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ABSTRACT: The unimolecular dissociation and isomerization
kinetics of the methyl ester combustion intermediates
methoxycarbonylmethyl (CH2C(O)OCH3) and acetyloxylmethyl
(CH3C(O)OCH2) are theoretically investigated using high-level ab
initio methods and the Rice−Ramsperger−Kassel−Marcus (RRKM)/
master equation (ME) theory. Potential energy surfaces (PESs) are
obtained using coupled cluster singles and doubles with perturbative
triples correction (CCSD(T)), multireference singles and doubles
configuration interaction (MRSDCI) with the Davidson−Silver (DS)
correction, and multireference averaged coupled pair functional
(MRACPF2) theory. The transition states exhibit high T1 diagnostics
in coupled cluster calculations, suggesting the need for a multi-
reference correlated wave function treatment. MRSDCI+DS and
MRACPF2 capture their multiconfigurational character well, yielding
lower barrier heights than CCSD(T) for these reactions. The rate coefficients are computed using the RRKM/ME theory over a
500−2500 K temperature range and at a pressure range of 0.01 atm to the high-pressure limit. The temperature- and pressure-
dependent rate coefficients are given in modified Arrhenius expressions. The β-scission of CH2C(O)OCH3 is predicted to
have a much higher barrier than the corresponding isomerization reaction and the β-scission of CH3C(O)OCH2.
Consequently, the rate coefficients for β-scission of CH2C(O)OCH3 are the smallest among the three reactions and the
isomerization followed by decomposition to CH3C(O) and HCHO is the dominant reaction pathway for CH2C(O)OCH3.
Both radicals CH2C(O)OCH3 and CH3C(O)OCH2 are predicted to mainly decompose to CH3C(O) + HCHO rather
than to the bimolecular product CH2C(O) + CH3O. A newly developed MA combustion mechanism, using our theoretical
rate coefficients for the MA-related reactions, predicts combustion properties in good agreement with available experimental data.

1. INTRODUCTION

Enormous problems arise from our use of fossil fuels, such as
global climate change and energy insecurity and unsustain-
ability, leading to an increasing call for renewable energy
sources. Among the alternatives to fossil fuels, biodiesel has
attracted significant interest, especially in the transportation
sector. The physical properties of biodiesel are similar to those
of petroleum diesel, but utilization of biodiesel has the potential
to reduce emissions of particulate matter, CO, and net CO2,
compared to using the corresponding fossil fuels.1,2 Current
biodiesels are mainly derived from transesterification of lipids
to produce long-chain fatty acid methyl esters.3 The
combustion properties of these oxygenated fuels are distinct
from conventional hydrocarbons, and therefore thorough
investigations into combustion mechanisms are required before
they can be reliably used in current engines. However, because
of the large size of biodiesel molecules, smaller methyl esters
are often utilized as surrogates both experimentally and
theoretically. These surrogates contain the same methyl ester
functional group but a relatively short alkyl chain that possesses

kinetics properties similar to those of intermediates in biodiesel
oxidation.3,4 Systematic investigations of these small surrogates
aid our understanding of the oxidation mechanisms for actual
biodiesels and also provide insights into the differences and
similarities that biodiesels have with the corresponding fossil
fuels.
As the simplest methyl ester with an alkyl side chain, the

oxidation kinetics of methyl acetate (MA, CH3C(O)OCH3)
has been experimentally and theoretically studied fairly
extensively.5−12 MA is mainly consumed by H-abstraction
under most combustion conditions, resulting in two distinct
MA radicals, methoxycarbonylmethyl (CH2C(O)OCH3)
and acetyloxylmethyl (CH3C(O)OCH2).

5,7,11 These two
radicals may either directly break down through β-scission
reactions or isomerize to the other via an intramolecular H
atom transfer, as follows:

Received: August 27, 2015
Revised: October 3, 2015

Article

pubs.acs.org/JPCA

© XXXX American Chemical Society A DOI: 10.1021/acs.jpca.5b08331
J. Phys. Chem. A XXXX, XXX, XXX−XXX

pubs.acs.org/JPCA
http://dx.doi.org/10.1021/acs.jpca.5b08331


→ + CH C( O)OCH CH C( O) CH O2 3 2 3 (R1)

→ + CH C( O)OCH CH C( O) HCHO3 2 3 (R2)

→ CH C( O)OCH CH C( O)OCH2 3 3 2 (R3)

