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Some Novel Binuclear Group 13 Metal Tin Hydrides Formed in Ar Matrices
Following the Codeposition of the Metal Vapor with SnH,

Benjamin Gaertner,™ Hans-Jorg Himmel,*"! Victoria A. Macrae,
Jennifer A. J. Pardoe,” Paul G. Randall,””! and Anthony J. Downs*!*!

Abstract: IR measurements show that
co-condensation of Al or Ga atoms
(M) with SnH, in a solid Ar matrix at
about 12 K results mainly in the spon-
taneous insertion of the metal into an

like structure. All of these products are
photolabile. Irradiation with visible
light causes HMSnHj to tautomerize to
the novel dihydrido-bridged species
H,M(p-H),Sn, which decomposes in

turn under broad-band UV-visible light
(A=200-800 nm); some H,Al(p-H),Sn
is formed even on deposition. The data
collected from experiments with SnH,
and SnD, and different reagent concen-

Sn—H bond to form the M" hydride
HMSnH;. Simultaneously the Ga,
dimer also reacts with SnH,, possibly
to form a nido-type cluster Ga,(u-
H),Sn, with a metal-deficient cubane-

hydrides

Introduction

Activation of the E—H bond in hydride derivatives of a
group 14 element E remains a primary issue, particularly for
E=C or Si, attracting a huge investment of research
effort.)! To bring about such activation by insertion of a
metal atom M into the E—H bond, it is necessary to design a
compound of M that is able to bind more or less specifi-
cally to the formally saturated EH, fragment of the hy-
dride. There is, therefore, particular interest in the iso-
lation of complexes in which an alkane or silane mole-
cule is coordinated to a metal center, for example,
[Pt(CH,)(Me)(H),(Tp)] (Tp =hydridotris(pyrazolyl)bo-
rate)?? and [(R,P),(H),Ru(SiH,)Ru(H),(PR;),] (R=Cy or
iPr).F! Of the well-characterized Group 14 hydrides, stan-
nanes are the most polarizable and contain the most nucleo-
philic hydrogen atoms. In keeping with the expectation that
they are therefore the most susceptible to complexation,
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trations, together with the results of
quantum chemical calculations, are
used to interpret the results and eluci-
date the structures and bonding of the
new species.

gallium
isolation

several transition-metal complexes have indeed been charac-
terized, not with stannane itself but with derivatives such as
Ph;SnH. The crystal structures of representative examples,
namely [Mn(n>-MeCsH,)(CO),(HSnPh;)|¥l and [Cr(n’-
mesitylene)(CO),(HSnPh;)],! reveal n’-coordination of the
stannane through its Sn—H bond.

Relatively well established though transition-metal com-
plexes are, interaction of a Group 14 hydride with an s- or
p-block center is expected to be much weaker, and experi-
mental evidence of complexation is sparse. In such circum-
stances matrix-isolation experiments®” are often instructive,
and indeed weak complexes of SiH, with both base (NH;)®
and acid (HF® and HONO!"") partners have been success-
fully characterized in this way. Contact pairs M:-SiH, are
undoubtedly formed when metal atoms M are co-condensed
with an excess of SiH,-doped Ar. When M is a Group 12
metal atom (Zn, Cd or Hg) in its 'S ground electronic state,
interaction with the SiH, is too weak to produce any detect-
able spectroscopic sign of complexation.!''l On the evidence
of the IR, EPR, and UV-visible spectra, however, the
Group 13 metal atoms Al and Ga form weakly bound, but
spectroscopically distinct, 1:1 complexes in which the metal
atom is n>-coordinated by the SiH,.['*' 2S?P or *D«*P
excitation then results in insertion of the metal atom into an
Si—H bond to form the M" derivative HMSiH;, a process
which can be reversed by exchanging UV for visible photo-
lyzing radiation (1~580 nm). By contrast with Ga atoms,
though, the Ga, dimer in its ground electronic state (°I1,) in-
serts spontaneously into an Si—H bond of SiH,, probably
giving the SiH;-bridged product HGa(u-SiH;)Ga.['"!
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The more polarizable SnH, molecule affords the prospect
of a more complete spectroscopic characterization of an
adduct with a Group 13 metal atom, with a correspondingly
greater degree of pre-activation of one or more Sn—H
bonds. The IR evidence we present here testifies, however,
that co-deposition of Al or Ga (M) vapor with SnH, in an
Ar matrix at approximately 12 K results in seemingly spon-
taneous insertion of the metal atom into an Sn—H bond to
form the M" hydride HMSnHj, (V). At the same time, Sn—H
bond activation is also effected by Ga, dimers, possibly with
the formation of a hydrogen-bridged cluster Ga,(u-H),Sn
(VIID). Irradiation with visible light causes tautomerization
of V to a novel dihydrido-bridged species H,M(p-H),Sn
(VI), which decomposes under broad-band UV-visible light
(A=200-800 nm). The conclusions have been endorsed by
the results of detailed density functional theory (DFT) cal-
culations.

Experimental Section

Aluminum (Merck, purity 99.99 %) was evaporated from a boron nitride
cell heated resistively to about 1100°C, gallium (Aldrich, purity
99.9999%) from a tantalum cell similarly heated to about 900°C. The
metal vapor was co-deposited with SnH, or SnD, and an excess of argon
(used as supplied by Messer, purity 99.998 %, or BOC, Research grade)
on an appropriate support cooled to about 12 K by means of a closed
cycle refrigerator (Leybold LB 510 or Air Products CS 202). For experi-
ments with aluminum, carried out in Karlsruhe, the support was a highly
polished copper block and IR spectra of the matrices were recorded in
reflection;™ for experiments with gallium, carried out in Oxford, the
support was a CsI window and IR spectra were recorded in transmis-
sion.'" The proportions SnH, (SnD,)/Ar were typically between 0.1:100
and 1:100, while the deposition rate was approximately 1.0-1.5 mmol of
matrix gas per hour, continued over a period of 0.5-1.5 h. The amount of
deposited Al metal was measured with a quartz microbalance; rates of
5 ugh™! were chosen.

