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Abstract

Particulate emissions generated from combustion processes of hydrocarbon fuels (soot) have
become a significant environmental issue with implications for both human health and climate
change. However, soot particles also offer exciting possibilities in the field of carbonaceous
nanomaterials which have found applications in optoelectronics, bioimaging, drug delivery, and
photocatalysis. This study aims to investigate the species implicated in the initial steps of soot
particle formation characterized by the transformation of gaseous precursors, like polycyclic
aromatic hydrocarbons (PAHs), into soot particles in the condensed phase. While PAHs have
been long known to be soot precursors, recent researches suggest that resonance-stabilized
radical (RSR) aromatic compounds may play a substantial role in this process. To shed light on
this process, we conducted a series of experiments in a laminar diffusion sooting flame in
controlled laboratory conditions, notably by implementing the excitation-emission matrix (EEM)
method to study the optical properties of soot precursors. This innovative approach provides
critical insights into the involvement of various kinds of aromatic species during the early steps
of soot formation. In parallel with the experimental work, theoretical calculations were carried
out to determine the spectral features of PAHs, PAH dimers, and resonance-stabilized PAH
radicals. These calculations support the interpretation of the fluorescence EEM and assist the
identification of species at the origin of soot inception. These findings contribute to a deeper
understanding of the interplay between PAHs and persistent radicals, particularly at the onset of

soot formation within flames.



Keywords: Soot inception, excitation-emission matrix, laser induced fluorescence, polycyclic

aromatic hydrocarbons, resonance-stabilized radicals, DFT calculations



1. Introduction

Soot particle emissions arising from combustion processes have become a global concern,
particularly in urban environments and regions with high levels of industrial and vehicular
activities. Soot particles have been linked to several health pathologies, spanning cardiovascular
diseases, respiratory allergies, and lung cancer [1-4]. Furthermore, soot particles released in the
environment also impact the climate change because of their significant radiative forcing [5,6].
Addressing soot formation becomes critical for air quality management. In particular, the ability
to identify the soot molecular precursors and control the mechanisms of soot formation offers a
pathway toward reducing the health risks and environmental issues associated with fine
particulate matter.

On the other hand, soot particles are increasingly implicated in the design of new carbonaceous
nanomaterials. Nanocarbon dots, also known as carbon quantum dots (CDs), are a recent
addition to the carbon nanomaterial family [7,8]. These carbon nanoparticles exhibit unique
properties [9-11], including tunable photoluminescence, exceptional chemical stability, and
biocompatibility that led to applications in numerous fields [12—14] as diverse as optoelectronics,
bioimaging, drug delivery, and photocatalysis.

Consequently, the study of soot formation and the characterization of the molecular precursors
as well as the chemical pathways leading to soot particles is essential both for understanding the
environmental and health impact of the combustion emissions, but also to better apprehend the
possibilities of developments and applications in the field of carbonaceous nanomaterials. In that
context, the soot inception step, i.e. the transformation of gaseous molecular precursors like
polycyclic aromatic hydrocarbons (PAHs) or their derivatives into soot particles in the

condensed phase, is not yet clarified [15-19]. Although the implication of PAHs as soot



precursors is well established, the process of transforming gaseous PAHs into soot particles in
the condensed phase is far from straightforward and is marked by intricate physicochemical
mechanisms and the involvement of a diverse range of reactive species [20-23]. Small to
moderate sized PAHs, typically represented by naphthalene to coronene, are usually considered
as the main PAHs implicated in soot inception [16,21]. However, the physicochemical processes
allowing these species to form 3D molecular edifices is still not yet well understood. Although
van der Walls dimerization of PAHs has long been suggested and is still used in some kinetics
models to represent the inception step, the weakness of the resulting electrostatic bonds has been
shown to be not strong enough to allow PAH dimers to survive at flame temperature [16,24]. To
solve this issue, the stabilization of PAH dimers through formation of covalent C-C bonds has
been suggested by different works [18,23,25,26] and further supported by experimental
investigations that highlighted the formation of aliphatic bridges between PAHs [27]. The
formation of such structures and their growth into 3D clusters of crosslinked PAHs constituting
the amorphous core of the incipient soot particles are currently expected to involve PAH radicals
[21,28-33]. Frenklach and Mebel [23,34] notably proposed the formation of E-bridge PAHs
according to chemical pathways essentially driven by the HACA mechanism and implicating the
formation of a rotationally-activated dimer by the collision of aromatic molecule and an aromatic
radical. Johansson et al. [28] suggested the implication of rapid molecular clustering—reaction
pathways involving resonance-stabilized radical (RSR) chain reactions to initiate the particle
formation. Martin et al. [29] characterized the capability and propensity of bonding of several
types of PAH radicals with other radicals, and demonstrated that they could form strongly bound
complexes, suggesting a significant role in soot formation. In particular, in a recent paper,

Selvakumar et al. [35] reported a study of the role of n-radical localization on the transformation



of gas-phase aromatics into condensed phase particles by characterizing the possibilities of
bonding of delocalized and localized n-radicals.

In parallel to these theoretical works, a few emerging research works reported experimental
evidences of the existence of RSR PAHs in samples extracted from sooting flames by electron
paramagnetic resonance (EPR) [32,36,37] and high-resolution atomic force microscopy (AFM)
[25,30]. These studies notably reported the identification in incipient soot of fused six-membered
aromatic rings partially substituted with aliphatic chains as well as compounds containing five-
member rings on their periphery. The reported kind of species has been corroborated by recent
pulsed EPR experiments [37] that revealed highly branched, resonance-stabilized aromatic
radicals bearing aliphatic groups, reaching their maximum spin concentration in the inception
region of a laminar diffusion sooting flame.

