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ABSTRACT 
Cyclohexane oxidation chemistry was investigated using a near-atmospheric pressure JSR at 
570 K and ϕ = 0.8. Numerous intermediates including hydroperoxides and highly oxygenated 
molecules were detected using synchrotron vacuum ultraviolet photoelectron photoion 
coincidence spectroscopy. Supported by high-level quantum calculations the analysis of 
photoelectron spectra allowed the firm identification of molecular species formed during the 
oxidation of cyclohexane. Besides, this work validates recently published gas chromatography 
and synchrotron vacuum ultraviolet photoionization mass spectrometry data. Unambiguous 
detection of characteristic hydroperoxides (e.g. 𝛾-ketohydroperoxides) and their respective 
decomposition products provide support for the conventional O2-addition channels up to the 
third addition and their relative contribution to the cyclohexane oxidation.  

The results were also compared to the predictions of a recently proposed new detailed 
kinetic model of cyclohexane oxidation. Most of the predictions are in line with the current 
experimental findings highlighting the robustness of the kinetic model. However, the analysis 
of the recorded slow photoelectron spectra indicating the possible presence of C5 species in 
the kinetic model provides hints that substituted cyclopentyl radicals from cyclohexyl ring 
opening might play a minor role in cyclohexane oxidation. Potentially important missing 
reaction are discussed. 
 

Graphical abstract 

 
 

Introduction 
The low temperature oxidation (LTO) of hydrocarbons has fascinated researchers for 

many decades and its overall chemistry is nowadays well-known and broadly accepted 
especially for acyclic alkanes1. Given the strong dependence of ignition behavior on fuel 
structure,  a detailed knowledge of the oxidation behaviors of all fuel components or at least 
of  representative hydrocarbon families is needed to accurately predict the fuel performance 
in combustion processes. One example is the different reactivity of acyclic and cyclic alkanes. 
A solid understanding of the LTO chemistry of naphthenes (cycloalkanes and 
alkylcycloalkanes) would be useful since they constitute a significant part of petroleum-
derived transportation fuels2–4, e.g., ~ 8 wt-% cyclohexane in gasolines, ~ 24 wt-% 
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alkylcyclohexanes in jet and Diesel fuels5. Despite this importance and the availability of 
numerous studies in the literature, the LTO chemistry of cycloalkanes is still much less 
understood than that of acyclic alkanes.  

Cyclohexane (C6H12) is a typical cycloalkane adopted in surrogate fuels due to its six-
membered saturated carbon ring common to most mono- and multi-alkylated cycloalkanes6,7. 
Containing solely one type of C-H sites, such relatively simple structure of cyclohexane makes 
it a good candidate for the study of the LTO chemistry of cycloalkanes. Note that the 
conversion between chair, boat and twisted conformers of cyclohexane is rapid even under 
LTO conditions (i.e. oxidation below 800 K), which causes equatorial and axial C-H moieties to 
interconvert and become chemically indistinguishable.  

The LTO of cyclohexane has been the subject of several experimental and theoretical 
investigations and a brief review can be found in the recent work by Zou et al.8, who reported 
new experimental data (species profiles measured by photoionization mass spectrometry at 
Hefei synchrotron and gas chromatograph) starting at 500K and model predictions using a 
newly developed kinetic mechanism. Zou et al.8 carried out the LTO of cyclohexane in a jet-
stirred reactor (JSR) at 1.04 bar and equivalence ratio ϕ = 0.25. They identified and quantified 
stable products and reactive intermediates such as hydroperoxides by using both synchrotron 
vacuum ultraviolet photoionization mass spectrometry (SVUV-PIMS) and gas chromatography 
coupled to mass spectrometry. With the support of RRKM/master-equation simulations9, they 
developed a new kinetic model including for the first time conformational effects of the 
cyclohexane ring. The most stable conformers of cyclohexane contain H-atoms in axial and 
equatorial positions. These orientations influence the intramolecular H-transfer channels and 
subsequent chain reactions in the LTO of cyclohexane. Before the work of Zou et al.8, only 
Serinyel et al.10 proposed a kinetic model, which was validated against cyclohexane LTO data 
consisting of mole fraction profiles measured by gas chromatography at temperatures below 
750 K. 

The objective of the present work is to provide new experimental data that allow the 
identification of products and thus can serve as an additional test for the kinetic model of Zou 
et al.8. Cyclohexane LTO experiments were carried out in a JSR close to atmospheric pressure 
and under conditions optimized for detecting ketohydroperoxides (KHPs), i.e. with a high 
contribution of second O2 addition chemistry. These optimal conditions were searched within 
the temperature range of T = 560 – 620 K and equivalence ratios between ϕ = 0.5 – 1.0. The 
optimized experimental conditions in this work are relatively close to those used by Zou et al.8 
and one would expect that the validated kinetic model of Zou et al.8 to be able to predict the 
products detected in this current study.  

The JSR was coupled to a photoelectron photoion coincidence spectrometer using 
tunable synchrotron vacuum ultraviolet light for photoionization (SVUV-PEPICO) at the SOLEIL 
synchrotron (Saint-Aubin, France) to record the mass-selected photoelectron spectra (PES) 
and total ion yield (TIY) curves of oxidation intermediates and products. PES contain isomer-
specific information, which allows the identifications of species of a given m/z ratio through 
comparison with experimental reference spectra taken from the literature or through 
theoretical spectra from high-level theoretical quantum calculations performed within this 
study. Readers may refer to Hemberger et al.11 for a recent review of the application of this 
advanced diagnostic tool in combustion research. In principle, SVUV-PEPICO is more suitable 
than the SVUV-PIMS method used by Zou et al.8 for species identification and especially 
isomer discrimination because the structure of SVUV-PEPICO spectra reflects the  isomer-
specific vibronic transitions of the photoionization step.  
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The paper is organized as follows. First, the experimental setup and the theoretical 
calculations performed to support the experimental data analysis are described, as well as the 
kinetic model from the literature8 used to simulate the LTO of cyclohexane. Second, an 
overview spectrum of the LTO of cyclohexane and tests for condition optimizations are 
presented. The following part provides an overview of the species identified in this study at 
570 K and ϕ=0.8 and compares those to the species detected in the two most recent LTO 
experimental studies (Serinyel et al.10 and Zou et al.8) and to the species predicted by the 
kinetic model of Zou et al.8. Finally, in the last part, the PES and TIY of the most important 
species are analyzed and compared to the predictions of the most important reaction 
pathways leading to products and intermediates. Additional spectra for less important species 
are provided in the supplementary material (SM). For cases in which the kinetic model fails to 
predict observed molecules, possibly missing pathways are discussed at the end of the result 
section and a conclusion summarizes the information of the results part at the end of the 
manuscript. 

 

Experimental and theoretical methods 
Experimental procedure 
The experiments were performed on the VUV DESIRS beamline at the SOLEIL 

synchrotron. The experimental setup is identical to that described in Bourgalais et al.12,13 and 
Battin-Leclerc et al.14 and only a summary with the specificities related to this work is given 
here. 

