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ABSTRACT

o-Xylene oxidation displays an autoignition behavior similar to alkanes at low temperatures. This pa-
per presents a detailed investigation of the chemical kinetics of oxygen additions with the o-xylyl rad-
ical that control the ignition reactivity of o-xylene at low temperatures. High-level electronic structure
calculations, transition state theory, and master equation simulations are combined to predict the rate
coefficients of main elementary reactions. For the initially formed o-methylbenzylperoxy (ROO) in the
first oxygen addition o-xylyl + O,, its isomerization to o-hydroperoxymethyl-benzyl (QOOH) proceeds
with a much smaller branching ratio compared to the counterpart ROO — QOOH in alkanes. Despite
the slow formation of QOOH, the absence of fast dissociation pathways enable QOOH concentration to
build up. QOOH that has the unpaired electron located on a side-chain carbon can readily react with
a second molecular oxygen. The QOOH + O, reaction then efficiently leads to the growth of the rad-
ical pool through a highly chain-branching reaction sequence QOOH + 02 — 2-hydroperoxymethyl-
benzaldehyde + OH — 1,2-diformylbenzene + 20H + H. The predicted oxygen addition kinetics offers
a good explanation for the alkane-like autoignition behavior of o-xylene. Meanwhile, as the key inter-
mediate to chain branching, the lower yield of QOOH results in its lower ignition reactivity. The present
study shows that classical low temperature scheme is also valid for benzylic-type hydrogens and radi-
cals of o-xylene where the transferred hydrogen from the ortho-methyl chain facilitates the isomerization
ROO <« QOOH. It is also easy to deduce that for m- and p-xylenes, where no such isomerization step is
available, little reactivity should be expected at the low temperature.

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

consists of a limited number of constituents and better models
combustion systems than the single-fuel mechanisms [5]. This sug-

Aromatic hydrocarbons are important components of liquid
transportation fuels [1]. The concentration of this subset usually
ranges within 20-31% in gasoline, 15-40% in diesel, and 8-25% in
jet fuels [2-4]. As opposed to alkanes and cycloalkanes, the pres-
ence of benzene ring in aromatics leads to a lower reactivity in
chemical reactions on one hand and a higher sooting tendency
on the other. Also, aromatic hydrocarbons have the capacity to
enhance the anti-knocking property of transportation fuels while
mixed in the blend. Aimed at comprehensively emulating the com-
bustion properties of practical fuels in real engines, such as ig-
nition and extinction, flame propagation and pollutant formation,
recent surrogate kinetic models often contain aromatic hydrocar-
bons with a significant fraction in the multi-fuel mixture, which
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gests, the predictability of multi-fuel chemical kinetic mechanism
depends on the accuracy of the kinetic mechanism of each individ-
ual component in the surrogate mixtures.

Xylenes, the smallest multi-substituted aromatic hydrocarbon,
have a relatively high concentration in commercial fuels [6]. Com-
pared with toluene, xylenes match better with the real fuel in
terms of a larger molecular weight and a more complex structure,
and therefore have been proposed as representatives of the family
of aromatic species in surrogate mixtures [7-9]. The growth in the
molecular size of xylenes leads to an increase in the complexity
of the chemical reactions, the most important of which are found
to happen at low combustion temperatures [10,11]. Albeit com-
plex, these reactions are very interesting especially in considera-
tion of the effect induced by the isomers and deserve an in-depth
characterization of the energetics and kinetics. Unlike the enor-
mous quantity of investigations on toluene, detailed kinetic mecha-
nisms for xylenes are extremely scarce and reports are even rarely

0010-2180/© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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encountered at the low temperatures. As important candidates for
surrogate fuels, there is clearly a demand for xylenes to have a es-
tablished chemical kinetic mechanism.

The low temperature oxidation is the primary mechanism that
controls the ignition behaviors [12], and its chemical kinetics is
closely related to the practical engine problems like octane num-
bers and engine knocking [13]. The low temperature combustion
also lies at the core of novel engine technologies such as homo-
geneous charge compression ignition (HCCI) and premixed charge
compression ignition (PCCI), where the gas mixture is highly com-
pressed and ignited. The classical low temperature scheme, which
explains the prominent reactivity of alkanes at temperatures below
900 K, is characterized with sequential oxygen addition processes
[14]. Fundamental kinetic studies have revealed that the addition
of molecular oxygen to fuel radicals leads to low temperature chain
branching only when the transfer of hydrogen occurs easily in the
isomerization steps [12,15]. As for aromatics, when easily trans-
ferred hydrogen atoms is available for selective radicals like per-
oxy radicals, the classical low temperature scheme is also valid to
allow for chain branching and leads to a low temperature reactiv-
ity. Otherwise, branching occurs via completely different pathways
and requires higher temperature.

