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Temperature Dependence of the Reaction of SiH, with D, 
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A laser flash photolysis/laser absorption technique has been used to generate and monitor SiH2 radicals in real time. We 
present preliminary results of a study of the rate of removal of SiH2 radicals in the presence of D2 in the temperature interval 
268-330 K. The removal rate coefficient is found to be temperature independent in this range with a value (1.88 f 0.17) 
X cm3 molecule-' s-'. The implications of this result for the temperature dependence of the reaction of SiH, with H2 
are discussed. 

1. Introduction 
The reaction of silylene, SiH2, with molecular hydrogen is one 

of the key reactions of silylene chemistry. The central role played 
by SiH2 in the mechanism of the pyrolysis of silane'-4 and in 
modern methods of vapor deposition of thin films of amorphous 
silicon5 has prompted much recent experimental and theoretical 
interest in the stability and chemical reactivity of this species. 

A quantitative estimate of the rate coefficient for the reaction 
of SiH2 with H2 was first attempted by John and Purnell,6 based 
on competitive kinetic studies combined with other rate coefficient 
estimates derived from studies of silane and disilane pyrolyses. 
They proposed an activation energy of 5.5 f 1.0 kcal mol-' (and 
a related value for AHfO(SiH2,298 K) of 58 f 1 kcal mol-'). A 
number of subsequent ab initio theoretical calculations of the 
barrier to SiH2 insertion into H2 were in reasonable agreement 
with this activation energy.'-1° However, other theoretical 
studies"J2 aimed more specifically a t  calculations of AHf"- 
(SiH2,298K), gave values between 63 and 68 kcal mol-', well in 
excess of John and Purnell's estimate. 

The situation has been considerably clarified by the application 
of time-resolved techniques, which enable direct monitoring of 
SiH, and the measurement of absolute rate coefficients for its 
removal.13J4 In particular, JasinskiI4 reported a room temperature 
rate coefficient for the removal of SiH2 by D2 which is 4 orders 
of magnitude larger than John and Purnell's earlier estimate for 
the rate coefficient for the reaction of SiH2 with H,. This was 
interpreted as evidence for a small barrier to insertion, and offered 
support for the higher values for AHfa(SiH2,298 K). Reanaly- 
s ~ s ' ~ J ~  of the earlier data on disilane pyrolysis and its subsequent 
experimental reinvestigation" have come down in favor of the 
higher value of AHf"(SiH2,298 K).'8-22 

In his note, Jasinski14 argued that the measured room tem- 
perature rate coefficient for SiH2 removal in the presence of D,, 
combined with an estimate for the value of the Arrhenius 
preexponential factor for the insertion of SiH2 into H,, suggested 
an activation energy for the insertion reaction of I 1  kcal mol-'. 
The SiH, + D2 removal rate coefficient was taken as an estimate 
of the SiH2 + H2 reaction rate coefficient at the high-pressure 
limit. A more recent ab initio study of the SiH, + H2 potential 
energy surface by Gordon et al.23 gives an activation energy of 
1.7 kcal mol-', in tolerable agreement with Jasinski's estimate. 
In addition, the theoretical studies indicate the presence of a 
long-range weakly bound SiH2-.H2 complex. As part of a research 
program designed to characterize the reactivities of a number of 
silylenes, we have studied the temperature dependence of the SiH, 
+ D2 removal process and report here the preliminary results over 
the temperature interval 268-330 K. We also describe related 
transition-state theory calculations of the effects of isotopic 
substitution on the rate coefficients of the SiH2 + H2/D2 insertion 
reactions. 
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2. Experimental Method and Results 

Transient concentrations of SiH, radicals were produced by 
193-nm flash photolysis of phenylsilane using an Oxford Lasers 
KX2 ArF exciplex laser. We have previously verified using end 
product analysis24 that both SiH, and PhSiH are produced by laser 
photolysis at this wavelength. The SiH, radical concentrations 
were monitored in real time by using a multipass absorption 
arrangement similar to the one we have described in earlier 
 publication^,^^ and our methods are very similar to those employed 
by J a s i n ~ k i . ' ~  The output of a Coherent Innova 90-5 Ar+ la- 
ser-pumped 699-2 1 single-mode dye laser operating with rhoda- 
mine 6G was multipassed through a purpose-built variable-tem- 
perature cell a t  right angles to the photolysis radiation. A total 
of 36 passes gave an optical path length for SiH, radical detection 
of 1.8 m. The monitoring laser wa? tuned to the Caximum of 
the rQ0,J(5) rotational line of the A1B,(0,2,0) - X'A,(O,O,O) 
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Figure 1. Concentration-time profile obtained from the photolysis of 1.5 
mTorr phenylsilane in 5.0 Torr of SF, at 296 K. The decay represents 
an average of 32 photolysis shots. A single-exponential fit to the data 
iS shown, with kobsd = 2.03 x lo4 S - ' .  
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Figure 2. Plot of kobd for SiHz removal vs D, pressure at 299 K. The 
total pressure was 5.0 Torr, using SF, as diluent. Least-squares analysis 
gives kbi = (1.81 * 0.14) X cm3 molecule-' s-l. Two standard 
deviations are quoted. 

