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Abstract

This study concerns the oxidation of n-hexane. It was conducted in continuous flow fused-silica jet-stirred reactor
(JSR) at 10 atm and an equivalence ratio of 0.5. n-Hexane initial concentrations were (i) 2500 ppm with a mean
residence time of 1.5 s and (ii) 1000 ppm with a mean residence time of 0.7 s; we operated in the cool-flame regime
for temperatures ranging from 540 to 720K and 530 to 800K, respectively. Products were analyzed and quantified
in the gas phase using gas chromatography (with flame ionization, thermal conductivity, and quadrupole mass
spectrometry) and Fourier transform infrared spectrometry. Products of low-temperature oxidation were sampled
in the JSR and trapped in acetonitrile for characterization using an Orbitrap Q-Exactive®. Flow injection analyses
(FIA) and ultra-high pressure liquid chromatography (UHPLC) coupled with atmospheric pressure chemical
ionization (APCI +/- modes)- high resolution mass spectrometry (HRMS) analyses were used to characterize
hydroperoxides (CsH140,), keto-hydroperoxides (CsH1203, CsHgO3, CaHsO3, and CsH1003), cyclic ethers (CsH120),
carboxylic acids (C; to Cg), ketones (Cs to Cs), diones (CeH1002), unsaturated ketones (CeHi0O and CgHsO),
unsaturated diones (CsHsO3), and highly oxygenated molecules (CsH1204.8) produced by addition of three and four
oxygen molecules on fuel’s radicals. To confirm the presence of hydroxyl or hydroperoxyl groups in the oxidation
products we used H/D exchange with D,0. 2,4-Dinitrophenylhydrazine (2,4-DNPH) derivatization was used to
characterize and confirm the presence of different carbonyls which can be formed during the low temperature
oxidation of n-hexane. An available kinetic reaction mechanism including 3" O, addition on fuel’s radicals was
used to simulate the formation of the presently detected keto-hydroperoxides (KHP) and highly oxygenated
molecules (HOMs).
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1. Introduction

Normal and branched alkanes are major constituents of commercial liquid fuels [1-3]. Recently, n-alkanes such
as n-hexane have been used as additives to conventional fuels for improving the combustion properties and
efficiency of diesel engines [4-6]. The ignition, combustion, and oxidation of primary reference fuels has already
been the topic of many studies conducted over a wide range of conditions. Techniques such as shock tubes, rapid
compression machines, burners, combustion chambers, reactors, and piston engines have been used. In comparison,
the oxidation of intermediate length alkanes such as n-hexane has received less attention. Previous studies have
focused mainly on the high-temperature oxidation of n-hexane, while few studies have been conducted under low-
temperature oxidation regime. Burcat et al. have reported ignition delay times for n-hexane-O,-Ar mixtures in a
shock tube over a range of temperatures (10201725 K) and pressures (1-7 atm) [7]. Zhukov et al. have determined
ignition delay times for n-hexane over an higher range of pressures (~11-244 atm) and still high-temperatures (822—
1380 K) [8]. Mével et al. [9] have studied the atmospheric pressure oxidation of n-hexane in a flow reactor at low
temperatures (450-1000 K). More recently, Wang et al. [10] have reported a study of the atmospheric pressure
oxidation of the five hexane isomers at low-temperature (550-1000 K) in a JSR. They have measured intermediates
and products concentrations by both gas chromatography and synchrotron-based mass spectrometry [11]. Cyclic
ether isomers mainly formed in the NTC region have been identified and quantified. At the same time, Zhang et al.
[12] have reported an extensive set of experimental data for n-hexane oxidation: ignition delay times of
stoichiometric n-hexane mixtures in synthetic air (21% O and 79% diluent) determined using a rapid compression
machine and a shock tube (627-1365 K, 15-32 bar), and speciation in a JSR (530-1160 K, 10 atm). These data
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were used by Zhang et al. [13] to update a detailed Kinetic reaction mechanism for n-hexane oxidation. Later, Wang
and Sarathy [14] extended the model of Zhang et al. [13] by introducing the third addition of molecular oxygen on
fuel’s radicals. Nevertheless, under piston engines operating conditions, i.e., low-temperature and high-pressure
conditions, there is a lack of data for the complex pool of intermediates governing ignition and pollutants formation
[15]. Relatively few studies have reported the formation of elusive low-temperature oxidation products, e.g. fuel’s
hydroperoxides (ROOH), keto-hydroperoxides (KHPs) [16-24], and highly oxygenated molecules (HOMS). Such
species were recently observed in oxidation experiments involving a JSR and Molecular beam- synchrotron-
vacuum UV-Photoionization-TOF MS and/or HESI- or APCI-Orbitrap® (heated electrospray ionization,
atmospheric pressure chemical ionization), conducted for a range of fuels [15, 25-34]. Besides the autoxidation
route considered in combustion yielding ketohydroperoxides, i.e., fuel + X* ("'OH, H’, O°, HO;", O;...) —» R" + XH;
R + O; - ROO" — "QOOH (H-shift); ‘QOOH + O, — "*O0OQOOH — HOOQ’=0 + "OH, a pathway involving
peroxy radicals’ self-reaction, considered in atmospheric chemistry but neglected in combustion, can play a role,
i.e.,, 2RO0O" — ROOOOR — 2 RO’ + O7; RO*— "QOH (H-shift); ‘QOH + O, — "*O0QOH — OQ’OH + "OH.

HOMs formation is usually ignored in combustion while they represent major intermediates for the formation
of secondary organic aerosols in the atmosphere [35]. The separation of KHPs formed by oxidation of large
hydrocarbons has been pursued using chromatography and detection by UV absorption or mass spectrometry [16-
24], but until recently the authors faced technical limitations. With recent powerful analytical techniques such as
ultra-high pressure liquid chromatography (UHPLC), and high-resolution mass spectrometry (Orbitrap®) one can
improve the characterization of complex low-temperature oxidation products [29, 31-34, 36].

