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Abstract: 19 

This work reports on the selective on-line identification of polycyclic aromatic hydrocarbons 20 

(PAHs) formed in a low-pressure methane sooting flame, carried out using the double imaging 21 

Photoelectron Photoion Coincidence Spectroscopy method (i
2
PEPICO) on the DESIRS VUV 22 

beamline at the synchrotron SOLEIL. Generally, this work demonstrates the capabilities of the 23 

i
2
PEPICO method to identify PAHs in sooting flames, and in particular to distinguish 24 

cyclopentaring-fused PAHs (CP-PAHs) and side-substituted PAHs from their benzenoid 25 

isomers. Experimental threshold photoelectron spectra of four CP-PAHs: acenapthylene (C12H8, 26 

152 m/z), acenaphtene (C12H10, 154 m/z), fluoranthene (C16H10, 202 m/z) and 27 

benzo(ghi)fluoranthene (C18H10, 226 m/z) are also reported for the first time. 28 
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1. Introduction 32 

Soot particles released at the exhaust of combustion processes are subject to special attention 33 

because of their well-documented detrimental impact on the human health and environment. 34 

Soot particles in the atmosphere are at the origin of allergic rhinitis and other affections of the 35 

respiratory system
1
. Many hydrocarbons adsorbed at the surface of soot particles and formed 36 

during the combustion process are known to be toxic and to have mutagenic and/or carcinogenic 37 

health effects
2,3

, and the inhalation of soot particles has been correlated to a wide variety of acute 38 

and chronic diseases
4
. In the environment, especially when released in the high troposphere by 39 

aeronautic jet engines for instance, soot particles impact the radiative forcing of the atmosphere 40 

as they can absorb and scatter the solar radiation (direct effect) or act as cloud/ice condensation 41 

nuclei and trigger the formation of persistent clouds (indirect effect), thereby affecting the local 42 

climate
5,6

. The detailed chemical characterization of soot particles can therefore provide crucial 43 

information to better assess their toxicity and atmospheric reactivity, and furthermore, help to 44 

clarify their formation process, which so far is not completely understood. 45 

The formation of soot particles in flames is known to be strongly correlated to reaction 46 

pathways involving polycyclic aromatic hydrocarbons (PAHs), which are considered the main 47 

precursors of soot particles. Although the growth of PAHs is widely accepted to be driven by the 48 

HACA mechanism
7
 (Hydrogen Abstraction Acetylene Addition), alternative reaction pathways 49 

have also been suggested
8–13

. In order to evaluate the relative importance of these pathways, 50 

experimental data are needed to, firstly, unambiguously identify the chemical species involved in 51 

the soot formation process, and secondly, to measure their in-flame concentrations. However, 52 

recent atomic force microscopy experiments
14

 demonstrated that the growth process of PAHs 53 

naturally results in the formation of a variety of structural isomers that can be found adsorbed on 54 

the soot particles surface. At a given mass, structural isomers of PAHs can be very difficult to 55 

discriminate with traditional analytical techniques as their number rapidly increases with the 56 
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number of carbon atoms in the molecule
15

. In-situ laser based methods such as laser induced 57 

florescence (LIF) can generally provide qualitative data about PAH formation in flames, as well 58 

as the PAH class size and their localization in the flame
16–22

, but such methods are incapable of 59 

unfolding the contributions of individual species. It has been recently shown that better 60 

discrimination can be achieved by using relatively simple spectral models for the interpretation 61 

of the experimental fluorescence spectra that rely on the use of tabulated fluorescence spectra of 62 

individual PAHs
23,24

. Not only these methods allow the identification of the main PAHs formed 63 

in flames, but in particularly favorable cases they can even distinguish between structural 64 

isomers such as pyrene and fluoranthene. However, such approaches do not yet allow 65 

quantitative measurements. The determination of mole fraction profiles of PAHs in flames by 66 

LIF indeed requires ex–situ measurements, such as those provided by complex laboratory setups 67 

like Jet-Cooled Laser Induced Fluorescence (JCLIF)
25,26

. However, JCLIF requires fine 68 

adjustment of the excitation laser wavelength to a resonant transition of a specific target PAH, 69 

which limits the measurement capability to a few PAHs having well-known spectral properties, 70 

and to only one isomeric structure at a time. 71 

In comparison, mass spectrometry-based methods based on time-of-flight are multiplex in 72 

mass, and allow the simultaneous measurement of all the molecular species in the sample but can 73 

generally not distinguish structural isomers. In addition, the high ionization energies used in 74 

typical setups based on electron impact lead to complex fragmentation patterns that complicate 75 

the identification of the parent ions. In this context, tunable vacuum ultraviolet (VUV) radiation, 76 

such as the one provided by synchrotron-based techniques, is an attractive way to obtain 77 

selective PAHs concentration profiles in flames because of its ability to distinguish structural 78 

isomers
27–30

 via spectral discrimination, and to avoid or limit the amount of fragmentation by 79 

ionizing close to the threshold. Different research groups highlighted the capabilities of such 80 

techniques for the selective and quantitative measurement of species formed in rich flames
31–34

. 81 
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In the cited works, unknown species are identified through their photoionization efficiency (PIE) 82 

curve, which consists of the integrated ion signal against the photon energy. The first ionization 83 

of PAHs commonly leads to the formation of stable molecular cations that can be detected 84 

independently by mass spectrometry. Therefore, a PIE curve recorded for a specific mass with 85 

tunable Synchrotron Radiation (SR) in the range of, and immediately above the first ionization 86 

energy of PAHs (IE = 7-11.5 eV) in principle allows the identification of structural isomers once 87 

their individual spectral contribution are known
28,31,34–36

. However, these curves integrate over 88 

all available states of the cation at a given photon energy, and therefore lack sufficient spectral 89 

structures to deliver an unambiguous interpretation, especially when several isomers coexist at 90 

the same m/z and have close IE values. This is notably the case of m/z = 152, studied in this 91 

work, which is generally associated to four different main isomers
37

 in flame investigations: 92 

biphenylene  (IE=7.58 eV, ), acenaphthylene (IE=8.02 eV, ),1-ethynylnaphthalene 93 

(IE=8.11 eV, ) and 2-ethynylnaphthalene (IE=8.03 eV, ). In this case, the distinction 94 

between acenaphthylene and 2-ethynylnaphthalene based only on their PIE curves is impossible. 95 

We note, however, that in some cases identification can be greatly helped by the appearance of 96 

autoionization features in the PIE curves, such as the ones seen for coronene
38

. 97 

As a first approximation, ignoring autoionization resonances, a PIE curve corresponds to the 98 

integral of the photoelectron spectrum (PES) at a given photon energy and therefore contains 99 

much less sharp spectroscopic features, i.e. possesses a much weaker analytical ability in 100 

disentangling structural isomer ions detected at the same m/z. For this reason, photoelectron–101 

photoion coincidence spectroscopy (PEPICO) has been demonstrated in the last years to be a 102 

powerful tool for the identification of structural isomers in complex gas-phase environments 103 

such as flames, combustion reactors and oxidation chambers
39–47

. This technique enables the 104 

recording of photoelectron spectra (PES) of the mass-selected ionized detected species. Because 105 

of the richer vibronic structure as compared to PIE curves, the PES acts as a unique fingerprint 106 
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providing unambiguous information about its structure
43,48

. Such a fine analysis of complex 107 

mixtures via mass-selected PES is based upon the comparison with either known experimental 108 

PES of pure compounds or, alternatively, PES obtained from ab-initio calculations. Notably, 109 

Felsmann et al.
41

 demonstrated the capabilities, including the sensitivity, of the double imaging 110 

photoelectron photoion coincidence spectrometer i
2
PEPICO technique for the identification of 111 

different structural isomers formed in dimethyl ether and cyclopentene flames. They identified 112 

for the first time without ambiguity in the low pressure cyclopentene flame, the contributions of 113 

