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Using an analytical potential energy surface previously developed by our group, namely PES-2002, we analyzed
the gas-phase reaction between a hydrogen atom and perdeuterated methane. We studied the effect of
quasiclassical trajectory (QCT) and reduced dimensionality quantum-scattering (QM) calculations, with their
respective limitations, on CD3 product angular distributions in the collision energy range 16.1-46.1 kcal‚mol-1.
It was found that at low collision energy, 16.1 kcal‚mol-1, both the QCT and QM calculations yielded forward
scattered CD3 products, i.e., a rebound mechanism. However, at high energies only the QM calculations on
the PES-2002 surface reproduced the angular scattering found experimentally.

1. Introduction

The reaction of methane with hydrogen is the prototype of
polyatomic reactions and has been widely studied both theoreti-
cally and experimentally with two objectives: first, in itself, to
obtain accurate kinetics and dynamics information and, second,
as a test to probe the efficiency and accuracy of new experi-
mental techniques and theoretical results (see ref 1 and refer-
ences therein).

Experimentally, state-to-state dynamics studies are difficult
to perform at low energies for the title reaction, because the H
atoms, which are produced in a photolysis process, are hot.
Furthermore, the cross section is small, even for the case of
high collision energies. For example, the reaction cross section
is only 0.14 ( 0.03 Å2 at 34.6 kcal‚mol-1 (ref 2). Thus,
experimental studies of the product angular distributions3-6 have
been scarce, recent, and focused on the high-energy region.

Only recently, Camden et al.5 reported the first study of the
state-to-state dynamics differential cross section at high energies
(45.0 kcal‚mol-1) for the H + CD4 gas-phase reaction. They
found that the CD3 products are sideways/backward scattered
with respect to the incident H, suggesting a stripping mechanism.
Later, this same laboratory3,4 reported new experimental studies,
also at high energy (27.8 kcal‚mol-1), finding the same
experimental behavior. To explain the experimental product
scattering distribution, these authors3,4 performed quasiclassical
trajectory (QCT) calculations on different potential energy
surfaces (PES): (1) a DFT surface at the B3LYP/6-31G(d,p)
level; (2) an analytic PES developed by our group,1 named PES-
2002; and (3) two semiempirical surfaces, MSINDO and
reparametrized MSINDO. They found that while the DFT
surface reproduces the experimental behavior at high energies,
the QCT calculations based on the PES-2002 surface give CD3

products strongly forward scattered, suggesting a rebound
mechanism, in strong contrast with the experimental evidence.

In 2002, our group developed an analytical potential energy
surface (PES-2002) to describe the H+ CH4 reaction and its

isotopic analogues.1 The PES is wholly symmetric with respect
to the permutation of the four hydrogen atoms of methane and
was calibrated to reproduce thermal rate constants, i.e., for low
collision energies, using canonical variational statistical theory
with semiclassical multidimensional tunneling (CVT/MT). From
a kinetics point of view, it reproduces the behavior of the
experimental measurements of thermal rate constants and kinetic
isotope effects. Moreover, recently Zhao et al.7 applied the
quantum instanton approximation for thermal rate constants to
this reaction using our PES-2002, finding good agreement with
available experimental data over the wide temperature range
200-2000 K and concluded that this result lends support to
the accuracy of the present potential energy surface. From a
dynamics point of view, the PES-2002 surface qualitatively
predicts that excitation of the CH4 symmetric stretching and
“umbrella” bend modes might be expected to enhance the
forward rates, while only the CH3 “umbrella” bend mode can
appear vibrationally excited. This qualitative prediction agrees
with other quantum scattering calculations.8-10

We emphasize that the PES-2002 surface was calibrated to
reproduce thermal rate constants, i.e., low energies, and its
ability to reproduce dynamical features was neither sought nor
tested. Given that the H atom is very difficult to obtain in
thermal conditions, hot H atoms were used in the experiment
and QCT calculations.3-5 Thus, collision energies in the range
16.1-46.1 kcal‚mol-1 were used, as compared to the barrier
height of 12.9 kcal‚mol-1 obtained with the PES-2002 surface.
A priori, these experimental and previous theoretical calculations
were performed at energies much higher than those taken into
account during the calibration of the PES. As our analytical
surface was fitted to reproduce thermal conditions, any calcula-
tion based on this PES using these high energies would involve
extrapolation to untested regions of the PES. Therefore, agree-
ment between experiment and accurate theoretical calculations
on PES-2002 would represent a predictive character of the PES.

