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The SiH4+H→SiH3+H2 reaction has been investigated by the quasiclassical trajectory �QCT�
method on a recent global ab initio potential energy surface �M. Wang et al., J. Chem. Phys. 124,
234311 �2006��. The integral cross section as a function of collision energy and thermal rate
coefficient for the temperature range of 300–1600 K have been obtained. At the collision energy of
9.41 kcal /mol, product energy distributions and rovibrational populations are explored in detail, and
H2 rotational state distributions show a clear evidence of two reaction mechanisms. One is the
conventional rebound mechanism and the other is the stripping mechanism similar to what has
recently been found in the reaction of CD4+H �J. P. Camden et al., J. Am. Chem. Soc. 127, 11898
�2005��. The computed rate coefficients with the zero-point energy correction are in good agreement
with the available experimental data. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2973626�

I. INTRODUCTION

The SiH4+H→SiH3+H2 reaction plays a significant
role in the chemical vapor deposition �CVD� processes used
in the semiconductor industry.1–4 As a prototype of exother-
mic polyatomic hydrogen abstraction reactions, its kinetics
has been extensively studied experimentally in the past de-
cades. The rate coefficients have been measured with a wide
variety of experimental methods,5–16 but most work has been
carried out at room temperature and only a few recent
studies10,11,16 reported the temperature dependence of the rate
coefficient. For example, Arthur and Miles11 presented
the rate coefficient in the form, k= �7.49�0.49�
�10−11 exp��−1610�25� /T� cm3 molecule−1 s−1 for the
temperature range of 298–636 K in 1997; Goumri et al.

16

gave the rate coefficient in the temperature range
of 290–660 K to be k= �1.78�0.11��10−10 exp
�−�16.0�0.2� kJ mol−1

/RT� cm3 molecule−1 s−1 in 1993.
Various experimental rate coefficients at room temperatures
have varied from 85.0�10−13 to 2.0�10−13 cm3

molecule−1 s−1, and the variation range has recently been re-
duced to 4.0�10−13–2.0�10−13 cm3 molecule−1 s−1.10–16

However, a detailed state-resolved dynamical experimental
investigation is still lacking for the title reaction.

On the other hand, there have been some theoretical
studies on the title reaction. Early ab initio calculations17,18

were focused on the stationary points along the minimum
energy path �MEP�. Gordon et al.

17 and Tachibana et al.
18

optimized the geometries of the stationary points at the

Hartree–Fock level and then performed single-point calcula-
tions to include electron-correlation effects using a variety of
ab initio methods with the basis set of 6-31G** or smaller.
Later, a theoretical rate coefficient was reported by several
groups based on ab initio calculations. Goumri et al.,16 and
Dobbs and Dixon19 performed ab initio calculations with the
geometries optimized at the second order Møller–Plesset
�MP2� level and then investigated the rate coefficient using
conventional transition state theory �TST� with a simple
Wigner tunneling factor. In 1998, Espinosa-García et al.

20

reported a semiempirical potential energy surface �PES� for
the title reaction, which utilized an analytical functional form
based on London–Eyring–Polanyi �LEP� expressions with
parameters to reproduce the reactant and product experimen-
tal properties and the ab initio saddle point properties. Using
this surface, Espinosa-García20 evaluated rate coefficients
with variational TST �VTST�. In 2000, Yu et al.

21 carried out
the direct dynamics studies using VTST based on their ab

initio calculations on MEP. Recently, VTST calculations22

were performed on a global ab initio PES �see below for
more details�, yielding rate coefficients in good general
agreement with the available experimental data, and some
preliminary classical trajectory calculations were also carried
out on this PES. Most recently, Wang et al.

23 reported rate
coefficients and kinetic isotope effects on the semiempirical
PES of Espinosa-García et al.

20 using the quantum instanton
approximation, which can be viewed as a quantum analog of
TST. However, most of theoretical methods used in the
above studies are TST and its variants, and a detailed dy-
namical study is still unavailable.

