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The hydrogen abstraction reactions of hydrogen atom with germane and silane have been studied by using ab
initio molecular orbital theory and the canonical variational transition state theory. The potential energy surface
information is calculated at the UQCISD/6-3tG** level of theory. Energies along the minimum energy

paths are improved by a series of single-point G2//QCISD calculations. The changes of the geometries,
generalized normal-mode vibratioanal frequencies, and total curvatures along the reaction paths are discussed.
The reaction thermal rate constants for the temperature rangelB00 K are obtained by canonical variational
transition state theory with small-curvature tunneling correction. The calculated results show that the variational
effect is small and in the lower temperature range, the small curvature effect is important for the two reactions.
Good agreement with experimental values is found for the rate constants over the measured temperature
ranges. The rate constants can be fitted to the three-parameter expressions through the whole temperature
range 206-1600 K: k(GeH; + H) = 2.0 x 10’ T212exp(—492/T) cm?® mol~' s7'; k(SiHs + H) = 2.27 x 1¢°

T269 exp(=779/T) cm® mol~* s,

Introduction only two of the most recent studies, by Arthur et?aland
. . . Goumri et al25 investigated the temperature dependenck of
The reactions of H atom with Gafénd Si, They gave the rate constants in the temperature ranges 294

GeH4 +H— GEFE +H (1) 487 K and 296-660 K to bek = (2.3+ 0.3) x 01 exp[(—
2 11.6 + 0.3 kJ motY)/RT] cm3 s~ andk = (1.78 + 0.11) x
SiH, + H— SiH, + H, ) 10710 exp[—(16.0 & 0.2) kJ mof/RT] cm? s71, respectively.

Theoretically, to our knowledge, only three studies have been
are considered to play a significant part in the chemical vapor "€Ported on this reaction. Gordon efaknd Tachibana et &.
deposition (CVD) processes used in the semiconductor indus-Studied the stationary points on the reaction path. As both of
try.1-5 Reaction 1 is also considered to be one of the processestN€ir geometry optimizations are based on Hartieck level
which determine the abundance of Gekithe atmospheres of of theory exclgdmg correlatl_on correction, therefc_)re they did
Jupiter and Saturf’ Therefore, reliable rate constants for the NOt obtain satisfactory reaction barrier and reaction enthalpy.
two reactions are needed to throw light on the mechanics of Soumri et ak® made a further study on the reaction kinetics.
CVD processes and on the evolution of planetary atmospheres.-l_—hey calculated the reaction rate constants using the nonvaria-
Four experimental investigatichd! have been reported on the t|on<_31I transition state theory ywth Wigner t_unnellng correction.
rate constants of reaction 1. The early two studies performed Basing on MP2/6-31G* optimized geometries and the G2 energy
by Choo et aP and Austin et af. produced conflicting results. ~ correction, the reaction enthalpy is in agreement with the
To resolve the difference and adjudicate between them, Nava€Xperimental value. However, due to the limits of method, the
et al2% and Arthur et al! studied this reaction successively, c@lculated imaginary frequency of transition state (TS) is too
and they obtained satisfactory agreements. Arthur and cooperal@rg€, which will narrow the potential barrier and overestimate
torsi! measured rate constants in the temperature range 293 the tunneling correction.

473 K, and combined their results with those of Nava éfal. Our objective in embarking on the present work is to make
to give a best value for the rate constants over the temperatured Systematic theoretical survey of the two hydrogen abstraction
range 206-500 K of k = (1.21+ 0.10) x 1010 exp[(—1008 reactions. The direct dynamic methétiare applied to calculate
+ 25)/T] cm3s™!. Theoretically, only Arthur and cooperatéts the reaction rate constants over a wide temperature range from
carried out BEBO (bond energy and bond order method) 200 to 1600 K. Direct dynamic methods use electronic structure
calculation on this reaction, while at the semiempirical theory information, including geometries, energies, gradients, and force
level they did not obtain satisfactory results. Their calculated constants (Hessian) at selected points on the reaction path to
activation energies were substantially higher than the corre- calculate rate constants without the intermediate stage of
sponding experimental values. To our knowledge, little theoreti- constructing a full analytical potential energy surface. The
cal attention has been paid to this reaction. present studies are carried out in two stages: In the first stage,
On the other hand, many investigatidhg® have been ab initio calculations are performed for stationary points and
reported on the rate constants of reaction 2 in experiments. Butfor some extra points along the minimum energy paths (MEP)
to obtain potential energy information. In the second stage, the
* Author to whom correspondence should be addressed. potential energy information is input into the POLYRATE
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TABLE 1. Geometrical Parameters (distances in angstroms
and angles in degrees) of the Equilibrium and
Transition-State Structures for the Two Reactions at the
UQCISD/6-311+G** Level

