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 33 
Abstract 34 

Through the use of tunable vacuum ultraviolet light generated by the DESIRS VUV synchrotron 35 

beamline, a jet-stirred reactor was coupled for the first time to an advanced photoionization mass 36 

spectrometer based upon a double imaging PhotoElectron PhotoIon COincidence (i2PEPICO) 37 

scheme. This new coupling was used to investigate the low-temperature oxidation of n-pentane, a 38 

prototype molecule for gasoline or Diesel fuels. Experiments were performed under quasi-39 

atmospheric pressure (1.1 bar) with a residence time of 3 s for two equivalence ratios (1/3 and 0.5) 40 

with a fuel initial mole fraction of 0.01. The measured time-of-flight mass spectra are in good 41 

agreement with those previously obtained with other photoionization mass spectrometers and, like 42 

those previous ones, display several m/z peaks for which the related species assignation is 43 

ambiguous. This paper shows how the analysis of the coincident mass-tagged Threshold 44 

PhotoElectron Spectra (TPES) together with first principle computations, consisting of the 45 

determination of the adiabatic ionization energies and the spectra of some products, may assist 46 

products identification. The results mostly confirm those previously obtained by photoionization 47 

mass spectrometry and gas chromatography, but also allow a more accurate estimation of the 1-48 

pentene/2-pentene mole fraction ratio. Our data also indicate a higher formation of acetone and 49 

methyl ethyl ketone than what is predicted by current models, as well as the presence of products 50 

that were not previously taken into account, such as methoxyacetylene, methyl vinyl ketone or 51 

furanone. The formation of three, four and five membered ring cyclic ethers is confirmed along 52 

with linear ketones: 2- and 3-pentanone. A significant general trend in indicating higher amounts 53 

of ketones than gas chromatography is noted. Finally, TPES of alkenylhydroperoxides are also 54 

provided for the first time and constrains on the isomers identification are provided. 55 

 56 

1. Introduction 57 

In a critical energy and environment context, urgent actions need to be undertaken to reduce the 58 

emissions of harmful pollutants and to improve the energy efficiency of combustion processes. 59 

However, both require a comprehensive understanding of the combustion physico-chemical 60 

mechanisms explaining the reactivity behavior as a function of the temperature regime and of the 61 

fuel’s molecular structure.[1] Detailed kinetic models based on elementary reactions help to 62 

address the influence of fuel-replacement and additives on the combustion reactions identifying 63 
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chemical pathways that form hazardous pollutants. However, despite a long period of research on 64 

conventional petroleum-based fuels and more recently on alternative fuels, understanding detailed 65 

combustion processes is still a large and vivid field of investigation. In situ diagnostics for real 66 

combustion gas-phase environments (e.g., motor engines, gas turbines) are challenging due to the 67 

extreme physical parameters (pressure and temperature) and the rich chemistry leading to a wide 68 

range of products (hundreds of species involved in thousands of reactions).[2] Thus, fundamental 69 

investigations of combustion reactions are carried out in dedicated laboratory environments (e.g., 70 

jet-stirred or tubular reactors, laminar premixed low-pressure flames, shock tubes, rapid 71 

compression machines)[3–9] under controlled conditions akin to practical systems. Then, reaction 72 

mechanisms are built from this fundamental knowledge obtained over a large range of conditions 73 

[10,11] and transferred to actual applied combustion processes.[12] 74 

Most of the time laboratory diagnostics rely on Gas Chromatography (GC) often coupled 75 

with Mass Spectrometry (MS) to provide an efficient structure-based identification of many stable 76 

species for gas-phase chemistry analysis.[13,14] However, GC time resolution does not allow the 77 

detection of elusive intermediates present in trace amounts with short lifetimes, in mixtures 78 

containing up to several dozens of compounds. Short-lived reaction intermediates play key roles 79 

in various gas-phase environments, determining reaction rates and the branching ratios between 80 

different product channels, whose identification and quantification are mandatory to improve our 81 

understanding of the relevant chemical processes.[15,16] Laser-based non-invasive methods are 82 

sensitive and selective diagnostics allowing to detect and quantify reactive intermediates such as 83 

free radicals.[17–20] However, most promising techniques are based on PhotoIonization Mass 84 

Spectrometry (PIMS), through the use of synchrotron-generated tunable Vacuum UltraViolet 85 

(VUV) light, providing a diagnostic to perform sensitive, multiplex in situ chemical analysis for 86 

laboratory combustion environments.[5,6,16,21–23] However, synchrotron VUV PhotoIonization 87 

Mass Spectrometry (SVUV-PIMS) allows only in few favorable cases isomer separation and 88 

measurement of product branching ratios, including reactive intermediates through the 89 

measurement of the photoion intensities as a function of photon energy to obtain the so-called 90 

PhotoIonization Efficiency (PIE) curve of each molecule. [6,16,24–26] 91 

Despite the efficiency of  SVUV-PIMS, much more detail on the electronic and molecular 92 

structures of the compounds can be obtained from photoelectron spectroscopy measuring the 93 

kinetic energy (KE) of the electron ejected upon photoionization.[27,28] For a given species, the 94 
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photoelectron intensity is monitored as a function of electron binding energy yielding its 95 

PhotoElectron Spectrum (PES), which by integration leads to the PIE curve. Note that the opposite, 96 

differentiating the PIE to obtain the PES, is in practice not possible due to the experimental noise 97 

amplification. PES offer a better sensitivity and selectivity as each electronic/vibronic state of the 98 

ion appears as a distinct peak rather than changes of the slope in PIE spectra. However, PES 99 

analysis in a complex environment, such as in combustion studies, results in the sum of all the 100 

individual photoelectron spectra, making quantitative analysis difficult. PhotoElectron PhotoIon 101 

COincidence (PEPICO) technique extracts both electrons and ions from the ionization events and 102 

correlates them, in order to make use of the additional and complementary information from 103 

coincident mass spectrometry and photoelectron spectroscopy.[29–34] In the context of 104 

combustion processes, PES on mass-selected compounds is extremely useful as it adds to the mass 105 

analysis provided by the PIMS method a full electronic/vibrational fingerprint, specific of a given 106 

isomer, much richer than the single ionization energy information. Franck-Condon analysis can 107 

also provide the ro-vibronic temperature of a given compound. This analytical method has been 108 

only recently applied to combustion studies such as flames but its application is fast spreading and 109 

has already succeeded in detecting reactive intermediates and final products.[35–41]  110 

