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Abstract

A systematic investigation of the rate constants for the hydrogen atom abstraction reactions by
hydroxyl radicals on esters has been performed. The geometry optimizations and frequency cal-
culations have been obtained using the second order Mgller-Plesset method with the 6-311G(d,p)
basis set. The same method has also been used in order to determine the dihedral angle potential
for each individual hindered rotor in each reactant and transition state. Intrinsic reaction coordi-
nate calculations have been used in order to connect each transition state to the corresponding local
minimum. For the reactions of methyl ethanoate with an OH radical, the relative electronic ener-
gies have been calculated using the G3 and the CCSD(T)/cc-pVXZ method (where X = D, T and
Q) which were extrapolated to the complete basis set limit (CBS). The electronic energies obtained
using the G3 method were then benchmarked against the CBS results and were found to be within
1 kcal mol~! of one another. Rate constants have been determined at the high-pressure limit by
conventional transition state theory, with a correction for asymmetric Eckart tunneling, using the
energies obtained with the G3 method. We report the individual, average and total rate constants in
the temperature range from 500 to 2200 K. Our reported total rate constant results were compared
to experimental data obtained by Lam ef al. and our calculated results are within a factor of 2 for

methyl ethanoate and between 40—50% for methyl propanoate and methyl butanoate.
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Introduction

Due to the depletion of fossil derived fuels and the environmental impact these fuels have on the
atmosphere, interest in biofuels has been increasing.! Esters can be obtained from several types of
oil including soybean in the United States and rapeseed in Europe? and they are a component of
biodiesel. They are typically made of a long (16 — 18) carbon atom chains which require very large
detailed chemical kinetic models? to describe their oxidation. Despite this complexity, however,
there has been an effort in understanding the reactivity of such large molecules by studying smaller
molecules, such as methyl formate and methyl butanoate.?

Recently, Lam et al. experimentally measured the rate constants for the reactions of hydroxyl
radicals with methyl formate, methyl ethanoate, methyl propanoate and methyl butanoate using a
shock-tube equipped with UV laser absorption.? Dooley et al. studied the autoignition behavior
of methyl butanoate and developed a detailed chemical kinetic model based on experiments in a
shock-tube and in a rapid compression machine and other literature data.* Fisher ez al. developed a
chemical kinetic model for methyl formate and methyl butanoate combustion.” Hakka et al. devel-
oped a mechanism to describe the oxidation of methyl and ethyl butanoates.® Diévart et al. studied
the chemical kinetic characteristics of small methyl esters.” Westbrook et al. developed a chemical
kinetic mechanism for methyl formate, methyl ethanoate, ethyl formate and ethyl ethanoate.>

In the temperature range 500 to 2000 K, abstraction reactions by OH radicals on stable species
are very important. To our knowledge, accurate high level ab initio and rate constant calculations
of the title reactions have not previously been performed. Herein, we detail a systematic study of
these reactions on several esters: methyl (ethanoate, propanoate, butanoate and isobutyrate) and
ethyl, propyl and isopropyl (ethanoate). In our previous work we have studied the influence of
the RC=OOR’ group on several esters when HO, radicals abstract a 1°, 2° or 3° hydrogen atom. !

In this work we investigate the influence of the same functional group on similar reactions with

8- 11,12 13,14

OH radicals. As with our previous works on ketones, 10 esters, ! ethers and alcohols,
a similar stepwise mechanism was determined where the formation of complexes occurs in the

entrance and exit channels. In our previous work on ketones + OH radicals,'? two conformers
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(gauche and trans) with similar chemical properties are formed at the o and  positions relative
to the RC=OR’ group. In esters + HO» radicals! we have reported that for the methyl pentanoate
reactant, the energy for the rotation of the a’—f’ and B’—y’ hindered rotors is 4.5 and 5.7 kcal
mol~!, respectively. We have also reported that the relative electronic energy of the gauche reactant
conformer is 4 kcal mol ! higher than that of the trans reactant conformer. Therefore, as in our

1,8,9,12

previous works, only the trans reactant conformers are considered herein.