geometrical parameters

thiswork  eRptl

Ha M 0.7436 0.7414
GeH, (Td) I'GeH 1.5358 1.5251
Gehs (Ca.) IGeH 1.5391

OHGeH 110.9819
Geks—H'—H" (Cs,) MHHe 1.2551

lGeH 1.6153

FGeH 1.5359

OH"H'Ge 90.

OHGeH 108.7979
SiH, (Td) Isin 1.4766  1.4798
SiH; (Ca) Isi 1.4777

OHSIH 111.2471
SiHz—H'-H" (Cs,) (g 1.1275

I'siH 1.6008

I'siH 1.477

OH"H'SI 90.

OHSIH' 108.6207

aTaken from ref 35.

8.4.7° to calculate variational transition state theory (VTST)
rate constant and its temperature dependence.

Calculation Methods

By means of the GAUSSIAN 98 prograth high-level ab
initio calculations are carried out for the two reactions. The
optimized geometries and frequencies of the stationary points
(reactant, transition state, and products) are calculated at th
UQCISD/6-311#G** level. At the same level, the minimum

energy paths are calculated with a gradient step size of 0.05

(amu}2 bohr in mass-weighed Cartesian coordinates, and the
harmonic vibrational frequencies as well as the force-constant

matrixes at the selected points near the transition state are

obtained. Because the shape of the MEP is important for the

calculation of rate constants, the energies of the MEP are refined

by the G2//QCISD method, which applies the G2 methé&t
at the UQCISD stationary point geometries and along the
UQCISD reaction path.

Canonical variational transition state theory (CVT) is based
on the idea of varying the dividing surface along a reference
path to minimize the rate constant. In this paper, the POLYRATE
8.4.1 program is performed to obtain the theoretical rate
constants using the CVT plus a small-curvature tunneling (SCT)
correction method proposed by Truhlar and co-work&#éThe

rate constants are calculated at 20 temperatures using mass-
scaled Cartesian coordinate. The Euler single-step integrator with

a step size of 0.0001 (anmi{Abohr is used to follow the MEP,

and the generalized normal-mode analysis is performed every

0.01 (amu¥?2 bohr. The curvature components are calculated
using a quadratic fit to obtain the derivative of the gradient with
respect to the reaction coordinate.

Results and Discussion

A. Stationary Points. Table 1 lists the geometrical parameters
of the equilibrium and transition-state structures of the two
reactions at the UQCISD/6-331** level along with the
available experimental datalt is easy to see that for the two

Yu et al.

TABLE 2: Vibrational Frequencies (cm~?) of the
Equilibrium and Transition-State Structures for the Two
Reactions at the UQCISD/6-31+G** Level

e

this work exptt
H2 (3H 4419 ¢ 4403
GeH (T9)835, (E)925 (T9819, €)931
(T22181, AD2190  (T2)2114, A1)2106
Geh (AD)713, €)859,
(A1)2138,E)2163
GeH—H'—H"  (E)270, AL)802,
(E)855, E)927,
(AD)1254, AL)2177,
(E)2181, A1)1159
SiH, (T2)960, E)996, (T2)914, (E)975,
(AD2299 (T2)2303  (A1)2187 (T2)2191
SiHs (A1)806, €)962,
(A1)2266, E)2298
SiH—H'—H"  (E)312, A1)907,

