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ABSTRACT 
Chemical nucleation of carbonaceous nanoparticles is investigated during pyrolysis of 
n-heptane at high temperature (2200–2600 K) by reactive molecular dynamics (MD) simula-
tions. The MD-derived n-heptane consumption rate is in agreement with kinetic modeling, 
validating the present work at high temperature and high fuel concentration conditions. 
The critical nucleus size is quantified by the free formation energy at 2200–2600 K for 
n-heptane concentrations ranging from 3� 1020−9� 1020 #/cm3. Increasing temperature 
leads to smaller critical size, starting from 59 ± 7 carbon atoms at 2200 K that decreases 
down to 33 ± 3 carbon atoms at 2600 K, while the fuel concentration hardly affects the criti-
cal nucleus size. The onset time of nucleation decreases exponentially with temperature, 
consistent with previous shock tube pyrolysis experiments. The nucleation rate is obtained 
by the rate of formation of critical and supercritical hydrocarbon molecules. An Arrhenius- 
type relationship between the nucleation rate and the process temperature is proposed, 
exhibiting a first-order dependency to the initial fuel concentration. The number density of 
carbon nuclei derived by this nucleation rate is four to five orders of magnitude higher than 
that obtained by kinetic models for soot nucleation by reactive polyaromatic hydrocarbon 
(PAH) dimerization. The present MD-derived nucleation rate provides a computationally effi-
cient pathway to model carbonaceous nanoparticle formation dynamics without relying on 
individual chemical reaction rate constants or on computationally expensive PAH-based 
models.
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1. Introduction

Carbon black is the largest nanomaterial produced 
industrially today, primarily through the combustion 
of residual fuel oil (International Carbon Black 
Association 2016). These nanoparticles are used in a 
wide range of applications, including inks, tires, and 
paints, contributing to a $16 billion industry world-
wide. Recently, carbon black has also been incorpo-
rated into lithium-ion batteries (Hu, Zhong, and Yan 
2021) and supercapacitors (Ma et al. 2021) to meet 
the growing energy demands of society. In contrast, 
soot, a by-product of fossil-fuel combustion, has been 
at the forefront of research for several decades due to 
its adverse health effects (Jerrett et al. 2013) and nega-
tive impact on the environment and Earth’s albedo 
(Bond et al. 2013). The large-scale transition toward 
net-zero emission technologies within the next 
40 years, provided it is viable from technical, eco-
nomic and social standpoint, remains a challenging 
undertaking (Smith et al. 2019). Therefore, research 
on combustion chemistry and a more systematic 
understanding of carbon-based nanoparticle formation 
are crucial not only for better product design but also 
for the development of cleaner combustion technolo-
gies and will play a pivotal role on this protracted 
transition (Kohse-H€oinghaus 2020). The complexity in 
modeling carbonaceous nanoparticle formation, espe-
cially during nucleation, remains a significant chal-
lenge. Despite the low soot yield of nucleation 
compared to surface growth (Harris and Weiner 
1985), it largely affects particle size distribution 
(Veshkini et al. 2016), and chemical composition 
quantified by its mass spectra (Raj et al. 2010), all of 
which are critical for determining end-product prop-
erties and meeting emission regulations (Kholghy 
et al. 2019).

Polyaromatic hydrocarbons (PAHs) and, poten-
tially, their resonance-stabilized radicals (Gentile et al. 
2020; Johansson et al. 2018), are the primary precur-
sors of soot nucleation, a premise supported by recent 
theoretical calculations (Frenklach 2002; Miller 2005), 
mass spectroscopy (Johansson et al. 2018), and atomic 
force microscopy imaging (Schulz et al. 2019). 
However, owing to the inherent challenges in captur-
ing soot nucleation experimentally, the exact mechan-
ism by which PAHs contribute to soot nucleation 
remains unclear (Wang 2011). In this regard, PAH 
dimerization is routinely applied as the main soot 
nucleation mechanism in soot models.

Models for soot nucleation can be classified 
(Kennedy 1997) into semi-empirical and detailed kin-
etic ones. Semi-empirical models are obtained by 

fitting simplified theoretical nucleation rates to soot 
volume fraction data. Such models (Brookes and Moss 
1999) are widely used in mathematical frameworks for 
practical flame (Li et al. 2023) and engine modeling 
(Stiesch 2003). The preference for employing these 
semi-empirical models is primarily rooted in their 
ability to offer an optimal balance between modeling 
precision and computational efficiency (Kleiveland 
2005). Soot nucleation correlations used in these mod-
els directly relate the nucleation rate either to the par-
ent hydrocarbon fuel (Gilyazetdinov 1972) or to 
intermediate species concentrations (Leung, Lindstedt, 
and Jones 1991; Moss, Stewart, and Young 1995), sim-
plifying the complex chemistry of soot nucleation 
(Tanelli and Maranta 2015). Experimental evidence 
shows soot nucleation is primarily driven by key 
intermediate species, such as acetylene (Leung, 
Lindstedt, and Jones 1991) or benzene (Lindstedt 
1994), whose concentration is indicative of the nucle-
ation region during combustion of light ethylene, 
methane and heavy propane fuels (Lindstedt 1994), 
respectively. However, semi-empirical models are 
often valid only for the narrow range of combustion 
conditions used in the fitted experimental data set. So, 
quantitative, mechanistic models for soot nucleation 
are essential to design cleaner combustion engines.