SnH, (SnD,) was prepared by the reaction of LiAlH, (LiAlD,) with
SnCl, in diethyl ether and purified by repeated fractional condensation in
vacuo;''” the purity was checked by reference to the IR spectrum of the
vapor."8! Gas mixtures of Ar with SnH, or SnD, were prepared by stan-
dard manometric methods.

Photolysis was carried out with a medium-pressure Hg lamp (Philips
LP 125) operating at 70 W or a high-pressure Hg-Xe lamp (Spectral
Energy) operating at 800 W, IR radiation being absorbed by a water
filter so as to minimize any heating effects. Irradiation involved either
broad-band UV-visible light (1=200-800 nm) or, more selectively, the
light delivered through an appropriate interference filter: 1 =254 nm
(fwhh 10 nm), A=405nm (fwhh 10 nm), A=436 nm (fwhh 11 nm), 1=
580 nm (fwhh 9 nm), and A=700 nm (fwhh 5 nm).

IR spectra recorded at Karlsruhe were measured in the range 4000—
200 cm ™' with a Bruker 113v spectrometer operating with either a liquid
N,-cooled MCTB or a DTGS detector. Similar measurements at Oxford
were made with a Nicolet Magna-IR 560 instrument. UV-visible spectra
were recorded 1) with an Xe arc lamp (Oriel), an Oriel Multispec spec-
trograph and a photodiode-array detector for the Al experiments, or 2)
with a Perkin—Elmer-Hitachi Model 330 spectrophotometer for the Ga
experiments.

DFT calculations (using the BP86 functional in combination with a
TZVPP basis set for Al, Ga, H and an ecp-TZVPP for Sn) were per-
formed using the TURBOMOLE program suite.'” Trial calculations
showed that this methodology reproduces satisfactorily the observed ge-
ometry, dimensions, and IR spectrum of SnH,.
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Results

Progress of the thermally and photolytically initiated reac-
tions of the metal vapor species with stannane was tracked
and products were characterized principally with reference
to the IR spectra of the Ar matrices supporting the reagents.
The IR absorptions have been assigned and analyzed on the
basis of the following criteria: 1) their growth or decay char-
acteristics under different conditions, 2) comparisons with
the spectra registered in control experiments and with the
spectra of related species, and 3) the observed effects of ex-
changing SnH, for SnD, and of the different naturally occur-
ring isotopes of Ga (Ga and "'Ga).

Aluminum

IR spectra: Table 1 gives relevant details of the wavenum-
bers and growth/decay behavior of the IR spectra recorded
in an experiment in which Al vapor was co-deposited with
an excess of Ar doped with SnH, in the proportions 100:0.5.
In addition to the absorptions characteristic of free
SnH,"™2" and of trace impurities such as H,0,”' CO,” and
CO,,”! the IR spectrum recorded immediately after deposi-
tion contained numerous absorptions associated with the
product or products of spontaneous reactions involving Al
atoms in their ground electronic state. Certain weak features
could be identified with known products, for example,
AICOP* and AL,O,” formed from the metal atoms and im-
purities. The major features, falling in the regions 1730-
1850, 1380-1430, 1100-1300, 700-750, 600-620, and 520-
550 cm™!, were attributable, however, to the outcome of re-
actions between Al atoms and SnH,. Their profusion, while
reflecting in part the occupancy by the guest species of dif-
ferent matrix sites, became accountable when the matrix
was subsequently irradiated with light of selected wave-
lengths. In a typical sequence, photolysis was carried out
first at A~700 nm, then successively at 1~580 and 410 nm,
and finally with broad-band UV-visible light (1=200-
800 nm). The response of the IR spectrum to the different
conditions revealed the formation of two major products, 1a
and 2a, as well as at least one other species, believed to be a
matrix-separated adduct Al---SnH,, 3a.

Photolysis with red light at A~700 nm brought about the
rapid decay of a family of bands with the following wave-
numbers: 1839.3, 1830.6, 1821.7, 1774.8, 728.1, 720.3, and
657.8 cm ™' (see Figure 1). These we associate with the pri-
mary product (1a) of a spontaneous reaction between Al
atoms and SnH,. The bands occurring in the range 1730-
1850 cm™!, on the low-wavenumber flank of the antisymmet-
ric v(Sn—H) fundamental of SnH,, v; (t,), are likely to arise
from the stretching vibrations of terminal Sn—HU!$221 or
Al-HP*?" bonds. The others, near 720 cm™ !, come close to
the scissoring, v, (e), and antisymmetric bending, v, (t,), fun-
damentals of SnH,.l""!