Methodology

The second order Mgller-Plesset (MP2) method and the 6-311G(d,p) basis set were used in the
geometry optimizations and frequency calculations of all of the species using Gaussian-09. !> The
same method was also used to determine the potential energy surface scans for the individual
hindered rotors associated with each reactant and transition state. Intrinsic reaction coordinate
calculations have been used in order to connect each transition state to the corresponding local
minimum. For the hydrogen atom abstraction reactions of methyl ethanoate + OH radicals, the
relative electronic energies have been calculated with the G3 method and at the CCSD(T)/cc-
pVXZ level of theory (where X = D, T and Q) which were extrapolated to the complete basis set
(CBS) limit. 16 Relative electronic energies, in kcal mol~!, were obtained by the G3 method and
are within 1 kcal mol~! of the extrapolated CBS limit energies. As the CCSD(T)/CBS method is
computationally more expensive for the larger molecules in this study, the G3 method has been
used in the determination of the relative electronic energies of all of the species. Visualization as
well as the determination of geometrical parameters have been performed with ChemCraft.!”

Conventional transition state theory'® with an asymmetric Eckart tunneling correction, '°

as
implemented in Variflex v2.02m,?° has been used in order to calculate the high-pressure limit rate

constants in this work, in the temperature range from 500 to 2200 K:

st keT  QH(T) . EBY
k>N(T) =k o QA(T)QB(T)eXp( ) (1)
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Where kTST(T) is the rate constant at temperature T; & is the asymmetric Eckart tunneling fac-
tor; kg is the Boltzmann constant; h is the Planck constant; Q*(7) is the partition function for the
transition state; Q4(7) and Qp(7) are the partition functions for the reactants and E* is the cal-
culated electronic energy barrier height. Each partition function is evaluated with respect to the
zero-point levels of reactants and transition states and are the product of translational (Qyqns), Vi-
brational (Q,;), external rotational (Q,,;), torsional (Qy,,) and electronic (Q,;) partition functions
(Q = Qrrans X Quib X Qror X Qror X Qel).

Georgievskii et al.?! have studied the kinetics of CoHg + CN abstraction reactions. Their
theoretical calculations are based on two distinct transition state regimes comprising an outer and
an inner transition state. Atlow temperatures (7" < 200 K) they have found that the rate determining
step is the formation of the van der Waals complex (outer transition state). However, at higher
temperatures (7 > 200 K) they determined that overcoming the barrier of the saddle point (inner
transition state) is the rate determining step and a two transition state model over-estimates the
rate constants. Therefore, at temperatures above 200 K a single inner transition state description
can be used for estimating the rate constants. In this work, we estimate rate constants over the
temperature range from 500 K to 2200 K and based on Georgievskii ef al. conclusions, the single
inner transition state is the rate determining step. Therefore, we disregard the effect of the outer

transition state.

Potential Energy Surface

Figure 1 and Table 1 are given in order to define the nomenclature used in this work. The geome-
tries of the esters, optimized at the MP2/6-311G(d,p) level of theory, are shown in Figures 2(a)—
2(g). Table S1 in the Supporting Information (SI) details all of the energies calculated for methyl
ethanoate + OH radicals at the CCSD(T)/cc-pVXZ (X = D, T, Q) and CCSD(T)/CBS levels of
theory in kcal mol~!. The geometries and frequencies for the reactants and transitions states in

this work are given in Table S2 in the SI.
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Figure 1: Labels in use in this work.

Table 1: Electronic energies (in kcal mol~!) of the transition states relative to the reactants for
esters + OH radicals in this work, detailing the different types of hydrogen atoms present.

Y B’ o o B Y

(a) CH;C=0OO0CH; (ME) 343(1°)  0.69 (1°)

(b) CH3CH,C=0OCH; (MP) 0.64(1°)  0.65(2°)  0.54(1°)

(c) CH;3(CH,),C=00CH; (MB) | 2.76 (1°) —1.88(2°)  0.21(2°)  0.48(1°)

(d) (CH3),CHC=0OCH; (MiB) 0.67(1°) —1.49(3°)  0.30(1°)

(e) CH3C=00CH,CHj; (EE) 326(1°) —1.55(2°)  2.48(1°)

(f) CH3C=00(CH,),CH; (PE) 323(1° —2.07(2°) —0.10(2°) 2.97 (1°)
(g) CH3C=0OCH(CHj3), (iPE) 3.12(1° —2.72(3°)  1.92(1°)

Figure 4 shows the potential energy surface (PES) for the reactions of ME + OH radicals

obtained with the G3 method and at CCSD(T)/CBS level of theory (in parentheses), in kcal mol~.

