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The major atmospheric sink for the greenhouse gas methane is
reaction with the OH radical. Computer simulations that use the
13C isotopic composition of atmospheric methane as a constraint
have been performed to quantify the global distribution of methane
sources and sinks; the output from these simulations is found1 to
be sensitive to the input12C/13C kinetic isotope effect (KIE) for
the reaction OH+ CH4 f H2O + CH3. Such a situation calls for
accurate knowledge of the12C/13C KIE and its temperature
dependence in the whole atmospherically important temperature
range. Unfortunately the temperature dependence is smaller than
the experimental error bars.2,3

Theoretical investigations4-7 on the12C/13C KIE for have also
been carried out, but the results show large variations in the
magnitude of the KIE and even larger variations in its temperature
dependence. For example, the calculations by Lasaga and Gibbs4

and by Gupta et al.6 were based on conventional transition state
theory (TST) with one-dimensional tunneling corrections, and they
both predicted very flat temperature dependence (see Figure 1). In
this work, we address this problem by direct dynamics calcu-
lations based on variational transition state theory with multi-
dimensional tunneling contributions (VTST/MT).8-10 The po-
tential energy surfaces (PESs) were generated at different levels
of electronic structure theory, in particular, the hybrid density
functional theory (HDFT) method MPW1K11,12using the MG3S12

basis set and the recently developed doubly hybrid density
functional theory13 (DHDFT), in particular the MC3MPW and
MC3BB models. Comparisons of our calculated KIEs with experi-
mental data and theoretical values in the literature reveal the critical
contributions of multidimensional tunneling and torsional anhar-
monicity.

The electronic structure calculations were performed by use of
theGaussian0314 andMULTILEVEL 15 programs. Figure 2 shows the
optimized saddle point. Dynamics calculations were carried out
employing theGAUSSRATE16 and MULTILEVELRATE 17 packages via
direct dynamics calculations, i.e. the electronic structure calculations
that define the PES were performed on the fly. To follow the
minimum energy path (MEP) that connects the reactants to products
in mass-scaled coordinates, which were scaled to a reduced mass
µ of 1 amu, a step size of 0.005a0 was used for the gradient, and
a new Hessian was calculated every 0.05a0 along the MEP. The
reaction path was calculated out to 3.0a0 on the reactant side and
to 1.5 to 3.0a0 on the product side to ensure convergence for the
KIE. We included the electronic excited2Π1/2 states of OH with
excitation energy of 140 cm-1 in calculating the reactant partition
functions. The generalized normal-mode analyses were carried out
using the redundant internal coordinates as used in ref 18, and the
harmonic approximation was employed for all modes except the
internal rotational mode, which was handled by the hindered rotor
RW19,20 scheme. Multidimensional tunneling was included by the
small curvature tunneling (SCT) method.8,10

TheZ1 axis used in the RW scheme for the hindered rotation is
illustrated in Figure 2. This axis, which is determined by orthogo-
nality to the other normal modes and to translation and rotation,19

does not pass through the C atom, and therefore, the hindered
rotation contributes to the12C/13C KIE. Such contributions are not
possible if one chooses theZ2 axis passing through the C and O
atoms, which is the conventional21 choice.

The KIEs calculated in this work are plotted in Figure 1.
Although the different PESs yield different KIEs, the temperature
dependences that we obtained are similar [ranging-6 to -13 part
per thousand (ppt), as defined in the footnotea of Table 1], and
they are qualitatively different from those in refs 4 and 6. Table 1
compares the final calculations (denoted Anharm), additional
calculations using the harmonic approximation for all modes
(denoted Harm), and the experimental results.

Several conclusions emerge from the results in Table 1. First,
let us focus on the MC3BB calculations. Looking at the harmonic
results, one finds that although the TST KIE is close to the
experimental values, the temperature dependence is+1 ppt, i.e.,
the KIE decreases as temperature decreases. The inclusion of the

Figure 1. Comparisons of12C/13C KIE and its temperature dependence
for the reaction OH+ CH4 f CH3 + H2O computed in this work and in
the literature.

Figure 2. Saddle point optimized at the MPW1K, MC3MPW, and MC3BB
levels of theory. The bond distances (Å) and angle (deg) involving the H
atom that is being transferred are given, as well as the zero-point-exclusive
barrier height and reaction energy in kcal/mol. For the torsional mode, the
RW scheme determines the internal rotational axis to be the lineZ1 through
the center of mass of the whole system. Also shown is the lineZ2 connecting
the C and O atoms, which does not necessarily pass through the center of
mass of the whole system. Note thatZ1 depends on isotopic masses and
PES butZ2 does not.
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Wigner22 one-dimensional tunneling correction does not change the
situation. These findings are similar to those of Gupta et al.6 in
their earlier study using different levels of electronic structure
calculations. Thus, although the values of temperature dependence
are quantitatively sensitive to the shapes of the PES, as computed
from different levels of electronic structure theory, the qualitative
trend does not seem to be sensitive to the PES.