The decay of the IR signals due to 1a was accompanied
by the growth of a second family of bands already evident
in the spectrum of the matrix prior to photolysis. Character-
ized by multiplet patterns in several cases and centered near
1880, 1400, 1260, 1220, 1130, 733, 612, and 535 cm ™, these
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Table 1. IR absorption wavenumbers [cm '] observed for an Ar matrix containing Al/SnH, or Al/SnD, mix-

tures at 12 K.

modest activation barrier. At

the lowest SnH, concentration

SnH, SnD, H/D ratio Dep!! 7001 4101 Bbl Species  (Ar/SnH,=100:0.02) it was pos-
1878.1 1390.1 1.3510 T T T \2 2a sible to descry very close to the
1854.7/1853.1 1 - i - 3a vy absorption of free SnH, an
1845.0 - - 3a "
1839.3 1321.6 13951 T 1 - - 1a addltlonalﬁ} feature . at
1835.3/1833.9 1 _ 1 _ 3a 1878.0cm™" also belonging to
1830.6 1316.2 1.3704 T 1 - 1a 2a (see Figure 2). Most distinc-
1821.7 1307.9 1.3605 T \ - - 1la tive of the IR absorptions due
b
1812.6 - n - T v to 2a are those appearing in
1774.8 1292.6 1.3513 T d - - 1a 1
16337 B - B ! b] the range 1100-1430 cm ™, sug-
16302 1 _ _ l [b] gesting by their wavenumbers
1612.0 T - - \2 {°] the stretching vibrations of one
1424.9 T - - 4 v or more M-H-M' bridges, where
12(1)2.2/1400.1 1010.3 1.3858 $ T T i Z[:j' M and M’ may be the same or
1277.4/1271.4/1246.8 9227 13730 0 0 0 " 24 different ‘metal atoms = (cf
1238.2/1209.6 889.1 1.3928 1 0 0 l 2a  HLAI(w-H),AIH, 1408/1268%
1234.4 T - - i °l and Me,Al(u-H),AlMe, 1353/
1129.1 T ) T \) 2a 1215 cm 129
1121.2 T - - l L L
11138 1 B B 1 b] While irradiation at wave-
7559 7 _ l _ 3a lengths near 700 nm brought
732.9 534.8 1.3908 T ) T | 2a about the decay of the bands
728.1 T \ - - 1a due to 1a, it had no effect on a
7203 T * - : 12 third family of significantly
657:8 4715 13917 1 1 B - 1a weaker bands that was present
611.5 T T T d 2a at the outset. With wavenum-
541.2/528.6 T T T \ 2a bers of 1854.7/1853.1, 1845.0,
[a] Dep=on deposition; 700 =700 nm photolysis; 410 =410 nm photolysis; Bb=broad-band UV-visible photol- ~ 1835.3/1833.9 and 755.9 cm™

ysis. [b] unknown product.
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Figure 1. IR spectra showing the reactions of Al atoms in an Ar matrix
containing 0.5% SnH,: i) following deposition, ii) following photolysis at
A=700 nm, iii) following photolysis at 1580 nm, iv) following photolysis
at A~410 nm, and v) following broad-band photolysis at 1=200-800 nm.
Regions relevant to products 1a and 3a.

denote a second major product (2a) of the reaction between
Al atoms and SnH, formed either thermally or, more proba-
bly, photolytically with the surmounting of a comparatively
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(see Figure 1), these are associ-

T T T 1 T T
1300 1200 | IOIO 800 750 700 600
Wavenumber [cm’']

—
1875 1850 1400 500

Figure 2. IR spectra showing the reactions of Al atoms in an Ar matrix
containing 0.5% SnH,: i) following deposition, ii) following photolysis at
A=700 nm, iii) following photolysis at 1~ 580 nm, iv) following photolysis
at A~410 nm, and v) following broad-band photolysis at 1=200-800 nm.
Regions relevant to product 2a.

ated with a species 3a showing the spectroscopic character-
istics to be expected of a perturbed SnH, molecule. Yet a
fourth family of weak bands at 1633.7, 1630.2, 1612.0,
1424.9, 1408.8, 1234.4, 1121.2, and 1113.8 cm ™', also present
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at the outset, were likewise unaffected by 700 nm radiation.
The carrier of this family we have been unable to identify
positively, although the wavenumbers and photochemical re-
sponse of the bands suggest an adduct of 2a and H,O impur-
ity.

Subsequent photolysis with light of 1~580 nm gave rise
to minimal changes in the IR spectrum of the matrix. On
the other hand, switching the wavelength of the photolyzing
radiation to Aa~410 nm caused the absorptions identified
with 3a to decay, while those due to 2a gained somewhat in
intensity. It was noted, too, that irradiation at A~580 and
410 nm induced some minor changes in the relative intensi-
ties of the components of the complex multiplets near 1880,
1400, 1200, and 1100 cm™ associated with 2a. Completion
of the period of photolysis at 12410 nm left 2a and the un-
identified product as the sole surviving matrix guests. That
these, too, are photolabile was then demonstrated by a final
stage in which the matrix was exposed to broad-band UV-
visible radiation (4=200-800 nm) and resulting in the near-
extinction of the IR signatures of both products. Photode-
composition was accompanied, however, neither by the ap-
pearance of any new IR bands of significant intensity nor by
the reappearance of the bands associated with 1a or 3a. Of
the known binary hydrides AIH,*” and SnH,?" there was
also no sign for n=1-3.

Raising the SnH, concentration added to the complexity
of the spectra by introducing additional satellites to some of
the absorptions identified with the products 1a-3a that are
attributable presumably to matrix site effects. Nevertheless,
there was a more or less proportionate increase in the inten-
sities of the initial product
bands, implying that a single
SnH, molecule enters into the
reactions affording 1a, 2a, and
3a. Increasing the metal con- 2
centration by raising the fur-
nace temperature led to a simi-
lar increase in intensity of all
the relevant absorptions, caus-
ing us to infer that the products
1a-3a all derive from interac-
tion of Al atoms with SnH, in
the proportions 1:1.

