Photoionization mass spectrometric studies of SiH,, (n=1-4)
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A photoionization mass spectrometric study of SiH, at 7 = 150 K reveals the presence of
SiH," with an adiabatic threshold at 11.00 + 0.02 eV. The implications for the structure of this
Jahn-Teller split state are discussed. The appearance potentials of SiH," and SiH;" are

11.54 + 0.01 eV and <12.086 eV, respectively. The reaction of F atoms with SiH, generates
SiH, (X 4,), SiH, (X '4, and a ®B,), and SiH (X *II) in sufficient abundance for
photoionization studies. The measured adiabatic ionization potentials (eV) are: SiH;,

8.01 + 0.02; SiH, (X '4,), 9.15 4+ 0.02 or 9.02 + 0.02; SiH, (a *B,), 8.24, + 0.02; SiH,

7.91 + 0.01. The singlet—triplet splitting in SiH, is either 0.78 4+ 0.03 or 0.91 - 0.03 eV. The
dissociation energy of SiH is 2.98 + 0.03 eV. A Rydberg series is observed, converging to SiH*
(a>I1) at 10.21 4+ 0.01 eV. Heats of formation of the various neutral and ionic species are

presented, as are the stepwise bond energies of SiH,.

1. INTRODUCTION

In recent years, we have witnessed a flurry of activity
directed at the determination of the individual heats of for-
mation of SiH,, (#n = 1-3), and hence the stepwise bond en-
ergies in the sequences Si, SiH, . . ., SiH,. Two ab initio
calculations,'? both carried out to fourth-order Mdller—
Plesset perturbation theory (but one’ using an empirical
correction) yield similar results although differing by 4.6
kcal/mol for AH ; (SiH,). The experimental data, after
some earlier wild variations have begun to settle down. A
review of experimental data by Walsh,’ based largely on his
own studies of the gas phase kinetics of the reaction of iodine
with a series of silanes, is shown in Table I, together with the
calculational results. There is general agreement regarding
the heat of atomization of SiH, based primarily on the heat
of formation of silane given by Gunn and Green.* The three
studies also concur (within a small uncertainty) on the
strength of the first and last bonds. However, there is signifi-
cant disagreement between Walsh’s and the two theoretical-
ly based bond energies for the second and third bonds. In the
course of the present work, Shin and Beauchamp® obtained a
value for the proton affinity of SiH,, using ion cyclotron
resonance spectroscopy, and combined this with a literature

TABLE I. Recently reported bond energies in the SiH,, series (0 K).

Pople et al.* Hoetal® Walsh®
Si-H 69.9 kcal/mol 67.4 69.2
HSi-H 76.1 74.1 82.3
H,Si-H 66.8 71.0 61.5
H,Si-H 917 90.1 883
Total 304.5 302.6 301.3

2Reference 1, as corrected in Ref. 21.
>Reference 2.
°Reference 3.
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value for AH, (SiH;" ) to deduce AH; (SiH,) =69 1+ 3
kcal/mol. This value implies Dy, (H,Si-H) =73 kcal/mol,
more in line with the ab initio results. Paralleling this up-
surge of interest in the bonding properties of SiH,,, several
recent studies have been directed at the ionization properties
of these compounds. The Hel photoelectron spectrum has
been known for some time.%’” Asin CH,", the SiH," parent
ion is assumed to experience Jahn-Teller distortion, al-
though heretofore not as much attention has been focused on
the SiH," .species by theorists as on CH,;". The apparent
adiabatic threshold observed by photoelectron spectroscopy
is 11.6 eV®7 Three recent photoionization mass spectrome-
tric studies®'° yield appearance potentials for SiH;+ (SiH, )
ranging from 11.05 to 11.70 eV, and for SiH;* (SiH,)
between 12.10-12.23 eV. Hence, unlike the situation in
methane (where CH," is formed at ~ 12.6 ¢V and remains
the only stable ion until the appearance potential of CH;" is
reached at ~14.3 eV, with CH," appearing at still higher
energy''), the fragment species SiH;* and SiH;" have an
appearance potential rather near to the adiabatic threshold
given by photoelectron spectroscopy. As a consequence,
there has been considerable discussion in the literature re-
garding the stability of SiH," . One study'? claims to observe
this species, while three others®!%!? specifically say they fail
to see evidence for it. A feature of the silane studies which
makes this experiment a bit dodgy is the presence of the
silicon isotopes of mass 29 and 30, in addition to 28, which
introduces confusion between e.g., *°SiH," and 2%SiH,".
The Hel photoelectron spectrum of SiH, has been re-
ported by Dyke er al."* A long vibrational progression is
observed, indicating a change of geometry from pyramidal
SiH; to planar or nearly planar SiH;". Unfortunately, an
impurity band lies in the vicinity of the adiabatic threshold,
making a precise determination of this quantity somewhat
dubious. In fact, a computed Franck—-Condon envelope pre-
sented by Dyke et al.'* indicates nearly zero intensity for the
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adiabatic process, which occurs (according to them) exactly
where a prominent impurity peak appears, at 8.14 4+ 0.01
eVv.

No direct measurements of the ionization potentials of
SiH, and SiH are known to us. An indirect determination of
IP (SiH) can be derived from the identity

IP(SiH) + Do (SiH™) = Dy (SiH) + IP(Si). (1)

With IP (Si) = 8.1517 eV, D,(SiH)<3.060 eV,'® and
D,(SiH") = 3.22 + 0.03 eV,"” one obtains IP (SiH)<7.99
eV. With this background information in mind, our experi-
mental goals were as follows:

(1) To generate as many of the free radicals SiH,
(n =1, 2, 3) as possible, and to determine their ionization
potentials by photoionization mass spectrometry.

(2) To determine as accurately as possible the fragmen-
tation thresholds of SiH, from SiH,.

(3) To combine (1) and (2) to infer thermochemical
bond energies by an alternative method than used by Walsh®
or Shin and Beauchamp.’

(4) To search for the elusive SiH,".

ti. EXPERIMENTAL ARRANGEMENT

The basic photoionization mass spectrometric appara-
tus has been described previously.'® Two different target
chambers were employed. For the generation of the SiH,
free radicals, a flow tube and reaction cup was employed,
similar to the apparatus recently described'® for generating
NH, by the reaction of H + N, H, . In this instance, F atoms
were produced in a microwave discharge, and entered a cup
to which SiH, was also introduced. The fast-flowing fluorine
was removed by a cryopump.

The other target chamber, more enclosed, had a provi-
sion for the incoming gas (stable rather than transient) to be
cooled to as low as 78 K. An iron—Constantan thermocouple
was employed to monitor the temperature. The cooled SiH,
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was used to minimize the effects of internal energy on frag-
mentation thresholds, and to virtually eliminate the effect of
hot bands on ionization potential measurements.

Ill. EXPERIMENTAL RESULTS
A. Photoionization of SiH,

An overview of the photoionization mass spectrum of
SiH, is given in Fig.1. Mass 30 (**SiH," ) is the “prominent”
ion appearing at lowest energy (~ 1075 A), followed by
mass 31 (*®SiH;" ) at ~ 1030 A. At somewhat higher energy
(~1000 A =12.4eV) these two species become nearly equal
in intensity. Mass 28 (Si* ) gradually appears at ~ 1025 A
and finally mass 29 (**SiH ) becomes detectable and free of
isotopic contaminants just below 900 A. Autoionization
structure appears prominently for Si* and SiH™ at higher
energy, as discussed previously by other authors.”'® The
photoionization mass spectrum of Fig. 1 has been
“cleansed” of isotopic contaminants, i.e., the contribution to
mass 31 from 2°SiH," has been subtracted, leaving 2*SiH;".

