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An exhaustive dynamics study was performed at two collision energies, 1.52 and 2.20 eV, analyzing the
effects of the asymmetric (ν3) stretch mode excitation in the reactivity and dynamics of the gas-phase H+
CH4 reaction. Quasi-classical trajectory (QCT) calculations, including corrections to avoid zero-point energy
leakage along the trajectories, were performed on an analytical potential energy surface previously developed
by our group. First, strong coupling between different vibrational modes in the entry channel was observed,
indicating that energy can flow between these modes, and therefore that they do not preserve their adiabatic
character along the reaction path; i.e., the reaction is nonadiabatic. Second, we found that the reactant vibrational
excitation has a significant influence on the vibrational and rotational product distributions. With respect to
the vibrational distribution, our results confirm the purely qualitative experimental evidence, although the
theoretical results presented here are also quantitative. The rotational distributions are predictive, because no
experimental data have been reported. Third, with respect to the reactivity, we found that theν3 mode excitation
by one quantum is more reactive than the ground state by a factor of about 2, independently of the collision
energy, and in agreement with the experimental measurement of 3.0( 1.5. Fourth, the state-to-state angular
distributions of the products reproduce the experimental behavior at 1.52 eV, where the CH3 products scatter
sideways and backward. At 2.20 eV this experimental information is not available, and therefore the results
reported here are again predictive. The satisfactory reproduction of a great variety of experimental data by
the present QCT study lends confidence to the potential energy surface constructed by our group and to those
results whose accuracy cannot be checked by comparison with experiment.

I. Introduction

The knowledge obtained in the dynamics studies of atom-
diatom triatomic systems is being applied to dynamics studies
in polyatomic systems, which are more complex due to the larger
number of degrees of freedom involved and to difficulties related
to the potential energy surface construction. A subject of great
importance is the role played by the reactant vibrational
excitations on the reactivity and the dynamics of the reaction,
a subject that has focused the attention of a growing number of
researchers in recent years due to the development of new
experimental techniques and theoretical methods. Thus, the
dynamics of vibrationally excited polyatomic reactions presents
a challenge both theoretically and experimentally.

Experimentally, the effects of both the reactant stretching and
bending excitations have been explored, with pioneering work
in this field being carried out by the groups of Zare et al. (see,
for instance, refs 1-3 and references therein) and Crim et al.
(see, for instance, refs 4 and 5 and references therein).

The reaction of hydrogen with methane and its isotopic
analogues is the prototypical gas-phase polyatomic reaction, and
it has been widely studied both theoretically and experimentally.
The title reaction presents a light-light-heavy mass combina-
tion, is practically thermoneutral, and has an appreciable barrier
height, 0.56 eV. However, experimentally the state-to-state
dynamics study is very difficult at room temperature and low
energies, because hot H atoms are produced in the photolysis
process, and even in the case of high energies the reaction cross

section is still small.6 Thus, only a few recent experimental
dynamics studies are available.2,6-10 Camden et al.2 carried out
the first experimental study on the effect of the C-H stretch
excitation on the gas-phase H+ CH4 hydrogen abstraction
reaction. They found that at collision energies of 1.52 eV the
excitation of the asymmetric C-H stretch mode enhances the
reaction cross section by a factor of 3.0( 1.5 with respect to
the ground-state methane, and that the dominant product channel
is stretch-excited CH3, with the ground-state CH3 channel being
less important. Moreover, they found that the vibrational
excitation has a significant impact on the product state distribu-
tion.

In previous theoretical work11 our group performed a state-
to-state dynamics study of the vibrational ground state H+ CD4

gas-phase abstraction reaction using quasi-classical trajectory
calculations on an analytical potential energy surface (PES)
previously developed by our group,12 named PES-2002. For
collision energies in the range 0.7-2.0 eV the HD product
rotovibrational distribution agrees with experiment, while the
CD3 coproduct appears with a notable internal energy, which
has been neither experimentally nor theoretically reported.

To shed more light on the state-to-state dynamics of this
reaction, in this paper we describe quasi-classical trajectory
(QCT) calculations on the analytical PES-2002 surface to
analyze the effect of the methane asymmetric stretch (ν3)
excitation on the reaction cross section, the product vibrational
and rotational distributions, and the product scattering distribu-
tions, at two collision energies, 1.52 and 2.20 eV, to compare
with experimental conditions.* Corresponding author. E-mail: joaquin@unex.es.
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The article is structured as follows: In section II we briefly
outline the potential energy surface and the computational
assumptions in the QCT calculations. The QCT dynamics results
are presented in section III and compared with experimental
results. Finally, section IV presents the conclusions.