The existence of two methyl chains gives rise to three Xxy-
lene isomers, i.e., 0-xylene, m-xylene and p-xylene. Early in 2000,
Roubaud et al. [16] studied the auto-ignition features of eleven
alkylbenzenes including xylene isomers in 600-900 K in a rapid
compression machine. In the experiment, o-xylene was observed
to exhibit a two-stage ignition and negative temperature de-
pendence of ignition delays, with 1,2,3-trimethylbenzene, 1,2,4-
trimethylbenzene, 2-ethyltoluene and n-propylbenzene also be-
longing to the same group that showed a complex behavior similar
to alkanes. Rather, m-xylene and p-xylene, together with toluene
and 1,3,5-trimethylbenzene, belonged to the other group that could
not be ignited below 900 K and 16 bar. Chemical analyses have
elucidated that the higher reactivity of the o-xylene group (i.e., for-
mer group) could be attributed to the close proximity or length of
the alkyl chains. Specific for the xylene isomers, o-xylene, in which
the two methyl carbon atoms are linked together in ortho-position
on the benzene ring, has a higher degree of reactivity than m-
xylene and p-xylene with the two methyl carbon atoms in meta-
and para-positions.

Limited available oxidation studies of xylenes at low tem-
peratures either centered on the measurement of combustion
characteristics, such as ignition delay times [16,17], laminar flame
speed and extinction stretch rates [11,18,19], or on identifica-
tion of species generated during the experiment [20-23]. The
ignition delay times were measured either in the rapid com-
press machine at 600~900 K by Roubaud et al.[16,17]. or in a
shock tube at 941~1408 K by Shen et al. [24]. These studies all
agreed that o-xylene is the most reactive of the three isomers,
and Shen et al. concluded that p-xylene are almost identical to
measurements for toluene at the same conditions. Identification of
species were usually performed by probing product samples using
on-line equipment such as GC and GC-MC. While the literature
reports measurements on oxidation characteristics, few provided
concrete chemical kinetic analysis for elementary reaction steps
involved. Existing kinetic models that contain xylenes as effective
constituents usually refer to analogous reactions of toluene for
corresponding rate coefficients. While the mechanism constructed
this way is probably of acceptable accuracy for m-xylene or p-
xylene, it is prone to significant uncertainties for o-xylene due
to the enhanced reactivity by the two adjacent methyl chains. da
Silva et al. [25] studied how the ignition reactivity of methylben-
zenes is controlled by the number and position of methyl groups.
The authors provided quantum chemical calculations for several
important reaction steps in the oxidation of o-xylyl radical by
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using the G3SX(MP3) method, providing a preliminary explanation
of the autoignition chemistry of o-xylene. However, no predictions
were made for the rate coefficients in their study. o-Xylyl is the
most important and most abundant initial radical of o-xylene
combustion, formed via abstraction or dissociation of the weak
methyl H atoms. The present work aims to provide an exhaustive
exploration into the detailed chemical kinetics of the first and
second oxygen addition reactions of o-xylyl at low temperatures.
These efforts contribute to probing the underlying mechanism of
the ortho-effect in enhancing ignition reactivity and are expected
to enrich the kinetic database of aromatics and to facilitate the
development of surrogate models as a good starting point.

2. Methods
2.1. Electronic structure methods

In current reaction systems, the two radicals that react with
oxygen molecule are o-xylyl and o-hydroperoxymethyl-benzyl (ref.
Fig. 1). Note that the latter is the only important QOOH radical
generated in o-xylyl + O,. The reaction of o-xylyl with molecular
oxygen encompasses various types of elementary reactions includ-
ing addition, isomerization, decomposition, and hydrogen abstrac-
tion [14]. For reliability of the theoretical calculations, the com-
pound model chemistries of G4 and CBS-QB3 are employed to
compute the energetics and ro-vibrational properties of stationary
points on the potential energy surfaces.

At the G4 level of theory, the optimized geometries and vi-
brational frequencies are obtained at the B3LYP/6-31G(2df,p) level,
followed by HF energy limit and a sequence of single point correla-
tion energy corrections using CCSD(T), MP4 and MP2 methods [26].
The G4 theory is assessed to have a significant improvement over
the G3 theory, with the improvement largely coming from the in-
clusion of the HF limit energy. At the CBS-QB3 level of theory, the
optimized geometries and vibrational frequencies are obtained at
B3LYP/6-311G(2d,d,p), also followed by a variety of single point en-
ergy corrections [27]. The CBS-QB3 method makes a good compro-
mise between computational cost and achievable accuracy and is
frequently used for reaction systems with more than seven heavy
atoms. For the entrance channels of o-xylyl + O, and QOOH + O,
the interaction potentials at the transition state region along the
reaction coordinate are calculated to determine the variational
effect.