As part of ongoing efforts for increasing our knowledge of fuels’ cool-flame oxidation mechanisms, a series
of experiments were conducted in a JSR. They aim to better characterizing the low temperature oxidation products
of n-hexane. To this end, gas chromatography (GC), Fourier Transform Infrared spectrometry (FTIR), liquid
chromatography (UHPLC) and Orbitrap were used. Hydroperoxides, unsaturated hydroperoxides, keto-
hydroperoxides, diones, ketones, aldehydes, carboxylic acids, cyclic ethers, and extensively oxygenated molecules,
formed via multiple O, additions on fuel’s radicals and H-shifts, were detected using soft chemical ionization (APCI
+/-) and high-resolution mass spectrometry (HRMS). A chemical kinetic scheme involving HOMs formation routes
[14] was tested against the present data.

2. Experimental
2.1 Experiments in a JSR

We conducted experiments in a JSR described earlier [37] and used in previous works addressing the kinetics
of oxidation of gas and liquid fuels, e.g., [38-40]. The JSR is located inside a temperature-controlled oven (ca. 1.5
kW), which maintains the reactor at the desired working temperature, surrounded by insulating ceramic wool and
a pressure-resistant stainless-steel housing. The temperature of the JSR was varied stepwise. As before [41] n-
hexane (>99% pure from Sigma Aldrich) was atomized and vaporized using an in-house setup. The fuel-N and O»-
N2 mixtures flowed separately to the four JSR injectors (nozzles of 1 mm 1.D.) to avoid premature fuel oxidation.
N2 and O flow rates were controlled by mass flow meters (Brooks). n-Hexane was pumped by means of an HPLC
pump (Shimadzu LC10 AD VP) equipped with an online degasser (Shimadzu DGU-20 A3). Table 1 gives the
experimental conditions. To better probe the formation of highly oxygenated products, besides operating with 1000
ppm of n-hexane, as in our earlier works, we performed experiments with higher fuel concentrations (2500 ppm).

Table 1. Experimental conditions.

Condition 1 Condition 2
Initial fuel, Oz,_and N> 2500 ppm, 4.75 %, 95 % | 1000 ppm, 1.9 %, 98%
concentration
Equivalence ratio (¢) 0.5 0.5
Residence time 15s 0.7s
Pressure 10 atm 10 atm
Temperature range 540 to 720 K 530 to 800 K

Pt-Pt/Rh-10% thermocouples (wires of 100 um insulated inside a thin-wall fused-silica housing) were used to
check thermal homogeneity throughout the vertical axis of the reactor. Gradients of < 1 K/cm were measured. A
movable low-pressure fused-silica sonic probe was used to take samples for analyses. Products were analyzed in
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the gas phase by GC (with flame ionization-FID, thermal conductivity-TCD, and quadrupole mass spectrometry)
and online FTIR. External calibration was used for quantifications.

Cool-flame products, e.g., hydroperoxides, cyclic ethers, keto-hydroperoxides (KHPs), di-keto-hydroperoxides,
keto-di-hydroperoxides, and other highly oxygenated products were also measured. Gas samples exiting the sonic
probe were directed to an amber glass vial filled with acetonitrile for 75 min (0°C, 25 mL). The sample solutions
were stored at -15°C in a freezer for future chemical analyses.

2.2 Orbitrap analyses

We followed the procedure described in recent publications [29, 32, 42-45]. Oxidized products were analyzed
by gas chromatography and reverse-phase liquid chromatography (Table 2). HRMS analyses were conducted by
flow injection (FIA). The liquid samples were injected into the APCI chamber of an Orbitrap® Q-Exactive mass
spectrometer (resolution m/Am =140,000 at m/z 200; mass accuracy <1 ppm RMS). The instrument allows for
‘exact mass’ measurements, not attainable with other techniques such as Q-ToF or time-of-flight MS (mass
resolution ca. 4000). Also, UHPLC-HRMS (Thermo Scientific) was used. Soft ionization of samples was done
using an lon Max® atmospheric pressure chemical ionization (APCI) in positive and negative modes (Table 3).
This technique is suitable for the detection of moderate polarity compounds, such as the products of low-
temperature oxidation of n-hexane. MS-MS analyses were conducted at higher energy collisional dissociation
(HCD) of 10 eV in order to determine the chemical structure of products based on their fragments.

Table 2. Gas-phase chromatography and reverse-phase liquid chromatography analyses conditions.

GC UHPLC
Coupling of two capillary columns: Cis (Phenomenex
Analytical column CP-Sil 5CB (1.2 pm, 0.32 mm, 25m) and Luna, 1.6pm, 100 A,
DB-1 (3 um, 0.53 mm, 30m) 100x2.1 mm)
Constant at 35°C for 30 min, increasing by
Oven temperature 1°C/min until 60°C, increased by 10°C/min 40°C

until 200°C. keep 200°C for 1 min.

Water/Acetonitrile

Carrier gas (1) Helium and (2) nitrogen Elution gradient: 3 to
mobile phase Flow rate (1) 1.5 ml/min and (2) 15 mL/min 100% ACN.
Flow rate 250 pl/min
Analysis duration (1) 70 min and (2) 1.5 min 18 min
Detector (1) FID, MS (quadrupole), (2) TCD HRMS (Orbitrap)

Table 3. APCI settings during FIA and UHPLC-MS analyses

FIA UHPLC

ek | ses | =
Sheath gas flow (a.u) 10 50
Auxiliary gas flow (a.u) 1 10
Sweep gas flow (a.u) 0 0