A lean reactive gas mixture (cyclohexane + O2 + He) was continuously flowed into a JSR 
(~60 cm3) maintained near atmospheric pressure (1.07 bar). The purity of the gases used for 
the experiments is 99.9% for the fuel and 99.999% for both O2 and He. The liquid cyclohexane 
fuel was mixed homogeneously into the gas flow and evaporated using a controlled 
evaporator mixer (CEM) upstream of the JSR and He as a carrier gas. Each experiment was 
performed at a constant temperature and inlet flow rates were adjusted at each temperature 

between 560 and 620 K to set a specific equivalence ratio (=0.5-1.0) and residence time (𝜏 =
3𝑠). The inlet mole fraction of the fuel was set to 0.01.  

The heated JSR was mounted inside the SAPHIRS chamber permanent end-station15, 
located at one of the monochromatized branches of the VUV DESIRS beamline. At one 
extremity of the JSR, a 100 μm orifice creates a molecular beam in the vacuum chamber. The 
molecular beam passes through two consecutive skimmers expanding further towards the 
ionization chamber where it crosses the focused VUV synchrotron light. Then, the double-
imaging photoelectron/photoion (i2PEPICO) spectrometer DELICIOUS III detects the electrons 
and cations in coincidence16. The photoionization mass spectra are recorded with a typical 
mass resolution ~1,700 (FWHM). Photoelectrons images are then sorted by associated cation 
mass and treated with an Abel transform algorithm to extract the PES. There are two modes 
for obtaining the cation spectroscopy via the PES depending on the resolution vs acquisition 
time compromise: 

(1) A velocity map imaging PES (VMI-PES) can be recorded at a fixed photon energy by 
plotting the photoelectron count as a function of binding energy (photon – electron 
kinetic energy), allowing for shorter acquisition time but lower resolution17.  

(2) The coincidence signal can be plotted as a function of photoelectron count and 
photon energy, from which a slow photoelectron spectrum (SPES) can be obtained 
by integration of the photoelectron signal with near-zero kinetic energy18. The SPES 
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have been corrected by the beamline’s flux as measured with a dedicated 
photodiode. Here, the total (photon + electron) energy resolution of the SPES is 
~20 meV. 

A complementary analysis of the oxidation products can also be done using mass-
selected total ion yield (TIY) curves in the case of low signal-to-noise ratio preventing PES 
analysis. TIY curves are obtained by considering all coincidence events, independent of the 
photoelectron kinetic energy, and are proportional to the photoionization cross section of a 
given species. 
 

Theoretical calculations 
Energy-minimized structural conformations of all valid structures were first selected 

using Global-MMX which is a steric energy minimization program to search for the global 
energy minimum and other low energy local minima. The conformers were then used as 
starting structures for hybrid B3LYP density functional theory (DFT) calculations to find the 
lowest energy structures19. Optimized geometries were calculated at the B3LYP/6-31G* level 
of theory. The geometries of the lowest energy conformers were reoptimized along with 
frequency calculations at the PBE0/aug-cc-pVDZ level20–22. The optimized geometry of the 
neutral species was used as initial guess in the optimization of the cation structure. The 
frequencies at the PBE0/aug-cc-pVDZ level were also used to calculate the zero-point energy 
(ZPE) correction to the ionization energies (see below). A Franck Condon (FC) analysis was 
performed to simulate the vibrationally-resolved electronic spectra at 0 K by means of the 
Time-Independent Adiabatic Hessian Franck–Condon (TI-AH|FC) model23–26. The resulting 
stick spectrum has been convolved with a 20 meV bandwidth Gaussian profile to account for 
the resolution of the experimental SPES. When available, a comparison between experimental 
reference and simulated spectra is presented to benchmark the theoretical methodology.  

For the determination of the adiabatic ionization energy (AIE), the CBS-QB3 zero-point 
vibrational energy (ZPE)-corrected total electronic energies for the neutral and cation ground 
states were used in the first place27,28. When further clarifications were required, single point 
computations were carried out on the optimized structures using the explicitly correlated 
coupled cluster with single, double and perturbative triple excitations ((R)CCSD(T)-F12)29–32. 
This was used together with the aug-cc-pVDZ basis set in conjunction with the corresponding 
resolutions of the identity and density fitting functions33 as generated by MOLPRO34. Finally, 
the computed spectra at the (R)CCSD(T)-F12/aug-cc-pVDZ(SP)// PBE0/aug-cc-pVDZ level of 
theory were shifted manually in energy to improve agreement with  the experimental spectra.  

 

Kinetic model  
The experimental spectra measured at the SOLEIL synchrotron are compared to 

simulations performed using the kinetic model from Zou et al.8 and the openSMOKE++ 
software package35,36 using the JSR module. Briefly, the reaction scheme from the kinetic 
model of Zou et al.8 is an update of a kinetic model on the LTO of ethylcyclohexane37 including 
conformational effects. The base mechanism comes from a model on propene oxidation of 
Burke et al.38 and the construction of the cyclohexane sub-mechanism for the first and second 
dioxygen additions is based on theoretical calculations of Zou et al.9. The thermodynamic data 
of the species were either taken from Silke et al.39 or calculated with the THERGAS code40. 
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Overall description of the experimental results 
After presenting the obtained mass spectrum, this part describes how the optimized 

conditions were obtained and then lists all the molecular species, which were identified during 
this work. 
 

Cyclohexane LTO Overview Spectrum 
Figure 1 shows the mass spectrum recorded during the LTO of cyclohexane at the 

conditions  = 0.5 and T = 590 K. The scan ranged from 25 amu to 165 amu. The highest mass 
detected at these conditions is m/z 144 and the lowest one m/z 28. The largest signal 
corresponds to the cyclohexane parent, clearly identified at m/z 84 through comparison to 
the PES by Ikuta et al.41 (see Figure S1 in SM). The spectrum in Figure 1 shows that 
decomposition products (< 6 carbons) and oxidized products (6 carbon atoms with one or 
more oxygen atoms) are detected with good signal-to-noise ratio. Only the signal of the 
highest oxidized product (C6H8O4) is weak, although still clearly visible. Signals of molecules 
with more than 5 oxygen atoms are missing. Based on this initial spectrum, the signal strength 
of highly oxidized products was optimized.  

 

 
Figure 1: Typical time-of-flight mass spectrum obtained by integration over the photon 

energy range from 10.0 to 11.0 eV with a step size of 5 meV and an acquisition time of 80 s 

per step during the LTO of cyclohexane at  = 0.5 and T = 590 K. The vertical scale is reduced 
to zoom out the low intensity peaks so that cyclohexane (m/z 84) and its 7% 13C isotopomer 

(m/z 85) are cut off. 
 

Determination of optimized conditions for detailed species analysis 
The equivalence ratio and the temperature were varied to find the best conditions for 

the detection of oxidation products such as KHPs that play a key role in the LTO of alkanes42,43. 
The temperature was varied from 560 to 620 K and the equivalence ratio between 0.5 and 
1.0. In Figure 2, the impact of temperature on fuel consumption (left) and on the yields of 2- 
and 3-oxygen atom containing products (m/z 116 and 130 respectively) are shown. In the left 
part of Figure 2, the experimental signal at m/z 84 is shifted to fit the temperature evolution 
of the mole fraction of cyclohexane simulated using the model of Zou et al.7. Both shapes 
agree relatively well. Based on the modelling results, one can see that around 600 K more than 
60% of cyclohexane is consumed. Raising the temperature beyond 600 K has no (in the 
experimental data) or just a small (in the simulations) effect on the degree of cyclohexane 
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consumption. Indeed this temperature region marks the beginning of the negative 
temperature coefficient (NTC) zone10. A quick mass spectrum at 10 eV, provided in the SM 
(Figure S2), shows that cyclohexane starts to be already consumed at 560 K because signals 
for m/z 83 (fragment of cyclohexyl or its isomers) and m/z 82 (presumably cyclohexene or its 
isomers) are clearly detected.  

