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Abstract: This work reports a systematic ab initio and chemical kinetic study of the rate constants for hydrogen
atom abstraction reactions by hydrogen radical on the isomers of unsaturated C6 methyl esters. Geometry
optimizations and a frequency calculations s of all of the species involved, as well as the hindrance potential
descriptions for reactants and transition states have been performed at the B3LYP/6-311G(2d,d,p) level of
theory implemented in the composite CBS/QB3 method. The intrinsic reaction coordinate (IRC) calculations
are performed to verify that the transition states are the right minima connecting the reactants and the products.
The hindered rotor approximation has been used for the low frequency torsional modes in both reactants and
transition states. The high-pressure limit rate constants for every reaction channel in certain methyl ester fuel
molecules are calculated via conventional transition-state theory with the asymmetric Eckart method for
quantum tunneling effect by using the accurate potential energy information obtained with the CBS/QB3
method. The individual rate constants at different reaction sites for all the methyl esters in the temperature
range from 500 to 2500 K are calculated and fitted to the modified three parameters Arrhenius expression using
least-squares regression. Further, a branching ratio analysis for each reaction site has also been investigated for
all of the methyl esters. To the best our knowledge, it is the first systematic theoretical studies to investigate the
influence of the double bond on the elementary reaction kinetics of methyl esters. This work not only provides
accurate reaction rate coefficients for combustion chemical kinetic modeling, but also helps to gain further
insight into the combustion chemistry of biodiesel in future investigations.
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1. Introduction

Biodiesel fuels are renewable alternatives to conventional fossil fuels and the recent large amounts of
utilization of biodiesel are motivating intense research efforts to achieve a comprehensive understanding of
biodiesel combustion chemistry.! Biodiesel fuels are primarily comprised of alkyl esters, whcih are derived
from plant oils or animal fats via the esterification process.”> Most biodiesel fuels contain both saturated and
unsaturated esters, with the size and relative abundance of the individual esters dependent on the feedstock.
Many investigations have been performed to study combustion related processes of biodiesel and surrogates,
most of which are saturated methyl esters and ethyl esters.” It is found that unsaturated esters also have been
found to be important intermediates in the oxidation of large biodiesel fuels. Unsaturation in biodiesel esters not
only affects the combustion properties and engine performances, but also influences the particulate matter
emissions as well as the NOx emissions.” Therefore kinetic investigations on unsaturated methyl and ethyl
esters are important and necessary to reveal the impact of C=C double bond on the combustion chemistry of
relevant processes.

A limited number of studies have been performed to understand the effect of the double bond in biodiesel
molecules on the combustion properties. Initially, to provide insights into the combustion chemistry of practical
biodiesel fuels, short-chain alkyl esters containing functional groups similar to those in practical biodiesel fuels
have been investigated using many experimental facilities and kinetic modeling. Sarathy et al. performed
oxidation experiments of a saturated (methyl butanoate) and an unsaturated (methyl crotonate) C4 esters in
opposed flow diffusion flames and jet stirred reactors (JSR).® Further, Gail et al. obtained new experimental
results in JSR and modeled the related combustion processes by using a detailed chemical kinetic mechanism.’
Using tunable synchrotron vacuum ultraviolet (VUV) photo-ionization mass spectrometer, Yang et al.
investigated the detailed chemical structures of low-pressure premixed laminar flames of three simple
unsaturated CsHgO, esters and the experimental results are modeled via a detailed chemical kinetic mechanism.
They concluded that the C=C double bond enhanced the formation of oxygenated intermediates and other
unsaturated components.® Zhang et al. performed experimental and kinetic modeling study of an unsaturated C6
ester (i.e., trans-methyl-3-hexenoate) in JSR, and the results were compared to the saturated ester methyl
hexanoate.” The sooting tendencies of twenty C4 to C7 unsaturated esters in nonpremixed flames were also
studied recently by Das et al. to better understand the effect of these double bonds on the sooting properties of
esters. '’

