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Thermal Rate Constants for SiH;=SiH3;+H and CH;=CH3z;+H
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The thermal rate constants for SiH4—=SiHs+H and CH4==CH3z+H are calculated by the Canonical Vari-
ational Transition State Theory (CVTST). The minimum energy path potential and the deformation path
potential along the reaction coordinate are calculated by the MCSCF-CI and UHF methods, respectively. The
transitional bending mode which connects the bending vibrations of the parent molecules with the translational
and rotational motions of the products of the dissociation is treated in terms of a two-dimensional quantum
hindered rotor. The saddle points and the CVTST rate constants are determined by the maximum free energy
criterion. Comparative discussions are made for the two systems. The calculated association rate constants for
the SiHy system are 8.4x10'° Imol™'s™! at 300 K and 12.5x10'° 1mol~!s~! at 2000 K, while those for the CHy
system are 12.5x10'° 1mol=?s™! and 18.6x10%° 1mol~!s™! at the two temperatures. At all the temperatures
studied the rate constant of the former system is smaller by 30—35% than the latter. The dissociation rate
constants are evaluated to be 7.2x10% s™! at 2000 K and 1.2x10° s™! at 3000 K for the SiH4 system, while the
constant for the CHy system at 2000 K is about one order of magnitude smaller. This difference diminishes at
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higher temperatures. The results are also compared with experimental and other theoretical studies.

Chemical vapor deposition (CVD) of silane is an im-
portant technique in the production of silicon thin films
used for microelectronics and solar-cell industries. CVD
processes involve the following steps;' ™ 1) decomposi-
tion processes of the reactor molecules in the gas phase,
2) mass transport processes of radicals onto the sub-
strate (with cluster formation and/or polymerization),
3) surface reaction processes on the substrate. Although
the elucidation of the elementary CVD processes is defi-
nitely needed, the experimental approach is difficult due
to the complexity of the overall processes. Under the
circumstance predictive theoretical studies of elemen-
tary processes of silane play a significant role.

The major primary processes in the gas phase are the
decomposition of SiHy to SiHs+H and SiHo+Hs. From
the experimental and theoretical studies the reaction
enthalpies for these reactions are estimated to be about
90 and 60 kcal mol~!, respectively.?) The latter reaction
is considered as the main channel of the decomposition
process of SiHy4, but the former also becomes significant
at higher temperatures. R. Viswanathan et al. calcu-
lated the microcanonical rate constant of the decompo-
sition of SiH4 by a quasiclassical trajectory method.®
They obtained the total thermal rate constant of both
channels by applying the results of the trajectory cal-
culation to the RRK theory.

In the present work we focus on the unimolecular dis-
sociation and association in Eq. 1 whose experimental
thermal rate constants are scarcely available.

SiH, = SiHz + H. (1)

The theoretical study of the processes in Eq. 1 is also
of interest from the viewpoint of comparison with the

#This paper is dedicated to the memory of the late Professor
Hiroshi Kato.

well studied processes in Eq. 2.
CHy; & CH3 + H. (2)

The experimental rate constant of the association in
Eq. 2 was reported by J. Cheng et al., T. J. Sworski
et al., and R. Patrick et al.*~® Theoretically also
the association rate constant of Eq. 2 was calculated
by various methods; W. L. Hase and R. J. Duchovic
and J. F. LeBlanc et al. calculated the rate constant
by the canonical variational transition state theory
(CVTST) and the classical and quasiclassical trajectory
methods® Y on the basis of an analytic model poten-
tial developed by Duchovic, Hase, and Schlegel (DHS).”
W. L. Hase et al. and E. E. Aubanel et al. employed
the CVTST and the flexible transition state theory in
combination with the modified DHS potential.*>'® X.
Hu et al. also used the CVTST and the classical trajec-
tory method with another modified DHS potential.!¥
Finally, a statistical adiabatic channel model was used
by C. J. Cobos et al. for the calculation.*®

Since these previous studies indicate that there is no
potential energy barrier for the reaction in Eq. 2, the
rate constants need to be calculated by a variational
transition state theory. In the present work, we have
employed CVTST, which gives the saddle point by the
maximum free energy criterion.!® The CVTST method
gives us thermally averaged rate constants that are di-
rectly comparable with the experimental result. The
accuracy of the rate constant depends critically on the
accuracy of the potential energy surface which is de-
termined by ab initio MO calculations in the present
work.

The multidimensional potential energy surface is re-
duced to that characterized by the minimum energy
path and the deformation path potentials. The min-
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imum energy path potential is determined as the po-
tential energy at the optimized geometry for a given
value of the reaction coordinate R, which is taken to be
the distance between the Si or C atom and the incoming
or the dissociating H atom. The deformation potential
is described in terms of the vibrational potential in the
vicinity of the energy minimum.”

The vibrational freedoms of the methane system are
known to be classified into two groups according to the
behavior along the minimum energy path;*—'% the first
group includes the normal vibrations of CHy in the equi-
librium geometry which correlate smoothly with those
of CHj3. The second group comprises the doubly degen-
erate bending vibrations of CH4 which correlate to the
translation and rotation of the dissociation fragments,
i.e., CH3 and H. In the transition state the behavior of
the latter group is described as a hindered internal ro-
tation of the incoming or the dissociating H atom in the
angular deformation potential.” In the present work we
treated the vibrations of the first group as harmonic and
those of the second group as a two-dimensional quan-
tum hindered rotor.'”