(E)968, E)1006,
(A1)1150, A1)2286,
(E)2302, A1)1398

aTaken from ref 35

states are confirmed with normal-mode analysis to have only
one imaginary frequency. Besides, the spin contamination is
not severe since the expectation values ofvéhere S denotes
electron spin angular momentum) for the two transition states
are 0.7689 and 0.7726 (the true value for the doublet state is
0.75), respectively. In the transition-state structures, the length
of bonds Ge-H' and Si~H' which will be broken increase by
5% and 8% with respect to the equilibrium bond length of GeH
and SiH, respectively. The length of the'HH" bonds that

will form hydrogen molecule is 1.7 and 1.5 times, respectively,
as large as the equilibrium bond length of the hydrogen
molecule. Therefore, both of the transition-state structures are
reactant-like, and the reactions will proceed via early transition
states. This is the expected behavior from Hammond’s postulate,
since both of the reactions are exothermic. In addition, the,GeH
+ H — GeH; + H reaction will proceed via an “earlier”
transition state in comparison with the reaction of SiHH —

SiHz + Ha.

The harmonic vibrational frequencies of the equilibrium and
transition-state structures of the two reactions at the UQCISD/
6-311+G** level are listed in Table 2 along with the available
experimental dat& It can be seen that most of the calculated
frequencies of the reactants and products are slightly greater
than that of the available experimental values, and the maximum
error between them is about 5%. For the $iHH — SiH; +
H, reaction, the calculated imaginary frequency of TS, 1398
is close to the value, 1463recommended by Goumri et &
of estimated G2 level. They thought the value of 1880
calculated at the MP2/6-31G* level is too large, which will
narrow the potential barrier and overestimate the tunneling
correction. So it is apparent that here the UQCISD method is
essential.

Table 3 lists the reaction enthalpies and potential barriers for
the two reactions. For GeHt H — GeH; + H; reaction, the
reaction enthalpies at 298 K obtained by G2//QCISD and
UQCISD(ZPE) (UQCISD with ZPE correction) methods are
—19.22 and—19.17 kcal/mol, respectively. For SjH- H —

SiH; + H, reaction, they are-12.58 and—12.43 kcal/mol,
respectively. Obviously there is a minor difference in the

reactions the optimized geometrical parameters of the reactantgeaction enthalpy between G2//QCISD and UQCISD(ZPE)

and products are in good agreement with the experimental data

methods, and they are both close to the corresponding experi-

From these results, it might be inferred that the same accuracymental values-20.82 and—12.39 kcal/mol derived from the
could be expected for calculated transition-state geometries. Bothexperimental standard heats of formation (GeRil.71 kcal/

of the reactions hav€s;, transition states, and the transition

mol;35 H, 52.12 kcal/moP® GeHs, 53 kcal/mol36 H,, 0.0 kcal/
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TABLE 3: Reaction Enthalpies (AHag) and Potential (a) 281

Barriers (AE) (kcal/mol) for the Two Reactionst 24 ]

UQCISD 221

G2//QCISD (ZPE)  exptl ]

GeH+H—Gets+H, AHY, —19.22 —19.17 —20.82
AE 3.54 4.60

SiHy+H—SiH;+H,  AHY,, —1258 —12.43 -12.39
A 5.54 6.42

aTotal energies (in hartrees); For GeHt H — GeH; + Hy, at 124
UQCISD(ZPE): Geld —2077.751527; H;-0.499810; Gek—2077.124480; 104
H,,—1.158274; TS;-2078.244009. At G2//QCISD: GeH-2077.797906; 1
H, —0.50; GeH, —2077.163183; b} —1.166254; TS;~2078.292265. 08
For SiHy + H — SiH;z + H,, at UQCISD(ZPE): Sik —291.369023; 0.6 -— 77
H, —0.499810; Sikd, —290.731266; K —1.158274; TS;-291.858597. 20 45 10 05 00 05 10 15 20
At G2//QCISD: SiH, —291.418468; H~0.50; SiH;, —290.773151; s (amu)"? bohr
H,, —1.166254; TS~291.909644.

mol; SiHs, 8.20 kcal/moB’ SiHs, 47.93 kcal/moP8). Table 3 (b) 287
also shows the reaction potential barriers for the two reactions. 241
For GeH, + H — GehH; + Hy reaction, the potential barriers 224
obtained by G2//QCISD and UQCISD(ZPE) methods take the ]
values 3.54 and 4.60 kcal/mol, respectively. For StHH —

SiH; + H; reaction, they are 5.54 and 6.42 kcal/mol, respec-

tively. Obviously, the G2//QCISD method decreases the reaction
potential barriers by about 1 kcal/mol. Therefore, the G2//

QCISD method applied here is essential to improve the potential
energy curve.

