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Reaction of O¢D) with Silane: Direct Production of SiO
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The reaction of GP) with silane has been investigated by using a laser-induced fluorescence (LIF) technique.
O(*D) was produced by the ArF laser photolysis ofNand was detected by LIF at 115.2 nm. The overall
rate constant of the @) + SiH, reaction was directly determined from the decay rates ébPio be (3.0

=+ 0.3) x 10 cm?® molecule® st at room temperature. H and OH were detected as direct products of this
reaction. By calibrating the LIF intensities of H and OH using the reference reaction'oj @(H, — H

+ OH, product branching fractions of H and OH were determined to be 0.21 and 0.36, respectively. In
addition to these products, SiO was also detected by the LIF method. The production rate of SiO was found
to be in good agreement with the decay rate of3)(indicating that SiO is one of the direct products of the
O(*D) + SiH, reaction. The yield of SiO was estimated to be about8% on the basis of the LIF intensity.

The vibrational distribution of SiO (up to" = 11) was well described by a prior distribution derived from

a conventional statistical theory with the assumption that SiO was produced by the multiple step unimolecular
decomposition of excited silanol formed by the insertion off)({nto SiH,. A possible reaction pathway to
produce SiO is discussed.

Introduction and CHO.> The rate constant of this reaction has been widely
studied and is known to be very fast (2.2 1071° cm?
molecule® s71 at 300 K)4

A part of energetically possible channels for thel@)(+
dSiH4 reaction is listed below:

The dynamics of the reactions of W) is characterized by
formation of the intermediates via insertion into variousbX
bonds! Because of the large exothermicity of the reactions,
the intermediates generally have large excess energy, an
unimolecular decomposition of these hot intermediates can give _ | ) .
various products. For example, the reaction ofi)ith CH, O(D) + SiH, — SiH; + OH  AHpggc = —55.6 kcal/mol
forms CHOH(X!A) with sufficiently high internal energy. (1a)
Recently, the lifetime of the excited GBH formed by insertion —H;SIO+H  AH,g«= —58.3 (1b)
of O(@D) into the C-H bond was measured by Zee and . . _
Stephensohto be about 3 ps. No “prompt” OH from a direct HpSIOH+H  AHye5 = —85.1  (1€)

abstraction reaction was found. The unimolecular decomposi- —SiH, + H,0  AH,e5=—107.3 (1d)
tion of this excited CHOH gives a variety of products including . .
OH (90%)3 CH,O (6%)3 CHa(a!A1) (6%)3 H atoms (14%}, —HSIO+H, AHy¢=-136.3 (le)

—HSIOH+ H, AH,g5= —136.5 (1f)
* To whom correspondence should be addressed. Fag1)-3-5684-
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from the ab initio molecular orbital calculatiohsSome of the ()
products in the above channels still possess a large amount of 1
excess energy which allows further unimolecular decomposition.
For example, although the reaction of $&4+— SiO + H, has

a large activation barrier of about 80 kcal/maljs energetically
possible as a successive reaction following (1e). Product
branching fractions of reaction 1 are of great interest not only
for the chemistry in the plasma chemical vapor deposition
(CVD) processes but also from the viewpoint of chemical
kinetics as an example of the multiple step unimolecular
decomposition of chemically activated silanol. There is,
however, only one previous kinetic study on this reaction. Koda
et al® detected Sidland OH¢''=2) as the products of the &) Time / ps
+ SiH,4 reaction by using an infrared diode laser absorption
spectrometry and estimated the rate constant to kel® 1! 1(B)
cm® molecule! s71 at room temperature. It is noted that this 1.24
rate constant is considerably smaller than that of the®D¢- ]
CHq reaction.

Recently, the reactions of NH{A), which is an isoelectronic
analogue of D), with CH; and SiH, have been studied in
this laboratory’. The main products of the NH(a} CH,
reaction were found to be NH86%) and H atom€22%). On
the other hand, product yields of 39% for MNEnd 14% for H
atom were obtained for the NH(&) SiH, reaction. Also, H 0.0 1
was identified as a direct product of this reaction. By analogy 00 05 10 15 =20 25 30
to the counterpart of Hproduced in this reaction, products with (SiH,) / 10 molecules cm™3
g(slg)o+bg?:4(:§é’(:tsiég and/or $5i0) may be expected for the Figure 1. (A) Time pro_file of O¢D) LIF intens_ity at 115.2 nm af_ter

) the ArF laser photolysis: [pO] = 7 mTorr, [SiH] = 4.3 mTorr in

In the present study, the rate constant of théDP( SiH, 32.8 Torr of He. Solid curve is obtained by least-squares fit to the
reaction was directly determined from the decay rate 6DQ( experimental data. (B) Pseudo-first-order decay rates éD)Ods a
which was detected by using VUV (vacuum ultraviolet) LIF at function of [SiH)]:[N20] = 7 mTorr in 33 Torr of He.

