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Elucidating the polycyclic aromatic hydrocarbons
involved in soot inception

Can Shao® ""® Qi Wang 27 \Wen Zhang 3% Anthony Bennett, Yang Liv4, Junjun Guo', Hong G. Im',
William L. Roberts!, Angela VioliZ>® & S. Mani Sarathy® '™

Polycyclic aromatic hydrocarbons are the main precursors to soot particles in combustion
systems. A lack of direct experimental evidence has led to controversial theoretical expla-
nations for the transition from gas-phase species to organic soot clusters. This work focuses
on sampling infant soot particles from well-defined flames followed by analysis using state-
of-the-art mass spectrometry. We found that PAH molecules present in soot particles are all
stabilomers. Kinetic Monte Carlo simulations and thermodynamic stability calculations fur-
ther identify the detected PAHs as peri-condensed and without aliphatic chains. Van der
Waals forces can easily link PAHs of such size and shape to form PAH dimers and larger
clusters under the specified flame conditions. Our results provide direct experimental evi-
dence that soot inception is initiated by a physical process under typical flame conditions.
This work improves our understanding of aerosol particulates, which has implications for
their environmental and climate change impacts.
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oot and its precursors, polycyclic aromatic hydrocarbons

(PAHs), are formed from the incomplete combustion of

hydrocarbon fuels!2. The formation of such particles has
broad implications on the environment>*, human health’,
material synthesis®, and the formation of interstellar carbonac-
eous particles’8.

Extensive studies have focused on the formation pathways of
PAHs®%-11 and surface reactions of soot particles!-12, but the
transition from gas-phase PAHs to nascent soot largely remains a
mystery. This transition, called inception, is a highly selective
process, during which numerous PAHs remain in the gas phase
and only a fraction of them participated in inception. Three
predominant hypotheses explain such selectivity for the inception
mechanism: (1) the combination of two-dimensional PAHs with
fullerene-like structures'3, (2) the physical coalescence of PAHs
into stacked clusters!®!>, and (3) the chemical coalescence of
PAHs into cross-linked, three-dimensional structures!®17. How-
ever, little direct evidence supports any of these hypotheses.

Indirect experimental and computational studies provide
insight into the inception process. The first pathway is too slow to
explain the soot inception rate observed in the hydrogen-
abstraction/acetylene (C,H,) addition framework!!:18:19 which is
the dominant mechanism for PAH growth under many com-
bustion conditions. Soot particles generated using this pathway
have a C/H ratio of around 10, much higher than those measured
in existing experiments2. Therefore, most recent theoretical
calculations on soot inception focus on the latter two
pathways!41621-23 " Tn addition, new insight into infant soot
inception processes has been gained through advanced diagnostic
techniques.

In 1991, D’Alessio et al. discovered the presence of nano-
organic carbon (NOC) particles in premixed flames?*. At the
same time, Dobbins et al.?> reported that small polydisperse
singlet particles were detected at intermediate temperatures on
the fuel side of a diffusion flame. Later, D’Anna et al.2® used
ultraviolet-visible spectroscopy and laser scattering/extinction
techniques for soot particle volume fraction and size measure-
ment in diffusion flames. Their study identified two types of
particles: NOC, which are transparent to visible radiation, and
solid black soot particles that absorb light across the whole
spectral range?®. The NOC particles can reach concentrations
comparable to mature soot particles and are usually formed early
in the flame?%27. Kholghy et al.28 found that NOC particles are
liquid-like and form at temperatures below 1500 K. When the
temperature exceeds 1500 K, the transition of the transparent
particles into mature agglomerated particles occurs instantly.
Cain et al.2 reported that the liquid-like particles comprise peri-
condensed PAH in the mass range of 200 to 600 amu. In addition,
Dobbins et al.??-3! made similar observations and further
demonstrated that the transition from the precursor to mature
particles is accomplished by carbonization3. For premixed flame
and diffusion flames, the chemical environments for particle
formation are very different due to the H-enriched environment
in the former and the H-diminished environment in the latter.
When H atoms are abundant, aryl radicals can be generated by
H-abstraction reactions, which results in enhancing the chemical
nucleation pathway®. However, in the post flame zone of pre-
mixed flame or in diffusion flames, H-atom concentrations are
too low to initiate such reactions.

