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Aromatic compounds such as toluene and xylene are major components of many fuels. Accurate kinetic
mechanisms for the combustion of toluene are, however, incomplete, as they do not accurately model
experimental results such as strain rates and ignition times and consistently underpredict conversion. Current
kinetic mechanisms for toluene combustion neglect the reactions of the methylphenyl radicals, and we believe
that this is responsible, in part, for the shortcomings of these models. We also demonstrate how methylphenyl
radical formation is important in the combustion and pyrolysis of other alkyl-substituted aromatic compounds
such as xylene and trimethylbenzene. We have studied the oxidation reactions of the methylphenyl radicals
with O, using computational ab initio and density functional theory methods. A detailed reaction submechanism
is presented for the 2-methylphenyl radigalD, system, with 16 intermediates and products. For each species,
enthalpies of formation are calculated using the computational methods G3 and G3B3, with isodesmic work
reactions used to minimize computational errors. Transition states are calculated at the G3B3 level, yielding
high-pressure limit elementary rate constants as a function of temperature. For the barrierless methylphenyl
+ O, and methylphenoxy- O association reactions, rate constants are determined from variational transition
state theory. Multichannel, multifrequency quantum RiBamspergerKassel (QRRK) theory, with master
equation analysis for falloff, provides rate constants as a function of temperature and pressure from 800 to
2400 K and 1x 10 *to 1 x 10° atm. Analysis of our results shows that the dominant pathways for reaction

of the three isomeric methylphenyl radicals is formation of methyloxepinoxy radicals and subsequent ring
opening to methyl-dioxo-hexadienyl radicals. The next most important reaction pathway involves formation
of methylphenoxy radical$ O in a chain branching process. At lower temperatures, the formation of stabilized
methylphenylperoxy radicals becomes significant. A further important reaction channel is available only to
the 2-methylphenyl isomer, where 6-methylene-2,4-cyclohexadiene-lsghe-uinone methidep-QM) is
produced via an intramolecular hydrogen transfer from the methyl group to the peroxy radical in
2-methylphenylperoxy, with subsequent loss of OH. The decompositionQi¥ to benzenet CO reveals

a potentially important new pathway for the conversion of toluene to benzene during combustion. A number
of the important products of toluene combustion proposed in this study are known to be precursors of
polyaromatic hydrocarbons that are involved in soot formation. Reactions leading to the important unsaturated
oxygenated intermediates identified in this study, and the further reactions of these intermediates, are not
included in current aromatic oxidation mechanisms.

1. Introduction opposed flow flames and ignition delays in shock tube studies
are not well predicted by any of the available mofi@ithout

Aromatic compounds are major constituents of transportation the inclusion of fitted or estimated rate parameters.

fuels, and understanding their combustion kinetics is important
in the design of efficient engines and in the abatement of
atmospheric pollution. Considerable work has been performed
on the thermochemistry and kinetics of benzene combustion,

however, comparatively less work has been carried out on the . . h
kinetic modeling of other aromatic components of hydrocarbon paths u_n_der lower-temperature atmospheric °°“d'“°F‘S involve
the addition of OH to benzene and subsequent reactions of the

fuels such as toluene, xylene, and ethylbenzene. Of all aromatic . . - Cias
compounds, toluene is the most significant fuel component, angcyclohexadienyl radical with ©and other specie$:® The

a reasonable volume of experimental work has been performed'€action of phenyl with @is especially significant due to the
on this systerd. Existing reaction mechanisms for toluene Nigh concentration of ©in combustion chambers and the large

6 i -
combustion describe normalized species profiles from flow well depth (cla. 50 keal moh)® for formation of the phenylp
reactor oxidation studies when reaction time is normalized to a €"0%Y radical.

Studies on the combustion of benzene have shown that one
of the important reactions at combustion temperatures is the
formation of the phenyl radical and the subsequent reaction of
this radical with species such as.@n contrast, the important

set toluene conversion fractiSnHowever, strain rates in In toluene oxidation, the emphasis on oxidation kinetics has
been placed on the reactions of the resonance-stabilized benzyl
* Corresponding author. E-mail: bozzelli@niit.edu. Telephoriel 973 radical and not the methylphenyl radical because of the much
596 3459. Fax:+1 973 596 3586. weaker methyl carbon -€H bond (89.8 kcal mol)’ versus
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SCHEME 1: Formation of the 3-Methylbenzoxyl SCHEME 2: Methylphenyl Radical Formation from the
Radical from m-Xylene 3-Methylbenzoxyl Radical
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the phenyl C-H bond (112.9 kcal mot)7 in toluene. While )@ /@ )@
the benzyl radical is stable on a scale relative to other radicals,

it does not react rapidly to new products in chemically activated

association reactions with molecular oxygen; this is due to the

low barrier (ca. 20 kcal mol) and loose transition state for ~ This includes the important reactions of these radicals with O
reverse reaction. In addition, the thermal decomposition of In this study, we focus on the initial reactions in the methyl-
benzyl is slow, with an experimental activation energy of around Phenyl radical+ O system. Thermochemical properties and
80 kcal mot18 elementary rate constants are calculated for species and reactions

Direct formation of the methylphenyl radical from toluene involved in this relatively complex reaction system using the
is less likely than formation of the benzyl radical because of G3 and G3B3 composite theoretical methods. A submechanism
the stronger phenyl carbon—€4 bond dissociation energy. 1S compiled for the methylphenyl- O, reaction, and rate
However, methylphenyl radicals do form during combustion and ¢onstants are calculated as a function of temperature and
even in lower-temperature reactor cool-down zones by abstrac-Pressure for the chemical activation system and for dissociation
tion reactions with species in the active radical pool, and these Of stabilized intermediates, where the barrierless methylphenyl
abstraction reactions become more important at higher temper-+ Oz and methylphenoxy+ O reactions are treated using
atures. The lifetime of the methylpheny! radicals will, however, Variational transition state theory. It is hoped that this study
be shorter at higher temperatures due to isomerization with theWill provide kinetic and thermochemical input for the construc-
thermodynamically more stable benzyl radical via intramolecular tion of reaction models for the combustion and oxidation of
hydrogen shift reactions. Folueng, the xylene_s,_ano_l other (pqu)-alkyl-_substltut_ed aromat-

While the benzyl radical may be the more stable and dominant IS while also |dent|fy|ng important intermediate species in these
C;H, isomer in the reactions of toluene, there are several SYStems that need additional study.
important pathways to methylphenyl radicals from poly-alkyl-
substituted aromatics, including the xylenes and trimethyl 2. Methods
benzenes. Experimental studies on the pyrolysis of toluene have 2.2. Computational Methods.All calculations were made
identified two important initial pathways: benzylH formation using the Gaussian 03 suite of prograths'lhe composite
and phenyl4+ CHz; formation. The phenyH CHz pathway theoretical methods G3 and G3B32 were applied to all
constitutes around 20% of the total reaction rate at 1200 K and potential energy minima identified in the 2-methylphenyl radical
below but becomes the dominant pathway at temperatures of+ O, reaction mechanism, while the G3B3 method was applied
around 1806-2000 K? In the high-temperature reactions of to all transition states. Transition states were identified by their
xylene and trimethyl benzene, we therefore expect methylphenylsingle imaginary frequency, whose mode of vibration connects
and dimethylphenyl radical formation, via-€Hz bond dis- the reactants and products. For equilibrium geometries, enthal-
sociation, to be important. We also posit that methylphenyl pies of formation were calculated from atomization enthalpies,
radical formation will also be important at lower temperatures, as well as from isodesmic reaction enthalpies. For transition
due to indirect formation via the reactions of methylbenzyl states, enthalpies of formation were obtained from the compu-
radicals. In Scheme 1, we depict two processes leading totational enthalpy of activation and from the calculated enthalpies
production of the methylbenzoxyl radical from xylene through of formation of the reactants or products. Calculated geometries
chemically activated reactions of the 3-methylbenzyl radical with (in Cartesian coordinates) and enthalpies (in hartrees) for all
0. and HQ (similar reactions will occur for the 2- and  molecules, including transition states, are provided as Supporting

