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An eight-dimensional quantum dynamical model is proposed and applied to the title reaction. The
reaction probabilities and integral cross sections have been determined for both the ground and
excited vibrational states of the two reactants. The results indicate that the H2 stretching and CH3
umbrella modes, along with the translational energy, strongly promote the reactivity, while the CH3
symmetric stretching mode has a negligible effect. The observed mode specificity is confirmed by
full-dimensional quasi-classical trajectory calculations. The mode specificity can be interpreted by
the recently proposed sudden vector projection model, which attributes the enhancement effects
of the reactant modes to their strong couplings with the reaction coordinate at the transition
state. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4933240]

I. INTRODUCTION

The H + CH4↔ H2 + CH3 reaction serves as a prototype
for chemical reactions involving polyatomic molecules.1,2 It
plays an important role in combustion3 and the chemistry
of hydrocarbons in the atmosphere of Titan.4 As a result,
it has been extensively studied both experimentally and
theoretically. There have been many measurements of the
forward rate coefficients5–10 and consensus recommendations
exist.11 Theoretical calculations of the rate coefficients range
from transition-state theory calculations with semi-classical
corrections of tunneling to full-dimensional quantum dynam-
ical studies.12–29 In addition, the forward reaction has been
extensively studied as a prototype for understanding reaction
dynamics, mode specificity, and bond selectivity.19,30–56

Since this reaction involves six atoms, a full-dimensional
characterization requires twelve degrees of freedom. Although
several full-dimensional potential energy surfaces (PESs)
have been developed based on ab initio data,13,47,57–62

the only full-dimensional quantum dynamics (QD) studies
have been performed with the multi-configuration time-
dependent Hartree (MCTDH) method.14–16,20,22,25–28,51,53,55,56

The conventional quantum dynamics studies of this reaction
have been in reduced dimensionality,19,31–37,43,45–50,52,54 many
with the Palma-Clary model.63 However, comparison with
the MCTDH results suggested that these reduced-dimensional

a)Present address: School of Chemistry and Chemical Engineering,
Chongqing University, Chongqing 400044, China.

b)Authors to whom correspondence should be addressed. Electronic ad-
dresses: yangmh@wipm.ac.cn and hguo@unm.edu

models are capable of producing quantitatively correct total
reaction probabilities,27 at least for ground vibrational state.56

Comparing with the forward reaction, much less is known
about the reverse reaction. Although the rate coefficients
have been determined experimentally7,9,11,64 and theoret-
ically,12,18,65–67 only a few dynamics studies have been
reported.68–70 In particular, Chapman and Bunker studied
vibrational mode specificity with a model PES.68 More
recently, Wang reported six-dimensional (6D) time-dependent
quantum studies of the reaction and the isotopic reactions
HD + CH3 and D2 + CH3, treating the CH3 moiety as a pseudo-
diatom in which the internal degree of freedom is the umbrella
bend.69,70 He found that the excitation of the H2(HD,D2)
vibration substantially enhances the reactivity, whereas the
excitation of the umbrella motion of CH3 has the opposite
effects. So far, no experimental studies have been reported.

In this work, we report an extensive investigation of
the reaction dynamics of the H2 + CH3 → CH4 + H reaction.
Since both reactants in this reaction are molecules with
vibrational modes, it provides an ideal testing case to examine
the mode specificity. In the studies detailed below, the QD is
characterized by a new eight-dimensional (8D) Hamiltonian
based on the Palma-Clary model, which assumes that the CH3
moiety maintains its C3v symmetry during the reaction. The
QD calculations were performed on the analytical PES of
Corchado, Bravo, and Espinosa-García (PES2008).61 The QD
calculations are complemented by quasi-classical trajectory
(QCT) studies on the same PES, and the results are in good
overall agreement. The calculated rate coefficients are found
to agree with the experiment. These calculations indicated that

0021-9606/2015/143(15)/154307/7/$30.00 143, 154307-1 © 2015 AIP Publishing LLC
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the excitations in the H2 stretching and CH3 umbrella modes,
along with translational energy, strongly promote the reaction,
while the CH3 symmetric stretching excitation has little effect.
The strong mode specificity of this reaction is rationalized
by the recently proposed sudden vector projection (SVP)
model.71–73 The remainder of the publication is organized
as follows. In Sections II and III, the theoretical methods
are introduced. The results and discussion are presented in
Section IV and a brief conclusion is given in Section V.

II. QUANTUM DYNAMICS

A. The coordinate system

The eight-dimensional model is similar to that of its
reverse reaction H + CH4 → H2 + CH3

49 and is described in
the coordinate system shown in Figure 1. Here, R is the
distance from the center of mass (COM) of the CH3 molecule
to the COM of the H2 molecule and r is the bond length of the
H2 molecule. The CH3 group, which is assumed to maintain
its C3v symmetry throughout the reaction,63 could be defined
with either polar coordinates (ρ, χ)43 or Cartesian coordinates
(x, s).63 Here, ρ is the C–H bond length and χ is the angle
between a CH bond and vector S which is the symmetry axis
of CH3; x denotes the distance from a H atom to the symmetry
axis S and s the distance between atom C and the center of
three H atoms. In this work, the polar coordinates (q, γ) are
employed to simplify the Hamiltonian.49 θ1 is the bending
angle between vectors R and r and ϕ1 is the azimuthal angle
for the rotation of H2 around R; θ2 is the bending angle between
vectors R and S; and ϕ2 is the azimuthal angle for the rotation
of CH3 around its C3v axis S.

