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Unveiling trends in soot nucleation and growth: when
secondary ion mass spectrometry meets statistical

analysis

Abstract (200 words max). At the present day, ultrafine soot particles have become the
object of increasing attention due to their well-documented adverse effects on human health
and climate. In particular, understanding soot nucleation is one of the most challenging
problems toward a more controlled and cleaner combustion. Detailed information on the
chemistry of nascent soot particles (NSPs) is expected to provide clues on the soot formation
and growth reaction pathways. Herein, the early steps of soot formation in flames are
addressed by investigating the chemical composition of NSPs and their molecular precursors
by secondary ion mass spectrometry. The originality of this work lies on the combination of
several factors that include: two different approaches to gain access to soot nucleation in
premixed flames (analysis of a nucleation flame in which NSPs nucleate all along the reaction
coordinate without growing in size) and in diffusion flames (separation of the precursors and
soot regions); a sampling procedure that allows a rough separation of the condensable gas
phase from soot particles; a large database of collected samples and high mass resolution that
enable the use of an improved data reduction protocol based on hierarchical cluster analysis
and principal component analysis for the data mining and interpretation.
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1. Introduction

Soot nucleation is a term commonly used in combustion research to describe the transition
from molecular precursors in the gas phase to particulate matter in the condensed phase [1-5].
Soot nucleation is a wonderfully complex phenomenon that remains poorly understood to the
present day. The detection of the molecular precursors that participate to soot formation is a
major experimental challenge. In addition, the criteria used to identify soot particles in the
condensed phase are often based on the experimental measurements used to identify them,
thus over the years a variety of definitions partially overlapping or contradicting each other
arose [6-11]. The emission of thermal radiation is one of the possible criteria to identify
nascent soot particles (NSPs), which can be operationally defined as the smallest entities in
the condensed phase capable of emitting radiation described by Planck’s law (often cited as
blackbody-like or graybody radiation) [8].Soot particles are generally at thermal equilibrium
with the combustion gas, and therefore emit thermal radiation in a continuous spectrum that
can be fitted with Planck’s law. This emission can be used to identify soot particles even as
their size approaches the limit of large organic molecules or small molecular clusters [12,13].
Hence, the yellow-orange luminosity of flames becomes an intuitive and effective criterion
for assessing the presence of soot particles, including NSPs that can be as small as 1-3 nm
diameter [6,14]. Although the detailed structure of NPSs remains essentially unknown, their
small size and the generally amorphous nature of young soot tend to suggest a disordered
rather than a core-shell internal nanostructure similar to mature soot primary particles [15—
17].

Despite many recent advances, the formation of NSPs from the gas phase remains an
elusive process. Mainstream hypotheses range from small aromatic molecules stacking into
progressively larger compact [18-20] or 3D cross-linked [21,22] clusters. However, because
of the intrinsic experimental difficulty in discerning the structure of NSPs, so far no
conclusive evidence could be provided to completely support or disprove one model. On the
molecular level, polycyclic aromatic hydrocarbons (PAHSs) are long since well established
[23], from experiments [24-27] and modeling [28,29], to be important molecular building
blocks of soot. PAHs are found both in the gas phase as molecular precursors, and adsorbed
on the surface or integrated as structural elements in the nascent particles [30,31]. Recent
advances revealed for the first time the chemical structure of individual molecules found on

NSPs [32]. Experimental evidences that oxygen-containing hydrocarbons (OCHs) are
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associated to soot have also been found [33], and thus they have been proposed as potential
candidates for soot nucleation in addition to PAHs [34,35]. The molecular precursors, and
more in general the compounds detected on freshly nucleated particles, typically feature high
hydrogen to carbon ratio H/C > 0.8 [15,16,36]. Once soot particles are formed, the soot mass
rapidly increases by surface growth, while the maturing primary particles coagulate and
coalesce to form progressively larger aggregates characterized by complex fractal-like
morphology [10,37]. In parallel, the H/C ratio of the compounds detected on the particles and

aggregates surface gradually decreases to values H/C < 0.4 typical of mature soot [25,9].

From the experimental point of view, NSPs are difficult to detect and their properties are
challenging to measure [26]. Commonly used diagnostics in combustion give access to a
variety of information that range from the soot volume fraction [38,39] to the particle size
distribution [6,40], structure and morphology [37,41]. The measurement of the mass of the
compounds in the gas phase or adsorbed on the particle surface provides important chemical
information on the species involved in soot formation and growth. As a result, countless
implementations of mass spectrometry exist that give access to the chemistry of both the gas
and the particulate phase [24,27,31,42-44]. In this work, we propose an innovative approach
based on ex-situ secondary ion mass spectrometry (SIMS) to probe the chemistry of soot
particles and condensable gas in parallel to obtain information on NSPs and their molecular
precursors. To achieve such goal, a method to separate the condensable gas from the soot
particles has been developed first [45]. Then, a large database of samples obtained in a variety
of experimental conditions has been analyzed. It is well known that mass spectrometry returns
large sets of data that have to be reduced into chemical information. Hence, data mining
becomes fundamental to extract hidden information [46,47]. Furthermore, increasing the size
of the database is arguably the most effective means of reducing and identifying sampling
errors and obtaining a stable and reliable factor analysis representative of the total population
[46]. The complementary information on the soot volume fraction profiles is obtained by
in-situ laser induced incandescence (L1I) mapping [12] that relies on the enhancement of the
natural emission of soot particles in the flame by laser heating. Information on the spatial
distribution of the aromatic precursors in the gas phase is obtained by in-situ laser induced

fluorescence (LIF).

Isolating soot nucleation from other flame processes represents an additional challenge. In

particular, in sooting flames the chemical reactions occurring at the surface of particles tend to
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build up as soon as NSPs are formed, and to quickly convert them into mature soot primary
particles, de facto concealing the nucleation process. In this work, to avoid such interference
and to identify independently the compounds involved in soot nucleation and growth,
different approaches based on the analysis of two low-pressure premixed and two atmospheric
diffusion laboratory methane flames are implemented. First, in the premixed nucleation flame,
a dynamic equilibrium between the processes that increase the soot particle size (nucleation,
surface growth, coagulation and coalescence) and those that decrease it (reversibility of
nucleation, surface oxidation) is reached by carefully choosing the flame equivalence ratio,
and results in the absence of any measurable increase in diameter of the NSPs against the
reaction time [8,48,49]. Thus, the comparison of the nucleation flame with a second sooting
flame stabilized in the same conditions represents a powerful tool to obtain information on the
chemistry of NSPs. Second, in the diffusion flames the formation regions of molecular
precursors and soot are separated and sufficiently far to be probed independently and with

little interference from one another.

A total of 152 samples are collected from the four laboratory flames at different reaction
times and analyzed by SIMS. Advanced statistical methods are employed to reduce this large
database and reveal similarity and specificity. The comparison of soot sampled from the
premixed and diffusion flames shows that PAHs and OCHSs play a prominent role in soot
nucleation. In particular, the smallest compounds involved in soot nucleation are consistent
with PAHs having as few as 2-3 aromatic rings. Moreover, many strong signals come from
5-member ring PAHSs, which further stresses the importance of these particular compounds.
The important role of the post-nucleation surface growth is isolated in the premixed flames
and leads to the definition of two distinct lists of compounds involved in the formation of
NSPs and their growth. The obtained data are compared to kinetic modeling in the literature
[50] showing that in the growth of both molecular precursors and compounds adsorbed on

soot, compact PAHs are preferred over open structures.
2. Methodology

2.1. Burners and flames

2.1.1. Premixed flames
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Two low-pressure laminar, premixed, methane/oxygen/nitrogen flames are investigated
having equivalence ratio ¢=1.95 (nucleation flame, PRE-N for short) and ¢ = 2.32 (sooting
flame, PRE-S for short). Flame PRE-N and PRE-S were already object of investigations in the
past [51,14,8]. In particular, the soot volume fraction profiles of both flames are already
known [8]. Pictures of the flames are shown in Fig. 1a and b, while the flow conditions are
detailed in Table 1. The premixed flames are stabilized on a standard commercial Holthuis
(previously McKenna) burner equipped with a 60 mm diameter sintered bronze porous plug at
pressure p = 267 +1 mbar and total gas flow Qi = 3.96 L min™. The burner is installed on a

vertical linear translation stage located inside a low pressure vessel.
2.1.2. Sampling the premixed flames

A non-diluting quartz extractive microprobe enters the low-pressure vessel through the top
flange to reach the flames axially. The thin end of the probe has a 0.3 mm diameter aperture
that can be positioned in the flame with +0.1 mm accuracy. The probed flame depth is
estimated as twice the diameter of the probe aperture [52]. Changing the vertical position of
the burner changes the relative distance between the burner surface and the probe, and enables
positioning the tip of the probe at different height above the burner (HAB). Soot particles and
combustion gas are pumped, undiluted, through the probe and a heated (80°C) stainless steel
line to reduce condensation during the transfer to the sample holder. During the sampling, the
pressure inside the line is approximately 0.5 mbar. Flame PRE-S is sampled at six HABS on
the flame axis: before (7 mm) and at the beginning (9, 12 mm) of the soot incandescence
zone, and up to the burned gas region (15, 20, 40 mm). Flame PRE-N is sampled at the same
HAB:S.

2.1.3. Diffusion flames

Two atmospheric laminar diffusion methane flames are stabilized on a burner similar to
the one used by Siegmann et al. [53,54]. The configuration of the burner and more details on
the first flame (non-smoking flame, DIF-S for short) are given in Irimiea et al. [45]. A picture
of flame DIF-S is shown in Fig. 1c. The second diffusion flame (quenched flame, DIF-Q for
short), which features an additional quenching with argon in the reactive gas mixture, is used
as a reference since soot volume fraction and mass spectrometry data at different locations in

the flame axis are available in the literature [53,54]. Flame DIF-S is supplied with N5.0 grade
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methane only (Qfer), While flame DIF-Q is supplied with a mixture of N5.0 grade methane
(Qfuer) and argon (Qgit) [53]. The flow conditions for the two diffusion flames are shown in
Table 2.

