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Introduction

In a critical energy and environment context, urgent actions need to be undertaken to reduce the emissions of harmful pollutants and to improve the energy efficiency of combustion processes.

However, both require a comprehensive understanding of the combustion physico-chemical mechanisms explaining the reactivity behavior as a function of the temperature regime and of the fuel's molecular structure. [START_REF] Kohse-Höinghaus | Combustion Chemistry Diagnostics for Cleaner Processes[END_REF] Detailed kinetic models based on elementary reactions help to address the influence of fuel-replacement and additives on the combustion reactions identifying chemical pathways that form hazardous pollutants. However, despite a long period of research on conventional petroleum-based fuels and more recently on alternative fuels, understanding detailed combustion processes is still a large and vivid field of investigation. In situ diagnostics for real combustion gas-phase environments (e.g., motor engines, gas turbines) are challenging due to the extreme physical parameters (pressure and temperature) and the rich chemistry leading to a wide range of products (hundreds of species involved in thousands of reactions). [START_REF] Westbrook | Multi-fuel surrogate chemical kinetic mechanisms for real world applications[END_REF] Thus, fundamental investigations of combustion reactions are carried out in dedicated laboratory environments (e.g., jet-stirred or tubular reactors, laminar premixed low-pressure flames, shock tubes, rapid compression machines) [START_REF] Dagaut | A chemical kinetic study of n-butanol oxidation at elevated pressure in a jet stirred reactor[END_REF][START_REF] Hakka | Experimental study of the oxidation of large surrogates for diesel and biodiesel fuels[END_REF][START_REF] Hansen | Recent contributions of flame-sampling molecular-beam mass spectrometry to a fundamental understanding of combustion chemistry[END_REF][START_REF] Li | Recent Applications of Synchrotron VUV Photoionization Mass Spectrometry: Insight into Combustion Chemistry[END_REF][START_REF] Hashemi | Highpressure oxidation of propane[END_REF][START_REF] Davidson | Multi-species time-history measurements during n-heptane oxidation behind reflected shock waves[END_REF][START_REF] Goldsborough | Advances in rapid compression machine studies of low-and intermediate-temperature autoignition phenomena[END_REF] under controlled conditions akin to practical systems. Then, reaction mechanisms are built from this fundamental knowledge obtained over a large range of conditions [START_REF] Ranzi | Reduced kinetic schemes of complex reaction systems: Fossil and biomass-derived transportation fuels[END_REF][START_REF] Sarathy | Alcohol combustion chemistry[END_REF] and transferred to actual applied combustion processes. [START_REF] Duboc | Description of kerosene/air combustion with Hybrid Transported-Tabulated Chemistry[END_REF] Most of the time laboratory diagnostics rely on Gas Chromatography (GC) often coupled with Mass Spectrometry (MS) to provide an efficient structure-based identification of many stable species for gas-phase chemistry analysis. [START_REF] Djokic | The thermal decomposition of 2,5-dimethylfuran[END_REF][START_REF] Herbinet | Mass spectra of cyclic ethers formed in the low-temperature oxidation of a series of n-alkanes[END_REF] However, GC time resolution does not allow the detection of elusive intermediates present in trace amounts with short lifetimes, in mixtures containing up to several dozens of compounds. Short-lived reaction intermediates play key roles in various gas-phase environments, determining reaction rates and the branching ratios between different product channels, whose identification and quantification are mandatory to improve our understanding of the relevant chemical processes. [START_REF] Lamoureux | NCN quantitative measurement in a laminar low pressure flame[END_REF][START_REF] Taatjes | Enols are common intermediates in hydrocarbon oxidation[END_REF] Laser-based non-invasive methods are sensitive and selective diagnostics allowing to detect and quantify reactive intermediates such as free radicals. [START_REF] Sajid | Measurement of the Rate of Hydrogen Peroxide Thermal Decomposition in a Shock Tube Using Quantum Cascade Laser Absorption Near 7.7 μm[END_REF][START_REF] Kohse-Höinghaus | Combustion at the focus: laser diagnostics and control[END_REF][START_REF] Hanson | Applications of quantitative laser sensors to kinetics, propulsion and practical energy systems[END_REF][START_REF] Northern | Multi-species detection using multi-mode absorption spectroscopy (MUMAS)[END_REF] However, most promising techniques are based on PhotoIonization Mass Spectrometry (PIMS), through the use of synchrotron-generated tunable Vacuum UltraViolet (VUV) light, providing a diagnostic to perform sensitive, multiplex in situ chemical analysis for laboratory combustion environments. [START_REF] Hansen | Recent contributions of flame-sampling molecular-beam mass spectrometry to a fundamental understanding of combustion chemistry[END_REF][START_REF] Li | Recent Applications of Synchrotron VUV Photoionization Mass Spectrometry: Insight into Combustion Chemistry[END_REF][START_REF] Taatjes | Enols are common intermediates in hydrocarbon oxidation[END_REF][START_REF] Wang | Exploring hydroperoxides in combustion: History, recent advances and perspectives[END_REF][START_REF] Herbinet | Detailed product analysis during the low temperature oxidation of n-butane[END_REF][START_REF] Battin-Leclerc | New experimental evidences about the formation and consumption of ketohydroperoxides[END_REF] However, synchrotron VUV PhotoIonization Mass Spectrometry (SVUV-PIMS) allows only in few favorable cases isomer separation and measurement of product branching ratios, including reactive intermediates through the measurement of the photoion intensities as a function of photon energy to obtain the so-called PhotoIonization Efficiency (PIE) curve of each molecule. [START_REF] Li | Recent Applications of Synchrotron VUV Photoionization Mass Spectrometry: Insight into Combustion Chemistry[END_REF][START_REF] Taatjes | Enols are common intermediates in hydrocarbon oxidation[END_REF][START_REF] Osborn | The multiplexed chemical kinetic photoionization mass spectrometer: A new approach to isomer-resolved chemical kinetics[END_REF][START_REF] Taatjes | Imaging" combustion chemistry via multiplexed synchrotronphotoionization mass spectrometry[END_REF][START_REF] Qi | Combustion chemistry probed by synchrotron VUV photoionization mass spectrometry[END_REF] Despite the efficiency of SVUV-PIMS, much more detail on the electronic and molecular structures of the compounds can be obtained from photoelectron spectroscopy measuring the kinetic energy (KE) of the electron ejected upon photoionization. [START_REF] Eland | Photoelectron spectroscopy: an introduction to ultraviolet photoelectron spectroscopy in the gas phase[END_REF][START_REF] Baer | An historical introduction to threshold photoionization[END_REF] For a given species, the photoelectron intensity is monitored as a function of electron binding energy yielding its PhotoElectron Spectrum (PES), which by integration leads to the PIE curve. Note that the opposite, differentiating the PIE to obtain the PES, is in practice not possible due to the experimental noise amplification. PES offer a better sensitivity and selectivity as each electronic/vibronic state of the ion appears as a distinct peak rather than changes of the slope in PIE spectra. However, PES analysis in a complex environment, such as in combustion studies, results in the sum of all the individual photoelectron spectra, making quantitative analysis difficult. PhotoElectron PhotoIon COincidence (PEPICO) technique extracts both electrons and ions from the ionization events and correlates them, in order to make use of the additional and complementary information from coincident mass spectrometry and photoelectron spectroscopy. [START_REF] Bodi | Mass-Resolved Isomer-Selective Chemical Analysis with Imaging Photoelectron Photoion Coincidence Spectroscopy[END_REF][START_REF] Osborn | Breaking through the false coincidence barrier in electron-ion coincidence experiments[END_REF][START_REF] Bodi | Imaging photoelectron photoion coincidence spectroscopy with velocity focusing electron optics[END_REF][START_REF] Garcia | A versatile electron-ion coincidence spectrometer for photoelectron momentum imaging and threshold spectroscopy on mass selected ions using synchrotron radiation[END_REF][START_REF] Garcia | DELICIOUS III: A multipurpose double imaging particle coincidence spectrometer for gas phase vacuum ultraviolet photodynamics studies[END_REF][START_REF] Baer | Advances in threshold photoelectron spectroscopy (TPES) and threshold photoelectron photoion coincidence (TPEPICO)[END_REF] In the context of combustion processes, PES on mass-selected compounds is extremely useful as it adds to the mass analysis provided by the PIMS method a full electronic/vibrational fingerprint, specific of a given isomer, much richer than the single ionization energy information. Franck-Condon analysis can also provide the ro-vibronic temperature of a given compound. This analytical method has been only recently applied to combustion studies such as flames but its application is fast spreading and has already succeeded in detecting reactive intermediates and final products. [START_REF] Felsmann | Electron ionization, photoionization and photoelectron/photoion coincidence spectroscopy in massspectrometric investigations of a low-pressure ethylene/oxygen flame[END_REF][START_REF] Krüger | Photoelectron-photoion coincidence spectroscopy for multiplexed detection of intermediate species in a flame[END_REF][START_REF] Oßwald | In situ flame chemistry tracing by imaging photoelectron photoion coincidence spectroscopy[END_REF][START_REF] Krüger | The fate of the OH radical in molecular beam sampling experiments[END_REF][START_REF] Bierkandt | Flame structure of laminar premixed anisole flames investigated by photoionization mass spectrometry and photoelectron spectroscopy[END_REF][START_REF] Pieper | Isomer Identification in Flames with Double-Imaging Photoelectron/Photoion Coincidence Spectroscopy (i 2 PEPICO) using Measured and Calculated Reference Photoelectron Spectra[END_REF][START_REF] Felsmann | Progress in Fixed-Photon-Energy Time-Efficient Double Imaging Photoelectron/Photoion Coincidence Measurements in Quantitative Flame Analysis[END_REF] In this work we performed for the first time a PEPICO spectroscopy analysis during the oxidation in a Jet-Stirred Reactor (JSR) of n-pentane, the simplest alkane presenting a lowtemperature reactivity really representative of that of heavier fuels present in gasolines and Diesel fuels. For this reason, the oxidation of this C5 saturated hydrocarbon has been thoroughly experimentally investigated with reliable detailed kinetic modeling. [START_REF] Rodriguez | Measuring hydroperoxide chain-branching agents during n-pentane lowtemperature oxidation[END_REF][START_REF] Bugler | Revisiting the Kinetics and Thermodynamics of the Low-Temperature Oxidation Pathways of Alkanes: A Case Study of the Three Pentane Isomers[END_REF][START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] It is therefore a very suitable example to address the capability of the PEPICO technique as an efficient probe for complex combustion environments. The assignment of the experimental spectra is carried out using either PES available in the literature or theoretical spectra as generated using first principle approaches. It should be noted that the ionic products were considered in their electronic ground states, i.e. we omitted the population of their electronic excited states.

