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Abstract: The infrared laser photochemistry of SiH,~HCI mixtures has been studied in a pressure range of 28-60 torr and
in a temperature range of 295-414 K. The gaseous products observed are H,, Si,Hs, SiH;Cl, SiH,Cl,, and SiHCl, with trace
amounts of Si;Hg and Si;HsCl. As is usual in silane decompositicns, a solid product containing silicon, hydrogen, and perhaps
very small amounts of chlorine was also formed. The photochemical conversion is best described by initial decomposition of
SiH, to SiH, and H, followed by competition of SiH, and HCI for SiH, molecules. The simultaneous formation of all chlorosilanes
suggests that decomposition of the initial product of SiH,~HClI reaction leads in turn to StHCI and SiCl, molecules. Studies
of the temperature dependence of the rates of the competing reactions indicate that the activation energy for insertion of SiH,

into HCl is less than 1.3 kcal/mol.

Recent studies of the infrared laser induced decomposition of
pure SiH,,2? SiH,~SiF ¢ mixtures, and SiH,~PH,* mixtures have
shown that the predominant primary photodecomposition is to
SiH, and H,, paralleling what is thought to be the mechanism
of the purely thermal homogeneous decomposition of SiH,. It
therefore appears that the infrared laser induced decomposition
of SiH, would be a good source of SiH, for study of the interaction
of these reactive molecules with other substrates.

It is known that SiH, will insert readily into Si—H bonds.26712
Moreover, there is evidence that silylenes insert into the O-H
bonds of alcohols!® and into Si—Cl bonds in halosilanes.!'* The
insertion of SiH; into the strong H-H bond of molecular hydrogen
has been reported,!? and it is of interest to inquire if SiH, will
insert into an equally strong bond involving hydrogen that resides
in an equally simple molecule. Hence, we have conducted a study
of the infrared laser photochemistry of SiH,~HCI mixtures. This
paper is a report of our results.

Experimental Section

The infrared laser photodecompositions were carried out in a cylin-
drical stainless-steel cell having a diameter of 3.45 cm and a length of
15.5 cm. A pinhole leak, located in the wall of the photolysis cell, led
directly into the ionization source of a time-of-flight mass spectrometer.
The ends of the photolysis cell were fitted with NaCl windows sealed in
place by O-ring supports. The cell was mounted so that the laser beam
was perpendicular to the axis of the time-of-flight mass spectrometer.
Molecules leaving the cell, along the axis of the flight tube of the mass
spectrometer, reach the ionization source after a transit time of, at most,
2-3 ms.

The source of infrared radiation was a CO, TEA laser (Lumonics
Research Ltd., Model 103-2) pulsed at a frequency of 0.5 Hz. All
irradiations were carried out with an unfocussed beam and with the laser
turned to the P(20) line of the 10.6 um band, i.e., at 944.19 cm™; this
corresponds to a photon energy of 0.11706 eV. The average cross section
of the beam was 5.94 cm?, and the incident energy, as measured by a
GenTec joulemeter and an evacuated photolysis cell, was 4.17 J/pulse,
resulting in an incident fluence of 0.70 J/cm?. The laser beam illumi-
nated approximately 64% of the photolysis cell volume.

During a photolysis the concentrations of SiH,, HCl, H,, Si,H,, Si-
H;Cl, SiH,Cl,, and SiHCl; were determined mass spectrometrically by
measurement of the intensities of the ions at m/z 31, 36, 2, 62, 64, 99,

l* Pléesent address: Institute of Chemistry, University of Gdansk, Gdansk,
Poland.

and 133, respectively, which are generated in the ion source of the mass
spectrometer. Calibrations for quantitative measurements at the above
masses, in which ion currents are related to molecular concentrations,
were carried out by using pure samples of SiHy, HCI, H,, Si,H,, SiH,Cl,,
and SiHCl;. A pure sample of SiH;Cl was not available, and so the
initial rates of formation of this substance were calculated by the material
balance in (1). This assumes, of course, that all of the chlorine atoms

d[SiH,Cl]
dr -

0
d[HCl] d[SiH,Cl,] ) d[SiHCL,]
[(55) A7) () o

from the reacted HCI remain in the gas phase as SiH,Cl, SiH,Cl,, and
SiHCl,. Using a reported mass spectrum'* and estimates of the ioniza-
tion cross section of SiH;Cl from interpolation of cross sections for SiH,,
SiH,Cl,, SiHCl,, and SiCl,, it is clear that the preponderance of the Cl
in the reacted HCl appears as SiH;Cl and that the initial rate of SiH;Cl
formation determined by (1) is not in serious error, certainly not more
than 15%.