2.1.4. LII/LIF measurements on flame DIF-S

In-situ diagnostics commonly used for the detection of soot and precursors include optical
techniques as laser induced incandescence (LII) and laser induced fluorescence (LIF) that are
used to measure the soot volume fraction and the size of the primary particles [12,55,56] and
to map the molecular precursors in the gas phase [57], respectively. In this work, flame DIF-S
has been subject to detailed in-situ investigations since no information on the soot volume
fraction or on the chemical composition of the gas phase was available beforehand. Soot is
detected by LII at 1064 nm, while its precursors are detected by LIF at 488 nm and 266 nm
excitation wavelength. The fundamental of a pulsed Nd:YAG laser (Quantel Brilliant B, 6 ns
pulse width, 10 Hz) equipped with a frequency quadrupling module and an optical parametric
oscillator (Panther-EX OPO Continuum) pumped by the 3™ harmonic of a Nd:YAG laser
(Powerlight 8000 Continuum, 12 ns pulse width, 10 Hz) are used. Soot particles are heated
below their sublimation threshold (F =150 mJ cm™) and precursors in the gas phase are
excited without activating the incandescence of soot (F=7.7mJcm? at 488 nm and
F = 2.2 mJ cm™? at 266 nm). The LII/LIF emission is recorded at 90° incidence with respect to
the laser beam propagation, using a system of two achromatic lenses for the imaging of the
selected volume on the entrance of a spectrometer equipped with a 150 groves mm™ grating
blazed at 300 nm. A fast ICCD camera (Princeton Instruments 500P1 MAX) placed at the exit
of the spectrometer records an image corresponding to 500 laser pulses. The LII/LIF detection
is performed during a 50 ns gate after the peak of the laser pulse. The spectral response of the
detection system is calibrated in intensity with an integration sphere (SphereOptics CSTM-
LR-6-M), while the wavelength calibration is performed with an Hg-Ar pen-ray line source.
The LII signal is integrated over a 5 nm wavelength window centered at 750 nm, while the
Vis-LIF and UV-LIF signals are integrated over the same spectral window centered at
550 nm. The LII and LIF signals are recorded at different HAB by translating the flame on the
vertical axis. The emission of the flame is subtracted from each LII/LIF image, and the
LII/LIF signal is normalized to the maximum detected value. It is therefore possible to
localize and distinguish between the gas phase precursors and soot particles. A schematic

representation of the setup is shown in Fig. 2a, while Fig. 2b shows the evolution of the
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LII/LIF against HAB. In flame DIF-S, the UV-LIF signal is detected very low in the flame
from around 5 mm HAB, it increases up to a maximum at 50 mm HAB, and finally disappears
above 70 mm HAB. The Vis-LIF signal starts at 20 mm, reaches a maximum at 65 mm HAB
and completely disappears at 85 mm HAB. The LIl signal starts at 62 mm HAB, very close to
the maximum of the Vis-LIF, reaches a maximum at 80 mm HAB, then quickly decreases and

disappears around 105 mm HAB. Both diffusion flames are non-smoking.
2.1.5. Sampling the diffusion flames

Flame DIF-S is characterized by LII/LIF herein to select the optimal HABs for the
sampling, while flame DIF-Q is used as a reference since the soot profile and mass
spectrometry data at different locations in the flame axis are available in the literature [53,54].
The extraction system is detailed in [45]. Briefly, it consists of a sampling probe having
0.25 mm diameter aperture coupled to an automatic pressure regulation system inserted
radially into the flame, engineered to combine high dilution ratio up to 3x10* [40] while
minimizing flame perturbations [58]. The diffusion flames are sampled at three HABSs each in
the flame axis, at the maximum of the UV fluorescence detected by LIF (48 mm for flame
DIF-S and 25 mm for flame DIF-Q), at the beginning of the soot incandescence zone (65 mm
for flame DIF-S and 45 mm for flame DIF-Q), and near the maximum of the soot
incandescence zone in a region with weak signal of fluorescent species excited by visible
wavelength (80 mm for flame DIF-S and 55 mm for flame DIF-Q). The large soot volume
fraction of the diffusion flames requires dilution during sampling to quench chemical
reactions and limit particle coagulation and coalescence.

2.2. Preparation of the samples and SIMS measurements

Online and ex-situ diagnostics often depend on mass spectrometry to gather chemical
information from the samples. Online techniques relying on the generation and analysis of a
molecular beam have been available for almost two decades now [42,59]. Their modern
implementations, like aerosol mass spectrometry for instance, are now compact and
commercially available devices that can provide semi-quantitative measurements in real time
and therefore have become widespread for the analysis of environmental samples [60-64].
The applications of surface techniques to the ex-situ analysis of soot are too many to describe
herein, and range from thermal [65,66] to laser desorption mass spectrometry [67], possibly
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after solvent extraction [43] and on a variety of deposition substrates [27,44,68]. SIMS has
been independently used for the analysis of the chemical composition of aerosols [69,70] and
PAH containing samples [71], although it never was the technique of choice for systematic

investigations of the chemical composition of soot particles.

In this work, samples obtained by impaction of soot and condensable gas on silicon and
titanium wafers are characterized using the ToF.SIMS® instrument available at the Regional
Platform of Surface Analysis at the University of Lille. A detailed description of the adopted
analytical protocol is provided in Irimiea et al. [45]. SIMS is a high sensitivity analytical
technique used to determine the chemical composition of unknown samples that can probe a
surface layer thinner than 1 nm. The sample is sputtered with a primary ion beam and the
ejected secondary ions are mass-analyzed with a time of flight mass spectrometer having
maximum resolving power ~ 10*. The distinction between soot and the condensable gas phase
is obtained by following the protocol proposed in Irimiea et al. [45]. During impaction
deposition, particles deposit preferentially at the outlet of the impactor, while condensable gas
diffuse all over the wafer surface, including the already deposited soot. The mapping of the
sample surface and the comparison of the mass spectra of the soot impacting region and
surroundings by image reconstruction can be exploited to get information on the chemical

composition of the two phases.

2.3. HCA and PCA in a nutshell

Mass spectra of soot contain a significant amount of chemical information that is
difficult to extract because of the large number of signals they typically feature [72]. As high
resolving power mass spectrometers get easier and easier to access, advanced statistical tools
have become invaluable to refine large databases of raw mass spectra and to reduce them into
chemical information. Principal component analysis (PCA) is used to classify the data and
explain the variance of the database. Since PCA is based only on a fraction of the total
variance, its output can be affected by the presence of outliers. Therefore, to increase the
confidence level of the data reduction, hierarchical clustering analysis (HCA), which is based
on the total variance of the dataset, is applied in parallel following the approach proposed by
Peietal. [73].
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HCA attempts to build a hierarchy of clusters of observations based on their similarity.
A measure of the similarity between clusters and a set of linkage criteria are required to
decide which clusters should be combined, and can be provided in a variety of different ways
conceptually based on the calculation of the distance between pairs of observations. For
instance, a common approach is based on Euclidian distances between observations, then
HCA is computed with the group average method. The average linkage criterion is commonly
used because is space-conserving and delivers the most robust data hierarchy after using a
multitude of algorithms [73,74]. The results of HCA are organized in distinctive-looking tree

diagrams (dendrograms) that show the distances at which the data clusters are merged.

PCA is a mathematical tool used in exploratory data analysis to identify relatedness
among populations [75,76]. In PCA, an original set of possibly correlated variables is
transformed into a second set of linearly uncorrelated variables (principal components) that
retains the maximal amount of information of the original data. PCA is performed on a data
correlation or covariance matrix usually after a normalization of the original data to zero
average and unit variance. The normalization is a particularly delicate step since PCA only
uses linear transformations, and therefore PCA on a non-normalized dataset would be
dominated by the largest numeric values. The percentage of the total variance explained by
each principal component is stored in the eigenvalues and visualized in the scree plot
(eigenvalues against principal components). Essentially, the scree plot orders the eigenvalues
from the largest to the smallest, and it is often used to select the number of principal
components to be further considered. The relative weights of each original variable used to
calculate the principal components are stored in the eigenvectors and visualized in the loading
plots (weights against original variables). The loading plots are fundamental to quickly
identify which variables affect each principal component. The loadings can take negative or
positive value: the more a variable influences one of the principal components, the larger the
corresponding loading in absolute value. Conversely, the less a variable influences one of the
principal components, the closer the corresponding loading is to zero. The scores are linear
combinations of the data calculated from the coefficients for each principal component, and
represent the distance of an observation from a principal component. There is one score for
each observation in the data set and for each principal component. A score plot shows the
scores of two principal components one against the other, and can be used as a base to classify
the data. For instance, if the first two components account for the largest part of the variance
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of the database, the PC2 against PC1 score plot is generally sufficient to identify data clusters
and trends.

In this work, HCA and PCA are implemented on the normalized integrated peaks outcome
of the mass spectra. The peak ion counts are normalized by the total ion count of each
spectrum after background removal. Then, they are organized in a matrix containing the
observation (rows) by the peak ion counts (columns). Finally, HCA (group average clustering
method, Euclidean distances) and PCA (covariance matrix) are implemented on the data
matrix. Routines in OriginPRO 2016 (OriginLab, Northampton, U.S.A.), Matlab
(MathWorks, Natick, U.S.A.) and the freeware ToFTools have been used for the peak
deconvolution and computation of the statistical methods.
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3. Results and discussion

3.1. Understanding the mass spectra

A selection of the recorded mass spectra sorted by flame (rows) and sampling HAB
(columns) is shown in Fig. 3. The mass spectra of the condensable gas phase and soot are
shown in the top and bottom panels, respectively. The mass spectra feature a quasi-bimodal
distribution of peaks separated by a gap around m/z 150-200. The first mode spans m/z 0-150
and its strongest signals are attributed to fragment ions as discussed below. This mode tends
to be more prominent in the condensable gas sampled at high HAB, and in flame PRE-N at
any HAB. The second mode roughly spans m/z 150-800 and features signals mainly attributed
to CmHn" and CHhOp" molecular ions. The second mode is more prominent in the diffusion
than the premixed flames. The relative intensity of the peaks and the position of the modes in
the m/z axis are both flame and HAB dependent. Within the modes, the signal peaks always
recur in groups corresponding to the increasing number of carbon atoms m. Each group
contains several peaks corresponding to ions having a progressively increasing number of
hydrogen atoms n. Neighboring groups are separated by gaps in which weaker but still well
resolved peaks are detected. The gaps become progressively smaller as m/z increases, and

disappear from m/z 700 upwards.

