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ABSTRACT: The kinetics of hydrogen abstraction by five radicals (H,
O(3P), OH, CH3, and HO2) from methyl acetate (MA) is investigated
theoretically in order to gain further understanding of certain aspects of
the combustion chemistry of biodiesels, such as the effect of the ester
moiety. We employ ab initio quantum chemistry methods, coupled
cluster singles and doubles with perturbative triples correction
(CCSD(T)) and multireference averaged coupled pair functional
theory (MRACPF2), to predict chemically accurate reaction energetics.
Overall, MRACPF2 predicts slightly higher barrier heights than
CCSD(T) for MA + H/CH3/O/OH, but slightly lower barrier heights
for hydrogen abstraction by HO2. Based on the obtained reaction
energies, we also report high-pressure-limit rate constants using
transition state theory (TST) in conjunction with the separable-
hindered-rotor approximation, the variable reaction coordinate TST, and the multi-structure all-structure approach. The fitted
modified Arrhenius expressions are provided over a temperature range of 250 to 2000 K. The predictions are in good agreement
with available experimental results. Abstractions from both of the methyl groups in MA are expected to contribute to
consumption of the fuel as they exhibit similar rate coefficients. The reactions involving the OH radical are predicted to have the
highest rates among the five abstracting radicals, while those initiated by HO2 are expected to be the lowest.

1. INTRODUCTION

The increasing use of fossil fuels has resulted in significant
concerns related to energy security, pollutant emissions, and
climate change. Biodiesels are mainly composed of methyl esters
and can be derived from renewable sources, such as animal fats,
vegetable oils, or microalgae. Therefore, they have drawn
increasing attention and are already used in blends with
petroleum diesel. Compared to conventional fossil fuels,
biodiesels are more environmentally friendly and produce less
particulate matter, CO, and net CO2.

1 However, the combustion
properties of biodiesels (such as ignition delay and flame
propagation) are very different from traditional fossil fuels, and
they require careful studies before they can be used directly in
current engines or even as part of blends.2 Recent theoretical and
experimental studies of small methyl ester biodiesel surrogates
(methyl formate, methyl acetate, methyl propanoate, and methyl
butanoate) have demonstrated that the effect of the ester
functional group on biodiesel combustion properties is thus far
poorly understood.3−6 It is therefore important to elucidate the
elementary kinetics of small methyl esters to begin to
appropriately model the combustion and emission characteristics
of biodiesel. Unfortunately, in many cases, it is difficult to obtain
detailed kinetics information experimentally for some important
reactions involving radicals. Consequently, theoretical predic-

tions have become a primary source of knowledge about specific
reaction rates and mechanisms.
By employing high-level ab initio quantum chemistry

approaches and transition state theory (TST), we previously
studied the H-abstraction reactions of methyl formate (MF,
HC(O)OCH3).

7 Its simple structure helps us understand the
effect of the ester functional group on combustion behavior.
However, the lack of alkyl groups renders its oxidation properties
distinct from biodiesel molecules, which contain long alkyl side
chains. In this work, we focus on the reactions of methyl acetate
(MA, CH3C(O)OCH3), the simplest methyl ester containing
an alkyl side chain. MA has one more methyl group thanMF, and
it has been observed to have a suprisingly low reactivity
compared toMF, which is not yet fully understood.4 MA acts not
only as an important small surrogate for more complex biodiesel
components8 but also as a potential atmospheric pollutant
produced during the atmospheric degradation of larger methyl
esters or ethers. Consequently, the oxidation pathways of MA are
significant in both atmospheric and combustion chemistry. For
instance, Christensen et al.9 studied MA atmospheric oxidation
mechanisms initiated by a Cl atom at room temperature. MA is
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also a reaction intermediate during the pyrolysis of biodiesel, and
a large set of experimental and theoretical studies of MA
combustion have been conducted.8,10 These studies show that H-
abstraction reactions from MA are the main reaction initiators in
the jet-stirred reactor experiments and in flames, thereby
representing major consumption pathways of MA.
Motivated by the above discussions, here we systematically

investigate H-abstraction of MA by the five most important
radical species (H, O(3P), OH, CH3, and HO2) at both
combustion and atmospheric temperatures. Under atmospheric
conditions, oxidation of MA is mostly initiated via H-abstraction
by OH radicals, and consequently, the rate constants of this
reaction pathway have been extensively investigated both
experimentally11−16 and theoretically.17,18 Fewer studies of MA
reactions with other radicals have been reported, partly due to the
slower rate coefficients and less sensitive methods to monitor the
respective radicals. Arthur and Newitt,19 and Ferguson and
Pearson20 both measured rate constants for H-abstraction from
MA by CH3 at low temperature. Peukert et al.21 computed the
rate constants for H-abstraction fromMA byH and CH3 and also
obtained the experimentally derived coefficients for abstraction
by H in the temperature range 1222−1313 K. Caravan et al.22

and Mix et al.23 studied the total consumption rates of MA by
O(3P) in an O atom-rich environment and concluded that the
abstraction reactions contributed most to the total rates. Most of
these experiments were conducted over small temperature
ranges and could not measure the branching ratio of the two H-
abstraction channels from the two methyl groups in MA, which
largely determines the product distributions from combustion.
In the present work, we compute high-pressure-limit rate

constants of these H-abstraction reactions and extract modified
Arrhenius expressions over the temperature range of 250−2000
K. We employ density functional theory (DFT)24 to locate the
stationary points (minima and transition states, TSs) and to
evaluate the partition functions along the reaction pathway,
which are then used to determine Arrhenius pre-exponential
factors. Energies at stationary points are refined with high-level
correlated wave function theory. Two quantum chemistry
methods, coupled-cluster singles and doubles with perturbative
triples correction (CCSD(T))25 and multireference averaged
coupled pair functional (MRACPF2),26,27 are applied to assess
the multiconfigurational character of these reaction systems,
especially of the TSs. Depending on the reaction system
characteristics, rate constants are then computed with conven-
tional TST, variable reaction coordinate TST (VRC-TST),28 or
the multi-structure all-structure (MS-AS)29 methods. Finally, the
theoretical rate constants forMAH-abstractions are compared to
available experimental results and to theMFH-abstractions from
our previous work.7

2. COMPUTATIONAL METHODS AND DETAILS
The structure of each stationary point on the potential energy
surface (PES) along the reaction pathway was optimized using
DFT with the hybrid exchange-correlation (XC) functional
M08-HX30 and the cc-pVTZ31 basis set in the GAMESS-US32

program package. This XC functional is accurate for main-group
thermochemistry and kinetics.30 Restricted DFT was used for
closed-shell molecules, whereas open-shell species were treated
with unrestricted DFT. The normal mode vibrational
frequencies and zero point energies (ZPEs) were obtained
within the harmonic approximation and scaled by a factor of
0.97433 to account for anharmonicity. An initial guess for the
species was provided, and then the geometry search was

performed following a quasi-Newton−Raphson procedure,34

the quadratic approximation method.35 Each TS was confirmed
to have exactly one imaginary frequency, and intrinsic reaction
coordinate (IRC) analysis was used to connect the correspond-
ing reactants and products. We used two independent ab initio
theories to refine the energies of all critical points. First, we
employed CCSD(T) as implemented in MOLPRO.36 Closed-
shell molecules were treated with restricted Hartree−Fock (HF)
theory, whereas unrestricted HF theory was used for open-shell
species. In either case, the HF calculation was followed by
restricted CCSD(T) with cc-pVXZ (X = D, T, Q) basis sets.
Second, we separately employed MRACPF2 theory using the
MOLCAS37 and TIGERCI38−44 codes. MRACPF2 is an a priori
self-consistent theory to correct the size-extensivity error of
multireference singles and doubles configuration interaction
(MRSDCI).27 MRACPF2 was shown to predict accurate
reaction energetics in our previous study onMFH-abstractions;7

