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Theoretical Studies of the Reaction of Hydroxyl Radical with Methyl Acetate
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The mechanisms and the kinetics of the OH (OD) radicals with methyl acetate CH;C(O)OCH; are investigated
theoretically. The dual-level direct dynamics method is employed in the calculation of the rate constants. The
optimized geometries and frequencies and the gradients of the stationary points are calculated at the MP2/
6-311G(d,p) level. The energetic information of potential energy surfaces is further refined by the
multicoefficient correlation method based on QCISD (MC-QCISD) using the MP2/6-311G(d,p) geometries.
Four channels are found for the title reaction. The calculated results reveal that there exists an attractive well
(reactant complex) in each entrance H-abstraction channel, that is, the H-abstraction reaction makes a stepwise
mechanism. The rate constants are calculated by the canonical variational transition-state theory (CVT) with
the interpolated single-point energies (ISPE) approach in the temperature range of 200—1200 K. The small-
curvature tunneling effect (SCT) approximation is used to evaluate the transmission coefficient. The calculated
rate constants are in good agreement with the experimental ones in the measured temperature range. It is
shown that the “out-of-plane hydrogen abstraction” from the methoxy end is the dominant channel at the
lower temperatures, and the other two H-abstraction channels should be taken into account with the temperatures
increasing. The kinetic isotope effects (KIEs) for the three H-abstraction channels and the total reaction are
“inverse”, and these theoretically calculated KIEs as a function of temperature are expected to be useful for

the future laboratory investigation.

Introduction

Volatile organic compounds (VOCs) are emitted to the
atmosphere through their use in industry and by biogenic
sources. As one important class of VOCs, esters have been
widely used in industry, particularly as a solvent and in the
manufacture of perfumes and flavoring. They can be produced
naturally through vegetation and be emitted directly into the
atmosphere, and the degradation of some oxygenated com-
pounds is also a source of esters. For example, methyl acetate
can be produced from methyl tert-butyl ether (MTBE)!? and
tert-amyl ether (TAME).? As it is well known, the atmospheric
oxidation processes of VOCs initiated by OH may contribute
to the photochemical formation of ozone and other components
of photochemical smog found in urban areas. However, it was
found that methyl acetate shows a significantly lower photo-
chemical ozone creation potential (POCP) and would appear
to offer significant environmental advantages as a substitute
solvent.* Thus, methyl acetate has considerable potential for
substitution in industry. Prior to its large-scale industrial use, it
is very necessary to evaluate the atmosphere lifetime and the
environmental impact of methyl acetate.

Despite the importance of methyl acetate, its atmospheric
oxidation mechanism has received relatively little attention. The
oxidation of esters is largely initiated by the reaction with OH
radicals, while photolysis and reactions with other oxidants (such
as reactions with Oz and NOs radicals) may play a less important
role in their atmospheric degradation.’ Therefore, methyl acetate
may be released into the atmosphere during its industrial use
and is degraded in the troposphere almost exclusively via its
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reaction with OH radical. The rate constants for the reaction
CH3C(O)OCH3 + OH — products were measured using the
pulsed laser photolysis—laser-induced fluorescence technique
over the temperature range of 243—372 K by Boudali et al.,’
and the Arrhenius expression was fitted as k = (0.53 £ 0.09)
x 10712 exp[—(128 £ 102)/T] cm?® molecule™! s~!. Also,
Wallington et al.” gave a rate constant expression over the range
of 240—440 K as k = (8.3 & 3.5) x 10713 exp[—(260 + 150)/
T] cm? molecule™! s7!. It is seen that the two experiments are
within their error bars for both the preexponential factor and
for the activation energy. In addition, Smith et al.}® determined
the rate constants of this reaction at 298 K with a value of (3.85
=+ 0.349) x 1013 cm® molecule™ s™!, in reasonable agreement
with the values obtained by the above two groups,®’ while they
are about 2 times larger than that obtained by Campbell et al.”
Since there are such discrepancies between them, it is very
desirable to perform a theoretical investigation for better
understanding. Unfortunately, to the best of our knowledge, little
theoretical attention has been paid to the title reaction on the
detailed reaction mechanisms and the information of branching
ratios.

