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Kinetics and branching fractions of the hydrogen
abstraction reaction from methyl butenoates
by H atoms†

Xiaoyu Li,ab Xiaoqing You, *ab Chung K. Lawac and Donald G. Truhlar d

In order to explore the hydrogen abstraction reaction kinetics of unsaturated methyl esters by hydrogen

atoms, we selected two molecules for study, in particular methyl 3-butenoate and methyl 2-butenoate,

whose CQC double bonds are at different locations. We first determined an accurate and efficient

electronic structure method for the investigation by considering eight hydrogen abstraction reactions

and comparing their barrier heights and reaction energies computed using several exchange–correlation

density functionals to those obtained from CCSD(T)-F12a/jun-cc-pVTZ coupled cluster calculations. In

this way, we found the M06-2X/ma-TZVP method to have the best performance with a mean unsigned

deviation from the CCSD(T) calculations of 0.51 kcal mol�1. Based on quantum-chemical calculations

by using the M06-2X/ma-TZVP method, we then computed rate constants for 298–2500 K by direct

dynamics calculations using multi-structural canonical variational transition state theory including

tunneling by the multi-dimensional small-curvature tunneling approximation (MS-CVT/SCT). The

computed transmission coefficients were compared with those obtained using the zero-curvature

tunneling (ZCT) and one-dimensional Eckart tunneling (ET) approximations. We employed the

multi-structural torsional method (MS-T) to include the multiple-structure and torsional potential

anharmonic effects. The results show that the variational recrossing transmission coefficients range from

0.6 to 1.0, and the multi-structural torsional anharmonicity introduces a factor of 0.5–2.5 into the rate

constant, while the tunneling transmission coefficients obtained by SCT can be as large as 17.4 and differ

considerably from those determined by the less accurate ZCT and ET approximations. In addition,

independent of the location of the CQC double bond, the dominant hydrogen abstraction reactions

occur at the allylic sites.

1. Introduction

Biodiesel, being renewable and sustainable, provides a viable
and affordable solution to replace conventional fossil fuels and
reduce the emissions of greenhouse gas CO2,1 unburned hydro-
carbons, particulate matter, and CO.2,3 Biodiesel mainly consists
of various high-molecular-weight fatty acid methyl esters (FAMEs),
such as methyl palmitate, methyl stearate, methyl oleate, methyl

linoleate, and methyl linolenate;4 a significant proportion of the
constituents are the unsaturated FAMEs.5

Hydrogen abstraction reactions have been identified to be
among the dominant paths in the combustion of esters,6–8 and
thus they have attracted many theoretical studies.9–12 For instance,
Huynh and Violi10 computed the rate parameters of hydrogen
abstraction reactions of methyl butanoate using conventional
transition state theory (TST) based on density functional electronic
structure calculations using BH&HLYP/cc-pVTZ and showed that
breakdown of methyl butanoate is dominated by hydrogen
abstraction by H atoms. Wang and coworkers11,12 studied hydrogen
abstraction reactions by H and OH radicals for several unsaturated
methyl esters, and found that the favored abstraction sites are
those producing allylic radicals. In their study, the potential
energy surface and frequencies were obtained using CBS-QB3//
B3LYP/6-311G(2d,d,p), and the rate constants were computed
using conventional TST and the Eckart method for quantum
tunneling13 with a 1-D hindered-rotor approximation for torsional
anharmonicity.14
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Further work is required to study the applicability of the
above methods for predicting quantitative rate constants of
large molecules such as those involved in biodiesel combustion,
and one of the goals of the present work is to study this by
systematic evaluations against more advanced methods. In
particular, we examine three improvements in the dynamics
methods:

(1) We examine whether the variational optimization of the
transition state location by canonical variational transition state
theory (CVT)15–18 provides an improvement over conventional TST,
which locates the transition state at a dividing surface through the
saddle point. In contrast, CVT minimizes the net flux through the
dividing surface, which is more consistent with the no-recrossing
assumption of transition state theory.

(2) We examine whether the tunneling is well approximated
by the one-dimensional Eckart approximation,13,19 which models
the effective barrier for tunneling by a restricted three-parameter
form of the potential without consideration of the variation of
local zero-point energy along the reaction path and without
consideration of corner cutting tunneling. We do this by com-
parison with two multi-dimensional tunneling approximations:
(i) the zero-curvature tunneling (ZCT)15,20,21 approximation that
involves the calculation of the actual variation of the potential
energy and local zero-point energy along the isoinertial steepest-
descent path (which is called the minimum energy path or MEP)
and (ii) the small-curvature tunneling (SCT)15,18 approximation
that also takes into account corner cutting during tunneling.

(3) We examine the errors due to the use of the 1-D hindered
rotor approximation, which treats each torsion separately and
neglects the coupling of torsions by using the recently developed22,23

multi-structural torsion method (MS-T), which sums up the
contributions of distinguishable conformers and considers the
torsional anharmonicity and the coupling among torsions and
overall rotations. Recent studies24–27 have reported that the
multi-structural torsional anharmonicity has a significant influence
on the kinetics of chain molecules. For example, the MS-T factors
for hydrogen abstraction reactions from butanal by HO2 are as large
as a factor of 156.27 It is expected that multi-structural torsional
anharmonicity may have an even bigger impact on the reaction
kinetics of the large long-chain biodiesel molecules.

A fourth area of improvement in the present computations is
the choice of electronic structure methods, for which we use
more reliable methods for transition state geometry optimization
and energetics.

