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Ex situ characterization of the precursors of incipient
nanoparticles in a laminar diffusion flame of ethylene

The light from a candle masks the light source’s labyrinthine
journey from small molecular fragments of carbon and
hydrogen to particles, each with tens of thousands of carbon
atoms, and within a fraction of a second. This work presents
a multi-diagnostic approach to identify molecular precursors
involved in the inception process of carbon nanoparticles in
flasne combustion. New experimental evidence suggests that
small molecular clusters are initially bound by physical forces
then rapidly stabilized by the formation of C-C covalent bonds.
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Phys. Chem. Chem. Phys., 2025, 27, 25300.
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1. Introduction

Ex situ characterization of the precursors of
incipient nanoparticles in a laminar diffusion
flame of ethylene

® Xavier Mercier, (2@

© Nicolas Nuns,

Harsh Chaliyawala, /¢ Erin McCaughey,
J. Houston Miller, ©2° Myriam Moreau,
Alessandro Faccinetto (2 *2

e

9 Pardis Simon and

Detailed information on the chemical and physical properties of the precursors of incipient carbon
nanoparticles (CNPs) in flame combustion provides clues on the reaction pathways for CNP formation
and growth. Therefore, this data is needed by the modeling community who seeks to understand
inception at a fundamental level. However, identifying and isolating the precursors in a reactive
environment at high temperature remains a challenging task. The present work reports a multi-
diagnostic approach to identify the molecular species involved in the inception of CNPs based on the
comparative analysis of surface morphology (scanning electron microscopy), chemical composition
(time of flight secondary ions mass spectrometry), chemical state (X-ray photoelectron spectroscopy),
and structure (Raman spectroscopy) of samples extracted from a nitrogen-diluted ethylene laminar
diffusion flame stabilized on a Yale burner. Statistical analysis enables the reduction of the pool of
species to be considered by showing, for instance, that large polyaromatic molecules are not required
for the CNP inception to occur. Several low m/z species are identified as likely candidates that are
consistent with polycyclic aromatic hydrocarbons (PAHs) and their derivatives. Among them, this work
stresses the importance of species slightly above the curve representing the maximally condensed
aromatics and of non-benzenoid PAHs (containing 5-member aromatic rings for instance). This new
experimental evidence reveals trends consistent with the “combined physical and chemical inception”
group of hypotheses, according to which small clusters (typically dimers) of PAHs initially bound by
physical forces are rapidly stabilized by the formation of C—C covalent bonds according to various pos-
tulated mechanisms (extended HACA, spin localization).

(PAHS) to incipient carbon nanoparticles (CNPs) in the con-
densed phase remains incompletely understood."

The molecular-level understanding of carbon nanoparticle
inception in combustion environments represents a fundamen-
tal challenge at the intersection of physical chemistry, materials
science, and combustion physics. Despite decades of research
into the chemical kinetics and thermodynamics governing soot
formation, the precise molecular mechanisms underlying the
transition from gas-phase polycyclic aromatic hydrocarbons
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The physical chemistry of CNP inception involves the
complex interactions of molecular clustering, chemical reactivity,
and phase transitions under extreme conditions of temperature
and chemical environment. Recent hypotheses have proposed
several pathways including physical clustering followed by
chemical stabilization,** the formation of fullerene-like structures
from large PAHs via chemical growth mechanisms,” and chemical
coalescence of mid-sized PAHs into cross-linked three-
dimensional structures through the addition of PAHs with PAH
radicals.®” Extensive kinetic modeling on the formation of PAHs
in various ethylene and methane flames provides a quantitative
measurement of precursors and possible reaction pathways
besides well-known mechanisms like the HACA.®™*?* However,
experimental validation of these hypotheses requires molecular-
level characterization of the precursor species and their transfor-
mation products, which presents significant analytical challenges
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due to the reactive nature of the flame environment and the
transient existence of intermediate species.