Two pairs of bimolecular products may be formed: ketene
(CH2C(O)) and methoxy radical (CH3O), as well as acetyl
radical (CH3C(O)) and formaldehyde (HCHO). These
products may then further decompose/react with other species
to form the final products of combustion. Rate coefficients of
the MA-specific reactions, such as MA H-abstraction and
unimolecular reactions of the MA radicals, have a large impact
on its correspondingly distinct combustion properties. There-
fore, knowledge of accurate rate coefficients is crucial to
understanding MA combustion chemistry.
To date, a few MA combustion mechanisms have been

developed mainly on the basis of structural similarities between
MA and other species, and many kinetics parameters have been
estimated, especially for the MA-specific reactions.5,8,10 For
example, the high-pressure-limit rate coefficients for reactions
R1 and R2 in Dagaut et al.’s MA mechanism5 were assumed to
be the same as the decomposition of i-C4H7 → C3H4 + CH3
and CH3OCH2 → CH3 + HCHO, respectively. Westbrook et
al.10 estimated high-pressure-limit rate constants for the reverse
of reactions R1 and R2 in their MA combustion model, which
were then used in an updated MA pyrolysis mechanism by
Peukert et al.8 These diverse estimates suggest a crucial need
for more accurate rate coefficients.
Huynh and Violi13 theoretically studied the β-scission

reaction of CH2C(O)OCH3 (reaction R1) at the density
functional theory (DFT)14-BH&HLYP/cc-pVTZ level and
utilized Rice−Ramsperger−Kassel−Marcus (RRKM)15−17

theory to compute its high-pressure-limit rate constants,
which were then utilized in their methyl butanoate oxidation
model. No calculations or experiments for the high-pressure-
limit rate coefficients of reactions R2 and R3 have been
reported, to the best of our knowledge. Moreover, the
unimolecular decomposition reaction rates are both temper-
ature- and pressure-dependent. Incorporating pressure-depend-
ence into kinetics models is necessary to properly descibe the
kinetics properties at various conditions, especially at relatively
high temperatures. Pressure-dependent rate constants for Ri (i
= 1−3) were implemented in a recently published methyl
propanoate oxidation model by Zhao et al.,18 but only within a
small pressure range of 0.006−2.0 atm. Because most
combustion devices operate at much higher pressures, kinetics
parameters for high pressures are needed for the development
of robust combustion models.
Motivated by the above disscussions, the decomposition and

isomerization reactions of CH2C(O)OCH3 and CH3C(
O)OCH2 are theoretically investigated in this work. Both
temperature- and pressure-dependent rate constants are
computed and reported in modified Arrhenius expressions.
DFT14 is applied to locate the stationary points along the
reaction pathways. The energies at stationary points are refined
via coupled-cluster singles and doubles with perturbative triples
correction (CCSD(T)),19 multireference singles and doubles
configuration interaction (MRSDCI)20 with Davidson−Silver
(DS)21 size-extensivity corrections, and multireference averaged
coupled pair functional (MRACPF2)22,23 theory. Rate co-
efficients are computed using RRKM15−17 theory with the
master equation (ME)24,25 approach in the temperature range

of 500−2500 K and the pressure range of 0.01 atm to the high-
pressure limit.

2. COMPUTATIONAL METHODS AND DETAILS

All geometry optimizations were performed using DFT and the
M08-HX26 hybrid exchange-correlation functional with the cc-
pVTZ27 basis set in the GAMESS-US28 program package.
Unrestricted DFT was used for open-shell radicals, while
closed-shell molecules were described with restricted DFT. A
transition state (TS) was confirmed first by verifying the
presence of one single imaginary frequency as an eigenvalue of
the numerical Hessian matrix (constructed from finite differ-
ences of analytic gradients) and then by an intrinsic reaction
coordinate analysis at the DFT-M08-HX/cc-pVDZ level to
verify the TS’s connection to the corresponding reactant and
product. Harmonic vibrational frequencies and zero-point
energies (ZPEs) were obtained within the harmonic oscillator
approximation and scaled by a factor of 0.974.29

Energies of all critical points on the potential energy surface
(PES) were refined using CCSD(T) with basis sets cc-pVXZ (X
= D, T, Q)27 in the MOLPRO30 code. To examine the
multiconfigurational character of these reactions, we used
MRSDCI with the DS correction as well as MRACPF2 to
obtain stationary point energies within the MOLCAS31 and
TIGERCI32−40 codes with basis sets cc-pVXZ (X = D, T). A
supermolecule scheme with two fragments 10 Å apart was used
to ensure size-consistency in the multireference methods when
determining energies of dissociated products. At each critical
point, a consistent CAS(7e, 7o), i.e., seven electrons in seven
active orbitals, was used as the active space in complete active
space self-consistent field (CASSCF) calculations. It included
the bonding and antibonding orbitals of the breaking C−O and
C−H bonds respectively involved in decomposition and
isomerization reactions, CO π and π* orbitals, and singly
occupied orbitals, as well as the corresponding electrons. All
configuration state functions in the CASSCF wave function
with coefficients larger than 0.01 were then used as references
in the MRSDCI+DS and MRACPF2 calculations. A Cholesky
decomposition scheme with a threshold of 1.0 × 10−7 was
employed to efficiently evaluate the two-electron integrals. The
frozen-core approximation was applied for all three methods.
The complete basis set (CBS) limit E∞ was then obtained using
the two-point extrapolation scheme41 given by