B. The model Hamiltonian

The Hamiltonian in the aforementioned coordinates is
written as (~ = 1),49,63

FIG. 1. (a) Jacobi coordinates for the eight-dimensional model for the
H2+CH3 reaction; (b) Cartesian and polar coordinates of the CH3 group.

Ĥ = − 1
2µR

∂2

∂R2 −
1

2µr

∂2

∂r2 +
( Ĵ − ĵ12)2

2µRR2 +
ĵ2
1

2µrr2

+ K̂vib
CH3
+ K̂ rot

CH3
+ V (R,r,q, γ, θ1, ϕ1, θ2, ϕ2). (1)

Here, µR is the H2–CH3 reduced mass and µr is the H2 reduced
mass. The first two terms represent the kinetic energy operators
for R and r , respectively. Ĵ is the total angular momentum
operator of the system and ĵ12 = ĵ1 + ĵ2, where ĵ1 and ĵ2 are
the angular momentum operators for the molecules H2 and
CH3, respectively. The third term of the Hamiltonian is the
centrifugal potential and the fourth term is the rotational kinetic
energy operator of H2. K̂vib

CH3
and K̂ rot

CH3
are the vibrational and

rotational kinetic operators of CH3, respectively. The last term
V (R,r,q, γ, θ1, ϕ1, θ2, ϕ2) in the Hamiltonian is the potential
energy operator. In this work, the PES of Corchado et al.61

was used.
The vibrational and rotational kinetic operators for CH3

defined in the (q, γ) coordinate system are written as

K̂vib
CH3
= − 1

2µx

(
∂2

∂q2 +
1
q2

∂2

∂γ2 +
1

4q2

)
, (2)

with µx = 3mH and the integral element as ∂q∂γ, and

K̂ rot
CH3
=

1
2IA

ĵ2
2 +

(
1

2IC
− 1

2IA

)
ĵ2
2z, (3)

where ĵ2 is the rotational angular momentum operator of CH3
and ĵ2z is its the z-component. The moments of inertia IA and
IC are defined as63

IA =
3
2

mH

(
x2 +

2mC

mC + 3mH
s2

)
, (4)

IC = 3mHx2, (5)

with x = q sin γ and s =
(mC + 3mH)/mCq cos γ. The parity

-adapted rotational basis set for the H2 + CH3 system is defined
as

Φ
JMK̄ε
j12 j1 j2k2

(R̂, r̂ , ŝ)

=


1

2(1 + δK̄0δk20)

Φ

JMK̄
j12 j1 j2k2

(R̂, r̂ , ŝ)

+ ε(−1)J+ j12+ j1+ j2+k2Φ
JM−K̄
j12 j1 j2−k2

(R̂, r̂ , ŝ) , (6)

here

Φ
JMK
j12 j1 j2k2

(R̂, r̂ , ŝ) = D̄J
MK(R̂)Y j12K

j1 j2k2
(r̂ , ŝ), (7)

and

Y j12K
j1 j2k2

(r̂ , ŝ) =

m

⟨ j1m j2K − m| j12K⟩Yj1m(r̂)D̄ j2
K−m,k2

(ŝ), (8)

with the spherical harmonics and Wigner rotational matrix
defined as74

Yj1,m(r̂) = Yj1,m(θ1, φ1), (9)

D̄ j2
K−m,k2

(ŝ) =


2 j2 + 1
4π

D∗ j2
K−m,k2

(0, θ2, φ2), (10)

where K̄ = |K | and ε is the parity of wavefunction under space-
inverse operation.
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The time-dependent wavefunction is thus expanded in the
parity-adapted rotational basis functions as

Ψ
JMε =


nR,nr,nq,nγ


K j12 j1 j2k2

cJMKε
nRnrnqnγ j12 j1 j2k2

(t)GnR
(R)

× Fnr(r)Qnq(q)Hnγ(γ)ΦJMKε
j12 j1 j2k2

(R̂, r̂ , Ŝ), (11)

where cJMKε
nRnrnqnγ j12 j1 j2k2

(t) are time-dependent coefficients. nR,
nr , nq, and nγ are the labels for basis functions of R, r , q,
and γ, respectively. GnR

(R) are sine basis functions75 and the
basis functions Fnr(r), Qnq(q), and Hnγ(γ) are the eigenfunc-
tions of one-dimensional reference Hamiltonians defined as
follows:

ĥr(r) = − 1
2µr

∂2

∂r2 + ν
ref
r (r), (12)

ĥq(q) = − 1
2µx

∂2

∂q2 + ν
ref
q (q), (13)

and

ĥγ(γ,qref ) = −
(
∂2

∂γ2 +
1
4

)
+ 2µxq2

refν
ref
γ (γ), (14)

where ν
ref
r (r), νref

q (q), and ν
ref
γ (γ,qref ) are the corresponding

reference potentials and qref is a reference value of q to define
hγ(γ,qref ).

We note in passing that Wang and coworkers have recently
studied the OH + CH3 reaction by proposing another reduced-
dimensional model for AB + HCX type reactions,76 but the
coordinates used in their work address a different set of modes
in such reactions. Furthermore, a recent full-dimensional QD
study of the H + CH4 reaction has examined the validity
of the reduced dimensional models and found errors might
be introduced when some degrees of freedom are not
included.56 However, the reduced dimensional Hamiltonian
employed in that study is not of Palma-Clary form and as
a result the error of our reduced dimensional model is still
uncertain.