II. Potential Energy Surface and Computational Details

II.A. Potential Energy Surface. In 2002, our group devel-
oped an analytical potential energy surface (PES-2002) to
describe the H+ CH4 reaction and its isotopic analogues.12 The
PES is wholly symmetric with respect to the permutation of
the four hydrogen atoms of methane, and it was calibrated to
reproduce thermal rate constants using canonical variational
transition-state theory with semiclassical multidimensional tun-
neling. Since that date, several high-level ab initio calculations
have appeared in the literature13-18 questioning the barrier
height. The PES-2002 surface has a barrier height of 12.9 kcal
mol-1 for the forward reaction, while the most recent high-
level ab initio calculations give a substantially higher barrier,
14.8( 0.2 kcal mol-1. Let us analyze these values from a kinetic
point of view. On one hand, the 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.19 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 and
concluded that this result lends support to the accuracy of the
present potential energy surface. On the other hand, Pu and
Truhlar16 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. However,
Wu et al.14,15 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, that 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 (variational
transition-state theory or quantum mechanics method) and the
uncertainties associated with experiment will must be taken into
account.

Next, let us analyze the reaction from a dynamics point of
view. On one hand, it has been recently pointed out that the
PES-2002 surface presents some flaws with respect to the
calculation of some dynamic properties. So, Camden et al.7-10

performed theoretical and experimental state-to-state dynamics
differential cross sections at high energies (27.8-45.0 kcal
mol-1) for the H+ CD4 reaction. They performed quasi-classical
trajectory (QCT) calculations on the PES-2002, finding that the
CD3 products are strongly forward scattered, in strong contrast
with the experimental evidence, where the CD3 products are
sideways-backward scattered with respect to the incident H
atom. On the other hand, 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.20-22 Moreover, in
previous theoretical work11 our group performed a state-to-state
dynamics study of the vibrational ground state H+ CD4 gas-
phase abstraction reaction using quasi-classical trajectory cal-
culations on this PES-2002. For collision energies in the range
0.7-2.0 eV, most of the available energy appears as product
translational energy, with the HD product being vibrationally
and rotationally cold, in agreement with experiment. Experi-
mentally it was found6 that 9% of the available energy appears
as HD rotational energy. Hu et al.10 used a modest B3LYP
surface that gives 20%, while Zhang et al.13 used an expensive
ab initio potential energy surface that gives 17.5%; both
theoretical calculations are far from the experimental value.
Although Hu et al. proposed that the differences between their
theoretical results and experiment are due to experimental
problems, and that the conditions from the Valentini et al. CARS
experimental study6 might need to be reinterpreted, our group11

using the PES-2002 surface obtained values in the range 6-9%,
in excellent agreement with experiment. Therefore, although
the PES-2002 surface presents some flaws and it shows
discrepancies with accurate ab initio barrier heights and
experimental product scattering distributions, 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 that most
features are reasonably well described. Thus, we believe that it
can be used for a broad range of kinetic and dynamic
calculations without the need to tailor it for a particular study.

II.B. Computational Details. In the present work, quasi-
classical trajectory (QCT) calculations23-25 were carried out
using the VENUS96 code,26 customized to incorporate our
analytical PESs. Moreover, two modifications were included
to compute the vibrational energy in each normal mode to obtain
information on the internal vibrational-energy redistribution
(IVR) in the entry channel and the CH3 product vibrational
distribution in the exit channel. Since VENUS cannot correctly
deal with rotating molecules, to perform this calculation it is
necessary to rotate and to translate the molecule so that it
matches the reference equilibrium geometry orientation and
position that was used to perform the normal-mode analysis.
Once this is done, a projection of the displacement and
momentum matrices on the normal-mode space allows us to
compute the potential and kinetic energy for each normal mode.

To study the IVR in methane, we performed batches of 500
nonreactive trajectories of 2 ps. The initial conditions were set
so that we ensured no reaction takes place despite the length of
the trajectory. Each set of trajectories was run with excitation
of one of the normal modes in methane, and the average energy
for each normal mode during the last picosecond was computed
for each vibrational state and compared to the average energy
obtained from the set of trajectories with no vibrational
excitation. The increase in this normal-mode average energy
was taken as an indication of the internal flow of energy between
normal modes in methane. Note that this energy flow occurs
before the collision with the H atom, so that it is not related to
the mode-mode coupling along the reaction path (Coriolis-
like terms) that we take as a qualitative indication of the energy
flow when a reactive collision occurs.

