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Matrix-isolation experiments give evidence that broad-band-uig irradiation (200< 1 < 800 nm) of an

Ar matrix doped with SiH and a group 12 metal atom M (M Zn, Cd, or Hg) induces metal insertion into

an Si-H bond to give the silyl metal hydride molecule HMSiHs the primary product. $is is a second
product, irrespective of the identity of M, while the binary hydride Mslalso formed when M= Zn or Cd.

The products have been identified by their IR spectra and experiments witht&gether with the results of
quantum chemical calculations, have provided the means of authentication. The properties of theg HMSiH
molecules are compared with those of related species, and consideration is given to how the products come
to be formed.

I. Introduction The interaction of Zn, Cd, or Hg atoms with Sijkh the gas
phase has also been investigated in some détdilere,
excitation of the metal atom to i or!P state brings about a
reaction to produce not HMSibut the fragmentsMH and
*SiHs. The vibrational and rotational properties of thdH

Si—H bond activation in silane molecules urges attention
partly in its own right because of the practical importance of
the hydrosilation reaction and partly because of the obvious

parallels to be drawn with the still greater issue of € bond radical point to a mechanism in which the BPJ atom inserts

activation: The reaction depends crucially on the initial jnto an Si-H bond with little or no activation barrier to form
interaction between the silane and the substrate, and severa

ol Tl , T .
complexes with Silor a derivative coordinated to a transition- fa ?e?tttirli)iletllntern]e?i|ar:e [fHI\I/Il d5||;|3] ; th:gsf:S I%O rthOLtél\ﬁd -
metal center have been characterized. By contrast, relatively or statistical popufation ot all degrees ot freecom a ay

little is known about s- or p-block centers with regard either to fact decompose toMH and"SiH; within one skeletal-bending

their interaction with a silane or to their capacity to activate v_|brat|on. Ab initio ar_ld denS|ty-1_‘unct|onaI theory (DFT) calcula-
the Si-H bond. tions of the appropriate potential-energy surfaces support these

conclusiong3

Matrix isolatior?* has proved a highly informative means of Such differences in the outcome of gas and matrix reactions

studying weakly bound complexes involving molecules such . . .
as S?/H,gsz andyCO and of chgrting the reacti%ns they undergo, are familiar enougR.As part of our systematic studies of the

o thermally and photolytically induced matrix reactions of the
usually through photoactivation. For example, complexes of
SiH, with NH3,4 HF,5 and HONG have been characterized in ~ 9fOUP 12 metal atoms Zn, Cd, and Hg, we have now added

this way. On the evidence of the IR, electron paramagnetic SiH4 to a list of simple substrate molecules that has hitherto
. ! i 14 15 16 17 i
resonance (EPR), and W\is spectra, the group 13 metal atoms included H,™ CH, HCl’ _and HO." Reactions have bee_n
Al and Ga (M) have also been shown to form loosely bound tracke_d.and products identified by the .IR spectra of Ar matrixes
complexes M-SiHa, in which the metal atom ig? coordinated containing the reagents; the c.onclusmns.are endorsed by the
by the silan€~? Irradiation at wavelengths near 410 or 254 nm observed effects_of perdeutgratlon of the Sairid by the results
(corresponding t8S — 2P or2D — 2P excitation of the metal of DFT calculations. No sign of a weakly bound complex
atom) results in insertion of the metal atom into ar-Bibond M:-:SiHs (M = Zn, Cd, or Hg) is detectable in the initial
to form the M(Il) derivative HMSIH, a change that can be o!eposns, but brogd-band photoly3|§ (2@@ = 800 nm) gives
reversed by exchanging UV for visible photolyzing radiation rise to the_seemlngly photostable insertion product H%S'H
(. = ca. 580 nm). Under broad-band WVis irradiation together with SiHg as a secondary product. The behavior of

however, HMSiH favors an alternative reaction channel that the group 12 metal atomgs Is compared with that of Al and Ga
involves cleavage of the MH bond and formation of the M(l) in similar c_wcums@ance@: and t_he properties of HMSitare
derivative MSiH. Under similar conditions, Hg atoms have also analyzed in the light of what is known about related metal
been shown to react with Sitbn photoactivation; the primary hydrides.

reaction is again insertion giving HHgSiHbut SpHg is a
significant secondary produtt. By contrast, Si atoms are
reported? to react spontaneously with Siktb produce not only Zinc (Aldrich, purity 99.999%) and cadmium (Aldrich, purity
HSISiH; but also its isomer bBiSiH,. 99.9998%) were each evaporated from a tantalum Knudsen cell
that was heated resistively to ca. 300 and 260respectively,