C. Propagation and projection

The wave packet is propagated using the split-operator
propagator,77

Ψ(t + ∆) = e−i Ĥ0∆/2e−iU∆e−i Ĥ0∆/2
Ψ(t), (15)

where the reference Hamiltonian Ĥ0 is defined as

Ĥ0 = −
1

2µR

∂2

∂R2 + ĥref
r (r) + ĥref

q (q)

+
1

2µxq2 ĥref
γ (γ,qref ) (16)

and the potential U is defined as

U =

�
Ĵ − ĵ12

�

2µRR2 +
ĵ1

2

2µrr2 + K̂ rot
CH3

+V (R,r,q, γ, θ1, ϕ1, θ2, ϕ2)

− vref
r (r) − vref

q (q) − q2
ref

q2 v
ref
γ (γ). (17)

The calculations of total reaction probabilities are exactly the
same as in the previous works.35,43,47,78 For a specific initial

state, the reaction probability can be calculated at a dividing
surface r = rs,

Pi(E) = ~
µr

Im
�

ψiE |ψ ′iE

�� |r=rs, (18)

where ψiE and ψ ′iE are the time-independent wavefunction
and its first derivative in r and they are determined by Fourier
transforming the wave packet at the dividing surface.

D. Numerical parameters

In this work, an L-shaped grid79 was used to reduce the
size of basis set. A total of 130 sine basis functions were used
for R ranging from 2.0 to 15.0 bohrs and 50 nodes were placed
in the interaction region. This means that the reaction region is
from 2.0 to 7.0 bohrs, and the asymptotic region is from 7.0 to
15.0 bohrs. 5 and 28 basis functions for r were employed in the
asymptotic and interaction regions, respectively. The size of
the rotational basis functions is controlled by the parameters,
j12 = 60, j1 = 24, j2 = 36, and k2 = 6. Considering parity and
C3v symmetry, the size of rotational basis functions is 22 878
and the number of nodes for the integration of the rotational
basis set is 60 125. The size of the total basis functions is
1.44 × 109 and the number of nodes for potential energy
calculation are 4.33 × 109.

III. QUASI-CLASSICAL TRAJECTORY

Standard full-dimensional QCT calculations were per-
formed using VENUS80 The trajectories were initiated with
a reactant separation of 8.0 Å and terminated when products
reached a separation of 8.0 Å or when reactants are separated
by 8.0 Å for non-reactive trajectories. The initial positions
and momenta of the atoms were sampled from the vibrational
normal modes.81 106 trajectories were calculated for each
specific state to make the statistical errors ≤2.2%. The
maximal impact parameter (bmax) was determined using small
batches of trajectories with trial values, and they are between
1.7 and 2.0 Å, depending on energy. The other scattering
parameters (impact parameter, vibrational phases, and spatial
orientation of the initial reactants) were selected via a Monte
Carlo approach.81 The propagation time step was selected
to be 0.01 fs. Energy conservation of the trajectories was
found to be excellent with the chosen time step. Almost
all trajectories conserved energy to within a chosen criteria
(0.04 kcal/mol).

The total integral cross section (ICS) for the title reaction
was computed according to the following formula:

σi (Ec) = πb2
max (Ec) Pr (Ec) , (19)

where the reaction probability Pr(Ec) at the specified collision
energy Ec is given by the ratio between the number of reactive
trajectories (Nr) and total number of trajectories (Ntotal),

Pr (Ec) = Nr/Ntotal. (20)

The standard error is given by ∆ =
(Ntotal − Nr)/NtotalNr .
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IV. RESULTS AND DISCUSSION

A. QD total reaction probabilities

For the title reaction on PES2008, the classical barrier
height is 15.1 kcal mol−1 (0.65 eV) and the energy difference
between the products and reactants is 2.89 kcal mol−1

(0.13 eV). In the following presentation, three vibrational
quantum numbers (n1, n2, n3) are used to denote the H2,
CH3 symmetric stretching, and CH3 umbrella modes. Only
the ground rotational states of the reactants are considered
in this work. Eleven initial states are considered: (1) Both
H2 and CH3 in their ground states, denoted as (0,0,0), with
the zero point energies of H2 and CH3 of 2174.9 cm−1 and
1825.7 cm−1, respectively; (2) the first three excited states of
the umbrella motion of CH3, denoted as (0,0,1), (0,0,2), and
(0,0,3), with excitation energies of 604.5 cm−1 (0.075 eV),
1282.6 cm−1 (0.159 eV), and 2021.7 cm−1 (0.249 eV); (3) the
symmetric stretching excited state of CH3, denoted as (0,1,0),
with an excitation energy of 3083.4 cm−1 (0.382 eV); (4)
the combined excited state of the symmetric stretching and
umbrella mode of CH3, denoted as (0,1,1), with an excitation
energy of 3687.1 cm−1 (0.457 eV); (5) H2 on its first vibrational
excited state, denoted as (1,0,0), with an excitation energy of
4157.2 cm−1 (0.515 eV); and (6) the combined excited states
of H2 and CH3, denoted as (1,0,1), (1,0,2), (1,1,0), and (1,1,1).
These excitation energies are listed in Table I.