Figure 5-10 show the PES obtained with the G3 method for the reactions of an OH radical when

abstracting a hydrogen atom from MP (Figure 5), MB (Figure 6), MiB (Figure 7), EE (Figure 8),

PE (Figure 9) and iPE (Figure 10), in kcal mol~!. Table 1 details the electronic energies relative to

the reactants of each transition state at each position relative to the RC=OOR’ group, and the type

of hydrogen atom present.

As in our previous studies,

1,8-10,12

we determined that complexes are formed in both the en-

trance and exit channels which will narrow the tunneling barrier, accelerating the tunneling effect
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Figure 2: Optimized geometries of the esters in this work at MP2/6-311G(d,p) level of theory,
detailing the different labels we use.



and, consequently, the rate constants. In order to quantify this influence of the reactant and product
complexes in our results, we have calculated the rate constants for abstraction of a hydrogen atom
at the o position of ME and the comparison is shown in Figure 3. We observe that when con-
sidering the formation of these complexes, the rate constants increase by 68% at 500 K. Reactant
complexes (RC) have relative energies in the range from —5.63 to —3.56 kcal mol~! and product
complexes (PC) range from —30.84 to —17.65 kcal mol~!. The formation of reactant complexes
is not observed when abstracting a hydrogen atom at the ¥’ and y positions due to the distance
between the OH radical and the RC=OOR’ group. Apart from these reaction channels, most of
the reactant and product complexes found form a hydrogen bond between the hydrogen atom of
the hydroxyl radical and one of the oxygen atoms of the RC=OOR’ group. The same behavior
was observed with the transition states where, apart from abstraction at the ¥’ and 7y positions, a
hydrogen bond is formed between the OH radical and the RC=OOR’ group for all of the transition

states. We have treated all low-frequency torsional modes as hindered rotors.
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Figure 3: Rate constants for ME with (red line) and without (black line) the inclusion of the reactant
and product complexes.

Hydrogen atom abstraction occurs in a similar fashion at each position of the esters in this work
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Figure 4: Potential Energy Surface of the reactions of ME + OH radicals calculated with the G3
method and CCSD(T)/CBS (in parentheses), in kcal mol L.
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Figure 5: Potential Energy Surface of the reactions of MP + OH radicals calculated with the G3
method, in kcal mol 1.
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Figure 6: Potential Energy Surface of the reactions of MB + OH radicals calculated with the G3
method, in kcal mol 1.
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Figure 7: Potential Energy Surface of the reactions of MiB + OH radicals calculated with the G3
method, in kcal mol 1.
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Figure 8: Potential Energy Surface of the reactions of EE + OH radicals calculated with the G3
method, in kcal mol 1.

Py P

-16.78  -18.20
= ra
e 19.64
- o

-19.83

Figure 9: Potential Energy Surface of the reactions of PE + OH radicals calculated with the G3
method, in kcal mol 1.
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Figure 10: Potential Energy Surface of the reactions of iPE 4 OH radicals calculated with the G3
method, in kcal mol 1.