The analytical protocol adopted in our previous work and based on soot and condensable
gas deposition by impaction [45] results in a mass resolution (m/Am ~ 7000) large enough to
enable using mass defect analysis for the identification of unknown molecular ions. Despite
being richer in low mass signals, the SIMS mass spectra well match our previous two-step
laser mass spectrometry (L2MS) measurements [27] and early tests with SIMS where
deposition on filters was used [8]. The strongest peak in a group sharing the same m depends
on the parity of m. If m is even, then the strongest peaks have even nominal mass, while if m
is odd, then the strongest peaks have odd nominal mass. This behavior is consistent with the
attribution of the signal peaks to PAH ions. In fact, odd m PAHs contain (at least) one
non-aromatic carbon atom, and therefore post-ionization hydrogen elimination reaction result

in increased stability by extended electron resonance.

Flame DIF-Q is similar to the work of Siegmann et al. [53,54] and provides a comparison
with the literature. In this work, a significant extension of the upper mass limit could be

obtained in a range important for the nucleation and growth of NSPs. Although the peak

13 of 55



328
329
330
331
332
333
334
335
336
337
338

339
340
341
342
343
344
345
346
347
348

349
350
351
352
353
354
355
356
357
358
359

relative intensities are significantly different in the two works, the main mass sequences
attributed to benzenoid PAHs are well consistent. The peak relative intensities are
characteristic of the ionization scheme. In Siegmann et al. [54], resonant enhanced
multiphoton ionization (REMPI) is used that enables the efficient ionization and hence a
highly selective detection of resonant compounds. In particular, ionization at 248 nm
excitation wavelength is very effective for the detection of PAHSs in the range m/z 200-300
[77], and the obtained distribution of peaks is centered around m/z 200 consistently with
REMPI of low mass PAHSs. Furthermore, the smooth energy transfer typical of low irradiance
laser ionization greatly limits post-ionization dissociation, resulting in almost fragment free
mass spectra. This is a major difference with SIMS, where the harsher ionization produces
fragment-rich mass spectra.

In this work, peaks are identified and assigned a molecular formula based on their mass
defect [78]. A working peak list containing 771 peaks is generated following the protocol
established in Irimiea et al. [45]. Only peaks having signal—to-noise ratio (SNR) larger than
three times the standard deviation of the background noise are included in the data reduction.
One mass spectrum and the corresponding mass defect plot are shown as examples in Fig. 4a
and b, respectively. High mass defect ions are identified as C,H," from their typical pattern
and assigned a molecular formula. The difference between the measured accurate mass and
the exact mass of the assigned molecular formula is typically in the 0.1-5 ppm range. A large
number of weaker signals characterized by lower mass defect are also detected and attributed
to OCHs .

SIMS analyses are often affected by post-ionization dissociation reactions that generate a
potentially large number of fragment ions and increase the complexity of the mass spectra.
Fragment ions should be identified and treated independently of the molecular ions. To this
end, hierarchical clustering analysis (HCA, group average clustering method, Euclidean
distances) is used to find general trends and similarities in the behavior of the peak signals,
and to search correlations between individual peaks and/or groups of peaks. HCA found three
main clusters of peaks that share close behavior that are shown in different colors in Fig. 4a
and b. Cluster 1 (black data) only contains low mass defect ions that are easily identified
thanks to their distinctive pattern in the mass defect plot. Their mass defect is too low to be
consistent with molecular ions (strongest signals are C,H*, CyH>™ and CHs*, m € [1, 16]).

Cluster 2 (red data) contains higher mass defect ions that have mass consistent with
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unsaturated and aromatic compounds. It is worth to notice that many small PAHs from CoHg"
up to Ca4Hye™ are in cluster 2. Finally, cluster 3 (green data) contains signals only attributed
by mass defect analysis to large PAHs and OCHSs. The three clusters coexist in m/z 200-300.
At lower m/z, clusters 1 and 2 dominate, while the vast majority of signals at higher m/z are
part of cluster 3. The peak intensity scatter matrix gives further information on the correlation
coefficients (Pearson’s R?) calculated on the normalized peak intensities. The peaks classified
by HCA in the same cluster are highly correlated to each other (R > 0.8). The peaks classified
in clusters 1 and 2 are generally anti-correlated to those classified in cluster 3, but feature
much weaker correlation coefficients (-0.7 < R< 0.1) than the previous case. In particular, it is
interesting to notice that the anti-correlation of clusters 1 and 3, together with the very low
mass defect of the peaks in cluster 1, can be explained in terms of post-ionization dissociation
reactions. Dissociation reactions remove molecular ions from the ion plume, therefore the
higher the counts of fragment ions (cluster 1) and the lower the counts of precursor ions
(cluster 3), and vice versa. The negative correlation between clusters 2 and 3 is more difficult
to explain as it does not seem to be related to the analysis process, and likely have a more
fundamental explanation (for instance, small hydrocarbons in cluster 2 might be depleted to
generate the larger species in cluster 3). In any case, this result greatly strengthens the
hypothesis that different compounds are involved in different processes, and that advanced
statistical analysis is necessary to classify the different behaviors in view of finding a detailed

explanation.
3.2. From peaks to molecules

Once attributed a molecular formula based on their mass defect, C,\H," ions can be
represented as points of coordinates (n/m, m/z) in a two-dimensional space. The resulting
graphs are an adaptation of the well known C-H diagrams [79], and are especially useful in
this context as they provide the space of all possible combinations of (n, m) and an
immediate, visual feedback on the molecular formula of all detected ions. Furthermore, C-H
diagrams are a convenient way to compare experimental results with the predictions of kinetic
modeling [80]. Fig. 5 shows the data reduced from the mass spectra in Fig. 3 sorted by flame
and sampling HAB. The n/m ratio roughly spans the range [0.2, 0.8], clearly decreasing as
m/z increases. The molecular formulae CyH," obtained from the mass defect analysis are
consistent with PAHSs that contain 5- and 6- member rings and side-substituted PAHs. In Fig.

5, the PAH distributions are compared with the model proposed by D’Anna et al. [50] to
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follow the molecular growth in terms of C and H atom numbers. The black dashed lines
represent the limits of benzene oligomers (top line, high n/m) and pericondensed PAHs
(bottom line, low n/m). In all flames, the identified C,H," ions are found scattered between
the benzene oligomers and the pericondensed PAHSs limits, generally much closer to the latter.
The few data points found below the pericondensed PAHSs limit are possibly fragment ions
not identified by HCA as discussed above, or alternatively substituted PAHSs or pericondensed
PAHs with additional 5-member rings on a zigzag edge. Soot sampled from flame PRE-N
only shows signals up to m/z 400-450, while soot sampled from the other three flames shows

signals up to m/z 850-900.

The position in a mass spectrum at which the ion SNR falls below 3 is denoted as (M/z)max
and is a convenient variable to monitor the mass sequence. As shown in Fig. 6, (M/Z)max
depends on the flame type, sampling HAB and analyzed zone (condensed gas phase or soot).
In Fig. 6, the filled dots represent soot while empty dots represent the condensable gas phase
obtained in the absence of soot (for instance, flames PRE-S at HAB <9 mm or PRE-N at any
HAB) or by image reconstruction whenever soot coexists with the gas phase (for instance,
flames DIF-S and DIF-Q at 65 and 45 mm HAB, respectively).

In flame PRE-N (nucleation flame) no differences are observed between condensable gas
and soot samples, and additionally little to no evolution against HAB is observed as shown in
Fig. 6a. This absence of net molecular growth is consistent with a soot formation mechanism
driven by the generation of NSPs all along the flame reaction coordinate and by the virtual
absence of soot particle size increase [8]. The existence in flame PRE-N of PAHs up to m/z
400-450 in parallel to NSPs detected by LII further supports the hypothesis that soot
nucleation in premixed flames does not require large hydrocarbons to occur. On the other
hand, (m/z)max Obtained from the analysis of soot and condensable gas in flame PRE-S greatly
differ. As shown in Fig. 6b, (m/z)max Of the condensable gas features a local maximum at
12-15 mm HAB that corresponds to the beginning of the soot nucleation zone determined by
LIl (gray highlighted region). Then, (m/z)max progressively decreases as the HAB further
increases down to the same value of flame PRE-N at 40 mm HAB. (m/z)max Of soot starts at
m/z 850-900 at the beginning of the nucleation zone, then progressively decreases against
HAB. The diffusion flames reveal a different evolution of (m/z)max than the premixed flames

as shown in Fig. 6¢c and d. Signals up to m/z 850-900 are identified upstream the soot
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inception zone in both diffusion flames from very low HAB. At higher HAB, (M/2)max

monotonically decreases, faster in the condensable gas than in soot.
3.3. Disclosing the chemistry of soot nucleation and growth

HCA and PCA are used to find correlations between subsets of the total sample
population. HCA and PCA are initially used to refine the complete dataset of 152 samples,
and in particular to identify sampling and analysis artefacts. A detailed discussion can be
found in the Supporting Information (SI. Local factors affecting the structure of the
database), while herein a reduced dataset of 101 samples obtained after removal of the

identified artefacts is discussed.