Capillary temperature (°C) 150 150

Vaporizer temperature (°C) 100 150

Corona discharge current (pnA) 4105 4105
Spray voltage (kV) 4.2 4.2

To verify the presence of -OOH and -OH groups in the oxidized products, as previously [28, 29, 32], we

used the fast OH/OD exchange. To this end, 300 uL of D-O (99.98%, Sigma-Aldrich) were introduced into 1 mL

of oxidation samples (n-Hexane 2500 ppm, 600 K and 10 atm). We let reaction proceed for 20 min before analyses

in FIA, UHPLC coupled with Orbitrap mass spectrometer using APCI (+/-) modes. A 2,4-DNPH derivatization

was used in order to confirm the presence of carbonyl (ketone and aldehyde) function by formation of
3



DNPHydrazone derivatives (Fig. 1). The detailed mechanism is presented in Supplementary Material (Fig. S1). 20
uL of a diluted H3PO4 solution (50 pL of acid in 1 mL of ACN) and 100 ul of a saturated solution of 2,4-DNPH (2
g in 100 ml of ACN) were added to 1 ml of n-hexane oxidized sample (600K). Negative mode APCI was used to
ionize DNPHydrazone derivatives.
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HN
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\N
HN/
N o 0
° )k H+ N\O_
+ —_—
R R h0
N carbonyl
NS +
N\ _
o

/ _
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2,4 DNPH DNPHydrazone
derivative

Fig. 1. Reaction of derivatization of carbonyl compounds with 2,4-DNPH.

3. Modeling

Simulations were conducted using PSR [46] from the Chemkin Il package [47]. Third O, addition reactions
were presented in the recent kinetic reaction mechanism proposed by Wang and Sarathy [14]. Low- and high-
temperature chemistry are implemented in that scheme which involves 1188 species for 4959 reactions in total. The
simulations showed that in the low-temperature oxidation region, n-hexane mainly reacts via H-atom abstraction
by hydroxyl radicals coming from the decomposition of the KHP?* and KHP3® (Table 4). A shift in temperature
was observed of all concentration profiles between the modeling and the experiments. The model predicts n-hexane
oxidation starts ~ 40K lower than in the experiments. In order to verify the validity of the present data, we repeated
the experiments used to validate that model and found good agreement (Fig. 2) between three sets of experimental
data obtained over a period of 6 years and using different JSR.
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Fig. 2. Fuel profile for the oxidation of (a) 1000 ppm initial of n-hexane at a pressure of 10 atm, (¢ = 0.5,
residence time of 0.7 s); other species profiles are presented in Figure S2 (Supplementary Material). (b) 2500 ppm
of n-hexane (¢ = 0.5, residence time of 1.5 s). Open triangles are the present experiments, squares are the data from
Zhang et al. [12], stars are unpublished data from our laboratory and the lines represent the modeling results using
the mechanism proposed in [14].



Table 4. Structure of fuel’s radicals, hydroperoxides and KHPs obtained by oxidation of n-hexane.

Initial radicals formed by H-atom abstraction on n-hexane
Hie > ‘ SCH A~~~ ‘ “eH
Hydroperoxides deriving from the oxidation of n-hexyl radicals
HOO-CH2-CH2-CH2-CH2-CH2-CHs |  CH3-CH(OOH)-CH2-CH2-CH2-CHs |  CH3-CHy-CH(OOH)-CH,-CH,-CHs
KHPs deriving from n-hexyl radicals’ oxidation
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For temperature under ~ 900 K, the three hexyl radicals get peroxidized by reaction with O.. Three alkyl
hydroperoxides can be produced after H-atom abstraction (Table 4). Internal H-shift in alkylperoxy radicals yields
an alkyl hydroperoxyl radical. After a second addition of molecular oxygen followed by internal H-shift and
decomposition, up to 15 keto-hydroperoxides can be produced (Table 4). The literature model considered here [14]
includes the 3" O, addition pathway yielding highly oxygenated products.

4, Results and discussion

n-Hexane oxidation was conducted in a JSR at 10 atm (Table 1). It yielded a wide range of products. Figure 3
presents a comparison of the present data obtained for the oxidation of 2500 ppm of n-hexane (see Table 1) and
simulations. We can notice that the kinetic modeling fails to represent the production of some chemical species.
For example, an overestimation of the formation of formic acid and an underestimation of acetic acid, methanol,
and ethanol is noticeable. Underpredictions could be due to the absence of some reaction pathways in the kinetic
model. The over-prediction of HCOOH, which at 600 K, is mainly produced via the oxidation of formaldehyde by
OH’ yielding HOCH.O", which in turn produces 72% of formic acid by decomposition, could be due to the use of
inappropriate kinetics in the model. In the kinetic model, acetic acid formation proceeds through the decomposition
of 4-hydroperoxyhexan-2-one (65%) and 3-hydroperoxyhexanal (35%). Possibly, additional pathways are required
to increase acetic acid formation, or the rate constants used in the kinetic mechanism are too slow. In the kinetic
model, at 600 K, methanol is mainly formed via three channels: self-reaction of CH300" (34%), H-atom abstraction
by CHsO" on formaldehyde (32%), and reaction of CH;00" with OH' (20%). At 600 K, the formation of ethanol is
mainly due to H-atom abstraction by ethoxy radicals on methylhydroperoxy radicals (66%) and hydrogen peroxide
(24%). The inclusion of other reactions of this type could increase ethanol production.



Figures 2 and 3 show that the kinetic model overestimates n-hexane oxidation rate below 620K. HRMS analyses
allowed to observe many oxygenated products: CsH120x (x=1-7), CeH100x (x=1-6), CeHsOx (x=1-6), C¢HsOx (x=1-
6), CeHaOx (x=3-5), CiHan (n=4-6), CnHznz (n=4-6), CiH20 (n=3-6), CiH2n20 (n=3-6), CyH240 (n=3-6),

CnH2n+202 (n=6), CnH2n02 (n=2—6), CnH2n-20- (n=3—6), CnH2n402 (n=3—6), and CyH2n03 (n=1—6).
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Fig. 3. Oxidation of 2500 ppm of n-hexane in a JSR (10 atm, ¢ = 0.5, residence time of 1.5 s). Data obtained by
GC-FID-TCD and FTIR (symbols) are compared to simulations using the model proposed earlier [14]. Results for
the fuel are presented in Fig. 2b.