In general, when comparing theoretical and experimental
dynamics results (in this case the product scattering distribu-
tions), many factors are involved. First, of course, the quality
and accuracy of the experimental data and, from the theoretical
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point of view, the dynamics method used (classically, quasi-
classically, or quantum mechanically based), and the accuracy
of the potential energy surface. Thus, when theoretical results
are compared with accurate experimental measurements, the
dynamics method, as well as the PES, is being tested.

To elucidate whether the reasons for the discrepancies found
in the angular distribution of the products at high energies are
due to deficiencies of the surface or to limitations of the
dynamics method used, we decided to compare QCT results to
reduced dimensionality quantum scattering (QM) results on the
PES-2002 surface, at collision energies ranging from low values,
16.1 kcal‚mol-1, to high values, 46.1 kcal‚mol-1. This paper is
structured as follows: in section 2 we briefly outline the
potential energy surface, the computational procedures in the
QCT calculations, and the reduced-dimensionality QM scattering
calculations. The calculated results are presented and compared
with experimental results in section 3. Finally, in section 4 the
conclusions are summarized.

2. Potential Energy Surface and Computational Details

2.1. Potential Energy Surface.In 2002, our group developed
a new PES1 for the H+ CH4 f H2 + CH3 polyatomic reaction
and its deuterated analogues, named PES-2002. The functional
form was detailed elsewhere1 and is implemented in a FOR-
TRAN subroutine that can be found on our web pages.11 In the
calibration process we fitted some of the parameters of the
analytical surface in order to reproduce the variation of the
experimental thermal rate constants with temperature.

Given that there is a great variety of experimental information,
this PES was widely tested,1,12 reproducing the kinetics and
dynamics behavior. Moreover, recent kinetics studies7 from other
laboratories lend support to this PES-2002 surface.

2.2. Quasiclassical Trajectory Calculations.Our (QCT)
calculations13-15 were carried out using a customized version
of the VENUS96 code16 that incorporates our analytical PES.
The accuracy of the trajectories was checked by the conservation
of total energy and total angular momentum. The integration
step was 0.1 fs, with an initial separation between the H atom
and the deuterated methane center of mass of 8.5 Å, and the
vibrational and rotational energies were obtained from a 300 K
distribution using the thermal sampling option in VENUS96.
The reagent collision energies considered in the present work
range from 16.1 to 46.1 kcal‚mol-1 (0.7-2.0 eV).

First, the maximum value of the impact parameter,bmax, was
computed by calculating batches of 10 000 trajectories at fixed
values of the impact parameter,b, systematically increasing the
value ofb until no reactive trajectories were obtained. Thebmax

value thus obtained is 1.85 Å. Second, to compare experimental
and theoretical QCT results, batches of 100 000 trajectories were
calculated, where the impact parameter,b, was sampled fromb
) bmaxR1/2, whereR is a random number in the interval [0, 1].

A serious drawback of the QCT method is its inability to
properly treat the quantum mechanical zero-point energy
(ZPE).17-34 Many strategies have been proposed to approxi-
mately account for this quantum effect (see, for instance, refs
17-26, 31, and 32, and references therein), but no completely
satisfactory procedure has emerged. Here, we employed a
passive method,26 consisting of discarding all reactive trajec-
tories forming products with a total vibrational energy that is
lower than the total harmonic ZPE of the products.