In the present work, a dual-level (X//Y) direct dynamics
method!'*12 is employed to investigate the title reaction. First,
high-level ab initio electronic structure calculations are per-
formed to find stationary points along the reaction path
(reactants, products, intermediate complexes, and transition
states), and the MC-QCISD method'? is used to calculate the
high-level single-point energies. It is well known that the
reactions of OH with oxygenated compounds may proceed via
the formation of complexes that involve one or two hydrogen
bonds. As Smith and Ravishankara!* said, these attractive wells
in the entrance channel of a potential energy surface can
influence the dynamics and, hence, the course of the reaction.
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In the present study, the reactant and product complexes are
also found at the entrance and exit of each channel. Subse-
quently, the rate constants for the title reaction are calculated
over a wide temperature range of 200—1200 K using the
variational transition-state theory (VTST)!*>-!7 with interpolated
single-point energies (ISPE).!8 The total rate constants and the
product branching ratios are obtained. Furthermore, the kinetic
isotope effects are calculated in order to provide useful
information for the future experiment. Finally, the comparison
between theoretical and experimental rate constants is discussed.

Computational Methods

All of the electronic structure calculations were performed
with the Gaussian 03 programs. The geometries and frequencies
of all of the stationary points were obtained by using restricted
and unrestricted second-order Mgller—Plesset perturbation
theory!? with the 6-311G(d,p) basis set. At the same level, the
minimum-energy path (MEP) was obtained by intrinsic reaction
coordinate (IRC) theory to confirm that the transition state really
connects with reactants and products as expected. Also, the
energy derivatives including gradients and Hessians at geom-
etries along the MEP were obtained to calculate the curvature
of the reaction path and the generalized vibrational frequencies
along the reaction path at the same level. The energies of all
the stationary points were improved by single-point energy
calculations using the multicoefficient correlation method based
on quadratic configuration interaction with single and double
excitations (MC-QCISD),!3 which has been identified as a very
efficient method for the open-shell systems. The energy profiles
were corrected with the interpolated single-point energies (ISPE)
method.'® For this method, as mentioned by Truhlar et al.,'s
four single-point calculations are important to correct the lower-
level reaction path; two points are close to the 300 K turning
points and are useful primarily to estimate the width of the
barrier, and two other points are close to the lower-level saddle
point and are useful primarily to locate the dual-level saddle
point. Therefore, these four single-point energies are chosen for
the spline fit in the present work.

Dynamic calculations of the reaction were performed using
the Polyrate 9.3 program.?® Canonical variational transition-state
theory (CVT)?! with the small-curvature tunneling (SCT)?223
corrections was applied to evaluate the theoretical rate constants.
The CVT rate constant for temperature 7 is expressed as

KT, 5) = min k°7(T, 5) o
kGT(T = KUkBTw o~ Varep(s)kaT )
’ R

where kCT(T,s) is the rate constant in generalized transition-
state theory at the dividing surface s, with ¢ being the symmetry
factor accounting for the possibility of more than one symmetry-
related reaction path, kg is the Boltzmann’s constant, 4 is the
Planck’s constant, ¢®(7T) is the reactant partition function per
unit volume (excluding symmetry numbers for rotation), « is
the tunneling factor, and Q€T(T,s) is the partition function of a
generalized transition state at s with a local zero of energy at
Vmep(s) and with all rotational symmetry numbers set to unity.
The separable translational, vibrational, rotational, and electronic
motion assumption was used to evaluate the partition functions.
The rotational and translation partition functions were calculated
classically. Most of the vibrational modes were treated as
quantum mechanical separable harmonic oscillators, while the
two low-frequency modes which correspond to hindered rota-
tions were treated as hindered rotors. The hindered rotor
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approximation of Truhlar and Chuang?*?> was used for calculat-
ing the partition function of them. The I13 and 2I1;/, excited
states of OH, with a 140 cm™! splitting due to spin—orbit
coupling, were included in the calculation of the reactant
electronic partition functions.

Results and Disscussion

Stationary Points. Our calculations indicate that the reactant
CH3C(O)OCHj3; has Cy symmetry, and thus, two channels are
found for H-abstraction from the methoxy end, namely, “out-
of-plane hydrogen abstraction” (channel Rla) and “in-plane
hydrogen abstraction” (channel R1b). However, three hydrogens
in the —C(O)CH3; group are equivalent, and only one channel
R2 is found for H-abstraction from the —CHj3 group of the acetyl
end. Moreover, the OH radical can also attack the carbon atom
in the —C(O) - group and produce CH3C(O)OH and CH30 (R3).
Therefore, four channels are feasible for the CH;C(O)OCH;3 +
OH reaction.