The most widely accepted detailed kinetic model, 
proposed by Frenklach and Wang (1994), provides a 
comprehensive chemical reaction framework for PAH 
formation, as well as for nucleation and growth of 
soot. Soot nucleation was assumed to occur through 
dimerization of PAHs (Frenklach and Wang 1994). 
One widely studied hypothesis to describe transition 
from PAH molecules to solid-like carbonaceous par-
ticles is the dimerization of PAHs, especially, pyrene, 
held together irreversibly by physical van der Waals 
forces (Frenklach and Wang 1991; Schuetz and 
Frenklach 2002). The stability of such dimers at the 
high temperature environment of flames has been 
questioned (Mao, van Duin and Luo 2017; Sabbah 
et al. 2010) as larger PAHs, such as circumpyrene or 
circumcoronene, may be more likely to initiate phys-
ical nucleation due to their stronger physical interac-
tions (Mao, van Duin, and Luo 2017). However, the 
role of large PAHs in nucleation is unclear, as their 
concentration decreases dramatically with increasing 
PAH size (Wang 2011). Additionally, soot particles 
are incepted at short residence times and reach their 
peak concentrations before medium-sized PAHs, such 
as coronene, appear (Siegmann, Sattler, and Siegmann 
2002). Gleason et al. (2021) measured the number 
concentrations of soot and large aromatic structures 
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(up to six-rings) in counterflow diffusion flames by 
combined soot pyrometry and light scattering and 
compared them against a nucleation kinetic model by 
physical self-dimerization of different PAHs, revealing 
that only small aromatic structures (with one or two 
rings) can contribute to soot nucleation.

Nevertheless, the specific PAHs that contribute to 
soot nucleation and the underlying mechanism 
responsible for this transition are not fully understood 
(Wang 2011), as physical PAH dimerization cannot 
explain soot nucleation in flames above 1000 K 
(Sabbah et al. 2010). The weak bonding of PAH 
dimers leads to dissociation upon collisions with sur-
rounding species, preventing their growth into larger 
soot particles. Thus, physical nucleation is less likely 
to occur at moderate temperatures (e.g., 1600 K) 
(Mao, van Duin, and Luo 2017). Recently, the role of 
chemical nucleation has been revisited, especially at 
high temperatures (D’Anna 2009; Frenklach and 
Mebel 2020; Johansson et al. 2018; Kholghy, Kelesidis 
and Pratsinis 2018; Kholghy et al. 2019; Mao, van 
Duin and Luo 2017). So, chemical and physical-chem-
ical mechanisms for soot nucleation have been pro-
posed based on experimental data (Johansson et al. 
2018), density functional theory (DFT) (Martin et al. 
2019), and molecular dynamics (MD) simulations 
(Martin, Salamanca, and Kraft 2022). Soot nanopar-
ticles can be incepted by reactions between (a) aro-
matic aryl-linked hydrocarbons through the clustering 
of hydrocarbon radical chain reactions mechanism 
(Johansson et al. 2018); (b) aromatic rim-linked 
hydrocarbons involving localized p-radicals; (c) aro-
matic multicenter-linked hydrocarbons involving 
p-radicals; and (d) aromatic zig-zag-linked hydrocar-
bons involving diradicaloids (Martin, Salamanca, and 
Kraft 2022). Even though the kinetic constants for 
some of the above reactions have been computed 
(Menon et al. 2020), they have not been incorporated 
in detailed kinetic models for soot formation and lack 
quantitative validation with experimental data. To this 
end, Kholghy et al. (2019) and Kholghy, Kelesidis, and 
Pratsinis (2018) developed a semi-empirical kinetic 
model based on soot volume fraction measurements 
in a lean premixed “nucleation flame” (Desgroux et al. 
2017), as well as in rich diffusion flames (Kholghy 
et al. 2019), showing that reactive dimerization of 
PAHs can limit the reversibility of soot nucleation. 
This highlights the need to account for soot chemical 
nucleation to derive robust nucleation rates. While 
PAH-based nucleation models have significantly 
advanced the understanding of soot nucleation, they 
require knowledge of detailed chemical reaction 

networks rendering them impractical to implement in 
large-scale complex systems. This highlights the need 
for alternative approaches, such as easy-to-use models 
that directly link nucleation to initial fuel concentra-
tion, bypassing intricate reaction networks that can be 
readily employed in practical applications like compu-
tational fluid dynamics simulations of combustion 
systems.

Here, chemical nucleation of carbonaceous nano-
particles during pyrolysis of n-heptane is investigated 
by reactive MD at high pressure and temperature for 
various initial fuel concentrations. The n-heptane con-
sumption rate is validated with kinetic modeling, 
showing good agreement at the pressure and tempera-
ture conditions employed here. The critical nucleus 
size is determined by free formation energy calcula-
tions and a nucleation rate is obtained, for the first 
time to the best of our knowledge, without a priori 
assumptions of the chemical reaction network and 
associated rate constants, or of the nucleation mech-
anism. An expression of the nucleation rate is pro-
posed as a function of temperature and initial fuel 
concentration and benchmarked with a semi-empirical 
kinetic model for reactive dimerization of PAHs 
(Kholghy, Kelesidis, and Pratsinis 2018).