therefore, we used it here without further validation, given the
similarity of the molecules (MF vs MA) involved. The
supermolecule approach, with noninteracting species ∼10 Å
apart, is applied to ensure size-consistency when determining
product or reactant energies. The orbitals for the MRACPF2
computations were obtained from complete active space self-
consistent field (CASSCF) calculations. For abstraction by H,
CH3, OH, or HO2 radicals, CAS(5e,5o) (i.e., 5 electrons in 5
orbitals) was used as the active space, consisting of the bonding
and antibonding orbitals of the breaking/forming bond, the C
O π and π* orbitals, and the singly occupied orbital and
corresponding electrons. Both singly occupied orbitals of the
abstracting O atomwere included in the active space forMA +O,
resulting in a CAS(6e,6o). All configuration state functions
(CSFs) with coefficients larger than 0.05 in the CASSCF wave
function were used as references in the MRACPF2 calculations.
The sum of the squared coefficients for the reference
configurations is always >70%, and the largest coefficient of a
nonreference configuration is <0.1 in the final wave function for
all MRACPF2 calculations so that we exclude the possibility of
intruder states. A Cholesky decomposition scheme in TIGERCI
was used for the two-electron integrals with a threshold of 1.0 ×
10−7. We performed MRACPF2 computations with cc-pVXZ (n
=D, T) basis sets. The frozen core approximation was applied for
both CCSD(T) andMRACPF2 methods. The resulting energies
were extrapolated to the complete basis set (CBS) limit E∞ with
the two-point extrapolation scheme45 given by

= +
+∞E l E
B

l
( )

( 1)max
max

4

where lmax is the maximum angular momentum function found
within the basis sets (e.g., for cc-pVDZ: lmax = 2), and B is a fitted
parameter. The bond dissociation energy (BDE) for a generic
bond (A−B) at 0 K was calculated as the ZPE-corrected energy
difference between the dissociated fragments (A• + B•) and the
undissociated species (AB).
Based on the predicted energies, the high-pressure-limit rate

constants were computed with conventional TST in the
VARFILEX28 code. The ideal gas, rigid rotor, and harmonic
oscillator approximations were applied for translational, rota-
tional, and vibrational partition functions, respectively. The
torsional modes were treated as internal rotors within the one-
dimensional (1D) separable-hindered-rotor approximation. The
rotational PES for equilibrium geometries was obtained by a
relaxed scan in which the rotational dihedral angles were changed
in 10° increments and fixed during subsequent geometry
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optimizations at the DFT-M08-HX/cc-pVTZ level of theory. In
addition, the lengths of the breaking and forming bonds in the
TSs were also fixed during construction of the rotational PES.
Freezing the coordinates of the atoms defining the TS center in
this way can save significant computational cost but still provides
an acceptable approximation to hindered-rotor potentials
obtained in a more rigorous way.46 The scanned potential was
then used to calculate the partition function of the internal
rotational modes.
When the abstracting radical OH or HO2 approaches MA, a

prereactive complex (RC) forms via hydrogen (H) bonding
between the H atom in the radical and an O atom in MA prior to
reaching the normal H-abstraction TS. Similarly, a product
complex (PC) also exists on the product end. A two-TS model
can be utilized to calculate the total rate constant for these
nondirect H-abstraction reactions. The first step is the barrierless
formation of the RC from the reactants, giving an outer TS, and
the second step leads to the inner TS where the O−H bond
begins to form and the C−H bond starts to break. When the TS
energy is a few kcal/mol larger than the energy of the reactants, it
is appropriate to define the barrier height as the energy difference
between the TS and the uncomplexed reactants, as the reactants
and RC are easily equilibrated, especially at relatively high
temperature. In contrast, both the complexation and the H-
abstraction could be critical to the overall rate if the relative
energy of the TS is close to or even lower than the energy of the
isolated reactants. In this case, VRC-TST was applied to
investigate the barrierless entrance channel (e.g., the MA +
OH system in this work). We employed the Morse potential
(V(r) = De[1 − e−β(r−re)]2) to model the potential energy along
the barrierless entrance step. Here,De is the bond energy at 0 K, r
is the distance between the two H-bonded atoms (i.e., the H
atom in the abstracting radical and anO atom inMA in this case),
and re is the equilibrium bond length. All of these parameters
were computed at the DFT-M08-HX/cc-pVTZ level. We also

employed the 1D separable-hindered-rotor approximation to
compute partition functions, as mentioned previously.
The TSs of MA + OH/HO2 H-abstractions feature ringlike

structures due to the H bonding between the abstracting radical
and MA (vide infra). The internal rotations breaking the “ring”
are highly coupled, which hampers application of the 1D
separable-hindered-rotor approximation. Hence, we also applied
the MS-AS method developed by Zheng et al.29 for these
complex systems, which does not assume separable internal
rotations. We obtained distinct conformations by rotations along
each dihedral angle. All distinguishable conformers were
assumed to be populated and to contribute to the total partition
function according to the Boltzmann distribution. The MSTor29

code was used to calculate the partition functions, and the rate
constants were obtained using canonical TST.
The asymmetric Eckart tunneling correction47 was applied to

the final rate constants. The calculated rate constants at
temperatures from 250 to 2000 K in increments of 50 K were
fitted to a modified Arrhenius equation (k = ATnexp(−(Ea/
RT))) using least-squares regression. Here, A is the Arrhenius
prefactor, T is the temperature, R is the universal gas constant, Ea
is the barrier height, and n indicates the deviation from the
standard Arrhenius equation.

3. RESULTS AND DISCUSSION

The H-abstraction channels of MA by the five radicals are
depicted in Scheme 1. H atoms may be abstracted from either of
the two methyl groups in MA, resulting in two different radicals:
CH3C(O)OCH2 (MA-A, Scheme 1A) and CH2C(
O)OCH3 (MA-B, Scheme 1B). The H-abstractions by H/O/
CH3 and OH/HO2 are discussed separately in sections 3.1 and
3.2, as the latter two cases involve H-bonding that introduces
extra complications. The Cartesian coordinates of the optimized
species are given in the Supporting Information.

Scheme 1. H-Abstraction Reactions from the Two Methyl Groups in MA by Radicals, H, O, OH, CH3, and HO2

Figure 1. DFT-M08-HX/cc-pVTZ-optimized geometries of MA and the corresponding radicals formed upon H-abstraction from MA (i.e., CH3C(
O)OCH2 (MA-A), and CH2C(O)OCH3 (MA-B)). Bond lengths are given in Ångstroms.
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3.1. H, CH3, O + MA. 3.1.1. Structures and Energetics. The
optimized geometries of MA and the two product radicals, MA-A
and MA-B, are shown in Figure 1. The carbon atoms at the
abstraction sites (C2 and C3) change from sp3 to sp2

hybridization upon H-abstraction from MA. After abstraction,
the spectator C1−C2 bond of MA-A is 1.499 Å, nearly unchanged

from the one in MA (1.502 Å). However, because of the
extended π-resonance involving the singly occupied C3 p orbital,
the filled p orbital on the O2 atom, and the C1O1 π bond, the
C1−O2 and C3−O2 bond lengths of MA-A become equal.
Similarly, the spectator C3−O2 bond changes little, while the
C1−C2 bond length inMA-B shortens to 1.447 Å as a result of the

Figure 2. DFT-M08-HX/cc-pVTZ-optimized geometries of transition states (TSs) for H-abstraction from MA by H, CH3, and O radicals. Reaction A
produces radical MA-A (CH3C(O)OCH2), and reaction B produces radical MA-B (CH2C(O)OCH3). Bond lengths are given in Ångstroms and
angles in degrees.