A global ab initio 12-dimensional PES for the title reac-
tion has recently been reported by our group,22 as is referred
to as the WSB surface. The details of the WSB surface have
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been given elsewhere22 and here we just describe the main
features. The ab initio calculations for the energy and deriva-
tives are based on the unrestricted quadratic configuration
interaction treatment with all single and double excitations
�UQCISD� together with Dunning’s correlation consistent,
polarized valence, triple zeta �cc-pVTZ� basis set. The modi-
fied Shepard interpolation method of Collins and
co-workers24 is applied, with which the PES is expressed as
an interpolation of around 1300 ab initio reference points.
The classical trajectory calculations at the collision energy of
9.41 kcal /mol demonstrate the convergence of the PES with
respect to the size of the reference data set. The geometrical
parameters and vibrational frequencies of the reactant and
products and reaction enthalpy from the WSB surface show
good agreement with the experimental data. The contour
plots made by setting various cuts into the potential energy
hypersurface are found to be reasonable in various regions.
The classical potential barrier of the SiH4+H→SiH3+H2

reaction is 6.01 kcal /mol, and two very shallow van der
Waals minima in the entrance and exit valleys are revealed
on the WSB surface. Based on the abovementioned 12-
dimensional PES, various detailed dynamical calculations
could be performed. However, the exact 12-dimensional glo-
bal quantum dynamics calculations are still unaffordable
nowadays; alternatively, the quasiclassical trajectory �QCT�
calculations25,26 in full dimensionality are feasible. In fact,
the QCT method has been widely used to study all kinds of
dynamical problems for reaction systems involving three and
four atoms27–43 over the decades and is becoming popular in
studying the reaction dynamics of larger systems.44–49

In the present work, we performed detailed QCT calcu-
lations on the 12-dimensional ab initio WSB surface22 for the
SiH4+H→SiH3+H2 reaction. Various dynamical quantities
are obtained and reaction mechanisms are analyzed. This ar-
ticle is organized as follows. Section II describes the meth-
odology and computational details for the QCT study. The
results of QCT calculations are presented and discussed in
Sec. III. Finally, a summary is given in Sec. IV.

II. THEORETICAL METHODS AND COMPUTATIONAL
DETAILS

A detailed description of the QCT method can be found
in literature.25,26,50–55 Here, we only give some details related
to the present study. All the present QCT calculations were
performed using a modified version of VENUS96 �Ref. 56�
customized to incorporate the WSB PES with the first
derivatives.22 Test QCT calculations with the initial condi-
tions similar to those of the previous classical trajectory
calculations22 validated various procedures for the incorpo-
ration of programs.

For all trajectories, the Cartesian coordinates and veloci-
ties for SiH4 were randomly oriented by rotation through
Euler’s angles within the SiH4 space-fixed center-of-mass
coordinate frame.57 An integration time step of 0.05 fs was
employed, which gave a conservation of the total energy
better than 1 in 104. The trajectories were initiated at the H
+SiH4 asymptote with a separation of 7.94 Å �15.0 bohrs�
between the two species and were terminated when the frag-

ments, moving apart, reached the same separation. This sepa-
ration is large enough so that the interaction between frag-
ments is negligible.

For the H2 product, the rotational quantum number j� is
obtained by equating the classical rotational angular momen-
tum to �j��j�+1��1/2�. The vibrational quantum number �� is
obtained by Einstein-Brillouin-Keller58 semiclassical quanti-
zation of the action integral. The noninteger j� and �� values
have been rounded off to the nearest integers.

For the other product SiH3, the instantaneous rotational
energy has been evaluated as Er= 1

2�� · j� and the vibrational
energy is calculated by E

v
=Eint−Er, where Eint is the total

internal energy of the product.
The reaction cross section �R is evaluated by applying

an extended closed trapezoidal approximation59 to the usual
integral form,

�R = 2��
0

bmax

P�b�bdb

� � �
bi=0

bmax

�P�bi�bi + P�bi+1�bi+1��bi+1 − bi� , �1�

where bmax is the maximum impact parameter b and P�b� is
the opacity function �or reaction probability�, i.e., the frac-
tion of reactive trajectories at each impact parameter. bmax

can be determined by calculating trajectories at fixed values
of b, and systematically increasing the value of b until no
reactive trajectories are obtained.