B. Reaction Path Properties The minimum energy paths
(MEP) of the two reactions are calculated at the UQCISD/6-
311+G** level by the intrinsic reaction coordinate theory from L L A U
the transition state to the reactants and products, respectively. "
The energies of MEP are refined by G2//QCISD method, and s (amu)
for both reactions the maximum for the,(s) is shifted toward Figure 1. (a) Changes of the main bond lengths (in angstroms) for
the reactants to approximatedy= —0.05 (amu¥2 bohr. This the GeH + H — Geh + H, reaction as functions of (amu}? bohr
kind of shifting is artificially caused by the computational 2t the UQCISD/6-313G* level. (b) Same as those in (a) except for

- : . P . the SiHy + H — SiH; + H, reaction.
technique, which consists of optimizing geometries at a lower
level A (here A is UQCISD) and then calculating the energies  In the negative limit of, the frequencies are associated with
(without re-optimization) at a higher level B (here B is G2// the reactants GetH+ H and SiH, + H, respectively. In the
QCISD). In POLYRATE 8.4.1, the RODS (reorient the dividing  positive limit of s, the frequencies are associated with the
surface) algorithm can be used to reorient the generalizedproducts Gehl+ H, and SiH + H, respectively. In the vicinity
transition-state theory dividing surface. Thus the conceptual of the transition state, there are eleven vibrational frequencies.
mistake of taking as a variational effect what is only a numerical The harmonic vibrational frequencies of the-@¢ and St
defect is avoided. Figure la,b shows the changes of bond lengthsH' stretches, corresponding to the generalized normal mode
along MEP as functions of (amu}2 bohr. For both of the breaking during the reactions, drop dramatically near the saddle
reactions, the changes are very similar. First, the breaking bondspoint. These behaviors are known as typical of hydrogen transfer
(Ge—H" and StH’') and the forming bond (H-H") change reactions.®® A priori, these drops should cause considerable
strongly, while the other bonds keep no change. Second, thefalls in the zero-point energy near the saddle point. The two
Ge—H' and Si—H' bond distances remain insensitive upste lowest harmonic frequencies corresponding to free rotations and
—0.5 (amu¥2bohr, and then increase smoothly. While the-H translations of the reactants evolve to vibrations at alscat
H" distances rapidly shorten from reactants and arrive to the —0.25 (amu)¥? bohr, and they present a maximum near the
equilibrium bond length of hydrogen molecule at absut saddle point. The behaviors of these two lowest frequencies
0.75 and 0.5 (am¥ bohr, respectively. A likely explanation  compensate the falls in the zero-point energy caused by the Ge
for the difference emerges from a consideration of the different H' and Si-H' stretches, respectively. As a result, the zero-point
transition-state structures. In GgHH'—H" structure, the energies show very little change wighFigure 2a,b), and the

20+

1.8+

1.6 4

1.4

Distance (angstrom)

204

Distance (angstrom)

bohr

distance of H—H" (1.2551 A) is larger than that of 'HH" classical potential energ¥/;ep) and the vibrationally adiabatic

(1.1275 A) in Sih—H'—H" structure. ground-state potential energy,f) curves are similar in shape.
Figure 2a,b depicts the classical potential eneXgysp, the This analysis indicates that, for the two reactions, the variational

ground-state vibrational adiabatic potential enekg§, and the effect will be small or almost negligible.

zero-point energy for the two reactions as functions @mu}/2 Figure 4a,b shows the changes of the total reaction-path

bohr at the G2//QCISD level. For both reactions, the maximum curvature for the two reactions as functionssqbmu}/2 bohr
position of theViyep(s) andV,5(s) energy curves is the same, at the G2//QCISD level. There are two sharp peaks for both

and the zero-point energy curve is practically constastasies reactions, one before and one after the saddle point. For the
with only a gentle fall near the saddle poist£ 0). To analyze reaction of Geld + H — GeH; + Hy, the positions of the peaks
this behavior in greater detail, we show the variations of the are ats = —0.2 and 0.6 (amd¥ bohr, due to the strong