As illustrated in Figure 2,
many of the IR bands charac-
terizing 2a appeared as multip-
lets reflecting most probably
the influence of different trap-

&

SHN.
-

Absorbance

——

0.05

Analogous experiments were carried out with SnD, in
place of SnH,, with the results included in Table 1; represen-
tative IR spectra are shown in Figures 3 and 4. Again, prod-
uct absorptions were observed in the spectrum recorded im-
mediately after deposition of the matrix, and these could be
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Figure 3. IR spectra showing the reactions of Al atoms in an Ar matrix
containing 0.5% SnD,: i) following deposition, ii) following photolysis at
A~700 nm, iii) following photolysis at A~410nm, and iv) following
broad-band photolysis at 1=200-800 nm. Regions relevant to product
1a.

iii)

ping sites on a highly deforma- 1400 1375
ble and/or reactive molecule,
compare with Ga(p-H),Ga in
similar circumstances.*” Sys-
tematic studies located the mul-
tiplet component corresponding
in most cases to the main trap-
ping site, and for the sake of simplicity, the rest of the dis-
cussion will refer only to these wavenumbers (as in Table 6,
see later). Experiments in Kr matrices gave no advantage,
resulting only in broad product absorptions.
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Figure 4. IR spectra showing the reactions of Al atoms in an Ar matrix containing 0.5% SnD,: i) following
deposition, ii) following photolysis at A~700 nm, iii) following photolysis at 1~410 nm, and iv) following
broad-band photolysis at 1 =200-800 nm. Regions relevant to product 2a.

attributed satisfactorily to perdeuterated versions of the
products 1a, 2a, and 3a on the basis of their response to dif-
ferent conditions of photolysis. All the features were strong-
ly red-shifted with respect to their identifiable counterparts
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for the isotopically natural
forms of the molecules. The
bands due to 1la at 1730-
1850 cm™ moved on deutera-
tion to 1280-1330 cm™, giving
H/D ratios near 1.392:1 for
each of the three main features
at higher wavenumber, but
1.3730:1 for the most promi-
nent  feature at 1774.8/ 1b+3b
1292.6 cm™!. The reduced H/D
ratio, combined with the wave-
numbers  themselves, lends
some weight to the assignment

.

-—
-—

Absorbance

N

e

|
el | Lo

(SnH JAT)

of this last transition not to a

—
v(Sn—H) but to the v(Al-H) 2000 1800

fundamental of an AI" hydride
(cf. HAIH 1806.3/1769.5,
HAICH, 1764/1746,°Y HAISiH,
1780.9,% HAINH, 1761.1,
and HAIPH, 17682 cm™'P).
The band of isotopically natural
la at 657.8cm™! shifted on

800 nm.

tures at 12 K.

T T T T

T T T T
1400 1200 1000 800 600

Wavenumber [cm'l]

Figure 5. IR spectra showing the reactions of Ga vapor species in an Ar matrix containing 0.15% SnH,: i) fol-
lowing deposition, ii) following photolysis at A~405 nm, and iii) following broad-band photolysis at 1=200-

Table 2. IR absorption wavenumbers [cm '] observed for an Ar matrix containing Ga/SnH, or Ga/SnD, mix-

deuteration to 471.5cm™ (H/

SnH, SnD, H/D ratio Depl®l 5778 4051 Bbl Species
D=1.3951:1). Similar shifts
1961.2/1954.8 1390.9/1389.1 1.4086 T T N 2b
were. 1.10ted for 2a. Thus, the g3, 1375.7 1.4060 1 1 1 2b
transitions near 1880, 1400, 18493 1328.5/1324.5/1322.8/1320.4  1.3967 0 l l l 1b
1210, 1130, and 733 cm ™' moved  1839.4 1305.5 1.4090 T bl { N 3b
to 1390, 1010, 923, 889, and 18353 1309.3/1301.0 1.4062 T \ { { 1b
535 em™!, respectively, giving H/ 1824.7 1288.4 1.4163 T d d N 1b
S0 ; ’ 1813.5 T l l l 1b
D ratios ranging from 1.386:1 7574 1281.4/1278.4 1.3968 1 ) l l 3b
to 1.270:1. The measured IR 17464 1269.8 1.3753 T (el ) l d
properties of the deutero ver- 17344 1253.3 1.3839 T 1 \ { 1b
sion of 3a were consistent with 16699 1215.2 1.3742 T i HGaOH!
. . 1407.7/1401.2/1389.6  1008.6/998.7 1.3957 T T 1 2b
the behavior expected of vibra- 1,5 51951 511065 888.2/882.7/867.8/864.3 1.3835 T 0 ! 2b
tions localized within an SnH, 11803 857.3 1.3768 T [b] ! 1 4b
(SnD,) fragment. 1144.1 830.9/829.2 1.3769 T T \: 2b
1122.0 811.1/808.2 1.3833 T T l 2b
.. . . . 1002.2 T l l { Ga,H,!"
UV-visible spectra: .UV-VISIble A8 5161 1.4044 1 i 1 1 1b
spectra of Ar matrices doped 7y4g 511.0/509.1 1.4014 0 l l l 1b
with Al vapor and SnH,; 7048 505.6 1.3940 T T \’ 2b
showed no bands belonging to 654.4/650.4 469.2/466.2 1.3949 T d { d 1b
any species other than Al 615.7 438.2/436.9 1.4072 [TJ T l z[le)
atoms™ or AL dimers ) Re. 002:4/3994 430.5 1.3958 T l {
2 514.0 T T N 2b
cording IR and UV-visible 49638 T ! ! ! 1b
spectra of the same matrix for 4858 T T { tdl

different Al  concentrations
served to validate the assump-
tion that products la to 3a
each contain only one Al atom.

ence [30].