In this work we performed for the first time a PEPICO spectroscopy analysis during the 111 

oxidation in a Jet-Stirred Reactor (JSR) of n-pentane, the simplest alkane presenting a low-112 

temperature reactivity really representative of that of heavier fuels present in gasolines and Diesel 113 

fuels. For this reason, the oxidation of this C5 saturated hydrocarbon has been thoroughly 114 

experimentally investigated with reliable detailed kinetic modeling.[42–44] It is therefore a very 115 

suitable example to address the capability of the PEPICO technique as an efficient probe for 116 

complex combustion environments. The assignment of the experimental spectra is carried out 117 

using either PES available in the literature or theoretical spectra as generated using first principle 118 

approaches. It should be noted that the ionic products were considered in their electronic ground 119 

states, i.e. we omitted the population of their electronic excited states.  120 

 121 

 122 

 123 

 124 

 125 
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2. Methods 126 

2.1 Experimental procedure  127 

Experiments were carried out at the undulator-based DESIRS VUV beamline [45] of 128 

synchrotron SOLEIL using the SAPHIRS end-station [46], equipped with the double-imaging 129 

photoelectron/photoion (i2PEPICO) spectrometer DELICIOUS III [33], to which the JSR 130 

oxidation system was adapted. The SAPHIRS experimental setup was already described in the 131 

past and only the specificities related to this work are therefore presented here. Figure 1 displays 132 

a scheme of the experimental setup adapted from Krüger et al. [36] 133 

 134 
Figure 1. Schematic setup coupling the JSR to the SAPHIRS end-station. The synchrotron 135 

radiation is perpendicular to the plane of the figure. CFC is the CoriFlow Controller, MFC are 136 

the Mass Flow Controllers, TR is a Temperature Reading, TC are Temperature Controllers and 137 

finally PC is a Pressure Controller. 138 

 139 

The JSR set-up consists in a quartz sphere (volume ≈ 60 cm3) connected to annular quartz 140 

tubes (an outer tube inside an inner tube) mounted into a CF flange carrying all the diluted reactant 141 

gas mixture, which was itself mounted into a 3-axes manipulator. After flowing in the outer tube, 142 

the reactant enters the sphere through an injection cross located at the JSR center providing four 143 

turbulent jets ensuring the mixing of the gas phase. Contrary to our usual JSR experiments [47], 144 

the main gas flow leaves the reactor via a small hole in the injection cross, which is connected to 145 

the inner tube. The JSR and the outer tube were heated with Thermocoax wires and temperatures 146 
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were varied from 580 to 675 K. The annular preheating zone is used to progressively increase the 147 

gas temperature up to the reactor temperature before entering the JSR (the residence time in this 148 

annular zone is only a few percent of that in the JSR). The preheating is important to avoid the 149 

non-homogeneity of the temperature in the gas phase [48]. Temperature measurements at different 150 

positions into the gas phase show that the temperature difference is smaller than 5K. The 151 

temperature was controlled using K-type thermocouples. An additional K-type thermocouple, 152 

located in the inner tube and only in contact with the burnt gases, was used to monitor the reaction 153 

temperature inside the reactor. Experiments were performed at constant temperature and pressure 154 

under steady state conditions and under quasi-atmospheric pressure (1.1 bar) with a residence time 155 

of 3 s for two equivalence ratios (1/3 and 0.5) with a fuel initial mole fraction of 0.01 and a dilution 156 

with He as a buffer gas. Calibrated mass and Coriolis flow controllers were used to control gas 157 

and liquid flow rates and the liquid fuel was mixed homogeneously into the gas flow using He as 158 

a carrier gas through a controlled evaporation mixing system (CEM, Bronkhorst). The fuel was 159 

provided by Sigma-Aldrich (anhydrous, purity ≥ 99 %), the carrier gas and oxygen by Air Liquide 160 

(purities of 99.99% and 99.999%, respectively). Typical JSR conditions established from mixtures 161 

of fuel, oxygen and dilutent He are summarized in Table 1. 162 

 163 

C5H12 (nmlm) O2 (nmlm) He (nmlm) total flow 

(nmlm) 

He dilution 

6.1 145.9 456.0 607.9 75 mol% of He 

Table 1. Typical JSR conditions for a f = 1/3 pentane-oxygen mixture at 1.1 bar, a 164 

residence time of 3 s, and a reaction temperature of 585 K; all flow rates are expressed in nmlm 165 

(normal milliliter per minute at 273.15 K and 1 bar). 166 

 167 

The gas sample inside the reactor was probed through a quartz nozzle with a 100 μm hole 168 

and expanded into a differential pumping chamber (10-4 mbar), freezing the composition of the 169 

reactor. Then, the molecular beam traversed two consecutive copper skimmers of 1 and 2 mm 170 

diameter, expanding further (10-6 mbar) towards the ionization chamber where it intersects the 171 

ionizing focused VUV beam of DESIRS. Prior to entering the ionization chamber, the light 172 

supplied by DESIRS passed through a monochromator, equipped for this experiment with a 200 173 

grooves/mm grating, leading to a flux of ca. 1013 ph/s with a spectral resolution of ca. 20 meV at 174 
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10 eV. A gas filter located upstream the monochromator and filled with Kr effectively removed 175 

high harmonics from the undulator ensuring a spectral purity across the 8-12 eV range used during 176 

the experiments.[49] The photon flux was recorded as a function of the photon energy with a 177 

dedicated photodiode (AXUV from Optodiode) and used to correct the spectra. The absolute 178 

energy scale was calibrated against the 5s and 5s’ Kr absorption lines seen in the experimental 179 

total ion yields, leading to an absolute accuracy in the energy scale of the order of 4 meV.[50]  180 

The molecular beam crossed the VUV synchrotron radiation at the center of the i2PEPICO 181 

spectrometer DELICIOUS III [33]. The coincident electrons and ions resulting from the ionization 182 

process are accelerated in opposite directions, analyzed respectively by a Velocity Map Imaging 183 

(VMI) spectrometer and a modified Wiley-McLaren time-of-flight imaging spectrometer, and 184 

detected in a multi-start/multi-stop coincidence scheme. The coincidence scheme allows the 185 

photoelectron images to be tagged by the ion mass and velocity vector. In this work, apart from 186 

the mass tagging, only photoelectrons correlated to ions having a net velocity along the molecular 187 

beam axis are considered. This removes the background associated to the thermalized gas inside 188 

the ionization chamber, and also improves KE and mass resolutions. The resulting mass-filtered 189 

ion imaging-filtered photoelectron images are further treated to yield the photoelectron spectra by 190 

Abel inversion.[51] The Threshold PES (TPES) are obtained according to the method outlined by 191 

Poully et al. [52] and Briant et al. [53] where at each photon energy, only electrons along the 192 

constant ionic state lines up to a certain eKEmax value are counted. Here, a value of eKEmax=100 193 

meV has been used, which leads to an electron resolution of around 20 meV, comparable to the 194 

photon energy resolution. The total energy resolution of the TPES is then ~30 meV. The TPES 195 

shows the resonant transitions from the neutral ground state towards vibronic states of the cation, 196 

and act as the vibronic fingerprint of the ionic species.[40] 197 

In the following paragraphs, the experimental PE spectra have been used to identify 198 

important combustion intermediates including isomers. Literature and calculated reference PE 199 

spectra for each mass channel were summed and weighted with appropriate factors to fit the 200 

measured PES in the appropriate photon energy range. The fit of the signal for a given mass 201 

channel results in an isomeric branching ratio. Relative mole fractions of each isomer could then 202 

be estimated by weighting the branching ratios using their respective absolute photoionization 203 

cross sections from the literature when available. Note that this estimated relative mole fraction 204 

derivation from published absolute photoionization cross sections relies on the assumption that we 205 
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can neglect autoionization processes and that the Franck-Condon approximation holds, so that we 206 

can consider the TPES overall shape being representative of a fixed-photon energy PES.  207 

 208 

2.2 Theoretical PES calculations 209 

Species detected below m/z 70 in this work have been identified using their photoelectron 210 

spectra and/or adiabatic Ionization Energies (IEs) found in the literature when available. In the 211 

course of a previous study [22] of the low temperature combustion of n-pentane the adiabatic 212 

ionization energies for several products common to this work have already been calculated using 213 