1-penten-3-yne in competition with the much larger signal of 1,3-cyclopentadiene. Different 114 

other aromatic species up to 128 m/z were also detected.  115 

The aim of this work is to explore the capabilities of the i
2
PEPICO method for the detection 116 

of PAHs in sooting flames, more specifically focusing on the identification of gas phase PAHs 117 

isomers formed in the nucleation region of a sooting flame. This study has been carried out on 118 

the DESIRS VUV beamline at the SOLEIL synchrotron by using the permanent i
2
PEPICO-based 119 

experimental setup SAPHIRS, which was coupled to a low pressure premixed CH4/O2/N2 120 

sooting flame stabilized at the pressure p=26.66 kPa (200 torr), with an equivalence ratio =2.32. 121 

This flame was chosen for several reasons. First, it has already been the subject of several studies 122 

by some of the co-authors dedicated to PAHs and soot formation
25,49–54

 with a variety of 123 

diagnostics, therefore providing an ideal benchmark case for the present work. Second, this 124 

flame is a lightly sooting flame characterized by a soot volume fraction profile reaching values 125 

of the order of a few ppb in the burnt gases
53

. The study of sooting flames with the i
2
PEPICO 126 

setup introduces an additional difficulty for sampling measurements in comparison to the non-127 

sooting flames studies reported above. Because of the formation of soot particles, the clogging of 128 

the sampling probe becomes a critical issue during the recording of photoelectron spectra that 129 

can take up to several hours. The choice of this lightly sooting flame was also aimed at limiting 130 

this issue. Note, however, that contrary to PIE curves where the photon energy needs to be 131 
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scanned and thus a high reactor stability is required, fixed-photon energy photoelectron 132 

spectroscopy can also be recorded with the i
2
PEPICO setup. This approach can be much faster 133 

and overcomes the need for stability, albeit at the expense of energy resolution, as discussed 134 

further in the text and demonstrated in the context of flames
41,43

. 135 

To demonstrate the capability of the i
2
PEPICO setup for PAH measurements and isomer 136 

discrimination in sooting flames, we specifically focused on the nucleation region of the flame, 137 

i.e. the zone where the first nascent soot particles (NSPs) are formed. One specific outcome of 138 

this work was to clearly highlight the formation of cyclopentaring-fused-PAHs (CP-PAHs) 139 

whose structure contains five-membered carbon rings, which have already been proposed in the 140 

literature to be important intermediates on the formation of NSPs
11,12,55–58

. CP-PAHs often share 141 

the same molecular formula as six-membered ring PAHs, and are thus impossible to distinguish 142 

with common mass spectrometry setups. Moreover, we were also interested in revealing the 143 

presence, or absence, of side-substituted PAHs in the sampled gases. The i
2
PEPICO setup 144 

provides a unique possibility to record the PES for each of the peaks on the mass spectra 145 

simultaneously, allowing the identification of the formed PAHs via their electronic fingerprints, 146 

provided that individual PES of the detected species are known. PES of small hydrocarbons are 147 

globally well documented in the literature, which makes their identification straightforward. 148 

However, the number of isomers quickly increases with the size of the molecule making the 149 

identification of larger molecules, such as PAHs more complex. In particular, the selective 150 

identification of some of these PAH isomers required the measurement of the PES of several 151 

pure CP-PAHs which not available in the literature at the time of our experiments. Hence, the 152 

PES of fluoranthene (C16H10, 202 m/z), acenaphthylene (C12H8, 152 m/z), acenaphthene (C12H10, 153 

154 m/z) and benzo(ghi)fluoranthene (C18H10, 226 m/z) are also reported for the first time in this 154 

paper. 155 
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The experimental setup we used can be operated in two modes: (1) the threshold-PES mode 156 

enabling the determination of the PES by scanning the photon energy while selecting only quasi-157 

zero kinetic energy electron and (2) the PES mode in which the full PES is encoded into a single 158 

electron image recorded at fixed photon energy. In both modes all the masses are acquired 159 

simultaneously, providing mass-selected TPES and PES data. A comparison between the results 160 

obtained with these two different modes of operation is also reported in this paper. Benefits, 161 

capabilities and limitations of both modes for PAHs, side-substituted PAHs and CP-PAHs 162 

identification are then discussed.  163 

 164 

2. Experimental Setup 165 

2.1 Experimental setup used for the determination of PES and PIE curves of 166 

acenaphthene, acenaphthylene, fluoranthene and benzo(ghi)fluoranthene 167 

 168 

In order to enable the analysis of specific detected masses and especially highlight the 169 

presence of some CP-PAHs, the measurement of PES and PIE curves of four CP-PAHs currently 170 

missing in the literature and likely formed in sooting flames has been carried out in this work. 171 

These species of interest were acenaphthylene (C12H8, 152 m/z), acenaphthene (C12H10, 154 m/z), 172 

fluoranthene (C12H10, 202 m/z) and benzo(ghi)fluoranthene (C18H10, 226 m/z). 173 

The spectra of these species have been recorded by depositing the pure CP-PAHs (98-99% 174 

purity, Aldrich) in an in-vacuum stainless-steel oven. The experimental device has been already 175 

described in detail in a previous work
59

. He (0.5 bar) was flowed across the oven to carry the 176 

PAH vapor before expansion through a 70 µm nozzle to form a molecular beam which crossed 177 

the two consecutive skimmers of the multipurpose SAPHIRS chamber
60

 before reaching the 178 

ionization region. The temperature of the oven has been adjusted according to each CP-PAHs to 179 

generate a vapor pressure enabling the recording of PES with Signal-To-Noise ratio SNR>3. 180 
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Table 1 shows the working temperatures and consumption of the four compounds studied in this 181 

work. The temperatures of the nozzle and oven were optimized to get around 6000 events/second 182 

at the highest scan energy, which resulted in high quality scans with minimal consumption.  183 

 184 

m/z 

Molecular 

formula 

Compound Structure 

Temperature of oven / 

nozzle (°C) 

Total  

consumption (mg) 

152 C12H8 Acenaphthylene  53/63 60 

154 C12H10 Acenaphthene  55/65 50 

202 C16H10 Fluoranthene  120/130 1215 

226 C18H10 Benzo(ghi)fluoranthene  120/135 12 

 185 

Table 1: Experimental conditions for PES and PIE curves measurements  186 

 187 

The undulator-based DESIRS beamline
61

 was set to provide ~5 × 10
12

 photons/sec with a 188 

spectral bandwidth of 10 meV at 10 eV. A pressure of 0.14 mbar of Kr filled the gas filter to 189 

ensure spectral purity in our energy range
62

 by suppressing the high harmonics of the undulator. 190 

The energy scales were absolutely calibrated using either the 4p
5
 5s(3/2) Kr absorption line

63
 191 

from the gas filter, as visible in the total ion yields, or the third-order ionization energy of He as 192 

reported in the NIST database. The energy scan data have been normalized by the photon flux 193 

measured with an AXUV100 photodiode from International Radiation Detectors, Inc. 194 

The DELICIOUS3 i
2
PEPICO spectrometer

64
, which couples a VMI spectrometer on the 195 

electron side and a 3D-momentum imager spectrometer on the ion side, was used in the 196 

coincidence mode to obtain the photoelectron images correlated to a given ion mass and position 197 

at each scan point (or fixed photon energy), with a continuous extraction field of 88 V/cm. Note 198 

that the selection of a given ion arrival position in the detector (ion Region Of Interest, or ion 199 