1. SiH}

A preliminary study was performed in which the inten-
sities of masses 30, 31, and 32 were monitored sequentially at
specific wavelengths above 1000 A. These measurements
were subjected to two tests.

(a) The ratio of intensities 7(31)/1(30) and
I1(30)/1(32) were plotted as a function of waveilength. If
these were just isotopic variants of the same species, the ratio
should be a constant, independent of wavelength. Figure
2(a) clearly reveals that 7(31)/1(30) has a threshold at
~ 1030 10&, and Fig. 2(b) shows that 7(30)/7(32) goes to the
background level at ~ 1080 A.

(b) The intensities at masses 31 and 32 were corrected
for isotopic contaminants, and the residues plotted. The re-
sult for mass 32 [Fig. 2(c)] was an intensity which is weak

RELATIVE PHOTOION YIELD

.
Si H4 FIG. 1. Overview of the wavelength depen-
(x50) dence (threshold to 600 1&) of the major peaks
(8iH,", SiH;", Si*, SiH* )and the minor
peak SiH, in the photoionization mass spec-
trum of SiH,. The relative intensities shown
have been stripped of isotopic effects. The res-
onance structure of SiH* is shown on an ex-
panded scale. The wavelength resolution is
0.28 A (FWHM).
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between 1000-1030 ix, then increases to a peak at ~ 1077 z&,
and declines to lower energy.

This result provided convincing evidence that SiH,;" did
exist, but that it was formed primarily at energies below the
appearance of the first fragment, SiH,". To provide further
verification, the weak isotopic component *°SiH," was ex-
amined at mass 34. This mass should be free of isotopic var-
iants of SiH," and SiH,", but it is extremely weak. Nonethe-
less, a portion of the yield curve of this mass was obtained
[Fig. 2(c) ], and it mimicked the behavior of mass 32.

Thereupon, a careful study was made to determine the
threshold behavior of SiH,". The experiments were per-
formed at — 150 °C, which ensures that vibrational hot
bands should be insignificant. The resulting data (Fig. 3)
reveal step-like structure with some autoionization features
e.g.,at ~1116 A, and a very weak onset (shown expanded)
at ~1127 A = 11.00 eV. Remarkably, this is about 0.6 eV
below the adiabatic onset observed in the He I photoelectron
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FIG. 2. (a) Ratio of ion intensities of mass 31 to mass 30 as a function of
wavelength. Below ~ 1030 A, mass 31 has contributions from **SiH;" and
2°SiH,", and the ratio attains a constant value. (b) Ratio of ion intensities of
mass 30 to mass 32 as a function of wavelength. Below ~ 1080 A, mass 30is
attributable to 2*SiH,", while mass 32 has contributions from >°SiH;",
8iH;*, and 2SiH;" . Above ~ 1080 A, only 2*SiH," survives and the ratio
becomes a residual background at mass 30 divided by a real signal at mass
32. (c) SiH;" intensity as a function of wavelength. Mass 32 has been
stripped of its 3°SiH;* and *SiH;" contributions, and hence represents
SiH," . Mass 34 can only be *°SiH," .
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FIG. 3. The threshold region of the photoion yield curve for SiH," (M32)

vs wavelength. The experiment was performed at — 150 °C, with a wave-
length resolution of 0.28 A (FWHM).
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spectrum. However, Heinis et al. '° have recently measured a
threshold photoelectron spectrum which “ . . . is essentially
identical with the 2T, bands of the He I PES. In the appear-
ance region . . . (their) TPES has a long and gradually flat-
tening tail which merges into the background at 10.97 eV.”
Subsequently, these authors performed a photoionization
mass spectrometric experiment'® in which “ . . . no SiH,"
ions could be detected” but “the AE of the total ion current
(without mass resolution) is at 11.02 eV or even lower” and

the appearance energy of SiH," is 11.05 + 0.05 ¢V “from the h

current of mass 30 which is free from isobar contributions at
the AE.” We agree with these authors that SiH, produces
some ionization down to ~ 11.0eV, but we do not agree to its
attribution to SiH;'.

2. SiH¥ _

The ion yield curve for mass 30 was measured in the
threshold region at — 150 °C. The result is shown in Fig. 4.
A rather distinct threshold appears at 1076 A=11.52 eV.
This yield curve does not rise linearly beyond threshold, as is
often observed for a fragment ion, but displays curvature.
Since the total ionization is itself gradually increasing at this
photon energy, presumably due to geometrical changes
upon ionization (vide infra) and consequent Franck—Con-
don effects, it is not surprising to see this gradual onset. Re-
call that this observed threshold for SiH," is still below the
adiabatic IP observed in the He 1 PES. When corrected® for
the internal thermal energy at — 150 °C, the threshold for
SiH,;* becomes 11.54 eV.

3. SiH}
The ion yield curve for mass 31, after subtraction of
29SiH,+, is shown in Fig. 5. The subtraction was performed
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FIG. 4. The threshold region of the **SiH,* photoion yield curve from SiH,,,
obtained with the gas at — 150 °C and a wavelength resolution of 0.28 A
(FWHM).
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FIG. 5. The threshold region of the **SiH;* photoion yield curve from

SiH,, obtained with the gas at — 150 °C and a wavelength resolution of 0.28
A (FWHM). A contribution due to *’SiH," has been subtracted.

digitally, by multiplying each point of the previously deter-
mined SiH," (mass 30) curve by the same factor, and reduc-
ing the mass 31 curve accordingly. The subtracted curve has
a horizontal base line with a gradual, curving onset at 1027.5
A=12.067 V. Given that this is a higher energy threshold,
and that it has pronounced curvature, we shall regard this
observed onset as an upper limit. (Technically, all such
thresholds are upper limits, but experience has shown that
linearly rising first fragment thresholds, especially within a
Franck—Condon domain are accurate representations of
thermochemical onsets.)

Upon correction®® to 0 K, we obtain a threshold of
SiH," from SiH, of <12.086 eV.

4. SiH*

Theion yield curve for SiH * (SiH, ) has a very gradual
onset (see Fig. 6). It is a much higher energy process, ap-
pearing even after Si* , and almost certainly suffers a de-
layed onset. Hence, it is not reliable as a thermochemically
meaningful threshold. '

5.8i*

Although this ion is observed at lower energy than
SiH * , its formation (either with concomitant production of
2H, or H, + 2H) implies a tight complex, or equivalently a
small region in phase space. In this sense, it is an entropically
unfavored process, and therefore is not likely to have a ther-
mochemically significant threshold.