Gaussian at CBS-QB3 level of theory including zero-point energy corrections [54]. This method 214 

was assumed to be accurate to better than 50 meV when computing IEs. In the present work, we 215 

aim not only at improving the accuracy, but also at providing full simulated photoelectron 216 

spectrum for better selectivity when comparing with experimental results.  217 

For m/z  > 70, state-of-the-art ab initio methodology has been used to characterize specific 218 

isomers, that lie close in energy making the experimental characterization challenging, for each 219 

mass channel detected in the molecular beam. This combination between VUV synchrotron based 220 

experiments and high level theoretical calculation has already been used for the study of the 221 

electronic structure of nucleobases, including for instance the determination of the structures and 222 

the energetics of gas phase cytosine tautomers [55], which are found in biological entities such as 223 

DNA and RNA. 224 

The electronic computations consisted on the determination of the equilibrium structures 225 

of neutral and ionic species using the PBE0 density functional [56] as implemented in 226 

GAUSSIAN09 [57], where the atoms are described using the augmented correlation-consistent 227 

aug-cc-pVDZ basis set.[58,59] These full geometry optimizations were done in C1 point group. 228 

The minimal nature of these stationary points is checked after harmonic frequency computations 229 

(all frequencies are positive). Zero point vibrational energies (ZPVE) were determined at the 230 

anharmonic level as implemented in GAUSSIAN. Afterwards, we generated the PES using the 231 

approach implemented in GAUSSIAN 09. Briefly, we performed Franck Condon (FC) analysis 232 

and simulated the vibrationally resolved electronic spectra by means of the Time-Independent 233 

Adiabatic Hessian Franck-Condon (TI-AH|FC) model.[60–63] The stick spectrum has been 234 

convolved with a 20 meV bandwith Gaussian profile.  235 
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For the determination of the IEs, the geometry optimizations are followed by single point 236 

computations on the optimized structures using the explicitly correlated coupled cluster with 237 

single, double and perturbative triple excitations ((R)CCSD(T)-F12) [64–67] together with the 238 

aug-cc-pVTZ basis set in conjunction with the corresponding resolutions of the identity and 239 

density fitting functions [68] as generated by MOLPRO.[69] Previous benchmarking by 240 

comparison to experimental results showed that the composite scheme PBE0/aug-cc-241 

pVDZ(opt)//(R)CCSD(T)-F12/aug-cc-pVTZ(SP) allows accurate derivation of ionization energies 242 

of medium-sized molecular systems (to within ± 0.01 eV).[55,70–74]  243 

Afterwards, the computed spectra were shifted in energy so that the first peak fits with 244 

adiabatic ionization energy as computed at the PBE0/aug-cc-pVDZ(opt)//(R)CCSD(T)-F12/aug-245 

cc-pVTZ(SP) level. All the simulated vibrationally resolved electronic spectra in this work are 246 

given in the Supplementary Material. 247 

 248 

3. Results 249 

Figure 2 shows typical Time-Of-Flight Mass Spectra (TOF-MS) obtained during the 250 

oxidation of n-pentane at a reactor temperature of 585 K. To show the full range of obtained 251 

spectrometric data, Figure 2a plots the TOF-MS as a function of m/z and photon energy at an 252 

equivalence ratio (f) of 0.5. Figure 2b shows the related TOF-MS recorded at a 10.5 eV fixed 253 

photon energy for two different fuels, f = 1/3 and 0.5.  254 
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 255 
Figure 2. Typical ion signal (a) as a function of m/z and of photon energy (a g=3 non-linear 256 

colormap, where intensity=counts(1/g), has been applied to enhance contrast), and (b) at a fixed 257 

energy of 10.5 eV for the f = 1/3 (blue) and f = 0.5 (red) conditions during the low temperature 258 

combustion of n-pentane (T = 585 K). 259 

 260 
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In the following text, two types of experimental data are presented: (i) at a fixed photon 261 

energy and (ii) in the scanning mode where the photon energy is scanned in 7 meV steps and the 262 

mass-selected photoelectron spectra and mass spectra are recorded as a function of photon energy. 263 

The comparison of both f = 1/3 and f = 0.5 conditions shows nearly identical TOF-MS and only 264 

small variations on the relative intensities of the TOF peaks are observed. The analysis of this work 265 

is focused on relatively heavy molecules (> 40 amu) for which experimental or calculated 266 

reference PES have been used to identify important combustion intermediates. 267 

Literature presents a couple of experiments [42,44] about n-pentane oxidation carried out 268 

in JSR under conditions close to those used in this work: 269 

• Fuel inlet mole fraction 0.01 270 

• Equivalence ratios of 0.5, 1 and 2 271 

• Temperatures: 500-1100 K 272 

• Residence time: 2 s 273 

• Pressure: 106.7 kPa 274 

• Four diagnostics (GC with MS for identification and flame ionization detection for 275 

quantification, SVUV-PIMS, Single Photoionisation-TOF-MS (SPI-MS), Cavity Ring 276 

Down Spectroscopy (cw-CRDS)) 277 

Using these different techniques, many species were quantified in these two studies such 278 

as acetaldehyde ethylene, propene and cyclic ethers by GC, formaldehyde and H2O2 by cw-CDRS, 279 

C1-C4 hydroperoxides by SVUV-PIMS and SPI-MS, ketene by SPI-MS. The quantification in 280 

SVUV-PIMS and SPIMS analyses was performed using an approximate absolute ionization cross 281 

section, estimated by group additivity as proposed by Bobeldijk et al. [75], as there is no data 282 

available in the literature for each species and isomers could not be separated for several mass 283 

channels. In the following, the simulated mole fractions and production mechanisms are obtained, 284 

in the above-described conditions (f =0.5), using the model of Bugler et al. [44], which can very 285 

well reproduce the JSR results of both studies. 286 

As shown in the comparison displayed in Figure 3, the typical mass spectra obtained in 287 

this work are consistent with previous studies from the literature about n-pentane oxidation at low 288 

temperature obtained by SPI-MS [42]: all the m/z species measured by SPI-MS between 50 and 289 

90 are also in our TOF-MS. 290 
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 291 
Figure 3. Comparison between (upper panel) the mass spectra obtained by SPI-MS [42] during 292 

n-pentane oxidation at 600 K at f = 0.5, and (lower panel) the results obtained in this work at 293 

10.5 eV photon energy and 585 K at a similar fuel to air equivalence ratio - Peaks at m/z 58, 70 294 

and 72 have been cut off in intensity for the sake of clarity. 295 

 296 

Among the measured signal observed on the mass spectra, discrimination has been made 297 

between fragments and parent ions. This was easily achieved since daughter species nearly always 298 

show no structure on the corresponding TPESs because they come from unbound states of the 299 

parent ion. Additionally, the fragments exhibit broader peak shapes in the TOF-MS, due to the 300 

kinetic energy release upon fragmentation, as shown in the mass spectrum of the lower panel in 301 

the Figure 3. Therefore, m/z 43, 45, 57, 71 and 85 are considered as fragments even if the presence 302 

of an additional parent species for a given mass channel could not be ruled out. The origin of those 303 

fragments along with the analysis of the heaviest intense peaks above m/z 90 (such as m/z 100 and 304 
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118 present in both spectra but not shown in Figure 3) will be the focus of a future article and will 305 

not be considered in this work.  306 

The identification of the important species detected in the mass spectra in Figure 3 was 307 

attempted using their ionization energies, as summarized in Table 2. However, for most of the 308 

species, several identifications are possible. Therefore, the TPES corresponding to each m/z of 309 

interest should be examined more closely. The TPES related to all the m/z labeled in blue in Figure 310 

