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Abstract

The oxidation of di-n-butyl-ether (DBE) was performed in a jet-stirred reactor (JSR) at 1 atm, 520 and 530 K, and
from 480 to 670 K at10 atm, at a residence time of 1 s, an equivalence ratio of 0.5, and an initial fuel concentration
of 5000 ppm. Ignition experiments on DBE/air mixtures were also performed in a rapid compression machine
(RCM) under stoichiometric conditions, 5 bars, and from 550 to 630 K. Low-temperature products formed in JSR
and RCM experiments were characterized. To this end, high-resolution mass spectrometry analyses (HRMS) with
flow injection analyses or ultra-high pressure liquid chromatography coupling were used to characterize
hydroperoxides and diols (CsHi303), ketohydroperoxides (CsHi604), carboxylic acids (C:H4O,, C3HsO,, C4HgO»),
di-keto ethers (C8H1403), and highly oxygenated molecules (C8H1405, C8H1606, C8H1406, C3H1407, CgHmOg, and
CsH1409) resulting from up to five O, additions on fuel’s radicals. Whereas HOMs are of minor importance in
combustion, they are considered key species for the formation of secondary organic aerosols. In addition, cyclic
ethers and esters (CsHi602) were observed. Heated electrospray and atmospheric pressure chemical ionizations
(HESI and APCI) were used in positive and negative modes for MS analyses. H/D exchange with D,O was used to
confirm the presence of —OH or —OOH groups in the products. The present results show that DBE oxidation
proceeds similarly under JSR and RCM conditions. Whereas the CH, groups neighboring the ether group are the
most favorable sites for H-atom abstraction reactions, speciation indicated that other sites can react by metathesis
forming a large pool of intermediates and products. Our kinetic reaction mechanism needs to be extended for
simulating the formation of newly detected species.

Keywords: dibutyl ether, jet-stirred reactor, rapid compression machine, cool flame, ketohydroperoxides, highly
oxygenated molecules.

1. Introduction

The interest for alternative transportation biofuels is still growing. Among them, aliphatic ethers, which can be
produced through dehydration of alcohols, are of particular interest. Recently, the kinetics of oxidation of Cs to Cs
aliphatic ethers received particular attention [1-10] and some of their low-temperature products have been
characterized. Indeed, their high reactivity favors the analysis of hydroperoxides (ROOH), ketohydroperoxides
(KHP) [11-19] formation and recently proposed new oxidation pathways [20, 21] leading to highly oxygenated
molecules (HOMs) which are considered minor combustion products. However, in the troposphere they are
considered of paramount importance for the formation of secondary organic aerosols [22]. Chromatographic
separation of ketohydroperoxides, formed by oxidation of large hydrocarbons, and detection by UV absorption or
mass spectrometry has been attempted in the past [11-19], but was technically limited. Nowadays, with more
powerful analytical techniques such as synchrotron based mass spectrometry[21, 23, 24], ultra-high pressure liquid
chromatography and high-resolution mass spectrometry (Orbitrap®), one can expect improving the characterization
of low temperature oxidation products[25].

Therefore, new experiments were performed in a JSR and an RCM to characterize di-n-butyl ether (DBE) low
temperature oxidation products. Among them, hydroperoxides, ketohydroperoxides, carboxylic acids, and highly
oxygenated molecules resulting from multiple O, addition on fuel’s radicals were tracked using soft chemical
ionization and high-resolution mass spectrometry. Because our chemical kinetic model for the oxidation of DBE
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[9] could represent experimental results obtained for stable products, we used it to simulate the global formation of
ketohydroperoxides under JSR conditions.

2. Experimental

Two complementary experimental techniques were employed in this work to characterize the products of DBE
oxidation, namely a jet-stirred reactor (JSR) and a rapid compression machine (RCM). Table 1 summarizes the
present experimental conditions in JSR and RCM.

Table 1. Experimental conditions

JSR RCM

Equivalence ratio (¢): 0.5 Equivalence ratio (): 1

Reactive mixture: 0.5% of DBE, 12% O,, 87.5% N, | Reactive mixture: DBE/air, 21% O2, 79 % N

Residence time: 1 s Compression time (P max /2 t0 P max (t 50) <4 ms
Pressure: Pressure: 5 bar
10 atm 1 atm
Temperature: 480 to 670 K 520 and 530 K Temperature: 550 to 630 K

2.1JSR

Experiments were performed in a fused silica jet-stirred reactor setup already described in details [26] and used
earlier [27, 28]. As in previous works [9, 28] the liquid fuel (>99% pure from Sigma Aldrich) was atomized by a
nitrogen flow and vaporized in a heated chamber. The fuel and oxygen were sent separately to the JSR to avoid
oxidation before reaching the 4 injectors (nozzles of 1 mm I.D.) providing stirring. Flow rates of the nitrogen diluent
and oxygen were controlled by mass flow meters. The liquid fuel was pumped using an HPLC pump (Shimadzu
LC10 AD VP) with an online degasser (Shimadzu DGU-20 A3). Good thermal homogeneity along the vertical axis
of the JSR was recorded (gradients of < 1 K/cm) by thermocouple measurements (0.1 mm Pt-Pt/Rh-10% wires
located inside a thin-wall silica tube). A low-pressure sonic probe was used to freeze the reactions and take samples
for off line analyses. In order to measure low-temperature products e.g., cyclic ethers, diols, hydroperoxides,
ketohydroperoxides (KHPs), di-ketohydroperoxides, keto-di-hydroperoxides, and other highly oxygenated
products, the sonic probe samples were bubbled into cooled acetonitrile (at 1 atm: 0°C, 250 mL, 90 min; at 10 atm:
0°C, 25 mL, 75 min). The resulting solution was stored in a freezer at -15°C for further chemical analyses.

