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The kinetic isotope effects, KIEs, for hydrogen abstraction from the isotopologs CH4, 13CH4, CH3D, and CD4
by chlorine atoms have been studied by the dual-level direct dynamics approach with the MORATE computer
program. Low-level calculations of the potential energy surface were carried out at the NDDO-SRP level (in
particular the AM1-SRP level), using two different sets of specific reaction parameters labeled SRP4 and
SRP13. High-level structural and energetic properties of the reactants, saddle point, and products were obtained
at the MP2-SAC and MP2 levels using the 6-311G(2d,d,p) basis set and were used to interpolate corrections
to the low-level calculations. The dual-level calculations were carried out using the ICL-Eckart improved
interpolated corrections algorithm. Tunneling was included by the microcanonical optimized multidimensional
tunneling (µOMT) method, and we find that large-curvature tunneling paths usually provide the dominant
contribution, with significant participation of excited vibrational states. Both rectilinear and curvilinear
coordinates were applied to the unsubstituted reaction. The12C/13C KIEs calculated at the MP2-SAC///SRP4
level using MP2 frequencies are in very close agreement with the experimental ones, with values of 1.07 and
1.06 at 243 and 297 K, respectively, as compared to experimental values of 1.07 at both temperatures. For
the reaction CH3D + Cl, the calculated H/D KIEs are equal to 1.55 and 1.45 at 223 and 296 K, while the
measured values are equal to 1.59 and 1.50, respectively. The H/D KIE for the reaction CD4 + Cl is calculated
to decrease from 11 to 4.7 as the temperature increases from 300 K to 450 K, whereas the experimental value
decreases from 12 to 3.9. We also make comparison with previous results for the unsubstituted reaction CH4

+ Cl.

1. Introduction
The last few years have witnessed great concern about

changes in the chemical composition of the Earth’s atmosphere,
and a significant amount of research has been devoted to this
question. One of the principal subjects of the recent studies is
methane.1,2 Methane is an important greenhouse gas whose
relative concentration in the stratosphere and troposphere is
affected by reaction with the radicals OH(2Π), O(1D), and Cl-
(2P). A very useful indicator of the sources and sinks of
methane in the environment is provided by measurements of
the 12/13CH4 ratios,1,2 and interpretation of these data requires
an understanding of the kinetic isotope effects (KIEs) of several
processes that lead to fractionation. Until recently the reaction
of CH4 with OH, which has a12/13C KIE equal to 1.005(
0.001,3a was considered the main sink process for CH4, but
recent atmospheric measurements of the12/13CH4 ratios showing
a higher fractionation of approximately 1.012 are not in
agreement with an exclusive OH contribution. In fact the
atmospheric chemistry of methane seems to be better modeled
in terms of a CH4 + Cl sink by using the experimental KIE of
1.066( 0.002 measured3b in the laboratory atT ) 297 K. A
second reason why the Cl+ CH4 reaction is atmospherically
important is that it converts Cl, an active ozone destroyer, into
inactive HCl.

Another KIE of the Cl+ CH4 reaction that has important
atmospheric implications is the ratio of the rate of reaction of
Cl with CH3D4-6 to the rate of reaction of Cl with CH4.
Approximately 99% of the partially deuterated methane in the
atmosphere is in the form of CH3D, and recent and accurate
measurements using tunable diode laser spectroscopy5 yield
values for the H/D KIEs decreasing from 1.59 to 1.51 as the
temperature increases from 223 K to 296 K. Another important
H/D KIE is that for the reaction between Cl and CD4, which is
not so well studied6,7 experimentally and has a value of the H/D
KIE equal to 12.2( 0.9 at room temperature.6

We have recently studied the kinetic isotope effect for several
reactions including13CH4 + OH and CD4 + OH,8 using
conventional and variational transition state theories (TST and
VTST) with tunneling included by multidimensional semiclas-
sical methods. Previous theoretical work on the Cl+ CH4 KIEs
is sparse.9 For the 12C/13C KIE, Tanaka et al.9a combined
electronic structure calculations at the MP2/6-311G(3d,2p) level
with conventional TST including Wigner and Eckart tunneling
corrections; they found, for instance, a12C/13C KIE of 1.026 at
300 K and a small temperature dependence. (MP2 denotes
Møller-Plesset second-order perturbation theory based on a
Hartee-Fock reference wave function.) On the other hand,
experimental measurements show values of this KIE varying
from 1.075 to 1.066 as the temperature varies from 223 to 297
K.3b Chen et al.9b calculated the KIE for CD3 + DCl f CD4

+ Cl, and this can, in principle, be combined with the
equilibrium isotope effect to yield a prediction for the Cl+
CD4 KIE. However, they did not provide their calculated value
of the equilibrium isotope effect.
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In addition to studying KIEs, we will calculate absolute rate
constants and compare them to several other theoretical
studies10-15 of 12CH4 + Cl and its reverse. In earlier work in
our group, the geometry and the frequencies of the transition
state were calculated with the MP2-SAC method with a 6-311G-
(2d,d,p) basis set.10 (Note: 6-311G and MC-311G are identical
for the systems considered here, and the reader should not be
confused that we used the latter notation in ref 10. Note also
that SAC denotes scaling all correlation energy.) This calcula-
tion yielded a classical barrier height of 7.9 kcal/mol and a zero-
point-inclusive barrier height (evaluated at the saddle point) of
4.8 kcal/mol. In a later study in our group, Gonzalez-Lafont et
al.11 used the same level of electronic structure calculations to
calculate rate constants at the dynamical level of canonical
variational theory (CVT) with small-curvature tunneling (SCT).
The calculations were carried out by second-order interpolated
variational transition state theory with permutation of vibrational
frequencies to align them for the most accurate possible
interpolation (IVTST-2P). The published rate constants agree
with experiment within a factor of about 2 over the whole 200-
500 K temperature range.
In the present study, a new version,16 denoted ICL-Eckart,

of the VTST-with-interpolated-corrections (VTST-IC) scheme,
for carrying out dual-level direct dynamics17-19 is used to
calculate thermal rate constants and KIEs for the reactions of
Cl with CH4, 13CH4, CH3D, and CD4. Potential energy surfaces
(PESs) are obtained using AM1-SRP semiempirical methods
for the low level, and ab initio MP2-SAC/6-311G(2d,d,p)
calculations are used for the high level to interpolate corrections
to low-level values of energetic quantities, vibrational frequen-
cies, and moments of inertia. (AM1-SRP denotes a combination
of AM1 general parameters and specific reaction parameters
(SRP) in a neglect-of-diatomic-overlap (NDDO) semiempirical
molecular orbital wave function; AM1 denotes Austin model
1.) Using the dual-level implicit PES, VTST calculations
including microcanonical optimized multidimensional tunneling
(µOMT) are used to calculate the forward and reverse reaction
rates and the KIEs. TheµOMT calculations are optimized at
each energy rather than just for the thermal average, and they
allow for small and wide corner cutting and the direct participa-
tion of excited vibrational motions in the tunneling dynamics.
In section 2 we summarize the methods used in this work.
Section 3 contains our results and makes comparison to previous
work.