To study the vibrational state of the CH3 coproduct, the
energy on each harmonic normal mode was computed for the
last geometry on the reactive trajectories. Although since the
harmonic approximation was used for this calculation one could
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expect a breakdown of the procedure for highly excited states,
a similar treatment for the H2 coproduct gave vibrational
percentage distributions within 2% of the distribution obtained
with more sophisticated methods, namely an inversion of the
Rydberg-Klein-Rees approach as implemented in VENUS.
Thus, we can assume that this method is accurate enough for
our studies.

Finally, in the QCT calculations the integration step was 0.1
fs, with an initial separation between the H atom and methane
center of mass of 8.5 Å. For the reactions with vibrationally
excited methane, the rotational energy was thermally sampled
at 300 K. Two reactant collision energies were considered in
the present work, 1.52 and 2.20 eV, and batches of 100 000
trajectories were performed at each energy, with a maximum
impact parameter,bmax, of 1.85 Å.

A serious drawback of the QCT calculations is the question
of how to handle the quantum mechanical zero-point-energy
(ZPE) problem in the classical mechanics simulation.27-42 Many
strategies have been proposed to correct this quantum dynamical
effect (see, for instance, refs 26-34, 39, and 40 and references
therein), but no completely satisfactory alternatives have
emerged. Here, we employed a histogram binning procedure
to analyze the reactive trajectories. However, it has been pointed
out that the binning procedure can significantly affect the
conclusions of QCT calculations.43 In an earlier work44 for the
similar Cl + CH4 reaction, five different binning methods were
checked. First, we discarded the trajectories with a final value
of the vibrational energy below the total ZPE of the products
(i.e., the sum of the ZPEs of HCl and CH3), since in the quantum
mechanical world this is the lowest limit. This is what we called
histogram binning with simple ZPE correction (or HB-ZPE).
Second, we tried a more stringent criterion, discarding all
trajectories that lead either to an HCl with a vibrational energy
below its ZPE or to a CH3 with a vibrational energy below its
ZPE. In this way we only count the reactive trajectories for
which the nascent CH3 and HCl have vibrational energies above
their respective ZPEs. This is what we called histogram binning
with double ZPE correction (HB-DZPE). Third, we tested the
widely used Gaussian-weighted binning procedure,43,45 which
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.46 Moreover, we
checked the influence of treating the rotational levels; i.e., once
we have obtained rational rotational numbers, they are either
rounded to the nearest integer or truncated to their integer part
(rounded to the lower integer value). This option was checked
because systems with a fractional rotational number between
0.5 and 1.0 have a rotational energy below the energy of the
first excited state, and in the quantum mechanical world they
can only be in the ground state, while the usual histogram
binning puts them in the first excited state. Finally, we compared
these binning procedures with the simplest method, the widely
used histogram binning with no ZPE correction whatsoever. The
analysis of the nascent products’ rotational distribution showed
that,44 for the vibrationally excited CH4, the histogram binning
with double ZPE correction (HB-DZPE) gives better agreement
with experiment. Moreover, when the rational rotational numbers
(j′) were truncated to their integer part (rounded to the lower
integer values instead of to the nearest integer), a narrower
rotational distribution and better agreement with experiment was
obtained. Therefore, in the present work we will also use the
HB-DZPE with j′ truncated procedure.

III. Results and Discussion

III.A. Nomenclature and Coupling of the Normal Modes.
To clarify the nomenclature used in the text, we shall start by
describing the vibration normal modes in reactants (CH4) and
products (H2 and CH3) obtained with the PES-2002 surface,
which closely agree with the experimental data.12 The methane
normal modes are asymmetric stretch (ν3, 3053 cm-1, triply
degenerate), symmetric stretch (ν1, 2887 cm-1), torsional
bending (ν2, 1502 cm-1, doubly degenerate), and umbrella
bending (ν4, 1340 cm-1, triply degenerate). The methyl radical
product normal modes are asymmetric stretch (ν3′, 3180 cm-1,
doubly degenerate), symmetric stretch (ν1′, 3010 cm-1), defor-
mation bending (ν4′, 1384 cm-1, doubly degenerate), and
umbrella bending (ν2′, 580 cm-1). The H2 product stretching
mode is 4406 cm-1.