The limited number of studies on small unsaturated esters forms an important foundation to develop
2
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detailed chemical kinetic reaction mechanism and model the combustion of real large biodiesel fuels. In 2010,
Herbinet et al. developed detailed chemical kinetic mechanisms to study the oxidation of two large unsaturated
esters: methyl-5-decenoate and methyl-9-decenoate.'' The modeled results were compared with a rapeseed oil
methyl esters oxidation experiments. It was observed that methyl-5-decenoate shown lower reactivity than
methyl-9-decenoate and this was ascribed to more difficult isomerization process over the double bond. Further,
Westbrook et al. conducted a series of research on the effects of unsaturation on the combustion properties of
biodiesel fuels via detailed modeling studies by employing relatively comprehensive detailed chemical kinetic
mechanisms.'*"* In a more recent work, they investigated the effects of C=C double bond on the ignition of
biodiesel fuels and it was concluded that the double bond reduces low temperature reactivity due to the
reductions in cetane numbers because of the C=C double bond."* Most recently, Fridlyand et al. performed
single pulse shock tube experiments to investigate the effect of the alkyl chain structure on the high pressure
and temperature oxidation of a representative unsaturated biodiesel, namely, methyl nonenoate. The
experimental results were modeled via chemical kinetic mechanisms generated by Reaction Mechanism
Generator. It was concluded that significant uncertainties exist in the chemistry of unsaturated esters with the
double bonds located close to the ester groups.'” Therefore, further refinements of important elementary
reactions are badly needed to improve the predictive abilities of detailed chemical kinetic mechanisms.

Under combustion relevant conditions, hydrogen atom abstraction reactions by small radicals (H, OH, O,
HO,, and CH3) from fuel molecules are always important in the oxidation of fuels.'®!” Although a series of
theoretical and kinetic studies have been performed on the elementary reactions of saturated esters,'®?* however,
little attention has been given to obtain a better understanding of the effect of the double bond on the
elementary reaction kinetics of methyl esters. In particular, the hydrogen abstraction reactions by H radical for
methyl esters, which are one of the major fuel consumption pathways during oxidation, are not well understood
at combustion relevant conditions. Therefore, to provide fundamental insight into the impact of C=C double
bond on the hydrogen abstraction reactions, a systematic ab initio and chemical kinetic study of the rate
constants for hydrogen atom abstraction reactions by H radicals on the isomers of unsaturated C5 methyl esters
has been performed. This paper is organized as follows. Section 2 details the computational methods. Section 3
is devoted to the discussions of computational results, and the main conclusions are presented in section 4.

2. Computational details
In order to investigate the effect of the C=C double bond on the hydrogen abstraction reaction kinetics of

methyl esters, three saturated C6 methyl esters, namely, methyl valerate, methyl 2-methylbutanoate, methyl
3
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isopentanoate together with their corresponding unsaturated esters with a single C=C double bond located at
different positions are investigated. Figure 1 shows the different types of hydrogen atoms and the labels uses for
the three saturated C6 methyl esters in this work. The structures of all the esters are listed in table 1. All of the
electronic structure calculations are carried out with the Gaussian 09 program.” The composite CBS-QB3
method”® is applied for all the species including the reactants, transition states, and products. The CBS-QB3
model involves a five-step calculation starting with a geometry optimization and a frequency calculation (scaled
by a factor 0.99) at the B3LYP/6-311G(2d,d,p) level of theory, followed by single point energy calculations at
the CCSD(T)/6-31G(d"), MP4SDQ/cbsb4, and MP2/cbsb3 and a complete basis set extrapolation to correct the
total energy. Analytical harmonic frequency calculations are performed at the same level to obtain the
zero-point energy and thermo-corrections and to confirm the existence of transition states with one and only
one imaginary frequency and other stationary geometries corresponding to the true local minimum with no
imaginary frequency. The intrinsic reaction coordinate (IRC) calculations®’ are performed to verify that the
transition states are the right minima connecting the reactants and the products. All calculations are performed
by using the unrestricted open-shell calculation without spin-orbit corrections.