ROI) ensures that only molecules originated in the flame or from HAP vaporization, and thus 200 
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having a net velocity along the molecular beam, are considered, decreasing the background 201 

signal coming from the 10
-7

 mbar base pressure of the ionization chamber
65

. TPES were obtained 202 

with the Slow Photoelectron Spectroscopy method described previously
66

. For the standards 203 

mentioned in Table 1, photoelectrons from 0 to 70 meV were used to build the TPES, which 204 

provided an electron kinetic energy resolution of 10 meV as measured on the third-order 205 

ionization of He, leading to an overall resolution of 14 meV and an overall absolute accuracy for 206 

the IE determination of 0.003 eV. 207 

 208 

2.2 Flame sampling experiment 209 

A schematic representation of the experimental setup used for this work is reported in fig. 1.  210 

 211 

Figure 1: Experimental Setup 212 

 213 

As mentioned in the introduction, we investigated a low pressure premixed sooting flame of 214 

methane/oxygen/nitrogen characterized by a fuel-to-oxidizer equivalence ratio   = 2.32. The 215 

pressure inside the vessel was controlled and kept constant at 26.66 kPa (200 torr) thanks to an 216 

automatic pressure regulation valve. More details about this flame and the low pressure vessel 217 

arrangement can be found in previous publications
25,26

. The experimental flame conditions are 218 

reported in Table 2. 219 
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  C/O              

2.32 0.58 0.462 0.398 0.14 

 220 

Table 2: Composition of the studied flame. The total flow rate was 3.96 L/min STP. 221 

 222 

During the flame experiments, species were continuously extracted from the flame through a 223 

thin microprobe having a 300 m aperture diameter. The pressure inside the line was kept 224 

constant to 10 ± 0.01 mbar. The whole transfer line from the microprobe down to the skimmer 225 

located in the SAPHIRS chamber was heated up to 140 °C to limit the condensation of the PAHs 226 

as discussed in a previous work
67

. Extracted species were directly expanded in the SAPHIRS 227 

chamber through a nozzle with an orifice aperture of 500 m. This relatively large orifice was 228 

used to optimize the SNR and the sensitivity of the measurement at the cost of a less efficiently 229 

cooled and collimated supersonic beam. The supersonic beam was then double skimmed before 230 

finally crossing the synchrotron beam at a right angle in the ion source of the i
2
PEPICO 231 

spectrometer. The position of the nozzle with respect to the ionization beam was aligned and 232 

optimized by using a dedicated N2 line. 233 

With this setup, we implicitly made the choice to limit the detection to stable species only. 234 

Indeed, the use of a microprobe, instead of a sampling cone and skimmer device as usually 235 

implemented for generating a molecular beam, does not allow the capture of radicals. In return, 236 

this system offers a much lower detection limit than typical molecular beam mass spectrometry 237 

setups. We estimated our detection limit in the order of 0.1 ppm, i.e. at least one order of 238 

magnitude lower than the typical sensitivity of 1-10 ppm of molecular beam mass spectrometry 239 

setups reported in the literature
31,32,68,69

. This value was estimated from the comparison with 240 

quantitative measurements carried out by JCLIF in the same flame
25

 reporting peak mole 241 

fractions of pyrene and fluoranthene around 0.4 and 0.1 ppm.  242 
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In this work, we carried out either the recording of ion mass- and ROI-selected PES data at 243 

fixed photon energy (denoted as PES spectra in figures) and/or TPES spectra by scanning the 244 

photon energy
66

. PES typically required around 30 minutes of data acquisition to get a 245 

satisfactory SNR (typically SNR>3). The TPES mode greatly improves the spectral resolution 246 

but requires an acquisition of a few hours because the photon energy needs to be scanned. For 247 

the flame experiments, the photoelectron window used to obtain the TPES was increased to 200 248 

meV to achieve a better SNR, leading to an overall energy resolution of 35 meV. 249 

Most PES experiments were performed at 8 eV to favor the ionization of small PAHs and 250 

limit fragmentation of the parent cations. However, we also report a few spectra recorded at 251 

higher IE up to 9-10 eV, in order to broaden the range of detected species towards small 252 

aromatic and aliphatic compounds.  253 

As mentioned above, we focused our measurements on the beginning of the soot nucleation 254 

zone of the flame as determined in previous work
25,54

, which corresponds to a region located 255 

from height above the burner (HAB) 9 to 15 mm where the temperature of the flame has been 256 

determined be nearly constant around 1760±20 K
52

. Note that around 80 different peaks in the 257 

40-252 m/z range have been detected in this zone. 258 

 259 

3. Results and discussion 260 

 261 

3.1 Measurements of the reference PES and PIE curves of acenaphthene, 262 

acenaphthylene, fluoranthene and benzo(ghi)fluoranthene 263 

The TPES and PIE curves recorded for the four CP-PAHs are shown in fig.2. Note that all the 264 

data shown correspond to the parent ion selection. No fragmentation channels have been 265 

identified in the TOF mass spectra for any of the four PAHs considered here, up to 10.5 eV. 266 

While IE values have already been published in the literature for acenaphthene, acenaphthylene 267 
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and fluoranthene
37

, the hereby reported TPES for these species correspond to new and unique 268 

reference spectra to the best of our knowledge. Concerning benzo(ghi)fluoranthene, neither IE 269 

values nor PES or PIE curves were available in the literature. Note that the SNR is inferior in this 270 

last spectrum than in the other ones due to the much lower vapor pressure of 271 

benzo(ghi)fluoranthene. However, the recorded spectrum still highlights clearly distinguishable 272 

and characteristic vibronic structures. Such spectra are likely to be used for the identification of 273 

these species in various applications including combustion but also other scientific fields like 274 

astrophysics. The unique character of these new data remains therefore of significant interest 275 

beyond the scope of combustion studies.  Notably, the spectrum of fluoranthene, which is a 276 

structural isomer of pyrene, potentially remains of great interest for both these communities 277 

considering the importance of pyrene in rich flame chemistry and interstellar medium. Although 278 

pyrene itself has not yet been discovered in any interstellar media, PAHs and PAH cations 279 

remain very astrophysically relevant. Kim et al.
70

 reported that the infrared spectrum of the 280 

pyrene cation very closely resembles the interstellar unidentified infrared emission bands. 281 

Furthermore, this work also opens a new way to individually identify these PAHs in interstellar 282 

ice analogs and carbonaceous chondrites
71,72

.  283 

 284 
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 285 

Figure 2: TPES (left column) and PIE curves (right column) of the four studied PAHs  286 

 287 

The four measured TPES show strong distinguishable spectral features from which it is 288 

possible to extract the corresponding adiabatic ionization energy (IEad). IEad values are important 289 

as they are widely used to identify structural isomers in VUV-photoionization mass spectrometry 290 

experiments. In this work, the experimental IEad have been measured by fitting a Gaussian peak 291 

to the first transition of each spectrum, which is also the most intense band, meaning that there is 292 

little geometric change of the molecular structure upon ionization (favorable FC factors), which 293 

is typical of PAHs
38,73,74

. The determined values, from the maximum of the Gaussian fitting 294 
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function, are reported in the first column of table 3 and compared to measured values provided 295 

by the literature and referenced in the NIST Webbook. Note that for the three components for 296 

which IEad was previously known, our data provides an increased accuracy on the values. 297 

 298 

m/z 

Molecular 

formula 

Compound IEad (eV) 

   This work Literature 

152 C12H8 Acenaphthylene 8.012±0.003 8.02±0.04
a
 8.22±0.01

b
    

154 C12H10 Acenaphthene 7.700±0.003 7.68±0.05
c
 7.73±0.01

b
 7.66

d
 7.76±0.03

e
 7.82±0.04

a
 

202 C16H10 Fluoranthene 7.860±0.003 7.90±0.1
f
 7.95±0.04

a 
7.80±0.01

b
 7.72

g
  

226 C18H10 Benzo(ghi)fluoranthene 7.874±0.003      

 299 

Table 3: Determined first adiabatic ionization energy compared to referenced values
37

 300 

a
Boschi et al.