Studying the inception process is still extremely difficult despite
these advances in experimental techniques. Several obstacles
hinder experimental research on soot inception. First, the process
from the gas phase to particles is transitory, and it is challenging
to pinpoint the actual transition point?%-32-35, In addition, par-
ticles generated during and post sampling may cause significant
perturbation to the experimental results. For example, Adamson

et al.3>3¢ detected pyrene dimers in an ethylene nonpremixed
flame using a flame-sampling tandem mass spectrometer. How-
ever, these were generated in the sampling line. The present work
provides further experimental evidence that pyrene dimers can-
not be a key intermediate in particle inception at elevated flame
temperatures>.

This study provides direct evidence elucidating the inception
pathway by analyzing NOC particles (or infant soot) using a
combination of experimental and computational methods. A
burner-stabilized stagnation flame technique was used, coupled
with micro-orifice probe sampling>” to accumulate NOC particles
onto a copper grid surface. This method minimizes secondary
collisions of sampled particles and PAHs. In addition, NOC
particles were also sampled from a co-flow nonpremixed flame
through traditional thermophoresis sampling. The NOC particles
generated in both premixed and nonpremixed flames were
obtained in this work. Detailed molecular compositions of the
sampled particles were determined using a laser desorption
ionization (LDI) source coupled with Fourier-transform ion
cyclotron resonance mass spectrometry (FT-ICR MS)3%39, which
has superior mass resolution and accuracy for the molecular
characterization of complex mixtures?®4l. This experimental
study presents direct evidence to support the hypothesis that
individual PAH molecules grow chemically until they are large
enough to agglomerate into orderly stacks and, subsequently, into
disordered clusters33.

In this work, three different fuels and flame configurations
were employed to demonstrate that the experimental evidence is a
common phenomenon in the low-temperature nucleation zone,
independent of the gas-phase conditions. And the inception
progress has a selectivity towards certain PAHs and these PAHs
are common across various flames and fuels.

Results and discussion

Nonpremixed and premixed flames and three different fuels were
considered in this work. Figure 1 presents the three target flames
and the soot particle morphology. Figure 1a displays an ethylene-
toluene co-flow nonpremixed flame at atmospheric pressure. The
NOC particles were sampled using the thermophoresis method at
the height above the burner (HAB) of 7.35 mm, which corre-
sponds to an inception region at a temperature of 1261.7 K.
According to the transmission electron microscope measure-
ments, all particles were less than 10 nm in size. Figure 1b dis-
plays the premixed stagnation flame from which the NOC
particles were extracted using a nanometer aerosol sampling
instrument coupled with a neutralizer in ethylene and ethylene-
ammonia laminar premixed flames at an HAB of 5mm®*2. The
sizes of the NOC particles were measured using a scanning
mobility particle sizer (SMPS) system. According to the SMPS
results, the particle sizes were 2.4 to 22nm and 2.4 to 6 nm in
ethylene and ethylene-ammonia flame, respectively. Infant soot
particles sampled from different flames were composed of nearly
the same chemical species, and their probable and stable struc-
tures were predicted using a stochastic simulation (SNapS2) and
theoretical calculations. The details of the flame parameters,
sampling method, and experimental configuration are provided
in the Experimental Section. The temperature profiles of the
laminar premixed flames are available in Supplementary Fig. S1.2
of Supplementary Note 1.

