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Understanding the molecular mechanisms governing soot inception is critical for developing accurate
models of particulate formation in combustion systems. Polycyclic aromatic hydrocarbons (PAHSs) are
well established as key precursors/intermediates that participate to soot formation, but the growth
reactions towards the particulate phase are still the subject of active debate. Among the proposed
chemical mechanisms, aromatic resonance-stabilized radicals (RSRs) offer a promising alternative
pathway, but their in situ detection in flames has proven challenging, limiting further mechanistic
insight. Here, we report the direct observation and identification of several polycyclic aromatic RSRs,
using a combination of synchrotron-based mass-selected vacuum ultraviolet photoelectron
spectroscopy and quantum chemical calculations. The existence of both delocalized and localized -
radicals and their specific implication on the different stages of soot formation, via radical-driven PAH

reaction mechanisms, is discussed in the context of combustion chemistry.

Soot formation in combustion processes is a critical phenomenon with
wide-ranging implications for environmental sciences, public health, and
combustion technology. Soot particles are major contributors to air pollu-
tion and climate change'™. These particles exacerbate respiratory and car-
diovascular diseases’ and pose carcinogenic risks®” due to their association
with polycyclic aromatic hydrocarbons (PAHs). Beyond terrestrial con-
cerns, understanding soot formation is also relevant for research on inter-
stellar carbon and the origin of carbon grains in space”. PAHs are universally
recognized as key precursors in soot inception, acting as molecular building
blocks in the transition from gas-phase precursors to condensed-phase
particles”’.  The hydrogen-abstraction/acetylene-addition ~ (HACA)
mechanism has historically been the dominant framework for explaining
PAH growth in high-temperature environments''. However, HACA has
limitations, particularly in explaining the formation of complex PAHs'” and
soot in radical-poor conditions where acetylene and H-abstraction sites are
scarce.

These limitations have led to growing interest in alternative mechan-
isms and pathways" ™" that could contribute to PAH growth and soot
inception, particularly mechanisms involving resonance-stabilized radicals
(RSRs), radical-radical interactions, and weakly bound molecular
clusters'™". RSRs have recently emerged as critical intermediates in soot

formation, offering an alternative route to PAH clustering and molecular
weight growth that does not rely on acetylene addition.

Johansson et al.”* notably proposed a soot inception mechanism
involving RSRs that initiate a radical chain process, enabling the clustering
of both radicals and unsaturated closed-shell species, including PAHs. This
pathway, referred to as the clustering of hydrocarbons by radical chain
reactions (CHRCR), offers the advantage of allowing particle growth
without depleting the radical pool, thus sustaining reactivity during the
inception stage. In this context, the pioneering work of Rundel et al.”
provided early evidence for covalently bound clusters (CBCs) of aromatic
RSRs, demonstrating indenyl-indenyl clustering during indene pyrolysis
and also indenyl-ethylene clustering when indene was added to ethylene in
pyrolysis experiments.

Martin et al.”” demonstrated the importance of t-radical localization in
determining the stability and reactivity of PAHs during soot inception.
Their study emphasized the dual nature of radicals: delocalized radicals,
such as phenalenyl, facilitate weak multicenter bonding (“pancake bonds”),
enabling molecular stacking, while localized radicals contribute to the for-
mation of thermally stable single-center bonds. This interplay between
radical localization and reactivity highlights the need to understand the
electronic structures of RSRs in soot inception.
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The recent works of Frenklach'® and Mebel et al.”**** further expanded
our understanding by exploring the mechanisms underlying PAH cluster-
ing and the formation of E-bridge PAHs. Their theoretical studies high-
lighted the significance of radical-molecule interactions in the formation of
large PAH clusters. They notably proposed that E-bridge PAHs form
through chemical pathways primarily governed by an updated HACA
mechanism, involving the creation of a rotationally activated dimer via the
collision of an aromatic molecule with an aromatic radical. E-bridges were
proposed to play a pivotal role in stabilizing molecular clusters during the
early stages of soot formation, providing a molecular-level explanation for
the transition from isolated PAHs to condensed-phase soot particles.