SiH, was obtained from the Matheson Co. and further purified by
vacuum distillation. Si;Hg was synthesized by using methods described
previously'® and was also purchased from Merck and Co. SiH,Cl, was
obtained from Petrarch Systems, and SiHCl, was purchased from Alfa
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Figure 1. Absorption of Laser energy by silane as a function of pressure:
(a) percent of laser energy absorbed; (b) average number of photons per
silane molecule in the beam path; O, pure SiHg; A, equimolar SiH,~HCI
mixture.

Products. All compounds were subjected to freeze—pump-thaw cycles
on the high-vacuum line prior to use. All gas mixtures were prepared
by using a Saunders-Taylor apparatus.'®

Results and Discussion

1. Absorption of Energy. As pointed out by Deutsch,!” the
P(20) line of the 10.6-um band from the CO, laser (944.19 cm™)
closely matches an R-branch transition in the v, mode of SiH,4
at 944.21 cm™!, and is, therefore, an efficient frequency at which
to carry out the photodecomposition. As may be seen in Figure
1a, in which the % absorption of the beam is plotted vs. the partial
pressure of SiH,, energy absorption is not described by Beer’s law
but rather exhibits an increasing slope with increasing pressure
up to about 50% absorption. As in previous studies®*>17 of the
infrared photochemistry of SiH,, this behavior is due principally
to the fact that collisions redistributing the absorbed vibrational
energy are aiding the absorption process. In such a case the
average number of photons absorbed per SiH,4 molecule, 3, is a
more useful parameter by which to describe the absorption
coefficient. Plots of D vs. the partial pressure of SiH4 are shown
in Figure 1b. As may be seen in parts a and b of Figure 1, the
absorption at a given SiH, partial pressure is enhanced by the
presence of HCI, although HCI does not absorb at this frequency.
This means that HCI-SiH, collisions also redistribute vibrational
energy efficiently, thereby continuously providing SiH, molecules
in low », states. This enhancement effect by foreign gases has
been observed before.>*18

2. Products of the Reaction. Mass spectrometric analysis of
the contents of the reaction cell as a function of the irradiation
time, or, equivalently, of the number of pulses, leads to the con-
clusion that both SiH, and HCI are reacted, with the principal
products being H,, Si,Hg, Si;Hg, SiH;Cl, SiH,Cl,, SiHCl,, and
a solid containing silicon and hydrogen. The extent of formation
of the solid silicon hydride depends sharply on the pressure of SiH,.
At the lowest pressures of SiH, employed (13-20 torr) the solid
appears as a poorly adherent film on the cell window and walls
while, at the higher pressures, the solid appears immediately as
suspended particulate matter in the gas phase of the photolysis
cell. Minor products probably observed are SiH,;SiH,Cl and

(16) Saunders, K. N.; Taylor, H. A. J. Chem. Phys. 1941, 9, 616.

(17) Deutsch, T. F. J. Chem. Phys. 1979, 70, 1187.

(18) Olsgyna, K. J.; Grunwald, E.; Keehn, P. M.; Anderson, S. P. Tetra-
hedron Lett. 1977, 1609.
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Figure 2. Dependence of ion currents of reaction products on irradiation
time.

SigHyq, although the intensities were too low for quantitative
measurement.

As is evident from Figure 2, in which the ion currents of Si,Hg*
(m/z 62), SIHHCI* (m/z 64), SIHCL,* (m/z 99), and SiCly* (m/z
133) are plotted vs. irradiation time, all products are formed
simultaneously and are, therefore, primary products of the infrared
photodecomposition of SiH, in the presence of HCI.