The transition states are verified to connect the correct reac-
tants and products by performing the intrinsic reaction coordi-
nate (IRC) analysis [28]. Notably, a fully optimized structure with
one imaginary frequency corresponding to the reaction coordi-
nate is located for each entrance channel of o-xylyl + O, and o-
hydroperoxymethyl-benzyl + O, i.e., TS_1st+0, and TS_2nd+0,,
respectively in Fig. 1. That can be attributed to the resonant stabi-
lization of o-xylyl and o-hydroperoxymethyl-benzyl. The two struc-
tures resemble the transition states of regular beta-scission reac-
tions, but it will be seen later that they are not the maximum
along the reaction coordinates.

For the low frequencies representing torsional rotations, the
hindered rotor approximation is applied to compute the density of
states, and the B3LYP/ 6-31G(2df,p) level is used to scan the hin-
derance potential along the specified dihedral angle with an inter-
val of 10°. Gaussian 09 is used to perform the rest of the quantum
chemical calculations [29].

2.2. Master equation simulations

The phenomenological rate coefficients of major pathways in o-
xylyl + O, and o-hydroperoxymethyl-benzyl + O, reactions are
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Fig. 1. Structures of key stationary points on potential energy surfaces of oxygen additions with o-xylyl.

calculated through solution of the master equation by the Mas-
ter Equation System Solver (MESS) code [30], covering a tempera-
ture range of 400-1700 K and a pressure range of 0.001-1000 atm.
The MESS code offers an efficient solution to complex systems that
are characterized with multiple interconnected wells and multiple
product channels. Eigenvectors and eigenvalues are obtained from
solving the master equation, and the determination of rate coeffi-
cients relies on a separation of the chemical significant eigenvalues
(CSEs) and internal energy relaxation eigenvalues (IEREs). The CSEs
are correlated with the chemical transformations between wells
and products, and the IEREs describe the collisional energy relax-
ation within each well. At sufficiently high temperature, the fastest
CSEs merge into the IERE continuum. The two species involved
then rapidly equilibrate with each other and become chemically
indistinguishable. The MESS code then adopts a “species merging”
technique to deal with this rapid equilibration. [30]

For the reaction steps, the RRKM theory is applied to predict
the microscopic rate coefficients within the rigid-rotor harmonic-
oscillator framework except that the low frequencies correspond-
ing to torsional motions are approximated as hindered rotors. The
conventional transition state theory is applied to all channels ex-
cept the entrance channels. For the entrance channels, the inter-
action potentials change much more gently in the transition state
region than those of the other channels that have high energy bar-
riers. The location of the optimal transition state is found to vary
significantly with temperature. Hence, a microcanonically varia-
tional approach is adopted which leads to energy-dependent tran-
sition states and ensures that the transition states selected give the
minimum rate coefficients. Specifically, we consider different posi-
tions along the minimum energy path for the transition state and
calculate rate constants corresponding to each position at various
temperatures. The minimum rate constants obtained are what we
desire. Moreover, the asymmetric Eckart model is used to quantify
the quantum tunneling effect at low temperatures [31].

For the collision steps, the Lennard-Jones potential is used to
emulate the intermolecular interaction between the target species
and bath gas (i.e. Ar). Here, the binary Lennard-Jones collision pa-
rameters (¢/cm~!, o/A) is estimated to be (354.8, 6.43) for o-xylyl,
(408.8, 6.533) for o-hydroperoxymethyl-benzyl, and (79.2, 3.47)
for Ar estimated by the Joback group contribution method [32].

97

The single-exponential down model is used to describe the energy
transfer of excited molecules. The average energy transferred in
a deactivating collision takes the form (AEjown) = @300 (T/300)"
with e300 = 424 cm~!, n = 0.62, as recommended by Jasper et al.
[33]

3. Results and discussion

In the present study, the energy schemes of G4 and CBS-QB3
are used to compute the potential energy surfaces of the target re-
action systems. Before going into details of the computational re-
sults, we first take a look at the performance of these two methods
in the reactions of O, with ethyl, n-propyl, and isopropyl. We did
not select toluene as our test system only because the CCSD(T)/CBS
calculations used as the reference is computationally prohibitive to
us (see below).

