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Abstract: In this work, online spontaneous Raman spectroscopy was applied to study the soot
inception and growth zones of a low pressure premixed ethylene/oxygen flame. Firstly, we measured
online Raman spectrum of aerosol soot extracted from the flame. The spectrum was compared to ex
situ Raman measurements of the same soot after being deposited on a window. In the aerosol soot
particles, the presence of an abundant sp hybridized carbon chain component is inferred
accompanying a polycyclic aromatic component. Both cumulenic and polyynic chains are affected
by the deposition under vacuum and by the pressure as it is raised to atmospheric, revealing that the
sp phase is no longer visible in the ex situ characterization of the sampled soot. Secondly, we
monitored the Raman spectra of aerosol soot as a function of the height above the burner. Comparing
spectral differences of by-products along the blue to orange zone of the flame permitted the soot
formation and evolution to be probed. The online spectra, by avoiding structural modifications of the
real soot structures by deposition, highlight the role of unsaturated carbon chains in the chemical

condensation scenario.
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1. Introduction

Adverse impacts of black carbon on climate change and human health are often pointed out as
pertinent issues in almost all environment and health studies [1,2]. It is therefore a central motivation
of many studies to focus on their formation in natural and artificial burning processes as well as on
their emission in the atmosphere. The scientific interest for soot formation processes is to develope
more efficient and less polluting combustion techniques and to produce on a large scale and cheap
nanomaterials with a variety of chemical properties in both science and industry; for instance carbon
fullerenes and carbon nanotubes [3,4] or graphene and graphene-like materials [5,6]. Although soot
formation occurs within few milliseconds to reach particle diameters of 30 nm [7], the whole process
is extremely complicated, including three main stages: soot precursor formation, soot particle
evolution and the soot inception between them [8—10].

Five decades ago, our knowledge on soot formation was limited to empirical and phenomenological
observations. The central role of acetylene and condensed polycyclic aromatic hydrocarbons (PAHs)
in soot formation was only recognized in the mid 1980s with the pioneering study of Frenklach and
coworkers [11]. They are widely accepted nowadays in the combustion community as the building
blocks in soot particle formation [10,12—-14]. Concomitantly with numerical simulations,
experimental techniques have been developed in order to investigate soot formation in combustion
processes [15-19]. In spite of significant advances achieved in experimental optical diagnostics and
modelling studies on soot formation, there are still deficiencies in our understanding of particle
formation and evolution during combustion [20]. The crucial step from the molecular phase to
incipient soot particles remains yet unattained to allow fruitful determination of the gradual
transformation of the first soot particles [10].

Ex-situ Raman spectroscopy is a powerful tool to investigate carbonaceous matter because it is
nondestructive and very sensitive to graphitic structures [21-24]. However, sampling and deposition
may cause significant pertubations to the soot particles [20], their structures are thus expected to be
changed during sampling. Recently, via online Raman spectroscopy, we investigated soot in the
aerosol phase. We have shown that soot particles exhibit highly disordered structures and an abundant
sp hybridization component beside of the expected sp? carbon content [25], an observation lacking in
ex situ measurements of deposited soot [22,23,26-29]. Online spectra involving Raman scattering
and photoluminescence (PL) signals were shown to provide crucial spectroscopic information to
advance out understanding of the evolution of soot along the flame. This technique successfully

complements combustion diagnostics besides other laser diagnostics, for instance laser induced



incandescence (LII), laser induced fluorescence (LIF), light extinction, elastic light scattering and
cavity ring-down spectroscopy.

The objective of this study is to explore the structural transformation of the soot particles along the
flame, with a particular attention on the inception zone. The nanostructure of soot particles in the
aerosol phase at a specific height above the burner (HAB) was first compared to the soot nanostructure
after deposition. We then monitored online the Raman scattering spectra of aerosol soot sampled in
a premixed low pressure flame to investigate the pristine soot nanostructure directly in the aerosol
phase, without the bias of sampling on a substrate. It should be stated that “online” and “ex situ”
measurements are used for aerosol soot and deposited soot, respectively. After description of the
experimental conditions, the results and the analysis procedure are presented. The discussion section

then exploits spectral indices to consider the role of carbon chains in the soot formation and evolution.

2. Experiment

The flame apparatus and the optical components for online Raman measurements are similar to the
previous work [25]. However, the quartz cone has been replaced by a new one with a smaller diameter
hole (1 mm). A schematic drawing of the experiment in the Nanograins chamber is shown in Fig. S1
in the Supplementary Materials. In addition, the flame conditions in this study are also different from
the flames published in 2019 [25]. Briefly, ethylene (C2H4) premixed with Oz at an equivalence ratio
@ = 3.15 (or C/O ratio equal to 1.05) flows through a 60 mm diameter McKenna burner at a rate of
4 sl.min™! in a combustion chamber maintained at 4 kPa. The adiabatic temperature of this flame is
predicted to be about 2150 K and the flame height observe to be about 6 cm. This particular flame
was chosen because we thoroughly investigated (ex situ) the soot particles sampled at different HAB
as laboratory analogues of interstellar dust via infrared to vacuum ultra-violet spectroscopies [30]. N2
gas shield around the burning region was applied at a controlled flow rate of 3 sl.min™'. The quartz
cone was inserted into the flame to extract gas and soot particles that then expanded into a monitoring
chamber through a Laval nozzle, shaping a flow at 0.01 kPa. Argon was injected (0.5 sl min™") into
the region between the cone and the Laval nozzle throat to control the molecular flow that partially
focuses the particles on the flow axis and to cool the extracted flame products down to room
temperature. It should be noted that probe clogging due to soot deposition was not an issue in the
present condition because of the low pressure and the explored HAB limited to 30 mm or below.
However, introducing the cone is known to perturb the structure of the flame due to influence on the
thermal balance and flow field [31]. The spatial resolution for the HAB is expected to be about 2 mm
or slightly less.