3. Mechanism of the Photochemical Reaction. (a) Formation
of Disilane and Monochlorosilane. On the basis of previous
studies®™ of the infrared laser induced decomposition of SiH,,
we interpret the simultaneous formation of Si,Hy, SiH;Cl, SiH,Cl,,
and SiHCI, to be a consequence of the competition of SiH4 and
HCI for SiH, molecules formed in the primary photodecompo-
sition. Thus, the mechanism of formation of the principal products
Si,Hg, SiH,Cl, and H, may be described by (2)—(8).

SiH, + nhv — SiH, + H, o)
SiH, + SiH, == SiH* 3)
SiH, + HCl # SiH,CI* (4)
Si,H¢* — SiH,SiH + H, )
Si,He* + M — Si;Hs + M 6)
SiH,;Cl* — SiHC! + H, N
SiH,Cl* + M — SiH,Cl + M ®)

A standard kinetic treatment of this mechanism leads to the

following expression for the ratio of the initial rate of SiH,Cl
formation to that of Si,Hg:
R(SiH,Cl) k4 kg k_y + ks + kg[M] } [HC]] 9
R(Si,Hy) k, ke k_y + ki + kg[M] J [SiH,] ©)
The expression in (9) predicts that, if the total pressure (i.e., [M])
is fixed, the ratio of rates should vary linearly with the ratio
[HCI]/[SiH,].

The data in Figure 3 depict the results of such experiments at
several temperatures, in the range of 295-357 K, in which the
partial pressure of SiH, was maintained constant at 30 torr, the
partial pressure of HCI was varied from 0 to 20 torr, and He was
added at a partial pressure of 30 — P(HCI) to maintain constancy
of the total pressure. It is clear from the data in Figure 3 that
the initial rate ratio R(SiH;Cl)/R(Si,Hg) does vary linearly with
[HCI]/[SiH,] as predicted by (9). Furthermore, it is also clear
from Figure 3 and from the Arrhenius plot in Figure 4 (namely,
the slopes of the lines in Figure 3, vs. 1/7) that within experimental
error the temperature coefficient of the initial rate ratio is zero.
The temperature range covered by the data in Figure 4 is 295-414

K, and the scale of the ordinate covers the range expected for a
temperature coefficient of £5 kcal/mol.
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Figure 3. Dependence of the initial rate ratio R(SiH;Cl)/R(Si,H,) on
partial pressure of HCI at various temperatures (P(SiH4) = 30 torr).
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Figure 4. Arrhenius plots of data in Figure 3: i.e., dR[(SiH,Cl)/R-
(SiyHg)]/d[HCI] vs. 1/T.

The meaning of the temperature coefficient, or lack of it, in
Figures 3 and 4 warrants some discussion, since the energy input
to the gas must cause a transient temperature change of several
hundred degrees before cooling at the walls restores the original
conditions.!?

One interpretation is that because of the temperature rise caused
by the absorption of laser energy, the effect of varying the initial
gas temperature from 295 to 414 K is negligible. As a result one
would observe a temperature coefficient of zero, as indicated by
Figures 3 and 4.

We favor an alternate interpretation as follows: Given the
simplicity of the molecule, the unimolecular decomposition of
SiH4* molecules that contain energy above the lowest dissociation
threshold, i.e., (2), will be veryfast; indeed the RRKM minimum
rate constant, defined by?’