When the relative translational energy Erel is chosen
from the Boltzmann distribution51 at temperature T,

P�Erel� =
Erel

�kBT�2 exp�−
Erel

kBT
	 . �2�

The rate coefficient versus temperature T is then obtained by
integrating the cross section,

k�T� = 
8kBT

��
�1/2�

0

	

��Erel�P�Erel�dErel

= 
8kBT

��
�1/2

�bmax
2 Nr

Ntot
, �3�

where ��Erel� is the reaction cross section at Erel, � is the
reduced mass of the two reactants, Ntot is the total trajectory
number, and Nr is the reactive trajectory number. The statis-
tical uncertainty of reaction cross section and rate coefficient
can be estimated by �R��Ntot−Nr� / �NtotNr��

1/2 and k�T�
���Ntot−Nr� / �NtotNr��

1/2, respectively.
In this paper, we performed the following QCT calcula-

tions. Firstly, in order to obtain the cross section at given
collision energy, batches of 10 000, 10 000, 8000, 5000,
5000, and 5000 trajectories were integrated at the collision
energies of 0.0086, 0.01, 0.015, 0.02, 0.03, and 0.04 a.u.
�i.e., 5.40, 6.28, 9.41, 12.55, 18.83, and 25.10 kcal /mol�, re-
spectively. The SiH4 molecule in its rovibrational ground
state was chosen using fixed normal mode sampling. To es-
timate bmax, batches of 3000 trajectories were run at fixed
impact parameter b, which was increased by interval of
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0.5 or 0.1 Å from the initial value of 0.0 Å and, finally, no
reactive trajectory was found when b was set around 3.4 Å
for various collision energies. So, the impact parameter was
chosen randomly between 0 and 3.5 Å, which ensures that
all reactive trajectories can be collected. Secondly, to gain
some insights into the product rovibrational populations and
internal energy distributions, three batches of 25 000 trajec-
tories at the collision energy Et=0.015 a.u. �or
9.41 kcal /mol� were calculated for three impact parameters
�b=0, 1.2, and 1.9 Å, respectively� with the initial SiH4 mol-
ecule in its rovibrational ground state. In all above trajecto-
ries, the SiH4 molecule has a random initial orientation. Fi-
nally, QCT calculations were also performed to obtain the
thermal rate coefficient for the temperature range of
300–1600 K. At each temperature, the number of evaluated
trajectories was chosen large enough to ensure a number of
reactive trajectories occur. The relative translational energy
was randomly selected to mimic the Boltzmann distribution
for the chosen temperature, the vibrational energy of SiH4

molecule was thermally sampled except that the fixed normal
mode sampling was used at very low temperatures �300 K�,
and the rotational energy about each principal axis of inertia
of SiH4 was taken as kBT /2. The values of bmax were deter-
mined empirically and by examining batches of 5000 trajec-
tories at increasing impact parameters for various tempera-
tures. The impact parameter was chosen randomly between 0
and 3.5 Å, which is found to be sufficient for collecting all
contributions to the reaction for various temperatures.

A problem in QCT calculations is how to handle the
quantum-mechanical zero-point energy �ZPE� in the classical
mechanics simulation. Quantum mechanically, each internal
molecular mode must contain an amount of energy at least
equal to its ZPE. However, in classical trajectories, the en-
ergy can flow freely among all the modes without ZPE con-
straint, possibly yielding behavior which is not allowed in
quantized real world �e.g., a molecule with a vibrational en-
ergy below its ZPE�. To fix this problem in QCT calcula-
tions, some strategies60–65 have been proposed but no com-
pletely satisfactory scheme has emerged. Here, in order to
correct the ZPE leakage, we employed a so-called nonactive
method,65,66 which follows the genuine QCT approach but
discards from statistics any nonphysical trajectory that is
found to violate the specified physical criteria. First, the tra-
jectories are included in statistical analysis if the sum of the
final products �two polyatomic fragments are formed for the
title reaction� satisfies the ZPE requirement. That is, the tra-
jectories for which the vibrational energy of the two frag-
ments �or complex prior to separation� is smaller than the
sum of the ZPEs for the two products, are discarded from the
statistical analysis. Besides the ZPE constraint in products,
the ZPE at transition state also plays a role in some cases.
Aoiz et al.

26 found that the QCT calculation would overesti-
mate the reactivity due to the classical neglect of the ZPE
constraint at transition state for some systems. For the reac-
tion studied here, the ZPE of the transition state is compa-
rable to the collision energy, and to correct the ZPE effect at
the transition state, we introduce further modification, as de-
scribed in Ref. 49, into the above treatment. In brief, the
reactive trajectories, in which the initial total energy is lower

than the sum of the classical energy of transition state and its
harmonic ZPE, were also discarded. The scheme explained
above is adopted to correct the computed cross sections and
thermal rate coefficients for the title reaction.