Methods 126

Experimental procedure 127

Experiments were carried out at the undulator-based DESIRS VUV beamline [START_REF] Nahon | DESIRS: a state-of-the-art VUV beamline featuring high resolution and variable polarization for spectroscopy and dichroism at SOLEIL[END_REF] of 128 synchrotron SOLEIL using the SAPHIRS end-station [START_REF] Tang | Vacuum upgrade and enhanced performances of the double imaging electron/ion coincidence end-station at the vacuum ultraviolet beamline DESIRS[END_REF], equipped with the double-imaging 129 photoelectron/photoion (i 2 PEPICO) spectrometer DELICIOUS III [START_REF] Garcia | DELICIOUS III: A multipurpose double imaging particle coincidence spectrometer for gas phase vacuum ultraviolet photodynamics studies[END_REF], 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. The JSR set-up consists in a quartz sphere (volume ≈ 60 cm 3 ) 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 [START_REF] Herbinet | Progress in Understanding Low-Temperature Organic Compound Oxidation Using a Jet-Stirred Reactor[END_REF], 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 were varied from 580 to 675 K. The annular preheating zone is used to progressively increase the gas temperature up to the reactor temperature before entering the JSR (the residence time in this annular zone is only a few percent of that in the JSR). The preheating is important to avoid the non-homogeneity of the temperature in the gas phase [START_REF] Azay | Temperature Gradients in a Continuous Flow Stirred Tank Reactor[END_REF]. Temperature measurements at different positions into the gas phase show that the temperature difference is smaller than 5K. The temperature was controlled using K-type thermocouples. An additional K-type thermocouple, located in the inner tube and only in contact with the burnt gases, was used to monitor the reaction temperature inside the reactor. Experiments were performed at constant temperature and pressure under steady state conditions and under quasi-atmospheric pressure (1.1 bar) with a residence time of 3 s for two equivalence ratios (1/3 and 0.5) with a fuel initial mole fraction of 0.01 and a dilution with He as a buffer gas. Calibrated mass and Coriolis flow controllers were used to control gas and liquid flow rates and the liquid fuel was mixed homogeneously into the gas flow using He as a carrier gas through a controlled evaporation mixing system (CEM, Bronkhorst The gas sample inside the reactor was probed through a quartz nozzle with a 100 μm hole and expanded into a differential pumping chamber (10 -4 mbar), freezing the composition of the reactor. Then, the molecular beam traversed two consecutive copper skimmers of 1 and 2 mm diameter, expanding further (10 -6 mbar) towards the ionization chamber where it intersects the ionizing focused VUV beam of DESIRS. Prior to entering the ionization chamber, the light supplied by DESIRS passed through a monochromator, equipped for this experiment with a 200 grooves/mm grating, leading to a flux of ca. 10 13 ph/s with a spectral resolution of ca. 20 meV at 10 eV. A gas filter located upstream the monochromator and filled with Kr effectively removed high harmonics from the undulator ensuring a spectral purity across the 8-12 eV range used during the experiments. [START_REF] Mercier | Experimental and theoretical study of a differentially pumped absorption gas cell used as a low energy-pass filter in the vacuum ultraviolet photon energy range[END_REF] The photon flux was recorded as a function of the photon energy with a dedicated photodiode (AXUV from Optodiode) and used to correct the spectra. The absolute energy scale was calibrated against the 5s and 5s' Kr absorption lines seen in the experimental total ion yields, leading to an absolute accuracy in the energy scale of the order of 4 meV. [START_REF] Yoshino | Absorption spectrum of krypton in the vacuum uv region[END_REF] The molecular beam crossed the VUV synchrotron radiation at the center of the i 2 PEPICO spectrometer DELICIOUS III [START_REF] Garcia | DELICIOUS III: A multipurpose double imaging particle coincidence spectrometer for gas phase vacuum ultraviolet photodynamics studies[END_REF]. The coincident electrons and ions resulting from the ionization process are accelerated in opposite directions, analyzed respectively by a Velocity Map Imaging (VMI) spectrometer and a modified Wiley-McLaren time-of-flight imaging spectrometer, and detected in a multi-start/multi-stop coincidence scheme. The coincidence scheme allows the photoelectron images to be tagged by the ion mass and velocity vector. In this work, apart from the mass tagging, only photoelectrons correlated to ions having a net velocity along the molecular beam axis are considered. This removes the background associated to the thermalized gas inside the ionization chamber, and also improves KE and mass resolutions. The resulting mass-filtered ion imaging-filtered photoelectron images are further treated to yield the photoelectron spectra by Abel inversion. [START_REF] Garcia | Two-dimensional charged particle image inversion using a polar basis function expansion[END_REF] The Threshold PES (TPES) are obtained according to the method outlined by Poully et al. [START_REF] Poully | Photoionization of 2-pyridone and 2hydroxypyridine[END_REF] and Briant et al. [START_REF] Briant | Ar2 Photoelectron Spectroscopy Mediated by Autoionizing States[END_REF] where at each photon energy, only electrons along the constant ionic state lines up to a certain eKE max value are counted. Here, a value of eKE max =100 meV has been used, which leads to an electron resolution of around 20 meV, comparable to the photon energy resolution. The total energy resolution of the TPES is then ~30 meV. The TPES shows the resonant transitions from the neutral ground state towards vibronic states of the cation, and act as the vibronic fingerprint of the ionic species. [START_REF] Pieper | Isomer Identification in Flames with Double-Imaging Photoelectron/Photoion Coincidence Spectroscopy (i 2 PEPICO) using Measured and Calculated Reference Photoelectron Spectra[END_REF] In the following paragraphs, the experimental PE spectra have been used to identify important combustion intermediates including isomers. Literature and calculated reference PE spectra for each mass channel were summed and weighted with appropriate factors to fit the measured PES in the appropriate photon energy range. The fit of the signal for a given mass channel results in an isomeric branching ratio. Relative mole fractions of each isomer could then be estimated by weighting the branching ratios using their respective absolute photoionization cross sections from the literature when available. Note that this estimated relative mole fraction derivation from published absolute photoionization cross sections relies on the assumption that we can neglect autoionization processes and that the Franck-Condon approximation holds, so that we can consider the TPES overall shape being representative of a fixed-photon energy PES.