3 are presented and discussed hereafter in the text. These were measured during the JSR oxidation 311 

of n-pentane at a reaction temperature of 585 K with an equivalence ratio of f = 1/3 and 0.5. 312 
                                aprevious theoretical calculations from the literature.[22] 313 
                                bcalculated value in this work. 314 
                    *NIST database (http://webbook.nist.gov/). 315 

m/z formula Name IE (eV) 
28 C2H4 ethylene 10.51* 
 CO carbon monoxide 14.01* 

30 CH2O formaldehyde 10.88* 
32 CH4O methanol 10.84* 
 O2 oxygen (reactant) 12.07* 

42 C3H6 propene 9.73* 
 C2H2O ketene 9.62* 

44 C3H8 propane 10.94* 
 C2H4O acetaldehyde 10.23* 
  ethylene oxide 10.56 
 CO2 carbon dioxide 13.777* 

48 CH4O2 methyl hydroperoxide 9.84a 
56 C2HOCH3 methoxyacetylene 9.48* 
 C2H3CHO acrolein 10.11* 

58 (CH3)2CO acetone 9.7* 
 CH3CH2CHO propanal 9.96* 

60 C2H4O2 acetic acid 10.69* 
62 C2H6O2 ethyl hydroperoxide 9.61a 
70 C5H10 1-pentene 9.49* 
 C5H10 2-pentene (Z) 9.01* 
 C5H10 2-pentene (E) 9.04* 
 C4H6O methyl-vinyl-ketone 9.65* 

72 C5H12 n-pentane (reactant) 10.28* 
 C4H8O methyl-ethyl-ketone 9.60b 

74 C3H6O2 allyl hydroperoxide 9.55a 
  propanoic acid 10.44* 

84 C4H4O2 2-furanone 10.86b 
  3-furanone 9.30b 

86 C5H10O tetrahydropyran 9.62b 
  2-methyltetrahydrofuran 9.33b 
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  cis 2,4-dimethyloxetane 9.40b 
  trans 2,4-dimethyloxetane 9.38b 
  2-ethyloxetane 9.45b 
  cis 2-ethyl-3-methyloxirane 9.48b 
  trans 2-ethyl-3-methyloxirane 9.98b 
  2-propyloxirane 10.11b 
  pentanal 9.98b 
  pentenol 7.48 b  
  2-pentanone 9.52b 
  3-pentanone 9.439b 

88 C4H8O2 But-1-enyl-3-hydroperoxide 9.33b 
  But-2-enyl-1-hydroperoxide 9.52b 

Table 2. Possible identifications of species detected in SVUV-PIMS analysis using their IE. IEs 316 
are from the NIST database (http://webbook.nist.gov/) when available or were calculated using 317 

Gaussian (CBS-QB3 level of theory) in previous work.[22] Adiabatic IEs were calculated in this 318 
work at the PBE0/aug-cc-pVDZ(opt)//(R)CCSD(T)-F12/aug-cc-pVTZ(SP) level of theory. The 319 

identification of the compounds in bold are discussed further in the paper.  320 
 321 

Channel m/z 42 322 

Figure 4 displays the measured TPES for m/z 42. The observed features in Figure 4 agree 323 

well with the literature spectra of ketene (C2H2O) [76] and propene (C3H6) [77]. The first peak 324 

corresponds to the IE of ketene at 9.62 eV and the second one at 9.73 eV to propene along with 325 

contributions corresponding to the population of the vibrational levels of the ketene cation upon 326 

ionization of the corresponding neutral. The other peaks at higher energy arise from a vibrational 327 

progression of both propene and ketene. The literature spectra were summed and weighted with 328 

appropriate factors to fit the measured PES in the appropriate photon energy range. The fit of the 329 

data results in an observed ketene:propene signal branching ratio of 1:0.5 with fit errors below 330 

10%. Relative mole fractions could then be estimated by weighting the branching ratio using the 331 

absolute photoionization cross sections at 10.5 eV from Yang et al. [78] for ketene (24.8 Mb) and 332 

Person et al. [79] for propene (10.9 Mb). The weighting leads to a ketene:propene mole fraction 333 

(MF) ratio of 0.9:1 suggesting that propene is present in higher amounts than ketene. These results 334 

are in very good agreement with previous GC [44] and SPI-MS [42] measurements for which mole 335 

fractions of 10 ppm for ketene and of 15 ppm for propene at 580 K were determined leading to a 336 

MF ratio of ketene:propene 0.6:1. Ketene was already detected in flames [41] and JSR experiments 337 

[42] during oxidation of alkenes and alkanes, respectively. According to Bugler et al. kinetic model 338 

[44], in a JSR at low temperatures, ketene is predicted to be formed mainly by successive 339 

decomposition from the second most abundant ketohydroperoxide (the 3,1-C5 ketohydroperoxide) 340 
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via the C2H5COCH2 radical according to model computations. Ketohydroperoxides are the heart 341 

of the low-temperature oxidation mechanism [21] their production by two successive oxygen 342 

additions is favored as f decreases. Propene is a significant product above 800 K, which can be 343 

formed by b-scission decomposition of 2-pentyl radical. 344 

 345 

 346 
Figure 4. Comparison of the TPES at m/z 42 (open circles) measured during the JSR oxidation 347 

of n-pentane at a reaction temperature of 585 K with an equivalence ratio of f = 0.5 with the 348 

weighted sum of reference spectra using the PES of ketene (dashed red line) from Niu et al. [76] 349 

and propene (dot green line) from Bieri et al. [77] The best fit is obtained for a ketene:propene 350 

signal branching ratio of 1:0.5. 351 
 352 

Channel m/z 44 353 

As it is readily assigned to CH3CHO (acetaldehyde) through its published PES [80], the 354 

TPES of m/z 44 is discussed first. For other m/z, several species assignations can be proposed. 355 

The experimental TPES of m/z 44 is shown in Figure 5, and. Another possible isomer could be 356 

ethylene oxide C2H4O based on its ionization energy (IE: 10.56 eV). However, there is nothing 357 



16 
 

evident at this photon energy to suggest its presence, and the reported reference PES [81] for this 358 

species in the literature does not match the bands seen in Figure 5. Propane (C3H8) is another 359 

possibility with an IE of 10.94 eV [82], but the reported TPES does not much the bump seen 360 

around 11 eV in our TPES and GC experiments show that propane can only be formed at much 361 

higher temperatures. Therefore, we did not see propane in TPES obtained at 585K and the unsigned 362 

bands peaking at 10.9 eV and 11.3 eV cannot be matched to other isomeric structures and might 363 

arise from dissociative ionization of heavier species. Note that carbon dioxide cannot be detected 364 

in this photon energy range since its ionization energy is much higher at 13.77 eV. Acetaldehyde 365 

(IE: 10.229 eV) [83] is a toxic pollutant and a major intermediate during alkane low-temperature 366 

oxidation arising mainly from the decomposition of the major ketohydroperoxide (the 2,4-C5 367 

ketohydroperoxide) according to model computations. The mole fraction of acetaldehyde at 580 368 

K (f = 0.5) measured by GC [44] is 600 ppm, while that of ethylene oxide is 15 ppm supporting 369 

the lack of signal around its predicted IE. 370 

 371 

 372 
Figure 5. Comparison between the TPES at m/z 44 (open circles) measured during the JSR 373 

oxidation of n-pentane at a reaction temperature of 585 K with an equivalence ratio of f = 1/3 374 

and the TPES of acetaldehyde (blue line) from Yencha et al. [84]. 375 
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 376 