The excitation laser was a vertically polarized continuous laser (Verdi, Coherent) firing at 532 nm
and operating up to SW in a counter-propagating direction to the soot beam. Although the beam was
focused and laser irradiance was about 50 kW/cm? at the focused point, the particles experience the
CW laser beam during only few hundreds of microseconds while flowing. This value is far below
that of conventional measurements on sampled soot on a substrate using a Raman microscope
(seconds or minutes). As a consequence, no laser heating is expected to modify the particle structures,
as revealed via the similarity of the spectral profiles at various laser irradiances in Fig. S2.

An optical device for collecting the scattered and emitted light was developed and integrated into the
Nanograins monitoring chamber. Scattered light was collected at a 90° configuration by an
achromatic spherical lens Li (fi = 50 mm). The collimated light was then focused on a fiber optical
bundle by a second achromatic spherical lens L, (f2 = 125 mm) to adapt the light beam to the
numerical aperture of the fiber optical bundle. Then, the signal is guided to the spectrometer. It should
be noted that a third short focus cylindrical lens L3 (f3 = 20 mm) was inserted to (roughly) compensate
the extended size of the source due to the overlap between the laser and molecular beam along the
propagation axis. The collected light passed through the round-to-linear optical fiber bundle before
entering a spectrometer (model Acton SP 2300, Princeton Instruments) coupled with a CCD camera
(PIXIS 400, Princeton Inst.). In order to observe the large spectral region including Raman signals
and PL, a grating with 300 grooves/mm and 500 nm blaze wavelength was used. Note that a StopLine
notch filter and a Razor-Edge (high-pass) filter were inserted in front of the entrance of the fiber
bundle and the spectrometer to cut off the elastic scattering at 532 nm. Only for polarization study, a
polarizer was inserted after the filters. For the parallel (p) polarization configuration discussed in this
work, the polarization axis of the polarizer is parallel with the electric field vector of the incident
light, whereas for the perpendicular (s) configuration, the polarization axis of the polarizer is
orthogonal to the electric field vector of the incident light. The spectral resolution was 50 cm™. For
spectral intensity correction, we used a calibrated blackbody light source to achieve spectral response
of the fiber-coupled the spectrometer.

Two sets of experiments were performed. One set was performed to compare the aerosol soot and the
deposited soot Raman spectra, fixing the HAB at 18 mm. The second set was devoted to online
detection of the Raman scattering of the aerosol soot particles, after extraction at different flam
heights. For the first set of experiments, the online Raman spectrum was performed in the aerosol
phase, within the molecular flow. Then an optical silicate window was inserted in the molecular flow
during 45 min to obtain a few-micron thick film of soot. The Raman spectrum of the soot film was
monitored immediately after deposition under vacuum at a pressure of 0.002 kPa. After that, the film

was then extracted through our window insertion chamber, allowing to maintain the monitoring
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chamber under vacuum, and subsequently stored under atmospheric conditions for several days
before ex situ Raman measurement. The ex situ Raman spectrum at atmospheric pressure was
characterized using a commercial Renishaw Raman spectrometer at 514 nm with a 4 cm™' spectral
resolution.

Each Raman spectrum of aerosol soot was obtained using a laser irradiance of about 50 kW/cm? with
spectrum acquisition time of 900 seconds while that of the soot film using the same optical
configuration was 4 kW/cm? and 500 seconds, respectively, in order to achieve a sufficient signal to
noise ratio and so to measure the spectra at several HAB within the same set of experiments. As short
an exposure time as possible was important to achieve in order to ensure reproducibility by enabling
the comparison of several spectra between sets of experiments. The irradiance values are typical for
Raman measurements and do not lead to laser heating. In particular, for the aerosol phase, the flow
conditions reduce the interaction time of laser and aerosol soot particles below 1 ms, such that no
laser heating is expected [18]. In Fig. S2, a survey of the excitation irradiance dependence of online
spectra of soot was made for HAB = 20 mm, in which the excitation irradiance was increased from
0.1 to 50 kW/cm?. No modifications can be detected in soot structures as indicated by the stable
spectral profiles. Online Raman measurement is a very challenging experiment since the Raman
signal of the aerosol phase is orders of magnitude weaker than that of deposited soot. The clear

advantage of the online configuration is to avoid the luminous flame background.