2.2 Rapid Compression Machine

The RCM is an experimental facility that allows rapid compression of a gaseous mixture (DBE/air mixture
presently). This rapid compression leads to a fast increase of pressure and temperature of the mixture. For a fuel/air
mixture, this increase of pressure and temperature leads to a build-up of chemical reactions that causes ignition
after some characteristic time called ignition delay time. This RCM contains a creviced piston to avoid the vortex
formation and to ensure the post-combustion charge homogeneity. The use of a creviced piston, which was largely
employed in previous experimental works[29-32] helps to study the hydrocarbon autoignition chemistry limiting
physical effects. Further details of the RCM of the University of Orléans can be accessed elsewhere [33, 34]only a
brief description of this machine is presented here.

(Figure 1)

In-cylinder pressure histories (Fig. 1) are recorded by an AVL QH32C piezoresistive transducer while the intake
pressure was followed by a Keller PAA-33X/80794, the sensor is protected as recommended in [35]. The gas
preparation reservoir temperature and piston initial temperature were measured by K-type thermocouples. The gas
mass flow rates were regulated by Bronkhorst Cori-flow M13. The errors of measurement of in-cylinder pressure,
intake pressure, intake temperatures, and mass flow rate are + 1%, + 1 mbar, + 2 K and + 1% respectively. To obtain
the right equivalence ratio, the gaseous fuel was premixed with the synthetic air from Air Liquide in a reservoir at
3 bar. Before the preparation of mixtures, the reservoir was cleaned by flux of air and then pumped out to reach
vacuum condition (< 1 mbar), which ensured no compound accumulated in the reservoir. The weight of the liquid
fuel introduced into the reservoir was determined as the difference in the weight of the syringe before and after the
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introduction. The temperature of the reservoir was maintained at 80 °C to ensure the total vaporization of the liquid
fuels. For each gas mixture, a mechanic agitation during 30 minutes was conducted to ensure the homogeneity. All
gas mixtures were prepared on the day of manipulation. For each measurement, the pressure at the top dead center
(P.) and the temperatures at top dead center (T.) were obtained by regulating the intake pressure and the piston
initial temperature. The T, are calculated thanks to the isentropic relation, where y is the ratio of specific heats of
gas mixture:

ey dT _ (Pc>

LAt | P_O

ey
T, y—1T

In order to analyze the composition of the mixture after build-up of chemical reactions, but before the actual time
of ignition samples, were taken. For each RCM run, a sampling orifice located at the endwall of the RCM is opened
at a preset time and the gas of the combustion chamber is evacuated and stored inside a pre-vacuumed sampling
tank. If many runs are to be sampled in the same tank, the tank is vacuumed only before the first run and then
additional runs are accumulated in the tank. The sample accumulated in the sampling tank is then kept inside a
freezer at a temperature of -30°C before dissolution in ACN for chemical analyses.

2.3 Chemical analyses of low-temperature products

Mass spectrometry (MS) analyses were performed by flow injection (flow of 5-8 puL/min recorded for 1 min for
data averaging) in the ionization chamber of an Orbitrap® Q-Exactive mass spectrometer (mass resolution of
140,000 and mass accuracy <1 ppm RMS) and ultra-high-pressure liquid chromatography-MS (UHPLC-MS).
lonization settings in FIA were: sheath gas flow of 8-15 a.u., auxiliary gas flow of 0 a.u., sweep gas flow of 0 a.u.,
capillary temperature of 220-250°C, vaporizer temperature of 80-100°C, corona discharge current of 2 pA, spray
voltage of 3.8 kV. Mass calibrations were performed using commercial ESI positive and negative calibration
mixtures (Thermo Scientific) in flow injection mode (FIA).

UHPLC-MS analyses were performed using an analytical column (Cis Phenomenex Luna, 1.6pum, 100 A,
100x2.1 mm) for products separation after injection of 3 uL of sample eluted by water-acetonitrile (ACN) (gradient
5% to 90% ACN) at a flow rate of 250 pL/min. lon Max® heated electrospray ionization (HESI) and atmospheric
chemical ionization (APCI) were used in positive and negative modes for the ionization of products. APCI settings
were: sheath gas flow of 55 a.u., auxiliary gas flow of 6 a.u., sweep gas flow of 0 a.u., capillary temperature of
300°C, vaporizer temperature of 150°C, corona discharge current of 3 pA. In HESI mode, we used a spray voltage
of 3.8 kV. Whereas oxidation of analytes by HESI has been reported previously [36, 37], we verified here that no
oxidation occurred in the ion source by injecting a solution DBE-ACN in both HESI and APCI modes.