In a previous paper12 for the H + CH4 reaction we found
that the methane symmetric stretching mode,ν1, is coupled to
the reaction coordinate and it adiabatically evolves to the H2

stretching mode, while the methane umbrella bending mode,
ν4, adiabatically evolves to the methyl product umbrella mode,
ν2′. In this simple adiabatic picture, the methane asymmetric
stretch mode,ν3, and the torsional bending mode,ν2, correspond
to spectator modes; i.e., they do not change during the reaction.
Therefore, this adiabatic model cannot explain the experiment,2

where the methane triply degenerate asymmetric stretch mode,
ν3, evolves into the CH3 (ν1′, symmetric stretch) and CH3 (ν2′,
umbrella mode) products.

However, in previous work from our group47,48for the similar
Cl + CH4 reaction, we found that this simple adiabatic model
is incomplete and that coupling between the normal modes is
significant, especially in the reactant channel, allowing some
energy flow between the normal modes and leading to a
nonadiabatic picture. Following this idea, we also performed
an exhaustive analysis of the vibrational-mode coupling for the
title reaction, H + CH4, using two approaches: first, by
calculating the intramolecular vibrational redistribution (IVR)
using QCT calculations, and second, by calculating the coupling
terms between vibrational modes,Bmm′ (Coriolis-like terms),49

which control the nonadiabatic energy flow between vibrational
modes. The first approach can give some information about the
energy flow between vibrational modes that takes place in the
methane reactant preceding its collision with the H atom. The
second approach gives information on the energy flow between
the vibrational modes in the complex formed after the collision
between the two reactants, which will eventually evolve into
the activated complex and then reach the products.

Before the collision between H and CH4 takes place, the CH4
undergoes IVR. According to our classical trajectory calcula-
tions, there is an energy flow between modes even in the
vibrational ground state (Figure 1, left panel). This flux is mainly
from the ν3 asymmetric stretch to the doubly degenerateν2

bending mode. However, quantum mechanically, the energy
transferred does not suffice to excite theν2 mode, and the
molecule remains in its ground state. However, if theν3 mode
is excited by one quantum (Figure 1, middle panel), the flux of
energy to theν2 mode could raise it to its first excited state.
Thus one could expect that, when a collision takes place, some
methane molecules will collide in theirν3 ) 1 state while a
fraction of the methane molecules will be in itsν2 ) 1 state.
The excitation ofν3 by two quanta leads to a more complex
picture (Figure 1, right panel): the energy in theν1 mode is
also significant, but since this mode requires a large excitation
energy, it is unlikely that theν1 ) 1 state is significantly
populated. However, theν2 mode gets enough energy to reach
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the first excited state, while theν3 mode remains in its first
excited state. Thus, when the methane molecule collides with
the H atom, there will be a mixture of methane mostly in the
ν3 ) 1 plus ν2 ) 1 state, but also in theν3 ) 2 state, and a
small amount ofν3 ) 1 plusν4 ) 1. Note that this correlation
between the classical trajectory results and quantum states is
somewhat artificial since, contrary to our classical calculations,
in a quantum mechanical world the transfer of infinitesimal
amounts of energy is forbidden. Nonetheless, this analysis can
help in understanding our QCT results.

Once the reactive collision occurs, the energy flow between
modes can be monitored by the coupling termsBmm′. Figure 2
shows the coupling matrix for the nine vibrational modes in
methane along the reaction path. In this plot the peaks indicate
large coupling between the modes listed on the axes. Hence, in
the reactant channel (panel a) we found some degree of coupling
between almost all of the modes. Both stretch modes (symmetric
and asymmetric) are coupled with the torsional (ν2) and umbrella
(ν4) bending modes in methane. This coupling is especially
important betweenν1 (mode 4) andν4 (modes 7, 8, and 9), and
betweenν2 (modes 5 and 6) andν4 (modes 7, 8, and 9).
Therefore, there is significant mode mixing, and the reaction
does not preserve vibrational adiabaticity along the reaction path;
i.e., the reaction is nonadiabatic.