3. Results

3.1 Raman spectra of aerosol and deposited soot

Figure 1 shows Raman spectra of aerosol and deposited soot particles extracted at a HAB of 18 mm,
at the rim between the oxidation zone and the soot growth yellowish zone (therefore at a temperature
close to the maximum of this flame). Figure 1A shows the raw spectra while in Fig.1B the spectra are
plotted after subtraction of the fluorescence backgrounds, and normalized to the maximum of the
band at about 1600 cm™. The fluorescence subtraction will be detailed in section 4. In the aerosol
phase, the PL is probably dominated by the molecular component (mainly free-flying PAHs [18]) and
decreases in intensity with Stokes shift. In the deposited phase the PL probably arises from PAHs
adsorbed on the soot particles with the maximum appearing shifted to longer wavelength, as is usually
observed using an excitation at 532 or 514 nm [14], [15], [19]-[21]. It should be noted that the
intensities of the bands observed in the spectral region between 1700 — 2300 cm™! are clearly weaker
in the Raman spectra of the deposited soot. A more in-depth analysis will be presented in the spectral

analysis section.
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Figure 1: Raman spectra of soot produced by the same ethylene/oxygen flame conditions (C/O =
1.05, P =4 kPa, HAB = 18 mm) in the aerosol phase at low pressure (black curve), deposited phase
under vacuum (red curve) and deposited phase at atmospheric pressure (blue curve). (A) Raw data,
(B) Raman spectra after subtraction of the fluorescence background, their relative intensity being

scaled to the maximum at about 1600 cm™' Raman shift.

Polarized light in Raman spectroscopy is very useful to probe information of molecular orientation
and symmetry of the bond vibrations. Polarization effect can also be applied for crystalline and highly
structured materials where symmetry is evident. For disordered structure such as deposited soot from
the flames, their Raman signal is unpolarized [32]. We have applied this study to explore polarization
sensitive vibrational modes, i.e. the symmetric ones that could be only observed from free-flying
molecules. In Fig. 2, the Raman scattered signals in two configurations have the same in shape. Only
their absolute intensities are slightly changed due to the diffrent transmission of the polarizer as a
function of the angle between their polarizing axes. It should be noted that the fiber optical bundle is
not polarization maintaining and the overal response of the optics and spectrometer were checked for

both polarization configurations and were found not sensitive to it.
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Figure 2: Online spectrum of soot produced at HAB = 18 mm in parallel (black curve) and

perpendicular (red curve) polarization geometries.

3.2 Online Raman spectra across soot inception and growth zone

Figure 3 shows online emission and scattered spectra of aerosol soot produced along this CoHs/ O>
flame as a function of the Stokes shift. The soot spectra are vertically translated in the figure following
the order of the HAB sample distances. All are monitored with the same conditions, such as laser

power and acquisition time, thus relative intensities are real.
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Figure 3. The soot produced along the flame is investigated by online Raman spectroscopy. On the
left, from the bottom to the top, the photos of the cone inserted into the flame at 14, 22, 30 mm of
height above the burner (HAB). Intensities are as measured and comparable (see text for details). On

the right, vertical zoom spectra at small HAB, within the inferred inception zone.

There are several remarkable points in these spectra. The first one, specified in Fig. 4A, is the
appearance of Raman symmetric stretching band (C-H stretch) of ethylene (the fuel) at 3025 cm’!
whose intensity decreases as the HAB is increased from 6 mm to 11 mm. At 12 mm HAB, this signal
is no longer detected. Simultaneously, the clear appearance of a Raman signal showing bands whose
characteristics are close to the D and G bands, the two predominant Raman modes of carbonaceous
particles in the first order band spectral region, at ~ 1350 cm™ and ~1610 cm’!, respectively
[22,23,26]. At 8 mm, while possible contribution of gas phase molecular species cannot be eliminated,
the Raman bands are probably those of the incipient and/or the first soot particles formed in the flame.
The clearer spectral features can be seen in Fig. S4 in the supplementary. The second point is the
appearance of shoulder peaks at approximately 1800 and 2100 cm™ highlighted by grey columns in
Fig. 4B. The third point is a broadband visible emission at 750 nm which builds up, then reduces and
red shifts when the HAB increases. This broad emission band appears clearly in the spectra at HAB

from 18 to 30 mm as shown in Fig. 4C.
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Figure 4

Three remarkable spectral regions in online spectra: A. Raman finger print of the ethylene fuel in the
flame visible in the grey marked region. B. Zoom of the online spectra in the first order Raman
spectral region, intensities are normalized to that of the G peak. The appearance of two peaks at about
1900 cm! and 2100 cm™ is highlighted by the grey bands. C. The evolution and red-shift of a

broadband visible emission at 750 nm

4. Spectral analysis



4.1. Fluorescence subtraction

In each spectrum, the Raman signal is superimposed on a PL background. The PL is mostly due to
organic compounds including PAH formed during the combustion process [33,34]. Generally, we do
not know the PL spectra of the products extracted from our flame. However, we know that PL is
expected from the population of organic compounds including PAHs that should present in the flame
by-products [35]. Regarding the strength of the signal, it is clear that this PL is very weak because it
does not overwhelm the Raman signal. In addition, it has been shown that the shape of this PL may
not change much with HAB [35].