Table 1. ZPE-Corrected Energies of Transition States (TSs) and Products (Ps) Relative to Those of the Reactants for MA H-
Abstraction by H, CH3, and O Obtained at the CCSD(T)/CBS and MRACPF2/CBS//DFT-M08-HX/cc-pVTZ Levelsa

CCSD(T)/CBS(D-T)b CCSD(T)/CBS(T-Q)c MRACPF2/CBS(D-T)b literature values

TS-A: CH3C(O)OCH2_H + H 10.1 10.1 10.7 10.53d

P-A: CH3C(O)OCH2 + H2 −5.9 −5.2 −5.4 −4.96d

TS-B: H_CH2C(O)OCH3 + H 9.9 10.0 11.5
P-B: CH2C(O)OCH3 + H2 −6.4 −5.6 −8.8
TS-A: CH3C(O)OCH2_H + CH3 14.0 13.8 15.1 13.95e

P-A: CH3C(O)OCH2 + CH4 −5.2 −5.2 −4.5 −5.05e

TS B: H_CH2C(O)OCH3 + CH3 12.5 12.4 11.3 12.58e

P B: CH2C(O)OCH3 + CH4 −5.6 −5.6 −8.6 −5.52e

TS-A: CH3C(O)OCH2_H + O 7.9 7.6 9.9
P-A: CH3C(O)OCH2 + OH −3.1 −3.8 −5.4
TS-B: H_H2C(O)OCH3 + O 10.2 9.4 13.3
P-B: CH2C(O)OCH3 + OH −3.5 −4.2 −2.3

aAll energies in kcal/mol. The underscore symbol denotes the breaking bond; the same convention is used in all of the tables. bCBS(D-T):
extrapolation from energies obtained with cc-pVDZ and cc-pVTZ bases. cCBS(T-Q): extrapolation from energies obtained with cc-pVTZ and cc-
pVQZ bases. dCCSD(T)/CBS(T-Q)//MP2/aug-cc-pVTZ results of Peukert et al.21 eCCSD(T)/CBS(T-Q)//B3LYP/6-311++G(d,p) results of
Peukert et al.21
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π-resonance consisting of the C2 p orbital and the carbonyl π
orbital.
The structures of the TSs for H-abstraction by H/O/CH3

(TS-A and TS-B for reactions A and B in Scheme 1, respectively)
are compared in Figure 2. The C−H bond lengths in the
spectator methyl group (i.e., the one not attacked by a radical)
change negligibly with respect to the ones in MA and therefore
are not displayed. On the other hand, the breaking C−H bonds
are elongated by ∼0.2 Å, and the angles formed by the breaking
and forming bonds are ∼180°. Comparing the TSs involving the
three radicals, the breaking C−H bonds are shortest when H is
the active radical, consistent with the latter producing the earliest
TS, as expected from the relative reaction exothermicity (vide
infra).
The ZPE-corrected energies of the TSs (barrier heights) and

the products relative to the reactants are shown in Table 1 for
MA + H/CH3/O and are compared with values available in the
literature. CBS(D-T) is the two-point extrapolation to the CBS
limit using energies obtained with the cc-pVDZ and cc-pVTZ
basis sets. Likewise, CBS(T-Q) is obtained by extrapolation from
the cc-pVTZ and cc-pVQZ basis sets. At the CCSD(T) level,
barrier heights obtained with the cc-pVTZ basis set for all three
reaction systems are up to 1.7 and 2.5 kcal/mol larger than the
CBS(D-T) and CBS(T-Q) energies, respectively. However, the
deviation in MA +H/CH3 barrier heights is at most 0.2 kcal/mol
between CBS(D-T) and CBS(T-Q). A larger difference is found

for the MA + O reaction system because the O atom needs a
larger basis set to recover the correlation energy.48 Nevertheless,
the energy difference between the two extrapolations is ≤1 kcal/
mol for all three reaction systems. Therefore, it is insufficient to
use only the energies predicted with the cc-pVTZ basis set,
whereas the two extrapolations are comparable and the cheaper
one can justifiably be used when CBS(T-Q) becomes too
expensive.
The BDEs at 0 K obtained with CCSD(T)/CBS(T-Q)//

DFT-M08-HX/cc-pVTZ for C2−H and C3−H in MA are nearly
identical at 98.6 and 98.9 kcal/mol, respectively. Correspond-
ingly, the two reaction channels producing MA-A and MA-B
radicals could be expected to have similar barrier heights. Indeed,
the barrier heights of the two channels for H +MA differ by only
0.1 kcal/mol with CCSD(T)/CBS(T-Q). However, the barrier
height for channel A is 1.4 kcal/mol larger than the barrier height
for channel B for abstractions by CH3, even though MA’s C2−H
has a slightly lower BDE (by 0.3 kcal/mol). By contrast, the
barrier height for channel A in O + MA is predicted to be 1.8
kcal/mol lower than the barrier height for channel B, indicating
that estimations of relative rate constants based solely on BDEs49

are not sufficient. Peukert et al.21 also computed the reaction
energetics for MA H-abstraction by H and CH3 at the level of
CCSD(T)/CBS(T-Q) with MP2 or DFT-B3LYP-optimized
geometries. The barrier heights are close to our values at the

Figure 3. Comparison of predicted rate constants (this work), obtained by TST using CCSD(T)/CBS and MRACPF2/CBS energies, with available
theoretical and experimental rate coefficients from the literature. (a and b) The two H-abstractions from MA by an H atom with a fitted modified
Arrhenius expression from TST (red curve) and experimentally derived (red squares) rate constants by Peukert et al21 are compared. (c and d) The two
H-abstractions from MA by CH3 with a fitted modified Arrhenius expression from TST (red curve) by Peukert et al.21 and two experiments by Arthur
and Newitt19 (green triangles) and Ferguson and Pearson20 (blue crosses) are compared.
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CCSD(T)/CBS(T-Q)//DFT-M08-HX level, with the largest
difference being ∼0.4 kcal/mol.
The largest T1 diagnostic for these TSs is 0.024 (TS-A:

CH3C(O)OCH2_H + O), indicating a relatively low
multiconfigurational character in these reaction systems. Never-
theless, we performed MRACPF2 calculations for comparison.
The energies obtained at the MRACPF2 level were only
extrapolated from the cc-pVDZ and cc-pVTZ basis sets because
the energies of CCSD(T)/CBS(T-Q) were shown above to be
comparable to CCSD(T)/CBS(D-T), and MRACPF2/cc-
pVQZ is too costly. We used the same active space of five
electrons in five orbitals in the CASSCF (CAS(5e, 5o)) and the
subsequent MRACPF2 calculation for the H/CH3 + MA
systems, including the H/CH3 singly occupied orbital, the
bonding and antibonding orbitals of the breaking C−H σ bond,
as well as the CO π bonding and antibonding orbitals. To
study the abstractions by the ground state O (3P) atom, we also
included the second singly occupied orbital on the O atom (i.e.,
CAS(6e, 6o). Comparing the two methods at the same CBS(D-
T) extrapolation level, MRACPF2 predicts slightly higher
reaction barriers than CCSD(T) for all abstraction reactions by
H, CH3, and O, with the exception of reaction B in MA + CH3.
The largest difference between the two methods is 3.1 kcal/mol
for TS-B for H-abstraction by O, presumably due to this TS’s
larger multiconfigurational character because of its open-shell
triplet nature. We find slightly smaller differences between the
two methods in the relative product energies. Channel A is
predicted to exhibit the same reactivity trend as a function of the

abstracting radical by both CCSD(T) and MRACPF2, unlike
channel B. This difference is to be expected, given the smaller
multiconfiguration character of the TSs of MA-A compared to
MA-B. Ignoring 0.1−0.2 kcal/mol deviations, the trends
comparing pathways A and B are qualitatively the same between
the two methods, with pathway A as or more accessible than
pathway B for H and O abstractions and pathway B more
accessible than pathway A for CH3 abstraction. Overall, both
methods predict that the lowest activation energy for MA H-
abstraction is for the O atom proceeding via pathway A. The
resulting OH radical is also a highly reactive species in the
combustion process that will initiate further reactions. Never-
theless, all of these H-abstraction reactions are exothermic and
are expected to contribute significantly during the ignition of
biodiesel.

3.1.2. High-Pressure-Limit Rate Constants. The high-
pressure-limit rate coefficients were calculated at temperatures
from 250 to 2000 K in increments of 50 K using TST. The three
internal rotations in MA, as well as the three corresponding
internal rotations in the TSs of MA + H/CH3/O, were treated
within the 1D separable-hindered-rotor approximation. The
internal rotations of the abstracting CH3 along the C−H−C
bonds in the TSs (MA + CH3) have low barriers (≤0.2 kcal/mol
at the DFT-M08-HX/cc-pVTZ level) and hence were treated as
free rotors. Both sets of energetics, obtained at the CCSD(T)/
CBS(T-Q) and MRACPF2/CBS(D-T) levels, were used, and
the corresponding rates are compared in Figure 3 for MA + H/
CH3 and in Figure 4 for MA + O.

Figure 4. Comparison of predicted rate constants (this work), obtained by TST using CCSD(T)/CBS or MRACPF2/CBS energies, with available
experimental rate coefficients in the literature. (a) and (b) compare the two H-abstractions from MA by O atom. Figure (c) depicts the total rate
constants for the two reactions and compares them with two sets of experimental rate coefficients by Caravan et al.22 (green triangles) and Mix et
al.23(blue crosses).
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For MA H-abstraction by an H atom, MRACPF2 theory
predicts higher reaction barriers, and therefore, the predicted rate
coefficients are lower than those predicted with CCSD(T)
energies as depicted in Figure 3(a and b), especially at low
temperatures. Peukert et al.21 obtained rate constants both
computationally and experimentally, which are shown in Figure
3(a) for comparison. Although the barrier heights calculated by
Peukert et al. are close to our predicted energies shown in Table
1, the rate constants from the fitted modified Arrhenius
expression with TST by Peukert et al. (red curve) are lower
than our results at low temperature but increase faster with
temperature, which is largely due to the different vibrational
frequencies obtained at the MP2/aug-cc-pVTZ level. Another
difference is that only the lowest frequency, corresponding to the
CH3 torsional mode, was treated within the 1D separable-
hindered-rotor approximation by Peukert et al. whereas we treat
all of the internal rotors as hindered. The rate constants
calculated in this work are also lower than most of the
experimentally derived values by Peukert et al. (red squares).21

The experiments were conducted over a temperature range of
1222−1313 K, and the rates of reaction A (CH3C(O)OCH3 +
H → CH3C(O)OCH2 + H2) were derived by assuming a
complex reaction mechanism and evaluating the measured H
atom concentration in the pyrolysis of MA. H atoms consumed
by reaction B (CH3C(O)OCH3 + H→ CH2C(O)OCH3 +
H2) were assumed to be regenerated by the β-scission of the
radical MA-B and subsequent decompositions. If true, channel B
would have a negligible effect on the H atom concentration.
However, β-scission of MA-B has a relatively high barrier, and
MA-B will undergo isomerization to MA-A followed by
dissociation to CH3CO + CH2O, in which no H atom is

generated, as discussed by Yang et al.5 Therefore, we expect the
experimentally derived rates for channel A by Peukert et al. to be
overpredicted in this case.
Our rate constants for MA H-abstraction by CH3 are also

compared to Peukert et al.’s fitted modified Arrhenius expression
by TST21 (red curve) and to the two sets of experimental values
by Arthur and Newitt19 (green triangles) and Ferguson and
Pearson20 (blue crosses) in Figure 3(c and d). As expected, based
on the barrier heights discussed earlier, the rate constants
obtained withMRACPF2 energies are smaller than the ones with
CCSD(T) for reaction A but larger for reaction B. The calculated
barrier heights at the level of CCSD(T)/CBS(T-Q)//B3LYP/6-
311++G(d,p) by Peukert et al.21 are higher by only 0.15 kcal/mol
for reaction A and 0.18 kcal/mol for reaction B than our energies
obtained at the CCSD(T) level of theory; however, the
corresponding rate constants are as much as 2 orders of
magnitude lower than our predictions at room temperature,
which is again a result of the different treatment of internal
rotations and vibrations as described above. The two experi-
ments by Arthur and Newitt,19 and Ferguson and Pearson20 were
performed over similar temperature ranges from 389 to 597 K
and from 393 to 553 K, respectively. Our rate constants with the
two sets of energies (CCSD(T) and MRACPF2) are in good
agreement with the experimental results over this temperature
range.
Similarly, MRACPF2 predicts larger barrier heights than

CCSD(T) for MA + O, and hence the rate constants with
MRACPF2 energies are lower for both reactions A and B, as
depicted in Figure 4 (a and b). Caravan et al.22 (green triangles)
and Mix et al.23 (blue crosses) measured the total rate constants
of MA + O (3P) in a discharge-flow system over the ranges 300−

Figure 5. DFT-M08-HX/cc-pVTZ-optimized geometries for the pathways of H-abstraction from MA by an OH radical, including reactant complexes
(RCs), transition states (TSs), and product complexes (PCs). The top row (a−c) refers to reaction A producing CH3C(O)OCH2, and the bottom
row (d−f) refers to reaction B producing CH2C(O)OCH3. Bond lengths are given in Ångstroms, and angles are in degrees.
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420 K and 300−430 K, respectively. Caravan et al.22 concluded
that the main contribution was H-abstraction by an O atom,
especially from the OCH3 group of MA. The computed total
abstraction rates are compared with these experimental values in
Figure 4(c). In general, the rate constants with energies obtained
at the level of CCSD(T) agree well with the experimental values,
and the rate constants of reaction A are larger than that of
reaction B, consistent with Caravan et al.’s analysis.
3.2. OH, HO2 + MA. 3.2.1. Structures and Energetics.

