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Stochastic and network analysis of polycyclic aromatic growth in a
coflow diffusion flame

Jacob Saldinger,a Paolo Elvati, b and Angela Violi∗a,b,c

An important step in predicting the growth of soot nanoparticles is understanding how gas phase
variations affect the formation of their aromatic precursors. Once formed, these aromatic structures
begin to assemble into nanoparticles and, regardless of the clustering process, the molecular properties
of the aromatic precursors play an important role. Leveraging existing experimental data collected
from a coflow Jet A-1 surrogate diffusion flame, in this paper we report on a detailed study of
the spatial evolution of molecular structures of polycyclic aromatic compounds (PACs) and their
corresponding formation pathways. To this end, we employed the SNapS2 kinetic Monte Carlo
software to simulate the chemical evolution of PACs along multiple streamlines. The results show
that growth only occurs along streamlines that traverse regions of high acetylene concentrations in
the center of the flame. The PACs predicted in various conditions show diverse chemical properties,
including aliphatic chains, five-membered, and heteroaromatic rings. PACs in streamlines close to
the flame wings begin growing immediately due to the high temperature and large amounts of
radical species, while PACs originating along inner streamlines do not appreciably grow until they
pass through an area characterized by high radical concentrations. Using graph theory and network
analysis, we investigated the complex reaction network generated by SNapS2 and determined that
the growth pathways of many PACs center around a few stable structures that also promote oxygen
addition reactions due to their morphology and long lifetimes. These pathways play a more significant
role along streamlines near the centerline, compared to the flame wings, which show more variety
due to the highly reactive environment encountered during early growth. The results of this study
provide insights on the reaction pathways that determine the properties of PACs at different flame
locations as well as information on the chemical characteristics of the formed PACs, with emphasis
on oxygenated structures.

1 Introduction
For decades, polycyclic aromatic compounds (PACs) formed in
flames have raised great interest, not only for their adverse health
effects and negative impact on the environment1, but also for
their key role as nanoparticle and soot precursors2.

There is a pressing need to link specific combustion environ-
ments (i.e., temperature and composition of gas-phase species)
to the properties and growth pathways of these molecules. Past
studies have determined that factors such as fuel3 and reaction
conditions4 influence the quantity and types of PACs formed. Be-
cause the high reactivity of combustion drives growth through a
number of unique pathways, properly representing PACs in these
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dynamic processes poses a challenge. Traditional study of these
compounds have focused on the stabilomer grid5, a set of peri-
condensed fused carbon molecules. Still, a number of features
are not captured in these models including oxygen6, curvature7,
and aliphatic branching8 which have all been observed in various
experiments.

With the goal of assessing the influence of combustion condi-
tions on the growth pathways of PACs, in this work we study the
molecular evolution of aromatic species along various streamlines
of a coflow flame, using the kinetic Monte Carlo (kMC) SNapS2
code9, previously developed by our group. The flame has been
experimentally characterized by Cain et al. who identified a sig-
nificant amount of oxygenated PACs and PACs with aliphatic com-
ponents10. Starting from results that we have obtained compar-
ing the PACs formed along the centerline of the flame with ex-
periments 11, we expand the study to include the outer radial
streamlines to assess the growth of PACs depends on spatial vari-
ation in the flame and analyze the results using graph theory and
network analysis.
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As we have shown in the past in a counterflow ethylene flame,
the PACs formed within different streamlines in the same flame
can be vastly different12. To this end, we consider properties
such as size, oxygenation, five-membered rings, and presence
of aliphatic chains, which have all been shown to influence the
propensity of PACs to grow into larger combustion nanoparti-
cles13–15. We observe a diverse set of PACs and identify the
structural and gas-phase characteristics leading to their forma-
tion. The results from this study highlight the relative importance
of reaction pathways in the flame and provide information on the
chemical characteristics, including oxygen content, of PACs.