Figure 2 shows the total J = 0 reaction probabilities for
the title reaction as a function of collision energy with the
eleven initial states. When both reactants are in their ground
vibrational states, as denoted as the (0,0,0) state, the total
reaction probability rises at about 0.53 eV and increases with
the collision energy. All vibrationally excited reactant states
have a lower reaction threshold than that of the (0,0,0) state,
indicating that these vibrational excitations reduce the reaction
threshold for the reaction. For the first vibrational excited state
of H2 (1,0,0), about 33% (0.168 eV) of the 0.515 eV excitation
energy is used to reduce the reaction threshold. For the first
CH3 umbrella excited (0,0,1) state, almost all of the excitation
energy (0.075 eV) is used to reduce the reaction threshold.
For the (0,0,2) and (0,0,3) initial states, 75% and 62% of the
excitation energies are used to reduce the threshold. However,
for the (0,1,0) initial state, only about 6% of the excitation
energy (0.382 eV) was used to reduce the threshold. For the
(0,1,1) initial state, this proportion is 23%. For the (1,0,1),
(1,0,2), (1,1,0), and (1,1,1) states, the proportions are 44%,
47%, 21%, and 29%, respectively.

TABLE I. Excitation energies of the eleven initial states.

State cm−1 eV State cm−1 eV

(0,0,0)a 2179.0 0.226
1825.7 0.270

(0,0,1) 604.5 0.075 (1,0,0) 4157.2 0.515
(0,0,2) 1282.6 0.159 (1,0,1) 4716.7 0.590
(0,0,3) 2021.7 0.249 (1,0,2) 5439.8 0.674
(0,1,0) 3083.4 0.382 (1,1,0) 7240.6 0.898
(0,1,1) 3687.1 0.457 (1,1,1) 7844.3 0.973

aThe values of (0,0,0) represent the zero point energies of H2 and CH3, respectively.

FIG. 2. Total J = 0 reaction probabilities for the H2+CH3 reaction as a
function of the collision energy.

In addition to reducing reaction threshold, all the vibra-
tional excited reactant states enhance the reactivity. From
Fig. 2, it is clear that the reaction probability for the (0,1,0)
initial state follows that of the (0,0,0) state very closely,
suggesting the excitation of the CH3 symmetric stretching
mode has little effect on the reactivity. However, excitations
of other vibrational modes are shown to promote the reaction.
Excitations of the H2 vibration and/or the umbrella mode of
CH3 enhance the reactivity substantially. This is different from
the previous results by Wang69,70 who found that excitation of
the H2 stretch enhances the reaction probability, whereas the
excitation of the CH3 umbrella mode has the opposite effect.

To compare the relative efficacy between vibrational and
translational energies, the total J = 0 reaction probabilities for
the eleven initial states are plotted in Figure 3 as a function of
the total energy. As shown, the first CH3 umbrella excited state,
denoted as (0,0,1), has the highest reactivity in the entire energy
range, followed by the ground state (0,0,0) and the higher
umbrella excited states (0,0,2) and (0,0,3). This indicates that
excitation of the CH3 umbrella mode to its first excited state
promotes the reaction more effectively than the translational
energy. However, further excitation of the CH3 umbrella mode
does not improve the efficacy. This is a common trend in
mode specificity in reactions.82 On the other hand, all other
initial states have lower reactivity than that of the (0,0,0)

FIG. 3. Total J = 0 reaction probabilities for the H2+CH3 reaction as a
function of the total energy.
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state, suggesting their efficacies are lower that the translational
energy in promoting the reaction.

B. QD integral cross sections

The QD ICS for a specific reactant state is obtained by
summing the total reaction probabilities over all the partial
waves,

σv1 j1v2 j2(EC) = 1
(2 j1 + 1)(2 j2 + 1)

π

2µREC

×

J

(2J + 1)PJ
v1 j1v2 j2

(EC), (21)

where EC represents the collision energy. In this work, the
J > 0 partial waves were calculated with the centrifugal-
sudden (CS) approximation.83,84 The maximum value of J
needed to converge the ICS is 50.

Figure 4 shows the excitation function, namely, the ICSs
as a function of the collision energy, for the eleven initial states.
As we can see, the ICS curves are very similar to the reaction
probability counterparts. In particular, the ICS of the (0,1,0)
state is only marginally higher than that of the (0,0,0) state
over the whole collision energy range. Similarly, the excitation
functions of the (1,0,0) and (1,1,0) states also track each other
closely. These observations confirm the spectator nature of the
symmetric stretching mode of CH3. On the other hand, the
ICSs associated with vibrational excited H2 are much larger,
indicating an enhancement effect. Excitations of the umbrella
mode of CH3 also promote the reaction.

Figure 5 shows the ICSs for the eleven initial states as a
function of the total energy. Similar to Fig. 3, the (0,0,1) ICS
is the highest in the entire energy range, suggesting a higher
efficacy in promoting the reaction than the translational energy.
This is followed by the ICSs for the (0,0,2), (0,0,3), and (0,0,0)
states, although the latter rises slower with the energy than those
of the former. In comparison with the translational energy, it
is clear that the (0,0,1) excitation is more effective, the (0,0,2)
excitation is roughly equally effective, and the (0,0,3) excitation
is lesseffective inpromoting the reaction.Theefficaciesofother
vibrationally excited reactant states are lower than the transla-
tional energy in promoting the reaction. Recently, Zhang et al.
also studied this reaction with seven- and eight-dimensional on

FIG. 4. Total integral cross sections for the H2+CH3 reaction as a function
of the collision energy.