Fig. 7a and b compare the HCA dendrogram to the PC2 vs. PC1 score plot obtained after
removing the identified fragment ions. The loading plots of PC1 and PC2 are shown in Fig. 7c
and d, respectively. The loadings correspond to signals attributed by mass defect analysis to
PAHs and OCHs, and are represented by black and red data, respectively. To provide an
immediate visual feedback, the data clusters identified by HCA are color coded to match the
groups of samples in the PCA score plot. It is significant that the cluster structure identified
by HCA and PCA are consistent and all data clusters are well separated and appear adjacent
to each others in the score plot. The correspondence of the data clusters with the samples is
further elaborated in Table 3. In the score plot and dendrogram, samples from different flames
and HABs are most of the times classified in independent data clusters. For instance, data
clusters 1, 2 and 8 only contain samples from the diffusion flames, both condensable gas at
low HAB (data cluster 1), and young and mature soot at higher HAB (data clusters 2 and 8).
Data clusters 3, 4 and 7 contain soot samples from flame PRE-S well separated by HAB. Data
cluster 5 contains all the samples characterized by high negative loadings of PC1 in the low
m/z region, and low negative loadings in the high m/z region of PC2 as shown in Fig. 7c and
d. Data cluster 5 notably includes the majority of samples from flame PRE-N, the
condensable gas from the tip of the diffusion flames and all samples from flame PRE-S at
40 mm HAB despite originating from very different combustion conditions. Finally, data
cluster 6 contains all the samples characterized by high negative loadings of PC1 in the low
m/z region, and positive loadings in the low m/z region of PC2 as shown in Fig. 7c and d.

These samples include all the condensable gas from flame PRE-S except 40 mm HAB, and
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flame PRE-N at 40 mm HAB. Two samples from flame PRE-N at 15 mm HAB are also in
this data cluster.

PC1 (52.6%) and PC2 (23.5%) are by far the most interesting principal components of
PCA that together explain the 76.1% of the variance of the database. The lower variance
principal components (PC3, PC4, etc.) are not considered in the discussion. A sharp change of
sign of PC1 occurs at m/z 165-245. PC1 > 0 contains signals attributed to PAHs and OCHs,
while PC1 <0 contains signals attributed to low mass PAHs. PC2 shows a much slower
change of sign in m/z 294-450. The loadings on PC2 >0 are much larger than PC2 <0 and
mostly contain signals attributed to PAHs, while the loadings on PC2 < 0 are closed to zero
and mainly attributed to OCHs. The highest loading of PC1 > 0 is m/z 239.086 (C19H11"), and
the highest loading of PC1 <0 is m/z 115.055 (CoH;"). In the ionization conditions the
experiments are performed, post-ionization H-elimination reactions of more than two
hydrogen atoms are never observed during the analysis of analytical standards (pure PAHS),
and therefore these signals are attributed to the product of H-elimination from CyoH;," and
CgHs’, respectively. Many similar cases exist in the mass spectra. It is worth to notice that odd
numbers of carbon atoms are compatible with polyaromatic structures containing 5-member
ring(s), at least one non-aromatic carbon atom, or both. The existence of such signal as base
peak is remarkable given the general higher thermodynamic stability of benzenoid PAHSs [23],
and suggests that structures containing 5-member rings or non-aromatic carbon atoms play an
important role on soot formation and growth and are stable enough to be found in the gas
phase or adsorbed on young soot particles at potentially large concentration. This has been
very recently confirmed by a combined experimental and theoretical study [81]. Whether
chemical species that are removed from the flame still carry information on the flame
processes remains a central problem of the data interpretation. The extraction procedure in
ex-situ diagnostics causes irreversible modifications to the samples. Recombination reactions
result in the loss of all information on reactive species (radicals, ions) as soon as they are
extracted from the flame, and furthermore volatile compounds partially desorb in the mass
spectrometer during the creation of the vacuum before the mass analysis can take place. On
the other hand, by applying high dilution factors during sampling, extensive post-sampling
recombination can be avoided. Regardless, the good agreement of the sequence of
hydrocarbons detected on any sampling conditions with the prediction of kinetic modeling is a
strong evidence that at least the information on the large hydrocarbons, in the gas phase or
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adsorbed at the particle surface, is preserved, and this information can be linked to the

composition of the particulate matter (NSPs and primary soot particles).

To help explaining the results of PCA it is generally helpful to add as much information as

it is available to the score plots. Fig. 8 shows the PC2 vs. PC1 score plot with data classified

by flame and sampling HAB. The data point color and shape represent the sampled flame,
PRE-N (red rounds), PRE-S (violet stars), DIF-S (green squares) and DIF-Q (blue triangles)
while the data point interior represents soot (filled dots) and condensable gas (empty dots).

PC1 and PC2 are the most important principal components that explain the 52.6% and the

23.5% of the total variance of the database, respectively:

PC1 <0 (m/z 93-245) identifies samples that contain very small carbon-based
clusters and/or nanoparticles in the gas phase (Fig. 7). Notably, such entities
include NSPs from flame PRE-N resulting from the nucleation process and having
constant size all along the flame axis. Furthermore, PC1 <0 contains soot
nanoparticles resulting from the re-oxidation of larger soot aggregates occurring at
high HAB in the diffusion flames (80 mm in DIF-S and 55 mm in DIF-Q, both
diffusion flames are non-smoking).

PC1 >0 (m/z 165-731) is characterized by high loadings of PAHs with more than
three aromatic rings (Fig. 7), and its most remarkable feature is being clearly
linked to the analysis of visible soot deposits and to the low HAB samples from
the diffusion flames (48 mm in DIF-S and 25 mm in DIF-Q in Fig. 8). The high
loadings of PC1 >0 point to the existence of large PAHs upstream the soot
nucleation region in the diffusion flames, but not in the premixed flames. The high
scores obtained for the gas phase in flames DIF-S and DIF-Q confirms the
predominance of aromatic compounds with mass in the range m/z 165-731 well
below the soot inception zone. The lower scores on PC1 obtained for samples
collected in a sooting region imply that these compounds are consumed or
converted as the HAB increases. This phenomenon is reversed in flame PRE-S, in
which high mass compounds are found on soot rather than in the gas phase.

PC2 < 0 (m/z 294-731) contains all samples of flame PRE-N except 40 mm HAB
and all the condensable gas from the tip of the other three flames at high HAB
(PC1 < 0), and samples not clearly clustered of flames PRE-S, DIF-S and DIF-Q
(PC1 > 0). The very small loadings of PC2 < 0 (Fig. 7) indicate that no statistically
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significant differences exist between samples with high score in PC2 < 0, and that
the corresponding variables are not involved in the phenomenon described by PC2.
This is particularly interesting for data clusters 2 and 5 that contain samples
obtained from several flames. In Table 4, the structure of data cluster 2 suggests
that soot obtained from the tip of the two diffusion flames has virtually the same
composition despite the different flame height. However, data cluster 5 contains a
larger variety of samples having in common very low concentration of high mass
PAHs. As shown in Table 4, these samples include flame PRE-N at all HAB
except 40 mm, flame PRE-S at 40 mm, and all condensable gas sampled from the
tip of the diffusion flames.

e PC2>0 (m/z 90-450) contains well separated condensable gas samples of flame
PRE-N at 40 mm HAB and all the condensable gas of flame PRE-S (PC1 < 0), and
again samples not clearly clustered from flames PRE-S, DIF-S and DIF-Q
(PC1 > 0). It is interesting to notice how a slight increase of the peak intensity in
the mass spectra collected in flame PRE-N at 40 mm HAB, but not of (M/2)max,
ultimately results in this HAB to be the only one to appear in PC2 > 0. Among
other things, this shows that PCA is sensitive to small changes of the peak

intensity.

The data collected at all HABs except 40 mm in flame PRE-N coexist in the same data
cluster, i.e. no statistically significant differences in the mass spectra can be observed at
different HABs. We believe this to be a potentially important finding. Flame PRE-N is
characterized by the existence of NSPs having nearly constant diameter in the range of 1-3 nm
all along the reaction coordinate as already established by in-situ LII investigations [14,48,51]
and supported by kinetic modeling [49]. The lack of particle size growth and the very slow
evolution of the soot chemical composition as shown by the SIMS analysis strongly point
toward the formation of a steady state for both the particle size and their chemical
composition. After the particle formation and initial growth, the surface oxidation processes
become progressively more important as the particle grows in size. At some point, the overall
oxidation matches the same rate as the overall growth, and the particle diameter ceases to
increase. After the steady state is reached, a hypothetical particle heavily affected by surface
oxidation would still be indistinguishable from a freshly nucleated particle with the currently

available diagnostics, or, in other words, it is not possible to find a direct link between the
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reaction time and the particle size. Therefore, we speculate that in the premixed flames the
change of sign of PC1 is related to the transition from a regime dominated by the nucleation
of NSPs to a regime dominated by soot surface growth. The high loadings of PC1 <0 (see
Fig. 7) suggest that the composition of NSPs mainly consists of small hydrocarbons having
molecular mass as low as m/z 90.047 (C;Hg"). Therefore, if this hypothesis is correct, by
following the change of sign of PC1 it is possible to mark the beginning of the sequence of
PAHs mainly involved in soot surface growth that eventually result in the soot deposits
visible even to the naked eye. The complete peak lists with corresponding attributions can be

found in the Supporting Information.