Advances in experimental techniques, such as electron paramagnetic
resonance (EPR) and high-resolution atomic force microscopy (HR-AFM),
have also been instrumental in unraveling the complexity of soot
inception™******** Notably, Commodo et al.”” employed HR-AFM to infer
the structure of molecular precursors of incipient soot particles, revealing
the presence of partially saturated and unsaturated n-radicals. Their work
provided evidence for the involvement of these species in molecular clus-
tering and identified structural motifs indicative of n-stacking interactions,
further linking RSR behavior to early soot formation.

Pulsed EPR experiments also highlighted highly branched RSRs
with aliphatic groups associated with soot inception™. Additionally,
synchrotron-based photoionization mass spectrometry experiments by
Wang et al.”** have identified CBCs of aromatic RSRs in combustion
environments, indicating a propensity for clustering and the role of CBCs
as key intermediates in the transition from RSRs to PAHs during pyr-
olysis experiments. Their study also supports the importance of
H-abstraction and radical addition in driving cluster formation, as pro-
posed by Johansson et al.”’, where clusters undergo progressive H-loss to
yield stable PAHs. This mechanism, termed progressive hydrogen loss
from covalently bound clusters (PHLCBC), similarly to the CHRCR
mechanism, suggests an intricate interplay between RSRs, CBCs, and
PAHs in soot inception.

Despite the recent advances in the development of the theoretical
framework and in the improvement of the experimental diagnostics, the
unambiguous identification of RSR PAHs has yet to be achieved, and
therefore their association with soot inception remains unclear and needs to
be established. Currently, the involvement of RSR PAHs in soot inception is
asubject of active investigation with ongoing efforts to detect these species in
combustion environments using advanced spectroscopic and analytical
techniques and to model their formation pathways through quantum
chemistry and kinetic simulations. The reactivity of these species is closely
linked to their structure, as electron delocalization enhances stability, while
steric and electronic effects influence the ability to participate in clustering
and molecular growth processes. However, there remain important open
questions, notably regarding whether RSR PAHs act as primary soot pre-
cursors or transient intermediates, their dominant formation mechanisms,
and their precise role in molecular clustering leading to particle inception.

In this context, the present study provides direct experimental iden-
tification of specific RSR PAH radicals in the soot inception zone of a
diffusion flame. Using synchrotron-based vacuum ultraviolet photoelec-
tron/photoion coincidence spectroscopy (SVUV-PEPICO) combined with
quantum chemical simulations, delocalized and localized mt-radicals are
selectively identified—including phenalenyl, 9-hydroanthracenyl, 7H-ben-
zo[de]anthracenyl, and olympicenyl. This approach provides strong spec-
troscopic evidence of their presence and offers new insights into their
potential roles in non-covalent multicenter bonding and covalent cross-
linking.

Results and discussion

Isomeric discrimination of RSR PAHs and PAHs

Adiabatic ionization energies (AIEs) of PAHs are well-documented in the
literature, particularly for low to moderate-sized PAHs. Notably, the NIST
webbook*' compiles a large database of experimental AIEs determined for
such compounds. In Fig. 1, the experimental AIEs of selected PAHs, chosen
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Fig. 1 | Adiabatic ionization energies comparison for PAHs and RSR PAHs. AIEs
of selected PAHs (orange, experimental values) * and RSR PAHs (blue, DFT/MO06-
2X/6-3114+-G* calculations from this work). Dotted lines represent power-law
(PAHs) and linear fits (RSR PAH) as visual guides. Based on the recent bench-
marking study reported in Bourgalais et al.”’, AIE uncertainties from DFT are
expected to remain below 0.05 eV.

over the mass range mm/z 100-400, have been reported. These selected PAHs
correspond to those used by Bourgalais et al.”” in a previous study to
demonstrate the accuracy of the DFT/M06-2X method for calculating the
AIEs of PAHs and related molecules, including RSR PAHs, which are far less
documented in the literature. The accuracy of M06-2X is shown to be
comparable to that of the “gold standard” coupled cluster CCSD(T)-F12
method, which becomes computationally expensive as the size of the
molecular system increases. This high level of accuracy is partly attributed to
the significant amount of exact exchange incorporated into the DFT func-
tional, which improves the description of non-local correlation effects. This
is particularly beneficial for systems with delocalized electrons, such as
PAHs. Building on this work, we used the DFT/M06-2X/6-311+G* method
to calculate the AIEs of several RSR PAHs, as reported in Table S1. Part of
these RSR PAHs were directly issued from the work of Selvakumar et al.*
and suggested to be implicated in soot inception. Their calculated AIEs are
also shown in Fig. 1.