We perform a simple histogram binning of the trajectories
that have not been discarded. Since we remove all trajectories
with energies below the ZPE of the products, we consider the
system to be in the vibrational ground-state bin whenever the

vibrational energy is lower than the energy of the first-excited
vibrational state, while it is in the first excited state bin whenever
the vibrational energy lies above the energy of the first excited
state and below the energy of the second excited state. In other
words, we take as vibrational quantum number the truncated
integer of the real vibrational actions, instead of its nearest
integer. However, the rotational number is taken, as usual, as
the integer nearest to the computed rotational action. This
approach will be denoted as histogram binning with simple ZPE
correction (or HB-ZPE). Despite its simplicity, this method has
been proven to work successfully for the similar Cl+ CH4 f
HCl + CH3 reaction without compromising the statistical
accuracy of the binning procedure.35

In the HB-ZPE procedure we only discard trajectories with
a final vibrational energy below the total ZPE of the products,
i.e., the sum of the ZPEs of HD and CD3. Another more
stringent criterion is the HB-DZPE (histogram binning with
double ZPE correction) method, viz., discarding all trajectories
that lead either to an HD with a vibrational energy below its
harmonic ZPE or to a CD3 with a vibrational energy below its
harmonic ZPE. In this way we only count the reactive
trajectories for which the nascent HD and CD3 have vibrational
energies above their respective harmonic ZPEs.

2.3. Quantum Scattering Calculations.It is still not possible
to obtain detailed information like differential cross sections
from a full-dimensional quantum dynamics calculation on a
reaction involving six atoms. Therefore, reduced dimensionality
quantum scattering calculations are employed here. We have
chosen to use the so-called rotating line umbrella (RLU) model
previously developed and extensively described by Yu and
Nyman.36-38 In the RLU model three degrees of freedom are
treated explicitly quantum dynamically. For the H+ CD4 f
HD + CD3 reaction, the forming H-D stretch vibration, the
breaking C-D stretch vibration, and the umbrella type motion
are treated explicitly.

The effect of the zero-point energies of the degrees of freedom
not treated in the RLU model is usually considered by including
that zero-point energy in the potential energy surface. This is
particularly important if, for instance, thermal rate constants or
other absolute values of, for example, reaction cross sections
are sought. In the present application we are only interested in
angular distributions, i.e., relative magnitudes of the differential
cross sections. Further, we are mainly studying trends as a
function of collision energy. Therefore, the zero-point energy
corrections can be neglected, which have been estimated to
otherwise raise the vibrationally adiabatic barrier height by 1-2
kcal‚mol-1 and to lower the endoergicity by 2-3 kcal‚mol-1

in the present application.
Since the full derivation of the RLU model has been given

previously,36-38 it will not be repeated here. We therefore here
only give values of those parameters that are varied in order to
achieve converged results under different conditions or for
different reactions. Using the symbols and terminology of ref
38, the hyperradius was propagated from 3.0 to 20.0 b using
about 400 sectors and an adiabatic basis of 100 functions. The
potential cutoff was set to 4.5 eV. Thez-range was set to [-1.9,
1.9] b and treated with 60 Fourier DVRs, and 160 DVRs were
used for the hyperangleæ. The C-D bond length of the
unreactive bonds was held fixed at 2.06925 b. All RLU results
presented here are for ground-state reactants forming ground-
state products.

3. Results and Discussion

Here we will first discuss the barrier height of the potential
and then present the calculated angular distributions.
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3.1. Barrier Height. In Table 1 we have collected computed
ab initio barrier heights for the H+ CH4 reaction. Kraka et
al.39 reported ab initio calculations at the coupled-cluster level
with single and double excitations, with a perturbative treatment
of triple excitations, using basis sets of quadruple-ú quality
[CCSD(T)/cc-pVQZ]. Dobbs and Dixon40 used the quadratic
configuration interaction method with a triple-ú plus polarization
basis set [QCISD(T)/TZ+2p+f]. Kurosaki and Takayanagi41

performed ab initio calculations similar to those of Kraka et al.
although, with a smaller basis set.

Recently, Pu and Truhlar42 using specific reaction parameters
gave a classical barrier height of 14.8 kcal‚mol-1. Zhang et al.43

presented ab initio calculations using the partially spin restricted
coupled-cluster method with an augmented triple-ú basis
[RCCSD(T)/aug-cc-pVTZ] obtaining a barrier height of 14.8
kcal‚mol-1. Wu et al.44,45have also recently performed RCCSD-
(T) calculations but with a larger basis (aug-cc-pVQZ), obtaining
a barrier height of 14.9 kcal‚mol-1. Finally, Camden et al.4

performed ab initio QCISD(T)/6-311G(2d, 2p) and DFT cal-
culations using the B3LYP functional and a modest basis set
(6-31G(d,p)).