2. Theory

2.1. Reactive MD

Reactive MD is used to simulate isothermal pyrolysis 
of n-heptane at 2200–2600 K, consistent with tempera-
ture measurements in gasoline direct injection engines 
(An et al. 2016; Figure 4b). One thousand n-heptane 
(C7H16) molecules are randomly distributed in a cubic 
simulation cell with initial fuel densities of 
0.05 − 0.15 g/cm3 using MAPS Scienomics 4.4 
(Scienomics 2020). The length of the simulation 
domain spans from 103.5 to 149.5 Å, corresponding to 
initial fuel densities of 0.15 and 0.05 g/cm3, respect-
ively. The initial geometry of the n-heptane molecules 
was optimized in MAPS Scienomics at room tempera-
ture using the steepest descent algorithm, followed by 
system energy minimization. All MD simulations were 
performed with periodic boundary conditions in the 
NVT (constant number, volume, temperature) ensem-
ble, using a ReaxFF forcefield for hydrocarbons 
(Ashraf and van Duin 2017) in LAMMPS (Plimpton 
1995) with integration time step of 0.25 fs (Sharma 
et al. 2021), yielding consistent results with smaller 
time steps (Figure S1) and initially non-isothermal 
equilibration (FIgures S2 and S3). Furthermore, the 
potential energy of soot clusters made by n-heptane 
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pyrolysis using the employed ReaxFF (Ashraf and van 
Duin 2017) is in excellent agreement with that calcu-
lated by DFT (Schmalz et al. 2024), validating the pre-
sent forcefield at the conditions of this study. 
However, accounting for p-radicals in resonance-stabi-
lized systems would require the use of more chem-
ically detailed methods, such as DFT, which can 
capture complex electronic interactions that are not 
adequately represented in the present ReaxFF (Chu, 
Wang, and Chen 2022). The chemical structures of 
the MD-obtained soot clusters are generated using 
ChemTraYzer (D€ontgen et al. 2018).

2.2. Nucleation rate

The nucleation rate, J, is calculated by tracking the 
rate of change in the number density, Nn�n ; of clus-
ters larger than a threshold size, n (Yasuoka and 
Matsumoto 1998):

J ¼
dNn� n

d t
(1) 

where t is the elapsed time. Equation (1) is applied in 
the nucleation-dominant region, where the rate of 
change in the number of clusters is constant (Yasuoka 
and Matsumoto 1998) and is defined for each thresh-
old size, n; as the region where the number concen-
tration of that cluster size range spans from 20% to 
80% of its maximum concentration (Halonen et al. 
2021). When n exceeds the critical cluster size, steady- 
state nucleation is reached and the rate of change of 
the cluster concentration becomes independent of the 
cluster size (Halonen et al. 2021; Yasuoka and 
Matsumoto 1998).

2.3. Free formation energy soot clusters

The free energy of cluster formation, DG nð Þ; repre-
senting the balance between the bulk and the cluster 
surface energy, is used to quantify the critical cluster 
size. The DG nð Þ is determined by monitoring the con-
centration, Nn; of soot clusters with size i¼ 2, … , n, 
during steady-state nucleation (Halonen et al. 2021):

DG nð Þ ¼ −RT
Xn

i¼2
ln Nn − ln Nn−1 −

J
N1bn−1

� �� �

(2) 

where R is the gas constant, T is temperature, and N1 
and Nn are the averaged concentrations of monomers 
and clusters of size n during steady-state nucleation, 
respectively. By definition, the free formation energy 
of monomers, DG 1ð Þ; is zero (Halonen et al. 2021). 

At steady-state, the nucleation rate, J, is given by the 
difference between the formation rate, bn−1N1Nn−1;

and dissociation rate, anNn (Halonen 2022; Halonen 
et al. 2021):

bn−1N1Nn−1 − anNn ¼ J (3) 

where b and a are collision and dissociation rate coef-
ficients, respectively. The DG nð Þ (Equation (2)) is esti-
mated assuming that soot cluster growth takes place 
only by addition of monomers (N1) containing one to 
two carbon atoms. b is estimated by the kinetic gas 
theory (Halonen et al. 2021) as:

b ¼ c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8pRT nþ 1ð Þ

nm

r

ðr1 þ rnÞ
2 (4) 

where c is the collision correction factor, m and r1 are 
the monomer mass and radius, respectively, n is the 
number of monomers per cluster and rn is the radius 
of a cluster with size n. For non-reactive systems (e.g., 
CO2 [Halonen et al. 2021]), every collision is typically 
considered successful ðc ¼ 1Þ; however, when chem-
ical reactions take place only a fraction of the colli-
sions are reactive ðc < 1Þ: Here, even though all CHx 
and C2Hx species contribute to the monomer concen-
tration, N1; for the calculation of DG nð Þ (Equation 
(2)), only radicals are assumed to lead to reactive col-
lisions. So, the fraction of unsaturated hydrocarbons 
among the C1–2 species during steady-state nucleation 
(Figure S4) is used to determine c in Equation (4). 
The impact of these assumptions is discussed in the 
online supplementary information.