Theoretical PES calculations

Species detected below m/z 70 in this work have been identified using their photoelectron spectra and/or adiabatic Ionization Energies (IEs) found in the literature when available. In the course of a previous study [START_REF] Herbinet | Detailed product analysis during the low temperature oxidation of n-butane[END_REF] of the low temperature combustion of n-pentane the adiabatic ionization energies for several products common to this work have already been calculated using Gaussian at CBS-QB3 level of theory including zero-point energy corrections [START_REF] Montgomery | A complete basis set model chemistry. VI. Use of density functional geometries and frequencies[END_REF]. This method was assumed to be accurate to better than 50 meV when computing IEs. In the present work, we

aim not only at improving the accuracy, but also at providing full simulated photoelectron spectrum for better selectivity when comparing with experimental results.

For m/z > 70, state-of-the-art ab initio methodology has been used to characterize specific isomers, that lie close in energy making the experimental characterization challenging, for each mass channel detected in the molecular beam. This combination between VUV synchrotron based experiments and high level theoretical calculation has already been used for the study of the electronic structure of nucleobases, including for instance the determination of the structures and the energetics of gas phase cytosine tautomers [START_REF] Chen | Identifying Cytosine-Specific Isomers via High-Accuracy Single Photon Ionization[END_REF], which are found in biological entities such as DNA and RNA.

The electronic computations consisted on the determination of the equilibrium structures of neutral and ionic species using the PBE0 density functional [START_REF] Adamo | Toward reliable density functional methods without adjustable parameters: The PBE0 model[END_REF] as implemented in GAUSSIAN09 [START_REF] Frisch | Gaussian 09[END_REF], where the atoms are described using the augmented correlation-consistent aug-cc-pVDZ basis set. [START_REF] Dunning | Gaussian basis sets for use in correlated molecular calculations. I. The atoms boron through neon and hydrogen[END_REF][START_REF] Kendall | Electron affinities of the first-row atoms revisited. Systematic basis sets and wave functions[END_REF] These full geometry optimizations were done in C1 point group.

The minimal nature of these stationary points is checked after harmonic frequency computations (all frequencies are positive). Zero point vibrational energies (ZPVE) were determined at the anharmonic level as implemented in GAUSSIAN. Afterwards, we generated the PES using the approach implemented in GAUSSIAN 09. Briefly, we performed Franck Condon (FC) analysis and simulated the vibrationally resolved electronic spectra by means of the Time-Independent Adiabatic Hessian Franck-Condon (TI-AH|FC) model. [START_REF] Bloino | General Approach to Compute Vibrationally Resolved One-Photon Electronic Spectra[END_REF][START_REF] Barone | Fully Integrated Approach to Compute Vibrationally Resolved Optical Spectra: From Small Molecules to Macrosystems[END_REF][START_REF] Bloino | Integrated computational approach to vibrationally resolved electronic spectra: Anisole as a test case[END_REF][START_REF] Bloino | Aiming at an accurate prediction of vibrational and electronic spectra for medium-to-large molecules: An overview[END_REF] The stick spectrum has been convolved with a 20 meV bandwith Gaussian profile.

For the determination of the IEs, the geometry optimizations are followed by single point computations on the optimized structures using the explicitly correlated coupled cluster with single, double and perturbative triple excitations ((R)CCSD(T)-F12) [START_REF] Adler | Local explicitly correlated coupled-cluster methods: Efficient removal of the basis set incompleteness and domain errors[END_REF][START_REF] Adler | A simple and efficient CCSD(T)-F12 approximation[END_REF][START_REF] Knizia | Simplified CCSD(T)-F12 methods: Theory and benchmarks[END_REF][START_REF] Adler | Local explicitly correlated second-order perturbation theory for the accurate treatment of large molecules[END_REF] together with the aug-cc-pVTZ basis set in conjunction with the corresponding resolutions of the identity and density fitting functions [START_REF] Yousaf | Optimized auxiliary basis sets for explicitly correlated methods[END_REF] as generated by MOLPRO. [START_REF] Werner | Molpro: a generalpurpose quantum chemistry program package[END_REF] Previous benchmarking by comparison to experimental results showed that the composite scheme PBE0/aug-cc-pVDZ(opt)//(R)CCSD(T)-F12/aug-cc-pVTZ(SP) allows accurate derivation of ionization energies of medium-sized molecular systems (to within ± 0.01 eV). [START_REF] Chen | Identifying Cytosine-Specific Isomers via High-Accuracy Single Photon Ionization[END_REF][START_REF] Pan | Slow Photoelectron Spectroscopy of 3-Hydroxyisoquinoline[END_REF][START_REF] Pan | Theoretical studies of 2quinolinol: Geometries, vibrational frequencies, isomerization, tautomerism, and excited states[END_REF][START_REF] Hochlaf | Advances in spectroscopy and dynamics of small and medium sized molecules and clusters[END_REF][START_REF] Majdi | Theoretical and Experimental Photoelectron Spectroscopy Characterization of the Ground State of Thymine Cation[END_REF][START_REF] Zhao | Unveiling the complex vibronic structure of the canonical adenine cation[END_REF] Afterwards, the computed spectra were shifted in energy so that the first peak fits with adiabatic ionization energy as computed at the PBE0/aug-cc-pVDZ(opt)//(R)CCSD(T)-F12/augcc-pVTZ(SP) level. All the simulated vibrationally resolved electronic spectra in this work are given in the Supplementary Material.

Results

Figure 2 shows typical Time-Of-Flight Mass Spectra (TOF-MS) obtained during the oxidation of n-pentane at a reactor temperature of 585 K. To show the full range of obtained spectrometric data, Figure 2a plots the TOF-MS as a function of m/z and photon energy at an equivalence ratio (f) of 0.5. Figure 2b shows the related TOF-MS recorded at a 10.5 eV fixed photon energy for two different fuels, f = 1/3 and 0.5. In the following text, two types of experimental data are presented: (i) at a fixed photon energy and (ii) in the scanning mode where the photon energy is scanned in 7 meV steps and the mass-selected photoelectron spectra and mass spectra are recorded as a function of photon energy.

The comparison of both f = 1/3 and f = 0.5 conditions shows nearly identical TOF-MS and only small variations on the relative intensities of the TOF peaks are observed. The analysis of this work is focused on relatively heavy molecules (> 40 amu) for which experimental or calculated reference PES have been used to identify important combustion intermediates.

Literature presents a couple of experiments [START_REF] Rodriguez | Measuring hydroperoxide chain-branching agents during n-pentane lowtemperature oxidation[END_REF][START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] about n-pentane oxidation carried out in JSR under conditions close to those used in this work:

• Fuel inlet mole fraction 0.01

• Equivalence ratios of 0.5, 1 and 2

• Temperatures: 500-1100 K

• Residence time: 2 s

• Pressure: 106.7 kPa

• Four diagnostics (GC with MS for identification and flame ionization detection for quantification, SVUV-PIMS, Single Photoionisation-TOF-MS (SPI-MS), Cavity Ring Down Spectroscopy (cw-CRDS))

Using these different techniques, many species were quantified in these two studies such as acetaldehyde ethylene, propene and cyclic ethers by GC, formaldehyde and H2O2 by cw-CDRS, C1-C4 hydroperoxides by SVUV-PIMS and SPI-MS, ketene by SPI-MS. The quantification in SVUV-PIMS and SPIMS analyses was performed using an approximate absolute ionization cross section, estimated by group additivity as proposed by Bobeldijk et al. [START_REF] Bobeldijk | Simple models for the calculation of photoionization and electron impact ionization cross sections of polyatomic molecules[END_REF], as there is no data available in the literature for each species and isomers could not be separated for several mass channels. In the following, the simulated mole fractions and production mechanisms are obtained, in the above-described conditions (f =0.5), using the model of Bugler et al. [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF], which can very well reproduce the JSR results of both studies.