Channel m/z 48 377 

The TPES correlated to 48 amu is displayed in Figure 6. It shows a threshold around 9.8 378 

eV, which is in good agreement with previous experimental and theoretical ionization energy of 379 

methyl hydroperoxide CH3OOH (IE: 9.84 eV) in the literature.[42] However no theoretical or 380 

experimental PES are available in the literature. Methyl hydroperoxide (mole fraction of 150 ppm 381 

at 585 K, f = 0.5) was found along with H2O2, the most abundant peroxide in SVUV-PIMS 382 

experiments during the oxidation of n-pentane.[42] Note that the sharp signal drop around 11 eV 383 

is due to ion fragmentation as in Figure 9.  384 

 385 

 386 
Figure 6. Measured TPES at m/z 48 (open circles) during the JSR oxidation of n-pentane at a 387 

reaction temperature of 585 K with an equivalence ratio of f = 1/3. 388 

 389 

Channel m/z 56 390 

Figure 7 shows the experimental TPES at m/z 56 measured in JSR which could come from 391 

potential contributions from several species such as C4H8 (but-2-ene, iso-butene, but-1-ene) and 392 

C3H4O isomers (acrolein (C2H3CHO), methylketene, methoxyacetylene (C2HOCH3)) isomers. 393 

However, methylketene (IE: 8.95 eV) [85], but-2-ene (IE: trans 9.10 & cis 9.11 eV) and iso-butene 394 
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(IE: 9.22 eV) (http://webbook.nist.gov/) could be easily ruled out based on their lower ionization 395 

energies and compared to the threshold observed around 9.4 eV in Figure 7.  The best fit obtained 396 

from the available PESs of acrolein, methoxyacetylene, and but-1-ene is shown in Figure 7. This 397 

fit is for an observed acrolein:methoxyacetylene:but-1-ene signal branching ratio of 1:0.04:0.08 398 

and allows us to infer that the measured spectrum is dominated by acrolein (IE: 10.11 eV) [84]. 399 

The unsaturated C3 aldehyde, acrolein is a very toxic compound and also a typical intermediate 400 

found during the oxidation of organic fuels at low temperature.[86] Acrolein was measured in 401 

relatively high amounts during n-pentane oxidation experiments (around 180 ppm at 580 K and 402 

f=0.5) [44]. Acrolein, the formation of which is satisfactorily predicted by the model (140 ppm), 403 

can be obtained through fast decomposition of allyl hydroperoxide, obtained by the combination 404 

of the abundant allyl and HOO radicals. However, the best fit does not reproduce satisfactorily the 405 

low photon energy part of the spectrum. Despite the fact that the weighting factor error on acrolein 406 

is around 3%, the weighting factor errors on methoxyacetylene and but-1-ene are 40% and 10% 407 

respectively due to a low signal to noise ratio. Thus, it is not possible to address or rule out their 408 

respective contribution in this work but if so, they are formed as minor species. Methoxyacetylene 409 

(IE: 9.48 eV) [87] is not considered in the n-pentane oxidation model of Bugler et al. [44] and 410 

under the present conditions, butenes were also measured in low amount by GC [44] (7 ppm). 411 

However, but-1-ene (IE: 9.55 eV) [88] is a significant product above 800 K because it can be 412 

formed by C-C b-scission decomposition of the 3-pentyl radical.  413 
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 414 
Figure 7. Comparison between the TPES at m/z 56 (open circles) measured during the JSR 415 

oxidation of n-pentane at a reaction temperature of 585 K with an equivalence ratio of f = 0.5 416 

and the weighted sum of reference spectra using the TPES of acrolein (dashed red line) from 417 

Yencha et al. [84], and the PES of methoxyacetylene (dot green line) [87], and but-1-ene (dot-418 

dashed line) [88]. The best fit is obtained for a acrolein:methoxyacetylene:but-1-ene signal 419 

branching ratio of 1:0.04:0.08. 420 

 421 

Channel m/z 58 422 

Figure 8 shows the TPES of m/z 58, the second highest peak in the TOF-MS spectra of 423 

Figure 3, as measured in JSR. It appears to be nicely reproduced by a mixture of reference spectra 424 

of acetone [89] and propanal [90]: the first two peaks correspond to acetone (IE: 9.7 eV) [91] while 425 

the third one to a contribution from both acetone and propanal (IE: 9.96 eV) [78]. Other potential 426 

isomers at this mass channel such as methyloxirane would lead to a threshold at 10.22 eV for 427 
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which almost no signal is observed. [92] The fit to the data returns an observed acetone:propanal 428 

signal branching ratio of 1:0.1 corresponding to a acetone:propanal 1:0.12 mole fraction ratio using 429 

the absolute photoionization cross sections at 10.5 eV from Wang et al. [93] for propanal (9.51 430 

Mb) and from Cool et al. [94] for acetone (11.20 Mb). This result is at odds with the GC 431 

measurements at 600K [44], where acetone was found in amounts 100 times lower than propanal 432 

(mole fraction = 120 ppm at 580 K, f = 0.5). This unfavorable ratio is, to a lower extent, confirmed 433 

by the model, which predicts twice more propanal (3.6x10-4) than acetone (1.7x10-4).  434 

 435 

 436 
Figure 8. Comparison between the measured TPES at m/z 58 (open circles) measured during the 437 

JSR oxidation of n-pentane at a reaction temperature of 585 K with an equivalence ratio of f = 438 

0.5 and the weighted sum of reference spectra using the PES of acetone (dashed red line) from 439 

Dannacher & Stadelmann [89] and propanal (dot green line) from Rennie et al. [90] The best fit 440 

is obtained for an acetone:propanal branching ratio of 1:0.1. 441 

 442 
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To check if the signal at m/z 58 is not due to the use of acetone as cleaning solvent in the 443 

experiments, Figure S1 displays its variation of the ion signal at m/z 58 as function of the 444 

temperature, showing well a product profile, negligible below 540 K and increasing with 445 

temperature. Propanal, the mole fraction of which is correctly enough predicted, is formed through 446 

the decomposition of the 3-pentylhydroperoxide. Acetone can be easily formed by H-abstractions 447 

by CH3COCH2, the radical arising, together with acetaldehyde, from the decomposition of the 448 

major ketohydroperoxide (the 2,4-C5 ketohydroperoxide). However, the predicted formation of 449 

acetone is very low in the n-pentane oxidation model of Bugler et al. [44]. This is because many 450 

important possible H-abstractions by this radical to give acetone are not considered in the model. 451 

This is especially the case of the H-abstractions with the fuel or with aldehydes. 452 

 453 

Channel m/z 60 and m/z 62 454 

Figure 9 displays the experimental TPES of m/z 60, which is in very good agreement with 455 

the experimental PES of acetic acid (CH3COOH) from von Niessen et al. [95], although with a 456 

better resolution here. The formation of acetic acid (IE: 10.65 eV) and other organic acids in low-457 

temperature oxidation of n-alkanes are explained with the Korcek mechanism, pathways based on 458 

the ketohydroperoxide decomposition via a cyclic peroxide isomer.[96] Acetic acid has been 459 

detected by SVUV-PIMS [42] and quantified by GC measurements [44] as the major acid 460 

produced during low temperature oxidation of n-pentane, with a mole fraction of 40 ppm at 600 K 461 

and f = 0.5. Figure 9 also shows the presence of a compound at m/z 62 during JSR experiments, 462 

which has been identified as ethylhydroperoxide (C2H5OOH) based on its calculated IE (9.61 eV) 463 

and quantified (mole fraction of 50 ppm at 580 K, f = 0.5) in a previous n-pentane oxidation study. 464 