3.1. Energy test of O, addition with small alkyls

Figure 2 shows a number of representative channels that occur
on the potential energy surface of R + O, for several small alkyl
radicals such as ethyl, n-propyl, and isopropyl. Note that Fig. 2 is
only for the purpose of illustration and should not be expected to
represent the actual ordering of energies. In this figure, TS(1,n)H
(n = 3, 4, 5) represents the transition state for (1,n)H-shift in-
tramolecular isomerization. TS_HO, denotes the transition state for
the concerted elimination reaction of ROO to produce HO, and
conjugate alkenes. We have tested the accuracy of G4 and CBS-
QB3 for the initial binary reactants, ROO, QOOH, as well as main
transition states. As the reference, the CCSD(T)/CBS energies are
also computed, which are extrapolated from CCSD(T)/cc-pVTZ and
CCSD(T)/cc-pVQZ calculations following the procedure of Halkier
et al. [34]

Eces = [Ex X* — Ex.1 (X = 1’ ]/[X®> - (X = 1)°] (E1)

where X = 4 for the cc-pVQZ basis set. The geometries and vibra-
tional frequencies are optimized at B3LYP/def2-TZVP, and the zero-
point vibrational energy are included in the final energies.

Table 1 lists the computed energies of the stationary points us-
ing different methods, together with selective literature data. From
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Fig. 2. Schematic plot of classical reaction mechanism of R + O, for small alkyl radicals. Note that the potential energy diagram is only for an illustration purpose and the
ordering of energies does not necessarily represent the actual situation.

Table 1
Zero-point energy corrected energies of key stationary points in reactions of ethyl, n-, and iso-propyl with O, (at 0 K in kcal/mol).
Key channels in R + O, CCSD(T)/CBS® G4 CBS-QB3¢ Miller® Schaefer®¢, Goldsmith® DeSain'
ethyl + O,
CH3CH; + O, 0.0 0.0 0.0 0.0 0.0 0.0
CH5CH,00 -33.0 -33.5 -34.1 —33.9° -30.3¢ —-33.5"
-33.0¢
CH,CH,00H -16.4 -16.6 -17.0 -17.0°
TS(1,3)H 9.3 9.8 7.0 8.2"
TS(1,4)H 39 3.7 1.8 3.1° 5.3¢
TS_HO, -1.3 -1.7 -29 -3.0° -3.0¢
n-propyl + O,
CH3CH,CH; + 0y 0.0 0.0 0.0 0.0 0.0
CH3CH,CH,00 -33.7 -343 -349 -33.3¢ —34.9¢
-33.9
CH,CH,CH,00H -18.3 -18.6 -19.8 —18.1¢ -19.8¢
CH3CHCH,O00H -20.7 -20.9 -215 —20.4° -21.6%
TS(1,3)H 8.4 8.8 6.1
TS(1,4)H -04 -0.6 -2.8 -0.2¢ —2.68
72.1]1
2.1
TS(1,5)H -8.7 -8.9 -11.3 -8.5¢ -11.2¢
TS_HO, -2.0 -3.0 —4.2 -2.7¢ —5.2¢8
—3.81‘
-3.8
iso-propyl + O,
CH3CHCH3 + O, 0.0 0.0 0.0 0.0 0.0
CH3CHOOCH3 -34.7 —35.7 -36.2 —34.8° —36.8%
-38.1
-34.8
CH3CHOOHCH, -17.8 -185 -18.8 -18.0° —20.2¢
TS(1,3)H 6.2 6.0 34
TS(1,4)H 1.5 0.8 -0.8 1.2¢ —1.48
].6k _0_211
0.9
-1.7
TS_HO, -35 —4.2 -5.0 —4.2¢ -7.08
—-3.6¢ -4.7"
—-6.0!
-5.0!
5.0

2 B3LYP/def2-TZVP is used for geometry optimization and frequency analysis. Energies at the CBS limit are extrapolated from CCSD(T)/cc-pVTZ and CCSD(T)/cc-pVQZ
energies following the Eq. (E1). Literature results by CBS-Q series are not listed.

b Miller et al. [35].

¢ The Schaefer refers to the two studies on ethyl + O,: Rienstra-Kiracofe et al. [36], and Wilke et al. [37].

d The Schaefer refers to the two studies on ethyl + O,: Rienstra-Kiracofe et al. [36], and Wilke et al. [37].

¢ Goldsmith et al. [12].

f The DeSain refers to the original PES in ref. 44 and all subsequent modifications:.

¢ DeSain et al. [38].

b DeSain et al. [39].

I Estupifian et al. [40].

I Huang et al. [41].

K Huynh et al. [42].
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Fig. 3. Relative energies of major reaction pathways on potential energy surface of o-xylyl + O, at 0 K in kcal/mol. The initial bimolecular reactants are set to be energy

zero.

Table 1, G4 energies agree best with the CCSD(T)/CBS results, with
the largest discrepancy smaller than 0.5 kcal/mol for ethyl + O,
and 1.0 kcal/mol for propyl + O,. CBS-QB3 results lie below both
G4 and CCSD(T)/CBS results, and many of the energy discrepan-
cies are larger than 2 kcal/mol. The column DeSain appears to in-
dicate a better agreement with the CBS-QB3 energies, but the sub-
sequent modifications in this column tend to increase the energies.
More importantly, the good agreement with the more recent cal-
culations by Goldsmith et al. [12]. shows a better accuracy of G4
and CCSD(T)/CBS results. As a result, the results at G4 theory are
recommended.