As shown in the comparison displayed in Figure 3, the typical mass spectra obtained in this work are consistent with previous studies from the literature about n-pentane oxidation at low temperature obtained by SPI-MS [START_REF] Rodriguez | Measuring hydroperoxide chain-branching agents during n-pentane lowtemperature oxidation[END_REF]: all the m/z species measured by SPI-MS between 50 and 90 are also in our TOF-MS. of an additional parent species for a given mass channel could not be ruled out. The origin of those fragments along with the analysis of the heaviest intense peaks above m/z 90 (such as m/z 100 and 118 present in both spectra but not shown in Figure 3) will be the focus of a future article and will not be considered in this work.

The identification of the important species detected in the mass spectra in Figure 3 was attempted using their ionization energies, as summarized in Table 2. However, for most of the species, several identifications are possible. Therefore, the TPES corresponding to each m/z of interest should be examined more closely. The TPES related to all the m/z labeled in blue in Figure 3 are presented and discussed hereafter in the text. These were measured during the JSR oxidation of n-pentane at a reaction temperature of 585 K with an equivalence ratio of f = 1/3 and 0.5.

a previous theoretical calculations from the literature. [ 2. Possible identifications of species detected in SVUV-PIMS analysis using their IE. IEs are from the NIST database (http://webbook.nist.gov/) when available or were calculated using Gaussian (CBS-QB3 level of theory) in previous work. [START_REF] Herbinet | Detailed product analysis during the low temperature oxidation of n-butane[END_REF] Adiabatic IEs were calculated in this work at the PBE0/aug-cc-pVDZ(opt)//(R)CCSD(T)-F12/aug-cc-pVTZ(SP) level of theory. The identification of the compounds in bold are discussed further in the paper.

Channel m/z 42

Figure 4 displays the measured TPES for m/z 42. The observed features in Figure 4 agree well with the literature spectra of ketene (C2H2O) [START_REF] Niu | High resolution He Iα photoelectron spectroscopy of H2CCO and D2CCO using supersonic molecular beams[END_REF] and propene (C3H6) [START_REF] Bieri | Valence Ionization Energies of Hydrocarbons[END_REF]. The first peak corresponds to the IE of ketene at 9.62 eV and the second one at 9.73 eV to propene along with contributions corresponding to the population of the vibrational levels of the ketene cation upon ionization of the corresponding neutral. The other peaks at higher energy arise from a vibrational progression of both propene and ketene. The literature spectra were summed and weighted with appropriate factors to fit the measured PES in the appropriate photon energy range. The fit of the data results in an observed ketene:propene signal branching ratio of 1:0.5 with fit errors below 10%. Relative mole fractions could then be estimated by weighting the branching ratio using the absolute photoionization cross sections at 10.5 eV from Yang et al. [START_REF] Yang | Absolute photoionization cross-sections of some combustion intermediates[END_REF] for ketene (24.8 Mb) and

Person et al. [START_REF] Person | Isotope Effects in the Photoionization Yields and the Absorption Cross Sections for Acetylene, Propyne, and Propene[END_REF] for propene (10.9 Mb). The weighting leads to a ketene:propene mole fraction (MF) ratio of 0.9:1 suggesting that propene is present in higher amounts than ketene. These results are in very good agreement with previous GC [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] and SPI-MS [START_REF] Rodriguez | Measuring hydroperoxide chain-branching agents during n-pentane lowtemperature oxidation[END_REF] measurements for which mole fractions of 10 ppm for ketene and of 15 ppm for propene at 580 K were determined leading to a MF ratio of ketene:propene 0.6:1. Ketene was already detected in flames [START_REF] Felsmann | Progress in Fixed-Photon-Energy Time-Efficient Double Imaging Photoelectron/Photoion Coincidence Measurements in Quantitative Flame Analysis[END_REF] and JSR experiments [START_REF] Rodriguez | Measuring hydroperoxide chain-branching agents during n-pentane lowtemperature oxidation[END_REF] during oxidation of alkenes and alkanes, respectively. According to Bugler et al. kinetic model [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF], in a JSR at low temperatures, ketene is predicted to be formed mainly by successive decomposition from the second most abundant ketohydroperoxide (the 3,1-C5 ketohydroperoxide) of n-pentane at a reaction temperature of 585 K with an equivalence ratio of f = 0.5 with the weighted sum of reference spectra using the PES of ketene (dashed red line) from Niu et al. [START_REF] Niu | High resolution He Iα photoelectron spectroscopy of H2CCO and D2CCO using supersonic molecular beams[END_REF] and propene (dot green line) from Bieri et al. [START_REF] Bieri | Valence Ionization Energies of Hydrocarbons[END_REF] The best fit is obtained for a ketene:propene signal branching ratio of 1:0.5.

Channel m/z 44

As it is readily assigned to CH3CHO (acetaldehyde) through its published PES [START_REF] Chadwick | Photoelectron spectra of acetaldehyde and acetyl halides[END_REF], the TPES of m/z 44 is discussed first. For other m/z, several species assignations can be proposed.

The experimental TPES of m/z 44 is shown in Figure 5, and. Another possible isomer could be ethylene oxide C2H4O based on its ionization energy (IE: 10.56 eV). However, there is nothing evident at this photon energy to suggest its presence, and the reported reference PES [START_REF] Johnson | A photoelectron-photoion coincidence study of acetaldehyde and ethylene oxide molecular ions[END_REF] for this species in the literature does not match the bands seen in Figure 5. Propane (C3H8) is another possibility with an IE of 10.94 eV [START_REF] Stevens | Dissociation Dynamics of Energy Selected, Propane, and i-C3H7X + Ions by iPEPICO: Accurate Heats of Formation of i-C3H7 + , i-C3H7Cl, i-C3H7 Br, and i-C3H7I[END_REF], but the reported TPES does not much the bump seen around 11 eV in our TPES and GC experiments show that propane can only be formed at much higher temperatures. Therefore, we did not see propane in TPES obtained at 585K and the unsigned bands peaking at 10.9 eV and 11.3 eV cannot be matched to other isomeric structures and might arise from dissociative ionization of heavier species. Note that carbon dioxide cannot be detected in this photon energy range since its ionization energy is much higher at 13.77 eV. Acetaldehyde (IE: 10.229 eV) [START_REF] Knowles | Ionization energies of formic and acetic acid monomers[END_REF] is a toxic pollutant and a major intermediate during alkane low-temperature oxidation arising mainly from the decomposition of the major ketohydroperoxide (the 2,4-C5 ketohydroperoxide) according to model computations. The mole fraction of acetaldehyde at 580 K (f = 0.5) measured by GC [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] is 600 ppm, while that of ethylene oxide is 15 ppm supporting the lack of signal around its predicted IE. and the TPES of acetaldehyde (blue line) from Yencha et al. [START_REF] Yencha | Threshold photoelectron spectroscopy of acetaldehyde and acrolein[END_REF].

Channel m/z 48

The TPES correlated to 48 amu is displayed in Figure 6. It shows a threshold around 9.8 eV, which is in good agreement with previous experimental and theoretical ionization energy of methyl hydroperoxide CH3OOH (IE: 9.84 eV) in the literature. [START_REF] Rodriguez | Measuring hydroperoxide chain-branching agents during n-pentane lowtemperature oxidation[END_REF] However no theoretical or experimental PES are available in the literature. Methyl hydroperoxide (mole fraction of 150 ppm at 585 K, f = 0.5) was found along with H2O2, the most abundant peroxide in SVUV-PIMS experiments during the oxidation of n-pentane. [START_REF] Rodriguez | Measuring hydroperoxide chain-branching agents during n-pentane lowtemperature oxidation[END_REF] Note that the sharp signal drop around 11 eV is due to ion fragmentation as in Figure 9. 