* Author to whom correspondence may be addressed. Tel: 0044-(0)- to generate the metal atoms in their ground electronic state.
1392-263452. Fax: 0044-(0)1392-263434. E-mail: T.M.Greene@ \jercury atoms were generated simply by heating a reservoir
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T University of Oxford. of doubly distilled mercury to 4650 °C. An alternative source
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involved the use of a microwave-powered reactive resonanceFigure 1, to the appearance of new IR absorptions; details are

lamp, as described previousi!®SiH, was synthesized by the
action of LiAIH4 on SiCl, in Et,O solution and purified by
fractional condensation in vactfor used as supplied by Aldrich
(99.9%). SiD was prepared from LiAlpand SiCl and purified

given in Table 1. The features are concentrated in three main
regions: (i) 1826-1880 cnt?; (ii) 930—950 cnT?; and (iii)
825-880 cntl. The first of these regions is characteristic of
the v(Zn—H) vibrations of HZnX species in which the sub-

in a similar manner, or used as supplied by CDN Isotopes (98 stituent X is relatively electropositive (cf. ZrH1870.214
atom % D). Argon, nitrogen, and krypton were used as supplied HZnCH; 1866.115 HZnCl 1952.3'6 and HZnOH 1955.0

by BOC (research grade).

cm~1).17.25 However, recent studies of the reactions of laser-

The metal vapor was co-deposited with an excess of argon ablated Si atoms with 43 suggest that it may also accommodate

doped with either Sil or SiD; on a Csl window cooled
normally to ca. 12 K by means of a Displex closed-cycle
refrigerator (Air Products model CS202). Details of the ap-
paratus are given elsewhéfeThe matrix gas doped with SiH

v(Si—H) vibrations of anionic silicon hydrides, with wavenum-
bers of 1856/1837 and 1823 ctnbeing attributed to Sit

and SiH, respectively. Both the second and third regions are
most obviously linked withdé(SiH,) modes of one sort or

or SiD; to levels varying between 0.1 and 10% was deposited anothets.27 (cf. the following observed wavenumbers (in ¢t

at a rate of 1.6-1.5 mmol Ir, typically over a period of 1.52
h. Following deposition, the IR spectrum of the resulting matrix

SiH3 923.926 Sj,Hg 938, 8341026 HA|SiH3 846.2°9 HGaSiH;
845.0° and the calculated values: SiH956.6, 868.48 SiH,~

was recorded. The sample was then exposed to the radiatiornggz 126 |y addition, a very weak absorption was observed to

from a Spectral Energy HgXe arc lamp operating at 800 W.

A water filter was used to absorb IR radiation and so reduce at 1870.8 cmt

any heating of the matrix, while the effects of selective
photolysis were investigated with the aid of a range of filters:
Pyrex ¢ > 290 nm), soda glassl (> 310 nm), “vis block”

(A = 200-400 nm), UV block £ > 400 nm), and Oriel
interference filters fol = 313 nm (full width at half height
(fwhh) 16 nm) and 254 nm (fwhh 10 nm).

IR spectra were recorded in the range 40@00 cnt?,
typically at a resolution of 0.5 cmt and with a wavenumber
accuracy of£0.1 cntl, with a Nicolet Magna-IR FTIR
spectrometer operating with a liquid,Hooled MCTB detector.
UV —vis spectra were recorded in the range-3000 nm using
a Perkin-Elmer-Hitachi Model 330 spectrophotometer.

grow at 630.2 cm?; in that it correlated with a weak absorption
, this appeared to confirm the presence of ZnH
as a minor photoproduét.Extending the period of photolysis
to ca. 2 h led to the continuing buildup of the main bands at ca.
1840, 940, 860, and 835 cth there was a simultaneous growth
of the satellites appearing on the low-wavenumber flanks of
the 1840 and 860 cm bands but at a distinctly slower rate.
Several experiments were attempted in which the photolyzing
radiation was confined to a narrower band of wavelengths.
Hence it was shown that radiation with—= 290-400 nm was
effective in promoting the changes described above, although
the use of a filter necessarily restricted the flux of active
radiation and so reduced the yield of products in a given time.

program suite? The method applied throughout was B3LYP
with a CEP-31G basis s&ta combination that has been shown
to give satisfactory results for small molecules of the type
described here.

I1l. Results

matrix, either before or after UV photolysis. Experiments with
low matrix concentrations of metal and Sikere unable to
exploit fully the superior definition of the IR bands because
the products were then liable to be formed at concentrations
too low for ready detection.

Similar experiments were carried out with Siid place of

The IR spectra associated with the products of the reactionssjH,. Hence it was found that all the product features in the IR

of the metal atoms with SikHand SiD) will be reported in turn

spectra reported above were strongly redshifted (see Table 1),

for Zn, Cd, and Hg. Bands have been assigned on the basis ofihe three main regions of absorption now (i) 132830, (ii)

the following criteria: (i) their growth or decay characteristics

680-690, and (iii) 616-640 cn1?, giving H/D ratios of ca.

under different conditions; (ii) comparisons with the spectra 1 389:1, 1.373:1, and 1.36:1, respectively. The group of absorp-
registered in control experiments and with the spectra of related jons at highest wavenumber is thus more likely to be due to

species; (iii) the observed effects of exchanging St SiDa;

v(Zn—H) (for which H/D is typically 1.38-1.39:1}41726than

and (iv) consideration of how well the measured spectra are , »(Si—H) vibrations (for which H/D is typically ca. 1.37:2§27

reproduced by the results of DFT calculations for a particular
product.