Many of the recent measurements to study CNP inception
represent either ensemble-averaged properties of particles
samples™ or are biased toward specific molecular subsets
within the complex mixture."* Experimental data providing
species specific molecular identification, critical for detailed
chemical mechanistic modeling and validation, remains rarer.
Techniques such as laser induced incandescence (LII),"* laser
induced fluorescence (LIF),"> and transmission electron micro-
scopy (TEM)'® excel at characterizing mature particles, but offer
limited insight into the earliest stages of particle formation.
Conversely, gas-phase ex situ methods like laser desorption
mass spectrometry (LDI-MS)"” and time of flight secondary ions
mass spectrometry (ToF-SIMS)'® can identify individual molecular
species but often struggle to capture heterogeneous processes at
the gas-solid interface during inception. Additionally, while
radical-mediated inception mechanisms have gained theoretical
and computational support, direct experimental evidence of
persistent radicals in flames has been limited.

The work presented here addresses these fundamental
questions through a multi-technique approach that combines
structural characterization (Raman spectroscopy), surface
chemical analysis (ToF-SIMS), surface chemical state (X-ray
photoelectron spectroscopy, XPS) and morphological examina-
tion (scanning electron microscopy, SEM) of CNP precursors
extracted from a well-characterized laminar diffusion flame. By
applying statistical analysis to correlate observations across
these complementary techniques, we aim to identify the mole-
cular signatures associated with CNP inception.

Our investigation focuses on an axially symmetric, non-
premixed nitrogen-diluted ethylene flame stabilized on a
“Yale” burner, a system that has been extensively characterized
by both experimental and computational modeling efforts."®>>
The choice of this flame system allows more direct compar-
isons with existing data, while providing a well-controlled
environment for isolating the signals of interest. Through
ex situ analysis of samples extracted at different heights above
the burner (HABs), we track the evolution of chemical composi-
tion and molecular structure as the system progresses from gas-
phase PAH precursors towards mature CNPs.

The physical chemistry insights gained from this work have
broader implications for understanding the inception and
growth processes. Furthermore, the analytical methodologies
used here demonstrate the power of combining multiple char-
acterization techniques with statistical analysis to extract mole-
cular level information from complex, heterogeneous systems.

2. Materials and methods

2.1. Flame and sampling

A 50 mm visible flame high, 60% ethylene-in-nitrogen co-flow
laminar diffusion flame is stabilized on a ‘“Yale” burner at
atmospheric pressure. The ethylene/nitrogen mixture flows
through a 0.4 cm inner diameter central injector surrounded
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by a 7.5 cm inner diameter honeycomb for the air co-flow (see SI).
The fuel and air velocity at the burner surface are stabilized at an
average of 35 cm s~ '. This flame was the object of several past
investigations.’*'*>* In this work, CNPs and condensable gas
are extracted from four different HABs (20, 25, 30, and 35 mm)
from the central axis of the flame using a dilutive extraction
microprobe®® and deposited on 10 x 10 x 1 mm Ti (99.5%,
American Elements) substrates for ex situ analyses (pictures of
the samples are available in the SI). These HABs are chosen
based on previous LII measurements showing the soot inception
region.”® Impaction at high velocity (>30 m s ') results in the
aggregation of the carbonaceous particles on the center of the
substrate, while condensable gases scatter over the surface of
the substrate. Particles that bounce off the impaction site create
an additional ring-like structure.

2.2. SEM

Scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM/EDX) is used to study the evolution of soot
morphology at various HABs. Images are taken with a JEOL
JSM-7800F LV scanning electron microscope equipped with an
FEG source at 15k magnification at 5 kV with a 7-8 mm working
distance from the source gun. EDX analysis is also performed
on some of the samples. However, since H cannot be detected
with EDX, the usefulness of this diagnostic is limited to
assisting the interpretation of the mass spectra by determining
the level of impurities in the samples.