2.4. Kinetic modeling of n-heptane pyrolysis and 
soot nucleation

The MD-derived dynamics of n-heptane pyrolysis are 
benchmarked against those obtained by a kinetic 
model using CHEMKIN PRO (Kee, Rupley, and 
Miller 1989). In particular, the pyrolysis of n-heptane 
with initial number density of 3� 1020 #/cm3 is simu-
lated in a zero-dimensional batch reactor at constant 
temperature and volume of 2500 K and 1 cm3, respect-
ively, following closely the MD simulation conditions. 
The molar fraction and number density of n-heptane 
and its pyrolysis products are derived using the 
reaction mechanism of CaltechMech, validated for 
temperatures up to �2300 K (Blanquart, Pepiot- 
Desjardins, and Pitsch 2009), with an integration time 
step of 0.1 ns. Soot nucleation during n-heptane pyr-
olysis is simulated using a semi-empirical model for 
reactive PAH dimerization (Kholghy, Kelesidis, and 
Pratsinis 2018), which models soot nucleation via 
reversible PAH clustering through van der Waals 
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forces, followed by irreversible chemical bond forma-
tion. This model integrates both physical and chemical 
pathways, allowing dimer stabilization even in hydro-
gen-deficient environments. The number density of 
soot nuclei is obtained from the molar fraction of the 
dimers formed between PAHs and contain 12–36 car-
bon atoms.

3. Results and discussion

3.1. Critical soot nucleus by reactive MD

Figure 1 shows snapshots of the formation of small 
linear and large polycyclic hydrocarbons and their 
subsequent growth to incipient carbonaceous nano-
particles during pyrolysis of n-heptane at 2500 K. 
Carbon–carbon bonds are depicted with black lines, 
while carbon–hydrogen bonds are omitted for clarity. 
At 1 ns (Figure 1a), cyclic molecules consisting of five- 
or six-member carbon rings are formed, followed by 
the formation of small polycyclic hydrocarbons, com-
posed of up to four rings at 4 ns (Figure 1b). As these 
polycyclic hydrocarbons are subject to reactive colli-
sions with linear or other small cyclic molecules, 
they grow into larger cyclic hydrocarbons at 8 ns 
(Figure 1c), and shortly after (t¼ 12 ns), to incipient 
soot nanoparticles (Figure 1d), upon condensation of 
small free radicals on their surface.

Initially (t� 1 ns), almost all n-heptane molecules 
dissociate, forming small mainly noncyclic aliphatic 
molecules (Figure S5a) and radicals, including C2Hx 

and C3Hx unsaturated hydrocarbons (Figure S5b), and 
a few cyclic structures containing one five- or six- 
member ring (Figure 1a: encircled molecules), consist-
ent with pyrolysis products detected by ultraviolet 
photoionization mass spectrometry in n-heptane 
flames at 400 Pa and 780–1780 K (Yuan et al. 2011) 
and with previous ReaxFF simulations of n-heptane 
pyrolysis at 12–56 MPa and 1000–3000 K (Ding et al. 
2013). These small reactive species, such as C2H2, 
increase the growth rate of molecules containing one 
ring to larger molecules composed of up to four rings 
(Figure 1b: encircled molecules) as evidenced by the 
increase in the formation rate of five- or six-member 
rings for t� 1.7 ns (Figure S6) consistent with PAH 
growth by Hydrogen Abstraction/Carbon Addition 
(Frenklach and Wang 1994).

Reactions of gaseous species on the surface of small 
polycyclic hydrocarbons (composed of up to four 
fused rings) lead to the formation of larger islands of 
polycyclic structures. For example, at 8 ns (Figure 1c) 
the encircled structures are composed of 7 (red), 11 
(blue), and 12 rings (green). Finally, these structures 

grow further by surface reaction of small molecules 
(indicated by the drop in the number of C2Hx and 
C3Hx species in Figure S5) and by subsequent coagu-
lation, resulting in the formation of incipient soot 
nanoparticles at 12 ns.

Figure 2 shows the temporal evolution of the num-
ber of clusters larger than a threshold number of car-
bon atoms, n; during pyrolysis of n-heptane with 
initial concentration, N0, of 6� 1020 #/cm3 at 2500 K. 
The evolution of the cluster count is shown for 
threshold sizes of n ¼ 12–42. Initially (t¼ 0), only 
n-heptane molecules (n¼ 7 carbon atoms) are present. 
So, the concentration of clusters with 12 carbon atoms 
or more is zero. As n-heptane decomposes, smaller 
reactive (Ding et al. 2013; Yuan et al. 2011) radicals 
are formed (Figure S5) that grow through clustering 
reactions into relatively large (�15 carbon atoms) 
hydrocarbons at �2 ns. For example, when a threshold 
size of n � 12 is considered (dark blue line), the 
number of clusters consisting of 12 or more carbon 
atoms quickly increases from zero at t¼ 0 to a max-
imum of 117 at 7.3 ns, corresponding to 7.5% of the 
total number of hydrocarbon species at that time step. 
When the number of clusters spans between 20% and 
80% (dot-broken lines) of their maximum concentra-
tion, the number of clusters increases linearly with 
time (slopes indicated by broken lines). There, the 
growth of those clusters takes place mainly by nucle-
ation (Halonen et al. 2021). For example, for n � 12, 
nucleation prevails between 1.8 and 6 ns. The limits of 
this regime are dictated by the threshold size, n; as 
the number concentration of hydrocarbon species 
drops with increasing n: So, a nucleation-dominant 
regime is defined (Figure 2: shaded region) based on 
the nucleus concentration of various threshold 
sizes, n:

The initial time lag until the attainment of steady- 
state nucleation represents the time required for clus-
ter formation and growth to a specific size (Diemand 
et al. 2013). For t� 7.3 ns and n � 12, the cluster 
number concentration drops due to surface growth or 
cluster–cluster collisions. As n increases, formation of 
clusters of that size takes longer, while fewer such spe-
cies form. After a certain threshold size is surpassed, 
the rate of change of the number of clusters is con-
stant, indicated by the attainment of parallel slopes 
(Figure 2: n � 33–42), corresponding to steady-state 
nucleation. These slopes quantify (Equation (1)) the 
nucleation rate, J, of clusters with at least n carbon 
atoms and serve as an indicator for the critical cluster 
size. So, the attainment of practically parallel slopes 
for n � 33 (t¼ 5–8.2 ns), indicates that the critical 
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cluster size has been surpassed and steady-state nucle-
ation has been reached. As the cluster number con-
centrations approach their maximum, nuclei 
formation stops, followed by a decrease in cluster 
count due to surface growth or coagulation (Yasuoka 
and Matsumoto 1998).

Figure 3a shows the free formation energy, DGn, 
(Equation (2)) of soot clusters formed during steady- 
state nucleation at 2200 (squares), 2300 (circles), 2400 
(triangles), 2500 (inverse triangles), and 2600 K (dia-
monds) with N0 ¼ 6� 1020 #/cm3 using the J, N1, and 
Nn, obtained during steady-state nucleation. Snapshots 
of randomly selected clusters with 10, 20, 39, 61, and 

87 carbon atoms are shown as insets in Figure 3a at 
2200 K. At all temperatures, small clusters are thermo-
dynamically unstable forming and dissociating con-
tinuously. As the cluster size increases, DGn passes 
through a maximum, corresponding to the critical 
soot nucleus, followed by a decrease in DGn and sub-
sequent growth of supercritical clusters. For example, 
at 2200 K (squares), clusters consisting of up to 52 
carbon atoms are subcritical, as reflected by the 
increasing DGn for n� 52. Once the free energy bar-
rier of DGn

� ¼ 20.7 kcal/mol is reached, critical clus-
ters form. Notably, the free energy barrier decreases 
from 20.7 to 16.5 kcal/mol with temperature 

Figure 1. Snapshots of hydrocarbon molecules and their clusters derived by reactive MD for n-heptane (C7H16) pyrolysis at tem-
perature T¼ 2500 K and residence times of (a) 1, (b) 4, (c) 8, and (d) 12 ns. The first cyclic structures ((a) encircled molecules) are 
formed, consisting primarily of five-membered rings rather than six-membered ones at 1 ns. At longer residence times ((b) t¼ 4 ns) 
more cyclic molecules are formed, which collide and react with each other, forming polycyclic hydrocarbons, with up to four rings 
(b) that grow further to large molecules with more than seven rings ((c) encircled molecules) and eventually to incipient soot 
nanoparticles ((d) encircled cluster).
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increasing from 2200 to 2600 K, suggesting that the 
clusters form more easily at higher temperatures. 
Lower N0 leads to a decrease in the free formation 
energy barriers (e.g., Figure S7 for 2500 K), which 
could be associated with a diffusion-controlled pro-
cess; however, the critical cluster size is hardly affected 
by N0.

Figure 3b shows the critical soot cluster size, n�, 
obtained by the position of the maximum DGn

�

(Figure 3a) for N0 ¼ 3 (squares), 4.5 (circles), 6 (tri-
angles), 7.5 (inverse triangles), and 9� 1020 #/cm3 

(diamonds) as a function of process temperature. 
Increasing the temperature from 2200 to 2600 K leads 
to almost a twofold decrease in the critical soot 
nucleus size, indicating the formation of thermo-
dynamically stable clusters with fewer rings. For 
example, for 6� 1020 #/cm3, at 2200 K the critical soot 
nucleus consists of 52 carbon atoms while at 2600 K 
smaller critical nuclei of 30 carbon atoms are 
observed. The reduction of n� with increasing T is 
consistent with the Kelvin relation for the critical 
diameter for particles formed by homogeneous nucle-
ation (Friendlander 2000). Small critical clusters 
formed at high temperature could lead to a reduction 
in entropy (Blanquart and Pitsch 2007; Yu, Sumathi 
and Green 2004). However, the chemical complexity 

of these clusters, composed of branched fragments 
and long aliphatic side chains, may counteract this 
effect and increase the overall entropy. While high 
temperatures increase the kinetic energy of molecules, 
potentially leading to increased system entropy, they 
also promote chemical reaction kinetics and nucle-
ation (more nucleating events per unit time), intro-
ducing competing effects that can reduce the system 
disorder and lower its entropy. Increasing N0 hardly 
affects the critical soot cluster size (within the statis-
tical significance of the calculation), at least for 
T� 2300 K. At T¼ 1600 − 2000 K, nucleation is barely 