AIEs of selected PAHs (orange, experimental values)* and RSR PAHs
(blue, DFT/M06-2X/6-311+G* calculations from this work). Dotted lines
represent power-law (PAHs) and linear fits (RSR PAH) as visual guides.
Based on the recent benchmarking study reported in Bourgalais et al.’, AIE
uncertainties from DFT are expected to remain below 0.05 eV.

The data representation shows that the AIEs of PAHs and RSR PAHs
can be broadly separated into two distinct zones. The first zone, delimited by
the orange box in Fig. 1, contains most of the experimental AIEs of the
selected aromatic compounds and PAHs compiled in Bourgalais et al.*’.
These PAHs have masses up to m/z 400 (C;,H;s-dibenzo[a,j]coronene),
with AIEs mostly comprised between 7 and 10 eV and following a general
trend assimilated to a power-law decrease as the molecular mass of the
PAHs increases. This trend is attributed to the stabilization of the ionized
state through extensive m-electron delocalization, which becomes more
pronounced with larger PAHs. In contrast, the calculated AIEs of the
selected RSR PAHs from the work of Selvakumar et al.*’ are essentially
contained within a second zone, defined by the blue box in Fig. 1. The graph
shows that these AIEs follow a linear trend with respect to the RSR PAH
masses, most of them being comprised between 6 and 7 eV. Unlike PAHs,
the AIE of RSR PAHs is primarily determined by how well the radical center
is conjugated with the rest of the molecule. This results in a weaker
dependence on molecular size.

From these data, it appears possible to preferentially ionize and detect
RSR PAHs by exploiting the difference in ionization energy between PAHs
and RSRs. By carefully setting the ionization energy just slightly above that of
the radicals, the PAH contribution to the background and the potential °C
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contamination (see below) can be avoided, improving the detection of RSRs,
which are found in very low concentrations. Such a strategy is made feasible
by experimental setups utilizing high-repetition tunable VUV sources, such
as synchrotron radiation. Here, we employ this capability in combination
with a spectrometer using a PEPICO scheme, enabling a precise identifi-
cation of the molecular structure of the species by mass-selected photo-
electron spectroscopy (ms-PES). We first investigate the impact of the
ionization energy on the recorded mass spectra at a fixed sampling height,
55 mm above the burner (HAB), along the central vertical axis of a laminar
diffusion methane flame. The selection of this specific HAB relies on pre-
vious studies™"*** highlighting this region as the beginning of the soot
inception zone. This determination was initially made using in situ laser-
induced incandescence and later confirmed by ex situ time-of-flight sec-
ondary ion mass spectrometry and Raman spectroscopy analyses. More-
over, the presence of RSR PAHs at this specific HAB was previously
highlighted by continuous and pulsed EPR experiments™. Note that only
one set of flame flow conditions was investigated in this study that offer a
stable and reproducible environment to probe incipient soot
precursors™>****, However, the variations in fuel composition or flow rates
may influence the position and abundance of the RSRs generated in
the flame.

Only selected parts of the mass spectra acquired respectively for fixed
ionization energies 7, 8, and 9 eV are reported in Fig. 2. We intentionally
limited the reported mass range of the spectra between m/z 160 and 244 to
better highlight the identification of RSR PAHs sampled from the flame.
Peak signals corresponding to PAHs and coming from the soot inception
zone of the flame were detected up to m/z 374 with the PEPICO setup and
reported in Fig. S1. From Fig. 2, the mass spectra acquired at 8 and 9 eV are
remarkably similar and show a set of mass peaks with comparable relative
intensity ratios, characteristic of low- to moderate-sized PAHs formed in the
inception zone. All these PAHs have ionization energies between 8 and 9 eV,
asreported in Fig. 1. The mass spectra are characterized by peaks at even m/z
followed by the "*C isotopic contributions at M + 1 and M + 2. Because the
ionization energies are close to the AIEs, we do not expect nor detect
fragment ions, which would be characterized by a broader peak shape due to
the kinetic energy released in dissociative ionization processes™.
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Fig. 2 | Mass spectra in the soot inception region. Selected part (m/z 160-244) of
the mass spectra acquired at different fixed photon energies: (a) 7, (b) 8,and (c) 9 eV
in the soot inception region of the flame (55 mm HAB).