L1‘

kmin(Eo*) = ANCES

(10)

(19) Selamoglue, N.; Steel, C. J. Phys. Chem. 1983, 87, 1133.
(20) Robinson, P. J.; Holbrook, K. A. “Unimolecular Reactions”™; Wiley-
Interscience: New York, 1972.
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Figure 5. Dependence of the decomposition rates of SiH, and HCI on
pressure of an inert third body at [HCI]/[SiH4] = 1.0: O, SiHg O, HCL

(where L' is the number of ways the decomposition can occur,
# is Planck’s constant, and N(E*) is the density of states of SiH,
at the dissociation threshold), is 5.6 X 10® s™! and so the mean
lifetime of SiH,* is ~2 X 10~ s. The rate constant for insertion
of SiH, into SiH, is such'? that at 300 K the half-life of SiH, under
our conditions is less than 1 us. Assumption of a typical V=T
relaxation time,?! which under our conditions is 50-100 us, leads
to the conclusion that the dissociation of SiH4* and the chemical
reactions subsequent to it will be essentially complete before any
significant temperature rise of the system occurs. Therefore, the
initial temperature will play a significant role in the chemical
reaction. Recently, we have carried out similar studies of the
infrared photochemistry of SiH,~GeH, mixtures, and the ob-
servation of a significant temperature dependence supports this
latter, alternative explanation.

Consideration of the nature of the rate constants in (9) suggests
that any temperature coefficient of the initial rate ratio should
reflect principally the activation energy difference, E4 — E;. As
discussed in more detail below, Figures 3 and 4, therefore, indicate
that within experimental error E4 = Ej.

Inspection of (9) reveals that if the total pressure is sufficiently
high, such that kg[M] >> k_, + k; and ks[M] >> k_; + ks, the
expression reduces to that in (11) and the ratio of rates should
be independent of total pressure at a fixed ratio of concentrations.
We must consider if (11) applies under our conditions.

R(SiH;Cl) &, [HC]]
R(Si,H¢) ks [SiHy]

The effect of an increase in an inert third-body concentration,
at fixed concentrations of SiH, and HC], is to decrease the rates
of formation of all products and decrease the rates of decompo-
sition of SiH, and HCl. This is clearly seen in Figure 5, in which
the initial rates of decomposition of SiH, (20 torr) and HCI (20
torr) are plotted vs. the partial pressure of added CH,, this latter
gas being inert toward reaction with SiH,. The decrease in rates
of decomposition (and of product formation) are most probably
due to vibrational deactivation of SiH4* formed initially by ab-
sorption of infrared photons. That is, (2) in the mechanism is
actually comprised of several steps, namely, (2a), (2b), and (2¢).
The role of CH, in Figure 5 is to deactivate SiH4*, as shown in
eq 2c.

(1

SiH4 + nhy — SiH* (2a)
(SiH4*)p2 — SiH, + H, (2b)
(SiH4*)p231 + CHy — (SiHg*)pp + CH* (2¢)

Of course, SiH, and HCI play the same third-body role as CH,
but, in the experiments of Figure 5, the concentrations of these

(21) Levine, R. D.; Bernstein, R. B. “Molecular Reaction Dynamics”,
Oxford University Press: New York, 1974; p 128.
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Table I. Frequencies (v, cm™) for Energized Molecules and
Transition States in the Unimolecular Decomposition of SiH,Cl* and
Sisz*

H

AN | ot

SiH,CI* o Si,He* MeSITS
2266 () 2266 (1) 2154 (@) 2154 (3)
977 (1) 977 (1) 2179 (2) 2179 (2)
567 (1) 567 (1) 909 (1) 909 (1)
2249 (2) 2249 (1) 844 (1) 844 (1)
978 (2) 978 (2) 940 (2) 940 (2)
680 (2) 680 (2) 929 (2) 929 (2)
625 (2) 625 (2)

379 (2) 379 (2)

434 (1) 434 (1)

200 (1) 200 (1)

species are fixed. In experiments conducted at a constant total
pressure, such as the bulk of them in this work, one may for kinetic
simplicity describe the primary process (2) by a single step, since
the fraction of SiH,* deactivated is, to a first approximation,
constant.

In view of the differing molecular complexity of SiH;Cl and
Si,Hg, it is likely that the lifetime of the excited molecules, with
respect to unimolecular decomposition, also differ appreciably.
Thus, in the pressure range studied, Si;H¢* may be more effec-
tively deactivated than SiH;Cl*, a phenomenon that can be ex-
amined by studying the effect of total pressure on the ratio of the
initial rates of formation of Si,H and SiH,Cl at a constant ratio
of the concentrations of SiH, and HCIL. Such a plot is shown in
Figure 6, for replicate experiments conducted several months apart,
in which the ratio of initial rates, i.e., R(SiH;Cl)/R(Si,Hg), in
an equimolar mixture of SiH, and HCI is plotted vs. the total
pressure.