The present study indicated that besides keto-hydroperoxides, more oxygenated products are formed via multiple
additions of O on the fuel’s radicals (R) and H-shifts (Scheme 1).
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Scheme 1. Autoxidation pathways to ketohydroperoxides and HOMs after 4 molecular oxygen additions and
multiple H-shifts.

In this study, we observed the products of second to 4th O addition on the radicals from the fuel. The results
presented in the next paragraphs confirm the extended oxidation pathways proposed earlier to rationalize
experimental observations made in a JSR with molecular beam-time of flight mass spectrometry-synchrotron
vacuum ultraviolet photoionization [15, 28] and JSR-Orbitrap experiments [29, 32-34]. After the formation of
peroxy radicals (RO>), other oxygenated species are produced, such as alkyl-hydroperoxides: RO, + R’H — ROOH
+R’, ROz + HO; — ROOH + Os.

ROOH formation was detected here (Tables 4 and 5). Diols have the same global formula. It has been proposed
that diols originate from di-hydroperoxides reactions [21].

CGH14O2

A  UHPLC (positive APCI)
®  UHPLC (negative APCI)

Mole fraction (x1 0‘6)

SéO 6(|)0 64LO GéO 750

Temperature (K)
Fig. 4. Comparison of data (symbols: circle positive APCI, triangle negative APCI) and simulations (line) using
the model of Wang [14]. The raw data are scaled to simulations using a mechanism proposed earlier [14].
Experimental errors are estimated to be less than 40%, as before [29, 32].

Their presence in the products could be verified by observing the formation of products of two H/D exchanges
(Table 5). UHPLC/MS analyses using APCI (+/-) modes showed the presence of several chromatographic peaks
with very low intensity, of the order of 10* (Supplementary Material, Fig. S3). This can be explained by the
instability of hydroperoxides. Figure 4 shows the variation as a function of temperature of the integrated ROOH
signal obtained by UHPLC-Orbitrap. Computations using a literature model [14] show a maximum difference of
~100 K between experimental and computed peak of concentration for ROOH. Rodriguez reported that the
discrepancies between modeling and data could be reduced by increasing the activation energy of ROOH
decomposition by several kcal/mol [48]. More temperature deviations between data and simulations were observed
for other products, as presented in the next paragraphs.

ROOH can undergo H-atom abstraction followed by O addition and intramolecular rearrangement reactions
and form unsaturated ROOH or hexenyl hydroperoxides by two different mechanisms (Fig. 5). A signal
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corresponding to C¢H120 species was detected in both positive (CsH1302", m/z 117.0910) and negative (CsH110:",
m/z 115.0764) ionization modes. CsH1202 can also correspond to other molecules, such as hydroxy ketone/aldehyde.
Unsaturated ROOH being less stable than hydroxy ketone/aldehyde molecules, comparison of CgH1302"
chromatograms (Fig. 6) after a period of 7 weeks showed that some chromatographic peaks had decreased in
intensity. Thus, the latter may correspond to unsaturated hydroperoxides (Rt 3 to 5 min). Stable compounds can
correspond to hydroxy ketone/aldehydes. Furthermore, the DNPH derivatization allowed to observe the formation
of many CsH1,0O, dinitrophenyl-hydrazone derivatives (which means the presence of a carbonyl function
(Supplementary Material, Fig. S4). The comparison between the different chromatographic peaks of CgH120;
(positive APCI CgH130,") before derivatization with DNPH and those remaining after derivatization, shows that
the peaks which have not diminished (Rt 3 to 5 min), represent compounds which do not react not with DNPH, the
latter may be unsaturated hydroperoxides. However, the peaks whose intensity has decreased (Rt after 5 min)
correspond to molecules having a ketone or aldehyde function which reacts with DNPH (Supplementary Material,

Fig. S5).
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Fig. 5. Formation pathways for hexenyl hydroperoxides during the low temperature oxidation of n-hexane.
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Fig. 6. Chromatograms showing formation of CsH120.. The analyses were performed using a C1¢ UHPLC-APCI
(+) (CsH1302*, m/z 117.0910). Comparison between analyses carried out shortly after sample collection and after
7 weeks.
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Fig. 7. Comparison of data (Orbitrap data scaled to modeling results, symbols) and modeling (line) of Cs¢H120-
formed during oxidation of 2500 ppm of n-hexane (¢ = 0.5, residence time of 1.5 s, and 10 atm).
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Figure 7 shows reasonable agreement between modelling and experimental results, although the production of
CsH120: is overestimated below ca. 640 K. Table 5 summarizes the results obtained for the oxidation of 2500
ppm of n-hexane (See Table 1). The analyses were performed by FIA-HPCI +/-.

Table 5. Products of oxidation of 2500 ppm of n-hexane in a JSR at 600 K and 10 atm. H/D exchange done by
addition of D,0.