2.3. Raman spectroscopy

Raman spectroscopy analyses are performed with a Horiba
HR800 microscope equipped with a 40x objective (NA = 0.7)
at Jex = 325 nm excitation wavelength. The acquisition time is
fixed to 15 min per spectrum, and the laser power at the sample
is limited to around 0.1 mW to avoid structural modifications.
The laser spot measured at the sample surface is 1.7 pm. The
measurements discussed herein are performed only on the
impaction spot regions: 3-4 spectra are recorded for each
sample, which are fitted using the peak analyzer tool included
in Origin Pro 2024. The best results (R*> > 0.95) are obtained
with six peak fits: D4, D5, D1, D3, G and D2. As detailed in our
previous work, a mix of Gaussian (D3) and Lorentzian (D4, D5,
D3, G and D2) waveforms is used for the fitting."®

The baseline is fitted together with the Raman peaks
(no baseline subtraction is performed) using a 3™-order poly-
nomial function for all spectra.

2.4. ToF-SIMS

Time of flight secondary ions mass spectrometry (ToF-SIMS) is
an analytical technique widely used for the characterization of
the chemical composition of the surface of solid materials and
can probe surface layers as thin as 2-3 nm. In this work, a Bi;"
primary ion beam (25 keV, 0.3 pA) is used to sputter and ionize
the surface of the deposited samples. These settings, resulting
in the total ion dose (~10"" ions cm™?) being well below the
limit of static mode, are suited for the analysis of high mass
organic species (m/z > 200). The generated secondary ions are
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accelerated and analyzed in a time-of-flight mass spectrometer
with m/Am =~ 10* nominal resolving power. Mass spectra in
positive polarity are recorded at 50 scans/acquisition on a 500 x
500 um? surface with an image resolution of 128 x 128 pixels.
Acquisitions are performed on the impaction spot region. The
collected mass spectra are first aligned, calibrated and normal-
ized by the total useful ion count. A detailed description of the
post-treatment®” is available. Briefly, the full peak list contains
1115 peaks having SNR > 3, of which 687 are identified by mass
defect analysis and assigned a molecular formula. After removal
of background and fragment ions, 393 peaks are retained.

2.5. XPS

X-ray photoelectron spectroscopy (XPS) is used to investigate
the sp*/sp® ratio of soot at various HABs. XPS spectra are
recorded with a Kratos Axis Ultra DLD spectrometer equipped
with a monochromatized Al Ko X-ray source working at 225 W.
The base pressure of the instrument is 10~° mbar and the
analysis area on the sample 300 x 700 um®. The instrument
charge neutralization system is used during all acquisitions. C
1s core level spectra and C KLL Auger peak are recorded at
20 eV and 80 eV fixed Pass Energy with 0.1 eV and 0.5 eV energy
step. Peak fitting is done using CasaXPS software.>® Shirley type
backgrounds are subtracted to the C 1s photopeak and 70%
Gaussian and 30% Lorentzian product function are used except
for the sp® peak for which an asymmetrical Lorentzian line
shape is used. Binding energy scales are adjusted on the sp”
carbon peak positioned at 284.4 eV.

2.6. Multivariate analysis

Principal component analysis (PCA) is used to reduce the
dimensionality of the Raman and ToF-SIMS databases and as
a support for the interpretation of the variance and the peak
assignment and selection. The Raman peaks normalized by the
total area of the Raman spectrum, and the mass spectra ion
counts normalized by the total useful ion count are used as
variables, while acquisitions on different zones of the sub-
strates are used as observables.>® The results are discussed in
terms of scores and loadings to find correlations between the
HAB and the structure of the samples (Raman), and the
changes in the chemical composition of the sample directly
associated with CNP formation (ToF-SIMS).

3. Results and discussion

3.1. Surface morphology evolution

SEM images, shown in Fig. 1, display the soot morphological
evolution along the flame central axis with increasing the flame
height from 20 to 35 mm HAB. The analysis of the surface
morphology shows no soot deposits below 20 mm HAB (not
shown in the figure). Smooth droplet-like deposits can be seen
from 20 mm HAB, and fractal-like mature soot particles from
30 mm HAB.?° Likewise, the substrate surface surrounding the
impaction location is analyzed as shown in the SI: almost no
traces of fractal-like soot particles are observed on the substrate
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Fig. 1 SEM morphology images at (a) 20, (b) 25, (c) 30 and (d) 35 mm HAB.
Notice the presence of fractal-like soot aggregates visible from 30 mm
HAB that are absent at 20 mm HAB.

surface outside of the central impaction zone. In addition, the
elemental composition is determined by EDX in order to detect
the presence of impurities on different regions of the samples
at various HABs and assist the creation of the ToF-SIMS peak
list. Si impurities, later identified as siloxanes, are found in four
samples on the spot region.