when an OH radical approaches the molecule where it will form a RC in the entrance channel
and a PC in the exit channel. Abstraction of a primary (1°) hydrogen atom at the o position
of ME, EE, PE and iPE forms a reactant complex (RCo’) at energies of —5.47 to —5.24 kcal
mol~! in the entrance channel and a product complex (PCc’) at energies of —24.81 to —24.62
kcal mol~! in the exit channel. It proceeds through the corresponding transition states (TSa’) with
an electronic energy relative to the reactants of 3.43, 3.26, 3.23 and 3.12 kcal mol~! for ME, EE,
PE and iPE, respectively. At the same position, abstraction of a secondary (2°) hydrogen atom in
MP and MB and a tertiary (3°) hydrogen atom in MiB occurs similar to a 1° hydrogen atom and
the transition states formed have relative electronic energies of 0.65, 0.21 and —1.49 kcal mol 1,
respectively. At the a position, abstraction of a hydrogen atom occurs similar to the o position
with relative electronic energies for the transition states (TSa) ranging from 0.30 to 0.69 kcal
mol~! (1° hydrogen atom), —2.07 to —1.55 kcal mol~! (2° hydrogen atom) and —2.72 kcal mol !
(3° hydrogen atom). A similar trend was observed at the ¥/, B’, B and ¥ positions for abstraction
of a 1° or 2° hydrogen atom, Table 1.

Table 2 shows the bond dissociation energies (BDEs) for several esters in this work and a
comparison with the BDEs calculated by Oyeyemi et al.?? and El-Nahas et al.,?? in kcal mol~'.
A trend is observed where the BDE of a 1° hydrogen atom is similar in both &’ and o positions in

this work. However, the same is not observed for a 2° hydrogen atom where the BDE is lower at

11
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the o' than at the & position, by about 4 kcal mol~!. We also observe that at the o position, both
1° and 2° hydrogen atoms have similar BDEs which was also observed in the studies by Oyeyemi
et al. and El-Nahas et al. When comparing these BDEs to our calculated electronic energy barriers
for abstraction (Table 1) we observe the opposite trend where the energy barriers for abstraction of
a 1° and 2° hydrogen atoms at the o’ position are higher than at the & position, by about 2-3 kcal
mol L.

Table 2: Bond dissociation energies (BDEs) for several esters in this work and the ones calculated
by Oyeyemi et al.?? and El-Nahas et al.,?* in kcal mol~!.

Method o' 1° H-atom o 2° H-atom ¢ 1° H-atom « 2° H-atom
This work CCSD(T)/cc-pVTZ ME, 97.3 MP, 92.3 ME, 97.6 EE, 96.1

G3 ME, 97.0 MP, 92.3 ME, 98.6 EE, 97.0
Oyeyemi et al.”> MRACPF2 EP, 93.2 MP, 100.9 EP, 99.6
El-Nahas et al.”> CBS-QB3 EP, 94.2 MB, 98.9 EP 97.3

Rate Constant Calculations

We have calculated the high-pressure limit rate constants in the temperature range from 500 to
2200 K. Figures 11-13 show our current results and we have compared them to the rate constants
calculated in our previous work for abstraction from ketones'” and those for alkanes calculated

by Sivaramakrishnan et al.>* The low-frequency torsional modes were determined with the use of

8-10 11,12

the Pitzer—Gwinn-like?> approximation. In our previous works on esters, ' ketones, ethers

and alcohols, 13-14

we have used the one dimensional hindered rotor treatment (1D-HR) in our rate
constant calculations. For abstraction of a hydrogen atom at the alpha position of n-butanol when
reacting with an HO; radical,'* a comparison was performed between our rate constant results

obtained with the use of the 1D-HR and the ones obtained by Truhlar and co-workers2%%’

using
the multi-structure method. HO, radicals are in high concentration between 800 K and 1300 K
and high pressures (>10 atm).® In this temperature range, it was observed that the results were

quite similar where the rate constants calculated by Zhou et al. '* are within 20% to 40% of those

calculated by Truhlar and co-workers. >

12
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Herein, we use the same nomenclature (R’ and R) as in our previous work on esters + HO,
radicals' in order to differentiate between the two sides of the ester molecule (Figure 1). Fig-
ures 11(a)-12(b) detail the results of our calculations at the different positions (&, B’ and y’) of
the R’ side of the molecule and Figures 12(c)-13(d) at the R side (¢, B and 7). Our calculations
are compared with the results from our previous work on ketones !° and with alkanes calculated by
Sivaramakrishnan et al.?*

At the R’ side of the esters, abstraction of a 1° (Figure 11(a)), 2° (Figure 11(b)) or 3° (Fig-
ure 11(c)) hydrogen atom by an OH radical at the o’ position is slower than the ketones '” by about
a factor 2 at 600 K for all types of hydrogen atom. At 2200 K, abstraction of a 1° hydrogen atom
is similar to ketones and slower by about 40% for 2° and 3° hydrogen atoms. At the B’ position,
abstraction of a 1° hydrogen atom (Figure 11(d)) is slower than for ketones by about a factor of 2
from 500 to 2200 K.

