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The ab initio direct dynamics approach is employed to study the hydrogen abstraction reaction of CH3CCl3
+ OH. The potential energy surface (PES) information is obtained at the MP2/6-311G(d,p) and G3(MP2)
(single-point) levels of theory. A hydrogen-bonded complex is located in the reactant channel. Dynamics
calculations are performed by variational transition-state theory with the interpolated single-point energy
approach (VTST-ISPE). Canonical variational transition-state theory and a small curvature tunneling correction
are included to calculate the rate constants within 200-2000 K. Both theoretical rate constants and activation
energy are in good agreement with experimental ones over the measured temperature range, 222-761 K.
The calculations show that the variational effect is small and the tunneling effect is significant in the lower
temperature range.

1. Introduction

It is well-known that halocarbons play a very important role
in atmospheric chemistry. Methyl chloroform, i.e., 1,1,1-tri-
chloroethane (CH3CCl3), has received considerable attention
because of its increased use in industrial degreasing operations
as a replacement for the “restricted” solvent trichloroethylene
and its well-known connection to the depletion of stratospheric
ozone in the ClOx catalytic cycle.1 The atmospheric loss of CH3-
CCl3 is due primarily to reaction with OH radical, and the
measurements of atmospheric CH3CCl3 concentrations have
been used to deduce weighted global average tropospheric OH
concentrations. This information is important in estimating the
atmospheric lifetimes of other reactive atmospheric constituents
whose major removal is controlled by OH reactions.2-6 There-
fore, extensive experimental studies7-18 have been carried out
on the title reaction since 1978, especially in the lower
temperature regions and at room temperature. However, there
is a large discrepancy in these measured rate constants at 298
K. The values ofk(298 K) range from 0.95 to 2.5× 10-14 cm3

molecule-1 s-1. The currently recommended Arrhenius expres-
sion of the rate constant isk ) 1.8× 10-12 exp(-1550( 150/
T) cm3 molecule-1 s-1.19

The large amount of experimental work on the reaction of
CH3CCl3 + OH contrasts with the lack of theoretical studies;
thus, there have only been three theoretical studies predicting
the temperature dependence of the rate constants. These studies
employed transition-state theory20 and empirical models.21,22To
the best of our knowledge, no ab initio calculations have been
carried out on this hydrogen abstraction reaction. Owing to the
importance of the reaction, an ab initio investigation is
worthwhile. Our study aims to obtain more kinetic information
for the title reaction and to evaluate the rate constants over a
wide temperature range using the direct dynamics method.23-25

2. Calculation Methods

High-level ab initio calculations are carried out with the
Gaussian 98 program.26 The optimized geometries and harmonic
vibrational frequencies (scaled by a factor of 0.95) of all the
stationary points (the reactants, complex, transition state (TS),
and products) are calculated with restricted or unrestricted
second-order Møller-Plesset perturbation theory with the
standard 6-311G(d,p) basis set ((U)MP2/6-311G(d,p)). To yield
a more reliable reaction enthalpy and barrier height, we make
single-point energy calculations for the stationary points at the
G3(MP2)27 level of theory (Gaussian-3 (G3) theory28 with a
reduced order of perturbation theory) using the(U)MP2/6-311G-
(d,p) optimized geometries, since the G3(MP2) method achieves
significantly improved accuracy but requires significantly less
computational time and disk storage. We also perform higher
level single-point energy calculations at the PMP2/6-311++G-
(3df,3pd), QCISD(T)/6-311G(d,p), and PMP4/6-311G(2d,2p)
levels. The intrinsic reaction coordinate (IRC),29 i.e., minimum
energy path (MEP), is calculated at the MP2 level to confirm
that the TS really connects with minima along the reaction path.
The MEP is calculated in mass-weighted Cartesian coordinates
with a gradient step size of 0.05 (amu)1/2 bohr. The energy
derivatives, including gradients and Hessians at geometries of
some selected points (15 points) along the MEP, are calculated
at the same level. Furthermore, single-point G3(MP2) calcula-
tions of four points along the reaction path are carried out to
refine the lower-level energy profile with the interpolated single-
point energies (ISPE)30 approach.