The description of thermodynamic properties and reaction kinetics involving large aliphatic chains requires
an accurate treatment of low-frequency internal rotations. Using the traditional harmonic oscillator (HO)
approximation to describe these internal rotation modes can lead to large errors in the partition function. In this
work, low frequency internal rotations are treated as hindered rotors.”®>" Specifically, the potentials of each
internal rotation of all methyl esters are calculated at the B3LYP/6-311G(2d,d,p) level of theory using a relaxed

energy scan. The resulting potential energies as a function of the dihedral angle, V(¢), are fitted to a Fourier

5
series, €.g., V(#)= ¥ A, cos(mg)+ B,, sin(mg) . The reduced moment of inertia /> of the equilibrium geometry is

m=0

computed and the resulting one-dimensional Schrodinger equation is solved for the lowest 200 energy levels.
These energies are substituted into the canonical partition function, which are used to calculate the
thermodynamic quantities. The fitting to the Fourier series, the calculation of /** and solving the
one-dimensional Schrodinger equation are carried out using Cantherm.’' For transition states, the potentials of
hindered internal rotations closest to the reaction centers are also computed at the B3LYP/6-311G(2d,d,p) level
of theory using a relaxed energy scan but with the bond lengths at the critical geometries frozen, while the
properties for the other hindered internal rotations employ the scan results for the corresponding methyl esters.

For methyl esters, the thermodynamic properties including the enthalpy of formation and entropy at 298 K
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and the heat capacity at the following temperatures: 300, 400, 500, 600, 800, 1000, and 1500 K are calculated.
High-pressure limit rate constants for all the hydrogen abstraction reactions investigated in this work are

calculated according to conventional transition state theory (TST),

ksT O™(T)
KT)=x(To=B— < " —E /| RT 1
(T)=x(T)o =2 R 1) exp(~E, / RT) (1)

in which «(7) is known as the transmission coefficient to account for the quantum tunneling effects, and o is

the reaction symmetry number. Q™5(7) and OR®(I') represent the total partition function of the transition
state and the reactants. E, is the classical barrier height, namely, the difference between the electronic energies

of the transition state and the reactants. The hindered rotor approximation developed by McClurg et al. has been
adopted for the treatment of internal rotations during the calculation of reaction rate constants. All the rate
constant calculations are performed using KiSThelP software.> The rate constants are calculated at

temperatures from 500 to 2500 K in increments of 50 K, and the data are fitted to the modified Arrhenius
expression using least-squares regression, k(7)=AT"exp(-E,/RT), in which 4 is the Arrhenius prefactor, T is

the temperature, £, is the barrier height, and » is the temperature exponent indicating the deviation from the
standard Arrhenius equation.
3. Results and discussion
3.1. Reaction enthalpies and energy barriers

For all the methyl esters, table 1 lists the calculated the enthalpy of formation and entropy at 298 K and the
heat capacity at the following temperatures: 300, 400, 500, 600, 800, 1000, and 1500 K. The standard enthalpy
of formation at 298 K is calculated with the atomization energy scheme.>* For methyl valerate, the calculated
value of standard enthalpy of formation at 298 K is -113.4 kcal/mol, which is in good accordance with
experimental results with a small deviation of 0.6 kcal/mol. For methyl 2-methylbutanoate and methyl
isopentanoate, from table 1, it can be seen that the deviations between the calculated results and the
experimental results are larger than that of methyl valerate. However, the experimental results have an
uncertainty of 1.8 kcal/mol. Considering the CBS-QB3 method still has an uncertainty of 1~2 kcal/mol in the
enthalpy of formation, the calculated results are also in good agreement with experimental values, indicating
the high accuracy of the CBS-QB3 method used in the present work. From tablel, it can be seen that the

existence of the C=C double bond greatly increases the standard enthalpy of formation of the corresponding
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saturated methyl esters, while the influence on the entropy is small and irregular. For heat capacity, the
influence of the C=C double bond increases as the temperature raises.