Channel m/z 56

Figure 7 shows the experimental TPES at m/z 56 measured in JSR which could come from potential contributions from several species such as C4H8 (but-2-ene, iso-butene, but-1-ene) and C3H4O isomers (acrolein (C2H3CHO), methylketene, methoxyacetylene (C2HOCH3)) isomers.

However, methylketene (IE: 8.95 eV) [START_REF] Bock | Gasphasen-Reaktionen, 21. Thermische Erzeugung von Alkyl-und Halogenketenen[END_REF], but-2-ene (IE: trans 9.10 & cis 9.11 eV) and iso-butene (IE: 9.22 eV) (http://webbook.nist.gov/) could be easily ruled out based on their lower ionization energies and compared to the threshold observed around 9.4 eV in Figure 7. The best fit obtained from the available PESs of acrolein, methoxyacetylene, and but-1-ene is shown in Figure 7. This fit is for an observed acrolein:methoxyacetylene:but-1-ene signal branching ratio of 1:0.04:0.08 and allows us to infer that the measured spectrum is dominated by acrolein (IE: 10.11 eV) [START_REF] Yencha | Threshold photoelectron spectroscopy of acetaldehyde and acrolein[END_REF].

The unsaturated C3 aldehyde, acrolein is a very toxic compound and also a typical intermediate found during the oxidation of organic fuels at low temperature. [START_REF] Ranzi | New reaction classes in the kinetic modeling of low temperature oxidation of n-alkanes[END_REF] Acrolein was measured in relatively high amounts during n-pentane oxidation experiments (around 180 ppm at 580 K and f=0.5) [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF]. Acrolein, the formation of which is satisfactorily predicted by the model (140 ppm), can be obtained through fast decomposition of allyl hydroperoxide, obtained by the combination of the abundant allyl and HOO radicals. However, the best fit does not reproduce satisfactorily the low photon energy part of the spectrum. Despite the fact that the weighting factor error on acrolein is around 3%, the weighting factor errors on methoxyacetylene and but-1-ene are 40% and 10% respectively due to a low signal to noise ratio. Thus, it is not possible to address or rule out their respective contribution in this work but if so, they are formed as minor species. Methoxyacetylene (IE: 9.48 eV) [START_REF] Bredikhin | Photoelectron spectra of alkoxyacetylenes: n, a-interactions with simultaneous participation of both oxygen unshared pairs[END_REF] is not considered in the n-pentane oxidation model of Bugler et al. [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] and under the present conditions, butenes were also measured in low amount by GC [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] (7 ppm).

However, but-1-ene (IE: 9.55 eV) [START_REF] Van Der Meij | The decomposition of C4H8 + complexes at controlled internal energies[END_REF] is a significant product above 800 K because it can be formed by C-C b-scission decomposition of the 3-pentyl radical. and the weighted sum of reference spectra using the TPES of acrolein (dashed red line) from Yencha et al. [START_REF] Yencha | Threshold photoelectron spectroscopy of acetaldehyde and acrolein[END_REF], and the PES of methoxyacetylene (dot green line) [START_REF] Bredikhin | Photoelectron spectra of alkoxyacetylenes: n, a-interactions with simultaneous participation of both oxygen unshared pairs[END_REF], and but-1-ene (dotdashed line) [START_REF] Van Der Meij | The decomposition of C4H8 + complexes at controlled internal energies[END_REF]. The best fit is obtained for a acrolein:methoxyacetylene:but-1-ene signal branching ratio of 1:0.04:0.08.

Channel m/z 58

Figure 8 shows the TPES of m/z 58, the second highest peak in the TOF-MS spectra of Figure 3, as measured in JSR. It appears to be nicely reproduced by a mixture of reference spectra of acetone [START_REF] Dannacher | Behavior of excited C3H6O + cations: a He-Iα photoelectron-photoion coincidence study of propanal[END_REF] and propanal [START_REF] Rennie | A Photoelectron and TPEPICO Investigation of the Acetone Radical Cation[END_REF]: the first two peaks correspond to acetone (IE: 9.7 eV) [START_REF] Zhou | Determination of absolute photoionization crosssections of aromatics and aromatic derivatives[END_REF] while the third one to a contribution from both acetone and propanal (IE: 9.96 eV) [START_REF] Yang | Absolute photoionization cross-sections of some combustion intermediates[END_REF]. Other potential isomers at this mass channel such as methyloxirane would lead to a threshold at 10.22 eV for which almost no signal is observed. [START_REF] Watanabe | Ionization potentials of some molecules[END_REF] The fit to the data returns an observed acetone:propanal signal branching ratio of 1:0.1 corresponding to a acetone:propanal 1:0.12 mole fraction ratio using the absolute photoionization cross sections at 10.5 eV from Wang et al. [START_REF] Wang | Near-threshold absolute photoionization cross-sections of some reaction intermediates in combustion[END_REF] for propanal (9.51 Mb) and from Cool et al. [START_REF] Cool | Photoionization cross sections for reaction intermediates in hydrocarbon combustion[END_REF] for acetone (11.20 Mb). This result is at odds with the GC measurements at 600K [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF], where acetone was found in amounts 100 times lower than propanal (mole fraction = 120 ppm at 580 K, f = 0.5). This unfavorable ratio is, to a lower extent, confirmed by the model, which predicts twice more propanal (3.6x10 -4 ) than acetone (1.7x10 -4 ). To check if the signal at m/z 58 is not due to the use of acetone as cleaning solvent in the experiments, Figure S1 displays its variation of the ion signal at m/z 58 as function of the temperature, showing well a product profile, negligible below 540 K and increasing with temperature. Propanal, the mole fraction of which is correctly enough predicted, is formed through the decomposition of the 3-pentylhydroperoxide. Acetone can be easily formed by H-abstractions by CH3COCH2, the radical arising, together with acetaldehyde, from the decomposition of the major ketohydroperoxide (the 2,4-C5 ketohydroperoxide). However, the predicted formation of acetone is very low in the n-pentane oxidation model of Bugler et al. [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF]. This is because many important possible H-abstractions by this radical to give acetone are not considered in the model. This is especially the case of the H-abstractions with the fuel or with aldehydes.

Channel m/z 60 and m/z 62

Figure 9 displays the experimental TPES of m/z 60, which is in very good agreement with the experimental PES of acetic acid (CH3COOH) from von Niessen et al. [START_REF] Von Niessen | Åsbrink, 30.4-nm He (II) photoelectron spectra of organic molecules: Part III. Oxo-compounds (C, H, O)[END_REF], although with a better resolution here. The formation of acetic acid (IE: 10.65 eV) and other organic acids in lowtemperature oxidation of n-alkanes are explained with the Korcek mechanism, pathways based on the ketohydroperoxide decomposition via a cyclic peroxide isomer. [START_REF] Jalan | New Pathways for Formation of Acids and Carbonyl Products in Low-Temperature Oxidation: The Korcek Decomposition of γ-Ketohydroperoxides[END_REF] Acetic acid has been detected by SVUV-PIMS [START_REF] Rodriguez | Measuring hydroperoxide chain-branching agents during n-pentane lowtemperature oxidation[END_REF] and quantified by GC measurements [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] as the major acid produced during low temperature oxidation of n-pentane, with a mole fraction of 40 ppm at 600 K and f = 0.5. Figure 9 also shows the presence of a compound at m/z 62 during JSR experiments, which has been identified as ethylhydroperoxide (C2H5OOH) based on its calculated IE (9.61 eV) and quantified (mole fraction of 50 ppm at 580 K, f = 0.5) in a previous n-pentane oxidation study. [START_REF] Rodriguez | Measuring hydroperoxide chain-branching agents during n-pentane lowtemperature oxidation[END_REF] Along with methylhydroperoxide attributed to the signal at m/z 48, they are the two major alkylhydroperoxides mainly produced through HOO radicals combining with alkyl peroxy radicals in low-temperature lean fuel environment. Note that the slow rise observed is probably due to some geometry change between the neutral and the cation leading to poor FC factors, so that the 

Channel m/z 70

As the molecular mass increases, more and more potential candidates and isomers have to be considered and a priori choices based on chemical knowledge need to be made. This is the case of the m/z 70 corresponding photoelectron spectra displayed in Figure 10. At m/z 70 based on npentane molecular structure, linear isomers such as 1-pentene (IE: 9.5 eV) and 2-pentene (IE: 9.04 eV) are most likely to be formed compared to branched structures, such as 2-methyl-1-butene (IE: 9.1 eV), 2-methyl-2-butene (IE: 8.69 eV) and 3-methyl-1-butene (IE: 9.5 eV). [START_REF] Pieper | Isomer Identification in Flames with Double-Imaging Photoelectron/Photoion Coincidence Spectroscopy (i 2 PEPICO) using Measured and Calculated Reference Photoelectron Spectra[END_REF]. Indeed, 2methyl-2-butene can already be ruled out due to its low IE with respect to our TPES signal rise.