In the following the method and result of ab initio
MO calculations for the potential energy surfaces are
described along with the vibrational analysis by both
the harmonic and hindered rotor treatments. Then, the
method and result of the CVTST calculation for the
rate constant are followed. Comparative discussions are
made for the silane and methane systems before the
final conclusion.

Potential Energy Surface

Method of Calculation. We have calculated
the potential energy surfaces for SiH4=SiH3+H and
CH,;=CH3s+H along the reaction coordinate R which
is chosen to be the distance between the Si or C atom
and the counterpart H atom. The potential energy sur-
face near the reaction coordinate is described in the
following form;'®

WR(a) = V(R)+5 3 fi(R)Auhg,  (3)

where V(R) is the minimum energy path potential
which is defined as the potential energy at the opti-
mized geometry for a given value of R. The geometry
optimization is performed by using the analytic gradient
method for the UHF wave function with the Cs, sym-
metry being kept for a given R. The optimized variables
are the length r and the angle ¢ in Fig. 1. The potential
energy V(R) is calculated for each optimized geometry
by the MR-SD-CI procedure following the MCSCF pro-
cedure described below. The symbol Ag; represents the
displacement of the internal coordinate which is a func-
tion of R. The force constant f;; is also a function of
R. Here, the number of the internal coordinates is eight
excepting R. The force constants are calculated by the
numerical differentiation of the energy gradient with the
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Fig. 1. The coordinate system for SiHs---H or
CHs---H. The center atom is Si or C. R is the reac-
tion coordinate. The length r and angle ¢ determine
the optimized geometry for given R. The angle  and
9 describe the motion of the hindered rotor.

UHF wave function. They are calculated first in the
Cartesian coordinate system and then transformed into
the internal coordinate system.

The basis set is the Huzinaga—Dunning DZ ba-
sis plus polarization functions (DZP): (12s8pld/4slp)/
[6s4pld/2slp] for SiH, and (9sb5pld/4slp)/[4s2pld/
2s1p] for CH4. The exponents of the d-polarization
function are chosen to be 0.3247 for the Si-atom and
0.75 for the C-atom and the exponent of the p-polar-
ization function of the H-atom to be 1.0.

For the MCSCF wave function the CAS-type con-
figurations with eight electrons in the eight active or-
bitals [(4a;)(2e)(5a;)(6aF)(3e*)(7a¥)] are used for SiHy,
and [(2a1)(1e)(3a1)(4aT)(5a¥)(2e*)] for CHy. The total
number of the configuration is 1764 in the C3, symme-
try.

For the CI wave function the natural orbitals
obtained by the MCSCF calculation are used as
one-particle basis functions, and all the single and the
double excitations from the following three reference
configurations with the CI coefficients larger than 0.1
at a large R are included; [(4a;)%(2e)*(5a1)?], [(4a1)?
(2e)*(5a;)°(6aF)?], and [(4a;)%(2e)*(5a;)*(6af)!] for
SiH4 and [(2a1)%(1e)*(3a1)?], [(2a1)%(1e)*(3a1)°(4aT)?],
and [(2a1)%(1e)*(3a;)!(4a)!] for CHy. The numbers of
configuration in the CI wave function are 138117 and
40716 for SiH4 and CHy, respectively. The number of
the configurations is not reduced for CHg4, while for SiHy4
the perturbation selection is carried out by Rayleigh—
Schrédinger BK method!® where the energy threshold
is chosen to be 0.01 phartree. As the result, the number
is reduced to about 13000—23000.

For the dissociation limit the geometry optimization
and the MR-SD-CI subsequent to the MCSCF calcula-
tion are also performed with the same basis set for SiHj
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and CH3;. The number of configuration in the MCSCF
wave function is 2352, and that in the CI wave function
is 16125 for CH4 and 16103 for SiH4 after the configu-
ration selection.

The program Gaussian882% is employed for geometry
optimization. The program employed for the UHF and
the MCSCF calculations is HONDO7.2Y) MELDF?? is
employed for the MR-SD-CI calculation.

Feature of the Geometry and the Minimum
Energy Path Potential. The optimized geometries
and total energies for the equilibrium states of SiHj,
SiH3, CHy, and CHjs are shown in Table 1. SiHj is
pyramidal while CHs is planar. These results are con-
sistent with the experimental studies.?¥) The optimized
length r of SiH, is longer than that of CH4 by 0.40 A.
The variations of r are very small during the reaction
for both systems. The changes of the optimized angles
¢ as a function of R are shown in Fig. 2. The angles ¢
for SiHyvaries little because the geometry of the SiHj
group does not change significantly along the reaction
coordinate R, while that for CH4 varies drastically be-
cause the CH3 group changes from the pyramidal to the
planar.

Table 1. Optimized Geometry and Total Energy of
the Equilibrium States

Molecule Symmetry T ¢ Total energy
A degree hartree

SiH4 T4 1.4793 109.47 —291.411300

SiH3 Csu 1.4796 108.05 —290.769670

CH4 Ta 1.0848 109.47  —40.397990

CHs Dsp 1.0760  90.00  —39.729275

Geometry optimization is performed at a UHF level with
a DZP basis set. Total energy is calculated by the MC-
SCF-CI method at the optimized geometry. The symbol
r denotes the bond length of Si-H or C-H, and ¢ is the
angle of H-Si---H or H-C---H.
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Fig. 2. The variation of the optimized angle ¢ for the
SiH4 and CHy4 systems as a function of the reaction
coordinate R. ¢ is the angle between the C3 axis and
Si-H (C-H) bond of the SiH3(CHs) group. The con-
tinuous line is for SiH4 and the dashed line for CHy.
The arrows indicate the equilibrium points for both
systems.