4-methylbenzyl isomers). The analogous benrz O, reaction Information.
is fast, barrierless, and primarily forms benzoxyl radicals; the  The composite theoretical technique G3 involves an initial
benzyl+ HO, rate constant has been estimated as 30'? HF/6-31G(d) level geometry optimization and frequency cal-

cm® mol~! s71.10 Once formed, methylbenzoxyl radicals can culation, followed by a further geometry optimization at the
react via several pathways to produce methylphenyl radicals MP2/6-31G(d) level of theory. In the G3B3 method, these initial
(among other products), as illustrated in Scheme 2. Here, steps are replaced by a B3LYP/6-31G(d) geometry optimization
reactions involving loss of hydrogen may proceed via either and frequency calculation. The final MP2 and B3LYP geom-
unimolecular dissociation or hydrogen abstraction reactions. Theetries from both methods are subjected to a series of QCISD-
reactions of Scheme 2 result in methylphenyl radical formation (T), MP4, and MP2 level energy corrections to accurately
at temperatures where isomerization with the benzyl radical is determine the molecular energy. The theoretical methods G3
relatively unimportant, and a study to further quantify these and G3B3 provide a good compromise between accuracy and
reaction paths would be of considerable value. computational efficiency for the relatively large system being
The above discussion illustrates that the reactions of the studied here (9 heavy atoms). For small closed-shell organic
methylphenyl radical, and of substituted methylphenyl radicals, molecules, the G3 and G3B3 methods calculate thermochemical
need to be incorporated into aromatic oxidation mechanisms. properties with an average uncertainty of around 1 kcaliol
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with G2 test set root-mean-square errorsto0.9 and+ 1.0
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enthalpy. Where multiple degenerate sites were available for

kcal mol1, respectively. However, these methods are expected reaction (i.e., abstraction of H from G} the pre-exponential
to be somewhat less accurate for the larger radical moleculesfactor (A') was multiplied by the appropriate factor.

in our reaction system, due principally to greater systematic

computational errors and the effects of spin contamination. For

radical species, both the G3 and G3B3 methods will suffer from

spin contamination correction errors; these errors will be greatest

for the MP2 and HF level calculations. Comparatively, the
B3LYP density functional, which is utilized in the G3B3

method, is much less susceptible to spin contamination than

HF methods$# In this study, isodesmic work reactions are used
when evaluating enthalpies of formation, for error cancellation
and help in mitigation of spin contamination, and other
systematic computational errors.

2.3. Entropy (S°299) and Heat Capacity (Cp(T)) Calcula-
tions. The entropy (298 K) and heat capacity (32600 K) of
each molecule is calculated from principles of statistical
mechanics using the SMCPS progrétwyith BSLYP/6-31G-

(d) geometries, frequencies, and moments of inertia. SMCPS

applies the rigid-rotor-harmonic-oscillator (RRHO) approxima-
tion, with the required entropy corrections for unpaired electrons,
symmetry, and optical isomers. Low-frequency vibrational

modes corresponding to internal molecular rotations are omitted
from the SMCPS calculations, and appropriate entropy and heat
capacity corrections are added. Internal rotor potentials were

calculated for rotation about-RCH3; and R—-OC" bonds at the
B3LYP/6-31G(d,p) level of theory with the 2-methylphenyl and
2-methylphenylperoxy radicals, respectively. Rotor potentials

were fit to five-parameter Fourier series expansions, and the

program ROTATOR was then used to determine $hggs and
Cp(T) corrections'® Internal rotation corrections for molecules
containing the groups phenryDH,'" phenyO—0OHf and
pheny-O—0—CHs!8 were obtained from the literature. All
internal rotor corrections, and calculated-RO and R-CHs
rotor potentials in 2-methylphenyl and 2-methylphenylperoxy,
are provided in the Supporting Information. Frequencies and
moments of inertia for all ground and transition state molecules
are also provided as Supporting Information.

2.4. Reaction Rate Parameters and Kinetic AnalysiRate
constantsk(T), were calculated as a function of temperature
from activation enthalpies and entropies via canonical transition

k(T)=AT" exp( RTa)

Saddle-point transition states were not located for dissociation
of the methylphenylperoxy radical to either the methylphenyl
radical+ O, or the methylphenoxy radicat O at the B3LYP/
6-31G(d) level. These barrierless reactions have been treated
according to variational transition state theory from O3LYP/6-
31G(d) scans of the potential energy surf&t&he results of
these calculations are the subject of a forthcoming publication.
Additionally, a saddle-point transition state was located for the
2-hydroxy-6-methylphenoxy> 3-methyl-1,2,-benzoquinone
H reaction, but the G3B3 enthalpy of the transition state was
also below the enthalpy of the products; this reaction was
assumed to proceed witky, = 0 in the reverse direction.

Temperature- and pressure-dependent rate constants for
reactions of the chemically activated methylphenylperoxy adduct
were calculated with multichannel, multifrequency quantum
Rice—RamspergerKassel (qRRK) theory fok(E)!>2%22and
master equation analysis for falloff and stabilizatiéi?
Elementary rate parameterd’(n, andEg) for the elementary
reaction steps were calculated as described above. The gRRK
calculations were performed using the program CHEMAS-
TERS22for T = 800-2400 K andP =1 x 10%to 1 x 1C®
atm. The CHEMASTER code is used with energy levels from
a full set of 31—6 vibrational frequencies, but in a reduced form
of three representative frequencies that accurately reproduce the
heat capacity versus temperature cétytus energy levels from
one external rotation. The gRRK/master equation analysis has
been shown to accurately reproduce both experin@réand
Rice—RamspergerKassel-Marcus (RRKM) resultd* Uni-
molecular isomerization and dissociation kinetics of the stabi-
lized methylphenylperoxy radical is also included by using the
CHEMDIS progranm?! Molecules that pass over a transition
state, where there are subsequent barriers to other new channels,
are treated as chemically activated and considered in the program
for possible further reaction(s).

®3)

state theory and statistical mechanics (eq 1) in the temperature; nocuits and Discussion

range of 308-2000 K. In eq 1,AS' is the activation entropy,
AH¥ is the activation enthalpykg is the Boltzmann constant,

3.1. Thermochemical Parameters and Error Analysis.

andhis the Planck constant. Observe in eq 1 that the activation Table 1 illustrates the structure of the 2-methylpheny! radical
entropy is a function of temperature; we calculate the changeand the stable intermediates on the 2-methylphehylO,

in entropy with temperature from the integral 6p(T) with

respect to logr.
AS (T)) p(—AH *)
ex;( R ex RT

Rate constants for reactions featuring an intramolecular
hydrogen shift are corrected for the effects of quantum me-
chanical tunneling using the Wigner formalism (eqd2yvhere
«(T) is the tunneling correctiony* is the transition state’s
imaginary vibrational frequenc¥g is the Boltzmann constant,
andh is the Planck constant.

he*
ke T

Calculatedk(T) values were fit to an empirical three-parameter
form of the Arrhenius equation (eq 3) to obtain the rate
parameter& andn, whereE, was fixed to the 298 K activation

KgT

h

k() = @)

1

/(('I')=1-|-24

@)

potential energy surface. Enthalpies of formation for these 16
species have been calculated using a series-df iBodesmic
reactions with the G3 and the G3B3 methods. The isodesmic
reaction schemes are provided in Table 2, along with the
calculated reaction enthalpies for each reaction, while specific
enthalpies of formation calculated with each reaction are
provided in the Supporting Information. Experimental enthalpies
of formation for all reference species in our isodesmic work
reactions are listed in Table 3. The use of isodesmic work
reaction schemes when calculating enthalpies of formation and
bond dissociation energies can increase computational accuracy
due to the cancellation of systematic calculation er#&#8:2
Typical uncertainties in high-level composite computational
theoretical methods with implementation of isodesmic work
reactions are reduced from around 1 kcal Mdb around 0.5
kcal mol~1 3340provided that accurate experimental enthalpies
are available for the work reaction reference species.

