
Experimental and theoretical studies of the reaction of atomic oxygen with silane
Luying Ding and Paul Marshall 
 
Citation: The Journal of Chemical Physics 98, 8545 (1993); doi: 10.1063/1.464513 
View online: http://dx.doi.org/10.1063/1.464513 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/98/11?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Crossed Beams Study on the Dynamics of Cl Atom Reaction with Silane 
Chin. J. Chem. Phys. 24, 4 (2011); 10.1088/1674-0068/24/01/4-7 
 
A theoretical study of the gas-phase chemi-ionization reaction between uranium and oxygen atoms 
J. Chem. Phys. 122, 144317 (2005); 10.1063/1.1879832 
 
The gas-phase chemiionization reaction between samarium and oxygen atoms: A theoretical study 
J. Chem. Phys. 120, 9998 (2004); 10.1063/1.1730034 
 
A theoretical study of solid hydrogens doped with atomic oxygen 
J. Chem. Phys. 106, 942 (1997); 10.1063/1.473174 
 
The reaction of atomic fluorine with formyl fluoride: An experimental and theoretical study 
J. Chem. Phys. 93, 276 (1990); 10.1063/1.459601 
 
 

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

137.112.220.16 On: Mon, 01 Dec 2014 19:54:38

http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=Luying+Ding&option1=author
http://scitation.aip.org/search?value1=Paul+Marshall&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.464513
http://scitation.aip.org/content/aip/journal/jcp/98/11?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/cps/journal/cjcp/24/1/10.1088/1674-0068/24/01/4-7?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/122/14/10.1063/1.1879832?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/120/21/10.1063/1.1730034?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/106/3/10.1063/1.473174?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/93/1/10.1063/1.459601?ver=pdfcov


Experimental and theoretical studies of the reaction of atomic oxygen 
with silane 

Luying Ding and Paul Marshall 
Department o/Chemistry, University 0/ North Texas, P.O. Box 5068, Denton, Texas 76203-5068 

(Received 16 November 1992; accepted 17 February 1993) 

The flash-photolysis resonance-fluorescence technique has been employed to measure the rate 
constant for 0+SiH4 .... products from 295-565 K, and yielded k l =1.23XlO- 1O exp(-14.6 
kJmo1- I/RT) cm3 s- 1 with an accuracy of about ±15%. The transition state for direct 
H-atom abstraction has been characterized at up to the Gaussian-2 ab initio level of theory. With 
small adjustments it is possible to model kinetic data for 0 + SiH4 in terms of an abstraction 
channe11eading to OH + SiH3 • This agreement does not rule out minor participation by addition 
or insertion channels, but there is no theoretical evidence for bound triplet intermediates in the 
potential energy surface. A transition state theory analysis suggests that kl at 1000 K is 16 times 
larger than previously thought. 

I. INTRODUCTION 

Knowledge of the rate constant kl for the reaction of 
ground state atomic oxygen, 0(2p)3pJ> with SiH4 at ele­
vated temperatures 

0+ SiH4 .... products (1) 

is needed to model the chemistry of SiH4 flames and ex­
p10sionsl-7 and silicon oxide chemical vapor deposition 
(CVD) from mixtures of SiH4 with O2 or N20. 8

-
14 There 

are significant deficiencies and discrepancies in the existing 
data for reaction (1), especially at high temperatures, and 
part of the impetus for our work is to obtain a good de­
scription of the temperature dependence of k l • The first 
part of the present work describes experimental measure­
ments of kl at up to 565 K carried out with the flash­
photolysis resonance-fluorescence (FP-RF) technique, us­
ing an apparatus which has already been shown to give kl 
results at room temperaturel5 in accord with other tech­
niques. I6-18 

