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After preliminary studies of Ciin solid argon and hydrogen, the infrared absorption spectra of matrix-
isolated SiH and SiD, in solid argon, hydrogen, and deuterium at2K were measured. The two infrared-
active v4 (bending) andv; (asymmetric stretching) regions were observed. The absence of bands due to
absorption from thd = 1 excited rotational state in the ground vibrational level indicates that (1) the nuclear
spin conversion is relatively rapid and (2) the silane molecules are not rotating or are highly hindered rotationally
in these matrices at 2 and 4 K. The $itddical was observed in solid hydrogen; it was produced by photolysis

of the silane/hydrogen matrix with radiation from a hydrogen discharge.

1. Introduction be about 0.37 (since B- 2.9 cnT?). If rotating & 4 K after
complete spin conversion, the transitions from dhe 1 level
should still be readily observed. Howevet 2&K the population
ratio in J = 1/J = 0 becomes~0.05 for SiH, which, when

The main objective of this research was to observe the
rotation—vibration transitions of Siklin solid hydrogen, with

concern for nuclear spin conversion, just as Momose, Shida, etspread over P(1) to R(1), makes these bands very small relative
al., have recently done for owever, it was also expedient to R(0). If uncatalyzed, the observation of the variation of

to make observations in argon, as representative of the rare gas_, .~ ", " S T . U
matrixes, where there is an extensive background of work for relative |nt.en5|t|es Wlth time is informative of the intrinsic
CHg,2721 but much less for Sikland silyl radical$2-30 To test huclear spin conversion @te' o )

our procedure, which differed somewhat from previous work, A further consideration is the possibility that in some or all
we also observed spectra of GH sites in the matrix the “rotationless—@ transition” could be

Nuclear spin conversion in methane at low temperatures in 0PServed, as was assigned by Redington and Miffiggan H,0
solid methan®357 and the solid rare gase&s911 has been in solid Ar, Kr, and Xe. It would be at a lower frequency from

thoroughly studied. In rare-gas matrices, the work most relevant R(0) by Q(1) — P(1) and therefore should be distinct and
to this research is by Frayer and Ewing (EBjopkins et al4 observable. Miki and Momosgnote that they did not observe
Baciocco et al?, Jones et al. (JESY,and Jones and Eckbélg  this transition for CH in p-H,.

on CDy. In solid hydrogen, there are the excellent studies of

nuclear spin conversion of GHby Momose et al. (MS}3-17 2. Experimental Section

and by high-resolution infrared spectroscopy by Momose ¥t al. ) i N
SiH, and SiH have been observed spectroscopically in the All matrices were prepared by the usual direct deposition from

gas phas@-36 and all of the Sii hydride molecules have been the gas_phase onto a cold surface and not b_y solidification frpm
theoretically studied by Allen and SchaeférA thorough the liquid as used by FE and MS. The matrices were deposited

investigation of the infrared spectra of Si#ind its deuterated O & Polished aluminum surface at 2 or 4 K, and spectra were
species in solid Ne, Ar, Kr, Xe, )l CO, and CH was made in measured by reflection of the IR beam in a Bruker 113V vacuum

1971 by Wilde et al. (WSHS3 with matrix-to-sample ratios of T 1IR spectrometer, generally at a resolution of 0.2 &nThe
50 to 5000. Later, IR spectra were also obtained in Ar by aluminum was in contact with a copper surface cooled to 4 K
Abouaf-Marguin and Llore?429 with liquid helium. A temperature of abb2 K was obtained

by pumping the liquid helium with a Leybold Sogevac vacuum

Here we repeat the measurements of WSHS at higher dilution ) | )
pump. A set of mirrors in the spectrometer directed the IR beam

and higher resolution in solid Ar and extend them to hydrogen

matrices. A further objective was the formation of Siffom through a Csl window into the cryostat, and the returning beam
SiH4 by photolysis and condensation in hydrogen. then was directed to the MCT detector cooled with liquid
nitrogen.