Another goal of the present study is to examine the role of
CQC double bonds in hydrogen abstraction reactions of the
fuel molecules. Studies on the kinetics of unsaturated hydrocarbons
have shown that both the number and location of CQC double
bonds in the molecule have a significant influence on the
combustion properties, e.g., ignition delay times and pollutant
formation.6–8,28–30

In the present work, we study the kinetics of hydrogen abstraction
reactions by H atoms from two isomers of an unsaturated
ester with CQC double bonds at different locations, namely
methyl 2-butenoate and methyl 3-butenoate, using canonical
variational transition state theory with SCT tunneling effects

and multi-structural torsional anharmonicity effects31 (MS-CVT/
SCT). We shall explore variational effects, tunneling contributions,
and multi-structural torsional anharmonicity as they affect the
kinetics of these hydrogen abstraction reactions. We will compare
the rate constants calculated by CVT and conventional TST, and
transmission coefficients calculated by SCT, ZCT, and the Eckart
approximation. We shall also study the influence of the CQC
location on the hydrogen abstraction of methyl butenoate.

The computational methods for the electronic structure and
kinetic calculations are described in Section 2; the results and
discussion including benchmark calculations and the study of
the factors affecting the calculated rate constants are presented
in Section 3; and the conclusions are given in Section 4.

2. Methodology
2.1 Electronic structure

The forward and reverse enthalpies of activation at 0 K of the
conventional transition state are respectively defined by

DHz0 ¼ Vz þ ezGvib � eRG
vib (1)

DHzrev;0 ¼ Vz � VP þ ezGvib � ePGvib (2)

and the enthalpy of reaction is given by

DH0 = VP + ePG
vib � eRG

vib (3)

In these equations, V‡ and VP are the potential energies of the
lowest-energy transition structure and the lowest-energy product
structure, both relative to the lowest-energy reactant structure,
which is the zero of energy; and eRG

vib, ezGvib, and ePG
vib are the zero-

point vibrational energies of the lowest-energy reactant, transition
structure, and product, respectively (G stands for the ground
vibrational state). The potential energies are the Born–Oppenheimer
electronic energies including nuclear repulsion.

Coupled cluster methods with triple or higher excitations,
for example CCSD(T)-F1232 and CCSDT,33,34 are generally considered
to be the most highly accurate and reliable electronic energy
methods currently affordable for combustion reactions. They
are, however, very costly for large molecules – often prohibitively
costly. In contrast, Kohn–Sham density functional theory (DFT)
is a highly efficient method for studying large molecules, with
several DFT methods showing that it has good performance for
barrier heights35–38 and thermodynamic data.39,40

To choose a reasonably accurate density functional, we
calculated the barrier heights and enthalpies of reaction at 0 K
using various exchange–correlation functionals, and compared
the results with those obtained by using coupled cluster methods.
M08-HX/MG3S35,41 was employed to search for and optimize the
global minimum-energy structures and to obtain vibrational
frequencies, which we scaled by a factor of 0.97342 to account for
anharmonicity and systematic errors in the density functional.
Then, 18 exchange–correlation functionals combined with 4 basis
sets were used to calculate single-point energies based on the
M08-HX/MG3S geometries. These exchange–correlation functionals
include hybrid functionals (M05-2X,43 M06,38 M06-2X,38 M08-SO,35
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M08-HX,35 PWB6K,44 MPW1K,45 SOGGA11-X,46 B3LYP,47 M11,48

MN12-SX,49 oB97,50 oB97X51), functionals based on non-separable
gradient approximations (NGAs), meta-GGAs, and meta-NGAs
(GAM,52 M11-L,53 MN12-L,54 MN15-L,55), and an exchange–
correlation functional corrected with molecular mechanics
(oB97X-D51). Among the 18 exchange–correlation functionals,
M05-2X, M06, M06-2X, M08-SO, M08-HX, PWB6K, and MPW1K
have relatively good performance for the barrier heights for
hydrogen transfer reactions36 and the bond dissociation enthalpies
(BDEs) of C–H and C–C bonds for large esters,40 and SOGGA11-X,
MN12-L, oB97X, MN12-SX are better for predicting C–O BDEs; the
other methods are chosen based on their widespread popularity
(B3LYP) or because they are too recently developed to be included in
our previous40 tests (GAM and MN15-L). Four basis sets (ma-TZVP,56

MG3S,41 jun-cc-pVTZ57 and jul-cc-pVTZ57) were tested. For C, H, and
O atoms, the MG3S basis set41 is identical to the 6-311+G(2df,2p)
basis set. Compared to aug-cc-pVTZ, the jul-cc-pVTZ and jun-cc-
pVTZ basis sets do not include the diffuse functions on hydrogen
atoms, and jun-cc-pVTZ also excludes diffuse f-subshells on carbon
and oxygen atoms.

For benchmark energies for the hydrogen abstraction reactions,
the explicitly correlated coupled cluster theory CCSD(T)-F12a32

method with the jun-cc-pVTZ basis set was applied to calculate
single-point energies based on the M08-HX/MG3S geometries. We
note that CCSD(T)-F12/jun-cc-pVTZ gives more accurate energies
than CCSD(T)/jun-cc-pV5Z and is two orders of magnitude faster,32

and therefore, these calculations are taken as the benchmarks to
validate the accuracy of density functional methods in the present
work. The functional with the best performance will be used for
conformational structure searching, geometry optimizations, and
energetics calculations.

All the DFT calculations were performed using a locally
modified Gaussian 09 program58 with an integration grid with
99 radial shells and 974 angular points per shell, and all
coupled cluster calculations were carried out using the Molpro
program.59

2.2 Reaction kinetics

We employed multi-structural canonical variational theory with
small-curvature tunneling (MS-CVT/SCT)31 to calculate the rate
constants. We next review the elements of this theory.