There have been two previous kinetic studies carried 
out above room temperature, one by Atkinson and Pitts 
who employed flash-photolysis with O/NO chemilumines­
cence detection of 0 atoms (FP-CL) and obtained kl =6.8 
X 10- 12 exp( -6.6 kJ mo1- I/RT) cm3 s-I over 297-438 
K,16 while discharge-flow experiments by Mkryan et al. 
with ESR detection of 0 (DF-ESR) yielded kl =2.7 
X 10- 11 exp( -11.3 kJ mo1- I/RT) cm3 s-I over 280-549 
K.17 The first of these Arrhenius expressions is recom­
mended for use up to 1000 K,19 but the alternative expres­
sions yield kl values that differ by a factor of 5 if extrap­
olated to 1000 K. The pre-exponential A factors, especially 
the former, seem unusually small when compared to those 
found for O+hydrocarbon reactions. For instance, A ~ 1.0 
X 10-10 cm3 s -lover the range 400-700 K for the reaction 
of atomic oxygen with the SiH4 analog, CH4.19 Another 
area of disagreement concerns the products of reaction 
(I). Chemiluminescence and laser-induced fluorescence 
studies ofOH by Agrawalla and Setser20 and Park et al.,21 
as well as a mass-spectrometric product study by Horie 
et aI., 18 suggest that the dominant channel is 

(1a) 

Such a reaction is important in combustion because it in­
creases the number of radicals, while SiH3 is thought to be 
a major species in CVD.22 However, Withnall and An­
drews23 observed formation of (singlet) SiH30H in matrix 
isolation experiments and proposed that reaction (1) pro­
ceeds via an addition/insertion mechanism, which implies 
a bound triplet OSiH4 intermediate and would be nonadi­
abatic with respect to spin. Herron 19 instead suggested that 
SiH30H was formed from recombination of the products 
of reaction (1a) in the matrix. 

There have been semiempirica1 theoretical studies of 
silane reactivity, but Horie et al. noted that the BEBO 
method "fails completely" for the reactions of 0 with si-
1anes. 18 The second part of this work describes the first ab 
initio study of the mechanism of reaction (I), the proto­
typical O+silane reaction. This was made to test whether 
the abstraction channel (1a) can account for the observed 
kinetics, and to search for possible triplet OSiH4 interme­
diates. The theoretical work also checks the magnitude of 
the pre-exponential A factor, and permits reliable extrapo­
lation of k1 beyond the experimental temperature range. 

II. EXPERIMENTAL MEASUREMENTS 

A. Technique 

Details of the variable-temperature reactor,24 the gen­
eral FP-RF method,25 and modifications for the study of 
atomic 0 15 have been given elsewhere. A mixture of S02 
and SiH4 diluted in a large excess of Ar bath gas flowed 
through the reactor which operated pseudostatically. The 
bath gas maintained isothermal conditions and slowed dif­
fusion of atomic oxygen to the reactor walls, and the tem­
perature was measured with a thermocouple corrected for 
radiation errors. 26 0 atoms were produced by flash­
photolysis of S02' in an initial concentration [0]O~[SiH4]' 
so that 

-d[O] 

dt 
(2) 
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TABLE I. Summary of rate constant measurements for 0+8iI4. 

[80211015 

T (K) P (mbar) Tr .. (s) F (J) (cm-3) 

295 
333 52 2.4 4.05 4.41 
333 101 1.5 4.05 3.39 
333 103 2.9 4.05 6.71 
333 200 3.0 4.05 6.70 
333 
378 101 3.0 5.00 5.98 
378 101 3.0 2.45 5.98 
378 205 3.0 5.00 6.12 
378 205 3.0 2.45 6.12 
378 
466 133 1.0 5.00 2.70 
466 133 1.0 2.45 2.70 
466 133 1.0 5.00 4.77 
466 133 1.0 2.45 4.77 
466 133 3.0 5.00 4.87 
466 133 3.0 2.45 4.87 
466 135 1.0 5.00 2.31 
466 135 1.0 2.45 2.31 
466 135 3.0 5.00 3.87 
466 135 3.0 2.45 3.87 
466 
563 268 1.5 4.05 3.09 
564 272 3.0 4.05 2.03 
565 67 0.5 4.05 2.50 
566 69 1.0 4.05 3.88 
566 68 3.0 4.05 3.74 
565 

aSee Ref. 15. 
bMean and s.d. of mean. 

