanoseconds),
indicating that coalescence is instant. Yet, the coalescence rate exhibits minor dependence on the soot cluster size:
pairs consisting of larger clusters i.e., pairs (D, D) and (E, E), originally consisting of 449 and 760 atoms,
respectively, at 1500 K during nucleation (Table 2), coalesce more slowly than pairs (C, C) consisting of clusters
with 247 atoms each.

Figure 5

Figure 6a shows the MD-obtained characteristic coalescence time, z. (symbols), for coalescing incipient
soot cluster pairs (B, B) (diamonds), (C, C) (triangles), (D, D) (circles) and (E, E) (squares) as function of the
process temperature, T. The error bars show the minimum and maximum values of the coalescence rate obtained
from up to seven coalescence simulations. As temperature increases, z. slightly increases for all cluster sizes,
corresponding to slower coalescence. All cluster sizes, however, exhibit almost identical z, of ~0.1 ns (with a
variation of two orders of magnitude) for the size ranges investigated here (ry = 0.81 — 1.23 nm). The reactive MD-
obtained . is consistent with classic MD coalescence simulations of soot particles consisting of homogeneous PAHs
exhibiting 7. = 0.01 ns at temperatures higher than their melting point. It should be noted, however, that classic
MD coalescence simulations do not account for the dynamic evolution of soot composition and structural changes

induced by reactions, but account only for blending of the PAH molecules they consist of. In addition, the MD
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results obtained here are in contrast with Eq. 3 (orange line) proposed*® for soot using particle diameter, dp=2.5nm
(consistent with the size of cluster E, dq = 2ry = 2.46 nm), which indicates faster coalescence with increasing
temperature. Equation 3 describes coalescence by viscous flow of material from the bulk to the neck region and does
not account for structural characteristics of the coalescing clusters, such as aromatic-to-aliphatic ratio or C/H ratio,
thus predicting faster coalescence at higher temperatures. Similar temperature-dependence is also predicted by
coalescence due to surface diffusion (Eq. 2), resulting, however, to z. > 100 ns (not shown here) for the cluster sizes
and temperatures investigated here. Nonetheless, high temperatures promote the formation of more aromatic rings
(as shown in Figs. 4a and c) that enhance the rigidity of incipient soot clusters, to slower or no coalescence.

Figure 6b shows the probability of coalescence, i.e. the clusters’ probability to coalesce forming a dimer
with a/ag < 0.863, for soot cluster pairs (B, B) (diamonds), (C, C) (triangles), (D, D) (circles) and (E, E) (squares) as
function of temperature. For each combination of clusters and temperature, seven independent coalescence
simulations were performed with random initial orientation. The coalescence probability is extracted from these
seven coalescence simulations for each cluster size and temperature. At T = 800 K, all simulated soot clusters
coalesce fully leading to round particles (e.g., Fig. 3a), while no bounce events are observed. As temperature
increases, the fraction of soot clusters that coalesce decreases. At high temperatures, incipient soot particles typically
exhibit higher aromatic-to-aliphatic C ratios (Fig. 2) indicating the formation of harder structures (stiff clusters) that
are less prone to coalesce, leading to very low or zero probability of coalescence (Fig. 6b: T > 1200 K).

Figure 6

4. Conclusions

The formation mechanism of soot nuclei was investigated by reactive molecular dynamics (MD) simulations. The
generated nascent soot particles are characterized in terms of their composition (C/H ratio, aromatic-to-aliphatic
ratio), size and structural characteristics (number of 5-, 6- and 7-member rings, packing density). Nascent soot
nanoparticles formed ab initio by nucleation and surface growth attain “atomic” fractal dimensions of 2.4 — 2.8 and
C/H ratio of ~2.5. The clusters exhibit a core-shell structure consisting of an aromatic core and an aliphatic shell.
Coalescence of soot clusters is investigated at various process temperatures and particle sizes. At low temperatures,

particles are more prone to coalescence as they exhibit lower aromatic-to-aliphatic ratio and smaller C/H ratios.
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Coalescence takes place due to reactions among the aliphatic chains at the particle surface. Large particles
consisting of more than 760 atoms have smaller surface-to-volume ratio and aromatic-to-aliphatic ratio greater than
1, therefore, they are less likely to coalesce. The characteristic coalescence time is determined by monitoring the
evolution of the surface area of the coalescing soot clusters and hardly changes as function of particle size for
clusters consisting of 247 — 760 atoms. However, the coalescence rate depends on the cluster structure and
composition, quantified by the aromatic-to-aliphatic carbon ratio, which, in turn, depends strongly on the particle
size and the process temperature. Specifically, incipient soot clusters with aromatic-to-aliphatic carbon ratio smaller
than 1, coalesce with characteristic coalescence time of the order of 0.1 ns, while no coalescence is observed for
clusters with larger aromatic-to-aliphatic carbon ratios for the time scales investigated (i.e., up to 10 ns). The
coalescence rate slows down slightly as the process temperature increases, in contrast to viscous flow or surface