115.2 nm. H atom and vibrationally excited OH and SiO were

detected as the direct products of the reaction. The yields of All the experiments were carried out at room temperature

. (295 + 3 K). HR-grade SiH (99.999 95%, Nihon Sanso),
]Eg??s ep;?gugrsmvg?ir;naifcéig\éﬁgsaésd, and a possible mechamsrﬁ&hich was diluted to 1% in He by the supplier, was used without

further purification. NO (99.8%, Nihon Sanso),4{99.9999%,
Nihon Sanso), B (98%, Nihon Sanso), and He 09.9999%)
were also used as supplied.
The experimental apparatus is essentially the same as that
used in our former studiés! O(D) was produced by the  Results
ArF laser photolysis of BD at 193 nm in a quasi-static flow A. Overall Rate Constant. Figure 1A shows a typical
cell. Sample gas mixtures of, and SiH diluted in He were gy ample of the time profile of the ) LIF intensity, which
slowly flowed in a Pyrex reaction cell at a typical pressure at gyhibits single-exponential decay in the presence of, SiFhe
30 Torr (1 Torr= 133.3 Pa). The total flow_rate in the re_action pseudo-first-order rate constants for the!l)( decay were
cell was fast enough to replace the gas in the detection zoneyetermined by means of a least-squares fit. The resulting first-
between the successive photolysis laser pulses. order rate constants obtained at a constant partial pressure of
O('D) was detected by a VUV LIF technique at 115.2 nm. N0 are plotted in Figure 1B against the initial concentrations
The probe VUV laser light was generated in a rare gas cell of SjH,. The first-order decay rates of @) depend linearly

filled with Xe by frequency tripling of an UV dye laser radiation.  on the SiH concentrations, and the overall bimolecular rate
The output of the UV laser was focused into the tripling cell ¢onstantk, for the reaction

(14 cm in length) by a quartz lens 6= 7 cm. The tripling

cell was directly connected to the reaction cell through a LiF o(D) + SiH, — products 1)

window. The resonance fluorescence at 115.2 nm was detected

by a solar-blind photomultiplier tube (PMT) at right angles to  was determined to big = (3.0+ 0.3) x 10-1°cn® molecule®

both the photolysis and probe laser beam. The intensity of thes-1 (The error limit indicated in this paper is 2 standard

VUV radiation was monitored by using an ionization cell filled  deviation, including only statistical error.) The intersect at the

with 2% NO diluted in He at a total pressure of 20 Torr. The vertical axis in Figure 1B mainly reflects the reaction rate of

ionization cell was also directly connected to the reaction cell.

H and D atoms were also detected by the VUV-LIF method at o(lD) + N,O — products @)

the Lymane. wavelength (121.57 nm for H atom and 121.53

nm for D atom), where the probe light was generated in a Kr This reaction is important in atmospheric chemistry and has

cell by a frequency tripling of an dye laser output at around been investigated by many researcHér$®> In the present

364.8 nm. study, this rate constant was also determined by changing the
OH(X21,2'=0,1) and SiO(X=,»"'=0—11) were probed by  concentrations of PO without the addition of Sifl The

monitoring the fluorescence on the—A transition at the pseudo-first-order decay rates of X0 were found to be

wavelengths around 36818 and 225240 nm, respectively. proportional to the concentrations of®, and the rate constant

P

LIF Intensity / arb. unit

k / 109 571
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Figure 2. VUV-LIF spectra of H and D atom produced by the'D)
reactions: (A) [NOJ/[D.)/[SiH4] = 7/2/2 mTorr in 32 Torr of He, (B)
[N2OJ/[D2J/[H2] = 7/2/2 mTorr in 32 Torr of He. Delay time between
the photolysis ArF and the probe laser was set to 450

12152

for reaction 2 was determined to be (149.06) x 10710 cm?
molecule’l s71. This rate constant is in good agreement with
those obtained by Wine and Ravishankémnd Davidson et
al13

B. Detection of H Atom and Its Yield. H atom was
detected as a product of reaction 1. Temporal profiles of H
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Figure 3. Time profiles of OH{"=0) LIF signal (A—X(0—0) at 308.2
nm): open circles, [BO]/[H] = 8/15 mTorr in 25 Torr of He; closed
circles, [NOJ/[SiH4 = 8/5 mTorr in 25 Torr of He. (A) without
addition of NO, (B) with 26 mTorr of NO.

