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Hydroperoxide Measurements During Low-Temperature Gas-Phase Oxidation of n-Heptane and n-Decane

A wide range of hydroperoxides (C1-C3 alkyl hydroperoxides, C3-C7 alkenyl hydroperoxides, C7 ketohydroperoxides, and hydrogen peroxide (H2O2)), as well as ketene and diones, have been quantified during the gas-phase oxidation of n-heptane. Some of these species, as well as C10 alkenyl hydroperoxides and ketohydroperoxides, were also measured during the oxidation of n-decane. These experiments were performed using an atmospheric-pressure jet-stirred reactor at temperatures from 500 to 1100 K and one of three analytical methods, time-of-flight mass spectrometry combined with tunable synchrotron photoionization with a molecular beam sampling: time-of-flight mass spectrometry combined with laser photoionization with a capillary tube sampling, continuous wave cavity ring-down spectroscopy with sonic probe sampling. The experimental temperature at which the maximum mole fraction is observed increases significantly for alkyl hydroperoxides, alkenyl hydroperoxides, and then more so again for hydrogen peroxide, compared to ketohydroperoxides. The influence of the equivalence ratio from 0.25 to 4 on the formation of these peroxides has been studied during n-heptane oxidation. The up-to-date detailed kinetic oxidation models for n-heptane and for n-decane found in the literature have been used to discuss the possible pathways by which these peroxides, ketene, and diones are formed. In general, the model predicts well the reactivity of the two fuels, as well as the formation of major intermediates.

Introduction

Hydroperoxides are major chain-branching agents that explain the occurrence of hydrocarbon autoignition. Since 2010, the detection of these highly reactive intermediates has been increasingly reported during hydrocarbon gas-phase oxidation. [START_REF] Herbinet | Progress in Understanding Low-Temperature Organic Compound Oxidation Using a Jet-Stirred Reactor[END_REF] This is the case of alkyhydroperoxides, [START_REF] Herbinet | Detailed Product Analysis During the Low Temperature Oxidation of n-Butane[END_REF][START_REF] Rodriguez | Measuring Hydroperoxide Chain-Branching Agents During n-Pentane Low-Temperature Oxidation[END_REF] ketohydroperoxides, [START_REF] Herbinet | Detailed Product Analysis During the Low Temperature Oxidation of n-Butane[END_REF][START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF][START_REF] Eskola | Probing the Low-Temperature Chain-Branching Mechanism of n-Butane Autoignition Chemistry via Time-Resolved Measurements of Ketohydroperoxide Formation in Photolytically Initiated n-C4H10 Oxidation[END_REF][START_REF] Wang | Additional Chain-Branching Pathways in the Low-Temperature Oxidation of Branched Alkanes[END_REF][START_REF] Wang | New Insights into the Low-Temperature Oxidation of 2-Methylhexane[END_REF][START_REF] Rodriguez | Measuring Hydroperoxide Chain-Branching Agents During n-Pentane Low-Temperature Oxidation[END_REF] and hydrogen peroxide. [START_REF] Wang | Additional Chain-Branching Pathways in the Low-Temperature Oxidation of Branched Alkanes[END_REF][START_REF] Bahrini | Quantification of Hydrogen Peroxide during the Low-Temperature Oxidation of Alkanes[END_REF][START_REF] Bahrini | Experimental and Modeling Study of the Oxidation of n-Butane in a Jet Stirred Reactor Using cw-CRDS Measurements[END_REF][START_REF] Djehiche | Quantitative Measurements of HO2 and Other Products of n-Butane Oxidation (H2O2, H2O, CH2O, and C2H4) at Elevated Temperatures by Direct Coupling of a Jet-Stirred Reactor with Sampling Nozzle and Cavity Ring-Down Spectroscopy (cw-CRDS)[END_REF][START_REF] Kurimoto | Quantitative Measurements of HO2/H2O2 and Intermediate Species in Low and Intermediate Temperature Oxidation of Dimethyl Ether[END_REF][START_REF] Rodriguez | Measuring Hydroperoxide Chain-Branching Agents During n-Pentane Low-Temperature Oxidation[END_REF] Most of the experimental studies reported have been performed using a jet-stirred reactor (JSR), a type of reactor extremely suitable for reaction product quantification and kinetic modeling. [START_REF] Herbinet | Jet-Stirred Reactor[END_REF] n-Heptane (C7H16) is a primary reference fuel used for octane rating in spark ignited engines. [START_REF] Guibet | Fuels and engines[END_REF] n-Decane (C10H22) is often considered as a surrogate for long linear alkanes present in diesel fuel. [START_REF] Zeng | Experimental and Kinetic Modeling Study of Pyrolysis and Oxidation of n-Decane[END_REF] The gas-phase oxidation of these two n-alkanes has already been thoroughly investigated experimentally, and many models have been proposed. [START_REF] Battin-Leclerc | Detailed Chemical Kinetic Models for the Low-Temperature Combustion of Hydrocarbons with Application to Gasoline and Diesel Fuel Surrogates[END_REF] However, only one paper [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] concerns hydroperoxide formation during n-heptane oxidation: ketohydroperoxides formed under stoichiometric conditions were detected using a tunable synchrotron vacuum ultraviolet photoionization mass spectrometer (SVUV-PIMS). To our knowledge, no peroxide measurement has yet been published for n-decane gas-phase oxidation.

As a first objective, this paper investigated the low-temperature oxidation of n-heptane in JSR at atmospheric pressure covering a wide range of equivalence ratios ( : 0.25, 1, 2, and 4). This was especially performed using two analytical methods that have not very often been coupled to JSRs: time-of-flight mass spectrometry combined with laser single-photon photoionization (SPI) and continuous wave cavity ring-down spectroscopy (cw-CRDS). These two methods allowed hydroperoxides to be detected without the use of a synchrotron, enabling us to use them in Nancy. This work extended our previous study that showed peroxide measurements during JSR n-heptane oxidation. [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] The second objective of the current work was to extend the n-heptane measurements to the case of a larger alkane, n-decane. This was also performed at atmospheric pressure, but only for a stoichiometric mixture.

The full analyses by gas chromatography (GC) of the reaction products obtained upon JSR n-heptane oxidation for the same conditions as in the present work can be found in Zhang et al. [START_REF] Zhang | An Updated Experimental and Kinetic Modeling Study of n-Heptane Oxidation[END_REF] and Herbinet et al. [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] Figure S1 shows the fuel consumption observed by GC during these previous studies. [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF][START_REF] Zhang | An Updated Experimental and Kinetic Modeling Study of n-Heptane Oxidation[END_REF] Concerning n-decane, a full GC analysis was recently published by Herbinet et al. [START_REF] Herbinet | Low Temperature Oxidation of Benzene and Toluene in Mixture with n-Decane[END_REF] for an equivalence ratio of 0.41 (inlet n-decane mole fraction = 0.025). In the present study, we performed some GC measurements under stoichiometric conditions for the same initial fuel mole fraction, to assist the SPI mass spectrometry study of n-decane. The GC method and related uncertainties are described in Supporting Information. Figure S1 also plots the details of n-decane consumption observed by GC during JSR n-decane oxidation under stoichiometric conditions.