B. Photoionization of the free radicals SiH, (n=1,2,3)

Fluorine atoms produced in the microwave discharge
were monitored by measuring the F* signal at the autoion-
izing line (682 A). Silane was introduced into the reaction
cup, and the F* signal declined. In this way, a titration
could be performed, using up essentially all of the F atoms.
Under these conditions, an easily measurable SiH;" signal

J. Chem. Phys., Vol. 86, No. 3, 1 February 1987
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FIG. 6. The threshold region of the 2% SiH +
photoion yield curve from SiH,, obtained
with the gas at — 150 °C and a wavelength
resolution of 0.28 A (FWHM). A substan-
tial kinetic shift is to be expected for this
process, and hence the threshold is not use-
ful for thermochemical purposes.
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could be obtained at wavelengths much longer than the
threshold from SiH, , and therefore attributable to photoion-
ization of SiH; . A smaller signal of SiH,", and a still weaker
one of SiH* could also be detected. However, for the study
of SiH, and SiH the silane flow was reduced to maximize
their respective production rates. They, of course, require
successive fluorine abstraction reactions, and hence are fa-
vored by a lower SiH, flow rate.

925

1. SiH3 (SiHs)

The photoion yield curve is displayed in Fig. 7(a) from
1050 A to the threshold, and on an expanded scale in Fig.
7(b). The experiments were performed using only the light
peaks of the hydrogen lamp. In Fig. 7(b), a step-like struc-
ture is evident from about 1390 A to the threshold, similar to
the well-known case of NH;. For both cases, a pyramidal-
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FIG. 7. (a) The photoion yield curve of SiH;*
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from SiH,, from 1050 A to beyond the ioniza-
tion threshold. (b) The photoion yield curve
of SiH;+ (SiH, ) in the threshold region. The
wavelength resolution is ~0.8 A (FWHM).
E The data points correspond to peak intensities
in the light source.
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FIG. 8. The photoion yield curve of
SiH," (SiH, ) from 1050 A to beyond
the ionization threshold of SiH,
(a®B,). Wavelength resolution is
~0.8 A (FWHM) and only the peak
intensities of the light source are used.
The threshold regions corresponding
to SiH; (X '4,) -SiH," (X?4,) and
. SiH, (a 3B,) —SiH," (X ?4,) areboth

-

..%  shown in enlarged insets.
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— planar transition is probably occurring. The step structure
is indicative of direct ionization, rather than autoionization.
The average step size (presumably excitation of the out-of-
plane vibration) is 0.104 eV =840 cm. There is a distinct rise
above the background level at ~1527 A=8.12 eV. How-
ever, there appears to be an even smaller step (about 3—4
times smaller) which begins at ~ 1547 A=8.01 eV. Five
consecutive scans between a still longer wavelength (1567
A) and the 1547 A light peak consistently revealed some
signal above background at the latter wavelength, but not at
the former. Hence we take 8.01 eV as the adiabatic IP of
SiH;.

2. SiHZ (SiH,)

The photoion yield curve of SiH,* (SiH, ) was obtained
in a point-by-point scan, only at the wavelengths corre-
sponding to peak light intensities in the many-lined molecu-
lar emission spectrum of H,. The resulting spectrum is
shown in Fig. 8. There is some hint of structure superim-
posed upon an approximately linearly declining curve

I B
|

50

between ~ 1276-1350 A. Some signal was observed to per-
sist to longer wavelengths, and finally reached the back-
ground and level at ~ 1520 A. This signal is dependent on
light intensity, on F atoms and on SiH, . Such a signal was
not observed below ““‘threshold” for SiH; (above) or SiH
(below). We attribute this weak signal to metastable, triplet
SiH, , a portion of which survives collisions to reach the ioni-
zation zone. This “metastable signal” leads to some uncer-
tainty in the selection of the adiabatic threshold for the neu-
tral ground state, since the shape of the ion yield curve of the
excited state at ~1355-1390 A can influence our choice.
There is a flat portion between ~ 1375-1435 A. If we regard
this as our “elevated background,” there is a noticeable in-
crease at ~ 1370 A= ~9.05 eV which could be the adiabatic
IP (SiH, ). At 1355 A there occurs a more definite increase.
Therefore, IP (SiH, )<9.15 eV, and could be in the neigh-
borhood of 9.05 eV. This threshold region, as well as the
lower threshold region at ~ 1520 A are shown in enlarged
insets in Fig. 8. The adiabatic IP of the metastable triplet
state is chosen to be 1504 + 5 A=8.24, + 0.02, eV.
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o ’ tion threshold. Wavelength resolution is
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> '_.-" * . berg series converging to SiH* (a *Il) is
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3. SiH* (SiH)

Initiaily, we were hoping to see SIH* as a fragment
from the rather abundantly produced SiH;, but a scan re-
vealed some autoionizing features at the mass 29 position,
which were best interpreted as due to primary ionization of
an SiH species. In order to optimize this signal, it was neces-
sary to severely limit the SiH, flow. Under these conditions,
there was also an incréase in ion background emanating di-
rectly from the microwave discharge (i.e., independent of
light intensity, but sensitive to mass tuning). A compromise
condition was adopted, and the photoion yield curve shown
in Fig. 9 was obtained. Again, only the wavelengths of the
light peaks produced by the hydrogen lamp were used in
these measurements. The spectrum of Fig. 9 reveals signifi-
cant autoionization structure. There is a sharp peak at
~ 1560 A, near the onset. Clearly, the adiabatic ionization
potential of SiH must be to longer wavelength than the peak
at 1560 A=7.948 eV. A well-defined onset occurs at 1570
A=7.897 eV.

4. SiH ™ (SiH3)

By slightly increasing the flow of SiH, into the reaction
chamber, it was possible to substantially reduce the SiH pro-
duction [and hence SiH* (SiH)] while optimizing the
SiH, generation. Under these circumstances, we again ex-
amined the mass 29 ion yield curve, and obtained the spec-
trum shown in Fig. 10. A weak threshold is observed at
1280 + 5 A=9.68, + 0.04 €V, corresponding to SiH, + Av
—-SiH* + H,.

IV. INTERPRETATION OF RESULTS
A. lonization thresholds from SiH,
1. SiH}
Prior to the present work, the only convincing evidence

that SiH," was sufficiently stable to be detected mass spec-
trometrically was that reported by Genuit et al.'> These
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FIG. 10. The photoion yield curve of SiH* from SiH;, from 1070 to 1350
A. The region near threshold is expanded in the inset. Wavelength resolu-
tion is ~0.8 A (FWHM) and only peak intensities in the light source are
used.
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authors used the light from an Ar resonance lamp, which
primarily produced 1066 and 1048 A photons, to irradiate
SiH,. They concluded that a portion of mass 32 (after sub-
tracting contributions from *°SiH;* and **SiH;" ) and all of
mass 34 were attributable to SiH,". They estimated that
SiH," accounted for 3%—4% of the ionization at these wave-
lengths. We do not know the relative strengths of the two Ar
lines in their lamp, but their estimate is compatible with our
observations, particularly if most of their radiation was at
1048 A. At 1066 A, SiH," amounts to about 30% of SiH," .

Genuit et al. point out why earlier electron impact stud-
ies nay have failed to observe SiH," . The thermal energy of
SiH, in the hotter electron impact ion source, plus the width
of the electron energy distribution, could cause dissociation
of at least some of the SiH," . The poorer energy resolution in
electron impact studies, together with characteristically
weak cross sections at threshold and the isotope contamina-
tion problem combine to make detection extremely difficult.