Unlike the H-abstraction reactions by H, CH3, and O, RCs may
be formed via H-bonding between MA and the abstracting
radicals OH and HO2. Both of the oxygen atoms in MA can

interact with theH atom in the abstracting radicals or the product
molecules H2O and H2O2. However, we find that the reaction
pathways involving H-bonding to the oxygen atom of the
carbonyl group have lower energies, and therefore, these are the
pathways reported in this work. The RC/TS/PC structures and
mechanisms of the MA H-abstraction reactions by OH and HO2

are depicted in Figures 5 and 6, respectively. The H-bond lengths
of the RCs are 1.910 Å for channel A and 1.899 Å for channel B in
MA + OH, which are shorter than the corresponding bonds in
the PCs. Simultaneously, the O−H bonds in the abstracting
radical in the RC are elongated to 0.978 Å for reaction A and
0.979 Å for reaction B, from 0.967 Å in the initial OH radical. The

Figure 6. DFT-M08-HX/cc-pVTZ-optimized geometries for the pathways of H-abstraction from MA by HO2 radical, including reactant complexes
(RCs), transition states (TSs), and product complexes (PCs). The top row (a−c) refers to reaction A producing CH3C(O)OCH2, and the bottom
row (d−f) refers to reaction B producing CH2C(O)OCH3. Bond lengths are given in Ångstroms, and angles are in degrees.

Table 2. ZPE-Corrected Energies (in kcal/mol) of the Reactant Complexes (RCs), Transition States (TSs), Product Complexes
(PCs), and Products (Ps) Relative to Those of the Reactants for MA H-Abstraction by OH Obtained at the CCSD(T)/CBS and
MRACPF2/CBS//DFT-M08-HX/cc-pVTZ levels

CCSD(T)/CBS(D-T)a CCSD(T)/CBS(T-Q)b MRACPF2/CBS(D-T)a literature values

RC-A: CH3C(O)OCH2_H + OH −4.9 −4.7 −5.0 −2.5d

TS-A: CH3C(O)OCH2_H + OH 0.4 0.6 1.6 0.5,c 1.7d

PC-A: CH3C(O)OCH2 + H2O −22.7 −23.1 −21.9 −22.3d

P-A: CH3C(O)OCH2 + H2O −19.2 −19.8 −18.3 −17.2,c −21.1d

RC-B: H_CH2C(O)OCH3 + OH −4.6 −4.7 −4.8 −4.2d

TS-B: H_CH2C(O)OCH3 + OH 2.6 3.0 4.8 3.3,c 4.3d

PC-B: CH2C(O)OCH3 + H2O −24.7 −24.8 −26.8 −25.1d

P-B: CH2C(O)OCH3 + H2O −19.7 −20.1 −21.8 −17.6,c −21.7d
aCBS(D-T): extrapolation from energies obtained with cc-pVDZ and cc-pVTZ bases. bCBS(T-Q): extrapolation from energies obtained with cc-
pVTZ and cc-pVQZ bases. cCCSD(T)/cc-pVTZ//BH&HLYP/aug-cc-pVTZ results of Jørgensen et al.18 dMC-QCISD//MP2/6-311G(d,p) results
of Yang et al.17
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ringlike structures of the two TSs are also stabilized by H-
bonding to the carbonyl oxygen, just as in the RCs and PCs, but
with longer H-bonds of 2.183 and 2.202 Å for reactions A and B,
respectively. Comparing the abstraction reaction intermediates
formed by HO2 with the MA + OH case, we observe that H
bonding in the HO2 case is more significant, as evidenced by the
shorter H-bonds in both RCs and PCs. The lengths of the
forming O−H bonds in the TSs initiated by HO2 are 1.154 Å for
channel A and 1.140 Å for channel B, which are much shorter
than the bond lengths in the OH case (1.347 and 1.279 Å for
channels A and B, respectively). This indicates that, in contrast to
the early TSs of the exothermic MA + OH reactions, the HO2
radical favors a late TS, consistent with its reaction
endothermicity.
As in the MA + H/CH3/O cases, the ZPE-corrected

CCSD(T)/CBS(T-Q) and CCSD(T)/CBS(D-T) relative en-
ergies of all stationary points on the MA + OH PES are very
similar, with the largest deviation being 0.6 kcal/mol (Table 2),
suggesting that the D-T CBS extrapolation is sufficient for use
with MRACPF2 theory. The RCs are stabilized via H bonding
worth ∼5 kcal/mol with respect to the uncomplexed reactants.
Likewise, the energies of PCs are also predicted to be 3−5 kcal/
mol lower than the corresponding noninteracting products.
Although, as mentioned earlier, the BDEs of C2−H and C3−H
differ by only 0.3 kcal/mol, the barrier height of channel B is
more than 2 kcal/mol higher than the barrier height of channel A.
Comparing the single-point energies at the CCSD(T)/CBS(D-
T) and MRACPF2/CBS(D-T) levels, MRACPF2 predicts a 1.2
kcal/mol higher barrier for reaction A and a 2.2 kcal/mol higher
barrier for reaction B than CCSD(T). Jørgensen et al.18 also
computed the reaction energetics with geometries optimized at
the DFT-BH&HLYP/aug-cc-pVTZ level with single-point
energies obtained at the CCSD(T)/cc-pVTZ level. The barrier
heights in Jørgensen et al.’s18 work are 0.5 kcal/mol for reaction
A and 3.3 kcal/mol for reaction B, both of which are slightly
higher than our results at the CCSD(T)/CBS(T-Q) level. Their
relative energies of the products are also∼2 kcal/mol higher. The
barrier heights computed at the MC-QCISD//MP2/6-311G-
(d,p) level by Yang et al.17 are 1.7 kcal/mol for channel A and 4.3
kcal/mol for channel B, which are again larger than our
CCSD(T) predictions. These larger barrier heights may be due
in part to finite basis set effects, as no CBS extrapolation was
conducted in those previous studies.
The ZPE-corrected relative reaction energetics for the MA +

HO2 system by both CCSD(T) andMRACPF2 are compared in
Table 3. The deviation between CCSD(T)/CBS(D-T) and
CCSD(T)/CBS(T-Q) is again ≤1 kcal/mol, as for all of the

other studied reaction systems. The HO2 radical shows the
largest T1 diagnostic of all the reaction species in this work at
0.034. In contrast to the MA H-abstractions by the other four
radicals, MRACPF2/CBS(D-T) predicts slightly smaller barrier
heights (0.6 kcal/mol for reaction A and 0.5 kcal/mol for
reaction B) than CCSD(T)/CBS(D-T) for this case, presumably
due to the increased multiconfigurational character capture by
MRACPF2 and not by CCSD(T). For the same reason, the
relative energies of the PCs and products from MRACPF2 are
also lower than the ones by CCSD(T), especially for reaction B.
The RCs are significantly more stabilized by H bonding than the
analogous RCs in the MA + OH system, consistent with the
geometric analysis that the lengths of H-bonds are shorter here
than the corresponding ones in MA + OH reactions. Likewise,
the H interactions in the PCs of MA + HO2 systems are also
stronger with a larger energy difference between PCs and the
corresponding uncomplexed products. Lastly, the barrier heights
for MA +HO2 are the highest among the five abstracting radicals.
The π-resonance stabilization in HO2 and O2 gained upon
breaking the O−H bonds in H2O2 is the origin of its much
weaker O−H bonds than in H2O or OH, for example. Formation
of the weak HO2−H bond upon H-abstraction fromMA by HO2
is why these reactions with HO2 are the only endothermic ones
among the five abstracting systems, with reaction energies of 11.8
kcal/mol for reaction A and 11.5 kcal/mol for reaction B at the
CCSD/CBS(T-Q) level. In turn, this endothermicity and the
lateness of the TS are responsible for the very high predicted
barriers (17−20 kcal/mol). By contrast, MA + OH is the most
exothermic of the studied reactions with the lowest barriers (a
few kcal/mol) due to formation of the exceptionally strong H−
OH bond in water.