2. Methods

2.1. Electronic Structure Calculations. In dual-level direct
dynamics, we use lower-level (LL) or low-cost calculations to
construct energies, gradients, and Hessians, as needed, of the
complete potential energy surface. Then a higher-level (HL)
method is applied in calculations on the critical elements of
the surface, in particular to obtain stationary point geometries,
frequencies, and energies which are used to interpolate correc-
tions to the LL potential energy surface, both in the valley along
the reaction path and also in the corner-cutting swath traversed
by the system during large-curvature tunneling.
In the present study the high level is the MP2-SAC/6-311G-

(2d,d,p) approach presented previously.10 In this method, we
use the triple split 6-311G20 basis set with polarization functions
having exponential parametersRp ) 0.75 for the hydrogen,Rd

) 0.626 for the carbon, andRd ) 1.04 and 0.34 for the chlorine
atom. Six Cartesian functions were used in the d sets.
Correlation energy is included for both core and valence-shell
electrons at the MP2 level. For the scaling factor of the SAC

method,10,21a value ofF ) 0.835 is used; this is the average of
the values of 0.84 determined from the H-Cl bond dissociation
energy and 0.83 determined10 from the H-C bond dissociation
energy with the chosen basis set. A main goal of the MPn-
SAC10,21 method is to make the theoretical energy difference
between reactants and products match closely with the experi-
mental one, so as to achieve a balanced treatment for the forward
and reverse rate constants. Theoretical treatments that yield
the correct energy of reaction are more likely to predict
qualitatively correct transition-state geometries. We shall
compare the calculated and experimental energies of reaction
in section 3.2.
For the low-level surface, calculations were performed using

the SRP approach.22,23 The philosophy of this method is that
we can achieve better results for energetics and structural and
dynamical properties for a specific reaction by using modified
(system-specific) NDDO parameters adjusted with the help of
experimental exoergicities, activation energies, or rate constants
or by using ab initio calculations. The modified parameters
are called specific reaction parameters (SRPs). It is important
in the VTST-IC method that the low-level method generates
reasonably accurate values for the structural quantities, especially
the stationary-point geometries but also the geometries along
the rest of the reaction path. In adjusting the parameters of the
AM1 method to achieve this goal for the Cl+ CH4 reaction,
four NDDO parameters were optimized23 by a genetic algorithm
to achieve as good as possible agreement with MP2/cc-pVDZ
calculations at either 4 or 13 geometries along the reaction path,
in both cases including the reactants, products, and saddle point.
The resulting sets of AM1-SRP parameters are called23 SRP4
and SRP13, respectively, in the rest of this paper. The present
study is the first time that these sets of parameters have been
used in variational transition state calculations.
The full potential energy surface (PES) was constructed first

at the AM1-SRP level and then “corrected” by an interpolation
algorithm described previously;17,19the use of two levels in this
way is called VTST-IC (VTST with interpolated corrections)
or dual-level direct dynamics. Values of the classical barrier
height, harmonic vibrational frequencies, and determinants of
the moment of inertia tensor were calculated from MP2-SAC/
6-311G(2d,d,p) calculations of the stationary points, i.e.,
reactants, products, and saddle point. These MP2-SAC/6-311G-
(2d,d,p) calculations were used to supply all high-level informa-
tion needed for the VTST-IC approach. The semiempirical
calculations were done using the MORATE24 code; MORATE
is an interface between the MOPAC25 electronic structure
package and the POLYRATE26 code. The MP2-SAC calcula-
tions were carried out with a locally modified version of the
GAUSSIAN 94 code,27 modified to allow geometry optimiza-
tions with SAC gradients.
2.2. Dynamics Calculations. The dynamics calculations

were carried out using variational transition state theory with
interpolated corrections, called VTST-IC or dual-level direct
dynamics. The reference path was taken to be the minimum
energy path (MEP) obtained by following the steepest descent
path of the potential from the saddle point in a mass-weighted
or mass-scaled coordinate system scaled to a reduced massµ,28

wheremi is the mass of the atomi, µ is an arbitrary scaling
mass, which in this work we set equal to 10.992 amu, which
equals the reduced mass for relative translational motion of
reactants in the perprotio case, andRiR is a Cartesian coordinate

xiR ) (mi

µ )1/2RiR (1)
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(R ) x, y, or z) of atomi. Geometries along the MEP on either
side of the saddle point were calculated using the Euler single-
step28,29method with steps of length 0.001a0 (0.0005 Å). The
values of the Hessians and the harmonic vibrational frequencies
along the path were calculated at intervals of 0.005a0 (0.0026
Å). The reaction coordinates is the signed distance along the
MEP through mass-scaled coordinates. For a canonical en-
semble, the variational rate constant for a bimolecular reaction
is given by28

where kGT(T,s) is the rate constant at temperatureT for a
generalized transition-state (GT or GTS) localized at a values
of the reaction coordinate;s*

CVT is the value ofs at whichkGT-
(T,s) has a minimum;σ is the symmetry factor30 that accounts
for the reaction path multiplicity (and for the perprotio or
perdeuterio reaction studied here has values of 4 and 2 for the
forward and reverse reaction, respectively); andΦR(T) and
QGT(T,s*

CVT) are the reactant and variational transition state
partition functions, with the former on a per unit volume basis.
The chlorine atom has two low-lying fine structure electronic
states,2P1/2 and 2P3/2, with a separation31 of ∆E ) 882 cm-1

due to spin-orbit coupling. It is particularly simple to account
for the effect of these states when only the ground electronic
state of the transition state is reactive,32 which is an excellent
approximation in the present case. In a case such as this the
effect of multiple electronic states is simply to multiply the rate
constants calculated for the ground electronic state of the
transition state by the statistical fraction of collisions that occur
on this potential surface. This fraction, called the multiple-
surface coefficient, is equal to the electronic degeneracy of the
ground state of the transition state divided by the electronic
partition function of the reactants. This is the same as the ratio
of the electronic partition function of the transition state to the
electronic partition function of the reactant under the assumption
that there are no low-lying electronically excited states of the
transition state. In the the present case the ground state of the
transition state is a doublet, and the multiple-surface coefficient
is given by

This factor decreases from 0.4996 at 200 K to 0.4384 at 1000
K and finally to one-third in the high-T limit.
In principle there is a second effect of the spin-orbit coupling

in addition to this statistical coefficient. This is the effect of
spin-orbit coupling on the barrier height. The simplest
assumption is that spin-orbit coupling is fully quenched at the
transition state, as in the F+ H2 reaction.33 This would raise
the barrier by 0.8 kcal (one-third of the spin-orbit splitting) as
compared to the nonrelativistic Born-Oppenheimer limit. This
latter effect is not usually included, and it will not be included
here since we do not know the geometry dependence of the
remaining spin-orbit effect. Furthermore the effect partly
cancels the incompleteness of the one-electron basis set and
the treatment of electron correlation, effects that we compensate
by the SAC method. In the future, as one uses larger and larger
basis sets and more complete treatments of electronic correlation,
we will eventually find that this spin-orbit effect is larger than
the uncertainty in the correlation energy, and it will be necessary

to include it for a complete understanding of the system. In
fact, it is interesting to notice that the quenching of the energetic
effect of the spin-orbit coupling is probably very general for
reactions of Cl and other halogen atoms; it follows mainly from
the increase inΣ-Π separation at the transition state, a general
effect, rather than from any system-specific variation of spin-
orbit matrix elements with geometry.
To account for quantum effects on the motion along the

reaction coordinate,kCVT(T) is multiplied by a ground-state
transmission coefficient34 κCVT/G, which accounts for tunneling
and nonclassical reflection effects. The quantized rate constant
is given by28,34