FIG. 5. Total integral cross sections for the H2+CH3 reaction as a function
of the total energy.

their neural network potential energy surface, and they have
drawn similar conclusion as that in this work (D. Zhang, private
communication, 2015).

C. QCT results

To assess the reduced-dimensional QD treatment of the
reaction dynamics, we have carried out full-dimensional QCT
calculations for four initial states and the comparison is shown
in Fig. 6. The QCT results are in excellent agreement with
the reduced-dimensional QD results for all four initial states,
although the former is somewhat larger than the QD ICSs
except for (0,0,1). The slight overestimation is typical for QCT,
presumably because of zero-point energy leakage. Importantly,
the excitation functions obtained from the QCT calculations
predicted the same mode specificity. In particular, the H2
vibration enhances the reaction most, followed by the CH3
umbrella excitation, while the CH3 symmetric stretching has
essentially no effect. These results provide supporting evidence
that the reduced-dimensional QD treatment correctly captures
the mode specific reaction dynamics.

D. Sudden vector projection model

The mode specificity observed in both QD and QCT
calculations can be rationalized by the recently proposed SVP

FIG. 6. Comparison of the QD and QCT integral cross sections in collision
energy for the (0,0,0), (0,0,1), (0,1,0), and (1,0,0) initial states of the H2+CH3
reaction.
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model.71,72 The SVP model assumes that the collision time for
an activated reaction is much shorter than the time required for
the intramolecular vibrational energy redistribution (IVR) in
the reactants. As a result, the reaction can be treated in the
sudden limit. This model further attributes the efficacy of a
reactant mode for promoting the reaction to the coupling of
this mode with the reaction coordinate at the transition state.
Such coupling can then be quantified by the projection of the
reactant normal mode vector (Q⃗i) on to the reaction coordinate
vector (Q⃗RC) : Pi = Q⃗i · Q⃗RC ∈ [0,1]. The simple and power-
ful model has been successfully applied to many gas phase and
gas surface reactions,73 including the X + CH4↔ HX + CH3
(X = H, F, Cl, O(3P), and OH) reactions.85 For the H2 + CH3
reaction, the SVP model predicts that the reaction coordinate
is strongly coupled with the CH3 umbrella, H2 vibration, and
translational modes with the projection values of 0.33, 0.64, and
0.69, while its coupling with the symmetric stretching mode of
CH3 is rather weak (Pi = 0.06).85 The reactivity enhancement
by the CH3 umbrella and H2 vibrational excitations is indeed
consistent with the results presented here, although the SVP
model seems to underestimate the efficacy of the CH3 umbrella
model relative to the translational and the H2 vibrational modes.
Nevertheless, we note that the enhancement of reactivity by
exciting the CH3 umbrella mode would be very difficult to
predict using the well-known Polanyi’s rules,86 as they were
designed for atom-diatom reactions.

We emphasize that the QD and QCT results presented here
are in strong contrast with the earlier reduced-dimensional QD
results of Wang, who found the excitation of the CH3 umbrella
mode inhibits the reaction.69,70 It is still not clear the origin of
the difference between the two calculations, but we note that the
umbrella mode of CH3 was treated as a one-dimensional model
in which the H3 moiety was treated as a pseudo-atom.

E. Thermal rate coefficients

The QD rate coefficients for the eleven initial states are
calculated from the total reaction probabilities as

ki(T) =
(

2π
(µRkBT)3

)1/2 
J

(2J + 1)

×
∞

0

exp(−EC/kBT)PJ
v1 j1v2 j2

(EC)dEC, (22)

where kB is the Boltzmann constant and µR is the reduced
mass of the scattering coordinate. These rate coefficients are
presented in Figure 7. For comparison purposes, the rate coef-
ficients calculated using the canonical variational transition-
state theory (CVT) method87 on the same PES200861 as well as
experimental values7,9,11 are also showed in the figure. The 8D
QD rate coefficients satisfactorily describe the rate constants
in temperature range of 200-2000 K and are in good agreement
with the experimental measurements and the results calculated
with CVT method on EG-2008 PES.

To delineate the contributions of various reactant states to
the thermal rate coefficient, we have plotted the Boltzmann
weighted contributions in Fig. 8. As shown in the figure,
the lowest three umbrella excited states make the largest

FIG. 7. The calculated thermal rate coefficients in comparison with previous
theoretical and experimental rate coefficients7,9,11 for the H2+CH3 reaction.

FIG. 8. Arrhenius plot of the initial state-selected rate constants obtained
from reduced dimensional QD calculations.

contributions, along with the ground state reactants. This is
consistent with the mode specificity observed in the ICS, as
discussed above.

V. CONCLUSIONS

In this work, we present a new reduced-dimensional
quantum dynamical model for characterizing the dynamics
of the H2 + CH3 → H + CH4 reaction. Specifically, this eight-
dimensional model allows the investigation of the influence
of three vibrational modes in the two reactants, namely, the
H2 vibration, the CH3 umbrella, and symmetric stretching
vibrations, on the reactivity. It is shown that the H2 stretching
and CH3 umbrella modes along with the translational energy
strongly promote the reaction, while the CH3 symmetric
stretching mode has little effect. While agreeing on the
promoting effect of the H2 vibration, our results disagree
with the conclusion reached by an earlier reduced-dimensional
quantum dynamical calculations which predicted an inhibitory
effect for the CH3 umbrella excitation. The mode specificity
observed in our reduced-dimensional quantum dynamical
calculations is confirmed by full-dimensional quasi-classical
trajectory results. The recently proposed SVP model provides
rationalization of the mode specificity in terms of the coupling
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strengths of reactant modes with the reaction coordinate at the
transition state.