This initial information on the potential energy surface (PES)
is used to evaluate rate constants by means of the Polyrate 8.4.1
program.31 The theoretical rate constants are calculated by using
the canonical variational transition theory (CVT)32 with the
small-curvature tunneling (SCT) approximation33,34proposed by
Truhlar and co-workers. The generalized normal-mode analysis
is performed in Cartesian coordinates. The lowest vibrational
mode of the transition state is treated as a hindered rotation,
and all other vibrations are treated harmonically. The hindered
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rotor approximation35 is used to calculate the partition function
of the lowest vibrational mode. The two electronic states for
OH radical are included in the calculation of its electronic
partition function, with a 140 cm-1 splitting in the2Π ground
state. The curvature components of the MEP are calculated by
using a quadratic fit to obtain the derivative of the gradient with
respect to the reaction coordinate.

3. Results and Discussion

3.1. Stationary Points.At the MP2/6-311G(d,p) level, the
optimized geometries of all the stationary points are shown in
Figure 1 along with the available experimental data.36 The
corresponding harmonic vibrational frequencies (scaled by 0.95)
and the experimental values36,37are listed in Table 1. It can be
seen that the theoretical values are in good agreement with the
experimental ones. The bond lengths of the reactants and
products agree with the experimental values within 2%, and
the largest deviation of the bond angles is 2° for ∠HOH of
H2O. The scaled frequencies at the MP2 level are in reasonable
agreement with the available experimental values except for the
calculated value of 333 cm-1 of CH3CCl3, which differs from
the corresponding experimental value of 282 cm-1 by about

18%. For the title reaction, a hydrogen-bonded complex (C1),
which corresponds to all real frequencies, is located in the
reactant channel. In the C1 structure, the O‚‚‚H′ bond distance
is 2.56 Å, and the other bond lengths are very close to those of
the reactants. The reactant complex stabilization is of 1.6 kcal/
mol with respect to reactants at the G3(MP2)//MP2 level. This
indicates that the reaction may proceed via an indirect mech-
anism, if the system is trapped in the van der Waals well. The
transition state is confirmed by verifying that it has only one
imaginary frequency. In the transition-state structure, the reactive
C-H′ bond is elongated by 11% as compared to the CsH
equilibrium bond length of CH3CCl3, and the O-H′ bond is
32% longer than the O-H equilibrium bond length of H2O.
Therefore, the transition state is reactant-like, and the reaction
will proceed via an “early” transition state.

Because of the limitation of available computational re-
sources, the G3(MP2) method27 is employed to perform the
single-point calculations using the MP2 optimized geometries.
For comparison purposes, the single-point energy calculations
for the stationary points are also done at other three higher levels,
i.e., PMP2/6-311++G(3df,3pd), QCISD(T)/6-311(d,p), and
PMP4/6-311G(2d,2p). The values of the reaction enthalpy

Figure 1. Optimized geometries of all the stationary points at the MP2/6-311G(d,p) level. The values in the parentheses are the experimental
values.36 Bond lengths are in Å and angles are in deg.

TABLE 1: Frequencies (Scaled by 0.95, in cm-1) of Equilibrium and Transition-State Structures at the MP2/6-311G(d,p) Levela

frequency (cm-1)species

CH3CCl3 244 (241) 333 (282) 344 (341) 345(346) 519 (525) 730 (725)
1068 (1074) 1069 (1084) 1367 (1383) 1415 (1450) 2946 (2951) 3046 (3014)

OH 3660 (3735)
C1 36 56 84 91 257 258

273 358 362 367 367 544
761 772 1125 1125 1134 1444
1490 1495 3101 3204 3212 3840

