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ABSTRACT: The initial state selected time-dependent wave packet method has
been developed to study the H2 + CH3 → H + CH4 reaction, by employing the
seven- and eight-dimensional models proposed by Palma and Clary in which the
nonreacting CH3 moiety is restricted in C3v symmetry. Total reaction probabilities
and integral cross sections were calculated for the ground and a number of
vibrationally excited initial states to investigate the eﬀects of vibrational excitations
of both reagents on the reaction. The eight-dimensional calculations showed that
the CH stretching excitation does not have any important eﬀect on the reaction and
the seven-dimensional model with the CH bond length ﬁxed works very well for
the reaction. The excitation of H2 vibrations could enhance the reaction but is less eﬀective than the translation in the low energy
region. In contrast, the ﬁrst umbrella excitation is very eﬀective on reducing the reaction threshold. The calculated rate constants
are found to be in good agreement with available experimental measurements and other theoretical results.
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be estimated reliably, they managed to obtain initial stateselected and even state-to-state reaction probabilities for the
title reaction in low collision energy region by propagate the
wave packets back and forth from the transition state
region.16−18
In 2000, Palma and Clary proposed an eight-dimensional
model to deal with reactions of the type X + YCZ3 → XY +
CZ3.19 It is a full-dimensional model for the type of reactions
under the assumption that the CZ3 group keeps a C3v symmetry
in the reaction. Because the assumption is expected to hold very
well in reality, it is the most realistic reduced-dimensionality
model developed so far in calculating the initial state selected
reaction probability. Yang and Zhang implemented the model
by using the time-dependent wave packet method in 2002.
Since then, the model has been applied extensively to study
many reactions such as H + CH4,20−23 O + CH4,24,25 H +
CD4,26 H + CHD3,27−29 and Cl + CHD330,31 and provided
some results in good agreement with experimental.26,30
In contrast, the H2 + CH3 → H + CH4 reaction has not been
so extensively studied as its reverse counterpart. Besides the
full-dimensional MCTDH calculation of thermal rate constants
of the reaction by Manthe and co-workers,32 there were only a
few studies based on classical mechanics and reduced
dimensional quantum dynamics. Wang has presented a sixdimensional quantum dynamics method to study the title

n the past two decades, signiﬁcant progress has been made
on accurate quantum reactive scattering studies of gas-phase
chemical reactions, largely through the development of the
time-dependent wave packet method (TDWP). Now it is
possible to calculate state-to-state diﬀerential cross sections
(DCS) for most triatomic reactions. Recently, the TDWP
method has been developed to compute state-to-state DCS for
some simple tetra-atomic reactions without any dynamical
approximation, with excellent agreements achieved between
theory and high-resolution crossed-molecular beam experiments.1−3
One of the major challenges in the ﬁeld of quantum reaction
dynamics is to develop accurate yet aﬀordable methods to study
polyatomic chemical reactions involving more than four atoms,
such as the H + CH4 → H2 + CH3 reaction. Due to its
important role in CH4/O2 combustion chemistry, the reaction
has been widely studied experimentally and theoretically.
Because there are ﬁve hydrogen atoms involved, the reaction
system has become a benchmark system to test various
dynamical methods for polyatomic reactions. Yu and Nyman
employed rotating bond approximation (RBA) method to
include the ﬂoppy umbrella modes of CH3.4 Wang and
Bowman studied this reaction with a six-dimensional (6D)
time-dependent wave packet study by approximating the three
hydrogen atoms in CH3 as a pseudoatom.5 Zhang and coworkers developed a semirigid vibrating rotor target (SVRT)
model to study reaction.6 Using the multiconﬁguration timedependent Hartree (MCTDH) method, Manthe and coworkers have performed a serial of full-dimensional quantum
dynamics studies on reaction.7−18 Starting from calculating the
cumulative reaction probabilities for the total angular
momentum J = 0 from which the thermal rate constants can
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reaction by treating the CH3 as a diatomic molecule.33 In this
work, Wang employed the same approximation as in their study
of the H + CH4 → H2 + CH3 reaction by treating the CH3
moiety as a pseudodiatomic molecule.5 Recently, Wang and coworkers extended the model to seven dimensions to study the
OH + CH3 → O + CH4 reaction by treating the CH3 moiety as
a collinear triatomic molecule HCX.34
In this letter, we report seven- and eight-dimensional
quantum dynamics studies for the H2 + CH3 → H + CH4
reaction. The eight-dimensional model of Palma and Clary was
employed, with the symmetric stretch and umbrella motions of
CH3 being treated explicitly. The 8D Hamiltonian proposed by
Yang et al. recently was employed here to treat the CH3
group.21 This vibrational Hamiltonian of CH3 group, expressed
in a set of scaled polar coordinates, is considerably simpler than
the previous form.23 We used a total of 120 sine functions
(including 48 for the interaction region) for the translational
coordinate R in a range of [2.0, 15.0] a0, and 6 and 40 basis
functions were used for H2 stretch in the asymptotic and
interaction regions, respectively. Fifteen basis functions were
used for the umbrella motion of CH3 and three basis functions
for CH stretching. In the 7D calculations, the length of CH
bond was ﬁxed at its equilibrium value of 2.036 a0. The same set
of rotational basis functions were used for both 7D and 8D
calculations: jmax = 30 and kmax = 3 were used for CH3 rotation
where jmax and kmax have the same meaning as that in the studies
of H + CH4 → H2 + CH3 reaction, lmax = 30 was used for H2
rotation. The total number of rotational basis functions is
30 016 for even parity considered in this study. The potential
energy surface (PES) employed in the present study was
constructed very recently in this group by using neural network
ﬁtting to about 48 000 ab initio energies calculated at
UCCSD(T)-F12/AVTZ level.35
Figure 1 shows the Jtot = 0 total reaction probabilities as a
function of translational energy with reagent H2 and CH3 in
diﬀerent initial vibrational states. In the 7D calculations, an
initial vibrational state is labeled as (vH2, vu), where vH2 and vu
represents the vibrational state of H2 and the umbrella state of