The uncertainty of the predicted theoretical rate constants significantly rely on that of the calculated barrier
height. A few theoretical methods have been demonstrated to be effective and accurate for organic molecules
that are of interest to combustion chemistry. For example, the CCSD(T) and QCISD(T) methods within the
framework of coupled cluster theory combined with an extrapolation to complete basis set (CBS) can yields the
predictions of barrier heights and reaction enthalpies to be accurate to around 1.0 kcal/mol.'”-3>-¢ Unfortunately,
these methods are computationally expensively and haven’t been applied to a system with more than 10
non-hydrogen atoms. For large systems that of interest in combustion chemistry, the composite methods such as
the CBS-QB3 method used in this work provide an effective way to obtain accurate barrier heights and reaction
enthalpies. First of all, the accuracy of the CBS-QB3 method is validated via comparisons of the calculated
results with previous works. To the best of our knowledge, very fewer studies have been performed on large
methyl esters with more than 5 carbon atoms except the recent high-level theoretical studies by Zhang et al.*’
Table 2 lists the calculated energy barrier heights and reaction enthalpies for methyl valerate in this work and
the results by Zhang et al.’’ From table 2, it can be seen that the predicted barrier heights and reaction
enthalpies for methyl valerate in this work are in excellent agreement with the results at the high-level
QCISD(T)/CBS method.’” The deviations of energy barriers and reaction enthalpies are less than 0.34 and 0.8
kcal/mol, respectively, indicating the high efficiency of the CBS-QB3 method used in the present work.

Theoretical predicted energy barriers and reaction enthalpies for all methyl esters at different reaction sites
are listed in table 3. From table 3, it is obvious that effect of the C=C double bond and the chain branching on
the barrier heights and reaction enthalpies at the o' site is small. Through a detailed comparisons of the
predicted barrier heights and reaction enthalpies at different reaction sites for methyl valerate, methyl
2-methylbutanoate, and methyl isopentanoate, it can be found that predicted barrier heights exhibit the
following tendency: primary carbon (from 10.1 to 10.4 kcal/mol) > secondary carbon (from 6.8 to 7.6
kcal/mol) > tertiary carbon (from 5.3 to 6.7 kcal/mol), while the reaction enthalpies still show the same
tendency but the actual values change bigger than that of barrier heights. Specifically, the reaction enthalpies at
the methoxy group (o' site) don’t change greatly, even though considering the effect of C=C double bond.
However, the reaction enthalpies for the secondary and tertiary carbon vary larger at different reaction sites. For
all the other methyl esters with C=C double bond, it is obvious that the hydrogen abstraction reaction at the

C=C double bond position is difficult due to the high barrier heights. However, reactivity on the allylic sites
6
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with the presence of the C=C double bond increases and the barrier heights are the smallest among all the
reaction sites. The calculated reaction enthalpies also reveal the same tendency.

For the development of detailed combustion reaction mechanisms, a linear energy relationship (LER)
between barrier height and reaction energy, similar to the well-known Evans-Polanyi-like relationships is very
useful. Figure 2 shows the LER between the barrier heights and reaction enthalpies at 298 K for the
H-abstraction reactions of all the methyl esters with H in this work. The trend of the barriers can be described
by AEpurie= 11.77631 + 0.33264 AH,phapies With a Adj. R-Squared of 0.88. Such LER expressions can be
helpful to quickly estimate the kinetic parameters of reactions in the same reaction class for large ester fuels.
3.2. High-Pressure limit rate constants

Another main objective of this study lies in the determination of the high-pressure limit rate constants of
the hydrogen abstraction reactions by the H radical on the above methyl esters based on the above potential
energy surfaces. The high-pressure limiting rate constants for the studied reactions are calculated by
conventional TST according to eq 1.

Based on previous studies on the hydrogen abstraction reactions by the H radical, tunneling is important at
lower temperatures (500-1100 K).'®"? Tunneling coefficients can be accurately calculated via multidimensional
tunneling methods.*® However, these methods are too computationally demanding. Thus, the one-dimensional
Eckart method®™*’ is widely used in theoretical combustion kinetics because it is rather inexpensive
computationally yet accurate enough for the temperatures of interest in comparison to the small-curvature
tunneling method, although such agreement is in fact fortuitous and caused by error cancellations.*' Therefore,
in this work, quantum tunneling effect is taken into account via the asymmetric Eckart method as implemented
in KiSThelP. Figures 3 and 4 show the effect of the low frequency internal rotations and the tunneling effect on
the calculated reaction rate constants at the o' site of methyl valerate. From figure 3, it can be seen that the
effect of internal rotation on the rate constants increases as the temperature increases. Although the effect of
internal rotation is small at low temperatures, the calculated rate constants can have a factor of 2 at high
temperatures without the hindered rotor treatment. Compared with the internal rotations, the effect of tunneling
mainly occurs at low temperature as shown in figure 4. It is also demonstrated that the modified
three-parameter Arrhenius expression should be used to accurately describe the reaction rate constants instead
of the standard Arrhenius formula in figure 4.