Zinc. Various experiments were carried out with thermally
generated Zn atoms being co-deposited with an excess gf SiH
doped argon. The IR spectrum of the deposit consisted only o
absorptions attributable to isolated Sikholecules! as well
as weak features associated with trace impuritiesO(H
[H20]1,%? CO,,22 CO 24 and ZnOHy)1725that could be kept to
a minimum but never wholly eliminated. By contrast with
similar experiments involving Al or Ga atoni§,no additional

To complement the studies with thermally generated Zn
atoms, some experiments were also carried out with a microwave-
powered resonance lamp as a source of the metal atoms in their

felectronic ground as well as excited states. The IR spectrum of

the matrix recorded immediately after deposition of these atoms
with an SiH/Ar sample was notable for including bands at
1870.8 and 630.2 cm associated with Znjdand also at 935

950 and ca. 835 cm. At this stage however, there were only
traces of the absorptions at 1820850 or 856-880 cnt! that

bands could be discerned as a result of the inclusion of Zn atomsWere the most prominent signs of UV photolysis of a similar

in the matrix. Even matrixes containing only 0.1% gikhich

matrix including thermally evaporated atoms. Only on broad-

displayed sharp, well-resolved bands, gave no hint of shouldersPand photolysis (20& 4 < 800 nm) did these particular features

or satellites attributable to ZnSiHs contact pairs. In this
respect, the behavior parallels that of Zn atoms with, S Hut
not with HCIS and HO/1"25 which give clear signs of
perturbation in the immediate presence of the metal atoms.
Exposure of the matrix to broad-band BYVis irradiation
(200 < A < 800 nm) for as little as 1 min led, as illustrated in

develop to produce something approaching the pattern observed
on photolysis of matrixes containing thermally generated Zn
atoms.

Cadmium. Figure 2 shows the IR spectra recorded in an

experiment in which thermally evaporated Cd atoms were co-
deposited with Sigtdoped Ar (Ar/SiH, = 100:1); details of
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Figure 1. (a) IR spectrum of the deposit formed by cocondensing Zn atoms with a 1% mixture pinSitd at 12 K, and (b) IR spectrum of the

same deposit after broad-band BVis photolysis.

TABLE 1: Wavenumbers (cm™) of IR Absorptions
Observed Following UV Photolysis of an Ar Matrix
Containing Zn Atoms and SiH, or SiD4

Zn/SiH, Zu/SiD, identity
1955.0 HZnOH
1870.8 ZnH,
1846.6 1329.8
1837.7 1324.0
1828.5 13172 HZnSiH;
1824.0 1312.6
1821.6
1253.8 impurity”

946.9 690.1

943.0 686.4 } Si;Hg
939.5

8742 .
867.0 639.9 } HZnSiH;
863.9 impurity?
860.4 637.5

5 -
855.2

836.9 615.5 .

830.5 614.5 } SioHs
630.2 ZnH,

@ Feature common to Zn and Cd experiments.

wavenumbers are given in Table 2. After deposition, the matrix
displayed no IR bands that could not be ascribed to freq SiH
or trace impurities. After only 1 min of broad-band BVis
photolysis (200< 4 < 800 nm), however, several new bands
appeared and grew on continued irradiation. As in the Zn

experiments, these were confined mainly to three regions, viz.,

(i) 1700-1760 cntl, (ii) 930—-950 cnt?, and (jii) 830-870

from their counterparts in the Zn experiments, are most likely
to be due tov(Cd—H) modes (cf. Cdil 1753.514 HCdCH;
1760.5'° HCdCI 1835.8®* HCdOH 1837.0 cm').1” Indeed, a
feature at 1753.8 cm, together with a weak doublet at 604.4/
601.7 cntl, is identifiable with the presence of the CgH
molecule!* The regions 936950 and 836-870 cnt! match
closely those in the Zn experiments, and the relevant signals
originate most probably id(SiHs) vibrations. The close parallel
between the behaviors of Zn and Cd makes it unlikely that
silicon hydride anions (expected to absorb at 192860
cm1)26 contribute to either set of spectra. The parallel extended
to the behavior of the Cd/SiHnatrix on continued photolysis,
which led to the growth of the main bands at ca. 1740, 940,
860, and 835 cmt! but to a slower buildup of the satellites to
low wavenumbers of 1740 and 860 cin

The same results could be achieved rather slower on selective
photolysis with light havingl = ca. 313 nm. Moreover, the
products showed no signs of photolability, either on continued
UV irradiation or on exposure to visible light (= 400—800
nm).

Substitution of Sil3 for SiH,4 resulted in marked redshifts of
all the major IR bands arising from photoproducts, with those
at 1706-1760 moving to 12261270 cnt! (H/D = 1.39-
1.40:1), those at 930950 to ca. 690 cmt (H/D = 1.38:1),
and those at 836870 to 610-640 cnrt (H/D = 1.345:1). The
results of deuteration are thus wholly consistent with the
attribution of the original bands to eithe(Cd—H) or 6(SiHs)
fundamentals.

Introduction of the Cd vapor not from a Knudsen cell but

cmL. The bands at highest wavenumber, appreciably redshiftedfrom a resonance lamp gave matrixes which showed evidence
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Figure 2. (a) IR spectrum of the deposit formed by cocondensing Cd atoms with a 1% mixture pinSAdat 12 K, and (b) IR spectrum of the
same deposit after broad-band BVis photolysis.