In this work, we carried out a series of experiments in a laminar sooting diffusion flame to
provide new experimental data enabling to advance the characterization of the species involved
in the soot inception step. This flame has been selected for the stratified distribution of different
classes of species along its vertical central axis. Previous works [38,39] showed by in situ optical
measurements and ex situ chemical analysis that the species formed along the height above the
burner (HAB) are representative of the different steps of the soot formation, and highlighted
three main regions along this axis, characteristic of the condensable gas, incipient soot, and
mature soot. The whole reported study was carried out by employing laser-induced fluorescence
(LIF) enabling the determination of excitation-emission matrices (EEM). This method relies on
collecting emission fluorescence spectra for different excitation wavelengths and assembling
them into matrices as a function of the excitation and emission wavelength. This method allows

the fine examination of the optical properties of soot and molecular precursors, offering insights



into the presence of various kind of species. The interpretation of the EEM was assisted by
theoretical calculations of spectral features at the DFT level of theory of PAHs, dimers of PAHs
and RSR PAHs. This combined theoretical-experimental approach aimed to bridge the gap
between the gaseous precursors and the soot particles in the condensed phase, providing critical

information about the species involved in soot inception.

2. Experimental Methodology

2.1 Flame and burner

Measurements were performed on the 120 mm high, co-flow, laminar diffusion flame of
methane stabilized on a Giilder-type burner at atmospheric pressure already described in details
elsewhere [37,40]. This burner consists of a central injector supplied with 0.52 L min™ of
methane and surrounded by 86.6 L min™ air flow (standard p and 7). The flame is characterized
by a partially stratified distribution of PAHs and soot in the centerline that allows measurements
at different heights above the burner (HAB) to monitor the soot formation process. A picture of

the flame is reported in the appendices (Figure A.1).

2.2 Optical setup
The scheme of the experimental setup used for the LIF measurements, which subsequently

allows the determination of the EEM, is shown in Figure 1.
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Figure 1: Schematic of the LIF measurements setup

The excitation source used for the LIF analyses consists of a Nd:YAG laser (Quanta-ray,
Spectra Physics) generating laser pulses at 1064, 532, and 355 nm (6 ns pulse width, 10 Hz
repetition rate) that are mixed and used to pump an optical parametric oscillator (OPO -
premiScan-ULD/240, GWU-Lasertechnik) allowing the generation of tunable laser pulses over a
wide spectral range from 210 nm to 2 um. Fourteen different excitation wavelengths (215, 220,
230, 240, 250, 265, 280, 290, 370, 405, 488, 532, 594, and 658 nm) were used for these

experiments. For each of these wavelengths, fluorescence emission spectra were recorded all



along the flame height, every 2.5 mm at low HAB (10-20 mm) and then every 5 mm up to
90 mm HAB, to provide a sufficient spatial resolution for the analysis of the fluorescence EEM.
A variable energy attenuator was positioned before the flame to control the energy of the laser
beam. The purpose of this control was mainly to limit the laser energy used for the LIF
measurements in order to fulfill the requirements for the linear energy regime and to avoid the
activation of the laser induced incandescence (LII) process due to the presence of soot particles
above 60 mm HAB. A laser energy of 15 pJ/pulse was defined for all LIF measurements. The
laser beam was focused at the center of the flame with a spherical lens (f =300 mm). The laser
beam was characterized by a gaussian beam shape with a beam waist diameter estimated around
500 pm at the focus point in the flame. A calorimeter was installed behind the flame to control

the laser energy during the experiments.

The emitted fluorescence was collected at right angle with two spherical lenses (200 mm focal
length and 50 mm diameter). The collected fluorescence was transmitted, by means of a 1.25 mm
diameter bundle of 19 optical fibers of 200 um diameter (model LG-455-020) to a spectrometer
(IHR320, Jobin Yvon) equipped with a 100 grooves/mm grating blazed at 450 nm. The
spectrometer was coupled to a PI-MAX2 Roper Scientific intensified charge-coupled device
(ICCD) camera for the acquisition of fluorescence spectra, featuring an RB (red-blue) Gen II
intensifier. As shown below, the recorded fluorescence spectra upon UV excitation were
systematically shifted towards higher UV/visible wavelengths regarding of the excitation
wavelength. Hence, to limit interference from laser scattering, different high-pass filters at 280
nm, 295 nm and 305 nm were used to remove the excitation wavelengths respectively below 265
nm, 280 nm, and 290 nm. Above 370 nm, the excitation wavelengths were always included in

the fluorescence emission spectra requiring in this case specific notch filters to suppress the



intense scattering signal from the fluorescence emission spectra. Hence, notch filters centered at
wavelengths 370 nm, 405 nm, 488 nm, 532 nm, 594 nm, and 658 nm were used in this case. Two
positions of the spectrometer were defined to cover the entire PAH fluorescence emission
spectral range from 280 to 840 nm. The natural emission from the flame was collected at each
HAB and subtracted from the corresponding fluorescence spectra. The fluorescence emission
spectra were finally corrected from the transmission function of the detection system, determined

separately thanks to a calibrated halogen/deuterium lamp.

3. EEM fluorescence spectroscopy
3.1 Description of the EEM method

In this study, we developed and implemented a methodology for the interpretation of LIF
spectra based on the use of the excitation-emission matrix (EEM). LIF is a well-established
measurement technique for combustion-related research that finds extensive application in the
analysis of PAHs in flames [39,41-45]. Various research groups have conducted comprehensive
examinations of fluorescence spectra obtained with diverse excitation wavelengths, spanning
from UV to visible regions [22,39,42,46,47]. Owing to the distinct spectroscopic characteristics
of PAHs, this technique enables the identification of PAH classes formed in flames. PAH
monomer spectroscopy primarily involves n-n* transitions, characterized by prominent
absorption bands in the UV range 200-300 nm, which shift and broaden toward longer
wavelengths as the size of the aromatic system increases. Consequently, the fluorescence
emission spectra of these species exhibit emission bands typically in the 300-450 nm spectral
range. By shifting the excitation wavelength to the visible, the fluorescence of larger PAHs can
be detected. Consequently, it was demonstrated that the identification of PAH classes can be

accomplished by adjusting the excitation wavelength. In the literature, the analysis of
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fluorescence spectra obtained under UV excitation in flames is typically conducted by
considering distinct spectral ranges, ascribed to the emission of various PAH classes [48,49]. The
commonly accepted classification goes as follows: small PAHs with 2 or 3 aromatic rings are
considered to fluoresce in the range 320-380 nm, while larger PAHs with 4 or more aromatic
rings are expected to fluoresce above 400 nm. Although this approach permits a rough
differentiation of PAH classes based on the size of the aromatic structure, it only provides a
limited interpretation of the fluorescence spectra, primarily due to the potential overlap of