The PES 3-methyl-1-butene [START_REF] Pieper | Isomer Identification in Flames with Double-Imaging Photoelectron/Photoion Coincidence Spectroscopy (i 2 PEPICO) using Measured and Calculated Reference Photoelectron Spectra[END_REF] is very similar to that of 1-pentene, and the PES of 2-methyl-1butene has been recently calculated taking into account possible rotamers [START_REF] Pieper | Isomer Identification in Flames with Double-Imaging Photoelectron/Photoion Coincidence Spectroscopy (i 2 PEPICO) using Measured and Calculated Reference Photoelectron Spectra[END_REF] but its vibronic structure, although close to that of 2-pentene, does not match the present TPES. Based on the molecular structure argument enounced before, and the fact that 2-methyl-2-butene can be excluded, we have not considered neither 3-methyl-1-butene nor 2-methyl-1-butene in the fitting procedure. In addition, oxygenated species such as methyl vinyl ketone C4H6O (IE: 9.65 eV) could also contribute significantly to the signal measured at m/z 70. [START_REF] Morizur | 2-substituted-2,3-dihydro-4H-pyrans: Competition between 'retro Diels-Alder' fragmentation and substituent loss[END_REF] The shape of the measured TPES of m/z 70 displayed in Figure 10 is very well reproduced from the weighted contributions of three different isomers (2-pentene, 1-pentene and methyl vinyl ketone) with an observed 2-pentene:1-pentene:methyl vinyl ketone signal branching ratio of 1:0.3:0.6. The quality of the fit further validates the choice of removing the branched isomers. Under the GC conditions [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF], 1pentene was detected in peak mole fractions sometimes over ten times those of 2-pentene due to potential co-elution with the reactant. However, simulations indicate a 2.6 times higher mole fraction of 2-pentene (170 ppm) compared to that of 1-pentene (65 ppm). According to Bugler et al. model [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF], pentenes are mainly formed from HOO elimination from the three pentylperoxy radicals derived from the three (one primary and two secondary) pentyl radicals. 2-pentene arises only from the more abundant secondary pentyl radicals, while 1-pentene arises from both one primary and one secondary pentyl radicals. The mole fraction (580 K, f = 0.5) of methyl vinyl ketone (17 ppm) was found to be about a third of that of pentenes [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] through GC measurements, which is in agreement with the present results assuming similar absolute ionization cross-sections for the three isomers. Methyl vinyl ketone is not considered in the model. [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] during n-pentane oxidation at a reaction temperature of 585 K with an equivalence ratio of f = 0.5 to the weighted sum of reference spectra using the PES of 2-pentene (dashed red line) and 1pentene (dot green line) from Pieper et al. [START_REF] Pieper | Isomer Identification in Flames with Double-Imaging Photoelectron/Photoion Coincidence Spectroscopy (i 2 PEPICO) using Measured and Calculated Reference Photoelectron Spectra[END_REF] and methyl vinyl ketone (purple dot-dashed line) from Tam et al. [START_REF] Tam | Photoelectron spectra of some aldehydes and ketones[END_REF] The best fit is obtained for a 2-pentene:1-pentene:methyl vinyl ketone signal branching ratio of 1:0.3:0.6.

Channel m/z 72

Figure 11 displays the experimental TPES of m/z 72, which is in very good agreement with the experimental PES of Methyl Ethyl Ketone (MEK) from Pieper et al. [START_REF] Pieper | Isomer Identification in Flames with Double-Imaging Photoelectron/Photoion Coincidence Spectroscopy (i 2 PEPICO) using Measured and Calculated Reference Photoelectron Spectra[END_REF], although with a better resolution here. We observe a double structure around 9.6 eV, as verified by the simulated TPES of MEK (IE: 9.6 eV) also displayed in Figure 11. Numerous additional potential isomasses at this mass channel were ruled out such as iso-butanol, tetrahydrofuran, 2-methoxypropene, ethyl vinyl ether, 3-buten-1-ol, 3-buten-2-ol and iso-butanal. For instance, 2-methoxypropene (IE: 8.64 eV) and ethyl vinyl ether (IE: 8.98 eV) are ruled out based on their respective ionization energies, which sit below the rise of the TPES signal. The other isomasses: n-butanal, iso-butanol, tetrahydrofuran, 3-buten-1-ol, 3-buten-2-ol and iso-butanal are dismissed on the basis of their PES, which do not match the experimental TPES (cf. Figure S2). [START_REF] Pieper | Isomer Identification in Flames with Double-Imaging Photoelectron/Photoion Coincidence Spectroscopy (i 2 PEPICO) using Measured and Calculated Reference Photoelectron Spectra[END_REF] This result is in agreement based on n-pentane molecular structure, where contributions from branched structures such as isobutanol (IE: 9.24 eV), 3-buten-1-ol (IE: 9.56 eV), 3-buten-2-ol (IE: 9.53 eV) and iso-butanal (IE: 9.83 eV) are expected to be small. The mole fraction of Methyl Ethyl Ketone (MEK) was measured equal to 90 ppm at 580 K (f= 0.5) in previous GC experiments [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF], with that of butanal being 5 times lower (18 ppm under the same conditions). The much lower concentration of the butanal isomer is consistent with the lack of signal in the present results assuming comparable photoionization cross sections. MEK (predicted mole fraction = 3 ppm) is modeled as being formed by H-abstractions from the C2H5COCH2 radical obtained from the decomposition of the second most abundant ketohydroperoxide (the 3,1-C5 ketohydroperoxide); here also only many Habstractions with C2H5COCH2 radical are missing in the model [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] involving a probable significant underprediction. It should be noted that the peak at 9.54 eV, which is also clearly seen in the experimental PES measured by Pieper et al. [START_REF] Pieper | Isomer Identification in Flames with Double-Imaging Photoelectron/Photoion Coincidence Spectroscopy (i 2 PEPICO) using Measured and Calculated Reference Photoelectron Spectra[END_REF], is not seen in the calculations using a vibrational temperature of 0K so it must likely come from a hot band because the high temperature at which this compound is formed. at the PBE0/aug-cc-pVDZ level and shifted to fit with the adiabatic ionization energy determined at the PBE0/aug-cc-pVDZ(opt)//(R)CCSD(T)-F12/aug-cc-pVTZ(SP) level. Note that for the sake of clarity, the signal above 10.1 eV is not shown since it is saturated by the n-pentane signal (IE: 10.28 eV).

Channel m/z 74

The TPES shown in Figure 12 (m/z 74 corresponding to a minor peak in Figure 3) could correspond to allyl hydroperoxide (IE: 9.55 eV), the lightest alkenyl hydroperoxide, and propanoic acid (IE: 10.44 eV). The organic acid was measured in significant amounts during the oxidation of several alkanes at low temperatures in the past. [START_REF] Herbinet | Progress in Understanding Low-Temperature Organic Compound Oxidation Using a Jet-Stirred Reactor[END_REF] Regarding allyl-OOH, it was already detected in SVUV-PIMS and SPI-MS experiments (mole fraction of 7 ppm at 580 K (f = 0.5)). [START_REF] Rodriguez | Measuring hydroperoxide chain-branching agents during n-pentane lowtemperature oxidation[END_REF][START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] Allyl hydroperoxide (predicted mole fraction = 2 ppm) is mainly formed by combination of allyl and HOO radicals. 