TABLE 2: Wavenumbers (cm~1) of IR Absorptions In the case of the Zn/Sifexperiments, no useful information
Observed Following UV Photolysis of an Ar Matrix could be gleaned from measurements of the-wig spectrum
Containing Cd Atoms and SiH, or SiD, of the Ar matrix that were effectively limited by a short-
Cd/SiH,4 Cd/SiDy identity wavelength cutoff of ca. 300 nm. Similar measurements on a
1837.0 HCdOH matrix containing thermally generated Cd atoms revealed a UV
1753.8 1264.8 CdH, absorption near 310 nm attributable to ffie— 1S transition
1745.9 1252.4 of atomic Cd415Significantly, the presence of Sithppeared
1733.9 1240.6 ] . to produce a broadening of the band but no change in its
1726.8 1229.1 HCdSiH; " o X .
17120 12241 position. By contrast, théS < 2P transition of atomic Al in
17042 similar circumstances is redshifted by some 45 SfAny
1253.6 impurity* interaction between SiHand the group 12 metal atom in its
ggg.; ggg.g } Si,Hg ground electr(_)nic_ state must therefore be very weak. As noted
864.0 : impurity” above, selective irradiation into thie - 1S absorption band
860.2 639.5 of Cd with light havingZ = ca. 313 nm induced the growth of
857.0 637.6 HCASiH, the IR bands at 17001760, 936-950, and 836:870 cntl.
854.3 635.1 Mercury. Photoexcitation of Hg atoms to ti&; electronic
ggg‘z gggg . state in the presence of SjHh a solid inert matrix at low
8317 616.3 } SipHe temperatures has been shown previotfdly result in insertion
604.4 } CdH, into an Si-H bond. In addition to HHgSik] the primary product
601.7 - thus formed, SHg emerges as a significant secondary product.

a Feature common to Zn and Cd experiments. We have carried out experiments along the lines described in
the preceding sections by substituting thermally generated Hg

of reaction with SiH on deposition. Thus, the IR spectrum of ~for Zn or Cd vapor. The IR spectrum of the Ar matrix initially

a matrix prepared in this way exhibited bands characteristic of formed gave no hint of a spontaneous reaction between SiH
CdH,.24 In addition, the bands centered at ca. 938 and 835.cm and Hg atoms in their ground electronic state. On the other hand,
were relatively prominent compared with those at 170050 broad-band UV-vis irradiation of the matrix gave rise to the
and 8406-870 cml. However, subsequent broad-band UV IR results illustrated in Figure 3 and detailed in Table 3. New
vis photolysis led to the progressive buildup of the latter features bands appeared and grew with continued photolysis near 1887,
and the ultimate development of a spectrum analogous to that940, 870, and 835 cni. Similar findings were reported earli€r
observed with thermally generated metal atoms. on the basis of photoexcitation with the output from either a
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Figure 3. (a) IR spectrum of the deposit formed by cocondensing Hg atoms with a 1% mixture pinSd at 12 K, and (b) IR spectrum of the
same deposit after broad-band BVis photolysis.

TABLE 3: Wavenumbers (cm~1) of IR Absorptions gave way to Si with H/D ratios varying from 1.393:1 to
Observed Following UV Photolysis of an Ar Matrix 1.344:1 (see Table 3) and thereby helping to identify the nature
Containing Hg Atoms and SiH, or SiD. of the vibration as well as the carrier of the absorption (q.v.).
Hg/SiH, Hg/SiD, identity As in the studies with Zn and Cd, introduction of the Hg
1886.7 1354.4 } HHgSiH, vapor from a resonance lamp caused some reaction with SiH
1875.9 1332.0 to occur during deposition of the Ar matrix. The IR spectrum
ggé.g ggg.z } Si,Hq of the resulting deposit then inc_Iuded the absorptions near 940
8712 647.7 and 835 cm?, but of the absorptions at ca. 1880 and 87.(Thm
8677 645.7 ) there was no sign. Only on UV photolysis of the matrix were
862.3 6433 HHgSiH; these features observed to develop.
860.6
ggg:g 2%2:‘91 } Si;Hq IV. Discussion

The reactions of group 12 metal atoms with both methane
deuterium lamp or a KrF excimer laser. In that case, the featuresand silane have attracted interest not only through experimental
near 1887 and 870 cmh were associated with the insertion studie$1%1215compassing the gaseous as well as the matrix
product HHgSiH and those near 940 and 835 thwith Si;He. phases but also through quantum chemical analydfsAs
The results of our experiments with Hg differed somewhat from described above, new IR features are seen to develop as a result
those of the corresponding experiments with Zn and Cd in that (a) of photolytically induced reactions between $igkhd Zn,

there was no sign of the binary mercury hydride H&f+and Cd, or Hg atoms (M) isolated together in a solid Ar matrix or
the IR bands near 940 and 835 thappeared to be significantly ~ (b) of cocondensation of the same metal atoms from a reactive
weaker compared with those at high wavenumber (+48D0 resonance lamp with an excess of $itbped Ar. The main