Several semiclassical tunneling approximations are used in this
present paper to illustrate their effect on the KIE calculations.
The minimum energy path semiclassical adiabatic ground-

state (MEPSAG) transmission coefficient is calculated by
assuming that the reaction path has negligible curvature so that
the tunneling path essentially coincides with it.34,35 The
transmission coefficients calculated by this approach are labeled
ZCT (zero-curvature tunneling). A more accurate approach,
which includes corner cutting on the concave side of the MEP
when the reaction-path curvature is small, is the centrifugal-
dominant small-curvature semiclassical adiabatic ground-state
approximation (CD-SCSAG) or for short SCT (small-curvature
tunneling approximation).8b,36a Another method especially
designed to treat cases with very large curvature of the reaction
path, most commonly encountered in thermoneutral bimolecular
or nearly thermoneutral bimolecular reactions with the heavy-
light-heavy mass combination, is the large-curvature ground-
state approximation, version 3, called LCG3 or LCT. This last
approach considers contributions from all straight-line tunneling
paths with equal pre- and post-tunneling reaction coordinate
components of the kinetic energy, and it also includes tunneling
directly into excited vibrational states in the exoergic direction
of reaction (and, therefore, by detailed balance, out of excited
vibrational states in the endoergic direction).36 Finally an
efficient approach well suited to intermediate-curvature cases
of tunneling is the microcanonical optimized muldimensional
tunneling (µOMT) approximation.37 In this method, the tun-
neling probability for each total energy is calculated by both
the SCT and LCT approximations, and whichever gives the
larger tunneling probability is accepted as the better result; then
the results are thermally averaged.
The vibrationally adiabatic ground-state potential curve is

given in the harmonic approximation by

where VMEP(s) is the electronic potential alongs, ωm(s) are the
generalized normal-mode frequencies at a givens, and the
second term accounts for the sum of the zero-point vibrational
energies (ZPVEs) of all the modes transverse to the reaction
path. For most results presented in this paper the generalized
normal-mode frequencies along the path are calculated using
rectilinear coordinates;28 in selected cases, we also carried out
the calculations using redundant curvilinear coordinates,38 and
the results are compared. All the VTST-IC reaction rate
constants calculations were carried out with MORATE.24

According to our dual-level notation,19 the calculations with
the SRP4 low level are denoted MP2-SAC/6-311G(2d,d,p)///
SRP4. In the rest of this paper though, we will use the shorter

kCVT(T) ) min kGT(T, s)

) σk̃T
QGT(T, s*

CVT)

ΦR(T)
e-V MEP

CVT/k̃T (2)

Qelec
GT/R ) 2

4+ 2 exp(-∆E/k̃T)
(3)

kCVT/G(T) ) κ
CVT/G(T) kCVT(T) (4)

Va
G(s) ) VMEP(s) +

1

2
p ∑
m)1

3N-7

ωm(s) (5)
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name SRP4-IC. We also performed calculations in which we
used MP2/6-311G(2d,d,p) frequencies instead of MP2-SAC
frequencies. The full name for such a calculation, according
to systematic nomenclature,19 would be MP2-SAC/6-311G-
(2d,d,p)[MP2/6-311G(2d,d,p)]///SRP4 when SRP4 is the low
level and MP2-SAC/6-311G(2d,d,p)[MP2/6-311G(2d,d,p)]///
SRP13 for the other low level. However, again we will use
simpler notations since there is no possibility of confusion,
namely, SRP4[MP2]-IC and SRP13[MP2]-IC.
2.3. Kinetic Isotope Effects. The12C/13C KIE for the CH4

+ Cl reaction is defined in this work as the ratio12k/13k, where
12k is the rate constant for the unsubstituted methane, and13k is
that for the substituted isotopolog. In the case of the deuterated
reaction, the H/D KIE is the ratio between the rate constants of
the unsubstituted and tetradeuterated methane. When the value
of the KIE with the rate constant for the lighter isotopolog in
the numerator is greater than unity, it is callednormal; otherwise
it is called inVerse.39 Kinetic isotope effects have long been
used to infer properties of transition states by assuming that
the dynamical bottlenecks of reactions involving different
isotopes are the same. In addition tunneling effects are often
neglected. However these approximations can lead to significant
errors.40 In this work neither of these assumptions is made.
Instead we use the CVT/G methods discussed in section 2.2.

3. Results and Discussion

3.1. Literature Summary. In addition to the work men-
tioned in the Introduction, the reader should note four other
recent theoretical studies.
Dobbs and Dixon12 optimized the saddle point geometry and

calculated its frequencies at the MP2/TZ(2d,2d,2p) level, and
they calculated a higher level energy at this geometry by using
the QCISD(T)/QZ(3d1f,3d2f,2p1d) level. (TZ and QZ denote
triple zeta and quadruple zeta, respectively, and QCISD(T)
denotes quadratic configuration interaction with perturbation
treatment of connected triple substitutions.) They calculated
forward reaction rates using conventional TST, including
Wigner’s lowest order, unidimensional tunneling correction.
With these large basis sets and high levels of theory, they
obtained a classical barrier of 8.9 kcal/mol and a zero-point-
corrected barrier height of 4.9 kcal/mol. Their final published
rate constants, including tunneling corrections as large as 4.4
at 200 K and 1.55 at 300 K, are in good agreement with
experiment at 500 K but too low by a factor of about 10 at 200
K. In this regard, we note that Wigner’s tunneling correction
is unjustified when it exceeds∼1.5, and it is particularly
unreliable for the present heavy-light-heavy mass combina-
tion.
Duncan and Truong13 calculated the transition-state geometry

and frequencies by density functional theory (DFT) with a
6-311G(d,p) basis set, and they also used this level to calculate
geometries and frequencies along a reaction path. Higher level
energies at the saddle point and along the reaction path were
calculated at the PMP4/6-311+G(2df,2pd) level. (PMP4 de-
notes spin-projected Møller-Plesset fourth-order perturbation
theory based on a Hartree-Fock reference wave function.) This
yielded a classical barrier height of 7.9 kcal/mol and a zero-
point-inclusive barrier height (evaluated at the saddle point) of
3.55 kcal/mol. They calculated the rate constants at a higher
level of dynamical theory than previous workers, namely, full
canonical variational theory with small-curvature tunneling
(CVT/SCT), and their final published rate constants are lower
than experiment by factors of about 10 and 1.7 at 200 K and at
500 K, respectively.

