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A R T I C L E I N F O

Keywords:
Methylcyclohexene
Cool flame
Oxidation
Jet-stirred reactor
Aromatics
Orbitrap

A B S T R A C T

Three isomers of methycyclohexene were oxidized in a jet-stirred reactor at 10 bar, in fuel-lean conditions
(equivalence ratio of 0.5), from 500 to 1150 K. Samples of the reacting mixtures (fuel-oxygen–nitrogen) taken
using a sonic fused-silica probe were collected and (i) analyzed by gas chromatography and (ii) for the conditions
620 and 680 K, dissolved in acetonitrile and analyzed by ultra-high performance liquid chromatography and
Orbitrap mass spectrometry after direct flow injection or liquid chromatography separation. OH/OD exchange
was used by adding D2O to samples to assess the presence of OH or OOH in products. The reaction with 2,4-dini-
trophenylhydrazine allowed the characterizing carbonyl functional groups in the products. A large dataset of
oxidation products was observed. Besides highly oxygenated compounds, we observed the production of poly-
unsaturated and aromatic products in the cool flame oxidation regime. To rationalize the present results, we used
chemometric tools, i.e., Van Krevelen plots, calculated oxidation state of carbon, aromaticity index, and
aromaticity equivalent index for oxidation products.

1. Introduction

Terpenes, widely emitted by vegetation, are important constituents
of volatile organic compounds present in the atmosphere [1]. Since
these hydrocarbons have high-energy–density, they represent biofuel
candidates [2,3]. However, these chemicals are relatively complex and
their combustion mechanism have not been described in the literature.
Indeed, to date, the chemical kinetics of combustion of these fuels has
not been studied extensively [4–6]. To better characterize the oxidation
pathways of these fuels, one could consider simpler model-fuels, such as
methylcyclohexene (MCHX) isomers (Table 1).

These cyclic hydrocarbons are produced during the pyrolysis and
oxidation of methylcyclohexane [7–9] which has been used as a surro-
gate component of jet fuels in several works [10,11]. Whereas many
studies concern the oxidation of methylcyclohexane, only few have been
devoted to the characterization of the oxidation of MCHX isomers.
Among them, one can find pyrolysis studies [12–14] and oxidation
studies [15–19]. Gulati andWalker studied the oxidation of cyclohexane
at 480 ◦C and 500 Torr total pressure [20]. They reported the formation
of benzene among the oxidation products. Moreover, the formation of
benzene via the oxidation of cyclohexane, cyclohexene, and 1,3-

cyclohexadiene has been studied by Lemaire et al. in a rapid compres-
sion machine under stoichiometric cool-flame conditions and elevated
pressure (7 to 14 bar) [21]. They reported selectivity (% C) of 12 % for
the conversion of cyclohexene to 1,3-cyclohexadiene and one of 32% for
the formation of benzene via 1,3-cyclohexadiene. We recently reported
the formation of aromatic and polyaromatic hydrocarbons during ter-
penes (limonene and α-pinene) cool flame oxidation [22] in a jet-stirred
reactor. Therefore, since MCHXs are considered as surrogate fuels for
terpenes, it would be interesting to investigate their oxidation and pay
much attention on the formation or aromatic products under cool flame
conditions. This is the aim of this work.

Here, we studied experimentally the oxidation of three MCHX iso-
mers in a jet-stirred reactor at 10 bar. In order to observe oxidation
products in sufficient quantities, we operated with relatively large initial
fuel concentration (3000 ppm), in fuel-lean conditions (equivalence
ratio of 0.5), which favors fuel oxidation, and relatively long residence
time (2 s).The products of oxidation were analyzed by high-resolution
mass spectrometry (HRMS). The large size and complexity of experi-
mental datasets obtained through HRMS analysis require the use che-
mometric tools to interpret the data. Therefore, Van Krevelen (VK) plots
[23], computed oxidation state of carbon [24], aromaticity index [25],
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and aromaticity equivalent index [26] were employed.