3.2. Potential energy surface of o-Xylyl + O,

Figure 3 plots the major reaction routes occurring on the o-
xylyl + O, potential energy surface. The zero-point energy (ZPE)
corrected reaction enthalpies and energies under G4 and CBS-QB3
are presented in Table 2. The complete potential energy surface
and associated energy values are provided in Fig. S1 of the Sup-
plemental Material.

Like the situation in small alkyl radicals, the CBS-QB3 energies
are smaller than the G4 energies for most of the stationary points
considered except for ROO, QOOH2, P6 and P8 (the energy devi-
ations are within 0.8 kcal/mol). The energy discordance becomes
more significant in the transition states. Compared with literature
reports, the G3SX(MP3) results by da Silva et al. [25] reported
higher reaction enthalpies for ROO, TS1 and the entrance barrier.
The calculations at CASPT2/ANO-L-VDZP//B3LYP/cc-pVDZ by Can-
neaux et al. [43] are even smaller than CBS-QB3 energies. However,
in the current study we still recommend the calculations at G4 out
of the high accuracy of this theory. And the lack of literature data
implies that, the disagreement between the present study and lit-
erature results does not necessarily indicate the inaccuracy of G4.

Table 2
Reaction enthalpies (298 K) and energies (0 K) of key stationary
points in o-xylyl + O, relative to the initial bimolecular reactants

(kcal/mol).?.
Reaction enthalpies (298 K) G4 CBS-QB3 Literature
o-xylyl + 0, 0.0 0.0 0.0
ROO —23.7 -23.1 —20.0°¢
QOOH -16.9 -17.8
QOOH2 4.2 5.0
P3 —49.5 -50.2
P1 -40.9 —42.5
P8 1.5 2.0
P6 203 21.0
dioxy1 -9.1 -10.7
dioxy2 -7.3 -8.8
entrance barrier” 2.2 13 2.7¢
TS_1st+02 1.0 0.3
TS1 0.9 -1.0 2.2¢
TS2 13.2 8.2
TS3 17.2 15.8
TS4 8.9 5.8
TS5 7.6 4.3
TS6 23.6 19.4
TS8 19.0 159
TS9 12.4 11.6
TS23 9.0 6.7
Reaction energies (0 K) G4 CBS-QB3  Literature
A(TS1 - ROO) 25.5 23.0 22.64
A(TS3 - ROO) 411 39.1 34.94

2 For comparison with literature results, the reaction enthalpies
(298 K) and reaction energies (0 K) are both presented.

b The “entrance barrier” denotes the maximum along the mini-
mum energy path for the entrance channel of o-xylyl + O,.

¢ G3SX(MP3) by da Silva et al. [25].

d CASPT2/ANO-L-VDZP//B3LYP/cc-pVDZ by Canneaux et al. [43].
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From Fig. 3 and Table 2, the activation energy of initially formed
o-methylbenzylperoxy radical (ROO) is less than 23.7 kcal/mol.
For comparison, the initially formed activated alkylperoxy adducts
of alkanes have over 30 kcal/mol excess energy than ground
state radicals [12,37,44]. The smaller activation energy of ROO can
mainly be ascribed to the resonant stability of the o-xylyl radi-
cal and largely explains the lower autoignition reactivity than alkyl
radicals. For the entrance channel, quantum chemical calculations
delineate a flat energy barrier along the minimum energy path.
Similar barriers were also found in reaction systems like ben-
zyl + O, [25,45]. For instance, da Silva et al. predicted this barrier
to be around 2.7 kcal/mol [25].

Forward consumption of ROO proceeds primarily through the
intramolecular H-atom transfer reactions. The classical low tem-
perature scheme of alkanes is also valid for o-xylyl + O,, which
is rather different from benzyl + O,. Amongst the three H-shift
channels, ROO abstracts the benzylic hydrogen atom from adja-
cent methyl chain with the lowest barrier and leads to the forma-
tion of o-hydroperoxymethyl-benzyl through a seven-membered
ring transition state TS1. Like the alkane systems, here the o-
hydroperoxymethyl-benzyl radical is also referred to as QOOH. This
radical is going to play a key role in the low-temperature chain-
branching of o-xylene ignition. The other two H-transfer reactions
of ROO include the abstraction of another benzylic hydrogen via a
highly strained four-membered ring transition state TS3 and the
abstraction of H-atom from the benzene ring via the transition
state TS2. Additionally, ROO can isomerize to form two dioxy het-
erocyclic intermediates through the ring-closure reaction channels
P4 and P5. The latter two H-transfer reactions and the ring-closure
reactions have a negligible contribution to the ROO decomposi-
tion owing to their higher energy barriers. Similarly, the follow-
ing consumption of QOOH, which produce OH + cyclic oxides/2-
methylbenzaldehyde and HO, + o-xylylene, are noncompetitive in
energy when compared with its reverse back to ROO. From the dis-
cussion above, the reactions interconnecting o-xylyl + O,, ROO and
QOOH in essence dominate the overall kinetics of the o-xylyl + O,
reaction, and the competition between ROO isomerizing to QOOH
and ROO dissociating back to reactants is the determining factor
for the oxidation reactivity at low temperatures.