cm~1) and near 870 cnt. In keeping with the previous repdf, products will be shown to be the silyl metal hydride, HMgiH
the main bands near 1887, 940, 870, and 835dpuilt up on formed by insertion of the electronically excited M atom into
continued photolysis, but the weaker features near 1875 andan Si—H bond, and disilane, Sils, in proportions that vary with
860 cnt! grew more slowly. the conditions of formation. Analogous studies of the systems
Selective photolysis of the initial Hg/SiFtloped matrix with M/HCI,6 M/H,0,1"25and M/SiH£° (M = Zn, Cd, or Hg; M
radiation havingl = ca. 254 nm produced similar results, albeit = Al or Ga) have provided clear spectroscopic evidence that
at a reduced rate of product growth. By contrast, visible radiation the metal atom in its ground electronic state adds to the substrate
had no effect either before or after exposure to UV photolysis. to form a loosely bound preinsertion complex. Unlike the group
All the product bands showed a pronounced redshift wheng SiH 13 metal atoms Al and G& the group 12 metal atoms show
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TABLE 4: Reaction Energies, AE in kJ mol~1, Calculated for Selected Changes Involving M (Zn, Cd, or Hg) and Sik#

change M= Zn M= Cd M=Hg
M (3S)— M (P) +4104/391° +385/374 +495/500
M (®P) + SiHs — HMSiH; (3A) —138 —96 —170
M (®P) + SiHs — HMSiH3 (*Ay) —397 —335 —415
M (3P) + SiHs — MH* + *SiHs —127/96° —87/64 —165Y151°
M (®P) + SiH,; — H* + *MSiH; —78 —46 —132
M (3P) + SiHs — HMH + SiH, (A1) -91 -21 —103

2 Basis set CEP-31@.Experimental valué3a

no sign of forming such a complex with SjHAccordingly,

we consider first the potential for interaction with Zn, Cd, or

Hg atoms before going on to analyze the properties of the
HMSiH3 molecules and the likely mechanisms controlling the

formation of these and Sle.

M---SiH4. Our DFT calculations using the B3LYP method
confirm expectations and the results of earlier calculations
involving both CH?° and SiH!2 that in its!S ground electronic
state a Zn, Cd, or Hg atom is incapable of activating the,SiH
molecule. With unrestrained geometry, only very shallow
potential-energy minima can be found for the R&)--SiH,
assembly with depths calculated not to exceed 1 kI dhe
only significant interaction, occurring between the valence ns
orbital of M and the bonding:torbitals of the SiH, can lead
only to full occupation of bonding and antibonding MOs and
no net bonding. The situation is not unlike that between a noble
gas and Siljl with neither component able to offer occupied or
vacant orbitals of suitable energy to provide a useful basis for
a specific donoracceptor interaction. This contrasts with the
behaviors of M {S) atoms in the presence of HEand HOY
in similar circumstances; vibrational perturbation of these
substrates attests to the formation of loosely bound-NCI
and M--H,0 adducts. Sillis capable of forming such adducts
with ground-state?P) Al and Ga atom&? Coordination of the
metal via an edge of the SiHetrahedron is then calculated to
result in a binding energy of ca. 10 kJ m§l with the
perturbation leading to a slight distortion and measurable shifts
of the vibrational fundamentals of the Sikiholecule under
appropriate conditions of matrix isolation. In keeping with the
reduced basicity of the group 12 metals and theoretical forecasts
however, our experiments with Zn, Cd, or Hg under the same
conditions were unable to detect any comparable IR features.

None of the possible reactions-4 between Sidand a metal
atom M = Zn, Cd, or Hg is predicted by either present or
earlief studies to be exothermic when M is in &S ground
electronic state. Clearly, therefore, energy has to be injected if
any such change is to occur. There is now ample theoretical
evidence that excitation of M to its lowest-lying excited state,

M + SiH, — HMSiH, 1)
M + SiH, — "MH + *SiH, @)
M + SiH, — H" + "MSiH, @)
M + SiH, — HMH + SiH, 4)

3P, gives rise to an exciplex MSiH4, now with a significant
binding energy and also with the thermodynamic potential to
undergo many of the reactions-4 (see Table 4). Moreover,
there appears to be little or no barrier to the breaking of the
Si—H bond. Depending on M and the conditions, this may lead
initially to an HMSiHz intermediate in 8A' excited state, having

a highly angular HM—Si skeleton and an MH bond length
very similar to that of the freeMH molecule. Of the channels
open to this excited molecule, the thermodynamically most

TABLE 5: Calculated Bond Lengths (A) and Angles (deg)
of Equilibrium Geometries of HMSiH 3 Molecules

fragment M= Zn M= Cd M= Hg
H—M 1.5545 1.7127 1.6962
M—Si 2.3836 2.5495 2.5311
Si—H 1.5159 1.5158 1.5134
M—Si—H 106.18 106.18 106.97
H—-Si—H 112.58 112.59 111.87

aBasis set CEP-31G, symmetGg,.

favorable option involves relaxation to the singf{) ground
state, which is characterized by a lineaM—Si skeleton
(thereby completing reaction 1). On the other hand, calculations
indicate that little or no barrier opposes the dissociation of
HMSiH3 ((A") into *MH and *SiHs, which are the products
observed in experimental studies of the interaction between M
(®P) and SiH in the gas phase (reaction 21213 0Of the
reaction channels 3 and 4, no direct experimental evidence has
yet come to light.