where kpsl is the pseudo-first-order rate constant and kdiff 
accounts for diffusional loss of 0 from the reaction zone 
and recombination of 0 with S02' [0]0 was varied by 
changing [S02] or the energy of the flash-lamp discharge, 
F. A microwave-powered discharge lamp excited reso­
nance fluorescence at 130 nm, 0(3S)3S-->0(2p)3pJ,27 
which was monitored by a solar-blind photomultiplier tube 
operated with pulse-counting and signal-averaging. kpsl 

values were obtained by nonlinear least-squares fits to the 
exponential decays of fluorescence intensity,28 and kl val­
ues as the slopes of weighted linear plots29 of typically 5 or 
6 kpsl values as a function of [SiH4] from 0 to [SiH4]max' 

B. Results 

Twenty-three kl determinations at four temperatures 
from 333 to 565 K are summarized in Table I, where the 
quoted uncertainties represent precision only. P was varied 
by a factor of 5, the average gas residence time within the 
reactor before photolysis, 'Tres ' by a factor of 6, F by a 
factor of 2 and [S02] by a factor of 3. There was no con­
sistent variation of kl with 'Tres ' which demonstrates that 
thermal decomposition of SiH4 was unimportant, nor a 
significant variation with the product F[SOz] , i.e., [0]0' 
which is consistent with attainment of pseudo-first-order 
conditions and successful isolation of reaction (1) from 
secondary chemistry. We averaged the kl determinations 
at each temperature, weighting them equally, and derived 

[SiH4]max kl ± ukl 10-13 

1014 (cm-3 ) (cm3 S-I) 

3.0 ±0.2a,b 
1.55 6.08±0.16 
0.99 5.98±0.25 
1.97 7.19±0.20 
1.96 6.90±0.17 

6.5 ±0.3b 

1.95 13.0 ±0.3 
1.95 10.0 ±0.9 
1.99 12.8 ±0.3 
1.99 14.2 ±0.3 

12.5 ±0.9b 

1.01 27.5 ±l.l 
1.01 27.1 ±1.2 
1.01 25.7 ±0.8 
1.01 27.8 ±1.4 
1.48 25.7 ±1.4 
1.48 20.5 ±2.9 
0.35 28.5 ±0.6 
0.35 27.7 ±0.7 
0.69 24.4 ±0.5 
0.69 27.0 ± 1.8 

26.2 ±0.7b 

0.35 60.1 ± 1.4 
0.35 45.1 ±1.3 
0.23 57.0 ±1.4 
0.35 68.4 ±1.7 
0.33 53.7 ±1.3 

56.9 ±3.8b 

the standard deviation of the mean. This standard devia­
tion reflects the reproducibility of the individual kl mea­
surements. The value of kl obtained from 19 measurements 
at 295 K made earlier in the same apparatus15 is also 
shown in Table I. 

The five averaged kl results are plotted in Fig. 1 in 
Arrhenius form. The weighted fit to A exp( -Ea/RT), 
which takes into account both the uncertainty in T, about 
2%, and the averaged kl values, yields 

10-11 ,-__ ----,-___ .--__ -,-___ .--__ ---" 

'I 
VI 

t') 

E 10-12 
0 

.......... 

~ 

10-13 +----+---+----+---+-----1 
1.6 2.0 2.4 2.8 3.2 3.6 

1000 K / T 

FIG. 1. Arrhenius plot summarizing 42 determinations of kl for 0 + 8iH4 
at five temperatures. 

J. Chern. Phys., Vol. 98, No. 11, 1 June 1993  This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

137.112.220.16 On: Mon, 01 Dec 2014 19:54:38



L. Ding and P. Marshall: Reaction of atomic oxygen with silane 8547 

TABLE II. HF/6·31G* and MP2/6·31G* geometries.' 

Species Symmetry HF/6-31G* MP2/6-31G* 

rSi.H 1.475, LHSiH 109.47 
rSi.H. 1.747, 
rSi.Hc 1.473, 
LH,,5iHb 108.54, 
LH~iHc 111.03 

rSi.H 1.483, LHSiH 109.47 
rSi.H. 1.627, 
rSi.Hc 1.481, 
LHaSiHb 108.63, 
LHbSiHc 111.14 

rO.H. 1.205, 
rSi.Hb 1.473, 
LOH,,5i 178.52, 
LH,,5iHc 107.62, 
rO.H 0.959 

rO.Hb 1.310, 
rSi.Hb 1.481, 
LOH,,5i 174.86, 
LHaSiHc 107.48, 
rO.H 0.979 

rSi.H 1.476, LHSiH 110.88 rSi.H 1.483, LHSiH 111.25 

"Bond lengths in 10- 10 m, and angles in degrees. 