3.2. On the structure

Fig. 2 shows the Raman spectra of samples at Ae, = 325 nm. The
first-order feature of the Raman spectra, consisting of the D
and G bands in the 900-2000 cm ™~ spectral range, is analyzed
by peak fitting to extract information on the carbonaceous
materials from these partially overlapped bands. At this Aey,
no significant broad fluorescence emission is observed. The
two typical broad bands at ~1350 cm ™" (D or defect band) and
~1600 cm™ ' (G or graphitic band) can be observed in all the
spectra. As mentioned above, the approach proposed herein is
based on a six-peak fitting (D4, D5, D1, D3, G, D2) and focuses
on finding correlations between spectral parameters as a func-
tion of the HAB to evaluate the structural behavior of the CNPs.
The physical significance and the detailed interpretation of
each band can be found elsewhere.*'*” Briefly, peaks D1, G,
and D2 have been assigned, respectively, to the A;; mode of
graphene only active for lattice defects, to the E,; mode of the
ideal graphitic lattice, and to graphene layers not sandwiched
between other layers. Peaks D4, D5 and D3 have not yet been
assigned to specific vibration modes: proposed interpretations
in the literature include contributions from ionic impurities,
peripheric sp® or sp® carbon atoms, finite crystal size, and
poorly linked polyaromatic units. Furthermore, the I,/I; ratio
is estimated at every HAB. It is found that the Ip,/I; ratio
slightly increases from 0.80 at 20 mm HAB up to 0.93 at 35 mm
HAB. This may be due to the creation of lattice defects,
progressing towards more amorphization carbon structure,
consistent with the reported literature.**

This journal is © the Owner Societies 2025
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Fig. 2 Fitted Raman spectra obtained from samples collected at (a) 20, (b) 25, (c) 30 and (d) 35 mm HAB at dex = 325 nm. The spectra include the raw

data (black line), and the fitted peaks (D4, D5, D1, D3, G and D2, in color).

PCA is performed on the Raman normalized areas A,
including all available data at /. = 325 nm and various HABs.
The result is plotted in Fig. 3. In the score plot in Fig. 3(a), the
datapoints represents the Raman spectra: as shown in the
figure, two main clusters of datapoints based on the sampling
HAB are found: datapoints at 20-25-30 mm HAB (with one
exception) have negative scores on PC1, while datapoints at
35 mm HAB have positive scores on PC1. These two data
clusters represent the tendency of A,, to assume constant but
different values at lower and higher HAB. According to the PCA,
35 mm HAB are well separated from the remaining HABs, to
indicate that there is a net dependency of the structure of the
samples on the HAB.

0.10 —
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1) - = 30 mm
< Il 35 mm
i
o 000
e | T .
]
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0.0 01
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The loading plot of PC1 in Fig. 3(b) identifies the peak D3,
which has the highest positive loadings on PC1, as the main
responsible for the observed dependency on the HAB. Peak D3
is centered around 1530 cm~ ' between peaks D1 and G, and
only occurs high in the flame at 35 mm HAB by forming a wider
overlapping region than at lower HAB. The appearance of peak
D3 is therefore a strong indicator for the appearance of mature
and probably partially graphitic soot particles.'®***> Unfortu-
nately, its origin is not yet clarified. Possibly a convolution of
several other modes,*® peak D3 is proposed to be associated to
vibrations of amorphous carbon,*?**” finite-size graphite
crystals®® or defects outside the graphene layers.*® In particular,
similar trends have been observed in a laminar diffusion flame