Improvements in dynamical theory are more important. The
improved dynamics calculations, employing VTST, do change the
sign of the temperature dependence from unusual (+1 ppt) to
normal (-1 ppt); the trend is further significantly enhanced (-6
ppt) by inclusion of multidimensional tunneling contributions8-10

that consider the effects of reaction path curvature that couple the
motion along reaction coordinates to motions of the transverse
normal mode vibrations. Such couplings are responsible for corner-
cutting paths for tunneling.9,23

The harmonic KIE value is larger than the experimental results.
The reason is that a very anharmonic vibration, the torsion (see
Figure 2), has been treated by the harmonic approximation when
computing the vibrational partition functions. The barrier height
for this torsional mode is very low, ranging from 8 to 33 cm-1

(depending on the PES) at the saddle point and does not change
much along the MEP. SincekBT (wherekB is Boltzmann’s constant
andT is temperature) is near 140 cm-1 at 200 K and is even larger
at higher temperature, the situation here is expected to be closer to
the free rotor limit than to the harmonic oscillator limit. Using the
harmonic approximation, the contribution from the torsional mode
to the KIE is negligibly small (<0.01%). The inclusion of
anharmonicity has a large effect on the magnitude of the KIE, as
can be seen in Table 1; the KIE is now much closer to experimental
data, although the agreement is not yet perfect. The improvement
is also obtained in MC3MPW and MPW1K calculations. Moreover,
there is no qualitative change in the temperature dependence, again
confirming our conclusion that the temperature dependence is
qualitatively insensitive to the PES, provided the PES is qualitatively
correct.

Finally, we can now understand where two earlier studies that
were also based on VTST/MT calculations went wrong. The
deficiency in the work by Melissas and Truhlar5 is that the
frequencies along the reaction path were obtained by interpolation
from very limited electronic structure data, and this resulted in a
spurious difference of the high-frequency-mode contribution at the
variational transition state from that at the saddle point, and this
error canceled the temperature dependence due to tunneling. Thus,

although the resulting KIE is close to experimental values, the
temperature dependence is almost negligible in the temperature
range considered here. The more recent work by Espinosa-Garcı´a
and Corchado7 used an analytic potential energy surface (APES)
and treated the internal torsion using the RO19,20 hindered rotor
scheme. Although their temperature dependence is similar to ours,
their KIE values are much larger, and we found that this is the
case even if the RW scheme is used. We found two notable
differences: (1) less contribution by the torsion, e.g. the torsion
contribution to the TST KIE at 296 K is 0.991 using the APES
and is 0.981 using MPW1K and (2) more contribution by tunneling,
e.g. the SCT tunneling contributes 1.011 (APES) and 1.005
(MPW1K) to the CVT/SCT KIE at 296 K. Thus, their larger KIEs
are due to the different shape of their PES.

We have studied the12C/13C KIE and itsT dependence for the
reaction of methane with OH radical. We found that: (1) an
advanced level of dynamical theory, VTST/MT, is necessary for
quantitative prediction of theT dependence, and (2) the inclusion
of torsion anharmonicity is critical even for qualitative prediction
of the KIE magnitude. There is a large error in the calculated
12C/13C KIE if one assumes that the axis for an internal rotation
lies on the bond axis. Our finding of a significantT dependence of
this important KIE is a result that should be incorporated into future
atmospheric models.
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Table 1. 12C/13C KIE and Its Temperature Dependencea

KIE(296 K) temperature dependence

exp (ref 2) 1.004 not available
exp (ref 3) 1.005 not available

Cal Harm Anharm Harm Anharm

MC3BB TST 1.006 0.986 +1 +1
TST/W 1.006 0.986 +1 +1
CVT 1.026 0.994 -1 -2
CVT/MT 1.036 1.002 -6 -7

MC3MPW CVT/MT 1.042 1.008 -13 -13
MPW1K CVT/MT 1.036 1.010 -6 -6

a Temperature dependence is defined by [1- KIE(225 K)/KIE(296 K)]
× 1000. TST stands for conventional transition state theory, W for one-
dimensional Wigner tunneling, CVT for canonical variational transition state
theory, and MT for multidimensional tunneling. Harm denotes that all
vibrational modes were treated harmonically in curvilinear coordinates, and
Anharm denotes the use of the hindered rotor treatment for the torsional
mode.
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