 

 
Figure 2: Optimization of KHP detection. Left: Comparison of the mole fraction of 

cyclohexane predicted using the kinetic model of Zou et al.8 (blue line) and the integrated 

area of signal of m/z 84 measured at a fixed photon energy of 10.0 eV for  = 0.5 during the 
LTO of cyclohexane (open circles). Right: Signal of m/z 116 (open triangles) and 130 (black 

squares) at a fixed photon energy of 10.0 eV during the LTO of cyclohexane as a function of 

the temperature at  = 0.5. 
 

The right part of Figure 2 shows how the signals of m/z 116 and 130, which belong to 
partially oxidized intermediates of cyclohexane LTO vary with temperature. These profiles 
clearly differ from that of cyclohexane conversion and indicate that 570 - 580 K is an optimal 
temperature region to study these oxidized products. Based on similar tests with varying 

equivalence ratios  (Figure S3) and the fact that a weak signal at m/z 162 appeared (Figure 

S4), the configuration T = 570 K,  = 0.8 was selected for a detailed analysis of the cyclohexane 
LTO products. Note that Zou et al.8 observed in their JSR experiments that the signal for most 
hydroperoxides reached peak values at 575 K, which emphasizes the similarity of both sets of 
experimental data. The results of the current cyclohexane LTO study are presented in the 
following sections. 

 

Summary of species identified in the LTO of cyclohexane 
A summary of the m/z peaks detected in this study together with the species 

assignments based on their associated photoelectron spectra is given in Table 1. This table 
also provides a guide to the figures that show the corresponding PES or TIY curves. The results 
are compared to the studies by Serinyel et al.10 and Zou et al.8 under comparable conditions. 
 
Table 1: Summary of species identified and discussed in this study using the PEPICO technique 

at 570 K and  = 0.8 and those by Serinyel et al.10 and by Zou et al.8 

m/z Formula 
Species 

detected by PEPICO 

Degree of 
confidence in 
identificationa 

Figure Previous experimental 
detections 

Serinyel et 
al.b,d 

Zou et al.c,d 

28 C2H4 ethene *** S5 X  X 

34 H2O2 hydrogen peroxide *** S6 − X 
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42 
C2H2O ketene *** 

S7 
− X 

C3H6 propene *** X − 

44 C2H4O 

acetaldehyde *** 

S8 

X  X 

ethenol ** − X 

oxirane *** X − 
46 CH2O2 formic acid *** S24 − X 

48 CH4O2 methyl hydroperoxide *** S11 − X 

54 C4H6 buta-1,3-diene *** S21 X X 

56 
C3H4O prop-2-enal *** 

S9 
X X 

C4H8 but-1-ene ? X − 

60 
C2H4O2 acetic acid *** S10 − X 

C3H8O methoxyethane ** − − 
62 C2H6O2 ethyl hydroperoxide *** S12 − X 

70 C4H6O 

but-3-en-2-one  *** 

S22 
− − 

2-methylprop-2-enal  *** − − 
but-3-enal *** − X 

72 
C4H8O 

oxolane ** 

S23 

− X 

butanal *** − X 

2,2-dimethyloxirane *** − − 
C3H4O2 propanedial *** − X 

74 C3H6O2 allyl hydroperoxide *** S13 − D 

78 C6H6 

benzene *** 

S18 

X 
D 

fulvene ? − 

1,2-hexadiene-5-yne * - - 

80 
C6H8 

cyclohexa-1,3-diene ** 

S17 

− 

D cyclohexa-1,4-diene ** − 

C5H4O cyclopenta-2,4-dien-1-one ** − 

82 C6H10 
cyclohexene *** Figure 4 X X 

methylidenecyclopentane ? − − 

84 
C6H12 cyclohexane *** 

S1 
X X 

C5H8O pent-4-en-2-one ? − X 

88 C4H8O2 butenyl hydroperoxide *** S14 − D 

94 C6H6O phenol  ** S19 X D 

96 C6H8O cyclohex-2-en-1-one  *** S20 X D 

98 C6H10O 

cyclohexanone *** 

Figure 7 

X X 

hex-5-enal ? X X 

1,2-epoxycyclohexane *** X X 

1,4-epoxycyclohexane ** X X 

cyclopentanecarbaldehyde ? X − 

100 

C6H12O cyclohexanol ? 

Figure 8 

X D 

C5H8O2 
3-hydroperoxycyclopentene ** − − 

4-hydroperoxycyclopentene ** − − 

112 C6H8O2 

cyclohexane-1,2-dione  * 

Figure 12 

− − 

4-oxohex-5-enal ** − − 

cyclohexane-1,3-dione ** − X 

3-oxohex-5-enal ** − X 

cyclohexane-1,4-dione * − − 

114 C6H10O2 

hexanedial  ? 

Figure 13 

− X 

3-hydroperoxy cyclohexene *** − X 

4-hydroperoxy cyclohexene *** − X 

116 
C6H12O2 hydroperoxycyclohexane ? 

Figure 5 
− x 

C5H8O3 
3,5-epoxy-cyclopentyl 

hydroperoxide 
*** − − 

126 C6H6O3 
4-hydroperoxycyclohexa-2,4-

dien-1-one 
* S26 − − 
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aqualitative indication: *** = very confident, ** = confident, * = likely, ? = unclear assignment 

b conditions: JSR,  = 2s, T = 500 – 1100 K, p = 1.07 bar,  = 0.5, 1.0, 2. Only the data at low T < 630K and  = 0.5, 1.0 were considered 
c conditions: JSR,  = 4s, T = 500 – 750 K (GC-MS) and 510 – 835 K (PIMS), p = 1.04 bar,  = 0.25   
d “X” = detected and assigned or predicted, “—“ not detected or not predicted, “D” = signal detected but not assigned 

 
The mass spectrum shown in Figure 1 contains clearly more data than what is listed in 

Table 1 with unpaired masses for instance. That additional information could be evaluated in 
a future study, e.g., to further refine the cyclohexane LTO model. In general, the species 
assignments agree well with those by Zou et al.8, both their experimental assignments and 
those from modelling. A more detailed discussion highlighting minor differences follows 
hereafter. Serinyel et al.10 did not report any species with a m/z larger than 100 and several 
species and/or isomers with lower m/z are missing. However, all the species identified by 
Serinyel et al.10 at low temperatures (< 630 K) under lean or stoichiometric conditions are 
confirmed in the present study, except for cyclopenta-1,3-diene (m/z 66).  

All the molecular species at m/z < 72 contain less than six carbon atoms and are 
therefore products from decomposition reactions. Most of them are readily and 
unambiguously identified and their SPES are reported as SM. The SPES measured in the 
present study agree particularly well with literature data for ethene (m/z = 28, Figure S5), 
hydrogen peroxide (m/z = 34, Figure S6), propene and ketene (m/z = 42, Figure S7), 
acetaldehyde and oxirane (m/z = 44, Figure S8), prop-2-enal (m/z = 56, Figure S9) and acetic 
acid (m/z = 60, Figure S10). Note that carbon monoxide (CO) cannot be detected at m/z 28 in 
this work because its ionization energy (IE=14.01 eV)44 is outside of the scanned photon 
energy range. 