= +
+∞E l E
B

l
( )

( 1)max
max

4

where lmax is the maximum angular momentum function found
within the basis sets, and B is a system-specific parameter.
Using the computed energetics and molecular properties

described above, we then predicted the temperature- and
pressure-dependent rate constants using RRKM theory and the
multiwell one-dimensional (1D) ME approach in the
VARIFLEX42 code. The rates were investigated at total internal
energy (E) and total angular momentum quantum number (J)
resolved levels. The translational, rotational, and vibrational
partition functions were all obtained at the DFT-M08-HX/cc-
pVTZ level within the ideal gas, rigid rotor, and harmonic
oscillator approximations, respectively. We treated the torsional
rotations along a single bond within the 1D separable-hindered
rotor approximation, which is a sufficiently accurate description
of these degrees of freedom. As described in our previous
work,12,43 a relaxed scan was performed to obtain the torsional

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.5b08331
J. Phys. Chem. A XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.jpca.5b08331


PES for the equilibrium structure whereas we additionally froze
the lengths of the breaking and forming bonds for the TS.
Nitrogen (N2) or argon (Ar) was assumed as the bath gas. The
results using the bath gas N2 are reported in this work, and the
corresponding results with Ar as the bath gas are additionally
provided in the Supporting Information. The Lennard-Jones
(LJ) collision diameter parameter σ for N2 is 3.798 Å and the
well-depth ε is 49.6 cm−1.44 We used the exponential-down
model for energy transfer coefficients with the average
downward transfer parameter ⟨ΔE⟩down = 400(T/298 K)0.8

cm−1. The LJ parameters for CH2C(O)OCH3 and CH3C(
O)OCH2 were taken to be the same as MA, which were σ =
4.936 Å and ε = 326.5 cm−1.44 The ME calculations were
performed in the temperature range of 500−2500 K and
pressure range of 0.01−100 atm. The tunneling effect was
approximated using the asymmetric Eckart approximation.45

3. RESULTS AND DISCUSSION

Structural and energetic features are discussed in section 3.1,
followed by a presentation of reaction kinetics in section 3.2.
The TS of each reaction Ri (i = 1−3) is referred to as TSi (i =
1−3), respectively. Complete structural information and
frequencies for all species are provided in the Supporting
Information.
3.1. Potential Energy Surface. Figure 1 compares the

optimized geometries of all critical points on the PES obtained
at the DFT-M08-HX/cc-pVTZ level. The carbon atom at the
radical site of CH2C(O)OCH3 or CH3C(O)OCH2 is sp

2

hybridized, resulting in an extended π-resonance structure with
the CO π orbital. The direct resonance involving the C1−C2
bond in CH2C(O)OCH3 is therefore 0.052 Å shorter than
the counterpart in CH3C(O)OCH2, whereas the bond
lengths of C1−O2 are 1.346 and 1.359 Å for CH2C(

O)OCH3 and CH3C(O)OCH2, respectively, because of the
less effective π-resonance via the methoxy O 2pπ. Both
reactions R1 and R2 involve cleavage of the C1−O2 bond. The
C1−O2 bond of TS1 is elongated by ∼57% compared with the
reactant, and the bond length of C1−C2 is reduced to 1.339 Å
from 1.447 Å due to the partly formed C1−C2 π bond in the
incipient ketene molecule. This indicates a late TS, as is
expected for an endothermic reaction. Likewise, the C1−O2
bond of TS2 is also stretched by ∼39% relative to that in
CH3C(O)OCH2, which is less than in TS1. The intra-
molecular H atom transfer for the isomerization reaction R3
proceeds via a planar ring structure, and the dihedral angle of
C2C1O2C3 of TS3 changes substantially to 0.0° from 179.8°,
compared to the reactant. The transferring H atom in TS3 is
1.365 and 1.342 Å away from C2 and C3, respectively.
The PES for this reaction system is depicted in Figure 2, in