Conventional transition state theory (TST) in its original
version60 considers only the one-way flux through a dividing
surface that passes through a single saddle point (the lowest-
energy one) that separates the reactant region from the product
region and is transverse to the imaginary-frequency normal
mode. Canonical variational transition state theory (CVT) takes
into account a one-parameter sequence of dividing surfaces
normal to the isoinertial MEP, and searches for the dividing
surface for which the one-way flux in the product direction at a
given temperature T is a minimum, and the minimum-flux dividing
surface is the canonical variational transition state.16,17 Both
conventional TST and the original CVT also consider only the
lowest-energy structure of the transition state, and they usually
evaluate vibrational partition functions in the harmonic or
quasi-harmonic approximation. The quasi-harmonic approximation

is used in the present work; this involves using the harmonic
oscillator formulas but with scaled vibrational frequencies42

that take account of systematic errors in the electronic structure
method used to evaluate the frequencies and systematic deviations
of harmonic zero-point energies from anharmonic ones. With this
approximation, we obtain the following quasi-classical rate
constants, where ‘‘quasi-classical’’ denotes that vibrations normal
to the MEP are quantized, but reaction-coordinate motion is
classical:

kCVT(T) = minsk
GT(T,s) (4)

where kGT(T,s) is the generalized transition state theory rate
constant corresponding to a dividing surface that intersects the
MEP at a signed distance s from the saddle point. Note that
kGT(T,s = 0) is the conventional TST rate constant kTST(T), and
we may write61

kCVT(T) = G(T)kTST(T) (5)

which defines G(T). The deviation of G(T) from unity is called a
variational effect. It may also be called a recrossing transmission
coefficient because it accounts for the flux of trajectories that cross
the conventional transition state toward products but (either
before that or after that) also cross toward reactants so they do
not contribute to the net reactive flux.

Next, we correct for quantum effects on the reaction-coordinate
motion, in particular for tunneling and non-classical reflection.
This leads to what is called the tunneling transmission coefficient
k(T) and the rate constant including tunneling is given by17,21

kCVT/T(T) = k(T)kCVT(T) (6)

where the superscript /T denotes the approximation used to
evaluate the tunneling probabilities and can be /SCT to denote
small-curvature tunneling, /ZCT to denote zero-curvature tunneling
or /ET to denote Eckart tunneling. We will use SCT for our best
estimate but compare to ZCT and ET to see the effect of using these
more approximate theories.

Up to this point, the results are based on a single structure
of the reactants and a single structure of the transition state.
This is insufficient when the reactant or transition state has one
or more torsions. Torsions are low-frequency vibrations and
can be very anharmonic, so treating them as harmonic oscillators
can lead to large errors. There are two aspects of torsional
anharmonicity: multiple-structure anharmonicity and torsional
potential anharmonicity. Torsions (unlike harmonic oscillators,
which have only one minimum-energy structure), lead to additional
stationary points on the potential energy surface, i.e., additional
local minima for reactants and additional first-order saddle points
for transition states; this is the multiple structure effect. In addition,
the potential energy for small-amplitude vibrations in the vicinity of
a given structure can be anharmonic; this is torsional potential
anharmonicity. If we include only the first effect and treat tunneling
by the SCT approximation, we obtain a rate constant that we call
kMS-LH-CVT/T(T), where MS denotes multiple structures and LH
(‘‘local harmonic’’) denotes the use of harmonic oscillator formulas
in the local vicinity of each structure. If we also include torsional
potential anharmonicity, we call the result kMS-CVT/T(T).
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Note that the recrossing, tunneling, and torsional anharmonicity
corrections are treated as separable at this level of the dynamical
theory. That is, the recrossing factor G(T) and tunneling trans-
mission coefficient k(T) are evaluated using only the lowest-
energy structure of the reactant and the lowest-energy transition
state and the reaction path that passes through the latter, and
also without considering torsional anharmonicity, and the torsional
anharmonicity is evaluated only in the reactant and transition states
without considering other points on the reaction paths. Methods
are available for going beyond these separable approximations,62

but they will not be employed here.
That completes the overview of the methods for calculating

rate constants. Next, we give some details of the components of
these calculations.

The quasi-classical CVT rate constant for a bimolecular
reaction with a single reaction path is17,63

kCVTðTÞ ¼ kBT

h

QCVT
el ðTÞQCVT

rovibðTÞ
FrelQ

R
elðTÞQR

rovibðTÞ
exp �

VMEP sCVT
� �

kBT

� �
(7)

where sCVT is the location of the variational transition state, kB

the Boltzmann constant, h the Planck constant, QCVT
el (T) and

QCVT
rovib(T) are respectively the electronic and rotation–vibrational

partition functions of the variational transition state, QR
el(T) and

QR
rovib(T) are respectively the electronic and rotation-vibrational

partition functions of reactants, VMEP(sCVT) is the potential
energy along the MEP at the variational transition state, and Frel

is the relative translational partition function per unit volume. If
sCVT equals 0, eqn (7) gives the conventional TST rate constant.

To consider the influence of multi-structural torsional
anharmonicity on the partition functions,22,23 we calculated
the multi-structural torsional factors using the formula for
coupled torsional potentials:22

QMS-T
con�rovib;aðTÞ ¼

XIa
i¼1

QSS-T
rovib;i;aðTÞ

¼
XIa
i¼1

Qrot;i;aðTÞ exp �bUi;a
� �

QHO;i;aðTÞ fi;aðTÞ

(8)

where a denotes the reactant or transition state, QMS-T
con–rovib,a(T) is

the sum of single-structural rovibrational partition functions
QSS-T

rovib,i,a considering torsional potential anharmonicity; Ia is the
number of distinguishable structures; b is 1/kBT; Ui,a is the
energy of structure i; Qrot,i,a(T) and QHO,i,a(T) are respectively
the rigid rotational and quasi-harmonic (RR–HO) vibrational
partition functions of structure i; and fi,a(T) is a factor that takes
account of torsional anharmonicity. If fi,a(T) is set to unity, the
partition function QMS-T

con–rovib,a(T) reduces to the multi-structural
local-harmonic (MS-LH) partition function.