Ions resulting from the direct ionization of RSR PAHs are necessarily
detected at odd m/z. Hence, in the context of combustion chemistry, peak
signals of RSR PAHs may overlap with the M + 1 isotopic contribution of
PAHs. As the concentration of RSR PAHs is expected to be one or two
orders of magnitude lower than that of PAHs, such peak overlap can
severely blind and preclude the detection of RSR PAHs. In these conditions,
the identification of an RSR PAH appears only possible in the absence of
M-1 PAHs. This case corresponds, for instance, to the species detected at
m/z 165 in Fig. 2 for which no peak signal is detected at m/z 164, which
therefore strongly suggests the species at m/z 165 to be an RSR PAH.
However, in the context of sooting flame studies, many different PAHs are
formed. By carefully looking at the entire mass spectra recorded at 8 and
9 eV, we could not clearly highlight any other isolated odd m/z number,
except for m/z 239, which may indicate as well the formation of RSR PAHs.

To improve the selectivity of the setup for RSR PAHs detection, it
appears therefore interesting to decrease the ionization energy to limit the
ionization of PAHs, as shown in Fig. 1. This approach was tested by con-
ducting the experiment at 7 eV ionization energy, with the resulting mass
spectrum shown in Fig. 2a. As expected, the mass spectrum recorded at this
lower ionization energy is significantly less rich of signals compared to those
in Fig. 2b, c. Most of the peaks characteristic of PAHs appearing on these two
mass spectra vanish in Fig. 2a, and only a few isolated peaks at odd m/z are
clearly visible, such as m/z 165, 179, 193, 215, and 239. These m/z are all
consistent with molecular masses of RSR PAHs suggested by Selvakumar
et al.”’, based on a density functional theory study, to be involved in soot
formation, except for m/z 193, which was not identified. The assignment of
the species at m/z 193 remains, therefore, tentative. While RSR candidates
related to the formation of adducts, such as between indenyl and benzene,
were considered, the limited resolution and signal-to-noise ratio at this m/z
preclude its clear identification and no definitive assignments can be based
on this data.

For the other masses, we report in Fig. 3 the chemical structures of the
RSR PAH candidates discussed in the work of Selvakumar et al.” that might
correspond to these peaks. As can be seen, several isomers exist for most of
these RSR PAHs, which cannot be pinpointed using the mass spec-
trum alone.

RSR PAH identification from the experimental ms-PES
As described in the “Methods”, the PEPICO setup enables the simultaneous
recording of the mass spectrum and the electron spectrum, leading to ms-
PES. PES represents a unique spectral fingerprint of the ionized species, as
each transition from the ground state of the neutral into the vibronic state of
the cation corresponds to a given kinetic energy of the emitted electrons.
This makes the PEPICO setup a powerful tool for selectively detecting
isomers based on their distinct vibrational structures”’. However, this
identification requires the knowledge of reference PES of pure species or, at
least, the AIEs of the expected species for a specific mass*. While a large
amount of experimental PES and AIEs is available for PAHs in the literature,
and much of it can be accessed directly from the webbook NIST database’,
such crucial information for RSR PAHs remains scarce. To compensate for
this lack of data, we used the benchmark work of the DFT/M06-2X method
by Bourgalais et al.”* to build up the RSR PAH AIE database reported in
Table S1. Note that a large part of the species in this database are chosen
from the RSR PAHs suggested to participate in soot formation mechanisms,
as discussed in Selvakumar et al.’, and whose masses match our experi-
mental observations.

We report in Fig. 4 the experimental PES of m/z 165, 179, 215, and 239
(red lines), alongside the Frank Condon factors (FCF) calculated at 0 K for
the RSR PAHs listed in Table S1. The FCFs represent the overlap integrals of
the wavefunctions for vibronic transitions between the neutral and cationic
ground states and are expected to be strong for the 0-0 transition of RSR
PAHs, which aligns closely with their AIEs. This behavior is attributed to the
relatively weak Jahn-Teller effect observed for PAHs, which minimizes
structural deformation upon photoionization due to their rigid skeleton®.
Consequently, the ionization process remains well within the
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Fig. 3 | Candidate RSR PAHs are consistent with mass spectral signals. Candidates RSR PAHs based on Selvakumar et al.*’ consistent with the signals detected at

55 mm HAB.