The failure of the previous photoionization mass spec-
trometric studies to observe SiH;* requires some other ex-
planation. Ding ef al.’ apparently made their most careful
search at 800 1&, perhaps because their monochromatized
light was most intense near this wavelength. However, as we
have seen in Fig. 2(c), the SiH," ion yield curve declines
from a maximum at ~ 1076 A to a vanishingly small level at
1000 A, and hence would be undetectable at 800 A. Bérlin et
al.'® did observe total ionization down to 11.02 eV, but
somehow in their experiment this correlated with a tail of the
SiH," ion yield curve, whereas “No SiH," parent ions could
be detected.” A possible explanation is that some collisional
processes were occurring between the time of formation of
SiH," and its entry into the mass analyzer, such that the
SiH," was converted almost entirely to SiH," .

The SiH," photoion yield curve [Fig. 2(c) | has distinct
evidence of step structure, with half-rise points at ~ 1127,
1118.5, 1109, 1098.5, 1089, and 1081 A. The average step
size is 0.094 eV. The first observable peak in the photoelec-
tron spectrum® is at ~11.67 eV, with succeeding peaks exhi-
biting a spacing of 0.093 eV. The two series (PIMS and PES)
appear to match, not only in their vibrational spacing, but
they also appear to merge into one another at ~11.57 V. It

seems fair to conclude that it is the same vibrational mode of
the ion that is excited.

The potential surface of the electronic ground state of
SiH," must be rather complicated. Pople and Curtiss>! have
recently calculated this Jahn-Teller distorted surface, and
find a saddle point with C,, symmetry at about 11.47 eV,
which slides down into a C; symmetry which has a true
minimum at 11.12 eV (cf. our experimental value of 11.00
eV). This most stable structure can be described as
SiH;" -H, with the SiH,* portion having shorter Si-H bond
lengths (1.46 A) and an H-Si-H angle of 120°, while the
Si-H, moiety defines a plane perpendicular to the SiH,"
plane, with longer Si—H bond lengths ( ~1.95 A) and a very
acute H-Si~H bond angle of 22°.

It appears as if the Franck—-Condon overlap between

- tetrahedral SiH, and the aforementioned C, symmetry of

SiH,;" must be very weak, essentially undetected in the pho-
toelectron spectrum, whereas the overlap to the more sym-
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metric C,,, and perhaps other components of the Jahn-Tel-
ler split surface, occurs at higher energy and accounts for the
bulk of the intensity in the photoelectron band.

However, the shape of the ion yield curve of Fig. 2(c)
requires an additional explanation. The step structure near
threshold suggests direct ionization. If this behavior persists
to somewhat higher photon energy, then the states of the
molecular ion which survive as SiH,;" should continue to be
made with the same efficiency. However, the SiH," ion yield
curve drops prempltously below ~1076 A, and becomes
negligible at ~ 1000 A. Morrison and Traeger'? have sug-
gested that a predissociation process, longer-lived than di-
rect dissociation, accounts for the onset region for formation
of SiH,", based on the observation of discrete vibrational
structure in the photoelectron spectrum of SiH,. Gordon®?
comes to a similar conclusion, based on the potential energy
surfaces resulting from SiH," in C,, symmetry. The present
observation of a precipitous decline in the SiH," yield at
higher photon energy may be further evidence of such a pro-
cess.

2. SiH?

We have already pointed out that the pronounced cur-
vature in the threshold region (Fig. 5) makes this onset a
questionable one for thermochemical purposes. Neverthe-
less, a glance at Table IT shows that four different photoioni-
zation studies, including the present one, arrive at very near-
Iy the same threshold value. Furthermore, as Shin and
Beauchamp® have shown, if one combines an accepted value
for AH; (SiH;) with the adiabatic IP (SiH;) =8.14 eV
reported by Dyke er al.,'* one obtains AH; (SiH;")

= 234.1 kcal/mol, which is in very good agreement with
AH; ~ (SiH; ) =235.1 kcal/mol based on the SiH;
(SiH, ) threshold.

Why, then, continue to question this threshold? We be-
lieve that the adiabatic ionization potential of SiH; obtained
in the present work, uncontaminated by impurities, is more
reliable than the value of Dyke et al.'* If the presently deter-
mined value is chosen, then AH; (SiH;") becomes 231
kcal/mol. In order to make the SiH;" (SiH,) threshold
yield the same'value of AH, (SIH ), the threshold must
occur at ~11.98 eV = 1035 A, about 8 A longer than ob-
served. Alternatively, combining the appearance potential of
SiH;" (SiH,) with our IP (SiH;) yields a bond energy

TABLE II. Appearance potentials of SiH,} species by photoionization (eV).
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H,Si-H of ~94 kcal/mol, which is 3 kcal/mol larger than
obtained by various theoretical and experimental meth-
ods.'”?

It should be noted that an earlier review®’ selected
D(H; Si-H) = 96.0 kcal/mol at 298 K (equivalent to 94.3
kcal/mol at 0 K), which would be in good agreement with
the combined appearance and ionization potentials obtained
in the present work. However, it was based on data reported
in the 1960’s, and a “low value, 89 4 4 kcal/mol” was reject-
ed in their evaluation. Hence, although we cannot categori-
cally eliminate the possibility of a 94 kcal/mol bond energy,
the prevailing evidence based on more recent measurements
and calculations, together with the pronounced curvature in
our SiH;" (SiH,) ion yield curve appears to favor a lower
bond energy.

3. SiH}

The SiH," (SiH, ) threshold, which is the lowest energy
fragmentation process, should be the most reliable. In addi-
tion, isotopic contamination from 2’ SiH* and *°Si* is ab-
sent, since these thresholds occur at higher energy. Despite
these favorable factors, some curvature exists in the thresh-
old curve of Fig. 4. We have minimized the contribution of
thermal energy to this curvature by operating at — 150 °C.
Our resulting threshbld, corrected to 0 K, is lower than the
values of Ding ef al.® and of Corderman and Beauchamp,®
suggesting to us that these authors extrapolated to threshold
from data at higher photon energy. The very low value for
this threshold reported by Borlin e al.'® is difficuit to ex-
plain by other than the mechanism of collisional dissociation
of SiH," mentioned earlier.

The appearance potentials of the SiH,* species obtained
from SiH, are summarized in Table II, as are the results of
the other recent photoionization studies.

B. lonization of the free radicals
1.SiH;

In the full scan of Fig. 7(a), the phot01on yleld curve of
SiH," rises to a maximum at ~ 1164 A =10.65 eV, and
drops off rather sharply to higher energies. In the PES of
SiH, reported by Dyke et al.,'* the peak of the Franck-
Condon distribution of the first electronic band (the only
one reported) occurs at ~8.8 eV =1409 A.In Fig. 7(a), the

Corderman and

Present data (0 K) Borlin et al.® Ding et al® Beauchamp®
SiH;" 11.00 + 0.02
SiH;" <12.086 12.10 + 0.05 12.23 +0.02 12.10 +0.05
SiH?, 11.54 +0.01 11.05 + 0.05 11.67 + 0.04 11.70 + 0.07
SiH™ d 13.8 +04
Sit d 12.65 4+ 0.10

2 Reference 10.

b Reference 9.

°Reference 8.