kl = (1.23±0.18) X 10-10 

Xexp( -14.6±0.5 kJ mol- IIRT)cm3 s-I (3) 

for 295 K<;;T<;;565 K. The uncertainties in A and Ea rep­
resent ± 10". The uncertainty in kl is smaller, because er­
rors in A and Ea are coupled, and consideration of the 
covariance30 yields 10" for kl that varies from 3.5% in the 
middle of the liT range up to about 6% at the ends. 
Comparison between different techniques at room temper­
ature suggests that any systematic errors are small. 15 Al­
lowance of ± 5% for possible but unrecognized systematic 
errors yields a 95% accuracy for kl of about ± 15%. 

III. THEORETICAL ANALYSIS 

Ab initio calculations were carried out with the 
GAUSSIAN90 program31 on a VAX 6310 and a Solbourne 
5E/902 computer, using theoretical methods outlined by 
Hehre et al. 32 The geometries of the species of reaction 
(Ia) and the corresponding transition state (TS), SiH40t, 
were optimized with the 6-31 G* atomic basis set at the 
self-consistent field or Hartree-Fock (HF) and MP2leveis 
of theory. The latter level makes a partial correction for 
electron correlation. Spin-unrestricted UHF wave func­
tions were employed for open-shell species, and spin­
restricted RHF wave functions for SiH4. Next, vibrational 
frequencies were calculated at each stationary point on the 
potential energy surface (PES), to verify them as true min­
ima, with all real frequencies, or the TS, with a single 
imaginary frequency. The HF and MP2 frequency results 
were scaled by factors of 0.893 and 0.95, respectively, be­
fore calculation of the zero-point vibrational energies 
(ZPE) of each species. The wavefunctions at the stationary 
points were verified to be HF stable.33 The Gaussian-2 
(G2) methodology of Pople and co-workers, a series of 
additive corrections to the MP4/6-311 G** I/MP2/6-
31 G* energy, was then applied to obtain approximate 
QCISD(T)/6-311+G**(3dj,2p)//MP2/6-3IG* ener­
gies.34-36 Combination of these electronic energies with the 
ZPE allows estimation of ilHo, the enthalpy change for 
reaction (Ia) at 0 K, and E5, the enthalpy of the TS rel­
ative to O+SiH4 at 0 K. The G2 method calls for use of 
the HF/6-3IG* ZPE. We have also employed the MP21 
6-3IG* ZPE and denote the results as G2*. The G2 
method makes no allowance for errors arising from spin 
contamination: here we define a spin-projected P-G2 en­
ergy as the G2 value plus a correction equal to the differ-

ence between the PMP4/6-311G** and MP4/6-31IG** 
energies, where spiIl- contamination has been projected out 
of the PMP4 energy using the algorithm of Schlegel. 37 An 
alternative approach to estimating E5 was also applied, the 
MP-SAC4 method of Gordon and Truhlar. 38,39 In this ap­
proach, the MP4 correlation energy of the TS is scaled by 
a factor derived from comparison of MP4 and experimen­
tal dissociation energies De for SiHrH and O-H. 

Simple transition state theory4o,41 (TST) was em­
ployed to analyze the kinetics of channel (Ia) 

kBT gt (E5) 
kTST=P h QoQSiH4 exp - RT ' (4) 

where It is the reaction path degeneracy, and the Q's are 
the partition functions. Each Q is estimated from the 
MP2/6-3IG* data with the usual assumption of the sep­
arability of vibrational and rotational motions.42 As argued 
by Cohen and Westberg, only six of the nine states of 
OePJ ) correlate with the products; the experimental elec­
tronic partition function Qel for 0 is 5 + 3 exp ( - 228 
KIT) +exp( -326 KIT), Qel for SiH4 is I, and a value of 
six was assumed for Qel for the TS.41 Rotational symmetry 
factors were set equal to I, and symmetry was taken into 
account via It=4. 