generalized normal mode vibrational frequencies along the MEP couplings of the reaction coordinate with the-G4/, and H-
in Figure 3a,b. H" stretches, respectively. For the reaction of SiHH — SiH;
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Figure 2. (a) Classical potential energyer), ground-state vibra-  rigyre 3. (a) Changes of the generalized normal-mode vibrational
tionally adiabatic potential energy/{’), and zero-point energy (Z'/DE) frequencies for the GeHt- H — Geh; + H, reaction as functions of
for the GeH + H — GeH; + H; reaction as functions of (amu}/2 s (amu}2 bohr at the UQCISD/6-31G** level. (b) Same as those

bohr at the G2//QCISD level. (b) Same as those in (a) except for the i, (a) except for the Sik+ H — SiH; + H, reaction.
SiHs + H — SiHz + H; reaction.

+ H,, the positions of the peaks aresat —0.1 and 0.4 (amd? role for the two reactions. The same results can be seen clearly
bohr, due to the strong couplings of the reaction coordinate with from Tables 4 and 5 that list the reaction rate constants for the
the Si-H' and H-H' stretches, respectively. Notice that the two reactions in the temperature range 20600 K. For
reaction path curvatures of the two reactions are not severe,example, for Sid + H — SiH; + H; reaction, at 290 K the
therefore, the small-curvature tunneling correction method for experimental rate constants are 37, 38, and 2.6 times as large
calculating the reaction rate constants should be suitable. as the calculated ones derived from the TST, CVT, and CVT/
By the analysis of how the bond lengths, potential energies, SCT methods, respectively. While at 658 K, the multiplying

frequencies, and total curvatures vary as functions of the reactionfactors are 3.8, 4.1, and 2.4, respectively. The rate constants of
coordinate, it is easy to see that the changes of the two reactionoyT/SCT at the UQCISD/6-31G** level are also plotted in

are very similar. The difference is that the range of the “reaction Figure 5a,b. They are not in good agreement with the experi-
region” of GeH + H — Gekt + Ha is slightly larger than that  mental values in comparison with the rate constants of CVT/
of SiHy + H — SiHz + Ha. ) o _ SCT at the G2//QCISD level for both reactions. Notice that even

_ Rate Constant Calculation The _canonlcal variational transi- 4t the G2/IQCISD level, there is a slight discrepancy between
tion state theory rate constants with a small-curvature tunnglmg the CVT/SCT rate constants and experimental values. We think
correction for the two reactions are calculated in a wide the calculated potential energy curve is not accurate enough.

temperature range from 200 to 1600 K at the G2//QCISD level. That is to say even at the present G2//QCISD level, the potential
Figure 5a,b displays the plots of the calculated results along barrier still has been overestimated. On the other hand, the

with the available experimental values for the two reactions. It . T . . .
potential barrier is difficult to compare with experiment since

can be seen that the rate constants of TST (line 1) and CVT " . . S
(line 2) are nearly the same in the whole temperature range 200 it is not measured directly, thus the calculated reaction activation

1600 K, which enables us to conclude that the variational effect €N€rgies are given in order to provide the most possible
for the two reactions is very small or almost negligible. Also, omparison with the experiments. For GeH H — Get +

in comparison with the rate constants of TST and CVT in the H, reaction, the calculated activation energy in the experimen-
measured temperature ranges, the CVT/SCT rate constants (liné2lly measured temperature range 2403 K are 2.26 and 2.73

3) are in much better agreement with the corresponding kcal/mol, respectively, at the G2//QCISD and UQCISD/6-
experimental valuég1.25for the two reactions. However, inthe ~ 311+G** level. The former is much closer to the experimental
higher temperature range, the CVT/SCT rate constants (line 3)value, 2.00 kcal/mol.For SiH, + H — SiHs; + H, reaction,

are asymptotic to the rate constants of TST (line 1) and CVT the calculated activation energies are given in the experimentally
(line 2), which means only in the lower temperature range the measured temperature ranges 2887 K?! and 290-660 K5,
small-curvature tunneling (SCT) correction plays an important and they are 3.56 and 3.88 kcal/mol at the G2//QCISD level
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Figure 5. (a) Plot of the calculated rate constakté&cm® mol™* s™1)
versus 1000V and available experimental data for the GeHH —
GeH; + H; reaction. (b). Same as those in (a) except for the, SiH
H — SiHs; + H. reaction.