On the reaction of o-xylyl with molecular oxygen, an H-atom
abstraction mechanism is also chemically possible aside from the
direct recombination. However, the H-abstraction reaction is un-
competitive at low temperatures owing to the significant activation
energy (greater than 30 kcal/mol).

3.3. Kinetics analysis of o-xylyl + O,

As stated in Methods, a transition state structure TS_1st+0, is
located by G4 or CBS-QB3 for the entrance channel of o-xylyl + O,.
Since the energy barrier is rather flat, simply placing the dividing
surface at TS_1st+0, is likely to introduce significant errors in the
calculated rate coefficients. Here, a variational approach is imple-
mented to determine the optimal position of the transition state
as a function of temperature. Figure 4 presents the interaction po-
tentials in the vicinity of TS_1st+0, along the minimum energy
path. As seen from the figure, TS_1st+0, is not the maximum on
the minimum energy path, supporting the implementation of the
variational approach. Also shown are the best transition states that
minimize the high-pressure limit rate coefficients at different tem-
peratures. As the temperature increases, the transition state shifts
to configurations with shorter separation between the two react-
ing fragments. For instance, in the case of G4 the configuration
with a separation of 2.15 A is the best choice of transition state at
400 K. As the temperature increases to 500 K, the transition state
moves to the configuration at 2.10 A and then to the configuration
at 2.05 A when the temperature rises to 1500 K. In general, the
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Fig. 4. The interaction potentials in the vicinity of TS_1st+0, along the minimum
energy path. TS_1st+0, is computed via full optimization to have one imaginary
frequency that corresponds to the reaction coordinate. The optimal transition states
that minimize the rate coefficients at different temperatures are also labeled.

enthalpic and entropic effects combine to result in the position of
the transition states, i.e., within the range of 2.05~2.15 A for G4,
and within 2.02~2.07 A for CBS-QB3.

Figure 5 plots the high-pressure limit rate coefficients of o-
xylyl + O, predicted using G4 and CBS-QB3. At the low temper-
ature end, the predictions via variational minimization are close
to calculations using the maximum of interacting potential as the
transition state. The divergence at higher temperatures can be at-
tributed to the increasingly important entropic effect in evaluat-
ing the sum of states, so the transition state moves toward the
adduct side to minimize the rate coefficients. Also, imprudently
taking TS_1st+0, as the transition state would lead to errors in
the rate coefficients by as much as an order of magnitude, as is in-
dicated by the lines with circle and diamond. Figure 5 shows that
the G4 predictions are slower than the CBS-QB3 predictions, which
is in consistent with the relatively larger energies at G4. To test the
effect of energies, we simply increase the energies at CBS-QB3 by
1.5 kcal/mol (the variational calculation). The so obtained rate co-
efficients, which are represented by the line with star, demonstrate
a good agreement with the G4 predictions. Considering the uncer-
tainties of methods, the G4 predictions are conservatively recom-
mended in this study. Since neither measured nor calculated values
are found in literature for rate coefficients of o-xylyl + O,, we in-
clude in Fig. 5 the rates of phenyl + O, and benzyl + O, by Zhang
et al. [45] In their study, the rate coefficients of benzyl + O, are
much smaller than those of phenyl + O,, which can be ascribed to
the resonant stabilization of benzyl radical. Our rate coefficients of
o-xylyl + O, at G4 exhibit a sharper increase with temperature but
are below the results of benzyl + O,. The lower entrance barrier in
benzyl + O, by Zhang et al. [45] probably explains the shallower
slope in their study

The temperature-dependent rate coefficients of main channels
in o-xylyl + O, reaction at 1 atm are presented in Fig. 6(a). Here
only the calculations using the G4 energetics are displayed. Initial
addition to peroxy radical ROO is the only important reaction at
low temperatures. Formation to QOOH has the second largest rate
constants, followed by the generation of OH + o-xylene oxide (P1).
The reaction channels leading to OH + 2-methylbenzaldehyde (P3)
and to the dioxy heterocyclic intermediates (P4 and P5) are com-
puted to have comparable rate constants. In essence, the formation
of products other than ROO can be safely ignored under the con-
ditions investigated. Note that the absence of rate coefficients
for the formation of ROO and QOOH at higher temperatures is a
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Fig. 5. The high-pressure limit rate coefficients of o-xylyl + O, recombination using G4 and CBS-QB3 methods. Symbols represent the calculations of phenyl + O, and

benzyl + O, recombination from the work of Zhang et al. [45].
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Fig. 6. (a) The temperature-dependent rate coefficients of o-xylyl + O, recombination at
limit under G4 energetics.