[Vol. 67, No.1

The minimum energy path potentials for the SiHy4
and CH,4 systems are shown in Fig. 3. Both are of non-
barrier type. These ab initio potential energy curves
are found to fit neither to the standard Morse nor the
generalized Morse function. In the present work the
minimum energy path potential is fitted to a spline in-
terpolation function. This analytic function is used for
fitting the free energy as will be described with relation
to Eq. 13.

The dissociation energies obtained in the present ab
initio calculation are 380.8 and 449.6 kJ mol~! for the
SiH; and CH,4 system, respectively. The experimental
dissociation energies are 389 and 470 kJ mol~! for Sifl,
and CHy,24?% respectively. The calculated energies are
smaller by 2.1 and 4.4% than the experimental energies.

Harmonic Analysis.  The harmonic frequencies
for the normal modes at the equilibrium geometries are
listed in Table 2 along with the experimental values.
They are computed by the direct diagonalization of the
Cartesian force constants matrix that is obtained by
the UHF/DZP procedure. The nine normal modes of
the parent molecules of T; symmetry are classified by
regarding the dissociating Si-H or C-H bond as distin-
guishable from the other; a: doubly degenerate Si-H
(C-H) stretching; b: symmetric Si-H (C-H) stretching;
¢: doubly degenerate in-plane bending; d: symmetric
out-of-plane bending; e: doubly degenerate out-of-plane
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Fig. 3. The minimum energy path potential for the

SiH4 and CH4 systems. The energy is calculated by
the MCSCF-CI method with a DZP basis set at the
optimized geometry for a given R. The circles and the
triangles shows the calculated points. The lines are
the curves fitted by the spline interpolation function.
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Table 2.
States

Vibrational Frequencies of the Equilibrium

Vibrational frequency/cm™*

a b c d e f
experiment (Ref. 2) 21892189 972 913 9132186

Molecule Source

SiH,

this work 233723371054 1012 1012 2348
SiHs experiment (Ref. 2) 2161 2144 909 796 — —

this work 233523191016 874 — —
CHs experiment (Ref. 7) 3154 3154 1573 1357 1357 3143

this work 3294 3294 1670 1457 1457 3173
CH;3 experiment (Ref. 7) 328532701436 495 — —

3445 3258 1518 405 — —

Vibrational frequencies are obtained by the harmonic
analysis at a UHF level with the C3, symmetry. a: dou-
bly degenerate Si-H (C—H) stretching, b: symmetric Si-H
(C-H) stretching, c: doubly degenerate in-plane bending,
d: symmetric out-of-plane bending, e: doubly degener-
ate out-of-plane bending, f: totally symmetric stretching.
Here, “plane” means the plane defined by the three H-
atoms of the SiH3 or the CH3 group.

this work

bending; f: totally symmetric stretching. Here, “plane”
means the plane defined by the three H atoms of the
SiH3 or CHg group.

The harmonic frequencies of the eight normal modes
are also calculated along the minimum energy path.
Here, the number of the normal modes is eight be-
cause the dissociative mode is excluded. The frequen-
cies are obtained by the GF matrix method,'®2®) where
the Cartesian force constant matrix is projected onto
the internal force constant matrix for the eight internal
coordinates excepting R. The eight normal modes are
classified as follows; a: doubly degenerate Si-H (C-H)
stretching of the SiH3(CHs) group; b: symmetric Si—
H (C-H) stretching of the SiH3(CHj) group; ¢: doubly
degenerate SiH3z(CHj) in-plane bending; d: symmetric
SiH3(CHj3) out-of-plane bending; e: doubly degener-
ate SiHs---H(CHj---H) bending. The variation of the
frequencies as a function of the reaction coordinate ‘is
shown in Fig. 4.

For SiH4, modes a, b, ¢, and d smoothly correlate to
those of SiHz with the frequencies being little changed.
For CHy4, the behavior of modes a, b, and ¢ are similar
to those of SiH4 but the frequency of mode d diminishes
drastically. This is because the weak resistance to the
out-of-plane bending motion in the planar CHjs leads
to a much smaller force constant than that of the rigid
pyramidal SiHj.

For both systems the frequency of mode e approaches
to zero at large R. This is reasonable because mode e
correlates to the translation and rotation of the frag-
ments of the dissociation. Therefore, it is crucial to
treat the mode as a harmonic oscillator at large values
of R. The motion should be described as the rotation of
the dissociating H atom around the counterpart SiHjg
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or CH3 group at larger R. Such a motion will be more
properly treated as an internal rotation hindered by the
angular deformation potential. In Fig. 4 the results of
both the hindered rotor (ez) and the harmonic analyses
(e1) are shown. The procedure of the hindered rotor
analysis is given in the following subsection.

Hindered Rotor Analysis. The two-dimensional
hindered rotation is described by the two angles # and
¥ in Fig. 1.7 The angular deformation potential can
be obtained as a function of these angles at each R.
The calculations for the potentials are carried out by
the MR-SD-CI method with the same basis set and
the reference configurations as in the calculation for the
minimum energy path potential.