IV. DISCUSSION 

A. Comparison between measured k1 values 

Our data at 295 K have already been shown to be in 
accord with those from most other experimental tech-

15-18 F' 3 . A h . niques at room temperature. Igure IS an rr emus 
plot of Eq. (3) together with the best-fit rate constant 
expressions from the FP-CL work of Atkinson and Pitts l6 

and the DF-ESR work of Mkryan et al. 17 It may be seen 
that while there is accord to within about a factor of 1.5 
between the three expressions at T<;;400 K, above 400 K 
there are significant differences, with the present work ly­
ing higher than the earlier results. This reflects the different 
Arrhenius parameters measured here. 

B. Comparison between theory and experiment for 
0, SiH4 , SiH3 , and OH 

The ab initio geometries for minima in the PES shown 
in Table II and Fig. 2 are, of course, identical with previous 
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8548 L. Ding and P. Marshall: Reaction of atomic oxygen with silane 

FIG. 2. Structure of the transition state for O+SiH4 -+OH+SiH3 • 

equivalent calculations where they exist. 32,43 Typically 
MP2 theory leads to longer bonds than HF theory,32 and 
this can be seen in Table II. For OH and SiH4 the MP2 
bond lengths are closer to the experimental values44 and we 
therefore employ results from MP2 theory in the kinetic 
calculations below. 

Vibrational frequencies at stationary points in the 
0+SiH4 PES are summarized in Table III. For SiH4 the 
mean absolute error is 34 cm- 1 at the HF level and 18 
cm- 1 at the MP2 level, relative to the measured frequen­
cies.44 For SiH3 the lowest mode has been measured to be 
::::; 724 cm -1,45 57 and 41 cm -1 below the HF and MP2 
estimates, respectively. For OH the errors at the scaled HF 
and MP2 levels are 0 and 16 cm-l, respectively.46 The 
similarity of the HF and MP2 frequencies means that the 
corresponding ZPE are essentially identical, and that there 
is a negligible difference between the G2 and G2* energies. 

Ab initio energies for 0, SiH4, SiH3, and OH have been 
listed elsewhere;34-36 new results for SiH40t are shown in 
Table IV. The theoretical f1Ho for reaction (la) listed in 
Table V can be tested against the experimental value de­
rived from the measured f1Hf ,298(SiH3)47 together with 
H298-Ho(SiH3) calculated by Hudgens48 and f1Hf ,o for 0, 
SiH4, and OH.44 As the size of the basis set is increased 
there is a monotonic improvement in f1Ho. Only the high­
est and computationally most demanding levels of theory, 
Gl, G2, and MP-SAC4/6-311+G**//MP2/6-3IG*, 
give results within 10 kJ mol- 1 of experiment, probably 
because of the large changes in electron correlation for the 
o atom in the course of reaction. The small degree of 
spin-contamination in the UHF/6-311G** wave functions 
of the products OH and SiH3( (S2) =0.755 and 0.756, re­
spectively, versus the ideal value of 0.75 for doublets) is 
slightly greater than for the reactants «S2) =2.005 for 0 
vs the ideal value of 2 for a triplet), so that at the P-G2 
level of theory f1Ho is slightly more negative and yields 
excellent accord with experiment. 

TABLE III. HF/6-31G* and MP2/6-31G* frequencies." 

Species HF/6-31G* 

TABLE IV. Components of the G2 energy for the SiH40 t transition 
state." 

Calculation 

Zero-point energy 
MP4/6-311G** 
PMP4/6-311G** 
MP4/6-311 +G** 
MP4/6-311G**(2dj) 
QCISD(T)/6-311G** 
MP2/6-311G** 
MP2/6-311+G** 
MP2/6-311G**(2dj) 
MP2/6-311+G(3dj,2p) 

Energy 

0.02607b 

-366.31448 
-366.31749 
-366.32124 
-366.37030 
-366.32010 
-366.26888 
-366.27494 
-366.31825 
-366.33174 

"At the MP2/6-31G* optimized geometry. Electronic energies are quoted 
in atomic units: 1 hartree;::::2625 kJ mol-I. 

bBased on HF/6-31G* frequencies at the HF/6-31G* optimized geome­
try, scaled by 0.893. 