One key step in the data treatment is to obtain pure Raman signals of soot from these spectra, i.e. to
remove the emission contribution without additional information. The procedure for PL background
subtraction step starts from the normalized spectra in Fig. SA. Each spectrum consists of the first and
the second-order spectral region of the Raman signals spread from 920 to 3700 cm™! superimposed
on the contribution of PL. The first PL component is underneath the Raman signal. The second PL
component is the broadband visible emission whose peak position is at about 750 nm. It should be
noted that the second PL component only appears in spectra at HAB higher than 14 mm.

At HAB <14 mm, the PL signals are quite similar. The spectral region from 920 cm™ to 3700 cm™
consists of Raman and PL contributions. Therefore, a second order polynomial function was used
between three points whose abscissas are 920, 2350 and 3700 cm™ on the spectrum and enabled to
extract the Raman signal of soot. In the spectral regions below 920 cm™ and above 3700 cm™, there
is only PL contribution. The representative PL subtraction of soot spectra is plotted in Fig. 5B and
5C.

The PL component at HAB = 14 mm is used as a reference for the 1** PL component. At HAB above
14 mm, spectra consist of soot Raman bands, the 1*' PL and the 2nd pL, components. The 1% PL
component fit at a certain HAB is achieved by scaling the reference at 920 cm™'. After that the Raman
signal and the 2™ PL signal are separated by a second order polynomial function. This step is
visualized in Fig. 5D. It should be emphasized that the 2" PL appears mostly at a Stokes shift above
4000 cm™! where a very weak contribution of the 1% PL is found.

In summary, we can separate each spectrum into three components: the 1** PL considered as the

background, the broadband red emission (called the 2" PL) and the appearance of Raman spectra of

soot particles containing the first and second order Raman scattering.
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Subtraction of photoluminescence (PL) and Raman scattering signals in online spectra of soot

A.

B.

™ m

Normalized online spectra of soot at HAB = 11 mm to HAB = 30 mm (HAB < 11 mm is not
plotted because their S/N are very low).

Photoluminescence and Raman signals in spectra at HAB = 14 mm. A second order polynomial
function was applied beneath the spectral region 900 to 3500 cm™' where the first-order and second-
order Raman scattering appear. The blue striped area is the PL signal.

Raman spectrum of soot at HAB = 14 mm after PL subtraction.

. Photoluminescence and Raman signals in the spectra of soot at HAB = 22 mm. A second order

polynomial function was applied beneath the spectral region 900 to 3500 cm™ where the first-order
and second-order Raman scattering appear. The PL is then separared into two components. The
blue striped area is the 1 PL appearing at all HAB. The red striped area is the 2" PL appearing
when HAB is above 14 mm. The green curve superimposed on PL is the Raman signal.

The evolution of the 1 PL of soot at all HAB.

The evolution of the 2" PL of soot at all HAB. The unscaled spectra are vertically translated for
easier observation of the peak position.

4.2 Spectral fitting and band analysis
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Compared to Raman spectra of deposited soot in the literature [22,23,27], the D; and G bands of soot
in the aerosol phase are much broader and spectral congestion is evident. Many band combinations
for curve fitting were applied to reach a consistent characterization of soot particles from spectral
indices. At low HAB, there is a contribution of ethylene Raman signals in Raman spectra of soot
and/or soot precursors as plotted in Fig. 6A and Fig. 6B. At high HAB, the first-order Raman bands
can be well-fitted by a combination of five Gaussian peaks (D4, D1, G, Ci, C2) and the second-order
Raman bands require a combination of four Gaussian peaks (2D4, Ds+D1, D1+G, 2D») as we can see
in Fig. 6C. More details of the fitting model are given in Fig. S3, Fig. S4, and Note S1. The spectral
parameters are summarized in Table S1. It is noteworthy that the same band fitting procedure was

used for both online and deposited soot.
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Figure 6. Deconvolution of Raman spectrum of aerosol soot produced at (A) HAB = 6 mm (B) HAB
=8 mm, and (C) HAB = 22 mm. The experimental data is the black line. The result of the best fit is

plotted with the solid red line. The ethylene peaks are filled in light blue [36].

The G band involves C=C stretching motion in disordered polycyclic aromatic carbons. The D peak
is due to breathing mode of carbon rings and is activated in Raman spectra via the presence of defects
in the graphenic structures [37]. The origin of the D4 peak is still under debate. It may be assigned to
sp’ and sp? mixed carbons at the periphery of the graphenic layers, or to C—C and C=C stretching
vibrations in polyene-like structures [38]. The D; peak indicating polycyclic aromatic units mostly at
the surface of stacks should be observed as a shoulder of the G band at about 1620 cm™'. However, it
does not appear clearly as a separate band in our spectra and was thus not included in the
deconvolution. C; and C, are representative of carbon chain structures consisting of cumulenic
double-bond stretching (=C=C=) and polyynic triple-bond stretching (—C=C-—), respectively
[25,33,39,40]. There is also an additional peak labelled D3 at 1500 cm’!' which has often been used to