III. RESULTS AND DISCUSSION

The QCT calculations, as described in the last section,
are performed on the WSB surface and the excitation func-
tion, H2 rovibrational population, product energy distribu-
tion, and thermal rate coefficient are obtained, which are pre-
sented and discussed in the following.

A. Excitation function

The excitation function, i.e., the integral cross section as
a function of the collision energy, is calculated in the colli-
sion energy range from 5.40 to 25.10 kcal /mol. The values
of bmax for various collision energies are found to be very
close to one another �around 3.4 Å�, which is within the
internuclear distance �4.87 Å� of the van der Waals
complex22 in the entrance valley but larger than the sum
�2.22 Å� of bond lengths of Si–H in SiH4 and H–H in H2.
Results from both the QCT and ZPE-corrected QCT �QCT-
ZPE� calculations are reported in Fig. 1. As can be seen, both
QCT and QCT-ZPE calculations predict a reaction threshold
of �5.0 kcal mol−1, which is consistent with the conven-
tional transition state enthalpy of activation at 0 K �
H0

�

�5.2 kcal mol−1�. The reaction cross sections increase
sharply with the collision energy at low energies �the slope is
around 0.12 Å2

/kcal mol for the QCT-ZPE curve�, while the
increase becomes less pronounced at higher energies �the
slope is about 0.06 Å2

/kcal mol for the QCT-ZPE curve�.
Furthermore, the reaction cross sections are very sensitive to
the ZPE leakage over the range of collision energy since both
the classical reaction barrier height �6.01 kcal /mol� and the
transition state ZPE �18.97 kcal /mol� are comparable to the

FIG. 1. Excitation function for the SiH4+H→SiH3+H2 reaction. The solid
line with squares displays the QCT results, whereas the dotted line with
circles gives the QCT-ZPE results. The initial SiH4 molecule is in its rovi-
brational ground state.
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collision energy. There are approximately 30% of trajectories
breaking the ZPE constraint. The original QCT curve pro-
vides an upper limit for the cross section.

Much larger reaction cross sections for the title reaction
were obtained than for the reaction CH4+H→CH3+H2

�Ref. 67� at the same collision energy. This is understandable
since the title reaction has a lower barrier and a smaller
threshold energy than CH4+H→CH3+H2 �14.93 kcal /mol
�Ref. 68� and 10.84 kcal /mol �Ref. 69� for barrier height and
threshold energy, respectively�. The small cross section of
the latter reaction �generally less than 0.2 Å2� has made
state-to-state dynamics experiments difficult. Consequently,
the SiH4+H→SiH3+H2 reaction may be a better candidate
for detailed state-resolved experimental studies, however,
as noted in Sec. I, the experimental dynamics work is still
lacking.

B. H2 rovibrational population and reaction mechanism

In order to gain some insights into the reaction mecha-
nism, three batches of 25 000 trajectories were run at Ecoll

=9.41 kcal /mol for b=0,1.2,1.9 Å, respectively. Table I
lists the H2 vibrational populations calculated on the WSB
surface for selected impact parameters. As can be seen, most
H2 molecules are in the ground vibrational state, and the
population at v�=1 accounts for less than 20.0%. The corre-
sponding H2 �v�=0� and H2 �v�=1� rotational distributions
are depicted in Fig. 2.

As shown in Fig. 2�a�, the rotational distribution for H2

�v�=0� peaks around j�=1 at b=0.0 Å, then j�=2 at b

=1.2 Å, finally j�=3 at b=1.9 Å. Similar trend is also ob-
served for H2 �v�=1� as seen from Fig. 2�b�. It is clear that
H2 rotational distributions are strongly dependent on the im-
pact parameter and higher rotationally excited H2 could be
promoted as impact parameter increases. This kind of rota-
tional distribution shift suggests the existence of two com-
petitive reaction mechanisms: rebound and stripping.