Figure 4. (a) Changes of the total reaction-path curvature for theGeH
+ H — GeHs + H; reaction as functions o (amu}? bohr at the
G2/IQCISD level. (b) Same as those in (a) except for the, SiHH —
SiH; + H; reaction.

TABLE 4: Rate Constants (cn® mol~t s71) for the Reaction
with respect to 4.04 and 4.38 kcal/mol at the UQCISD/6- of GeH, + H — GeH; + H; in the Temperature Range
311+G** level, respectively. The values calculated at the G2// 200-1600 K at the G2//QCISD Level
QCISD level are much closer to 2.77 and 3.83 kcal/mol obtained T TST CvT CVT/SCT expt
by the experimentsl25By comparison between theoreticaland  ~500 " g79x 1P 8.73x 1°  1.34x 101
experimental rate constants and between theoretical and ex- 210 1.36x 10°° 1.35x 10 1.66x 101
perimental activation energies, it is not difficult to find that the 293  1.64x 10!  1.61x 101! 6.08x 101  2.74x 102
G2//QCISD method is more reliable than the UQCISD/6- 308  2.25x 10" 2.20x 10"  7.29x 10"  2.78x 101

311+G* method for the two reactions. In addition, the reaction ~ 323 ~ 3.02x 100 2.93x 10"  8.73x 107  3.32x 10
rate constants of GeHr H — GeH + H; are about 1 order of 47 4591070 441 100 114x 107 3.68x 107
2 370 6.57x 10"  6.26x 10"  1.45x 10" 4.37x 10V

magnitude higher in comparison with the rate constants of SIH 397 952 1011  9.03x 1011 1.87x 102 5.17x 1012
+ H — SiF; + H; in the temperature range 29487 K. This 400 9.94x 10!  9.40x 10 1.92x 102
is in accordance with the experimental restit& Finally, we 423 1.31x 10 1.23x 10* 2.33x 10? 7.16x 10%
present three-parameter fits for rate constants of the two 448 ~ 1.74x10%  162x 107 2.84x 107 7.34x 107
reactions in the temperature range 2800 K to describe the 450 1.78x10%  1.65x 10  2.89x 10

: : ; 473 2.24x 10  2.07x 102 3.40x 10 8.97x 102
non-Arrhenius behavior of the rate constants in the broader ggq 2_88>X< 1012 2_64>X< 102 4.06§ 102 )

temperature range. The expressionské@eH, + H) = 2.0 x 600 6.20x 102 554x 102 7.11x 102

10" T>12exp(—492/T) cm?® mol~* s™t andk(SiH4 + H) = 2.27 800 1.80x 10 1.51x 10 1.57x 109

X 1(? T2.69 exp(_779/‘|') CrnS mol—l S_l, respec“vely 1000 3.74x 1083 2.96x 1013 2.73x 1013

1200 6.44x 108 4.87x 108 4.44x 108

. 1400 9.94x 102  7.23x 108  6.57x 108

Conclusions 1600 1.42x 104 1.01x 104 9.15x 108
In this paper, the hydrogen abstraction reactions: SeH aTaken from ref 11.

— GeHs + H, and SiH, + H — SiH; + H, have been

investigated theoretically. The changes of the bond lengths, reaction of Geld + H — GeHs + H, is more exothermic, it
potential energies, frequencies, and total curvatures along theproceeds via an “earlier” transition state. (3) The range of the
reaction path of the two reactions are very similar. The main “reaction region” of Geld + H — GeH; + Hy is slightly larger
differences of the two reactions lie in the following three than that of SiH + H — SiHz + H..

points: (1) At the G2//QCISD level of theory, the potential The reaction rate constants in the temperature range- 200
barrier of GeH + H — GeH; + Hy reaction is lower than that 1600 K are calculated at the G2//QCISD level by the canonical
of SiHs + H — SiH3 + H; by about 2 kcal/mol. So the GgH variational transition state theory (CVT) with the small-curvature
+ H — GeH; + H; reaction is easier to proceed. (2) Since the tunneling (SCT) correction. The calculation results show that