Gallium

IR spectra: Figure 5 depicts the IR spectra recorded in an
experiment in which Ga vapor was co-deposited with an
excess of Ar doped with 0.15% SnH,; relevant details of
wavenumbers and growth/decay characteristics are itemized
in Table 2. On deposition, the matrix exhibited in addition
to the absorptions associated with SnH,"*?! and the usual

5840
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[a] Dep=on deposition; 577 =577 nm photolysis; 405 =405 nm photolysis; Bb=broad-band UV-visible photol-
ysis. [b] Decreases but little. [c] Decreases rapidly. [d] Unknown product. [e] See reference [43]. [f] See refer-

trace impurities® ! numerous new features attributable to
the product or products of spontaneous reactions between
SnH, and either Ga atoms or Ga, clusters in their ground
electronic states. Several occurred in the range 1720-
1860 cm™!, thereby suggesting their origin in the stretching
vibrations of terminal Sn—HI$%! or Ga—HP*?"! bonds.
Others, near 720 and 660 cm ™', came close to the scissoring,
v, (e), and antisymmetric bending, v, (t,), fundamentals of
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SnH,."! The spectrum was significantly simpler, however,
than that observed in similar circumstances in experiments
with Al vapor. It included, for example, only one absorption
in the range 800-1700 cm™!, this occurring at 1180.3 cm ™.
Subsequent photolysis treatments brought to light further
differences between the behaviors of Al and Ga toward
SnH,. Thus, irradiation with light at A~700 nm had no de-
tectable effect on the products formed on co-condensation
of Ga and SnH,. Moving the wavelength of the photolyzing

radiation to A= 580 nm (see Figure 6) did, however, result in

Absorbance

the products M--SiH, and HMSiH; (M =Al or Ga) formed
by M atoms and SiH, under comparable conditions.!>!¥

Simultaneously with the progressive depletion of the

matrix in 1b new IR absorptions belonging to a common

product were observed to develop. These were located at

1961.2/1954.8, 1934.3, 1407.7/1401.2/1389.6, 1232.5/1221.2/

1196.5, 1144.1, 1122.0, 704.8, 615.7, and 514.0 cm™, with

those at 1144.1 and 704.8 cm™! being the most intense. The

high wavenumber transitions at 1930-1965 cm™' are note-

worthy for appearing in a region typically associated with

the v(Ga—H) modes of Ga™ hy-

drides (cf. GaH, 1923.2,*"

H,GaNH, 1970857 H,GaCl

1978.1/1946.49 and H,Ga(p-

H),BH, 2005/1982 cm '), The

strong absorptions appearing in

the range 1120-1410 cm™' find

an evident parallel with the

i) spectrum of 2a, suggesting by
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Figure 6. IR spectra showing the reactions of Ga vapor species in an Ar matrix containing 0.15% SnH,: i) fol-
lowing deposition, i) following photolysis at A~577 nm, and iii) following photolysis at A~405 nm.

the decay of most of the new bands, some more quickly
than others. On the basis of numerous experiments and
careful scrutiny of the growth and decay patterns, it was pos-
sible to identify absorptions with the following wavenum-
bers with the main product formed on co-deposition of the
metal vapor with SnH,: 1849.3, 1835.3, 1824.7, 1813.5,
1734.4, 724.8, 714.8, 654.4/650.4, and 496.8 cm™*. The most
intense feature was that near 650 cm™!. Despite the higher
energy threshold to photodecomposition, the conditions of
formation and spectroscopic properties gave every reason to
label the associated product 1b, that is, the Ga analogue of
1a. Weak signals at 1746.4 and 602.4/599.4 cm™ decayed
much more quickly than did the bands already identified
with 1b, whereas others, located at 1839.4, 1787.8, and
1180.3 cm ', suffered little change of intensity. This behavior
pointed to the presence of more than one product in the ini-
tial deposit, although the trapping of a molecule in different
matrix sites can have a significant effect on its apparent pho-
tolability.””! Such an effect may well be responsible, for ex-
ample, for the behavior of the bands at 1746.4 and 602.4/
599.4 cm™, which we tentatively ascribe to 1b housed in a
photoactivating matrix site. We believe, nevertheless, that at
least two more products are present initially, namely 3b, as-
sociated with the transitions at 1839.4 and 1787.8 cm™!, and
4b (lacking an Al counterpart), associated with the
1180.3 cm™! transition. As in the experiments with Al, there
was no sign of the photoreversible behavior displayed by
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L to 2a and the circumstances of
formation (from 1b) lead us to
identify the new compound as
2b, that is, the Ga analogue of
2a. On the basis of its wave-
number, the only IR marker
clearly attributable to product 4b (at 1180.3 cm™') also im-
plies the presence of one or more metal-hydrogen-metal
bridges.

Exposing the matrix to light with 1~405 or 436 rather
than 580 nm, for example, for 30 min, led to much more
rapid extinction of the bands due to 1b, as well as the con-
comitant build-up of those due to 2b. Such photolysis was
also less selective in that it resulted in the decay of all the
bands associated with the products formed on co-deposition
of the Ga vapor with SnH,, including 3b and 4b. However,
these changes were not accompanied by the appearance of
any new product signal. Subsequent irradiation with broad-
band UV-visible light (1=200-800 nm) had the effect of
eliminating all traces of the products 1b—4b, as well as the
weaker features that have not been definitely assigned. No
new IR absorptions of significant intensity were observed to
grow in as a result. At neither this nor any earlier stage did
the IR spectrum suggest the formation of a binary hydride
of gallium, for example, GaH, GaH,, GaH;, or Ga,Hg,®"*
or subvalent tin, for example, SnH, SnH,, or SnH,,? previ-
ously characterized in varying degrees of detail. Annealing
the matrix at temperatures up to about 30 K had little effect
on its IR spectrum at either this or any earlier stage of its
history.