2 Methodology

2.1 System
The coflow non-premixed diffusion flame employed in this study
used a Jet A-1 surrogate mixture (72% n-decane, 18% propyl-
benzene, 10% propylcyclohexane by mass) as fuel. More details
on this flame and surrogate can be found in16. For the tempera-
ture and concentrations of small gas-phase molecules needed by
SNapS2, we used previously published computational fluid dy-
namics (CFD) data16,17. The surrogate blend and base kinetic
mechanism used for this study was developed by Dagaut et al.18

while the PAH growth mechanism developed by Slavinskaya et
al.19,20 was used to simulate larger molecules.

As we have previously proposed12, the streamlines were de-
termined by numerical integration of the velocities starting at a
radial distance of 0.5, 2.5, 5, 7.5, 10, and 12.5 mm from the flame
central axis (assuming cylindrical symmetry). Figure 1 shows the
streamlines in relation to flame temperature and selected gas-
phase species.

Fig. 1 Temperature profile of the coflow diffusion flame from CFD data
published by Saffaripour and coworkers17. Streamlines considered in this
work are shown as dark lines.

2.2 Stochastic Simulations
Stochastic simulations were performed using SNapS29,12 a kMC
software that generates a large number of PAC growth histories
(structure and lifetime). SNapS2 considers the small molecule
gas-phase environment to produce the time resolved chemical
evolution of selected molecules (seeds) through a set of stochas-
tically selected generic reactions. We refer to these reactions as

generic because they are not associated to a given molecule but
rather to a specific chemical group. By using this approximation,
SNapS2 is better able to simulate the formation of a large number
of species.

The current SNapS2 mechanism used in this study has 394
unique generic reactions. The mechanism is built upon the one
described by Wang et al.12, with the addition of reactions that
describe the formation of ketones21, furans22, aliphatic chains23,
five-membered rings24, and ring oxidation25.

Concentration profiles of temperature and selected small gas-
phase species used as inputs into our simulations are taken from
Saffaripour et al.16 and shown in the supporting information.
Concentrations between data points were approximated using
spline interpolation in SciPy26. While there are some discrepan-
cies between the concentrations of small gas-phase species calcu-
lated in CFD and measured experimentally,16 these deviations are
unlikely to significantly affect the outcome of our work. As dis-
cussed elsewhere,27 similar level of inaccuracies of the gas-phase
do not stop our model from quantitatively reproduce experimen-
tally observed PAC properties12, likely due to the comparatively
large rates of competing reactions.

As starting points of SNapS2 histories, we considered a pool
of seed molecules used in11 that includes cyclopentadiene, cy-
clopentadienyl, benzene, phenyl, toluene, napthalene, phenol,
phenolate, phenanthrene, and acenaphthylene. Since the statis-
tical importance of each history depends on the concentration of
the starting molecule (seed), any molecule among the selected
pool that at any point had a concentration of at least 5% of the
maximum concentration of C6H6 (the highest concentration seed
molecule in all streamlines) was simulated in each streamline.
Seed molecule concentration profiles are provided in the support-
ing information. The simulations for all molecules were started
at intervals of 5 ms, which was then shortened to 1 ms when each
molecule’s concentration was above the 5% threshold. For ef-
ficiency reasons, we stopped our simulations when the PAC ei-
ther reached 600 u (the upper mass in previous experimental10

and computational11 studies of this flame) or reached the end of
our flame system. For each time origin, we performed 100 sim-
ulations for the seed with the highest concentration (C6H6 in all
streamlines) and, for the other species, a number of simulations
based on their relative concentration. Overall, we simulated the
growth history of approximately 30,000 molecules. We observed
approximately 6 million unique species (including radicals) and
6.5 million unique reactions, defined as a reaction with a unique
reactant and product.

2.3 Reaction Network Analysis

For our study of formation pathways, we conducted a graph anal-
ysis of our results by creating a graph where each node is repre-
sented by a unique species and each edge is a unique reaction.
In this representation, each molecular growth history is described
by a directional graph. Graph analyses are performed with the
Networkx library28.
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3 Results and Discussion

3.1 Validation

As first step in our study, we consider the comparison between
between the results from SNapS2 and the experimental data10

along the centerline of the flame.