diffusion sintering mechanisms.
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Figure 1. Snapshots of the carbonaceous species (black lines correspond to carbon aliphatic and aromatic
chains; hydrogen atoms are omitted) formed by acetylene collisions at 1500 K after (a) 0.05, (b) 0.3, (¢)
0.4 and (d) 2.7 ns. The first nuclei (red-circled molecules) are formed by chain elongation (0.01 ns),
cyclization with the formation of branched PAHs (0.3 ns) and sticking to form nascent soot clusters (0.4
ns) which grow further by condensation of small free molecules on their surface (2.7 ns).
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Figure 2. The aromatic-to-aliphatic carbon ratio is shown as function of the temperature for single incipient soot
particles consisting of 449 (cluster D, circles), 760 (cluster E, squares), 1769 (cluster G, triangles) and 1927 atoms
(cluster H, diamonds) after they are extracted during nucleation at 1500 K (Fig. 1) and simulated isothermally at 800
— 1800 K. The number of atoms represent the total number of atoms for the cluster when they were extracted from
the nucleation simulation (at 1500 K). The temperatures indicate the temperature at which these clusters restructured
(see Sec 2.2) before coalescence.
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Figure 3. 3D snapshots (left columns) and chemical structure (right columns) of pairs of incipient soot clusters,
corresponding to cluster E in Table 2, with initial radius of gyration, ry = 1.23 nm, coalescing at (a) 800 K and (b)
1600 K. Only C atoms are shown, with blue dots indicating aliphatic C atoms and black rings depicting 5-, 6- and 7-
member rings. The 5- and 7-membered rings are marked respectively with yellow and red highlights at t =1.2 ns.
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Figure 4. (a) The temporal evolution of the aromatic-to-aliphatic carbon ratio of coalescing soot clusters (E, E) at
800 K (black line) and 1600 K (red line). At high temperatures the aromatic-to-aliphatic carbon ratio increases
during coalescence due to aromatization reactions, while at low temperatures (800 K) no aromatization is observed
throughout coalescence for up to 1 ns investigated here. The temporal evolution of the number of 5- (brown lines),
6- (blue lines) and 7-member rings (green lines) of coalescing clusters (E, E) is shown at (b) 800 K and (c) 1600 K.
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Figure 5. (a) Temporal evolution of the normalized surface area, a/ao, during coalescence of soot clusters with
initial dg = 2.5 nm at 1600 K (red line), 1200 K (green lines), 1000 K (blue lines) and 800 K (black lines). (b)
Temporal evolution of the normalized surface area, a/a,, during coalescence of soot clusters with initial dq = 2.5
(black line), 1.88 (blue line) and 1.9 nm (green line) at 800 K. The lightly colored shaded areas represent the
variability of multiple coalescence simulations. The broken horizontal line at a/ag = 0.863 indicated the
characteristic coalescence time, z,, which corresponds to the time required for the free surface area to decrease by
67%.
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Figure 6. (a) MD-obtained characteristic coalescence time, z. (symbols), for coalescing incipient soot clusters (B, B)
(diamonds), (C, C) (triangles), (D, D) (circles) and (E, E) (squares) as function of the process temperature, T.
Increasing temperature results in slightly slower coalescence rates (increasing z.). The MD results contrast with a
viscous flow sintering rate (orange line*) which indicates faster coalescence with increasing temperature. (b) The
probability of coalescence indicating the probability of pair soot clusters (B, B) (diamonds), (C, C) (triangles), (D,
D) (circles) and (E, E) (squares) to coalesce forming a dimer with a/ay < 0.863 is shown as function of temperature.
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Table 1. Exemplary snapshots of incipient soot clusters obtained during nucleation and surface growth at 1500 K (Fig. 1). The number of atoms, radius of

gyration, rq, aromatic-to-aliphatic C ratio and number of 5-, 6- and 7-member rings are listed for each particle.

W
time, ns 0.25
no. of atoms 178 851 1367 1450 1478 1754 1782 1800

Fg» NM 0.834 1.32 1.36 1.37 1.36 1.43 1.41 1.43
aromatic/aliphatic |\ ,o5 | goap | 0412 | 0838 | 128 | 127 | 132 | 146

C ratio
5-member rings 2 6 19 28 31 47 38 41
6-member rings 1 29 53 81 76 76 85
7-member rings 2 12 12 23 22 32 41 40
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Table 2. Snapshots of incipient soot clusters A — H, obtained during nucleation and surface growth at 1500 K (Fig. 1), are selected for coalescence simulations.
The number of atoms, radius of gyration, rq, aromatic-to-aliphatic C ratio and number of 5-, 6- and 7-member rings are listed for each particle. Clusters A —H are

further simulated in NVT at various temperatures and are replicated to coalesce in vacuum.

A D e
time, ns 0.168 0.32 0.35 0.39
no. of atoms 50 247 348 449 760 1404 1769 1927
Ig, NM 0.63 0.81 1.03 0.99 1.23 1.35 1.39 1.39
arom%tic;ft'i'gpha”c 047 | 019 | 038 | 037 | 028 | 089 | 15 | 226
5-member rings 1 2 8 9 14 30 37 66
6-member rings 0 5 8 10 11 55 89 110
7-member rings 0 0 2 4 4 23 39 34
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