It is confirmed by kinetic simulations that the consecutive
reactions do not affect the H atom profile (decrease of H atom
concentration at = 200 us under the condition of Figure 2 is

atom were well described by single-exponential curves and their less than 1%).

production rates corresponded to the decay rates &D)O(

C. Product Yield of OH. The LIF spectra on A+—X2[1

Therefore, it is reasonable to conclude that H atom is directly transition of the 6-0 band, as well as the-11 band, were

produced in reaction 1.
Yield of H atom,q, in reaction 1 was determined by using
the reaction
o('D) + D,—OD+D (3)

as a referenct. H atom produced in reaction 1 and D atom

produced in reaction 3 were simultaneously detected in the

mixture of D,/SiH,. Since the yield of D atom in reaction 3 is
unity,* the concentration ratio of H and D atoms is given by

@

Therefore, the value al can be determined by measuring the
isotopic signal ratio [H)/[D], if the rate constanks andks are
given. Examples of the VUV-LIF spectra of product H and D
atoms from the reaction of @) with mixtures of [B,)/[SiH ]

= 1/1 and [B]}/[H2] = 1/1 are shown in Figure 2, A and B,
respectively. The isotopic ratio [H]/[D] was calculated from

[H)/[D] = ok,[SiH,)/k4[D,]

observed in reaction 1. A reference reaction offi)(with H,
(reaction 4) was used to estimate the yield of OH. The ratio of
OH produced in the mixtures of #N,O and of SiH/N,O is
given by the following equation:

[OHlsi, 1+ Kk[N,Olk[H,]
[OH],, "1+ kN,OJ/k[SiH,]

(ii)

Here, [OHEin, and [OHL,, are the total amount of OH produced
in the mixture of SiH/N,O and of H/N,O, respectively, ang

is the product branching fraction of OH in reaction 1. Possible
contributions of the consecutive reactions to the OH time profile
are neglected in the derivation of eq ii. Examples of time
profiles of OHg''=0) observed in the WN,O and SiH/N,O
mixtures are shown in Figure 3A. It is noted that the
compositions of these two mixtures were adjusted to satisfy the
condition of kj[SiH4] ~ kqH2]. Therefore, the ratio of LIF
intensities of OH in these two mixtures is approximately equal
to the branching fraction of reaction 1. However, both reactions

the measured areas under the peaks in the spectra. Fora mixtur¢ and 4 produce vibrationally excited OH. The branching

of [Hy)/[D,] = 1/1, the isotopic ratio [H]/[D] is equal to the
ratio of the rate constantky/ks; herek, is the rate constant for
the reaction

O('D) + H,—~ OH + H 4
The present result, [H)/[DF ko'ks = 1.14, is in good agreement
with a value of 1.1 obtained by Matsumi et“alFor a mixture
of [SiH4]/[D2] = 1/1, the isotopic ratio was determined to be
[HY[D] = aki/ks = 0.76+ 0.04. With the rate constant &f
= 3.0 x 107¢cm® molecule® s~1 obtained in the present work
andks = 0.94 x 10719 crm® molecule’! s~1 obtained by Matsumi
et al.# the yield of H atom for reaction 1 was determined to be
o = 0.24.

fraction of [OH@''=1)])/[OH(v"'=0)] = 1.04'> was reported for
reaction 4. Using this value, [OH(=1)]/[OH(+""=0)] = 1.52

in reaction 1 was obtained by comparing the LIF intensities of
OH(v""'=0) and OH{''=1) in the SiH/N,O mixtures with those

in the H/N,O mixtures.