Figure 2 shows a comparison of oxygen and carbon numbers
for compounds sampled at a height of above the burner (HAB) of
50 mm. The open triangles represent the simulations results, the
open circles are the experimental data, and the filled crosses in-
dicate a match between modeling and experiments. Overall, our
simulations reproduce well the experimental O/C content over
a wide mass range but fail to capture a few highly oxygenated
species at low carbon numbers. However, based on the oxygen-
carbon ratios we suspect that these structures are not PACs but
rather aliphatic in character, for which the current kinetic mech-
anism used in SNapS2 is incomplete. We also predict a few
highly oxygenated species with high carbon numbers not seen
in experiments, but since we sampled over an order of magni-
tude more structures than the experiment (approximately 10000
vs 500) it is possible that some, if not all, of these points rep-
resent less common structures that were missed due to limited
sampling. Also as discussed elsewhere11,14, other phenomena
such as physical dimerization and radical–radical reactions may
remove heavy PACs from the system as they form large molecu-
lar clusters. Of note, our simulations produce significant amounts
of unoxygenated PACs that were not included in this compari-
son as the experimental technique did not allow for the measure-
ment of these compounds. For this reason, we omit unoxygenated
PACs from this comparison, however, we include these PACs in
all subsequent analyses. In addition to these aromatic precursor
molecules, Cain et al. also observed a number of large aliphatic
components and soot particles at higher flame heights10. As
the SNapS2 mechanism and seed molecules focuses on aromatic
growth, these molecules were not captured in our PAC analysis.
Additional comparisons between our modeling methodology and
experiments at other heights in the flame along the centerline are
reported elsewhere11, and show similar results.

Fig. 2 Number of oxygen atoms vs. number of carbon atoms observed
along the centerline at HAB=50 mm. Green open circles are experimen-
tal observations from10. Blue open triangles are molecules from our
simulations. Red filled crosses are agreement between simulation and
experiment.

3.2 Composition and size spatial dependence

Of the six streamlines we considered, PACs growth was only ob-
served on the inner three (labeled 1,2, and 3 in Fig. 1). This
result can be explained by looking at the acetylene concentration
(see Supplementary Material) because only the three streamlines
closest to the center pass through the acetylene rich region. Of
note, the streamline number 4 goes through a region with a high
concentration of radicals (mostly H, O, OH and CH3) but we do
not observe any relevant growth, showing again that acetylene
is the most critical species for PAC growth29,30. Since only the
three internal streamlines (1 to 3) show significant growth, in the
following we will focus only on those streamlines.

Fig. 3 Average mass vs. HAB along the three streamlines.

Figure 3 reports the evolution of the average PAC mass
(weighted by PAC lifetime and species concentration) along
streamlines 1–3. As expected based on the lack of growth in
the outer streamlines, PACs experience their fastest growth when
they pass through the high temperature, radical rich section in the
flame. After traveling through this region, the gas-phase environ-
ment is less conducive to PAC growth as the average PAC mass
remains the same or slightly decreases. As our model does not
consider the aggregation of PACs, it is likely that at higher HABs
the average mass of the PACs may be lower than the one pre-
dicted in Figure 3 as heavier PACs may aggregate into larger soot
particles10. While mass provides a first characterization of PAC
growth, in order to understand the diversity of the PACs formed
in distinct regions, we need to study the molecular chemical char-
acteristics, i.e., oxygen content, presence of five-membered rings
and aliphatic chains.

We first analyzed how oxygen content varies between and
along different streamlines in Fig. 4. Streamline number 3
(r=5 mm) starts in a highly reactive region in the flame wing and
begins growing immediately, while the other two exhibit minimal
oxygenation prior to reaching a similarly reactive environment.

The most interesting aspect however, is the fact that the trend
in the average oxygen content among the streamlines matches the
one observed in the mass growth. This is one additional proof
of previous findings14,27 which observed that the oxygenated
species feature prominently in the early growth of PACs. In
contrast to scenarios where PACs undergo oxygen addition re-
actions27, here we do not observe separate regions favoring PAC
growth through oxygen addition reactions and carbon addition
reactions. In this flame, the gas-phase conditions where reactions
involving the addition of carbon atoms and the addition of oxygen
atoms are favorable, are the same.