Espinosa-Garcia and Corchado14have carried out rate constant
calculations at an even higher dynamical level, namely, CVT
with canonically optimized multidimensional tunneling (CVT/
COMT); in the COMT approach one carries out the thermally
averaged calculations by both SCT and large-curvature-tunnnel-
ing (LCT) approximations and accepts the larger of the two
results. Espinosa-Garcia and Corchado based their calculations
on an analytical potential energy surface that they fitted to MP2-
SAC calculations reported earlier from our group and to
experimental vibrational frequencies. This led to a classical
barrier height of 8.1 kcal/mol and a zero-point-corrected barrier
height of 4.4 kcal. The resulting calculated rate constants agree
with experiment within about 40% over the whole 200-500 K
temperature range. One difficulty in comparing the various
previous calculations is that apparently only Espinosa-Garcia
and Corchado included spin-orbit effects on the reactant
partition coefficient correctly. These authors also have reported
values of the KIEs for the reaction CD4 + Cl; their H/D ratios
are too high when compared with the experimental ones.
In a more recent study Jursic15 reported calculations at

different levels of density functional and many-body perturbation
theories to obtain the forward and reverse classical barrier and
heat of reaction. The best result for the forward and reverse
classical barrier heights was achieved at the MP2 level using
the 6-311G(2df,p) basis set, which yielded values of 9.0 and
1.9 kcal/mol, respectively. It is difficult to estimate the
reliability of these calculations because the geometries were
obtained using the 6-31G(d) basis set, which is a small one. In
addition the frequencies and zero-point vibrational energies
(ZPVEs) were not calculated.
3.2. Structural and Energetics Properties. Optimized

structures of HCl, CH3, and CH4 were calculated at the highest
possible symmetry for each species, i.e., for CH4 (Td), CH3 (D3h),
and HCl (C∞V), using the AM1, SRP4, SRP13, and MP2-SAC
methods. The resulting bond lengths are compared in Table 1,
and the harmonic vibrational frequencies and ZPVEs obtained
at the three semiempirical levels and at the two 6-311G(2d,d,p)
levels are listed in Table 2. In both tables we also list
experimental41,42 values for comparison. Although the SRP
geometries and vibrational frequencies in these tables are not

TABLE 1: Optimized Bond Lengths (in Å)

species bond AM1 SRP4 SRP13 MP2a
MP2-
SACa expt

HCl(C∞V) H-Cl 1.284 1.296 1.289 1.275 1.276 1.2746b

CH3(D3h) C-H 1.080 1.087 1.087 1.079 1.080 1.079c

CH4(Td) C-H 1.112 1.106 1.105 1.089 1.091 1.091

a Values already reported in ref 10.bRef 41.cRef 42.

TABLE 2: Harmonic Normal-Mode Vibrational Frequencies
(in cm-1) and ZPVE Energies (kcal/mol) for the Species
CH4, CH3, and HCl

species mode expt AM1 SRP4 SRP13 MP2a MP2-SAC

HCl σ 2991b 2658 2641 2589 3048 3030
ZPVE 4.3 3.8 3.8 3.8 4.4 4.3

CH3 a1′ 3002b 3252 3291 3285 3176 3165
a2′ 580 780 961 1043 426 436
e′ 3184 3249 3293 3260 3369 3361
e′ 1383 1348 1306 1268 1452 1441
ZPVE 18.2 18.9 19.2 19.1 18.9 16.9

CH4 a1 2917c 3216 3297 3303 3080 3065
e 1534 1412 1324 1236 1582 1565
t1 3019 3189 3162 3162 3218 3210
t2 1306 1380 1372 1367 1364 1346
ZPVE 27.1 27.9 28.1 27.7 28.6 25.4

a Values already reported in ref 10.bRef 41.cRef 42.
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better than the original AM1 parametrization, when compared
to experimental data and ab initio calculations, the SRP surfaces
are preferred because of their improved23 energetics.
Transition-state structures and vibrational frequencies are

listed in Tables 3 and 4, respectively, together with results
obtained by others. The SRP4 and SRP13 surfaces differ
significantly as far as the asymmetry of the saddle point
geometry. This allows us to test the sensitivity of the results

to the geometry of the lower level surface. The transition-state
structure as calculated at the MP2-SAC/6-311G(2d,d,p) level
is shown in Figure 1. Using the MP2 or MP2-SAC results as
a reference, we conclude that the SRP4 and SRP13 calculations
yield accurate enough geometries and frequencies to serve as
lower levels. We note, however, another significant difference
between the SRP4 and SRP13 potential energy surfaces;
although the latter is parametrized to give better global
properties, the former apparently gives a more accurate imagi-
nary frequency at the saddle point.
It is perhaps of some interest to note the close agreement

between the values of the imaginaries frequencies calculated
here and the empirical value of 972i cm-1 obtained43 by the
BEBO method, although the BEBO method is very sensitive
to its parameters, and such agreement cannot be expected in
general.
The values for the classical forward barrier (∆Vf

‡) and
reverse barrier (∆Vr

‡) are listed in Table 5. The unmodified
AM1 method gives a negative barrier height, but the AM1-
SRP barriers are considerably improved by the adjustment of
the NDDO parameters. In Table 6 are the values for the
classical forward barrier (∆Vf

‡), classical endoergicity (∆E),
heat of reaction at 0 K (∆H0), and vibrationally adiabatic
ground-state barrier height evaluated at the saddle point
(∆Va,f

G‡) obtained by the MP2-SAC method. (Note that the
latter is sometimes called the ZPVE-corrected barrier height.)
Equivalent quantities for the reverse reaction are also included
along with experimental data44-46 and values inferred21a from
experimental data. The theoretical heat of reaction at 298 K
was roughly estimated from the calculated values of∆H0 by
adding 0.6 (the value ofRT at 298 K), and we find excellent
agreement with the experimental values (1.89( 0.10 kcal/
mol).44

Transition-state vibrational frequencies and the saddle-point
values of ZPVE for the isotopologs CH4Cl, 13CH4Cl, CH3DCl,
CDH3Cl, and CD4Cl are listed in Table 7. The saddle point
harmonic vibrational frequencies for isotopologs12CH4Cl and
13CH4Cl are very similar to each other, showing, for instance,
imaginaries frequencies with values of 950i and 940i cm-1,
respectively.
3.3. Chemical Dynamics Results.Figure 2 shows the

classical potential energy profile,VMEP(s), and the vibrationally
adiabatic ground-state potential curve,V a

G(s), and Figure 3
illustrates how the geometry varies withs. The present study
predicts a variational transition state that is a bit shifted toward
the region of the products, for example a value fors*

CVT equal
to 0.045 Å at 300 K in the SRP4-IC calculation and 0.040 Å at
300 K in the SRP4[MP2]-IC calculation.

TABLE 3: Transition-State Structuresa

methods R1 R2 R3 R

AM1 1.540 1.264 1.104 104.4
SRP4 1.500 1.398 1.096 99.4
SRP13 1.410 1.411 1.098 100.4
MP2/TZ+2Pb 1.375 1.452 1.078 101.2
DFT/6-311G(d,p)c 1.431 1.443 1.077 100.6
MP2d 1.447 1.370 1.085 101.6
MP2-SACd 1.431 1.388 1.086 101.2

aR1, R2, and R3 are respectively the Cl-H(4), H(4)-C(1), and
C-H(2) distances in Å, andR is the H(4)-C-H(2) bond angle in
degrees; see Figure 1 for a precise specification. The transition state
has C3V symmetry.b Ref 12.c Ref 13.d Calculations with the
6-311G(2d,d,p) basis set; these were first reported in ref 10.