75
, 

b
Dewar et al.

76
, 

c
Mautner et al.

77
, 

d
Kinoshita et al.

78
, 301 

 
e
Heilbronner et al.

79
, 

f
Ling and Lifshitz

80
, 

g
Slifkin and Allison

81
  302 

 303 

As can be seen in table 3, although for the most part our data agree with the literature values 304 

within the uncertainty, differences in IEad of more than 100 meV can be observed, which show 305 

potential deficiencies in the existing databases and the need of upgrading these values to meet 306 

the requirements of modern analytical experiments, especially in the context of species 307 

identification in complex mixtures. 308 

Beyond the IE values, the overall shape of the TPES is relevant for the analysis of combustion 309 

processes, especially for the ground electronic state (typically over the first 1-1.5 eV above IEad). 310 

Without entering into a detailed analysis, which is beyond the scope of this work, the FC 311 

envelope of the ground electronic state of the four species shows quite a rich vibrational structure 312 

which is a molecular fingerprint for the analysis of complex mixtures. As discussed above, TPES 313 
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fingerprints are much sharper and molecule-specific than the PIE step functions (especially for 314 

acenaphthylene and fluoranthene) and are therefore more appropriate as reference functions for 315 

fitting the experimental data obtained from the analysis of complex mixtures. 316 

 317 

3.2 Implementation of the i
2
PEPICO setup for the identification of PAHs formed in 318 

flames 319 

Figure 3 shows a zoom of the mass spectra recorded at a fixed photon energy of 8 eV and for 320 

three distinct sampling HABs (9, 12 and 15 mm above the burner) corresponding to the 321 

nucleation zone of the flame. Around 80 different peaks, ranging from 40 to 252 m/z, have been 322 

detected.  323 

 324 

Figure 3: Zoom of the mass spectrum of the flame acquired at photon energy 8 eV 325 
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for different heights above the burner. 326 

Some peaks consistent to CP-PAHs and side-substituted PAHs can be noted in fig. 3 at 152 327 

m/z (C12H8), 154 m/z (C12H10), 166 m/z (C13H10), 190 m/z (C15H10), 202 m/z (C16H10), 216 m/z 328 

(C17H12), 226 m/z (C18H10), and 252 m/z (C20H12). As mentioned above, the exhaustive analysis 329 

of all detected masses is beyond the scope of this work, and here we focus on those for which 330 

this study can offer the most interesting methodological and mechanistical information, as 331 

discussed below. 332 

To this end, the remaining of this section is organized in two main parts. The first one is 333 

dedicated to the implementation of the i
2
PEPICO setup for the identification of small aromatic 334 

species well known to be formed in sooting flames. The objective of this first part is to check the 335 

performance of the i
2
PEPICO apparatus for this relatively new task in the context of sooting 336 

flames studies. In the second part, we focus on the study of four different detected masses in our 337 

flame, expected to correspond to moderate-sized PAHs that are very likely involved in the soot 338 

formation mechanisms. These species correspond to 152 m/z (C12H8), 154 m/z (C12H10), 202 m/z 339 

(C16H10) and 226 m/z (C18H10).  340 

The identification method we used relies on the analysis of spectral structures of the 341 

experimental TPES measured at different HAB in the nucleation region of the flame. The 342 

identification of the species corresponding to the measured spectral structure is carried out by 343 

comparing reference PES of individual PAHs (provided by the literature or from this work) with 344 

the one acquired in the flame experiments. To perform these comparisons, it has been necessary 345 

to adjust the spectral resolution of the reference spectra when they were recorded with a better 346 

spectral resolution than the experimental spectra. This has been carried out by convolving the 347 

reference spectra provided by the literature to a Gaussian function to enlarge the spectral 348 

structures of these spectra. The shape of the Gaussian function has been systematically adjusted 349 

according to the resolution of the reference spectra, which came from different sources, in order 350 

to get the best match with our experimental spectral structures.  351 
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3.2.1 Analysis of the species at 78 m/z (C6H6) 352 

Benzene is a species of great interest for soot formation as it plays a major role in the 353 

initiation of the HACA mechanism. However, benzene is not the only isomer possibly detected 354 

in sooting flames at 78 m/z. Fulvene, which has already been observed in rich flames
82

, is 355 

another likely candidate that has been taken into account to analyze this spectrum. The measured 356 

TPES and PES corresponding to 78 m/z are reported in fig. 4a and 4b. The simulated spectrum 357 

(black line), calculated on the basis of the reference spectra of benzene
83

 (grey dotted line) and 358 

fulvene
84

 (grey dashed line), is also reported on these figures. Due to the poorer spectral 359 

resolution of the PES in comparison with the TPES, we intentionally degraded the simulated 360 

spectrum reported in fig.4b using the procedure described by Felsmann et al.
41

 for previous 361 

comparable analyses. The PES has been measured with the sampling probe in the sooting flame 362 

positioned at HAB = 12 mm, at a fixed photon energy of 10 eV. This is the reason why the PES 363 

appears truncated, reaching a zero value at 10 eV. 364 

The acquisition time for this PES was approximately 30 minutes. The TPES reported in fig.4a 365 

required the fine scanning of the ionization energy from 7.2 to 10 eV with a step of 0.04 eV. This 366 

relatively large step has been chosen to limit the acquisition time to 6 hours. Both TPES and PES 367 

clearly show an intense peak at 9.23 eV, in excellent agreement with the IE value of 9.24 eV of 368 

the 0-0 vibrational transition of benzene reported in the literature
85

, followed by a series of less 369 

intense vibrational progressions. Also visible in these spectra, especially the TPES, is a series of 370 

weak spectral features between 8.3 and 9.0 eV before the occurrence of the first benzene peak. 371 

This structure is in good agreement with the vibrational structure of the electronic ground state of 372 

fulvene characterized by two main peaks at 8.36 eV and 8.52 eV
85

. The best adjustment we 373 

found between the experimental spectrum (orange line) and the simulated one (black lines) in 374 

fig.4 has been obtained for relative contributions of benzene and fulvene of 90% and 10%, 375 

respectively. This analysis therefore provides clear evidence of the formation of benzene in the 376 
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nucleation zone of the flame, in competition with fulvene with a much lower apparent signal 377 

ratio. This information is however less explicit in the PES reported in fig.4b due to the choice of 378 

the ionization energy which truncates the higher binding energy part of the spectrum. 379 

  380 

Figure 4: TPES and PES (recorded at 10 eV) of 78 m/z at HAB=12 mm.  381 

Comparison with a simulated spectrum (in black) corresponding to the sum of reference PES of benzene and 382 

fulvene for a signal ratio of 90:10. 383 

 384 

It is to be noted that, in a previous study, the mole fraction of benzene was determined around 385 

85 ppm at this HAB in this flame by JCLIF
26

. Based on this experimental value, the 386 

concentration of fulvene can be determined from the relative intensities of the two spectra and 387 

the knowledge of the ionization cross section at 10 eV. Hence the mole fraction of fulvene Χf 388 

can be related to the benzene mole fraction Χb according to the formula:  389 

     
   

   

  

  
      Eq.1 390 

where     and     correspond to the benzene and fulvene ionization cross sections at 10 eV and 391 

Sf/Sb corresponds to the relative signal ratio of the contributions of fulvene and benzene. The 392 

absolute cross-section of benzene at 10 eV has been measured at 25 Mb
86,87

, while for the 393 

fulvene only an estimated value of 35 Mb is found in the literature
88

. These values lead to an 394 

estimated mole fraction of fulvene around 7 ppm at 12 mm HAB. 395 
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Note that the PES, which requires 12 times less time than the recording of the TPES scan, still 396 

provides an adequate resolution and sensitivity for the detection of benzene in these conditions, 397 

with the added advantages of not needing a stable sample, or tunable light, as discussed by 398 