Nuclear Spin Conversion.This has been considered by¥f-E
JESI® and MS3-17 for CHa. In the absence of a paramagnetic ~ para-Hz was prepared by the method of Steinhoff et®aind
impurity, rapid deposition from room temperatuee4 K would passed into a 5-liter storage bulb.
lead to a relative population &f= 1 to J = 0 in the lowest SiHs (Matheson, 99.998% research grade), SS{Bigma-
vibrational level of about 2 to 1. In the absence of a catalyst Aldrich, 98 atom % D, electronic grade), ,HMatheson,
(such as @), the transitions P(1), Q(1), R(1) are then relatively 99.9995% research grade), and @ambridge Isotope Labo-
strong. § = 2, 3 levels rapidly interconvert, and at 4 K ratories, 99.6% research grade) gases were used. Gas mixtures
transitions from them are not observed.) ranging from 0.005 mol % (M/A= 20 000) were prepared in

Spin relaxation from thé = 1 state, either slowly, or rapidly 5 L glass bulbs and sprayed on the cooled polished aluminum
via a catalyst, leads to a Boltzmann distribution, which at 4 K surface through a stainless steel tube for deposition times varying
is a population ratio o = 1/J = 0 of about 0.07 for CH (B from 1/2 to 1 h. (The procedure is the same as JES except that
= 5.2 cnY). For SiH, this equilibrium population ratio would  they pulsed the premixed gas onto a cooled CsBr window.)
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Figure 2. Same as Figure 1 but 20 min later.
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Figure 1. Absorption spectrum of 0.1 mol % (M/A 1000) of CH,
+ 0.1% Q in solid argon at 4 K; (ays region, (b)v4 region.

at 1306.39 cmt. Figure 2 shows clearly the dominance of the
R(0) bands as spin conversion occurs. The weakdrand is
broad, as FE also note, and the R(1) line is only a shoulder, as
is also the case in their study. There are some broad underlying
features in these figures, which a more dilute matrix than 0.1
mol % might remove. However, our principal purpose here was
to show that our deposition and spectroscopic procedures were
3 Results satisfactory compared to the FE and MS procedure of condensa-

' tion in a cell at 8 K.

CH4 Observations. Because of differences in Coriolis CHu/n-H,. The spectra of 0.01% CHn n-H; at 2 K are
coupling,e, in thevs (asym. str.) and4 (bending) regions, the  shown in Figure 3. A narrow~0.3 cnT?) v4 band occurred at
gas-phase rotationalibrational bands of CiHshow markedly R(0) = 1308.2 cm! and a small reproducible Q(1) band at

Many experiments were carried out to produce Sky
microwave discharge of the silane in Ar or;Hr Dy, by
photolysis of a matrix with a hydrogen discharge through a LiF
window, or irradiation with a deuterium lamp through a LiF
window.

different spacing83 Nominally they would be 2B= 10.5 cnt? 1303.6 cntl. Clearly this is a spectrum where complete spin
apart; howevergz = +0.05 andes = + 0.45 so that onlys conversion has occurred, and a Boltzmann distribution prevails
approaches that spacing. The observed lines are P(1), Q(1), R(O)at 2 K. Presumably the presence @H, has catalyzed the
and R(1), with a spacing of 10.0 crhfor vz and 5.7 cm* for conversion, but at this low concentration hpurities might

v4. In an argon matrix, FE measured average spacings of 6.3also be important. To support this, no change of the relative

(2.0) for vz and 3.8 (0.14) cmt for v4. JES obtained similar  intensities with time was observed.

spectra forw, in argon. Those authors considered Coriolis and  Correspondingly, the weakeg band inn-H; in Figure 3a is

crystal field effects and concluded that €id a hindered rotor observed as essentially one band of overall width cn?,

in solid argon at 4 K. centered at 3025 cm. (MS from condensation of the liquid
CH4/Ar. Our spray-on resultsta@ K for CH, in solid argon p-H at 8 K observed the P(1), Q(1), R(0), R(1) bands at 3009,

0.1 mol % (M/A= 1000), with 0.1% Qalso present, are shown 3018, 3026, and 3031 crh)

in Figures 1 and 2. Figure 2 is about 20 min after Figure 1, at Some differences were noted by Tam et®avhen CH/p-