Figure 1. Transition-state structure for the reaction CH4 + Cl (C3V
symmetry).

Figure 2. Classical potential energy curve,VMEP(s), and vibrationally
adiabatic ground-state potential energy curve,Va

G, as functions of the
reaction coordinates calculated using rectilinear coordinates by the
SRP4[MP2]-IC method.

Figure 3. Value of the breaking bond distance as a function of reaction
coordinate in SRP4[MP2]-IC calculation.
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In Tables 8 and 9 we compare rate constants calculated by
several methods. In the CVT/LCT calculations, the reacting

system is alowed to tunnel directly into all energetically
accessible vibrationally excited states in the exoergic direction;
the transmission coefficient in the endoergic direction is obtained
by detailed balance.36 When we use rectilinear coordinates with
the SRP4[MP2]-IC implicit potential surface, we find that LCT
rate constants are larger than SCT ones. Nevertheless, when
the rate constants are calculated at the SRP4-IC or the SRP13-
[MP2]-IC level, the CVT/SCT rates are larger than at the CVT/
LCT ones. These results show that we cannot draw definitive
conclusions about the dominant mode of tunneling until we carry
out calculations that are converged with respect to the low level
for paths that cut across the swath28,50,51region.
In Table 8 we also compare the results of VTST-IC

calcualtions using rectilinear and curvilinear coordinates. At
theµOMT level, differences are 10-35%. The rate constants
obtained using rectilinear coordinates are larger than those
calculated with curvilinear coordinates, and they are in better
agreement with the experimental results than those calculated
using curvilinear coordinates. We assume that such a situation
results from a cancellation of errors since curvilinear coordinates
are more physical. The rate constants obtained in the present
calculations agree with experiment better than previous calcula-
tions,12,13,22 but it is not clear to what extent this agreement

TABLE 4: Comparison fo the Values for the Transition-State Vibrational Frequencies (cm-1) and ZPVE (kcal/mol) Obtained
Here and by Espinosa-Garcia and Corchado,14 Dobbs and Dixon,12 and Duncan and Truong13

mode MP2-SACa MP2a AM1 SRP4 SRP13 APESb MP2c BH&HLYP d

ν1(a′) 3118 3131 3189 3258 3238 2960 3132 3162
ν2(a′) 1227 1223 1441 1452 1446 1190 1213 1211
ν3(a′) 572 519 496 604 536 543 511 541
ν4(e) 3295 3303 3144 3238 3191 3022 3305 3328
ν5(e) 1441 1457 1360 1311 1274 1419 1448 1468
ν6(e) 874 923 1094 794 805 1102 958 920
ν7(e) 324 337 190 174 140 344 378 385
ν‡(a′) 950i 1163i 922i 943i 1163i 1196i 1262i 996i
ZPVE 24.0 24.2 23.9 23.4 22.9

aCalculations with the 6-311G(2d,d,p) basis set as already reported in ref 10.b Analytical potential energy surface; ref 14.cCalculated using a
(TZ + P) basis set; ref 12.dDensity functional theory with Becke’s half-and-half exchange and Lee-Yang-Parr nonlocal correlation functional
using the 6-311(d,p) basis set; ref 13.

TABLE 5: Values of the Forward (∆Vf
‡) and Reverse (∆Vr

‡)
Classical Barriers (in kcal/mol) Using the AM1, AM1-SRP,
and MP2-SAC Methods

barrier AM1 SRP4 SRP13 MP2-SAC

∆V f
‡ -6.30 10.86 10.10 7.96

∆V r
‡ -8.56 1.08 1.02 1.20

TABLE 6: Energetic Properties (in kcal/mol) of the
Reaction

MP2-SACa expt

∆E 6.79 6.40b

∆H0 1.20
∆H298 1.80 1.89c

∆V f
‡ 7.96

∆V a,f
G‡ 3.56 3.5d

∆V r
‡ 1.17

∆V a,r
G‡ 1.96 1.5e

a Since the results in this table involve only stationary points, the
AM1-IC, SRP4-IC, and SRP13-IC results are all identical to the MP2-
SAC ones.bRef 21a.cRef 44.dRef 43.eRef 45.

TABLE 7: Transition-State Vibrational Frequencies (cm-1) and ZPVE (in kcal/mol) for the Isotopomers CH4Cl, 13CH4Cl,
CH3DCl, CDH3Cl, and CD4Cl

MP2-SAC MP2

mode ClHCH3 ClH13CH3 ClDCH3 ClDCD3 ClHCH3 ClH13CH3 ClDCH3 ClDCD3

ν1(a′) 3118 3117 3115 2214 3131 3130 3131 2224
ν2(a′) 1227 1218 1147 1056 1224 1215 1166 949
ν3(a′) 572 565 553 484 519 511 510 458
ν4(e) 3295 3282 3293 2451 3303 3290 3303 2457
ν5(e) 1441 1436 1440 956 1457 1452 1457 1067
ν6(e) 874 872 738 631 923 921 781 667
ν7(e) 324 266 324 232 336 336 284 240
ν‡(a′) 950i 940i 748i 746i 1162i 1155i 888i 881i
ZPVE 24.0 21.4 20.8 15.8 24.2 21.4 21.0 16.0

mode
MP2-SAC
ClHCDH2

MP2
ClHCDH2

ν1 3295 3303
ν2 3188 3199
ν3 2362 2370
ν4 1429 1445
ν5 1214 1229
ν6 1174 1165
ν7 873 921
ν8 815 855
ν9 550 506
ν10 323 334
ν11 274 284
ν‡ 946i 1158i
ZPVE 19.8 19.9
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results from fortuitous cancellation of error. The checks against
KIEs (presented below) will provide a more difficult test of
theory.

Calculated thermal forward rate constants for the CH4 + Cl
reaction at temperatures from 200 to 1000 K are listed in Table
9 and compared to experimental43,45,47,48ameasurements. In
Table 9 is also shown how the LCT results change when direct
tunneling involving excited vibrational states is or is not
included. The experimental results cited as Russell et al.45 and
DeMore et al.47 are fits to various previous experimental studies,
which are in excellent agreement. The most recent data are
from Pilgrim et al.,48a and their values of the rate constants in
the range 400-600 K are in close agreement with the former
measurements. The calculations agree with experiment43,45,47,48

within a factor of 2.

Various types of tunneling calculations are also possible with
an analytic potential energy surface, which, however, is seldom49

available for system with many atoms. In the present case,
though, an analytic surface was developed by Espinosa-Garcia
and Corchado.14 We can compare our results using rectilinear
coordinates to theirs for both SCT and LCT tunneling. Com-
paring Table 9 of the present paper to Table II of ref 14 shows
that at the CVT/LCT level our SRP4[MP2]-IC results and their
results agree within a factor decreasing from 2.7 at 200 K to
0.6 at 1000 K. However their data at the LCT level exceed
their rates at the SCT level by factors of 14, 7, 4, 3, and 2 at
200, 250, 300, 400, and 500, respectively. As a consequence,
their LCT rates exceed ours by factors of 2.7, 1.7, and 1.3 at
200, 250, and 300 K, respectively.