Franck-Condon region, producing sharp first transitions and well-defined
simulated spectra. These calculations provide a reliable reference for com-
parison with the experimental PES, as confirmed by the excellent match
between the position of the first peak in each experimental PES and the 0-0
transition for all four m/z values shown in Fig. 4. However, as mentioned in
the “Methods” section, the temperature limitation of the simulations,
combined with the low signal-to-noise ratio of the experimental spectra,
make the identification of additional minor isomers within each mass
channel challenging. Therefore, some of the assignments proposed in this
work are intended as suggestions, based on the current understanding of the
underlying soot chemistry.

The calculated stick spectrum was then combined with a Gaussian
profile featuring an arbitrary 200 cm™' bandwidth. We identify with good
level of confidence the four main RSR PAHs associated with the m/z 165,
179, 215, and 239 mass peaks as phenalenyl (m/z 165, C;s;Hy),
9-hydroanthracenyl (m/z 179, Ci4Hi;), 7H-benzo[de]anthracenyl (m/z
215, Cy7H;;), and 6H-benzo[cd]pyrenyl (m/z 239, C,9H;;) more com-
monly known as olympicenyl. The molecular formulae and structures of
these RSR PAHs are reported in the corresponding figures.

Concerning the m/z 165 PES, these data can be further completed by
the PES obtained at 8 eV reported in Fig. 5 because of the absence of
overlap with the isotopic M + 1 of PAH at m/z 164. In that case, the PES
recorded at this jonization energy confirms the absence of the three other
possible RSR PAHs—fluorenyl, benz[e]indenyl, and benz[f]indenyl—
characterized by higher AIEs, respectively calculated at 7.10, 7.44, and
7.03 eV in this work. However, the PES does corroborate the presence of a
peak at 6.7 eV, which cannot be attributed to transitions to electronically
excited states of the phenalenyl cation. Assuming the FC simulation is
correct, the signal would correspond to another isomer, which could be 1-
methylacenapthylenyl, for which we calculate an AIE of 6.75eV. The
calculated FCFs, although not matching exactly the experimental peak
around 6.7 eV in Figs. 4 and 5, appear very close to this spectral feature.
Methylacenapthylenyl, although its identification remains more

speculative, has been proposed in the literature as a major intermediate
species leading to the formation of the phenalenyl radical from ace-
naphthylene, according to a CH cycloaddition mechanism converting
five-member rings to six-member rings”. In their work, the authors
mentioned that such a ring expansion mechanism “could account for the
formation of PAHs beyond the phenalenyl radical, such as pyrene, cyclo-
penta[cd]pyrene, and the olympicenyl radical’. The detection of these
compounds as well as methylacenapthylenyl in our work therefore sup-
ports this hypothesis of the CH cycloaddition mechanism as a plausible
explanation for PAHs growth in flames in conjunction to the main
dominant HACA mechanism.

The comparison of the simulated PES of 9-hydroanthracenyl with the
experimentally determined PES at m/z 179 also provides very good agree-
ment with the first peak around 6.4 eV. However, it is also possible that
another minor isomer peaking around 6.55 eV forms at this mass.

The signal recorded at m/z 215 exhibits a very good agreement with the
calculated FCFs, clearly pointing to the formation of 7H-benzo[de]
anthracenyl. As can be deduced from the error bars characterizing the
experimental spectrum, the signal recorded for this mass is rather weak and
noisy. However, it does not seem that another major isomeric species is
present at this mass. Note that calculations on excited states have been
performed, indicating that they are not accessible within this energy range,
ruling out their possible contribution.

Finally, the plot of the calculated FCFs and recorded spectrum at m/z
239 clearly demonstrates the formation of olympicenyl, characterized by an
AIE of 6.26 eV. The low signal-to-noise ratio of the experimental spectrum
and the relatively noisy signal above 6.5 ¢V hinder further discussion on
other structures with spectral features peaking between 6.5 and 7 eV. As for
the m/z 165 PES, the analysis of the m/z 239 obtained at 7 eV can be
completed using the PES recorded at 8 eV reported in Fig. 5. Despite the low
signal-to-noise ratio, this PES clearly points to the existence of another peak
around 7.05 eV, which has been identified as 4H-cyclopenta[def]triphe-
nylene. This species, not discussed in the paper of Selvakumar et al.”’,
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Fig. 4 | Photoelectron spectra obtained at 7 eV. PES of m/z 165, 179, 215, and 239 signals recorded at 55 mm HAB in the flame obtained at 7 eV. Comparison with calculated

FCF spectra of RSR PAHs.

| 1 | 1 | 1] ——— m/z 165 Signal
FCF Phenalenyl

----- FCF Methylacenapthylenyl

signal (a.u.)