To determine the structure of cool flame products, MS-MS analyses were performed at collision cell energy of
10 eV. The fast OH/OD exchange [21] was used to verify the presence of hydroxy and hydroperoxy groups in the
products. To this end, we added 300 pL of D,O (99.96% D, ref. 26978-6 from Sigma-Aldrich) to 1.5 mL of sample
(reaction time 20 min). The resulting solution was analyzed by mass spectrometry in FIA and HESI mode. UHPLC
analyses with D,O/CAN solvent were also performed.

3. Kinetic modeling

The computations were performed using the PSR computer code [38] from the Chemkin II package[39]. Our
kinetic mechanism presented earlier [9] was used. It involves 467 species and 2768 reactions covering both high-
and low-temperature chemistry, limited to 2 additions of O, to fuel’s radicals, which yield ketohydroperoxides. The
formation of the most likely KHPs at 520 K during the oxidation of 5000 ppm of DBE at 10 atm and an equivalence
ratio of 0.5 is presented in Figure 2. According to the modeling, DBE is mainly consumed through H-atom
abstraction by hydroxyl radicals. The resulting fuel radicals undergo peroxidation by reaction with molecular
oxygen.

(Figure 2)

Because it was demonstrated earlier that the chemical kinetic model for DBE oxidation [9] represents fairly well
our JSR data, it was used to predict newly characterized species, namely ketohydroperoxides. The results are
presented in the next section.

4. Results and discussion

The formation of ketohydroperoxides and highly oxygenated compounds resulting from O addition on the fuel’s
radicals (R) could be observed here in both JSR and RCM experiments. Their formation proceeds through a
sequence of reactions: R + O, 5 RO,; RO, 5 QOOH; QOOH + 0, 5 OOQOOH; OOQOOH S HOOQ’OOH
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followed by the formation of the hydroxyl radical and a ketohydroperoxide (CsHis04): HOOQ’OOH — HOOQ’O
+ OH. Dihydroperoxides can also react with molecular oxygen (3™ O, addition): HOOQ’OOH + O, S
(HO0),Q’00; (HO0),Q’00 S (HOO),POOH; (HOO),POOH — OH + (HOO),P=0 (CsH160s). The reaction can
also proceed through a 4™ O, addition: (HOO),POOH + O, — (HOO);POO; (HOO);POO S (HOO);P’OOH;
(HOO)3;P’O0H — OH + (HOO)3P’=0 (CsHi603). The products of third and fourth oxygen addition were well
observed in the present experiments confirming the extended oxidation pathways proposed earlier [21] whereas in
a previous JSR study of di-n-pentyl ether oxidation, only products of the third O, addition (C10H200s) could be
observed by synchrotron vacuum ultraviolet photoionization molecular beam-time of flight mass spectrometry
(SVUV-MB-TOF-MS) [21]. Under JSR and RCM conditions, we could also observe the products of O, fifth
addition yielding CsH 4O at trace level, and the formation of diols and hydroperoxides ROOH (Table 2 and Table
3). It has been proposed that diols derive from the decomposition of di-hydroperoxides [ 16] whereas hydroperoxides
can result from H-atom abstraction by RO,: RO, + R’H — ROOH + R”.

Table 2. Products of DBE oxidation in a JSR at 520 K and 1 atm. H/D exchange by addition of D,O performed in
FIA HESI (+) mode only. Newly observed products are indicated by an asterisk.

MW Species HESI (+) HESI (-)
(g/mole) | Formula Name m/z (+H) | Signal m/z (-H) | Signal (a.u)
(a.u)