evaluate the amorphous carbon fraction of deposited soot and black carbon [22]. The broadness of
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the D; and G peaks in Raman spectra of aerosol soot precluded determination of its eventual
contribution, effectively no significant improvement of the goodness of the fit is obtained by
including a D3 band. Oxygen functional groups can also contribute in the spectral region between
1700 — 1800 cm™! of aerosol soot. However, this contribution is rather faint and cannot be observed
after deposition and measurement at atmospheric pressure, thus oxygenated species can be excluded
as a significant contribution to the spectra (and consequently to the sampled soot). Thus we do not
include oxygenated chemical groups in the present study although they have been observed in some
other types of soot [33,41,42]. The Raman spectra of soot also contain the second order bands in the
range of about 2300 to 3300 cm, in which two pronounced peaks at 2700 and 2900 cm~! have been
assigned to the 2D; overtone and D{+G combination bands [28]. The first overtone of the D> and D4
modes are observed at 3240 and 2450 cm™! and are labelled 2D; and 2D4 respectively. The full width
at half maximums (FWHMs) and the positions of the D; and G bands as well as their intensity ratios
point to a highly disordered polycyclic aromatic nanostructure, i.e. poorly stacked graphenic sheets
with no preferential orientation [23,24]. Using the Ferrari and Robertson [22] relation, the averaged
polycyclic aromatic unit size is estimated to be about 1.2-1.5 nm as deduced from the intensity ratio
between the G and D bands. The evolution of all these peaks and PL was then used to build spectral

indices of structural properties of soot nanostructures along the flame.

5. Discussion

5.1. Structural modification of deposited soot

As discussed above, the aerosol phase spectrum is successfully fitted by a combination of nine
Gaussian bands as shown in Fig. 7A. For comparison of the spectral variation between aerosol and
deposited soot, we use the same fitting procedure. The characteristics of the main Raman bands of

the soot particles extracted at HAB = 18 mm are listed in Table 1.
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Figure 7: Decomposition of the Raman spectrum of soot (black line) in the aerosol phase (A) and
deposited phases (B, C). The result of the fit is plotted with the red-line while the residual grey line

(vertically shifted) shows the difference between the spectrum and the result of the fit.

It should be emphasized that spectral features of sp hybridization from aerosol phase grown
nanoparticles have only been observed, to our knowledge, on aerosol soot in low pressure premixed
flame [25] and carbon cluster-assembled films produced from a micro-plasma source [39,40,43,44].
To detect these, the micro-plasma formed carbonaceous particles had to be kept under vacuum and
the polyynic carbon chains were shown to quickly disappear at pressures even below one atmosphere.
It is noteworthy that the bands did not vary under vacuum even after several days [44]. In order to

assess to the assignment of these bands to a soot component, a polarization sensitive measurement of
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the Raman spectra was performed. In general, Raman spectra of gas-phase species are expected to
have sharp peaks and exhibit some polarization dependences in particular for the totally symmetric
vibrational modes. Such dependence is expected for the CC stretching modes in unsaturated carbon
chains. Our polarization study on many different types of soot produced in various low pressure
flames show no polarization effect on the sp signals [45,46]. It is also shown in Fig. 2. These results
indicate the sp bonds are originated from carbon chains in the soot structure rather than gas-phase
species.This highlights that the detection of the carbynoid component in the soot particles was

possible thanks to the online measurement on the sampled molecular beam.

Table 1: Raman band centers v (cm™'), FWHMs (cm™), intensity normalized to that of the G band
(D), and integrated intensity (Int.) as obtained from the fit. The weaker D4 and second order bands are
not listed. See text for details. Uncertainties on the positions are + 25 cm™! for aerosol and deposited
soot in vacuum, and = 10 cm™' for deposited soot at atm pressure, and about 10% for the FWHMs

and the integrated intensity ratios.

Raman Band Aerosol phase Deposited phase, vacuum Deposited phase, atm.
(v, FWHM, I, Int.) (v, FWHM, I, Int.) (v, FWHM, I, Int.)
G 1612, 220, 1, 219 1610, 120, 1, 123 1610, 60, 1, 64
D 1360, 213, 0.96, 212 1350, 160, 0.96, 165 1349, 120, 0.69, 87
Ci 1830, 220, 0.61, 104 1800, 244, 0.22, 59
C 2033, 270, 0.24, 55 2035, 250, 0.1, 26

Interestingly, one of the main differences between the aerosol phase and deposited soot Raman
spectra are the FWHMs of the D1 and G bands. They are found to decrease when soot particles are
deposited on the substrate despite being kept under vacuum (2.10"* kPa). The FWHMs reduce from
213 # 22 cm™! and 220 + 22 cm™! down to 160 + 15 cm™ and 120 + 15 cm™, respectively, but the
FWHM are found to be smaller than those of amorphous carbons (~ 300 cm™) [37]. Indeed, the band’s
FWHM traces the degree of disorder of the samples [23]. The large FWHMs in our samples trace a
high disorder and presence of defects. These contribute to the shortening of the phonon lifetime and,
correspondingly, broaden the homogeneous linewidth. In addition, the large variety of local bonding
induces a strong inhomogeneous broadening that lead to the mostly Gaussian profile. This indicates
that the soot nanostructure is less disordered with mostly polycyclic aromatic content after deposition

than that in the aerosol phase. It suggests that exposure to ambient air or atmospheric pressure leads
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to additional reorganization of the soot sample. These effects clearly plead for online diagnostics of
aerosol soot.