2. Experimental

2.1. JSR experiments

The present experiments were undertaken in a 42 mL fused silica jet-
stirred-reactor (JSR) presented in previous publications [27,28]. The
three fuels studied were 1-methyl-1-cyclohexene (>98 % pure, from
TCI, CAS 591–49-1), 3-methyl-1-cyclohexene (>93 % pure, from TCI,
CAS 591–48-0), and 4-methyl-1-cyclohexene (>98 % pure, from TCI,
CAS 591–47-9). As before [29,30] for injecting the fuels, we used a HPLC
pump (LC10-AD-VP from Shimadzu) equipped with an online degasser.
The three fuels were directed to an in-house vaporizer fed with a flow of
nitrogen. Fuel-N2 (99.95 % pure) and N2-O2 (99.995 % pure) were
delivered separately to the JSR to circumvent fuel oxidation before
entering the reactor. Brooks mass flow meters delivered the N2 and O2
flows. A thermocouple (0.1 mm Pt-Pt/Rh-10 % wires), protected by a
thin-wall fused silica tube, was moved along the vertical axis of the JSR
to confirm thermal homogeneity (typical temperature gradients lower
than 1 K/cm). A sonic quartz probe was used to collect gas samples from
the JSR. The oxidation of 3000 ppm of fuels in the cool-flame regime was
performed at 10 bar, at a mean residence time of 2 s, and in fuel-lean
conditions (equivalence ratio φ = 0.5). The JSR temperature was
increased stepwise from 500 to 1150 K. See SM for more details.

2.2. Analytical procedures

Gas samples were stored in 1 L Pyrex bulbs for gas chromatography
analyses. A flame ionization detector and a quadrupole mass spec-
trometer were used for quantification and identification, respectively.
Besides, they were dissolved into 20 mL of ≥ 99.9 pure acetonitrile
(ACN) maintained at 273 K, via 60 min bubbling. We stored these so-
lutions in a freezer at 258 K for the future chemical analyses. Flow in-
jection analyses (FIA) with heated electrospray ionization (HESI) were
performed. An Orbitrap Q-Exactive was used to analyze the samples
solutions. Several m/z ranges were used for data acquisition in order to
improve C-trap transmission sensitivity [31]: 50–750, 150–900,
500–1300, and 900–2000. Only signal ≥ 5 × 103 counts, way above
‘noise’ level, were taken into account. Mass calibrations were performed
using (+) and (–) HESI calibration mixtures from ThermoScientific. We
used a C18 chromatographic column (Luna 1.6 μm, 100 Å, 100x2.1 mm,

from Phenomenex) for reverse-phase ultra-high-performance liquid
chromatography (RP-UHPLC) analyses were completed. We eluted 3 μL
of liquid samples by a H2O-ACN mixture at a flow rate of 300 μL/min
(gradient 5 % to 90 % ACN, during 45 min). In the present analyzes,
atmospheric pressure chemical ionization (APCI) was utilized in positive
and negative modes.

The determination of the chemical structure of the products of
oxidation was undertaken using RP-UHPLC separation and MS2 (tandem
mass spectrometry) analyses at the lowest collision cell energy (10 eV).
For assessing the presence of C = O in the oxidation products 2,4-dini-
trophenylhydrazine (2,4-DNPH) was added to acetonitrile solutions
[29,30]. As in previous works [29,30,32,33], we evaluated the presence
of hydroxyl (–OH) or hydroperoxyl (–OOH) functional groups in the
oxidation products by performing H/D exchange by adding 300 μL of
high-purity D2O to 1 mL of samples. FIA-APCI (+/− )-HRMS and RP-
UHPLC-APCI (+/− )-HRMS were employed to analyze these solutions.

3. Results and discussion

3.1. Fuels conversion and production of simple aromatics

A large dataset of oxidation products was collected during the pre-
sent experiments (Tables S1 and S2). Among them, simple aromatic
products were quantified by gas chromatography and a flame ionization
detector (GC-FID, Table S1). As shown in Fig. 1, both fuel conversion
versus temperature and the mole fractions of toluene (C7H8) are similar
for the three MCHXs. Furan (C4H4O) is produced most abundantly
during the oxidation of 3M1CHX, whereas benzene (C6H6) is predomi-
nantly produced during the oxidation of 4M1CHX. In contrast, 1M1CHX
produces the least amounts of both benzene and furan, an important
VOC present in the atmosphere [34]. Despite these variations, the dif-
ferences in the molar fractions of toluene between the three fuels are not
significant.