Figure 2. Temporal evolution of the number of clusters with 
at least �n carbon atoms during pyrolysis of N0 ¼ 6� 1020 

#/cm3 n-heptane molecules at T¼ 2500 K. The number of clus-
ters increases monotonically regardless of the threshold cluster 
size �n for t� 7 ns corresponding to the nucleation-dominant 
regime (shaded region). The nucleation-dominant region is 
defined as the region where the number of clusters with n �
�n ranges between 20% and 80% (dot-broken line) of their 
maximum number concentration (Halonen et al. 2021). For 
t� 7.3 ns and �n � 12, the cluster number concentration drops 
due to surface growth or cluster–cluster collisions. The slopes 
(broken lines) become almost parallel at t¼ 5–8.2 ns for �n �
33 indicating that the critical nucleus size has been reached.

Figure 3. (a) Free energy, DGn, of soot formation at steady- 
state nucleation as a function of the formed cluster size, n, 
derived by reactive MD simulations of n-heptane pyrolysis at 
T¼ 2200 (squares), 2300 (circles), 2400 (triangles), 2500 
(inverse triangles), and 2600 K (diamonds) for N0 ¼ 6� 1020 

#/cm3. The insets show snapshots of clusters consisting of 10, 
20, 39, 61, and 87 carbon atoms formed at 2200 K. (b) Critical 
soot cluster size, n�, as a function of temperature for initial n- 
heptane concentration N0 ¼ 3 (squares), 4.5 (circles), 6 (trian-
gles), 7.5 (inverse triangles), and 9� 1020 #/cm3 (diamonds).
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observed for up to 80 ns and significantly longer sim-
ulations or different techniques (e.g., accelerated MD 
[Hirai 2021]) might be needed.

Table 1 shows the characteristics of the MD- 
obtained soot critical cluster including average C/H, 
number of five- and six-member rings per critical 
cluster and aliphatic index (aliphatic/cyclic C ratio) at 
2200, 2400, and 2600 K. The average C/H ratio of the 
critical clusters is <2, with the highest average 
recorded at 1.97 for 2200 K, corresponding to the larg-
est critical cluster size. Increasing process temperature 
leads to decreasing fraction of five- and six-member 
rings per critical nucleus. For example, at 2600 K, the 
average number of five- and six-member rings per 
critical nucleus is 2.66 and 2.66, respectively, in con-
trast to 2200 K, where the average number of five- 
and six-member rings increases to 5.33 and 9.66, 
respectively. Interestingly, at high temperature (2400 
and 2600 K), soot critical clusters have a high aliphatic 
index of �0.35 due to the presence of long aliphatic 
side chains (e.g., blue-shaded area in Table 1). These 
long chains appear either as tails or bridges between 
“islands” of cyclic structures. At T¼ 2200 K, the criti-
cal clusters are mainly cyclic (aliphatic index �0.05), 
although short bridges composed of one double bond 
are also observed (red-shaded area). The critical clus-
ter structures at low temperatures resemble those 
observed right after the particle nucleation zone in 
atmospheric-pressure ethylene/air premixed laminar 
flames (equivalence ratio of 2.03) at T¼ 1000 − 1800 K 
(Schulz et al. 2019) consisting of up to 16 rings 
(Schulz et al. 2019: molecules M1–M10). For example, 
one of the largest identified molecules there, M10, has 
a C/H ratio of 2 and 16 rings (Schulz et al. 2019), 
consistent with the average C/H ratio of the MD- 
derived clusters reported at comparable temperatures 
(Table 1, T¼ 2200 K), having an average C/H ratio of 
1.97 and �15 rings.

3.2. Soot nucleation rate

Figure 4a shows the MD-obtained nucleation rate, Jn� ;

of critical and supercritical clusters during steady-state 
nucleation (as discussed in Figure 2 for 6� 1020 

#/cm3 and 2500 K) as a function of initial n-heptane 
number concentration at 2200–2600 K. A phenomeno-
logical model is proposed for the MD-obtained Jn�

with the parent fuel concentration, derived for clusters 
equal to or larger than the temperature-dependent 
critical cluster size (Figure 3). This Jn� increases lin-
early with increasing initial n-heptane concentration 
N0 for the employed temperature range following:

Jn� ¼ kN0 (5) 

where k (1/s) is the nucleation rate constant. This 
result is consistent with semi-empirical correlations 

Figure 4. (a) MD-obtained nucleation rate, Jn� ; of incipient 
soot nanoparticles as a function of N0 for n-heptane pyrolysis 
at T¼ 2200 (squares), 2300 (circles), 2400 (triangles), 2500 
(inverse triangles), and 2600 K (diamonds). The nucleation rate 
increases linearly with N0 with a slope corresponding to the 
nucleation rate constant, k (broken lines). (b) Arrhenius plot of 
ln(k) as a function of 1/T. (c) Soot induction time for pyrolysis 
of n-heptane obtained by MD (symbols) and Equation (7) (solid 
line), acetylene (broken lines) by Frenklach et al. (1983), and 
benzene (dotted lines) by Bauerle et al. (1994).
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(Brookes and Moss 1999; Moss, Stewart, and Young 
1995) for soot nucleation rate, proposing a first-order 
dependence with acetylene concentration. Figure 4b
shows the Arrhenius plot of the soot nucleation rate 
constant obtained in Figure 4a as a function of the 
inverse temperature following:

ln kð Þ ¼
−43, 190 61865ð Þ

T
þ 32:97 60:78ð Þ (6) 

The nucleation rate increases with temperature in 
qualitative agreement with semi-empirical nucleation 
rates (Brookes and Moss 1999; Moss, Stewart, and 
Young 1995). The MD-obtained activation tempera-
ture of 43,190 K is in good agreement with the 
46,100 K derived by Moss, Stewart, and Young (1995) 
based on measurements in diffusion ethylene flames.