0s{ ()
0.4

0.0 -

Loadings on PC1

T T T T T T

D4 D5 D1 D3 G D2
Raman peak

Fig. 3 Results of the PCA performed on the normalized peak areas (A,) extracted from the Raman spectra at Aex = 325 nm. The figure shows the (a) PC2

against PC1 score plot and the (b) loading plot of PC1.
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in our previous reports.'® Peaks D1 and G have lower loadings
than D3 and therefore contribute less to the phenomenon
represented by PC1. In contrast, peaks D4, D5, and D2 have
loadings close to zero, and therefore contribute marginally to
the phenomenon represented by PC1.**?7

3.3.  On the chemical composition

The discussion of the common patterns of signals obtained by
the ex situ mass spectrometry analysis of samples extracted
from flames is not the object of this work, which focuses
instead on a chemometric-based approach to extract hidden
information from the database. The mass spectra and the list of
identified peaks are shown in the SI. Briefly, the mass spectra
are rich of signals in m/z 150-800 that are identified by mass
defect analysis mainly as C,H," ions. The signals recur in
groups having the same m and variable n. The most intense
signals within a group characterized by the same m depend on
the parity of m. If m is even, the strongest peaks exhibit even
nominal mass. If m is odd, the strongest peaks exhibit odd
nominal mass. This pattern is well-known and consistent with
the identification of the signals as PAH.*®

The information extracted from the mass spectra includes
m/z and normalized ion counts of 393 peaks. The results of the
PCA on the ensemble of the samples are shown in Fig. 4. The
interpretation provided here is based on the analysis of PC1
and PC2 (62.02 and 27.58% of the total variance explained,
respectively), while the lower-variance principal components
are not discussed. Fig. 4(a) shows the PC2 against PC1 score
plot, in which the datapoint represents the mass spectra. Three
different data clusters can be identified: 20 and 25 mm HAB
(orange-red) have high negative scores on PC1: they form a
compact cluster, indicating that the PCA cannot find statisti-
cally significant differences among them. 30 mm HAB (gray)
have high negative scores on PC2. Finally, 35 mm HAB (black)
have high positive scores on PC1. Samples in different data
clusters have sufficiently distinct chemical compositions to
allow a classification along PC1 or PC2, and the corresponding
loadings identify the variables responsible for the data cluster-
ing observed in the score plot.

In this database, PC1 clearly describes an HAB-dependent
phenomenon: in the score plot in Fig. 4(a), the HAB mono-
tonically increases from the left to the right. The corresponding
loading plot in Fig. 4(b) shows that the responsible variables are
high-m/z ions (negative loadings) that are more prominent at
20 and 25 mm HAB, against low-m/z ions (positive loadings)
that are more prominent at 30 and 35 mm HAB. The transition
from low- to high-m/z ions occurs at the sign inversion of PC1,
around m/z 250.

By contrast, the phenomenon described by PC2 does not
appear to be HAB-dependent. The scores on PC2 are approxi-
mately constant at low positive values for all samples except
30 mm HAB, for which PC2 assumes high negative values. As
shown in Fig. 4(c), the distribution of positive loadings spans
almost the entire investigated m/z range, and includes ions
identified as C,,H,," and other unidentified ions. The latter are
defined by a lower mass defect than the identified PAHs, and
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Fig. 4 Results of the PCA on the ensemble of the mass spectra. (a) PC2 vs.
PC1 score plot. (b) PC1 and (c) PC2 loading plots. The black arrows point to
the two modes representing correlated groups of peaks.

hypotheses on their elemental composition include oxygen-
containing hydrocarbons or hydrogen-poor carbon clusters:*°
the available resolving power is insufficient for certain identifi-
cation. Conversely, the distribution of negative loadings is
remarkable for several reasons. First, this distribution is bimo-
dal as indicated by the arrows in Fig. 4(c). Then, almost all ions
having negative loadings on PC2 are identified by mass defect
analysis as C,,H,,", and their molecular formulae are consistent
with PAHs or their derivatives. Finally, mode 2 appears at about
twice the m/z of mode 1: mode 1 spans m/z 140-230 and
includes C11-C18 hydrocarbons, while mode 2 spans m/z 340-
450 and includes C27-C36 hydrocarbons.
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3.4. Discriminating carbon hybridization