The rebound mechanism is well-known for this kind of
H abstraction reaction, which is characteristic of a collinear
X–H�–H� �X=C,Si, . . . � transition-state configuration. For
example, the H+CD4 reaction has long been considered to
proceed through a rebound mechanism in which the incident
H atom is directed along a C–D bond and the HD product
rebounds backward while the CD3 fragment goes forward to
conserve the linear momentum. However, the stripping
mechanism has recently been proposed in a combined
experimental and theoretical study on the reaction of H
+CD4,70 in which the velocity of the H atom is perpendicular

to the C–D bond and the HD product is carried into the
forward hemisphere while the backward-scattered CD3 is
yielded. The stripping mechanism was further confirmed by
Bowman et al.

67 in their QCT study on CH4+H→CH3

+H2. It was pointed out by Bowman et al.
67 that the rebound

mechanism is dominant for small impact parameters, while
the stripping mechanism is favored at large impact param-
eters.

For the SiH4+H reaction studied here, when the rebound
mechanism dominates at small impact parameters, the in-
coming H atom collides with H–SiH3 face to face along the
central Si–H bond, yielding the H2 product that rebounds in
the backward direction with lower rotational energy. On the
other hand, when the stripping mechanism dominates at large
impact parameters, the incoming H atom attacks SiH4 from
the side face with an initial angle perpendicular to the Si–H
bond. After such collision, the torque forward could make
the H2 product have higher rotational energy. So the above
two mechanisms could be reflected by the rotational distri-
bution shift with impact parameter shown in Fig. 2. The ex-
istence of these two mechanisms is also confirmed by direct
observation of trajectories from our calculations. In this re-
spect, SiH4+H→SiH3+H2 is similar to CH4+H→CH3

+H2, and may be used as a second example of the newly
observed stripping mechanism.

TABLE I. Relative vibrational populations of the H2 product for the H
+SiH4 reaction at the collision energy of 9.41 kcal /mol for b=0,1 ,2, 1.9 Å,
respectively. The rovibrational ground state of SiH4 is chosen as the initial
state.

v�=0 v�=1 v�=2

b=0.0 Å �82.7�2.1�% �16.8�1.0�% �0.5�0.1�%
b=1.2 Å �81.0�2.2�% �16.7�1.1�% �0.3�0.1�%
b=1.9 Å �80.2�2.6�% �18.9�1.3�% �0.9�0.2�%

FIG. 2. Vibrationally state-resolved rotational distributions of H2 at the
collision energy of 9.41 kcal /mol for the impact parameters b

=0,1.2,1.9 Å, respectively. The initial SiH4 molecule is in its rovibrational
ground state.
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C. Product energy distributions and collision energy
transfer

Figure 3 displays the average product energies as a func-
tion of collision energy �b is randomly chosen between 0 and
bmax�. As can be seen, average product relative translational
energy, average SiH3 vibrational energy, and average H2 ro-
tational energy almost increase linearly with the collision
energy. As for the product SiH3, average vibrational energy
�see Fig. 3�e�� increases from 13.7 to 16.3 kcal /mol with the
increase in collision energy, which implies that the vibration
of SiH3 shifts from the ground state to the excited state since
the vibrational energy for the ground state is 13.5 kcal /mol,
whereas that for the first-excited state �have one quantum of
excitation in the low-frequency umbrella-bending mode� is
15.7 kcal /mol. It seems that the SiH3 umbrella vibrational
mode is excited with the increase in collision energy. As for
the other product H2, the average vibrational energy �see
Fig. 3�c�� is in the range of 6.7–8.4 kcal /mol for all reactive
collisions at Ecoll=5.40–25.10 kcal /mol, which indicates

that a great number of H2 molecules are in the ground vibra-
tional state �the ground vibrational energy is 6.3 kcal /mol,
and the first-excited vibrational energy is 18.9 kcal /mol�.
This is understandable since the large energy difference
�12.6 kcal /mol� between the first-excited and ground states
makes it difficult to reach the first-excited vibrational state of
H2.