In developing the isodesmic work reactions, efforts were made
to preserve the bonding environment in the target species,
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TABLE 1: Structures and Names for All Species Studied on the 2-Methylphenyl Radicat+ O, Potential Energy Surface

structure name structure name
CHj; ; 0 _o
©. (1) 2-methylphenyl o= - (9) 7-methyloxepinoxy
CH; oCH,
ooe OOH (10) 2-phenylhydroperoxy
(2) 2-methylphenylperoxy ©/ “t-methylene
CH;O CH,
N (3) 4-dioxirane-5-methyl O . .
0 -
.©L -2,5-cyclohexadienyl radical i:/r (11) ortho-quinone methide
CHj, CH;
oe (12) 4-methyl-5,6-dioxetane
- 0 )
©/ (4) 2-methylphenoxy @:6 -2,4-cyclohexadienyl
CH; H;C, 0\0
OOH (13) 6-methyl-5,6-dioxetane
@: (5) 3-methyl-2-hydroperoxyphenyl @ 2 4-cyciohexadienyl
CH; . ° O-O’CH3
<;/[ (6) 2-hydroxy-6-methyl-phenoxy ©/ (14) 2-methylperoxyphenyl
OH
CH; CH;
O .
) PPy : o (15) 6-methyl-1,6-dioxo
iIo (7) 3-methyl-1,2-benzoquinone | ___o -2,4-hexadienyl
[ ]
H;C CH;
—0 o ) 20 (16) 2-methyl-1,6-dioxo
¥ - ’z ’
) (8) 3-methyloxepinoxy i . -2.4-hexadienyl
=0

including aromaticity and ring structure, so as to effectively =~ The error associated with enthalpies of formation calculated
cancel errors in bond energies and adjacent interaction energievia isodesmic work reactions will consist of two components:
across the work reactions. In addition, each isodesmic reaction(i) the intrinsic error associated with the computational method
typically features the same number of radical species, internal (the computational error), and (ii) the error associated with the
rotors, and molecular fragments on either side of the reaction, experimental enthalpies of formation of the reference species
helping eliminate errors due to spin contamination, hindered in the work reaction (the experimental error). We have estimated
internal rotation, and basis set superposition error, respectively.the intrinsic computational error component from the standard
In many instances, vinylic groups were used to model bonds in deviation for enthalpies of formation calculated using different
aromatic molecules, as it has been demonstrated that bonds inisodesmic work reactions across the two theoretical methods.
similar aromatic and vinyl molecules are close in enérgf. This approach is justified given the large number of work
Reaction enthalpies for the isodesmic work reactions were reactions (50 in total) and the use of multiple theoretical
typically small (on average 29 kcal m@), which indicates that methods. Averaged over all 16 compounds, we obtain a standard
there is good cancellation of bond energy across the reactions.deviation of 0.87 kcal moft, with maximum standard deviation
The enthalpies of formation calculated with our isodesmic of 1.5 kcal mofl. For the computational error component we
reaction schemes are given in Table 4. Also included in Table suggest a 95% confidence interval uncertainty4.7 kcal
4 are enthalpies of formation calculated from atomization mol~%, which is twice the standard deviation. The second error
enthalpies. The lack of error cancellation in atomization component, which arises due to uncertainty in the reference
reactions makes these enthalpies generally less accurate thaenthalpies, was evaluated for each isodesmic reaction as the
isodesmic enthalpies, although the atomization values have thequadratic mean (root-mean-square) of the uncertainties for all
advantage of using the well-known enthalpies of formation of reference species in the work reaction. For each species, the
the atoms C, O, and H. We recommend an average of the G3reaction with the largest uncertainty then provides the experi-
and G3B3 isodesmic enthalpies as the best values, and we usenental error. The total uncertainty for each species is calculated
these enthalpies in our gRRK/master equation calculations (thisas the quadratic mean of the computational error and the
is justified below). We note that, in general, the enthalpies experimental error. The average total uncertainty is found to
calculated with both theoretical methods are in good agreement,be +1.9 kcal mot?, while the maximum uncertainty 2.3
although there are relatively significant difference=2(kcal kcal moll. Recommended enthalpies of formation, with
mol~1) between the G3 and G3B3 enthalpies for the 2-methyl- uncertainties, are included in Table 5. These values are also
phenylperoxy and 6-methyl-1,6-dioxo-2,4-hexadienyl radicals. provided as Supporting Information, along with the computa-
The average difference between the isodesmic and atomizatiortional and experimental contributions to the total uncertainty.
enthalpies is 1 kcal mol. We note that literature enthalpy Given that the computational error is evaluated as 1.7 kcal
values, either experimental or computational, with which to mol~%, our error analysis indicates that uncertainties in the
compare our calculated enthalpies of formation could not be experimental enthalpies of formation of the reference species
located for any oxy-hydrocarbon radicals in this study. contributes relatively little to the overall error, and the enthalpies
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TABLE 2. Isodesmic Work Reactions and Reaction Enthalpies Calculated with the G3B3 and G3 Theoretical Methods