After the NOC particles were found, they were immediately
analyzed using LDI coupled with FT-ICR MS. The results in
Fig. 2 reveal that 10 predominant PAHs were detected in NOC
particles for various flames. In Fig. 2a, eight predominant PAHs
were identified in the NOC particles generated in the co-flow
flame in the mass range of 300.0924-520.1246 Da. The PAHs
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. 1 Information about nano-organic carbon particles includes the flames that produced them, sampling locations, and the morphology. a The

particles are sampled from a nonpremixed flame, the blue line is the temperature profile and the red dots are the sampling positions. TEM images are
present for the samples from each sampling point. The nano-organic carbon particles are from the position z=7.35 mm based on their morphology and
flame structure. b The schematics of the premixed flame and the sampling method. ¢ The particle size distribution of the nano-organic carbon particles
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Fig. 2 Magnified mass spectra of nano-organic carbon particles. The
samples are from a height above the burner of: a 7.35 mm in the ethylene-
toluene co-flow flame, b 5.0 mm in the ethylene laminar premixed flame,
¢ 5.0 mm in the ethylene-ammonia laminar premixed flame.

captured in the NOC particles from ethylene laminar premixed
flames were shifted to a smaller size and fell within the mass
range of 276.0934-496.1246 Da (Fig. 2b). For NOC particles in
the ethylene-ammonia flame (Fig. 2¢), the size of both particles
and PAHs (276.0934-398.1090 Da) were smaller than the other
two flames. The absolute intensity of the signal is proportional to
the quantity of the soot particle sampled, which is related to the
local soot density, sampling method, and sampling time. How-
ever, due to the various sampling times and methods, the
intensity of the PAH signal cannot reflect the actual local soot
density across the three targeted flames.

Based on the accurate masses measured by the FT-ICR MS, the
chemical formulas of the dominant peaks were identified, and the
results are also presented in Fig. 2. Overall, the main composi-
tions of NOC particles among the different flames were similar,
and the carbon numbers of the PAHs captured in NOC particles

spanned from 22 to 42. To the authors’ knowledge, the PAHs
were the smallest among those detected directly from soot
particles?0-32-34  indicating that the NOC particles sampled in this
work are from the very beginning of the inception process. In the
analysis, all detected PAHs belong to the most stable classes of
CanHiz ConHiy and Cy Hyg, as illustrated in Fig. 1 of ref. 43. and
had the same chemical formulas with molecules referred to as
Stein-Fahr’s stabilomers. These stabilomers are a series of PAHs
that are the most stable molecules. Their nature and chemical
thermodynamic properties were determined using the group
additivity estimation method. The most stable classes of C,,H;,,
C,nHi4, and C,,H;4 were stable up to 2000 K or even 2500 K, as
suggested in ref. 43, implying that they survive at the temperatures
in the targeted flames. Moreover, the C;oH;, peak exhibited the
highest intensity among all NOC particles sampled in the studied
flames, indicating that this molecule had the largest proportion of
particles.

All identified molecules were PAHs that contained an even
number of carbon atoms and hydrogen atoms; the chemical
format can be summarized as C,,H,,,,. Molecules containing odd
numbers of C atoms cannot be completely conjugated and pos-
sess relatively high H/C ratios. Thus, they are generally less stable
than molecules of a comparable structure containing even num-
bers of carbon atoms*3. Furthermore, species with an odd num-
ber of H atoms are usually free radicals. In reality, free radicals
and species with odd carbon numbers exist in the gas phase of
these flames, but the results suggest they are not involved in the
inception process. The radicals and species with odd carbon
numbers were detected from non-NOC particles (matured par-
ticles) sampled at higher flame heights. The detailed mass spectra
information of matured particles from premixed flames can be
found in the other work#?, and are available in Supplementary
Fig. S2.1 of Supplementary Note 2 for nonpremixed diffusion
flames.

Another important observation was that all molecular com-
positions in NOC particles were hydrocarbons, despite PAHs
containing oxygen and nitrogen in the flame reaction region. On
the other hand, oxygen and nitrogen were detected in the mature
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Fig. 3 Distribution of the polycyclic aromatic hydrocarbons in nano-
organic particles from three targeted flames. Solid purple circles mark the
ethylene-toluene co-flow flame in Fig. 2a. Solid orange squares denote the
ethylene laminar premixed flame in Fig. 2b. Solid green stars represent the
ethylene-ammonia laminar premixed flame in Fig. 2c. The C/H correlation
of 2 and 3 distinguishes the PAH reactivity.