The accuracy of the calculated reaction rate constants are then validated via comparisons with previous

theoretical calculations or experimental results. To the best of our knowledge, few studies have been performed
7
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on the hydrogen abstraction reactions for C6 methyl esters, especially unsaturated methyl esters. However,
based on previous studies, it is found that the length of the alkyl group in methyl esters does not affect the
reactivity of H with methyl esters at the methoxy group (o' site). Therefore, the calculated rate constants at the
o' site for methyl valerate have been compared with previous studies to validate the effectiveness of the adopted
calculated methods and to confirm the reliability of the results. Figure 5 exhibits the calculated rate constants
together with results from previous studies for methyl acetate and methyl valerate. The abstraction reaction at
the o' site for methyl valerate and methyl acetate belongs to the same reaction class, and Wang et al.'® have
performed systematic theoretical studies for this reaction class employing reaction-class TST. It can be seen that
the results obtained in this work are in good consistent with that from reaction-class TST. Most recently, Tan et
al. employed very accurate theoretical methods to predict chemically accurate reaction energies for methyl
acetate, and they also calculated the reaction rate constants. From figure 5, it can be seen that the results
obtained in the present work can be as accurate as those from very accurate but very time-consuming
theoretical methods, confirming the reliability of the present results.

Figures 6, 7 and 8 display the reaction rate constants at different reaction sites for all the methyl esters
studied in this work. The calculated rate constants as a function of temperature at different reaction sites for
methyl valerate, methyl-2-pentenoate, methyl-3-pentenoate and methyl-4-pentenoate are shown in figure 6. For
methyl valerate, it can be seen that the rate constants at different reaction sites exhibit the following tendency:
Yy >a>p >06 > a, clearly indicating that the rate constant of the primary carbon is less than that of the
secondary carbon. For the other three unsaturated linear methyl esters, it is shown that the rate constants at the
C=C double bond sites are all lower than that at the other sites. However, it is worth noting that with the
presence of the C=C double bond, the reactivity on allylic sites is greatly favored as revealed by the reaction
rate constants, which is also revealed by the above potential energy information. The reaction rate constants at
the allylic sites for the unsaturated methyl esters are relatively larger than the other reaction sites, especially at
low temperatures.

For methyl 2-methylbutanoate and its corresponding three unsaturated methyl esters, namely, methyl tiglate,
methyl 2-methylbut-3-enoate, and methyl 2-methylenebutyrate, figure 7 exhibits the rate constants as a function
of temperature at different reaction sites. The rate constants at the a site (tertiary carbon) is the largest for
methyl 2-methylbutanoate, which is also revealed by the calculated energy barriers. The overall tendency of the
rate constants is primary carbon (a', y and d sites) < secondary carbon (f site) < tertiary carbon (a site). Further,

the rate constants among the three primary carbon sites are close to each other. For methyl tiglate, the rate
8
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constants of the two allylic sites are nearly identical and larger than that of the other sites due to the existence of
the C=C donble bond. For methyl 2-methylbut-3-enoate, the rate constants at the a site, also the allylic site of
the double bond are the largest. The tendencies of the rate constants at different reaction sites of methyl
2-methylenebutyrate exhibit similar rules: the rate constants at the allylic site (B site) are the largest, the rate
constants at the double bond position (6 site) is the lowest, and the rate constants at the other two primary
carbon sites (o' and vy sites) are close to each other.