4Delayed onset, invalid for thermochemical threshold determination.
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relative photoion cross section at 1409 A is less than 1/10 the
value at 1164 A. The large increase in ion yield between 1409

and 1164 A is most likely related to the proximity of the first -

excited state of SiH;" . A detailed interpretation is difficult to
provide at this time. One possibility is that the very broad
structure peaking at 1164 A represents an early autoionizat-
ing Rydberg state converging to the first excited state. Its
breadth implies an extended Franck—-Condon region, and
hence a substantial change in geometry from neutral, ground
state SiH, . The sharp decline in cross section below 1164 A
is characteristic of autoionization, rather than direct ioniza-
tion. ;

Dyke et al. have reported ASCF vertical ionization po-
tentials for the excited states, as well as the ground state. The
first excited ionic state is calculated to be *E, at 12.60 eV,

. resulting from a (2e) ~*' process. The electron has been re-
moved from an Si—H bonding orbital, and hence an increase
in the Si~H internuclear distance may be expected. Their
ASCEF calculation gives fairly good agreement with experi-
ment for the first vertical IP (8.48 eV calculated vs 8.47 eV
observed). If we use their 12.60 eV for the vertical second IP,
and our 10.65 eV broad peak as the first autoionizing Ryd-
berg member converging to that level, we obtain #n* = 2.64
from the Rydberg formula. This is a plausible value for the
first Rydberg member; the quantum defect of 0.36 (mod 1)
is indicative of substantial p character in the Rydberg state.

The wavelength region between 1390 A and the ioniza-
tion threshold [Fig. 7(b)] displays clear evidence of step
structure, reminiscent of the NH; photoionization (see, for
example, Ref. 11, pp. 128-130). In that case, and very likely
the present one, the Rydberg states converging to the first IP
are predominantly predissociated, leaving a residual weak
autoionization structure superimposed upon a step structure
characteristic of direct ionization. The average step width
between 1435 A and the ionization threshold is 840 cm .
This can be compared with @, = 820 4 40 cm ™! obtained
by Dyke et al. from an analysis of 14 vibrational components
in their photoelectron spectrum. The calculated out-of-
plane bending mode frequency v, (a) for SiH;" (X' A4 {)is
850 cm~'. Pople and Curtiss*' give 911 cm ™' for this fre-
quency, but they note that previous experience comparing
their ab initio frequencies and experimental values requires a
scaling of the ab initio values by about 0.89.

The vibrational steps in Fig. 7(b) can be followed easily
to ~ 1523 A=8.14 V. The region to longer wavelengih has
been further amplified in the inset. Here, we see a precipitous
decline between 1523 and ~1531 A, then a brief plateau
before attaining the background level at ~ 1550 A. In order
to check the significance of the data in this region, where the
signal is only ~ 50% larger than background, we measured
the intensity at 1547.1 and 1569.5 A (two good light intensi-
ty peaks in our H, lamp) five times in succession, and each
time found a significant signal above background at 1547.1
;X, but not at 1569.5 A. Therefore, we feel that the experi-
mental result is statistically significant. Next, we examine its
plausibility. There is, of course, the possibility that the SiH,
is vibrationally hot. We cannot exclude this possibility, but
our experience with other free radicals formed by abstrac-
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tion reactions (NH,, SH, SeH, OH, PH, ) has indicated that
they are equilibrated at ~ 300 K.

At 300 K, the ratio of populations of SiH; in the
v, (v =1) to (v" = 0) is 1/40-1/50. If the Franck-Con-
don factor for the 10 transition is approximated to be
about the same as for the 0— 1 transition, then the ratio of
step heights for the first to the third step would be expected
to be roughly 1/40-1/50. The observed ratio is about 1/12,
providing some evidence that this first step is not a hot band.

Dyke ef al.,'* and more recently Nimlos and Ellison,**
have calculated the Franck—Condon factors, or vibrational
intensity distribution in going from SiH; (X °4,), pyrami-
dal, to SiH;" (X '4 {), planar. Interestingly, the calculated
vibrational intensity distributions look very nearly the same,
but Nimlos and Ellison select 8.23 eV as the adiabatic IP,
whereas Dyke et al. have given 8.14 + 0.01 eV. The present
limitof 1547.1 A is equivalent to ~ 8.01 eV, which is approx-
imately one vibrational quantum lower than the value of
Dyke et al. and two lower than that of Nimlos and Ellison. If
we examine the calculated Franck—-Condon intensities of the
first two peaks which can be measured from their respective
figures, the ratio of intensities of v' =1 to v’ = 0 is about
three or four to one. This is approximately the relative step
height in our spectrum of the step at ~ 1520 A tothe step at
~ 1540 A. Hence, it is plausible to expect such a weak step at
onset. As explained in Sec. I, it would not have been possible
for Dyke et al. to have extracted such a weak threshold from
the spectrum available to them.

The adiabatic ionization potential of SiH, recently cal-
culated by Pople and Curtiss®' is 7.99 eV, very close to the
currently obtained value. These authors claim an accuracy
of + 0.1eV, based upon comparison of their similarly calcu-
lated results with well-known ionization potentials.

2. SiH,

We shall begin the analysis of the photoion yield curve
for this species (Fig. 8) at the highest energy, and proceed to
longer wavelength. The ion yield curve for SiH," increases
sharply between 1080 and 1050 A. We know that the frag-
mentation process SiH,;" (SiH, ) has an onset near 1080 ;X,
and hence this process was suspected as the cause of the
sharp rise. This was proven by turning off the microwave
discharge producing F atoms. The SiH," ion intensity in this
wavelength region actually increased, because more (un-
reacted) SiH, was available for the fragmentation process.
At the longer wavelengths, the SiH," signal went to a low
background level when the F atoms were not being genera-
ted.

There is a broad peak, with maximum at ~ 1240
A =10.0 eV, which has some superimposed fine structure.
The decline of cross section to higher energy again implies
that this is an autoionizing Rydberg feature. Dyke ef al. have
calculated the vertical IP of the first excited state of SiH,*
(*B,) by ASCF to be 11.72 eV. Combining this IP with a
Rydberg state at ~10.0 eV implies n* = 2.81 for this Ryd-
berg level, which is a plausible value. However, as shown
below, their ASCF value for the ionization energy of the
SiH," ground state is in poor agreement with experiment,
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which makes us dubious about the accuracy of their second
IP, and hence of n*. Bruna et al.>® have calculated the rela-
tive energies of SiH;" ground and excited states, as a func-
tion of bond angle. They show the > B, state preferring a very
acute angle = 30°. The excitation above the ground stateis a
strong function of angle. At ~90° (the neutral ground state
angle) which corresponds roughly to the Franck—Condon
region, the excitation of 2B, above X 24, is about 2.8 eV,
providing some support for this assignment and also for the
width of the band (big angle change). The fine structure
observed at the peak has spacings of about 0.23 eV, which
could be vibrational structure (if the symmetric stretch is
excited) or it could be evidence of more than one Rydberg
series converging to the same limit.