The increase in the rate ratio with increasing pressure seen in
Figure 6 is most easily rationalized within the framework of (9)
by the assumption that under our conditions: (k.3 + ks) << k4[M]
and (k_4 + k;) >> kg[M]. With these assumptions (9) reduces
to (12), rather than to (11). At constant concentrations of HCI

RSIHCY [ ke ks \[HCY
RSLH) = (E) (k.4 ¥ k7) s, M)

and SiHy, (12) predicts that R(SiH,Cl)/R(Si,Hg) should vary
linearly with [M]. In support of this rationalization, the linear
plot in Figure 6 indicates that this is indeed true.

To examine the validity of this rationalization further we have
estimated, using RRKM theory,? the unimolecular decomposition
rates of SiH,Cl* (energized to the extent of 81 kcal/mol by virtue
of its formation via addition of SiH, to HC1)?? and Si,H¢* (en-
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ergized analogously by addition of SiH, to SiH, to the extent of
50 kcal/mol.l* The frequencies used in the calculation are given
in Table I. The calculated average lifetimes of SiH,CI* and
Si,H¢* are 6 X 107125 and 2 X 1078 s, respectively; however, in
view of the great uncertainties in the energetics of SiH,Cl de-
composition the former number should be considered only as
semiquantitative. This very large difference is consistent with the
observation from Figure 6a and (12) that, at the total pressures
obtaining in the experiments (40-60 torr), SiH,Cl formation is
in the third-order region and Si,H, formation is in the second-order
region. That Si,H, formation is in the second-order region is also
in agreement with the finding of John and Purnell.!®

The formation of SiH;Cl and Si,H, thus appears to be described
adequately by the mechanism embodied in (2)-(8), with the
realization that (2) really must be described by (2a), (2b), and
(2¢), with all substrates taking part in the deactivation step (2¢).
At the pressures studied deactivation of Si,Hg*to Si,Hg is much
more efficient than that of SiH,Cl* to SiH,CL

According to (12), then, the temperature dependence of the
initial rate ratio R(SiH;Cl)/ R(Si,H,) reflects the temperature
dependence of the quantity:

()=%2)

(22) Bell, T. N.; Perkins, K. A.; Perkins, P. G. J. Chem. Soc., Faraday
Trans. 1 1981, 77, 1779.

(23) Jenkins, R. L.; Vanderwielen, A. J; Ruis, S. P,; Gird, S. R.; Ring,
M. A. Inorg. Chem. 1973, 12, 2968.
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Since the energization process to form SiH,CI* is chemical ac-
tivation by insertion of SiH, into HCI, it is not likely that there
is any significant temperature coefficient of k.4 and k;. The
collisional deactivation rate constant kg is not likely to be tem-
perature dependent, it generally being taken as being the rate
constant for molecular collisions. Therefore, we conclude that
the observed temperature dependence, or lack of it, seen in Figures
3 and 4 reflects the fact that under our conditions E4 ~ E;. E,
has been reported!? to be 1.3 kcal/mol.

(b) Formation of Dichlorosilane and Trichlorosilane. In view
of the facts that SiH, is the predominant reactive species produced
in the infrared multiphoton decomposition of SiH,*~ and that
SiH,Cl, and SiHCl, are formed simultaneously with SiH,Cl and
Si,Hg, the most feasible mechanism for formation of dichlorosilane
and trichlorosilane is as shown in (13)—(17). The very small

SiHCI + HCI = SiH,Cl,* (13)
SiH,Cl,* — SiCl, + H, (14)
SiH,CL* + M — SiH,Cl, + M (15)
SiCl, + HCl = SiHCl* (16)
SiHCl,* + M — SiHCl, + M (17)

amounts of what we believe to be SiH;SiH,Cl most probably result
from insertion of SiHCI into SiH,, as shown by (18) and (19).