Globally, Fig. 8 shows that the same classes of molecular precursors, although spanning
different mass ranges, provide the building blocks of soot in different combustion
environments and the final product is remarkably homogeneous from a statistical point of
view (PCA scores). The molecular precursors involved in the formation of NSPs show a
remarkably similar chemical composition in both premixed flames characterized by a
relatively narrow distribution of small PAHSs. For the diffusion flames, the pool of PAHS is
broadened toward higher masses. However, in the flames characterized by prominent particle
size growth (PRE-S, DIF-S and DIF-Q) the detected mass range is again expanded to a
significantly higher value in the young soot and mature soot regions. The explanation of this
enlargement is still not clear, and our current observations do not allow ascertaining if these
high mass compounds belong exclusively to the gas phase. These masses could either
correspond to large PAHs formed during the PAHs growth processes or to small molecular
clusters of medium size PAHSs potentially participating to the soot nucleation. Experimentally,
the latter are expected to be difficult to detect by in-situ techniques, and from a fluid
mechanics point of view they are extremely hard to separate from the gas phase for ex-situ
diagnostics. However, this step of molecular clustering could be a crucial one for
understanding the transition from the gas to the condensed phase, and therefore each chemical
insight we can bring has paramount importance. To this purpose, the role of PAH
dimerization in the formation of NSPs is worth of particular attention being a currently much
debated topic [82,83,33]. The formation of Van der Waals dimers in flames is indeed
questionable because of the very weak bond energies, which do not theoretically enable them
to survive at the flame temperature. However, different authors regard as physically realistic
the formation of dimers in flames [5,83,84]. For instance, by using a semi-empirical
molecular dynamic approach, Schuetz et al. [84] showed that dimers of pyrene can be
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stabilized by the development of free internal rotors in the colliding PAHs. More recently,
Kholghy et al. [83] proposed a model in which soot nucleation is not completely reversible
and involves a stabilization pathway of the dimers by the formation of covalent bonds through
a sequence of hydrogen abstraction and carbon-carbon bond formation. In this last work,
which is also based on data obtained from flame PRE-N, the authors conclude that only the
formation of dimers of small PAHs can provide soot quantities comparable to the available
measurements. This conclusion is therefore in excellent agreement with the results of HCA
and PCA in our present work that clearly highlights the prominence of small PAHs (PC1 <0
in Fig. 7, m/z 93-245) in the nucleation zone before the appearance of NSPs. Hence, if dimers
were produced in this flame, they would necessarily originate from small PAHSs as suggested
by our treatment. However, more efforts are still to be made to lead to the precise

identification of these species.
3.4. Oxygen-containing hydrocarbons

The mass defect analysis allows attributing a C\H," molecular formula with incertitude
below 5 ppm to around half the total number of detected peaks. The remaining peaks are
assigned to OCHSs based on their low mass defect that places them below the pericondensed
PAH limit in the mass defect plot in Fig. 4b, and based on their isotopic patterns that
systematically rule out low H/C fragment ions. A molecular formula CyH,O," is not
attributed to the individual peaks for the following reasons. Contrary to C\H," ions, the peaks
attributed to OCHs are often asymmetrical, suggesting that more than one ion contributes to
the peak structure. In turn, the incertitude on the assignment of a molecular formula can be as
high as 15 ppm. In many cases the mass resolution is not deemed sufficient for attempting a
full peak deconvolution, and therefore only the accurate mass of the mode is selected for the
mass defect analysis. Even in the most favorable cases of well resolved and symmetrical
peaks, univocally attributing a CnH,O," molecular formula is not always possible with the
available resolving power. For instance, Crm4HnO3" and Cin.7Hn+405" require mass resolution
as high as 25000 and 70000, respectively, to be resolved from C,H," at m/z 400.

As shown in the loading plots in Fig. 7c and d, OCHs (red data) are mostly found
associated to PC1 >0 and PC2 <0, and correspond to soot deposits and low HAB samples
from the diffusion flames as already discussed above. However, their loadings in PC2 <0 are

small enough that they do not contribute significantly to the (unknown) phenomenon
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described by PC2. In general, OCHs closely follow the behavior of PAHs but are
characterized by much lower ion counts in all samples and in particular in condensable gas.
Premixed and diffusion flames once again behave differently. In the premixed flames, OCHs
are mostly associated to the soot growth but the nucleation of NSPs occurs at lower HAB and
only involves the smaller PAHSs identified in PC1 <0. On the other hand, in the diffusion
flames a large amount of OCHs is found already in the gas phase before soot nucleation as
well as associated to NSPs. These findings are consistent with the works of Cain et al. [9] and
Commodo et al. [85] where it is shown that NSPs in diffusion flames contain large amounts of

oxygen.

The origin of OCHs is still being debated [34,35,9,85]. Although some works suggest that
data obtained with ex-situ techniques are subject to post-sampling oxidation [9], a recent
study points to the marginal role of the oxidation during sampling compared to the
combustion process [86]. In addition, both simulations [28,33] and experiments [34,85] show
that high mass OCHs potentially play an important role on soot nucleation. However, even if
the presence of OCHs represented evidence of post-sampling surface oxidation, a recent study
proves that OCHs are less likely to condense on soot particles [33] than PAHSs, and therefore

those found on soot are likely to have taken part to soot formation at some point.
4. Summary and conclusions

Detailed information on the chemistry of nascent soot particles (NSPs) is expected to
provide clues on the soot formation and growth reaction pathways. The structure of many
laboratory flames is nowadays well understood, and this knowledge makes them very
desirable for both experimentalists and modelers aiming to investigate fundamental processes.
Herein, we discuss the data obtained from the secondary ion mass spectrometry (SIMS)
analysis of samples extracted from four different laboratory flames, two low-pressure
premixed and two atmospheric diffusion methane flames. The premixed flames are stabilized
in conditions that result in the soot nucleation beginning at the same reaction time, or
equivalently at the same height above the burner (HAB). However, in the premixed sooting
flame (PRE-S) soot primary particles are formed at short reaction time, while in the premixed
low-pressure nucleation flame (PRE-N) the equivalence ratio is chosen so that NSPs nucleate
all along the flame without growing in size [8,49]. To complete the set of investigated flames,

a sooting diffusion flame (DIF-S) and a diffusion flame quenched with argon (DIF-Q) are
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stabilized in similar aerodynamic conditions. In contrast to the previous case, in which soot
and molecular precursors coexist all along the reaction coordinate, the laser induced
incandescence/fluorescence (LII/LIF) mapping of the diffusion flames shows a net
stratification of the formation regions of soot and molecular precursors that can be probed
separately. Flames PRE-N, PRE-S [8] and DIF-Q [53,54] were already subject to ex-situ mass
spectrometry investigations in the past. The much larger database of collected samples and the
higher mass resolution enable here the use of an improved data reduction protocol based on

multivariate analysis for the data mining and interpretation.

A database containing 152 samples is first analyzed to assess how the flame chemistry
influences the structure of the mass spectra. Hierarchical cluster analysis (HCA) and principal
component analysis (PCA) are used to classify the samples and find correspondences between
sample populations. PCA shows the changes in the total variance of a group of observables
(the samples) calculated from a set of variables (the peak ion counts). The loadings plots
identify the variables that have the largest effect on each principal component. Therefore, if a
principal component can be associated to a physical phenomenon, then PCA suggests a set of
variables this phenomenon depends on. This additional information is provided by LII/LIF
that maps the formation regions of soot and molecular precursors, and by the presence of

visible soot deposits on the sample surface.

The presence in the mass spectra of a sequence of high mass species is well represented
by the first principal component (PC1, 52.6% of the total variance explained). PC1 is
characterized by a rather sharp change of sign at m/z 165-245. Globally, samples rich in high
mass species feature high scores in PC1 >0 and correspond to strong LIl signals and the
formation of visible soot deposits. Conversely, samples poor in high mass species feature high
scores in PC1 <0 and lack of LII signal or visible soot deposits. Flame PRE-N is a notable
exception as it features high scores in PC1 < 0 that are representative of the gas phase, but at
the same time the detection of LIl signal shows that NSPs nucleate. In the diffusion flames,
large masses are detected at low HAB before the soot formation region identified by LII. This
behavior strongly implies a correlation of PC1 with the presence of NSPs in a steady state
(PC1 < 0) and with the coagulation and coalescence typical of growing soot particles and the
nucleation in the diffusion flames (PC1 > 0). In particular, the change of sign of PC1 can be
used to distinguish two different regimes of soot nucleation, and leads to the definition of two

mass lists compatible with the formation of NSPs in the investigated premixed and diffusion
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flames. In conclusion, the presence of large molecules in the gas phase is neither a necessary
condition (NSPs nucleate from low mass PAHSs in flame PRE-N) nor a sufficient condition
(large PAHSs are detected in the gas phase in the absence of soot in flames DIF-S and DIF-Q)

for soot nucleation.

It was not possible to clearly associate a physical phenomenon to the second principal

component (PC2, 23.5% of the total variance explained).

On a molecular level, polycyclic aromatic hydrocarbons (PAHS) and oxygen-containing
hydrocarbons (OCHs) are identified by mass defect analysis and correlated to specific
loadings, and thus indirectly to specific soot nucleation conditions. PAHs dominate the mass
spectra, although a large array of OCHs is also detected in agreement with theoretical
calculations and predictions of modeling from the literature. The existence of a large number
of compounds containing an odd number of carbon atoms gives indirect evidence of the
importance of non-benzenoid or substituted PAHSs in the nucleation and growth of NSPs. In
particular, many strong signals attributed to PAHs are consistent with 5-member rings that
further stress their importance in soot formation and growth [7]. Comparison of the data to
kinetic modeling shows that in the growth of both molecular precursors and compounds
adsorbed on soot, compact PAHSs are preferred over open structures. The comparison of soot
sampled from different flames shows that the molecular compounds involved in soot
nucleation and growth, when classified according to their H/C ratio, all lie clustered around or
slightly above the curve representing the maximally condensed aromatics. The excellent
agreement with the predictions of kinetic modeling of D’Anna et al. [50] suggests a similarity
in behavior that can be explained by a common origin for instance. However, the
hydrocarbons involved in the nucleation of NSPs in premixed and diffusion flames span
significantly different mass ranges, below m/z 245 in the premixed flames (left part of the
curve) and up to m/z 731 in the diffusion flames (right part of the curve). In the diffusion
flames, these large PAHs are found upstream the soot nucleation zone in the gas phase. OCHs
are detected in all soot samples. However, PCA shows that they are only associated to the
nucleation of NSPs in the diffusion flames and to the particle growth in the premixed flames
(PC1 > 0), while they are virtually absent from the pool of molecules associated to the
nucleation of NSPs in the premixed flames (PC1 < 0). This behavior is in good agreement
with the works of Cain et al. [9] and Commodo et al. [85], and further stresses the differences

in the nucleation of NSPs in premixed and diffusion flames. In the premixed flames small
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PAHs are sufficient to nucleate NSPs, while in the diffusion flame large amount of OCHs are

found from the very early steps of NSP nucleation.