Another significant point in these measurements is the evolution of the amount of sp bonds in the
soot particles upon deposition. While the FWHMs of the C; and C» bands remain similar (within the
uncertainty), their Raman band intensity decreases by half after deposition. In the work of Ravagnan
and co-workers, by comparing in situ NEXAFS (near-edge X-ray absorption spectroscopy) and

Raman spectra of carbon cluster assembled films from a micro-plasma source, they estimated that the

B
Raman band cross section ratio was 1.2 between the sp? and sp bands ( ;pz = 1.2) [47]. However,
sp

their value is typical of polyyne dominated structures embedded in an amorphous carbon. In the light
of quantum chemical calculations on molecular cumulenic and polyynic compounds, Raman
efficiencies are found to be comparable [33] albeit those of the cumulenes were shown to be sensitive
to end group effects. Assuming the value is a good approximation for cumulenic structures as well,
we found that in the aerosol phase the sp/sp? bond ratio is about 31% and this value decreases down
to 25% in the soot particles after deposition and to 0% after exposure to atmospheric pressure. To

clarify, the absolute value of sp/sp? bond ratio is determined by multiplying their integrated intensity

. I Ic,+C . . . B . .
ratio (Ii = 11—2) to their Raman cross section ratio (Bi). The first value was obtained from our
2 D1+G 2
sp 1 sp

fitted spectra (detailed in Table 1) while the second value can be derived from Ravagna and co-
workers’ work mentioned above [47]. It should be noted that the broadness of the bands involving
the sp bonds precludes giving an average length of the carbon chains. From the structural modification
of soot after sampling processes, it is clear that online Raman spectra are mandatory to

unambiguously explore low pressure flame formation and characterization of soot.

5.2 Soot formation as observed through the soot nanostructure evolution

In general, a rich laminar premixed flame can be roughly decomposed into three main observable
zones: pre-reaction zone, main reaction zone and post combustion zone. The observation of the flame
colors is an empirical tool that can be used to identify these different zones. The pre-reaction zone
called the ‘dark zone’ has a typical dark bluish color. This zone is known as the ‘reducing zone’ and
the coldest region. The reason is due to reactions of the hydrogen atom - the only abundant free radical
- with fuel and oxygen impending the formation of the radical pool. The main reaction zone called
the ‘luminous zone’ and characterized by the highest temperature starts with a green radiation because
of excited C> molecules, then turns yellowish because of the formed soot particles. The post-

combustion zone lies slightly beyond the luminous region whose temperature is still high owing to
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heat emission from oxidation of CO into CO- [48]. This description of flame zones can also be used

for our Flame 3.15. The three main zones are separated by three vertical dotted lines in Fig. 8.

Obviously, the pre-reaction zone of our flame is below 6 mm of HAB while the post-combustion

zone is higher 18 mm of HAB. The main reaction zone is the spatial region from 6 mm to 18 mm of

HAB.
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Figure 8. The evolution of soot along the flame is traced by spectral parameters. (A) integrated
intensity of the ethylene signal, (B) integrated intensity of the Raman and fluorescent components in
semi-logarithmic scale, (C) intensity ratio of the D peak and G peak, (D) integrated intensity ratio of
the sp and sp? bonds, (E) peak positions, and (F) full width at half maximum (FWHM) of D; and G
versus HAB. The vertical dotted lines divide the flame into the pre-reaction zone, the main reaction

zone, and the post-combustion zone (from the left to the right).

(i)  Probing the inception zone: gas-to-particle conversion (6 mm — 9 mm)

In order to study the soot formation process, as revealed in Fig 8A, our investigation started at HAB
= 6 mm where the transition from the dark zone to the luminous zone is observed. At this HAB, the
ethylene fuel can be identified via its strongest Raman C-H stretching band at 3025 cm,
accompanied by the Raman active vibrations in the 1350 cm™ and 1610 cm™ regions of polycyclic
aromatic structures detailed in Fig. 6A. Indeed, the Raman spectra of PAHs are characterized by few
bands in approximately the same D; and G regions due to the similarity of their structure with
graphenic islands [49]. The CH» bending mode at 1343 cm™!, C; stretching mode centered at 1624
cm’!, and a second overtone of CHz bending mode expected around 1652 cm™! of ethylene should also
appear in this region [36]. Their spectral contribution was determined thank to their relative peak
intensity ratio with the C-H strectching mode [36]. For HAB = 8 mm, as shown in Fig. 6A and Fig.
S4, the band at ~ 1350 cm™ is higher than the band at ~ 1610 cm™!. Stronger Raman activity of D;
band compared to G band at HAB = 8 mm and 9 mm is expected when graphene-like PAHs grow.
This is in agreement with the calculated Raman spectra for the PAHs by Negri and co-workers [49].
In addition, a significant increase of D; and G peak widths in Fig. 6A and Fig. 6B indicates the
appearance of stacked layers or graphitic domains at HAB = 8 mm [50]. It demonstrates the collisions
of probably peri condensed aromatic hydrocarbon (PCAH) resulting in turbostratic stacks of graphene
sheets. The incipient particles are composed of sp? graphitic domain structures resembling that of
PAHs bigger than pyrene [49,51].