Before discussing fuel-specific hydroperoxides, small alkyl hydroperoxides already 
observed by Zou et al.8 and during the low-temperature chemistry of alkanes45, were also 
detected in this work. Figures S6, S11, and S12 show the SPES of m/z 34, 48 and 62 respectively 
in agreement with reference spectra of H2O2 (hydrogen peroxide), CH3-OOH (methyl 
hydroperoxide), and C2H5-OOH (ethyl hydroperoxide) from the literature. Figures S13 and S14 

6-hydroperoxycyclohexa-2,4-
dien-1-one 

**  - 

7-oxabicyclo[4.1.0]heptane-
2,4-dione 

** − − 

cyclohexane-1,3,5-trione ** − X 

130 C6H10O3 

𝛽KHP ? 

Figure 10 

− X 

𝛿KHP ? − − 

AnHP * − X 

𝛾KHP ** − X 

CE12HP3 ? − 
X 

CE12HP4 ? − 

4m-CEHP ? − − 

5m-CEHP ** − − 

144 C6H8O4 

3-hydroperoxycyclohexane-
1,5-dione 

***  
S27 

− x 

trans-3,6-dihydro 
peroxycyclohexa-1,4-diene 

* 
− x 

146 C6H10O4 cyclohex-4-ene-1,3-diperoxol * Figure 15 − x 

148 C6H12O4 
1,3-

dihydroperoxycyclohexane 
* S25 

− x 

162 C6H10O5 

3,5-
bis(hydroperoxy)cyclohexan-

1-one 

? ` 
 

Figure 15 

− 
x 
 

6-oxabicyclo[3.1.1]heptane-
2,4-diperoxol 

*  
x 



 

 

 

10 

show also SPES of m/z 74 and 88 respectively in agreement with reference spectra of 
C3H5-OOH (allyl hydroperoxide) and C4H7-OOH (butenyl hydroperoxide). The detection of the 
latter alkyl hydroperoxides is in agreement with the work of Zou et al.8 even if their formation 
were not discussed.  
 

Species isomeric discrimination according to the most important 
reaction pathways  

Following the pathways displayed in the flow rate analysis of Figure 3, the isomeric 
differentiation of species at m/z > 72 are discussed hereafter. All the flow rate analyses 
displayed hereafter or in SM were computed using the model of Zou et al.8. 

 

 
Figure 3. Flow rate analysis for cyclohexane oxidation up to the formation of OOQOOH 

radicals ( = 0.8, 0.01 in He) at 570 K, P = 1.07 bar, and τ = 3 s. Bold arrows indicate the 
dominant pathways. 

 

Chemistry deriving from cyclohexyl radicals (R) 
The LTO of cyclohexane starts by the formation of cyclohexyl radical (R) that mainly further 
reacts with O2 to form a cyclohexylperoxy (ROO) radical (see Figure 3. Flow rate analysis for 
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cyclohexane oxidation up to the formation of OOQOOH radicals ( = 0.8, 0.01 in He) at 570 K, 
P = 1.07 bar, and τ = 3 s. Bold arrows indicate the dominant pathways.). In addition, a minor 
channel leads to the elimination of HO2 and the formation of cyclohexene (C6H10, m/z 82). 
However, one would notice the large signal of m/z 82 in Figure 1. Comparable to the signal of 
m/z 85 which is 7% of m/z 84, the pathway leading to cyclohexene seems to be 
underestimated unless the photoionization cross section of cyclohexene is significantly higher 
than other species between 10 and 11 eV. Figure 4 shows the SPES of m/z 82 compared to a 
reference spectrum of cyclohexene from the literature46 and simulated spectra of cyclohexene 
and methylidenecyclopentane. The experimental spectrum agrees with the profile from 
cyclohexene. The cyclohexene photoelectron spectrum by Kimura46 is shown in Figure 4 serves 
as test of the simulation quality. Methylidenecyclopentane is an expected minor product from 
the decomposition of hex-5-enal (see Figure S15) and its simulated spectra shows that its 
contribution cannot be fully discarded at the present experimental conditions due to the 
overlap with the spectrum of cyclohexene. Our interpretation is consistent with the fact that 
Serinyel et al.10 and Zou et al.8 only reported the presence of cyclohexene at m/z 82. More 
discussion about products deriving from cyclohexene is given in SM. 
 

 
Figure 4: SPES of m/z 82 (black circles) recorded at  = 0.8 and T = 570 K during the LTO of 

cyclohexane, compared to a reference photoelectron spectrum of cyclohexene from Kimura 
et al.46 (dashed red line) and simulated spectra of cyclohexene (red line) and 

methylidenecyclopentane (green line). The simulated spectra have been shifted by 40 and 55 
meV, respectively.  
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Chemistry deriving from cyclohexylperoxy (ROO) and hydroperoxycyclohexyl 
(QOOH) radicals 

As shown in Figure 3 the predicted dominant pathway from the ROO radical is 
isomerization through intramolecular H-atom transfer to form a QOOH radical. However, the 
ROO radical is also predicted to undergo several minor pathways leading to oxidation 
intermediates including hydroperoxides.  

Detection of hydroperoxycylohexane  
As shown in Figure 3, hydroperoxycylohexane (C6H12O2, m/z 116) can easily be formed 

via H-abstraction reactions by the ROO radical, e.g. from HO2 radicals. A strong signal is 
observed at m/z 116 (see Figure 1). A possible candidate for this signal is 
hydroperoxycylohexane, as already proposed by Zou et al.8 The m/z 116-selected SPES 
recorded during the experiments at SOLEIL is shown in Figure 5, together with a simulated 
spectrum of hydroperoxycylohexane. The theoretical spectrum shows a long vibrational 
progression due to the population of the cationic vibrational levels associated with the OO 
stretching mode.  

The slope is consistent with that of the experimental spectrum but the calculated 
spectrum requires a 180 meV shift to overlap with the experimental spectrum. Such a shift is 
higher than the conventionally assumed uncertainty of the AIE 

 calculated at the CBS-QB3 level of theory. Furthermore, the AIE values at the CCSD(T)-
F12 level of theory confirm the CBS-QB3 results. Recent studies in the literature showed that 
hydroperoxides, which exhibit significant level of flexibility, are complicated cases for 
computations47. However, as discussed hereafter triple oxygenated C5 species have been 
found to exhibit similar ionization threshold as the experimental spectrum (see Figure 5).  

 

 
Figure 5: SPES of m/z 116 (black circles) recorded at  = 0.8 and T = 570 K during the LTO of 

cyclohexane, compared to simulated spectra of anti- (blue line) and syn- (green line) 



 

 

 

13 

3,5-epoxy-cyclopentyl hydroperoxides, and hydroperoxycyclohexane (orange line). The red 
line is a weighed combination of the two reference spectra using a 0.6:1.0 signal ratio (cis 
3,5-epoxy-cyclopentyl hydroperoxides:trans 3,5-epoxy-cyclopentyl hydroperoxides). The 

computed syn-isomer spectrum has been shifted by 50 meV. The inset shows the SPES of m/z 
83 (black dots). 