The sp® to sp ratio of the samples is estimated by XPS using either
the so-called C KLL Auger peak D-parameter or the C 1s photopeak
fitting. The D-parameter is calculated from the separation in energy
between the maximum and the minimum in the derivative Auger C
KLL spectra,*"*? as shown in Fig. 5. As the signal-to-noise ratio in
the first derivative C KLL spectra of carbon materials is low, a
Savitzky-Golay algorithm, 3™ order polynomial with 20 energy
window points smoothing is applied to determine the D-
parameter. The sp® percentage is then estimated using a linear
interpolation between reported values for pure sp® and pure sp>
carbon, found at 13.2 eV and 23.1 eV respectively.”’ The C 1s
spectra in Fig. 6 can be decomposed into six contributions with the
lowest binding energy contribution corresponding to the graphitic
C sp”. C sp® and oxygen-containing groups like C sp> C—OH, C sp*
C=0 and O—C—O appear at higher binding energy and are
separated from graphitic C sp* by 0.5 eV, 2 eV, 3.5 eV and 4.5 eV,
respectively. An additional satellite peak separated from graphitic C
sp” by 6.4 eV is found that corresponds to a n—n* transition found
in graphitic carbon. The full width at half maximum (FWHM) is
taken for the whole C 1s photopeak whereas the estimation of sp*
content is calculated by summing all the sp® component areas
(graphitic C, C—0 and O—C—O0 peaks).

The calculated sp> percentages and all the parameters used
for the calculations with using both methods are shown in
Table 1. The calculations based on C KLL Auger peak and on C 1s
photopeak show a monotonically increasing percentage of C sp”
with the sampling HAB that is consistent with the progressive
maturation of the samples. To explain the discrepancy between the
numerical values, it is interesting to note that the two methods
have different analysis depth, ~3.4 nm for C KLL and ~ 10 nm for
C 1s. This discrepancy, which is consistent across all HABs, hints to
a rapid changing chemical composition with the analysis depth
and suggests that C sp? is located a few nm below the surface of the
samples. The most likely explanation is the surface oxidation and
consequent formation of C—OH bonds that occurs at the outer-
most layers of all samples exposed to air.

3.5. Evidence of emerging reactivity

The bimodal distribution of loadings on PC2 highlights a series
of correlated m/z at 30 mm HAB, and aligning with transitions

(a)

HAB / mm:
20
—25
— 30
—35

Intensity

250 260 270 280
Kinetic energy / eV

240 290

Fig. 5
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seen in LII measurements of this flame'* marking the begin-
ning of the soot inception region on the flame axis. Following
the approach proposed in ref. 40, the hypothesis is made that
mode 1 represents small reactive hydrocarbons, while mode 2
the resulting adducts. To verify this hypothesis, correspon-
dences between pairs of ions in mode 1 (C,yH,; " and C,,,,H,,")
and individual ions in mode 2 (Cp1+maHpina—i ) are therefore
searched as follows. The sums of the m/z of each pair of ions
in mode 1 are calculated and compared to individual ions in
mode 2 (only the ions having the highest loadings of each mode
are considered). If a match is found within a variable number of
H atoms k, the value is recorded (the full table of correspon-
dences is shown in the SI).

The number of correspondences against k is shown in Fig. 7.
Several matches are found for k = [0,8] with the highest
frequency for k = [2,4]. On the one hand, the detected ions
are all assigned to PAHs and their derivatives and therefore
matches within an arbitrary number of H atoms are expected to
occur as a result of the increasing molecular size. On the other
hand, these matches exist between two specific sets of corre-
lated ions, and they only occur for even values of k despite many
identified ions having odd m and n. C15-C18 ions have the
highest probability of generating a match. Furthermore, k is
highest for C16-C17, then decreases for heavier species: if the
matches were only due to the increasing molecular size, k
would keep increasing with m/z as the disparity between the
number of H and C atoms increases with the size of the PAHs.