different spectral contributions from the species generated in the flames

The EEM allows a richer interpretation of the LIF data and a finer identification of the spectral
structures of the species formed in the flame than the classical methodology based on a single
excitation wavelength. The EEM was first introduced by Johnson et al. [50] in the 1970s to
analyze multi-component fluorescence based on the spectral information contained in the
emission and excitation spectra of each luminescent species. The intensity of the fluorescence
emission signal measured during a LIF experiment depends on both the excitation wavelength
Aexe and the emission wavelength Aey,. If Acxe 1s held constant and Ay, 1s scanned, a fluorescence
emission spectrum is obtained. Conversely, if Aey 1s held constant while Ae 1s scanned, a
fluorescence excitation spectrum is obtained. The EEM is the plot of the fluorescence intensity
against Ay against Aexe. EEM fluorescence spectroscopy is now commonly used for the analysis
and identification of specific compounds in complex mixtures in various experimental contexts.
Implementations of this method are notably reported for the detection of PAHs [51,52] or the
direct characterization of fuel components [53]. In combustion research, Aizawa et al. [54] used
EEM fluorescence spectroscopy to study soot precursors in diesel spray flames using four

different excitation wavelengths (266, 299, 342 and 398 nm) in the UV spectral range.
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In this work, we implemented the EEM fluorescence spectroscopy to characterize the aromatic
precursors formed in the flame during soot formation with an optimized spectral resolution
relying on 14 different excitation wavelengths selected in the UV-visible spectral range. At each
HAB, one EEM was obtained, consisting of a matrix of the fluorescence emission spectra

recorded in the spectral range 280-840 nm for each of the 14 different excitation wavelengths.

A linear interpolation function was used with Matlab® to obtain 765 x 444 pixels resolution
arrays having spectral resolution comparable with the resolution of the EEM determined for pure

PAHs discussed in the next section.

3.2 Determination of the reference EEM of pure PAHs

To assist the interpretation of the flame EEM, reference EEMs of several pure PAHs expected
to form in sooting flames were first built. An illustration of the method used to obtain these
reference EEMs is reported in the appendices (Figure A.2). Basically, the EEM of pure PAHs is
obtained using the absorption and emission spectra available in the literature. Each element of
the matrix EEM;; was calculated as:

EEMjj = I(Aem)i X I(Rexc)j (eq. 1)

where [(Aem)i 1s the intensity of the fluorescence emission spectrum at the wavelength A.,, and
I(Aexe)j 1s the intensity of the fluorescence excitation spectrum at the wavelength Acx.. The
emission and the excitation spectra are both normalized to their maximum intensity in the
investigated spectral range. As illustrated in Figure A.2 for anthracene and fluoranthene, even
though these two PAHs have fairly close absorption and emission spectral features, their EEMs
are sufficiently different to enable their selective identification.

In this work, we considered a set of 15 PAHs ranging from naphthalene (2 aromatic rings) to

coronene (7 aromatic rings) as representative of the main aromatic classes and structures
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expected to be involved in soot inception [16]. It should be noted that for the construction of the
reference EEMs, substituted PAHs were not considered (e.g., with side chains, or containing
heteroatoms like oxygen and nitrogen). Although substituted PAHs are known to form in sooting
flames, the low spectral resolution of the LIF at flame temperature does not enable an accurate
distinction of the slight spectral shifts induced by the substitution. The complete list of the
selected PAHs and associated reference publications for the excitation and emission fluorescence

spectra used to build the reference EEMs can be found in the appendices (table A.1).

At flame temperature, a significant number of molecules occupy higher vibronic levels than at
room temperature that results in the red shift of the absorption bands because of the lower photon
energy necessary to excite these new transitions between vibronic states. Moreover, the red shift
of the spectra is generally associated to the broadening and intensity decrease of the peaks.
Hence, in order to define EEM fitting our experimental flame conditions, we used the absorption
spectra determined by Bauer et al. [55] at 1750 K according to a methodology relying on the
convolution of absorption spectra recorded at room temperature with a simplified Maxwell-
Boltzmann distribution model. In this work, the absorption spectra of the considered PAHs were
not recalculated at each flame temperature, but rather an average constant flame temperature of
1750 K was used for all the spectra. This approximation is based on the same work by Bauer et
al. [55], in which the authors found that at elevated temperature around 1750 K, variations of
about 200 K only have a minor impact on the structure of the simulated absorption spectra. The
impact of the variation of the temperature in the investigate flame conditions on the shape of the

absorption spectra was also considered as negligible.

Regarding the emission spectra used to build the reference EEMs, when available we used the

emission spectra of pure PAHs recorded by Karcher et al. [56,57] at room temperature and
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mostly in solution. Due to the Kasha’s rule [58,59], the emission spectra of PAHs are only barely
affected by the temperature. This is due to the fact that the fluorescence photons following laser
excitation are mainly emitted from the lowest vibrational level of the first excited electronic level
due to internal energy redistribution processes taking place before the radiative relaxation of the
excited species [60,61]. Thus, the structure of the fluorescence emission spectra of PAHs
remains essentially unaffected by the excitation wavelength and the temperature conditions.
Nevertheless, high-temperature fluorescence emission spectra of PAHs were used whenever
available in the literature. The reference EEMs of the individual PAHs determined this way are
shown in Figure 2 where the relative intensity (represented in colormaps) is normalized for each

image.
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Figure 2: Reference EEMs of selected PAHs at 1750 K
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Compared to LIF spectra, the EEMs allow a better separation of the spectral contributions of

PAHs and thus a more accurate identification of the chromophores. However, the separation of

the different contributions of PAHs in the flames remains challenging. Although not

implemented here, the use of specific methods allowing the accurate analytical treatments of the

images such as chemometric methods [62,63] would probably improve this separation. However,

such analysis would also require proper knowledge of the complete set of the individual EEM of

the target PAHs, which was not achievable here. This being said, as discussed below the

qualitative information conveyed in the EEM appears relevant for the identification of the

species implicated in soot inception.
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4. Results and discussion
4.1 Fluorescence EEMs obtained in the flame

The flame EEMs recorded from the fluorescence spectra measured in the flame as a function
of the HAB (from 10 to 90 mm) are shown in Figure 3. The dark zones appearing on certain
images around specific visible excitation wavelengths are due to the notch filters used to
suppress the intense scattering signal at the excitation wavelength. Despite the low laser energy
used for these measurements, some parasite LII (long vertical broadlines) appears upon UV
excitation at the HABs where the soot volume fraction is high, i.e above 70 mm HAB. The
purple, green and white rectangles drawn on the images identify spectral regions characteristic of
the different types of species discussed below. The purple rectangle corresponds to the spectral
region characteristic of the most intense spectral features of the 15 standard PAHs identified with
the reference EEM as discussed in section 3.2. The white and green rectangles identify two
additional spectral regions characterizing species of different nature than the referenced PAHs

discussed below.
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Figure 3: EEM of the methane diffusion flame as a function of the HAB from 10 to 90 mm. The emission spectra
were obtained at 215, 220, 230, 240, 250, 265, 280, 290, 370, 405, 488, 532, 594, and 658 nm excitation

wavelength.