Experimental Details and Calculations

The experimental work was performed using a spherical fused silica JSR (volume of 85 cm [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] ) already described in the literature. [START_REF] Herbinet | Jet-Stirred Reactor[END_REF] Diluted reagents entered the reactor through an injection cross located at its center. The gas jets provoked high turbulence leading to homogeneity in composition and temperature of the gas phase. The isothermal JSR was preceded by a quartz annular preheated zone in which the gaseous temperature was increased up to that of the reactor. The gas mixture residence time inside the annular preheater was very short compared to its residence time inside the reactor (only a few percentiles). Both the reactor and the preheating zone were heated by Thermocoax resistances rolled up around the reactor. The reaction temperature was measured by a thermocouple located inside the intra-annular space of the preheating zone; its tip being placed in a glass finger at the level of the injection jets.

In France, oxygen and helium were provided by Messer, and their purities were reported as 99.995 and 99.999%, respectively. Both fuels were provided by Sigma-Aldrich (purity of ≥99%). In China, gases were provided by Nanjing Special Gas Factory Co., Ltd. Purities of argon and oxygen were 99.99% and 99.999%, respectively; n-heptane and n-decane were purchased from Aladdin Reagent Co., Ltd. with a purity of 99%. Gas flow rates were controlled by mass flow controllers, and Coriolis flow controllers were used for liquid fuels. The uncertainty in the flow measurements is ∼0.5% for each controller. In all experiments, the residence time was equal to 2 ± 0.04 s.

The inlet n-heptane mole fraction was 0.005 in all experiments, while the inlet n-decane mole fraction was 0.0025 in the experiment combined with SPI mass spectrometry and GC. These inlet mole fractions were chosen to allow close reactivity to be observed for both fuels under stoichiometric conditions (see Figure S1). For the n-decane SVUV-PIMS experiment, an inlet fuel mole fraction of 0.004 was chosen to obtain a more accurate determination of the ionization energy of some detected products. Figure S1 also plots the n-decane consumption observed by SVUV-PIMS during JSR n-decane oxidation under these less-diluted conditions.

The JSR described below has been associated with three types of analytical setup:

• A reflectron time-of-flight mass spectrometer combined with tunable synchrotron vacuum ultraviolet photoionization (SVUV-PIMS) using molecular-beam sampling in Hefei.

• A laser single-photon-ionization time-of-flight mass spectrometer (SPI-MS) through capillarytube sampling in Nancy.

• A continuous wave cavity ring-down spectroscopy (cw-CRDS) optical cell via a sonic probe in Nancy.

In most cases, the carbon atom balance of the reactants and products is within 90%. We observe large deviations in n-decane oxidation at temperatures close to the maximum of low-temperature reactivity. This is probably due to the formation of undetected large oxygenated products.

SVUV-PIMS Analyses

The SVUV-PIMS analyses and the coupling with JSR through a molecular beam have been described previously. [START_REF] Herbinet | Detailed Product Analysis During the Low Temperature Oxidation of n-Butane[END_REF][START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF][START_REF] Qi | Combustion Chemistry Probed by Synchrotron VUV Photoionization Mass Spectrometry[END_REF][START_REF] Battin-Leclerc | Experimental Confirmation of the Low-Temperature Oxidation Scheme of Alkanes[END_REF][START_REF] Qi | Isomeric Identification of Polycyclic Aromatic Hydrocarbons Formed in Combustion with Tunable Vacuum Ultraviolet Photoionization[END_REF] Briefly JSR was coupled to the low-pressure photoionization chamber through a lateral fused silica conelike nozzle, which was inserted into the spherical part of the reactor. The tip of the cone was pierced by a 50 μm orifice. A nickel skimmer with a 1.25 mm diameter aperture was located 15 mm downstream from the sampling nozzle. The ion signal was detected with the reflectron time-of-flight mass spectrometer (RTOF-MS), which was installed vertically above the photoionization chamber. For a detailed description of this experimental apparatus and the related calibration see ref 2. In the case of n-heptane, most of the SVUV-PIMS data have already been published in ref 3. However, some unpublished data obtained with this system are shown here, serving for product identification and comparison purposes. In addition, H2O2 data were reevaluated using the photoionization cross sections recently proposed by Dodson et al. [START_REF] Dodson | VUV Photoionization Cross Sections of HO2, H2O2, and H2CO[END_REF] Here the same apparatus was used to analyze the n-decane oxidation with inlet mole fraction of 0.004 and equivalence ratio of 1.0. The purpose of this experiment is to help identify several intermediates and assist the SPI-MS analysis.

SPI-MS Analyses

These experiments were performed using an RTOF-MS equipped with a dual ion source for electronimpact and single-photon ionizations (PhotoTOF, Photonion GmbH, Germany, a custom-device developed for LRGP-Nancy). This mass spectrometer was previously used to analyze the outlet gas from fast pyrolysis of biomass performed in a microfluidized bed reactor. [START_REF] Jia | Fast Pyrolysis in a Microfluidized Bed Reactor: Effect of Biomass Properties and Operating Conditions on Volatiles Composition as Analyzed by Online Single Photoionization Mass Spectrometry[END_REF] As is shown in Figure 1, products were sampled using a heated quartz capillary tube (200 μm diameter, 5 m length, flow of 3-4 mL/min), which was inserted directly within the JSR. The whole sampling line was heated to 363 K when using both fuels. This temperature was carefully chosen after testing several sampling line temperatures to preserve hydroperoxides and to maximize the signal obtained despite a high tendency of reagents with a weak O-O bond to decompose. At the outlet of the heated capillary line, compounds were directly injected into the ionization zone of the mass spectrometer. In the measurements described here, VUV photons with a wavelength of 118 nm (10.6 eV) were used for a single-photon absorption/ionization process. The mass spectrometer covers a mass range of m/z 10-2000 with mass resolution of 2000 and mass sensitivity of 100 ppb. Since no molecular beam was involved in the sampling procedure, the signal calibration was simpler than that when using SVUV-PIMS. [START_REF] Herbinet | Detailed Product Analysis During the Low Temperature Oxidation of n-Butane[END_REF] The mole fraction of a species, i, was directly obtained from that of a reference species, ref, at a given temperature and laser energy by the equation:
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The chosen reference was propene at m/z 42 using the value measured by gas chromatography at 650 K. [START_REF] Zhang | An Updated Experimental and Kinetic Modeling Study of n-Heptane Oxidation[END_REF] More details about the ionization cross sections used are given in Supporting Information. For compounds with unknown cross sections, estimation was made based on the group additivity method 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] Groups are defined as bonded atom pairs (see Supporting Information) in the considered molecules, except that C-H, O-H, and O-O pairs are not counted. The value of each group is estimated from published data of known species [START_REF] Zhou | Determination of Absolute Photoionization Cross-Sections of Alkanes and Cyclo-Alkanes[END_REF][START_REF] Yang | Absolute photoionization cross-sections of some combustion intermediates[END_REF][START_REF] Wang | Near-Threshold Absolute Photoionization Cross-Sections of Some Reaction Intermediates in Combustion[END_REF][START_REF] Cool | Selective Detection of Isomers with Photoionization Mass Spectrometry for Studies of Hydrocarbon Flame Chemistry[END_REF] at a given photon energy and is given in Supporting Information. From there, the cross section is obtained as the sum of each group constituting the related molecule. As an example, we have for the C7 ketohydroperoxide shown in Scheme S1 of Supporting Information:

= 6. + 1. + 1. + 1.
As shown in Supporting Information, the uncertainty on cross sections estimated by this method is assumed to be below 50%. However, small molecules with ionization energy above 10.6 eV cannot be detected by the SPI-MS used in this work. The quantification of the fuel is also difficult because of the saturation of the signal.