result of the equilibration between ROO and QOOH, which become
chemically indistinguishable. Gail et al. [22] in 2008 developed
a chemical kinetic model for o-xylene to simulate a jet-stirred
reactor experiment over 900-1400 K at atmospheric pressure.
The rate coefficients of pathways therein are mostly estimated by
analogy to similar reactions in m- and p-xylenes. In Gail's model,
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1 atm and (b) the branching ratio of ROO decomposition channels at high-pressure

the authors provided the rate coefficients of two pathways for
0-xylyl + 05, i.e., the product channels of P3 and HO, + o-xylylene
(P6). Here we have also included the calculation results of P3 and
P6 in Fig. 6(a) for comparison. The estimations made by Gail et al.
are in large discrepancy from the present study, particularly for
the channel P3. The authors presumed larger rate coefficients
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for the formation of HO, + o-xylylene (P6) than the formation
of OH + 2-methylbenzaldehyde (P3). Whereas in present study,
the channel P3 is predicted to be more advantageous in enthalpy
and exhibits a more significant quantum tunneling effect. In this
sense, the rate coefficients of P3 and P6 estimated by Gail et al.
[22] probably have large uncertainties.

Figure 6(a) implies that the following consumption mechanism
of ROO should largely dominate the low temperature reactivity of
o-xylene. Master equation analysis reveals that dissociation back to
o-xylyl + O, and isomerization to QOOH are the two most impor-
tant channels of ROO consumption. Figure 6(b) plots the branch-
ing ratios of these two channels as a function of temperature at
the high-pressure limit. Results show that the main fate of ROO is
to dissociate back to initial reactants, and isomerization to QOOH
plays a role merely below 700 K with the largest branching of 15%.
The enhanced rate of isomerization at low temperatures mainly

Relative Energies (kcal/mol)

Combustion and Flame 227 (2021) 95-105

arises from the increased quantum tunneling through the energy
barrier TS1. The relatively low yield of QOOH accounts for the
lower autoignition reactivity than alkanes where QOOH radicals are
formed in abundance from ROO.

Figure 7 compares the rate coefficients of the primary decom-
position channels of QOOH. Kinetic predictions demonstrate that
the dissociation back to ROO is more preferred than its forward de-
composition at temperatures below 900 K. At higher temperatures,
the formation of OH + o-xylene oxide (P1) is more favored. At low
temperatures, the combined effect of rapid equilibration with ROO
and slow dissociation channels allows the concentration of QOOH
to build up so as to participate in the chain branching chemistry.
The formed QOOH is able to react readily with an oxygen molecule
and leads to the chain branching process. In the present study, the
chemical kinetics of the second oxygen addition (i.e. QOOH + 0,)
is also discussed in detail as follows.

The modified Arrhenius parameters for the rate coefficients of
major pathways in o-xylyl + O, reaction are tabulated in Table S1
of the Supplemental Material, which enables direct application in
kinetic software like Chemkin.

3.4. Kinetic mechanism of o-hydroperoxymethyl-benzyl + O,

The potential energy surface of the QOOH + O, reaction is dis-
played in Fig. 8, depicted under the G4 energy scheme. The solid
lines represent channels of the most importance occurring on this
surface, including the initial addition to OOQOOH and its dissoci-
ation to the product pair P7. The dissociation barrier, TS19, repre-
sents the transfer of benzylic hydrogen from the neighboring side
chain, and its lower enthalpy causes an increased flux to the prod-
ucts of P7. The other two decomposition channels of initial adduct,
characterized with TS18 and TS21, are not favored due to the rela-
tively high activation energies. The dashed lines illustrate the ma-
jor decomposition channels of 2-hydroperoxymethyl-benzaldehyde
in P7.