4 K. Without the Q catalyst, these nuclear spin changes would H, matrices were prepared by two-beam gas deposition at 2 K

take several hours. These spectra are not too different from thoseand by gas condensation in an enclosed celt-8tK. Our

of FE. Thev, spectra in Figure 1b is exactly the same as that procedure is different from either of these since, not only are

in the higher resolution spectra of JES. The triplet R(0) we usingn-H,, but we use one-beam deposition of the premixed

transitions are explained by them as due to two sites, with the gases. So we made a few matrices prepared by mixing from

R(0) band among the rotational transitions being the most intensetwo beams during condensation. In these cases our concentra-
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Figure 3. Absorption spectrum of 0.01 mol % (M/A 10 000) CH
in solid n-H; at 2 K; (a)vs region, (b)v4 region.
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Figure 4. Absorption spectrum of CHn solid n-H, (M/A = 10 000)
at 2 K, prepared by mixing gases just prior to condensationy{a)
region, (b)v4 region.

to assign in the matrix the sharp bangs= 2176.8 and/, =
one or both of the frequencies 905.1, 905.4°¢m

tions could only be estimated. We began with too concentrated At higher concentrations (0.05%, M/ 2000), all of the
an M/A, as indicated by the spectra, and lowered the flow of sharper bands in Figure 5 persist, but now they are underlaid

CHgrelative to H in successive runs. The most dilute spectru
(estimated as M/A= 10 000) deposited and measureé@ & is

m Dy very broad background extending over about 20 tfor

bothvs andv, (Figure 6). Also appearing more clearly are the

shown in Figure 4. These can be compared with the premixed WO small bands (doublets in the Cas?”?g just below 905.1
spectra in Figure 3, which they approached over a period of 2nd 2176.8 cmt corresponding to th&#Si, 30Si isotopic species

1/2 to 1 hour; i.e., all of the sidebands decrease relative to R(0)
in Figure 3. However, these bands can be assigned to the P(1)

Q (1), R(2) (broad) in the case of. The band at 1305.8 cmh
is anomalous and could be the rotationles€Qransition, but
it also decreases with time.

SiH4/SiD4 Observations. Similar to CH, in the gas phase,
SiH,, with B = 2.86 cnT?, shows separations of the P(1), Q(1),
R(0), R(1) lines of 5.6 cm' for v3 and 3.0 cm? for v4. (Here
€3 = +0.022 ande, is estimated as-0.478)32:33

SiH4/Ar. Judging by the gas-to-argon data from Lldne
might expect the separations to be about 3tfor vz and 1.5
cmfor v4 in an argon matrix. Also as noted above, if rotation

present in 4.7, 3.1% natural abundance. The positions of these
isotopic bands are listed in Table 1. Figure 6 is essentially the
same as Figure 5 of WSHS.

Itis interesting that the broad and structured features in these
two figures appear adjacent, and on the high-frequency side, to
the strong sharp features that we would attribute to isolateg SiH
in the argon matrix. It is difficult to assign these extra bands to
impurities possibly resulting from silane reactions with back-
ground HO and CQ.

The spectra of CHAr and SiH/Ar are quite different. The
sharp features in the GHpectra (Figure 1) can be accounted
for by rotational structure, as discussed by FE and JES; whereas
it appears that only the R(0) bands (or rotationlessO0

and nuclear spin conversion have occurred (i.e., a Boltzmanniransitions) of Sit are observed. There appear to be no bands

distribution prevails), the transitions frodn= 1 should be quite
strong, about five times stronger than for £at 4 K.

Figure 5 shows the spectra of andv4 of SiH, in argon at
4 K at a concentration of about 0.005 mol % (M#20 000).

initiated fromJ = 1 in Figure 5a, which implies either that the
nuclear-spin-conversion rate is very fast or that a catalyst is
present in the gas mixture.