CH2CCl3 181 236 246 320 345 353
521 581 720 737 1058 1112
1415 3061 3379

H2O 1585 (1595) 3708 (3657) 3839 (3756)
TS 1950i 61 92 131 223 246

308 344 347 415 516 702
718 747 839 1028 1080 1097
1223 1380 1397 2989 3077 3648

a The values in parentheses are experimental values from ref 36 (for OH and H2O) and ref 37 (for CH3CCl3).
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(∆H°298) and barrier height (∆Eq) with ZPE corrections are
listed in Table 2 together with the corresponding experimental
values. It is shown that for the reaction system under study the
calculated results of∆H°298 and∆Eq are sensitive to the level
of electron correlation recovery, and they are even more
sensitive to the basis set. The∆H°298 values calculated from
MP4 and QCISD(T) results are lower than the corresponding
MP2/6-311G(d,p) value by about 1.0 and 2.5 kcal/mol, respec-
tively, while the energy difference amounts to nearly 5 kcal/
mol when the size of the basis set is increased from
6-311G(d,p) to 6-311++G(3df,3pd) at the MP2 level. Clearly,
the results calculated at the G3(MP2) and MP2/6-311++G-
(3df,3pd) levels yield better agreement with the experimental
value-15.59 kcal/mol, which is derived from the experimental
standard heats of formation (OH, 8.85 kcal/mol;38 CH3CCl3,
-34.55 kcal/mol;19 H2O, -57.85 kcal/mol;19 CH2CCl3, 16.56
kcal/mol19). Compared with the MP2/6-311G(d,p) value, the
reaction barrier decreases by 1.43 kcal/mol at the QCISD(T)//
MP2 level and by 2.46 kcal/mol at the PMP4//MP2 level, while
at the PMP2/6-311++G(3df,3pd) level it is brought down by
5.08 kcal/mol. The G3(MP2) result of∆Eq is in better agreement
with those obtained at the PMP4/6-311G(2d,2p) and MP2/6-
311++G(3df,3pd) levels, while the PMP2/6-311++G(3df,3pd)
level underestimates the potential barrier. It should be noted
that the standard G3(MP2) method utilizes the geometry
optimized at the MP2(full)/6-31G(d) level, while here we make
G3(MP2) single-point calculations using the MP2/6-311G(d,p)
geometries. For the title system, the standard G3(MP2) energies
of ∆H°298and ∆Eq values are very close to those calculated at
G3(MP2)//MP2/6-311G(d,p). The former values are slightly
lower than the latter ones by about 0.3 and 0.6 kcal/mol,
respectively. In addition, it is found that the spin projection
correction is more significant for∆Eq than for ∆H°298. The
projection of spin contamination lowers the MP2 and MP4
barriers by about 2.4 and 1.3 kcal/mol, respectively, whereas it
has a negligible effect on the calculated reaction enthalpies. This
is due to the fact that there is more serious spin contamination
in the TS with a〈S2〉 value of 0.78 than in OH and CH2CCl3
(for which 〈S2〉 equals to 0.755 and 0.764, respectively). It is
known that the G3(MP2) method27 is a good compromise
between accuracy and computational expense, especially for
such larger system. Therefore, in the present study, G3(MP2)//
MP2 calculations can be utilized effectively to improve the
energies along MEP.

3.2. Reaction Path Properties.By means of a dual-level
X//Y calculation method, the minimum energy path is obtained
at the MP2/6-311G(d,p) level and the potential profile is further
refined with the ISPE method29 by performing single-point
calculations of four extra points (s) (0.25,(1.25) along MEP
at the G3(MP2) level. The classical potential energy curve
(VMEP(s)), the vibrationally adiabatic ground-state potential
energy curve (Va

G(s)), and the zero-point energy (ZPE) curve
of the reaction as a function of the intrinsic reaction coordinate
(s) at the G3(MP2)//MP2 level are presented in Figure 2. As
can be seen, theVMEP(s) andVa

G(s) curves are similar in shape,
and the positions of the maximum values of the two curves are
located at the same position (s ) 0). This implies that the

variational effect will be small for calculating the rate constants
of the reaction. The ZPE is practically constant assvaries, with
only a gentle drop near the saddle point.

The behavior of the generalized normal-mode vibrational
frequencies along the IRC is shown in Figure 3. Most of these
frequencies do not change significantly in going from the
reactants to products. Hence, these modes are considered as
spectator modes, and they involve motions not directly involved
in the reaction. The two lowest vibrational frequencies are the
transitional modes, which at the asymptote correspond to free
rotations and translations of the reactants. Mode 1, shown as
the solid line in Figure 3, corresponds to the C-H′ stretching
mode at the reactants and the H′-O stretching mode at the
products; it drops sharply in the region froms ) -1.0 to 1.2
(amu)1/2 bohr as the reaction proceeds. Therefore, mode 1 can
be referred to as the “reactive mode” in the reaction.

TABLE 2: Reaction Enthalpies (∆H°298) and Barrier Heights (∆Eq) (in kcal/mol) with ZPE Corrections for the Reaction at
Various Levelsa

MP2/6-311G(d,p)
MP2/6-311++G
(3df,3pd)// MP2

QCISD(T)/6-311G
(d,p)//MP2

PMP4/6-311G
(2d,2p)//MP2 G3(MP2)//MP2 exptlb

∆H°298 -12.16 (-12.63) -17.21 (-17.42) -9.53 -11.07 (-11.38) -13.78 -15.59
∆Eq 7.72 (5.41) 5.06 (2.64) 6.29 6.57 (5.26) 5.14

a The values in parentheses are the corresponding PMP2 or PMP4 results.b The experimental values are from refs 19 and 38.