Proceedmg to longer wavelengths from the broad peak
at ~1240 A, we note a more or less monotonic decline to
~1326 A, beyond which step structure appears. There ap-
pear to be two, or perhaps three steps (see enlarged inset),
with rise points at ~ 1338, 1354, and perhaps 1374 A. The
1338 and 1354 A rise points correspond to step widths of
~700 and 880 cm ™!, the 1374 A rise point to a step width of
~1070 cm~". This step structure is suggestive of a sequence
of vibrational excitations in the SiH," (X 24,) ionic state.
Dyke et al.'* calculate 966 cm ™' for the v, bending frequen-
cy of this state, while Pople and Curtiss®' compute 984
cm ', with the provision that it be typically reduced by a
factor of 0.89. Hence, an experimental step width ~ 880
cm™ ' appears plausible, but the 1070 cm ™! width seems to
be somewhat larger than would be anticipated from the cal-
culations. The threshold for the ionization process

SiH,(X '4)hv—SiH," (X24,) +e

lies atop the process in which a metastable SiH, (presum-
ably the’ B | ) is being ionized. Without knowing the shape of
the ion yield curve of the metastable state between ~ 1350
1380 A, it is very difficult to know which portion of the
ionization to attribute to the singlet and which to the triplet.
However, it seems fairly certain that the adiabatic IP of SiH,
(X'4,) is <9.15 ¢V = 1355 A, and may be as low as 9.02

V = 1374 A. Pople and Curtiss®' give 9.18 eV for this adia-
batic IP, whereas Dyke er al. give 8.49 eV by ASCF and 9.21
eV by Koopmans’ theorem.

The weak signal from the metastable excited state can be
followed fairly well to a threshold (see enlarged inset) which
we have selected to be 1504 + 5 A= 8.24, 4+ 0.025 eV (see
below). If we take this to be the ionization potential of SiH,
(*B,), and if we take the IP of SiH, (X '4,) to be 9.15 eV,
then the triplet-singlet separation in SiH, is measured to be
0.91 4+ 0.03 eV.

Kasdan, Herbst, and Lineberger®® obtained “an ap-
proximate upper bound to the zero-point triplet energy in
SiH,” of <0.6 ¢V from the photodetachment spectrum of
SiH, . This was said to be in agreement with Wirsam’s®’
calculated value of 0.2 eV. Shortly thereafter, Meadows and
Schaeffer?® reported on a calculation at the Hartree—Fock
limit for singlet—triplet separations in methylene and sily-
lene. Some correlation was included by comparing one and
two configuration results for the ' 4, state. Their best results
(polarization functions and two configurations included)

“singlet-triplet
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predicted a singlet-triplet separation of 10.9 kcal/mol for
CH, and — 18.6 kcal/mol for SiH,. After their paper had

" been completed and accepted for publication, they became

aware of the photodetachment experimental result which
placed the singlet—triplet separation of CH, at 19.5 + 0.7
kcal/mol. They thereupon concluded that their calculation
was in error, and added to their paper an alternative calcula-
tion which yielded 19.7 kcal/mol for the methylene separa-
tion, and —10.0 kcal/mol for the silylene separation. This
latter figure is cited in their abstract, and by other recent
workers.”

The best current evidence is that the singlet—triplet sepa-
ration in CH, is 0.392 + 0.003 eV*° (9.04 + 0.07 kcal/
mol), rather close to their original calculation, and our cur-
rent best estimate for this separation in SiH, ( —0.91
+0.03 eV= —21.0 + 0.7 kcal/mol) is also respectably
close to their original calculation. In fact, if we interpret the
adiabatic IP of SiH, (X '4,) to be as low as 9.02 eV, the
separation would become 0.78 4 0.03
eV =18.0 + 0.7 kcal/mol.

Correlation effects are evidently very important for an
accurate calculation of the singlet—triplet separation. Gor-
don®® obtained a separation energy of 2.3 kcal/mol at the
Hartree—Fock level, while Meadows and Schaeffer?® ob-
tained 5.3 kcal/mol with a single configuration for '4,, but
18.6 kcal/mol with two configurations. Power et al.’! calcu-
lated 1.94 kcal/mol at the Hartree—Fock level and 10.4 kcal/
mol including configuration interaction.

The interpretation of thresholds is connected with the
geometry changes which may be occurring in the ionization
process. For SiH,", Pople and Curtiss®' give a ground state
(X %4,) structure with Si-H bond length of 1.466 A and an
angle of 119.8°. A recent experimental result’' yields
r=1.49 + 0.01 A and a bond angle of 119 4 0.5°. For neu-

‘tral SiH,, Meadows and Shaeffer®® provide 1.508 A and

94.3°for (X '4,); 1.471 A and 117.6° for a *B,. There is very
little change in angle and bond length for the ionization pro-
cessa B, — X %4, + e, whereas there is a substantial angular
change and some change in bond distance for the corre-
sponding ionization from the ground state. For the latter
case, one can expect to excite a vibrational progression in the
bending mode, and perhaps also the symmetric stretch,
whereas ionization of the metastable triplet state should re-
sult in a sharp Frank—Condon region, and hence a relatively
steep ionization onset. This is, in fact, what is observed.
Hence, we have tried to treat the threshold region of triplet
ionization (at ~1500 A) as being broadened primarily by
rotational effects (analogous to the PH,—»PH," study re-
cently published The calculated shape encompasses only
about 18 A, whereas the experimental portion appears to be
broader (at least 24 A) Although the number of points are
sparse, there appears_ to be an initial increase in intensity
from ~ 1514 to 1504 A, followed by an inflection reglon and
then an additional increase from ~ 1498 to 1486 A. We have
chosen 1504 A as the rotationally adiabatic value, with an
uncertainty of + 5 A which contains most of the region of
increasing intensity from the background level.

By contrast, the singlet ionization process around 1350
A shows evidence of a vibrational progression in the bending
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mode, which covers a much larger energy region.

Within the limited range of experimental conditions we
attempted, it appears as if the triplet and singlet are formed
in a fixed branching ratio in the reactions

' F + SiH, - SiH,(X '4,), (a°B,) + HF. )

Energetically, both reactions are quite exothermic, as we
shall show in the next section.

Of course, the ionic intensities we observe cannot be
related directly to the nascent singlet:triplet ratio, since the
survival fraction of the excited triplet may be substantially
smaller than the singlet, and their photoionization cross sec-
tions could also differ significantly.

We have also tried to react H atoms and O atoms with
SiH, . The calculated heats of reaction are exothermic for the
production of SiH, and SiH, (X '4, and a *B,) using either
H or O atoms, but about 32-34 kcal/mol less so than with F
atoms. Our observation is that a given flow rate of SiH,
which completely titrates the F atom beam reduces the H or
O atom beams by = 10%. Correspondingly, the SiH; and
SiH, intensities are reduced by more than an order of magni-
tude in the H and O experiments, compared to the F experi-
ment. Hence, although all of the relevant reactions are ex-
othermic, the H and O atom reactions are estimated to be at
least an order of magnitude slower than the F reaction, par-
ticularly for the production of SiH;.

These conclusions are in agreement with prior kinetic
studies of atomic abstraction reactions involving silane.
Smith er al.>* have shown that the F + SiH, reaction has a
rate constant of ~4.8107° ¢cm? /molecule s, i.e., about
six times faster than the F + CH, reaction. By contrast, Ar-
thur and Bell** conclude from the analysis of many experi-
ments that the H 4+ SiH, reaction has a rate constant of
~4.6X 1073 cm®/molecule s, lower by three orders of
magnitude. They also state that the “...hydrogen abstraction
reactions of ‘multivalent atoms’ such as O ... are so insignifi-
cant as to be virtually unobservable.” In our experiment, the
rate of O atom and H atom reactions appeared to be compar-
able.

These observations concerning relative reaction rates in
a sequence of abstraction reactions appear to conform to the
well-established propensity rule, as enunciated by Dunning
et al ‘ ‘

“Very exoergic reactions have small activation energies,
with the activation energy increasing with decreasing exoer-
gicity (Evans—Polanyi-type relationship).”
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The H, O + SiH, reactions are less exoergic than the

'F + SiH, reaction by 32-34 kcal/mol. It is therefore quite

likely that the barrier to reaction in the former are signifi-
cantly larger than in the latter reaction. In fact, little or no
barrier would be expected for the F + SiH, reaction, which
is ~65 and ~45 kcal/mol exoergic (vide infra).