T,
'ul)liwﬂ)),%ﬂ‘“ o
|

1 | 1 | 1 m/z 239 Signal
FCF Olympicenyl
FCF 4H-Cyclopenta[def]triphenylene

signal (a.u.)

6.0 6.4 6.8 7.2 7.6 8.0
binding energy (eV)

5.6 6.0 6.4 6.8 7.2 7.6 8.0
binding energy (eV)

Fig. 5 | Photoelectron spectra obtained at 8 eV. PES of m/z 165 and 239 signals recorded at 55 mm HAB in the flame obtained at 8 eV. Comparison with calculated FCF

spectra of RSR PAHs.

belongs to the family of the fluorenyl type compounds according to their
classification.

Implications for soot formation mechanisms

The analysis of the PES indicates the formation of n-radicals in the soot
inception zone, corroborating previous studies that suggested the partici-
pation of such species in soot formation processes™*****»#=3634%5 A dig-
cussed in detail by Selvakumar et al.”, these radicals can be classified

according to their degree of localization, as assessed through DFT calcula-
tions and Mulliken spin populations. This methodology provides a reac-
tivity indicator, ranging from 0 to 1, defining the propensity of n-radicals to
form bonds with other aromatic molecules™*. The identified RSR species in
our experiments exhibit varying degrees of m-radical localization, as deter-
mined through this classification system. Phenalenyl (m/z 165, C,3Hs) with
a Mulliken spin population of 0.30, belongs to the class of delocalized -
radicals, whereas 7H-benzo[de]anthracenyl (m/z 215, C;;H;;) and
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olympicenyl (m/z 239, CigHy;), both characterized by Mulliken spin
populations of 0.46, are defined as weakly localized m-radicals. Finally,
9-hydroanthracenyl (m/z 179, C;4H;;) with a Mulliken spin population of
0.62 is classified as a strongly localized m-radical. 4H-cyclopenta[def]tri-
phenylene (m/z 239, C1oH, ;) has not been classified by Selvakumar et al.”,
but as a fluorenyl type species, it should be characterized by a Mulliken spin
population around 0.60, belonging therefore to the class of strongly localized
n-radicals.

Delocalized m-radicals as phenalenyl have been shown to facilitate the
formation of multicenter bonds, such as the two-center/two-electron (2¢/
2e”) bonds described in prior studies™*, which stabilize incipient molecular
clusters and support their transition into stable clusters within the flame
environment. The delocalized nature of m-radicals is prone to forming
multicenter “pancake bonds,” theorized as transient stabilization structures
in incipient soot particles. m-radical delocalization facilitates molecular
stacking, increasing the probability of m—n coupling and eventual soot
particle formation®. These bonds allow weak, flexible interactions that
enable molecular clustering without immediate chemical bonding™"** that
are crucial for the early steps of soot formation. The identified unsaturated
radicals in our study—phenalenyl, 7H-benzo[de]anthracenyl, and olym-
picenyl—are consistent with this hypothesis. The strong correspondence
between the experimental and theoretical PES for these radicals suggests
that these species could act as molecular scaffolds for soot inception.
Moreover, the low AIEs of these RSR species correlate with increased
electronic delocalization, which enhances the likelihood of intermolecular
interactions, such as m-m stacking as previously suggested”>*. This
hypothesis is consistent with the fluorescence excimer signals detected in
prior studies™*, which may be attributed to transient stacking interactions
of the species constituting the core of incipient soot particles.