Figure 2. Classical potential energy curve (VMEP), ground vibrationally
adiabatic energy curve (Va

G), and zero-point energy curve (ZPE) as
functions ofs (amu)1/2 bohr at the G3(MP2)//MP2/6-311G(d,p) level.

Figure 3. Changes of the generalized normal-mode vibrational
frequencies as functions ofs (amu)1/2 bohr at the MP2/6-311G(d,p)
level.
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3.3. Rate Constant Calculations.The rate constants are
calculated by the canonical variational transition state theory31

with a small-curvature tunneling correction32,33 (CVT/SCT) at
the G3(MP2)//MP2/6-311G(d,p) level over a wide temperature
range, 200-2000 K. For the purpose of comparison, the
conventional transition state theory (TST), CVT, and CVT/SCT
rate constants are presented in Table 3 as well as the available
experimental values. The variational effect, that is, the ratio
between the variational CVT and conventional TST rate
constants, goes from a value of 0.99 at 200 K to a value of
0.85 at 2000 K. Therefore, for the reaction under consideration,
the variational effect is small over the whole temperature range.
Moreover, Figure 4 shows that the tunneling effect plays an
important role in rate constant calculations, in particularly, in
the lower temperature range. The ratio of the CVT/SCT rate
constants to the CVT rate constants increases rapidly from a
value of 1.4 at 800 K to 365 at 200 K.

The CVT/SCT rate constants and available experimental
values are plotted against 1000/T (K) in Figure 4. The CVT/
SCT rate constants are in good agreement with the correspond-
ing experimental values11,13,16-19 over the measured temperature
range 222-761 K if the experimental uncertainties are taken
into account. The calculated results slightly overestimate the
experimental values of Talukdar et al.,16 while they are slightly
higher than those reported by Kurylo et al.11 and Jeong et al.13

in the range 352-400 K. The deviation remains within a factor
of 1.1 to 1.7. At 298 K, the CVT/SCT rate constant (1.25×
10-14) shows better consistency with the experimental value of
(1.1 ( 0.1) × 10-14 determined by Jiang et al.18 In the
temperature region 400-761 K, our calculations reproduce quite

well the experimental rate constants.18 The Arrhenius expression
was fitted by the CVT/SCT rate constants, and this yieldsk )
5.9 × 10-12 exp(-1923/T) cm3 molecule-1 s-1 in the temper-
ature range 298-761 K. The calculated activation energy from
this fit, 3.8 kcal/mol, is in good accord with the experimental
value, 3.1( 0.3 kcal/mol, which is derived from the currently
recommended expressionk ) 1.8× 10-12 exp[(-1550( 150)/
T] cm3 molecule-1 s-1.19 The good agreement between theory
and experiments obtained at the G3(MP2)//MP2/6-311G(d, p)
level indicates that present calculations can provide reasonable

TABLE 3: Rate Constants (cm3 Molecule-1 s-1) for the Reaction CH3CCl3 + OH at the G3(MP2)//MP2/6-311G(d,p) Level