transition at 17 259.52 cm-'.26 The wavelength was set by ref- 
erence to a coincident transition in the visible spectrum of I, vapor 
and was checked at  frequent intervals during the experiments. 
In a typical experiment, we used 1.5 mTorr partial pressure of 
PhSiH3, pressures of D, in the range 0-2 Torr, total pressures 
of 5.0 Torr (remainder SF6) and ArF laser pulse energies of 70-80 
mJ. Identical results were obtained from experiments performed 
with both static and slowly flowing gas samples. The SiH, con- 
centration-time curves were captured by a transient recorder 
interfaced to a BBC microcomputer. The latter was used to signal 
average the decays from between 16 and 64 photolysis laser shots. 
In Figure 1 we show a typical example of an averaged SiH, decay 
trace. 

The averaged decay traces were transferred to the University 
mainframe computer and analyzed by using a numerical inte- 
gration/nonlinear least-squares package written by Lightfoot. 
Single-exponential decays were obtained in all cases. These 
analyses returned the values of the observed pseudo-first-order 
rate coefficients, kobsdr for the removal of SiH2 in the presence 
of a given partial pressure of D,. A plot of kobsd vs D2 partial 
pressure at  T = 299 K is shown in Figure 2. The error bars 
attached to each determination of koM represent external standard 
deviations obtained by repeating the measurements under identical 
conditions. The data of Figure 2 were analyzed by linear 
least-squares fitting to give a value for the bimolecular rate 
coefficient, kbi, of (1.81 & 0.14) x IO-', cm3 molecule-I s-l for 
SiH2 removal by D2 at 299 K, where the quoted error represents 
two standard deviations. 

Using a variable-temperature cell, we repeated the measure- 
ments of koM and hence kbi over the temperature interval 268-330 
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Figure 3. Arrhenius plot for kbi over the temperature range 268-330 K: 
(0)  present work: (0) Jasinski and Chu, ref 26. In both cases the error 
bars represent two standard deviations. Also indicated (dashed line) is 
the expected temperature variation for a reaction with an A factor of 2 
X lo-" cm' molecule-' s-] and an activation energy of 1.57 kcal mol-', 
and the expected change in In (kbi/cm3 molecule-' s-') for a factor of 2 
change in kbi. 

K. Cooling was achieved by circulating cold nitrogen gas through 
the body of the cell. The temperature was measured by using a 
thermocouple connected to a digital thermometer and was stable 
to f 3  K. Crude calculations indicate an instantaneous temperature 
rise of ca. 5 K resulting from the absorption of photolysis radiation 
in a single laser pulse under our experimental conditions (5 Torr 
total pressure), which increases further the uncertainty in the 
absolute temperature. For measurements above ambient tem- 
peratures, the cell was heated electrically. After correcting for 
the variation of gas density with pressure, we found that the 
bimolecular rate coefficient remained effectively constant over 
the temperature range of the experiments. The data are shown 
in the form of an Arrhenius plot in Figure 3, where the tem- 
perature variation is compared with that expected of a reaction 
with a preexponential factor of 2 X lo-" cm3 molecule-' s-l and 
an activation energy of 1.57 kcal mol-' (dashed line). Also shown 
is the difference between the values of In kbi for a factor of 2 
change in kbi .  Since the data show virtually no variation with 
temperature, and the temperature range is limited, we prefer to 
report an average value of (1.88 0.1 7) X lo-', cm3 molecule-I 
s-' for kbi for the range 268-330 K. The largest positive activation 
energy which can be accommodated within the 2a errors of the 
measured rate coefficients at 268 and 330 K is ca. 0.3 kcal mol-'. 

Following the reasoning outlined by JasinskiI4 we may assume 
that the observed bimolecular rate coefficient for SiH, removal 
by Dz closely approximates the high-pressure limiting rate 
coefficient for SiH, insertion into D,: 

SiH, + D, - [SiH,D,]+ 

First, unlike CH,, the SiH, ground state is a singlet state and so 
problems of collision-induced intersystem crossing do not arise 
in the evaluation of kinetic data obtained for SiH, removal. 
Second, although redissociation of the vibrationally excited adduct 
formed in reaction 1, [SiH,D,lt, is likely to occur with high 
probability under our conditions of total pressure (collisional 
stabilization is estimated to be fairly inefficient), the fractional 
probability for regeneration of SiHz is only one-sixth of that for 
the generation of all isotopic species (i.e., including SiHD and 
SiD,) and is indicated to be even lower from a consideration of 
kinetic isotope  effect^.^' Since we observe only SiH, removal, 
and the removal is dominated by the initial insertion process, kbi 

should be a good approximation to k l .  To a certain extent, this 
was confirmed by the fact that at the highest temperature of the 
present study (330 K) kbi was observed to exhibit no significant 
pressure dependence on doubling the pressure from 5 to 10 Torr. 
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using transition-state theory, that 3. Discussion 
The rate data obtained in this work are consistent, within 