Note that the degeneracy of some of the modes is broken as
the H atom approaches the methane molecule (although the
notation of the normal modes in methane is kept for the sake
of clarity). However, modes 8 and 9 remain degenerate all along
the reaction path, as well as modes 2 and 3 (that become
asymmetric stretches in the CH3 product). Mode 7 becomes the
umbrella mode in the CH3 product, and mode 4 turns into the
H2 stretch. The evolution of these frequencies along the reaction
path is shown in Figure 3.

In the product channel, coupling is less relevant (Figure 2,
panel b), and mostly indicates some flux of energy between
the lowest frequency modes. Since two of these modes even-
tually become relative motions of the two products with zero
frequency at the product asymptote, this flux could be related
to rotational or translational excitation of the products, although,
because of the small coupling found and the simplicity of this
Bmm′ terms analysis, it cannot shed any light on the roto-
vibrational population of the products.

In sum, the title reaction is nonadiabatic and we find that in
the entry channel the methane bending modes are strongly
coupled to each other and with the stretching modes. Therefore,
for the title reaction, the vibrational excitation of the asymmetric
stretch mode, CH4(ν3), could yield products vibrationally excited
in different modes, CH3(ν1′) and CH3(ν2′), which have been

experimentally reported,2 but also in CH3(ν3′, doubly degenerate)
and CH3(ν4′), which have not been experimentally reported for
this reaction. Recently, however, Liu et al.,50 for the F+ CHD3

reaction, reported CD3 products excited in the asymmetric
stretch,ν3′, mode.

III.B. Product Vibrational Distribution. Table 1 lists the
percentage vibrational distributions of the CH3 products for

Figure 1. Average energy of each normal mode of methane from QCT calculations as a function of time. The left-hand panel shows the results
for ground-state methane, the middle panel shows the results for excitation of the asymmetric stretching mode by one quantum, and the right-hand
panel shows the results for excitation of the asymmetric stretch by two quanta. The red line shows the average energy of theν3 modes, the green
line corresponds to theν1 mode, the blue line corresponds toν2, and the black line corresponds toν4.

Figure 2. Coriolis-like Bmm′ coupling terms along the reaction path
for the nine normal modes in methane. The normal modes are numbered
from higher to lower vibrational frequencies. Thus, modes 1, 2, and 3
correspond toν3 in methane, mode 4 corresponds toν1, modes 5 and
6 correspond toν2, and modes 7, 8, and 9 correspond toν4. Panel a
shows the coupling terms for the reactant channel, while panel b plots
the values computed for the product channel. Note that the degeneracy
of the modes in methane is broken as the H atom approaches.
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different methane vibrational excitations and collision energies.
First, we analyze the collision energy effects on the vibrational
distribution of CH3 products. For the ground state,ν3 ) 1, and
ν3 ) 2 excited methane the vibrational excitation of the CH3

products is independent of the collision energy, 1.52 or 2.20
eV, and practically the same percentages are obtained. Second,
we analyze the influence of the methane vibrational excitation
on this distribution. The ground-state vibrational methane, at
both collision energies, gives mainly ground-state CH3 products.
The percentage diminishes with the modes: 62% with excited
umbrella bending, 20% with excited deformation bending, and
between 2 and 7% in stretching excited modes. This result agrees
with the experimental evidence.2 When the methane asymmetric
stretch mode is excited by one quantum,ν3 ) 1, at either
collision energy, we find vibrationally hotter CH3 products,
especially in the stretching modes, between 15 and 16%. Again,
this result agrees with experiment.2 Finally, when the methane
asymmetric stretch mode is excited by two quanta,ν3 ) 2, hotter
vibrational CH3 products are obtained, with≈30% and≈26%
in the CH3 stretch modes, for the collision energies of 1.52 and
2.20 eV, respectively. These theoretical calculations confirm
the purely qualitative experimental evidence2 for the title
reaction, indicating that the reactant vibrational excitation has
a significant influence on the product state distributions, although
the theoretical results here presented also give a quantitative
description, absent in experiment.

III.C. Effect of Vibrational Excitation on the Reactivity.
The QCT total reactive cross sections,σR’s, for the ground-
state and the vibrational excited methane (ν3 ) 1 andν3 ) 2)
are listed in Table 2, at two collision energies, 1.52 and 2.20
eV, where all the vibrational states of the products are
considered:

With respect to the ground state, the vibrational excitation of
the asymmetric stretch mode by one quantum,ν3 ) 1, enhances
the reactivity by a factor of about 2, independently of the
collision energy, reproducing the reported experimental factor

3.0 ( 1.5.2 The excitation of this mode by two quanta, CH4-
(ν3)2), enhances the reactivity with respect to the ground state
by a factor of about 3, also independently of collision energy.
This value was only qualitatively described by experiment,2 and
has never before been calculated.