cw-CRDS Analyses

The same experimental setup has been used in previous studies of the oxidation of methane, [START_REF] Bahrini | Detection of Some Stable Species During the Oxidation of Methane by Coupling a Jet-Stirred Reactor (JSR) to cw-CRDS[END_REF] n-butane, [START_REF] Bahrini | Quantification of Hydrogen Peroxide during the Low-Temperature Oxidation of Alkanes[END_REF][START_REF] Bahrini | Experimental and Modeling Study of the Oxidation of n-Butane in a Jet Stirred Reactor Using cw-CRDS Measurements[END_REF] n-pentane, [START_REF] Rodriguez | Measuring Hydroperoxide Chain-Branching Agents During n-Pentane Low-Temperature Oxidation[END_REF] and dimethyl ether. [START_REF] Rodriguez | Experimental and Modeling Investigation of the Low-Temperature Oxidation of Dimethyl Ether[END_REF] The atmospheric-pressure JSR is coupled to a tubularglass cw-CRDS cell (length: 86 cm, diameter: 0.8 cm, maintained at a pressure of 1.33 kPa through pumping at both ends) using a tubular quartz probe with a tip orifice of ∼150 μm diameter. CRDS analyses [START_REF] Morajkar | Absolute Absorption Cross Sections for Two Selected Lines of Formaldehyde Around 6625 cm-1[END_REF][START_REF] Macko | High sensitivity CW-Cavity Ring Down Spectroscopy of Water in the Region of the 1.5 μm Atmospheric Window[END_REF] were performed in the near-infrared with wavenumbers in the 6620-6644 cm -1 range (more details are given in Supporting Information). In addition to H2O2, several other species such as H2O, CH2O, and C2H4 could be quantified using this technique, as isolated absorption lines could be identified. The absorption lines used are given in 23 2.95x10 -23 a The mole fraction of a compound at a given temperature is calculated as the average of the mole fractions calculated using each line.

Uncertainties Related to MS and CRDS Analyses

The uncertainties related to photoionization mass-spectrometry measurements are mainly due to uncertainties in the photoionization cross sections (PICSs) used. For mole fractions evaluated from SVUV-PIMS signals, these uncertainties are usually estimated as ±10% for major species, ±25% for intermediates with known PICSs, and at least a factor of 2 for those with estimated PICSs, [START_REF] Wang | Kinetics of Ethylcyclohexane Pyrolysis and Oxidation: An Experimental and Detailed Kinetic Modeling Study[END_REF] as it is the case for hydroperoxides. The uncertainties for mole fractions evaluated from SPI-MS signals are estimated in a similar way.

To give a clearer idea of the uncertainty concerning SPI-MS data, the species yields were determined as a function of temperature upon JSR experiments for several habitual combustion products formed during n-heptane oxidation under stoichiometric conditions and are given in Figure 2, for example, propene (m/z = 42, the quantification was not possible between 875 and 900 K due to peak saturation), acetaldehyde (m/z = 44), butenes (m/z = 56), C3H6O isomers (m/z = 58), and C4H8O isomers (m/z = 72, the quantification was not possible between 580 and 700 K due to peak saturation). The products shown in Figure 2 have an ionization energy below 10.6 eV allowing them to be detected using SPI-MS. Butenes, C3H6O isomers, and C4H8O isomers were quantified using the PICS of 1-butene, propanal, and butanal, respectively. These profiles are compared with the GC measurements of Zhang et al. [START_REF] Zhang | An Updated Experimental and Kinetic Modeling Study of n-Heptane Oxidation[END_REF] and with the SVUV-PIMS profiles of Herbinet et al. [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] (measurements were only made between 500 and 750 K). The mole fractions of propene and acetaldehyde measured by both mass spectrometry techniques agree very well with GC measurements. The comparison between GC and SPI-MS is also robust for butenes, as well as for C3H6O isomers and C4H8O isomers. Figure 2 also shows a comparison of SPI-MS data with our new GC measurements for propene and butenes during n-decane oxidation. A satisfactory agreement is observed. In the n-decane oxidation experiments, the accurate GC quantifications of acetaldehyde were not possible due to peak coelution with that of methanol (the peak separation was better in the case of n-heptane). C3H6O and C4H8O isomers are also not shown for n-decane, because, due to a much lower fuel concentration, the related isomers are more difficult to quantify by GC than those of n-heptane oxidation or in our previous work with n-pentane. [START_REF] Rodriguez | Measuring Hydroperoxide Chain-Branching Agents During n-Pentane Low-Temperature Oxidation[END_REF] This is also caused by the coelution and/or signal intensity close to the limit of detection.

Uncertainties in mole fractions derived from CRDS measurements are mainly due to absorption cross section and measured ring down time incertitudes. The average uncertainty in mole fractions is estimated at 15% depending on the absorption line and the species concentration. In some cases, higher uncertainties can be observed due to line saturation. The detection limit depends on the intensity of the absorption line (∼100 ppm here).

To propose a better idea of the uncertainty of CRDS data, JSR temperature evolutions of the mole fraction of H2O, CH2O, and C2H4 measured by cw-CRDS during the oxidation of n-heptane and n-decane are shown in Figure 3 for stoichiometric conditions. These profiles are compared with GC measurements and, in the case of n-heptane, with SVUV-PIMS profiles. [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] The agreement between cw-CRDS and GC is good for ethylene measured with both fuels. In the case of n-heptane, a good agreement for water is also seen between cw-CRDS and SVUV-PIMS. In contrast, a greater deviation between GC and CRDS measurements is observed for formaldehyde. This was also indicated by Bahrini et al. [START_REF] Bahrini | Quantification of Hydrogen Peroxide during the Low-Temperature Oxidation of Alkanes[END_REF] and is due to inaccuracy in the GC measurements with the formaldehyde peak presenting a very long tail. The deviation observed between CRDS and SVUV-PIMS CH2O measurements is due to uncertainties in cross sections used for SVUV-PIMS analysis, which shows major variations at the energy used in this study (11 eV).34 [START_REF] Zhang | An Updated Experimental and Kinetic Modeling Study of n-Heptane Oxidation[END_REF] ( * ) SVUV-PIMS. [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] Symbols are experiments, and lines are simulations.

Ionization Energy and Thermochemical Data Calculation

The zero-point-energy-corrected adiabatic ionization energies were calculated using the composite CBS-QB3 method [START_REF] Montgomery | A Complete Basis Set Model Chemistry. VI. Use of Density Functional Geometries and Frequencies[END_REF] and Gaussian software 36 as previously described. [START_REF] El-Nahas | Assessment of Hybrid, Meta-Hybrid-GGA, and Long-Range Corrected Density Functionals for the Estimation of Enthalpies of Formation, Barrier Heights, and Ionisation Potentials of Selected C1-C5 Oxygenates[END_REF] To attempt to reach the minimum ionization energy, the calculation was made for a representative sample of conformers. For m/z values equal to and above 158, the ionization energy calculations start to be very difficult due to (i) extremely long calculation times, (ii) a sharp increase of the number of conformers making it difficult to find the conformer with the lowest energy, and (iii) a decrease in calculation accuracy with the increase of carbon numbers. When needed, theoretical calculations of thermochemical parameters were performed as described previously. [START_REF] El-Nahas | Assessment of Hybrid, Meta-Hybrid-GGA, and Long-Range Corrected Density Functionals for the Estimation of Enthalpies of Formation, Barrier Heights, and Ionisation Potentials of Selected C1-C5 Oxygenates[END_REF] Frequencies and standard entropies were computed at the CBS-QB3 theory level. The internal degrees of freedom were treated as rigid rotor harmonic oscillators, except for the internal rotations. In this last case, hindered rotor treatment was applied. Standard enthalpies of formation were calculated by the atomization method, [START_REF] El-Nahas | Thermal Decomposition of 2-Butanol as a Potential Nonfossil Fuel: A Computational Study[END_REF] whereas the enthalpies of reactions were calculated at CBS-QB3.