The fuel Raman bands in Fig. 8A decline simultaneously with the emergence of additional bands in
the spectral region from 1100 to 3600 cm™!, shown in Fig. 8B in which a contribution of sp carbon
chains is observed in the 1800-2100 cm! spectral range (Fig. 6B). At 8 mm, sp hybridized bonds are
making up to approximately the same amount of sp? hybridized carbons (~ 50% of the total carbon
content). The cumulenic bond accounts for approximately 60% of the sp hybridization. The increase
of Ipi/Igratio in Fig. 8C points to a slight increase in the graphitic domain size together with a decrease
of the sp carbon chain content (see Fig. 8D). This observation may address a transformation of sp

carbon chains into sp? graphenic-sheet. Monitoring the aerosol soot Raman spectra at HAB from 6
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mm to 9 mm, i.e. passing across the inception zone, thus provides new information on the
nanostructures of the incipient soot particles.

The tentative scenario can be compared to that built from Desgroux et al. 2017 [31] by comparing a
“nucleation” flame with a “sooting” flame. In their work, laser induced incandescence (LII) was
applied across the inception zone. The inception was determined to be at the first maximum
concentration of the PAH determined by ex situ time-of-flight mass spectrosmetry (TOFMS) analysis
of flame products and online jet-cooled LIF, in coincidence with the appearance of the LII signal.
The transition from the molecular precursors to the first particles is similar to that schemed here via
the online Raman measurements. The main difference is the occurrence of sp carbon chains in low
pressure ethylene flames, which could not be detected in the low pressure methane flame of the work
of Desgroux et al. because the structural characterisation was performed by ex situ TOFMS
diagnostics on sampled flame products. Exploration by online Raman spectroscopy of the methane
flame would allow exploring the presence of sp carbon. In addition, improvement of the SNR of the
Raman spectra in the 6-9 mm HAB in our flame 3.15 would be necessary to characterize more deeply
the fine structures of the first particles and eventually the precursors, and comparison with other
diagnostic such as online mass spectrometry of LII would bring very valuable information. Work is
in progress in these directions.

In summary, the inception process of the low pressure ethylene Flame 3.15 happens within the early
blue flame region at about 6 mm where the first polycyclic aromatic aliphatic mixed entities are
detected. The formation of incipient soot particles at HAB = 8 mm is thus concomitant with the
growth of very slightly fluorescing PAH-like structures, which may contribute to the molecular
precursors for the incipient soot particles. The incipient soot particles formed undergo rapid growth
by gas-to-particle conversion. They also loose hydrogen through a high-temperature carbonization
process, becoming partially graphenic. The results suggest involvement of the long aliphatic carbon

chains appearing and accounting for a large proportion in the formation of the incipient soot particles.

(ii) Growing process of incipient soot particles to form partially matured soot particles/young

soot (9 mm — 11 mm)

For HAB up to 10 mm, the ethylene signal keeps droping (Fig. 8A) and the first PL component
slightly increases (Fig. 8B). The spectrum of this PL. component is comparable to that measured by
laser induced fluorescence (LIF) on a premixed methane flame [35]. It was measured directly in the
flame and thus on hot species while in our case all are cooled to about room temperature within the

Laval nozzle flow. Considering Stokes emission spectra, our spectra show a similar trend with LIF

19



spectra, i.e. no noticeable variation apart from its intensity. These spectra can come from the emission
of free-flying PAH. However, the use of visible wavelength excitation (532 nm) restricts the
excitation to PAHs with low-lying electronic excited states. This may happen for very large sized
PAHs, though they are unlikely to reach high enough abundances in flames, PAHs with defects (for
instance five-membered ring) or PAH cluster derivatives [35]. Whatever the exact carrier structure,
the increase of this PL feature traces the increase of PAH concentration by considering a nearly
constant effect of quenching on the region of excited PAHs.

Based on liturature and our Raman knowledge on such disordered structure, we found that PAHs are
distinguished from particles by the narrower sp? peak widths combined the stronger D; peak intensity
compared to the G peak [45,49]. From HAB = 9 mm to HAB = 10 mm, the D peak maximum
intensity drops compared to the G peak maximum intensity but its FWHM increases and reaches a
roughly stable value. This spectral feature addresses that the PCAH below HAB = 10 mm, potential
soot precursors, are still detectable. The graphitic domains keep growing indicated by the increase of
the integrated intensity ratio between D and G peaks as well as the emergence of the second order
of Raman spectra of soot in the range of about 2300 to 3300 cm™. The sp and sp? bond ratio drops
down to about 40% at HAB = 11 mm, in which the polyynes are seen to be less abundant and vanish
more rapidly than the cumulenes.

At the end of this stage where HAB is about 11 mm, the first and the second order Raman bands of
disordered carbon materials appear more clearly. In addition, the Raman intensity increase indicates
the growth in number and size of the incipient soot probably by absorbing or accreting gas phase

molecules and surface growth to form young soot particles / partially matured soot particles.