particles. The compound class information of mature particles
from premixed flames and nonpremixed flames are provided in
Supplementary Fig. S2.2 and Supplementary Fig. S2.3 of Sup-
plementary Note 2, respectively. By calculation, the ratio of the
number of carbon atoms (NC) to the number of hydrogen atoms
(NH) of the detected PAHs was mostly between 2 and 3, as
depicted in Fig. 3 (except for C22H12), indicating that all these
were strictly peri-condensed PAHs, without cata-condensed
appendages*+*>. According to the summary by Dias*!, PAHs
with an N¢/Ny ratio between 2 and 3 had intermediate reactivity.
Molecules with an N¢/Ny larger than 3 (or smaller than 2) are
relatively less reactive (or more reactive), indicating that the
global C/H ratio of the NOC particles is also between 2 and 3.
According to theoretical calculations, the C/H ratio would be 1.2
to 2 if the NOC particles form via a chemically linked bond
between PAHs!®17:4647 However, the C/H ratio of the NOC
particles could reach as high as 10 for inception through
fullerene-like structures®. The C/H ratio of the NOC particles is
greater than 2 only when particles are formed through physical
dimerization®!>1%. Therefore, based on the C/H ratio of the NOC
particles in this study, all infant soot particles were generated
through physical nucleation.

The molecular structures of PAHs are necessary to further
investigate the inception process, but mass spectrometry can only
provide the molecular species of each peak in the spectra. How
the molecules are formed in the flames remains unknown;
therefore, a stochastic modeling code (SNapS2484%) was
employed to study the key molecules responsible for inception in
the co-flow nonpremixed flame. As demonstrated by the
experimental observations, PAHs detected in the NOC particles
generated in the co-flow nonpremixed and stagnation-premixed
flames were similar, confirmed by the simulation results.

To compare the similarity of the PAHs in both flames, the
molecular structures of Cy,H s, CouHia, CogHis CioHis, CsoHigs
C34H16, C36H16’ C38H16> and C40H16 were examined from
SNapS2 simulation results. The results revealed considerable
overlaps of the molecular structures between the two simulated
flames. A few possible PAH structures predicted by SNapS2 are
provided in Supplementary Table S3.1 of Supplementary Note 3.
Five-membered rings were very common for these molecules, in

good agreement with the recently revealed molecular structures
from atomic force microscopy®®>!. Normally, PAHs containing
five-member rings have a curved structure. In this work, however,
almost all SNapS2-generated structures with five-member rings
were planar, and no aliphatic chains were found at the edges of
the predicted structures. The SNapS2 code obtained molecular
structures in the gas phase for the flames, whereas the PAH
molecules from the experiment came directly from the soot
particles. Therefore a part of SNapS2-generated species could
form in the gas phase, but are not major participants in the soot
formation process, such as oxygenated PAHs in this study. By
investigating the predicted molecules of the peaks confirmed by
experiments, SNapS2 provides possible molecular structures and
their reaction pathways, which help reveal the inception process.

In addition to the molecular structures predicted by SNapS2,
the structures with the highest thermodynamic stability were
determined using quantum chemical calculation and group
additivity methods using the reaction mechanism generator>?
were also presented in Supplementary Note 3. The Gibbs free
energy of isomers for each detected PAH was calculated at a
temperature of 1261.7 K, and the structure with the lowest Gibbs
free energy was considered that with the highest thermodynamic
stability. Because it was the local temperature of the NOC par-
ticles in the co-flow nonpremixed flames, 1261.7 K was chosen.
However, soot particles from the laminar premixed flame were
sampled from the probe embedded in the stagnation plate. A
sharp temperature decline occurred when the plate was approa-
ched, making it difficult to identify the local temperature of the
NOC particles generated in this type of stagnation-premixed
flame. Due to the high cost and computational complexity, the
thermodynamic properties of larger molecules were calculated
using the reaction mechanism generator. The detailed meth-
odologies of this quantum chemical calculation and group addi-
tivity method are available in Supplementary Note 4 and the most
thermodynamic stability structure are available in Supplementary
Note 3. In general, PAH isomers containing five-member rings
usually have higher Gibbs free energy by calculation, and peri-
condensed PAHs with only six-member rings are the most stable.
According to the theoretical calculations, the most thermo-
dynamically stable molecular structures are consistent with sta-
bilomers. For comparison, Supplementary Note 3 lists the most
probable and thermodynamically stable structures of PAHs
detected in the NOC particles using SNapN2 prediction, the
current theoretical calculation, and those from Stein-Fahr3.