At the R side of the molecule, abstraction of a hydrogen atom at the o position is similar to the
corresponding position in a ketone. 10" Abstraction of a 1° (Figure 12(c)) and 3° (Figure 13(a)) hy-
drogen atom is slower than for ketones 10 by about 40 to 70% from 600-2200 K, while abstraction
of a 2° hydrogen atom (Figure 12(d)) differs by about 30% within the same temperature range.
When comparing the reactivity of a 1° (Figure 13(b)) hydrogen atom at the 8 position, abstrac-
tion is slower than for ketones!” by a factor of 11 at 500 K, becoming closer in reactivity as the
temperature increases, remaining slower by 60% at 2200 K.

When compared to alkanes,?* abstraction of a 1° hydrogen atom at the o position (Fig-
ure 11(a)) of the esters is slower by a factor of 3 at 500 K and is 80% slower at 2200 K. Abstraction
of a 2° hydrogen atom (Figure 11(b)) is slower by about a factor of 2 at 700 K and becomes simi-
lar to an alkane as the temperature increases. Abstraction of a 3° hydrogen atom (Figure 11(c)) is
faster than for alkanes2* by about 70% at 500 K, and becomes similar in reactivity as it nears a tem-
perature of 2200 K. At the 8’ position, abstraction of a 1° hydrogen atom (Figure 11(d)) is slower
than for alkanes?* by about a factor of 3 from 600 to 2200 K while abstraction of a 2° hydrogen

atom (Figure 12(a)) is slower by about a factor of 2 from 700 to 2200 K. At the ¥’ position, our

13



results (Figure 12(b)) are similar to abstraction from alkanes.?* The same is observed at the 7y po-
sition (Figure 13(d)) at the R side of the ester. At the o position, abstraction of a 1° hydrogen atom
(Figure 12(c)) is slower than for alkanes?* by about a factor of 3 from 700 to 1600 K, decreasing
to a factor of 2 slower at 2200 K. Abstraction of a 2° hydrogen atom (Figure 12(d)) is faster than
alkanes?* by 30% at 500 K. Above 500 K, alkanes?* are about 10 to 60% faster. Abstraction of a
3° hydrogen atom (Figure 13(a)) is faster at 500 K by about a factor of 3, becoming more similar
as the temperature increases. At the 8 position, the reactivity of a 1° hydrogen atom (Figure 13(b))
is slower than in alkanes?* by a factor of 8 and 2 at 500 and 2200 K, respectively. Abstraction of a
2° hydrogen atom (Figure 13(c)) is slower by a factor of 4 at 500 K, decreasing to 50% at 2200 K.

In our previous works, when we compared our results on the esters + HO, radicals! with
ketones + HO, radicals,®® we observed that the calculated rate constants were very similar. How-
ever, when comparing our results in this work we observe that abstraction of a hydrogen atom
of the esters by an OH radical is generally slower than when abstracting from the corresponding
position in ketones. 10 A5 the HO, radical is a heavier radical than the OH radical, the interactions
between the OH radical and the functional group (RC=OR’ in ketones or RC=OOR’ in esters) is
more significant than the interactions of the HO, radical with the same functional group. Both OH
and HO, radicals, when abstracting a hydrogen atom from the ester molecule through the transition
state structure(s), form(s) a hydrogen bond between an oxygen atom of the functional group and
the hydrogen atom on the radical and this is considered when determining the hindrance potentials
for the transition states. In the case of abstraction by OH radicals these interactions have a bigger
impact on our rate constant calculations compared to those for abstraction by HO, radicals which
is due to the OH radicals being more sensitive to these hydrogen bond interactions, as well as the
calculated relative electronic energies, than the HO, radicals. These are the reasons for the slower
reactivity in our results in this work when comparing to our previous work. '°