For each species, F a
MS-T(T) is the multiple-structure torsional

factor of species a, and is defined by the ratio

Fa
MS�TðTÞ ¼

QMS-T
con�rovib;aðTÞ
QSS�HO

rovib;1;aðTÞ
(9)

where QSS-HO
rovib,1,a(T) is the single structural rovibrational partition

function of the global minimum energy structure based on the
RRHO approximation, and is given by Qrot,1,a(T)QHO,1,a(T). For
each reaction, the multi-structural torsional factor F MS-T(T) is
given by

FMS-TðTÞ ¼ FTS
MS-TðTÞ

FR
MS-TðTÞ

(10)

Therefore, we have

kMS-CVT/SCT(T) = FMS-T(T)kSCT(T)kCVT(T) (11)

As mentioned above, the tunneling transmission coefficient
in eqn (11) adds tunneling and non-classical reflection to the
calculated rate constant. The small-curvature tunneling (SCT)
approximation15,18 was employed to calculate the transmission
coefficient. In this approximation, the system tunnels through
an effective potential given by the vibrationally adiabatic ground-
state potential curve:

VG
a (s) = VMEP(s) + eG(s) (12)

where VMEP(s) is the potential energy along the MEP, and eG(s) is
the local zero-point energy. The SCT method considers the
contribution of vibrational energies from all vibrational modes
and the coupling between the reaction coordinate and the
orthogonal vibrational modes, which leads to corner cutting,
which is represented in the calculation by a reduced local
effective mass for reaction-coordinate motion that depends
on the local curvature of the MEP. The zero-curvature tunneling
(ZCT) approximation20,21 and ET approximation13,19 were also
calculated for comparison. The ZCT approximation is like SCT,
but it neglects the corner cutting. The SCT and ZCT transmission
coefficients were computed based on the adiabatic ground-state
potential curves calculated from s = �0.85 Å to s = 0.85 Å, where s
is the signed distance (in isoinertial coordinates scaled to 1 amu)
along the MEP from the saddle point. The ET approximation is
like the ZCT approximation in that it neglects corner cutting, but
rather than using the calculated VG

a (s), which is approximated by
an analytic function fitted to DHz0 , DHzrev;0, and the imaginary
frequency of the reaction-coordinate normal mode at the
saddle point.

Based on the benchmark results, M06-2X/ma-TZVP was selected
for conformational structure searching, geometry optimizations of
multiple conformers, and CVT calculations.

The rate constant calculations were carried out using the
Gaussrate64 and Polyrate65 programs. The anharmonic multi-
structural rovibrational partition functions were calculated
using the MSTor program.66

3. Results and discussion

In the present study, methyl butenoate, which has an ester
group and a CQC double bond, is chosen as a surrogate of
biodiesel molecules. The reaction kinetics of hydrogen abstraction
reactions by H atoms are examined for four sites each for two
isomers of methyl butenoate. Fig. 1 shows the M08-HX/MG3S
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geometries of the two isomers, methyl 3-butenoate and methyl
2-butenoate, and the eight abstraction sites, which are numbered
from s1 to s8, corresponding to reactions numbered from R1 to R8.

3.1 Benchmark electronic structure calculations

Potential energy surfaces used for dynamics calculations may
be (i) analytic functions evaluated by subroutines, or (ii) implicit
surfaces defined by electronic structure input files containing
energies, gradients, and force constants (Hessians) at selected
points on a reaction path, or (iii) implicit surfaces defined by
electronic structure calculations performed as needed by calls to
electronic structure programs. The use of electronic structure
calculations to calculate rate constants or other dynamical
quantities without an analytic potential energy surface, is called
direct dynamics. To choose and validate a DFT method for
direct dynamics, i.e., for calculating the potential energy surface
for dynamics calculations, 18 density functionals combined
with four basis sets were tested against CCSD(T)-F12a/jun-cc-
pVTZ for 0 K enthalpies of activation of transition structures and
enthalpies of reaction. The full results are listed in Table S1 in
the ESI.† The results show that variations due to the four
different basis sets have little influence on the accuracy for
barrier heights and enthalpies of reactions of this system, and
therefore ma-TZVP and MG3S are preferred because calculations
employing these basis sets cost much less than jun-cc-pVTZ and
jul-cc-pVTZ. In addition, the best functional/basis set combination
for both molecules is M06-2X/ma-TZVP with a mean unsigned
deviation (MUD) of 0.51 kcal mol�1 from CCSD(T)-F12a/jun-cc-
pVTZ. We found eight hybrid functionals having MUDs less than
1.0 kcal mol�1, in particular M06-2X, M08-SO, M08-HX, PWB6K,
M11, MPW1K, oB97X-D and oB97X. The MUDs of the other ten
functionals are from 1.2 to 4.0 kcal mol�1, and among them, the
widely used functional B3LYP combined with MG3S has an MUD of
3.6 kcal mol�1. Consequently, M06-2X/ma-TZVP was selected
for conformational structure searching, geometry optimization
and energy calculations.

Table 1 gives the enthalpies of reaction and enthalpies of
activation for eight hydrogen abstraction reactions from methyl
butenoate as calculated by CCSD(T)-F12a/jun-cc-pVTZ and several
exchange–correlation functionals. The results show that (R2) and
(R8) have the lowest forward barrier heights, because the C–H
bonds on the corresponding hydrogen abstracting sites are
attached to the C atom adjacent to the CQC bond and thus
are weakened by the CQC bond (that is, by resonance

stabilization of the allyl-like radical formed when one abstracts
an H atom adjacent to a double bond). Reactions (R1) and (R5)
have almost the same forward barrier heights, due to the small
effect of the CQC bond on the C–H bonds of the OCH3 group.
Reactions (R3), (R4), (R6), and (R7) have higher forward barrier
heights than other reactions, because H atoms were abstracted
from the CQC group, whose C–H bonds are stronger than
C(sp3)–H bonds.

3.2 Components of reaction rate calculations

3.2.1 Variational effects. In this section, we compare the
hydrogen abstraction rate constants calculated by CVT and
conventional TST in order to explore the variational effects.
Fig. 2 shows the ratios of kCVT to kTST for methyl 3-butenoate
and methyl 2-butenoate. In all cases, these variational effects
are between 0.6 and 1.0.