The analysis of the types of oxygenated chemical groups shows
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Fig. 4 Oxygen atoms in the PACs’ structures in each of the 3 inner
streamlines: mean number of oxygen atoms per PAC at different HABs
(bottom) and analysis of the distribution of oxygen containing functional
groups near the peak oxygen content of each streamline (top). Functional
groups were sampled over a range of 5 mm centered at 62 mm, 56 mm,
and 30 mm for streamlines number 1, 2, and 3, respectively.

a large prevalence of furans and hydroxyls, followed by small
amounts of peroxides formed by the reactions with HO2 radi-
cals. Aldehydes make up an almost negligible percentage of the
groups, which is consistent with another work31 that suggests
they play a larger role in the post-flame region. We observe only
trace amounts of ethers. The comparison between the stream-
lines shows a slight increase of furan and peroxide groups when
moving away from the centerline. We attribute the latter to a 10-
times higher peak concentration of HO2 and a lower temperature
in the areas of high HO2 concentration, which slows the peroxide
decomposition rate32.

Fig. 5 Fraction of five-membered carbocycles as a function of HAB.

Previous studies of this11 and other flames33,34 show that five-
membered aromatic carbon rings are a common group in these
PACs. Here, we study how the fraction of five-membered carbon
rings, defined as the total number of five-membered carbon rings
divided by the total number of five and six-membered carbocycles
in the PAC ensemble, varies along and between streamlines. The
analysis of these streamlines confirms that five-membered carbon
rings constitute an important structural feature of PACs in this
flame as we observe a 10% to 30% fraction across all streamlines
(Fig. 5). While in some measure, particularly at very low heights
above the burner, the concentration of seed molecules affects the
value (e.g., benzene vs. cyclopentadiene), the evolution of this
fraction provides useful insights into the mechanisms of growth.

Early in all streamlines, the fraction of five-membered rings de-
creases as the PACs begin to grow. While the number of five-
membered carbocycles is still increasing in this region (albeit

slowly), the six-membered ring growth is occurring much more
rapidly. This is consistent with known chemistry as six-membered
rings can grow from a variety of pathways and active sites in-
volving the edges of aromatic rings4. Later in the flame however,
large PACs possess more zigzag sites35 which have been shown
to be particularly amenable36 to the growth of five-membered
carbon rings. Thus, while edge growth is always favorable for
six-membered rings, five-membered carbon ring growth does not
become favorable until larger PACs exist in the system and more
of these zig-zag sites are available. Examining the effect of
these five-membered rings on shape, figure 6 shows that com-
pared to those with only six-membered rings, structures with five-
membered rings can exhibit significant curvature although this is
not necessarily the case.

Fig. 6 Left: A planar PAC with only six-membered rings. Center: A
planar PAC with five and six-membered rings. Right: A curved PAC
with five and six-membered rings.

Numerous studies8,37 suggest carbon chain growth occurs on
PACs in flames. Thus, we conclude our PAC structural analysis
describing the aliphatic components of PACs (not to be confused
with purely aliphatic molecules). The majority of carbons within
our simulated PACs are members of rings or sp2 hybridized, indi-
cating there is very little non-aromatic branching. Still, notable
exceptions do exist.

Fig. 7 Length of longest aliphatic chain along each streamline.

Figure 7 shows the longest observed aliphatic chain on each
streamline at each HAB. These carbon chains begin to be ob-
served just as each streamline starts to enter the high temper-
ature region of the flame. In these sections of the flame, the
temperature is high enough for PAC growth reactions to occur,
however, the streamline has yet to reach its maximum temper-
ature. This behavior supports past work38, which has hypothe-
sized that aliphatic growth is most prevalent at elevated temper-
atures but not at the highest temperature section of the flame. As
indicated in figure 7, the maximum chain length does not appre-
ciably change after its initial growth even as the streamlines pass
through the highest temperature, highest radical concentration
section of the flame. This suggests that these side chains have
a degree of stability and do not necessarily break down even in
the most reactive environments of this system. The presence of
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aliphatic chains can be also dictated by some characteristics of the
PACs’ structures that are conducive to the growth of these chains.
To test this hypothesis, we identified only those growth histories
in which an aliphatic chain of at least five carbons is formed and
analyzed the structure of the first PAC molecule in the history
that had this aliphatic chain. Although we observe no unifying
feature (two examples of the variety of structures can be seen
in Fig. 8), we most commonly observe PACs between 30 and 35
carbons, including the aliphatic chain. Based on some of the ob-
served structures (such as Fig. 8) it appears many of the aliphatic
chains form when a smaller carbon chain is unable to close into
a ring. Thus, it follows that more aliphatic chains grow on PACs
in this size range as they require a particular growth site which is
more likely to exist on larger PACs.