58 C3HO acetone 59.0492 | 6.1E6 57.0345 4.4E6

60 C:H40; acetic acid 61.0284 | 1.3E7 59.0139 1.9E7

61 C,H3:DO; | acetic acid-d;* 62.0347 | 1.0E6 - -

62 H,CO; carbonic acid - - 60.9932 7.1E5

70 C4HsO butenal 71.0491 | 1.0ES8 69.0346 4.2ES5

72 C4Hg0 butanal 73.0647 | 1.0E7 71.0502 7.2E6

74 C4Hi100 butanol 75.0804 | 2.2ES 73.0659 4.5E5

75 CsHsDO butanol-d* 76.0867 | 1.0E4 - -

74 Cs;HeO, propanoic acid 75.0441 | 7.8E6 73.0295 2.6E7

75 CsHsDO, | propanoic acid -di* 76.0503 | 1.6E6 - -

76 CsH30, propyl hydroperoxide 77.0596 | 9.9E4 75.0451 1.1E5

86 C4HsO» y-butyrolactone#, 2,3-butanedione# | 87.0440 | 7.2E7 85.0295 1.3E7

88 C4Hz0» butanoic acid# and isomers 89.0597 | 7.6E7 87.0452 1.4E8

102 CsH1002 butyl formate# and isomers 103.0753 | 7.7E5 101.0608 | 3.7E5

116 CsH 120, butyl acetate# and isomers 117.0910 | 1.5E6 115.0764 | 3.5ES

118 CsH 003 butyl hydrogen carbonate* 119.0703 | 9.7ES 117.0557 | 6.0ES

144 CsHi602 cyclic ethers, butyl butyrate# 145.1222 | 2.1E7 143.1076 | 4.0E4

158 CsHi403 butyric anhydride# and di-keto 159.1016 | 1.6ES8 157.0869 | 3.2E6
ethers

162 CsHi30s3 ROOH, diols* 163.1328 | 2.7E7 161.1187 | 8.6E3

163 CsH17DO; | ROOD, diols-d;* 164.1392 | 1.2E7 - -

164 CsH16D203 | diols-dy* 165.1454 | 1.5E6 - -

176 CsHi604 KHP 177.1121 | 2.7E8 175.0974 | 2.3E6

177 CsH1sD0, | KHP-d; 178.1183 | 1.2E8 - -

190 CsH 1405 di-keto-ROOH 191.0914 | 2.2E7 189.0767 | 6.7E6




191 CsH13DOs | di-keto-ROOD 192.0976 | 1.0E7 - -

194 CsHi30s di-ROOH* 195.1227 | 2.7E5 193.1080 | 1.6E6
195 CsH1;DOs | HOOROOD* 196.1290 | 7.0E4 - -

196 CsH16D.0s | DOOROOD* 197.1349 | 6.9E3 - -

206 CsH1406 unsaturated keto-di-ROOH* 207.0864 | 1.7E6 - -

207 CsH13DOg | unsaturated keto-di-HOOROOD 208.0926 | 8.8E5 - -

208 CsH12D20¢ | unsaturated keto-di-ROOD 209.0990 | 9.6E4 - -

208 CsHi606 keto-di-ROOH 209.1020 | 4.2E6 207.0873 | 9.35E6
209 CsH1sDO¢ | keto-di-ROOH-d; 210.1082 | 2.7E6 - -

210 CgH14D20s | keto-di-ROOD 211.1145 | 6.3E5 - -

222 CsH1407 di-keto-di-ROOH 223.0812 | 8.8ES 221.0666 | 1.14E7
223 CsH13sDO7 | di-keto-HOOROOD* 224.0875 | 8.3E5 - -

224 CsH1,D,07 | di-keto-DOOROOD* 225.0937 | 2.1E5 - -

240 CsHi60s keto-tri-ROOH* - - 239.0773 | 5.12E7
254 CsH1409 di-keto-tri-ROOH * - - 253.0566 | 1.75E4

Note: # identification verified by UHPLC-MS-MS of the pure compound in ACN

Table 3. Products of oxidation in a JSR at 560 K and 10 atm and in a RCM at 570K and 5 bar. Analyses were
performed by FIA in APCI (+/-) mode only. Newly observed products are indicated by an asterisk.

MW Species JSR RCM JSR | RCM
(g/mole) | Formula Name m/z (H+) | Signal | Signal | m/z (-H) | Signal | Signal
(a.u.) (a.uw) (au) | (aw)
58 C5HsO acetone 59.0492 | 2.0E7 | 4.3E6 | 57.0345 |2.6E8 | 3.3E7
60 C,H40; acetic acid 61.0284 | 2.2E7 | 7.4E6 | 59.0139 | 8.1E7 | 1.0E8
62 H,COs carbonic acid - - - 60.9932 | 1.0ES | 2.0E7
70 C4HesO butenal 71.0491 | 75.3E8 | 7.0E7 | 69.0346 | 1.0E7 | 2.0E6
72 C4Hs0 butanal 73.0647 | 1.6E8 | 4.5E7 | 71.0502 | 1.0E7 | 4.0E6
74 C4H10O | butanol 75.0804 | 2.1E4 | 3.0E5 | 73.0659 | 6.9E6 | 1.0E5
74 C3;HeO, | propanoic acid 75.0441 | 7.1E6 | 1.5E6 | 73.0295 | 2.4E7 | 7.0E7
86 C4HsO> | y-butyrolactone#, 2,3- 87.0440 | 4.5E8 | 8.9E7 | 85.0295 |4.5E7 | 1.0E8
butanedione#
88 C4H3O, | butanoic acid# and 89.0597 | 2.8E8 | 4.0E7 | 87.0452 | 9.9E7 | 1.0E9
isomers
102 CsHi0O, | butyl formate# and 103.0753 | 5.3E6 | 1.6E6 | 101.0608 | 2.7E5 | -
isomers
116 Ce¢H120, | butyl acetate# and isomers | 117.0910 | 9.8E6 | 1.1E6 | 115.0764 | 4.9E5 | 6.0E6
118 CsHi9O; | butyl hydrogen carbonate* | 119.0703 | 2.7E5 | 7.8E5 | 117.0559 | 3.2E7 | 2.5E6