(iii) The evolution process to form quasi-spherical primary particles (11 mm — 18 mm)

This region is marked by the strong increase of the intensity of the Raman spectra of the soot particles
by more than 2 orders of magnitude. Nevertheless, there is also an enhancement of the first PL
component in Fig. 8B. During growth process referring to coalescence, multiple first particles are
loosely attached to one another to form quasi-spherical primary particles [52]. The maturation
actually started after soot inception. Polycyclic aromatic unit mean size L. ( or graphitic crystallite
size) grows due to dehydrogenation and aromatization of soot along the flame [53] as indicated by
the increase of the intensity ratio of the D and G peaks in Fig. 8C and the G peak position around
1610 cm™ featuring a weak contribution of sp? chains. The narrowing of the G peak width starts at
HAB = 13 mm and reveals graphitization in which the decrease of the interlayer spacing should also

take place [52,54]. The blue shift of C; and C; bands in this flame region suggests that the carbon
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chains continuously shorten [21]. The Ngp/Ng,2 decrease may point to the transformation of the sp

carbon chains into sp? carbon bonds in graphenic sheets.

(iv) Evolution of soot toward aggregates mature soot (18 mm — 30 mm)

Raman spectral characteristics, peak positions and peak widths of D1, G, Ci, tend to be somewhat
stable. The ratio of sp hybridized bonds to sp* hybridized bonds is about 40%. The slight increase of
Nip/Nsp2 ratio or the increase of C; and C» contribution — relative to the previous height range of HAB
between 11 and 18 mm is rather attributed an insignificant trend given uncertainties at low HAB. This
flame region is also characterized by the appearance of a new broad PL component centered at about
750 nm. This second PL component intensity grows up rapidly and reach a maximum value at HAB
=22 mm, then decreases. The decrease of the second PL towards the end of the flame is interpreted
as decrease of the adsorbed PAHs concentration. The strong Stokes shift of this second PL points to
carriers with different electronic structures than those responsible for the first PL. This new feature,
unobserved until now, is tentatively assigned to the PAHs adsorbed on the soot particles and thus
participating to the mass growth. The electronic structure must exhibit an optical gap below about 1.5
eV as inferred from the peak emission.

The aliphatic structures detected in our previous study [25] on soot produced by Flame 2.34 and
Flame 2.46 are also detectable in this Flame 3.15. The formation of sp carbon chains seems to be a
systematic characteristic of low pressure rich ethylene premixed flames. Overall, the major steps in
soot formation in our premixed ethylene / oxygen flame and the respective Raman spectra can be

tentatively summarized in Fig. 9.
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Figure 9. Schematic diagram of the major steps in soot formation and the respective Raman spectra.

6. Conclusions

For the first time, a comparison between online Raman and ex situ Raman measurements on the same
soot has been carried out. Cumulenic structures have been found to dominate the sp carbon
component. Both cumulenic and polyynic structures are less stable in the soot nanostructure after
deposition and under atmospheric conditions. Our results reflect the influence of sampling processes
on the structure characterization of soot, particularly on the sp hybridized structures and the
disordered character of the sp? polycyclic aromatic components. This confirms the important role of
online measurements in studying soot nanostructures and its formation processes.

Online Raman spectra of flame by-products have been detected within the different zones of a low
pressure premixed ethylene flame. By extracting the combustion products away from the luminous
flame, the weak Raman spectra of the fuel and the incipient soot particles were detected. Probably,
that of the incipient soot particles can be directly monitored but with a poor signal to noise ratio. The
Raman spectra reveal the nanostructures and their evolution across the inception and growth zones.

Incipient soot particles are made of a large portion of sp carbon chains, above 50%, linking graphitic
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domain that are probably in the size range of the soot precursors [55,56]. Subsequent growth is
accompanied by reorganization of the carbon skeleton toward a higher proportion of the sp? aromatic
carbon. The formation and growth are illustrated in Fig. 9, sketching the information learned from

the first Raman spectra of incipient soot particles.

The abundant component of sp hybridized structure in soot produced by the low pressure combustion
conditions suggests that polycyclic aromatic molecules as well as carbon chains are involved in soot
formation in such flames. The abundant sp carbon chains, the efficient isomerization of the cumulenic
content upon deposition suggest that polymerization is occurring during soot evolution [18]. It implies
that either the local flame temperature favors a large amount of sp hybridized carbon instead of the
polycyclic aromatic structure or growth by accretion of polyynic compounds is efficient. A large sp
fraction is usually attained at higher temperature than in a typical flame (= 2000 + 500K), according
to atomistic simulations on carbon clusters [39,40,48]. Therefore, accretion of sp carbon chains and
polymerization toward the polycyclic aromatic carbon skeleton is probably dominant but remains to

be further investigated.
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Scheme of online measurement of soot in the aerosol phase. In the inset, Flame 3.15 with the cone
at HAB = 50 mm can be seen. The Raman spectrum of the soot on the computer screen is that at 50
mm in this Flame

Fig. S2

The excitation power density dependence of online spectra

Fig. S3

Comparison of various fitting options applied for online Raman spectra of aerosol soot produced at
22 mm.
Fig. S4

Curve fit with band combination for the first and the second orders of online Raman spectroscopy of
soot produced by 3.15 Ethylene flame from HAB = 6 mm to HAB = 30 mm. The blue curves are the
data, the red curves are the fitted spectra. Blue sky filled peaks are Raman finger print of ethylene
redundant fuel.

Table S1

Fitting parameters of the first-order and second-order Raman bands

Note S1

Spectral fitting processes

Note S2

Assessment of uncertainty in this measurement
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