T (K) TST CVT CVT/SCT ref 11 ref 13 ref 16 ref 18

200 9.51(-18)a 9.48(-18) 3.46(-15)
222 3.52(-17) 3.50(-17) 4.58(-15) 3.18( 0.95(-15)
233 6.20(-17) 6.17(-17) 5.29(-15) 3.04( 0.19(-15)
243 9.96(-17) 9.89(-17) 6.04(-15) 3.49( 0.16(-15)
252 1.48(-16) 1.47(-16) 6.81(-15) 4.10( 0.13(-15)
253 1.54(-16) 1.53(-16) 6.90(-15) 4.47( 1.35(-15)
263 2.32(-16) 2.30(-16) 7.88(-15) 5.40( 1.45(-15) 5.22( 0.30(-15)
273 3.40(-16) 3.36(-16) 9.00(-15) 5.79( 0.20(-15)
278 4.07(-16) 4.03(-16) 9.61(-15) 8.30( 0.70(-15)
293 6.78(-16) 6.69(-16) 1.17(-14) 1.06( 0.11(-14) 8.98( 0.60(-15)
296 7.47(-16) 7.36(-16) 1.22(-14) 1.08( 0.20(-14) 9.10( 0.30(-15)
297 7.71(-16) 7.60(-16) 1.23(-14) 8.50( 0.20(-15)
298 7.95(-16) 7.84(-16) 1.25(-14) 2.19( 0.26(-14)b 2.24(-14)c 9.5(-15) 1.10( 0.10(-14)
326 1.79(-15) 1.76(-15) 1.79(-14) 1.49( 0.05(-14)
352 3.43(-15) 3.36(-15) 2.45(-14) 2.93( 0.2(-14) 2.07( 0.06(-14)
363 4.41(-15) 4.31(-15) 2.79(-14) 3.85( 0.75(-14)
370 5.14(-15) 5.02(-15) 3.02(-14) 2.67( 0.05(-14)
379 6.22(-15) 6.06(-15) 3.35(-14) 3.07( 0.11(-14)
400 9.41(-15) 9.13(-15) 4.24(-14) 5.52( 0.41(-14) 5.00( 1.00(-14)
457 2.46(-14) 2.37(-14) 7.68(-14) 1.02( 0.07(-13) 9.40( 0.50(-14)
460 2.58(-14) 2.48(-14) 7.91(-14) 1.09( 0.29(-13)
495 4.22(-14) 4.05(-14) 1.10(-13) 1.22( 0.12(-13)
513 5.33(-14) 5.10(-14) 1.29(-13) 1.27( 0.09(-13)
527 6.33(-14) 6.05(-14) 1.46(-13) 1.85( 0.13(-13)
535 6.97(-14) 6.65(-14) 1.56(-13) 2.02( 0.10(-13)
560 9.26(-14) 8.82(-14) 1.92(-13) 2.18( 0.28(-13)
601 1.42(-13) 1.35(-13) 2.61(-13) 2.35( 0.38(-13)
642 2.08(-13) 1.97(-13) 3.49(-13) 3.31( 0.81(-13)
671 2.68(-13) 2.52(-13) 4.23(-13) 3.68( 0.36(-13)
720 3.95(-13) 3.70(-13) 5.74(-13) 5.45( 0.20(-13)
761 5.32(-13) 4.96(-13) 7.28(-13) 7.26( 0.39(-13)
800 6.91(-13) 6.42(-13) 9.01(-13)

1000 2.09(-12) 1.91(-12) 2.28(-12)
1200 4.82(-12) 4.32(-12) 4.77(-12)
1500 1.25(-11) 1.10(-11) 1.13(-11)
2000 3.85(-11) 3.29(-11) 3.23(-11)

a 9.51(-18) stands for 9.51× 10-18. b From ref 9.c From ref 10.

Figure 4. Plot of the calculated rate constants (cm3 molecule-1 s-1)
at the G3(MP2)//MP2/6-311G(d,p) level and available experimental
values vs 1000/T in 200-2000 K.
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predictions for the title reaction at higher temperatures. Thus,
to further describe the non-Arrhenius behavior of the rate
constants, the three-term expression of the typeATm exp(-b/
T) was fit to the CVT/SCT calculations. This yieldsk ) 2.53
× 10-25T4.3 exp(70/T) cm3 molecule-1 s-1 over the wide
temperature range 200-2000 K.

4. Conclusion

In this paper, the hydrogen abstraction reaction of CH3CCl3
by OH has been investigated by the ab initio direct dynamics
method. A hydrogen-bonded complex is present on the reactant
side, indicating that the reaction may proceed via an indirect
mechanism. The geometries, first derivatives, and frequencies
of the stationary points and points along the reaction path are
obtained at the MP2/6-311G(d,p) level of theory. A few of
single-point energy calculations are carried out by the G3(MP2)
method to improve the energy profile along the minimum energy
path calculated at the lower level. The rate constants are
calculated by using variational transition-state theory with the
interpolated single-point energies (VTST-ISPE) method. The
small-curvature tunneling contribution is included. Our calcula-
tions show that agreement with the experimental results both
for the rate constants and for the activation energy is good.
Three-parameter fits to the CVT/SCT rate constants for the
reaction over the interval 200-2000 K give the expression of
k ) 2.53 × 10-25T4.3 exp(70/T) cm3 molecule-1 s-1. It is
expected that the present theoretical study may be useful for
estimating the kinetics of the reactions over a wide temperature
range where no experimental data are available.
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