Based on the experimental observation and theoretical calcu-
lation, the characteristics of the PAHs in NOC particles are
summarized as follows. First, the molecular weight is between 270
and 520 Da, which is the medium size among the known PAHs
contributing to soot formation®>3. Second, these PAHs have
planar structures with no aliphatic chain additive. Last, these
molecules are pure hydrocarbons; no molecules containing oxy-
gen or nitrogen were observed. These specific PAHs with these
structures could easily agglomerate into stacked clusters and then
disordered clusters!®23-33, providing robust evidence supporting
the physical nucleation hypothesis. These key findings are
assessed in light of the existing studies.

PAH size. Frenklach and Wang!! proposed a hypothesis 30 years
ago that the dimerization of pyrene would be the initial step for
soot inception. Following that hypothesis, many soot models>4->¢
have adopted the physical dimerization (involving van der Waals
forces) of pyrene as the beginning of inception. However, recent
experimental and kinetic evidence has indicated that pyrene
dimers are unlikely to play a key role in the soot inception process
due to their disassociation and short lifetime in combustion
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environments?>°7. Because ~ of  stronger  physical
interactions!421,58-60, large PAH monomers are more likely to
grow into incipient soot particles than small PAHs. In this
experiment, the smallest PAH detected in the NOC particle was
C,4Hj, (A7, which contains seven benzene rings) from the co-
flow flame and C,,H;, (A6) from the laminar premixed flame.
Both had much higher dimerization binding energy and equili-
brium than pyrene.

In this study, PAH captured with the largest molecular weight
was CyHjs (Al4). Molecules of a larger size were rarely
generated in the relatively low-temperature inception region.
Based on these results, a greater possibility exists of moderate-
sized PAHs forming dimers in the inception region and surviving.
According to ref. 8, the size of the molecule is the second
parameter affecting dimerization after temperature.

PAH structure. In addition to the size of the PAH monomer, the
structures of PAHs (sometimes called polycyclic aromatic com-
pounds or PACs), including the presence of oxygen and aliphatic
side chains and shapes also play a significant role in affecting
physical nucleation efficiency. In the environment of the targeted
flame, the oxygen-contained PACs and the nitrogen-contained
PACs can be generated in the gas phase. However, only pure
hydrocarbons were observed in the NOC particles in this
experiment, possibly because PAH dimers containing oxygen
have greater free energy than those without oxygen for a similar
monomer size®$. A similar explanation applies to PAHs con-
taining nitrogen, but no research exists regarding their physical
dimerization, and additional work is needed to confirm this.
Thus, pure hydrocarbon PAHs become dimers more easily than
those containing oxygen or nitrogen. Previous experimental
studies20->0->1,3 have provided evidence of an aliphatic side chain
in nascent soot particles. However, molecular dynamic simulation
suggests that the presence of an aliphatic side chain did not
facilitate dimerization®8, which is consistent with the predicted
structures in this work. Regarding the shape, most PAH struc-
tures predicted by SNapN2 contained five-member rings but were
planar, not curved. The curved structure of PAHs negatively
affects dimerization, but it is still less important than the presence
of oxygen and side chains®®¢l, Overall, the structure of PAHs
predicted in this work favors physical dimerization.