In order to obtain the total amount of OH produced by
reactions 1 and 4, NO was added to the mixtures, because NO
is known as an efficient collider for the vibrational relaxation
of OH.*® Time profiles of OH¢''=0) with the addition of NO
are displayed in Figure 3B. Vibrational relaxation is completed
within 100us in both the Hand SiH, mixtures. By comparing
the signal intensities in Figure 3, A and B, [OH(total)]/[OH-
(v''=0)] was determined to be 3.8 for reaction 1. This indicates
that highly excited OH{'>2) is also produced in reaction 1,
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Figure 4. Pseudo-first-order rise rates of SiO as a function of [BiH
5 mTorr of NO in 25 Torr of He.
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53 Figure 6. Vibrational distribution of SiO produced by the D) +
SiH, reaction: [NOJ/[SiH4] = 50/100 mTorr in 10.5 Torr of He. Solid
85 curve is a calculated prior distribution for the multiple step unimolecular
decomposition of silanol (reaction 7).

by a Boltzmann distribution with the vibrational temperature
of 3900+ 500 K. Measurements of the LIF intensity of SiO-

18—11]

LIF intensity / arb.unit
o
o
i

] as 2 (v''=0) performed with the addition of 36 mTorr of ¢kan
effective quencher for the vibrational energy of SiO) indicated
0O e " 53h0  53ha  S3ba  53h6 that the LIF intensity of SiQ('=0) increased 2.8 times: that
wavelength / nm is, [SiO(total))/[SiO¢''=0)] = 2.8, and this is consistent with
Figure 5. An LIF spectrum of SiO A-X(v'—") transition at 1Qus the relative population distribution of Sig)(shown in Figure
after the ArF laser photolysis: P®]/[SiH, = 50/100 mTorr in 10.5 6. Here, the collisional fluorescence quenching with the addition
Torr of He. of CF, was confirmed to be negligible by the fact that the LIF

intensity after the complete vibrational relaxation did not depend
ie. [OHW'=2)J/[OH(x'=0)] ~ 1.3. After the complete on the partial pressure of GF Collisional quenching of GD)

vibrational (and rotational) relaxation, the LIF intensity of OH- by (_:F4 is also know_n to be very slod. .
(¥''=0) is proportional to the total concentration of OH. A value Sm_ce an appropriate reference reaction fgr measurement of
of § = 0.33 is obtained by comparing the signal intensities in the SiO yield was not found, the concentration was estimated

Figure 3B. from the comparison of LIF signal intensitié’s. The integrated

The decrease in OH concentration caused by reactions of L_”: intensity over the \_/vhole rot_ational lines in the given
vibrational band system is proportional to a product of the total

OH + SiH, — SiH. + H.O (5) concentration and the oscillator strength of the band. The
4 3 z proportionality constant was obtained by measuring the LIF
OH+NO+ M —HNO,+M (6) intensity of NO X—A(0—0) transition at the wavelength region

of 225.5-227.1 nm. Since LIF spectra of SiO-A<(2—0) band

is estimated by performing kinetic simulations with the reported can be observed at almost the same excitation wavelength
rate constant¥’'® The effect of these reactions on OH yield region, the proportionality constant derived from the integrated
is found to be insignificant (less than 9% under the present LIF intensity of NO A—X(0—0) band can also be applicable to
experimental conditions). The yield of OH is corrected to be the SiO A-X(2—0) band. Values ofyo = 4.0 x 107 and
0.36 by taking the effect of reactions 5 and 6 on OH fsio= 1.81x 10-2were used for the oscillator strength of NO
concentration into account. A—X(0—0)?2 and SiO A-X(2—0) bands, respectively. The

D. Detection of Vibrationally Excited SiO. SiO was also oscillator strength of the SiO AX(2—0) band was calculated
detected in the ArF laser photolysis of SIN,O mixtures. The on the basis of the value &jo for A—X(0—0) band obtained
pseudo-first-order rate constants for the SiO production are by Oddershede and Eland&rcombined with the Franck
plotted in Figure 4 against the initial concentrations of SiH  Condon factors. The concentrations of SiG€0) thus esti-
The slope of the plot gives the bimolecular rate constant of (2.7 mated were converted to the total concentration by using the
+ 0.5) x 10719 cm?® molecule® s™1, which corresponds to the  relation [SiO(total)]/[SiO¢''=0)] = 2.8. For the calculation of
decay rate of GD), k; = (3.0+£ 0.3) x 10710 cm? molecule’® the SiO yield in reaction 1, the initial concentration of!D)
s~1, within the quoted error limits. This strongly indicates that was estimated by using the absorption coefficieof N,O at

SiO is a direct product of reaction 1. 193 nm and the measured ArF laser fluence. The ratio #)D(