4.2 Discussion on the fluorescence EEM

As can be seen in figure 3, the first identified spectral features in the flame EEMs is found
between 200 and 350 nm in excitation and 325 and 500 nm in emission that corresponds to the
spectral range characterizing the main intense bands of the reference PAHs. This spectral feature,
delimited by the purple rectangle, is prominent in the flame EEMs between 10 and 25 mm HAB
[37]. From the comparison with the reference EEMs, at 10 mm HAB the contribution of
naphthalene can be clearly identified. At 12.5 mm HAB, additional contributions appear that are
characteristic of the formation of larger PAHs with up to 3 aromatic rings such as phenanthrene
and anthracene. At 15 mm HAB, the contribution of larger PAHs (up to 4 aromatic rings) as
pyrene and fluoranthene can be distinguished, characterized in particular by the appearance of

broad spectral structures around 400 nm in emission. The flame EEMs at 17.5 mm and 20 mm
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HAB show the contributions of PAHs with up to 5 and 6 aromatic rings such as benzo[a]pyrene,
perylene and anthanthrene. Above 25 mm HAB, the spectral components characteristic of 2 and
3 aromatic rings PAHs progressively decrease when compared to the spectral components of 4, 5
and 6 aromatic rings PAHs.

However, the intense fluorescence signal that emerges in the visible region above 400 nm in both
excitation and emission cannot be reproduced by any combinations of the reference EEMs of
PAHs. This second spectral feature, delimited by the green rectangle in figure 3, dominates the
flame EEM between 30 and 70 mm HAB, reaching its maximum around 55-60 mm HAB. As
reported in figure 4, this visible fluorescence signal can be roughly structured into three zones.
The intensity of the profiles in figure 4 is calculated as the sum of the intensity of the EEM;;

signal of each zone.
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Figure 4: Evolution of the intensity of the three spectral zones in the visible as a function of the HAB.

The fluorescence signal defined by the zone 1 might be affected by weak spectral overlap with
visible fluorescence signals emitted by large PAHs. However, the fluorescence signals observed
at higher excitation wavelengths (488 nm, 532 nm, 594 nm, and 658 nm) in zone 2 and zone 3
clearly show the involvement of species different from neutral PAH monomers. It is to be noted
that the UV signals characteristic of the PAH contributions are still present in the flame EEMs at
these HABs, but its visualization is overwhelmed by the stronger intensity of the visible signal.
Finally, this visible fluorescence signal abruptly disappears above 70 mm HAB, i.c. in a region
slightly after the first LII signals characterizing the soot particles can be detected in this flame
[37]. This suggests that the species at the origin of these fluorescence visible signals might be
related to soot inception process.

Above 75 mm HAB, the second spectral feature disappear. In parallel, an additional third
spectral feature appears corresponding to broadband fluorescence emission (400-600 nm) under
UV excitation that is delimited by the white rectangle in figure 3. Three main contributions can
be distinguished as shown in figure 5, centered respectively at 225, 245 and 300 nm in excitation
(zones 4, 5 and 6, respectively). These structures correspond to fluorescent species appearing in
the rising edge of the LII profile (reported figure 6) and disappearing around 90 mm in the
mature soot region. In a previous work, we suggested that these signals might characterize the
formation of van der Waals dimers of PAHs stabilized by covalent C-C bonds by comparison
with simulated spectra based on a simple spectroscopic model [39] and further supported by
chemical analysis made by time-of-flight secondary ion mass spectrometry (ToF-SIMS) [64].
Recently, Bartos et al. [22] related such signals in similar sooting flames to clusters of PAHs

according to time-resolved LIF measurements done with picosecond laser. Theoretical research
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carried out by Krueger et al. [26,65] showcases that numerous noncovalent and aliphatically-
bridged complexes, namely PAH excimers, formed from PAHs of size relevant to flames, can
exhibit fluorescence emission within the visible spectrum upon UV excitation. They notably
specified in this work that, as the formation of PAH excimers (‘‘excited dimers’”) resulted from
the laser excitation of only one of the monomers constituting the dimer, the absorption spectra of
dimers was not affected by the structure of the aromatic complex which may therefore be excited

in the UV range.
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Figure 5: Evolution of the intensity of zones 4, 5 and 6 under UV excitation as a function of the HAB

The spectral features in zones 4, 5 and 6 share some properties with carbon dots (CDs). Such
species have been indeed identified by different groups [7-10,66] to be formed in sooting flames.
These fluorescent compounds corresponding to not completely graphitic nanosized structures
(<20 nm) are characterized by high quantum yield having spectral characteristics [11] compatible
with the spectral signals observed here. In particular, they present a fairly large Stokes shift
(greater than 100 nm) of the fluorescence spectra with respect to the excitation wavelength and a
position of the fluorescence spectrum dependent on the excitation wavelength [13,67,68]. In the
literature, it appears that these properties depend on the synthesis conditions of the CD.
However, the understanding of the origin and nature of the fluorescence of CDs is still
incomplete. In particular, different emission mechanisms have been proposed [14]: (1) core
emission, due to the conjugated m domains of the carbon core or to the quantum confinement
effect [67,69]; (2) surface state emission, related to the presence of functional groups connected

to the carbon backbone [70]; and (3) molecular state emission from free or bound fluorescent
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molecules [71,72]. Russo et al. [73] suggested that the fluorescence of CDs taken from the flame
could be due to the aromatic ring of the carbon. Other hypothesis suggested that the appearance
of surface functional groups and the oxidation of the surface of these compounds could be
responsible for the mechanism behind the fluorescence of CDs [68]