144 CsHi602 | cyclic ethers, butyl 145.1222 | 8.5E7 | 1.3E7 | 143.1076 | 4.3E4 | 5.0E6
butyrate

158 CgHi1403 | butyric anhydride#, di- 159.1016 | 1.5E9 | 1.6E8 | 157.0869 | 4.9E6 | 5.0E7
keto ethers

162 CsHisO03 | ROOH, diols* 163.1328 | 1.3E8 | 1.5E7 | 161.1187 | 3.1E4 | 1.0E4

176 CsHi604 | KHP 177.1121 | 6.8E8 | 8.64E7 | 175.0974 | 1.9E6 | 6.0E6

190 CgHi140s5 | di-keto-ROOH 191.0914 | 83E7 | 5.9E6 | 189.0767 | 5.6E6 | 6.7E6

194 CgHisOs | di-ROOH* 195.1227 | 1.5E5 | 5.4E5 | 193.1080 | 1.7E5 | 3.0E6

206 CsHi4O0s | unsaturated keto-di- 207.0864 | 2.6E6 | 2.1E5 | 205.0720 | 5.7E6 | 8.9ES
ROOH*

208 CsHi60s | keto-di-ROOH 209.1020 | 4.5E5 | 2.5E6 | 207.0873 | 2.1E7 | 3.0E6

222 CgH1407 | di-keto-di-ROOH 223.0812 | 9.1E3 | 5.9E4 | 221.0666 | 1.1E7 | 6.8E5

240 CsHi60s | keto-tri-ROOH* - - - 239.0773 | 1.8E7 | 5.0ES

254 CsHi1409 | di-keto-tri-ROOH * - - - 253.0566 | 2.0E6 | 1.8E4

Note: # identification verified by UHPLC-MS-MS of the pure compound in ACN

The so-called Korcek mechanism [40], through which the y-ketohydroperoxides key-intermediates are
transformed into stable products (acids and ketones), e.g. butanoic acid here (Fig. 3 where the scheme presented
follows that of Jalan et al.[40]) can modify the overall system reactivity [41]. The computational work of Grambow
et al. [42] showed that from 75 possible unimolecular reaction of C; y-KHP, the Korcek mechanism had the lowest
transition state energy. Butanoic acid was observed in the present experiments performed in JSR and RCM (Tables
2 and 3). Besides butanoic acid, other products can be formed via the Korcek mechanism, such as acetone (C3;HeO)
and butyl hydrogen carbonate (CsH1003), or acetic acid and butyl acetate (CsH120»), all detected in this work (Tables
2 and 3).

(Figure 3)

Other channels could also contribute to the formation of butanoic acid during DBE oxidation, as proposed by
Battin-Leclerc et al. [43]: addition of "OH to CH»O yielding to formic acid, reactions of CH>CO to form acetic acid,
and decomposition of cyclic ether’s ketohydroperoxides.

(Figure 4)

Hydrogen—Deuterium exchange reactions using D>O were used to confirm the presence of —-OH or —-OOH
groups in the products (Table 2). An example of the observed H/D exchange for KHPs is given in Figure 4. On
can see the increased ratio of CsHisDO4"/ CsHi704". We proceeded similarly to assess the presence of -OH and -
OOH groups in other products (Table 2). Thanks to the use of UHPLC-MS-MS with APCI (+) we could separate
and characterize the KHP isomers (Fig. 5). Their chemical structure is given in Table 4 and the solvent gradient
used here is given in the Supplementary Material (Table S1).

(Figure 5)

Table 4. Chemical structure of fuel radicals and KHPs formed by oxidation of DBE. The most probable KHPs,
according to our simulations, are identified by stars (* < ** < **¥%),

Initial radicals formed by H-atom abstraction on DBE

/\/\O/'\/\ AN 0T /\/\O/\/.\ /\/\O/\/\'

KHPs structure, size of the intermediate in H-atom transfer and C-H bond type (p: primary, s: secondary)

HO HO\O HO\O

. HO.
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6,8 *** 7,8 8,8 9.p
O O
MOJJ\A 0 0 /\ﬁo/\/u\ 0 lO
.0 HO 0 HO
HO HO
7,8 ¥* 8,s 9,s 10,p
HO\O 0 HO\O HO. HO\O
)\ﬁ JJ\/\ )\ﬁo/\ﬂ/\ )\ﬁ /\/U\ NO |
0 0 © 0O
8,8 9,s 10,s 11,p
O O
NOJ\/\ 0 o NO/\/U\ o lO
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9.s 10,s 11,s 12,p
N )OJ\(\ O’OH HO\O O O’OH
>3 /\/\O)\(\ Ao NN T OM
"OH @) O
5,8 5,8 6.s 7,p
OH .OH O
o (.) O /\/\O/\Hj\ /\/\OW
NS J\)\ /\/\O/\ﬂ)\ 0 HO'O 0
O o) HO
6,s * 5,8 5,8 6,p
O O OH
/\/\OM /\/\O/\[m /\/\O/\/U\ 0
) 0 0 ) /\/\OW
H .
OH OH O
7.8 6,s 5,8 3.p

MS-MS analyses allowed distinguishing two types of isomers: (i) KHPs with hydroperoxyl and carbonyl
groups on one side of the ether function and (ii) KHPs with hydroperoxyl and carbonyl groups on both sides of the
ether function.

KHPs with both -OOH and —C=0 groups on one side of the ether function present a main fragment (100%)
m/z 61.0283 (C,Hs0,) followed by m/z/ 57.0699 (CsHo, 25%) and m/z 103.0380 (C4sH;03, 30%). These indicate
that both -OOH and -C=0 groups are on the same side of the ether function. Other fragments at m/z 75.0437,
corresponding to a loss of CO (m/z 27.9949) and a fragment m/z 86.0360 corresponding to a loss of HO, confirm
the global structure of C4H7Os.

KHPs with —-OOH and —C=0 groups both side of the—O- group were identified by a strong m/z 87.0438 (100%)
fragment (C4H70>), or m/z 8§9.0594 (100%) fragment (C4HsO,). C4H70; contains both a -C=0O group and an ether
function whereas the counterpart C4HoO, contains only an -OOH group. The fragment m/z 71.0490 (C4H;O)
contains only the -C=0 group. The present results indicated that KHPs, and other low-temperature oxidation
products, derive from reactions not limited to that of CH, groups in a-position to the ether function although H-
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atom abstractions are facilitated by weaker C-H bonds (Table 5) near the ether function, as already observed in
kinetic studies of a series of ethers + OH reactions [44]. Figure S1 (Supplementary Material) shows the structure
of the MS-MS fragments.