Krüger et al.
43

 However, the degraded spectral resolution renders the identification of fulvene 399 

somewhat less certain.  400 

 401 

3.2.2 Analysis of the species at 116 m/z (C9H8) 402 

This peak, commonly detected in sooting flames, potentially corresponds to indene, i.e. the 403 

lightest CP-PAHs consisting of one six-member and one five-member ring. The identification of 404 

this species by mass spectrometry methods is not trivial because of the several isomers 405 

coexisting at this m/z, the most important of which being 1-propynylbenzene and the three 406 

ethynyl-methyl-benzenes
31,41

. IEs of 8.14 eV
76

 and 8.41 eV
89

 have been reported for indene and 407 

1-propynylbenzene respectively, while the IE values of 1-ethynyl-4-methylbenzene, 1-ethynyl-3-408 

methylbenzene and 1-ethynyl-2-methylbenzene are 8.48, 8.63 and 8.61 eV
89

. We show in fig. 5a 409 

and 5b the comparison of experimental TPES and PES obtained at HAB = 15 mm with reference 410 

spectra for pure indene and 1-propynylbenzene
90

. As in the case of benzene detection, the TPES 411 

in fig. 5a required a 6 hours long scan while the PES reported in fig. 5b has been recorded with a 412 

much shorter acquisition time of approximately 30 minutes.  The spectral resolution of both 413 

reference spectra has been adjusted in order to match our experimental conditions. This has been 414 

done by convolving the reference spectra with a Gaussian function according to the protocol 415 

previously described in Felsmann et al.
41

 416 

Although the TPES of indene reported in fig. 5a seems in itself able to explain our spectrum, 417 

we also considered the potential contribution of the only other isomer for which the TPES has 418 

been reported, 1-propynylbenzene. The indene and 1-propynylbenzene contributions associated 419 

to the simulated spectra have been found to be 83% and 17%, respectively. However, it is 420 



 

21 

 

possible that minor contributions of other structural isomers are present on this spectrum. We 421 

notably observe a slight increase in signal around 8.5 eV which might highlight the presence of 422 

1-ethynyl-4-methylbenzene, a species for which no reference spectrum is currently available. 423 

Moreover, no correspondence could be found either for the small spectral features between 7.6 424 

and 8.0 eV, the lowest IE reported in the literature for 116 m/z being the one of indene
91

.  425 

 426 

 427 

 428 

     429 

Figure 5: TPES (recorded at 10 eV) and PES of 116 m/z at HAB = 15 mm.  430 

Comparison with a simulated spectrum (in black) corresponding to the sum of reference PES of indene and 1-431 

propynylbenzene for a signal ratio of 83:17. 432 

 433 

Our experimental PES in fig. 5b shows a very similar structure to the one reported by 434 

Felsmann et al.
41

. In this previous work, the 116 m/z signal was also studied with the same setup 435 

at SOLEIL, but in a low-pressure, rich flame of cyclopentene (=1.70, p=33.3 mbar) and using a 436 

molecular beam mass spectrometry configuration for the sampling of the species. The PES 437 

structure highlights a strong feature in excellent agreement with the IEad value of 8.14 eV of 438 

indene
76

, which allows its clear identification from this spectrum. Concerning 439 

1-propynylbenzene, its lower concentration in comparison with indene combined with the low 440 

spectral resolution of the PES make its identification less evident from this spectrum. It is 441 
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interesting to note that the analysis of this mass is in good agreement with previous similar 442 

experiments
41

.   443 

Finally, the experimental TPES reported in fig.5a shows a much better spectral resolution and 444 

agreement with the sum of indene and 1-propynylbenzene spectra. As for the case of 78 m/z, we 445 

however note some slight differences in this PES/TPES comparison which can mainly be 446 

attributed to the degraded SNR of our experiment because of the relatively weak concentration 447 

of these species. The mole fraction of indene has been estimated by modeling to be around 448 

0.5 ppm in the flame
52

. Hence, we can state that the TPES allows an accurate identification of 449 

indene in this flame while the identification of the signal around 8.40-8.50 eV to 1-450 

propynylbenzene still needs confirmation. 451 

 452 

3.2.3 Analysis of the species at 128 m/z (C10H8) 453 

TPES and PES measured at HAB = 15 mm and corresponding to 128 m/z are reported in fig. 454 

6. The PES in fig. 6b has been recorded at 10 eV with an acquisition time of 52 minutes, while 455 

the TPES in fig. 6a required an acquisition time of 4 hours for scanning the ionization energy 456 

from 7.1 to 9 eV with 0.04 eV steps. 457 

 458 

   459 

Figure 6: TPES and PES of 128 m/z at HAB=15 mm.  460 

Comparison with a simulated spectrum (in black) corresponding to the sum of reference PES of naphthalene and 461 

3-buten-1-ynyl benzene for a signal ratio of 100:10. 462 

 463 
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The TPES shows an intense peak, which is in perfect agreement with the value of the first IE 464 

potential of naphthalene of 8.14 eV
37

. Moreover, the experimental spectrum also features a 465 

vibrational structure characterized by two other weaker spectral bands peaking around 8.30 and 466 

8.50 eV, also in good agreement with the naphthalene reference spectrum
92

. The PES in fig. 6b 467 

also provides an adequate resolution for the identification of naphthalene sampled from the 468 

flame. The first three peaks of the vibrational structure of naphthalene are clearly visible in the 469 

PES as well (fig. 6b). In addition, the spectrum shows a strong band at 8.85 eV which is also 470 

indicative of naphthalene. It should be noted that we again intentionally degraded the resolution 471 

of the reference spectrum to match the experimental condition of the PES. 472 

In both PES and TPES, two spectral regions of the experimental spectra do not match the 473 

reference naphthalene spectrum. The first spectral region is characterized by a weak spectral 474 

feature peaking around 7.65 eV for which we could not find any potential candidate with such a 475 

low IE value. Only azulene, with a first IEad around 7.42 eV, might be responsible for these 476 

structures
93

, but neither its IEad nor its vibronic structure match our spectrum, so that this species 477 

can safely be excluded from the list of potential candidates. 478 

The second spectral region not perfectly reproduced by the reference spectrum of naphthalene 479 

is between 8.4 and 8.7 eV. This part of the spectrum notably displays a significant peak around 480 

8.5 eV, which potentially originates from another isomer. Again, we could not find any 481 

compound matching this IE value. Chin et al.
94

 recently reported simulated PES of some 482 

naphthalene isomers from their Franck–Condon calculations. The spectrum reported in green 483 

dashed lines in fig.6 corresponds to the calculated spectrum for 3-buten-1-ynyl benzene. This 484 

minor contribution (10% of the naphthalene contribution) improves the fit of the experimental 485 

spectra, but is not sufficient to completely explain the shape of the spectrum around 8.5 eV. A 486 

shift of the 3-buten-1-ynyl benzene calculated spectrum by a few 100 meV’s would improve the 487 

correlation with 8.5 eV measured feature in both the PES and TPES. 488 
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This comparison clearly confirms naphthalene as the main compound at 128 m/z, the mole 489 

fraction of which having been previously measured by JCLIF around 1-2 ppm in this region of 490 

the flame
67

. The uncertainty on the identification of the potential other minor species highlights 491 

the need for reference PES to facilitate the analysis of PAHs formed in sooting flames.  492 