Ar><nH0298
(kcal mol?)
specied work reaction G3B3 G3
1) (1) + CH;=CH, — toluene+ CH,=CH —4.2 —4.3
(1) + 2 CH;~=CH, — benzenet CH,=CH + propene -3.8 -3.9
(1) + 2 CH=CH, + C,Hs — benzenet CH,=CH + CH, + 1-butene —6.3 —6.4
2) (2) + H20 — 2-methylphenot HOO 2.2 4.7
(2) + H,0 + CH,;=CH, — phenol+ propenet HOO 3.3 5.8
(2) + H20 + CH,~=CH, + C;Hs — phenol+ 1-butenet CH, + HOO 0.8 3.3
3) (3)+ 3CH, + 2H,0 — 1,3-cyclohexadieng- 2CH;OH + H,0, + CH3CH; 55.9 57.7
(3) + 3CH, + 2H,O — 1,4-cyclohexadieng- 2CH;OH + H,0, + CH3CH, 56.0 57.9
4) (4) + H20, — 2-methylphenol- HOO -0.1 0.2
(4) + Hz0, + CH;=CH, — phenol+ propenet+ HOO 1.0 1.3
(4) + H0; + CH;=CH, + C;Hs — phenol+ 1-butenet+ CH, + HOO -15 -12
5) (5) + CH3OH + CH,=CH, — 2-methylpheno#- CH,=CH + CH;OOH -9.9 —10.0
(5) + H20 + CH;=CH, — 2-methylphenot- CH,=CH + H,0, -1.9 -1.9
(5) + H20 + 2 CH,=CH, — phenol+ propenet+ CH,=CH + H,0, -0.8 -0.8
(5) + H20 + CH,;=CH, + C,Hs — phenol+ 1-butenet+ CH,=CH + H,O, + CH, -3.3 -3.3
(6) (6) + CH,=CH, + H,O, — 1,3-benzenediot propenet+ HOO 9.7 9.8
(6) + CH;=CH, + C;H¢ + H,O, — 1,3-benzenediot 1-butenet+ CH; + HOO 7.3 7.3
(6) + CH,=CH, + C3Hg + H,O, — 1,3-benzenediot 1-butenet C;Hs + HOO 10.0 10.0
(@) (7) + CH,=CH; + 2CH, — 1,3-cyclohexadieng- 2H,C=0 + propene 32.0 32.4
(7) + CH;=CH, + 2CH, — 1,4-cyclohexadieng- 2H,C=0 + propene 32.1 32.6
(7) + CoHe + 2CH, — 1,3-cyclohexadiené- 2H,C=0 + CsHg 34.6 35.1
(7) + CoHe + 2CH; — 1,4-cyclohexadieng 2H,C=0 + CsHs 34.7 35.3
(8) (8) + H2O + 3CH, — 1,3-cyclohexadieng- 2CH;OH + H,C=0 + CH; 73.9 75.2
(8) + H,O + 3CH; — 1,4-cyclohexadieng- 2CH;OH + H,C=0O + CHs 74.0 75.4
(8) + H20 + 2CH,s + C;Hg — 1,3-cyclohexadieng- 2CH;OH + H,C=0 + CH;CH, 70.6 72.2
(8) + H20O + 2CH, + C,Hg — 1,4-cyclohexadieng- 2CH;OH + H,C=0O + CH;CH; 70.7 72.4
9) (9) + H,O + 3CH, — 1,3-cyclohexadieng- 2CH;OH + H,C=0 + CHs 71.3 72.6
(9) + H20 + 3CHs — 1,4-cyclohexadieng- 2CH;OH + H,C=0 + CHjs 71.4 72.9
(9) + H20 + 2CH; + CoHg — 1,3-cyclohexadieng- 2CH;OH + H,C=0 + CH;CH; 68.0 69.6
(9) + H20 + 2CH, + C;Hg — 1,4-cyclohexadiené- 2CH;OH + H,C=0 + CH;CH, 68.1 69.8
(20) (10)+ CH3OH + CH; — 2-methylphenot- CH;OOH + CHj3 7.0 7.9
(10) + H,0 + CH4 — 2-methylphenot- CH; + H,0, 15.1 16.0
(10) + OH + CH, — 2-methylphenol- CH; + HOO —-15.9 —-15.2
(11) (11)+ 2CH, — 1,3-cyclohexadieng- H,C=0 + CH,=CH, 34.8 35.2
(11) + 2CH, — 1,4-cyclohexadieng- H,C=0 + CH,=CH, 34.8 35.4
(12) (12)+ 3CH, + 2H,O — 1,3-cyclohexadieng- 2CH;OH + H,0, + CH3CH, 30.3 32.1
(12) + 3CH, + 2H,O — 1,4-cyclohexadieng- 2CH;OH + H,O, + CH;CH, 30.4 32.3
(13) (13)+ 3CH, + 2H,0 — 1,3-cyclohexadieng- 2CH;OH + H,0, + CH;CH, 33.2 35.2
(13) + 3CH,; + 2H,O — 1,4-cyclohexadieng- 2CH;OH + H,O, + CH3CH; 33.3 35.4
(14) (14)+ H,0 + CH,=CH, — phenol+ CH;OOH + CH,=CH -1.0 -0.8
(14) + 2H,0 + CH,~CH, — phenol+ H,O, + CH;OH + CH,=CH 7.1 7.3
(14) + 2H,0O + propene— 2-methylphenot- H,O, + CH;OH + CH,=CH 6.1 6.2
(15) (15)+ CH4 + CH,=CH; + C;Hs — 1,3-cyclohexadiene- 2H,C=0 + propenet CHs 40.6 39.5
(15) + CH4 + CH;=CH, + C;Hs — 1,4-cyclohexadieng- 2H,C=0 + propenet+ CHs 40.7 39.7
(15) + CH,; + CH,=CH, + CsHg — 1,3-cyclohexadieng- 2H,C=0O + propenet CH;CH, 40.0 39.1
(15) + CH,; + CH;=CH, + C3Hg — 1,4-cyclohexadieng- 2H,C=0O + propenet+ CH;CH, 40.1 39.3
(16) (16)+ CH4 + CH,=CH, + C;Hs — 1,3-cyclohexadieng- 2H,C=0O + propenet CHjs 37.8 38.2
(16) + CH4 + CH,=CH, + C;Hs — 1,4-cyclohexadieng- 2H,C=0 + propenet CHs 37.9 38.4
(16) + CH4 + CH,=CH; + C3sHg — 1,3-cyclohexadieng- 2H,C=0 + propenet CH;CH, 37.2 37.8
(16) + CH,; + CH;=CH, + CsHs — 1,4-cyclohexadieng- 2H,C=0O + propenet CH;CH, 37.3 39.3

aSee Table 1 for species identification.

of formation calculated using the isodesmic approach should the standard entropy for each species and the heat capacity at
therefore offer considerable improvements in accuracy over the300—1500 K, along with the recommended value for the
enthalpies from atomization calculations. standard enthalpy of formation.

The entropy and heat capacity of each species has been 3.2. Kinetic Parameters.Scheme 3 illustrates the proposed
calculated using the statistical mechanics program SMCPS, withreaction pathways in the 2-methylpherylO, reaction system.
B3LYP/6-31G(d) geometries, frequencies, and moments of Transition states have been calculated for each reaction identified
inertia. Where an internal rotor was present, the torsion on the 2-methylphenyt O, potential energy surface, and the
vibrational frequency was removed from the statistical mechan- geometry of each transition state is depicted in Figure 1.
ics analysis, and th®&,9g andCp(T) contributions replaced with  Transition state numbering in Figure 1 is defined in Figure 2.
contributions from a hindered rotor analysis. Table 5 presents Enthalpies of formation, entropies, and heat capacities are
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TABLE 3: Literature Enthalpies of Formation (kcal mol 1)
Used in Isodesmic Enthalpy Calculations

methylphenyl+ O,, or be stabilized by collision(s) with the
bath gas. The important rate constant for formation of the

AfH 208 ref methylphenylperoxy radical, and for reverse dissociation to
CH, 1789+ 01 o5 methylphenyl+ O, has been treated by variational transition
CoHs —20.24+0.12 26 state theory.
CaHs —24.82+0.14 26 IIl. Intramolecular Hydrogen Abstraction from the Methyl
benzene 19.82 0.12 27 Group in the Methylphenylperoxy Radical by the Radical Peroxy
toluene 11.95 0.15 27 . . -
CHs 34.821+ 0.2 o5 Oxygen Ato_m (TS4Y¥his reaction fprr_ns a resonantly stabll_lzed
CHsCH, 28.4+ 0.5 28 hydroperoxide benzyl radical. This is the lowest-energy inter-
CHsOH —48.07+ 0.05 29 mediate available to the 2-methylphenylperoxy radical, while
H20; —32.531+ 0.05 25 the reaction proceeds with a low barrier of 26.5 kcal Th¢22.1
CH:O0H —31.31+12 30 kcal mol? below the entrance channel). This benzylic radical
S"C') _;;%gi 8'83 %g is unstable and rapidly dissociatesaiwho-quinone methide+

2! . . . . .

1,4-cyclohexadiene 264 0.14 31 OH (TS11) with a small activation energy (7.6 kcal milor
1,3-cyclohexadiene 25.000.15 32 35.5 kcal mot? below methylpheny# O,). This intramolecular
H.C=0 —26.054 0.42 33 reaction sequence is an important path that is not present in the
CH2=CH 71.0+1 28 combustion of benzene due to the involvement of the methyl
gr'ggjr%"'z 1425’7& 8'16 gi group. To our knowledge, this reaction pathway has not been
1-butene —0.15+ 0.19 35 previously included in toluene and other alkyl-benzene combus-
2-methylphenol —30.67+ 0.21 36 tion models.
phenol —23.03+0.14 36 For themeta and para-methylphenyl systems, the out-of-
HOO . 2.94+0.06 37 plane ring bending in the transition state increases the activation
1,3-benzenediol —65.7+£0.29 38

energy such that this path is not competitive. Furthermore, for
the metamethylphenyl system, the stable quinone methide is
not formed as for the ortho and para isomers because the product
cannot yield the stabilizing cyclohexadiene structure. This should
make the OH dissociation step endothermic, increasing the
activation energy and thus making this pathway unfavorable.