9212 J. Phys. Chem. A, Vol. 104, No. 40, 2000

TABLE 5: Rate Constants (cn? mol~! s71) for the Reaction
of SiH, + H — SiH3 + H; in the Temperature Range
200-1600 K at the G2//QCISD Level

T TST CVT CVT/SCT exptl
200 5.55x 10" 554x 10° 8.55x 1C°

290 4.37x10° 4.30x10° 6,20x 10  1.63x 10
300 6.08x 1° 5.97x 10°  7.35x 10Y

329 1.43x 10 1.40x 10 1.16x 10  3.31x 104
330 1.46x 10 1.43x 10° 1.18x I0% 3.61x 101
350 2.44x 10° 2.37x 100 1.57x 10"

379  4.67x 10 452x 10°° 2.31x 10"  6.38x 104
382 4.97x 10'° 4.81x 10° 2.40x 10  7.04x 10"
400 7.11x 10  6.81x 10 2.99x 104

449  1.64x 10" 1.57x 10" 5.13x 101* 1.47x 102
496 3.18x 10 3.02x 10'* 8.07x 10  2.40x 10%
500 3.35x 10'  3.18x 10!  8.37x 104

570 7.47x 10"  7.05x 10" 1.48x 102  3.67x 10%
600 1.00x 102 9.40x 10" 1.84x 102  4.12x 10v
658 1.66x 10" 1.54x 10?2 2.67x 102  6.33x 10?2
800 4.38x 102 4.01x 10 5.65x 1012
1000 1.17x 108 1.04x 102 1.25x 10
1200 2.39x 10 2.08x 10 2.32x 10
1400 4.16x 102 3.57x 102 3.82x 108
1600 6.50x 10 5.52x 10* 5.75x 10
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(12) Niki, H.; Mains, G. JJ. Phys. Chem1964 68, 304.
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1752.
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(19) Mihelcic, D.; Schubert, V.; Schindler, R. N.; Potzinger,JFPhys.
Chem.1977 81, 1543.
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38a, 896.

(21) Arthur, N. L.; Porzinger, P.; Reimann, B.; Steenbergen, HI.P.
Chem. Soc., Faraday Trans.1®89 85, 1447.

(22) Koshi, M.; Tamura, F.; Matsui, HChem. Phys. Lettl99Q 173
235.

(23) Potzinger. P.; Glasgow, L. C.; Reimann,B.Naturforsch.1974
29a,493.

(24) Mihelcic, D.; Potzinger, P.; Schindler, R. Ber. Bunsen-Ges. Phys.
Chem.1976 80, 565.

(25) Goumri, A.; Yuan. W. J.; Ding, L. Y.; Shi, Y. C.; Marshall, P.
Chem. Phys1993,177,233.

(26) Gordon, M. S.; Gano, D. R.; Boatz, J. A.Am. Chem. S0d.983
105(5), 5771.

(27) Tachibana, A.; Kurosaki, Y.; Yamaguchi, K.; Yamabe,JTPhys.

aThe value is the larger one at every temperature selected from ref Chem.1991, 95, 6849.

25.

for the two reactions the reaction activation energies and the
CVT/SCT rate constants are in good agreement with the

(28) Truhlar, D. G.; Gordon, M. SSciencel990,249, 491.

(29) Chuang, Y.-Y.; Corchado, J. C.; Fast, P. L.; Villa, J.; Hu, W.-P_;
Liu, Y.-P.; Lynch, G. C.; Jackels, C. F.; Nguyen, K. A.; Gu, M. Z.; Rossi,
I.; Coitino, E. L.; Clayton, S.; Melissas, V. S.; Lynch, B. J.; Steckler, R.;
Garrett, B. C.; Isaacson, A. D.; Truhlar, D. BOLYRATEversion 8.4.1,

experimental ones in the measured temperature ranges. TheJniversity of Minnesota, Minneapolis, 2000.

variational effect on the values of rate constant is small, and
the tunneling correction is important in the calculations of rate
constant in the lower temperature range. The three-paramete

fits for the two reactions in the temperature range 20600
K arek(GeH, + H) = 2.0 x 10" T>12exp(—492/T) cm?® mol—!
s Landk(SiHs + H) = 2.27 x 10 T2%%exp(=779/T) cn® mol—!
s1, respectively.
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