Channel m/z 84

Figure 13 shows the measured TPES at m/z 84 (open circles) obtained in the JSR during n-pentane oxidation. GC-MS experiments [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] led to suggest pentenones for this m/z but with a slightly higher start of detection, from 590 K instead of the 585K used to record the TPES. This would be consistent with previous measurements in SVUV-PIMS during n-heptane oxidation at low temperature suggesting the possible formation of products derived from cyclic ethers such as furanones (C4H4O2) [START_REF] Herbinet | Detailed product analysis during the low temperature oxidation of n-butane[END_REF] with the potential formation of at least two products contributing to this mass channel such as 3-furanone (IE: 9.30 eV) and 2-furanone (IE: 10.86 eV). Based on the good overlap between the measured TPES and the envelope from convolution of the FC factors for the 3-furanone, we are able to pinpoint the formation of 3-furanone and rule out the other furanone isomer for which the TPES in Figure 13 shows no measurable intensity at its ionization energy.

Contribution from hydrocarbons at this mass such 1-hexene (C6H12) could also be ruled out based on the shape of its PES, since there is a second, intense electronic band starting above 10.2 eV [START_REF] Seki | The Ultraviolet Photoelectron Spectroscopy of Aliphatic Hydrocarbons and Tetramethylsilane in the Solid State[END_REF] which we don't see in our TPES. Furanones are not considered in the model, but are expected to derive from dihydrofurans by H-abstraction followed by a combination with HO2 radicals and the decomposition of the obtained hydroperoxides. 2,3-dihydrofuran is considered in the model, but it is predicted to be formed in very negligible amounts. Table S1 reports the comparison between the amount detected by GC-MS [START_REF] Rodriguez | Measuring hydroperoxide chain-branching agents during n-pentane lowtemperature oxidation[END_REF], the predicted value using the model of Bugler et al. [START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] and the observed signal branching ratio for isomers at m/z 86.

However, the evaluation faces some challenges here since the calculated TPES of the isomers overlap in a narrow energy region. Thus, with the noise level for the signal at this mass channel, the relative contribution of the different isomers must be interpreted with care, and the uncertainty in the observed signal branching ratio is associated with the experimental TPES fit. As shown in Figure S3, the procedure is more sensitive to non-overlapping and structured PES, such as trans 2,4-dimethyloxetane (isolated on the low energy part) or 2-methyltetrahydrofuran (double band structure). Overall, the systematic errors on the branching ratios range from a few percent for the abovementioned isomers, to a few tens of percent that sometimes exceed the fitted value itself.

The evaluation shows the formation of several linear and cyclic isomers. Cyclic ethers are involved in the low temperature gas phase oxidation of different types of fuels, emitted in exhaust gases of engines from an incomplete combustion. They derived from an oxygen addition on an alkyl radical (deriving from the reactant) to form a peroxy radical ROO followed by several isomerization steps to yield a hydroperoxy alkyl radical QOOH, which could decompose to form three, four, five and six membered ring cyclic ethers. Usually, the five membered ring cyclic ethers 

Channel m/z 88

Figure 15 displays the TPES at m/z 88 obtained in the JSR during n-pentane oxidation and the envelope from convolution of the FC factors for the but-1-enyl-3-hydroperoxide. During previous alkane oxidation experiments using TOF-MS combined with tunable synchrotron photoionization and during GC analysis (0.02 ppm at 580 K) [START_REF] Rodriguez | Measuring hydroperoxide chain-branching agents during n-pentane lowtemperature oxidation[END_REF][START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] the formation of C4 alkenylhydroperoxides was suggested along with butanoic acid but without further information on the identification of the isomer of C4 alkenylhydroperoxides. In this work, FC analysis allow us to observe a good overlap between the measured TPES at m/z 88 and the envelope from convolution of the FC factors for the but-1-enyl-3-hydroperoxide (IE: 9.33 eV). The convolution of the simulated vibrationally resolved electronic spectrum of the other isomer but-2-enyl-1hydroperoxide (IE: 9.52 eV) and displays in the Figure 15 allows us to rule out its contribution in the measured signal at mass channel 88. The formation of butanoic acid is also ruled out since no signal was observed at its ionization energy, 10.3 eV. It should be noted that the large difference in shape between the TPES and the simulations is explained by the fact that when high masses are reached, there are more internal modes, especially low frequencies, that may be populated prior to photon ionization contributing to the spectra as hot bands. Also several conformers may be formed and may contribute. These effects are not taken into account in the simulated spectra. 

Summary and conclusions

The oxidation of n-pentane has been studied in a JSR, for the first time using the i 2 PEPICO spectroscopy technique for the analysis of combustion intermediates. The i 2 PEPICO approach reveals the fingerprint TPES of each species, allowing specific information about the chemical composition at a given mass channel to be unraveled. Especially in combustion environments such as in a JSR, this technique is advantageous to decipher the contribution of several isomers with close ionization energies and when the slopes of the PIE are featureless. When coupled to FC calculations, this method allows the determination of the vibrational temperature of the environment by comparing the intensity ratio between the peaks involved into the transitions.

To analyze the JSR spectra, reference PES of species in the literature were used along with calculated PES for several compounds of m/z = 72, 84, 86 and 88 reported for the first time and obtained via Franck-Condon simulations on the basis of high-level quantum chemistry calculations. These simulated PES have a critical role in the detection of products since the experimental literature is often very limited, especially for reactive intermediates, and will also enrich the data base of vibronic footprints, which will be of interest to the increasing number of groups using mass-selected PES for analytical purposes.

As demonstrated already in flame environments, the i 2 PEPICO technique supports isomer identification up to relatively heavy masses (50-100 amu) and is an efficient diagnostic tool for complex chemical gas-phase combustion analysis. Interestingly, an unexplained significant general trend seems to appear: the i 2 PEPICO mass spectrometry is more sensitive to ketones than gas chromatography. This could imply needed revision in the current models largely validated on these later data.

For large masses, the isomeric sensitivity could be enhanced if a more complete database were available for all the possible isomers that would include for instance high resolution TPES.

For JSR experiments, this technique complements nicely gas chromatography for the separation of stable compounds with the same m/z. Its major advantage compared to GC is that it can also be applied to the detection short-lived species, such as hydroperoxides which play a major role in chemistry of the low-temperature oxidation of hydrocarbons. The analysis of diones and ketohydroperoxides detected at m/z 100 & 118 in this work along with the investigation of their fragmentation processes is planned in the near future. We show also that i 2 PEPICO data coupled to FC simulations and ab initio determination of the adiabatic ionization energies represent a powerful method which complements the GC data analysis for the heavy species.

Generally, the spreading use of the PEPICO technique should be consider as a powerful complementary diagnostic method aimed at improving the use of alternatives fossil fuels such as those derived from biogenic sources. In this prospect, further experiments should be focused on the reactions of oxygenated and N-bearing species found in biomass-derived nitrogenated-fuels in order to further improve reaction mechanisms developed for a new generation of cleaner and efficient fuels. Note that the GC analysis with highly-oxygenated and N-bearing species is often more challenging that than with species obtained during the hydrocarbon oxidation (species containing C, H, and one or two oxygen atoms).
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 11 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
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 2 Figure 2. Typical ion signal (a) as a function of m/z and of photon energy (a g=3 non-linear colormap, where intensity=counts (1/g) , has been applied to enhance contrast), and (b) at a fixed energy of 10.5 eV for the f = 1/3 (blue) and f = 0.5 (red) conditions during the low temperature combustion of n-pentane (T = 585 K).
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 33 Figure 3. Comparison between (upper panel) the mass spectra obtained by SPI-MS [42] during n-pentane oxidation at 600 K at f = 0.5, and (lower panel) the results obtained in this work at 10.5 eV photon energy and 585 K at a similar fuel to air equivalence ratio -Peaks at m/z 58, 70 and 72 have been cut off in intensity for the sake of clarity.