SiH4/p-H2, n-H,. Figure 7 shows thevs and vs bands

Even at this high dilution, it is apparent that the spectrum observed 12 K for 0.01% (M/A = 10 000) SiH in p-Ha.

includes background that is not due to isolated Sitdlecules.
In the gas phase; = 2189.1 and, = 913.3 cnt, which are

Deposition inn-H, gave the same spectrum. Deposition and
measurementta K led to enhancement of very weak features

the IR-active vibrations. Each of these frequencies would be at 911.9, 910.6, 900.9, 900.0 cf Annealing these matrices
expected to be lowered in an argon matrix so that it is logical was difficult and led to loss of the sample. The strongest peak



IR Spectra of Silane in Solid Ar and H J. Phys. Chem. A, Vol. 105, No. 49, 20011021

e, T

2160 2180 2200 2220 2240
L i 1 i I ] 1 | 1 I 3
2160 2180 2200 2220 2240
b
b
L I 1 J 1 l 1 ' [ l J
890 900 910 920 930

| 1 { 1 | 1 I 1 | 1
892.5 900.0 907.5 915.0 g22.5
wavenumber cm™

wavenumber cm™
Figure 6. Same as Figure 5, but at a concentration of 0.05 mol %

(M/A = 2000).

Figure 5. Absorption spectrum of 0.005 mol % (M/# 20 000) SiH
in solid argon at 4 K; (a)ys region, (b)v,4 region. TABLE 1: Silicon Isotopic Shifts
) Teller—Redlich Ratio3
in v4 occurs at 908.4 cmt and for vz at 2190.6 cmt. The

he o . 30/28 29/28
positions of the three bands (of decreasing intensity) near 908
cm~1 were 908.4, 908.9, and 909.8 chand are then assigned 28 29 30  expt. theory expt. theory
as sites, as is also the band at 2184 tm SiH4/Ar

905.14 903.86 902.67

. ) . U,
SiH4/D.. Figure 8 a,b are's andw,, respectively, of 0.05% 2176.84 2175.30 2173.91 0.99593 0.99580 0.99788 0.99783

SiH; (M/A = 2000) in D; at 4 K. At first glance, the bands in  &yp,

Figure 8b appear to be rotational structures, but there is noy, 908.0 906.7 905.5

structure on the broader (fwhk 2 cnt) v3 band. The fivey, SiD4/Ar

bands are spaced at 905.5, 906.7, 907.5, 908.0, and 90815 cm 668.5 6669 6655

Evidence against rotational structure is also given by.8p ’éjD /D> 1588.7 1586.5 1584.4 099282 0.99252 0.99623 0.99614
spectra (see below Figure 11), which, although the centers of,,, 670.8 669.3 667.8

vz and v, are shifted, looks essentially the same as Figure 8. v3 1593.4 1591.2 1589.1 0.99284 0.99252 0.99639 0.99614

There, the spacings, expected to be smaller for rotating, SiD
are about the same as in Figure 8.

One can attribute the bands at 905.5 and 906.7*¢m*’Si, frequencies in this deuterated molecule than in,SAgjain 2°Si
29Si isotopic effects. They are much less evident in the  and3°Sj bands are observed at 1586.5 and 1584 .4'and at
spectrum. (These isotopic satellites are much clearer in Figure666.9 and 665.5 cnt (see Table 1).
11a for SiD/Dy.) Their intensity should be about 8% of the SiD4/n-H,. Two strong single bands, of width about 2 tn
total. at 671.8 and 1598.1 crh are shown in Figure 10. The

Observation of these bands @K for 4 1/2 hours showed  concentration of Sip was 0.013% (M/A= 7700) and the
no intensity changes, and the spectra are interpreted as aleposition temperature wa2 K. This matrix was successfully

aylplv2%% [see page 235, equation (11, 328) in ref 40].

Boltzmann distribution ol = 0 andJ = 1 levels at 4 K. annealed to 46 K. In Figure 10b, the shoulder at674 cnr?!
SiD4/Ar. The spectra, as shown in Figure 9, are similar to and the weak band 665 cthgrow, as do also the weak features
those of SiH/Ar but with v, = 668.5, 668.8 cm! and vz = at 1603, 1594, 1592.4, 1588.4 chin Figure 10a.