Temperature limitation. Temperature is one of the most
important parameters affecting soot inception and growth. In the
ethylene-toluene co-flow nonpremixed flame, the local tempera-
ture of the sampled NOC particles was 1261.7 K (988.55 °C). For
the investigated laminar premixed flames, the maximum tem-
perature was 1858 K. As mentioned, the local temperature of the
NOC particles sampled in those two flames could not be identi-
fied. According to the inception mechanisms in Fig. 10 in ref. 21,
the detected PAHs in this work could only form NOC particles
through physical nucleation at the targeted flame temperature.
Chemical inception only occurs if the temperature surpasses
2500 K?!. The local temperature of the sampled NOC particles in
the co-flow flame is close to the temperature of PAH thermal
isomerization conditions®2, suggesting that the PAHs predicted
by SNapN2 in the gas phase were most likely transformed to
stabilomers via thermal isomerization.

Of all parameters, the PAH size and environmental tempera-
ture are the most important parameters for inception®$. Based
on the inception mechanism provided in ref. 21, in this case, the
inception region was outlined according to the size of the detected
PAHs and flame temperatures, as illustrated in Fig. 4. The
original physical nucleation limit was calculated based on
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Fig. 4 Inception mechanisms of polycyclic aromatic hydrocarbons in
homogenous systems?2l, The dashed line parallels the physical nucleation
limitation line, estimated considering heterodimerization. The orange box
represents the temperature and PAH size limitations. The yellow area is the
physical nucleation possibility. A6 indicates polycyclic aromatic
hydrocarbon contains six benzene rings.

homogenous systems, implying that only the self-dimerization
of individual PAH molecules was considered.

When a system contains molecules with a wide variety of sizes
and shapes, collision and dimerization between different
molecules occurs, which is called heterodimerization®3. Accord-
ing to the van der Waals force, the self-dimer formation of
Molecule A is smaller than in the dimer of Molecule A with
Molecule B if Molecule B is larger than Molecule A, which
indicates that the dimer of Molecule A with Molecule B survives
more easily than the self-dimer of Molecule A in the same
conditions. The physical nucleation zone was widened by shifting
the physical nucleation line toward the estimated small size,
considering the heterodimerization®3. The region of physical
nucleation observed in this study can be bound by temperature,
PAH size (orange rectangle), and the heterodimerization limit,
resulting in the yellow-shaded subregion in Fig. 4.

Conclusions. This work employed state-of-the-art experimental
and modeling techniques to provide direct evidence on solving
the selectivity of the soot inception process. Using ultrahigh-
resolution FT-ICR MS with a LDI source, PAH structural
information of very early-stage NOC particles was obtained in
different flames. The secondary collisions of the sampled particles
and PAHs were minimized using this method, enabling the direct
study of the selected particles participating in the inception
process. Similar PAHs were identified using experiments and
SNapS2 simulations regardless of flame type. The molecular
weight of these PAHs spanned from 276 to 520 Da. Condensed
PAHs with even-numbered carbon and hydrogen atoms played a
key role. The SNapS2 simulation and theoretical calculations
provided the most plausible and stable structures for each PAH
peak. The selected structures, within a moderate size at the given
flame temperature region, represent the most favorable species
involved in physical dimerization, providing direct and solid
evidence that soot inception predominantly begins with a phy-
sical process.

Methods

Co-flow nonpremixed flame and soot sampling. The
atmospheric-pressure laminar co-flow nonpremixed burner
assembly details are briefly described. Experiments were per-
formed on a Santoro® burner, consisting of two concentric brass
tubes of 11.1 and 101.6 mm i.d., with fuel flowing through the
central tube and a co-flow of air in the outer tube. Liquid fuel was
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supplied from a syringe pump to a mixture chamber, where it was
vaporized and mixed with a carrier gas (ethylene and nitrogen) at
423 K. Carrier gases were controlled using mass flow controllers.
The flow rates of the liquid fuel and carrier gases were 0.845 mL/h
and 120 SCCM, respectively. Air co-flow was also controlled
using an MKS mass flow controller with a flow rate of 10 SLPM.