Experimental Results

Below, we demonstrate how organic hydroperoxides were identified and quantified from mass spectrometry measurements. Then we present the quantification of H2O2 using cw-CRDS experiments. Finally, using SPI-MS measurements, we show the quantification of ketenes and diones that are likely to be derived from organic hydroperoxides.

Organic Hydroperoxide Identification

Figure 4 shows the laser single-photon-ionization time-of-flight mass spectra that were obtained during n-heptane oxidation at 600 and 850 K, respectively. Here, we will focus on peroxides and related species. The m/z of the major combustion products, such as those shown in Figure 2, have already been thoroughly discussed. [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] Their further study in this work and in our recent analysis pertaining to n-pentane [START_REF] Rodriguez | Measuring Hydroperoxide Chain-Branching Agents During n-Pentane Low-Temperature Oxidation[END_REF] presents more evidence to support the hypothesis that the intermediates discussed could be peroxides.

The only organic peroxides mentioned by Herbinet et al. [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] (using SVUV-PIMS) were the C7-ketohydroperoxides at the m/z value of 146. This product can also be clearly seen in Figure 4a at a reaction temperature of 600 K. In addition, this figure presents eight other peaks not identified [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] as hydroperoxides, although some of them may correspond to hydroperoxides.

• m/z = 48: this m/z number could only correspond to methylhydroperoxide and had already been observed upon mass spectrometry analyses during the oxidation of n-butane [START_REF] Herbinet | Detailed Product Analysis During the Low Temperature Oxidation of n-Butane[END_REF] and n-pentane. [START_REF] Rodriguez | Measuring Hydroperoxide Chain-Branching Agents During n-Pentane Low-Temperature Oxidation[END_REF] It was identified as being methylhydroperoxide (CH3OOH) from ionization energy measurements using SVUV-PIMS [START_REF] Herbinet | Detailed Product Analysis During the Low Temperature Oxidation of n-Butane[END_REF][START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] • m/z = 62: this m/z value was previously obtained during mass spectrometry analyses of n-butane 2 and n-pentane [START_REF] Rodriguez | Measuring Hydroperoxide Chain-Branching Agents During n-Pentane Low-Temperature Oxidation[END_REF] oxidation and was identified as ethylhydroperoxide (C2H5OOH) from ionization energy measurement.

• m/z = 74: this m/z number was identified to be propanoic acid. [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] In this paper, we further checked for other possible isomers with this m/z value. Although the signal for the energy scan of this m/z in Figure 5a is scattered, it appears that a contribution to this m/z has an ionization energy close to 9.5 eV (Figure 5a). This might correspond to allyhydroperoxide (C3H5OOH). The species with m/z = 74 was also identified as allyhydroperoxide during n-pentane oxidation using the same MS apparatuses. 11 • m/z = 76: this m/z number has not been reported during SVUV-PIMS analyses upon alkane oxidation, [START_REF] Herbinet | Progress in Understanding Low-Temperature Organic Compound Oxidation Using a Jet-Stirred Reactor[END_REF] but the value could correspond to propylhydroperoxide (C3H7OOH). The fact that no peak at this m/z number was present using SVUV-PIMS probably reflects a low sensitivity of the mass spectrometer.

• m/z = 88 and =102: these m/z values were also obtained during n-pentane oxidation [START_REF] Rodriguez | Measuring Hydroperoxide Chain-Branching Agents During n-Pentane Low-Temperature Oxidation[END_REF] and were identified as being isomers of butenylhydroperoxide (C4H7OOH) and pentenylhydroperoxide (C5H9OOH), respectively. For m/z = 102, two peaks can be separated by SPI-MS, one corresponding to nonoxygenated compounds, most probably minor isotopes of fuel at m/z = 100, and one to oxygenated species.

• m/z = 116: this m/z number has not been reported during mass spectrometry analyses of alkane oxidation, 1 but it could correspond to isomers of hexenylhydroperoxide (C6H11OOH), as will be seen further in the text in the case of n-decane oxidation. Indeed, this m/z value was also actually detected during n-decane oxidation. • m/z = 130: this m/z value was not mentioned by ref 3 previously. The experimental measures of photon energies of this m/z by SVUV-PIMS (see Figure 5b) indicate that the signal starts to rise close to 9.2 eV. As indicated in Table 2, this value is in good agreement with calculated ionization energies for some heptenylhydroperoxide isomers (C7H13OOH). For this m/z number, the formation of other C7 species (i.e., with the same carbon atom number as the fuel) is also possible. These include a ketone and an alcohol, which could be derived from C7 ketohydroperoxide decomposition. The ionization energies calculated for the most expected C7 isomer species, again including a ketone and an alcohol (see values in Supporting Information), cannot rule out this hypothesis. As shown in Figure 4b, these peaks all disappear at a reaction temperature of 850 K, confirming that the m/z values are related to low-temperature oxidation products.

Furthermore, two other peaks are observed in the mass spectra at 600 and 850 K of Figure 4a,b. These are likely to be derived from hydroperoxides:

• m/z = 42: as shown for n-pentane, [START_REF] Rodriguez | Measuring Hydroperoxide Chain-Branching Agents During n-Pentane Low-Temperature Oxidation[END_REF] this peak corresponds to a mixture of ketene (m/z = 42.0367) and propene (m/z = 42.0797). The two peaks can be resolved in SPI-MS experiments, whereas this was not feasible in SVUV-PIMS experiments. [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] • m/z = 128: this major peak at a reaction temperature of 600 K corresponds to the molar mass of C7 molecules including two carbonyl groups, which have already been clearly identified by gas chromatography. [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] Figure 6 presents the mass spectra for n-decane oxidation at 600 K obtained using SPI-MS (initial fuel mole fraction of 0.0025) and SVUV-PIMS (initial fuel mole fraction of 0.004) experiments, respectively. The peaks corresponding to C1-C3 alkylhydroperoxides (m/z = 48, 62, and 74) can be observed by the SPI-MS approach (Figure 6a), but m/z = 62 and 74 are not observed in the SVUV-PIMS experiment (Figure 6b). The m/z numbers corresponding to C3-C6 and C9-C10 alkenylhydroperoxides (m/z = 74, 88, 102, 116, 158, and 172) are present in the spectra obtained by both techniques. In contrast, the peak at m/z = 188 corresponding to C10 ketohydroperoxide isomers is only present in the SVUV-PIMS experiment (Figure 6b), which was obtained with a highly concentrated mixture. Two high-intensity peaks corresponding to ketene/propene (m/z = 42) and to C10 molecules with two carbonyl groups (C10 diones, m/z = 170) were also observed. The plots of the experimental analysis of photon energies from 7.8 to 11 eV using SVUV-PIMS for m/z equal to 74, 88, 102, 116, 158, 170, 172, and 188 upon n-decane oxidation are shown in Figure 5c-j. The inlet fuel mole fraction is 0.004, and the temperature is 600 K.