In conclusion, large PAHs and OCHs are not required to nucleate soot. This effect is very
evident in at least one premixed flame (PRE-N), in which the formation of condensed phase
NSPs involves only PAHs having mass smaller than 400-450 u. Whether the dimer hypothesis
is correct, the PAHSs involved in the process have mass below 200-225 u, much smaller than
expected from thermodynamics-based calculations to further support the idea that soot

formation cannot be a thermodynamically controlled process.
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722

723 Fig. 1. Investigated flames. (a) Flame PRE-N and (b) flame PRE-S inside the low pressure vessel. (c) Flame DIF-S

724 surrounded by a quartz windowed chimney [45]. During the soot sampling procedure one of the windows is removed
725 for the sampling probe insertion. Flame DIF-Q is very similar to flame DIF-S, and therefore is not shown in the picture.
726

Flame th/ L min™ Xmethane Xoxygen Xnitrogen

PRE-N 3.96 0.425 0.435 0.140

PRE-S 3.96 0.462 0.398 0.140
127 Table 1. Laminar premixed flames experimental conditions. Qwt is the total flow, Xmethane, Xoxygen and Xnitrogen the gas

728 volume fractions. Both flames are stabilized at p = 267 + 1 mbar.

729
Flame Qfuet / L min™ Quir/ L min™ Qshietd / L min? h/mm
DIF-S 0.470 / 87 115
DIF-Q 0.425 0.335 76 70

730 Table 2. Laminar diffusion flames experimental conditions. Qrel is the methane flow, Qai is the dilution argon flow
731 premixed to the methane flow, Qshield is the air shield flow and h the flame visible height measured from the injector

732 exit plane to the tip of the flame.

733
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Fig. 2. DIF-S flame. (a) sketch of the LII/LIF working principle: the flame axis is irradiated with a top hat laser beam
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Fig. 3. Mass spectra obtained from the four investigated flames. Each column represents a flame region, from before
soot nucleation (left column), to the beginning of the soot nucleation zone (middle column) and up to the mature soot
region (right column). Mass spectra of condensable gas and soot are shown in the top and bottom panel, respectively.
The intensity count is normalized to the partial ion count calculated from the peak list after background removal.
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Fig. 5. n/m vs. m/z diagrams. Only CmHn* ions are plotted. Similarly to Fig. 3, rows represent different flames and
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Data cluster PRE-N PRE-S DIF-S DIF-Q

1 / / 48 25

2 / / 65* 45* 55*
3 / 12* / /

4 / 15* / /

5 7,9,12,15,20 40,40* 80 55

6 15,40 7,9,12,15,20 / /

7 / 20* / /

8 / / 80* /

767 Table 3. Classification of samples by HCA and PCA clusters (rows) and flames (columns). Each cell contains the
768 sampled HAB. Bold starred and normal text mark the samples obtained from the analysis of soot and the condensable

769 gas phase, respectively.
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771 Fig. 8. PC2 vs. PC1 score plot with samples classified by flame (data point shape and color) and analysis of soot or
772 condensable gas (data point interior).
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Supporting information

1. SI. Definition of terms used in mass spectrometry

This section contains the IUPAC definitions of some terms related to mass spectrometry

and used in the paper [87].

Accurate mass. Experimentally determined mass of an ion of known charge. Can
be used to determine elemental composition to within limits defined by both the
accuracy and precision of the measurement.

Exact mass. Calculated mass of an ion or molecule with specified isotopic
composition.

Mass calibration. Means of determining m/z values of ions from experimentally
detected signals using a theoretical or empirical relational equation. Most
commonly, this is accomplished using a computer-based data system and a
calibration file obtained from a mass spectrum of a compound that produces ions
of known m/z values.

Mass defect. Difference between the nominal mass and the monoisotopic mass of
an atom, molecule, or ion. Mass defect can be a positive or negative value
dependent upon the elemental composition.

Monoisotopic mass. Exact mass of an ion or molecule calculated using the mass of
the most abundant isotope of each element.

m/z. Abbreviation representing the dimensionless quantity formed by dividing the
ratio of the mass of an ion to the unified atomic mass unit, by its charge number
(regardless of sign). The abbreviation is written in italicized lowercase letters with
no spaces. m/z is recommended as an abbreviation to represent the dimensionless
quantity that is used almost universally as the independent variable in a mass
spectrum. The abbreviation m/z should not be used as a variable in a mathematical
equation. Instead, the variables m (in kg) and q (in C) should be used to denote
mass and charge

Nominal mass. Mass of a molecular ion or molecule calculated using the isotope
mass of the most abundant constituent element isotope of each element rounded to

the nearest integer value and multiplied by the number of atoms of each element.
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e Resolution. In a mass spectrum, the observed m/z value divided by the smallest
difference A(m/z) for two ions that can be separated: (m/z)/A(m/z). The m/z value
at which the measurement was made should be reported. The definition and
method of measurement of A(m/z) should be reported. Commonly, this is
performed using peak width measured at a specified percentage of peak height.
Alternatively, A(m/z) is defined as the separation between two adjacent equal
magnitude peaks such that the valley between them is a specified fraction of the
peak height, for example as measured by peak matching.

e Resolving power. Measure of the ability of a mass spectrometer to provide a
specified value of mass resolution.

e Unified atomic mass unit (u). Non-SI unit of mass defined as one-twelfth of the
mass of one atom of '2C at rest in its ground state and equal to
1.660538921(73)'10% kg where the digits in parentheses indicate the estimated
uncertainty in the final two digits of the value. Equivalent to the Dalton (Da) unit.
The abbreviation amu for atomic mass unit is deprecated; it has been used to
denote atomic masses measured relative to a single atom of *°O, or to the

isotope-averaged mass of an oxygen atom, or to a single atom of *C.
2. SI. Local factors affecting the structure of the database

The complete analyzed database consists of 152 samples and contains mass spectrometry
data obtained from depositions of both soot and condensable gas on three different substrates:
(1) binder-free, glass microfiber Whatman filters (21 mm diameter, 0.26 mm thickness,
52 g m, 0.7 um smallest pore size purchased from Fisher Scientific), (2) Silicon (100) wafers
(10x10x0.5 mm optically polished on one side purchased from PI-KEM Ltd) and (3) grade 5
titanium alloy wafers (90% Ti, 6% Al, 4% V, 10x10x0.5 mm optically polished on one side

purchased from Optics Concept).

Fig. Sla shows the HCA output dendrogram, while the other three panels show the PCA
output: Fig. S1b contains the PC1 vs. PC2 score plot and Fig. S1c and S1d contain the
coefficient plots of the first two PCs vs. m/z. The database is reasonably well described with
the first two PCs that together explain 67.3% of the total variance. In Fig. S1b the shape of the
data points represents the deposition substrate: glass microfiber filters (round empty dots),

silicon wafers (crosses) and titanium wafers (square solid dots). The clusters of samples
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identified by HCA are color-coded to match the data in the score plot. A satisfying agreement
of HCA and PCA is found by following the data reduction procedure proposed in [73] that
results in eight data clusters well separated and adjacent to each others in the score plot. The
list of samples in each cluster can be found in Table S1. The analysis of the PC2 vs. PC1
score plot reveals that all depositions on glass fiber filters but three (clusters 1, 2 and 8) and
the depositions contaminated with organosilicon compounds (cluster 3) all appear at PC1 <0,
thus the deposition substrate and the presence of organosilicon contaminants rather than the
nature of the samples give the main contribution (PC1, 43.8%) to the total variance of the

database. More in detail:

e a statistically significant difference exists between samples deposited on
microfiber glass filters and on wafers. As shown in Fig. S1b, all samples obtained
by deposition on microfiber glass filters (clusters 1, 2 and 8) appear at PC1 < 0. On
the other hand, no statistically significant difference exists between samples
deposited on silicon and titanium wafers once the mass spectra are normalized and
the background peaks (SixO," and organosilicon ions in Si wafers, TixOy" and
organotitanium ions in Ti wafers) are removed. To verify the equivalence of
silicon and titanium wafers, ten samples are prepared in the same experimental
conditions, five by deposition on silicon and five on titanium wafers. The intensity
of the signals in the peak list are built into a scatter matrix and used to correlate
each sample with all the samples obtained on the other substrate. The high
correlation between intensities in the two groups (Pearson’s coefficient variability
range 0.81-0.98) and the absence of a significant separation in the score plots
enforce the operational equivalence of silicon and titanium wafers as substrates for
soot deposition;

¢ significant amounts of organosilicon compounds were occasionally detected and
attributed to uncontrolled thermal desorption from the conductive tubing for
aerosol transport used in the early implementation of the sampling line [45]. This
is a well known issue [88,89]. In our case, all the contaminated samples are
grouped in cluster 3. Some of the depositions obtained from flame PRE-S before
replacing the tubing were heavily contaminated and had to be discarded
(underlined in Table S1). These samples were easy to recognize by visual

inspection of the wafer surface due to the polysiloxane distinctive light
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polarization effect [45]. However, lighter contaminations are more difficult to
identify. To this regard, PCA proved to be so effective that some other depositions
were recognized as slightly contaminated only after PCA classified them in cluster
3.