HMSiH 3 (*A;). DFT calculations using the B3LYP functional
find an equilibrium geometry witlCs, symmetry for each of
the molecules HMSiklin its singlet ground state. The dimen-
sions and wavenumbers and intensities in IR absorption of the
fundamental vibrational transitions calculated for both HM$SiH
and DMSID; are given in Tables 5 and 6; the results for HMSiH
are close to those reported previously by Alikh&niThe
most intense IR absorptions are predicted to correspond to the
v(M—H) (v2) and symmetria)(SiHs) (v3) modes with wave-
numbers of 17061900 and ca. 830 cm, respectively. Next
in order of intensity are the(Si—H) modes {1 andvs) at 2100~
2200 cnTl, 6(SiHM) (vg) at 300-400 cnT?, and antisymmetric
O(SiH3) (ve) near 920 cm®. However, the earlier experience
of Legay-Sommaire and Leg®with matrix-isolated HHgSikl
is that the proximity ofv; andvs to thevs (t2) absorption of the
much more abundant SiHorecursor is liable in practice to
prevent them from being observed. Thg absorption is
predicted to be less than one-fifth the intensity of the strongest
absorption (due to,) as well as occurring in a region of reduced
detector sensitivity. The remaining fundamentalsv7, andv,
are expected to have IR intensities that decrease in that order,
being at least 1 order of magnitude weaker than the strongest
absorption.

On this basis, the two regions of strongest IR absorption that
were observed to develop at 1700900 and 856880 cnt?
on UV irradiation of an Ar matrix containing Sifand Zn, Cd,
or Hg atoms are most plausibly identified with andv; of the
appropriate insertion product HMSiHSuch an inference is
supported not only by the effects of deuteration but also by the
clear parallels that can be drawn with the earlier study of the
Hg/SiH, systemi® Despite every endeavor, no sign of the
v(Si—H) or »(Si—D) fundamentals; andvs could be elicited
for any of the molecules, the relevant features being obscured
presumably by the much stronger absorption duestt;) of
the parent silane molecuté.No similar problem beset the
detection of the’s mode, and the failure to descry any feature



HMSiH3 in a Solid Argon Matrix

J. Phys. Chem. A, Vol. 108, No. 8, 2004399

TABLE 6: Comparison of Calculated and Observed Wavenumbers (cm?) for HMSiH 3 Molecules: Calculated Intensities (km

mol~1) in Parentheses

SiH,
metal mode obs calc obs calé

Zn 21 2090.1 (73) 1488.9 (40)
V2 1846.6-1821.6 1887.5 (312) 1329-8312.6 1345.1 (162)
V3 874.2-855.2 831.6 (225) 639:%637.5 615.2 (112)
V4 325.9(4) 311.8 (7)
Vs 2116.1 (156) 1527.1 (83)
Ve 921.0 (33) 658.5 (16)
V7 486.7 (14) 364.4 (8)
Vg 336.6 (42) 240.6 (22)

Cd 2 2088.3 (91) 1487.5 (50)
V2 1745.9-1704.2 1737.9 (347) 1252:4224.1 1234.8 (177)
V3 860.2-849.7 823.1 (276) 639:5633.0 608.8 (139)
V4 287.3 (4) 275.8 (6)
Vs 2116.8 (156) 1527.8 (82)
Ve 921.8 (36) 659.3 (17)
vy 470.4 (18) 349.0 (9)
g 337.7 (41) 241.0 (21)

Hg 2 2098.3 (77) 1494.2 (43)
2 1886.7-1855.9 1857.4 (478) 1354-41332.0 1317.0 (241)
V3 871.2-860.6 827.7 (307) 647-7643.3 612.4 (156)
V4 294.7 (3) 281.6 (5)
Vs 2127.6 (143) 1536.2 (78)
V6 920.7 (36) 658.7 (18)
vy 534.8 (2) 393.6 (1)
Vg 364.5 (20) 260.6 (10)

@ Basis set CEP-31G, symmet®g,.

attributable to this source must be put down to a combination  The insensitivity to the nature of the metal clearly points to
of the low yield, inherent low intensity, and reduced sensitivity a metal-free silicon hydride. The various possibilities include
of detection. It is possible that contributes to the group of  the neutral molecules SpH°SiHs, SibH,, SikHs4, and SiHe.
bands observed to develop at 9350 cnt?! irrespective of Comparison with the results of earlier matrix studeleads
whether the metal was Zn, Cd, or Hg. However, the intensity us to conclude that only one of these has the right IR credentials
of the bands and their preferential growth in experiments using to be the carrier of the bands at ca. 940 and 835'cmamely,

a resonance lamp as the source of the metal vapor leaves littleSi;Hg. Thus, we find no sign of the low-wavenumbégSi—H)
doubt that they arise primarily from some other product (g.v.). absorptions characterizing SiHof the symmetricd(SiHs)