which energies of all stationary points are relative to the
CH2C(O)OCH3 energy with ZPE correction. The energies
refined by CCSD(T) are computed with the cc-pVXZ (X = D,
T, Q) basis sets. The two-point extrapolation to the CBS limit
using energies obtained with cc-pVXZ (X = D, T) is labeled as
CBS(D-T), and similarly, CBS(T-Q) is the extrapolation from
the cc-pVXZ (X = T, Q) basis sets. The mean unsigned
deviation between the two extrapolations at the CCSD(T) level
is only 0.55 kcal/mol. Given this good accuracy of CBS(D-T)
compared to CBS(T-Q), we only extrapolate our results at the
D-T level to reduce computational cost for the more expensive
multireference methods (vide infra).
For CCSD(T) calculations, the T1 diagnostic is often used

to estimate the expected importance of multiconfigurational
character. A T1 diagnostic of <0.02 for a closed-shell
molecule46 and a T1 diagnostic of <0.04 for a radical47 were
suggested as bounds for a reliable single-reference calculation.
Some species in this reaction system have relatively large T1

Figure 1. DFT-M08-HX/cc-pVTZ optimized geometries of CH2C(O)OCH3, CH3C(O)OCH2, and corresponding transition states (TSs) and
products of the dissociation and isomerization reactions. Bond lengths are given in ångstroms and angles in degrees.
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diagnostics, e.g., the T1 diagnostic for TS1 is ∼0.07, indicating
a significant multiconfigurational character. Thus, we apply the
multireference based methods (MRSDCI+DS and MRACPF2)
to ensure a physically accurate description for these species and
also apply the same methods to the other critical points for
consistency. Comparing the two multireference based methods,
the relative TS energies predicted by MRSDCI+DS are only
0.1−0.2 kcal/mol higher than the MRACPF2 energies.
However, larger deviations in energies are observed in the
relative product energies predicted by MRSDCI+DS and
MRACPF2. For a stretched molecule, Szalay48 also showed
that the deviation of MRSDCI+DS energies from full CI
energies varied far more significantly than that of MRACPF2
energies with increasing bond length. This may result in the
relative energy of the dissociated product predicted by
MRSDCI+DS being less reliable than the MRACPF2 energy.
Consequently, compared to MRSDCI+DS, MRACPF2 is
recommended and the MRACPF2 energy will be used in the
following kinetics studies. However, compared to CCSD(T),
both MRSDCI+DS and MRACPF2 predict lower barrier
heights for all three reactions by up to 2.0 kcal/mol. This is
probably due to the higher multiconfigurational character of
TSs compared to the two initial radicals.
The Active Thermochemical Tables (ATcT) of Goos,

Burcat, and Ruscic49 contain the standard heat of formation
at 0 K (ΔfH0K

0 ) of all species in reaction R2. From this, we
compute the reaction energy of reaction R2 to be 23.1 kcal/
mol. The reaction energies of reaction R2 obtained at the
CCSD(T), MRSDCI+DS, and MRACPF2//CBS(D-T) levels
are 22.4, 22.0, and 23.5 kcal/mol, respectively, which are in
excellent agreement with the result computed using the ΔfH0K

0 ,
given the reported ±1.9 kcal/mol uncertainty for CH3C(
O)OCH2. Comparing the energetics of these three reactions in
Figure 2, the β-scission of CH2C(O)OCH3 (R1) has a much
higher activation energy than of reaction R2 or R3, and the
barrier height of isomerization reaction R3 is the smallest
among the three reactions. This indicates that the isomerization
channel is strongly favored over the β-scission decomposition
for CH2C(O)OCH3.
3.2. Rate Constants. The temperature- and pressure-

dependent rate coefficients were obtained by solving the 1D
ME. The rate constants were computed in the temperature

range of 500−2500 K at increments of 100 K and in a pressure
range of 0.01 atm to the high-pressure limit with the bath gas
N2. The RRKM/ME was solved with molecular properties and
energies obtained at the CCSD(T)/CBS(T-Q) and
MRACPF2/CBS(D-T) //DFT-M08-HX levels. The fitted
modified Arrhenius expressions with MRACPF2 energies for
all studied reactions are summarized in Table 1, and equivalent
parameters with CCSD(T) energies are given in the Supporting
Information.

To simplify the problem, CH2C(O) + CH3O was assumed
as reactants, and the dissociation to bimolecular products
CH3C(O) + HCHO was treated irreversibly as the “infinite
sink.” The reactants were assumed to be in thermal equilibrium
with the bath gas throughout the course of the reaction. Using
the microcanonical rate constants obtained with RRKM theory,
the 1D ME was solved, giving a set of eigenvalues and
eigenvectors. The three slowest modes with the last three
smallest absolute eigenvalues described the “chemical”
processes, referred to as chemically significant eigenvalues
(CSEs). The other modes then represented the intermolecular
energy transfer, which were the internal-energy relaxation

Figure 2. ZPE-corrected PES for dissociation and isomerization
reactions of CH2C(O)OCH3 and CH3C(O)OCH2. The geo-
metries are optimized at the DFT-M08-HX/cc-pVTZ level. The
energies (kcal/mol) are refined at four levels: (a) CCSD(T)/CBS(T-
Q); (b) CCSD(T)/CBS(D-T); (c) MRACPF2/CBS(D-T); and (d)
MRSDCI+DS/CBS(D-T).