According to the ionization energies proposed by Rodriguez et al., [START_REF] Rodriguez | Measuring Hydroperoxide Chain-Branching Agents During n-Pentane Low-Temperature Oxidation[END_REF] the products at m/z 74, 88, and 102 are C3-C5 alkenylhydroperoxides. Although this was not considered in ref 11, m/z = 88 could also correspond to C3H5OOCH3 isomers. However, the caculated ionization energies for the C3H5OOCH3 isomers suggest energies of below 9 eV (see values in Supporting Information), which are lower than the measured photoionization efficiency (PIE) onset at 9.3 eV for this m/z (see Figure 5d).

Calculated adiabatic ionization energies of the most expected isomers deriving from n-decane oxidation at m/z = 116 are detailed in Table 3. Figure 5f shows that the signal rises at ∼9.0 eV, which is close to the IE values calculated for several hexenylhydroperoxide isomers.

The ionization energy onset for m/z = 158 and 172, for which ionization energy calculations were not performed, are shown in Figure 5g,h, respectively, and are just around 9 eV. If the trend showing an asymptotic decrease of the IE with the size of the alkenylhydroperoxide is expected, for example, from m/z 74 (IE: 9.5 eV) to m/z 130 (IE: 9.2 eV), the IEs for m/z 158 and 172 might correspond to nonenylhydroperoxides and decenylhydroperoxides. For this last case, the formation of C10 species including a ketone and an alcohol function is also possible. Figure 6. Mass spectra obtained during stoichiometric n-decane oxidation at 600 K using (a) SPI-MS and (b) SVUV-PIMS. The labeled m/z are discussed in the text: (italic blue) alkylhydroperoxides, (bold green) alkenylhydroperoxides, (magenta) ketohydroperoxides and species deriving from the third O2 addition pathway, and (black) ketene and diones.

For m/z = 170, the profile of its PIE spectra (Figure 5i) and the signal rising from 8.5 eV are very similar to that which had been attributed to heptadiones (m/z = 128) in heptane oxidation by Herbinet et al. [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] (see comparison of the two spectra in Figure S3 of Supporting Information). Together with the fact that it corresponds to a high intensity signal, this might support the identification of m/z 170 as decadiones.

Figure 5j presents the PIE spectra of m/z = 188. Although the signal becomes more highly scattered as energy increases, a clear rise of the photoionization signal is observed at an energy of 9.2 eV. This is quite similar to what had been previously observed for C7 ketohydroperoxides during n-heptane oxidation. [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] This supports that C10 ketohydroperoxides are formed during n-decane oxidation.

Concerning the possible identification of C7 and C10 alkenylhydroperoxides during the oxidation of n-heptane and n-decane, respectively, it should be pointed out that a mass peak with an m/z value Note that, in the SVUV-PIMS spectrum obtained during n-decane oxidation with a more concentrated mixture (Figure 6b), a peak at m/z = 202 is present. This m/z number might correspond to a product with a formula of C10H18O4, which could be obtained through a third oxygen addition pathway as proposed by Wang et al. 5

Organic Hydroperoxide Mole Fractions as a Function of Temperature

In this section, we will discuss the quantification of the products identified in this work. For the quantification of hydroperoxides and diones, only the global mole fractions are obtained by assuming that all isomers have the same cross sections. However, an alkenylhydroperoxide has a higher PICS value than that of an alkylhydroperoxide of the same size. This is because the contribution of a C=C atom pair is some 15 times larger than that of a C-C atom pair in the energy range of 10.6-11.0 eV.

Figure 7 shows estimated mole fractions for all the organic hydroperoxides quantified by the SPI-MS method used for the oxidation of n-heptane and n-decane under stoichiometric conditions as a function of temperature. To scale the mole fractions of C7 ketohydroperoxides and decenylhydroperoxides on the same graph as the other compounds, the former must be multiplied by a factor of 10. This led us to suspect problems in the capillary transfer line for the heavy compounds that significantly alter their quantification. This is supported for C7 ketohydroperoxides by comparing the mole fractions obtained from SVUV-PIMS experiments, as shown in Figure 8a. since no reference signal is available at 9.5 eV, the used references are then the signal and corresponding mole fraction of the C7 ketohydroperoxides at 550 K and 10.5 eV (with the mole fraction calculated using propene as a reference). Although a large discrepancy is observed for the quantification of C7 ketohydroperoxide, the temperature at which the maximum mole fraction of these species can be observed is the same (i.e., 550 K) for both MS methods.

Figure 8b shows the variation of the estimated mole fractions of allylhydroperoxide measured by SPI-MS at 10.6 eV with temperature. At this energy, the contribution of propanoic acid (IE: 10.5 eV) should be low given the value of the cross section in ref 3. This figure also shows the measurements made by the SVUV-PIMS method at 11 eV reported to be propanoic acid. [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] This mole fraction corresponds to the sum of the mole fractions of allylhydroperoxide and propanoic acid. As the same measurement is available at 10 eV, it was possible to deconvoluate the mole fraction of the two species, as shown in Figure 8c. Although the quantified mole fraction of allylhydroperoxide by the SVUV-PIMS method gives a scattered distribution, the maximum mole fraction is close to that obtained in the SPI-MS analysis. This confirms that the SPI-MS signal corresponds mainly to allylhydroperoxide.

Alkylhydroperoxides

Figure 9 demonstrates the species yields as a function of temperature for the three quantified alkyl hydroperoxides at four equivalence ratios in the case of n-heptane oxidation (ϕ = 0.25, 1, 2, and 4). Figures 7 and9 show that the mole fraction profiles obtained for both fuels display a single sharp maximum; at 600 K for methylhydroperoxide and at 590 K for ethylhydroperoxide and propylhydroperoxide. The temperature at which this maximum occurs does not vary with ϕ. The most abundant of this type of species is methylhydroperoxide with mole fractions up to 150 ppm at ϕ = 0.25 for n-heptane, followed by ethylhydroperoxide with maximum mole fractions up to 70 ppm at ϕ = 0.25 for n-heptane. The maximum mole fractions of propylhydroperoxides are significantly lower, for example, only 5 ppm at ϕ = 0.25 for n-heptane.

The methylhydroperoxide/ethylhydroperoxide mole fraction ratio for stoichiometric mixtures is ∼2 for n-heptane and 1.5 for n-decane, while this ratio is approximately a factor of 3 during n-pentane JSR oxidation. [START_REF] Rodriguez | Measuring Hydroperoxide Chain-Branching Agents During n-Pentane Low-Temperature Oxidation[END_REF] The methylhydroperoxide/propylhydroperoxide mole fraction ratio for stoichiometric mixtures is ∼36 for n-heptane and 10 for n-decane. This is consistent with the fact that larger molecules produce more C2-C3 alkyl radicals through β-scission decomposition.

Figure 9 shows that, for a given temperature, the mole fraction of methylhydroperoxide gradually increases when ϕ decreases. This is also the case for ethylhydroperoxide. The mole fractions of propylhydroperoxides remain quasi constant for ϕ values from 0.25 to 2. For the three alkylhydroperoxides, the mole fractions observed are significantly lower at ϕ = 4 than at ϕ = 2. 