The relative state-to-state reactive cross sections for theν )
0, ν3 ) 1, andν3 ) 2 methane modes are listed in Table 3, at
the two collision energies, 1.52 and 2.20 eV, and compared with
the available experimental data2 for the following channels:

Thus, we define the relative factors F1 and F2 as

Experimentally2 it was found that the F1 factor is always
greater than 1 independently of the collision energy; i.e., the
methane vibrational excited stateν3 ) 1 enhances the reactivity
with respect to the ground state. Our QCT results contrast with
experiment, obtaining values F1< 1. Since our QCT calcula-
tions predict that the total cross section increases with theν3

excitation (Table 2), this underestimation of the F1 factor seems
to suggest that the QCT calculations give CH3 products
vibrationally more excited than experiment. With respect to the
F2 factor, at 1.52 eV the QCT results agree with experiment;
i.e., the reactivity diminishes with respect to the ground state.
At 2.20 eV, we find similar behavior, although unfortunately
there are no experimental data for comparison.

Table 3 also lists the relative state-to-state cross section for
umbrella excited products at the two collision energies, for the
following channels:

Thus, the relative factors F3 and F4 are defined as

For all the umbrella product states there is an enhancement
independently of the collision energy, in agreement with
experiment.2 Again, these data were only qualitatively antici-
pated by experiment, while here we give a quantitative predic-
tion.

Finally, note that the theoretical results presented in this work
(Tables 1 and 2) confirm the qualitative experimental data, but
also contribute new quantitative information. First, we compared
the reactivity of two states, CH4(ν3)2) at 1.52 eV and CH4-

Figure 3. Changes in normal-mode frequencies as functions of the
reaction coordinate. The dotted lines indicate that two lines are
superimposed (i.e., doubly degenerate modes).

H + CH4(ν) f H2 + CH3 (R1)

H + CH4(ν)0) f H2 + CH3(ν)0) (R2a)

H + CH4(ν3)1) f H2 + CH3(ν)0) (R2b)

H + CH4(ν3)2) f H2 + CH3(ν)0) (R2c)

F1 )
σ[H + CH4(ν3)1) f H2 + CH3(ν)0)]

σ[H + CH4(ν)0) f H2 + CH3(ν)0)]
(1)

F2 )
σ[H + CH4(ν3)2) f H2 + CH3(ν)0)]

σ[H + CH4(ν)0) f H2 + CH3(ν)0)]
(2)

H + CH4(ν)0) f H2 + CH3(ν2′) (R2d)

H + CH4(ν3)1) f H2 + CH3(ν2′) (R2e)

H + CH4(ν3)2) f H2 + CH3(ν2′) (R2f)

F3 )
σ[H + CH4(ν3)1) f H2 + CH3(ν2′)]
σ[H + CH4(ν)0) f H2 + CH3(ν2′)]

(3)

F4 )
σ[H + CH4(ν3)2) f H2 + CH3(ν2′)]
σ[H + CH4(ν)0) f H2 + CH3(ν2′)]

(4)
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(ν)0) at 2.20 eV of collision energy, both with roughly the
same total energy. We found that the first is more reactive than
the second by a factor of about 2, indicating that vibrational
excitation is more effective than a similar amount of energy
in translation (Table 2). Moreover, this result corroborates
Polanyi’s rules for triatomic systems in the case of late transition
states. Second, we also confirm the mode selectivity found
experimentally. Thus, when the reactions H+ CH4(ν3)1) at
1.52 and 2.20 eV are compared (Table 1), one finds similar
product vibrational state distributions. Similar results are found
when two quanta are located in theν3 methane mode at 1.52
and 2.20 eV. These results indicate that the initially prepared
vibration is more important than the translational energy in
determining the product distribution.