3.2.2. High-Pressure-Limit Rate Constants. As discussed
above, the reaction pathways for MA H-abstractions by OH and
HO2 consist of the reversible formation of an RC before direct H-
abstraction. The relative energies of the TSs for MA + OH are
close to those of the reactants, and therefore, we treated these
nondirect H-abstraction channels in the temperature range of
250−2000 K with both canonical TST (as earlier) and the two-
TS model VRC-TST. In contrast, the TSs of MA + HO2 are over
17 kcal/mol higher in energy than the uncomplexed reactants.
Therefore, we can safely claim that RC formation is not rate
limiting, and the two-TS model is not necessary for this system.
The TSs in MA + OH/HO2 resemble ringlike geometries, so we
also applied the MS-AS method in order to include torsional
anharmonicity for these highly coupled torsional modes. The
energies obtained at both the CCSD(T)/CBS(T-Q) and
MRACPF2/CBS(D-T) levels were used, and the barrier heights

Table 3. ZPE-Corrected Energies (in kcal/mol) of the Reactant Complexes (RCs), Transition States (TSs), Product Complexes
(PCs), and Products (Ps) Relative to Those of the Reactants for MA H-Abstraction by HO2 Obtained at the CCSD(T)/CBS and
MRACPF2/CBS//DFT-M08-HX/cc-pVTZ levels

CCSD(T)/CBS(D-T)a CCSD(T)/CBS(T-Q)b MRACPF2/CBS(D-T)a

RC-A: CH3C(O)OCH2_H + HO2 −8.5 −8.6 −7.4
TS-A: CH3C(O)OCH2_H + HO2 17.6 18.1 17.0
PC-A: CH3C(O)OCH2 + H2O2 6.5 7.0 5.1
P-A: CH3C(O)OCH2 + H2O2 11.5 11.8 9.7
RC-B: H_CH2C(O)OCH3 + HO2 −9.1 −8.1 −8.2
TS-B: H_CH2C(O)OCH3 + HO2 19.1 19.9 18.6
PC-B: CH2C(O)OCH3 + H2O2 4.2 4.7 −1.3
P-B: CH2C(O)OCH3 + H2O2 11.1 11.5 4.9

aCBS(D-T): extrapolation from energies obtained with cc-pVDZ and cc-pVTZ bases. bCBS(T-Q): extrapolation from energies obtained with cc-
pVTZ and cc-pVQZ bases.
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in the TST and MS-AS methods were defined as the ZPE-
corrected energy of the TS minus the ZPE-corrected energy of
the uncomplexed reactants.
The 1D separable-hindered-rotor approximation was also

applied for both the TST and VRC-TST methods, as described
above. In the two-TS model for MA +OH, the atoms involved in
H- bonding (i.e., the H atom of the OH radical and the O atom of
the carbonyl group) are defined as the pivot points, and hence,
the H-bond length was taken as the reaction coordinate. AMorse
potential was used to represent the PES from the reactants to the
corresponding RCs. The Morse parameters (Table 4) were fit by

a structurally relaxed scan along the O−H H-bond length from
1.76 to 8.36 Å with a step size of 0.15 Å. In the MS-AS approach,
we searched for all possible distinguishable conformations by
scanning across the dihedral angles in increments of 10° and
optimizing at the DFT-M08-HX/cc-pVTZ level. We found two
distinguishable conformers for MA. In the same way, we
identified nine distinguishable conformers of TS-A and six
conformers of TS-B consisting of three pairs of mirror images.
The geometries and relative energies of these conformers are
given in the Supporting Information. The total conformational−
vibrational−rotational partition functions were then calculated
under the assumption that the conformers are Boltzmann-
distributed.29 Figure 7 compares computed high-pressure-limit
rate constants based on PESs obtained at both CCSD(T)/
CBS(T-Q) and MRACPF2/CBS(D-T) levels of theory with the
three kinetics methods (TST, VRC, and MS-AS) and available
experimental results for MA + OH. Here, the total rate constant

is the sum of the two reaction channels (A and B). The rate
constants predicted by TST and VRC-TST using the same set of
energies are almost identical (i.e., the black and the purple curves
in Figure 7 lie on top of each other), indicating that formation of
RCs is not rate-limiting. TheMS-ASmethod also predicts similar
rate constants as the TST and VRC-TSTmethods. However, the
contributions from distinct conformers grow slightly faster with
temperature; therefore, the rate constants predicted by the MS-
AS method increase faster with temperature than those obtained
by TST and VRC-TST.
Because of the higher relative TS energies predicted by

MRACPF2, the rate constants with MRACPF2 energies are
lower than the corresponding values with CCSD(T) energies,
especially at low temperature. The total rate constant for MA +
OH at 292 K measured by Campbell and Parkinson11 (red
square) was 1.1 × 1011 cm3 mol−1 s−1. Smith et al.13 (blue cross)
reported the rate as 2.3 × 1011 cm3 mol−1 s−1 at 298 K.
Wallington et al.12 (green triangles) used the flash photolysis
resonance fluorescence technique and derived the Arrhenius
expressions in the range of 296 to 440 K, and El Boudali et al.14

(pink stars) obtained rate constants over the temperature range
of 243 to 372 K with the pulsed laser photolysis/laser-induced
fluorescence technique. When comparing these available
experimental results at room to medium temperatures, the
computed rate constants by TST, VRC-TST, and MS-AS with
CCSD(T) energies are almost identical and agree well with the
experimental values. Lam et al.16 (orange circles) investigated the
total rate constants from 876 to 1371 K at pressures near 1.5 atm.
Our theoretical rate constants with CCSD(T) energies are in
good agreement with the corresponding experimental results,
and the rate coefficients predicted by TST and TST-VRC agree
slightly better than MS-AS with the experimental values. At high
temperatures, the MRACPF2-derived rate constants are also in
good agreement with Lam et al.’s measurements.
With regard to MA H-abstraction by HO2, we applied both

TST within the 1D separable-hindered-rotor approximation and
MS-AS methods to compute the rate constants as described
above. Because of the flexibility of the HO2 moiety, the TSs of
MA +HO2 have more conformations than the TSs of MA +OH.
We identified 18 distinguishable conformers for the TS of
reaction A, consisting of nine pairs of mirror images, and 10 pairs
of distinct conformers for the TS of reaction B; the structures and
relative energies are again given in the Supporting Information.
The computed rate constants for reactions A and B are presented
in Figure 8(a and b). Comparing the rate coefficients by TST and
MS-AS, it can be seen that the two sets of rate constants are in
good agreement in this temperature range, with the values
predicted by MS-AS being slightly smaller than the ones from
TST, especially at low temperature. Given that MRACPF2
predicts slightly lower relative TS energies than CCSD(T) in this
case, the MRACPF2-derived rate constants, especially at low
temperature, are larger than the counterparts derived from
CCSD(T). With the larger multiconfigurational character in this
reaction system, multireference methods should better describe
these reactions, and therefore, the rate constants computed with
MRACPF2 energies are recommended for this case. Finally, note
that the high relative TS energies produce rate constants for MA
H-abstractions by HO2 that are much smaller than the ones by
the other radicals, especially at low temperature.