Table II shows the average fraction of the relative trans-
lational energy in reactive products as a function of collision
energy. Interestingly, the fraction of the relative translational
energy with respect to the total available energy is roughly
constant �about 40%� at all collision energies, and the re-
maining fraction of the total available energy �about 60%� is
redistributed into the product vibrational and rotational de-
grees of freedom. Figure 4 shows the product relative trans-
lational energy distributions for both nonreactive and reac-
tive collisions at b=0, which peak around 5 and
17 kcal /mol, respectively. The corresponding vibrational en-
ergy distributions are depicted in Fig. 5, which indicates that
the peaks of SiH4, SiH3, and H2 distributions appear in the
region of vibrational ground state. As shown in Fig. 6, the

FIG. 3. Average energy �in kcal/mol� in products as a function of collision
energy for the SiH4+H→SiH3+H2 reaction: �a� average product relative
translational energy, �b� average H2 rotational energy, �c� average H2 vibra-
tional energy, �d� average SiH3 rotational energy, and �e� average SiH3 vi-
brational energy. The initial SiH4 molecule is in its rovibrational ground
state, and the impact parameter is randomly chosen between 0 and bmax.

TABLE II. The average translational energy �ET��� of reactive products is given as a percentage of the total
available energy �Eav� at different collision energies �Ecoll�, in which the initial SiH4 is fixed in its rovibrational
ground state �about 19.6 kcal /mol�. All energies are in kcal/mol.

Ecoll �kcal/mol� 5.40 6.28 9.41 12.55 18.83 25.10
ET�� �kcal/mol� 14.76 14.29 16.78 18.44 21.95 24.83
Eav �kcal/mol� 38.81 39.69 42.82 45.96 54.24 58.51
Percentage of ET�� 38.04 36.00 39.18 40.13 42.02 42.44

FIG. 4. Relative translational energy distributions for �a� nonreactive and
�b� reactive collisions with the impact parameter set to zero. The results in
�a� are obtained using a bin size of 1 kcal /mol, whereas the bin size for �b�
is 2 kcal /mol.
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rotational energy distributions of SiH4, SiH3, and H2 indicate
that the scattered fragments seldom appear with high rota-
tional energy, and this results from the collinear rebound
mechanism at b=0.

The average translational, rotational, and vibrational en-
ergies of products for the nonreactive and reactive SiH4+H
collisions are summarized in Table III. For nonreactive col-
lisions, the total available energy includes the initial relative
translational energy �9.41 kcal /mol� and the initial vibra-
tional energy of SiH4 �19.6 kcal /mol�, while for reactive col-
lisions, the 13.81 kcal /mol of energy difference between
products and reactants should also be included. For nonreac-
tive collisions, as shown in Table III, the average relative
translational energy between SiH4 and H fragments de-
creases by 3.96 kcal /mol after collision �from
9.41 to 5.45 kcal /mol�. On the other hand, the average vi-
brational energy of SiH4 increases by 2.74 kcal /mol �from
19.6 to 22.34 kcal /mol�. whereas the SiH4 rotational energy
increases by 1.11 kcal /mol after collision. So, more than
40% of the initial relative translational energy is transferred
into the vibrational and rotational energies of SiH4 after non-
reactive collisions. This differs from that observed in CH4

+H nonreactive collisions,24 in which the relative transla-
tional energy changes little after collision. A possible expla-
nation for this is that the bonds in SiH4 are much weaker
than those in CH4.

As for reactive collisions, as displayed in Table III, the
final average relative translational energy between SiH3 and
H2 fragments increases to 16.51 kcal /mol. On the other

hand, SiH3 gains the average vibrational energy of
15.28 kcal /mol and rotational energy of 2.10 kcal /mol,
whereas H2 acquires the vibrational energy of 7.44 kcal /mol
and rotational energy of 1.48 kcal /mol. Obviously, all the
translational, vibrational, and rotational energies become
larger after collision. This is understandable since the title
reaction is exothermic by about 13.81 kcal /mol
�57.78 kJ /mol�, which may be redistributed into the product
translational, vibrational, and rotational degrees of freedom.

D. Thermal rate coefficient

The thermal rate coefficient for the SiH4+H→SiH3

+H2 reaction was calculated with the QCT method for the
temperature range of 300–1600 K. Since most SiH4 mol-
ecules are in the ground vibrational state at very low tem-
peratures �e.g., more than 95% of SiH4 molecules are in the
ground vibrational state at 300 K�, the initial vibrational state
of SiH4 was chosen as the ground state using the fixed nor-
mal mode sampling for calculations below 400 K. However,
vibrationally excited SiH4 molecules have a noticeable influ-
ence on the rate coefficient at higher temperatures
�400–1600 K�, and in these cases, the initial vibrational en-
ergy of SiH4 molecule was thermally sampled.