SiHCI + SiH, = Si,HCl* (18)

Si,H;CI* + M — Si,H,Cl + M (19)

SiCl, will most likely also insert into SiHj, (20), although we have
not detected the ultimate product of this reaction.

SiCl, + SiH, = Si,H,Cl,* (20)

A standard kinetic treatment of the mechanism leads to the

following expressions for the rate ratios R(SiH,Cl,)/R(SiH;Cl)
and R(SiHCl,)/R(SiH,Cl,):

R(SiH,Cl,)
R(SIH,C)

kokys/ ks ) (k13/kys) (THCI]/[SiH,])

ki3 ¥ kis + kis IM] ] T+ (kys/kyg) (CHCI[SHL])

(21)

R(SiHCly)

R(SH,CL)
kyskin/ ko ) (e k) (HOU/ISIHLD
ks + ks IM] ) 1+ (ki) ko) (THCI] /[SiHL])

We have already noted, e.g., (9) and (12), that unimolecular
decomposition of the chemically activated monochlorosilane ap-
pears to be very rapid relative to collisional deactivation in the
pressure regime studied. The same is very likely true for SiH,Cl,*
and SiHCl,*, since the number of internal degrees of freedom
is the same. Therefore, we assume (k_;; + k4) >> k;s[M] and
k_j¢ >> ki7[M]. With these assumptions, we see that for ex-
periments at constant [HCI]/[SiH,], the rate ratios in (21) and
(22) should be independent of third-body concentration or,
equivalently, of total pressure. That this is true within experi-
mental error may be seen in Figure 7, in which the ratios R-
(SiH,Cl,)/R(SiH,Cl) and R(SiHCl;)/R(SiH;Cl) are plotted vs.
the partial pressure of CH,.

On the other hand, for experiments at constant total pressure,
but increasing [HC1]/[SiH,], the rate ratios should increase in
a linear fashion. As in Figure 8, this prediction is also born out
by the experimental facts. It is to be seen from Figure 8 that the
plots do not go through the origin as predicted by (21) and (22).
We believe this is due to the presence of very small amounts of
chlorosilanes as impurities in the silane and the intercepts of Figure
8 simply reflect the ratios of these impurities. The impurities arise,
of course, from the synthesis of silane via the reduction of silicon
tetrachloride.

Finally, the linearity seen in Figure 8 for [HCI]/[SiH,] up to
a value of 1.0, suggests that

kis/ kg <<'1 kie/kyp <<'1

This effect of chlorine substitution in reducing silylene reactivity
toward insertion into the H—CI bond is in accord with the reactivity
order reported for insertion into Si—-H bonds.?
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Metal Cluster Electronic and EPR Properties:
SCF-Xa-SW Prediction of the Magnetogyric (g) and
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Abstract: The effect of gradually depleting valence electronic charge from a model, neutral pentaatomic ligand-free cluster,
Ags, is investigated by using the SCF-Xa—SW method. Specifically, electronic ground- and excited-state wave functions,
charge distributions, and eigenvalues are calculated for trigonal-bipyramidal Ags7* (g = 0-4) clusters. First ionization potentials
for g = 0—4 and excitation energies for ¢ = 0, 2, and 4 are computed and discussed in terms of optical spectroscopic trends
as a function of charge on the cluster. Isotropic and anisotropic magnetogyric (g) and hyperfine tensor components are calculated
from first principles using the SCF-Xa—SW-MO charge and spin-density distributions for isotopically pure '®Ags?* for ¢
= 2and 4. Trends in their EPR parameters and predicted spectra as a function of charge on the cluster are discussed. Calculations
of this type are expected to be useful for deciphering optical and EPR spectra of neutral and/or cationic silver clusters entrapped
in, for example, rare gas solid, zeolite, or aqueous glassy matrices.

Interest in ligand-free metal clusters has grown steadily over
the past decade.! A major trend has been an attempt to correlate

the structure and bonding of the low nuclearity clusters with their
spectroscopic properties, ultimately to gain an understanding of
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