It is also found that SiO produced by reaction 1 is vibra- consumed by reaction 1 was evaluated from the rate constants
tionally excited. Figure 5 shows a LIF spectrum of SiG-& for reactions 1 and 2 measured in the present work. The yield
transition in the region of 231-:8232.7 nm recorded at 1/s of SiO in reaction 1 was estimated to be 13% as an average
after the photolysis. Hot bands were observed ug'te= 11. over four independent measurements. It is noted that the present
LIF intensities of each vibrational bands (up#6 = 8) were SiO yield depends on a value of the oscillator strength of SiO

converted to relative vibrational populations by using tabulated A—X(2—0) band. It we take a value dfio = 3.6 x 1072
Franck-Condon factord? and the resulting population is plotted  reported by Lifszt and SmitH, the yield of SiO is reduced to
in Figure 6. The population in" = 2—8 can be approximated  be about 7%.
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TABLE 1: Rate Constants and Product Branching Fractions

J. Phys. Chem. A, Vol. 101, No. 13, 1992369

product branching fractions

reactions k/(cm® mol~ts™) H OH or NH, others refs
O('D) + SiH,4 3.0x 10710 0.24 0.36 SiOf'=0—-11) this work
NH(a) + SiH, 1.4x 10710 0.14 0.39 H 9
O(D) + CH, 2.2x 10710 0.14 0.86 CHO, CHx(a), O¢P) 3,4,26
NH(a) + CH, 3.3x 10712 <0.22 0.86 9
Discussion 0 |O*+SiHd
A. Comparison with Relevant Reactions. Rate constants
and product branching fractions for¥D{ + SiHs/CH, and NH-
(a) + SiH4/CHjy reactions are compared in Table 1. Reactions
of O(*D) with SiH, are found to have almost the same rate SIO+H2+
constant as those of GHbut the product branching fractions o) H+H

are considerably different. For the'D) 4+ CHj, reaction, these
products are supposed to be produced by the unimolecular
decomposition of hot CEDH* via the insertion of O(D) into
C—H bonds. Among the various decomposition pathways,
simple bond fission to yield CH+ OH is energetically more
favorable than other simple bond fission pathways to,GH

+ H or CH;O + H. Contrary to the Chireaction, the bond
fission to form HSiIOH + H (reaction 1c) is energetically more
favorable than the Sit+ OH channel (reaction 1a), but the
yield of OH (36%) is larger than the yield of H atom (24%).
Vibrational distributions of OH produced by reactions of-)

+ SiH4/CH,4 are also considerably different with each other.
The ratio of [OH{''=1)])/[OH(+""=0)] = 1 was reporte® for

the O{D) + CHj, reaction, while [OH{"'=1)]/[OH(v''=0)] =

1.5 was found in the present study for thel) = SiH,
reaction. Park and Wisenféficlaimed that the GD) + CH,
reaction yields vibrationally and rotationally cold OH compared
with abstraction of hydrogen by €K). They argued that this
indicated the formation of a long-lived complex. Recently Zee
and Stephensérhave also indicated that OH was exclusively
produced via the long-lived (3 ps lifetime) complex, and there
was no direct abstraction channel. However, OH produced by
the O{D) + SiH, reaction is more vibrationally excited than
that produced by the @D) + CH, reaction. It is not clear that
the inverted vibrational distribution of OH in the ) + SiH,
reaction could be explained by such a long-lived complex
formation mechanism.

In the reaction of NH(a}- SiH,, the yield of NH, (which
corresponds to OH in the @Y) reaction) is much less than
that in the CH reaction, and a large part of the Mdroduced
was found to be in vibrationally excited stafesiccording to
the theoretical study of Fueno et #the NH(a)+ CHj, reaction
mainly proceeds via the insertion of NH(a) into the- 8 bond.

By analogy to this reaction, the NH(a) SiH4 reaction may
also proceed through the formation of vibrationally excited
silylamine. Dissociation pathways of silylamine have been
studied theoretically by Melius and H6. Simple Si-H bond
fission to yield H+ H,SiNH; is energetically favored over the
Si—N bond fission to yield Sikl+ NH,. The yield of H atom,
however, is less than the NHield. These characteristics of
the NH, formation in the NH(aj+- SiH, reaction are very similar
to OH formation in the OD) + SiH,4 reaction. Also, Hwas
indicated as the major product of the NH(&)SiH, reaction
through the product channel of SiINH 2H,. It is noted that
SiNH corresponds to SiO in reaction 1.