  via the C2H5COCH2 radical according to model computations. Ketohydroperoxides are the heart of the low-temperature oxidation mechanism[START_REF] Wang | Exploring hydroperoxides in combustion: History, recent advances and perspectives[END_REF] their production by two successive oxygen additions is favored as f decreases. Propene is a significant product above 800 K, which can be formed by b-scission decomposition of 2-pentyl radical.
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 4 Figure 4. Comparison of the TPES at m/z 42 (open circles) measured during the JSR oxidation
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 5 Figure 5. Comparison between the TPES at m/z 44 (open circles) measured during the JSR oxidation of n-pentane at a reaction temperature of 585 K with an equivalence ratio of f = 1/3
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 6 Figure 6. Measured TPES at m/z 48 (open circles) during the JSR oxidation of n-pentane at a reaction temperature of 585 K with an equivalence ratio of f = 1/3.
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 7 Figure 7. Comparison between the TPES at m/z 56 (open circles) measured during the JSR oxidation of n-pentane at a reaction temperature of 585 K with an equivalence ratio of f = 0.5
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 8 Figure 8. Comparison between the measured TPES at m/z 58 (open circles) measured during the JSR oxidation of n-pentane at a reaction temperature of 585 K with an equivalence ratio of f = 0.5 and the weighted sum of reference spectra using the PES of acetone (dashed red line) from Dannacher & Stadelmann [89] and propanal (dot green line) from Rennie et al. [90] The best fit is obtained for an acetone:propanal branching ratio of 1:0.1.

  adiabatic and vertical IEs are very different. Such a situation makes the PES more sensitive to hot band contribution, probably explaining the methyl and ethylhydroperoxide signals below their respective IE.

Figure 9 .

 9 Figure 9. (Upper panel) comparison between the measured TPES at m/z 60 (open circles) measured during the JSR oxidation of n-pentane at a reaction temperature of 585 K with an equivalence ratio of f = 1/3 and the integrated TPES of acetic acid (blue line) from von Niessen et al..[95] (Lower panel) Measured TPES at m/z 62 (open circles) measured during the JSR oxidation of n-pentane at a reaction temperature of 585 K with an equivalence ratio of f = 1/3.

Figure 10 .

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

Figure 11 .

 11 Figure 11. Comparison of the measured TPES at m/z 72 (open circles) obtained in the JSR during n-pentane oxidation at a reaction temperature of 585 K with an equivalence ratio of f = 0.5 to the reference spectrum of MEK (solid blue line) from Pieper et al. [40] and the envelope from convolution of the FC factors for the MEK (long dashed red line) as computed in this work

Figure 12 .

 12 Figure 12. Measured TPES at m/z 74 (open circles) obtained in the JSR during n-pentane oxidation at a reaction temperature of 585 K with an equivalence ratio of f = 1/3.

Figure 13 .Channel m/z 86 Figure 14

 138614 Figure 13. Measured TPES at m/z 84 (open circles) obtained in the JSR during n-pentane oxidation at a reaction temperature of 585 K with an equivalence ratio of f = 1/3 and the envelope from convolution of the FC factors for the 3-furanone (blue line) as computed at the PBE0/aug-cc-pVDZ level and shifted to fit with the adiabatic ionization energy determined at the PBE0/aug-cc-pVDZ(opt)//(R)CCSD(T)-F12/aug-cc-pVTZ(SP) level.

(

  tetrahydrofurans and oxolanes) are expected to be the most abundant during low-temperature oxidation of linear n-alkanes due to a lower ring strain energy involved in the transition state during the isomerization in comparison to that of the other cyclic transition states.[START_REF] Buda | Progress toward a unified detailed kinetic model for the autoignition of alkanes from C4 to C10 between 600 and 1200 K[END_REF] The presence of 2-methyltetrahydrofuran (2-MeTHF) in this work along with the 88.4 ppm mole fraction measured in previous GC experiments at 580 K (f = 0.5)[START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] supports this statement. However, the evaluation in this work does not conclude on the dominance of 2-MeTHF due to lack of information on photoabsorption cross sections in the literature. The formation of four membered ring cyclic ethers (oxetanes) is usually observed but these species are present in much smaller amounts than five membered ring ones. The evaluation revealed the formation of 2,4dimethyloxetane and 2-ethyloxetane. Both species were detected as major species during previous GC experiments[START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] with a mole fraction equal to 16.3 and 19.6 ppm at 580 K (f= 0.5) respectively. Cis 2-ethyl-3-methyloxirane is also detected which is consistent with the 22.4 ppm mole fraction measured in previous GC experiments[START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] at 580 K (f= 0.5) even if three membered ring cyclic ethers are not easily detected due to a difficult isomerization with a high extra internal energy transition state. Finally, the evaluation addressed the contribution of two linear ketone isomers: 2-and 3-pentanone which was found as the second major species after 2-MeTHF in previous GC experiments during low temperature n-pentane oxidation[START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF] with a mole fraction equal to 54 ppm at 580 K (f= 0.5). Those species are formed from H-abstraction reactions from alkyl radicals with a carbonyl group leading to the formation of ketones such as acetone or pentanone. According to Bugler et al model[START_REF] Bugler | An experimental and modelling study of n-pentane oxidation in two jetstirred reactors: The importance of pressure-dependent kinetics and new reaction pathways[END_REF], 2-and 3-pentanone arise, respectively, from 2and 3-pentylperoxy radicals by reaction with methyl-/ethyl-peroxy radicals producing these ketones, methanol/ethanol and O2.

Figure 14 .

 14 Figure 14. Comparison of the measured TPES at m/z 86 (open circles) obtained in the JSR during n-pentane oxidation at a reaction temperature of 585 K with an equivalence ratio of f = 0.5 to the weighted sum of the envelopes from convolution of the FC factors for the 2methyltetrahydrofuran (orange small dotted line), 2-pentanone (yellow long dotted line), 3pentanone (green short dashed line), cis 2-ethyl-3-methyloxirane (cyan dot-dashed line), trans 2,4-dimethyloxetane (red long and short dashed line) and 2-ethyloxetane (purple long line followed by two short dashes) as computed at the PBE0/aug-cc-pVDZ level and shifted to fit with the adiabatic ionization energy determined at the PBE0/aug-cc-pVDZ(opt)//(R)CCSD(T)-F12/aug-cc-pVTZ(SP) level. The best fit is obtained for a 2-methyltetrahydrofuran:2pentanone:3-pentanone:cis 2-ethyl-3-methyloxirane:trans 2,4-dimethyloxetane:2-ethyloxetane observed signal branching ratio of 0.69:0.82:1:0.82:0.56:0.39.

Figure 15 .

 15 Figure 15. Measured TPES at m/z 88 (open circles) obtained in the JSR during n-pentane oxidation at a reaction temperature of 585 K with an equivalence ratio of f = 1/3 and the envelope from convolution of the FC factors for the but-1-enyl-3-hydroperoxide (blue line) and the but-2-enyl-1-hydroperoxide (red line) at as computed at the PBE0/aug-cc-pVDZ level and shifted to fit with the adiabatic ionization energy determined at the PBE0/aug-cc-pVDZ(opt)//(R)CCSD(T)-F12/aug-cc-pVTZ(SP) level.

  

Table 1 .

 1 Typical

	C5H12 (nmlm)	O2 (nmlm)	He (nmlm)	total flow	He dilution
				(nmlm)	
	6.1	145.9	456.0	607.9	75 mol% of He
		JSR conditions for a f = 1/3 pentane-oxygen mixture at 1.1 bar, a
	residence time of 3 s, and a reaction temperature of 585 K; all flow rates are expressed in nmlm
		(normal milliliter per minute at 273.15 K and 1 bar).	

). The fuel was provided by Sigma-Aldrich (anhydrous, purity ≥ 99 %), the carrier gas and oxygen by Air Liquide (purities of 99.99% and 99.999%, respectively). Typical JSR conditions established from mixtures of fuel, oxygen and dilutent He are summarized in Table

1

.
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Supplementary material

The Supplementary Material provides the results from the temperature dependence of the ion signal at m/z 58, the sensitivity analysis for the procedure fitting of m/z 86, the comparison between mole fractions in the literature and the observed signal branching ratio for isomers at m/z 86 and the comparison of the PES for the isomers at m/z 56 and 72 with the experimental TPES measured in this work. The simulated vibrationally resolved electronic spectra are also provided in the Supplementary Material.