3.2. Formation of complex oxygenated products

Two temperatures (620 and 680 K) were selected for the HRMS an-
alyses. HRMS spectra are provided in Fig. S1. They correspond to the
lower temperature of the cool-flame and end of the negative tempera-
ture coefficient. More products were observed at 680 K. For that reason,
we selected that condition to present most of the results. HRMS analyses
of the samples collected in acetonitrile generated a large set of chemical
formulas. Whereas the structures corresponding to these chemical for-
mulas could not be obtained exactly, several chemometric tools were
employed to obtain a classification of the oxidation products. We
calculated oxidation state of carbon, aromaticity index, and aromaticity
equivalent index and used Van Krevelen plots to identify chemical
classes in the oxidation products. Chemicals containing several O-atoms
were detected. As already introduced, H/D exchange using D2O and
reaction with 2,4-DNPH were completed to check the presence of hy-
droxyl or hydroperoxyl groups, and C = O functional groups in the
products of oxidation, respectively.

Oxidation products, including carboxylic acids and carbonyls, were
detected. Among these, isomers of C7H10O3 were identified. DNPH
derivatization confirmed the presence of a carbonyl group in all the
eluted isomers detected in the oxidation samples of the MCHX isomers.
Furthermore, a signal corresponding to C7H9D1O3 (C7H10O3 + D2O)
confirmed the presence of an OH or OOH functional group in their
structure. These compounds were expected to be keto-hydroperoxides
KHPs, formed via the second O2 addition on the fuel radical (Re-
actions (1)–(5). Their chromatograms are represented in Figure S2
(Supplementary information). Different isomers are ionized differently
in positive and negative ionization modes (Fig. S2). This was system-
atically tested experimentally. The results are presented in the SM
(Table S3). To obtain structural information, we analyzed their MS2

spectra. Examples of the obtained MS2 spectra are presented in Fig. 2,

Table 1
Chemical structure of monoterpenes and proposed model-fuels.

Monoterpenes (C10H16) Limonene

α-Pinene

MCHX isomers (C7H12) 1-Methyl-1-cyclohexene

3-methyl-1-cyclohexene

4-methyl-1-cyclohexene
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Fig. S3, and Fig. S4 for C7H10O3, C7H8O3, and C7H10O4, respectively.
The same fragments were observed for all isomers formed during the
oxidation of MCHX isomers, but with varying intensities. According to
the literature, the presence of fragments corresponding to the loss of CO2
and CH2O2 from parent ions [M− H]‾ and [M + H]+, respectively, in-
dicates the presence of carboxylic acids in the molecules [35]. These
fragments were detected in the MS2 spectra of C7H10O3 isomers in both

positive and negative modes (C6H9O+ and C6H9O‾), as shown in Fig. 2.
Additionally, the presence of fragments formed by the loss of a CO group
from the parent ion ([M + H]+/ [M− H]‾) or from other activated
fragments (fragments C5H9

+, C4H7
+, etc.) indicates that the isomers

contain a carbonyl group. The determination of the family of the
carbonyl group was not possible. Thus, detected C7H10O3 isomers were
identified as keto-carboxylic acids or aldo-carboxylic acids. Under cool

Fig. 1. Conversion of the three fuels versus temperature and mole fractions of simple aromatics obtained by GC-FID (C4H4O: furan; C6H6: benzene; C7H8: toluene).