experimental error, with the room-temperature (298 K) values 
reported by JasinskiI4 [(2.6 f 0.7) X lo-', cm3 molecule-' s-'1 
and by Jasinski and Chu26 [(2.1 * 0.4) X lo-', cm3 molecule-' 
s-']. Although the Arrhenius parameters for reaction 1 have not 
previously been reported, the effectively zero activation energy 
implied by the results of the present study supports Jasinski's 
earlier s ~ g g e s t i o n ' ~  of a value I 1  kcal mol-'. The Arrhenius A 
factor implied by our measurements, 1.88 X cm3 molecule-' 
s-I, may be compared with an estimated value for the high-pressure 
limiting rate coefficient, k2- ,  for the insertion of SiH, into H,: 

Jasinski and Chu26,28 have recently obtained k," = 3.2 X lo-', 
cm3 molecule-' s-I from experimental studies of the pressure 
dependence of k2 in the range 1-100 Torr, combined with RRKM 
theoretical modelling. The value for k," may be identified with 
A," on the reasonable presumption that reaction 2, like reaction 
1, has a zero activation energy. 

Some further information concerning A2- comes from a con- 
sideration of the reverse reaction, viz., SiH, dissociation. Ex- 
perimental s t ~ d i e s ' . ~ . ~ ~  have shown that reaction -2 is also in the 
unimolecular falloff regime under the conditions of its investigation 
(38-4000 Torr, 650-1200 K). RRKM modelling of reaction -2 
 suggest^^-'^.^^ that its high-pressure limiting A factor, A_,", lies 
in the range 10'5.2-1016.0 s-'. By use of published standard en- 
tropies for H,,)O SiH2,31 and SiH4,30 and the standard relationship 
linking A, and A_, through aS2,-20,32 we estimate that A," should 
lie in the range 2 X IO-'' to 1.2 X cm3 molecule-' s-I. Thus, 
the value for AZm is apparently at least a factor of 6 higher than 
that which may be inferred from Jasinski and Chu's data.26.28 At 
this stage it is important to point out that this comparison depends 
on the assumption that the Arrhenius parameters for SiH, py- 
rolysis apply at temperatures close to ambient. Unfortunately, 
this is difficult to verify by experiment and the temperature ex- 
trapolation via RRKM theory depends on the choice of transi- 
tion-state model. 

In light of the above discrepancy, we were prompted to in- 
vestigate more closely the comparison between reactions 1 and 
2 by means of a calculation of the expected kinetic isotope effect. 
For the reasons already given, the measured values for kbi are 
thought to represent a good approximation to the high-pressure 
limiting rate coefficient for reaction 1. It may readily be shown, 

SiH, + H2 - SiH4 (2) 
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where qx is the total partition function for species X, the 3 refers 
to the transition state, and Acx2 is the activation barrier for the 
reaction SiH2 + X,. The experimental finding here of an es- 
sentially zero barrier for reaction 1 suggests that the only sig- 
nificant contributions to the term A+, - At,? will arise from 
differences in the zero-point vibrational energies. 

The terms in eq 3 were evaluated at 298 K. Only translational 
and rotational motions contributed to the partition function ratio 
qD2/qH; which was found to have a value of 5.66. For the other 
terms It was necessary to assume a structure for the transition 
state. We adopted the geometry and vibration wavenumbers of 
Roenigk et a1.I6 for SiH,t. For SiH,D,t the same geometry was 
employed, and the vibrational wavenumbers were obtained by 
modification of the published values for SiH,D233 by using the 
same procedure as Roenigk et The ratio qSIH,t/qSiH2D2t was 
evaluated to be 0.489, the most significant contribution being that 
of rotation, arising from differences in the moments of inertia of 
SiH,* and SiH2D2*. The term AcH2 - AcD2 was found to have a 
value of -271 cm-' arising, in significant part, from the difference 
between the zero-point energies of H, and D2. The combination 
of all these terms in eq 3 resulted in the value kZm/klm = 10.24. 

This is a surprisingly high value for an isotopic ratio and yet 
appears unlikely to be seriously in error. Even though the structure 
of the transition state obtained from theoretical  calculation^^^ 
differs somewhat from that employed here, changes in the mag- 
nitudes of the rate coefficients arising from its use would largely 
cancel in the isotopic ratio. Use of the calculated value for k,"/k," 
in combination with our measured value of k ,  at 298 K suggests 
a value of ca. 2.0 X lo-'' cm3 molecule-' s-' for k2", considerably 
larger than the value estimated by Jasinski and Chu26-28 but more 
consistent with our estimate from the available data on reaction 
-2. While our own measurements on the pressure dependence 
of reaction 2 are in good agreement with those of Jasinski and 
Chu,26s28 our unimolecular (RRKM) falloff calculations indicate 
a somewhat higher limiting high-pressure rate ~oefficient.~' 

We are currently extending the temperature range of our 
measurements of kbi and hope to approach more closely the 
temperatures relevant to the SiH, pyrolysis studies. 
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