Varying the metal and SnH, concentrations brought about
such changes in intensity of the IR bands as to imply that
1b, 2b and 3b each derive from a 1:1 stoichiometric reac-
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tion of Ga atoms with SnH,, but that 4b is the product of a
spontaneous reaction of Ga, with SnH,. Such a conclusion is
supported by the experience of other matrix studies in
which the Ga, dimer has been implicated.*

Analogous experiments were carried out with SnD, in
place of SnH,, with the results included in Table 2 and illus-
trated in a typical experiment in Figure 7. Despite the com-

A

.
j—

| N—
256 1254 1252 1250
N
| L Io.os T’
|

1b+3wa
/ |
1400 1300 1200 1100 1000 900 80 700 600 500

Wavenumber [cm']

Figure 7. IR spectra showing the reactions of Ga vapor species in an Ar
matrix containing 0.15% SnDj,: i) following deposition, ii) following pho-
tolysis at A~405 nm, and iii) following broad-band photolysis at 1 =200-
800 nm. Inset: IR absorption at 1253.3 cm™' as measured under a resolu-
tion of 0.125 cm™".

plications created in some cases by what appear to be
matrix site effects (which are even more marked than in the
experiments with SnH,), the product absorptions observed
on deposition could be attributed satisfactorily to perdeuter-
ated versions of the products 1b, 3b, and 4b on the basis of
the effects of changing the metal concentration and condi-
tions of photolysis. All the features were strongly red-shifted
with respect to their counterparts for the isotopically natural
forms of the molecules. Deutero analogues of all the main
features associated with 2b were likewise identified after
photolysis with visible radiation, giving H/D ratios ranging
from 1.3784:1 to 1.4101:1.

The bands due to 1b at 1730-1850 cm™! moved on deuter-
ation to 1250-1330 cm™!, giving H/D ratios of 1.3839-
1.4163:1; those near 720 and 650 cm™' were relocated to
about 515 and 470 cm™!, respectively, also corresponding to
H/D ratios near 1.40:1. Similar shifts were noted for the fea-
tures associated with 3b and 4b. Thus, for example, the
single band at 1180.3 cm™' marking 4b moved to 857.3 cm™"
on deuteration, giving H/D =1.3768:1, consistent with its at-
tribution to the stretching vibration of an M-H-M’' bridge
(M, M'=Ga or Sn, being either the same or different
atoms). The lower value of the H/D ratio (1.3839:1) shown
by the intense absorption at 1734.4 cm™' for the isotopically
natural form of 1b suggests that it may arise from a v(Ga—
H) rather than a »(Sn—H) mode. Since there is more motion
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of the metal atom M in a ¥(M—D) than in a v(M—H) vibra-
tion, we have scrutinized the corresponding band at
1253.3 cm™! in the spectrum of the perdeuterated version of
1b. Under a resolution of 0.125 cm™', this could be seen, as
illustrated in Figure 7, to be a doublet with components
having relative intensities of roughly 3:2 and separated by
0.45cm™! (reflecting well the natural abundances of ¥Ga
(60.1%) and "'Ga (39.9%)* and the splitting of 0.5 cm™
calculated for the stretching of a diatomic Ga—D unit).

UV-visible spectra: With low furnace temperatures (850°C),
the 300-900 nm range of the UV-visible spectrum of a
matrix doped with the metal vapor and SnH, displayed, in
addition to a sharp absorption at 342 nm corresponding to
the 2S«P transition of atomic Ga,”"'** a new absorption
centered at 400 nm, the intensity of which showed a first-
order dependence on the SnH, concentration. Photolysis of
the matrix with radiation at A~405 nm caused this absorp-
tion to decay. Simultaneously a new absorption appeared to
develop near 320 nm, accompanied by a weak, broader fea-
ture centered at 460 nm (see Figure S1, Supporting Informa-
tion). IR spectra measured under the same conditions wit-
nessed the initial formation of 1b and 3b with only low con-
centrations of 4b, followed by the photochemical conversion
of 1b to 2b. Raising the furnace temperature (to 900°C)
gave matrices whose UV-visible spectrum included initially
not only the 342 and 400 nm bands, with proportionately en-
hanced intensities, but also a third band at 610 nm, weaker
and broader than the other two, which has been identified
previously® as arising from the Ga, dimer. The IR spectra
measured under these conditions showed intensification of
all the product signals, but of those due to 4b conspicuously
more than those due to 1b and 2b. Hence the measure-
ments uphold the view that 1b, 2b, and 3b are monogallium
products, whereas 4b is a digallium product. The new fea-
tures at 400 and 320/460 nm are associated presumably with
the principal products 1b and 2b, respectively. There is a su-
perficial analogy between the first of these and the UV-visi-
ble transition characteristic of a weakly bound adduct in-
volving a Ga atom, such as Ga-~NH; (440 nm),? Ga--OH,
(395 nm),™ and Ga--SiH, (ca. 350 nm).'