[42] Along with methylhydroperoxide attributed to the signal at m/z 48, they are the two major 465 

alkylhydroperoxides mainly produced through HOO radicals combining with alkyl peroxy radicals 466 

in low-temperature lean fuel environment. Note that the slow rise observed is probably due to some 467 

geometry change between the neutral and the cation leading to poor FC factors, so that the 468 

adiabatic and vertical IEs are very different. Such a situation makes the PES more sensitive to hot 469 

band contribution, probably explaining the methyl and ethylhydroperoxide signals below their 470 

respective IE. 471 

 472 

 473 
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 474 
Figure 9. (Upper panel) comparison between the measured TPES at m/z 60 (open circles) 475 

measured during the JSR oxidation of n-pentane at a reaction temperature of 585 K with an 476 

equivalence ratio of f = 1/3 and the integrated TPES of acetic acid (blue line) from von Niessen 477 

et al..[95] (Lower panel) Measured TPES at m/z 62 (open circles) measured during the JSR 478 

oxidation of n-pentane at a reaction temperature of 585 K with an equivalence ratio of f = 1/3. 479 
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 480 

Channel m/z 70 481 

As the molecular mass increases, more and more potential candidates and isomers have to 482 

be considered and a priori choices based on chemical knowledge need to be made. This is the case 483 

of the m/z 70 corresponding photoelectron spectra displayed in Figure 10. At m/z 70 based on n-484 

pentane molecular structure, linear isomers such as 1-pentene (IE: 9.5 eV) and 2-pentene (IE: 9.04 485 

eV) are most likely to be formed compared to branched structures, such as 2-methyl-1-butene (IE: 486 

9.1 eV), 2-methyl-2-butene (IE: 8.69 eV) and 3-methyl-1-butene (IE: 9.5 eV).[40]. Indeed, 2-487 

methyl-2-butene can already be ruled out due to its low IE with respect to our TPES signal rise. 488 

The PES 3-methyl-1-butene [40] is very similar to that of 1-pentene, and the PES of 2-methyl-1-489 

butene has been recently calculated taking into account possible rotamers [40] but its vibronic 490 

structure, although close to that of 2-pentene, does not match the present TPES. Based on the 491 

molecular structure argument enounced before, and the fact that 2-methyl-2-butene can be 492 

excluded, we have not considered neither 3-methyl-1-butene nor 2-methyl-1-butene in the fitting 493 

procedure. In addition, oxygenated species such as methyl vinyl ketone C4H6O (IE: 9.65 eV) could 494 

also contribute significantly to the signal measured at m/z 70.[97] The shape of the measured TPES 495 

of m/z 70 displayed in Figure 10 is very well reproduced from the weighted contributions of three 496 

different isomers (2-pentene, 1-pentene and methyl vinyl ketone) with an observed 497 

2-pentene:1-pentene:methyl vinyl ketone signal branching ratio of 1:0.3:0.6. The quality of the fit 498 

further validates the choice of removing the branched isomers. Under the GC conditions [44], 1-499 

pentene was detected in peak mole fractions sometimes over ten times those of 2-pentene due to 500 

potential co-elution with the reactant. However, simulations indicate a 2.6 times higher mole 501 

fraction of 2-pentene (170 ppm) compared to that of 1-pentene (65 ppm). According to Bugler et 502 

al. model [44], pentenes are mainly formed from HOO elimination from the three pentylperoxy 503 

radicals derived from the three (one primary and two secondary) pentyl radicals. 2-pentene arises 504 

only from the more abundant secondary pentyl radicals, while 1-pentene arises from both one 505 

primary and one secondary pentyl radicals. The mole fraction (580 K, f = 0.5) of methyl vinyl 506 

ketone (17 ppm) was found to be about a third of that of pentenes [44] through GC measurements, 507 

which is in agreement with the present results assuming similar absolute ionization cross-sections 508 

for the three isomers. Methyl vinyl ketone is not considered in the model. [44] 509 

 510 
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 511 
Figure 10. Comparison of the measured TPES at m/z 70 (open circles) obtained in the JSR 512 

during n-pentane oxidation at a reaction temperature of 585 K with an equivalence ratio of f = 513 

0.5 to the weighted sum of reference spectra using the PES of 2-pentene (dashed red line) and 1-514 

pentene (dot green line) from Pieper et al. [40] and methyl vinyl ketone (purple dot-dashed line) 515 

from Tam et al. [98] The best fit is obtained for a 2-pentene:1-pentene:methyl vinyl ketone signal 516 

branching ratio of 1:0.3:0.6. 517 

 518 

Channel m/z 72 519 

Figure 11 displays the experimental TPES of m/z 72, which is in very good agreement 520 

with the experimental PES of Methyl Ethyl Ketone (MEK) from Pieper et al. [40], although with 521 

a better resolution here. We observe a double structure around 9.6 eV, as verified by the simulated 522 

TPES of MEK (IE: 9.6 eV) also displayed in Figure 11. Numerous additional potential isomasses 523 

at this mass channel were ruled out such as iso-butanol, tetrahydrofuran, 2-methoxypropene, ethyl 524 

vinyl ether, 3-buten-1-ol, 3-buten-2-ol and iso-butanal. For instance, 2-methoxypropene (IE: 8.64 525 



25 
 

eV) and ethyl vinyl ether (IE: 8.98 eV) are ruled out based on their respective ionization energies, 526 

which sit below the rise of the TPES signal. The other isomasses: n-butanal, iso-butanol, 527 

tetrahydrofuran, 3-buten-1-ol, 3-buten-2-ol and iso-butanal are dismissed on the basis of their PES, 528 

which do not match the experimental TPES (cf. Figure S2).[40] This result is in agreement based 529 

on n-pentane molecular structure, where contributions from branched structures such as iso-530 

butanol (IE: 9.24 eV), 3-buten-1-ol (IE: 9.56 eV), 3-buten-2-ol (IE: 9.53 eV) and iso-butanal (IE: 531 

9.83 eV) are expected to be small. The mole fraction of Methyl Ethyl Ketone (MEK) was measured 532 

equal to 90 ppm at 580 K (f= 0.5) in previous GC experiments [44], with that of butanal being 5 533 

times lower (18 ppm under the same conditions). The much lower concentration of the butanal 534 

isomer is consistent with the lack of signal in the present results assuming comparable 535 

photoionization cross sections. MEK (predicted mole fraction = 3 ppm) is modeled as being 536 

formed by H-abstractions from the C2H5COCH2 radical obtained from the decomposition of the 537 

second most abundant ketohydroperoxide (the 3,1-C5 ketohydroperoxide); here also only many H-538 

abstractions with C2H5COCH2 radical are missing in the model [44] involving a probable 539 

significant underprediction. It should be noted that the peak at 9.54 eV, which is also clearly seen 540 

in the experimental PES measured by Pieper et al. [40], is not seen in the calculations using a 541 

vibrational temperature of 0K so it must likely come from a hot band because the high temperature 542 

at which this compound is formed. 543 

 544 
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 545 
Figure 11. Comparison of the measured TPES at m/z 72 (open circles) obtained in the JSR 546 

during n-pentane oxidation at a reaction temperature of 585 K with an equivalence ratio of f = 547 

0.5 to the reference spectrum of MEK (solid blue line) from Pieper et al. [40] and the envelope 548 

from convolution of the FC factors for the MEK (long dashed red line) as computed in this work 549 

at the PBE0/aug-cc-pVDZ level and shifted to fit with the adiabatic ionization energy determined 550 

at the PBE0/aug-cc-pVDZ(opt)//(R)CCSD(T)-F12/aug-cc-pVTZ(SP) level. Note that for the 551 

sake of clarity, the signal above 10.1 eV is not shown since it is saturated by the n-pentane signal 552 