Figure 14 shows a comparison of the reactivity of 1°, 2° and 3° hydrogen atoms when under-
going abstraction by an OH radical, at both sides of the ester molecule. As expected, abstraction

of a tertiary hydrogen atom is the fastest and that of a primary one is the slowest (Figures 14(a)

14



and 14(b)). At high temperatures, the reactivity is similar at both sides of the ester molecule. At
low temperatures, the difference in reactivity is due to the higher energies of the transition states
at the o’ and B positions compared to the o and B’ positions (Table 1). For the o’ position, ab-
straction of a 1°, 2° or 3° hydrogen atom is slower than at the « site by approximately a factor of
2 at 500 K (Figure 14(a)). Abstraction of a 1° or 2° hydrogen atom at the 8’ position is faster than
at the B site by a factor of 5 at the same temperature. At the ¥’ and ¥ positions (Figure 14(c)), we
do not observe this difference in the calculated energies of the transition states and, therefore, the
reactivity is similar from 500 to 2200 K.

Tables 3-5 show the fit parameters of our rate constant results on a per hydrogen atom basis

(Table 3), average (Table 4) and total (Table 5).

Table 3: Rate constants Arrhenius fit parameters (A, n and E), in cm? mol~! s~ at each position
of the esters in this work, on a per hydrogen atom basis.

Position H-Atom Type Species A n E
1° ME 9.07 x 10! 3.73 —1229.
1° EE 1.51 x 1010 3.68 —1257.
1° PE 4.29 x 1010 3.54 —1080.
o 1° iPE 2.61 x 1010 3.59 —1291.
20 MP 1.21 x 1012 3.14 —2192.
2° MB 4.87 x 1012 2.94 —2107.
3° MiB 423 x 1013 2.70 —3199.
1° MP 921 x 1073 4.22 —3455.
B’ 2° MB 3.88 x 107! 3.76 —4890.
1° MiB 1.09 x 10! 3.91 —2805.
y’ 1° MB 1.46 x 1074 2.61 750.
1° ME 5.56 x 103 431 —3401.
1° MP 1.03 x 1072 4.24 —3397.
1° MB 6.11 x 1073 4.28 —3443,
o 1° MiB 9.17 x 1073 4.26 —3591.
20 EE 1.34 x 1010 3.66 —4095.
2° PE 1.46 x 1010 3.67 —4159.
3° iPE 470 x 1010 3.52 —5487.
1° EE 2.27 x 1010 3.62 —273.
2° PE 425 x 101! 3.26 —1695.
B
1° iPE 261 x 10! 3.87 —505.
y 1° PE 2.83 x 1074 2.57 941.

k=A x T" x exp(—E/RT), where R = 1.987 cal K~! mol~!

Figure 15 details a comparison of the total rate constants for ME, MP and MB in this work

15
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Figure 11: Rate constants comparison at the o’ (1°, 2° and 3° hydrogen atoms) and 3’ (1° hydrogen
atom) positions relative to the RC=OOR’ group, in cm® mol~! s~!. (a) ME (black), EE (red), PE
(blue), iPE (green) (b) MP (black), MB (red) (c) MiB (black) (d) MP (black), MiB (red); ketones
+ OH'Y (dashed) and alkanes + OH?* (dotted).
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Figure 13: Rate constants comparison at the o (3° hydrogen atom), 8 (1° and 2° hydrogen atoms)
and ¥ (1° hydrogen atom) positions relative to the RC=OOR’ group, in cm® mol~! s~!. (a) iPE
(black) (b) EE (black), iPE (red) (c) PE (black) (d) PE (black); ketones + OH!® (dashed) and

alkanes + OH?* (dotted).
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Table 4: Average Arrhenius fit parameters (A, n and E), on a per-hydrogen atom basis according
to hydrogen atom type (1°, 2° or 3°) and position (&, B’, v/, o, B or ¥) relative to the functional
group of the ester. Values in units of cm® mol~! s~ 1.