Soot was sampled from the flame using thermophoretic
sampling on pure copper grids (Electron Microscopy Science,
GA75-Cu) at four positions, as depicted in Fig. 1. The sampling
locations of the four positions were at 7.35, 11, 18, and 25 mm in
height above the burner (HAB). The sampling system details are
described in ref. 9>, The sampling device was designed to insert
the probe through the flame. The flame was extinguished
immediately afterward, and the grid was retrieved. A high-
speed camera measured the residence time of the grid in the
flame. The details of the nonpremixed flame configuration and
the sampling process were provided in Supplementary Fig. S1.1 of
Supplementary Note 1. The exposure time was limited to ~7 ps
for all sampling positions to minimize the coagulation effect
during the sampling process®. The temperature profile of the
central line was measured using a type-B thermocouple with a
radiation correction.

Laminar premixed flame and soot sampling. The laminar pre-
mixed flame configuration at KAUST consists of a McKenna
burner with a diameter of 60 mm and a stagnation board parallel
to the burner surface, also called a burner stagnation stabilization
flame. The setup is similar to that used in other work37-67:68, The
details of this setup have been described in ref. 42, The flow rates
of the unburned gas were controlled with MKS mass flow con-
trollers. Generated soot particles in the flame were inhaled into a
sampling orifice with a diameter of 138 um, and the orifice was in
the center of a sampling tube embedded in the stagnation plate.
The temperature of the orifice (about 400 K) was measured using
a K-type thermocouple embedded within the stagnation plate.
Once the particles entered the orifice, they were immediately
diluted by a high flow of cold nitrogen (30L/min, STP) to
minimize losses in the sampling lines due to coagulation. The
dilution ratio in this work was calibrated by measuring the flow
rate into the orifice from the ambient air, as described in ref. 37.
The optimal dilution ratio was determined using the procedure
described in ref. 3. by adjusting the secondary air flow rate.

After dilution, some soot particles were analyzed with the
scanning mobility particle sizer (SMPS, TSI 3936) to measure the
particle size distribution. The SMPS system consisted of a
neutralizer (TSI 3087), nano-differential mobility analyzer (DMA,
TSI 3086), and ultrafine condensation particle counter (CPC, TSI
3776). Because particle sizes smaller than 10nm are over-
estimated (due to the Cunningham slip correction, as discussed
by Li et al.®%), the diameter of the soot particles was corrected
based on the particle transport theory presented in ref. 7°.

In addition, diluted soot particles were charged by the
neutralizer (TSI 3087) and collected using a nanometer aerosol
sampling instrument (NAS, TSI 3089). The NAS consisted of a
cylindrical sampling chamber and electrode with a flat round
plate perpendicularly mounted to the aerosol flow’!. In this work,
the flow rate through the NAS and the voltage were controlled at
1.5L/min and -7KkV, respectively. Positively charged soot
particles were captured on the substrate of negatively charged
pure copper grids (Electron Microscopy Science, GA75-Cu).

Soot samples analyzed using Fourier-transform ion cyclotron
resonance mass spectrometry. The molecular characterization of
the collected NOC particles on copper grids was performed on a
9.4 Tesla SolariX XR Fourier-transform ion cyclotron resonance

mass spectrometer (FT-ICR MS; Bruker Daltonik GmbH, Bre-
men, Germany) equipped with laser desorption ionization (LDI)
at the Analytical Chemistry Core Laboratory in KAUST. It was
applied to examine the chemical compositions of the collected
soot particles. The mass spectrometer was previously calibrated
with the electrospray ionization source using a standard solution
sodium format in the mass range of 100-1200 Da. The instru-
ment was operated under the data size of 4 M, with a transient
time of 2.2370s.

For the FT-ICR MS measurements, copper support grids
containing soot samples were attached to the LDI sample plate
with double-sided adhesive tape. The LDI with a laser type:
BRUKER smartbeam™ -1I laser, 355 nm wavelength (3.5 billion
laser shots, 2 kHz repetition rate, 210 pJ/pulse laser energy). For
LDI, the pulse energy was less than 500 pJ, and the diameter of
the beam size was 1.5 mm. The maximum laser energy was
28.3 mJ cm~2. The laser energy was tuned for each sample before
acquiring the final spectrum. Minimal laser energy was employed
to avoid an apparent fragmentation of molecular ions and the
formation of carbon clusters. One hundred individual mass scans
were accumulated into one final spectrum to generate profound
mass signals and produce results more representative of the entire
specimen by sampling different locations on the copper grid. The
lowest applied laser energy in this experiment was around 20% of
the maximum energy (~5.66 mJ cm~2).