TABLE 8: Forward Rate Constants for the CH4 + Cl Reaction Using the AM1-SRP4 and AM1-SRP13 Sets of Parameters and
Rectilinear and Curvilinear Coordinatesa

rectilinear curvilinear

TST CVT ZCT Tb µOMTc CVT ZCT Tb µOMTc

SRP4-IC
200 2.0(-15) 1.2(-15) 3.0(-15) 3.7(-15) 5.4(-15) 9.4(-16) 2.5(-15) 2.9(-15) 4.0(-15)
300 4.5(-14) 3.1(-14) 4.8(-14) 5.3(-14) 6.7(-14) 2.7(-14) 4.2(-14) 4.6(-14) 5.5(-14)
500 8.1(-13) 6.4(-13) 7.5(-13) 7.7(-13) 8.5(-13) 5.8(-13) 6.8(-13) 7.0(-13) 7.6(-13)

SRP4[MP2]-IC
200 1.9(-15) 1.3(-15) 3.3(-15) 5.4(-15) 5.6(-15) 1.1(-15) 2.7(-15) 4.3(-15) 4.4(-15)
300 4.4(-14) 3.4(-14) 5.1(-14) 6.7(-14) 6.9(-14) 3.0(-14) 4.5(-14) 5.8(-14) 5.9(-14)
500 7.9(-13) 6.5(-13) 7.6(-13) 8.5(-13) 8.6(-13) 5.9(-13) 6.9(-13) 7.7(-13) 7.8(-13)

SRP13[MP2]-IC
200 1.9(-15) 1.9(-15) 5.8(-15) 1.2(-14) 1.4(-14) 1.8(-15) 4.7(-15) 9.7(-15) 1.1(-14)
300 4.4(-14) 4.4(-14) 7.1(-14) 1.1(-13) 1.2(-13) 4.1(-14) 6.2(-14) 9.1(-14) 9.7(-14)
500 7.9(-13) 7.9(-13) 9.3(-13) 1.1(-12) 1.1(-12) 7.1(-13) 8.3(-13) 9.6(-13) 9.9(-13)
a In tables, to save space, ZCT denotes CVT/ZCT, SCT denotes CVT/SCT, LCT denotes CVT/LCT, andµOMT denotes CVT/µOMT. b The T

column gives LCT results for SRP4-IC and SRP13[MP2]-IC, and it gives SCT results for SRP4[MP2]-IC.c µOMT is identical (to three significant
figures) to SCT for SRP4-IC and SRP13[MP2]-IC and to LCT for SRP4[MP2]-IC.

TABLE 9: Forward Rate Constants for the CH4 + Cl Reaction from Calculations and from Experiment

rectilinear, SRP4[MP2]-IC experiment

T (K) TST CVT ZCT SCT µOMTa ref 43 ref 45 ref 47 ref 48a

200 1.9(-15) 1.3(-15) 3.3(-15) 5.4(-15) 5.6(-15) 1.1(-14) 1.1(-14)
3.9(-15)b

250 1.2(-14) 9.0(-15) 1.6(-14) 2.3(-14) 2.4(-14) 4.1(-14) 4.3(-14)
1.8(-14)b

300 4.4(-14) 3.4(-14) 5.1(-14) 6.7(-14) 6.9(-14) 1.0(-13) 9.4(-14) 1.0(-13) 9.3(-14)
5.5(-14)b

400 2.5(-13) 2.0(-13) 2.5(-13) 3.0(-13) 3.1(-13) 3.5(-13) 3.4(-13) 3.1(-13) 3.0(-13)
2.6(-13)b

500 7.9(-13) 6.5(-13) 7.6(-13) 8.5(-13) 8.6(-13) 8.8(-13) 7.5(-13) 8.2(-13) 6.5(-13)
7.8(-13)b

600 1.9(-12) 1.6(-12) 1.7(-12) 1.9(-12) 1.9(-12) 1.7(-12)
1.8(-12)b

1000 1.5(-11) 1.3(-11) 1.4(-11) 1.4(-11) 1.4(-11)b
1.4(-11)

a For all cases in this table, CVT/LCT and CVT/µOMT are identical to three significant figures.b The lower entry is the result obtained by
CVT/LCT or CVT/µOMT if tunneling is allowed only into the vibrational ground state in the exoergic direction of reaction.

TABLE 10: Forward Activation Energies (kcal/mol)

T (K)

200-300 300-500 500-600 1000-1500

SRP4[MP2]-IC
CVT 3.86 4.41 5.21 8.33
CVT/ZCT 3.28 4.02 4.94 8.20
CVT/SCT 3.01 3.78 4.74 8.10
CVT/LCT 2.99 3.76 4.72 8.09
CVT/µOMT 2.99 3.76 4.72 8.09

SRP13[MP2]-IC
CVT 3.72 4.30 5.12 8.08
CVT/ZCT 3.00 3.84 4.78 7.99
CVT/SCT 2.55 3.42 4.44 7.81
CVT/LCT 2.59 3.48 4.50 7.85
CVT/µOMT 2.55 3.42 4.44 7.81

IVTSTa

TST 3.70 4.35 5.20 8.90
CVT/2GP 3.90 4.50 5.25 8.25
CVT/ZCT-2GP 3.50 4.10 5.20 8.10
CVT/SCT-2GP 3.30 4.00 4.70 7.90

Experimental
ref 43 2.6( 0.4 3.5( 0.5
ref 45 3.1( 0.3

aRef 11.
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Table 10 shows activation energies computed as local slopes
of Arrhenius plots in order to provide the most appropriate
comparison to experiment. In the temperature range important
for atmospheric chemistry, 200-300 K, the calculated activation
energies at the CVT/µOMT dynamical level agree with experi-
ment43 within experimental error. Table 10 provides a useful
antidote to the still current impression that the experimentally
observed activation energy is a good zero-order estimator of
the barrier height. Our calculations, with a classical barrier
height of 8.0 kcal/mol yield good agreement with experiment
for both rate constants and activation energies, even though the
experimental activation energy is 41/2-51/2 kcal/mol lower than
our classical barrier height.
Calculated rate constants for the reverse reaction, CH3 + HCl,

are listed in Table 11, where they are compared to the
experiments of Russell et al.45 Earlier experimental data have
been reviewed by Russell et al.45 and Pohjonen and Kaskikal-
lio.46 Our CVT/µOMT values obtained at the SRP4[MP2]-IC
level are lower than the experimental ones by factors of only
0.9, 1.5, and 1.6 at the temperatures of 300, 400, and 500 K.
The theoretical values of the reverse activation energies are
shown in Table 12 and are in good agreement with the
experimental ones.
Based on either the activation energies or the rate constants