For interpretive purposes, the difference between kCVT and
kTST can be analyzed in terms of free energies of activation for
the variational and conventional transition states. In particular,
the generalized transition state rate constant kGT(T,s) can be
expressed as a function of the generalized free energy of

activation DGGT� ðT ;sÞ:

kGTðT ; sÞ ¼ kBT

h
K
�
exp �DG

GT
�
ðT ; sÞ

kBT

 !
(13)

where K1 is the reciprocal of the standard-state concentration,

and DGGT� ðT ;sÞ is the standard-state generalized free energy of
activation at reaction coordinate s at a given temperature T.
Then, we can write

kCVTðTÞ ¼ kBT

h
K
�
exp �DG

CVT
�
ðT ; sCVTÞ

kBT

 !
(14)

where the quasi-classical CVT standard-state free energy of
activation is

DGCVT� ðT ;sCVTÞ ¼ max
s

DGGT� ðT ;sÞ
� �

(15)

In conventional TST, the transition state is located at the
saddle point, and the standard-state free energy of activation is

denoted as DGTST� ðT Þ, which equals DGGT� ðT ;s ¼ 0Þ. To illustrate
this, Fig. 3 shows the differences in the standard-state free energy of

activation DGCVT� � DGTST�
� �

, standard-state enthalpy of activation

DHCVT� � DHTST�
� �

and standard-state temperature-weighted

entropy of activation TDSTST� � TDSCVT�
� �

between the variational
and conventional transition states at various temperatures for
reactions (R4) and (R8). The curves are zero when the variational
transition state is located at the saddle point. For (R4), at
temperatures lower than 1400 K, the large difference in the
two free energies of activation is mainly caused by the large
enthalpy component, while at 1400–2500 K, the enthalpy differences
are counteracted by the entropy term. For (R8), the entropy term is
larger than that of (R4), therefore, the effect of entropy becomes
more significant as the temperature increases, and the large
variational effect at high temperatures is mainly due to the
large difference in entropy components.

Fig. 1 The lowest energy conformers of two isomers of methyl butenoate
as calculated by M08-HX/MG3S. The labels si (i = 1, 2,. . .,8) denote the sites
of hydrogen abstraction reactions.
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Fig. 2 The ratio of k(T)CVT to k(T)TST. Solid lines: methyl 3-butenoate;
dashed lines: methyl 2-butenoate.

Fig. 3 The differences in standard-state free energy of activation

DGCVT� �DGTST�� �
, standard-state enthalpy of activation DHCVT� �DHTST�� �

,

and standard-state temperature weighted entropy of activation

TDSTST� �TDSCVT�� �
between variational and conventional transition

states at various temperatures. The regions in which the variational transition
states are located are indicated by s o 0 for the reactant side of the saddle
point and by s 4 0 for the product side of the saddle point. (left) Reaction
(R4) and (right) reaction (R8).

Table 1 The enthalpies of activation (in kcal mol�1) of the conventional transition states and the enthalpies of reaction (in kcal mol�1), both at 0 K, for
hydrogen abstraction reactions as computed by various quantum chemical methods. Single-point calculations were carried out based on the lowest-
energy-structures optimized by M08-HX/MG3S, and zero-point energies (ZPEs) were calculated using scaled harmonic frequencies with a scaling factor
of 0.973

CCSD(T)-F12a/
jun-cc-pVTZ

M06-2X/
ma-TZVP

M08-SO/
ma-TZVP

PWB6K/
ma-TZVP

oB97X-D/
ma-TZVP

B3LYP/
ma-TZVP

R1 DH0 �5.0 �4.9 �5.1 �3.8 �5.0 �9.2
DHz0 10.2 10.9 9.5 10.3 9.0 5.0

DHzrev;0 15.2 15.8 14.6 14.1 14.1 14.2

R2 DH0 �22.8 �22.2 �22.1 �23.0 �23.4 �28.9
DHz0 5.4 6.2 5.5 5.3 5.0 0.3

DHzrev;0 28.1 28.4 27.6 28.3 28.4 29.2

R3 DH0 5.2 4.6 6.3 6.2 5.2 1.0
DHz0 14.1 14.5 14.2 14.3 12.4 8.8

DHzrev;0 9.0 9.8 7.9 8.1 7.2 7.7

R4 DH0 7.4 7.2 8.9 9.3 8.2 4.5
DHz0 15.8 16.3 16.0 16.1 14.3 10.6

DHzrev;0 8.4 9.0 7.1 6.8 6.1 6.1

R5 DH0 �5.5 �5.5 �5.6 �4.5 �5.9 �10.2
DHz0 10.2 10.7 9.4 10.3 9.1 5.3

DHzrev;0 15.7 16.2 15.1 14.8 15.1 15.5

R6 DH0 6.9 7.0 8.8 8.7 6.8 2.9
DHz0 15.1 15.8 15.7 15.6 13.4 9.6

DHzrev;0 8.2 8.8 6.9 6.9 6.6 6.8

R7 DH0 2.2 1.5 3.1 3.0 1.9 �1.8
DHz0 12.1 12.5 11.8 12.1 10.5 6.6

DHzrev;0 9.9 11.0 8.7 9.1 8.6 8.4

R8 DH0 �18.6 �17.8 �17.7 �17.7 �18.8 �23.0
DHz0 6.9 7.5 6.7 6.8 6.4 1.9

DHzrev;0 25.4 25.3 24.5 24.6 25.2 24.8

MUD MUD 0.0 0.51 0.72 0.73 0.90 3.58

Paper PCCP



This journal is© the Owner Societies 2017 Phys. Chem. Chem. Phys., 2017, 19, 16563--16575 | 16569

3.2.2 Tunneling transmission coefficients. To explore the
influence of tunneling on the rate constants of the eight
hydrogen abstractions, the tunneling transmission coefficients
were computed using SCT on the basis of their adiabatic ground
state potential curves, as shown in Fig. 4. It is seen that the
transmission coefficients increase as the temperature drops and
can be up to 17.4 at 298 K, showing that the tunneling effect
plays an important role at room temperature. The transmission
coefficients are in the range of 0.7–1.0 above 1000 K. This is
because high-temperature kinetics are affected by non-classical
reflection, which corresponds to particles with energies higher
than the effective barrier being reflected by quantum mechanical
diffraction.