3.3. Summary and Discussion. The ZPE-corrected barrier
heights and reaction energies obtained at the CCSD(T)/CBS(T-
Q) and MRACPF/CBS(D-T) levels for all the abstraction
reactions by the five radicals are summarized in Figure 9, and the

Table 4. Fitted Morse Parameters for the PES from the
Reactants to the Corresponding RC for MA H-Abstraction by
OH

De (cm
−1) β re (Å)

CH3C(O)OCH2_H+OH 2733.5 0.85 1.654
H_CH2C(O)OCH2+OH 2735.5 1.16 1.995

Figure 7. Comparison of predicted rate constants (this work) for H-
abstractions from MA by OH obtained with CCSD(T)/CBS or
MRACPF2/CBS energies using three different kinetics methods,
transition state theory (TST), variable reaction coordinate TST
(VRC), and multi-structure all-structure (MS-AS). Five experimental
rate coefficients by Campbell and Parkinson11 (red square), Wallington
et al.12 (green triangles), Smith et al.13 (blue cross), El Boudali et
al.14(pink stars), and Lam et al.16 (orange circles) are included for
comparison.
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modified Arrhenius parameters obtained by TST within 1D
separable-hindered-rotor approximation with the two sets of
energies are reported in Table 5. Among the five abstracting
radicals, the abstractions by the OH radical have the lowest
relative TS and product energies, whereas barrier heights for MA
+ HO2 are the highest. Such trends were seen in our earlier work
examining H-abstraction in MF,7 qualitatively tracking the
reaction free energy differences that are dominated by the
strength of the X−H bond formed after H-abstraction by radical
X. Regarding rate constants, reaction A is predicted to have
slightly larger rate constants than reaction B overall, but both
reactions should contribute to the consumption of MA by H-
abstraction, especially at combustion temperatures. The
reactions involving the HO2 abstracting radical have much

lower rate constants than the others, especially at relatively low
temperature.
Diev́art et al.4 observed that MA has much lower reactivity

than MF in flame extinction limit experiments. Macroscopic
combustion behavior usually results from complex interactions
of fuel properties, such as thermal and kinetics effects, transport
properties, and so forth. It is known that both MF and MA are
mainly consumed by H-abstraction reactions involving radicals
such as H and OH.5,50 MF also has two possible H-abstraction
sites like MA does, leading to two possible radicals: HC(
O)OCH2 and C(O)OCH3. Comparing the corresponding
TST-derived H-abstraction high-pressure-limit rate constants of
MF in our previous MRACPF2 work7 and MA with MRACPF2
energies, MA has slightly larger H-abstraction rates than those of

Figure 8. Comparison of predicted rate constants (this work) for H-abstractions fromMA by HO2 obtained with CCSD(T)/CBS or MRACPF2/CBS
energies by transition state theory (TST) and the multi-structure all-structure (MS-AS) method.

Figure 9. Comparison of 0 K reaction energetics (kcal/mol) for H-abstraction fromMA, initiated by five different radical species (H, CH3, O, OH, and
HO2) obtained at the CCSD(T)/CBS(T-Q) and MRACPF2/CBS(D-T) levels of theory. The latter are given in parentheses. Reactants are shown in
the middle, with abstraction of a methoxy H depicted to the right (Reaction A) and abstraction of the methyl H depicted to the left (Reaction B).
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MF. For both MF and MA, the overall abstraction rates from the
methoxy site producing HC(O)OCH2 and CH3C(
O)OCH2 are larger than from the other abstraction sites, leading
to C(O)OCH3 and CH2C(O)OCH3. Namely, if both MF
and MA are mainly consumed by H-abstractions at the ignition
stage, MA has a higher reactivity than MF for this specific step.
However, as described by Diev́art et al.4 and Yang et al.,5 both
CH3C(O)OCH2 and CH2C(O)OCH3 radicals from MA
are much less active than HC(O)OCH2 radicals from MF in
producing highly reactive H radicals to accelerate the high
temperature chain-branching process via the H + O2 = OH + O
reaction. Consequently, the overall reactivity of MA may be
lower than that of MF despite higher initial H-abstraction
reaction rates.

4. CONCLUSIONS
In this work, we systematically investigated the H-abstraction
reactions ofMA by five radical species: H, CH3, O, OH, andHO2.
The geometries and frequencies were optimized at the DFT-
M08-HX/cc-pVTZ level, with stationary point energies refined
with CCSD(T) andMRACPF2 theories extrapolated to the CBS
limit. The two-point extrapolations at the CCSD(T) level based
on cc-pVXZ (X = D, T) agree with the CBS extrapolations from
cc-pVXZ (X =T, Q) to within 1 kcal/mol. In general, MRACPF2
predicted ∼2 kcal/mol higher barrier heights than CCSD(T) for
abstractions by H, CH3, O, and OH. By contrast, MRACPF2
barrier heights for MA +HO2 were lower than those obtained by
CCSD(T); the larger multiconfigurational effects present in the
latter reactions are well captured by MRACPF2 theory.
We reported the high-pressure-limit rate constants in the

temperature range of 250 to 2000 K using TST within the 1D
separable-hindered-rotor approximation. We also used a two-TS
model to investigate the two reaction steps in H-abstraction by
OH that resulted from H bonding. Formation of RCs in this
system proved inconsequential given the similar rates computed
by TST and VRC-TST. Hence, we concluded that formation of
RCs in MA +HO2 reactions are also not bottlenecks because the
H-abstraction by HO2 barrier heights were much higher than
those for abstractions by OH. In the MA + OH/HO2 reactions,
the MS-AS method was also employed but predicted comparable
rate constants to TST. The predicted rate constants are overall in
good agreement with available experimental values. The total H-
abstraction rates by the five radicals from themethoxy site ofMA,
reaction A, were predicted to be larger than those of reaction B,
consistent with our earlier predictions for MF, with MA
exhibiting slightly higher overall H-abstraction rates than MF.

The use of multiple high level quantum chemistry and kinetics
methods offers the means to provide a narrow range of consistent
values for the rate constants for these reactions. These predicted
rate constants for MA H-abstractions have already been used to
build a successful detailed combustion mechanism of MA5 and
should help provide further insight into the combustion
chemistry of biodiesel in future investigations.
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reaction A (cm3 mol−1 s−1) n Ea (kcal/mol)