III.D. Effect of Vibrational Excitation on the H 2 Product
Rotational Distribution. Because of the large number of
product channels opened for the title reaction with these
vibrational excitations,ν3 ) 1 and 2, and these collision
energies, 1.52 and 2.20 eV, we focused our study on the
channels 2a-2c defined above, where all reactions yield the
CH3 product in its ground state, and on the following channels:

where all the reactions yield CH3 products with one quantum
in the stretch mode (νs ) 1). In all the channels analyzed in
this section (2a-2c, 2g, 2h), the H2 product is in its ground
state. The main aim in this section is to analyze the influence
of the vibrational excitation on the H2 product state rotational
distribution. The QCT rotational population distributions for H2-
(ν)0) are plotted in Figures 4 and 5 for the collision energies
of 1.52 and 2.20 eV, respectively. Unfortunately, due to
experimental difficulties, these rotational distributions are not
experimentally known, so that these theoretical calculations are
predictive.

At 1.52 eV, in the first set of channels, 2a-2c (three upper
panels in Figure 4), where the CH3 product is always in its
ground state, one observes that as the methaneν3 vibrational
level becomes more excited the H2 product rotational distribution
becomes hotter and broader. Thus the distribution peaks atj′ )
3, 4, and 6, and extends up toj′ ) 9, 11, and 15, for methane
in the statesν ) 0, ν3 ) 1, andν3 ) 2, respectively. In the
second set of channels, 2g and 2h (two lower panels in Figure
4), where the CH3 product is excited in theνs ) 1 state, one
observes similar behavior, where the distribution peaks atj′ )
4 andj′ ) 5, and extends untilj′ ) 11 and 13, for the initial
methane statesν3 ) 1 andν3 ) 2, respectively. At 2.20 eV
(Figure 5) one finds similar behavior, although the H2 rotational

TABLE 1: Percentage Population of CH3 Product Vibrational States

CH3 vibrational state population

ν2′ ν4′ ν1′ ν3′
CH4 vibrational state 0 1 2 0 1 2 0 1 2 0 1 2

Collision Energy 1.52 eV
gsa 38 33 29 80 16 4 93 7 0 98 2 0
ν3 ) 1 40 35 25 85 13 2 83 15 2 85 14 1
ν3 ) 2 37 35 28 79 16 5 71 22 7 73 24 3

Collision Energy 2.20 eV
gsa 41 33 26 80 17 3 94 6 0 98 2 0
ν3 ) 1 40 36 24 83 14 3 85 14 1 84 15 1
ν3 ) 2 36 36 28 79 15 6 71 22 7 75 22 3

a CH4 vibrational ground state (ν ) 0).

TABLE 2: Total Reactive Cross Section (σR
a) Values and Ratios Between Them

σR

CH4 vibrational state 1.52 eV 2.20 eV

gsb 0.28 0.39
ν3 ) 1 0.54 0.80
ν3 ) 2 0.84 1.16

Ratios BetweenσR Values

σR(ν3)1)/σ(gs) σR(ν3)2)/σ(gs)

1.52 eV 2.20 eV 1.52 eV 2.20 eV

QCT 1.93 2.05 3.00 2.97
exptlc 3 ( 1.5

a In Å2, with an error bar of(0.01. b CH4 vibrational ground state (ν ) 0). c Experimental value from ref 2.

TABLE 3: State-to-State Reactive Cross Sectionsa

F1 F2

collision energy, eV QCT exptlb QCT exptlb
F3

QCT
F4

QCT

1.52 0.93 g1.4 0.34 <1 1.20 1.28
2.20 0.78 >1 0.46 1.40 1.78

a See text for definition of the Fi factors.b Experimental values from ref 2.

H + CH4(ν3)1) f H2(ν)0) + CH3(νs)1) (R2g)

H + CH4(ν3)2) f H2(ν)0) + CH3(νs)1) (R2h)
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distributions are slightly hotter (by 1 or 2 units inj′) and broader,
reaching higher values ofj′.

III.E. Effect of Vibrational Excitation on the CH 3 Product
Scattering Distribution. With the aim of comparison with the
available experimental data, angular distributions in terms of
the differential cross section (DCS) for the channels

are plotted in Figures 6 and 7 for the collision energies of 1.52
and 2.20 eV, respectively. Note that the only experimental
information corresponds to 1.52 eV, while no experimental

DCSs at 2.20 eV have been reported. In addition, Figure 8 plots
the DCSs for the channel

at the two collision energies, which have not been experimen-
tally reported.