Figure 4c shows the logarithm of the soot induc-
tion time, s, as a function of inverse temperature for 
various N0. The onset of nucleation is defined as the 
time that clusters larger than the critical cluster size 
begin to form. The effect of the threshold cluster size 
on the induction time is shown in Figure S8. At 
higher temperature the kinetic energy of the reactants 

increases which, in turn, promotes their chemical 
growth (D’Anna 2009), resulting in earlier onset of 
nucleation. For T� 2400 K, nucleation starts almost 
instantly, within �10 ns of n-heptane pyrolysis, 
regardless of N0. At lower temperature (T� 2300 K), 
however, the onset of nucleation is delayed, as even 
large cyclic molecules (n� 52) are subcritical and 
prone to dissociation (Figure 3a). The MD-derived 
induction time decreases exponentially with tempera-
ture:

sðnsÞ ¼ 10−6:72 eð42320=TðKÞÞ (7) 

exhibiting a similar trend with fitted correlations from 
shock tube pyrolysis experiments for benzene (Bauerle 
et al. 1994) (dotted lines), extrapolated for the N0 

range employed here. Much longer induction times 
are observed for acetylene (Frenklach et al. 1983) 
(broken lines), attributed to its smaller molecular 
weight compared to n-heptane, as decomposition of 
large organic molecules results in smaller reactive spe-
cies with high number density, promoting faster 
nucleation. In addition, the measurement error by 
light extinction can underestimate the incipient soot 

Table 1. MD-obtained soot critical cluster characteristics including average C/H, number of rings, and aliphatic index.

T (K)
Critical  

size
Average  

C/H
Five-member  
ring /cluster

Six-member  
ring /cluster

Aliphatic  
index

MD-obtained  
critical  
cluster  

structure

AFM images and  
AFM-derived  

chemical  
structures (Schulz  

et al.  
2019)

2200 52 1.97 5.33 9.66 0.05

2400 44 1.38 3.33 2 0.37

2600 30 1.55 2.66 2.66 0.32

MD-obtained chemical structures, with SMILES codes generated by ChemTraYzer (D€ontgen et al. 2018), are compared to those obtained by AFM (Schulz 
et al. 2019).

AFM: atomic force microscope; MD: molecular dynamics.
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volume fraction and, thus, overestimate the induction 
time, compounded by the detection limit of instru-
ments being higher than the cluster sizes tracked by 
MD. The empirical correlation for acetylene induction 
time was developed (Frenklach et al. 1983) for a pres-
sure range of 0.3–7 bar, which is �7–20 times lower 
than the pressures considered here. An increase in the 
fuel concentration from 3� 1020 to 9� 1020 m−3 

results in 39% faster nucleation in MD, consistent 
with empirical models for benzene (Bauerle et al. 
1994) and acetylene (Frenklach et al. 1983), predicting 
56% and 60% shorter induction times, respectively 
(Figure 4c). Direct comparison of MD and experimen-
tal data is shown in Figure S9, even though no meas-
urements are available for soot induction by n- 
heptane.

Equation (7) is in line with previous MD results 
(Mao, van Duin, and Luo 2017), suggesting that no 
nucleation occurs at 1600–2400 K within the first 2 ns 
of A2–A10 PAH pyrolysis. However, caution is 
needed in determining the occurrence of chemical 
nucleation, especially at intermediate temperatures, as 
long times might be required for the onset of nucle-
ation. Here, the induction time is defined as the onset 
of formation of the first one to two critical clusters 
from initially 1000 n-heptane molecules (equivalent to 
7000 carbon atoms). While this system size is suffi-
cient for observing nucleation events, larger system 
sizes (e.g., 64,000 molecules [Song, Berry, and Goudeli 
2023]) can provide greater statistical significance.

It should be noted that the high temperature and 
high pressure conditions employed in the present 
MD, make Equations (6) and (7) relevant to high 
fuel-rich environments. A systematic investigation of 
the effect of oxygen on soot nucleation is required for 
the oxygen-rich phases of the gasoline engine cycle, 
since soot formation is highly dependent on combus-
tion conditions and oxygen concentrations, as demon-
strated by soot volume fraction measurements in 
ethylene combustion (Mei et al. 2021) and n-heptane 
counterflow diffusion flames (Zheng et al. 2023).