For comparison, the ZCT and ET transmission coefficients
were computed. As an example, Fig. 5 shows the transmission
coefficients of (R1) and (R2) computed by the three methods. A
more complete set of comparisons is reported in Table S2 of the
ESI.† This table shows that the ZCT transmission coefficients are
smaller than those computed by the SCT and ET approximations.
With respect to the more accurate SCT method, it is seen that
while the transmission coefficients for ET are similar to the
SCT results for reactions R1, R4, R5 and R7, for the rest of
the reactions the ratios of kET to kSCT vary from 1.2 to 3.6 at
temperatures of 298–500 K, and 1.2–1.6 at higher temperatures.
Since corner cutting is important, and ET neglects corner
cutting, its rough agreement with the SCT results, when this
is seen, is a result of a cancellation of errors.

3.2.3 Multi-structural torsional factors. To explore the
effect of torsion on the kinetics of long-chain methyl esters,
we next report the calculated multiple structure and torsional
potential anharmonicity effects on rate constants for hydrogen
abstraction reactions from methyl butenoate by H atoms. The
M06-2X/ma-TZVP method was utilized to search for conformational
structures for all reactants and transition states of the eight
hydrogen abstraction reactions.

The conformational structures and their energies relative to
the lowest-energy conformer of the reactant methyl 3-butenoate
(M3B) and the transition state for R1 (TS1) are shown in

Fig. 6 and 7. There are four torsions in M3B, corresponding
to internal rotations around the C(1)–O(2), O(2)–C(3), C(3)–C(4)
and C(4)–C(5) bonds. The first one does not generate distin-
guishable conformers because it is the rotation of a methyl
group, but it does contribute torsional potential anharmonicity.
The other three torsions generate 16 distinguishable conformers
that consist of 8 pairs of mirror images. Fig. 6 presents the eight
different conformers without their mirror images, with their
energies relative to the lowest-energy conformer (labeled 1)
ranging from 0.0 to 9.7 kcal mol�1, showing that structures 2
and 3 have relative energies of 0.3 and 1.1 kcal mol�1, respectively,
and the other five structures have high relative energies ranging
from 7.4 to 9.7 kcal mol�1.

For TS1, an H atom in the C(1)H3 methyl group was
abstracted by H(16), which breaks the symmetry of the methyl
group. Therefore, all four internal rotations, C(1)–O(2), O(2)–C(3),
C(3)–C(4) and C(4)–C(5), generate additional structures, and we
have 17 pairs of distinguishable conformers with energies of
0.0–11.2 kcal mol�1 relative to the lowest-energy conformer.
There are more low-energy structures than in M3B; in particular,

Fig. 4 The SCT transmission coefficients k as a function of temperature.
Solid lines: methyl 3-butenoate; dashed lines: methyl 2-butenoate.

Fig. 5 The SCT, ZCT, and ET transmission coefficients k as a function of
temperature for R1 and R2.

Fig. 6 Eight local minimum-energy conformations and their relative
energies (in kcal mol�1) for methyl 3-butenoate. The conformers are listed
in increasing order of potential energy as calculated by M06-2X/ma-TZVP.
The figure reports 8 different conformers but not their mirror images.
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structures 1–6 have relative energies from 0.0 to 1.1 kcal mol�1.
Table 2 shows the number of distinguishable structures for all
reactants and transition states.

To explore the effects of multiple conformers, we separate
the multi-structural torsional anharmonicity factor (FaMS-T) of a
given species a (reactant or transition state) into contributions
(Fa

i ) from each distinguishable structure i:

Fa
MS-T ¼

XIa
i¼1

Fa
i ¼

XIa
i¼1

Qrot;i;aðTÞ exp �bUi;a
� �

QHO;i;aðTÞfi;aðTÞ
Qrot;1;aðTÞQHO;1;aðTÞ

(16)

For the present problems, the low-energy structures generally
have a larger contribution to the rovibrational partition function
of a species. For example, Fig. 8 shows the FTS1

i factors, and it
shows that the two lowest-energy structures have FTS1

i much
larger than those of the higher-energy structures. However, the
lowest-energy structure on its own does not dominate the sum;
consequently, the rovibrational partition functions based on the
global minimum-energy structure are very inaccurate. Table 3
lists the calculated rovibrational partition functions of the transition
state TS1. As can be seen, the multi-structural torsional partition
functions are 5.67 to 11.81 times larger than the single-structural
partition functions. As the temperature increases, the FTS1

i of
high-energy structures becomes larger, which is due to the
larger value of exp(�bUi,a). In general, multi-structural anhar-
monicity has a larger influence on the rovibrational partition
functions of species with more low-energy conformers, while

the effect of high-energy conformers is more significant at
higher temperatures.

Finally, we consider the influence on the rate constants.
Fig. 9 shows the multi-structural torsional factors of the transition
state and reactant of R1 (FTS1

MS-T, FM3B
MS-T) and the resulting FMS-T factor

for reaction R1. TS1 has one more internal rotation that can
generate distinguishable structures compared to M3B; conse-
quently, TS1 is found to have more distinguishable structures
than M3B. Furthermore, among these conformers, there are six
pairs with energy of 0.0–1.1 kcal mol�1 relative to the global
minimum-energy structure, while M3B only has three pairs of
structures with relative energy in this range. Consequently, FTS1

MS-T

is larger than FM3B
MS-T. In Section 2.2, we explained that the FMS-T

factor of the reaction is given by FTS1
MS-T divided by FM3B

MS-T; this
factor ranges from 1.65 to 2.48, which is smaller than FTS1

MS-T and
FM3B

MS-T, which is due to part cancellation of the effect of multi-
structural and torsional anharmonicity of TS1 and M3B.