The multiplet patterns characterizing the two regions of absorption at 726730 cnt?!, which is the strongest feature on
absorption we associate with andvs of the HMSiH; molecules the spectrum ofSiHs, or of the distinctive absorptions attributed
cannot be ascribed wholly to simple matrix-site effécigpart to either SiH, or SkH4.28 That SpHe should be formed in our
from the primary features that we associate with well-isolated experiments need not be a matter for surprise in that it was
HMSiH3 molecules, the satellites appearance typically at lower also recognized as a significant photoproduct of earlier experi-
energy suggests the presence of loosely bound contact pairsnents involving matrixes doped with Hg and $it4
HMSiHz---X, where X is most likely to be Silj M, or even Matrix-isolated metal atoms are also susceptible to photo-
H.O impurity. Somewhat surprisingly, the relative intensities ionization, especially in the presence of a suitable electron
of the components in each multiplet did not appear to change trap3-3° Accordingly, we cannot altogether discount the pos-
appreciably when the concentration of $Was varied, or on sibility that short-wavelength UV photolysis results in electron
annealing the matrix. Accordingly, it was impossible to establish transfer to give products of the type™@iH,~. Recent matrix
with any certainty the precise origins of the individual bands. studies of the reactions of laser-ablated Si atoms with hydrogen
A further complication arose from the proximity of the 850 have led to the assignment of IR bands to the ant&ild,~
880 cn1! absorptions to a second set centered near 833.cm  and SiH~.26 Although some of our product bands appear at
The latter normally grew in at the same rate as the first, but similar wavenumbers, they are unlikely to arise from these or
being much more prominent in the spectra of the deposits other anionic species for several reasons. First, they build up
formed in resonance lamp experiments, it must originate in a on continued UV photolysis, conditions more likely to cause
silicon hydride product other than HMSj§H photodecay of such produc%Second, the bands that might

SioHg. Hence two absorptions attributable to a major photo- be so mistaken shift markedly when the metal is changed.
product have still to be positively assigned. These occur at ca. Finally, the H/D ratios do not support such an assignment.
940 and 835 cmt! with relative intensities clearly implying that HMH. Experiments with Zn or Cd but not with Hg revealed
they originate in the same molecule, and it is also noteworthy the growth of weak bands signaling the formation of the
that the wavenumbers and profiles of the absorptions did not dihydride molecules as secondary products of UV photolysis.
vary appreciably with the nature of the metal. The wavenumbers The wavenumbers of the relevant bands are in close agreement
and H/D ratios afford strong circumstantial evidence that the with those reported previously for these molecules trapped in
bands represent deformation modes of an ,Sikhit. No Ar matrixes!4 On the other hand, none of the experiments gave
additional features traceable to the same source could beany hint of the monohydride that would be expected to absorb
observed in the(Si—H) region of the spectrum, and so it must  in the region ca. 12081500 cn11,141528ngr was there anything
be supposed that the relevant transitions were again masked byo suggest a role for dimetal species such as HMMSHHMM,
the intense absorption hereabouts due to,SiH or HMMH. It may be noted that the dihydride is also a
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SCHEME 1
M *
" .
M('S) - - - SiH,—Y 3 [M(p)... sipg,| " Insertion o S/ . (°a)
SiH;
/ \matnx
HM- + - SiH, H—M— SIH3
secondary product that is observed to be formed when excitedTABLE 7: v(M—H) Wavenumbers (in cnr?) for HMX
Zn, Cd, or Hg atoms are trapped with ¢k Ar matrixes?® Molecules Isolated in Ar Matrixes
The only other changes in the IR spectra brought about by molecule M= Zn M=Cd M = Hg ref
UV photolysis could bg traceq to ph.otom'dlljced reapt|on§ of Zn HMH 18702 1753.5 1943 70 14,28
and Cd (M) atoms with BD impurity, giving the insertion HMCI 1952.3 1835.8 2092.0 16
products HMOH”25 These could be recognized by the ap- HMOH 1955.0 1837.0 2116.5 17,25
pearance of very weak absorptions at 1955.0VZn) and HMCH, 1866.1 1760.5 1955.3 15
1837.0 cm® (M = Cd). HMSiH; 1846.6 1745.9 1886.7 this work
Reaction Mechanisms.The conditions of photolysis used a Antisymmetricy(M—H) mode.P N, matrix.
in our experiments were such as to excite the group 12 metal
atoms, M, trapped with SiHin the Ar matrixes from theitS excited state with energy sufficient to overcome the barrier to

ground electronic state to ti#® excited state. The chances of insertion. No such conflict exists for the reactions of f#P)
populating the more energetl® state were relatively slight, — with SiH,, although this does not mean of course that the
except when a resonance lamp was used to deliver the metapossibility of two-photon processes is to be excluded.

vapor to the matrix; in that case, the discharge populated both In the gas phase, the initial insertion product [HMgiH3A")

the 3P and!P states and generated the resonance radiation toundergoes fragmentation with the formation of the radicals
excite other atoms. Earlier experiments and theoretical stud-*MH and*SiH; (reaction 2). It may be that fragmentation also
ies*10.12.13|eave little doubt, it seems, that MR) atoms are  occurs when the reagents are held in a solid Ar matrix but that
capable of rupturing an SiH bond of the Sid molecule and the failure of either fragment to escape from the matrix cage
that this occurs in the sequence set out in Scheme 1. Althoughresults in recombination to produce HMSik# its *A; ground
neither the complex [M3P):--SiHg]* nor the first insertion electronic state; thermodynamically, this is the best favored of
product [HMSiH]* (2A’) has been detected directly by experi- all the possible outcomes short of returning to 38)(+ SiH..