CH3, respectively. On the PES used in this study, the excitation
energy of ﬁrst excited state of H2 is 4158.7 cm−1 with the zero
point energy (ZPE) of 2178.15 cm−1, and the excitation energy
of the ﬁrst excited state of CH3 umbrella motion is 640.5 cm−1
with the ZPE of 294.8 cm−1. In the 8D calculations, an initial
vibrational states is labeled as (vH2, vu, vs), with vs representing
the symmetric stretch motion of CH3. In the 8D model, the
ZPE of CH3 is 1841.2 cm−1 and the excitation energy of the
ﬁrst excited state (0, 1, 0) of CH3 umbrella motion is 623.7
cm−1 and the excitation energy of the ﬁrst excited state (0, 0, 1)
of CH3 stretch motion is 3070.3 cm−1. As can be seen from
Figure 1a, the 8D reaction probability for the ground initial
state has a threshold energy of ∼0.51 eV and increases
essentially linearly with the collision energy. It reaches 0.24 at
the collision energy of 1.8 eV, much larger than the reaction
probability for the reverse H + CH4 reaction. The 7D reaction
probability is almost identical to the 8D result, except a tiny
shift of threshold energy of about 0.01 eV to high energy. As
seen from Figure 1b, the 8D probabilities for (0, 1, 0) and (1, 0,
0) initial vibrational states are almost the same as the
corresponding 7D ones. Furthermore, we also can see the
probability for the ﬁrst symmetric stretch excitation of CH3 (0,
0,1) state is very close to the probability of the 7D ground
initial state. These results clearly show the CH stretch motion
in the nonreactive CH3 group is a spectator mode in the
reaction and can be frozen in dynamical calculations without
introducing any noticeable error. As a result, we will use the 7D
model to compute the ICS for the reaction. Also can be seen
from Figure 1b the H2 vibrational excitation enhances the
reactivity considerably, whereas the umbrella excitation of CH3
group only enhances the reactivity in low collision energy
region. Finally, it is interesting to note that all the probabilities
in Figure 1 have some oscillation structures at the low energy
region, in particular for the 8D (1, 0, 0) initial state.
Figure 2a presents the 7D ICSs for some initial states as a
function of translational energy. The maximum value of Jtot

Figure 1. Total reaction probabilities (Jtot = 0) as a function of
translational energy with reagents initially in diﬀerent vibrational states
(vH2, vu) and (vH2, vu, vs) for 7D and 8D, respectively.