Figure 8 gives the rate constants as a function of temperature for methyl isopentanoate, methyl senecioate
and methyl 3-methylbut-3-enoate. The variation tendencies of the rate constants at different sites for methyl
isopentanoate are very similar to methyl 2-methylbutanoate, and the rate constants at the f site (tertiary carbon)
are the largest as revealed by the calculated energy barriers. The rate constants at the a site (secondary carbon)
are larger than that at the tertiary carbon sites. For methyl senecioate and methyl 3-methylbut-3-enoate, with the
presence of the C=C double bond, the rate constants of the two allylic sites are larger than that of the other sites.
Further, similar to the other unsaturated methyl esters studied in this work, the direct hydrogen abstraction
reaction at the C=C donble bond is also difficult compared with the other sites. Tables 4 to 6 list all the fitted
reaction rate coefficients in three-parameter Arrhenius expression at different reaction sites for all the methyl
esters, which can be used for combustion chemical kinetic modeling studies.

3.3. Branching ratio analysis

The different trends of the rate constants as a function of temperature at different reaction sites for the
methyl esters would directly affect the results of combustion chemical kinetic modeling due to the resulting
products from the hydrogen abstraction reactions. In order to further understand the chemical kinetics, a
branching ratio analysis for all the methyl esters has been carried out in the temperature range 500-2500 K, as
shown in figures 9-11. From figure 9, it can be seen that the abstraction reaction at the y site is dominant at
temperature below 1000 K for methyl valerate, and decreases as temperature increases. The abstraction
reactions at the o' and 9 sites (primary carbon site) increase as temperature rises, but the largest contributions
are still within 0.15 even when the temperature increases to 2500 K. The branching ratios of the abstraction
reactions at the o and B sites changes gradually over the whole temperature range and the predicted branching
ratios are around 0.25 and 0.13, respectively. For the other three unsaturated linear methyl esters, namely,
methyl-2-pentenoate, methyl-3-pentenoate and methyl-4-pentenoate, it is obvious that the abstraction reaction
at the allylic site completely dominates the branching ratios at low temperature due to the presence of the C=C

double bond. The branching ratios at the other sites gradually increase as temperature rises, but the ratios are
9
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almost all less than that at the allylic site.

For methyl 2-methylbutanoate and methyl isopentanoate, the two saturated methyl esters with branched
alkyl group, it can be seen that the predicted branching ratio at the tertiary carbon site is dominant and
decreases as temperature increases as shown in figures 10 and 11. The branching ratio at the secondary carbon
site has little change and the value is a little large than 0.2 over the whole temperature range. Although the
branching ratios at the other primary carbon sites increase as temperature rises, the values of the branching
ratios are less than that at the secondary and tertiary carbon sites over the whole temperature range. For the
other unsaturated methyl esters shown in figures 10 and 11, it can be seen that the variation tendencies of the
predicted branching ratios are similar to the three unsaturated linear methyl esters as shown in figure 8. The
branching ratio at the allylic site is dominant but decreases as temperature increases. Even though, the
branching ratios are still larger than that at the other sites for nearly all the unsaturated methyl esters shown in
figures 10 and 11.

4. Conclusions

This work reports a systematic ab initio and chemical kinetic study of the rate constants for hydrogen atom
abstraction reactions by hydrogen radical on the isomers of unsaturated C6 methyl esters. The high-pressure
limit rate constants at every reaction site for all the methyl esters studied in this work are calculated via
conventional transition-state theory with the asymmetric Eckart method for quantum tunneling effect by using
the accurate potential energy information obtained with the CBS/QB3 method. The low-frequency internal
rotations are taken into account as hindered rotor approximations. Further, the thermodynamic properties for all
the methyl esters including the enthalpy of formation and entropy at 298 K and the heat capacity at a series of
temperatures are also computed, which can be fitted for combustion kinetic modeling studies.

Based on the calculated reaction barrier heights and reaction enthalpies, a linear energy relationship (LER)
between the barrier heights and reaction enthalpies at 298 K for the H-abstraction reactions of all the methyl
esters with H in this work is found. Through a detailed comparisons of the predicted reaction barrier heights at
different reaction sites for saturated methyl esters, it is found that the barrier heights exhibit the following
tendency: primary carbon (from 10.1 to 10.4 kcal/mol) > secondary carbon (from 6.8 to 7.6 kcal/mol) > tertiary
carbon (from 5.3 to 6.7 kcal/mol). For unsaturated methyl esters, with the presence of the C=C double bond, the
hydrogen abstraction reactions on the allylic sites are favored, while the direct hydrogen abstraction reactions at
the C=C double bond position is difficult due to the high barrier heights.