We show the FMS-T factors for all eight reactions in Fig. 10.
The black and red lines are for methyl 3-butenoate and methyl
2-butenoate, respectively. For methyl 3-butenoate, since TS1
has more low-energy conformers than TS2, TS3, or TS4, the
multi-structural torsional anharmonicity factor of R1 is larger

Fig. 7 Seventeen local minimum-energy conformations and their relative
energies (in kcal mol�1) for the transition state of R1. The conformers are
listed in increasing order of potential energy as calculated by M06-2X/
ma-TZVP. The figure reports 17 different conformers but not their mirror
images.

Table 2 The number of distinguishable conformational structures
(including mirror images) for reactants and transition states

Number of distinguishable
conformers

M3B 16
M2B 8
TS1 34
TS2 22
TS3 17
TS4 18
TS5 10
TS6 6
TS7 8
TS8 8

Fig. 8 The contribution of each structure (labeled by its relative energy in
kcal mol�1) to the multi-structural torsional factor FTS1

MS-T for TS1. The red
lines represent the FTS1

i of low-energy conformers with relative energies
less than 1.07 kcal mol�1, and the black lines represent the FTS1

i of high-
energy conformers with relative energies larger than 6.03 kcal mol�1.
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than those of the other three reactions R2–R4; it ranges from
1.6 to 2.5. Note that the FMS-T factors of R3 and R4 are quite small
because the Fai values of the low-energy structures of TS3 and TS4
are much smaller than those of TS1. To explore the reason
further, the Fai in eqn (16) is separated into two parts: torsional

factor fi(T) and harmonic factor
Qrot;iðTÞ exp �bUið ÞQHO;iðTÞ

Qrot;1ðTÞQHO;1ðTÞ
.

Both factors of the low-energy conformers of TS1 are larger than
those of TS3. In particular, the difference in the harmonic factors

is mainly caused by the
QHO;iðTÞ
QHO;1ðTÞ

term. For TS3, the QHO,i(T) of

each low-energy conformer is smaller than that of the global

minimum-energy conformer QHO,1(T), so
QHO;iðTÞ
QHO;1ðTÞ

is much less

than one. In contrast, the
QHO;iðTÞ
QHO;1ðTÞ

term for the low-energy

conformers of TS1 is close to unity because they have similar
frequencies.

For methyl 2-butenoate, the FMS-T factors of R5, R6 and R8
range from 1.5 to 2.5, while that of R7 is around 1.2, which is
also determined by its small harmonic and torsional factors.

3.3 Rate constants

Based on the above results and discussion about the effects of
variation, tunneling and multi-structural torsional anharmonicity

on the rate constants of the hydrogen abstraction reactions, we
summarize their influence on the rate constant of R8 in Fig. 11.
It shows that the variational effect reduces kTST by 2–26% at
temperatures from 298–2500 K. Tunneling has a significant
influence on the rate constants at low temperatures, with the
transmission coefficient computed by SCT up to 7.4 at 298 K,
but has little effect on kCVT at temperatures higher than 1000 K,
with the transmission coefficient computed by SCT of 0.8–1.0.
The multi-structural torsional anharmonicity increases the
kCVT/SCT by a factor of 1.6–2.1 at 298–2500 K, which consists
of the multi-structural factor of about 2.0 and the torsional
potential factor of about 0.9 at 298–500 K and 1.0–1.4 at
500–2500 K. The detailed rate constant values can be found
in Table S3 in the ESI.†

Furthermore, we utilize the MS-CVT/SCT theory to calculate
the hydrogen abstraction reactions from methyl butenoate by H
atoms and to explore the influence of different sites of the
carbon double bond. The rate constants of the eight reactions
are shown in Fig. 12. It is seen that the dominant reactions for
methyl 3-butenoate and methyl 2-butenoate are R2 and R8,
respectively, at 298–1800 K, both of which abstract hydrogen
from the C atom adjacent to the CQC bond, where the C–H
bonds are weakened by the CQC bond. The rate constants of
R1 and R5 are almost the same due to their identical barrier

Table 3 Calculated rovibrational partition functions of the transition state TS1a

T/K SS-HO1 SS-T1 MS-LH MS-T QMS-T/QSS-T1

298 6.35 � 10�47 5.68 � 10�47 3.97 � 10�46 3.22 � 10�46 3.22 � 10�46

400 6.25 � 10�32 6.03 � 10�32 4.41 � 10�31 3.83 � 10�31 3.83 � 10�31

500 9.00 � 10�23 9.15 � 10�23 6.87 � 10�22 6.29 � 10�22 6.29 � 10�22

700 1.63 � 10�11 1.75 � 10�11 1.38 � 10�10 1.35 � 10�10 1.35 � 10�10

1000 7.76 � 10�2 8.31 � 10�2 7.20 � 10�1 7.17 � 10�1 7.17 � 10�1

1500 1.63 � 10+8 1.58 � 10+8 1.69 � 10+9 1.56 � 10+9 1.56 � 10+9

2000 1.62 � 10+14 1.36 � 10+14 1.83 � 10+15 1.48 � 10+15 1.48 � 10+15

2500 4.53 � 10+18 3.24 � 10+18 5.50 � 10+19 3.83 � 10+19 3.83 � 10+19

a The results are shown for more temperatures in Table S4 of the ESI.

Fig. 9 The multi-structural torsional anharmonicity factors for species
M3B and TS1 and for reaction R1.

Fig. 10 Multi-structural torsional factors (FMS-T) for hydrogen abstraction
reactions (R1–R8) from methyl butenoate. Black lines: methyl 3-butenoate;
red lines: methyl 2-butenoate.
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heights, and they are dominant at 1800–2500 K because their
barrier heights are larger than those of R2 and R8. Since the
C–H bonds attached to the C atom on the CQC bond are

strengthened, R3, R4, R6 and R7 have larger barrier heights
than other reactions and smaller rate constants. The calculated
kMS-CVT/SCT of the eight reactions are fitted to the modified

Arrhenius equation, k ¼ BTn exp
�E
RT

� �
, and the parameters of

forward and reverse reactions are reported in Table 4 and
Table S5 of the ESI,† respectively. The uncertainties of
the rate constants caused by the errors in the barriers may
be estimated in the usual way by calculating Boltzmann
factors. Errors equal to 0.51 kcal mol�1 in the barriers would
introduce a factor of 0.4–2.4 into the rate constants of hydrogen
abstraction reactions for methyl butenoate combustion at
298–2500 K.