Ill. Formation of the 2-Hydroxy-6-methylphenoxy Radical.

TABLE 4: Enthalpies of Formation (A¢H®,gs kcal mol=1)
for Species Involved in the 2-Methylphenyl Radical+- O,
Reaction Mechanism, Calculated from Isodesmic and
Atomization Work Reactions

isodesmic atomization
G3B3 G3 G3B3 G3

2-methylphenyl 744 745 752 754 This occurs via a two step process: (i) formation of a
2-methylphenylperoxy 271 246 285 26.1 hydroperoxide methylphenyl radical by intramolecular hydrogen
4-dioxirane-5-methyl-2,5- 386 367 40.2 39.8 transfer of theortho-phenyl hydrogen in the 2-methylphenylp-

cyclohexadienyl
2-methylphenoxy 4.1 3.8 5.0 4.5
3-methyl-2-hydroperoxyphenyl 542 543 556 56.3
2-hydroxy-6-methylphenoxy —47.9 —48.0 —46.3 —46.5
3-methyl-1,2-benzoquinone —-30.2 —30.7 —30.7 —29.8
3-methyloxepinoxy —24.7 —26.2 —24.8 —25.1
7-methyloxepinoxy —22.1 —23.6 —22.2 —225
2-phenylhydroperoxy-1-methylene 319 310 328 324
ortho-quinone methide 13.0 125 13.2 13.7

eroxy adduct (TS3), and (ii) a subsequent intramolecular OH
shift (TS10). To our knowledge, this reaction path has not been
considered in previous studies of aromatic systems. Intramo-
lecular hydrogen abstraction from the ortho position in the
2-methylphenyl radical is found to have a barrier that is 4 kcal
mol~! below the entrance channel and may therefore have some
importance. The 3-methyl-2-hydroperoxyphenyl radical can

4-methyl-5,6-dioxetane-2,4- 642 623 658 654 Undergo an ortho OH shift, forming a product with over 190
cyclohexadienyl kcal mol! of chemical activation energy. If formed, this
6-methyl-5,6-dioxetane-2,4- 61.3 59.2 63.0 623 energized radical has sufficient energy to undergo unimolecular

cyclohexadienyl dissociation to several plausible product sets, with dissociation
2-methylperoxyphenyl 635 634 645 651 g 3-methyl-1,2-benzoquinong H illustrated. This methyl-

6-methyl-1,6-dioxo-2,4-hexadienyl —2.5 —-1.6 —-2.8 -0.7

2-methyl-1.6-dioxo-2.4-hexadienyl 03-06 0.0 06 benzogquinone product retains a fraction of the chemical activa-

tion energy and can undergo cleavage of the relatively weak

calculated for each transition state and are provided in Table 6. C(=0)—C(=0) bond, forming a dicarbonyl ring-opening
The kinetic parameter,, A, andn were determined for each ~ Product.
reaction, as discussed in Section 2.4, and are listed here in Table V. Dissociation of the Methylphenylperoxy Radical to/&i
7. Literature values were not located for any of our calculated the Methylphenoxy Radicat O (TS5) This reaction proceeds
elementary rate parameters. with an activation energy equal to its reaction enthalpy, which
3.3. Reaction SystemFigure 2 shows the potential energy is ca. 11 kcal mol* below the 2-methylphenyt O, entrance
diagram for the 2-methylphenyt O, reaction system. This  channel. This reaction has a loose transition-state structure, with
diagram features seven unique reaction pathways for thecleavage of the RSO bond and formation of a near-double
chemically activated 2-methylphenylperoxy adduct. These path- C=0O bond, and has a negligible barrier for reverse reaction.
ways are discussed below. This important dissociation of the methylphenylperoxy adduct
I. Stabilization of the Methylphenylperoxy Radicdlhis is a chain branching reaction, forming a phenoxy radical and
reaction will be important at lower temperatures for atmospheric an oxygen atom. This barrierless reaction is treated variationally.
and higher pressures. The methylphehyD, association results V. Ipso Addition of the Peroxy Radical to the Aromatic Ring
in a chemically activated methylphenylperoxy radical with a (TS2) This reaction is important because of its low barrier (21.1
48.6 kcal mot?! well depth at 298 K. The methylphenylperoxy kcal molt) and was first identified by Carpent&in the phenyl
adduct is formed with no barrier and a loose transition Sfate. + O, reaction system. The peroxy radical adds at the ipso
This energized adduct can react to new isomers, to new position to form a dioxirane-methylcyclohexadienyl radical, with
dissociation products (methylphenoxy O), react back to a barrier ca. 28 kcal mot below the entrance channel. The
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TABLE 5: Recommended Enthalpies (AsH®9g), Entropies (S°»99), and Heat Capacities Cp(T)) for Species Involved in the
Methylphenyl Radical + O, Combustion Mechanisn#

specied AiH 208 S’208 Cr300 Cr 00 Crs00 Crs00 Cr 00 Cr 1000 Cr 1500
2-methylphenyl 745 2.0 81.17 2397 3163 3833 4385 5215 57.98 66.70
2-methylphenylperoxy 258 1.8 92.14 3182 4107 4862 5450 62.86 68.56 76.99
4-dioxirane-5-methyl-2,5-cyclohexadienyl 37718 90.03 31.58 40.62 48.18 54.27 63.17 69.31 78.33
2-methylphenoxy 3218 85.86 2753 35.77 4288 48.71 57.39 63.44 72.40
3-methyl-2-hydroperoxyphenyl 54223 98.06 32.25 40.60 47.72 53.49 62.00 67.86 76.43
2-hydroxy-6-methylphenoxy —479+1.8 88.64 3180 4093 4841 5434 6295 68.86 77.56
3-methyl-1,2-benzoquinone —30.5+1.9 89.06 30.36 38.20 4494 50.51 58.87 64.69 73.23
3-methyloxepinoxy —254+1.9 91.85 31.39 40.08 47.47 53.52 62.52 68.79 78.04
7-methyloxepinoxy —22.8+1.9 9152 3131 3999 4740 5346 62.48 68.76 78.04
2-phenylhydroperoxy-1-methylene 3u42.1 92.72 33.44 42.45 49.76 55.50 63.74 69.36 77.60
ortho-quinone methide 128 1.8 79.75 27.04 3500 4167 47.05 54.99 60.49 68.59
4-methyl-5,6-dioxetane-2,4-cyclohexadienyl 633.8 91.55 31.10 40.12 47.75 53.91 62.98 69.22 78.34
6-methyl-5,6-dioxetane-2,4-cyclohexadienyl 60:3.8 89.75 3124 4052 4820 54.33 63.24 69.36 78.35
2-methylperoxyphenyl 63.42.3 98.93 31.78 40.33 47.53 53.40 62.05 68.09 76.98
6-methyl-1,6-dioxo-2,4-hexadienyl -21+1.9 98.30 3460 4255 4929 5483 63.23 69.20 78.20
2-methyl-1,6-dioxo-2,4-hexadienyl -0.2+1.9 99.39 34.36 41.99 48.67 54.27 62.85 68.98 78.15

a Geometries, frequencies and moments of inertia from B3LYP/6-31G(d) calculations. Enthalpies in kéakemobpies and heat capacities in
cal molt K1, ® See Table 1 for species identification