To sum up all these observations, the analysis of the flame EEMs reveals at least three
different types of species, discernible according to their distinct photophysical behaviors upon
laser excitation. The first type is characterized by excitation in the UV range 215-350 nm and
fluorescence emission bands between 325-500 nm (purple rectangle in figure 3.). This spectral
signature is consistent with 2-7 aromatic rings PAHs and substituted PAHs. The second type is
characterized by excitation in the visible range 400-600 nm and fluorescence emission bands at
400-650 nm (green rectangle in figure 3). The third type of species is characterized by excitation
in the UV range 250-325 nm and fluorescence emission bands between 420-650 nm (white
rectangle in figure 3) which appears consistent with the formation of clusters or aliphatically
bridged dimers of PAHs. The second type of species, characterized by visible emission
fluorescence signal upon visible excitation wavelengths, although long described in the literature
[43,46], remain the most intriguing one, and cannot be attributed to the previously identified
clusters of PAHs.

The normalized intensity profiles of the fluorescence emission of these three types of species
and the previously determined LII profile [37] characterizing the soot formation along the central
vertical axis of the flame have been reported in figure 6. We also reported in this figure the
temperature profile determined elsewhere [74] and indicated the different flame regions

characterizing the main steps of the soot formation providing from previous works [37-39,64].
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Figure 6: Normalized LIF profiles of the 3 different of types of fluorescent species determined by EEM (colored
solid lines) and LII profile (black solid line) reported from [39] as a function of the HAB along the central vertical
axis of the flame. PAHs LIF corresponds species of type 1, Visible LIF corresponds to species of type 2 and clusters

of PAHs corresponds to species of type 3. The temperature profile (red dashed line) has been reported from [74]

These profiles highlight the successive formation of the different types of species identified
along the vertical flame axis. PAHs in the gas phase (1) are detected first around 10 mm HAB,
while the formation of another type of intermediate fluorophores (2) characterized by visible LIF
signals begins around 30 mm. The profile of these species reaches an intensity maximum around
50-60 mm HAB, immediately before the appearance of the first measurable LII signal [37]. Then
clusters of PAHs (3) still sufficiently hydrogenated to provide a fluorescence signal under UV

excitation are also formed in the inception region, peaking at slightly higher HAB than species
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(2), before the formation of soot particles (4). Although the exact nature of the intermediate
compounds (2) and (3), mainly appearing in the soot inception zone, cannot be revealed by EEM
experiments, the observed spectral structures in the visible range and their corresponding profiles
strongly suggest these species to be soot precursors of different nature than 2-7 rings PAHs.

In a previous work [39], we already considered the hypothesis that the LIF signals
corresponding to the species (2) and (3) might characterize the same kind of species, postulated
as aliphatically bridged dimers of PAHs. This proposition was based on literature references as
well as the strong similarities of the fluorescence spectral structures and lifetimes of the emission
signal collected under both UV and visible excitation wavelengths. However, this previous
hypothesis was made with reservations due to the lack of experimental evidence of absorption
bands of dimers of PAHs in the visible range reported in the literature [39]. Based on these new
results and the analysis of the EEM, we can now state that the aromatic species exhibiting visible
fluorescence signal under UV excitation are clearly distinct species from the aromatic
compounds fluorescing in the visible range upon visible excitation wavelength. Furthermore, as
already discussed above, it is important to remind that these two kinds of species (2) and (3) are

both distinct from usual PAHs (1) and soot particles (4).

4.3 Attempt of identification of the species at the origin of the visible fluorescence

In a recent work [37], we highlighted the correlation between the intensity of the visible
fluorescence measured at 532 nm in this flame [39] and the spin concentration determined by
pulsed EPR characterizing the presence of resonance stabilized n-radicals (RSR). The existence
of this correlation supports the hypothesis of a relationship between the visible LIF signals and
the formation of RSR in sooting flames. RSR are suggested from several recent publications to

be involved as key species in the inception of soot particles in flames [28,29,32,36]. In that
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context, Commodo et al. [30] notably confirmed by AFM the presence of RSR PAHs in a
sooting flame and provided some details on their molecular structure revealing “a large variety of
molecular compounds, ranging from small aliphatic chains/substituted benzene molecules to few
very large polyaromatic compounds containing up to 52 carbon atoms”. Martin et al. [35] used
part of these data to show, through DFT calculations and Mulliken spin populations, that RSR
PAHs might form thermally stable single bond (for strongly localized n-radicals) or multicenter
bonds (for delocalized m-radicals) and leading to the formation of bridged PAHs.

Although the spectroscopy of aromatic RSRs and RSR PAHs is still a subject of study,
common spectroscopic features for some of these compounds are documented in the literature.
Extensive theoretical and experimental investigations have notably been conducted on the benzyl
radical (C;H5), and highlighted absorption bands around 454 nm [75]. Besides, phenylallyl-type
chromophores (CyHy) have been shown to absorb around 520 nm [76] while phenylpropargyl-
type chromophores (CoH7) presents a strong origin transition at 476 nm [77]. Furthermore,
benzannulation, i.e. the addition of aromatic rings to these based structures, is known to cause
redshifts in the absorption wavelengths. For instance, as reported by Krechkivska et al. [78],
while the benzyl radical (C;H7) absorbs at 454 nm, the 1-naphthylmethyl radical (C;;Hg) absorbs
at 580 nm and the 9-anthracenylmethyl radical (C;sH;;) at 727 nm. Besides, in a recent review,
Schmidt highlighted that from the analysis of a large number of hydrocarbon RSR, a rule-of-
thumb emerged regarding the excitation energy, stated that PAH-CH, radicals are likely to
absorb at about 2 times the absorption wavelength of the corresponding PAH. From this work,
anthracenylmethyl (C,4Hy-CH;) and pyrenylmethyl (C;cHo-CH,) are thus expected to absorb in

the visible range around 500 nm.
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Based on the available data in the literature, we established in table 1 a list of some potential
aromatic RSR expected to form in sooting flames and presenting absorption transitions in the
visible range. This list of RSR proposes some possible candidates matching the visible
absorption range of the spectral structures observed in the flame EEM. Interestingly, some of
these RSR, considered as soot precursors, have molecular weights and structures matching the

sampled species determined from sooting flames and discussed just above.