The B3LYP barrier is very low, 9.4 kcal‚mol-1, and would
thus be expected to overestimate the rate constant. All ab initio
calculations4,39-45 predict potential energy barrier heights in a
narrow range, 14.8-15.6 kcal‚mol-1, with the most accurate
value of 14.8( 0.2 kcal‚mol-1. However, some of these
authors39-41 concluded that on the basis of the experimental
values, the calculated classical barrier is too high by up to 2.0
kcal‚mol-1. This is a general problem in computational chem-
istry and arises from only partially introducing the correlation
energy and using incomplete basis sets. With this in mind, we
used this estimation to start fitting the potential energy surface,
which at the end of the fitting procedure gave a value of 12.9
kcal‚mol-1 (0.56 eV), which is used in the analytic surface PES-
2002.

Let us analyze these values from a kinetic point of view. On
one hand, PES-2002 reproduces the behavior of the experimental
measurements of thermal rate constants and kinetic isotope
effects, which are a very sensitive test of different features of
the potential energy surface, such as barrier height and width,
zero-point energy, and tunneling effect. Moreover, recently Zhao
et al.7 applied the quantum instanton approximation for thermal
rate constants to this reaction using our PES-2002. They found
that the quantum instanton rates show good agreement with
available experimental data over the wide temperature range
200-2000 K. We however also note that Pu and Truhlar42 with
a barrier height of 14.8 kcal‚mol-1 obtained good agreement
with the available experimental rate constants from 250 to 2400
K using parametrized direct dynamics. On the other hand, Wu
et al.44,45 with the same barrier height, 14.8 kcal‚mol-1, and
using accurate quantum dynamics calculations found that the
theoretical results underestimate the experimental rate constants
by a factor of 2-4 over the temperature range 250-500 K.
Therefore, it is not only the barrier height, but also the shape
of the potential, i.e., the drop toward reactants and products,

what will determinate the final result. This is especially true at
low temperatures, where tunneling could make the rate constant
more dependent on the shape of the PES than on the barrier
height. Obviously, in a straight comparison between theory and
experiment, the theoretical method used (for instance variational
transition-state theory or quantum dynamics method) and the
uncertainties associated with experiment must be taken into
account.

Although the PES-2002 surface presents some flaws and it
shows discrepancies with accurate ab initio barrier heights and
experimental product scattering distributions when QCT cal-
culations are used, the reasonable qualitative (and sometimes
quantitative) reproduction of a wide variety of kinetic and
dynamic experimental data allows us to believe that this
analytical surface is well-balanced and most features are
reasonably well described.

3.2. CD3 Angular Distributions. (A) Low Collision Energy
(0.7 eV).As our PES-2002 surface was calibrated to reproduce
thermal rate constants, we shall begin by analyzing its behavior
at the lowest energy studied here, viz. 16.1 kcal‚mol-1 (0.7 eV).
The angular scattering distributions of the CD3 (V′ ) 0) product
with respect to the incident H atom (obtained as the differential
cross section, DCS) are plotted in Figure 1 for the QCT and
QM calculations using our PES-2002. Both dynamics methods
yield predominantly forward scattered CD3, suggesting a
rebound mechanism associated with low impact parameters. At
this low energy, the QCT calculations on the B3LYP surface
from Camden et al.4 give a similar behavior, although somewhat
more sideways scattered.

We will see below that increasing the collision energy tends
to move the angular distribution from forward toward sideways/
backward scattered. Therefore, the increased sideways scattering
on the B3LYP surface could be attributed to its lower barrier
height, since for a given collision energy the system will have
more kinetic energy in the transition state region than when
using the PES-2002 surface. Unfortunately, at this collision
energy there is no experimental data for comparison, but the
agreement between different dynamics methods (QM and QCT)
and different surfaces (PES-2002 and B3LYP), together with
the analogy to other similar gas-phase hydrogen abstraction

TABLE 1: Barrier Height (kcal ‚mol-1) Computed Using
Different Levels of Calculation

method barrier ref method barrier ref

CCSD(T)/QZ 15.3 39 CCSD(T)/QZ 14.9 44, 45
QCISD(T)/TZ 15.5 40 B3LYP 9.4 4
CCSD(T)/TZ 15.5 41 Extrapol. IB 14.4 1
QCISD(T) 15.6 4 Extrapol. SAC 14.2 1
SRP 14.8 42 PES-2002 12.9 1
CCSD(T)/TZ 14.8 43