Fig. 2. MS2 of the C7H10O3 isomers formed during 1M1CHX, 3M1CHX, and 4M1CHX oxidation at 680 K, ionized with (a) APCI (+), C7H11O3
+, m/z 143.0699, (b)

APCI (− ), C7H9O3‾, m/z 141.0546, (c) APCI (+) C7H11O3
+, m/z 143.0699, (d) APCI (− ), C7H9O3‾, m/z 141.0557.
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flame conditions, the Korcek mechanism is often used to explain the
formation of these compounds. In this mechanism, γ-KHPs undergo
dissociation, resulting in the formation of carboxylic acids and carbonyl
compounds (O = P-OOH → R-C = O + R’–COOH). Due to the cyclic
structure of MCHX, other C7H10O3 isomers containing a carbonyl and a
carboxylic acid group are formed after the dissociation of γ − KHPs ac-
cording to the Korcek mechanism. These isomers could be among those
detected in MCHX oxidation samples. In addition, the literature reveals
an alternative decomposition pathway for γ-KHPs that predominantly
occurs at temperatures above 600 K [36–38]. This pathway involves the
unimolecular dissociation of the O-O bond in the hydroperoxyl group.
This dissociation leads to the formation of an oxidized organic inter-
mediate, specifically a 5-membered ring, which is also observed in the
Korcek mechanism. Later, this intermediate undergoes a decomposition
process similar to that described in the Korcek mechanism. As a result,
the final products resulting from this decomposition pathway are iden-
tical to those predicted by the Korcek mechanism. Scheme 1 illustrates
an example of the decomposition of one of the γ-KHP compounds formed
during the oxidation of each MCHX isomer in the JSR, according to both
the Korcek mechanism and through the unimolecular dissociation of the

O-O bond in the hydroperoxyl function. Similarly, other keto/aldo-
carboxylic acids were identified in the MCHX oxidation samples
through MS2 analysis. Among these were isomers of C7H8O3 and
C7H10O4, which were expected to be olefinic KHPs and olefinic dihy-
droperoxides, respectively. However, based on their MS2 spectra, we
identified these compounds as keto/aldo-carboxylic acids. Examples of
their MS2 spectra are shown in Figs. S3 and S4. Moreover, in addition to
the previously discussed species, other oxidation products were detec-
ted, including diketones (C7H8O2), which are produced by the dehy-
dration of KHPs, as well as hydroperoxides (C7H12O2), formed through
the initial addition of O2 to the fuel radical (Table S2). Additionally,
carbonyl compounds (C7H10O) resulting from the dehydration of hy-
droperoxides (C7H12O2), such as 3-methyl-2-cyclohexen-1-one, were
identified. This isomer was detected in the oxidation samples of all three
fuels. It was observed that MCHX isomers share several common isomers
of these oxidation products. This similarity may be attributed to isom-
erization reactions facilitated by the presence of endocyclic double
bonds in the fuels, which stabilize the radicals formed during the
oxidation process through resonance.

Scheme 1. Decomposition of γ-KHP isomers, potentially formed during MCHX isomer oxidation, via the Korcek mechanism, or through the unimolecular disso-
ciation of the O-O bond in the hydroperoxyl group the leading to C7H10O3 isomers.
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R + O2 ⇄ ROO● (1)

ROO● ⇄ ●QOOH (2)

●QOOH + O2 ⇄ ●OOQOOH (3)

●OOQOOH ⇄ HOOP●OOH (4)

HOOP●OOH ⇄ O = POOH + OH (KHP) (5)

3.3. Chemometric analyses

VK graphs were plotted to characterize the multiplicity of products
observed during the oxidation of MCHX isomers at 680 K. These plots
were generated using APCI+/– and FIA-HRMS data, as illustrated in
Fig. 3. The lines in Fig. 3a indicate the different reaction mechanisms
identified in the literature: line 1: hydrogenation, line 2: hydration, line
3: oxidation, line 4: carbonylation, and line 5: carboxylation, or their
reverse processes [39,40]. The colors represent the number of oxygen
atoms present in the molecule. In this study, we considered species with
a maximum of 5 oxygen atoms, an H/C ratio between 0 and 2.8, and an
O/C ratio between 0 and 1.5. As can be seen from Fig. 3, on line 1
(hydrogenation/dehydrogenation), for the three isomers, we observe
the production of unsaturated compounds (O/C = 0, H/C < 2). For H/C
> 0.7 and O/C = 0, the three fuels show a similar distribution of non-
oxygenated species, including hydrocarbons (C7H12) with an H/C ratio
of 1.7. For H/C≤ 0.7, fewer chemical formulas were detected in the case
of 3M1CHX, indicating less dehydrogenation at this temperature. The
species on line 1 with O/C = 0 could correspond to aromatics and poly-
aromatics. On line 2 (hydration/dehydration) and 3 (Oxidation/deoxi-
dation), the VK diagrams show similarities among the three hydrocar-
bons. Between line 4 (carbonylation/decarbonylation) and line 5
(carboxylation/decarboxylation), the number of highly oxygenated
products (species with 5 oxygen atoms) is similar across the fuels but
slightly lower for 3M1CHX, indicating a comparable degree of oxidation
for all three. VK diagrams for products observed during the oxidation of
MCHX isomers at T = 620 K were also plotted, they are presented in
Figure S5.