3.3. Comparison with kinetic modeling

Figure 5a shows the temporal evolution of the number 
density of n-heptane molecules with N0 ¼ 3� 1020 

#/cm3, during pyrolysis at 2500 K, obtained by MD 
simulations (dotted line) and kinetic modeling (solid 
line) of soot nucleation. The MD-derived dissociation 
rate of n-heptane decreases with time logarithmically, 
in agreement with kinetic modeling predictions using 
a well-established reaction mechanism (Blanquart, 

Pepiot-Desjardins, and Pitsch 2009), validating the 
present simulations for the pressure and temperature 
ranges used here. The decomposition rate of n-hept-
ane is also in agreement with that predicted by the 
KAUST mechanism (Raj et al. 2012) (Figure S10: bro-
ken line), developed for gasoline surrogate fuels like 
n-heptane. The good agreement between MD and kin-
etic modeling in Figure 5a validates the n-heptane 
chemistry in this mechanism, but not necessarily the 
sub-models for the large PAH chemistry. Validating 
PAH chemistry remains challenging, as tracking the 
evolution of various PAHs in MD simulations is diffi-
cult due to species identification limitations.

Figure 5b shows soot Nn obtained by MD for clus-
ters with n� n� ¼ 36 (Equations (5) and (6); broken 
line), as well as with n¼ 12–36 (dotted line) to be 
consistent with the n range used in kinetic modeling 
(solid line). Soot Nn derived by Equations (5) and (6)
for n� n� ¼ 36 (broken lines) starts to increase at 
about 5 ns and reaches a value of 9.43� 1018 #/cm3 at 
10 ns. Accounting for soot nuclei with n¼ 12–36 
results in earlier Nn increase at 1.2 ns, which 
approaches 2.88� 1019 #/cm3 at 10 ns, three times 

Figure 5. Temporal evolution of the number of (a) n-heptane 
molecules and (b) clusters with 12 � �n � 36 obtained by MD 
(dotted line), Equations (5) and (6) (broken line), and by kinetic 
modeling (solid line) during pyrolysis at 2500 K and N0 ¼

3� 1020 #/cm3.
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higher than the density estimated for n� n� ¼ 36, as 
expected. The soot Nn derived by kinetic modeling for 
reactive dimerization of benzene (A1) to cyclopenta- 
[cd]-pyrene (A4R5) PAHs (Section 2.4) (Kholghy, 
Kelesidis, and Pratsinis 2018) exhibits a similar a 
trend to the MD-obtained evolutions but is four to 
five orders of magnitude lower than the MD-predicted 
soot Nn, regardless of the cluster sizes considered. The 
pressure profile obtained from kinetic modeling is 
in excellent agreement with that obtained by MD 
(Figure S11). This large discrepancy can be attributed 
partly to the distinct dimer combinations (e.g., 
A1þA1, A1þA2, A1þA3, A4R5þ A4R5) accounted 
for by kinetic modeling that do not include all poten-
tial molecule sizes and combinations (or the large 
chemical reactions network) that are accounted for 
intrinsically in MD. For example, high temperatures 
promote the formation of polyynes, which may result 
from the breakdown of ring structures rather than 
PAH dimerization (Krestinin 1998). These structures 
may form in MD (e.g., Table 1, T ¼ 2600 K) and, 
hence, are accounted for in the MD-obtained nucle-
ation rate, in contrast to the soot nucleation kinetic 
mechanism that does not account for polyyne conden-
sation. Extrapolation of PAH chemistry beyond its 
validated temperature range may contribute to the 
underprediction of soot nucleation in kinetic model-
ing. So, the semi-empirical model for reactive dimer-
ization of PAHs (Kholghy, Kelesidis, and Pratsinis 
2018) might significantly underestimate the nucleation 
rate of soot. This may explain the underestimation of 
the measured soot volume fraction by this kinetic 
model in diffusion ethylene flames (Kholghy et al. 
2019; Figure 4a).

4. Conclusions

Chemical nucleation of carbon-based nanoparticles 
during high-pressure n-heptane pyrolysis is investi-
gated by reactive MD at 2200–2600 K. The free forma-
tion energy of carbonaceous clusters is used to 
quantify the critical nucleus size. The nucleus size 
drops from 59 ± 7 carbon atoms at 2200 K down to 
33 ± 3 carbons atoms at 2600 K, indicating the forma-
tion of thermodynamically stable clusters with fewer 
rings at higher temperature. However, the initial fuel 
concentration hardly affects the critical size for 
3� 1020 − 9� 1020 #/cm3. The nucleation rate is 
determined by tracking the rate of formation of criti-
cal and supercritical clusters. An equation for the 
nucleation rate is proposed by MD, for the first time 
to our knowledge, revealing a first-order dependency 

with initial fuel concentration. The MD-derived 
n-heptane consumption rate by pyrolysis is in agree-
ment with kinetic modeling based on nucleation by 
reactive PAH dimerization. However, the number 
density of soot nuclei predicted by the MD-derived 
nucleation rate is four to five orders of magnitude 
larger than that obtained by the kinetic modeling 
based on nucleation by reactive PAH dimerization. 
The proposed easy-to-use nucleation rate can be read-
ily applied in particle dynamic models for large and 
complex geometries, without the need to rely on 
detailed chemical reaction kinetic modeling for soot 
nucleation, which depends on individual reaction rate 
constants and demand significant computational 
resources.
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