An example of the results is shown in Fig. 5, where
the angular deformation potentials for the various val-
ues of angle 1 are described as a function of the angle 6.
The values of R are fixed at 3.8 and 3.4 A for SiH, and
CHy, respectively. The results show that the potential
depends little on the angle v, which allows us to treat
the rotation in terms of one-dimensional hindered rotor
depending only on the angle 6.

The Schrédinger equation for a given R is given in
Eq. 4.7

B[ 1 8/ .8 e
[‘m {——sin 556 (" 03) - W} + V“’)] 61.m(0)
= E;MmOs,Mm(0), @

Ej5 M stands for the energy level of the hindered rotor.
V() is the potential of the one-dimensional hindered
rotor. If V(0)=0, the equation becomes that for free
rotors. The effective moment of inertia for the hindered
rotor, Lg, is obtained by the G-matrix.?® For SiH, and
CHy, Lg is written as below in the coordinate system
of Fig. 1.

R*+7r? 1 -1

R2r2 m—H
(5)

In Eq. 5, cos x=sin fcos ¥sin ¢p+cos fcos ¢ and ma and
my are the masses of SiH, or CH4 and of the H-atom,
respectively. Although Lg depends on angle 6 and 1,
the dependence is smaller enough so that Lg may be
regarded as a constant for a given R.

There are various models for the functional form of
the hindering potential V(#).2”) In the present work the
following form is assumed;

Lo — R? +r? —R'r(3—cos2x)i
of = R2r2sin? ma

4
V(0) = V(0) + >_ by sin (k6). (6)
k=1

Here, by is the fitting parameter. The potential curves
fitted to this form are shown in Fig. 5. As an example of
other models the sinusoidal curve proposed by Pacey!”
is also shown in Fig. 5. Since distortions of a large value
of 6 are not realistic in the thermal reaction, the fitting
is carried out only up to 50° in Fig. 5. It is seen that the
potential function in Eq. 6 agrees well with the results
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Fig. 4. The vibrational frequencies against the reaction coordinate for the SiH4 and CHy systems. (a) for SiHy and (b)
for CHy. a: doubly degenerate Si—-H (C-H) stretching of the SiH3(CHg3) group, b: symmetric Si—-H (C-H) stretching
of the SiH3(CHz3) group, c: doubly degenerate SiHs(CHs) in-plane bending, d: symmetric SiH3(CHs) out-of-plane
bending, e;: doubly degenerate SiHs---H (CHs---H) bending (harmonic), e2: doubly degenerate SiHs---H (CHs:--H)
bending (hindered rotor). Here, “plane” means the plane defined by the three H atoms of the SiHz or CHs group.
The results of a, b, ¢, d, and e; are for the harmonic analysis, while those of ez are for the hindered rotor analysis.

of the ab initio calculation in this range of § but that the
sinusoidal function does not. The standard deviations
in fitting the curves for ¥=0°, 30°, and 60° by Eq. 6 are
at most 0.00032 and 0.00034 for the equilibrium state
of SiH4 and CHy, respectively. The deviations become
smaller than 0.00001 in the region of the CVTST saddle
points (R>3.0 A for SiHy and R>2.6 A for CH4). Thus,
the functional form is considered to be appropriate as
the hindering potential for the CVTST calculation.

The eigenfunction of Eq. 4 is expanded in terms of
the associated Legendre functions;'”

3
N-1

Osm(0) = > Cuia iy Prin (6),

n=0

()

where N is the dimension of the expansion. Then, the
one-dimensional hindered rotor equation is solved by
the diagonalization of the N-dimensional Hamiltonian

matrix.

To obtain the CVTST rate constant it is necessary to
calculate the partition function. The partition function
for the degenerate transitional bending mode is calcu-
lated as

N-1 +J

gne=»_, > exp[—(Ejm — Eoo)/ksT].
J=o M=ZJ

(8)

Here, Ej\ is the eigenvalue of the hindered rotor and
Ey o is the zero-point energy. Because of the calcula-
tional limitation in the diagonalization N in Eq. 7 is set
to 20 and the eigenvalues for larger M and J are nu-
merically extrapolated to N=>50.1" The contribution
from these extrapolated energy levels in the partition
function is almost zero at lower temperatures but it be-
comes significant at higher temperatures, that is, about
2.5 and 15% increase at 1000 and 2000 K for SiH4 and
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Fig. 5. The angular deformation potential as a func-
tion of the angle 6. (a): for SiHy at R=3.8 A (b):
for CHy at R=3.4 A. O, x, A: the results of the
calculation for )=0°, 30°, and 60°, respectively. —:
sinusoidal function fitted for ¥y=0°, ----: function in

Eq. 6 fitted for ¥y=0°, ---: function in Eq. 6 fitted
for y=30°, —-—: function in Eq. 6 fitted for ¥y=60°.

about 0.1 and 2.5% increase at the same temperatures
for CHy4, respectively.

Calculation of Rate Constants

Method of Calculation. In CVTST the gener-
alized rate constant for the association and dissociation
reactions are expressed as

kT AG(T,R
k(T,R) = O'BT exp {——kiT—)} (9)
AG(T,R) = G(T,R) — G(T, c0) (10)
for the association and
AG(T,R) = G(T,R) — G(T, Ro) (11)

for the dissociation.'® G(T,R) and G(T,00) are the free
energy of the system at R and at the infinite separation
whereas G(T,Ry) is that of the parent molecules in the
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equilibrium state. The difference of the free energies
AG(T,R) comprises the following seven components.