ment, the vibrational and rotational energies*idH, one of Unfortunately, our experiments give no clue to whether this or

the ultimate gaseous products, reflect the character of thephysical relaxation of the [HMSig* (°A’) molecule, made

transient insertion produét. possible by spirrorbit coupling and/or matrix mediation, is the
Evidently the initial contact pair M!g)---SiH, involves principal agency leading to the observed insertion product. The

minimal mutual perturbation of the metal atom in its ground IR spectra of the photolyzed matrixes certainly gave no signs
electronic state and the Sjirholecule. In this respect, Siiloes suggesting the presence of eithdiH415280r *SiH3?5 radicals.

not differ from its less polarizable homologue €1 Only with Traces of the dihydrides HM¥ were observed in our experi-
appreciably more acidic partners, such as ¥@hd HO,172 ments with M= Zn or Cd but not with Hg. These may be

is it possible to identify experimentally the formation of a formed from traces of Himpurity in the matrix, or they may
distinct 1:1 adduct with the group 12 metal atom. Following be the outcome of secondary changes. For example, reaction 3
excitation to its’P excited state, the Zn, Cd, or Hg atom interacts would give rise to Flatoms, which are known to be quite mobile
much more strongly with Sildon the evidence of theoretical in Ar matrixes®and could compete wittSiH; to trap a fraction
calculationst213still more significantly, insertion of the metal  of the*MH radicals. Alternatively, reaction 4 would deliver the
atom into an Si-H bond then occurs more or less spontaneously dihydride directly, but of the expected coproduct Stfiwe

in an exothermic reaction yielding [HMS#t in its excited could find no trace.

SA’ state. This contrasts with the behavior of £tdr which With only two vibrational fundamentals that can be character-
the corresponding reaction is calculated to be met by an ized in practice, the HMSikimolecules do not lend themselves
appreciable activation barrier (ca. 75 kJ mioin the case of to detailed vibrational analysis. We note, however, that the
Zn), possibly as a result of the increased steric hindrance at thev(M—H) modes occur at wavenumbers wholly in keeping with
more compact and congested carbon celtEr When the those of related molecules (see Table 7). The two regions of
reagents are isolated in a solid Ar matrix, however, the outcome absorption associated with HMSjHlisplayed relatively rich

is the same for Clland SiH, with HMEH;3; (E = C or Si; M multiplet patterns that must be attributed to the occupation of

= Zn, Cd, or Hg) having a linear HM—E skeleton in its'A; different matrix sites, including some which incorporate species
ground state being identified as the primary product. The conflict other than Ar and so give rise to loosely bound contact pairs of
between experiment and theory in the cases where Eh or the form HMSiHs---X, where X= SiHa, M, or trace impurities

Cd and E= C cannot be easily resolved; it may be that the M such as HO. All of the relevant features grow on continued
(3P)---CH,4 complex absorbs a second photon to reach a higher photolysis. That some do this at a faster rate than others (q.v.)
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may be a sign of secondary reactions, but equally well it may When the group 12 metal atoms are introduced from a
reflect merely the known phenomerimf varying photosen- resonance lamp, reaction with Siblccurs during co-deposition
sitivity from one matrix site to another. The multiplets, which but with SpHg now as the dominant product. It is difficult to
were also observed in the earlier study of the Hg/Siystem?C know in these circumstances the parts played by metal atoms
are consistent with a mechanism involving the breakup of the in the more highly excitedP state and by the greater mobility
initial insertion product [HMSiH]* (A") followed by recom- enjoyed by reagents and products alike during condensation.
bination of the HM and*SiH;z radicals within the confines of  The conditions come closer to those prevailing in the gas phase
the matrix cage. The various components then reflect changeswhere*SiH; formation becomes a major reaction channel in the
of orientation of the product molecule as well as differences in metal-sensitized decomposition of SjHhe energy content of

the character of the matrix cage. the reaction channel may then be such as to dissociate the

One of the most puzzling features of this and the edflier
study is the provenance of 8, which is the only other

weakly boundMH radical1° Dimerization of theSiH; radicals
during deposition would then account for the formation eHg;

photoproduct to appear in all experiments in concentrations alternatively, reaction 5 may become important at the deposition

comparable with that of HMSikd SiHg is formed when matrix-
isolated SiH dimers are irradiated with far-UV lighfi(= 193

stage.
Our experiments give no reason to believe that well-isolated

nm) !0 but this two-photon process is unlikely to contribute HMSiHz molecules differ from the HMCkimoleculest* which
significantly to the yield of SHg observed in the experiments  are photostable under the conditions of broad-band photolysis
with group 12 metal atoms. Instead, Legay-Sommaire and Legayused to generate them. There is no hint of decomposition to
have suggesté@ithat the excited metal atoms act on adjacent form eitherrMH or *MSiH3, matching the behavior of HAISiH
SiH, dimers to promote reaction 5; the dihydride HMH may and HGaSiH in similar conditions, nor is there any definite
then be a secondary product as excited metal atoms competesign that insertion can be reversed, although this would actually
for the H thus formed#28 Alternatively HMSiH; may be be difficult to establish when photoconversion is relatively
inefficient and in the absence of any distinctive mark of the
)

M* + [SiH,], = Si,Hg + M + H, precursor, i.e., the M!§)---SiH, contact pair.

photoinduced to react with a neighboring $ikholecule in
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