The resulting mass spectra were further processed using
DataAnalysis software (v. 4.5). Only the mass peaks with a high
signal-to-noise ratio (SNR = 5) were considered for the following
molecular formula identification. Composer software (Sierra
Analytics, Modesto, CA, USA) was employed to assign a unique
chemical formula to a typical soot sample (C;_100H2.200N0-400.2)-

PAH structure prediction using SNapS2 and CFD. A stochastic
modeling code (SNapS2) was employed to simulate the formation
process of the PAHs in this co-flow nonpremixed flame to further
examine the gas-phase molecules responsible for the inception
process. As input, SNapS2 takes gas-phase environments (small-
species mole fractions and temperature profiles) and provides the
time evolution (traces) of the seed molecules along the flame. The
SNapS2 code uses the kinetic Monte Carlo scheme and generic
reactions described by the atomic chemical and physical neigh-
borhoods (reactive sites). The advantage of stochastic modeling is
that the molecules continue to evolve along the flame. Unlike
deterministic modeling, in which species are predefined, the
SNapS2 code enables the molecules to grow into new species that
can be used to explore molecular structures. Compared with its
previous version SNAPS, the SNapS2 code is more efficient to
enable complex 2D flame simulations, and its mechanism is more
comprehensive. The 430 generic reactions in the SNapS2 kinetic
mechanism were fully reversible, thermodynamically consistent,
and sterically resolved, including major PAH growth pathways.
Over the past few years, the SNapS2 code and its mechanism have
been validated against experimental measurements in the mass
spectrum, oxygen content, and molecular structures, and it has
proven its ability to produce valuable information on different
combustion systems.

For this co-flow nonpremixed flame, the temperature profile
and mole fraction profiles for species with a molar mass less than
benzene were measured and provided as input parameters for a
computational fluid dynamics (CFD) simulation. This simulation
was performed using a solver employing a low-Mach algorithm
with modifications to ensure mass conservation for combustion-
related problems. The computational domain was subdivided into
91 cells in the radial direction and 380 in the axial direction to
form a structured, nonuniform mesh with 33,960 cells. The
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simulated temperature profile and main products along the
central line using the CFD calculation agree well with the
experimental data. The details of the CFD simulation of the co-
flow nonpremixed flame are supplied in Supplementary Note 5.
The centerline of the CFD results was used as input for the
SNapS2 simulations. Ten thousand molecules were simulated
using benzene as the seed molecule. The pure hydrocarbon
mechanism, which excluded oxygen chemistry, was used to
improve  the  computational  performance for the
SNapS2 simulations because the oxygenated PAHs were less
than 5% from the compound class distribution analysis at an
HAB of 7.35 mm in this flame.

The observations of the experiment also demonstrated that the
PAHs formed at an HAB of 5mm in a laminar premixed flame
were very similar to those formed at an HAB of 7.35 mm in this
co-flow nonpremixed flame. The simulations were conducted to
confirm this finding. The system was atmospheric-pressure fuel-
rich ethylene laminar premixed flame with a mole fraction of
ethylene/oxygen/argon = 0.163/0.237/0.6. The gas-phase environ-
ment of this flame was modeled with a PREMIX code in
CHEMKIN72  software with the KM2 mechnisam’3. The
temperature profile of this laminar premixed flame was
experimentally measured and input into the CHEMKIN simula-
tion to improve the heat modeling accuracy. The gas-phase
environment was input into the SNapS2 code to study PAH
formation in this laminar premixed flame. Finally, 10,000
molecules were simulated using the pure hydrocarbon mechan-
ism and benzene as the seed molecule (for the previously
discussed reason).

Data availability

Extra experimental details can be found in the Supplementary Information. The data that
support the findings of this study are available from the corresponding author upon
reasonable request.
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