 
Recently, Sheps et al.48 studied the LTO of cyclopentane and they provided AIEs for 

numerous second oxygen addition products. Among those, the calculated AIEs and PES of cis- 
and anti-3,5-epoxy-cyclopentyl hydroperoxide (3,5-O-CP-OOH, m/z 116) agree well with the 
present experimental SPES (see Figure 5). Note that the calculated AIEs reported in this work 
at the CBS-QB3 level of 9.07 and 8.71 eV for the anti- and cis-isomers, respectively, agree well 
with the higher level calculations reported by Sheps et al.48. This indicates that the CBS-QB3 
method is generally sufficiently accurate for this type of calculations. The kinetic model of Zou 
et al.8 does not predict these hydroperoxides but their contributions cannot be excluded and 
potential formation pathways are discussed at the end of the results section. 

For photon energies ≥ 9.7 eV, the measured m/z 116 signal falls below the simulated 
spectra of hydroperoxycyclohexane and the three times oxygenated C5 species. Given that 
hydroperoxides tend to fragment easily upon photoionization12,14, the discrepancy between 
the experimental and calculated spectra  at higher energies is plausible, because the 
calculations do not account for fragmentation. This explanation is consistent with the 
observed broadening of the m/z 83 signal (see Figure 1: Typical time-of-flight mass spectrum 
obtained by integration over the photon energy range from 10.0 to 11.0 eV with a step size of 

5 meV and an acquisition time of 80 s per step during the LTO of cyclohexane at  = 0.5 and T 
= 590 K), the peak width being proportional to the square root of the cation’s translational 
energy and thus indicative of a fragmentation event. In fact, the m/z 83 signal increases when 
m/z 116 peak intensity is maximum and reaches its maximum when m/z 116 peak vanishes. 
This fragment cation is formed from the parent cation upon HO2 release.  

 

 
Figure 6.  Suggested dissociative ionization pathway of hydroperoxycyclohexane. 

 

Discrimination between mono-oxygenated cyclohexane isomers 
As shown in Figure 3, the different QOOH radicals produce different cyclic ethers after 

the release of an OH radical. QOOH and QOOH produce 1,2-epoxycyclohexane and 
1,4-epoxycyclohexane, respectively. The electronic footprints of both species were detected 
in the SPES of m/z 98 (see Figure 7). 𝛾QOOH is the most likely formed radical due to the low 
energy barrier for its formation9.It is mainly consumed via reaction with a second oxygen 
molecule. Unimolecular decomposition of 𝛾QOOH is a minor channel, which produces hex-5-
enal and an OH radical. The detection of hex-5-enal cannot be fully confirmed by the SPES of 
m/z 98 due to the number of isomers and the low signal to noise ratio (see Figure 7). The 
calculated AIEs of 1,2-epoxycyclohexane and hex-5-enal are very similar which leads to an 
overlap of their simulated spectra over most of the energy range, but the simulation of the 
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SPES of m/z 98 yields a higher weight on 1,2-epoxycyclohexane. More discussion about 
products possibly deriving from 1,2-epoxycyclohexane is given in SM. 

 

 
Figure 7: Experimental SPES of m/z 98 (black circles) recorded at  = 0.8 and T = 570 K during 

the LTO of cyclohexane, compared to simulated spectra of cyclohexanone (blue line), 
1,4-epoxycyclohexane (purple line), cyclopentanecarbaldehyde (orange line), hex-5-enal 

(green line), and 1,2-epoxycyclohexane (brown line). The red line is a weighed combination of 
the simulated spectra using 1.0:0.2:0.2:0.1:0.1 signal ratio (cyclohexanone:1,4-

epoxycyclohexane:1,2-epoxycyclohexane:cyclopentanecarbaldehyde:hex-5-enal). The 
simulated spectra of cyclohexanone, cyclopentanecarbaldehyde, hex-5-enal, and 1,2-

epoxycyclohexane have been shifted by 50, 60, 13, and 30 meV, respectively.  
 
Another predicted important ROO reaction channel is the bimolecular reaction of 

peroxy radicals (see Figure 3). ROO + ROO reactions are predicted to be mainly produce 
cyclohexanone (C6H10O, m/z 98), cyclohexanol (C6H12O, m/z 100) and O2. Concerning m/z 98, 
Figure 7 shows the SPES for m/z 98 together with several experimental or simulated spectra 
for C6H10O isomers which include C6-ring molecules, hex-5-enal, which is formed via ring 
opening of the 𝛾QOOH, and cyclopentanecarbaldehyde. All five isomers considered have been 
detected by Serinyel et al., whereas Zou et al.8 have identified all species except 
cyclopentanecarbaldehyde. A least-squares fit of the simulated spectra to the SPES of m/z 98 
shows that the SPES of m/z 98 contains mostly the cyclohexanone signature. The reference 
PES of cyclohexanone from Tian et al.49 is in good agreement with the theoretical calculations 
performed in this work. The other detected isomers should be taken with caution du to the 
low signal to noise ratio.  

Concerning m/z 100, a signal is clearly detected in the current study and by Zou et al.8, 
who did not assign it. Serinyel et al.10 identified cyclohexanol as a product in their GC study. 
Figure 8 shows the measured SPES spectrum together with simulated spectra for cyclohexanol 
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and the C5H8O2 isomers 3-hydroperoxycyclopentene and 4-hydroperoxycyclopentene. An 
attempt to reproduce the experiment solely with the simulated cyclohexanol spectrum would 
require an energy shift above 200 meV, which exceeds of the expected uncertainty of our 
theoretical simulation. The inclusion of other cyclohexanol conformers, taken from Tian et 
al.49, does not lead to improvements. In contrast, the SPES of m/z 100 is well reproduced if 
one considers the presence of 3-hydroperoxycyclopentene and 4-hydroperoxycyclopentene 
and includes their simulated spectra in the fitting procedure. Optimal agreement between 
measured and simulated spectra shows cyclohexanol contributing the least and 4-
hydroperoxycyclopentene the most to the spectrum. Indeed, the signal ratio is too low to 
allow for an unambiguous identification of cyclohexanol. The kinetic model of Zou et al.8 does 
not predict these C5-hydroperoxides, but one can explain their formation from the secondary 
chemistry of hex-5-enal (see discussion in SM). 

 

 
Figure 8: Experimental SPES of m/z 100 (black circles) recorded at  = 0.8 and T = 570 K 

during the LTO of cyclohexane, compared to simulated spectra of cyclohexanol (orange line), 
3-hydroperoxycyclopentene (blue line), and 4-hydroperoxycyclopentene (green line). The red 

line is a weighed combination of the simulated spectra using 0.1:0.7:1.0 signal ratio 
(cyclohexanol:3-hydroperoxycyclopentene:4-hydroperoxycyclopentene). The inset shows a 

blown-up view of the simulated spectrum of cyclohexanol. 
 

As shown in Figure 3, a second minor ROO + ROO reaction pathway leads to the 
formation of two cycloalkoxy radicals (RO) and O2. According to the Zou model, RO 
decomposes yielding two ethene (m/z 28) molecules and a vinoxy (CH2CHO) radical. The 
vinoxy radial is a source of ketene (m/z 42). As previously discussed, ethene and ketene are 
well identified products in this work.  
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Chemistry deriving from the addition of O2 to QOOH 
The QOOH radicals play a crucial role in the autoignition process as they can undergo a second 
addition to oxygen producing hydroperoxycyclohexylperoxy radical (OOQOOH). As shown in 
Figure 9, the kinetic model of Zou et al.8 predicts that the OOQOOH decomposition pathways 
are different regarding the respective cis-/trans- conformation. 
 