Finally, we may examine the branching fractions of hydrogen
abstractions at various sites of methyl 3-butenoate and methyl
2-butenoate. The branching fraction is the ratio of the rate
constant for hydrogen abstraction from one site to the overall
rate constant at all sites. Fig. 13 compares the MS-CVT/SCT
branching fractions of R1–R8. We can see that abstraction at the
allylic sites (R2 and R8) have the largest branching fractions
below 1800 K and 1700 K, respectively, while at higher tempera-
tures, abstractions from the methyl groups (R1 and R5) become
dominant. As expected, the branching fractions of hydrogen
abstractions from C atoms on the CQC bond (R3, R4, R6, R7)
are small; from the full data set in the ESI,† we find that they are
9 � 10�6–6 � 10�4 at 298 K, and increase to 0.02–0.11 at 1000 K
and 0.08–0.21 at 2500 K.

We may also explore the influence of variational optimization,
SCT tunnelling, and MS-T anharmonicity on the branching
fractions. The variational effect is relatively small as shown in
Fig. S2 of the ESI,† while the effects of SCT tunnelling and MS-T
anharmonicity are more significant and are presented in Fig. 14.
Affected by SCT tunnelling, the branching fraction of R1 for M3B
and that of R5 for M2B become larger as the temperature
increases, because their transmission coefficients increase more
with temperature compared to others. The figure shows that the
MS-T anharmonicity has a greater effect on the branching
fractions that than tunneling, especially for R1, R3, R5 and R7.

It is very interesting that at the highest temperature (2500 K),
abstraction from vinyl site 7 of methyl 2-butenoate is only
5% less compared to abstraction from allyl site 8. If we would
have neglected the multi-structural effect, we would actually
have predicted abstraction at site 7 to exceed that at 8 by
a factor of 1.9 at 2500 K. This shows that multi-structural

Fig. 12 The MS-CVT/SCT rate constants for hydrogen abstraction from
methyl butenoate by H. Solid black lines: methyl 3-butenoate; dashed red
lines: methyl 2-butenoate.

Table 4 The fit parameters for the forward rate constants of hydrogen
abstraction reactions from methyl butenoate by H atoms as calculated
using MS-CVT/SCT

B (cm3 mol�1 s�1 K�n) n E (kcal mol�1)

R1 4.90 � 107 1.96 10.000
R2 1.37 � 108 1.66 5.679
R3 1.42 � 108 1.71 13.073
R4 4.89 � 107 1.90 14.468
R5 2.00 � 107 2.06 10.011
R6 1.59 � 109 1.50 15.118
R7 6.68 � 107 1.84 10.752
R8 1.29 � 1010 1.09 7.798

Fig. 11 The rate constants of R8 by various kinetic theories.
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anharmonicity can even change the order of product fractions
at high temperatures.

4. Summary

In the present work, by using canonical variational transition
state theory with small-curvature tunneling and multi-structural
anharmonicity, we calculated the rate constants of hydrogen
abstraction reactions by H atoms from the short-chain unsaturated

methyl esters, methyl 3-butenoate and methyl 2-butenoate, which
are isomers with CQC double bonds at different locations.
We explored the variational optimization of the transition state
and the influence of tunneling, multi-structural torsional
anharmonicity, and the carbon–carbon double bond on the
rate constants and on the branching fractions of the hydrogen
abstractions at various sites of methyl 3-butenoate and methyl
2-butenoate. After validating 18 density functionals combined
with 4 different basis sets by comparison with coupled cluster
calculations with single, double, and quasi-perturbative treatment
of triple excitations (CCSD(T)-F12a/jun-cc-pVTZ) for barrier heights
and reaction energies of eight hydrogen abstraction reactions,
we found that M06-2X/ma-TZVP has the best performance,
with a mean unsigned deviation from the best estimates of
0.51 kcal mol�1. Consequently, M06-2X/ma-TZVP was used for
conformational structure searching, geometry optimization and
dynamics calculations.

The thermal rate constants computed by CVT were compared
with those computed by conventional TST, with the results
showing that variation of the location of the transition state
reduces the rate constants by a factor of 0.6–1.0. The tunneling
transmission coefficients calculated by the SCT approximation
can be as large as 17.4 at 298 K. We compared the SCT
transmission coefficients to the ZCT and ET ones and found
that the ZCT transmission coefficients are smaller than the SCT
ones by factors of 2.0–4.5 at 298 K, 1.5–2.3 at 400 K, 1.2–1.5 at
600 K, ad 1.1–1.2 at 1000 K. The Eckart method – by cancellation
of errors – offers similar results to SCT for reactions R1, R4, R5
and R7, but provides larger transmission coefficients than SCT
for other reactions. Multi-structural anharmonicity has larger
influence on the rovibrational partition functions of species
with more low-energy conformers, while the effect of high-energy
conformers is more significant at higher temperatures. In this work,
multi-structural torsional anharmonicity affects the rate constants
of hydrogen abstraction reactions from methyl butenoate by a
factor of 0.5–2.5.

An important aspect of this study is the prediction of product
branching fractions that are unavailable experimentally. Below
1700 K, the dominant reactions are R2 and R8 where hydrogen
is abstracted from a C atom adjacent to the CQC bond, because
these C–H bonds are weakened by resonance stabilization
of allyl-like products. However, abstraction from the methyl
groups becomes dominant at higher temperatures. Abstraction
fractions from vinyl sites also increase with temperature; one of
the vinyl sites of methyl 3-butenoate already has a branching
percentage above 10% by 2100 K, and one of the vinyl sites of
methyl 2-butenoate already has a branching percentage above
10% by 1000 K.
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