The ambiguity in the adiabatic ionization potential of
SiH, (X '4,) could be removed if an appropriate scheme
could be found which would generate this state without the
concomitant production of SiH, (a *B,). We are currently
exploring alternative methods for formation of the desired
species.

3. SiH™ (SiH)
The electronic configuration of SiH is
-+ 40750727 X °11.

The electronic ground state X 'S+ of SiH* results from
(27) 1. No direct measure of this ionization process existed
prior to the present work, but the identity mentioned in the
Introduction [Eq. (1)] leads to IP (SiH) = 7.99 eV using
D,(SiH)<3.06, eV given by Huber and Herzberg,'¢ or IP
(SiH) = 8.27 + 0.06 eV using D,(SiH) = 3.3414 + 0.0250
eV obtained by Carlson ef al.*® The two alternative values of
D,(SiH) are based on observations and interpretations of
two different predissociative features in the SiH spectrum.
The other quantities entering into the identity, IP (Si) and
D, (SiH*), seem to be rather well established. Hence, an
accurate determination of IP (SiH) could be used to distin-
guish between the alternative values of D, (SiH).

The photoion yield spectrum of SiH* seen in Fig. 9
displays a rather abrupt onset, accentuated by the presence
of a sharp autoionizing feature very close to threshold.
Slightly to higher energy, there is another sharp feature and
then a relatively flat region, which we take to be the direct
ionization. We shall choose the rotationally adiabatic value
of the ionization threshold as approximately the half-rise
point to the direct ionization plateau, or 1567 ;&57.912 eV,
with an error of + 2 A=0.01, eV. We list this value, and all
of the other adiabatic ionization potentials of the SiH,, free
radical species obtained in this work, in Table III. Also
shown are the recently calculated values of Pople and Cur-
tiss,?! an earlier calculation for SiH by Rosmus and Mey-
er,”” and the experimental value for SiH; of Dyke et al.'*

Our value of IP (SiH) then leads to D,(SiH)
=2.98 + 0.03 eV, which is probably within the error limit

TABLE III. Adiabatic ionization potentials of the SiH,, free radical species (eV).

Present work Pople and Curtiss® Dykeeral®  Rosmus and Meyer®
SiH, 8.01 + 0.02 7.99 8.14 + 0.01
SiH,(X '4,) 9.15 + 0.02 8.18
or 9.02 + 0.02
SiH,(a *B,) 8.24, + 0.02,
SiH 7.91 + 0.01 7.81 7.93

2Reference 21.
®Reference 14.
¢ Reference 37.
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implied by Huber and Herzberg'® (upper limit 3.06, eV
based on interpretation of Verma’s®® predissociation, but
support also from the extrapolation®® of the vibrational lev-
elsin 4 >A). The value of D, (SiH) preferred by Carlson ez
al*® is well outside the error range of the present study,
combined with the auxiliary data. We therefore conclude
that the prior interpretation of Verma’s predissociation ap-
pears to be reasonable, that the criticism of this interpreta-
tion given by Carlson ef al.>® does not seem justified by the
facts, and that in turn, the predissociation identified by Carl-
son et al. must be interpreted as an upper limit.

TheA '[1-X 'S emission spectrum of SiH * has been
studied by Douglas and Lutz,** and more recently by Carl-
son et al.*! From this work has come the knowledge about a
strongly bound ground state (D, = 3.22 + 0.03 eV) and a
very weakly bound 4 'I1 state. The latter state can be formed
from neutral SiH by

SiH: - 40”5027 + hv— - - -40°5027 SiH*.

Both *II and 'Il may be expected to result from (5¢) '
ionization. Figure 10 in the chapter by Bruna et al.?> shows
the calculated juxtaposition of these states. Bruna et al. cal-
culate g *TI to lie 2.23 eV above X 'S, with 4 ' I lying still
hlgher Douglas and Lutz place 4 'TTat 3.102 75 eV above
X's+ (Vo_0)-

In Fig. 9 of the present work, one can see both broad and
sharp autoionization features. These features do not appear
to fit a Rydberg series converging to 4 ' I1. However, a plau-
sible fit of at least the broad features can be made to a Ryd-
berg series converging on the hitherto unobserved a *I1
state. Our procedure was to assume the a *I1-X 'S separa-
tion given by Bruna et a/.,%* and combine it with our mea-
sured IP (X '27) toyield a zeroth order IP (a *I1) = 10.14
eV. The Rydberg formula was then used with this limit, and
several autoionization features were tested to see if they
matched a Rydberg series. With a few iterations, a rather
well-behaved Rydberg series can be identified, with an im-
proved limit at 10.21 eV. The members of this Rydberg series
areindicated in Fig. 9 and included in Table IV. The inferred
excitation energy a *II-X 'S* of 2.30 4+ 0.01 eV is quite

TABLE IV. Autoionization features in the SiH photoionization spectrum.

Broad features matchmg a Rydberg series converging to a *IT at 10.21 eV

AA n*

1467 2.781

1338 3.797

1290 4.766

1265 5.768

1250 - 6.83
Narrow features possibly composing a Rydberg series

1547 2.489

1363 3.495

(1299) (4.521)

Other unidentified lines

1560

1440

1406

1347

close to the calculated value** of 2.23 eV. The 4 'IT-a *I1
separation is then 0.80 eV.

The quantum defect for the broad series is indicative of
d-like or possibly s-like Rydberg states, which one would
expect if a p-like electron is excited. The breadth of the indi-
vidual peaks, and some indication of fine structure splitting,
suggests that more than one series is involved. A d-like elec-
tron combining with a > II core can give rise to many states,
including the states > A, 2I1, and > = which are optically al-
lowed from the ?II ground state of SiH. In addition, a di-
atomic monohydride such as SiH should have a substantial
rotational constant and hence the rotational fine structure
could contribute to the breadth of these peaks.

The narrow features listed in Table IV could be evidence
of a p-like series, which can become allowed due to the /-
spoiling of the nonspherical molecular potential.

The labeling of the individual Rydberg members in Fig.
9 in terms of principal quantum numbers is uncertain. Speci-
fying these quantum numbers presupposes spherical sym-

 metry, which of course does not exist. In addition, we cannot

specify at this time that a particular series is predominantly
s-, p-, or d-like. Hence, we have chosen to label these Ryd-
berg members with the next higher integer to the effective
quantum number. '

4. SiH* (SiH3)

Under conditions where the production of SiH, was
maximized and little SiH remained, the ion yield curve
for SiH* (SiH;) shown in Fig. 10 was obtained. There is
a weak onset with noticeable curvature at ~1280 + 5
A=9.68; + 0.04 eV (see enlarged inset) and a marked in-
crease in the slope of the ion yield curve beginning at ~ 1192

=10.40eV.

We shall utilize the threshold for the reaction

SiH, + hv—SiH* + H, .
as a test of self-consistency for the available thermochemical
data. The aforementioned D, (SiH*) = 3.22 4- 0.03 eV can
be used, together with AH 19 (Si*) =294.63 + 1.0 kcal/
molf‘2 to obtain AH o (SiH*) = 272.0 + 1.2 kcal/mol, very
close to the value given in the JANAF table.*?