Figure 1. CD3 product angular distribution (with respect to the H
incident) for the H+ CD4 f HD + CD3 reaction at 16.1 kcal‚mol-1:
dashed line, QCT calculations on the PES-2002 surface; red line, QM
calculations on the PES-2002 surface; blue line, QCT calculations on
the B3LYP/6-31G(d,p) surface.4 The scattering distributions are
normalized so that the area is the same.
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reactions (for instance, Cl+ CH4),35 seems to confirm the
mechanism at low energies and the capacity of the PES-2002
surface to reproduce dynamics features as sensitive as dif-
ferential cross sections in the energy range for which it was
calibrated.

(B) High Collision Energies (1.0-2.0 eV).Experimentally,3-5

the scattering angular distribution of the CD3 product was
measured with respect to the incident H atom (obtained as the
differential cross section, DCS) at two rather high collision
energies, 1.2 and 1.95( 0.05 eV. It was found that the scattering
is mainly sideways and backward, suggesting a stripping
mechanism at large impact parameters. This behavior at high
energies strongly contrasts with the behavior at low energies.

The angular scattering distributions of the CD3 (V′ ) 0)
product with respect to the H incidence (obtained as the
differential cross section, DCS) are plotted in Figure 2 at 27.8
kcal‚mol-1 for the QCT and QM calculations using our PES-
2002, along with experimental results3,4 and other QCT theoreti-
cal calculations3,4 using a DFT surface [B3LYP/6-31G(d,p)] for
comparison. When QCT calculations were performed on our
PES-2002, predominantly forward scattered CD3 was obtained,
in strong contrast to the experimental evidence. Therefore, a
priori, one would think that the discrepancy is due to the PES.
However, when RLU quantum-mechanical scattering calcula-
tions are performed on our PES-2002, good agreement is
obtained with the experimental data, taking into account the
experimental error bars. A priori, this result may appear
surprising, since the reduced dimensionality model is expected
to work best at low energies, while at high energies quantum
effects are less important and the collinear constraint of the
model is less well founded. We do not have sufficient informa-
tion here to conclude whether the agreement is fortuitous or is
commonplace.

To shed more light on this question, in Figure 3 we analyze
the DCSs of the CD3 (V′ ) 0) products at several high energies,
from 23.1 to 32.6 kcal·mol-1, using reduced dimensionality QM
calculations. The QM calculations reproduce the experimental
tendency, i.e., the scattering moves backward with increased
collision energy. Experimentally when the collision energy

increases, the CD3 average scattering angle shifts from sideways
〈cos θ〉 ) -0.07 ( 0.10 at 27.8 kcal‚mol-1) to backward
hemisphere (〈cosθ〉 ) -0.20 ( 0.09 at 45.0 kcal‚mol-1).

Finally, for the purpose of comparison, we analyze the role
played by the ZPE in the QCT results. As was indicated in
section 2, one of the more serious drawbacks of QCT calcula-
tions is the zero-point energy (ZPE) problem.

It has been pointed out that the binning procedure can affect
the conclusions of QCT calculations significantly,46 and in our
earlier work,35 different binning methods were checked. First,
we tested the widely used Gaussian-weighted binning proce-
dure,46,47which has the disadvantage that it effectively reduces
the number of reactive trajectories (since some trajectories have
an almost zero weight) and more trajectories are required to
give the same statistical accuracy as the HB-ZPE method.48

Second, we checked the influence of the way that reactive
trajectories with vibrational energies below the ZPE of products
are eliminated. We used the HB-ZPE and HB-DZPE methods.
Finally, we compared these binning procedures with the simplest
method, the widely used histogram binning with no ZPE
correction whatsoever.

At all energies studied in this paper we obtained a similar
picture to that of the QCT calculations with the HB-ZPE
consideration, and they are not represented here. Therefore, for
this polyatomic H+ CD4 reaction the discrepancy at high
energies between QCT and experiment when using the PES-
2002 is not due to whether the quantum mechanical ZPE effect
is taken into account, since it seems to have a negligible effect
on the scattering distributions.