Linking the reactivity of the (unknown) species in the flame
to the species detected in the ex situ samples is not trivial. It is
interesting to notice however that a hypothetically increasing
rate of cross-linking reactions of low-m/z PAHs, possibly
because of the flame temperature reaching a critical threshold,
provides a consistent explanation for all the experimental
evidence. First, the cross-linking of low-m/z PAHs would explain
the two sets of correlated m/z, i.e. the bimodal distribution of
loadings emerging locally at 30 mm HAB. Second, an increasing
rate of formation of C-C bonds in the flame between 25 and
30 mm HAB would explain the maximum of k also emerging
locally at 30 mm HAB, as the elimination of two H atoms can be
interpreted as evidence of the formation of one C-C
covalent bond.
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(a) C KLL Auger spectra and (b) C KLL first derivative recorded from samples collected at 20, 25, 30, and 35 mm HAB.
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Fig. 6 XPS C 1s core level spectra of samples collected at (a) 20, (b) 25, (c) 30, and (d) 35 mm HAB.

Fig. 8 shows the atomic fraction of hydrogen [H] against the
number of C atoms of the identified ions at 30 mm HAB. The
two panels compare the ion count of all identified ions (a) and
their variability across the CNPs inception zone represented by
the loadings on PC2 (b), and clearly shows that only a subset of
the detected m/z are involved in the reactivity the analysis of the
mass spectra called attention to. The assignment of molecular
structures to the detected ions remains a challenging task. The
majority of the ions identified as C,,H," are found dispersed
around the limit of peri-condensed PAHs (red dashes line in the
figure). Structures consistent with molecular formulae above
this limit include acenes, cata-condensed PAHs, bridged PAHs
or PAHSs substituted by short (possibly aliphatic) side chains.
Structures consistent with molecular formulae below this limit
include PAHs containing 5-member rings or substituted with
highly unsaturated side chains (-C,H for instance).

It is noteworthy that ions with odd m values tend to have
both high ion counts and variability. For instance, many cases

Table 1 C KLL Auger peak D-parameter and XPS C 1s total photopeak
FWHM associated with the calculated sp? percentage

C KLL Auger peak C 1s photopeak

HAB/mm D-parameter/eV sp°% C 1s FWHM/eV sp>%”
20 13.5 3 1.40 10.3
25 17.0 38 1.35 33.1
30 17.0 38 1.36 65.6
35 18.5 54 1.01 95.1

@ sp” content determined using the C 1s fitting from Fig. 6.
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Binding energy / eV

are found for which the ion count of M + 1 is higher than M,
which cannot obviously be explained by the isotopic distribu-
tion of C. Instead, this observation suggests the occurrence to
some degree of post-ionization dissociation reactions like H-
elimination from closed shell structures (for instance, non-
aromatic CH, groups bridging a bay site).

Recent hypotheses on soot inception via E-bridges®® or
multicenter bonds** postulate small PAHs and their derivatives
as key reactive species for dimerization and cross-linking reac-
tions. The predictions of these hypotheses are in good agree-
ment with the analysis proposed in this work. In the
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Fig. 7 Number of matches between pairs of ions of mode 1 (C,iHn1 ™ and
CmzHn2") and individual ions of mode 2 (C 1y maHnien2—« ) @gainst k (within
15 ppm from the expected position of the ion in mode 2).
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[H] against number of C atoms of all identified ions at 30 mm HAB. (a) The size of the datapoints is proportional to the logarithm of the ion count.

(b) The size of the datapoints is proportional to the logarithm of the (absolute value) of the loadings on PC2.

investigated flame, the identified reactive species are C12-C20
hydrocarbons with [H] = 0.30-0.45, while their adducts are C27-
C40 hydrocarbons with [H] = 0.32-0.38.