AG(T, R) _ Vmer(R)

kT kT
AEzp,vib(lz) AE‘zp,hr(R)
Aln Qrot(Ty R) + kBT + ksT

—Aln qvin(T, R) — Aln qun: (T, R).

— Aln Qtrans(T)

(12)

VMmep(R) is the ab initio potential energy along the
minimum energy path with Vygp(co)=0 for the asso-
ciation reaction and Vygp(Rp)=0 for the dissociation.
Aln Qirans(T) and Aln Q,ot( T, R) are,respectively, the
differences in the partition functions of the translation
and rotation (including the symmetry number of rota-
tion). The contributions by the eight vibrational free-
doms are separated to the two classes; Aln gyin(7,R)
and AFE,, vib(R) are, respectively, the vibrational parts
relative to the zero-point energy and the difference of
the zero-point energy of the harmonic modes of a, b,
¢, and d; Aln g, (T,R) and AE,, p:(R) are for mode e
that correlates to the translation and rotation of the
dissociating fragments.

VMmep(R) is calculated by the MR-SD-CI following
the MCSCF method as described in the section of Po-
tential Energy Surface. The translational and rota-
tional partition functions are calculated by the stan-
dard method.!® The rotational constants are obtained
from the optimized geometry. The vibrational parti-
tion functions for modes a, b, ¢, and d are calculated
by the standard method using the harmonic frequen-
cies orthogonal to the reaction coordinate that are ob-
tained in the subsection of Harmonic Analysis, while the
results of the hindered rotor analysis are used for the
transitional bending mode (mode e). The ab initio free
energies in Eq. 12 are calculated from these components
at various temperatures from 200 to 3000 K.

The symbol ¢ in Eq. 9 is the symmetry factor for
the reaction about the electronic degeneracy; o is 1/4
and unity for the association and dissociation, respec-
tively. In the present formulation the symmetry number
for the rotation is included in the rotational partition
function. For the association reaction the ratio of the
symmetry number of rotation is 3/3 between SiH4 and
SiHjz, whereas that for the CHy system is 3/6 due to
the fact that CHj is of the Ds; symmetry in contrast
to Cs, for SiHy, SiH3, and CHy. For the dissociation
reaction the ratios of the symmetry number of the ro-
tation are unity for both systems at an arbitrary R and
at the initial geometry.

The saddle point is determined by the maximum free
energy criterion and the CVTST rate constant is defined
as the generalized rate constant at the saddle point.'®
To determine the maximum point the calculated ab ini-
tio free energy at each temperature is fitted to the spline
interpolation function in Eq. 13.

3

S(R; < R< Riy1) = G(Ri) + > Cir(R — Ry)*,

k=1

(13)
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where G(R;) represents the point at which the free en-
ergy is calculated and Cj; is the interpolation coeffi-
cient.

Each curve is found to be smooth and shows a single
peak, so the saddle point can be determined and the
CVTST rate constants for the association and dissoci-
ation are calculated at this point for various tempera-
tures.

Results of Calculation. The temperature depen-
dence of the calculated saddle points and the CVTST
rate constants for the SiH, and CH,4 systems are shown
in Fig. 6, where the association and dissociation rate
constants are given in units of 101° Imol~!s~! and s~ ¢,
respectively.

The decrease in R at the saddle point as the tem-
perature increases is a common feature to barrierless
association or dissociation reactions. The saddle points
are at 4.6—3.3 A and 3.8—2.7 A for the SiH4 and CHy4
system, respectively. At the same temperature the for-
mer is longer than the latter by 0.6—0.8 A, which is
larger than the difference in the length of Si-H and C—
H in the equilibrium states, i.e., 0.4 A. Thus, the SiHy4
system is considered to have a looser transition state
than CHy.

The association rate constant for SiHy is smaller than
that for CH4 by 4.0—6.0x10° Imol~!s~! for all the
temperatures studied and the difference at the same
temperature amounts to 30—35% between the two sys-
tems. As shown in Fig. 6 (2) the association rate con-
stants increase with the temperature first and then turn
over at around 1600—2000 K. The slight decrease is in-
terpreted as the result of the broken balance between
the increase of the temperature and the increase of the
free energy at higher temperatures. In this tempera-
ture region the association rate constants are regarded
as essentially levelled-off.

As shown in Fig. 6 (3) the dissociation rate constants
increase with the temperature. At the same tempera-
ture the dissociation rate constant for the SiH4 system
is always larger than for the CH, system; for example,
the dissociation rate constant for the former system is
larger by about one order of magnitude than for the
latter at 2000 K, but the difference becomes smaller at
higher temperatures.

Discussion

Free Energy and Its Components. The free
energy and its components for the association and dis-
sociation at various temperatures are listed in Table 3
along with the rate constants.

It is seen that the most important component for the
dissociation is the potential energy part (Vuep(R)).
The dissociation rate constants are determined dom-
inantly by the attractiveness of the minimum energy
path potential. The association rate constants are ex-
pected to be sensitive to the shape of the minimum
energy path potential in the region of larger R. In con-
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trast to the dissociation other contributions such as
the translational part (Aln Qirans(7)), the rotational
part (Aln Qrot(T,R)), and the transitional bending part
(Aln gn(T,R) and AE,pn(R)) to the free energy are
also significant in the association. The balance of the
potential energy part and other main contributions de-
termines the magnitude of the association rate constant.