B. Mechanism of SiO Formation. Assuming that silanol
is an intermediate of reaction 1, possible pathways for SiO
formation are deduced from former theoretical studies oRt§iO
species. Ab initio calculations for decomposition processes of
silanol have been conducted by Gordon and Pedétsord

H38i0+H

H2S8iOH+H
-100[

HSiOH+H2

H2Si0+H2 SiO+H2+H2

-150

Figure 7. Energy diagram for the @) + SiH, depicted on the basis
of the ab initio calculations by Zachariah and Tang (ref 7). Energies
are in kcal/mol.

Zachariah and TsangBased on their results, an energy diagram
for this system is depicted in Figure 7. As shown in the
diagram, there are many exothermic channels with respect to
O(D) + SiH;. Simple bond fission channels of silanol to
produce SiH + OH (1a), HSiO + H (1b), and HSIOH + H

(1c) are expected to proceed without energy barriers. Other
channels to yield SiH+ H,O (1d), HSIO + H, (1e), and
HSIOH + H; (1f) have energy barriers. The heights of these
energy barriers are also evaluated on the basis of the ab initio
molecular orbital calculations. These energy barriers are still
considerably below the energy level of'Df + SiH,.

H,SiO and HSiIOH, formed by the unimolecular decomposi-
tion of energized silanol, may still have enough excess energy
to proceed with further irreversible unimolecular decomposition.
The reaction pathways of these intermediates have been studied
by Kudo and Nagag@and Zachariah and Tsarghey are also
included in Figure 7. Barriers for decomposition and isomer-
ization of HSIO are considerably higher than the decomposition
barrier of HSIOH. Consequently, the minimum energy path
for SiO formation is given as

O(D) + SiH, — (H,SiOH)* — (HSIOH)* + H, —
SiO+ 2H, (7)

If the excited intermediates in this multiple-step unimolecular
decomposition have enough lifetime for randomization of excess
energy, statistical distributions of the internal energy are
expected for these fragments.

The prior vibrational distribution of SiO fragment for reaction
7 is calculated on the basis of the conventional statistical theory,
and the results are shown in Figure 6. Here, fundamental
vibrational frequencies and rotational constants ¢8i@H and
HSIOH are taken from the ab initio calculations of Zachariah
and Tsand. In the calculation of each step, the available energy
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above the barrier was used as the total energy of producthave even larger excess energy and shorter lifetimes of the

fragments; for example, 115 kcal/mol was taken as the total excited intermediates are expected. Hence, there should be no
energy of HSIOH+ Hy, instead of 135 kcal/mol. The energy pressure dependence of the products yields and rate constant in
released after passing the barrier is assumed to be simplythe present experimental conditions.

transferred to relative translation, and the statistical distribution
of HSIOH internal energy given by the first step decomposition

is used as the initial energy of the second step calculation. The
resulting vibrational distribution in SiO is in good agreement (1) Wisenfeld, J. RAcc Chem Res 1982 15, 110.

with the experimental observation. It is noted that 99% of (2) Zee, R. D.; Stephenson, J. £.Chem Phys 1995 102, 6946.

i i (3) Hack, W.; Thiesemann, H. Phys Chem 1995 99, 17364.
HS|(_)H has enough |_nternal energy to overcome the second step (4) Matsumi, Y. Tonokura, K.: Inagaki, Y. Kawasaki. M. Phys
barrier, and thus SiO can be one of the major products of chem 1993 97 6816.
reaction 1 even though the multiple-step process is necessary. (5) Casavecchia, P.; Buss, R. J.; Sibener, S. J.; Lee, ¥. Them

Another channel, SiO+ H, + 2H, is also energetically PhY(56)19§Q |_73, 6(9551L- Schlegel. H. BJ. Phys Chem 1993 97, 8207
. . . . . — arling, C. L; Schlegel, H. BJ. Phys Chem \ .
possible. _The vibrational ex0|_tat|o_n o_f S_BlO (up t6 = 11) (7) Zachariah. E. R.. Tsang, W. Phys Ghem 1995 99, 5308.
observed in the present study is still within the upper bound of (8) Koda, S.; Suga, S.; Tsuchiya, S.; Suzuki, T.; Yamada, C.; Hirota,
the available energy. However, this channel seems to beE. Chem Phys Lett 1989 161 35. _ _
unfavorable because it is rather hard to explain the observed Che(r?]) lggéaggpﬁg"é’ma’ K.; Miyoshi, A.; Sakurai, T.; Matsui, B. Phys
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