Fig. 8 Two examples of observed molecules with aliphatic chains.

While these long hydrocarbon chains are not observed in high
concentrations, numerous studies13,39,40 have suggested these
compounds can play a role in the physical growth of PACs into
combustion nanoparticles. The early growth of these branched
PACs and their long lifetimes within the flame suggest that despite
being minor species they can still contribute to PAC aggregation,
by stabilizing the formation of PACs aggregates long enough for
them to form a chemical bond for example by radical-radical re-
actions14,41.

3.3 Reaction Network Analysis

The ensemble of stochastic simulations generated by SNapS2 can
be used to study the growth pathways of PACs and how they are
affected by the conditions inside the flame. Due to the generic
nature of the reactions in the SNapS2 mechanism, we are partic-
ularly interested in identifying which PAC substructures are asso-
ciated with growth and any differences arising from varying envi-
ronments. This analysis is complicated by (1) the large number of
highly reversible reactions and (2) the fact that independent reac-
tions can happen on separate locations of larger molecules. The
two problems are intertwined (as reversible reactions can happen
on different atoms) and an analysis of the growth histories show
that, on average the ratio between the total number of species and
reactions simulated in a single growth history and the number of
unique species and unique reactions (as defined in section 2.2) in
a growth history are about 40 and 20, respectively. For this rea-
son, we transformed the ensemble of histories into graphs as de-
scribed in the Methodology section. In this analysis, each growth
history is represented by an unweighted directional graph, with
weights between each graphs determined by the initial concen-
trations of their seed molecules. We defined the shortest path
between the first and final molecules of each simulation as the
formation pathway. Shortest paths are not necessarily the only

pathway of growth of each molecule, but rather a basic descrip-
tion of common, multi-step growth pathways, which has been
shown to be useful in deterministic reaction network analyses42.
To identify the shortest paths, we used Dijkstra’s algorithm43.

Fig. 9 Simplified description of the formation pathway to commonly
observed 18 carbon PAC. Single ring molecules (left) grow into a 13
carbon molecule resembling fluorene (center). A cyclopentenyl is then
added to form an 18 carbon PAC (right).

If we analyse the reaction sequences in the shortest paths, all
three streamlines seem to follow a prevalent carbon pathway for
early growth. Almost all single ring aromatics (approximately
85% in all streamlines) grow into a 13 carbon atom consisting
of a structure similar to fluorene (Fig. 9, center structure). Al-
though most of this growth occurs through hydrogen abstraction
acetylene addition (HACA)29, we observe some C6H6 also form
these 13 carbon structures by adding an oxygen and disassoci-
ating a CO. Polycyclic aromatic seeds such as napthalene and
phenanthrene form this 13 carbon structure in a smaller amount
as there are more active sites to grow in other directions early
in the growth history and transitioning to the fluorene-like struc-
ture requires significantly more molecular rearrangement. In the
streamlines 1 and 2, approximately 50% of all pathways form-
ing these 13 carbon structures then add a cyclopentenyl radical
to form an 18 carbon structure resembling triphenylene (when
unoxygenated) using a reaction similar to the one described in44.
This species has been experimentally observed as a polycyclic aro-
matic hydrocarbon in other combustion systems45. In the outer
streamline (number 3) this sequence of reactions still occurs but
in a smaller amount (approximately 30%). This pathway along
with HACA and oxygen additions comprise almost all the growth
in this region for all streamlines.

Fig. 10 Some commonly observed 13 carbon (left 2) and 18 carbon (right
2) structures along the center (1) streamline.