When comparing the reaction rate constants at different reaction sites for saturated methyl esters, it is
10
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shown that the hydrogen abstraction reaction at the tertiary carbon is the most active position, and the overall

tendency of the rate constants is primary carbon < secondary carbon < tertiary carbon. For unsaturated methyl

esters, the rate constants on the allylic sites are the largest among all the reaction sites due to the presence of the

C=C double bond. The calculated rate constants at every reaction site for all the methyl esters studied in the

present work have been fitted into the modified three parameters Arrhenius expression, which is compatible

with the Chemkin software and can be directly used in combustion chemical kinetic modeling.

Electronic supplementary information (ESI) available: Optimized geometries and vibrational frequenices at

the B3LYP/6-311G(2d,d,p) level for all the stationary points on the potential energy surfaces.
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Fig. 2 Linear energy relationship plot of the energy barriers versus the reaction enthalpy.
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Fig. 3 The effect of the low frequency internal rotations on the calculated rate constants.
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Fig. 4 The effect of the tunneling effect on the calculated rate constants.
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Fig. 5 Comparisons of predicted rate constants (this work) with available results from the literature.
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Fig. 7 Rate constants as a function of temperature at different reaction sites for methyl 2-methylbutanoate, methyl tiglate,
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methyl-4-pentenoate, between 500 and 2500 K.
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Table 1 Species thermochemistry properties, calculated using CBS-QB3 with 1-D hindered rotor corrections.”

Page 22 of 25

C3(T)
Species A¢H3ogx S308K 300K 400K 500K 600K 800K  1000K  1500K
Methyl valerate -113.4 100.88  37.60 46.07 5412 6120 72.63 8122  94.13
(-112.8)
Methyl-2-pentenoate -86.1 10142 3978 4721 5407 60.11 6994 7726  87.79
Methyl-3-pentenoate -84.6 10451 3861 4579 5254 5858 6848 7590  86.78
Methyl-4-pentenoate -82.9 10925 4056 4732 5371 5939 6875 7588  86.51
Methyl 2-methylbutanoate -114.2 11233 4265 5076 58.14 6456 7501 83.02 9526
(-117.7+1.8Y
Methyl tiglate -88.3 111.81  39.56 46.56 5323 59.13 68.72 7594  86.89
Methyl 2-methylbut-3-enoate ~ -83.6 106.55 4027 47.00 5339 59.11 6859 7584  86.68
Methyl 2-methylenebutyrate -85.9 108.79  40.66 48.15 5498 60.88 7026 7722  87.66
Methyl isopentanoate -115.5 10923 4422 5239 5980 6626 7673 8460 9627
(-119.0+1.8)
Methyl senecioate -89.2 106.85  40.89 4821 5487 60.73 7025 7737  87.69
Methyl 3-methylbut-3-enoate ~ -84.6 10845  40.51 47.10 5340 59.07 6850 75.67  86.29

“Enthalpy has units of kcal mol™'; entropy and heat capacity have units of cal mol™ K.

"Experimantal results from NIST Chemistry WebBook.

Table 2 Calculated energy barriers and reaction enthalpies for methyl valerate (Units: kcal/mol).

Methyl valerate Energy barrier

Reaction enthalpy (298 K)

Present work Ref. 37 Present work Ref. 37
a 10.3 1035 -5.2 -5.52
a 6.9 7.05 -11.2 -10.39
B 7.9 8.20 -5.6 -5.66
v 7.2 7.54 -6.2 -6.34
o 10.1 1026 -33 -3.51
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Table 3 Theoretical predicted energy barriers and reaction enthalpies for all the reactions (Units: kcal/mol).