Two temperatures (620 and 680 K) were selected to characterize the
oxidation of the three MCHX isomers. We plotted the computed oxida-
tion state of carbon (OSc ≈ 2O/C – H/C [16,31]; H, C, and O are the
number of hydrogen, carbon, and oxygen atoms, respectively), vs. the
number of carbon atoms in chemical formulas (Fig. 4).

Fig. 4a-c show similar trends observed for all fuels, with no signifi-
cant differences except that 1M1CHX presents more oxidized species
with a high number of carbon atoms compared to the other two fuels.
The oxidation products of 1M1CHX can form these species through
oligomerization [41,42]. The data in the range OSc < 0 and C > 40
confirm the existence of unsaturated or aromatic chemical compounds,
which is in line with previous works [43]. The OSc varies as the O/C
ratio whereas C–C bonds do not impact the OSc value [24]. For species
with OSc in the range of − 1.5<OSC< 0, there are species with the same
number of carbon and oxygen atoms but different OSc values. These
variations result from dehydrogenation processes, as the H/C ratio is
inversely proportional to the OSc value. Multiple dehydrogenation
processes can lead to the formation of polyunsaturated, aromatic, and
poly-aromatic products. Similarly, there are species with the same
number of carbon atoms but different numbers of oxygen atoms. These
species have likely undergone oxidation, resulting in highly oxygenated
species and an increase in the OSc.

3.4. Polyunsaturated or polyaromatic products of oxidation

To assess the presence of different chemical classes in the products of
oxidation, we calculated the modified Aromaticity Index (AImod) for all
detected chemical formulas: AImod= [1+ C – (0.5×O) –(0.5×H)]/[C –
(0.5 × O)], with C, H, and O being the number of carbon, hydrogen, and

oxygen atoms, respectively [25,44]. Based on the AImod value, oxidation
products were classified into five chemical classes define based on pre-
vious works [45]: (1) aliphatic compounds (AImod ≤ 0), (2) olefinic and
naphthenic products (0 < AImod ≤ 0.3), (3) highly unsaturated chem-
icals (0.3< AImod≤ 0.5), (4) aromatic compounds (0.5< AImod≤ 0.67),
and (5) condensed aromatics (0.67 < AImod). Fig. 5 shows the relative
frequencies of all oxidation products obtained during the oxidation of
the three hydrocarbons at 680 K. In the histograms shown in Fig. 5, each
bar represents the fraction of chemical formulas found in a specific AImod
range. Since only the chemical formulas having signal intensities≥ 5000
counts, the effect of the variation of ionization cross sections across
chemical classes should not be critical. According to this figure, during
the oxidation of 1M1CHX in the JSR (3000 ppm, 10 bar, T = 680 K, ϕ =