Position H-Atom Type A n E

1° 1.96 x 1010 3.64 —1222.

o 2° 2.33 x 1072 3.04 —2160.
3° 423 x 103 2.70 —3199.

, 1° 3.04 x 1072 4.07 —3142.
B 2° 3.88 x 107! 3.76 —4890.
y' 1° 1.46 x 107 2.61 750.
1° 7.47 x 1073 427 —3473.

o 2° 1.40 x 1070 3.67 —4131.
3° 470 x 1070 3.52 —5487.

1° 8.63 x 107! 3.73 —379.

B 2° 425 x 10*! 3.26 —1695.
y 1° 2.83 x 1074 2.57 941.

k=A x T" x exp(—E/RT), where R = 1.987 cal K~' mol~!

Table 5: A, n and E parameters for the total rate constants in this work. Values in units of cm?

mol 1 s~ 1,

Species A n E
ME 2.02 x 107! 4.11 —2538.
MP 5.78 x 1010 3.72 —2876.
MB 7.80 x 1010 3.73 —3310.
MiB 2.58 x 1010 3.81 —4020.
EE 7.29 x 102 4.26 —4072.
PE 1.49 x 101! 3.70 —2723.
iPE 3.98 x 1074 4.88 —6417.

k=A x T" x exp(—E/RT), where R = 1.987 cal K~ mol~!

with that from the experimental data obtained by Lam et al.> Compared to the experimental values
obtained by Lam et al.,? our theoretical results are slower by about a factor of 2 for ME (Fig-
ure 15(a)), from 876 to 1371 K, and slower by about 40 to 50% for MP (Figure 15(b)), from 909 to
1341 K, and MB (Figure 15(c)), from 925 to 1355 K. A comparison to the estimated rate constants
by Westbrook et al.,’ Dooley et al.,* Fisher et al.,” Hakka ef al.® and Diévart et al.” has also been
performed and it is shown that the rate constants calculated in this work describe more accurately
the temperature dependence of the title reactions.

Also depicted in Figure 15 are rate constants where we have decreased (dashed red line) and

increased (dotted red line) the electronic energy barrier height of the transition states by 1.0 kcal
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mol~!, which is within the uncertainty of the calculations. Decreasing the activation energy by this
amount leads to better agreement with the experimental data obtained by Lam et al.,? Figure 15.
We observe that these adjusted rate constants are almost identical to the experimental values within
their range of measurement, with the largest differences being 29% at 1126 K for ME, 16% at

909 K for MP and 27% at 897 K for MB.
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Figure 15: Comparison of the total rate constants calculated in this work, (=), (- -) and (...) with
the experimental values obtained by Lam ef al.? (M) and the estimated values by Dooley et al.*
(dash-dotted black line), Westbrook et al. 3 (dashed black line), Fisher et al. 3 (short dashed black
line), Hakka et al.® (dash-dot-dotted black line) and Diévart e al.” (dotted black line). (=) are our
reported total rate constants in this work for (a) ME, (b) MP and (c¢) MB. (- -) and (...) are the total
rate constants using the same treatment as the reported rate constants (—) where only the electronic
energy barrier height of the transition states was changed by +1 kcal mol~!.

In our previous works on esters! and ethers!'? + HO, radicals, we estimated an overall uncer-
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tainty of a factor of 2.5 in our rate constant calculations. This was based on the results calculated
using VariFlex, CanTherm and MultiWell in our previous work on n-butanol + CHj radicals?® and
based on the suggestion by Goldsmith ef al. that simple abstraction reactions have an uncertainty
of a factor of 2 to 3.2% Also, the conclusions in this work support this overall estimated uncertainty
where our calculated rate constant results are within a factor of 2 for ME and 40 to 50% for MP

and MB, from the experimental results obtained by Lam et al.?