ACKNOWLEDGMENTS

M.Y. was supported by the National Science Foundation
of China (Grant Nos. 21373266 and 21221064). H.G. acknowl-
edges the support by the US Department of Energy (No. DE-
FG02-05ER15694).

1T. V. Albu, J. Espinosa-García, and D. G. Truhlar, Chem. Rev. 107, 5101
(2007).

2U. Manthe, Mol. Phys. 109, 1415 (2011).
3W. C. Gardiner, Combustion Chemistry (Springer, Berlin, 1984).
4I. Müller-Wodarg, C. A. Griffith, E. Lellouch, and T. E. Cravens, Titan: In-
terior, Surface, Atmosphere, and Space Environment (Cambridge University
Press, New York, 2014).

5M. J. Kurylo and R. B. Timmons, J. Chem. Phys. 50, 5076 (1969).
6M. J. Kurylo, G. A. Hollinden, and R. B. Timmons, J. Chem. Phys. 52, 1773
(1970).

7M. J. Rabinowitz, J. W. Sutherland, P. M. Patterson, and R. B. Klemm,
J. Phys. Chem. 95, 674 (1991).

8R. Snooks, D. J. Arseneau, D. G. Fleming, M. Senba, J. J. Pan, M. Shelley,
and S. Baer, J. Chem. Phys. 102, 4860 (1995).

9J. W. Sutherland, M. C. Su, and J. V. Michael, Int. J. Chem. Kinet. 33, 669
(2001).

10M. G. Bryukov, I. R. Slagle, and V. D. Knyazev, J. Phys. Chem. A 105, 3107
(2001).

11D. L. Baulch, C. T. Bowman, C. J. Cobos, R. A. Cox, T. Just, J. A. Kerr,
M. J. Pilling, D. Stocker, J. Troe, W. Tsang, R. W. Walker, and J. Warnatz,
J. Phys. Chem. Ref. Data 34, 757 (2005).

12G. C. Schatz, A. F. Wagner, and T. H. Dunning, J. Phys. Chem. 88, 221
(1984).

13J. Espinosa-García and J. C. Corchado, J. Phys. Chem. 100, 16561 (1996).
14F. Huarte-Larrañaga and U. Manthe, J. Chem. Phys. 113, 5115 (2000).
15F. Huarte-Larrañaga and U. Manthe, J. Phys. Chem. A 105, 2522 (2001).
16F. Huarte-Larrañaga and U. Manthe, J. Chem. Phys. 116, 2863 (2002).
17J. Pu and D. G. Truhlar, J. Chem. Phys. 117, 1479 (2002).
18J. Pu and D. G. Truhlar, J. Chem. Phys. 117, 10675 (2002).
19J. Palma and D. C. Clary, J. Phys. Chem. A 106, 8256 (2002).
20T. Wu, H.-J. Werner, and U. Manthe, Science 306, 2227 (2004).
21Y. Zhao, T. Yamamoto, and W. H. Miller, J. Chem. Phys. 120, 3100 (2004).
22R. Van Harrevelt, G. Nyman, and U. Manthe, J. Chem. Phys. 126, 084303

(2007).
23J. Espinosa-García, Phys. Chem. Chem. Phys. 10, 1277 (2008).
24J. Espinosa-García, G. Nyman, and J. C. Corchado, J. Chem. Phys. 130,

184315 (2009).
25S. Andersson, G. Nyman, A. Arnaldsson, U. Manthe, and H. Jónsson,

J. Phys. Chem. A 113, 4468 (2009).
26G. Schiffel, U. Manthe, and G. Nyman, J. Phys. Chem. A 114, 9617 (2010).
27G. Schiffel and U. Manthe, J. Chem. Phys. 132, 084103 (2010).
28R. Welsch and U. Manthe, J. Chem. Phys. 137, 244106 (2012).
29Y. Li, Y. V. Suleimanov, J. Li, W. H. Green, and H. Guo, J. Chem. Phys. 138,

094307 (2013).
30G. J. Germann, Y.-D. Huh, and J. J. Valentini, J. Chem. Phys. 96, 1957

(1992).
31H.-G. Yu and G. Nyman, J. Chem. Phys. 111, 3508 (1999).
32M.-L. Wang, Y.-M. Li, J. Z. H. Zhang, and D. H. Zhang, J. Chem. Phys. 113,

1802 (2000).
33D. Wang and J. M. Bowman, J. Chem. Phys. 115, 2055 (2001).
34M. L. Wang and J. Z. H. Zhang, J. Chem. Phys. 117, 3081 (2002).
35M. Yang, D. H. Zhang, and S.-Y. Lee, J. Chem. Phys. 117, 9539 (2002).
36X. Zhang, G.-H. Yang, K.-L. Han, M. L. Wang, and J. Z. H. Zhang, J. Chem.

Phys. 118, 9266 (2003).
37B. Kerkeni and D. C. Clary, J. Chem. Phys. 120, 2308 (2004).
38J. P. Camden, H. A. Bechtel, D. J. A. Brown, and R. N. Zare, J. Chem. Phys.

123, 134301 (2005).
39J. P. Camden, H. A. Bechtel, D. J. A. Brown, M. R. Martin, R. N. Zare, W.

Hu, G. Lendvay, D. Troya, and G. C. Schatz, J. Am. Chem. Soc. 127, 11898
(2005).