RSR Formulae m/z Structure Origin absorption
band (nm)
CH
[ { l
fulvenallenyl C7Hs 89 c 401 [79]
N\ /

benzyl C-H, 91 454 [75]

CH’
indenyl CoH; 115 <\J© 415 [80]

CH
phenylpropargyl CoH; 115 ©/ I1] 476 [77]
CH

trans-1-phenylallyl CoHy 117 521 [76]

1-naphthylmethyl C1Hy 141 580 [75]

@/\/
, N
cis-1-phenylallyl CoHy 117 m ) 528 [76]
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cH
Fluorenyl C13Hy 165 490 [81]

74
Phenalenyl CisHy 165 O 546 [82]
CH.
Benz[f]indenyl Ci3Ho 165 N OO 510 [81]

9-hydroanthracenyl Ci4Hy; 179 520 [78]
9-anthracenylmethyl CisHpy 191 OOO 727 [83]

Table 1: Examples of aromatic RSRs known to present absorption bands in the visible range

However, while the absorption spectral features of these compounds are correctly documented
in the literature, characterized by well-defined electronic transitions in the visible range, only a
limited number of publications relate information about their fluorescence emission bands. For
instance, indenyl (CoH7), which presents an origin absorption band around 415 nm, has never
been studied by LIF in the gas phase but only in low temperature matrix [80]. It was
hypothesized that the lifetime of the first excited states of this species is too short for being
observed by LIF. In contrast, Reilly et al. [84] demonstrated that its isomer 1-phenylpropargyl
(CoH7), was characterized by absorption lines at 476, 459.4, 456.2, and 455.2 nm and strong
emission bands in the visible range around 476 and 503 nm. Similarly, Chalyavi et al. [75]
published an extensive spectroscopic study of 1-naphthylmethyl (C;;Hy), 2-naphthylmethyl

(Ci11Hy), and a-acenaphthenyl (Ci2Hy). In this work, they highlighted that all these species
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exhibited absorption and emission bands around 580 nm. These data, although limited to a few
RSRs of low mass PAHs, highlight the possibilities of absorption and emission of such
compounds in the visible range matching the spectral structures observed in the flame EEM
reported in figure 7, which might in this case result from the cumulative contribution of =-
chromophores of several RSR PAHs as reported in table 1.

The hypothesis appears also consistent with the evolution of the EEM in the proximity of the
inception zone as reported in figure 7. We magnified here the visible structure for a better
appreciation of the evolution of the spectral structure with HAB. We also reported below the
images the typical shape of the PAH absorption features and the position of the origin bands of a
few aromatic RSR. As can be seen on the images, the global visible structure slightly enlarges
with HAB until 50-55 mm HAB (maximum intensity) and then decrease both in size and
intensity up to 75 mm HAB. The very broad spectral feature of this fluorescent structure suggests
the implication of several m-chromophores, potentially including RSR PAHs as reported under
the images, which might be formed by H addition or H abstraction from neutral PAHs. The
increase of the intensity of the whole structure up to 55 mm HAB might characterize the
implication of different RSR which may participate to the building of the core of incipient soot
[28,29,36]. The degradation then, of part of the image, would characterize the consumption
and/or deactivation of these RSR species, which appears correlated with the appearance of the
first LII signal characterizing the formation of soot particles around 60 mm HAB. From these
data alone, it cannot be stated if the identified species are condensable species participating to the

inception step or condensed species accumulating into the core of the soot nuclei.
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Figure 7: Evolution of the visible structures determined by the EEM fluorescence spectra in the neighboring of
the inception along the central vertical axis of the flame. Typical PAH absorption bands (purple line). The green

vertical lines correspond to the origin absorption bands of several aromatic RSR (table 1).

To further support the analysis of these data, we reported in figure 8 the intensity of the visible
fluorescence signal summed over the whole spectral structure, against HAB in comparison with

the concentration profile of the persistent m-radical species determined from previous EPR
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experiments in this flame [37]. As can be seen, these two sets of data are characterized by very
close profiles (same rise) both peaking around 60 mm HAB. The strong correlation between
these two sets of data might support the hypothesis that the visible LIF signal could be a spectral

signature representative of the formation of RSR PAHS in flames.
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Figure 8: Normalized LIF profile (solid green line) and spin concentration of the persistent radicals detected in the

samples by EPR (dashed blue line)[37] as a function of HAB in the flame.

5. Theoretical analysis: hypothesis of resonance stabilized radicals of
PAHs

In order to assess the possible implication of RSR PAHs in the observed visible fluorescence
signal in the EEM spectra, theoretical calculation of the spectral features of PAHs, dimers of

PAHs and radical PAHs were additionally carried out.

5.1 Computational details
All the time-independent and time-dependent density functional theory (DFT and TD-DFT)
calculations were performed using the Gaussian 16 software [85] with the CAM-B3LYP (long-

range-corrected) Rydberg functional [86], the 6-31++G(d) basis-set [8§7-90], as well as the
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empirical dispersion correction D3 [91]. In order to check the geometry optimizations (in the
ground and excited states) of the studied molecular systems, the absence of imaginary
frequencies was verified. The electronic absorption spectra were obtained by the computation of
40 excited states from the optimized ground-state geometry, the further inclusion of states having
no influence on the low-lying state energies. Finally, the emission spectra were obtained by the
computation of the lowest energy electronic transition from the optimized excited-state

geometries.

5.2 PAHs and PAH dimers modeling

In order to better characterize the species potentially at the origin of the second spectral feature
of the EEM, we first carried out a theoretical work aiming to calculate the absorption features of
PAHs dimers. Two specific PAHs, namely pyrene and fluoranthene were used as reference
species. To quantify the effect of the dimerization on the excitation energy of PAHs, we
optimized the geometry of pyrene and fluoranthene homodimers stabilized by van der Waals
interactions (vdW homo dimers) and compared their electronic transitions to that of the

corresponding monomers. The results are shown at the top of Figure 9.