 
Figure 9. Flow rate analysis of the consumption of γQOOH chemistry by O2 addition up to the 

3rd O2-addition during cyclohexane oxidation (= 0.8, 0.01 in He) at 570 K, P = 1.07 bar, and τ 
= 3 s). Bold arrows indicate the predicted dominant pathways at these conditions. 

 

Detection of ketohydroperoxides 
According to Figure 9, the kinetic model predicts that the trans-OOγQOOH mainly 

decomposes into a 𝛾KHP, 3-hydroperoxycyclohexan-1-one (C6H10O3, m/z 130) by releasing an 
OH radical. Of significant importance is the relatively large signal at m/z 130 because it is 
potentially composed of several isomers: cyclic KHPs, hydroperoxycyclic ether (CEHP) and 
acyclic unsaturated KHPs or unsaturated hydroperoxyaldehydes (AnHP). The relative 

composition of these species reflects the competition between ring-opening (-scission) 
reactions and intramolecular H-abstraction reactions (followed by cyclic ether or keto group 
formation) of the P(OOH)2 intermediate (cf. Figure 9).  

Most of the C6H10O3 isomers considered in this work have calculated AIEs starting 
around 9.2 eV or above (see Table S1) but the ionization threshold observed on the SPES of 
m/z 130 starts around 9 eV (see Figure 10). Zou et al.9 consider 𝛾KHP to be the most likely 
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isomer. Adiabatic Ionization energy (AIE) calculations by Zou and in this current work for 𝛾KHP 
conformers yielded AIEs from 9.2 to 9.4 eV.  

 

 
Figure 10: Experimental SPES of m/z 130 (open circles) recorded at  = 0.8 and T = 570 K 

during the LTO of cyclohexane and compared to simulated spectra of γKHP. The shaded box 
indicates the spread in the (unshifted) calculated AIE of γKHP conformers. The inset shows 
the SPES of m/z 97 (black dots). The simulated spectrum of γ-KHP has been shifted by 135 

meV.  
 

Upon photoionization of 𝛾-KHP, the corresponding cation may potentially eject a HO2 
fragment to form a m/z 97 cation (as discussed above for m/z 116):  

 

 
Figure 11. Suggested dissociative ionization pathways of 𝛾-KHP. 

 

The peak at m/z 97 is substantially broader than those for m/z 96 and m/z 98, which is 
characteristic of a fragment peak (see Figure 1: Typical time-of-flight mass spectrum obtained 
by integration over the photon energy range from 10.0 to 11.0 eV with a step size of 5 meV 

and an acquisition time of 80 s per step during the LTO of cyclohexane at  = 0.5 and T = 590 
K. The vertical scale is reduced to zoom out the low intensity peaks so that cyclohexane (m/z 
84) and its 7% 13C isotopomer (m/z 85) are cut off.). Accordingly, the simulated spectrum of 
𝛾KHP shown in Figure 10 should be compared to the sum of the experimental spectra of m/z 
130 and m/z 97. Assuming a 135 meV energy shift, the first part of the simulated spectrum of 
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𝛾KHP, below 9.6 eV, fits the SPES of m/z 130 while the second part, above 9.6 eV, nicely fits 
with the SPES of m/z 97 with a maximum around 9.8 eV. The coherence of the signal of both 
masses supports the identification of 𝛾KHP as the main contributor in the SPES signature in 
the m/Z 130 mass channel.  

Given the complexity of the reaction pathways shown in Figure 9, additional 
interpretation of the m/z 130 signal requires comparison with other simulated spectra of the 
many other possible products. This will be anything but straightforward. Among the 10 
C6H10O3 isomers listed in Table S1 with their structures, symbolic names and AIEs, all the 
expected products have an AIE that is similar or higher than the observed ionization energy 
threshold. Consequently, none of these species can be easily excluded. The experimental 
ionization threshold fits with the AIE of trans- and cis-5m-CEHP, suggesting the CEHP of the 
tetrahydrofuran type can be produced but the formation of these species in notable amount 
is unlikely according to the theoretical kinetic calculations of Zou et al.9. Interestingly, Zou et 
al.8 assigned their m/z 130 signal to ketohydroperoxides (KHP), acyclic unsaturated 
hydroperoxyaldehydes (AnHP) and oxirane-type CEHP. Our results are consistent with the 
dominant formation of 𝛾KHP, although other C6H10O3 isomers may certainly be present as 
well.  
 

Detection of the products obtained by KHP degradation 
As shown in Figure 9, 𝛾KHP has two decomposition channels. O-O bond scission yields 

a ketoxy radical, which mainly decomposes by C-C -scission to produce ethene and  two 
ketene (C2H2O, m/z 42) molecules. Figure S7 shows the SPES of m/z 42, with a fit using 
reference literature spectra of ketene (C2H2O) and propene (C3H6). The literature spectra of 
both molecules were summed and weighted with appropriate factors to fit the measured SPES 
in the appropriate photon energy range. Relative mole fractions could then be estimated by 
weighting the branching ratio using the absolute photoionization cross sections at 10.0 eV 
from Yang et al.50 for ketene (22.4 Mb) and Person et al.51 for propene (7.2 Mb). The weighting 
leads to a ketene:propene relative mole fraction ratio of 0.8:1.0 suggesting that ketene is 
present in similar amount than propene. This result is in good agreement with the 1.0:1.0 
mole fraction ratio of ketene:propene predicted by the kinetic model of Zou et al.8 

A minor channel from 𝛾KHP via C-H -scission leads to cyclohexane-1,3-dione (C6H8O2, 
m/z 112). The SPES spectrum obtained for m/z 112 together with predicted spectra for several 
C6H8O2 species is shown in Figure 12. For these calculations, we considered the molecular 
species playing a role in the kinetic model by Zou et al.8, namely  cyclohexane-1,3-dione, 
cyclohexane-1,2-dione, 4-oxohex-5-enal, 3-oxohex-5-enal, and cyclohexane-1,4-dione. All 
these species may be formed via decomposition of KHPs and other C6H10O3 (linear) isomers. 
The high contribution of 1,3-cyclohexanedione supports the formation of 𝛾KHP during the LTO 
of cyclohexane. Zou et al.8 assigned their m/z 112 signal to 1,3-cyclohexanedione and 3-
oxohex-5-enal, which agrees with our analysis which also includes the likely presence of 4-
oxohex-5-enal.  
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Figure 12: Experimental SPES of m/z 112 (black circles) recorded at  = 0.8 and T = 570 K 
during the LTO of cyclohexane compared to simulated spectra. The red line is a weighted 

combination of the simulated spectra using 0.2:0.4:0.8:1.0:0.4 signal ratio 
(1,2-cyclohexanedione:4-oxohex-5-enal:1,3-cyclohexanedione:3-oxohex-5-enal: 

1,4-cyclohexanedione). The simulated spectrum of 3-oxohex-5-enal was shifted by 30 meV.  
 