CH,C(O)OCH, + OH — CH,C(O)OCH, + H,0

(Rla, R1b)
CH,C(O)OCH, + OH — CH,C(0)OCH, + H,0 (R2)
CH,C(O)OCH, + OH — CH,C(0)OH + CH,0 (R3)

For the three H-abstraction channels, the reactant and product
complexes are located at the entrance and exit of the reactions,
indicating that the three H-abstraction channels may proceed
via an indirect mechanism. However, for channel R3, no
complexes are located. Figure 1 presents the structural param-
eters of all of the reactants, products, complexes, and transition
states calculated at the MP2/6-311G(d,p) level along with the
available experimental data of OH,?*?” H,0,>” CH;COOH,?
and CH30.?° As shown in Figure 1, the optimized parameters
are in good agreement with the experimental values (given in
the parentheses). The reactant complex CR1a is stabilized by two
hydrogen bonds; one is the attractive interaction between the
hydrogen atom in the OH radical and the oxygen atom in the
carbonyl group, with the distance of the O++*H bond as do...u
=1.94 A, and the other is maintained between the oxygen atom
in the OH radical and the H in the —OCH3; group, at a distance
of do...u = 2.77 A. The case is similar for reactant complex
CR2. Also, a hydrogen bond is formed between the hydrogen
atom in the OH radical or HO molecule and the oxygen atom
in the carbonyl group —C(O)— or ether linkage —O— with the
distance of the O+++H bond being 1.95, 2.48, 2.08, and 1.99 A
for complexes CR1b, CP1a, CP1b, and CP2, respectively, while
the other bond lengths in these hydrogen-bond complexes are
very close to those of the reactants and products. With respect
to the transition states TS1a, TS1b, and TS2, the breaking bond
C—H is elongated by 10.1, 10.8, and 11.6% in comparison to
the C—H equilibrium bond length of CH;COOCH3, respectively,
and the forming O—H bond is 34.8, 33.1, and 31.8%, respec-
tively, longer than the regular bond length of the isolated H,O.
The elongation of the forming bond (O—H) is greater than that
of the breaking bond (C—H), which indicates that the three
transition state are all reactant-like, and the reaction may proceed
via “early” transition states for these exothermic reactions. This
behavior is consistent with Hammond’s postulate. Also, the
elongation of the forming bond (18.7%) is greater than that of
the breaking bond (10.7%) for TS3.

Table 1 lists the harmonic vibrational frequencies of all of
the stationary points calculated at the MP2/6-311G(d,p) level
along with the available experimental values of CH3COOCHj3,30
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Figure 1. Part 2 of 2. Optimized geometries of reactants, products, complex, and transition states at the MP2/6-311G(d,p) level for the reaction
CH;C(O)OCH; + OH. The numbers in parentheses are the experimental values.”*** Bond lengths are in angstroms, and angles are in degrees.

CH;COOH, 3 CH30,%° OH,26 and H,0.2630 As seen from Table
1, the calculated frequencies are in reasonable agreement with
the corresponding experimental results. All of the local minima
including reactants, products, and complexes correspond to all
real frequencies, and the transition state is confirmed by normal-
mode analysis to have only one imaginary frequency corre-
sponding to the stretching modes of the coupling between
breaking and forming bonds. The imaginary frequencies of the
transition states TS1a, TS1b, TS2, and TS3 are 2022i, 20511,
21191, and 1101i cm™!, respectively. The reaction enthalpies
AH>og° of the three reaction channels calculated at the two levels
are listed in Table 2. The thermal corrections to the energy
(TCE) at 298.15 K are included. As shown in Table 2, all of
the reaction channels are exothermic, with the AH»93° values
of —20.88, —20.88, —21.59, and —8.07 kcal/mol for R1a, R1b,
R2, and R3, respectively, at the MC-QCISD//MP2 level.