SCHEME 3: Proposed Reaction Pathways in the 2-Methylpheny# O, Reaction System
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dioxirane-methylcyclohexadieny! radical exists in a shallow ways are similar to those of the oxepinoxy radit;*2which
well, with forward (TS9) and reverse (TS2) barriers both less is formed in the analogous phenyl radigalO, reaction system.
than 15 kcal mot! and over 20 kcal molt below the entrance VI. Intramolecular Migration of the Methyl Group to the
channel energy. Forward reaction of this dioxirane radical results Peroxy Moiety of the 2-Methylphenylperoxy Radical (T$6)s
in formation of the 3- and 7-methyl-oxepinoxy radicals, which reaction exhibits an activation energy 35 kcal mabove the
both lie some 80 kcal mol below the barrier from the  entrance channel and should therefore be of little importance.
dioxirane-methylcyclohexadienyl radical. Ring-opening reac- The transition states for the meta and para isomers should be
tions of these methyloxepinoxy radicals (TS13 and TS14) have even higher in energy and are not considered here.
barriers that are around 74 kcal mbbelow the methylphenyl VII. Addition of the Peroxy Radical at the Ortho Position in
+ O, entrance level. Accordingly, once formed, the methylox- the 2-Methylphenylperoxy Radical (TS7 and T$8)s reaction
epinoxy radicals will show little or no reverse reaction or leads to formation of the 4- and 6-methyl-5,6-dioxetane-2,4-
stabilization; they undergo ring opening instead. The ring- cyclohexadienyl radicals. Activation energies for these reactions
opening reactions of the methyloxepinoxy adducts to form 2- lie almost 10 kcal mol* below the entrance channel, and these
and 6-methyl-1,6-dioxo-2,4-hexadienyl have barriers of ca. 25 intermediate radicals may therefore be of some importance,
kcal molL. These ring-opening products will follow two general  especially at higher temperatures.
paths: (a) a sequence of bond dissociation reactions, leading, 3.4. Methylphenyl Radical + O, Kinetics. Rate constants
eventually, to small-chain unsaturated hydrocarbons and oxy-have been determined for the chemically activated 2-methyl-
hydrocarbons, and (b) ring-closure reactions to low-energy five- phenyl radical+ O, reaction system to products and stable
and six-membered oxyhydrocarbons. These two general path-intermediates as a function of temperature and pressure by the

CH,

~
’
é}
=0

o
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TS2 TS3 TS4

TS12 TS13 TS14

Figure 1. Geometries for all transition states identified in the 2-methylphenyd, reaction system at the B3LYP/6-31G(d) level.

gRRK/master equation analysis. Rate constants were obtainedate constants were found to be largely independent of pressure
over a temperature and pressure range of-83M0 K and 1 at higher temperatures, as illustrated in Figure 5. Rate constants
x 1074 to 1000 atm. Analyses of the meta and para reaction for all three systems (i.e., ortho, meta, and para) at800<
systems were also analyzed by excluding the reaction pathways2400 K and 0.000k P =< 1000 atm are listed in the Supporting
leading toortho-quinone methide and the 2-methylperoxy-1- Information.

phenyl radical. Figures 3 and 4 show the respective rate From our results, we find that the reactions leading to the
constants as a function of temperature for chemical activation methyloxepinoxy ring-opening products (the methyl-dioxo-
reactions of the 2-methylphenyl radical and the 4-methylphenyl hexadienyl radicals) in the 2-, 3-, and 4-methylpheftylO,
radical reaction systems at 1 atm. The 2-methylphenyD, systems constitute the dominant pathways. These reactions
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Figure 2. Potential energy diagram for reaction of the 2-methylphenyl radical wittE@thalpies of formationAsH°,9s kcal mol™) are average
values from isodesmic G3 and G3B3 calculations.

TABLE 6: Recommended Enthalpies A¢H®,qg), Entropies (S°,9g), and Heat Capacities Cp(T)) for Transition States Involved in
the Methylphenyl Radical + O, Combustion Mechanisn#

transition state AiH®298 S’208 Cra00 Craoo Crs00 Cr 00 Crgoo Cr 1000 Cr 500
TS2 46.9 89.84 30.31 38.93 46.30 52.29 61.13 67.26 76.29
TS3 70.6 90.36 30.87 39.63 47.09 53.17 62.12 68.23 77.02
TS4 52.3 84.77 30.70 40.08 47.92 54.18 63.23 69.33 78.06
TS6 109.7 87.51 31.82 40.58 47.93 53.86 62.59 68.65 77.55
TS7 66.5 88.93 29.74 38.54 46.02 52.09 61.04 67.23 76.32
TS8 65.9 87.55 29.85 38.79 46.30 52.34 61.20 67.32 76.33
TS9 51.9 90.08 30.65 39.27 46.61 52.56 61.34 67.42 76.39
TS10 7.7 92.33 32.45 40.87 47.91 53.58 61.94 67.75 76.43
TS11 39.0 92.50 33.34 42.03 49.19 54.87 63.13 68.84 77.39
TS12 21.6 94.78 33.83 41.90 48.77 54.41 62.84 68.69 77.22
TS13 1.0 95.84 33.30 41.10 47.70 53.14 61.43 67.35 76.28
TS14 7.0 97.51 33.28 40.79 47.31 52.78 61.19 67.22 76.28

aGeometries, frequencies, and moments of inertia from B3LYP/6-31G(d) calculations. Enthalpies in kéabmtobpies and heat capacities in
cal mol* K=, ® Transition states identified in Figures 2 and 3.

dominate at low to moderate temperatures and are competitiveproduction is also of similar importance in the reactions of the
with me_thylphenoxy rgdical pr0(_juct_ion at higher temperatures. 3- and 4-methylphenyl radicals. It is well-known that the
FOIrma-.tlon of the oxepinoxy radical is We”'-dOCUmented.for the phenoxy radical decomposes to the Cyc]opentadieny] radical

oxidation of benzen&:e42The further reactions of oxepinoxy  co4 and a similar reaction to the methylcyclopentadienyl

and itcsi' ringrop;nirllgzproduclt lead g)_ formation of ?e cycllo- radical is expected to occur for the methylphenoxy radicals.
pﬁjr;te\l/i:]erllyanrg flc():rarﬁ I’:la;g?::%?spe'lr}rt\i Irzgiiilc; r?gec;fiﬂe ?nc(::tg ?_neAdditionally, there may be a lower energy pathway from the
P y y i y 2-methylphenoxy radical to 2-methylenephenol via an intramo-

oxepinoxy radicals are discussed further in Section 3.8 of this
studF;/. y lecular hydrogen shift from the methyl group to the adjacent

Figures 3 and 5 show that production of the 2-methylphenoxy phenoxy oxygen atom. This species could then dissociate to
radical+ O is an important reaction pathway for the 2-methyl- Ortho-quinone methidet- H. This reaction is chain branching,
phenyl+ O, reaction at moderate to high temperatures, where producingortho-quinone methide plus H and O atoms. Further
it is competitive with the ring-opening reactions. Phenoxy radical study of the 2-, 3-, and 4-methylphenoxy radical reactions, as



8672 J. Phys. Chem. A, Vol. 111, No. 35, 2007 da Silva et al.

—&— 2-methylphenoxy + O

—&@— 2- and 6-methyl-1,6-dioxo-2 4-hexadienyl
—&— ortho-quinone methide + OH

—e— 2-methylphenyl + O,

—&— 3-methyl-1,2-benzoquinone + H

—&— 2-methylphenylperoxy

logk (cm® mol™ s™)

0.38 0.61 0.84 1.07 1.30
1000/T (K™)
Figure 3. Rate constants (log)) as a function of temperatur® & 1 atm) for major products in the chemically activated 2-methylphen{d,
system. The pathways to the two methyl-dioxo-hexadienyl radicals are plotted individually but proceed at the same rate.