Table 1. Rate Coefficients for the Unimolecular Dissociation
and Isomerization Reactions of CH2C(O)OCH3 and
CH3C(O)OCH2 in Modified Arrhenius Form (k =
ATn exp[−Ea/(RT)], Obtained with MRACPF2/CBS(D-
T)//M08-HX/cc-pVTZ Energies

pressure A (s−1) n Ea (cal/mol)

R1: CH2C(O)OCH3 → CH2C(O) + CH3O
p = 7.6 Torr 6.57 × 109 −0.61 43204
p = 30 Torr 3.03 × 1018 −2.88 46648
p = 1 atm 4.33 × 1033 −6.56 55540
p = 10 atm 2.81 × 1035 −6.61 58396
p = 100 atm 5.74 × 1031 −5.17 58792
high-pressure limit 2.09 × 1016 −0.45 52500

R2: CH3C(O)OCH2 → CH3C(O) + HCHO
p = 7.6 Torr 5.11 × 1032 −6.63 35883
p = 30 Torr 4.32 × 1034 −7.00 38083
p = 1 atm 3.82 × 1032 −6.02 39362
p = 10 atm 1.74 × 1028 −4.55 38645
p = 100 atm 1.12 × 1022 −2.62 36416
high-pressure limit 7.24 × 1013 −0.18 32707

R3: CH2C(O)OCH3 → CH3C(O)OCH2

p = 7.6 Torr 6.17 × 1025 −4.90 25290
p = 30 Torr 5.90 × 1026 −4.99 26802
p = 1 atm 8.33 × 1028 −5.19 30526
p = 10 atm 4.76 × 1026 −4.29 31185
p = 100 atm 1.03 × 1021 −2.48 29565
high-pressure limit 1.97 × 109 1.03 24273

R4: CH2C(O)OCH3 → CH3C(O) + HCHO
p = 7.6 Torr 3.64 × 1036 −7.76 38715
p = 30 Torr 3.29 × 1040 −8.65 43051
p = 1 atm 1.70 × 1039 −7.84 46418
p = 10 atm 1.93 × 1042 −8.36 53576
p = 100 atm 2.83 × 1033 −5.63 53255

R5: CH3C(O)OCH2 → CH2C(O) + CH3O
p = 7.6 Torr 5.19 × 1014 −2.10 44410
p = 30 Torr 3.42 × 1022 −4.13 47430
p = 1 atm 1.30 × 1038 −7.91 57543
p = 10 atm 3.86 × 1039 −7.84 62524
p = 100 atm 7.64 × 1032 −5.56 63931
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eigenvalues (IEREs). The eigenvalue spectrum with MRACPF2
energies is plotted in Figure 3 at a pressure of 1 atm, where the

three CSEs are labeled by their magnitude. The slowest CSE
−λ1 describes reaction R1, i.e., the equilibration of CH2C(O)
+ CH3O with CH2C(O)OCH3. The fastest (−λ3)
corresponds to the equilibration of CH2C(O) + CH3O
and CH2C(O)OCH3 with CH3C(O)OCH2, while −λ2
“equilibrates” the three configurations (CH2C(O) + CH3O,
CH2C(O)OCH3, and CH3C(O)OCH2) with the bimo-
lecular sink CH3C(O) + HCHO. Since TS1 exhibits much

higher energy than TS2 and TS3, −λ1 is widely separated from
the other CSEs in magnitude. −λ3 merges with IEREs at ∼2500
K, indicating that the dissociation of CH2C(O)OCH3
equilibrates on the internal-energy relaxation time scales. For
temperatures at which the CSEs are smaller than the IEREs, i.e.,
the energy relaxation processes are completed before chemical
transformations become significant, phenomenological rate
constants for the unimolecular reactions were computed from
the eigenvalues/eigenvectors,24,25,50 where the corresponding
reactants (CH2C(O)OCH3 or CH3C(O)OCH2) were
assumed to be Boltzmann distributed.
Figure 4 compares the predicted high-pressure-limit rate

constants ki
∞(T) (i = 1−3) of the three unimolecular reactions

with available theoretical and estimated coefficients. The
energetics are computed at the CCSD(T)/CBS(T-Q) (black
solid curves) and MRACPF2/CBS(D-T) (red solid curves)
level. CCSD(T) predicts slightly higher barrier heights than
MRACPF2, and ki