C. Properties of the transition state 

The MP2 geometry of the TS, by comparison with the 
HF data, suggests that inclusion of electron correlation 
yields a TS earlier along the reaction coordinate, with a 
longer O-H partial bond and a shorter Si-H partial bond, 
although the vibrational frequencies at both levels of the­
ory, especially the lower modes that contribute most 
strongly to d, are very similar. The differences in geome­
try make only a small change in the rotational partition 
function. As seen from the discussion of f1Ho in the pre­
ceding section, values of E5 from levels of theory lower 
than Gl, G2, and MP-SAC4/6-311+G**//MP2/6-
31G* are unreliable, and the best purely ab initio estimate 
is E5::::; 11 kJ mol- 1 at the P-G2level. This value is close to 
the measured Ea , although it should be noted that the G2 
method has not been parameterized nor recommended for 
transition states,34-36 and that Ea=l=E5. 

A more accurate assessment of E5 is obtained by fitting 
Eq. (4) to our measured k1' on the assumption that k1 
::::;k1a• Agreement between Eqs. (3) and (4) with a root­
mean-square deviation of about 11 % is obtained with 
E5=11.8 kJmol- 1. This estimate is somewhat dependent 
on the kind of TST employed, so a reasonable conservative 
estimate of the uncertainty is around 3 kJ mol- 1• The error 
in the P-G2 barrier height is only about 0.5 kJ mol- 1, 

which is probably fortuitously small, but certainly lies 
within the target accuracy for the G2 method. 

MP2/6-31G* 

907 (3),939 (2),2131 (3),2138 
2355i, 157, 223, 349, 794, 827, 
850, 908, 910, 2134, 2143, 2147 
3569 

909 (3), 955 (2), 2207, 2220 (3) 
1985i, 149,238,440, 820, 832, 
867, 920, 927, 2211, 2235, 2238 
3553 

781,906 (2),2111,2128 (2) 765, 922 (2), 2186, 2222 (2) 

'Vibrational frequencies in cm- I, scaled by 0.893 at the HF/6-31G* level and 0.95 at the MP2/6-31G* 
level. Degeneracies are shown in parentheses. 
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TABLE V. Enthalpies of the transition state and products relative to 
reactants at 0 K, E6 and !lifo, for 0+ SiH4 .... SiH40+ .... OH+SiH3 • 

Calculation E~ (kJmol- l ) !lifo (kJ mol-I) 

HF/6-31G*' 119.0 50.7 
MP2/6-31G*b 50.7 -26.6 
MP4/6-31G*b 50.9 -16.4 
MP-SAC4/6-31G* 5.6 -70.8 
MP4/6-311 G**b 43.2 -21.1 
PMP4/6-311G**b 37.1 -22.4 
MP-SAC4/6-311G**b 31.8 -32.6 
MP4/6-311 + G**b 36.4 -30.0 
MP-SAC4/6-311 + G** 25.9 -40.3 
Glc 18.4 -38.1 
G2c 17.4 -42.9 
G2*b 17.7 -43.6 
P_G2c 11.3 -44.9 
Expt. (see the text) 11.8±3.0 -46.4±2.0 

"At the HF/6-31G* optimized geometry, including scaled zero-point en­
ergy (ZPE) at the HF/6-31G* level. 

bAt the MP2/6-31G* optimized geometry, including scaled ZPE at the 
MP2I6-31G* level. 

CAt the MP2/6-31G* optimized geometry, including scaled ZPE at the 
HF/6-31G* level. 

D. Kinetic implications 

Use of E!= 11.8 kJ mol-I leads to the following TST 
expression for 295 K < T <2000 K, 

k la=5.1 X 10-17 (TIK)2.15 exp( -1062 KIT)cm3 s-I, 
(5) 

which fits the measured kl to within the experimental un­
certainty. This expression is plotted on Fig. 3 and the ac­
cord with Eq. (4) provides theoretical support to the A 
factor measured here. This A factor lies within a factor of 
1.4 of that measured for O+CH4 (Ref. 19) and those 
measured for Cl + SiH4 and Br + SiH4 . 25 Equation (5) also 
provides a reasonable extrapolation of kl beyond the mea­
sured range. The kl values implied at higher temperatures 
are significantly greater than recommended earlier:19 for 
example, at 1000 K we suggest k l z5.0X 10- 11 cm3 S-I 