Similar to the o-xylyl + O, reaction, TS_2nd+O, with an
energy of 0.98 kcal/mol at G4 is not the maximum of the
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Fig. 8. Potential energy surface of the o-hydroperoxymethyl-benzyl + O, reaction. The energies are relative to the initial bimolecular reactants at 0 K by G4 in kcal/mol. The
dashed lines represent major decomposition routes of 2-hydroperoxymethyl-benzaldehyde of P7.
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Fig. 9. (a) The temperature-dependent rate coefficients of QOOH + O, reaction at selected pressures and (b) the branching ratio of OOQOOH decomposition channels as a

function of temperature.

interaction potentials between the reacting moieties. Hence, a
variational approach is also applied to minimize the rate coef-
ficients of the entrance channel QOOH + O, < OOQOOH. The
temperature-dependent rate coefficients of major pathways of
QOOH + O, at a number of selected pressures are presented in
Fig. 9(a). Generally, the initial addition to OOQOOH prevails over
the channel P7 under investigated conditions. As the pressure in-
creases, the reaction flux through the former channel gets en-
hanced while flux through the latter gets reduced. This is because
with the pressure increasing a larger portion of the chemically ac-
tivated adduct is stabilized by collisions into the initial well instead
of directly giving rise to P7 through a well-skipping mechanism.
The following-up consumption of OOQOOH, the dominant
product of QOOH + 0O,, is the key mechanism that affects the
accumulation of the radical pool below 900 K and therefore is di-
rectly concerned with the low temperature autoignition reactivity.
The primary dissociation of OOQOOH mainly includes two chan-
nels, that is, the reverse dissociation to initial reactants and the
formation of P7 products leading to active OH radical. Figure 9(b)
plots the branching ratios of the two channels as a function of
temperature at selected pressures. From this plot, the dissociation
to P7 product pair makes a larger contribution at the initial stage,
but it becomes less important as the temperature goes to medium
range. The two channels approximately bisect the overall reaction
flux of OOQOOH dissociation at temperature within 530~580 K.
The partitioning between the two channels changes with the pres-
sure until about 1 atm above which the pressure has little impact.
Importantly, the benzaldehyde derivative (i.e, 2-
hydroperoxymethyl-benzaldehyde in P7) can easily decom-
pose via direct bond fission of the weak O-OH to produce
o-formylbenzoxyl + OH. The o-formylbenzoxyl then loses a hy-
drogen atom to form 1,2-diformylbenzene. The reaction sequence
QOOH + 0, — P7 — 1,2-diformylbenzene + 20H + H is a highly
chain-branching process and largely explains the alkane-like au-
toignition behavior of o-xylene, which is characterized with a
two-stage ignition and the negative temperature coefficient. In
summary, the QOOH radical formed in the first oxygen addition,
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despite in a relatively slow rate, could effectively proceed forward
via reacting with a second oxygen molecule and lead to the
growth of radical pool. This is expected to greatly enhance the
low temperature oxidation reactivity of o-xylene. Note that other
reactions, such as the recombination of o-xylyl with HO, radical
which converts the inactive HO, to active OH, also play a role
in the low temperature oxidation. Detailed kinetic analysis of
these reactions is on the list of our future work. In addition, at
higher temperatures dissociation of o-xylyl as well as QOOH takes
place before they are collisionally deactivated, and addition of O,
becomes no longer important.

The modified Arrhenius parameters of major channels in o-
hydroperoxymethyl-benzyl + O, are tabulated in Table S2 of the
Supplemental Material.

4. Conclusions

o-Xylene was reported in literature to exhibit a complex,
alkane-like, autoignition behavior at low temperature and elevated
pressure. The present paper performs a theoretical exploration into
the chemical kinetics of the oxygen addition reactions that con-
trol the low temperature reactivity via combining quantum chem-
ical calculations and transition state theory based master equation
simulations. The first oxygen addition, i.e., the o-xylyl + O, reac-
tion, gives rise primarily to the initial peroxy adduct, and the de-
composition of the peroxy adduct leads to QOOH with a relatively
small reaction flux (less than 15% by G4) by transferring a ben-
zylic hydrogen atom from the neighboring methyl group. Although
yielded in a small amount, the combined effect of equilibration
with peroxy radical and lack of fast dissociation routes allows for
QOOH radicals to gradually accumulate. QOOH then reacts read-
ily with a second molecular oxygen via the o-hydroperoxymethyl-
benzyl + O, recombination and leads to the growth of radical con-
centration through a highly chain-branching reaction sequence. As
the key intermediate to chain branching, the limited concentration
of QOOH results in the lower reactivity than alkanes for which
QOOH radicals are generated in abundance. While at the same
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time, it is these limited QOOH intermediates that efficiently pro-
mote the low temperature reactivity and account for the alkane-
like autoignition pattern of o-xylene.

This paper shows that classical low temperature scheme is valid
for benzylic-type hydrogens and radicals of o-xylene. This can be
ascribed to the accessible isomerization step where the trans-
ferred hydrogen comes from the ortho-methyl chain. Comparing
the molecular structures of o, m- and p-xylenes, it becomes ap-
parent that no such isomerization step happens for the meta- and
para-xylenes due to steric hindrance. This explains why o-xylene
demonstrates much higher ignition reactivity than its other two
isomers. The present study is expected to facilitate the develop-
ment of multi-fuel chemical kinetic models for practical engine
fuels.
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