The 2¢/2e” bonds hypothesis suggested by the nature of the detected
species in this work also aligns with previous work by Faccinetto et al.”’, who
analyzed mass spectra from the same flame studied here. Their findings
highlighted evidence of covalent dimerization of aromatic species with mass
comprised between m/z 152 and 252, bound together by 1, 2, 3, or 4 C-C
bonds, with two covalent bonds being the most favorable case. These dimers,
stabilized by multicenter bonding, are proposed as precursors for larger soot
nuclei. Similarly, theoretical studies by Frenklach and Mebel'**** show that

E-bridge PAHs may play a critical role in stabilizing molecular aggregates.
They notably highlighted, from the analysis of potential energy surfaces, the
formation of E-bridge dimers from the addition of aceanthrylene to the 1-
and 9-anthracenyl radicals. Our detection of 9-hydroanthracenyl, but also
larger derivative species such as 7H-benzo[de]anthracenyl and olympicenyl,
provides direct experimental evidence supporting these theoretical frame-
works. The intermediate localization in 7h-benzo[de]anthracenyl and
olympicenyl suggests a dual role: enabling weak stacking interactions and
the formation of covalent bridges under specific conditions. These radicals
may serve as transitional species, bridging the gap between purely deloca-
lized radicals and strongly localized radicals.

Strongly localized radicals, such as 9-hydroanthracenyl or 4H-cyclo-
penta[def]triphenylene, have greater thermal stability, as suggested in
computational studies”, enabling them to persist in high-temperature
conditions, and to initiate covalent cross-links or bridge structures critical
for soot inception. While our data predominantly identify unsaturated -
radicals, the detection of partially saturated radicals as 9-hydroanthracenyl
requires further discussion. Partially saturated m-radicals, as observed in
HR-AFM studies™*, may represent intermediate states between gas-phase
PAHs and surface-stabilized radicals involved in soot growth. These
strongly localized nt-radicals are characterized by their ability to form robust
single-center bonds, contributing significantly to the structural stabilization
of soot precursors in high-temperature environments. Theoretical and
experimental studies have shown that such radicals are less likely to engage
in m-m stacking but are critical in creating covalent cross-links within
growing molecular aggregates'®"*",

Hence, one potential mechanism for molecular aggregation into a soot
particle might involve a sequential process of radical addition and stabili-
zation as reported in Fig. 6. The coexistence of delocalized, weakly localized,
and strongly localized 7 radicals highlights the interplay driving molecular
weight growth during soot inception. Delocalized radicals, by forming
multicenter bonds, may act as intermediates, facilitating the transition
between small PAHs, loosely bound molecular clusters, and more stable
covalently bonded soot precursors, acting as molecular “glue” for incipient
PAH clusters. Weakly localized radicals stabilize these clusters through
secondary bonding interactions, while strongly localized radicals, in turn,
solidify the structure of these aggregates, enabling their persistence in high-
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temperature environments. This hierarchical mechanism provides a plau-
sible explanation for the molecular diversity observed in the inception zone
as illustrated in Fig. 6.

Conclusions
Through a combined theoretical and experimental study, we demonstrate
the in situ formation of phenalenyl (C,3Hy), 9-hydroanthracenyl (C,,H;,),
7H-benzo[de]anthracenyl (C,,H;,), olympicenyl (C;oH;;), and 4H-cyclo-
penta[def]triphenylene (CyoH;;) during the early stages of soot formation,
highlighting the involvement of both delocalized and localized n radicals.

Delocalized mradicals are suggested to dominate the initial clustering of
small PAHs during the inception process, as their electronic configurations
are better suited for noncovalent and multicenter bonding. In contrast,
weakly or strongly localized radicals, with their higher spin populations and
distinct reactivity profiles, should primarily contribute to covalent cross-
linking during later stages of soot inception. The experimental and theo-
retical findings presented in this study strongly support the hypothesis that
ni-radicals play a central role in soot inception. By identifying key RSR
species such as phenalenyl, olympicenyl, and 7H-benzo[de]anthracenyl in
the inception region of the flame, this work suggests their unique con-
tributions to early soot formation via mechanisms involving weak stacking
interactions and the formation of covalent bridges under specific conditions.

However, while this study provides experimental proof for under-
standing radical-driven soot inception, several challenges remain. The
detection and characterization of partially saturated radicals need to be
expanded to the entire flame axis, possibly to include more radicals pertinent
to the validation of soot inception models. These species may represent
transient intermediates that are either too reactive to persist during the
sampling or whose concentration is too low to allow reliable detection or
identification. Moreover, the inability to detect certain key radicals, such as
the CoH; indenyl-type radical, suggests that some species might be too
reactive to survive the sampling process or are present in concentrations
below the detection threshold. Alternatively, their absence could reflect
intrinsic selectivity in the chemical environment, favoring the formation of
more stable species. Future studies exploring the entire flame height, using
advanced sampling techniques and improved detection sensitivity, may
shed more light on the roles of these transient and elusive species.