Alkenylhydroperoxides

Figure 10 shows the evolution of the estimated mole fractions for the quantified C3-C7 alkenyl hydroperoxides for four equivalence ratios in the case of n-heptane oxidation (ϕ = 0.25, 1, 2, and 4) as a function of temperature. Figures 7 and10 demonstrate that the mole fraction profiles obtained for the two fuels display a single sharp maximum. In addition, these maxima occur at slightly higher temperatures than those for alkylhydroperoxides, except for butenylhydroperoxides measured in rich and stoichiometric mixtures. However, as shown in Figure 10, the most striking difference between alkenylhydroperoxide and alkylhydroperoxide profiles is that in the former case the temperature of the maximum mole fraction at ϕ = 0.25 is ∼40 K higher than that for rich and stoichiometric mixtures. For these alkenylhydroperoxides, the most abundant species is allylhydroperoxide, which has mole fractions up to 13 ppm at ϕ = 0.25. This is followed by butenylhydroperoxides and hexenylhydroperoxides with maximum mole fractions up to 5 ppm at ϕ = 1. The maximum mole fractions of C5 and C7 species are significantly lower, being only 1.2 ppm at ϕ = 1. Figure 10 shows that, for a given temperature above 600 K, the mole fraction of allylhydroperoxide gradually increases when ϕ decreases, with a sharp increase at ϕ = 0.25. The situation is different for the other compounds, where the mole fraction gradually increases when ϕ decreases for rich and stoichiometric mixtures, but where the mole fraction at ϕ = 0.25 is lower than those at ϕ = 1.0. 

Evolution of H2O2 Mole Fractions as a Function of Temperature

The evolution of the mole fraction of H2O2 during the oxidation of n-heptane as a function of temperature is shown in Figure 11. Measurements at ϕ = 1 were made using CRDS, but also SVUV-PIMS experiments were made at a photon energy of 13.05 eV. The PICS at this energy has been extrapolated from the measurements of Dodson et al. [START_REF] Dodson | VUV Photoionization Cross Sections of HO2, H2O2, and H2CO[END_REF] A good agreement is found between the two types of measurement confirming the reliability of CRDS measurements for fuels as large as n-heptane. A similar good agreement was seen between CRDS and SVUV-PIMS H2O2 measurements in our previous study of n-pentane oxidation. 11 To our knowledge, these experiments with n-heptane are the first H2O2 quantifications in JSR oxidation studies using CRDS with such a large fuel molecule. This quantification was not possible in the case of n-decane oxidation due to condensation at the inlet of the cell. Condensation problems increase the background noise, which affects H2O2 measurement more than that of other products due to its low signal intensity, which is close to the detection limit.

In the case of n-heptane, quantification was also possible for ϕ values of 0.25, 1, and 2, but not for ϕ = 4, where the formation was too low. Figure 11 shows that the mole fraction profiles obtained display two maxima: a first one at temperatures below 650 K and a second one around 850 K. The results show a significant influence of equivalence ratio, with the maximum value at ϕ = 0.25, being ∼7 times higher than that at ϕ = 2. The equivalence ratio also has an influence on the temperatures at which these maxima are observed.

Ketene and Dione Mole Fractions as a Function of Temperature

Figure 8d displays the estimated mole fractions of diones with the same carbon number as the fuel measured by SVUV-PIMS and SPI-MS methods during n-heptane oxidation under stoichiometric conditions, according to the temperature. A good agreement between the two profiles was seen.

Figure 12 presents the temperature evolution of the estimated mole fractions of diones with the same carbon number as the fuel and ketene obtained by SPI-MS during n-heptane oxidation for various equivalence ratios. Furthermore, it shows n-decane oxidation under stoichiometric conditions. For both fuels, the ketene mole fraction profiles exhibit two peaks. The temperature at which the lowtemperature maximum is observed and the values of the mole fraction reached increases when ϕ decreases, whereas for the high-temperature maximum the opposite is seen. At low temperatures, the formation of ketene is favored when ϕ decreases. For both fuels, the dione mole fraction profiles exhibit a single peak at ∼600 K. For n-heptane, at ϕ equal to 0.25, a plateau from 600 to 650 K exists. At a given temperature, the largest mole fraction of heptadiones is obtained for ϕ = 1 (e.g., ∼55 ppm). At a given temperature, the mole fractions of decadiones are ∼10 times lower than those of heptadiones. This could be due to transfer problems in the capillary line.

Discussion

To analyze more thoroughly experimental results described previously, we performed simulations using two up-to-date models described previously. These models have been partially validated by JSR results obtained in the same reactor as that used in the present study. Simulations were performed using the OpenSMOKE++ framework [START_REF] Cuoci | OpenSMOKE++: An Object-Oriented Framework for the Numerical Modeling of Reactive Systems with Detailed Kinetic Mechanisms[END_REF] for n-heptane and the CHEMKIN package [START_REF] Kee | A Fortran Chemical Kinetics Package for the Analysis of a Gas-Phase Chemical Kinetics[END_REF] for n-decane; in both simulations, JSR was modeled as a perfectly stirred reactor.

For n-heptane, we used the model proposed by Zhang et al., [START_REF] Zhang | An Updated Experimental and Kinetic Modeling Study of n-Heptane Oxidation[END_REF] which was developed from newly revised kinetic rate rules based on recent theoretical calculations. [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] The performance of this model can be seen in Figures 2,3, and S1, for fuel conversion and the formation of some main reaction products (water, ethylene, formaldehyde, acetaldehyde, propene, and butenes). Globally the agreement between experimental results and simulations is satisfactory. However, as can be seen in Figure S1, while the predictions are good for rich and stoichiometric mixtures, the fuel conversion is not as well-predicted below 800 K for ϕ = 0.25. For n-decane, we used the model proposed by Herbinet et al. [START_REF] Herbinet | Low Temperature Oxidation of Benzene and Toluene in Mixture with n-Decane[END_REF] The n-decane oxidation part of this model was automatically generated using the EXGAS code as described by Biet et al. [START_REF] Biet | Experimental and Modeling Study of the Low-Temperature Oxidation of Large Alkanes[END_REF] To use this model, the reactions related to aromatic compounds were removed, and the rate constant proposed by Baulch et al. [START_REF] Baulch | Evaluated Kinetic Data for Combustion Modeling[END_REF] for hydroperoxide decomposition was applied. The performance of this model can be seen in Figures 2,3, and S1, and is rather good for fuel conversion and the production of some main reaction products (water, ethylene, propene, and butenes). Overprediction of formaldehyde occurs, especially above 800 K.