Table 5. C-H bond dissociation energies (BDE) in DBE computed using the G3B3 method [45]

Carbon position to -O- | BDE (kcal/mole)
o 95.3
B 100.2
Y 98.8
o 101.1

To further identify the isomers pertaining to the above delineated two groups of KHPs, their dipole moment
was computed [46]. Because of the ACN-water gradient used (from 5 to 90 % ACN) the polarity of the solvent
decreases over elution time. Then the more polar KHPs should be eluted first. However, because the computed
dipole moments of several KHP are very close relatively large uncertainties arise. Considering an uncertainty of
10% on the calculated dipole moments, we observe that in 75% of the cases the order of elution of the isomers( a-
type and b-type) corresponds to that of the dipole moments. The differences are mainly observed at the center of
this distribution. Then, it seems risky to propose an identification of KHPs at this stage.

(Figure 6)

Table 3 shows that the present results obtained in a JSR and an RCM show strong similarity. This is further
demonstrated in Figure 6 which compares the results of UHPLC-MS analyses (with APCI + for m/z 177.1121) of
JSR and RCM samples in the same analytical conditions. The results indicate that the formation of KHPs in both
experimental conditions are similar, which should imply the chemistry proceeds similarly in both experimental
systems, although the RCM sampling method employed here encompasses many uncertainty sources such as the
non- instant freezing of the chemistry during sampling and the non-localized probing. Thus, results are only
qualitative.

Our kinetic model was used to simulate the present JSR experiments. Figure 7 shows a comparison of the
experimental results (APCI +) and chemical kinetic modeling for DBE and for the sum of KHPs determined under
JSR conditions. As can be seen from this figure, the chemical kinetic model well predicts the variation of KHPs
concentration as a function of temperature in the cool flame regime.

(Figure 7)

Carboxylic acids are commonly produced in cool flames. For example, formic, acetic, propanoic acid, and
butanoic acid were reported by Wang et al. [20] in their study of n- heptane oxidation in a JSR. In the present
study, C to C4 carboxylic acids were detected (Tables 2 and 3), in agreement with previous DBE oxidation
studies [9, 10].

(Figure 8)

Cyclic ethers and lactones (CgHi602) can be formed during DBE oxidation [9, 10]. They are produced by
decomposition of QOOH: QOOH — cyclic ether or lactone + OH. This class of species was observed in the present
work (Fig. 8a). Their separation was performed by UHPLC-MS (Fig. S2 and S3 in Supplementary Material). Butyl
butyrate was observed at trace level in UHPLC-MS analyses.

The identification of y-butyrolactone, n-butyl formate, n-butyl acetate, and n-butyl butyrate was done by
UHPLC-MS analyses of samples seeded with pure compounds.

Butyric anhydride and di-keto-ethers (CsH1403) were detected in the present work (Fig. 8b) whereas only
butyric anhydride was reported previously [10]. Diones were observed earlier, e.g., during n -heptane oxidation by
Wang et al. [20] in a JSR by SVUV- PIMS and APCI-HRMS. Also, CyH2:20; (n = 2—6) intermediates which could
be Co—Cs¢ diones were detected[20]. However, pathways to diones are still uncertain. They could be formed after
H-atom abstraction on a KHP and decomposition yielding OH, a dione, and water [47]. UHPLC-MS analyses of
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samples spiked with butyric anhydride confirmed its formation. The other isomers could not be identified by
UHPLC-MS-MS.

(Figure 9)

Cs hydroperoxides and Cs diols (CgHi30O3) can be formed during the low temperature oxidation of DBE. A
maximum of 4 ROOH and 16 diols could be produced. No other chemical structure besides hydroperoxides and
diols could correspond to CsH;3Os. It is well-known that diols react efficiently with boric acid [48]. Therefore, we
successfully tested the formation of esters of boric acid by adding diluted solution of boric acid to the samples.
Boric acid mono esters were observed using FIA APCI (+/-) MS analyses (m/z 188.1219 and 205.1246). Bi-cyclic
di-esters of boric acid (m/z 331.2292) were formed. More information is given in the Supplementary Material.

OH/OD exchange was used to confirm the presence of CsH;sO; diols for which a double OH/OD exchange
occurs (Table 2).

The separation and detection by UHPLC-MS of CsH 303 isomers was performed (Figure 9). MS/MS analyses
were performed (Table 6). CsH;3O3 isomers with oxygenated functional groups on one side of the ether function
were characterized by MS/MS fragments at m/z 57.0698 (C4Ho). The distinction between each isomer was made
by comparing the relative abundance of the major MS/MS fragments according to the most likely mechanism of
formation. The ROOH isomers, where the OOH function is only on one side of the ether function, and all the diol
isomers with OH functions on the same side of the ether function, are characterised by a main fragment m/z 57.0698
which corresponds to C4Ho. Isomers with OH or OOH functions in alpha to the ether function have a major fragment
m/z 89.0593 (C4Hy0,); this is the case for isomers C, E, L, M, and N). The isomers noted A, B, and F with OH or
OOH functions at the terminal carbon are characterized by the presence of the specific fragment C,Hs0; (m/z
61.0282). When the OH function is in f3, y, or ¢ of the ether function, we observe the formation of the specific
fragment C3H;0 (m/z 59.0490); this is the case for isomers E, G, H, and J. The absence of this fragment indicates
that the OH group is in a position to the ether function (isomer K) or both OH groups are in y and o to the ether
function (isomer F). Several MS/MS spectra of minor diol isomers with the two OH groups on each side of the
ether function show the same fragments with similar relative abundances, which complicates their identification.
Therefore 6 isomers could not be fully identified (noted * in Fig. 9).