0.5, τ = 2 s), the majority of the formed species belong to the olefinic and
naphthenic compounds family (38.5 %). In contrast, for 3M1CHX and
4M1CHX, olefinic and naphthenic compounds (33.6 % and 29.4 %,
respectively) and aliphatic compounds (33.3 % for 3M1CHX and 31.6 %
for 4M1CHX) are produced in almost equal amounts, thus representing
the majority of the formed products. For all three fuels, we observed
moderate formation of aromatic compounds (9 %, 8.5 %, and 13.2 % for
1M1CHX, 3M1CHX, and 4M1CHX, respectively) as well as polyaromatic
compounds (8.9 %, 7.7 %, and 10 % for 1M1CHX, 3M1CHX, and
4M1CHX, respectively). These species are generated in minimal relative
quantities and are comparable for all fuels. The same analysis was per-
formed for the products obtained during the oxidation of MCHX isomers
at 620 K in the JSR. The relative frequencies of the chemical classes of
oxidation products obtained during the oxidation of the three hydro-
carbons at 620 K are presented in Figure S6 (Supplementary Informa-
tion). The results are similar to those obtained at 680 K; the formation of
aromatic and poly-aromatic species is also observed. Additionally, as
mentioned above, species on the vertical line with O/C= 0 (line 1) in the
VK graphs (Fig. 3) could correspond to polyunsaturated hydrocarbons,
aromatic, and poly-aromatic species. Among these species, chemical
formulas CnH4 (n = 4–21, n = 4–22, and n = 4–16 for 1M1CHX,
3M1CHX, and 4M1CHX, respectively) and CnH6 (n = 4–19, n = 4–34,
and n = 4–7 for 1M1CHX, 3M1CHX, and 4M1CHX, respectively) were
observed for all MCHX isomers. To gain further precision about the
chemical classes of these species, we zoomed in on the VK diagrams in
the region of 0 ≤ O/C ≤ 0.5 and H/C ≤ 1 and calculated the relative
frequencies of AImod for species present in this zone. Fig. 6 illustrates the
VK diagrams and the relative frequencies of the chemical classes of these
products. Unexpectedly, aliphatic and olefinic/naphthenic classes were
absent. The majority of species in this zone correspond to aromatic
compounds (48 %, 51 %, and 54 % for 1M1CHX, 3M1CHX, and
4M1CHX, respectively) followed by poly-aromatic compounds (33 %,
39%, and 37% for 1M1CHX, 3M1CHX, and 4M1CHX, respectively), and
the remaining are highly unsaturated compounds (19 %, 10 %, and 9 %
for 1M1CHX, 3M1CHX, and 4M1CHX, respectively).

Whereas computing AImod allows assessing the presence of aromatic
hydrocarbons in the products of oxidation, calculating the aromaticity
equivalent index (Xc= [3 (DBE – m×O) – 2] / (DBE – m×O), with m=

1) was claimed to be more useful [26]. Thus, Xc were calculated for the
products of oxidation of MCHX isomers. Using this value, all oxygen
atoms are considered to form π bonds with carbon atoms. Under this
assumption, the quantity of aromatic and poly-aromatic species is
underestimated. This approach evaluates the minimal probability of the
presence of aromatic species among the oxidation products. The chem-
ical formulas are sorted based on their Xc values. Referring to the work
of Zhang et al. [46] and Yassine et al. [26], Xc ≥ 2.5 is considered
corresponding to aromatic species, and Xc ≥ 2.7143 to condensed aro-
matic species. Fig. 7 displays the presently obtained results.

It is observed that during the oxidation of MCHX isomers, numerous
aromatic and poly-aromatic species are formed with 0 ≤ H/C < 1.7 and
0 ≤ O/C < 0.5. The distribution of the number of carbon atoms in the
aromatic compounds formed during the oxidation of 1M1CHX at T =

680 K ranges from 6 to 28. For those produced during the oxidation of
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3M1CHX and 4M1CHX, it ranges from 6 to 23 carbon atoms and from 5
to 29 carbon atoms, respectively. Concerning condensed aromatic spe-
cies, the distribution ranges from 13 to 51 carbon atoms for 1M1CHX,
from 13 to 55 carbon atoms for 3M1CHX, and from 11 to 55 carbon
atoms for 4M1CHX. Additionally, it is noted that the majority of the
products with O/C= 0 and H/C≤ 0.7 correspond to condensed aromatic

species (2.7 < Xc ≤ 3). Furthermore, most of the species formed with an
O/C value lower than approximately 0.25 correspond to aromatic
compounds (2.5 ≤ Xc ≤ 2.7).