As expected, a red-shift upon dimerization is observed. This effect, presumably a consequence
of an increased electron delocalization, is rather small (around 0.2 eV) and far from the
experimental shift observed when increasing the HAB. Indeed, upon dimerization, the lowest
energy transitions are red-shifted by 22 and 7nm (—0.26 and —0.07 eV) for pyrene and

fluoranthene, respectively.
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Figure 9: Low-lying electronic transitions of pyrene and fluoranthene monomers (blue) compared to their
homo-dimers (orange, top), homo-trimers (green, top), 1C dimers (orange, bottom) and 4C dimers (green, bottom)

Although too weak to explain the observed visible absorption band, the calculated red-shift
upon dimerization is yet interesting and one could expect that the formation of trimers or larger
aliphatically bridged dimers might enhance this effect. To verify this hypothesis, we calculated
and depicted the electronic transitions of the pyrene and fluoranthene vdW homotrimers at the
top of Figure 9. The computed differences of -2 and -4 nm (+0.02 and +0.04 eV), which are
negligible blue shifts relative to the corresponding homodimers, show that this structural change
does not appreciably impact the excitation energies. On the basis of these calculations, the

hypothesis of vdW oligomers to explain the visible absorption band at the origin of the visible
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broad fluorescence band appears finally unlikely. The influence of additional PAHs to form

oligomers is not expected to significantly change the computed values.

As suggested in our previous work [39], soot inception could be explained by the formation of
dimers chemically bonded through aliphatic bridges. At the bottom of Figure 9 are depicted the
electronic transitions of dimers of pyrene and fluoranthene bonded through 1C and 4C aliphatic
chains. All the possible bonding schemes were computed but no significant effect on the
transitions due to the position of the aliphatic chain was observed. Thus, we report herein only
the results dealing with dimers bonded by their carbon atoms 2 from the nomenclature given on

Figure 10.

(10,
3 Q 1
O L.
3
Pyrene Fluoranthene

Figure 10: Pyrene and fluoranthene with the carbon atom labelling used in this work

Switching from a vdW dimer to a covalently bonded dimer modifies the longest absorption
wavelengths by -15 and -6 nm (+0.17 and +0.07 eV, for 1C and 4C) for pyrene and by -5 and +4
nm (+0.06 and -0.04 eV, for 1C and 4C) for fluoranthene which do not provide a better fit to the
experimental data, making this hypothesis also unlikely. These calculation confirm that dimers of
PAHs can only be excited in the UV range, at excitation wavelengths close to the monomer

excitation wavelengths [26,65].
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5.3 PAH and PAH dimer radicals

Then, the excitation of radical PAH-based species was explored. Our calculations highlight
that aromatic hydrogen abstraction of pericondensed PAHs leading to o-radical does not induce
significant changes in the electronic absorption spectrum. So, we focused on the effect of n-
radical species formation where lateral chains are involved. The effect on the absorption
spectrum of hydrogen abstraction of substituted PAHs was tested on |1-methylpyrene (MePyrene)
and I-methylfluoranthene (MeFluoranthene). To explore the effect on the dimerization of such
species, we calculated the electronic transitions of a dimer formed by a methylated monomer and
a regular monomer (MePyrene-Pyrene, MeFluoranthene-Fluoranthene and MeePyrene-Pyrene,
MeeFluoranthene-Fluoranthene). Finally, m-radicals were also obtained by the removal of a
hydrogen atom in the aliphatic bridge connecting two monomers (4C+) which should have a
similar effect as the one computed for MesPyrene-Pyrene and MesFluoranthene-Fluoranthene

dimers. The results are shown in Figure 11.
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Figure 11: Electronic transitions of methylated monomer, methylated vdW dimers and chemical dimers of
pyrene and fluoranthene in their non-radical (blue) and radical (orange) form. The y-axes were zoomed to better see
the radical’s transitions

First, by comparing the transitions of methylated and unsubstituted monomers (Figure 11, blue
transitions), the methylation does not seem to have a significant effect on the absorption
spectrum with shifts of 3 and 1 nm (-0.03 and -0.01 eV) for MePyrene and MeFluoranthene,
respectively. This observation can also be made for the methylated vdW dimers vs. the non-

methylated ones.

While comparing the electronic transitions of radical species, we note that hydrogen-
abstraction to form a n-radical always yields large transition energy shifts on the spectrum, along
with a drastic reduction of the oscillator strength. Non-zero oscillator strengths are still observed
for transitions in the 500-600 nm range, which suggests the possibility to excite such species.

The shifts when switching from the non-radical to the radical species are listed in Table 2.
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Wavelength / nm (eV)

Meemonomer MesvdW 4C-
Pyrene 243 (-1.75) 302 (—1.91) 305 (—1.87)
Fluoranthene 166 (—1.27) 202 (—1.39) 218 (—1.49)

Table 2: Red-shift of the longest excitation wavelength when switching from the non-radical Me-Monomer,
Me-vdW, and chemical species, to their radical counter-part.

Me+vdW and 4C- species have similar absorption spectra, which illustrates that the electronic
properties of these two systems are similar. The red-shifts are large and closer to those observed
experimentally. Thus, the formation of a n-radical in an aliphatic chain at the edge of a peri-

condensed PAH is able to drastically red-shift the absorption wavelength.

5.4 Fluorescence computation

For further evidences on the origin of the fluorescence signal, we optimized pyrene, MePyrene
and Me*Pyrene in their lowest electronic excited-state and computed their fluorescence emission
properties. The methylation of Pyrene does not induce any significant change in the fluorescence
spectra (computed emission maxima at 332 and 330 nm for MePyrene and pyrene, respectively,
consistent with the close resemblance between pyrene and MePyrene experimental emission

spectra [92]).

The abstraction of a hydrogen atom from the methyl group of MePyrene to yield Me+Pyrene
induces a bathochromic effect of 370 nm (-1.97 eV), moving the emission maximum to 702 nm.
The oscillator strength associated to this transition (computed for the absorption phenomenon) is

f=0.0000. However, numerous effects influence the emission of a species beyond f value.
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Hence, this null value does not necessarily mean that the transition is forbidden, but it could be
observed due to vibronic coupling as in the case of Pyrene [93] (which yields a comparable
oscillator strength value of 0.0006). This observation could be attributed, as stated by Krueger et
al. [26], to the fact that at flame temperature, both intra- and intermolecular dimer modes are
excited, leading to non-zero oscillator strengths. The involvement of the carbon bearing the
single electron in the lowest energy transition (figure 12) is, as expected, larger in the case of

MePyrene, confirming the important role of the radical.