An accurate knowledge of the enthalpy of formation
(AHjz293°) of the species is required for a thorough understanding
of the kinetics and mechanism of the reaction involved with
them, particularly in the atmospheric modeling. Since there are
no experimental or theoretical reports on the AHjz93° of the
species CH3C(O)OCH, and CH,C(O)OCH3, to evaluate their
AHjy95° values, the following group-balanced isodesmic reac-
tions®! are used

CH,C(O)OCH, + CH, — CH,C(O)CH, + CH, (R3a)
CH,C(O)OCH, + CH, — CH,C(O)CH, + CH; (R4)

For CH3C(O)OCHj, there is one experimental report with the
AHi98° value of —98.0 kcal/mol.?? In order to verify the

accuracy of above calculations, theoretical calculation is also
carried out using the group-balanced isodesmic reactions

CH,C(0)OCH, + CH,CH, — CH,COCH, + CH,0CH,
(RS5)

The enthalpies of formation of the three molecules are evaluated
by using the calculated reaction enthalpies of the isodesmic
reactions (R3, R4, and RS5) and the experimental AHf95° of
the other species involved in the reactions (CH3CHs: —20.04
+ 0.07 keal/mol;33 CH;COCHj;: —52.23 £ 0.14 kcal/mol,3
CH30CH3: —43.99 4 0.12 kcal/mol;35 CHa: —17.89 kcal/mol;3°
CH3C(O)OCHj3: —98.0 kcal/mol;32 CHj: 34.821 kcal/mol).?® The
computed AHg93° values at the MC-QCISD//MP2/6-311G(d,p)
level are —97.51 £ 0.33, 49.65 &+ 0.14, and —50.36 &+ 0.14
kcal/mol for CH3;C(O)OCHj;, CH3C(O)OCHj3;, and CHs-
C(O)OCH3, respectively. Good agreement with the only one
experimental value of methyl acetate (—98.0 kcal/mol)3? infers
that present theoretical predicts may be reliable. The error limits
are obtained from the experimental errors in the components
of the isodesmic reactions.

A schematic potential energy surface of the title reaction
obtained at the MC-QCISD//MP2/6-311G(d,p) level considering
the ZPE correction is plotted in Figure 2. The energy of the
reactant is set to zero as a reference. As shown in Figure 2, the
reaction of the OH radical with methyl acetate may proceed
starting from attractive wells in the entrance valleys of the
potential energy surfaces, that is, the formation of the hydrogen-
bonded complexes CR1a, CR1b, and CR2. The stabilization
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TABLE 1: Calculated Frequencies (cm™!) of the Stationary Points at the MP2/6-311G(d,p) Level and the Experimental Values