These models were used to reproduce the formation of peroxides, ketene, and diones. Figures 9 and13 show that both models predict the mole fractions of C1-C3 alkyl hydroperoxides rather satisfactorily as a function of temperature, taking into account the significant uncertainty due to the estimated PICS and sampling method. The evolution of the mole fractions of C1-C2 alkyl hydroperoxides with temperature is especially well-reproduced by the n-heptane model with a good simulation of the location of the maximum mole fraction and of the variation when varying ϕ. Deviations of a few kelvin in the temperature of the maximum mole fraction can be noted when modeling C3H7OOH for n-heptane and C1-C2 alkyl hydroperoxides for n-decane. A rate analysis performed at 610 K for stoichiometric mixtures indicates that C1-C3 alkyl hydroperoxides are dominantly produced from the disproportionations of C1-C3 alkyl peroxy radicals with HO2 radicals. The agreement between experiments and simulations shown in Figures 9 and13 indicate that the C1-C2 alkyl peroxy radical chemistry is well-understood in the recent core mechanism [START_REF] Zhou | A Comprehensive Experimental and Modeling Study of Isobutene Oxidation[END_REF] used in the model of Zhang et al. [START_REF] Zhang | An Updated Experimental and Kinetic Modeling Study of n-Heptane Oxidation[END_REF] and not too badly in the older core mechanism [START_REF] Barbé | Experimental and Modelling Study of Methane and Ethane Oxidation Between 773 and 1573[END_REF] used by Herbinet et al. [START_REF] Herbinet | Low Temperature Oxidation of Benzene and Toluene in Mixture with n-Decane[END_REF] The overestimation of C3H7OOH for n-decane (see Figure 13) is probably more than what could be explained by PICS uncertainty. This is most likely because of less accurate propyl chemistry in the n-decane model, [START_REF] Herbinet | Low Temperature Oxidation of Benzene and Toluene in Mixture with n-Decane[END_REF] which only includes a C0-C2 core mechanism. [START_REF] Barbé | Experimental and Modelling Study of Methane and Ethane Oxidation Between 773 and 1573[END_REF] Figure 8a shows a simulated mole fraction evolution with temperature for ketohydroperoxides obtained during n-heptane oxidation. Although the temperature at which the maximum mole fraction occurs is well-predicted, even the SVUV-PIMS mole fraction values are overestimated by a factor of 75. The discrepancy is large even when a significant uncertainty is taken into account. This may be attributed to the decomposition or quenching of fragile ketohydroperoxides during analysis and sampling, even when probing via a molecular beam. Also, the incomplete understanding of the ketohydroperoxide degradation mechanism cannot be ruled out.

As both models consider the formation of alkenyl hydroperoxides, the experiment shown in Figure 10 was devised. This Figure presents the experimental and simulated mole fractions of C3-C5 and C7 alkenyl hydroperoxides obtained during n-heptane oxidation. Similarly, Figure 13 displays experimental and simulated mole fractions of C3-C6 alkenyl hydroperoxides produced during n-decane oxidation. C6 alkenyl hydroperoxides were also considered in the model of Zhang et al., [START_REF] Zhang | An Updated Experimental and Kinetic Modeling Study of n-Heptane Oxidation[END_REF] but underestimation of the experimental values by a factor of ∼500 is observed in our simulations. Thus, these simulations are not presented in Figure 10.

Apart from C4H7OOH in the case of n-decane, the temperature at which the simulated mole fraction reaches its maximum can be seen is lowered by at least 15 K for all the alkenyl hydroperoxides measured in the two fuel oxidations. Updating the thermochemical parameters by using theoretically calculated thermochemical data for C3-C5 alkenyl hydroperoxide isomers (see data in Supporting Information) has no effect on the location of the temperature where the maximum mole fraction is observed. For the effect of equivalence ratio on n-heptane oxidation, the model predicts higher mole fraction values for ϕ = 0.25 for all the simulated alkenyl hydroperoxides. However, this phenomenon was only experimentally observed for C3H5OOH. Taking into account PICS estimations, the deviation obtained between experimental and predicted mole fraction values are reasonable for C3-C4 alkenyl hydroperoxides in both fuel oxidation studies, as well as for C5H9OOH in the case of n-decane. However, the discrepancies for the other compounds are too large to be easily explained.

The rate analysis indicates that, for both fuels, C3-C4 alkenylhydroperoxides are mainly produced via the combinations of resonance-stabilized alkenyl (or allylic) radicals with HO2 radicals. This is also the case for C5H9OOH and C6H11OOH in the case of n-decane. For the rate constants of the C3H5OOHrelated reactions, the n-heptane model uses the recent theoretically computed rate constants proposed by Goldsmith et al., [START_REF] Goldsmith | Theoretical Rate Coefficients for Allyl + HO2 and Allyloxy Decomposition[END_REF] while the n-decane model uses estimated values. The results show that the different rate constants for the combination of alkenyl radicals and HO2 radicals have no effect on the temperature of the maximum mole fraction. With the exception of C6H11OOH in the case of n-decane, the order of magnitude of the maximum mole fractions of alkenylhydroperoxides is wellsimulated, indicating some pertinence of the considered pathway: the combinations of resonance-stabilized alkenyl radicals with HO2 radicals. However, the deviation between simulations and experiments related to the location of the temperature corresponding to maximum mole fraction and in the equivalence ratio influence indicate that the alkenyl radical low-temperature oxidation chemistry is still not fully understood, even for allyl radicals. For example, Figure 14 shows that the temperature corresponding to the maximum mole fraction is significantly influenced by the activation energy of hydroperoxide decomposition to yield alkoxy and OH radicals. A 2 kcal/mol increase in activation energy increases this temperature value by ∼15 K. The increase of the activation energy may be reasonable, since Goldsmith et al. [START_REF] Goldsmith | Theoretical Rate Coefficients for Allyl + HO2 and Allyloxy Decomposition[END_REF] have reported that there was some uncertainty in their calculated barrier heights due to multireference effects. The rate analysis shows that, for n-heptane, the alkenylhydroperoxides with more than five carbon atoms mainly result from the reactions of hydroperoxyalkylperoxy radicals and dihydroperoxyalkyl radicals via HO2 radical elimination. These reactions were recently considered in the Galway alkane model. [START_REF] Zhang | An Updated Experimental and Kinetic Modeling Study of n-Heptane Oxidation[END_REF] The combinations of alkenyl radicals with more than five carbon atoms with HO2 radicals are not taken into account in the model, which may explain why C5-6 alkenylhydroperoxides are considerably underestimated. Since C7 hydroperoxyalkylperoxy radicals and dihydroperoxyalkyl radicals can easily be produced from fuel reactions, the significant overprediction of C7H13OOH could indicate some problems during sampling.

The simulated results for hydrogen peroxide (for n-heptane) are plotted in Figure 11, showing a satisfactory agreement with the experimental results. The variations when altering ϕ are wellreproduced.

The simulated results for ketene in n-heptane and n-decane oxidation, and heptadiones in n-heptane oxidation, are displayed in Figure 12. The simulated results for the decadiones were not shown, because their corresponding reactions were not considered in the n-decane model. The ketene mole fraction is satisfactorily reproduced by the n-heptane model for ϕ from 1 to 4, but it is significantly overestimated at ϕ = 0.25; this should relate to a worse prediction of reactivity at this equivalence ratio (see Figure S1). However, the influence of ϕ on the mole fraction of ketenes at both low and high temperatures is well-reproduced by the model. In the case of n-decane, the model needs to be significantly improved for ketene predictions. The rate analysis indicates that, for n-heptane below 800 K, ketene is mainly produced from the decomposition of alkoxy radicals, which come from the decomposition of ketohydroperoxides. These pathways are favored in lean mixtures. In contrast, above 800 K, the reactions of oxygenated species (OH, O, O2) with ethylene and propene, which explains ketene formation, are promoted in rich mixtures.

While the profiles of heptadiones are accurately predicted for ϕ from 1 to 4 with an enlargement of the mole fraction peak at ϕ = 1 and 0.25 as is experimentally observed, the actual experimental mole fraction values are underpredicted by a factor of 50. The model of Herbinet et al., [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] which considered the formation of diones by ketohydroperoxide molecular decomposition and reactions of the alkoxy radicals deriving from ketohydroperoxide, encountered the same problem in their study under stoichiometric conditions. The model of Pelucchi et al. [START_REF] Pelucchi | Improved Kinetic Model of the Low-Temperature Oxidation of n-Heptane[END_REF] proposes that diones are formed via Habstractions from ketohydroperoxides by a wide range of radicals and followed by a direct decomposition of the obtained radicals. For stoichiometric conditions, this model predicts accurately the order of magnitude for the dione mole fractions, but with too narrow a peak. The model of Zhang et al. [START_REF] Zhang | An Updated Experimental and Kinetic Modeling Study of n-Heptane Oxidation[END_REF] that we used here considers the reactions proposed by both Herbinet et al. [START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] and by Pelucchi et al. [START_REF] Pelucchi | Improved Kinetic Model of the Low-Temperature Oxidation of n-Heptane[END_REF] However, this model only considers the H-abstractions from ketohydroperoxides by OH radicals, and the rate constant was reduced by a factor of 270 at 600 K. The understanding of the chemistry of the formation of these important oxidation products is still not complete.