∞(T) (i = 1−3) with CCSD(T) energies are
therefore smaller than with MRACPF2 energies by 7−88%.
Given the relatively large multiconfigurational character of the
TSs, rate coefficients with MRACPF2 energies are recom-
mended. The high-pressure-limit rate reported by Huynh and
Violi13 (green dashed curve) was obtained using RRKM theory
with the reaction energetics computed at the DFT-BH&HLYP/
cc-pVTZ level, which is also plotted in Figure 4a for
comparison. k1

∞(T) using MRACPF2 energies is comparable
with the predictions of Huynh and Violi. The high-pressure-
limit rate coefficients of reactions R1 and R2 in Dagaut et al.’s5

MA combustion model were solely approximated based on the
similarity relation of structure and rate. Peukert et al.8

Figure 3. Eigenvalue spectrum (−λ) computed by solving the 1D ME
at 1 atm of N2. The energies and molecular properties used in the
RRKM/ME are computed with MRACPF2/CBS(D-T)//DFT-M08-
HX/cc-pVTZ.

Figure 4. Comparison of the predicted high-pressure-limit rate constants ki
∞(T) for Ri (i = 1−3), using energies obtained by CCSD(T)/CBS(T-Q)

(black curves) and MRACPF2/CBS(D-T) (red curves), with rates derived from the modified Arrhenius expressions theoretically obtained by Huynh
and Violi13 (green dashed curves) and estimated by Dagaut et al.5 and Peukert et al.8
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computed k1
∞(T) and k2

∞(T) using the rate coefficients of the
backward reactions R1 and R2 estimated by Westbrook et al.10

The two estimates differ by orders of magnitude from each
other and from Huynh and Violi’s and our theoretical
predictions (Figure 4a and Figure 4b).
However, it is not sufficient to only consider the β-scission

decomposition of CH2C(O)OCH3 and CH3C(O)OCH2
in the kinetics calculations. A collisionally activated CH2C(
O)OCH3 radical may isomerize to an energized CH3C(
O)OCH2 radical, which then may dissociate to CH3C(O) +
HCHO before it is thermally stabilized to CH3C(O)OCH2
(Figure 2). This process cannot be accurately described by just
combining the two reactions R2 and R3. Similarly, CH3C(
O)OCH2 can decompose to CH2C(O) + CH3O through
isomerization step R3. This is especially important when an
isomerization barrier is lower than a corresponding dissociation
barrier. Consequently, in addition to the two direct β-scission
reactions R1 and R2, there are two other dissociation channels
R4 and R5 contributing to consumption of the two radicals, as
follows:

→ + CH C( O)OCH CH C( O) HCHO2 3 3 (R4)

→ + CH C( O)OCH CH C( O) CH O3 2 2 3 (R5)

Therefore, reactions R4 and R5 should also be included in the
multiwell ME calculations to obtain the correct temperature-
and pressure-dependence of the rate coefficients for this
reaction system. Table 1 lists fitted modified Arrhenius
parameters for the five rate coefficients ki(T,p) (i = 1−5) at
different pressures, with energies and molecular properties
obtained at the MRACPF2/CBS(D-T)//DFT-M08-HX/cc-
pVTZ level. Figure 5a and Figure 5b compare rate coefficients
ki(T,p) of the two β-scission reactions R1 and R2. It is evident
that the rate constants at finite pressures differ significantly
from the high-pressure limits, and the deviations grow with
increasing temperature. Especially, k1(T,p) at low pressures is
orders of magnitude smaller than the corresponding high-
pressure limit even at 500 K.
To better understand the reaction paths and product

distributions, branching ratios of reactions contributing to the
consumption of the two radicals are also analyzed. Figure 6a
depicts the branching fractions of the CH2C(O)OCH3
dissociation (R1 and R4) and isomerization (R3) reactions at
1 atm (dashed curves), 100 atm (dotted curves), and the high-
pressure limit (solid curves), defined as (ki/(k1 + k3 + k4)) for
each reaction Ri (i = 1,3,4). In the high-pressure limit, the
computed phenomenological rate constant of each reaction
coincides with the result obtained with TS theory, and

Figure 5. Comparison of predicted temperature- and pressure-dependent rate constants ki(T,p) for reactions R1 and R2 at p = 7.6 Torr, 30 Torr, 1
atm, 10 atm, 100 atm, and the high-pressure limit. The energies and molecular properties used in the RRKM/ME are computed with MRACPF2/
CBS(D-T)//DFT-M08-HX/cc-pVTZ.