3.6. Correlating structure and composition

As shown in Fig. 9, the identified descriptors of the structure
and of the chemical composition of the samples are not
independent. The scores on PC1 (Raman spectroscopy at
325 nm) are positively correlated to the scores on PC1 (ToF-
SIMS), thus the increase of intensity of the Raman peak D3 is
correlated to the disappearance of high-m/z hydrocarbons. As
mentioned above, this change in the behavior of both Raman
spectra and mass spectra becomes evident between 25 and
30 mm HAB, and it is consistent with the beginning of the soot
inception region as revealed by in situ LIl measurements.'® This
evidence is further corroborated by the XPS analyses (Fig. 5 and
6) that show the progressive transition from C sp® to C sp®
against HAB, where C sp” is detected as early as 25 mm HAB
and becomes dominant over C sp® at 30 mm HAB. Although
peak D3 has been suggested to be related to the formation of

High-m/z disappear —

0.00
]
__-0.05- i
5 1
5—0.10- -
[1'4 u (7]
N 1
-~ - | = HAB/mm: |
8 0.15 20 a
I 25
- . s |
0.20 —
-0.02 0.00 0.02 0.04

PC1 (ToF-SIMS)

Fig. 9 Scores on PC1 from the analysis of the Raman spectra against
scores on PC1 from the analysis of the mass spectra. Since it is not possible
to compare analyses performed at the same location at the surface of the
samples, the averages over all the available datapoints are used instead for
the comparison (the error bars represent the 95% confidence interval).

This journal is © the Owner Societies 2025

amorphous carbon or finite-size graphitic crystals, the vibration
mode(s) directly responsible have not yet been identified.
Therefore, understanding its detailed role on the inception of
CNPs remains a challenging task.

No correlation is found between the scores on PC1 (Raman)
and the scores on PC2 (ToF-SIMS), thus the emergent reactivity
highlighted by the analysis of the mass spectra might not be
mirrored by changes in the spectral region where the D and G
Raman bands are located. A more detailed exploration of this
aspect will be the object of a future work.

4. Conclusions

This multi-diagnostic investigation of incipient CNP formation
and their precursors in a nitrogen-diluted ethylene laminar
diffusion flame has provided new molecular level evidence for
the fundamental physical chemistry governing gas-to-particle
transitions. By combining structural, chemical and morpholo-
gical characterization with statistical analysis, we have identi-
fied signatures that illuminate the mechanistic pathways of
CNP inception.

Our results provide compelling experimental evidence for a
combined physical and chemical inception mechanism that
occurs close to 30 mm HAB on this flame system. The bimodal
distribution observed in ToF-SIMS data characterized by loss of
2-4 H atoms is consistent with the formation of covalent C-C
bonds between initially physically associated clusters. This
even-numbered hydrogen elimination pattern may indicate a
concerted mechanism involving the stabilization of weakly
bound PAH dimers through radical-mediated bonding reac-
tions consistently with hypotheses recently proposed in the
literature. The XPS results provide independent confirmation of
this transformation revealing an increase in C sp® content with
HAB and highlighting depth-dependent compositional changes
consistent with surface oxidation, which strengthens the evi-
dence for progressive graphitization during inception.

Raman spectra reveal a fundamental transformation in
molecular structures during CNP maturation. The emergence
of the D3 peak at 35 mm HAB indicates a transition from the
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extended aromatic domains towards more defective, finite-size
graphitic structures. This structural evolution suggests that
CNP inception involves the formation of curved or multi-
layered structures rather than simple planar PAH aggregation.

The disappearance of high-m/z species from mass spectra
challenges models that assumes preservation of large, flat PAHs
during inception and supports mechanisms that involve three-
dimension cluster formation. The spatial localization of impor-
tant “transitions’” at 30 mm HAB, coincides with the onset of
particle formation observed in previous LII studies,"> and
establishes this region as a critical “inception zone” where
thermodynamic and kinetic factors converge to enable particle
inception.

Neither Raman spectroscopy, mass spectrometry, nor XPS
alone can provide definitive structural characterization of
CNPs, which underscores the need for the integration of both
surface-sensitive and structure-sensitive methods with appro-
priate statistical frameworks. On-going studies of this flame
system will incorporate multi-wavelength Raman spectroscopy
to further explore the correlation of excitation wavelength and
CNP electronic structure as revealed by key spectral features,
refining our understanding of the soot formation process.
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