1588.7 cnt; however, the concentration was higher 0.1% (M/A SiD4/D». Figure 11 shows the spectra of 0.11 mol % (M/A
= 1000). Again, there is evidence of additional structure on = 900) of SiDy in solid deuterium at 4 K. As mentioned earlier,
the high-frequency side of the sharp lines attributed to isolated it is similar to Figure 8 of Sil/D,. Here,v; = the doublets at
molecules. Note that the extra bands lie closer to the isolated670.5, 670.8 cm! and v, = 1593.4 cm! (a shoulder also
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Figure 7. Absorption spectrum of 0.01 mol % (M/A 10 000) SiH
in solid p-H; at 2 K; (a)vs region, (b)v4 region.
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Figure 8. Absorption spectrum of 0.05 mol % (M/A 2000) SiH in
solid D; at 4 K; (a)vs region, (b)v, region.

indicates that it is a doublet). The two sharp lines at 669.3, 667.8 [The silyl halides were not available (SjHmust be synthe-

cmtand 1591.2, 1589.1 cm can be assigned to tRe&Si, 30Si

sized), and furthermore we wished to avoid the perturbations

molecules (see Table 1). One interprets this as the spectrum oY | or Cl atoms in the matrix.]

an isolated Silp molecule. There was no variation of the
spectrum with time.

Many runs were made with Sitor SiD,4 in argon, hydrogen,
and deuterium matrices with irradiation during or after deposi-

SiH3 Radical. Plasmas containing silane have been customar- tion with @ hydrogen microwave discharge or deuterium lamp
ily used to prepare silicon devices, and therefore there have beerfrough a LiF window. Figure 12 shows the band at 545.8'cm
extensive investigations of the radicals produced and their for SiDs in solid D, at 4 K and the much stronger bands at

reactions. The literature is too numerous to reference here, but619-5 and 679.2 cnt due to the dimer $Ds. SiD; and SiHy
both experimental and theoretical studies of individual silyl Were also observed in Ar at 545.5 and 733.6 &mespectively.

radicals have been made.

SiHz is a pyramidal molecule with four IR-active vibrations,
only two of which have been observed at 725¢@1fv,, average
of doublet§®> and 2185 cm! (v3) in the gas phase. Theoretically
calculated frequencies were done by Bunker and Oltiahd
Allen and Schaefet’ The latter givev; = 2150,v, = 773, v3
= 2180,v4 =933 cnTl. The IR of SiH; has not been identified
in rare-gas matrices, but weak bands-@30 and 930 cmt in
the spectra obtained by Lloret and Abouaf-Margitifrom a
hot cathode discharge of SjiAr are probably it. SHg bands
at 836 and 940 cr were also observed thet€The 2100 crm!
bands are difficult to identify since they lie among the usually
dominant SiH bands. The ESR of SiHhas been observed by
many workers, beginning with the studies by Gordy and co-
workers in 1966344

We were encouraged by the strong ESR signals of 8iH
solid Ar produced by Raghunathan and Shimok#shsing a

The dimer bands were always very strong, more-or-less
independent of the original silane concentration in the matrix.

4. Discussion

Let us consider the argon spectra first.

SiH,4, SiD4J/Ar. As noted, the spectra of the silane molecules
(Figures 5, 6, and 9 at 4 K) do not contain transitions from the
J= 1levels as observed in the GBpectra (Figures 1 and 2 at
4 K). This is particularly evident for thes band in Figures 5a,
6a, and 9a where, except for weak isotopic doublets, nothing
appears on the low-frequency side of the intense sharp bands.
If rotating, whether in a non-equilibrium nuclear spin state or
if a Boltzmann distribution &84 K prevails, transitions frond
= 1 states should be readily observed. (See the earlier discussion
under nuclear spin conversion.) The bandwidthrgih Figures
5, 6, and 9 is about 0.3 crhso that the absence of P(1), Q(1)
branches is definite. One must then attribute the strong sharp

hydrogen discharge lamp as a radiation source to dissociaje SiH bands in these spectra as—@ transitions of rotationless
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Figure 10. Absorption spectrum of 0.013 mol % (M/# 7700) Sihy
wavenumber cm" in solid n-H; at 2 K; (a)vs region, (b)v4 region.