Figure 6. Comparison of the predicted branching fractions for the CH2C(O)OCH3 and CH3C(O)OCH2 radicals dissociating to CH2C(O)
+ CH3O (red) and CH3C(O) + HCHO (blue), and isomerizing to the other (black) at 1 atm (dashed curves), 100 atm (dotted curves), and high-
pressure limit (solid curves). The energies and molecular properties used in the RRKM/ME are computed with MRACPF2/CBS(D-T)//DFT-
M08-HX/cc-pVTZ. The notation R3−1 represents the reverse of reaction R3.
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therefore k4
∞ → 0 and is not shown. Because of the high barrier

height of reaction R1, less than 25% of CH2C(O)OCH3
dissociates to the bimolecular product CH2C(O) + CH3O,
and all the rest isomerizes to the CH3C(O)OCH2 radical.
When the phenomenological rate coefficients obtained with the
multiple-well ME theory are investigated at finite pressures,
competition between the three reactions further intensifies the
difference in the rate coefficients if obtained in a single channel
calculation. Consequently, no more than 7% of CH2C(
O)OCH3 is consumed by the reaction R1 at 100 atm, which is
much smaller than the high-pressure-limit ratio. As expected,
the contribution of reaction R4 grows as the pressure decreases
and the branching ratios for reactions R3 and R4 at 2500 K and
1 atm are about 53% and 46%, respectively. Regarding the
consumption of CH3C(O)OCH2, the contribution of
reaction R5 is negligible (Figure 6b). The branching ratio of
β-scission reaction R2 is smaller than that of the isomerization
reaction at relatively low temperature due to its high activation
energy. It increases rapidly with temperature, since the
corresponding TS gains more entropy relative to the reactant
than that of the isomerization reaction. Consequently, both
CH2C(O)OCH3 and CH3C(O)OCH2 radicals mainly
decompose to the bimolecular pair CH3C(O) and HCHO
eventually rather than to CH2C(O) + CH3O. It is worth
emphasizing that not only the reaction rates but also the
branching fractions at finite pressures are predicted to differ
significantly from the high-pressure-limit results, especially
under combustion conditions. This pressure dependence
suggests that incorporating the pressure-dependent rate
coefficients for these unimolecular reactions is crucial to
accurately describe the reaction kinetics, especially when there
are competing reactions.
3.3. Implications for the MA Combustion Mechanism.

To the best of our knowledge, none of the MA combustion
models developed by Dagaut et al.,5 Westbrook et al.,10 and
Peukert et al.8 include the pressure dependence of reactions R1
and R2 or of the channels R3, R4, and R5. These mechanisms
proposed that CH2C(O)OCH3, produced by H-abstraction
of MA, completely dissociated to the bimolecular product
CH2C(O) + CH3O under combustion conditions, which can
lead to improper results. For example, Westbrook et al.10

concluded that reaction path R1 produced all the CH2C(O)
that was observed in the low pressure flame experiment of MA
oxidation, but the simulated CH2C(O) concentrations were
much larger than the experimental measurements. By contrast,
in our work the dissociation reaction paths of the two radicals
to CH2C(O) + CH3O are predicted to be minor players, and
the CH2C(O)OCH3 radical is predicted to mainly
decompose to CH3C(O) + HCHO, with much higher rate
coefficients than to CH2C(O) + CH3O. Namely, both
reactions R1 and R5 contribute negligibly to the formation of
CH2C(O) under combustion conditions. The observed
CH2C(O) in Westbrook et al.’s experiments must result
from some other reactions, such as the MA decomposition
reaction CH3C(O)OCH3 → CH2C(O) + CH3OH, which
is not included in Westbrook et al.’s model. Moreover,
compared to the dissociation products CH2C(O) + CH3O
which dissociate to CH2CO + HCHO + H at high
temperatures, the products CH3C(O) + HCHO may further
break apart to form CO + HCHO + CH3, producing a less
active radical (CH3) rather than an H atom. This may result in
lower reactivity in MA combustion. These pathways also help
explain the observation that MA/air mixtures exhibit slower

kinetics than methyl formate (MF) and methyl propanoate
(MP)/air mixtures, as indicated by the comparison of flame
extinction limits and laminar flame speeds.6,9 Compared to the
reaction pathways of MA radicals, dominant reaction pathways
for the dissociation of MF and MP radicals produced from H-
abstraction resulted in more reactive intermediates with a
higher production rate of H atoms.6