Conclusion

Using a jet-stirred reactor coupled to three diagnostic techniques (SVUV-PIMS, SPI-MS, and cw-CRDS), ketene, C7 and C10 diones, as well as many hydroperoxides (C1-C3 alkyl hydroperoxides, C3-C7 alkenyl hydroperoxides, C7 ketohydroperoxides, and H2O2) have been detected, and quantified in most cases, during the gas-phase oxidation of two common fuel surrogates: n-heptane and n-decane.

Experimental measurements have been compared to simulations performed using up-to-date detailed kinetic models described in the literature. The results show a good understanding of H2O2 and C1-C2 alkyl hydroperoxide chemistry for a large range of equivalence ratios (e.g., 0.25 to 4) and a reasonable one for ketene. However, many uncertainties remain concerning the pathways for degradation of ketohydroperoxides and the reactions of alkenyl hydroperoxides, even if the importance of the combination of alkenyl and HO2 radicals has been outlined. This study shows that special attention must be paid to the mechanism for unsaturated hydroperoxides, ketohydroperoxides, and diones in future model development.
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 1 Figure 1. Schematic diagram of the instruments including the JSR and the laser photoionization mass spectrometer.
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 2 Figure 2. Temperature profiles of the mole fraction of propene, butenes, acetaldehyde, C3H6O isomers, and C4H8O isomers measured by the SPI-MS technique (blue •, present work), by GC 16 (□), and by SVUV-PIMS 3 ( * ) during n-heptane and n-decane oxidation (only present work) under stoichiometric conditions. Symbols are experiments, and lines are simulations.
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 3 Figure 3. Temperature profiles of the mole fraction of H2O, C2H4, and CH2O obtained during stoichiometric n-heptane and n-decane (only present work) oxidation. (■) CRDS measurements (present work). (□) GC measurements.[START_REF] Zhang | An Updated Experimental and Kinetic Modeling Study of n-Heptane Oxidation[END_REF] ( * ) SVUV-PIMS.[START_REF] Herbinet | Experimental and Modeling Investigation of the Low-Temperature Oxidation of n-Heptane[END_REF] Symbols are experiments, and lines are simulations.
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 4 Figure 4. Mass spectra obtained during stoichiometric n-heptane oxidation at (a) 600 and (b) 850 K using the SPI-MS technique. The labeled m/z are discussed in the text: (italic blue) alkylhydroperoxides, (bold green) alkenylhydroperoxides, (magenta) ketohydroperoxides, and (black) ketene and diones.
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 5 Figure 5. PIE spectra at m/z 74 (a) and 130 (b) during stoichiometric n-heptane oxidation at 660 K 3 and m/z 74 (c), m/z 88 (d), m/z 102 (e), m/z 116 (f), m/z 158 (g), m/z 172 (h), m/z 170 (i), and m/z 188 (j) during stoichiometric n-decane (initial fuel mole fraction = 0.04) oxidation at 660 K recorded using SVUV-PIMS.
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 2 Calculated IE (eV) of the Most Expected Isomers Derived from n-Heptane at m/z 130
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 63 and C8 alkenylhydroperoxides has been described during the JSR 2-methylhexane and 2,5-dimethylhexane oxidation followed by SVUV-PIMS at the Advanced Light Source by Wang et al. 5,Calculated IE (eV) of the Most Expected Isomers Derived from n-Decane at m/z 116
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 7 Figure 7. Temperature profiles of the mole fraction of all the organic hydroperoxides detected by SPI-MS during (a) n-heptane and (b) n-decane oxidation under stoichiometric conditions.
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 8 Figure 8. Temperature profiles of the mole fraction of (a) ketohydroperoxides, (b) the sum of the species obtained at m/z = 74, and (d) diones (m/z = 128), obtained by SPI-MS (blue •, photon energy = 10.6 eV, ketohydroperoxide mole fraction miltiplied by 20) and SVUV-PIMS ( * , photon energy = 9.5 eV (a, d) and 11 eV (b)) during n-heptane oxidation. (a) The blue line corresponds to simulation, and the model values are divided by 75. (c) The quantified mole fraction of allylhydroperoxide and propanoic acid in SVUV-PIMS analysis of n-heptane oxidation.
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 9 Figure 9. Temperature profiles of the mole fraction of all alkylhydroperoxides obtained by SPI-MS during n-heptane oxidation for various equivalence ratios. Symbols are experiments, and lines are simulations (model values divided by 3, 5, and 2, for CH3OOH, C2H5OOH, and C3H7OOH, respectively).
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 10 Figure 10. Temperature profiles of the mole fraction of all the alkenylhydroperoxides obtained by SPI-MS during n-heptane oxidation for various equivalence ratios. Symbols are experiments, and lines are simulations (model values multiplied by 3, 5, and 40, for C3H5OOH, C4H7OOH, and C5H9OOH, respectively; model values divided by 50 for C7H13OOH).
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 11 Figure 11. Temperature profiles of the mole fraction of H2O2 obtained during n-heptane oxidation for various equivalence ratios. Symbols are experiments, and lines are simulations. (○, ■, ◆) CRDS measurements and ( * ) SVUV-PIMS measurements at a photon energy of 13.05 eV.
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 12 Figure 12. Temperature profiles of the mole fraction of all the diones and ketene obtained by SPI-MS during n-heptane oxidation for various equivalence ratios and n-decane oxidation under stoichiometric conditions. Symbols are experiments, and lines are simulations (model values divided by 10 for ketene (n-decane) and multiplied by 50 for heptadiones (n-heptane)).
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 13 Figure 13. Temperature profiles of the mole fraction of (a) alkylhydroperoxides and (b) alkenylhydroperoxydes obtained by SPI-MS during n-decane oxidation under stoichiometric conditions. Symbols are experiments, and lines are simulations (model values divided by 3, 2, and 8 for CH3OOH, C2H5OOH, and C3H7OOH, respectively, and model values multiplied by 2 and 10 for C5H9OOH and C6H11OOH, respectively).
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 14 Figure 14. Influence of the activation energy of the hydroperoxide decomposition on the temperature corresponding to the maximun mole fraction of allylhydroperoxide during n-heptane oxidation under stoichiometric conditions.

Table 1

 1 

	. H2O2 absorption cross sections for several

Table 1 . Absorption Lines and Cross Sections Used for the Quantification of Formaldehyde, Ethylene, Water, and Hydrogen Peroxide wavenumber (cm -1 ) cross section (cm 2 ) reference

 1 

	CH2O a	6639.33 6641.67	3.60x10 -22 4.59x10 -22	Morajkar et al. 30
	H2O	6638.9 6640.9	4.46x10 -23 1.60x10 -22	Macko et al. 31
	H2O2	6639.26 6640.06	7.62x10 -23 1.41x10 -22	Parker et al. 32
	C2H4	6638.33 6641.	4.05x10 -23	Bahrini et al. 8