Table 6: Proposed identification of isomers CsH 303 (diols and ROOH)

Isomers structure RT (min) | Fragments m/z relative comment
abundance
A C4Ho 57.0698 100 %
O/OH 14.49
)\/\ CszOz 61.0282 65 %
HsC O/\/\CH3 C4HoO, | 89.0593 30 %
B CsHy 57.0698 70 %
(\/\ 07"y, 17.53 CHs0, | 61.0282 | 50 %
HO/O C4sHo0O, | 89.0593 35%
C C4HoO, | 89.0593 100 % absence of the
O/OH 13.32 C,H50;
/\/k C4H9 57.0698 55 % fragment
HsC 07 "y
3
D Co-elution CsHo 57.0698 70 % absence of the
H3C/\‘/\o/\/\CH with 17.38 . CH;s0,
5 3 C4HoO, 89.0593 55 % fragment
b
HO
E C4HoO, | 89.0593 100 % absence of the
& C.Ho | 57.0698 | 95 % CHO:
17.38 49 . ° fragment
H3C/\’)\ O/\/\CH3
OH
F CsHy 57.0698 100 %




OH 14.80 C,Hs0, | 61.0282 85 % absence of the
C;H,0
NOMCH3 fragment
OH
G Co-elution CsHy 57.0698 100 % absence of the
oo with 13.32 7ClH,0, [ 89.0593 | 45% C2Hs0;
G Mo PN fragment
3 CHj3
H 15.07 CsHy 57.0698 100 % absence of the
QH CsHs0, | 89.0593 | 40% C-H;0,
(\)\ fragment
O/\/\CH3
OH
| 16.55 CsHy 57.0698 100 % absence of the
OH
CHs0, |89.0593 | 25% fCZHSOZt
HaC o /\/\CH ragmen
OH 3
J 13.61 C4Ho 57.0698 100 % absence of the
0" ", CHs0, | 89.0593 | 10 % C2Hs0
OH OH fragment
K 17.62 CsHoO, | 89.0593 15% absence of the
OH OH C3H,0
G /\/k )\/\ fragment
3 o CHg
L 17.15 CsHoO, | 89.0593 100 % absence of the
OH C4Ho fragment
/\/k C;H,0 59.0490 12 %
HiC o/\/\cH3
OH
M C4HsO, | 89.0593 100 %
OH OH 13.04
/\/k /\)\ C;H,0 59.0490 12 %
H3C o CH,4
N CsHoO, | 89.0593 100 % absence of the
OH 16.43 CsHo fragment
H3C/\/k0 /\/W C;H,0 59.0490 8 %
OH

Note: The structure of fragments in given in Table S4 (Supplementary Material).

Furthermore, UHPLC-MS/MS analyses of deuterated CsH 303 isomers were performed. To this end, water
was replaced by D,O (99.8% D, ref. 756822 from Sigma-Aldrich) in the UHPLC system allowing almost full
H/D exchange of the -OH groups. in Figure 10 the peaks of the green chromatogram (CsH17D103) come from a
single OH / OD exchange; they correspond to the ROOHs identified by their MS/MS fragmentation. Likewise, in
the red chromatogram, the peaks correspond to diols with double OH/OD exchange (CsHi16D,03). These two
deuterated ions were not observed when H,O/ACN was used as mobile phase.

(Figure 10)

Highly oxygenated molecules (MW 190-254) were also observed (Fig. 8). As stated in the first part of this
section, they resulted from up to 5 addition of O, on fuel’s radicals. Among these species, one found di-keto-
hydroperoxides (MW 190), di-hydroperoxides (MW 194), keto-di-hydroperoxides (MW 208), di-keto-di-
hydroperoxides (MW 222), keto-tri-hydroperoxides (MW 240), and di-keto-tri-hydroperoxides (MW 254).
CsH 505 (MW 194), CsH 14056 (MW 206), CsH 1605 (MW 240), and CgH 409 (MW 254) are reported for the first
time as products of DBE oxidation whereas the others were reported previously [10]. Here, they were also detected
in flow injection analyses and negative ionization mode. The separation of HOMs with formula CsH;sOs was
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performed by UHPLC-MS with some success (Fig. S4 in Supplementary Material) but the analytical method needs
to be improved. The solvent gradient used here is given in the Supplementary Material (Table S2). Nevertheless,
one could obtain plots showing the variation of HOMs integrated signal as a function of temperature (Fig. 8). The
data show some scatter but the trend is that HOMs peak around 550-560 K, which is similar to what was observed
for KHPs under the same conditions.