The two structures described above also appear integral to the
formation of oxygenated PACs. As shown in Figure 10, oxygen
addition occurs through the addition of furans to the four carbon
armchair sites these molecules possess. Furthermore, as these are
some of the most common molecules we observe in our simula-
tions, this suggests they are stable and exist for relatively long
times within the flame. Thus it appears these structures promote
additions of oxygen both through offering a favorable armchair
site for furan formation and by ensuring that the probability of
oxygen reactions occurring on these structures is much higher
owing to their long lifetimes.
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While these reaction pathways are present in a significant num-
ber of the traces analyzed, they are by no means the only growth
reactions. Thus, we also expand our network analysis to consider
the relative importance of every reaction observed in our simula-
tions. For each streamline, we combined all individual traces to
create a single directed graph, as described in the Methodology
section. To obtain the relative frequency at which each reaction
occurs, edges were weighted by the initial seed molecule con-
centration as well as the net difference in occurrences between
the forward and reverse reactions. Since we observed approxi-
mately 6 million unique molecules and many of these PACs ex-
hibit similar structures (e.g. differ by a hydrogen atom), we
grouped molecules sharing carbon number, oxygen number, num-
ber of six-membered rings, number of five-membered rings, and
number of furans and then represented each reaction group with
the most frequently observed pair of molecules (based on the
above weights) for the purpose of our analysis. For each stream-
line graph, we considered the edges with the highest weights as
the most commonly observed reactions. While we included all
reactions in our graph, we omitted single ring structures from
subsequent analysis. We instead focused on polycyclic molecules
as single ring reactions are well accounted for in the determin-
istic mechanism18 and dominate all other PAC growth reactions
in frequency due to the high concentration of single ring seed
molecules and the fact that there are significantly fewer active
sites and thus fewer possible growth pathways relative to other
species. The top fifteen most frequently observed unique reac-
tions for each streamline along with their relative weights are
shown in the Supplementary Material in Figs. S9-S11.

For all three streamlines, our analysis identifies a diverse set
of reactions playing an important role in PAC growth including
acetylene additions, oxygen additions, and ring closures. We ob-
served reactions involving the 13 carbon (e.g. reactions 1.2, 2.2,
and 3.5) and 18 carbon PACs (e.g. reactions 1.10 and 2.12) also
identified by our shortest path analysis, confirming that these
molecules appear frequently in growth reactions. Some of the
highest weighted reactions across all streamlines involve the ad-
dition of two acetylene molecules to indene through HACA (re-
actions 1.1, 1.3, 2.1, 2.3, 3.2, and 3.14) then a subsequent ring
closure to form a fluorene-type molecule (reactions 1.2, 2.2, and
3.5) showing the importance of this structure to PAC growth in
this flame. Furthermore, all streamlines show reactions involving
the addition of an oxygen to this fluorene-type molecule (reac-
tions 1.8, 2.5, 3.4, 3.8, 3.10, and 3.13) validating the importance
of this PAC to oxygen addition reactions as discussed above. We
also observe a number of influential reactions involving species
other than the ones considered in our above shortest pathway
analysis. Most notably, in streamlines 1 and 2 we see acenaph-
thylene grow through HACA reactions (reactions 1.4, 1.5, 2.4,
and 2.9) to form a 16 carbon PAC consisting of a five-membered
ring surrounded by three six-membered rings (reactions 1.7 and
2.6). This structure is of particular interest as it subsequently can
form a PAC characterized by an embedded five-membered ring
which in other flames has been noted to contribute to molecular
curvature46. This structure also commonly participates in oxy-
gen addition reactions (reactions 1.14 and 2.14). The omission

of this 16 carbon structure and these growth reactions shows one
possible limitation of our shortest path analysis. Since that anal-
ysis considers the pathway with the least number of reactions,
when considering growth pathways for PACs with a carbon num-
ber between 13 and 18, the analysis likely somewhat overweighs
the growth contribution of the addition of the cyclopentenyl radi-
cal relative to HACA growth as the former reaction achieves more
mass growth with fewer reaction steps. Thus, traditional HACA
growth pathways and their resulting molecules also appear highly
relevant at these mass ranges.