To conclude on these first measurements, we can state that the spectral resolution, selectivity 493 

and sensitivity of the i
2
PEPICO apparatus enable the selective detection of PAHs structural 494 

isomers. The TPES, while requiring longer acquisition times provided a more accurate 495 

distinction between structural isomers when reference spectra are available, whereas the faster 496 

recorded PES lead to a degraded spectral resolution and lower SNR in comparison with TPES 497 

experiments. This can limit their usability for the determination of the contributions of minor 498 

species, although they still provide richer information than PIE curves. 499 

In the following sections, peaks for larger detected m/z are investigated. The objective of this 500 

further work is to reveal the potential formation of CP-PAHs and side-substituted PAHs, likely 501 

involved in soot formation, besides the more commonly investigated benzenoid PAHs in the 502 

detected species sampled from the nucleation zone of the flame. 503 

 504 

3.3 Identification of CP-PAHs and side-substituted PAHs in sooting flames 505 

To highlight the capabilities of the i
2
PEPICO method for the identification of PAH isomers, 506 

further work focused on four detected species usually observed in sooting flames for which 507 

structural isomers potentially involving CP-PAHs and side-substituted PAHs might be formed. 508 

In the following, we systematically report the TPES recorded at the very beginning of the soot 509 

inception zone (HAB = 9 mm), and well inside the flame soot nucleation region (HAB = 15 510 

mm). The corresponding spectra have been determined with different energy steps (0.01 eV at 511 

HAB = 9 mm and 0.04 eV at HAB = 15 mm, requiring 10 and 4 hours of recording time, 512 

respectively).  513 
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 514 

3.3.1 Analysis of the species at 152 m/z (C12H8) 515 

This m/z is frequently detected in the mass spectra of rich and lightly sooting flames. The 516 

isomers commonly associated to this mass in the literature are 1-ethynylnaphthalene 517 

(IE=8.03 eV)
95

, 2-ethynylnaphthalene (IE=8.11 eV)
95

, biphenylene (IE=7.56 eV)
77

 and 518 

acenaphthylene (IE=8.02 eV)
76

. PIE curves are often used for the identification of these species. 519 

However, the close ionization threshold values of these compounds do not allow the clear 520 

distinction of acenaphthylene and the two ethynylnaphthalene isomers. 521 

The vibronic structure seen in the TPES reported in fig.7 provides much more precise 522 

information for the identification of these species. Fig.7a shows the TPES measured at HAB = 523 

9 mm while fig.7b shows the spectrum recorded at HAB = 15 mm. The TPES of pure 524 

acenaphthylene measured in this work (see fig.2) is shown alongside for comparison.  525 

 526 

     527 

Figure 7: TPES of 152 m/z at HAB = 9 and 15 mm.  528 

Comparison with reference TPES of acenaphthylene. 529 

 530 

Both experiments show an excellent agreement between the TPES recorded in the flame and 531 

pure acenaphthylene. The TPES recorded at HAB = 9 mm with a smaller energy step shows 532 

vibrational modes clearly assignable to acenaphthylene. The second spectrum measured at 533 

HAB = 15 mm, over a broader energy scale but with larger energy steps, does not allow such a 534 

detailed analysis because of its lower resolution. However, the first very narrow vibrational 535 
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mode is still captured by the experiment and the recorded spectrum globally shows an excellent 536 

match with the overall shape of the pure acenaphthylene spectrum over this larger energy scale. 537 

These data clearly support acenaphthylene as the main species detected at 152 m/z in the 538 

nucleation region of the flame. 539 

 540 

3.3.2 Analysis of the species at 154 m/z (C12H10) 541 

This mass is usually assigned, in rich flame studies reported the literature, to biphenyl 542 

(IE=8.16 eV)
37

 and acenaphthene (IE=7.67 eV)
37

. We have reported in fig.8a and fig.8b, the 543 

TPES measured at HAB = 9 and 15 mm. These two spectra are relatively noisy in comparison to 544 

previous measurements at 152 m/z. Moreover, the global structure of both spectra (HAB = 9 and 545 

15 mm) does not display any specific features as observed for other selected m/z, except a 546 

moderate peak around 7.70 eV. The absence of such peculiar spectral features illustrates the 547 

limitation of the TPEPICO method which may arise in some cases for the identification of 548 

structural isomers. However, these limitations would be even more severe with the use of PIE 549 

which would be totally featureless. 550 

Hence, to interpret this spectrum, we first tried to reproduce it with a linear combination of 551 

the two commonly considered isomers in flames at 154 m/z (biphenyl and acenaphthene) without 552 

success, meaning that some additional isomers were to be considered for this mass. However, we 553 

note an interesting match between the experimental peak detected around 7.70 eV and the first 554 

vibrational mode of the reference spectrum of acenaphthene that we determined (see Fig.2). To 555 

complete the overall structure of the simulated spectra, we checked in the literature
37,96

 for other 556 

species corresponding to this mass, potentially formed in sooting flames. 557 

 558 
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    559 

Figure 8: TPES of 154 m/z at HAB = 9 and 15 mm.  560 

Comparison with a simulated spectrum (in black) corresponding to the sum of reference PES of biphenyl, 1-561 

vinylnaphthalene, acenaphthene and 7b-methyl-7bH-cyclopent(cd)indene for a signal ratio of 26:23:31:20 at 562 

9 mm and 57:18:18:7 at 15 mm. 563 

 564 

Considering all the available spectra in databases
37,96

, we can only select two species, 1-565 

vinylnaphthalene (IEvert=7.89 eV) and 7b-methyl-7bH-cyclopent(cd)indene (IEvert=7.56 eV), 566 

potentially matching some of the spectral features experimentally observed in our TPES. Among 567 

these two species, 1-vinylnaphthalene is clearly expected to form in sooting flames according to 568 

the HACA mechanism
7
. 7b-methyl-7bH-cyclopent(cd)indene, to the best of our knowledge, has 569 

never been included in PAH growth models in rich flames. However, it was the only species 570 

proposed in literature possessing a spectral structure peaking around 7.5 eV and thus matching 571 

the first rising shape of the experimental spectrum. 1-vinylnaphthalene, despite being more 572 

pertinent for soot formation and having an IE value estimated around 7.55 eV
96

, could not be 573 

considered in the interpretation of the experimental data since no PES is currently available in 574 

the literature.  575 

Black spectra reported in fig.8a and 8b correspond to the sum of the different contributions 576 

of the individual spectra of the four considered species. The best matching signal ratio that 577 

reproduces the experimental spectra at respective HAB = 9 and 15 mm are biphenyl (26% and 578 

57%), 1-vinylnaphthalene (23% and 18%), acenaphthene (31% and 18 %), 7b-methyl-7bH-579 
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cyclopent(cd)indene (20% and 7%). However, caution must be exerted regarding the level of 580 

confidence in the identification. The most confident information from the comparison reported in 581 

fig. 8a is the formation of acenaphthene characterized by a very specific peak in the 582 

experimental spectrum matching the adiabatic transition of this compound around 7.70 eV and 583 

probably also the second peak around 7.85 eV. Conversely, this spectrum does not conclude on 584 

the formation of biphenyl at HAB = 9 mm. The main spectral features for this species are indeed 585 

located above 9 eV, that is slightly off the spectral range of the current experimental spectrum. 586 

However, the presence of biphenyl is more likely established on the less resolved TPES 587 

spectrum recorded at HAB = 15 mm. As can be seen, biphenyl is the only species with spectral 588 

features matching the shape of the spectrum between 8.2 and 8.8 eV. This part of the spectrum 589 

strongly evolves between 9 to 15 mm and might therefore correspond to the increase of the 590 

concentration of biphenyl with HAB. However, it is clear from the simulation that a spectrum 591 

registered on a larger spectral energy scale (up to 10 eV) would provide more conclusive 592 

information and confidence on the biphenyl formation, as well as having reference PES 593 

measured at higher resolution. 594 

We can also note that the spectral features of 1-vinylnaphthalene match the experimental 595 

spectrum in fig. 8a between 7.8 and 8.2 eV. However, this spectral region is relatively large and 596 

does not display sufficient specific spectral features to allow a clear distinction of the species.  597 