The variation of the free energy and its components as
a function of the reaction coordinate for the association
at 500 K is shown in Fig. 7.

The location of the saddle point is determined by the
variational rates of the components. Since the contri-
bution of the harmonic vibrational part (Aln ¢yin(T,R)
and AFE,, vib(R)) for the association is so small, it is
neglected. The translational part is also negligible be-
cause it is constant against the temperature. Conse-
quently, the major components which dictate the max-
imum point of the free energy curve are the potential
energy part, the rotational part, and the transitional
bending part. The transitional bending part is espe-
cially important because it gives a major negative con-
tribution to the free energy and varies sensitively near
the saddle point.

Comparison between the SiHy and CH4 Sys-
tems. A remarkable difference between the SiHy4
and CHy4 systems is that SiHjz is pyramidal while CHj
is planar. The difference in the variation of the fre-
quency and the vibrational partition function for mode
d (symmetric SiH3(CH3) out-of-plane bending mode)
along the reaction coordinate occurs as the result of
this geometrical difference; in the SiH,4 system the fre-
quency of mode d remains almost constant along the
reaction coordinate, while that in the CH4 system be-
comes smaller as the geometry of the CHs group be-
comes planar (see Figs. 2 and 4); the vibrational parti-
tion function for mode d in the latter system is larger
than that in the former system, and the difference be-
comes greater at lager R.

The free energy and its components at the saddle
point given in Table 3 will be examined to compare the
results of the calculated rate constants of the SiH, and
CH, systems: For the association the differences of the
components of the potential energy, the harmonic vibra-
tion, and the translation are relatively small between
the two systems. The major components that lead to
the difference in their rate constants are the rotational
part (Aln Qrot(T,R)) and the transitional bending par-
tition function (Aln gy, (T,R)). The negative contribu-
tion to the free energy of the rotational part in the CHy
system is larger than that in the SiH4, while that of
the transitional bending partition function in the SiHy4
system is larger than that in the CH4. The difference in
the contribution of the former is larger than that of the
latter, and it is concluded that the most effective com-
ponent that determines the difference is the rotational
part. The difference of the rotational part originates
from the rotational constant. Therefore, the difference
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of the saddle point in units of A. (2) The temperature
Imol~'s™?

The temperature dependence of the saddle point and the rate constants. (1) The temperature dependence

dependence of the association rate constant in units of 10'°

. (3) The temperature dependence of the decimal logarithm of the dissociation rate constant in units of

s~!. The experimental rate constants for the CH, system shown in (2) and (3) are taken from Ref. 29.

in the association rate constant is governed practically
by the difference in the molecular structures between
the SiH, and CH4 systems.

For the dissociation the component that affects the
rate constants of the two systems most effectively is the
potential energy part. The dissociation rate constant
for the SiH, system exceeds that for the CH4 because
the minimum energy path potential is less attractive in
the former system (see Fig. 3). At temperatures higher
than 2000 K another important component to make the
difference between the two systems sets in from mode
d (included in Aln gyiv(T,R) and AE,; ib(R)). This is
because their difference between the equilibrium state
and the saddle point is large in the CH4 system but

small in the SiH4 as described above.

Further difference between the two systems is the
“tightness” of the transition state. As mentioned pre-
viously, the transition state of the SiH, system is looser
than that of the CH4 system by 0.2—0.3 A at the same
temperature. The reason for the difference is considered
as due to the difference in the shape of the free energy
curve as a function of the reaction coordinate; as shown
in Fig. 7 the saddle point of the SiH4 system is located
on a smoother curve than the CH, system.

Comparison with Experimental and Other
Theoretical Results. The accuracy of the calcu-
lated results of the SiH4 system may be assessed by re-
ferring to the results of the CHy4 system for which abun-
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Table 3. Free Energy and Its Components at the Saddle Point

(1) SiHy4

Temp/K 300 500 1000 2000 3000
Saddle point/A 4.38 3.90 3.74 3.40 3.26
Association rate constant 8.4137 9.4007  11.6247  12.5167  11.8021
x10'°/Imol™ts™*

AG/ksT 6.1252 7.0359 8.2098 9.5262  10.3919
Vumep/ksT —0.6905 —1.2167 -0.8926 —1.0523 —0.9816
AE,; vib/ksT 0.0000 0.0026 0.0013 0.0016 0.0021
AE,pne/ksT 0.3598 0.4577 0.2887 0.2017 0.1559
—Aln gvip —0.0001 —0.0003 —0.0009 —0.0013 —0.0001
—Aln gp, —2.2526 —2.3829 -3.1616 —3.4783 —3.7159
—Aln Qrot —1.8500 —-1.6601 —1.5936 —1.4466 —1.3836
—Aln Qtrans 10.5586 11.8357  13.5685  15.3014  16.3151
logio of dissociation rate —49.4508 —23.5251  —3.9467 5.8605 9.1031
constant/s~*

AG/ksT 143.3285 84.1431  39.7554  17.8665  10.8055
Vmep /ksT 151.9853 90.3887  44.9101  21.8490  14.2859
AE,pviv/ksT —0.5635 —0.3355 —0.1677 —0.0828 —0.0542
AE.pn/ksT —4.4952 —2.4553 —-1.1677 —0.5265 —0.3296
—Aln gvip —0.0100 —0.0405 -0.1028 -0.1566 —0.1773
—Aln gne —2.2297 —2.2460 —2.6145 —2.2618 —2.0274
—Aln Qrot —1.3581 —-1.1682 -1.1017 —0.9547 —0.8917
~AlIn Qtrans 0.0 0.0 0.0 0.0 0.0

(2) CHy

Temp/K 300 500 1000 2000 3000
Saddle point/A 3.71 3.52 3.25 2.87 2.64
Association rate constant 12.4967 14.0716 16.5622 18.5825 17.7546
%1011 mol~ts7?