M Compounds lonization mode
(g/mole) APCI (+) APCI ()
Formula Name m/z Signal m/z Signal
[M+H]* (a.u) [M-H] (a.u)
56 C3H40 Acrolein and isomers 57.0335 1.4E7 55.0232 1.5E4
60 C2H402 Acetic acid and isomers 61.0283 3.1E5 59.0139 1.1E8
61 C2H3D102 Acetic acid-d; 62.0346 1.6E5 60.0201 7.2E8
74 C3HsO2 Propanoic acid and isomers 75.0439 4.0E5 73.0295 5.7E7
75 C3HsD;102 Propanoic acid and isomers-d; | 76.0501 4.2E5 74.0358 3.7E6
88 C4HsO2 Butyric acid and isomers 89.0594 4.1E5 87.0452 1.3E7
96 CsHsO Keto hexadiene and hydroxy 97.0646 3.5E7 95.0503 7.0E5
hexatriene
97 CeH;D:10 hydroxy hexatriene-d; 98.0709 7.4E6 - -
98 CeH100 Keto hexene and hydroxy 99.0802 3.2E8 97.0660 3.1E5
hexadiene
99 CeHgD10 hydroxy hexadiene-d; 100.0864 1.2E8 - -
100 CeH120 Cyclic ethers, hexanone and 101.0958 6.7E7 99.0816 5.3E3
hexanal
101 CeH1.D,0 Hexanal-d; 102.1020 | 3.8E7 100.0877 | 2.6E3
114 CeH1002 Hexanedione and keto-enols 115.0753 4.6E8 113.0609 7.7E7
115 CsHgD102 Keto-enols-d; 116.0812 | 5.5E8 114.0671 | 1.7E7
116 CesH120; Unsaturated ROOH, Hydroxy 117.0908 | 2.6E7 115.0765 | 9.7E5
ketone/aldehyde and hexanoic
acid
117 CeH11D10; Hexanoic acid and isomers-d; 118.0968 4.6E6 116.0828 3.0E4
118 CsH140; Diol-ROOH 119.1063 | 4.6E4 117.0923 | 2.8E3
119 CeH13D10; Diol-ROOH-d; 120.1126 1.0E4 - 8
120 CeH12D20; Diol-d, 121.1188 | 8.0E2 - 8
128 CsHgO3 Triketones and diketo-enols 129.0543 1.2E7 127.0401 3.4E8
129 CesH7D103 diketo-enols-d; 130.0606 | 9.5E6 128.0464 | 1.7E8
130 CeH1003 Unsaturated KHP and keto-acid | 131.0701 | 8.2E6 129.0557 | 1.9E8
131 CeHgD103 Unsaturated KHP and Keto 132.0762 1.1E7 130.0619 | 9.6E7
acid-d;
132 CsH1203 Keto-hydroperoxide 133.0856 1.3E6 131.0713 9.7E7
133 CsH11D103 Keto-hydroperoxide-d; 134.0918 2.5E6 132.0777 | 4.7E7
142 CeHsO4 Tetraketone 143.0336 5.6E4 141.0193 2.9E7
146 CsH1004 Diketo-hydroperoxide 147.0648 2.3E6 145.0506 8.8E7
147 CsHyD104 Diketo-hydroperoxide-d; 148.0711 4.1E6 146.0569 2.6E7
148 CesH1204 Hydroxy ketohydroperoxides 149.0805 | 2.6E4 147.0662 | 2.3E6
149 CeH11D104 Hydroxy ketohydroperoxides-d; | 150.0868 1.1E5 148.0725 | 2.0E6
150 CesH10D204 Hydroxy ketohydroperoxides-d, | 151.0931 | 7.2E4 149.0788 | 3.5E5
160 CsHsOs Triketo-hydroperoxide 161.0442 3.3E3 159.0299 1.2E7
161 CsH7D105 Triketo-hydroperoxide-d; - 8 160.0362 | 1.4E6
164 CsH1205 Keto-dihydroperoxides 165.0767 3.9E3 163.0612 1.2E6
165 CsH11D10s Keto-dihydroperoxides-d - 8 164.0675 3.3E5
166 CsH10D20s Keto-dihydroperoxides-d, - - 165.0740 3.2E3
178 CsH1006 Diketo-dihydroperoxides - - 177.0405 | 4.7E5
179 CsHyD10s Diketo-dihydroperoxides-d. - - 178.0468 1.8E5
180 CsHsD20s Diketo-dihydroperoxides-d. - - 179.0531 1.6E4
180 CsH1206 Hydroxy keto dihydroperoxides | - - 179.0561 3.1E5
181 C5H11D105 Hydroxy keto - - 180.0624 3.8E5
dihydroperoxides-d;




182 CsH10D206 Hydroxy keto - - 181.0687 | 7.6E4
dihydroperoxides-d,

183 CeHoD30s Hydroxy keto - - 182.0752 5.4E3
dihydroperoxides-ds

196 CeH1207 Keto-trihydroperoxides - - 195.0511 | 4.9E4

197 CeH11D107 Keto-trihydroperoxides-d; - - 196.0573 7.9E4

198 CesH10D207 Keto-trihydroperoxides-d; - - 197.0636 1.5E4

199 CeHoD307 Keto-trihydroperoxides-ds - - 198.0698 8

210 CsH1208 Hydroxy keto - - 211.0459 | 5.2E3
trihydroperoxides

211 CsH11D10s Hydroxy keto - - 212.0525 | 1.1E4
trinydroperoxides-d;

212 CeH10D20g Hydroxy keto - - 213.0584 | §
trinydroperoxides-d;

213 CeHoD30g Hydroxy keto - - 214.0647 8
trihydroperoxides-ds

Note: 8§ under limit of detection; - Not detected.

Ci1s-UHPLC-MS-APCI (+) analyses of C¢H1203 (CsH1305", m/z 133.0856) showed the presence of several
chromatographic peaks that could be KHPs or other chemical species having the same exact mass (Fig. 8a).
Gaussian curve fitting algorithm was applied to separate the different contributions of the isomers in order to
calculate peaks areas and plotting their different profiles as a function of temperature. Thus, the peaks having the
same trend as the KHPs modeling were attributed to KHPs (Fig. 8a, peaks # 1, 2, 5, 6, 7, 8, and 9). The data were
compared to the KHPs modeling profile (Fig. 8b). CeH1303* (m/z 133.0856) MS/MS analyses (HCD 10 eV)
produced several fragments, some were identified and confirm the molecular structure of KHPs (Table 6). Some
fragments may be common to several KHP isomers. For example: CgH110,* (m/z 115.0749), CsH,O" (m/z 59.0490),
C3HsO* (m/z 57.0334), and C,HsO," (m/z 61.0283). However, some fragments (CsHgO, m/z 73.0645 and CsH-Oy,
m/z 87.0438) could not be used for the identification of KHPs isomers; these could result from intramolecular
rearrangements.