in Parentheses

species frequencies (cm™!)
Rea 3225(3035),* 3225(3031),*
3188(3005),* 3187(2994),* 3102(2966), 3098(2964),* 1828(1771),% 1528(1460),% 1510(1460),% 1501(1440),% 1498(1430),*
1494(1430),7 1415(1375), 1294(1248),* 1228(1187),% 1202(1159),% 1104(1060),* 1074(1036),% 1002(980),* 876(844),*
654(639),* 604(607),% 429(429),* 295(303), 184(187),% 162(136),* 28(110)*
OH 3854(3738)"
P1 3382, 3226, 3223, 3188, 3102, 1844, 1497, 1493, 1477, 1415,
1272, 1219, 1186, 1071, 1015, 845, 652, 601, 587, 439, 313, 259, 160, 61
P2 3367, 3231, 3229, 3194, 3102, 1978, 1527, 1508, 1507, 1474,
1334, 1230, 1202, 1100, 1012, 887, 758, 672, 552, 428, 298, 259, 188, 154
H,O 4012(3756),> 3904(3657),* 1668(1595)
CH3;COOH  3822(3583),* 3228(3051),” 3189(2996),% 3103(2944),* 1851(1788),* 1498(1430),% 1495(1430),* 1433(1382),* 1361(1264),7
1230(1182),# 1077(1048),* 1014(989),* 881(847),% 665(657),* 591(642),% 543(534),* 426, 75(93)*
CH;0 3126(2840),¢ 3091(2758),c 3011(2758),¢ 1552(1412),c 1433(1047),c 1429(914),c 1142(914),° 991(651),° 830(651)°
CRla 3762, 3234, 3227, 3200, 3190, 3104, 3103, 1813, 1535, 1522,
1506, 1498, 1493, 1420, 1318, 1233, 1211, 1101, 1077, 1007, 886, 657, 609, 523, 471, 436, 297, 248, 183, 157, 78, 53, 25
CPla 3982, 3886, 3374, 3226, 3217, 3197, 3102, 1840, 1681, 1502,
1496, 1475, 1412, 1267, 1220, 1188, 1075, 1027, 841, 670, 658, 593, 443, 386, 320, 285, 269, 180, 165, 141, 129, 71, 61
CRI1b 3762, 3228, 3228, 3199, 3192, 3104, 3102, 1841, 1528, 1509,
1507, 1501, 1493, 1421, 1267, 1229, 1202, 1100, 1077, 1010, 861, 655, 602, 593, 434, 397, 304, 188, 158, 147, 94, 59, 31
CPlb 3980, 3869, 3384, 3230, 3224, 3187, 3099, 1855, 1684, 1508,
1499, 1474, 1425, 1248, 1216, 1182, 1082, 1023, 825, 652, 602, 591, 523, 444, 324, 255, 226, 202, 168, 145, 104, 67, 36,
CR2 3721, 3232, 3231, 3195, 3189, 3104, 3102, 1801, 1526, 1510,
1504, 1503, 1496, 1423, 1325, 1229, 1201, 1106, 1081, 1008, 891, 663, 611, 608, 472, 440, 312, 189, 161, 151, 96, 85, 31
CP2 3971, 3837, 3368, 3241, 3232, 3207, 3107, 1848, 1702, 1536,
1525, 1513, 1478, 1360, 1240, 1200, 1095, 1018, 892, 750, 672, 582, 568, 434, 308, 280, 277, 200, 192, 159, 138, 96, 32
TSla 3814, 3248, 3227, 3190, 3141, 3103, 1822, 1532, 1497, 1496,
1492, 1418, 1375, 1297, 1245, 1137, 1128, 1076, 1018, 945, 886, 763, 653, 605, 437, 410, 371, 285, 202, 143, 78, 35, 2022i
TS1b 3846, 3225, 3225, 3189, 3129, 3102, 1835, 1584, 1513, 1498,
1494, 1416, 1283, 1274, 1247, 1158, 1116, 1073, 1008, 941, 885, 728, 634, 595, 417, 290, 244, 180, 152, 100, 55, 33, 20511
TS2 3799, 3245, 3233, 3196, 3152, 3103, 1804, 1565, 1525, 1510,
1502, 1469, 1331, 1249, 1228, 1201, 1118, 1064, 1037, 958, 889, 765, 651, 613, 401, 395, 320, 288, 197, 163, 130, 38, 2119i
TS3 3819, 3205, 3196, 3178, 3149, 3099, 3058, 1875, 1519, 1507,

1495, 1488, 1451, 1415, 1208, 1174, 1121, 1091, 1076, 994, 964, 629, 608, 542, 513, 502, 378, 357, 252, 210, 176, 164, 1101i

@ From ref 30. ? From ref 26. ¢ From ref 29.

TABLE 2: Calculated Relative Enthalpies (AH298°) and Potential Barriers (AE) (kcal/mol) Considering ZPE Correction

AH298° AE
method Rla R1b R2 R3 Rla R1b R2 R3
MP2/6-311G(d,p) —17.08 —17.08 —16.23 —7.28 4.34 7.60 6.39 31.74
MC-QCISD//MP2 —20.88 —20.88 —21.59 —8.07 1.66 4.90 4.33 8.35

energies are —4.24, —2.53, and —4.69 kcal/mol for CR1a, CR1b,
and CR2, respectively. Then, each reactant complex undergoes
a H-transfer process to form product complexes CPla, CP1b,
and CP2, which lie 1.98, 1.17, and 3.37 kcal/mol below the
corresponding products P1 and P2, respectively. The potential
barrier height for out-of-plane hydrogen abstraction from the
methoxy end (R1a) (1.66 kcal/mol) is the lowest one. Therefore,
channel R1a may be the major reaction pathway, and the other
channels would be less favorable. With respect to the barrier
heights of channels R1b and R2, the energy of TS1b (4.90 kcal/
mol) is only 0.6 kcal/mol larger than that of TS2 (4.33 kcal/
mol), and the former is more exothermic than the latter by about
0.5 kcal/mol. Thus, these two reaction channels may be
competitive over the whole temperature range. This view will
be verified by the rate constant calculation in the following
section. In addition, the OH radical can also attack the carbon
atom in the —C(O)— group and undergo a displacement process
leading to CH3C(O)OH and CH30. However, the barrier height
of this channel is 8.35 kcal/mol at the MC-QCISD//MP2 level,
which is much larger than that of other channels. Thus, we only
calculate the rate constants for the three H-abstraction channels
in the following section.