AG/ksT 5.7296 6.6325 7.8559 9.1297  10.0121
Vumep/ksT —0.9030 -0.8175 -0.7710 —1.0141 —1.2214
AE,p viv/ksT 0.0063 0.0062 0.0062 0.0162 0.0262
AE,pne/ksT 0.4487 0.3410 0.2446 0.2065 0.1870
—Aln gvip 0.0015 0.0041 0.0112 0.0818 0.2046
—Aln gnr —1.5062 —1.9526 —2.5562 —3.0198 —3.1888
—Aln Qrot —2.8268 —2.7348 —2.5980 —2.3926 —2.2610
—Aln Qtrans 10.5090 11.7861  13.5190  15.2518  16.2655
logio of dissociation rate —59.7782  —29.6457 —6.8195 4.6861 8.4810
constant /s~

AG[ksT 167.1083 98.2364  46.3704  20.5705  12.2379
Vumep/ksT 179.4978  107.4229  53.3491  26.0459  16.8186
AE,p viv/ksT —2.6033 —1.5596 —0.7767 —0.3752 —0.2346
AEpn/ksT —6.5408 —3.8527 -1.8521 —0.8418 —0.5119
—Aln gvip —0.1525 —0.3624 —0.7201 —0.9442 —0.9365
—Aln gn, —1.5035 —1.9143 -2.2692 —2.1589 —1.8740
—Aln Qrot —1.5893 —1.4974 -1.3605 —1.1551 —1.0235
—AlIn Qtrans 0.0 0.0 0.0 0.0 0.0

Free energy and its components are given non-dimensionally.
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dant experimental information is available. The associ-
ation rate constant of the CHy4 system calculated in the
present work are compared with available experimental
and other theoretical results in Table 4.4—6:11—15)

The three experimental values are rather widely scat-
tered perhaps because of the difference in the experi-
mental methods. However, the average of the experi-
mental constants at 300 K agree with the result in the
present work.

The present results are also inbetween other theoreti-
cal results which include the CVTST method on the ba-

sis of the DHS potential surface (a stiff Morse function
for the C-H stretching),'") the same method on the ba-
sis of the modified DHS potential surface (fitted to the
Hirst potential surface®®),'? the flexible microcanoni-
cal variational transition state theory based on the same
potential surface as Ref. 12,'® the classical trajectory
method on the basis of the another modified DHS po-
tential surface,'®) and the statistical adiabatic channel
model on the basis of the Hirst potential surface.'®
The results in Refs. 11 and 12 should be more ap-
propriate for the comparison with the present work in
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(b) CH4
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The variation of the free energy and its components at 500 K for the association reaction. (a) for SiHs and

(b) for CH4. Sa, Ca: E,pne/ksT; Sb, Cb: Vmep/ksT; Sc, Cc: —Aln Qrot; Sd, Cd: —Aln Qn:; Se, Ce: AG/ksT.
The contribution of the harmonic vibration is small enough to be neglected. The translational partition function is
constant against the temperature, so it is also neglected. Se and Ce are fitted to the spline interpolation function in
Eq. 13. In this caption S and C stand for SiH4 and CHy, respectively.

Table 4.

Comparison with Experimental and Other Theoretical Results for the

Association Rate Constant of CHys System

Method Source Rate constant x10'®/Imol~'s™*
300 K 500 K 1000 K 2000—2200 K

Experiment 1 Ref. 4 20.0£9.0

Experiment 2 Ref. 5 12.0£3.0

Experiment 3 Ref. 6 9.0+£4.0

CVTST® Ref. 11 7.6 9.2 11.0 11.2
CVTST Ref. 12 159 18.4 21.2 —
FuvVTST® Ref. 13 14.2 17.3 20.6 21.5
Trajectory® Ref. 14 13.7 — 20.5 20.7
SACM® Ref. 15 6.5 8.0 10.0 12.5
CVTST This work 12.5 14.1 16.6 18.6

a) Canonical VTST on the Duchovic—Hase—Schlegel potential surface,
VTST on the modified Duchovic—Hase—Schlegel potential surface,
canonical VTST on the modified Duchovic-Hase-Schlegel potential surface,
trajectory method on the modified Duchovic—Hase—Schlegel potential surface,

b) Canonical
¢) Flexible micro-
d) Classical
e) Sta-

tistical adiabatic channel model on the Hirst potential surface.

more detail because both are based on CVTST as in the
present work. The difference among the three CVTST
approaches are in the difference of the potential energy
surfaces employed. Among the three the difference in
the translational, the rotational, and the harmonic vi-
brational parts of the free energy is considered to be
small. One cause of the difference in the association
rate constant among the three may be the difference

in the shape of the minimum energy path potential at
larger R region; the minimum energy path potentials
in Refs. 11 and 12 are obtained on the basis of the stiff
Morse function fitted to an ab initio C-H stretching po-
tential that is calculated at the MP4/6-31G** and the
MRD-CI/6-31G** levels, respectively. Another cause
may be the difference in the treatment of the transi-
tional bending mode; the mode is treated as a quantum
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mechanical hindered rotation in Ref. 11 with the sinu-
soidal approximation to the hindering potential, while it
is treated as the classical hindered rotation in Ref. 12.
The result by the former treatment is compared with
the present result in Fig. 5 and discussed in the subsec-
tion of Hindered Rotor Analysis; the sinusoidal approx-
imation gives poor results at lager §. The treatment
in terms of the classical hindered rotation is compared
with the present treatment (see Table 5); the saddle
points in Ref. 12 are shorter and the transitional bend-
ing partition functions in Ref. 12 are larger than those in
the present work. The larger partition function leads to
the tighter transition state and the smaller free energy
to give the lager association rate constant of 15.9x10°
1mol~!s~! (see Table 4).