Beyond combustion science, the findings have broader implications for
materials science and astrochemistry, impacting the design of carbon-based
nanomaterials and offering clues on the formation of interstellar PAHs.

Methods

Experimental methods

This study has been carried out on a 120 mm-high, non-smoking laminar
diffusion methane flame (0.52 L min~' CH,, 87 L min " air) stabilized on
a Giilder-type burner at atmospheric pressure already described in detail
elsewhere™*. The flame was sampled at 55 mm HAB, corresponding to
the onset of soot inception as identified in previous studies using in situ
LI and excitation emission matrices fluorescence”, and ex situ mass
spectrometry” ',

Chemical species were extracted from the flame using a dilutive
quartz microprobe with a 250 um orifice, connected to the expansion
chamber of SAPHIRS™, where they were ionized by synchrotron radiation.
A supplementary flow of He was used to dilute and transport the sampled
species to the nozzle expansion. To prevent condensation of high-mass
species during transport, notably large PAHs and RSR PAHs, the sampling
line was heated and maintained at 400 °C up to the expansion nozzle. This
beam expanded through two consecutive skimmers before reaching the
SAPHIRS ionization chamber. The undulator-based beamline DESIRS™ at
the French synchrotron center SOLEIL was configured to deliver
~10" photons s with an energy resolution of 17 meV, while a pressure of
0.14 mbar of Kr was maintained in the gas filter to ensure spectral purity in
the selected energy range by suppressing high-harmonic radiation from the
undulator. A simplified schematic of the SVUV-PEPICO setup is reported
in Fig. §2.

The DELICIOUS3 double imaging photoelectron/photoion coin-
cidence (*PEPICO) spectrometer”’, combining a velocity map imaging
(VMI) spectrometer to a modified Wiley-McLaren mass spectrometer, was
used to obtain mass spectra and mass-selected photoelectron images at fixed
photon energies (7, 8, and 9 eV). The VMI-photoelectron images were
treated using the pBasex Abel transform algorithm™ to extract the mass-
selected photoelectron spectra. Prior to inversion, the original 1500 x 1500
images were reduced in size to increase the pixel statistics to appropriate
levels, as given by the error bars calculated via a Monte Carlo simulation,
which assumed a Poisson distribution for each individual pixel. The size was
reduced by x5, x6, x8, x8 for m/z 165, 179, 215, and 239, respectively. The
raw photoelectron images after size reduction have been compiled in Fig. S3.

Computational methods

All electronic structure and energy computations in this study were con-
ducted using the Gaussian 09 suite® of ab initio programs. Full geometry
optimizations of both neutral and cationic species were performed at the
DFT/M06-2X/6-3114+-G* level of theory, with the optimized structure of the
neutral species used as the starting point for the corresponding cationic
forms. Zero-point energy corrections and vibrational frequency calculations
were also performed at the same level of theory to compute the AIEs. The
calculated AIEs, presented in Table S1, have not been scaled or adjusted in
any way. Notably, a recent benchmarking study reported in Bourgalais
et al.”* estimated the uncertainty of AIEs for PAHs and related compounds
computed with this DFT method to be below 0.05 eV.

The simulation of FCFs was carried out using the TI-AH|FC model®,
employing the adiabatic Hessian approach for the electronic transition and
the Franck-Condon approximation for transition properties. The computed
stick spectrum was obtained by calculating the intensity of each transition
between the vibrational initial and final states individually, corresponding to
the sum-over-states or time-independent approach. The 0—0 transition was
aligned with the calculated AIE.

It is worth noting that, due to the large size of the molecules, tem-
perature effects were not included in the calculations; simulations were
therefore performed at 0 K. As a result, hot bands, arising from transitions
involving thermally populated vibrational states, are not accounted for.
While this limitation may lead to discrepancies beyond the fundamental
transitions when comparing with experimental spectra, it is important to
emphasize that the accurate prediction of hot bands remains particularly
challenging for large molecules such as PAHs and RSR PAHs. This difficulty
stems from limitations such as the harmonic approximation and vibronic
coupling. Notably, the most intense hot bands often involve low-frequency
vibrational modes, which are especially difficult to model accurately within
the harmonic Franck-Condon approximation.

Data availability
The datasets generated during and/or analysed during the current study are
available from the corresponding author on reasonable request.
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