CH3C(O)OCH3 + H → CH3C(O)OCH2 + H2 4.24 × 104 (3.11 × 104) 2.84 (2.88) 6.93 (7.40)
CH3C(O)OCH3 + H → CH2C(O)OCH3 + H2 1.11 × 105 (4.10 × 104) 2.68 (2.80) 7.09 (8.38)
CH3C(O)OCH3 + CH3 → CH3C(O)OCH2 + CH4 3.00 × 10−1 (3.06 × 10−1) 3.99 (3.98) 9.15 (10.40)
CH3C(O)OCH3 + CH3 → CH2C(O)OCH3 + CH4 6.72 × 10−1 (6.75 × 10−1) 3.80 (3.80) 8.25 (7.16)
CH3C(O)OCH3 + O → CH3C(O)OCH2 + OH 2.35 × 104 (7.72 × 103) 2.96 (3.09) 5.40 (7.34)
CH3C(O)OCH3 + O → CH2C(O)OCH3 + OH 2.30 × 104 (2.06 × 104) 2.93 (2.86) 7.04 (9.37)
CH3C(O)OCH3 + OH → CH3C(O)OCH2 + H2O 1.10 × 101 (9.36) 3.70 (3.72) −1.17 (−0.40)
CH3C(O)OCH3 + OH → CH2C(O)OCH3 + H2O 3.62 × 101 (3.56 × 10−2) 3.48 (4.34) 0.00 (0.00)
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CH3C(O)OCH3 + HO2 → CH2C(O)OCH3 + H2O2 4.36 × 10−5 (5.49 × 10−6) 5.04 (5.29) 15.28 (13.15)

aK = ATnexp(−(Ea/RT)).
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Wang, J.; Cool, T. A.; Hansen, N.; Westmoreland, P. R. Isomer-Specific
Fuel Destruction Pathways in Rich Flames of Methyl Acetate and Ethyl
Formate and Consequences for the Combustion Chemistry of Esters. J.
Phys. Chem. A 2007, 111, 4093−4101.
(11) Campbell, I.; Parkinson, P. Rate Constants for Reactions of
Hydroxyl Radicals with Ester Vapours at 292 K. Chem. Phys. Lett. 1978,
53, 385−387.
(12) Wallington, T. J.; Dagaut, P.; Liu, R.; Kurylo, M. J. The Gas Phase
Reactions of Hydroxyl Radicals with a Series of Esters over the
Temperature Range 240−440 K. Int. J. Chem. Kinet. 1988, 20, 177−186.
(13) Smith, D. F.; Mciver, C. D.; Kleindienst, T. E. Kinetics and
Mechanism of the Atmospheric Oxidation of Tertiary Amy1 Methyl
Ether. Int. J. Chem. Kinet. 1995, 27, 453−472.
(14) El Boudali, A.; Le Calve,́ S.; Le Bras, G.; Mellouki, A. Kinetic
Studies of OH Reactions with a Series of Acetates. J. Phys. Chem. 1996,
100, 12364−12368.
(15) Andersen, V. F.; Nilsson, E. J. K.; Jørgensen, S.; Nielsen, O. J.;
Johnson, M. S. Methyl Acetate Reaction with OH and Cl: Reaction
Rates and Products for a Biodiesel Analogue. Chem. Phys. Lett. 2009,
472, 23−29.
(16) Lam, K.-Y.; Davidson, D. F.; Hanson, R. K. High-Temperature
Measurements of the Reactions of OH with Small Methyl Esters:
Methyl Formate, Methyl Acetate, Methyl Propanoate, and Methyl
Butanoate. J. Phys. Chem. A 2012, 116, 12229−12241.
(17) Yang, L.; Liu, J.; Li, Z. Theoretical Studies of the Reaction of
Hydroxyl Radical with Methyl Acetate. J. Phys. Chem. A 2008, 112,
6364−6372.
(18) Jørgensen, S.; Andersen, V. F.; Nilsson, E. J. K.; Nielsen, O. J.;
Johnson, M. S. Theoretical Study of the Gas Phase Reaction of Methyl
Acetate with the Hydroxyl Radical: Structures, Mechanisms, Rates and
Temperature Dependencies. Chem. Phys. Lett. 2010, 490, 116−122.
(19) Arthur, N. L.; Newitt, P. J. Reactions of Methyl Radicals. III.
Hydrogen Abstraction from Methyl Acetate and Methyl [2H3] Acetate.
Aust. J. Chem. 1979, 32, 1697−1708.
(20) Ferguson, K. C.; Pearson, J. T. J. Methyl and Trifluoromethyl
Radical Reactions withMethyl Acetate and DeuteratedMethyl Acetates.
Trans. Faraday Soc. 1970, 66, 910−919.
(21) Peukert, S. L.; Sivaramakrishnan, R.; Su, M.-C.; Michael, J. V.
Experiment and Theory on Methylformate and Methylacetate Kinetics
at High Temperatures: Rate Constants for H-Atom Abstraction and
Thermal Decomposition. Combust. Flame 2012, 159, 2312−2323.
(22) Caravan, P.; Budge, S. M.; Roscoe, J. M. The Reactions of O(3P)
with Some Carboxylic Acids and Esters. Can. J. Chem. 1996, 74, 516−
523.
(23) Mix, K.-H.; Schliephake, V.; Wagner, H. G. Reactions of Some
Carboxylic Acid Esters with O(3P) Atoms. Z. Phys. Chem. Neue Folge
1986, 150, 17−29.

(24) Kohn, W.; Sham, L. J. Self-Cosistent Equations Including
Exchange and Correlation Effects. Phys. Rev. A 1965, 40, 1133−1138.
(25) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M. A
Fifth-Order Perturbation Comparison of Electron Correlation Theories.
Chem. Phys. Lett. 1989, 157, 479−483.
(26) Gdanitz, R. J.; Ahlrichs, R. The Averaged Coupled-Pair Functional
(ACPF): A Size-Extensive Modification of MR CI(SD). Chem. Phys.
Lett. 1988, 143, 413−420.
(27) Gdanitz, R. J. A New Version of the Multireference Averaged
Coupled-Pair Functional (MR-ACPF-2). Int. J. Quantum Chem. 2001,
85, 281−300.
(28) Klippenstein, S. J.; Wagner, A. F.; Dunbar, R. C.; Wardlaw, D. M.;
Robertson, S. H., Miller, J. A. VariFlex; Argonne National Laboratory:
Argonne, IL, 2003.
(29) Zheng, J.; Yu, T.; Papajak, E.; Alecu, I. M.; Mielke, S. L.; Truhlar,
D. G. Practical Methods for Including Torsional Anharmonicity in
Thermochemical Calculations on Complex Molecules: The Internal-
Coordinate Multi-Structural Approximation. Phys. Chem. Chem. Phys.
2011, 13, 10885−10907.
(30) Zhao, Y.; Truhlar, D. Exploring the Limit of Accuracy of the
Global Hybrid Meta Density Functional for Main-Group Thermochem-
istry, Kinetics, and Noncovalent Interactions. J. Chem. Theory Comput.
2008, 4, 1849−1868.
(31) Peterson, K. A.; Dunning, T. H. Benchmark Calculations with
Correlated Molecular Wave Functions. VII. Binding Energy and
Structure of the HF Dimer. J. Chem. Phys. 1995, 102, 2032−2041.
(32) Gordon, M. S.; Schmidt, M. W. Advances in Electronic Structure
Theory: GAMESS a Decade Later. In Theory and Applications of
Computational Chemistry: the first forty years; Elsevier, 2005; pp 1167−
1189.
(33) Alecu, I. M.; Zheng, J.; Zhao, Y.; Truhlar, D. G. Computational
Thermochemistry: Scale Factor Databases and Scale Factors for
Vibrational Frequencies Obtained from Electronic Model Chemistries.
J. Chem. Theory Comput. 2010, 6, 2872−2887.
(34) Baker, J. An Algorithm for the Location of Transition States. J.
Comput. Chem. 1986, 7, 385−395.
(35) Helgaker, T. Transition-State Optimizations by Trust-Region
Image Minimization. Chem. Phys. Lett. 1991, 182, 503−510.
(36) Werner, H.-J.; Knowles, P. J.; Knizia, G.; Manby, F. R.; Schütz, M.
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