From Table 3 it is seen that the association rate
constant for the SiH, system obtained in the present
work is smaller than that for the CH4 by 4.0—6.0x10°
lmol~!s™!, or percentagewise, 30—35% at the same
temperature. As mentioned previously, the difference
mainly originates from the difference in the molecular
structures of SiHs and CHy. Thus, the difference be-
tween the two systems may not depend critically upon
the calculational method. The association rate constant
obtained in the present work should be useful for the
prediction of the thermal rate constant for the SiH,4
system.

For the dissociation the attractive character of the
potential energy surface affects sensitively the rate con-
stant. The experimental dissociation energies are larger
than those of the present ab initio potential energies of
both SiH4 and CHy4 systems (see the section of Poten-
tial Energy Surface). Thus, the real dissociation rate
constants are expected to be a little smaller than those
obtained in the present work. They are evaluated by
substituting the value of the experimental dissociation
energy to the minimum energy path potential; the re-
sults are 2—3% and 5—6% for the SiH4 and CH, sys-
tem, respectively, in the scale of the decimal logarithm.

A recent comprehensive review of the experimental
rate constants of the reactions CH,2CH3+H recom-
mends the following values for the forward and the back-

Table 5. Comparison of Hindered Rotor Partition
Function

T Ref.12 This work

€MP gaddle point g Saddle point .

hr —_— hr

K A A

300 3.55 4.878 3.71 4.509 ( 4.053)

500 3.37 7.548 3.52 7.047 ( 6.325)

800 3.17 10.723 3.33 10.533 (10.107)
1000 3.07 12578 325 12.886 (12.161)

The value of the transitional bending partition function
at each saddle point is designated. The value in parenthe-
ses is for the partition function at the counterpart saddle
point of Ref. 12.
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ward reactions, respectively.?®

kexpi(dissoc.) = (2.4 x 10™°) exp (~52800/T) 5™,
T = 1000—3000 K
kexpi(assoc.) = 21.1 x 10*° 1 mol~1s71,

T = 300—1000 K.

Since the accuracy of the experimental values is said
to be Alog kexpi(dissoc.)=20.5 and Alog kexpi(assoc.)=
+0.3 in the cited reference, the present results of
keare(dissoc., 2000 K) =4.85x10% s71, ie., logkeal
(dissoc., 2000 K)=4.69 and keac(assoc.,, 300 K) =
12.5x10%° tmol~'s™!, ie., logkeaic(assoc., 300 K)=
11.10 are well within the error of the experimental
values, i.e., logkexp1 (dissoc., 2000 K)=4.924+0.5 and
log kexp1 (assoc., 300 K)=11.3240.3.

Conclusion

In this paper the thermal rate constants for
SiH4=SiH3+H and CH,2CHj3;+H reactions are cal-
culated on the basis of the ab initio potential energy
surface and the CVTST method. The minimum en-
ergy path potentials are calculated by the MR-SD-CI
followed by the MCSCF method with the Huzinaga—
Dunning plus polarization (DZP) basis set. The har-
monic frequencies for the normal modes orthogonal to
the reaction coordinate are calculated by the UHF /DZP
level. The transitional bending mode is treated ad hoc
as a quantum mechanical two-dimensional hindered ro-
tor.

The results are summarized as below:

(1) The association rate constant for the CH4 system
is favorably comparable with experimental and other
theoretical results. The association rate constant for the
SiH, system is predicted to be smaller than that for the
CH4 by 4.0—6.0x10'° Imol~!s™!, or percentagewise,
30—35% at the same temperature.

(2) The association rate constants are determined by
the balance of the potential energy, the translational,
the rotational and the transitional bending parts of the
free energy. The difference between the SiHs and CHy
systems mainly originates from the difference in the ro-
tational part as a result of the difference in the molec-
ular structure of SiH4 and CHy.

(3) The dissociation rate constants depend mainly on
the attractiveness of the minimum energy path poten-
tial. The vibrational component that contributes sig-
nificantly to the difference between the SiH, and CHy
systems is mode d (the symmetric SiH3(CH3) out-of-
plane bending mode). The difference in mode d is at-
tributed to the difference in the molecular geometries in
the dissociation limit, i.e., pyramidal SiHs and planar
CHj;.

(4) The real dissociation rate constants are evaluated
to be 2—3% and 5—6% smaller in the decimal logarithm
scale for the SiH4 and CH4 system, respectively, than
those calculated in the present work.
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(5) The location of the saddle point is determined
mainly by the transitional bending mode. The SiHy4
system has a looser transition state than the CHy sys-
tem. The saddle point of the former is longer than that
of the latter at the same temperature by 0.6—0.8 A.
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