This situation is less than ideal since high negative scores on PC1 (43.8%) correspond to
samples affected by analytical and local factors, while the contribution of the hydrocarbons is
relegated back to PC2 (23.5%) and even PC3 (11.8%). Therefore, to improve the quality of
the data reduction, we removed from the database all the depositions on microfiber glass
filters and the samples heavily contaminated with organosilicon compounds, and then
re-analyzed the reduced data set (101 samples). The results of this second analysis are shown
and discussed in the main text. Although at this stage it is rather difficult to obtain detailed
information from the score plot, it is noteworthy that PC2 > 0 is mostly associated to PAH

masses, as shown by the coefficients plot in Fig. S1d.
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Fig. S1. Comparison of HCA and PCA. HCA dendrogram (a), score plots of the first two PCs (b), coefficients of PC1 (c)

and PC2 (d). The colors and numbers match the clusters in the two representations. In the score plot, round dots

represent depositions on microfiber glass filters, while crosses and square dots represent depositions on Si and Ti

wafers, respectively.
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Cluster number PRE-N PRE-S DIF-Q DIF-S
1 7 gf, 12 gf, 15 gf, 20 gf 7 of / /
2 / 15 of / /
3 / 7 Si, 9 Si, 12 Si, 15 Si / /
20 Si, 20 gf, 40 gf
4 15 gf, 40 ¢f 9gf, 12 gf, 159f, 12 Ti 25 Si, 45 Si, 55 Si 48 Si, 65 Si
5 7 Si, 9 Si, 12 Si, 15 Si, 12 Ti, 15 Ti, 15 Ti, / /
15 of, 40 Si, 40 Ti 20 Si, 40 Si, 40 Si
6 7Si,9Si, 12 Si, 15 Si, 40 Si 55 Si 65 Si, 80 Si, 80 Si
20 Si
7 (blanks) / / / /
8 40 gf / /

Table S1. Classification of samples based on HCA and PCA. The flames are listed in the columns while the cluster

numbers in the rows. Each cell contains the sampled HAB followed by a two letter group indicating the deposition

substrate (gf: microfiber glass filters, Si and Ti: wafers). Bold, normal and underlined text mark the samples obtained

from the analysis of the soot spot (if present), the wafer surface and siloxane-contaminated, respectively.
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3. SI. Database of identified ions

The four tables in this section list the 771 signals built into the main peak list and sorted

by m/z by HCA. The peak list includes identified fragment ions (Table S2), signals that could

not be reliably distinguished from the blank (Table S3) and hydrocarbons detected on soot

and condensable gas with PC1 <0 (nucleation in premixed flames, Table S4) and PC1 >0

(nucleation in diffusion flames and surface growth, Table S5).

m/z Formula m/z Formula m/z Formula m/z Formula m/z Formula
12.000 c* 62.016 CsH," 121.008 CioH" 170.016 CiaH," 235.040 /
13.008 CH* 63.023 CsHs" 122.016 CioHz" 171.023 CiaHs" 246.016 /
14.016 CH," 64.031 CsH4" 123.023 CioHs" 173.039 CuHs" 247.024 /
15.023 CH3" 73.008 CeH" 124.031 CioHa" 174.047 CiHe" 248.047 /
24.000 G’ 74.016 CeHy" 125.039 CioHs" 175.055 CiH7"* 257.009 /
25.008 C,H* 75.023 CeHs" 126.047 CioHs" 176.063 CiaHsg" 258.016 /
26.016 CH," 76.031 CeHs" 134.016 CuH," 182.016 CisHyp" 259.040 /
27.023 C,Hs" 85.008 C/H* 135.023 CuHs" 183.023 CisHs" 260.047 /
29.003 CHO* 86.016 C/H," 136.031 CuHs" 185.039 CisHs" 270.016 /
36.000 Cs" 87.023 C/H5" 137.039 CuHs" 186.032 CuHsOs" 271.024 /
37.008 CsH* 88.031 C/H," 138.047 CuHs" 187.055 CisH;"* 272.047 /
38.016 CsH," 89.039 C/Hs" 139.055 CuH;" 188.063 CisHs" 281.009 /
39.023 CsHs" 97.008 CgH* 145.008 CpH* 194.016 CieHo" 282.016 /
40.031 CsHs" 98.016 CgHy" 146.016 CiH," 198.032 Ci1,Hs035" 283.024 /
41.003 C,HO" 99.023 CgHs" 147.023 CiHs" 199.040 C1,H;05" 284.032 /
42.011 C,H,0" 100.031 CeHs" 148.031 CiHs" 200.063 CieHs" 296.032 /
48.000 C, 101.039 CgHs" 150.047 CiHs" 209.024 / 305.01 /
49.008 CH* 102.047 CgHs" 151.055 CiH;" 210.032 / 306.02 /
50.016 CiH," 109.008 CoH* 158.016 CisH," 211.040 / 328.99 /
51.023 CiH5" 110.016 CoHy" 159.023 CisHs" 212.047 / 343.01 /
52.031 CiHs" 111.023 CoH3" 160.031 CisHs" 222.032 /

53.003 C3HO" 112.031 CoHs" 161.039 CisHs" 223.040 /
60.000 Cs" 113.039 CoHs" 162.047 CisHs" 233.009 /
61.008 CsH* 114.047 CoHs" 163.055 CisH7" 234.016 /

Table S2. Peaks attributed to fragment ions by HCA.
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m/z Formula m/z Formula m/z Formula m/z Formula m/z Formula
28.031 CoH,* 55.055 C4H7* 69.070 CsHo* 82.042 CsHO" 97.065 CeHoO*
29.039 CoHs* 56.063 C4Hg" 70.042 C4HsO" 82.078 CeHio" 98.073 CeH100"
31.018 CH;0" 57.034 C3HsO" 70.078 CsHio" 83.086 CeHut" 109.065 C7H,0"
33.034 CHs0" 57.070 C4Hyo" 71.050 C4H;,0* 84.058 CsHgO* 109.102 CgHis"
41.039 CsHs* 65.039 CsHs" 71.086 CsHut* 84.094 CeH1o" 111.081 C/H;;,0*
42.047 CsHe" 66.047 CsHs" 77.039 CeHs" 91.018 CeH;0" 115.018 CgH;O0"
43.018 C;H30* 67.018 C,H;0" 78.047 CeHs" 91.055 C/H;/ 117.034 CgHs0O*
43.055 CsH;* 67.055 CsH;* 79.018 CsH30* 92.026 CeH,O" 131.050 CoH,0*
45.034 C;HsO" 68.026 C4H,0" 79.055 CeH7" 92.063 C7Hg" 131.086 CioHur"
53.039 CaHs" 68.063 CsHg" 80.063 CeHs" 93.070 C/Hy* 149.039 CioHs*
54.047 CsHs" 68.998 C3HO," 81.034 CsHsO" 94.078 C7Hao" 155.086 CpoHut"
55.018 C3H;0" 69.034 C4HsO" 81.070 CeHy" 95.086 CsHu"

Table S3. Peaks that could not be reliably distinguished from the blank.

m/z Formula m/z Formula m/z Formula m/z Formula m/z Formula
90.047 C/He" 108.058 C7HgO" 141.070 CuHe" 170.094 CoH1405" 219.081 Ci6H1:0"
93.034 CsHsO" 108.094 CeHy2" 142.078 CuHio" 177.070 CuaHo" 220.089 Ci6H10"
94.042 CsHsO" 115.055 CoH7* 143.086 CyHut" 178.078 CuHio" 220.183 CisH240"
95.050 CgH,0" 116.063 CoHs" 144.094 CuHy" 180.094 CuHp" 230.110 CigHia"
96.058 CsHsO" 117.070 CoHyg" 145.065 CioHsO" 182.073 Ci3H100" 231.102 /
96.094 C7H1," 118.042 CgHsO" 146.073 CioH100" 189.070 CisHg" 234.104 /
103.018 C;H;0" 118.078 CoH1o" 152.063 CioHg" 190.078 CisHio" 242.094 /
103.055 CsH/" 119.050 CgH;0" 153.070 CiHo" 191.086 CisHur" 243.102 /
104.026 C;H,O0" 119.086 CoHyy* 154.078 CioHio" 192.094 CisHiz" 244.110 /
104.063 CgHg" 120.094 CoH1p" 156.094 CioHp" 204.094 CieHio" 245.118 /
105.034 C7HsO" 127.055 CioH7"* 157.065 C11H,O" 206.073 CisH100" 256.089 /
105.070 CsHo" 128.063 CioHs" 164.063 CisHs" 214.078 Ci7Hio" 257.097 /
106.042 C/HsO" 129.070 CioHo" 166.078 CisHio" 216.094 Ci7Hp" 258.104 /
106.078 CsH1o" 130.078 CioH1o" 167.086 CisHit" 217.102 CiHas" 268.110 /
107.050 C;H,0" 132.094 CioH12" 168.079 CoH1,05" 218.094 Ci3H1405"