4. Conclusions

In this work we have performed a dynamics study employing
quasiclassical trajectory (QCT) and 3D-quantum-scattering
(QM) calculations on a potential energy surface (PES-2002)
previously developed in our group for the reaction of a hydrogen
atom with methane and its deuterated analogues, focusing on
the product angular distribution at several collision energies.

Figure 2. CD3 product angular distribution for the H+ CD4 f HD
+ CD3 reaction at 27.8 kcal‚mol-1: black line, experimental results,3-5

including error bars; blue line, QCT calculations on the B3LYP
surface;4,5 dashed line, QCT calculations on the PES-2002 surface; red
line, QM calculations on the PES-2002 surface. The black and blue
lines have been read directly from the original figures in the corre-
sponding publications. The scattering distributions are normalized so
that the area under the common regions is the same.

Figure 3. CD3 product angular distribution (with respect to the incident
H) for the H + CD4 f HD + CD3 reaction at different collision
energies using reduced dimensionality QM calculations on the PES-
2002 surface: black line, experimental values at 27.8 kcal‚mol-1 from
ref 3; blue, red and green lines are QM calculations at 23.0, 27.8, and
32.2 kcal‚mol-1, respectively. The scattering distributions are normal-
ized so that the area under the common regions is the same.
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First, at low collision energies, 16.1 kcal‚mol-1, for which
the PES-2002 surface was calibrated, QCT and QM calculations
on this surface and QCT calculations on a DFT surface gave
that the CD3 products scatter forward. Unfortunately, there are
no experimental data for comparison, but the good agreement
between different dynamics methods on different surfaces
confirms a rebound mechanism.

Second, at high energies on the PES-2002 surface, only when
reduced dimensionality QM calculations are performed are the
experimental product angular distributions reproduced.

Third, the PES-2002 surface in combination with QM
calculations shows that the CD3 angular distribution switches
from forward to backward with increasing collision energy,
indicating a slow change of the dominant mechanism from a
rebound mechanism at low energy to backward scattering at
high energy, reproducing the experimental tendency.

Acknowledgment. This work was partially supported by the
Junta de Extremadura, Spain (Project No. 2PR04A001) and the
Swedish Research Council.

References and Notes

(1) Espinosa-Garcia, J.J. Chem. Phys.2002, 116, 10664.
(2) Germann, G.; Huh, Y.; Valentini, J.J. Chem. Phys. 1992, 96, 1957.
(3) Camden, J. P.; Bechtel, H. A.; Brown, D. J. A.; Martin, M. R.;

Zare, R. N.; Hu, W.; Lendvay, G.; Troya, D.; Schatz, G. C.J. Am. Chem.
Soc.2005, 127, 11898.

(4) Camden, J. P.; Hu, W.; Bechtel, H. A.; Brown, D. J. A.; Martin,
M. R.; Zare, R. N.; Lendvay, G.; Troya, D.; Schatz, G. C.J. Phys. Chem.
A 2006, 110, 677.

(5) Camden, J. P.; Bechtel, H. A.; Zare, R. N.Angew. Chem., Int. Ed.
2003, 42, 5227.

(6) Camden, J. P.; Bechtel, H. A.; Brown, D. J. A.; Zare, R. N.J.
Chem. Phys.2005, 123, 134301.

(7) Zhao, Y.; Yamamoto, T.; Miller, W. H.J. Chem. Phys.2004, 120,
3100.

(8) Takayanagi, T.J. Chem. Phys. 1996, 104, 2237.
(9) Yu, H.-G.; Nyman, G.J. Chem. Phys. 1999, 111, 3508.

(10) Wang, D.; Bowman, J. M.J. Chem. Phys.2001, 115, 2055.
(11) http://w3qf.unex.es/html/superficies.htm; and POTLIB library (http://

comp.chem.umn.edu/potlib/).
(12) Rangel, C.; Garcı´a-Bernaldez, J. C.; Espinosa-Garcı´a, J.Chem. Phys.

Lett. 2006, 422, 581.
(13) Porter, R. N.; Raff, L. M. InDynamics of Molecular Collisions,

Miller, W. H., Ed.; Plenum Press: New York, 1976; Part B.