and comparing the present results to those of refs 45 and 46,
we see that our CVT/µOMT systematically understimate the
rate constants and ovestimate the activation energy for the
forward reaction. Using the results at 400-500 K, where

possible errors in the tunneling estimates (due, for example, to
using semiclassical methods or due to intrinsic limitations of
the low-level PES calculated at the AM1-SRP level) are less
important than at room temperature, one might conclude that
the MP2-SAC barrier is high, but only by about 0.2-0.6 kcal/
mol. If, however, we accept the results of ref 45 for the reverse
reaction, our barrier height appears to be about 0.5 kcal/mol
too low. Since MP2-SAC calculations typically overstimate
barrier heights (however, neglect of the spin-orbit effect will
partly compensate that systematic error) and since the experi-
mental data are much more consistent for the forward reaction,
the former scenario may be more likely. In any event the results
agree with experiment with an accuracy that is within or close
to the experimental reliability, at least at room temperature and
above.
To gain a better understanding of the relationship among the

various theoretical treatments in this and previous studies, we
made an attempt to compare them in a consistent fashion, and
the results of this analysis are presented in Table 13. First of
all, we multiplied the results of refs 11 and 12 by the correct
multiple-surface coefficient to put them on the same basis as
the calculations of ref 14 and the present paper, which properly
include this effect. We do not understand the “spin-orbit
correction” of Duncan and Truong,13 which is unexpectedly
small, in particular, equal to 0.03 at 200 K; this appears to be
an error. Fortunately those authors published enough informa-
tion for us to remove the wrong “spin-orbit correction” and
include the correct multiple-surface coefficient. We did this
for Table 13. Thus all results in Table 13 are based on a correct
treatment of the multiple-surface effect. In addition Table 13
compares the various calculations at the level of conventional
TST as well as, for each reference, the final (highest) dynamical
level of that reference.
First consider the conventional TST results of Table 13. At

all the temperatures the conventional TST rate constants are in
the order DD< EC< GTT < DT. One might expect that, at
the conventional TST level, the rate constants would be ordered
in approximately inverse order to the zero-point-corrected barrier
height. And in fact, with only one calculation out of order,
this is borne out: DD, 4.9 kcal; EC, 4.4 kcal; GTT, 4.8 kcal;
DT, 3.55 kcal.
Next consider the effect of higher level dynamical treatments.

Now the calculations divide into two groups. The GTT, DT,
and present calculations havekfinal/kTST e 3 at 200 K and have
0.7 e kfinal/kTST e 1.6 at 300-1000 K. The other two
calculations show much larger dynamical effects. This is

TABLE 11: Reverse Rate Constants (in Rectilinear Coordinates) for the HCl+ CH3 Reaction at Two Levels of Calculations
and Experimental Values

theory experiment

T (K) TST CVT ZCT SCT LCT µOMT ref 45 ref 46

SRP4[MP2]-IC
200 1.1(-14) 7.8(-15) 1.9(-14) 3.2(-14) 3.3(-14) 3.3(-14)
250 2.6(-14) 1.9(-14) 3.4(-14) 4.9(-14) 5.1(-14) 5.1(-14)
300 4.5(-14) 3.4(-14) 5.2(-14) 6.9(-14) 7.0(-14) 7.0(-14) 4.8(-14) 6.6(-14)
400 9.3(-13) 7.5(-14) 9.5(-14) 1.1(-13) 1.1(-13) 1.1(-13) 8.6(-14) 1.6(-13)
500 1.5(-13) 1.3(-13) 1.5(-13) 1.7(-13) 1.7(-13) 1.7(-13) 1.2(-13) 2.8(-13)
600 2.3(-13) 1.9(-13) 2.1(-13) 2.3(-13) 2.3(-13) 2.3(-13)
1000 7.1(-13) 6.0(-13) 6.3(-13) 6.5(-13) 6.5(-13) 6.5(-13)

SRP13[MP2]-IC
200 1.1(-14) 1.1(-14) 3.4(-14) 7.9(-14) 7.1(-14) 7.9(-14)
250 2.6(-14) 2.6(-14) 5.2(-14) 9.8(-14) 8.9(-14) 9.8(-14)
300 4.5(-14) 4.5(-14) 7.3(-14) 1.2(-13) 1.1(-13) 1.2(-13) 4.8(-14) 6.6(-14)
400 9.3(-13) 9.3(-14) 1.2(-13) 1.6(-13) 1.6(-13) 1.6(-13) 8.6(-14) 1.6(-13)
500 1.5(-13) 1.5(-13) 1.8(-13) 2.2(-13) 2.1(-13) 2.2(-13) 1.2(-13) 2.8(-13)
1000 7.1(-13) 6.6(-13) 6.7(-13) 7.1(-13) 7.0(-13) 7.1(-13)

TABLE 12: Reverse Activation Energies (kcal/mol)

T (K)

250-350 500-600 1000-1500

SRP4[MP2]-IC
CVT 1.77 2.44 5.72
CVT/ZCT 1.31 2.16 5.59
CVT/SCT 1.04 1.97 5.48
CVT/LCT 1.02 1.95 5.48
CVT/µOMT 1.02 1.95 5.48

SRP13[MP2]-IC
CVT 1.67 2.35 5.47
CVT/ZCT 1.07 2.01 5.38
CVT/SCT 0.63 1.67 5.20
CVT/LCT 0.68 1.76 5.24
CVT/µOMT 0.63 1.67 5.20

Experimental
ref 45 1.4a

a 296-495 K.
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perhaps not surprising for the DD calculation since the one-
dimensional tunneling calculation they used is known to be
unreliable. The results of Espinosa-Garcia and Corchado are
more surprising because they found that the LCT tunnneling
result is a factor of 75 at 200 K, whereas our results for that
ratio (see Table 13) range from 2.9 to 7.3, depending on which
low-level surface and which high-level frequencies are used.
Resolution of this discrepancy would be an interesting subject
for further work.

3.4. Kinetic Isotope Effects. Values of the theoretical12C/
13C KIEs for the forward reaction are listed in Table 14. There
is limited experimental data with which to compare our
calculations, but nevertheless these data provide a critical test
of the correctness of our model. In particular we see that the
present calculations are in reasonably good agreement with the
available experimental results, especially as compared to
conventional TST or TST with the Wigner correction. The
calculations using MP2 frequencies agree with experiment better
than those with MP2-SAC frequencies. It is therefore an open
question whether the SAC approach, which is very successful
for improving energy predictions along a reaction path, should
also be used for frequencies.