107.086 CeHu" 140.063 CuHs" 169.086 CyH1305" 218.167 CisH20"

Table S4. Peaks attributed to soot and condensable gas by HCA and PCA (nucleation in premixed flames, PC1 < 0, see

the loadings plots in Fig. 7).
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m/z Formula m/z Formula m/z Formula m/z Formula m/z Formula
165.070 CisHo* 325.10 CoeHis" 41414 CasHig" 508.13 CaHi6" 601.0 /
179.086 CuHu* 326.11 CoeHis" 415.01 / 509.13 CaHir" 602.0 /
181.065 Ci3HyO" 327.12 CaosHis™ 415.13 / 510.14 CaHis" 603.1 /
201.070 CieHo* 328.13 CoeHis" 416.02 / 511.15 CaHio" 604.1 /
202.078 CieHio" 329.12 / 416.14 / 512.16 CaHazo" 605.1 CagHi7"
203.086 CieH1t" 330.00 / 417.03 / 513.16 CaiHa" 606.1 CaoHig"
205.065 Ci5H,O* 330.13 / 418.03 / 514.02 / 607.1 CuagHio"
213.070 Ci7Ho* 331.01 / 419.04 / 515.03 / 608.2 CagHx"
215.086 CyHy" 331.13 / 420.05 / 516.03 / 609.2 CagHar"*
217.159 CisH2 0" 332.02 / 421.07 / 517.04 / 610.2 CagH2"
219.175 CisH230" 333.04 / 422.11 CaqHia" 518.08 / 611.2 CaoHzs"
221.118 / 334.05 / 423.12 CaHis™ 520.13 CaHis™ 612.0 /
222.126 / 335.07 / 424.13 CaqHie" 521.13 CaioHi7" 612.2 CaoHas*
223.097 / 335.18 CoeHas" 425.13 CaHir" 522.14 CaHig" 613.0 /
224.047 / 336.08 / 426.14 CaHis" 523.15 CaoHio" 614.0 /
225.055 / 337.10 CorHis" 427.01 / 524.16 CaHyo" 615.1 /
226.078 CigHio" 338.11 CorHia" 427.15 CaqHio" 525.01 / 616.1 /
227.086 CigH1" 339.12 CorHis™ 428.02 / 525.16 CaHa" 617.1 /
228.094 CigHip" 340.13 CorHig" 428.16 CaaHpo" 526.02 / 618.1 CsoHig"
229.102 CigHis" 341.12 / 429.03 / 526.17 CaHp" 619.1 CsoHio"
236.047 / 342.00 / 430.03 / 527.03 / 620.2 CsoHao"
237.070 CigHo" 342.13 / 431.04 / 528.03 / 621.2 CsoHzt"
238.078 CioH1o" 343.13 / 432.05 / 529.06 / 622.2 CsoH2"
239.086 CioH1" 344.02 / 433.07 / 530.06 / 623.0 /
240.094 CigH1o" 345.04 / 435.12 CasHis" 531.10 / 623.2 CsoHzs"
241.102 CigH1s" 345.15 / 436.13 CasHig" 532.11 / 624.0 /
246.104 CigH1,0" 346.03 / 437.13 CasHir" 533.13 CasHi7" 624.2 CsoHas"
247.112 / 346.17 CoHz' 438.14 CasHig" 534.14 CazHig" 625.0 /
249.055 / 347.06 / 439.15 CasHio" 535.15 CasHio" 626.0 /
250.078 CaoH1o" 348.08 / 440.02 / 536.16 CasHzo" 627.0 /
251.086 CaoHu" 349.09 / 442.03 / 537.16 CasHa" 629.1 /
252.094 CooH1p" 350.11 CogHus" 443.04 / 538.02 / 630.1 /
253.102 CooHis" 351.12 CogHis" 444.05 / 538.17 CasHz" 631.1 CsiHio"
254.110 CooHia" 352.13 CogHis" 445.06 / 539.03 / 632.2 CsiHao"
255.081 / 353.13 CaogHi7" 446.06 / 539.18 CasHzs" 633.2 CsiHar"
261.055 / 354.14 CagHig" 447.12 CaeHis" 540.03 / 634.2 CeiH"
262.063 / 354.29 CasH3s0" 448.13 CasHis™ 541.04 / 635.2 CsiHzs"
262.230 CigH300" 355.01 / 449.13 CasHir" 542.05 / 636.0 /
263.086 CaHi" 355.13 / 450.14 CasHis" 543.06 / 636.2 CsiHas"
264.094 CaH1" 355.30 CasH30" 451.01 / 544.13 CaHis" 637.0 /
264.245 CigH3,0" 356.02 / 451.15 CaeHio" 545.13 CaHir" 637.2 CoiHzs"
265.102 CaHis" 357.03 / 452.14 / 546.14 CasHis" 638.0 /
265.253 CigH30" 358.05 / 453.01 / 547.15 CaaHio" 639.0 /
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266.110
267.117
269.118
270.126
271.112
273.055
274.078
275.086
276.094
277.102
278.110
278.261
279.117
279.269
285.055
286.063
287.086
287.180
288.094
289.102
290.110
290.261
291.117
292.277
293.118
293.284
294.016
294.126
295.024
295.133
297.040
298.063
299.071
300.094
301.10
302.11
303.12
304.13
305.12
306.13
307.02
307.13
308.03
308.14

CauHig"
CorHis™
/

/

/

/
CaoHio"
CooHu"
CaoHiz"
CaoHis"
CooHud"
Ci9H3,0"
CooHis"
CioH30"
/

/
CasHu"
CooHas"
CasHi,"
CasHus"
CasHis"
CzoH30"
CasHis"
CaoH3s0"
/
CzoH30"
/

/

/

CosHio"
CaaHus"
CosHus"
CosHis"
CaaHis"

359.04
360.06
361.10
362.11
363.12
364.13
365.13
366.00
366.13
367.01
368.02
369.03
370.03
371.04
372.06
373.07
374.11
375.12
376.13
377.13
378.14
379.01
379.13
380.03
381.03
382.03
383.06
384.06
385.10
386.11
387.12
388.13
389.13
390.00
390.13
391.01
391.13
392.02
393.03
394.03
395.04
396.06
397.07
398.11

CaoHus"
CooHis"
CaoHis”
CaoHie"
CaoHi7"

CaoHas"
CaoHis"
CaoHie"
CaoHur"
CaoHis"

CarHis"
CaHis"
CarHis”
CarHis"
CayHi7"

CxHus"

454.02
455.03
456.03
457.06
458.06
459.12
460.13
461.13
462.14
463.15
464.02
464.16
465.03
465.16
466.02
467.03
468.03
469.07
470.09
471.10
47213
473.13
474.14
475.15
476.16
477.01
477.16
478.02
478.17
479.03
481.06
482.06
483.12
484.13
485.13
486.14
487.15
488.02
488.16
489.03
489.16
490.02
491.04
492.05

CarHis"
CarHas"
CarHyr"
CarHas"
CarHao"

C37H20+

CyHaz"

CagHie"
CagHi7"
CagHas”
CagHao”
CagHao"

CagHat”

CasHz"

CaoHis”
CaoHis"
CaoHyr"
CaoHis”
CagHao”

C39H20+

CaoHz"

548.16
549.16
550.17
551.03
551.18
552.03
552.19
553.04
554.05
555.06
556.06
557.13
558.14
559.15
560.16
561.16
562.02
562.17
563.03
563.18
564.03
565.04
566.05
567.06
568.08
569.09
570.14
571.15
572.16
573.16
574.17
575.03
575.18
576.03
577.04
578.05
579.07
580.08
581.13
582.14
583.15
584.16
585.16
586.17

CuaHao"
CuHaz"
CuHz"

CuHzs"

(:44H24+

CusHi7"
CusHis"
CasHio"
CusHao"
CusHa"

C45H22+

CasHzs"

CagHas”
CagHao”
CugHao"
CueHa"
CueH2"

CasHas"

CyrHi7"
CyrHig"
CarHao"
CarHao"
CyrHa"
CarHaz"

640.1
641.1
642.1
643.1
644.2
645.2
646.2
647.2
648.2
649.0
651.1
652.1
653.1
654.1
655.1
656.2
657.2
658.2
659.2
660.0
660.2
662.0
664.1
665.1
666.1
667.1
668.2
669.2
670.2
671.2
672.2
675.1
677.1
679.1
680.2
681.2
682.2
683.2
686.0
688.0
690.1
691.1
692.2
693.2

CsHis"
Cs2Hio"
Cs2Hao"
Cs2Ha"
CsHz"
CsHas"
CsoHas"

CssHi7"
CssHis"
CssHio"
CssHao"
CssHa"
CssHa"
CssHas"

C53H24+

CsaHig"
CsaHio"
CsaHao"
CsaHar"
CsaHz"
CsaHas"
CsaHas*

CssHio"
CssHao"
CssHar"
CssHa"
CssHas"

/

/

/

/
CseHao"
CseHar"
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309.04 / 399.12 CaoHis" 493.06 / 587.03 / 694.2 CsgHz"
310.06 / 400.13 CaoHie" 494.06 / 587.18 CarHas" 695.2 CsgHazs"
311.07 / 401.13 CaHi7" 495.09 / 588.03 / 696.2 CseHas"
312.09 CosHio" 402.14 CaHis" 496.13 CaoHie" 589.04 / 699.1 /
313.10 CosHis" 403.01 / 497.13 CaoHy1r" 590.05 / 701.1 /
314.11 CosHua" 403.15 CaHie" 498.14 CaoHis" 591.06 / 703.1 Cs7Hue"
315.12 CosHis" 404.02 / 499.15 CaoHio" 592.08 / 704.2 Cs7Hao"
316.13 CosHie" 405.03 / 500.16 CaoHao" 593.09 / 705.2 CsrHz"
317.13 CosHir" 406.03 / 501.03 / 594.14 CagHis" 706.2 Cs7Hz,"
318.13 / 407.04 / 501.16 CaoHat" 595.15 CagHio" 707.2 Cs7Has"
319.01 / 408.05 / 502.03 / 596.16 CagHao" 716.2 CsgHzo"
319.13 / 409.09 / 502.17 CaoHz" 597.16 CagHz" 717.2 CsgHar"
320.02 / 410.09 / 503.03 / 598.17 CagHz" 718.2 CsgHa2"
321.03 / 411.12 CasHis" 504.03 / 599.03 / 729.2 CsoHzt"
322.05 / 412.13 CasHis™ 505.06 / 599.18 CagHzs" 731.2 CsoHas"
323.06 / 413.13 CasHir 506.06 / 600.03 /

324.09 CasHo" 414.00 / 507.10 / 600.2 CagHas"

Table S5. Peaks attributed to soot and condensable gas by HCA and PCA (nucleation in premixed flames and surface

growth, PC1 > 0, see the loadings plots in Fig. 7).
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