Branching Ratios

Figure 16 shows the calculated branching ratios for each position on each ester in the title reactions.
Figure 16(a) details the branching ratio for ME and the & channel dominates from 500 to 900 K.
Above 900 K the o’ channel becomes dominant. In Figure 16(b) we detail the branching ratio for
MP and the o’ channel dominates from 500 to 2200 K. Channels & and § become more important
as the temperature increases. For MB (Figure 16(c)), 8’ channel dominates from 500 to 800 K. The
v’ channel then takes over and dominates from 1000 to 2200 K. Figure 16(d) details the reactivity
of MiB and we observe that the &’ channel is dominant from 500 to 1500 K, above which the ’
channel is dominant, followed by the & channel. In Figure 16(e) we give the branching ratio for
EE and channel « is dominant from 500 to 2200 K. Reactivity of the other two channels (&’ and 3)
increases with temperature and at 2200 K the reactivity of the B channel is similar to the & channel.
Figure 16(f) shows the reactivity of PE and the ¥ channel dominates from 1000 to 2200 K. At
2200 K the reactivity of the o channel is nearer to the reactivity of the § and &’ channels, however,
below 1000 K the & channel is dominant. For iPE (Figure 16(g)), abstraction from the ¢ channel
dominates from 500 to 1600 K. The reactivity of the other two channels becomes more important

as the temperature increases and above 1600 K abstraction from the 8 channel is dominant.
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Figure 16: Estimated branching ratios, in the temperature range from 500-2200 K, for each site of
each ester in this work: (a) ME; (b) MP; (c) MB; (d) MiB; (e) EE; (f) PE; (g) iPE.
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Conclusions

We have calculated rate constants for hydrogen atom abstraction reactions by OH radicals on esters,

including ME, MP, MB, MiB, EE, PE and iPE. As in our previous works on abstraction by OH and

8— 11,12 13,14

HO, radicals from ketones,® 10 esters,! ethers, and alcohols, complexes were found in

both the entrance and exit channels. Conventional transition state theory was used to calculate the
rate constants at the high-pressure limit and our results were compared to ketones '° and alkanes?*
+ OH radical reactions. When an OH radical abstracts a hydrogen atom from the o, 8/, o and 8
positions, the rate constants are generally slower than at the corresponding sites in the ketones '
and alkanes.?* At the ¥’ and y positions the reactivity is most similar to an alkane.

The OH radical is lighter than an HO, radical which has an effect when they interact with the
functional group (RC=OR’ in ketones or RC=OO0R’ in esters) of the oxygenated molecule. Due
to the larger distance of the OH radical from the functional group when undergoing abstraction
at the ¥’ and ¥ positions, the formation of a hydrogen bond between the hydrogen atom of the
hydroxyl radical and one of the oxygen atoms of the RC=OOR’ group does not occur. The same
is not true at the o, B’, o and 8 positions and a hydrogen bond is formed in the transition states
when OH radicals interact with the oxygenated molecule. This hydrogen bond interaction has
a more significant impact when the esters react with the OH radical than with the HO, radical.
When determining the hindrance potentials in this work, the oxygen from the alkoxy moiety of the
ester interacts with the hydrogen atom of the OH radical. Due to the higher sensitivity of an OH
radical compared to an HO, radical, the lower relative electronic energies and these hydrogen bond
interactions in some of the reaction channels in this work have a bigger impact on our calculated
rate constant results.

Based on our results, we observe that at high temperatures reactivity is similar on both sides
of an ester. At low temperatures, the lower relative electronic energies of some transition states
increase the reactivity for abstraction at the o’ and 8 positions compared to the o and ' positions
(Figure 14).

We have performed a comparison of the total rate constants calculated here with the experi-
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mental results measured by Lam et al.? and they are within a factor of 2 of one another for ME
and within 40 to 50% for MP and MB which is within our estimated uncertainty of a factor of 2.5.
Our calculations are also compared to the estimated rate constants by Dooley et al.,* Fisher et al.,>
Hakka et al.® and Diévart et al.” and we conclude that the rate constants calculated in this work
more accurately reflect the temperature dependence measured by Lam et al.

A branching ratio analysis has also been carried out and abstraction at the ¥’ and ¥ positions
dominate above about 1000 K. At low temperatures, the type of hydrogen atom (1°, 2° and 3°) has
a bigger influence on reactivity and a 3° hydrogen atom dominates over a 2° one which dominates

over a 1° one.
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