For the products obtained from the oxidation of 1M1CHX in the JSR
at 680 K with 2.5 ≤ Xc ≤ 3, it is observed that 55.7 % of these products
correspond to aromatic compounds, while 44.3 % correspond to

Fig. 3. VK diagrams of oxidation products from (a) 1M1CHX, (b) 3M1CHX, and (c) 4M1CHX with up to 5 oxygen atoms, formed in the JSR (3000 ppm, 10 bar, T =

680 K, ϕ = 0.5, τ = 2 s) and detected by FIA-APCI (+/–)-HRMS. ‘O-atoms’ indicates the number of oxygen atoms in chemical formulas.
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condensed aromatic compounds. Conversely, for the products obtained
from the oxidation of 3M1CHX under the same conditions, the majority
consists of aromatic compounds (66.3 %). In the case of the products
obtained from 4M1CHX, there is a very close percentage between simple
aromatic compounds (48.1 %) and condensed aromatic compounds
(51.9 %).

The formation of aromatics and poly-aromatics under cool flame
conditions was also observed in our previous study on the oxidation of

Fig. 4. Overview of the distribution of MCHXs oxidation products observed by
APCI+/–, FIA-HRMS, (a) 1M1CHX, (b) 3M1CHX, and (c) 4M1CHX. The
oxidation state of carbon is plotted as a function of the number of C-atoms. The
color coding indicates the number of O-atoms in the chemical formulas.
Different symbols are used for the different numbers of O-atoms to help the
reading. Although soft ionization was used, one cannot exclude some of the
detected chemical formulas derive from fragmentation in the ionization source.

Fig. 5. Relative frequencies of the different chemical classes observed during
the oxidation of (a) 1M1CHX, (b) 3M1CHX, and (c) 4M1CHX in the JSR (3000
ppm, 10 bar, T = 680 K, ϕ = 0.5, τ = 2 s). APCI+/–, FIA-HRMS data were used
for these plots.
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two monoterpenes, i.e., limonene and α-pinene [22]. These compounds
have structures similar to the MCHX isomers presented in this work, but
they are more complex. The formation of aromatic and poly-aromatic
products was not expected under cool flame conditions. It appears
that during the oxidation of cyclic alkenes, a similar oxidation mecha-
nism leading to the formation of aromatics occurs. However, no reaction
mechanism describing their formation under these conditions has been
presented in the literature. Nevertheless, one can propose that it results
from successive H-atom abstraction on the fuels, similarly to what was
proposed for the formation of benzene from cyclohexane cool-flame in a
rapid compression machine [21]. Further investigations are needed,
particularly due to their significant environmental impact. This impact
is largely attributed to their high persistence, resulting from their
chemically stable structures and resistance to biodegradation [47].

4. Conclusions

The oxidation in a JSR under cool flame conditions of three meth-
ylcyclohexene isomers produced a large set of complex oxidation

products detected by HRMS. These products include derivatives from
the decomposition of γ-KHPs, which contain both carbonyl and car-
boxylic acid groups, as well as other oxidation products with similar
functional groups. Whereas the formation of benzene has been observed
earlier during the oxidation of cyclohexane at 480 ◦C and 500 Torr and
that benzene production was measured during the oxidation of cyclo-
hexane, cyclohexene, and 1,3-cyclohexadiene in a rapid compression
machine under stoichiometric cool-flame conditions and elevated pres-
sure (7 to 14 bar), in the present work, the formation of aromatics,
polyaromatic hydrocarbons, and polyunsaturated products was
observed in cool-flame conditions. The chemical classes of the products
were determined using graphic and chemometric tools (VK plots,
oxidation state of carbon, aromaticity index, and aromaticity equivalent
index). This work, extended from our previous studies on the oxidation
of terpenes, further demonstrates the complexity of reaction pathways
and chemical products formed under cool flame conditions. Beside the
quantitative GC data presented here, usable for kinetic modeling, the
other data obtained by HRMS are only qualitative. More work is needed
to provide enough data for kinetic modeling.

Fig. 6. VK plot for MCHXs oxidation products at 680 K (left) and frequency of occurrence of chemical classes (right). APCI+/–, FIA-HRMS data were used in these
plots. Only species with 0 ≤ O/C ≤ 0.5 and H/C ≤ 1 are considered in these plots.
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