(14) Truhlar, D. G.; Muckerman, J. T. InAtom-Molecules Collision
Theory; Bernstein, R. B., Ed.; Plenum Press: New York, 1979.

(15) Raff, L. M.; Thompson, D. L. InTheory of Chemical Reaction
Dynamics, Baer, M., Ed.; CRC Press: Boca Raton, FL, 1985; Vol. 3.

(16) Hase, W. L.; Duchovic, R. J.; Hu, X.; Komornicki, A.; Lim, K. F.;
Lu, D.-h.; Peslherbe, G. H.; Swamy, K. N.; Vande Linde, S. R.; Varandas,
A. J. C.; Wang, H.; Wolf, R. J. VENUS96: A General Chemical Dynamics
Computer Program.QCPE Bull.1996, 16, 43.

(17) Wu, S. F.; Marcus, R. A.J. Phys. Chem. 1970, 53, 4026.
(18) Bowman, J. M.; Kuppermann, A.J. Chem. Phys. 1973, 59, 6524.
(19) Truhlar, D. G.J. Phys. Chem. 1979, 83, 18.
(20) Schatz, G. C.J. Chem. Phys. 1983, 79, 5386.
(21) Lu, D.-h.; Hase, W. L.J. Chem. Phys. 1988, 89, 6723.
(22) Nyman, G.; Davidsson, J.J. Chem. Phys. 1990, 92, 2415.
(23) Nyman, G.; Wilhelmsson, U.J. Chem. Phys. 1992, 96, 5198.
(24) Varandas, A. J. C.; Brandao, J.; Pastrana, M. R.J. Chem. Phys.

1992, 96, 5137.
(25) Varandas, A. J. C.; Marques, J. M. C.J. Chem. Phys. 1994, 100,

1908.
(26) Varandas, A. J. C.Chem. Phys. Lett.1994, 225, 18.
(27) Ben-Nun, M.; Levine, R. D.J. Chem. Phys. 1994, 101, 8768.
(28) Wang, X.; Ben-Nun, M.; Levine, R. D.Chem. Phys. 1995, 197, 1.
(29) Ben-Nun, M.; Levine, R. D. J. Chem. Phys. 1996, 105, 8136.
(30) McCormack, D. A.; Lim, K. F.Phys. Chem. Chem. Phys. 1999, 1,

1.
(31) Stock, G.; Mu¨ller, U. J. Chem. Phys. 1999, 111, 65.
(32) Müller, U.; Stock, G.J. Chem. Phys. 1999, 111, 77.
(33) Marques, J. M. C.; Martinez-Nun˜ez, E.; Fernandez-Ramos, A.;

Vazquez, S.J. Phys. Chem.2005, 109, 5415.
(34) Duchovic, R. J.; Parker, M. A.J. Phys. Chem. 2005, 109, 5883.
(35) Rangel, C.; Navarrete, M.; Corchado, J. C.; Espinosa-Garcia, J.J.

Chem. Phys.2006, 124, 124306.
(36) Yu, H.-G., Nyman, G.Chem. Phys. Lett.1998, 298, 27.
(37) Yu, H.-G., Nyman, G.Phys. Chem. Chem. Phys1999, 1, 1181.
(38) Yu, H.-G., Nyman, G. J.Chem. Phys.1999, 111, 6693.
(39) Kraka, E.; Gauss, J.; Cramer, D.J. Chem. Phys.1993, 99, 5306.
(40) Dobbs, K. D.; Dixon, D. A.J. Phys. Chem.1994, 98, 5290.
(41) Kurosaki, Y.; Takayanagi, T.Chem. Phys. Lett.1999, 299, 57.
(42) Pu, J., Truhlar, D. G.J. Chem. Phys.2002, 116, 1468.
(43) Zhang, X., Braams, B. J., Bowman, J. M.J. Chem. Phys.2006,

124, 021104.
(44) Wu, T., Werner, H.-J., Manthe, U.Science2004, 306, 2227.
(45) Wu, T., Werner, H.-J., Manthe, U.J. Chem. Phys.2006, 124,

164307.
(46) Bonnet, L., Rayez, J. C.,Chem. Phys. Lett. 1997, 277, 183.
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