Rate Constants Calculation. Dual-level dynamics calcula-
tions are carried out to study the kinetic nature of the title

reaction. At the MP2/6-311G(d,p) level of theory, the MEP for
each reaction channel is calculated by IRC theory, and the
potential energy profile is further improved with the ISPE
method at the MC-QCISD//MP2/6-311G(d,p) level. Note that
for the title reaction, weak hydrogen-bonded complexes are
formed at the entrance and exit channels; as a result, a stepwise
mechanism occurs, that is

A+B=A--B (stepl)
A+*B—C-:-D (step2)
C.D—C+D (step3)

In the present study, we assumed that the reaction occurs at the
high-pressure limit, that is, the reactant complex undergoes
collisional stabilization. This hypothesis and the approach have
been detailed elsewhere and applied successfully to describe
the reactions of the OH radical with several VOCs.3"40 Here,
for brevity, we just state, without details, that, on the basis of
this assumption, the CVT rate constant expression for the present
case is identical to eq 2, while the tunneling factor x may
become different with the existence of the prereactive complex.
Under high-pressure-limit conditions, it is assumed that a
thermal equilibrium distribution of the energy levels is main-
tained. Therefore, the energy levels from the bottom of the
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Figure 2. Schematic potential energy surface for the reaction CH;C(O)OCH; + OH. Relative energies (in kcal/mol) are calculated at the MC-

QCISD//MP2 level.

complex up to the barrier might contribute to the tunneling and
lead to a corresponding increase in the tunneling factor in the
present case.*!

Figure 3a—c shows the plots of the classical potential energy
curve (Vmep), ground-state vibrationally adiabatic energy curve
(V9), and zero-point energy curve (ZPE) as functions of s
(amu)'2 bohr at the MC-QCISD//MP2 level for channels R1a,
R1b, and R2, where V¥ = Vygp + ZPE. It can be seen from
these three figures that the ZPE is practically constants as s
varies, with only a gentle drop near the saddle point, and the
Vmep and VS curves are similar in shape. In Figure 3a—c, the
maxima are also located at the same position, implying that
the variational effect will be small or almost negligible for these
three channels.

On the basis of the PES information obtained above, the rate
constants are evaluated by the TST, CVT, and CVT with SCT
correction over a wide temperature region from 200 to 1200 K.
The plots of the TST, CVT, and CVT/SCT rate constants for
channels R1la, R1b, and R2 are shown in Figure 4a—c. From
Figure 4a—c, it can be found that the TST and CVT curves are
almost the same, implying that the variational effect is small
for channels R1a, R1b, and R2. For channels R1a and R2, the
CVT/SCT values are about one or two orders of magnitude
larger than the CVT values below 500 K, while they are
asymptotic to the CVT ones at high temperature. Thus, the
tunneling effect plays a significant role in the lower-temperature

region for channels R1a and R2. The case is somewhat different
for channel R1b. As seen from Figure 4b, the tunneling effect
plays a role in the rate constant calculation at the low
temperatures since the discrepancy of CVT/SCT and CVT
values is moderate.

The total rate constants of the title reaction associated with
the three pathways (k = ki, + kin + k2) and the available
experimental values are described in Figure 5a, and for clarity,
Figure 5b is provided to focus on only the comparison between
theoretical and experimental results in the measured temperature
range. In addition, the temperature dependence of the ki./k, kin/
k, and ko/k branching ratios is exhibited in Figure 6. As shown
in Figure 6, the “out-of-plane hydrogen abstraction” from the
methoxy end (channel R1a) is the dominant channel for the title
reaction at the lower temperatures, and the other channels (R1b
and R2) should be taken into account with increasing temper-
ature. For example, the kj./k1, kiv/ki, and ky/k fractions are 97.9,
0.2, and 1.9% at 298 K and 49.4, 25.1, and 25.6% at 1000 K.
From Figure 5a and b, we can see that our calculated rate
constants show good agreement with the experimental data from
refs 68 within a factor of 0.6—1.2 in the measured temperature
range of 240—440 K, while the calculated rate constant at 292
K (3.41 x 10713 cm?® molecule™! s™') slightly overestimates
the experimental result measured by Campbell et al.” ((1.83 4
0.5) x 10713 cm?® molecule™! s™1). On the basis of our calculated
CVT/SCT values, the three-parameter expression (in units of
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Figure 3. Classical potential energy curve (Vmep), ground-state
vibrationally adiabatic energy curve (V5), and zero-point energy curve
(ZPE) as functions of s (amu)"? bohr at the MC-QCISD//MP2 level
for reaction channels Rla (a), R1b (b), and R2 (¢).

cm? molecule™! s71) is fitted as follows: k1, = 1.80 x 1072072
exp(582/T); kip = 2.87 x 107217394 exp(—1381/T); ko = 8.16
x 10727311 exp(—542/T); k = 8.76 x 10721375 exp(887/T).