40J. P. Camden, W. Hu, H. A. Bechtel, D. J. A. Brown, M. R. Martin, R. N.
Zare, G. Lendvay, D. Troya, and G. C. Schatz, J. Phys. Chem. A 110, 677
(2006).

41C. Rangel, J. C. Corchado, and J. Espinosa-García, J. Phys. Chem. A 110,
10375 (2006).

42W. Hu, G. Lendvay, D. Troya, G. C. Schatz, J. P. Camden, H. A. Bechtel,
D. J. A. Brown, M. R. Martin, and R. N. Zare, J. Phys. Chem. A 110, 3017
(2005).

43L. Zhang, Y. Lu, S.-Y. Lee, and D. H. Zhang, J. Chem. Phys. 127, 234313
(2007).

44J. P. Layfield, M. D. Owens, and D. Troya, J. Chem. Phys. 128, 194302
(2008).

45S. T. Banks, C. S. Tautermann, S. M. Remmert, and D. C. Clary, J. Chem.
Phys. 131, 044111 (2009).

46W. Zhang, Y. Zhou, G. Wu, Y. Lu, H. Pan, B. Fu, Q. Shuai, L. Liu, S. Liu,
L. Zhang, B. Jiang, D. Dai, S.-Y. Lee, Z. Xie, B. J. Braams, J. M. Bowman,
M. A. Collins, D. H. Zhang, and X. Yang, Proc. Natl. Acad. Sci. U. S. A.
107, 12782 (2010).

47Y. Zhou, B. Fu, C. Wang, M. A. Collins, and D. H. Zhang, J. Chem. Phys.
134, 064323 (2011).

48Y. Zhou, C. Wang, and D. H. Zhang, J. Chem. Phys. 135, 024313 (2011).
49R. Liu, H. Xiong, and M. Yang, J. Chem. Phys. 137, 174113 (2012).
50S. Liu, J. Chen, Z. Zhang, and D. H. Zhang, J. Chem. Phys. 138, 011101

(2013).
51R. Welsch and U. Manthe, J. Chem. Phys. 141, 051102 (2014).
52Z. Zhang and D. H. Zhang, J. Chem. Phys. 141, 144309 (2014).
53R. Welsch and U. Manthe, J. Chem. Phys. 141, 174313 (2014).
54Y. Wang, J. Li, H. Guo, and M. Yang, Theor. Chem. Acc. 133, 1555

(2014).
55R. Welsch and U. Manthe, J. Phys. Chem. Lett. 6, 338 (2015).
56R. Welsch and U. Manthe, J. Chem. Phys. 142, 064309 (2015).
57J. Espinosa-García, J. Chem. Phys. 116, 10664 (2002).
58T. Wu, H.-J. Werner, and U. Manthe, J. Chem. Phys. 124, 164307 (2006).
59X. Zhang, B. J. Braams, and J. M. Bowman, J. Chem. Phys. 124, 021104

(2006).
60Z. Xie, J. M. Bowman, and X. Zhang, J. Chem. Phys. 125, 133120 (2006).
61J. C. Corchado, J. L. Bravo, and J. Espinosa-García, J. Chem. Phys. 130,

184314 (2009).
62J. Li, J. Chen, Z. Zhao, D. Xie, D. H. Zhang, and H. Guo, J. Chem. Phys.

142, 204302 (2015).
63J. Palma and D. C. Clary, J. Chem. Phys. 112, 1859 (2000).
64V. D. Knyazev, Á. Bencsura, S. I. Stoliarov, and I. R. Slagle, J. Phys. Chem.

100, 11346 (1996).
65T. Joseph, R. Steckler, and D. G. Truhlar, J. Chem. Phys. 87, 7036 (1987).
66R. Steckler, K. J. Dykema, F. B. Brown, G. C. Hancock, D. G. Truhlar, and

T. Valencich, J. Chem. Phys. 87, 7024 (1987).
67G. Nyman, R. van Harrevelt, and U. Manthe, J. Phys. Chem. A 111, 10331

(2007).
68S. Chapman and D. L. Bunker, J. Chem. Phys. 62, 2890 (1975).
69D. Wang, J. Chem. Phys. 117, 9806 (2002).
70D. Wang, J. Chem. Phys. 118, 1184 (2003).
71B. Jiang and H. Guo, J. Chem. Phys. 138, 234104 (2013).
72B. Jiang and H. Guo, J. Am. Chem. Soc. 135, 15251 (2013).
73H. Guo and B. Jiang, Acc. Chem. Res. 47, 3679 (2014).
74R. N. Zare, Angular Momentum (Wiley, New York, 1988).
75D. T. Colbert and W. H. Miller, J. Chem. Phys. 96, 1982 (1992).
76P. Yan, F. Meng, Y. Wang, and D. Wang, Phys. Chem. Chem. Phys. 17, 5187

(2015).
77M. D. Feit, J. A. Fleck, Jr., and A. Steiger, J. Comput. Phys. 47, 412

(1982).
78M. Yang, S.-Y. Lee, and D. H. Zhang, J. Chem. Phys. 126, 064303 (2007).
79D. H. Zhang and J. Z. H. Zhang, J. Chem. Phys. 101, 1146 (1994).
80X. Hu, W. L. Hase, and T. Pirraglia, J. Comput. Chem. 12, 1014 (1991).
81W. L. Hase, in Encyclopedia of Computational Chemistry, edited by N. L.