Figure 12: Variation of the electron density during the lowest energy
transition in MePyrene (left) and Me<Pyrene (right). The blue and orange colors
indicate density decrease and increase, respectively

This spectral analysis therefore supports the assignment of the

fluorescence signal to m-radicals, rather than o radicals, as well as to

bridged aromatics RSR structures linked by aliphatic chains to
explain the visible fluorescence signal. However, the strong intensity of the experimentally
observed visible fluorescence emission signals cannot find for now satisfactory explanation with
these calculations. Especially the oscillator strengths both in absorption and emission of the
calculated RSR PAH structures are too low with the current model to explain the observed
signals. Several factors might bias this comparison. First, the strong difference of temperature
between the calculated (0 K) and the measured spectra (~1700 K). It is well known that
temperature can strongly impact the electronic transitions by allowing the excitation of energetic
levels not populated at low temperature. The strong intensity of the measured signal might also

be related to the accumulation of the RSR species inside the core of the soot particles leading to a

40



substantial increase of the fluorescence signal. And finally, issues can also provide from the
model itself, as the optimization of a radical dimer in its excited-state is challenging, due to the
spreading of spin density on the whole systems that creates unexpected bonds between sub-

systems.

6. Conclusions

This study aims to characterize the chemical species at soot inception in a laminar diffusion
flame of methane. For this purpose, a dedicated laser induced fluorescence (LIF) experimental
setup was implemented to determine the excitation-emission matrix (EEM) all along the vertical
central axis of the flame with an adequate spatial resolution enabling to show specific evolutions
of the spectral structures characterizing different types of aromatic species during the whole
steps of the soot formation. In parallel to this experimental work, a theoretical study was
implemented based on ab initio calculations aiming to calculate the electronic transitions of
selected key aromatic species in the soot formation, included polycyclic aromatic hydrocarbons
(PAHSs), dimers of PAHs, PAH radicals and radical dimers.

The analysis of the EEMs showed the existence of three different spectral features specific to
the inception zone of the flame and characterized by unique optical properties, only one of which
could be clearly assigned to PAHs. According to our analysis, PAHs up to coronene can be
identified within relatively narrow spectral region defined as 215-350 nm in excitation and 325-
500 nm in emission. However, the EEMs determined in the flame unveiled the presence of
additional types of fluorophore compounds within a distinct spectral range in 250-325 nm in
excitation and 420-650 nm in emission, consistent with the calculated optical properties of
(aliphatically) bridged dimers of PAHs. Finally, the EEMs highlighted a third spectral feature

characterized by fluorescence signals within a visible spectral range in 400-600 nm excitation
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and 400-650 nm emission. The analysis of these last spectral structure showed similitudes with
the spectral properties of several aromatic resonance-stabilized radicals (RSR). This hypothesis
is further supported by the correlation observed between the profile of the intensity of the visible
fluorescence and the spin concentration profile of persistent radicals determined previously by

electron paramagnetic resonance in this flame.

Theoretical calculation of a few specific PAHs, dimers of PAHs and RSR PAHs presented in
this work allowed to deepen and support this analysis. These calculations reveal indeed that the
spectroscopic properties PAHs as well as dimers of PAHs, either chemical or VAW dimers,
cannot explain the visible absorption bands at the origin of the visible broad fluorescence bands
observed in the EEM spectra. Conversely, theoretical calculations for RSR PAHS highlight
electronic transitions in the visible range and the possibilities of fluorescence of such kind of
compounds coherent with the observed visible spectral structures in the EEM. This analysis
hence suggests that the visible broad fluorescence bands might be indicative of the formation of
resonantly stabilized m-radicals in sooting flames. However, although spectrally consistent, the
strong intensity of the measured signal could not be satisfactorily explained by the ab initio
model. Potential issues due to the temperature, accumulation of the species in condensed
materials (core of the soot) or improvement of the model itself have been suggested to explain
these inconstancies. We hope that ongoing computations might bring complementary
information regarding the analysis of these spectra, notably by extending the study to other
radicals like aromatic dimers of RSR and biradicals, though optimizing the excited-state of

radical dimers is challenging due to spin density spreading and unexpected bonds formation.
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Appendices:

Figure A.1: Pictures of the investigated laminar diffusion methane flame with a sampling probe (not used in this

work).
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Figure A.2: Illustration of the EEM fluorescence spectra construction process for anthracene, fluoranthene, and

their mixture based on the reference spectra reported in table A.1
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PAHs Molecular Structure Excitation Emission
Formula Spectrum | Spectrum
Bauer et al. | Orain et al.
Naphthalene CoHs [55] [60]

Bauer etal. | Karcher et
Baueretal. | Cignoli et

Anthracene CiusHyp [55] al. [95]
C Baueretal. | Cignoli et

Phenanthrene CiHyo O O [55] al. [95]
Fluoranthene CisHio 0'8 Bau[esr 5? al. Ledier [61]
“ Baueretal. | Cignoli et

Pyrene CisHio [55] al, [95]
‘O Bauer et al. Kirsch et

Chrysene CisHiz [55] al. [96]
) O Bauer etal. | Karcher et

Triphenylene CisHiz Q [55] al. [94]
O ‘ Bauer et al. | Karcher et

Benzo[c]phenanthrene CisHp» OO [55] al. [94]
“ Bauer etal. | Cignoli et

Benzo[a]pyrene CaoHiz [55] al. [95]
' Bauer etal. | Karcher et

Benzo[e]pyrene CyoHpz OO‘ [55] al. [94]
l I Bauer etal. | Cignoli et

Perylene CyoHi2 [55] al. [95]



C20H12

Benzo[b]fluoranthene

Anthanthrene CyHin O‘o

‘O Bauer et al.
Coronene CuHis

Bauer et al.
Oy
OOO Bauer et al.

[55]

[55]

Karcher et
al. [94]

Karcher et
al. [94]

Cignoli et
al. [95]

Table A.1: PAHs considered for the construction of the reference EEM matrices and the corresponding references

for the absorption and emission spectra.
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