(IE: 10.28 eV). 553 

 554 

Channel m/z 74 555 

The TPES shown in Figure 12 (m/z 74 corresponding to a minor peak in Figure 3) could 556 

correspond to allyl hydroperoxide (IE: 9.55 eV), the lightest alkenyl hydroperoxide, and propanoic 557 

acid (IE: 10.44 eV). The organic acid was measured in significant amounts during the oxidation 558 

of several alkanes at low temperatures in the past.[47] Regarding allyl-OOH, it was already 559 

detected in SVUV-PIMS and SPI-MS experiments (mole fraction of 7 ppm at 580 K (f = 560 
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0.5)).[42,44] Allyl hydroperoxide (predicted mole fraction = 2 ppm) is mainly formed by 561 

combination of allyl and HOO radicals.  562 

 563 

 564 
Figure 12. Measured TPES at m/z 74 (open circles) obtained in the JSR during n-pentane 565 

oxidation at a reaction temperature of 585 K with an equivalence ratio of f = 1/3. 566 

 567 

Channel m/z 84 568 

Figure 13 shows the measured TPES at m/z 84 (open circles) obtained in the JSR during 569 

n-pentane oxidation. GC-MS experiments [44] led to suggest pentenones for this m/z but with a 570 

slightly higher start of detection, from 590 K instead of the 585K used to record the TPES. This 571 

would be consistent with previous measurements in SVUV-PIMS during n-heptane oxidation at 572 

low temperature suggesting the possible formation of products derived from cyclic ethers such as 573 

furanones (C4H4O2) [22] with the potential formation of at least two products contributing to this 574 

mass channel such as 3-furanone (IE: 9.30 eV) and 2-furanone (IE: 10.86 eV). Based on the good 575 

overlap between the measured TPES and the envelope from convolution of the FC factors for the 576 

3-furanone, we are able to pinpoint the formation of 3-furanone and rule out the other furanone 577 
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isomer for which the TPES in Figure 13 shows no measurable intensity at its ionization energy. 578 

Contribution from hydrocarbons at this mass such 1-hexene (C6H12) could also be ruled out based 579 

on the shape of its PES, since there is a second, intense electronic band starting above 10.2 eV [99] 580 

which we don’t see in our TPES. Furanones are not considered in the model, but are expected to 581 

derive from dihydrofurans by H-abstraction followed by a combination with HO2 radicals and the 582 

decomposition of the obtained hydroperoxides. 2,3-dihydrofuran is considered in the model, but it 583 

is predicted to be formed in very negligible amounts. 584 

 585 

 586 
Figure 13. Measured TPES at m/z 84 (open circles) obtained in the JSR during n-pentane 587 

oxidation at a reaction temperature of 585 K with an equivalence ratio of f = 1/3 and the 588 

envelope from convolution of the FC factors for the 3-furanone (blue line) as computed at the 589 

PBE0/aug-cc-pVDZ level and shifted to fit with the adiabatic ionization energy determined at the 590 

PBE0/aug-cc-pVDZ(opt)//(R)CCSD(T)-F12/aug-cc-pVTZ(SP) level.  591 

 592 
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Channel m/z 86 593 

Figure 14 displays the TPES obtained for the intense m/z 86 peak and the simulated TPES 594 

of 2-methyltetrahydrofuran (IE: 9.33 eV), 2-pentanone (IE: 9.52 eV), 3-pentanone (IE: 9.439 eV), 595 

cis 2-ethyl-3-methyloxirane (IE: 9.48 eV), trans 2,4-dimethyloxetane (IE: 9.38 eV) and 2-596 

ethyloxetane (IE: 9.45 eV) to fit the TPES. The best fit is obtained for a 2-methyltetrahydrofuran:2-597 

pentanone:3-pentanone:cis 2-ethyl-3-methyloxirane:trans 2,4-dimethyloxetane:2-ethyloxetane 598 

observed signal branching ratio of 0.69:0.82:1:0.82:0.56:0.39. Numerous additional potential 599 

isomers at this mass channel were ruled out based on previous studies in GC-MS [44]. All the 600 

C5H10O isomers for m/z 86 with an amount below 10 ppm have not been considered in the fitting 601 

procedure: trans 2-ethyl-3-methyloxirane, pentanal, pentenol and 2-propyloxirane and 602 

tetrahydropyrans (see Table S1). The cis conformation of 2,4-dimethyloxetane was not considered 603 

since the IE with the trans conformation is close (trans: 9.38 eV and cis: 9.40 eV) and the 604 

experimental resolution does not allow to differentiate their respective contributions. To obtain the 605 

relative contribution of the 6 other isomers for m/z 86, calculated TPES of 2-606 

methyltetrahydrofuran, 2-pentanone, 3-pentanone, cis 2-ethyl-3-methyloxirane, trans 2,4-607 

dimethyloxetane and 2-ethyloxetane were considered in the evaluation. The fitting procedure sums 608 

and weights with 6 appropriate factors the calculated TPES of the 6 isomers in the appropriate 609 

photon energy range. The best fit displayed in Figure 14 reproduces satisfactorily the overall 610 

structure of the measured TPES of m/z 86 from the weighted contributions of the different isomers. 611 

Table S1 reports the comparison between the amount detected by GC-MS [42], the predicted value 612 

using the model of Bugler et al. [44] and the observed signal branching ratio for isomers at m/z 613 

86. 614 

However, the evaluation faces some challenges here since the calculated TPES of the 615 

isomers overlap in a narrow energy region. Thus, with the noise level for the signal at this mass 616 

channel, the relative contribution of the different isomers must be interpreted with care, and the 617 

uncertainty in the observed signal branching ratio is associated with the experimental TPES fit. As 618 

shown in Figure S3, the procedure is more sensitive to non-overlapping and structured PES, such 619 

as trans 2,4-dimethyloxetane (isolated on the low energy part) or 2-methyltetrahydrofuran (double 620 

band structure). Overall, the systematic errors on the branching ratios range from a few percent for 621 

the abovementioned isomers, to a few tens of percent that sometimes exceed the fitted value itself.  622 
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The evaluation shows the formation of several linear and cyclic isomers. Cyclic ethers are 623 

involved in the low temperature gas phase oxidation of different types of fuels, emitted in exhaust 624 

gases of engines from an incomplete combustion. They derived from an oxygen addition on an 625 

alkyl radical (deriving from the reactant) to form a peroxy radical ROO followed by several 626 

isomerization steps to yield a hydroperoxy alkyl radical QOOH, which could decompose to form 627 

three, four, five and six membered ring cyclic ethers. Usually, the five membered ring cyclic ethers 628 

(tetrahydrofurans and oxolanes) are expected to be the most abundant during low-temperature 629 

oxidation of linear n-alkanes due to a lower ring strain energy involved in the transition state during 630 

the isomerization in comparison to that of the other cyclic transition states.[100] The presence of 631 

2-methyltetrahydrofuran (2-MeTHF) in this work along with the 88.4 ppm mole fraction measured 632 

in previous GC experiments at  580 K (f = 0.5)  [44] supports this statement. However, the 633 

evaluation in this work does not conclude on the dominance of 2-MeTHF due to lack of 634 

information on photoabsorption cross sections in the literature. The formation of four membered 635 

ring cyclic ethers (oxetanes) is usually observed but these species are present in much smaller 636 

amounts than five membered ring ones. The evaluation revealed the formation of 2,4-637 

dimethyloxetane and 2-ethyloxetane. Both species were detected as major species during previous 638 