Experimentally, the scattering distributions were studied only
at 1.52 eV, and Camden et al.2 found that the three first channels
(2a, 2g, and 2h) show a similar behavior, where the CH3

products scatter in the sideways and backward directions. The
QCT angular distributions reported here (Figure 6) reproduce
the experimental evidence. These authors suggested that, since
the laboratory-frame speed distributions are similar for the three
channels and the 2h channel has more energy, either the products
shift more toward backward scattering or more energy is
deposited into rotation and vibration of the H2 coproduct. Figure
9 shows a comparison of the experimental and QCT laboratory-

Figure 4. Rotational populations of the H2 products at 1.52 eV for
channels 2a, 2b, 2c, 2g, and 2h (see text for definition of channels).

H + CH4(ν)0) f H2 + CH3(ν)0) (R2a)

H + CH4(ν3)1) f H2 + CH3(νs)1) (R2g)

H + CH4(ν3)2) f H2 + CH3(νs)1) (R2h)

Figure 5. Same as Figure 4, but at 2.20 eV.

H + CH4(ν3)1) f H2 + CH3(ν)0) (R2b)
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frame speed distributions. We found similar laboratory-frame
speed distributions for the three reactions, in agreement with
experiment, although our distributions are narrower and centered
at slightly higher values of the CH3 velocity. Our QCT DCSs
(Figures 6 and 7) show that reaction R2h does not shift
significantly toward the backward hemisphere. Instead, we
observed that more energy is deposited in the H2 coproduct:
23% of the total available energy for reactions R2a and R2g
and 25% for reaction R2h, although the small differences could
also be due simply to statistical errors.

At 2.20 eV, experimental angular distributions are unavail-
able, and therefore the DCSs plotted in Figure 7 for reactions
R2a, R2g, and R2h are predictive, to be confirmed by future
experimental measurements. The DCSs are similar to those
obtained at 1.52 eV, although the sideways scattering is more
pronounced.

Finally, we analyze the DCSs at the two energies for reaction
R2b (Figure 8), which have not been measured experimentally.

The two DCSs are similar, and the CH3 product scatters in the
sideways and backward directions, moving toward lower values
of the scattering angle as the energy increases. Again, these
theoretical calculations are predictive, to be confirmed by future
experiments.

IV. Conclusions

In this paper we have described exhaustive QCT calculations
carried out with the aim of analyzing the effect of methane
asymmetric vibrational excitations by one and two quanta on
the reactivity and dynamics of its reaction with the hydrogen
atom. Two collision energies, 1.52 and 2.20 eV, were considered
for comparison with experiment. With respect to the reactivity,
the main conclusions are the following:

1. Strong coupling between vibrational modes is found,
allowing the nonadiabatic flow of energy between modes.
Therefore, they do not preserve their adiabatic character along
the reaction path; i.e., the reaction is nonadiabatic. This result
questions the simple adiabatic picture of located and normal
modes.

2. The asymmetric (ν3) stretch mode excitation by one and
two quanta increases the reactivity with respect to the vibrational
ground state by factors of∼2 and∼3, respectively, indepen-
dently of the collision energy. These results agree with the
experimental evidence.

Figure 6. Product angular distributions of CH3 products at 1.52 eV
for channels 2a (solid line), 2g (dotted line), and 2h (dashed line) (see
text for definition of channels). The angular distributions are normalized
so that the area under the common regions is the same.

Figure 7. Same as Figure 6, but at 2.20 eV.

Figure 8. Product angular distributions of the CH3 products at 1.52
(solid line) and 2.20 eV (dotted line), for channel 2b.

Figure 9. Distribution of laboratory-frame speed of CH3 products at
1.52 eV for channels 2a, 2b, and 2c. Solid lines are experimental results
from ref 2; dotted lines are from QCT calculations.
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ith respect to the dynamics of the excited states, the main
conclusions are as follows:

1. As the methaneν3 vibrational mode gets more excited,
hotter vibrational CH3 products are obtained, especially in the
stretching excited modes, practically independently of the
collision energy. These results confirm the experimental mea-
surements, which indicate that the reactant vibrational excitation
has a significant effect on the product state distribution.

2. The H2 product rotational distributions for different state-
to-state reactions are mainly dependent on the reactant vibra-
tional excitation and less dependent on the collision energy.
These theoretical results are predictive, because unfortunately
there is no experimental information for comparison.

3. The methane excited in its asymmetric (ν3) stretch mode
by one and two quanta and the ground-state methane yield
similar angular distributions of the products, with the CH3

products scattering sideways and backward. These theoretical
results reproduce the known experimental tendency at 1.52 eV.
At 2.20 eV similar results were obtained. As experimental
information is not available at this energy, these latter results
are predictive.
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