Kinetic Isotope Effects (KIEs). Figure 7 describes the OH/
OD KIE against 1000/T (K~!) for each channel (R1a, R1b, R2)
and the total reaction R within the temperature range of
200—1200 K, in which the OH/OD KIE is defined as the ratio
of the OH and OD reaction rate constant. It can be seen that
the KIEs are within 0.8—1.0, 0.6—0.9, 0.7—1.0, and 0.8—1.0,
respectively, for individual channels R1a, R1b, R2, and the total

Yang et al.
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Figure 4. Computed TST, CVT, and CVT/SCT rate constants as a
function of 10%T for the reaction channels Rla (a), R1b (b), and R2
(c).

reaction and increases with increasing temperature. For each
reaction, deuteration slightly enhances the rate coefficient, that
is, the KIEs are “inverse” (ku/kp < 1). These inverse isotope
effects have also been observed for many other reactions.*>#3
The theoretical rate constants of the CH;C(O)OCH; + OD from
CVT/SCT values within 200—1200 K are fitted by the three-
parameter Arrhenius expression (in units of cm® molecule ™' s71):
kia = 6.12 x 107217273 exp(694/T); k1,' = 1.51 x 107217313
exp(—1259/T); ky' = 2.31 x 107221327 exp(—368/T); k' = 2.38
x 107247393 exp(1005/T). Since there is no corresponding
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Figure 5. (a) Calculated rate constants ki,, k1, and k; for the individual
channels R1a, R1b, and R2, respectively, and the total rate constants k
are obtained at the MC-QCISD//MP?2 level along with the experimental
values® as a function of 10%/7 in the temperature range of 200—1200
K. (b) Comparison of total rate constants k obtained at the MC-QCISD//
MP2 level and the experimental values® in the measured temperature
range of 240—440 K.
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Figure 6. Calculated branching ratio for the CH;C(O)OCH;3; + OH
reaction as a function of 1037 at the MC-QCISD//MP2 level.

experimental value available, it is expected that our theoretical
prediction can provide useful information for future study.
Conclusion

In this paper, a systematic investigation on the reaction
CH3C(O)OCH; with OH(OD) is performed. A dual-level
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TABLE 3: Enthalpies of Formation (AHj,95°) (kcal/mol) for
the Species CH3C(O)OCH3, CH3C(O)OCH,, and
CH,C(O)OCH3; at the MC-QCISD//MP/6-311G(d,p) Level,
along with the Available Experimental Value (in
parentheses)

CH;C(0) CH;C(0) CH,C(0)
OCH; OCH, OCH;

MC-QCISD// —97.5 4+ 0.33 (—98.0)* —49.65+0.14 —50.36 £ 0.14
MP2

4 From ref 32.

dynamics method is employed to study the hydrogen-abstraction
reaction mechanism. The potential energy surface information
is obtained at the MP2/6-311G(d,p) level, and the energetic
information is calculated by the MC-QCISD method. Three
H-abstraction channels and one displacement process are
identified. There exist the complexes with energies lower than
the corresponding reactants or products for each H-abstraction
reaction channel. The rate constants calculated by CVT with
SCT correction are very consistent with the available experi-
mental values. For channels R1a, R1b, and R2, the variational
effect is very small over the whole temperature range, and the
SCT correction plays a role at the lower temperatures. The
calculated branching ratios show that the “out-of-plane hydrogen
abstraction” from the methoxy end is the primary channel at
the lower temperatures, while at the higher temperatures, the
contribution of all of the H-abstraction reaction channels should
be taken into account. The KIEs for three channels and the total
reaction are all “inverse” and increase with increasing temper-
ature. The three-parameter expression (in units of cm?® mol-
ecule™ s71) for the OH + CH3;C(O)OCH; and OD +
CH3C(O)OCHj; reactions in the temperature range of 200—1200
K is fitted as follows: k = 8.76x 10727375 exp(887/T); k' =
2.38 x 107247393 exp(1005/T).
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