To correct these problems, a new MA combustion
mechanism was constructed with updated rate coefficients for
MA-related reactions. The rate coefficients used for MA
decomposition are the averages of two theoretical predictions
by Peukert et al.8 and Annesley et al.51 with a factor of 3
increase for the reaction CH3C(O)OCH3 → CH2C(O) +
CH3OH to fit our previous flow reactor experiments.11 Rates of
MA H-abstraction by H, O, OH, HO2, and CH3, as well as MA
radical unimolecular reactions, were computed in our previous
work12 and in the present work. The parameters for all other
reactions were obtained from Shen et al.’s52 work, referred to as
the HP-Mech submodel. This new model (red solid curve)
successfully simulates the recent experiments of the MA/air
mixture laminar flame speed measured by Wang et al. (black
squares)9 at the initial temperature of 333 K and similarly at
338 K by Ali Hamdi Bnayan53 (gray circles) (Figure 7). The

simulation results of a few other models,9,10,54−56 which are
commonly used to investigate MA combustion chemistry, are
also plotted for comparison. For further analysis of the
potential impact of the MA-related reactions, a simulation
using a combination of HP-Mech submodel and MA-related
reaction rates from Westbrook et al.’s10 model is also compared
in Figure 7 (blue solid curve). Our new model incorporating
the theoretically predicted rate coefficients exhibits better
agreement with the experiments. The comparison demonstrates

Figure 7. Comparison of computed laminar flame speed of MA/air
mixtures with measured results by Wang et al. (black squares)9 at 333
K and by Ali Hamdi Bnayan53 (gray circles) at 338 K. The simulations
are performed at 333 K with five MA combustion models: HP-Mech52

submodel combined with MA-related reactions from Westbrook et
al.’s10 work (blue dotted curve); HP-Mech52 submodel combined with
MA-related reactions predicted in this work (red solid curve); model
developed by Dievart et al.54 (green dash dot dot curve); submodel for
C0−C4 species from Bourque et al.55 combined with MA-related
reactions from Westbrook et al.’s10 work (orange dashed curve); and
submodel for C0−C4 species from USC Mech II56 combined with
MA-related reactions from Wang et al.’s9 work (purple dash dot
curve).
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the success of our theoretical predictions of rate constants for
the MA-related reactions.
The new model was also validated against the most recent

MA decomposition experiment using the Stanford shock tube
facilities.57 Figure 8 depicts the comparison of simulations using
the current model (solid curves) and the model updated by
Ren et al.57 (dashed curves) against the measured CO and CO2
time history profiles (symbols) at four temperatures. It is clear
that our new model improves upon the predictions of Ren et
al.’s57 mechanism with regard to predicting the CO and CO2
concentrations. The discrepancy for the plateau in CO
concentration at high temperature for longer oxidation times
suggests that there might be some uncertainty in the C1
submodel of the current mechanism. However, this issue may
be related to reactions of CH3OH and is therefore beyond the
scope of this work. Overall, the good agreement between the
simulations with our model and experimental values indicates
that the rate constants and branching ratios of MA-related
reactions have been well-predicted.

4. CONCLUSIONS
The unimolecular dissociation and isomerization PESs of the
CH2C(O)OCH3 and CH3C(O)OCH2 radicals were
theoretically investigated at the CCSD(T)/CBS, MRSDCI
+DS/CBS, and MRACPF2/CBS levels of theory, based on the
geometries of stationary points obtained at the DFT-M08-HX/
cc-pVTZ level. Relatively large T1 diagnostics in CCSD(T)
calculations suggested high multiconfigurational character in
this reaction system, particularly at the TSs. Hence, the
multireference methods, MRSDCI+DS and MRACPF2, which
predicted lower barrier heights than CCSD(T), are considered
to be more reliable for kinetics calculations. The isomerization
reaction between the two radicals exhibits a lower activation
energy than both β-scission reactions of the two radicals,
indicating that the isomerization is energetically more favorable
and the decomposition of the two radicals are strongly coupled
at finite pressures.
RRKM and multiwell ME calculations of this reaction system

show that the rate coefficients and branching fractions of each
channel differed significantly from the high-pressure limits,
demonstrating the importance of incorporating pressure-
dependence into kinetics models for these unimolecular
reactions. The dissociation of CH2C(O)OCH3 to
CH2C(O) + CH3O was predicted to be not important at

all, contrary to previous combustion models.5,8−10 Instead,
more than 93% of CH2C(O)OCH3 was predicted to either
decompose to the bimolecular product CH3C(O) + HCHO
or isomerize to CH3C(O)OCH2 over a wide range of
temperatures and finite pressures. Likewise, the CH3C(
O)OCH2 radical was also predicted to be predominantly
consumed by the isomerization reaction and the dissociation to
CH3C(O) + HCHO. The branching ratio of the β-scission
reaction increased rapidly with temperature. A new MA
combustion model was constructed with updates of predicted
rate constants for MA-related reactions. The improved
agreement between simulations and experimental results
further validates the success of our predicted reaction rates.
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