Finally, we have less confidence concerning the formation of 7b-methyl-7bH-598 

cyclopent(cd)indene introduced in our simulated spectrum which appears atypical regarding 599 

published chemical analysis of sooting flames. It would have been more interesting to have the 600 

PES of 1-vinylnaphthalene which might also match the first spectral features of our TPES and is 601 

more expected to be formed in sooting flames.  602 

Hence, the analysis for the detected mass 154 m/z, although incomplete, nevertheless 603 

highlights the formation of several structural isomers in the nucleation region of the flame. It 604 
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clearly indicates the formation of acenaphthene and very probably of biphenyl and 1-605 

vinylnaphthalene as well.  606 

3.3.3 Analysis of the species at 202 m/z (C16H10) 607 

202 m/z is usually attributed to pyrene in the analysis of sooting flames carried out by mass 608 

spectrometry. Pyrene is considered as a crucial species in soot formation process, and often 609 

proposed as a key molecule in the nucleation step leading to the inception of NSPs
7,52,54,97–99

. In 610 

previous works on the same flame
25,53

, we not only showed the formation of pyrene in the 611 

nucleation region of this flame, but also of fluoranthene. Both compounds have been identified 612 

by JCLIF 
25

. The mole fractions of pyrene and fluoranthene in this flame have been determined 613 

by JCLIF as 0.36 ppm and 0.09 ppm at HAB = 9 mm, respectively, and 0.34 ppm and 0.12 ppm 614 

at HAB = 15 mm, respectively
25

.  615 

Hence, the study of the 202 m/z with the TPES setup is a meaningful benchmark to evaluate 616 

its sensitivity in this lightly sooting flame environment. We report in fig.9 the TPES spectra 617 

measured at HAB = 9 and 15 mm with different spectral scan steps. We also report on these 618 

figures the calculated spectra (black line) corresponding to the sum of the adjusted contributions 619 

of the reference PES of pyrene (green dotted line) measured by Boschi et Schmidt
100

 and 620 

fluoranthene (red dotted line) measured in this work (see fig.2). Moreover, we also considered 621 

the 9-ethynylphenanthrene (orange dotted line), also likely to form in this zone. We used for this 622 

species the referenced spectrum previously determined by Rouillé et al.
74

. 623 

The relative contributions of pyrene and fluoranthene were adjusted for each HAB according 624 

to our previous mole fraction measurements in this flame by JCLIF. Based on these data, we 625 

obtained xpyrene/xfluoranthene=4 at HAB = 9 mm and xpyrene/xfluoranthene=3 at HAB = 15 mm. Finally, 626 

we adjusted the contribution of 9-ethynylphenanthrene to get the best agreement between the 627 

global simulated spectrum with the experimental one for each HAB. It should be noted that we 628 

slightly degraded the resolution of the pyrene and fluoranthene spectra to match the experimental 629 
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conditions of the spectrum recorded at HAB = 15 mm. Note also that this procedure assumes 630 

equal absolute ionization cross-sections for all structural isomers. This assumption is confirmed 631 

here by the good agreement obtained when using the mole fractions extracted from JCLIF to 632 

match the experimental TPES. 633 

The comparison reported in fig. 9a provides an excellent agreement between the experimental 634 

spectrum and the simulated one obtained by adjusting the intensities of the pyrene and 635 

fluoranthene contributions with the value of the corresponding mole fractions determined 636 

previously
25

. This point hence validates the quantitative aspect of the TPES setup, providing 637 

experimental spectra with intensities proportional to the concentrations of the measured species. 638 

The spectrum in fig.9a shows an excellent match of the two first sharp features of the 639 

experimental spectrum around 7.43 eV and 7.58 eV with the two first vibrational bands of 640 

pyrene PES. These values are in excellent agreement with the IE values (7.43 eV and 7.61 eV) of 641 

the pyrene reference spectrum
100

. This experiment therefore demonstrates that pyrene can be 642 

unambiguously identified by its PES measured with the TPES setup at this very low 643 

concentration.  644 

 645 

    646 

Figure 9: TPES spectra of 202 m/z at HAB = 9 and 15 mm.  647 

Comparison with a simulated spectrum (in black) corresponding to the sum of reference PES of pyrene, 648 

fluoranthene and 9-ethynyl-phenanthrene for a signal ratio of 77:19:4 at 9 mm and 56:18:26 at 15 mm. 649 
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 650 

The section of the spectrum above 7.6 eV is noisier but still exhibits a structure that can be 651 

reproduced by the weighted sum of the pyrene and fluoranthene referenced PES. We can 652 

however note a slight shift between the value of the experimental (7.94 eV) and simulated (7.86 653 

eV) peak, corresponding to the IE of the first band of fluoranthene. This difference is attributed 654 

to the poor SNR in this zone of the spectrum due to the very weak mole fraction of fluoranthene 655 

(xfluoranthene <0.1 ppm), and to the overlap of the spectral contributions of pyrene and 656 

fluoranthene. However, the experimental and simulated structures show a satisfying global 657 

match allowing the identification of both pyrene and fluoranthene. This comparison also shows a 658 

minor contribution of 9-ethynylphenanthrene to the overall spectral structure at HAB = 9 mm. 659 

The relative contributions we obtained this way were 77%, 19% and 4% respectively defining 660 

the pyrene, fluoranthene and 9-ethynylphenanthrene contributions, although detection of the 661 

latter is more speculative since its concentration would then be 0.01 ppm, well below our 662 

estimated detection limit. 663 

The spectrum recorded at 15 mm exhibits a different structure because of the more important 664 

relative contribution of fluoranthene and 9-ethynylphenanthrene in comparison with pyrene in 665 

this region of the flame. Again, the contributions of pyrene and fluoranthene have been adjusted 666 

on previous JCLIF measurements at this HAB (xpyrene/xfluoranthene=3), while the relative 667 

contribution of 9-ethynylphenanthrene has been adjusted to obtain the best fit of the 668 

experimental spectrum. The procedure leads to relative ratios of 56%, 18% and 26% for the 669 

pyrene, fluoranthene and 9-ethynylphenanthrene contributions, respectively. As seen in Fig. 9b, 670 

the experimental spectrum measured at 15 mm can still be correctly reproduced by the 671 

contributions of these three species and shows a strong increase of the contribution of the 9-672 

ethynylphenanthrene. However, it would have been difficult to make this statement without the 673 

knowledge of the relative contributions of pyrene and fluoranthene deduced from previous 674 
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JCLIF measurements since fluoranthene and 9-ethynylphenanthrene have very similar spectra in 675 

this spectral range. Therefore, to gain confidence in the attribution, acquisition up to 10 eV 676 

seems mandatory, as it would allow considering spectral features in a zone with less overlap 677 

between the two species. 678 

It should be noted that 202 m/z has already been measured in rich or lightly sooting flames 679 

studies and generally attributed to pyrene alone
31,82

 by the analysis of the PIE curves. However, 680 

in two recent papers, Johansson et al.
35,101

 reported experimental PIE curves of 202 m/z obtained 681 

from condensed species onto incipient soot particles and sampled from different ethylene flames. 682 

In these works, they concluded that their PIE curves could not be attributed to pyrene alone, and 683 

that the contribution of fluoranthene had also to be considered. Here, we reach the same 684 

conclusion for the gas phase. Interestingly, the adjusted contribution of these two PAHs (66% 685 

and 33%) determined by Johansson et al.
35

 for the condensed species of 202 m/z onto incipient 686 

soot particles is very similar to this work. This similarity is remarkable, considering the 687 

differences between these two flame setups (atmospheric pressure ethylene flame vs. low 688 

pressure methane flame).  689 

Hence, TPES data confirm the formation of fluoranthene (and probably 9-690 

ethynylphenanthrene) in addition to pyrene at 202 m/z, and highlights their potential implication 691 

in the soot nucleation process, further reinforced by their presence as condensates onto incipient 692 

soot particles
35,101

. 693 

 694 

3.3.4 Analysis of the species at 226 m/z (C18H10) 695 

226 m/z is often attributed to CP-PAHs likely involved in the soot nucleation process
11,12,101