3.0x10° - 750
142 CeH,;0, KHP C4H,,0,

2.4x10° 600+
)
. =

> 1.8x10° = 450+
© ]

@ 1.2x10°+ @ 3004
o
=

6.0x10° 1504

52|0 56|‘>0 6(|)O 6£I10 6é0 750

(a) Time (min) (b) Temperature (K)
Fig. 8. (a) Chromatographic separation C¢H1203 (CsH1303" m/z 133.0856) isomers obtained by n-hexane oxidation
at 600 K. C15 UHPLC-APCI positive mode was used. (b) Formation of C¢H1203 KHPs: comparison of UHPLC data
(scaled to modeling results, symbols) and modeling (line) using the model of Wang [14]. The data were obtained
by integration of UHPLC-HRMS APCI (+) signal (m/z 133.0859) and scaled to the computed maximum
concentration. Experimental errors are estimated to be less than 40%, as earlier [29, 32].

The signal attributed to KHPs abruptly increases below the ceiling temperature. It reaches a maximum at a
temperature corresponding to ~60% conversion of n-hexane (~590 K). Such matching has been observed earlier in
JSR experiments conducted near 1 bar (~550 K [49] and ~530 K [15]). Figure 8b shows a comparison of the
experimental results (positive mode APCI) for the sum of the 7 KHPs and the simulations for n-heptane determined
under JSR conditions. This figure shows that the reaction mechanism used here [14] predicts the variation of KHPs
concentration as a function of temperature in the cool flame regime, while the computed mole fraction profile is
shifted towards lower temperatures in comparison with the data.
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Table 6. Structure of observed fragments in MS/MS analyses (HCD 10eV) of C¢H120; KHP isomers in APCI
positive mode (C¢H1303", m/z 133.0856).

m/z and molecular molecular structures
formula
57.0334 o
CsHsO ¢ )]\CH;
(@]

61.0283 _OH
C2H502 H?+/CH3 (e}

HO-O H2C+
99.0804 o 0
CGHllO )k ~" )J\/\CH+/

Loss of OOH CH

115.0749
CeH110: of o o OH
Loss of H-0 and H H N o'
intramolecular or ! .
rearrangement o o " '[AJ‘L(]:' )Ol\j;;H o H CeHuO2
J N =5 —
. . o o
CeH,,05 CgH1305 OH 0 /ll\/cl:+
_ \/
H H C6H1102+
59.0490 o /on
CaH:0 T Py
<>
/U\CH+ cH \ C,H,0"
C6H1102
/(ljj\ o C,H,0"
<>
CH+/\( /U\CH+
OH OH
C:GHllOZ+

The Korcek mechanism [50] transforms y-keto-hydroperoxides into a range of more stable products
(ketones/aldehydes and acids). This pathway can modify the global rate of fuel ignition [14]. Computations on Cs
v-KHPs unimolecular reactions [51] have demonstrated that among 75 possible reactions, the Korcek mechanism
had the lowest transition state energy. Several ketones and carboxylic acids can derive from n-hexane’s y-KHP
decomposition, e.g., 2-butanone and acetic acid, acetone and propanoic acid, acetaldehyde and butyric acid (Fig.
9).
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Fig. 9. The Korcek mechanism for most probable n-hexane’s y-keto-hydroperoxides.

In Fig. 10 we present the formation of ketones/aldehydes and carboxylic acids detected as a function of
temperature.

600
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5001«  2-putanone (UHPLC)
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Fig. 10. Acids and ketones potentially produced through the Korcek mechanism during the oxidation of 2500 ppm
of n-hexane in a JSR (see Table 1). Data obtained by GC, FTIR and UHPLC (symbols) are compared to modeling
results (continuous line: 2-butanone, dotted lined: acetaldehyde, and dashed line: acetic acid). UHPLC-MS analyses
were conducted in APCI positive mode and the data were scaled to the corresponding quantitative GC and FTIR
data.

Figure 10 presents the concentration profiles for the acid-ketones/aldehyde pairs which could be formed
through the Korcek mechanism (CoH102/CsHsO, C3sHsO2/CsHsO, and CsHsO2/C,H40). The different analyses
(UHPLC Orbitrap, FTIR and GC-MS) did not allow the detection of butyric acid. Propanoic acid and acetone
signals were detected in UHPLC Orbitrap (+/-) modes. However, their profiles could not be plotted due to co-
elution (co-elution of acetone and propionaldehyde). Nevertheless, we could observe that the intensity of DNPH-
acetone is way less intense than that of DNPH-propionaldehyde (Supplementary Material, Table S2). Therefore, if
the formation of acetone occurs via the Korcek route, it should be of minor importance here. The decomposition of
the most favorable KHP via the Korcek mechanism, KHP?#, would yield acetic acid and 2-butanone. These products
were observed, with predominance of the acid. If the small production of 2-butanone is attributed to the Korcek
mechanism, again, it seems it is of minor importance whereas acetic acid can be produced through other routes.
The comparison between modeling and experimental profiles of the species which could be formed through the
Korcek mechanism reveals an overestimation of the production of 2-butanone by the kinetic model. Conversely,
acetaldehyde and acetic acid concentrations are underpredicted by the model.
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KHPs (CsH1203) may react via other reaction pathways. They can form lower mass KHPs (C3HgO3, C4HsO3
and CsH100s3) according to the mechanism proposed earlier [14] (Table 7).