Energy barrier

Reaction enthalpy (298 K)

Methyl esters Structure a a B Y ) o a B Y )
Methyl valerate \/\)L 103 69 79 72 101 -52 -112 -56 -62 -33
v
O
Methyl-2-pentenoate \/\)‘L 102 153 138 48 103 -5.6 7.7 5.0 -23.6 2.8
NN
Methyl-3-pentenoate \/\)‘L 103 40 129 11.7 64 -51 -252 48 2.8 -18.2
F o
Methyl-4-pentenoate \/\)1 104 73 55 115 146 -51 -105 -199 24 6.0
~ s
O
Methyl 2-methylbutanoate i 104 53 7.6 101 103 -52 -152 -6.0 -38 -32
o
Methyl tiglate ° 10.1 — 140 6.0 65 -56 — 4.7 213 -174
\ o
Methyl 2-methylbut-3-enoate i 105 5.1 124 147 102 -51 -238 3.8 6.4 -2.6
= o
Methyl 2-methylenebutyrate i 100 — 48 103 165 -57 — -19.8 32 74
o
Methyl isopentanoate O 104 68 6.7 102 103 -52 -105 -6.5 -3.0 -2.8
o
Methyl senecioate O 10.0 145 — 65 6.1 -58 -1.1 — -19.0 -18.0
AN o
Methyl 3-methylbut-3-enoate i 104 48 — 69 152 -52 -210 — -17.9 7.0
e
O

Table 4 Fitted rate coefficients for the different abstraction positions of the esters. (4: em’ mol” s, E,: keal mol'l)

Methyl valerate Methyl-2-pentenoate Methyl-3-pentenoate Methyl-4-pentenoate
Site 4 n E, A n E, A n E, A n E,
o 134x10° 259 623 137x10° 224 626 1.89x10° 2.60 623 9.78x10° 2.59 6.38
o  641x10° 236 3.16 5.08x10° 1.66 1299 126x10° 230 126 129x10° 241 3.46
B 139x107 193 441 584x10° 1.89 10.68 3.17x10" 198 9.85 121x10° 2.10 232
Y 2.72x10" 1.94 3.58 5.32x10° 2.08 1.84 2.55x10" 1.98 844 8.03x10° 2.02 8.09
&  437x10° 216 627 2.58x10° 220 6.54 6.23x10° 236 2.76 2.18x10" 1.93 11.84
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Table 5 Fitted rate coefficients for the different abstraction positions of the esters. (4: em’ mol” s, E,: keal mol'l)

Methyl 2-methylbutanoate Methyl tiglate Methyl 2-methylbut-3-enoate Methyl 2-methylenebutyrate
Site 4 n E, A n E, A N E, A n E,
o 1.02x10° 259 633  1.22x10° 2.60 6.02 129x10° 259 641 1.17x10°  2.61 5.89
o  331x10° 210 227 — - — 439x10° 201 253 @ — - —

B 723%x10°  2.00 3.96 2.72x10" 2.01 10.72 1.51x10" 207 9.02 3.19x107 1.84 1.85
Y 220%10°  2.18 634  1.40x10° 229 282 237x10" 202 11.82 3.75x10° 220 6.53
) 1.38x10° 221 656 1.86x10° 2.54 2.68 136x10° 222 644 1.74x10°  1.81 13.82

Table 6 Fitted rate coefficients for the different abstraction positions of the esters. (4: em’ mol” s, E,: keal mol'l)

Methyl isopentanoate ~ Methyl senecioate Methyl 3-methylbut-3-enoate
Site 4 n E, A4 n E, A n E,

o  1.06x10° 258 6.38 1.32x10° 2.61 592 1.34x10° 259  6.30
1.52x10° 2.47 281 5.32x10° 1.71 1221 3.73x10°  2.04 1.99
1.18x107 1.97 321 — - = — — —

o
B
Y 3.40x10° 213 6.60 2.56x10° 242 277 3.45x10° 244 293
8 348x10° 2.10 6.73 224x10° 247 266 46710 193 12.53
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This work reports a systematic ab initio and chemical kinetic study of the rate constants for

hydrogen atom abstraction reactions by hydrogen radical on the isomers of unsaturated C6 methyl

esters.
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