Figure 7 shows Arrhenius plots of our calculated rate
coefficients for the SiH4+H reaction, together with the pre-
vious experimental and theoretical results. The dashed line
with triangles and solid line with circles display those ob-
tained from the present QCT and QCT-ZPE calculations on
the WSB surface, respectively. For comparison, the rate co-

FIG. 5. Vibrational energy distributions of products: �a� SiH4 for nonreac-
tive collisions and �b� SiH3 and �c� H2 for reactive collisions. The initial
SiH4 molecule is in its rovibrational ground state and the impact parameter
is set to zero. All the distributions are obtained using the bin size of
2 kcal /mol.

FIG. 6. Rotational energy distributions of products: �a� SiH4 for nonreactive
collisions and �b� SiH3 and �c� H2 for reactive collisions. The initial SiH4

molecule is in its rovibrational ground state and the impact parameter is set
to zero. All the distributions are obtained using the bin size of 1 kcal /mol.
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efficients calculated with the improved canonical variational
transition state theory plus the small-curvature tunneling cor-
rection �ICVT/SCT� method22 on the same surface and sev-
eral experimental results10–13,15,16 are also placed in the fig-
ure. As can be seen from Fig. 7, the QCT-ZPE rate
coefficients are in generally good agreement with the experi-
mental results. From 290 to 660 K, the QCT-ZPE rate coef-
ficients are in better agreement with the experimental results
obtained by Goumri et al.

16 in 1993 and by Arthur and
Miles11 in 1997 than previous ICVT/SCT results. For in-
stance, compared with the rate coefficient of 6.82
�10−12 cm3 molecule−1 s−1 at 600 K by Goumri et al.,16 the
QCT-ZPE and previous ICVT/SCT results are �5.20�0.77�
�10−12 and 3.82�10−12 cm3 molecule−1 s−1, respectively. At
room temperature, the experimental rate coefficients by Ko-
shi et al.

13 and by Loh and Jasinski15 range from 4.0
�10−13 to 2.0�10−13 cm3 molecule−1 s−1, and the QCT-ZPE
rate coefficient of �2.72�1.22��10−13 cm3 molecule−1 s−1 is
within this range. However, it can be noticed from Fig. 7 that
the QCT-ZPE rate coefficients at low temperatures show a
weak non-Arrhenius behavior, which indicates that the ZPE
leakage problem may not be completely solved; on the other
hand, the tunneling effects are not taken into account in the
present QCT calculations. Consequently, the very good
agreement with experiment at low temperatures may be
partly owing to a fortuitous cancellation of the ZPE leakage

and the neglect of tunneling. Further quantum-mechanical
calculations are required to find out as to what extent the
tunneling effects may play a role. Furthermore, the differ-
ence between the QCT and QCT-ZPE results is very small at
high temperatures �for example, the differences at 1600 and
1400 K account for 2.3% and 5.1% of the corresponding
QCT rate coefficients, respectively�, but a significant differ-
ence appears at low temperatures, which results from the
ZPE problem in QCT calculations. Since at low tempera-
tures, the relative translational energy between SiH4 and H is
relatively small, the ZPE constraint in the transition state
becomes very important, leading to the noticeable difference
between the results with and without the ZPE correction. It is
encouraging to see that for the 12-dimensional reactive sys-
tem studied in this work there is good agreement between the
rate coefficients calculated with the ZPE-corrected QCT
method and those measured experimentally.

IV. SUMMARY

We performed detailed QCT studies on the recent global
12-dimensional ab initio interpolated PES for the SiH4+H
→SiH3+H2 reaction. The excitation function was reported
and the cross section was estimated to be more than eight
times larger than that for the CH4+H→CH3+H2 reaction at
the same collision energy. At the collision energy of
9.41 kcal /mol, product energy distributions and rovibra-
tional populations were investigated in detail. The H2 rota-
tional populations display a strong dependence on the impact
parameter, which indicates that the abstraction reaction
mechanism is a combination of rebound and stripping. So the
SiH4+H reaction could serve as another example of the
stripping mechanism, which was first observed in the H
+CD4 reaction in 2005. Furthermore, the thermal rate coef-
ficient for the temperature range of 300–1600 K has been
obtained, and the ZPE-corrected QCT rate coefficient shows
good agreement with the available experimental data.
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