AnHP is certainly another important m/z 130 isomer even if its formation could not be 
fully proven by the SPES analysis. According to Figure 9, the alkoxy radical deriving from AnHP 
mostly undergoes β-scission and forms but-3-enal (C4H6O, m/z 70), a species detected in this 
work, see Figure S22. Another minor decomposition product of the alkoxy radical deriving 
from AnHP is propanedial (C3H4O2, m/z 72). Figure S23 shows the SPES of m/z 72 compared to 
reference spectrum of propanedial and confirms the formation of this species, even if that of 
other C4H8O isomers, tetrahydrofuran (oxolane), butanal, and 2,2-dimethyloxirane, cannot be 
fully discarded. Note that these three C4H8O isomers are not predicted by the kinetic model 
for our experimental conditions, but they were detected in the experimental work of Zou et 
al.8.  

Figure 9 also shows the occurrence of the Korcek mechanism, which is a KHP 
decomposition pathway via an intermediate cyclic peroxide leading to the formation of a 
carbonyl compound and an organic acid52. A first channel involves the formation of but-3-enal 
(C4H6O, m/z 70) and acetic acid (C2H4O2, m/z 60) as co-product. Both species were detected in 
this work as can be seen Figure S10 and Figure S22 for acetic acid and but-3-enal, respectively. 
A second channel yields pent-4-en-2-one (C5H8O, m/z 84) and formic acid (CH2O2, m/z 46). 
Figure S24 shows the SPES of m/z 46 recorded in this work acquired during a relatively quick 
mass spectrum acquisition of 30 min at a fixed photon energy of 11.5 eV. Despite the low 
signal-to-noise ratio, an unambiguous ionization threshold is observed, fitting with the first 
peak of formic acid. In Figure S4,  the SPES of m/z 84 corresponds mainly to cyclohexane but 
a small signal increase is visible at a photon energy slightly above 9.2 eV, which is clearly below 
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the ionization threshold for cyclohexane (9.87 eV41). Zou et al.8 interpreted the m/z 84 signal 

in their comparable, but leaner (=0.25), cyclohexane LTO study with contributions from pent-
4-en-2-one. The simulated PES supports this interpretation but the low signal-to-noise 
prevents an unambiguous identification of such compound.  

As shown in Figure 9, two products at m/z 112 are formed via very minor channels 
from AnHP, namely 3-oxohex-5-enal and 4-oxohex-5-enal. The 3-oxohex-5-enal:4-oxohex-5-
enal signal branching ratio deduced in this work is in good agreement with the predicted 
branching ratio from the kinetic model of Zou et al.8 if one assumes similar photoionization 
cross sections. 

 

Detection of other QOOH + O2 products 
Figure 9 shows an additional OO𝛾QOOH reaction pathway with the release of a HO2 

group leading to 3-hydroperoxycyclohexene and 4-hydroperoxycyclohexene. Those species 
have been detected in the SPES of m/z 114 as shown in Figure 13. Also, this figure shows the 
SPES of m/z 114 recorded during the SOLEIL experiments compared to simulated 
photoelectron spectrum of hexanedial and two olefinic hydroperoxides (OFHP), which are 
3-Hydroperoxycyclohexene and 4-hydroperoxycyclohexene. The latter are expected oxidation 
products mainly from hydroperoxycyclohexyl radical (QOOH) chemistry. From Figure 13 it is 
clear that 4-hydroperoxycyclohexene is the major contributor to the SPES of m/z 114, but 
3-hydroperoxycyclohexene is necessary to reproduce at least the experimental signal around 
9.2 eV, while the formation of hexanedial is less obvious. According to the analysis by Zou et 
al.8, all three isomers are present. Nevertheless, the poor agreement between simulated and 
measured SPES in the 9.0 – 9.2 eV region might indicate that at least one additional m/z 114 
species contributes to the spectrum. 
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Figure 13: Experimental SPES of m/z 114 (black circles) recorded at  = 0.8 and T = 
570 K during the LTO of cyclohexane, compared to simulated spectra. The red line is a 

weighed combination of the three reference spectra using 0.5:1.0:0.2 signal ratio 
(3-hydroperoxycyclohexene:4-hydroperoxycyclohexene:hexanedial). The simulated spectra 

have been shifted by 80, 70, and 13 meV, respectively.  
 

The kinetic model also suggests the occurrence of bimolecular reactions between 
OO𝛾QOOH and HO2/RH leading to 1,3-dihydroperoxycyclohexane (C6H12O4, m/z 148). A VMI-
PES of m/z 148 recorded in this work is shown in Figure S25. The PES of m/z 148 has a low 
resolution because it was recorded at a fixed photon energy of 10.0 eV during a 90 minutes 
acquisition of a mass spectrum in order to improve the signal-to-noise ratio for heavy species, 
above m/z 130 (see Figure S3). The calculated AIE of the conformer with both OOH groups in 
the axial position fits with the ionization threshold of the experimental spectrum but the low 
resolution prevents further analysis (see Table S2). Note that those reactions are incorporated 
into the kinetic model of Zou et al.8 with rate constants referred to similar reactions in the first 
oxygen addition stage and should, perhaps, be revised.  

 

Chemistry induced by the third O2-addition  
According to the finding of Wang et al. during the LTO of alkanes43,53 and 

cycloalkanes54, the 𝛾P(OOH)2 radical obtained by isomerization of the OO𝛾QOOH may 
undergo a third oxygen addition and contributes to chain branching (see Figure 14). Similar to 
the second oxygen addition, the third oxygen addition to γP(OOH)2 may occur at axial or 
equatorial position, forming cis-OO𝛾P(OOH)2 or trans-OO𝛾P(OOH)2 isomer.  

 
 

 
Figure 14. 𝛾P(OOH)2 chemistry after the third O2-addition. 

 
The trans-OO𝛾P(OOH)2 isomer is predicted to mainly undergo conventional 

isomerization to form ketodihydroperoxide (KDHP, m/z 162) and ultimately results in chain 
branching. A weak signal was detected at m/z 162, which is shown in Figure 15 (left) together 
with the AIE of a cyclic ether dihydroperoxide isomer (labeled as CEDHP) that carries one OOH 
group on axial position and one OOH group on equatorial position. However, the calculated 
AIEs of KDHP isomers were found to be higher than the experimental ionization threshold (see 
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Table S3). Besides, the assignment of m/z 162 to a CEDHP is in agreement with the analysis 
provided by Zou et al.8 and also with predictions by their kinetic model, although the 
formation of KDHP is suggested to be favored. Unfortunately, the low resolution prevents 
further analysis except the fact that isomers other than KDHP (such as CEDHP) need to be 
included to explain the PES of m/z 162. We clearly reach, in this high mass range, the current 
limit of our PEPICO approach benchmarked with high-level calculations.  

 

 
Figure 15: VMI-PES recorded at 10 eV of (left)  m/z 162 (black circles) compared to the 

calculated AIE of a CEDHP isomer, (right) of m/z 146 (black circles) compared to the AIE of a 
OFDHP isomer. 

 

On the other hand, cis-OO𝛾P(OOH)2 conformer is predicted to undergo concerted 
elimination to yield mainly olefinic dihydroperoxide (OFDHP, m/z 146). Even though a weak 
signal at m/z 146 was detected, the VMI-PES of m/z 146 agrees reasonably well with the AIE 
of the OFDHP that carries one OOH group on axial position and one OOH group on equatorial 
position (see Figure 15 (right) and Table S4). In addition, minor predicted channels from both 
cis- and trans-OO𝛾P(OOH)2 through bimolecular reactions with HO2 might lead to the 
formation of P(OOH)3 at m/z 180 but no signal for this m/z has been observed. 