Alinger (Wiley, New York, 1998), Vol. 1, p. 399.
82B. Jiang, M. Yang, D. Xie, and H. Guo, “Quantum dynamics of polyatomic

dissociative chemisorption on transition metal surfaces: Mode specificity
and bond selectivity,” Chem. Soc. Rev. (published online 2015).

83R. T Pack, J. Chem. Phys. 60, 633 (1974).
84P. McGuire and D. J. Kouri, J. Chem. Phys. 60, 2488 (1974).
85B. Jiang and H. Guo, J. Chin. Chem. Soc. 61, 847 (2014).
86J. C. Polanyi, Acc. Chem. Res. 5, 161 (1972).
87D. G. Truhlar and B. C. Garrett, Annu. Rev. Phys. Chem. 35, 159 (1984).

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

155.69.4.4 On: Mon, 14 Dec 2015 06:03:05

http://dx.doi.org/10.1021/cr078026x
http://dx.doi.org/10.1080/00268976.2011.564594
http://dx.doi.org/10.1063/1.1671021
http://dx.doi.org/10.1063/1.1673216
http://dx.doi.org/10.1021/j100155a033
http://dx.doi.org/10.1063/1.469534
http://dx.doi.org/10.1002/kin.1064
http://dx.doi.org/10.1021/jp0023359
http://dx.doi.org/10.1063/1.1748524
http://dx.doi.org/10.1021/j150646a013
http://dx.doi.org/10.1021/jp961608q
http://dx.doi.org/10.1063/1.1311802
http://dx.doi.org/10.1021/jp003579w
http://dx.doi.org/10.1063/1.1436307
http://dx.doi.org/10.1063/1.1485063
http://dx.doi.org/10.1063/1.1518471
http://dx.doi.org/10.1021/jp014014i
http://dx.doi.org/10.1126/science.1104085
http://dx.doi.org/10.1063/1.1641006
http://dx.doi.org/10.1063/1.2464102
http://dx.doi.org/10.1039/b714489j
http://dx.doi.org/10.1063/1.3132594
http://dx.doi.org/10.1021/jp811070w
http://dx.doi.org/10.1021/jp911880u
http://dx.doi.org/10.1063/1.3304920
http://dx.doi.org/10.1063/1.4772585
http://dx.doi.org/10.1063/1.4793394
http://dx.doi.org/10.1063/1.462097
http://dx.doi.org/10.1063/1.479634
http://dx.doi.org/10.1063/1.482013
http://dx.doi.org/10.1063/1.1383048
http://dx.doi.org/10.1063/1.1494782
http://dx.doi.org/10.1063/1.1524181
http://dx.doi.org/10.1063/1.1569475
http://dx.doi.org/10.1063/1.1569475
http://dx.doi.org/10.1063/1.1635816
http://dx.doi.org/10.1063/1.2034507
http://dx.doi.org/10.1021/ja052684m
http://dx.doi.org/10.1021/jp053827u
http://dx.doi.org/10.1021/jp063118w
http://dx.doi.org/10.1021/jp055017o
http://dx.doi.org/10.1063/1.2812553
http://dx.doi.org/10.1063/1.2918358
http://dx.doi.org/10.1063/1.3177380
http://dx.doi.org/10.1063/1.3177380
http://dx.doi.org/10.1073/pnas.1006910107
http://dx.doi.org/10.1063/1.3552088
http://dx.doi.org/10.1063/1.3609923
http://dx.doi.org/10.1063/1.4764358
http://dx.doi.org/10.1063/1.4774116
http://dx.doi.org/10.1063/1.4891917
http://dx.doi.org/10.1063/1.4897308
http://dx.doi.org/10.1063/1.4900735
http://dx.doi.org/10.1007/s00214-014-1555-9
http://dx.doi.org/10.1021/jz502525p
http://dx.doi.org/10.1063/1.4906825
http://dx.doi.org/10.1063/1.1480273
http://dx.doi.org/10.1063/1.2189223
http://dx.doi.org/10.1063/1.2162532
http://dx.doi.org/10.1063/1.2238871
http://dx.doi.org/10.1063/1.3132223
http://dx.doi.org/10.1063/1.4921412
http://dx.doi.org/10.1063/1.480749
http://dx.doi.org/10.1021/jp9606568
http://dx.doi.org/10.1063/1.453349
http://dx.doi.org/10.1063/1.453348
http://dx.doi.org/10.1021/jp071892t
http://dx.doi.org/10.1063/1.430827
http://dx.doi.org/10.1063/1.1518027
http://dx.doi.org/10.1063/1.1529178
http://dx.doi.org/10.1063/1.4810007
http://dx.doi.org/10.1021/ja408422y
http://dx.doi.org/10.1021/ar500350f
http://dx.doi.org/10.1063/1.462100
http://dx.doi.org/10.1039/C4CP05488A
http://dx.doi.org/10.1016/0021-9991(82)90091-2
http://dx.doi.org/10.1063/1.2434171
http://dx.doi.org/10.1063/1.467808
http://dx.doi.org/10.1002/jcc.540120814
http://dx.doi.org/10.1039/c5cs00360a
http://dx.doi.org/10.1063/1.1681085
http://dx.doi.org/10.1063/1.1681388
http://dx.doi.org/10.1002/jccs.201400158
http://dx.doi.org/10.1021/ar50053a001
http://dx.doi.org/10.1146/annurev.pc.35.100184.001111