. 696 

However, only a few analyses are reported in the literature and no clear attribution has ever been 697 

reported before. Several factors can explain the difficulty to analyze 226 m/z as the large number 698 

of potential structural isomers and the lack of reference data such as IE, PIE curves or PES. To 699 
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date, only five out of the whole possible structural isomers are listed in the online NIST 700 

database
37

, that furthermore only contains incomplete information: benzo[ghi]fluoranthene , 701 

cyclopenta[cd]-pyrene , cyclopent[fg]aceanthrylene 3,4-dihydrocyclopenta[cd]pyrene , 702 

and benz[mno]aceanthrylene . It is worth noting that all these candidates are CP-PAHs 703 

containing a five-carbon ring in their structures. This lack of data makes therefore the 704 

interpretation of 226 m/z PES/TPES a very challenging task. In this work, we determined for the 705 

first time, the TPES spectra of the benzo[ghi]fluoranthene to aid in the analysis of this peak. 706 

Among the other potential candidates, we also considered the 1-ethynyl-pyrene , the 707 

spectrum of which has been recorded by Rouillé et al.
74

 708 

As for previous mass analyses, we report in fig.10 the TPES corresponding to 226 m/z 709 

measured with different spectral resolutions and over different energy ranges at HAB = 9 and 15 710 

mm compared to the simulated spectrum obtained with the reference spectra of 1-ethynyl-pyrene 711 

and benzo(ghi)fluoranthene. 712 

 713 

 714 

    715 

Figure 10: TPES of 226 m/z at HAB = 9 and 15 mm.  716 

Comparison with a simulated spectrum (in black) corresponding to the sum of reference PES of 1-ethynyl-pyrene 717 

and benzo(ghi)fluoranthene for a signal ratio of 77:23 at 9 mm and 65:35 at 15 mm. 718 
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 719 

As seen in fig. 10a, the experimental and simulated spectra are in excellent agreement by 720 

considering only 1-ethynyl-pyrene and benzo(ghi)fluoranthene. An excellent match of the two 721 

first peaks of the experimental structure with the first two vibrational bands of 1-ethynyl-pyrene, 722 

peaking at 7.41 and 7.58 eV, is observed. The second part of the spectrum is noisier but also 723 

shows an excellent agreement with the adjusted contributions of both 1-ethynyl-pyrene and 724 

benzo(ghi)fluoranthene. We reached the best agreement by adjusting the relative signal 725 

contribution of 1-ethynyl-pyrene and benzo(ghi)fluoranthene equal to 77% and 23%. The 726 

spectrum recorded at HAB = 15 mm over a larger energy range still provides an adequate 727 

spectral resolution to identify these two species. The first peak of the spectrum is notably in 728 

perfect agreement with the energy of the first vibrational band of 1-ethynyl-pyrene. The rest of 729 

the spectrum is globally correctly reproduced by the simulated structure by considering relative 730 

contributions of 1-ethynyl-pyrene and benzo(ghi)fluoranthene equal to 65% and 35%. These data 731 

show again that CP-PAH and substituted PAHs actively occur in the nucleation region of the 732 

flame.  733 

Recently, Adamson et al.
102

 reported experiments, carried out with a tandem mass 734 

spectrometer, showing the formation of aliphatically bridged structures in an ethylene/O2 coflow 735 

diffusion flame. These structures, constituted of PAHs bonded by a carbon chain, are suggested 736 

as a particle seeds in sooting flames. Their formation would be based on a growth mechanism 737 

involving side-substituted aromatics formed through reactions of smaller aromatic species and 738 

aliphatic hydrocarbons. In this work, Adamson et al.
102

 notably detected the species C18H10 at 739 

226 m/z as a very stable building block. The information provided in this work in the nucleation 740 

zone, complementary highlights the formation of a side-substituted PAH as part of the 741 

compounds detected at this mass and therefore their possible involvement in the formation of 742 

such aliphatically-bridged PAHs. Furthermore, recent studies suggested that these compounds 743 
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would be stable enough to resist in flame conditions
103

 and might be at the origin of the 744 

broadband fluorescence emission spectra commonly observed in such sooting flames by laser 745 

excitation
23,104

 in the nucleation zone. 746 

 747 

 748 

 749 

4 Conclusion 750 

This work demonstrates and benchmarks the capabilities of the multiplex i
2
PEPICO 751 

technique to study sooting flames. Mass-selected PES and TPES spectra corresponding to 752 

different PAHs have been reported for samples obtained at different heights above the burner in 753 

a sooting low-pressure methane flame. The identification of structural isomers at each m/z 754 

channel relies on the comparison of the recorded experimental spectra with reference PES, which 755 

act as molecular fingerprints. From this work, it appears that the analysis of the TPES spectra 756 

enables the accurate identification of the PAHs formed in the flame. The PES, which are 757 

recorded at fixed photon energies with much shorter acquisition time than TPES scans, present a 758 

less accurate resolution and lower SNR. However, these spectra have been shown for the 759 

smallest species, at least up to naphthalene, to be sufficiently resolved to capture the main 760 

electronic features of the PAHs and in some cases, even the vibrational progressions. However, 761 

for the largest PAHs with concentrations below the ppm, we observed that only the TPES 762 

approach provided sufficient sensitivity and spectral selectivity to enable the identification of the 763 

different structural isomers. 764 

This study provides evidence of the formation of CP-PAHs in the nucleation zone of the 765 

sooting flame, such as indene, acenaphthylene, fluoranthene and benzo(ghi)fluoranthene. Such 766 

CP-PAHs likely correspond to the cyclopentaring observed in the curved graphene layer present 767 

in the core region of soot particles
55

. Moreover, we also highlight the presence of side-768 
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substituted aromatics besides CP-PAHs which have been recently suggested to lead to the 769 

formation of aliphatically bridged structures which could serve as a particle seed
102

. This work 770 

emphasizes the importance of considering the chemical pathways and overall kinetics leading to 771 

the formation of CP-PAHs and side-substituted aromatics in the development of soot formation 772 

mechanisms
57

. 773 

This first attempt of using the PEPICO setup of the DESIRS beamline at SOLEIL for the 774 

study of low pressure sooting premixed flames therefore appears very encouraging and shows a 775 

high potential for understanding in situ the mechanisms of soot and PAHs formation in 776 

laboratory flames. Means of improvement include the recording of higher quality PES to feed the 777 

current database—to which this work has already contributed with the reporting of the PES of 778 

acenaphthene, acenaphthylene, fluoranthene and benzo(ghi)fluoranthene—or the challenging 779 

measurement or calculation of absolute cross-sections to increase the quantitative potential of 780 

this method. The sensitivity of the setup, although adequate, might be improved to provide a 781 

better identification of PAH isomers by increasing the molecular beam density in the ionization 782 

region (shortening the nozzle-synchrotron beam distance, improving the gas inlet). However, we 783 

showed that the capabilities of the current setup already enable the possibility of more systematic 784 

studies aiming at the determination of experimental profiles of moderate size PAHs isomers 785 

involved in the soot formation process in flames A deeper understanding of the soot nucleation 786 

process will require, at some point in the future, extending the measurements shown in this paper 787 

to the particulate phase at the very beginning of the soot formation. In this context, the use of the  788 

SAPHIRS chamber dedicated aerodynamic lens system, coupled to a thermodesorbing tip, could 789 

enable the measurements of the detailed chemical composition of nascent soot particles
46

. 790 
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