Discussion

In the following account, we describe the results of detailed
DFT calculations on model molecules. By considering the
energies of plausible species, comparing the IR spectra si-
mulated for these with the spectra observed for the various
products, and taking into account all of the experimental cir-
cumstances, we are led to identify the main products as
HMSnH; (1a or 1b; V) and, surprisingly, its novel dihydri-
do-bridged tautomer, H,M(u-H),Sn (2a or 2b; VI) for M=
Al or Ga. We consider also the properties expected of the
metal atom adduct M(*P)--SnH, (I-IV) and suggest a
matrix-frustrated version of this as probably accounting for
the secondary product 3a or 3b, while the digallium product
4b is most likely to be a hydrogen-bridged cluster Ga,(p-
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H),Sn (VII). The relevant reactions are then represented

by Equations (1)—(4) in which M= Al or Ga. T~ \

M(*P) 4 SnH, — M(*P) - - - SnH, (3a, 3b) (1) - e - 0 /‘\y 0\

M(P) + SnH, — HMSnH, (1a, 1b) 2) 2 1

HMSan . HZM(].L-H)ZSH (2 a, Zb) (3) “lz -L0V-3.8 kI mol Vi =102.00-65.8 k) mol

Ga, + SnH, — Ga,(p-H),Sn (4b) (4) I\\"- L‘\\
" A

M-..SnH, (I-IV) and HMSnH; (V), (M= Al or Ga): The IR ’.' . t‘\

signatures of the products 1a and 1b and 3a and 3b show T \\

an evident kinship to that of their SnH, parent and all the [1: -5.6/-6.6 kI mol ! VI: -200.8/-125.7 kJ mol

features could reasonably be ascribed on the basis of their . b .

wavenumbers to either stretching or deformation of an e \\.

SnH, fragment, with the multiplicity of transitions suggest- 3 3 ’ ’ Q

ing the absence of anything higher than a twofold axis of e p \

symmetry. In line with expectations based on the results of & %

similar matrix experiments with, for example, NH,,?
H,0, and SiH,,™ it might reasonably be assumed that the
product 1 and/or 3 is a 1:1 adduct of the form M(*P)--SnH, .
(I-IV). Analogies with the behavior of SiH, have led to
DFT calculations being carried out to establish minimum

e =13.2/-14.2 kJ mol-! VII: -249.7 k) mol-!

energy structures, in the first place for the possible isomers
I-III illustrated in Figure 8. The geometries here differ ac-
cording to whether the metal atom is located above the
centroid of one of the faces (I), near a vertex (II), or above
the midpoint of one of the edges (III) of the SnH, tetrahe-
dron.

For both Al and Ga each in their ground electronic states
[M(*P)], DFT calculations find minima for models I-III
with binding energies that follow the same order I<II<III
as the analogous SiH, species.'Y However, when the models
were allowed to assume unrestrained geometry, a more
stable structure was found with the M atom placed above an
Sn—H bond, which may thus be regarded as n?-coordinated
to M. In this structure, IV, the (>-HSn)M unit is coplanar
with a second Sn—H bond to which M is proximal. The
energy change for the reaction given in Equation (1), in
which M--SnH, represents each of the isomers I-IV, is
shown underneath the relevant geometries in Figure 8. Thus

VI -315.5 k) mol!

o
oo

IV: -28.4/-25.4 k) mol-!

Figure 8. Geometries of possible isomers of the adduct M-SnH, (I-IV)
and the molecules HMSnH; (V), H,M(p-H),Sn (VI), GaGa(H)SnH;
(VII), and Ga,(p-H),Sn (VII). Energies relate to AE for the change
M(*P) 4+SnH,—MSnH, or 2M(*°P) 4+ SnH,—M,SnH,.

IV is calculated to correspond to the global minimum with a
binding energy of 28.4 kimol ' for M= Al and 25.4 kJmol™!
for M=Ga; it lies to low energy of III by 15.2 (Al) and
11.3 kJmol™" (Ga). The binding energy estimated at a simi-
lar level of theory for M--SiH, in its preferred form (analo-
gous to II) is near 12 kJmol ™!, irrespective of whether M=
Al or Ga.l"!

Tables 3 and 4 list the wavenumbers and IR intensities
predicted for the vibrational fundamentals, alongside details
of the IR spectra observed for the products 1a/lb and 3a/

Table 3. Experimental IR wavenumbers [cm~'] of 1a and 3a and calculated wavenumbers [cm~'] and intensities [kmmol~’, given in parentheses] of the
four isomers of Al-SnH,, I-1V, and HAISnH;, V.

Observed Al-SnH, (I) Al-SnH, (II) Al-SnH, (III) Al-SnH, (IV) HAISnH; (V)
1a 3a Assign  BP86l! Assign  BP86l! Assign  BP86l! Assign  BP86l Assign ~ BP86l
1839.3 18547 v, (a;) 1870.1 (48) v (ay) 1871.8 (105) v, (a;) 1845.9 (372) v, (a’) 1817.0 (181) v, (a") 1834.4 (171)
1821.7 18353  w,(a;) 1824.2 (332) v, (ay) 1699.8 (406) v, (a;) 1797.2 (50) v, (a) 1793.6 (137) v, (a’) 1810.7 (119)
1774.8 vs (ay) 660.4 (262) v; (a;) 671.7 (364)  v;(ay) 708.8 (132)  wv;(a’) 1069.3 (236) w5 (a’) 1785.7 (212)
728.1 v, (ay) 352(0.08) v, (a)) 118.6 (3) vy (ay) 6255 (313) v, (a) 892.4 (26) v, (') 715.0 (46)
657.8 7559  ws(e) 1875.9 (136) vs (e) 1884.9 (125)  ws(a;) 120.7 (7) vs (a) 670.3 (227)  wvs(a’) 673.6 (286)
v (€) 726.6 (0.2) v (€) 717.8 (38) Vs (ay) 614.9 (0) v (@) 648.2 (276)  wvg(a") 544.4 (69)
vy (e) 687.5 (139) v; (e) 617.1 (47) vy (by) 1832.9 (160) v, (a") 370.1 (15) v; (') 352.9 (22)
vg (€) 214.6 (0.2) vg (€) 167.2 (1) vg (by) 535.0 (48) vg (a) 147.9 (0.1) vg (a) 248.6 (1)
1830.6  1845.0 vy (by) 204.1 (0.1) vy (a") 1824.4 (147) vy (a") 1818.8 (144)
7203 vy (by) 17749 (52) vy (@) 713.8 (78) vy (@) 714.4 (55)
vy (by) 669.8 (114) vy (") 3825 (7) vy (@”) 332.4 (33)
vy, (by) 230.8 (2) v (@) 290.6 (5) v, (@) 3224 (0)
[a] Calculated using a BP86 functional in combination with a TZVPP basis set for Al and H and an ecp-TZVPP basis set for Sn.
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Table 4. Experimental IR wavenumbers [cm '] of 1b and 3b and calculated wavenumbers [cm '] and intensities [kmmol !, given in parentheses] of the

four isomers of Ga-SnH,, I-1V, and HGaSnHj;, V.