10-9 

" "TST 
10-10 

" "I "-
VI "-

"-t<) "-E 10-11 '-
U "-

"-
......... DM MSA " AP 
~ 10-12 

, 
---'::..::-..::.-.:.:- --~ 
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FIG. 3. Comparison of fits to k l : present measurements (DM); Atkinson 
and Pitts, Ref. 16 CAP); Mkryan et al, Ref. 17 (MSA); transition state 
theory (TST). 
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FIG. 4. Comparison of computed kinetic isotope effect x=kl (0+SiH4)/ 

k l (0+SiD4 ) C-) with the measurement of Horie etal., Ref. 18 ce). 

which is about 16 times greater than the recommendation. 
Thus reaction (1) may be more important in combustion 
and CVD chemistry than previously thought. 

No explicit allowance for quantum mechanical tunnel­
ing has been made, because with the small E5 of around 10 
kJ mol- I classical passage of reactants over the barrier 
dominates any tunneling contribution.49 A sensitive test of 
the present application of simple TST is whether the ki­
netic isotope effect, quantified here as x=kla(O+SiH4 )1 
kla(O+SiD4 ), is correctly predicted. New moments of in­
ertia, frequencies and ZPE for deuterated SiH4 and SiH40t 
and unchanged electronic energies were employed with Eq. 
(3). The results over the range 295-2000 K may be ap­
proximately summarized as 

xzO.30(TIK)0.17 exp(493 KIT). (6) 

At the high temperature limit x approaches ~ as all the 
terms in the ratio of TST expressions cancel except for the 
ratios of the rotational partition functions. At room tem­
perature xz4 and is dominated by the higher effective 
barrier E5 in the deuterated case. This higher barrier arises 
from a smaller loss of ZPE going from the reactants to the 
TS for the deuterated species. Figure 4 shows a comparison 
of Eq. (6) with the experimental determination by Horie 
et al. at room temperature,18 where we have estimated ap­
proximate error limits for x of ± 20%. That value falls 
somewhat below the theoretical line. One possible interpre­
tation is that the high frequencies in the TS are overesti­
mated: if the three highest were reduced by about 200 
em -I each then the experimental and theoretical x would 
agree while e: (and thus k l ) would be largely unaffected. 
Any role for tunneling would increase x and increase the 
divergence from experiment. Thus it is possible to rational­
ize all the kinetic data, with only minor modifications to 
the ab initio information, in terms of a single direct ab­
straction channel (la) that leads to OH formation. 

E. Addition or insertion channels 

A search of the triplet 0 + SiH4 PES was carried out at 
the correlated MP2/6-31G* level for possible adducts or 
stable insertion species. A C3u van der Waals adduct be-
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tween 0 and SiH4 was found, with the 0 atom 3.6 A. from 
the Si, opposite from an Si-H bond, and with all real vi­
brational frequencies. G2* theory suggests this adduct is 
about 8 kJ mol- l endothermic with respect to O+SiH4 , so 
this adduct is not expected to influence the kinetics signif­
icantly. No other bound pentacoordinated 30SiH4 struc­
tures, or insertion products such as 3SiH30H, were located, 
so that at present ab initio theory supports abstraction as 
the main reaction mechanism in accord with the recom­
mendation of Herronl9 and the discussion of Horie et al. 18 

Insertion with a simultaneous spin-flip is possible, but 
would proceed with a reduced probability and is unlikely 
to make a major contribution to Oe P) consumption. 

V. CONCLUSIONS 

The rate constant kl for O+SiHr'products has been 
determined over the temperature range 295-565 K. Ki­
netic data for this reaction have been successfully modeled 
in terms of an abstraction mechanism to form OH+SiH3' 
using ab initio information to characterize the transition 
state. Tunneling appears to be unimportant, and the G2 
estimate of the energy barrier lies within about 6 kJ mol- l 

of the experimental value. Correction for spin­
contamination yields essentially exact accord. Transition 
state theory permits extrapolation of kl to higher temper­
atures, and indicates that reaction (1) is faster than previ­
ously thought. No theoretical evidence was found for ad­
dition or insertion channels proceeding via triplet 
intermediates. 
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