Figure 9. Absorption spectrum of 0.1 mol % (M/A 1000) SiD in

solid argon at 4 K; (ays region, (b)vs region. in thev,4 region of both silanes. The phonon structure is complex,

implying different sites of interaction in these polycrystalline
molecules or ones which are highly rotationally hindered, as Matrices. o _
observed by Redington and Millig&hfor H,0. SiH4, SiDJ/H,, D,. To maintain a stable matrix, all H
. . experiments were performed at 2 K, but this was not necessary
in iﬂ“ h?sezgor:g d|bs(t3arnc§:l:e ?]]; 1};1,?(9}& ?;:;25%:2 goerl'\(/)vgazaé for D,. The rotational Boltzmann factord & 1/J = 0) are
diame‘}[.ers of 3.7 azd 2.7 Agregpecti\f)ely to be compared with affected greatly by this temper?ture chang?: at 2 K( 0.05 for
e T e T ! . : SiH4, 0.4 for SiDy; at 4 K, 0.4 for SiH, 1.0 for SiD, (SiD4
6 1
ﬁ Sdurgszt#tc')?ﬂgl;éti'n_rz%“sd girlj?:;];ishzgrﬁntigr]l %CEL Ttoilsld having twice the moment of inertia of SiH Thus, if SiH, is
ydrog ’ ’ ! 9 rotating at 2 K, any bands due to transitions frarr 1 levels

spherical but its polarizability is higher than Gio that the g, 14"he very weak, if observable, relative to the R(0) band.
attractive interaction with the surrounding matrix is higher, thus 4\ ever for SiH at 4 K and SiQ at either temperature, the

apparently preventing its rotation. = 1 levels are highly populated and even more highly populated
Also interesting is the appearance of structure on the high if nuclear spin conversion is slow.
frequency side of the (80) bands, more so for the bending SinceJ = 1 transitions are not discernible in Figures 7 and

than the stretchings. This suggests that this structure is due to 8, the general statement can be made that nuclear spin relaxation
coupling of molecular vibrations with matrix (argon) lattice in SiH, has occurred, i.e., that the conversion is rapid.
vibrations (phonons). The sideband structure is more evident Furthermore, their absence4K (Figure 8) implies that Sild

in Figure 6 where the concentration of iid argon is increased  is not rotating, so the large bands in both figures areQ)

to 0.05 mol % (M/A= 2000). As discussed elsewhéfghonon rotationless transitions. Again, do= 1 trasitions are observed
sidebands may appear as broad multiphonon or discrete bandsor SiD, in Figures 10 and 11, where they should be prominent
on the high frequency side of the zero-phonon bands in the if the molecule is rotating.

absorption spectra. Here the zero-phonon bands of; 8iel The general conclusions are (1) nuclear-spin relaxation in
identified as the (60) bands at 2176.8 and 905.1 cthin SiH, is rapid and (2) the silane molecules are not rotating at 2
Figures 5 and 6, and for Siat 1588.7 and 668.5 crhin Figure or 4 K in argon, B, D, matrices.

9. It is noteworthy that this coupling is stronger with the lower A list of all of the main (G-0) bands in Ar, H, and B

v4 bending than with the stretching, as one might expect.  matrices is given in Table 2 along with the calculated values of
Annealing did sharpen some features of the sideband structuresghe Teller-Redlich ratio for?SiH,/?8SiD,. As expected, because
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TABLE 2: v; and v, Bands of Isolated?8SiH, and 28SiD, in
Various Matrices

a 28SiH4 288iD4
matrix V3 N V3 V4 T—R rati@
gas 2189.1 913.3 1589 681 0.5412
argon 2176.8 905.1 1588.7 668.5 0.5390
H, 2189.8 908.4 1598.1 671.8 0.5397
D, 2182.9 908.0 1593.4 670.8 0.5393

aTelle—Redlich ratiovSv3/vivY [see page 235, equation (11, 328),

in ref 40]. Theory predicts a ratio of 0.5309 for harmonic frequencies.

the dimer SiHg/Si:Dg and was logically attributed to diffusion
I i of SiH; radicals. However, this occurred in both the relatively
L | 1 ! 1 1 1 rigid Ar and the softer hydrogen matrices, and it may be that
1582.5 1590.0 1597.5  1605.0 the detected disilane could be formed predominately from two
adjacent Sild molecules in a concerted reaction:

b 2SiH, ™ Si,Hg + H,

and that hydrogen discharge radiation is not efficient in
producing SiH from monomeric silane.
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