TABLE 7: Elementary Rate Parameters E,, A', n) for Reactions on the 2-Methylphenyl Radical+ O, Potential Energy
Surface?

reactior? Ea A n
2-methylphenyh- O, — 2-methylphenylperoxy [TSi] -0.71 3.72x 108 -0.217
2-methylphenylperoxy- 2-methylphenyH- O, [TS1] 48.74 6.36x 10 —-1.372
2-methylphenylperoxy— 4-dioxirane-5-methyl-2,5-cyclohexadienyl [TS2] 21.1 5840t 0.193
2-methylphenylperoxy- 3-methyl-2-hydroperoxyphenyl [TS3] 44.8 5.8410' —0.284
2-methylphenylperoxy~ 2-phenylhydroperoxy-1-methylene [TS4] 26.5 1.58x 104 0.352
2-methylphenylperoxy- 2-methylphenoxy O [TS5F 38.54 1.27x 101° —0.246
2-methylphenylperoxy> 2-methylperoxyphenyl [TS6] 83.9 2.82x 1 0.933
2-methylphenylperoxy~ 4-methyl-5,6-dioxetane-2,4-cyclohexadienyl [TS7] 40.7 53801 0.122
2-methylphenylperoxy- 6-methyl-5,6-dioxetane-2,4-cyclohexadienyl [TS8] 40.1 1710% 0.201
4-dioxirane-5-methyl-2,5-cyclohexadienyt 2-methylphenylperoxy [TS2] 9.2 4.99 10% 0.031
4-dioxirane-5-methyl-2,5-cyclohexadienyl 3-methyloxepinoxy [TS9] 14.2 3.08 102 0.141
4-dioxirane-5-methyl-2,5-cyclohexadienyl 7-methyloxepinoxy [TS9] 14.2 3.08 1012 0.141
3-methyl-2-hydroperoxyphenyt 2-methylphenylperoxy [TS3] 16.3 3.14 101 0.074
3-methyl-2-hydroperoxyphenyt 2-hydroxy-6-methylphenoxy [TS10] 235 1.641Q° 1.029
2-phenylhydroperoxy-1-methylere 2-methylphenylperoxy [TS4] 20.9 1.73x 10 —0.134
2-phenylhydroperoxy-1-methylere ortho-quinone methide- OH [TS11} 7.6 6.47x 1012 0.232
2-methylperoxyphenyt 2-methylphenylperoxy [TS6] 46.3 15410 1.249
4-methyl-5,6-dioxetane-2,4-cyclohexadienyl2-methylphenylperoxy [TS7] 3.2 1.16 1012 0.075
6-methyl-5,6-dioxetane-2,4-cyclohexadienyl2-methylphenylperoxy [TS8] 5.6 1.81 10% 0.031
2-hydroxy-6-methylphenoxy> 3-methyl-2-hydroperoxyphenyl [TS10] 125.7 1.4010% 0.616
2-hydroxy-6-methylphenoxy- 3-methyl-1,2-benzoquinone H [TS12] 69.5 3.45¢< 101 1.078
3-methyloxepinoxy— 4-dioxirane-5-methyl-2,5-cyclohexadienyl [TS9] 77.3 268901 0.416
3-methyloxepinoxy— 6-methyl-1,6-dioxo-2,4-hexadienyl [TS13] 25.6 1.5510'? 0.655
7-methyloxepinoxy— 4-dioxirane-5-methyl-2,5-cyclohexadienyl [TS9] 74.7 2640 0.437
7-methyloxepinoxy— 2-methyl-1,6-dioxo-2,4-hexadienyl [TS14] 29.0 6.8910% 0.574

aHigh-pressure-limit rate parametei&, in kcal mol?, A" in cm® mol™ s (bimolecular), and $ (unimolecular).k = AT" exp(—E4/RT).
Calculated fofT = 300-2000 K. Transition states identified in Figures 1 and*Erom ref 17.9 Not present in the 3- and 4-methylphenylO,
systems.

well as the reactions of the methylcyclopentadienyl radical, is oxidation systems such as in pre-ignition combustion and in

required for toluene combustion and oxidation modeling. cool flame combustion processes. These reactions are discussed
For the 2-methylphenyt O, system, the formation afrtho- below in Section 3.5. Stabilization of other non-ring-opening,

quinone methide also constitutes an important reaction pathway;parent radical intermediates is less important than the meth-

this reaction process is of comparable significance to the ylphenylperoxy radical, and their further reactions are not

individual ring-opening pathways and the methylphenex® considered here.

atom channel. As noted, thiatho-quinone methide pathway Finally, formation of 3-, 4-, and 5-methyl-1,2-benzoquinone

is absent in the 3- and 4-methylpherylO, systems. Formation  is a minor reaction pathway in the 2-, 3-, and 4-methylphenyl

of ortho-quinone methide is chain propagating, with production systems. The rate of methyl-benzoquinone formation is several

of an OH radical. The OH radical rapidly abstracts-i@ orders of magnitude below that of the major products, and this
hydrogens due to the considerable strength of the4HMond does not constitute a significant reaction pathway. Not surpris-
(119 kcal mot?). The further reactions afrtho-quinone methide ingly, the high-energy pathways to 2-methylperoxyphenyl and
are discussed in Section 3.7 of this paper. methyl-dioxetane-cyclohexadienyl radicals are negligible at all

At lower temperatures (ca. 1000 K and below) and higher temperature and pressure conditions examined.
pressures, we find that formation of the stabilized methylphe-  3.5. Methylphenylperoxy Radical Dissociation Kinetics.
nylperoxy radical becomes important. The dissociation chemistry Stabilization of the methylphenylperoxy radical is an important
of this species needs to be considered in low-temperatureprocess in the reaction of the methylphenyl radical witha®
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Figure 4. Rate constants (log)) as a function of temperatur® & 1 atm) for major products in the chemically activated 4-methylphen{d,

system.

Iog.‘r(cm3 mol™ s")

—&— 2-methylphenoxy + O

—®— 2- and 6-methyl-1,6-dioxo-2,4-hexadienyl
—=— ortho-quinone methide + OH

—e— 2-methylphenyl + O,

—8— 3-methyl-1,2-benzoquinone + H

—8— 2-methylphenylperoxy
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Figure 5. Rate constants (log)) as a function of pressurd (= 800 K) for major products in the chemically activated 2-methylphehnyD,
system. The pathways to the two methyl-dioxo-hexadienyl radicals are plotted individually but proceed at the same rate.

low temperatures and high pressures. We have modeled the
kinetics of methylphenylperoxy isomerization and dissociation,
where we included the same reaction pathways as for the
chemically activated methylphenyt O, reaction system (cf.
Figure 2). Figure 6 shows branching ratios for dissociation and
isomerization reactions in the 2-methylphenylperoxy radical
system. The most important pathway for temperatures up to |
around 2000 K is the production of the two methyloxepinoxy
ring-opening products (depicted in Figure 2 as the sum of the
two pathways)Ortho-quinone methide is a major decomposition
product at all examined temperatures, accounting for around
15—30% of the total reaction rate, and it is the second most
important channel at temperatures below 1600 K. Formation
of 2-methylphenoxy is also important, especially at temperatures
of around 1200 K and greater, where it constitutes ca: 10
40% of the total reaction rate. The reverse dissociation reaction

ing Ratio

Branch

1.0

08

06

—&— 2- + B-methyl-1,6-dioxo-2 4-hexadienyl
—m— ortho-quinone methide + OH

m— 2-methylphenoxy + O .
—e— 2-methylphenyl + O,

o0z E
0.0 o L —o—
0.38 0.61 0.84 1.07 1.30

1000/T (K)

to methylphenyH- O, is only important at high temperatures, Figure 6. Branching ratios as a function of temperatufe=t 1 atm)

accounting for ca. 10% of the reaction rate at 1800 K and ca. for major products in decomposition of the stabilized 2-methyl-
2504 at 2400 K. phenylperoxy radical. The pathways to the two methyl-dioxo-hexadienyl