The threshold of Fig. 10, corrected® for the internal

thermal energy of SiH, at 300 K, is 9.73 +0.04 eV
=224.4 41 kcal/mol, which then gives AH [0 (SiH;)

=47.6 + 1.6 kcal/mol. This value is in good agreement
with that reported by Doncaster and Walsh,** equivalent to

) AH (SIH3) = 47.7 + 1.2 kcal/mol.

We have not been able to find an explanation for the
increased slope beginning at ~ 1192 A. It does not seem to be
related to structure in the SiH;", no new state of SiH;" is
being accessed, nor does it seem to be related to fragmenta-
tion of SiH,.

C. Thermochemistry and bond energies

The first fragment ion from SiH, is SiH,", and hence its
appearance potential (11.54 + 0.01 eV), should be the most
reliable. From this measurement, and using AH o (SiH,)
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=10.5 + 0.5 kcal/mol,* we can immediately determine
AH 9 (SiH;" ) = 276.6 + 0.6 kcal/mol. The next step, the
determination of AH o (SiH,), depends upon IP (SiH,). It
will be recalled that an ambiguity existed in the interpreta-

tion of the present data, leading to IP (SiH,) = 9.15 or 9.02
eV. The former value leads to AH 12 (SiH,) = 65.6 kcal/

mol, the latter value leads to AH o (SiH,) = 68.6 kcal/mol.

The corresponding values at 298 K are 0.4 kcal/mol lower.
Shin and Beauchamp® recently reported AH o (SiH,)

=69 + 3 kcal/mol. The actual measurements ‘bracketed
the proton affinity of SiH, to be 201 + 3 kcal/mol. To de-
duce AH, (SiH,), they used a value for AH o (SiH;")

= 234.1 kcal/mol based on Walsh’s®> AH £ (SIH3) and IP
(SiH,) = 8.14 4 0.01 eV given by Dyke ez al.'* The present
study has concluded that IP (SiH;) =8.01 eV, which
changes AH o (SiH;" ) to 231.1 kcal/mol and their AH

(SiH,) to 66 + 3 kcal/mol. This number lies between our
alternative values and hence is in somewhat better agree-
ment with the present results. Pople er al. give AH o

(SiH,) = 63.4 kcal/mol, while Ho et al.” report 68.1 kcal/
mol, a surprisingly large difference for two ab initio calcula-
tions of nominally the same type, which may be due to the
empirical correction used by Ho et al.? Coincidentally, the
present experimental results fitting between these values, are
within the allotted errors of both calculations, i.e., + 2 kcal/
mol for Pople et al. and + 3 kcal/mol anticipated by Ho et
al.

From AHfg (SiH,), AH o (SiH,), and D, (H,)

= 103.268 kcal/mol** we can evaluate the energy required
to remove two hydrogen atoms from silane,

SiH, - SiH, + 2H _ (3)

to be 158.4 or 161.4 kcal/mol. For comparison, the corre-
sponding value from the ab initio calculations of Pople et al.!
is 158.5 kcal/mol, the comparable calculation of Ho et al.”
gives 160.9 kcal/mol and Walsh’s review? (corrected to O
K) gives 150 kcal/mol. The heat of atomization can be
calculated from AH o (SiH,), D, (H,), and AH o (S1)

= 106.7 + 1 kcal/mol** to be 302.7 + 1.1 kcal/mol. Hence,
the last two bonds should sum to 144.3 + 1.2 0r 141.3 £ 1.2
kcal/mol. Again, for comparison, Pople et al.! obtain 146.0,
Hoet al. give 141.3, and Walsh’s selection yields 151.5% kcal-
/mol. Hence, both our alternative data sets are in very good
agreement with the ab initio calculations of Pople et al.!
(within their target of + 2 kcal/mol), and also with those of
Ho et al.,? and disagree by 7-8 kcal/mol with Walsh’s® vai-
ues.

We can now further subdivide the bond energies. From
Sec. IV A 3, D, (SiH) = 2.98 4+ 0.03 eV = 68.7 + 0.7 kcal/
mol is the energy of the last bond, and hence 75.6 + 1.4 or
72.6 4+ 1.4 kcal/mol is the strength of the next-to-last bond.

For the first bond, i.e.,

SiH,—SiH, + H, | (4)

we can combine our AP SiH;" (SiH,)<12.086 eV with our

TABLE V. Heats of formation of SiH,, and S.iH,,+ , and stepwise bond ener-
gies obtained in the present study.

Heats of formation

AH o (SiH,,), keal/mol AH (SiH, '), kcal/mol

I

SiH, (10.540.5)* 2642408
SiH, (47.7) + 1.2)¢ <237.6°
476+ 1.6 2324 4 1.4°
SiH, 65.6 +0.70r68.6 +0.8°  276.6 +0.6
SiH 89.6 + 1.2 27204 1.2

Step-wise bond energies AH,, kcal/mol

SiH, - SiH, + H 88.8 + 1.6
SiH, - SiH, + H 69.6 + 2.1 or 72.5 + 2.1°
SiH,-SiH + H 72.6 + 1.40r75.6 + 1.4°
SiH-Si + H 68.7 + 0.7

*From Ref. 4; Most of the values presented in the table above are based on
this reference value for AH ? (SiH,).

® From the threshold of SiH;+ (SiH,).

°From AH ] (SiH;) of Ref. 43 and the presently obtained IP (SiH,).

4From Ref. 43.

¢ Alternative values are based on the two possible values of the adiabatic IP
of SiH, ('4,).

IP (SiH;) = 8.01 eV to obtain <4.076 eV =94.0 kcal/mol.
The fact that AP (SiH,") is a second threshold, together

. with its pronounced curvature, leads us to the view that this

measurement is just a limit, and that the true value of this
bond is smaller. Walsh? gives 88.3 kcal/mol (0 K), Ho
et al? obtain 90.1 kcal/mol, and Pople et al.! report 91.7
kcal/mol.

If we adopt AH }m (SiH; ) = 46.4 4+ 1.2 kcal/mol from
Doncaster and Walsh,”® our alternative values for AH o

(SiH, ) lead to 69.5 4+ 1.4 or 72.5 + 1.4 kcal/mol for the
reaction

SiH,—SiH; + H. . (5)

These stepwise bond energies, and the related heats of for-
mation, are summarized in Table V.

Although there is no obvious experimental basis for
choosing between IP (SiH, X '4,) =9.15+0.02 and
9.02 + 0.02 eV, it may be significant that the 9.15 eV value is
not only in better agreement with the calculated IP = 9.18
eV obtained by Pople and Curtiss,?' but using this ioniza-
tion potential also yields the bond energies D, (HSi-
H) = 75.6+ 1.4 kcal/mol and D, (H,Si-H) = 69.6 4 2.1
kcal/mol, which are in good agreement with the calculated
values of Refs. 1, 21, and 2, and in fact fall between their
numbers.

Finally, we note that the reaction of F atoms with SiH,
to produce SiH, + HF is exothermic by 62.6 or 65.6 kcal/
mol if SiH, is formed in the X '4, state, and still exothermic
by 44.6 + 0.8 kcal/mol if formed in the a >B, state. In these

calculations, AH 1o (HF) and AH o (F) are taken from Ref.

42.
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