Table 7. Formation of CsHsOs, C4sHsO3 and CsH1003 KHP’s isomers formed by decomposition of CsH1,03 KHPs
during the oxidation of n-hexane:

_OH 0 OH 0
i 1 )J\/Y OI i )]\/\/\
PO J 0
|
_0 OH
o " N J-on
o 'o - OH o
)]\)\/ i o o )]\/\/\ .
)J\/\( )\/”\/ >
. § |
.Y O 0 o
cH, + l i )]\/\
(@) O . .
P O
2 CH, + i "
o (6] l"'OZ o 2
)H l *O; .
0 o 0 )]\/\/\
. ] (@]
—_ le
+Ho, | 070 )]\Ao—d O¢J\/ +HO, o
-0, +HO, -0,
o +HO, -0, o
- )]\/\/\
o OH O o)
_ | I
CH (O) OH )]\/\O/OH O\)]\/ C5H1003 OH
sems C4H803 C:4H8()3

According to the kinetic scheme proposed earlier [14] the formation of three CsHsOs, five C4HgOs3, and ten
CsH1003 KHPs occurs in the following order of importance C3HgO3>> C4HsO3> CsH1003. UHPLC-MS APCI (+)
analyses revealed chromatographic peaks corresponding to these different KHPs, two peaks for CsHgO3 (C3H703",
m/z 91.0388), three peaks for CisHgOs (CsHgOs" m/z 105.0545) and five peaks for CsHi0Os (CsH11Os" m/fz
119.0702). The presence of a ketone function in these products was confirmed by DNPH derivatization
(Supplementary Material Table S1). UHPLC-HRMS analyses showed that the concentrations of Cs, C4, and Cs
KHPs reach a maximum at 600 K (Fig. 11).

A CBH 603

A 4, ® C,H,0,(x5)

B C.H,,0,(x10)

Mole fraction (x10'6)
f=N
o

S~

SéO SéO 6(|)0H 6;0 680 720
Temperature (K)

Fig.11. Concentration profiles for Cs, C4, and Cs KHPs (C3H;O3*, m/z 91.0388), C4HsO3 (C4HyO3*, m/z 105.0545)

and CsHi100s; (CsH1103%, m/z 119.0702). Comparison between UHPLC Orbitrap experimental data scaled to

modeling results (symbols) and modeling (CsHsOs: continuous line, C4HgOs: dashed line, and CsH1003: dotted line),

respectively.

n-Hexane oxidation at low temperature leads to the formation of other chemical species. Indeed, several aldehydes
(formaldehyde, acetaldehyde, acrolein, propionaldehyde, crotonaldehyde, etc.), ketones (2-pentanone, 2-hexanone
and 3-hexanone, Methy! vinyl ketone noted MVK) and diones (2.4-pentanedione) were identified by comparison
to pure standards or by DNPH derivatization and comparison with DNPHydrazone standards (either if carbonyl
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standard is not available or carbonyl mass is <50 uma). Tables S2 and S3 (Supplementary Material) illustrate the
identification of the different carbonyl compounds. Examples of comparison of MVK, methyloxirane, 2-pentanone,
and 2.4-pentanedione signals variation profiles obtained using UHPLC-HRMS and GC-MS are shown in Fig.12.
As for several chemical species mentioned previously, we noticed that there is a difference (~80 K) between
experimental and predicted peak concentration of MVK. The present model predicts the formation of MVK results
from the oxidation of 2-butanone (97%) and 2,3-epoxyhexane (3%). Formation pathways are given in Scheme 2.
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Fig.12. Formation of MVK (CsH;O* m/z 71.0491), methyloxirane (CsH-O* m/z 59.0491), 2-pentanone
(CsH110*, m/z 87.0804) and 2,4-pentanedione (CsHqO2*, m/z 101.0596). Comparison between experimental data
(UHPLC-HRMS-APCI+, squares and GC, triangles) and modeling results (line) for MVK.
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Scheme 2. Formation pathways of MVVK during low temperature oxidation of n-hexane.

It has been proposed that diones are produced through the decomposition of KHPs [52], or directly produced
by H-atom abstraction on KHPs. [53]: R® + CeH1203") — RH + CgH100," + OH*®
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(i and j represent the positions of carbonyl and OOH groups in KHPs). Roaming reactions of KHPs [54] to
produce a dione and water, and *OOQOOH decomposition [55] have also been proposed to explain diones
formation.

Here, several diones were observed as a function of temperature using UHPLC-MS analyses (Fig. 13a). Figures
13b and 13c show the variation of 2,5-hexanedione (Rt 4.17 min) and 2,4-hexanedione (Rt 4.35 min) signal
(CsH1102" m/z 115.0753). As noticed for several other cool flame products, experimentally, the formation of diones
peaks around 580K. UHPLC-MS analyses using negative APCI (Fig. 13a) reveal the presence of other C¢H100-
isomeric compounds which can be keto-enols. This possibility was verified by the occurrence of an H/D exchange
(Table 5).
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Fig. 13. Diones CgsH100, formation during n-hexane oxidation in a JSR: (a) chromatogram showing CsH100> using
Cis UHPLC-APCI analyses: full line APCI (+) m/z 115.0753, CsH110,*, dotted line APCI (-) m/z 113.0609, C¢HsOy
. (b) profile of 2,4-hexanedione, (c) profile of 2,5-hexanedione obtained by UHPLC-HRMS (square), GC-MS
(triangle) analyses. HRMS data are scaled to the corresponding quantitative GC data.

During n-hexane oxidation, several cyclic ethers can be produced in the NTC region. They are formed by
decomposition of alkyl hydroperoxides: QOOH — cyclic ether + OH.