3.6. Kinetic Model Input. Rate parametersA(, n, E;) for

radicals proceed at the same rate and are summed together.

input to kinetic models are presented in Table 8 for the Similar rate parameters for the 3- and 4-methylphenyl radicals
2-methylphenyH- O, reaction system at 1 atm pressure. Rate are provided as Supporting Information, along with rate
parameters are for the important reaction pathways identified constants for all three systems as a function of pressure from
in the methylpheny O, chemically activated reaction and in 1074 to 1(® atm. It is hoped that improved modeling of toluene
the dissociation of stabilized methylphenylperoxy radicals. combustion can be achieved through the introduction of the
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TABLE 8: Input Rate Parameters (E,, A', n) for Use in Kinetic Modeling of the 2-Methylphenyl Radical + O, Reaction atP =

1 atm?
A’ n Ea
2-methylphenyH O, — 2-methylphenylperoxy 3.2% 10'% —38.08 33.96
2-methylphenyH- O, — 2-methylphenoxy O 9.18x 10%° —2.30 7.37
2-methylphenyH- O, — ortho-quinone methide 3.76 102 —0.18 —1.52
2-methylphenyl- O, — 2-methyl-1,6-dioxo-2,4-hexadienyl 5.5910%2 -0.28 —1.94
2-methylphenyH O, — 6-methyl-1,6-dioxo-2,4-hexadienyl 5.5910%? —0.28 —-1.94
2-methylphenylperoxy- 2-methylphenyH- O, 1.52x 10 —6.56 48.79
2-methylphenylperoxy~ 2-methylphenoxyt+ O 3.05x 10% —7.61 43.66
2-methylphenylperoxy- ortho-quinone methide 2.03 10% -10.17 40.22
2-methylphenylperoxy> 2-methyl-1,6-dioxo-2,4-hexadienyl 9.4610% —10.96 41.37
2-methylphenylperoxy-> 6-methyl-1,6-dioxo-2,4-hexadienyl 9.6510% —10.96 41.38

aE, in kcal mol?, A" in cm® mol~* s (bimolecular) and ! (unimolecular)k = AT exp(—E4/RT). Valid for T = 800-2400 K.

SCHEME 4: Methyloxepinoxy Radicals and Their Ring Opening Products Formed in the Reactions of the 2-, 3-, and

4-Methylphenyl Radicals with O

CH3 CH3 CH;
[
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H;C <0 N0 X0
CH;

IX) X)

suggested rate parameters to existing combustion and oxidatiorphenyl+ O, reaction should possess enough chemical energy
mechanisms, along with rate constants for further reactions of to undergo further decompositiéh.

the important intermediates and inclusion of a complete sub-

mechanism for benzene combustion.
3.7. Ortho-Quinone Methide. We have identifiedortho-

The above results reveal thattho-quinone methide may
serve as an important intermediate for the conversion of toluene
to benzene in thermal oxidation and combustion processes.

quinone methide as an important intermediate in the combustionInterestingly,ortho-quinone methide is also a product in the
reactions of toluene, and the further decomposition reactionsreaction of the benzyl radical with HOwhich should be
of ortho-quinone methide need to be considered. The pyrolysis important in the reaction of toluene in the atmosptférit.is

of ortho-quinone methide has been studied experimentally, as important to note that we predict the combustiomdho-, meta

it is the primary decomposition product of chroman, an
important model compound for lignin, which is found in wood
and low-rank coalé? At temperatures of around 900 K and
above,ortho-quinone methide rapidly pyrolyses to benzene
CO/ and the rate constant for this process is given as &.31
10 exp(—67.16RT), in units of s and kcal mot1.44c A minor
pathway inortho-quinone methide decomposition is the forma-
tion of fulvene+ CO, which primarily decomposes to benzene,
with some acetyleng- 1-buten-3-yne. Stabilizedrtho-quinone
methide will also formo-cresol by the acquisition of two
hydrogen atoms. A relatively large proportion of the activated
ortho-quinone methide molecules produced from the 2-methyl-

andpara=xylene to result in formation of methgirtho-quinone
methide isomers, with subsequent decomposition to toluene.
Abstraction of any one of the four phenyl hydrogen atoms in
para-xylene will provide dimethylphenyl radicals that can all
react with Q to yield methylo-quinone methides. (We note
that, forortho- andmetaxylene, only two and three of the four
isomeric dimethylphenyl radicals can lead to meibrgjuinone
methide formation, respectively).

3.8. Methyloxepinoxy Radicals.The methyloxepinoxy radi-
cals, and their ring-opening products (methyl-dioxo-hexadienyl
radicals), are important products in the methylphetylO,
association reactions, and detailed analysis of their unimolecular
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SCHEME 5: Formation of Methylcyclopentadienyl + 4. Conclusions

CO; from the Methyloxepinoxy Radical We have calculated thermochemical and kinetic parameters

for reaction of the methylphenyl radical with,@ an effort to

H;C 0 CH
0 -CO, 3 improve kinetic mechanisms describing the combustion of
7 O  » O —_— @ toluene, an important fuel component. We show that dialkyl-
o= '//CH3 substituted benzenes react through methylbenzyl radicals to form

alkyl-phenyl radicals, which will react similarly with DA

] o ) o ) ) ~_ comprehensive reaction mechanism has been developed, featur-
isomerization and dissociation reactions is warranted. Oxidation jg 16 species. Standard enthalpies of formation are determined
formation of the five isomeric ring-opening products depicted jsodesmic reaction schemes. Kinetic parameters are compiled
in Scheme 4. The methyloxepinoxy radicals (I) through (V) for all reactions. A qRRK/master equation analysis is performed
are: 3-, 7-, 5-, 4-, and 6-methyloxepinoxy, respectively. The to determine rate constants as a function of temperature and
ring opening products (VI) through (X) are: 6-, 2-, 4-, 5-, and pressure for the chemical activation and unimolecular dissocia-
3-methyl-1,6-dioxo-2,4-hexadienyl, respectively. For oxidation tion reactions.
of the 4-methylphenyl radical, we observe the formation of only ~ Our results suggest that the dominant reaction products in
5-methyloxepinoxy (opening to 4-methyl-1,6-dioxo-2,4-hexa- the chemically activated methylpheryl O, systems are the
dienyl). However, the overall rate of methyl-dioxo-hexadienyl methylphenoxy radicals- O and the methyl-dioxo-hexadienyl
radical formation will be the same, with two degenerate radicals formed upon ring opening. In the 2-methylphetyl
pathways for 5-methyloxepinoxy formation. Further complicat- Oz System, the production adrtho-quinone methide is also
ing matters, the ring-opening products (V1) and (IX) and (VII) ~ Significant. Several important, new reaction paths are identified,
and (X) are formed with sufficient energy to isomerize via an @nd @ number of the key paths are not considered in current
intramolecular hydrogen shift. The methyloxepinoxy radicals mode!s Of_ toluene or alkyl benzene combusthn. React|on paths
will also react to form the methylcyclopentadienyl radical via _and k|_net|cs are needec_i for a num_ber of active |ntermed|ates,
ring contraction followed by elimination of GQas shown in !nclugl[ng th? methyl-(jlgxo-hexadlanyl rgdlcals, Wh'(.:h are

4 X identified as important initial products in this toluene oxidation
Scheme 5. Here, the reaction products are independent of thesystem
location of the methyl group in the methyloxepinoxy radital. '
The stabilized methyloxepinoxy radicals are not observed to Acknowledgment. We acknowledge funding from Exxon-
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