GC experiments [44] with a mole fraction equal to 16.3 and 19.6 ppm at 580 K (f= 0.5) 639 

respectively. Cis 2-ethyl-3-methyloxirane is also detected which is consistent with the 22.4 ppm 640 

mole fraction measured in previous GC experiments [44] at 580 K (f= 0.5) even if  three membered 641 

ring cyclic ethers are not easily detected due to a difficult isomerization with a high extra internal 642 

energy transition state. Finally, the evaluation addressed the contribution of two linear ketone 643 

isomers: 2- and 3-pentanone which was found as the second major species after 2-MeTHF in 644 

previous GC experiments during low temperature n-pentane oxidation [44] with a mole fraction 645 

equal to 54 ppm at 580 K (f= 0.5). Those species are formed from H-abstraction reactions from 646 

alkyl radicals with a carbonyl group leading to the formation of ketones such as acetone or 647 

pentanone. According to Bugler et al model [44], 2- and 3-pentanone arise, respectively, from 2- 648 

and 3-pentylperoxy radicals by reaction with methyl-/ethyl-peroxy radicals producing these 649 

ketones, methanol/ethanol and O2.  650 
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 651 
Figure 14. Comparison of the measured TPES at m/z 86 (open circles) obtained in the JSR 652 

during n-pentane oxidation at a reaction temperature of 585 K with an equivalence ratio of f = 653 

0.5 to the weighted sum of the envelopes from convolution of the FC factors for the 2-654 

methyltetrahydrofuran (orange small dotted line), 2-pentanone (yellow long dotted line), 3-655 

pentanone (green short dashed line), cis 2-ethyl-3-methyloxirane (cyan dot-dashed line), trans 656 

2,4-dimethyloxetane (red long and short dashed line) and 2-ethyloxetane (purple long line 657 

followed by two short dashes) as computed at the PBE0/aug-cc-pVDZ level and shifted to fit 658 

with the adiabatic ionization energy determined at the PBE0/aug-cc-pVDZ(opt)//(R)CCSD(T)-659 

F12/aug-cc-pVTZ(SP) level. The best fit is obtained for a 2-methyltetrahydrofuran:2-660 

pentanone:3-pentanone:cis 2-ethyl-3-methyloxirane:trans 2,4-dimethyloxetane:2-ethyloxetane 661 

observed signal branching ratio of 0.69:0.82:1:0.82:0.56:0.39. 662 

 663 

 664 

Channel m/z 88 665 
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Figure 15 displays the TPES at m/z 88 obtained in the JSR during n-pentane oxidation and 666 

the envelope from convolution of the FC factors for the but-1-enyl-3-hydroperoxide. During 667 

previous alkane oxidation experiments using TOF-MS combined with tunable synchrotron 668 

photoionization and during GC analysis (0.02 ppm at 580 K) [42,44] the formation of C4 669 

alkenylhydroperoxides was suggested along with butanoic acid but without further information on 670 

the identification of the isomer of C4 alkenylhydroperoxides. In this work, FC analysis allow us to 671 

observe a good overlap between the measured TPES at m/z 88 and the envelope from convolution 672 

of the FC factors for the but-1-enyl-3-hydroperoxide (IE: 9.33 eV). The convolution of the 673 

simulated vibrationally resolved electronic spectrum of the other isomer but-2-enyl-1-674 

hydroperoxide (IE: 9.52 eV) and displays in the Figure 15 allows us to rule out its contribution in 675 

the measured signal at mass channel 88. The formation of butanoic acid is also ruled out since no 676 

signal was observed at its ionization energy, 10.3 eV. It should be noted that the large difference 677 

in shape between the TPES and the simulations is explained by the fact that when high masses are 678 

reached, there are more internal modes, especially low frequencies, that may be populated prior to 679 

photon ionization contributing to the spectra as hot bands. Also several conformers may be formed 680 

and may contribute. These effects are not taken into account in the simulated spectra. 681 

 682 
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 683 
Figure 15. Measured TPES at m/z 88 (open circles) obtained in the JSR during n-pentane 684 

oxidation at a reaction temperature of 585 K with an equivalence ratio of f = 1/3 and the 685 

envelope from convolution of the FC factors for the but-1-enyl-3-hydroperoxide (blue line) and 686 

the but-2-enyl-1-hydroperoxide (red line) at as computed at the PBE0/aug-cc-pVDZ level and 687 

shifted to fit with the adiabatic ionization energy determined at the PBE0/aug-cc-688 

pVDZ(opt)//(R)CCSD(T)-F12/aug-cc-pVTZ(SP) level.  689 

 690 

4. Summary and conclusions 691 

The oxidation of n-pentane has been studied in a JSR, for the first time using the i2PEPICO 692 

spectroscopy technique for the analysis of combustion intermediates. The i2PEPICO approach 693 

reveals the fingerprint TPES of each species, allowing specific information about the chemical 694 

composition at a given mass channel to be unraveled. Especially in combustion environments such 695 

as in a JSR, this technique is advantageous to decipher the contribution of several isomers with 696 

close ionization energies and when the slopes of the PIE are featureless. When coupled to FC 697 

calculations, this method allows the determination of the vibrational temperature of the 698 

environment by comparing the intensity ratio between the peaks involved into the transitions.  699 



34 
 

To analyze the JSR spectra, reference PES of species in the literature were used along with 700 

calculated PES for several compounds of m/z = 72, 84, 86 and 88 reported for the first time and 701 

obtained via Franck-Condon simulations on the basis of high-level quantum chemistry 702 

calculations. These simulated PES have a critical role in the detection of products since the 703 

experimental literature is often very limited, especially for reactive intermediates, and will also 704 

enrich the data base of vibronic footprints, which will be of interest to the increasing number of 705 

groups using mass-selected PES for analytical purposes. 706 

As demonstrated already in flame environments, the i2PEPICO technique supports isomer 707 

identification up to relatively heavy masses (50-100 amu) and is an efficient diagnostic tool for 708 

complex chemical gas-phase combustion analysis. Interestingly, an unexplained significant 709 

general trend seems to appear: the i2PEPICO mass spectrometry is more sensitive to ketones than 710 

gas chromatography. This could imply needed revision in the current models largely validated on 711 

these later data. 712 

For large masses, the isomeric sensitivity could be enhanced if a more complete database 713 

were available for all the possible isomers that would include for instance high resolution TPES. 714 

For JSR experiments, this technique complements nicely gas chromatography for the separation 715 

of stable compounds with the same m/z. Its major advantage compared to GC is that it can also be 716 

applied to the detection short-lived species, such as hydroperoxides which play a major role in 717 

chemistry of the low-temperature oxidation of hydrocarbons. The analysis of diones and 718 

ketohydroperoxides detected at m/z 100 & 118 in this work along with the investigation of their 719 

fragmentation processes is planned in the near future. We show also that i2PEPICO data coupled 720 

to FC simulations and ab initio determination of the adiabatic ionization energies represent a 721 

powerful method which complements the GC data analysis for the heavy species.  722 

Generally, the spreading use of the PEPICO technique should be consider as a powerful 723 

complementary diagnostic method aimed at improving the use of alternatives fossil fuels such as 724 

those derived from biogenic sources. In this prospect, further experiments should be focused on 725 

the reactions of oxygenated and N-bearing species found in biomass-derived nitrogenated-fuels in 726 

order to further improve reaction mechanisms developed for a new generation of cleaner and 727 

efficient fuels. Note that the GC analysis with highly-oxygenated and N-bearing species is often 728 

more challenging that than with species obtained during the hydrocarbon oxidation (species 729 

containing C, H, and one or two oxygen atoms). 730 
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