The conventional TST results for the12C/13C KIEs in the
present study are reasonably similar to the conventional TST
results calculated by Tanaka et al.9a at the MP2/6-311G(3d,2p)
level. In particular, at the conventional TST level, our calculated
KIE decreases from 1.028 to 1.021 over the 200-300 K range,
whereas their value is about 0.006 smaller over the whole
temperature interval. They neglected variational effects and
made a one-dimensional tunneling correction that increases their
calculated KIE by about 0.006, as a consequence of which it
agrees very well with our uncorrected TST value. But since
variational effects and multidimensional tunneling effects are
significant, our conventional TST results and their results both
underestimate the KIEs by about 4%.
In the case of AM1-IC, exploratory calculations (not tabulated

here) show that the original NDDO parametrization predicts an
inverse kinetic isotope effect for the12C/13C KIE process at the
CVT level, and from these results we can conclude that the
AM1 method without reparametrization is not accurate and
reliable enough to study this present reaction. This provides a
dramatic example of the power of the SRP approach.
The kinetics of the reaction CH3D + Cl are controlled by

the contributions of two partial reactions. One reaction is CH3D

TABLE 13: Theoretical Forward Rate Constants (cm3 molecule-1 s-1)

kTST kfinal kfinal/kTST

T (K) GTT, thisa,b DDc DTd ECe GTTa DDc DTd ECc this GTT DD DT EC this

200 1.9(-15) 2.8(-17) 5.9(-15) 2.0(-16) 3.1(-15) 5.0(-16) 1.8(-14) 1.5(-14) 5.6(-15) 1.6 18 3.0 75 2.9
300 4.4(-14) 1.6(-15) 7.7(-14) 9.4(-15) 4.9(-14) 1.7(-14) 1.2(-13) 8.8(-14) 6.9(-14) 1.1 10.1 1.6 9.4 1.6
500 7.9(-13) 6.3(-14) 8.1(-13) 2.8(-13) 7.1(-13) 3.9(-13) 9.3(-13) 6.4(-13) 8.8(-13) 0.9 6.2 1.2 2.3 1.1
1000 1.5(-11) n.r.f 1.0(-11) 7.4(-12) 1.1(-11) n.r. 1.0(-11) 8.2(-12) 1.4(-11) 0.7 n.r. 1.1 1.1 0.9

aRef 11 with rate constants multiplied by eq 3.b At the level of conventional TST the present results (which are labeled “this”) are identical to
those of ref 11 when the multiple-surface coefficient is included in both calculations.cRef 12 with rate constants multiplied by eq 3.dRef 13 with
“no S.O. coupling” results multiplied by eq 3.eRef 14. f n.r. ) not reported.

TABLE 14: Values of the Kinetic Isotope Effects for Hydrogen Abstraction from 13CH4, CH3D, and CD4 by Chlorine Atoms at
the AM1-SRP4[MP2]-IC Level of Calculation

T (K) TST TST/W CVT ZCT SCT LCT µOMT expt

(12CH4 + Cl)/(13CH4 + Cl)
200 1.028 1.037 1.067 1.085 1.114 1.091 1.091
223 1.026 1.034 1.061 1.075 1.099 1.080 1.080 1.075( 0.005a

243 1.024 1.032 1.057 1.068 1.090 1.072 1.072 1.069( 0.004a

263 1.023 1.031 1.054 1.063 1.082 1.066 1.066 1.070( 0.004a

297 1.021 1.028 1.049 1.056 1.072 1.057 1.057 1.066( 0.002a

500 1.013 1.017 1.033 1.035 1.041 1.035 1.035
1000 1.006 1.007 1.023 1.023 1.025 1.023 1.023

(CH4 + Cl)/(CH3D + Cl)
200 1.51 1.52 1.60 1.64 1.66 1.51 1.51
223 1.48 1.50 1.55 1.64 1.60 1.47 1.47 1.59( 0.06b

243 1.46 1.48 1.52 1.54 1.55 1.44 1.44 1.59( 0.05b

263 1.45 1.46 1.49 1.50 1.51 1.42 1.42 1.57( 0.05b

296 1.42 1.43 1.44 1.45 1.45 1.38 1.38 1.51( 0.04c

300 1.41 1.43 1.44 1.45 1.45 1.38 1.38
500 1.28 1.30 1.25 1.26 1.25 1.24 1.24
1000 1.15 1.16 1.10 1.10 1.10 1.10 1.10

(CH4 + Cl)/(CD4 + Cl)
200 45.3 66.3 31.2 25.7 18.1 35.8 35.8
250 21.5 29.7 15.8 14.8 10.9 18.6 18.6
300 12.8 16.9 9.96 9.17 7.54 11.1 11.1d 12.2e

304 12.4 16.2 9.55 8.90 7.35 10.8 10.8 10.9f

350 8.76 11.1 6.94 6.60 5.66 7.70 7.70
400 6.55 7.98 5.30 5.10 4.52 5.79 5.79 5.2f

450 5.21 6.17 4.28 4.15 3.76 4.68 4.68 3.9f

500 4.34 5.01 3.60 3.51 3.24 3.83 3.83
1000 1.98 2.07 1.68 1.67 1.64 1.71 1.71

aRef 3b.bRef 5. c An older measurement by Wallington and Hurley (ref 4) yielded 1.36( 0.04 at 295 K.d Previous results from ref 14 using
analytical potential energy surface at CVT/LCT levels are equal to 41.8, 22.4, 13.9, and 9.56 at temperatures of 300, 350, 400, and 500 K, respectively.
eRef 6: Single-point measurement at room temperature.f Ref 7.
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+ Cl h DCl + CH3 with symmetry numbers31 3 and 2 for the
forward and reverse directions, respectively, and with a transition
state ClDCH3 (see Table 7), which belongs to the point group
C3V. The second partial reaction is CH3D + Cl h CH2D +
HCl with symmetry numbers 1 and 2 and with the transition
structure ClHCDH2 with vibrational symmetryCs. The total
rate constant corresponds to the sum of these two partial
reactions. The values of the deuterium kinetic isotopic effects
are shown in Table 14. It is encouraging to see the agreement
between our theoretical results and the experimental results5

because the measurements were performed using tunable laser
infrared spectroscopy, which is a very accurate experimental
technique. Table 14 also gives the result of another experiment4

at 295 K, and it is also encouraging that our results fall between
the two experimental results.
Calculations for the reaction CD4 + Cl are also reported in

the Table 14. This reaction show a high kinetic isotope effect,
and our results are in reasonably good agreement with the
available experiments data. In footnoted of Table 14 are given
the corresponding results obtained by Espinosa-Garcia and
Corchado14 using their analytical potential energy surface, and
the agreement with experiment is significantly poorer.
Table 15 summarizes the mean unsigned errors in comparison

to experiment at the four temperatures. Clearly the major
improvement in the predicted KIEs occurs at the CVT level,
where variational optimization of the location of the dynamical
bottleneck is included. Inclusion of tunneling effects provides
no consistent improvement in the KIEs.

4. Conclusions

We can explain the12C/13C KIEs in the heavy-light-heavy
CH4 + Cl reaction by dual-level variational transition state
theory with optimized multidimensional tunneling contributions.
The higher level is an MP2-SAC calculation with a well-
balanced basis set. The results also show the power of adjusting
the NDDO parameters of a low-level calculation to calculate
energetic and structural properties accurately, and they dem-
onstrate the usefulness of the evolutionary algorithm approach
for simultaneous optimization of a large set of variables.
Conventional TST gives larger errors not only for12C/13C kinetic
isotope effects but also for CH4/CD4 kinetic isotope effects. We
hope these calculations will be useful in modeling the chemistry
of methane gas in the atmosphere and also for advancing the
methodology of ab initio chemical kinetics for atmospheric and
combustion reactions in general.
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