UHPLC-MS signal corresponding to CsH120 isomers was detected in APCI +/- (m/z 101.0960, CsH130*) and
(m/z 99.0816 C¢H110Y), see Fig. 14a. The cyclic ethers profiles obtained by UHPLC-MS analysis were compared
to the modeling and to total signal of 2,5-dimethyl-THF and 2-butyloxirane obtained by GC-MS (Fig. 14b).
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Fig. 14. Cyclic ethers’ formation during n-hexane oxidation in a JSR. (a) Chromatograms for CsH1,0 showing
different isomers formed at 720 K: 2.5-dimethyl-THF trans & cis (Rt 7.67 and 7.97 min), 2-butyloxirane (10.13
min), 2-hexanone (9.02 min), 3-hexanone (9.26 min) and hexanal (10.64 min). Analyses were conducted in APCI
(+/-) modes CsH130%), m/z 101.0960 and CsH1:0, m/z 99.0816. (b) Comparison between experimental signal
(symbols): UHPLC (data scaled to modeling results, cyclic ethers integrated signal) and GC (2,5-dimethyl-THF
and 2-butyloxirane) compared to modeling results: total cyclic ethers (line), and sum of 2.5 dimethyl-THF and 2-
butyloxirane (dash).

CsH120 can also correspond to hexanone and hexanal. These molecules have been identified using
standards. UHPLC-MS and GC-MS analyses allowed observing the variation of their concentrations during the
cool-flame oxidation of n-hexane over the temperature range 540 to 720K (Fig. 15).
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Fig. 15. Formation of (a) 2-hexanone and (b) 3-hexanone during the oxidation of 2500 ppm of n-hexane in a JSR.
UHPLC APCI (+) mode (m/z 101.0960, C¢H130") (square symbols, scaled to quantitative GC data) compared to
GC-MS analyses (triangle symbols).

Figure 15 shows that 2-hexanone and 3-hexanone have two formation phases, which implies two different
chemical pathways over the low temperature oxidation of n-hexane. The first 2-hexanone formation peaks at a
temperature around 600 K. The MS signal decreases between 620 and 640 K and then increases again between 640
and 720 K. The 3-hexanone MS signal behaves similarly.

Thanks to the use FIA and UHPLC APCI (+/-), different hexenones were detected. For instance, keto hexene
C6H100 (CsH1:0* m/z 99.0802, CsHsO m/z 97.0660) (Fig.16a and b) and keto hexadiene CgHsO (CsHsO*, m/z
97.0646; CsH;0O", m/z 95.0503), see Fig. 17a and b. The presence of a carbonyl group has been confirmed by DNPH
derivatization (Supplementary Material, Table S1). However, the comparison of CsH10O (Fig. 16b) and CeHgO
(Fig.17b) chromatographic peaks before and after DNPH derivatization show a decrease of only some peaks
corresponding to isomers with a carbonyl function (CeH10O keto hexene and C¢HsO keto hexadiene), which
indicates that the other peaks (not reacting with DNPH) correspond to different CeHi100 and CsHgsO isomers. For
example, the presence of hydroxy hexadiene, C¢H100, and hydroxy hexatriene, CsHsO, could be responsible for the
observed H/D exchange reported in Table 5.
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Fig. 16. Formation of CsH100O during n-hexane oxidation. (a) Variation of keto hexene as a function of JSR
temperature. (b) Chromatographic peaks showing variation of the C¢H100 signal (CeH1:0*, m/z 99.0802) before
and after DNPH derivatization. Keto hexenes correspond to peaks with decreasing intensity after DNPH
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Fig. 17. Formation of CsHgO during n-hexane oxidation. (a) Variation of keto hexadiene as function as JSR
temperature. (b) Chromatographic peaks showing variation of C¢HsO concentrations (CsHsO* m/z 97.0646) before
and after DNPH derivatization. Keto hexadienes correspond to peaks with decreasing intensity after DNPH

derivatization.
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Scheme 3. Peroxy radicals’ oxidation pathways commonly considered in atmospheric chemistry, ultimately

yielding HOMs.

Other oxidation pathways for peroxy radicals can occur. Scheme 3 presents one of them which proceeds via
the formation of alkoxy radicals which react via sequential H-shifts and O additions. The products of this
reaction pathway consisting of CsH1,02.465 Were observed in the present experiments (Table 5). In addition to all
the chemical species reported in this paper, other highly oxygenated molecules have been detected, such as
CeH1003 (unsaturated KHPs and keto acids, MW 130), CsHsOs (triketone and diketo-enols, MW 128), C¢HgOs
(Triketo hydroperoxides, MW 160), as well as the other formula listed in Table 5.
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5. Conclusion and Perspectives

n-Hexane oxidation was conducted in a JSR at 10 atm and an equivalence ratio of 0.5 (540-720 K, residence
time of 1.5 s and initial fuel concentration of 2500 ppm; 530-800 K, residence time of 0.7 s and 1000 ppm of fuel).
Cool-flame products formed in JSR experiments were characterized after collection of samples dissolved in cooled
acetonitrile. These liquid samples were analyzed using several analytical techniques (FIA and UHPLC analyses
coupled with high resolution mass spectrometry using APCI in both positive and negative modes). All of these
analyses allowed characterizing hydroperoxides (CesH1402), unsaturated hydroperoxides (CsH120.), keto-
hydroperoxides (CsH1203), ketohydroperoxides (CsHsOs, C4HsO3, CsH100s3) resulting from decomposition of KHPs
CeH1203, diones (CgH1002), Cyclic ethers and Ce-ketones (CgH120). Also, highly oxygenated molecules were
detected (CsH1204-g). Carbonyl compounds were characterized by DNPH derivatization. To verify the presence of
hydroxyl or hydroperoxyl groups in n-hexane oxidized products, H/D exchange with D,O was used. MS-MS
analyses were used to try to identify the KHPs isomers.

Additional experiments using complementary techniques are planned to better assess the reaction pathways of
n-hexane oxidation in cool flames, e.g., JSR-MS-ToF-synchrotron photoionization, sampling in piston engines.
Also, the characterization of HOMSs using recently developed strategies [42] are currently applied to a range of
fuels, including n-hexane. These studies are expected to further confirm similitudes in terms of products of
oxidation formed in combustion and in the troposphere.
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