Figure 2. (a) Integral cross sections for 7D diﬀerent initial states (vH2,
vu) as a function of translational energy. (b) Same as (a), but as a
function of total energy.
B
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needed to converge the integral cross section in the energy
region considered here is 75, and the centrifugal sudden (CS)
approximation is employed for the Jtot > 0 reaction probability
calculation. It can be seen that the behaviors of the cross
sections are very similar to those of the reaction probabilities
shown in Figure 1. At the same collision energy, the initial
vibrational excitation of H2 enhances the cross sections
substantially, in particular in the low collision energy region.
At the collision energy of 1.8 eV, the ICS of (1, 0) initial state is
about double that for the ground state. The umbrella
excitations have less eﬀect on the cross sections, in particular
in the high collision energy region. The ﬁrst umbrella excitation
reduces the threshold energy noticeably; in contrast, the second
umbrella excitation only reduces the threshold by a small
amount. For the higher umbrella excitation states, the ICSs are
similar to the ICS of the (0, 2) state shown in the ﬁgure.
Welsch and Manthe recently found in their MCTDH based
full-dimensional state-to-state quantum dynamics study on the
H + CH4 → H2 + CH3 that there is a substantial amount of
CH3 produced in the umbrella excited states, in particular in the
ﬁrst excited one,18 in line with the results found here.
When measured as a function of total energy as shown in
Figure 2b, the ICS for the (1, 0) initial state has a crossover
point with the ICS of the ground state at the total energy of
about 1.05 eV. This means that at the low total energy the
translational energy is more eﬀective on promoting the reaction
than the H2 vibrational excitation, whereas at the high total
energy the H2 vibrational excitation is more eﬀective. On the
PES used in this study, the transition state for the title reaction
has a collinear geometry with the H2 bond stretched to 1.69 a0
and the new forming CH bond length of 2.64 a0, in comparison
with the equilibrium value of 1.41 a0 for H2 and 2.05 a0 for CH
in CH4. Therefore, the title reaction has a slightly early barrier,
and the lower eﬃciency of the H2 vibrational excitation on
prompting the reaction over the translational energy in the low
energy region observed here is in accordance with the Polanyi
rules. This is also in good agreement with the prediction given
by the sudden vector projection (SVP) model proposed by
Guo and co-workers,36,37 which gives 0.62 for H2 vibrational
motion and 0.71 for the translational motion.
For the umbrella excitation, the ICS for the (0, 2) state is
smaller than that for the ground initial state in the entire energy
region, whereas the ICS for the (0, 1) state is very close to that
for the ground state for total energy less than 0.9 eV and
becomes slightly less than that at higher energy region. This
means that at low collision energy the energy deposited in the
ﬁrst CH3 umbrella excited state has the same eﬃcacy as the
translational energy, in contradiction with the SVP model
which predicts 0.33 for umbrella motion. At the transition state,
the CH3 group has an umbrella angle (the angle between a CH
bond and the C3 axis) of 77°, in comparison with 90° for CH3
radical. Therefore, the umbrella angle changes considerably
from reagent to saddle point, and it is not surprising to see the
umbrella excitation can reduce the reaction threshold
eﬀectively.
In Figure 3 we show the vibrational state averaged rate
constants for the title reaction together with the transition state
theory (TST), full-dimensional MCTDH,32 and eight-dimensional transition state wave packet (TSWP) results,38 in
comparison with experimental measurements.39−42 Because
the excitation energies for the umbrella motion of CH3 are
quite diﬀerent from the corresponding harmonic energies, we
used 15 umbrella excited energies of CH3 yielded from the 7D

Figure 3. Comparison between the present rate constant for 7D initial
state-selected with other theoretical and available experimental results.

model to obtain the CH3 vibrational partition function for the
TST rate constant calculation. The partition function for the
umbrella mode under the harmonic approximation is about
17% larger than that calculated in this way at the temperature of
1000 K. Because the 7D and 8D probabilities agree with each
other extremely well, as shown in Figure 1, we only calculate
the rate constants on the basis of the 7D model. As expected,
TST noticeably underestimated the rates at low temperatures,
but the overall agreements between various theoretical results,
and between theory and experiment, are satisfactory. It is
worthwhile to point out that the PES used in the MCTDH
calculation was diﬀerent from that used in this study. The good
agreement between these two studies indicates both PESs are
very close on the level of accuracy for describing the reaction.
Finally, one may note that the present 7D rate constant is very
close to the TSWP rate constant in the high temperature
region, but their ratio reaches about 1.5 at T = 300 K. This
discrepancy may be attributed to the following two reasons:
one is the CS approximations employed in the present study,
the other is the eﬀects of reagents rotation excitation, which
was not included in this work but was included in the TSWP
study. Further studies should be carried out to examine the
accuracy of the CS approximation to the reaction and to
investigate the eﬀects of reagent rotation excitation of the
reaction.
In summary, an eight-dimensional time-dependent wave
packet method was developed to study the H2 + CH3 → H +
CH4 reaction, based on Palma and Clary’s model in which the
nonreacting CH3 moiety keeps C3v symmetry. Our calculations
showed that the CH stretch mode is a spectator in the reaction;
therefore, the CH bond length can be ﬁxed in calculation
without introducing any noticeable error. The H2 vibration
excitation could enhance the reaction considerably but is still
less eﬀective than the translational energy in the low energy
region, in accord with the Polanyi rules for an early barrier
reaction and the SVP model. The eﬀect of the umbrella
excitation of CH3 on the reaction is more complicated. Only for
the ﬁrst excited state can the entire energy deposited in the
umbrella motion be used to reduce the threshold energy,
making the umbrella excitation have the same eﬃcacy on
prompting the reaction as the translational energy. The eﬃcacy
decreases with the increase of excitation level of the umbrella
motion. Overall, the calculated rate constants agree well with
the experimental and other theoretical values. This work
presents a useful tool for the XY + CZ3 → X + YCZ3 type
reaction.
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