In this work, signals were also recorded in the m/z 126 and 144 channels, whose TIY 
analysis (Figure S26 and S27 respectively) highlights the presence of ketone, dione, trione, and 
dienone species. Signals at m/z 126 and 144 were also detected in the work of Zou et al.8, but 
the low resolution did not allow conclusions on the structure of the species. Kinetic pathways 
should be proposed in the future to simulate the formation of these compounds in 
cyclohexane LTO that are missing in the current kinetic model.  

 

Kinetic pathways for potential five-membered ring species 
Overall the results of the SPES analysis are in good agreement with the predictions of 

the kinetic model of Zou et al.8 even with regards to minor reaction pathways. Beyond the 
uncertainties which can result from a PEPICO analysis in particular in the case of signals with 
a low signal-to-noise ratio or for masses with many contributing isomers, this study raises the 
question of the formation of C5-ring compounds during cyclohexane LTO. In the PES analysis 
presented here, the formation of cyclopentanecarbaldehyde (m/z 98), 
3-hydroperoxycyclopentene and 4-hydroperoxycyclopentene (m/z 100), and 3,5-epoxy-
cyclopentyl hydroperoxide (m/z 116) was not fully confirmed, but was neither fully ruled out. 
Such molecules are not predicted by the kinetic model and are not detected in previous 
experimental studies, apart from cyclopentanecarbaldehyde by chromatography-mass 
spectrometry (GC-MS)10. In this context, the signal at m/z 66 is also interesting, because 
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Serinyel et al.10 detected cyclopenta-1,3-diene (identification by GC-MS) as a product in their 

lean (=0.5) and stoichiometric experiments above 605 K. Figure 1 shows no signal at m/z 66 
and Figure 4 in Ref.8 contains only a weak signal at m/z 66 that was not further analyzed. 
However, since all three studies report a non-zero signal at m/z 68, which could be due to 
cyclopentene (Serinyel et al.10), the presence of small amounts of cyclopenta-1,3-diene would 
not be surprising.  

Another feature of the oxidation of cyclic species is the possibility of ring-opening 
reactions to compete with regular LTO pathways. Knepp et al.55 pointed out that the ring-
opening product of cyclohexyl radical, 5-hexen-1-yl, is clearly higher in energy than cyclohexyl. 
However, 5-hexen-1-yl may further react to form cyclopentylmethyl radicals, which is of 
similar stability as cyclohexyl. Hence the oxidation of cyclopentylmethyl radical may have an 
impact on cyclohexane LTO. Nevertheless, it seems that the most recent studies of 
cyclohexane LTO have not considered this possibility. Figure 16 shows schematically the 
possible role that 5-membered ring alkyl radicals could play and that the conversion is 
feasible. Figure 16 provides the absolute energies and shows that the first barrier is with 
about 30 kcal/mol sufficiently low that the isomerization step is energetically possible. 

Furthermore, -scission reactions have reasonably high A-factors. Detailed Master equation 
analysis is needed to assign rate expressions and the isomerization competes with O2 
addition, hence the O2 concentration also determines whether isomerization may 
contribute. The model of Zou et al.8 reproduces their JSR data relatively well but O2 addition 
reactions onto minor isomers of cyclohexyl radicals are not considered. 

 
 

 
Figure 16: Possibly available initial radicals and first O2 addition products in the LTO of 

cyclohexane. Heat of formation (black) and transition state enthalpies (blue) in kcal/mol 
calculated at the CBS-QB3 level of theory and at 570K. Note that the cycloalkenes can either 

be formed directly from the chemically activated adduct or after thermalization of the peroxy 
radical. 
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Methylidenecyclopentane is an expected product from the decomposition of hex-5-
enal but if the cyclohexyl radical isomerizes before reacting with O2, other C6H10 isomers may 
be formed (see Figure 16). If C6H11 isomers other than cyclohexyl play a role in cyclohexane 
LTO, then two additional molecules could contribute to the m/z 82 signal. These are 
3-methylcyclopentene and 4-methylcyclopentene but all ionization thresholds are around 9.0 
eV and the overall shapes of all four PES are quite similar. Besides, we would like to emphasize 
that Serinyel et al.10 and Zou et al.8 both showed the presence of cyclohexene, which is easily 
detectable by GC. These authors do not report on other C6H10 isomers. However, 
cyclopentylmethyl radicals can isomerize after the O2 addition to 
hydroperoxycyclopentylmethyl radicals which, upon removal of a methyl group, can produce 
hydroperoxycyclopentene isomers: 

 
 

The presence of 3,5-epoxy-cyclopentyl hydroperoxide is then plausible given that 
hydroperoxycyclopentenes were potentially identified as a source for the m/z 100 signal. For 
example, HO2 addition to 4-hydroperoxycyclopentene followed by cyclization to the oxetane 
would lead to m/z 116.  

 
Those reactions are not included in the kinetic model of Zou et al.8 but need to be investigated 
through rate constant calculations and potential energy surfaces analysis in future work to see 
if the formation of 5-membered ring products is important in cyclohexane LTO. 
 

Conclusion and perspectives 
Cyclohexane LTO was investigated using a JSR within the temperature range of T = 560 

– 620 K and equivalence ratios between ϕ = 0.5 – 1.0. Products from the LTO of a lean 
cyclohexane/oxygen mixture were detected and identified with a SVUV-PEPICO analysis and 
high-level theoretical quantum calculations for the first time. The recording of electronic 
fingerprints of the products and intermediates provided experimental data with a high 
resolution for isomeric discrimination. The results were compared to the predictions of the 
newly validated kinetic model by Zou et al.8 and the most recent experimental works on 
cyclohexane LTO.  

Overall the present results are in good agreement with the predictions of the kinetic 
model of Zou et al.8 even with regards to minor reaction pathways. Most of the predicted 
products and intermediates were detected, including those predicted from side reactions. The 
results confirm that reactive hydroperoxide channels dominate the chain-branching process 
under the present conditions. The main KHP (m/z 130) was detected addressing the 
conformational effects developed by Zou et al.8 in cyclohexane LTO. When direct detection 
was not possible due to PEPICO analysis limitation (too low signal-to-noise ratio and/or masses 
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with too many isomers), the detection of respective decomposition products supported their 
identification. This allowed a more confident identification of the products from the rich 
chemistry of O2-addition on QOOH radicals for which products from the third oxygen addition 
channels were also identified.  

Our work indicates that five-membered ring species may potentially be relevant. This 
raises the question about missing reaction pathways in cyclohexane LTO. A comparison of the 
isomer information obtained from the SVUV-PEPICO experiments with expected products 
provided hints that substituted cyclopentyl radicals might play a minor role in cyclohexane 
LTO. Nevertheless, additional work needs to be done to address this question, especially 
PEPICO experiments at conditions optimized for species identification for m/z which could not 
yet be identified with confidence. Given that the Zou model works well, it would be interesting 
to use it predict the formation of crucial intermediates as a function of temperature and 
composition and to use these results as start for a new campaign to verify the predicted 
temperature profiles. A study focusing on the potential role of C6H11 isomers other than 
cyclohexyl would also be helpful in light of the observations of this current study. 
Furthermore, SPES spectra starting at lower PI energy are needed to identify some of the easy 
to ionize species discussed in this work, e.g. fulvene. Such data would provide even more 
stringent tests for the kinetic model and help to identify potential gaps in our understanding 
of the cyclohexane LTO. 
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