In all our previous analyses, we have described mostly com-
monalities among the different streamlines, species, and reac-
tion pathways. Overall, we find that, compared to counterflow
flames12, this flame shows less variations in the characteristics
of the formed PACs. There are however some interesting differ-
ences, especially in the types of oxygenated PACs. As shown in
Figs. S9-S11, streamlines 1 and 2 show similar types of reactions
compared to streamline 3. The most commonly observed reac-
tions in streamlines 1 and 2 show significantly fewer oxygen addi-
tion reactions with 2 and 3 oxygen addition reactions respectively
compared to 8 reactions for streamline 3, including two of the top
3 reactions. In addition, the PACs in streamline 3 have a signifi-
cantly higher oxygen content than the most commonly observed
reactions in the other two streamlines. In streamline 3 all but
three of the top fifteen most influential reactions involve at least
one oxygenated PAC. While some of these trends can be explained
by the higher concentration of small oxygenated aromatics such
as phenol in streamline 3 relative to the other streamlines, much
of this is due to the higher amount of reactions involving the addi-
tion of oxygen, which occur in streamline 3 at lower carbon num-
bers relative to streamlines 1 and 2. The reactions observed in
Figs S9-S11 involve PACs with carbon numbers between 9 and 22
carbons. Thus, the fact that the average oxygen content is similar
across all streamlines at higher HABs (Fig. 4) suggests that reac-
tions involving the addition of oxygen atoms to PACs occur more
frequently at lower carbon numbers in streamline 3 and at higher
carbon numbers in streamlines 1 and 2.

Fig. 11 Oxygen-carbon ratios for different carbon numbers along each
streamline.

This trend can be further seen in how the oxygen content
of PACs vary with size. Figure 11 shows the average number
of oxygens (weighted by lifetime and seed molecule concentra-
tion) on PACs of each carbon number. The streamline number 1
(r=0.5 mm) has two different PACs groups: one, with less than
13 carbons, showing very little oxygenation (consistent with fig-
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ure 10) and one, with higher mass, showing significant oxygena-
tion. The next streamline moving outwards (r=2.5 mm, still not
in the wing) shows a similar trend albeit with generally a smaller
relative amount of oxygenation particularly for PACs up to 22 car-
bons. The third streamline (r=5 mm) in which we observe early
growth and the one that is in the flame wing, breaks the trend,
showing a near constant oxygen-carbon ratio.

These results suggest that the PACs in the streamlines closer
to the center follow a growth pathway where carbon additions
occur prior in molecular growth history to significant oxygen ad-
ditions while in streamline 3, oxygen and carbon addition reac-
tions occur at all phases of the PAC growth history. This differ-
ence is compatible with the acetylene and radicals concentrations
along each streamline (see Supplementary Materials). Early in
the flame, streamline 3 experiences high concentrations of radi-
cals and C2H2 for an extended period of time in close proximity:
although the concentration of C2H2 and radicals peak in different
locations, the C2H2 concentration is within one order of magni-
tude of its maximum value while the radical concentration peaks.
Both of these are necessary for HACA reactions30 but at the same
time the O, OH, and HO2 radicals promote oxygen addition reac-
tions9. The innermost streamlines, however, pass through the re-
gion of high radical concentration after the C2H2 rich area where
radicals have a moderate concentration.

4 Conclusion
Using the SNapS2 kinetic Monte Carlo software, we studied spa-
tial variations in the properties of polycyclic aromatic compounds
and their formation pathways as they travel in a Jet A-1 diffusion
flame. The results show a growth generally matching the temper-
ature, acetylene, and radical species profiles: PACs begin growing
almost immediately in the wings but do not grow in the center of
the flame until higher HABs are reached.

Of note, PACs in the outer part of the wings (or farther away)
experience negligible growth despite going through a high tem-
perature region. Although similar in average mass, PACs in the
inner part of the flame experience the formation of oxygenated
groups (mostly hydroxyls, heterocycles, and peroxides) later on,
once larger PAHs are formed. The differences in the growth histo-
ries are also reflected in an increase in five-membered rings, het-
erocycles, and peroxides and a slight decrease in hydroxyl groups
when moving away from the flame center.

Finally, through a network analysis of the growth histories, we
identified some common symmetrical structures (between 10 and
20 carbons) that are formed both via HACA mechanisms and oxy-
gen mediated reactions.
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