5. Conclusion and Perspectives

The oxidation of di-n-butyl-ether was performed in two experimental systems, namely a jet-stirred reactor and
a rapid compression machine. A large range of conditions was considered (1-10 atm, 480-670 K, equivalence ratios
of 0.5 and 1). Low-temperature products formed in JSR and RCM experiments were characterized by collecting
samples dissolved in acetonitrile and analyzed using a range of techniques (flow injection analyses, UHPLC
analyses, high resolution mass spectrometry with HESI +/- and APCI +/-, MS-MS). The RCM sampling method
employed here allows only qualitative measurements. Nevertheless, our measurements prove that sampling elusive
oxygenated intermediates form RCM facility is possible. Improvement of the sampling protocol is still needed for
quantitative measurements. The present analyses allowed characterizing hydroperoxides and diols (CsH;s03),
ketohydroperoxides (CsH1604), carboxylic acids (CoH4O,, C3HsO2, C4HgO»), di-keto ethers (CgH1403), and highly
oxygenated molecules (CsH 1405, CsH 1606, CsH 1406, CsH1407, CsH 1603, and CsH14O9) resulting from the addition
up to five O, molecules on fuel’s radicals. Also, cyclic ethers and esters were observed. To confirm the presence of
—OH or —OOH groups in the oxidation products H/D exchange with D,O was used. MS-MS analyses indicated the
formation of two types of products: KHPs with hydroperoxy and keto groups located (i) on both side of the ether
function, or (ii) on one side of the ether function. We attempted to further identify these isomers by using computed
dipole moments, but more advanced computations are probably required to reduce uncertainties in products
identification. HOMs were detected but more work is needed to identify the different isomers and improve their
separation by UHPLC. NMR analyses of the KHPs and HOMs isomers should help finalizing identification. This
work is underway. Many of the species newly detected are not included in available reaction schemes for DBE
oxidation. Among others, our kinetic reaction mechanism needs to be extended for simulating the formation of
newly detected species. The present measurements of low-temperature products performed under JSR and RCM
conditions show strong similitude, which indicates common reaction pathways. New experiments performed with
IC engines and analyses of the exhaust should be useful to further assess the importance of the chemistry observed
in this work.
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Figure 1. Pressure histories of three RCM tests (reactive, unreactive, and sampling case). P,
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Figure 2. Computed oxidation pathways for DBE (5000 ppm, 10 atm, 1 s residence time, ¢ = 0.5).
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Figure 3. Formation of butanoic acid through the decomposition di-n-butyl ether y-ketohydroperoxide, according
to the so-called Korcek mechanism.
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KHPs. No signal at m/z 178.1184 was recorded without addition of D,O. Analyses were performed in HESI
positive mode. The little signal at m/z 178.116 corresponds to C7"*CH;704.
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Figure 5. Typical chromatogram obtained for m/z 177.1121 (APCI +). KHPs with -OOH and -C=0 on both sides
of the ether function (a) and on one side (b) are indicated. The structure of the isomers is given in Table 4.
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Figure 6. UHPLC analysis of KHPs. Comparison of chromatographic traces obtained with samples obtained by
oxidation of DBE in a JSR (1 atm, 520 K) and an RCM (5 bar, 553 K).
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Figure 7. Comparison between experimental data (symbols) and modeling (line) for the oxidation of 5000 ppm of

DBE (¢ = 0.5, residence time of 1 s, and 10 atm). (a) Consumption of DBE. (b) Formation of KHPs: the data

were obtained by integration of UHPLC-MS signal and scaled to the computed maximum experimental
concentration. Experimental errors are estimated to be of the order of 40%.
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Figure 8. HOMs formation by oxidation of DBE in a JSR at 10 atm obtained as a function of temperature.
Experimental errors are estimated to be of the order of 40%. (a) CsH602: Cyclic ethers and butyl butyrate (FIA,
m/z 145.1222, APCI+); CsH303: ROOH and diols (UHPLC, m/z 163.1327, APCI+); (b) CsH140s: di-keto-ethers
including butyric anhydride (UHPLC, m/z 159.1016, APCI+); (c) CsH140s: di-keto-ROOH (FIA, m/z 191.0914,
APCI+); CsH1407: di-keto-di-ROOH (UHPLC, m/z 223.0812, APCI+); (d) CsHi60s: keto-di-ROOH (FIA, m/z
207.0873, APCI -), CgH;60s keto-tri-ROOH (FIA, m/z 239.0773, APCI-).

18



9.00E+05 -
8.00E+05 4
7.00E+05 -
6.00E+05 A
5.00E+05 A

& 4.00E+05 -

Signal a.u.

3.00E+05 A

2.00E+05 ~
1.00E+05 -

0100 E+OD T L) L) L) L) T
12 14 16 18

time (min)

Figure 9. CsH;30; formation. Chromatographic trace obtained from the oxidation of DBE in a JSR at 1 atm and
520 K and UHPLC-MS analyses (APCI +, m/z 163.1327). Asterisks indicate diols which could not be identified.
The letters refer to Table 6 where the structure of isomers is given.
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Figure 10. UHPLC-MS/MS (APCI +) analyses of samples of DBE oxidation. D,O/ACN was used as mobile
phase in chromatograms shown as dashed and dotted lines whereas the same gradient using water/ACN was used
to obtain the continuous line chromatogram.
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