Observed Ga-SnH, (I) Ga-SnH, (II) Ga-SnH, (IIT) Ga-SnH, (IV) HGaSnH; (V)
1b 3b Assign  BP86 Assign  BP86! Assign  BP86!! Assign  BP86l Assign  BP86l
18493 18394 v (a) 18633 (39)  n (a)  1873.1(93)  u (a) 18447 (311) v (a)  18025(129) w (a) 18217 (170)
18247 v (a)  18174(353)  w,(a) 17407 (433)  w,(a) 18063 (70)  w,(a)  1808.1(181) w, () 17829 (140)
1734.4 vy (a)  653.9(266) vy (a)  671.7(339) wi(a)  7146(86)  wi(a)  1007.5(31)  w(x) 17108 (298)
714.8 v (a) 201 (0.1) v, (ay) 762 (08)  wy(a) 6467 (322) v, (@)  9259(224) w(¥) 7016 (50)
650.4 ve(e)  18674(145)  wvs(e) 18848 (130) s (a)) 791(1)  ws(a)  6672(90)  w(a) 6508 (355)
496.8 vee)  7251(01)  w(e)  TI8T(T) wel(a)  6200(0)  we(a)  3243(21) v (x) 4878 (24)
v(e) 6846 (141) v (e)  6231(53)  w(b) 18313 (161) v, (a) 6437 (467) w(a) 3012 (17)
ve(e)  1829(005) ws(e)  1589(02)  ws(b) 5284 (60) v (a) 812 w(a) 1710 (08)
18353 17878 w(b)  1296(1)  w(a’) 18320 (147) (") 17938 (157)
724.8 vo(by) 17873 (70) v (@)  T160(88) vy (a’)  713.0 (57)
vy (by) 6758 (107)  w, (27)  4852(16)  w,(a") 3287 (16)
v (b)) 1807(1)  wp(a)  2700(3)  wvp(a’)  268.5(9)

[a] Calculated using a BP86 functional in combination with a TZVPP basis set for Ga and H and an ecp-TZVPP basis set for Sn.

3b; the calculated dimensions are given in the Supporting
Information (Table S1). Unlike III, the more stable isomer
IV involves marked perturbation of one Sn—H bond, elon-
gating it by some 23 pm and effectively establishing an Sn—
H--M bridge. The result is that what approximates to a
v(Sn—H) mode is predicted to occur at unusually low wave-
number (e.g., 1069.3 cm™! for the Al version of IV) and with
high intensity in IR absorption. No absorption answering to
this description could be discerned in the spectrum associat-
ed with either 1a/1b or 3a/3b, although none of the absorp-
tions characteristic of 3a/3b was observed more than
weakly, so that the possibility of such a structure cannot so
easily be discounted in this case. The IR spectrum calculated
for III is dominated by four quite closely spaced absorptions
of comparable intensity between 1770 and 1850 cm™!, with
others near 710, 670-680, 620-650 and 530 cm™. Although
this matches quite closely the spectra of 1a and 1b, theory
and experiment diverge in two particulars. Firstly, the inten-
sity pattern of the four prominent bands observed in each
case between 1730 and 1850 cm ™' differs significantly from
the calculated pattern, such that the feature at lowest wave-
number (1774.8 or 1734.4 cm™" for 1a or 1b, respectively) is,
for example, the most intense of the four in practice, but
the least intense in theory. Secondly, the H/D ratios and,
most significantly, the Ga isotopic splitting in the Ga experi-
ments leave little doubt that the transition at 1774.8 or
1734.4 cm™' represents a vibration that approximates closely
not to a »(Sn—H) but to a v(M—H) mode (M=Al or Ga).
None of the models I-IV is able to accommodate this find-
ing.

The experimental results give strong prima facie evidence
therefore that in 1a and 1b, the main product formed on co-
deposition of Al or Ga (M) vapor with SnH,, the M atom
has inserted into an Sn—H bond to give the M" compound
HMSnH; (V). This would then appear to occur spontane-
ously, despite the fact that the corresponding silane deriva-
tive is formed only on photoactivation at A=ca.254 or
410 nm." Our DFT calculations show that HMSnH; (V)
has a global minimum energy structure with C, symmetry
and the dimensions recorded in Table S1 (Supporting Infor-
mation). With a 2A’ ground state and the unpaired electron
localized largely at M, the molecule resembles other M™ hy-
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drides in featuring an angular H-M-Sn skeleton (< H-AI-
Sn=117.7°, ¥H-Ga-Sn=120.0°), compare with MH,,?"
HMCH,," HMSiH,,'"! HMNH,,’? and HMPH,. The cal-
culated energy change, AE, for its formation from SnH, and
an M atom in its P ground electronic state [Eq. (2)] is
—102.0 and —65.8 kJmol ™! for M= Al and Ga, respectively.
Hence V lies 40-74 kJmol ™' lower than IV on the MSnH,
energy hypersurface. The wavenumbers and IR intensities
estimated for the vibrational fundamentals of HAISnH; and
HGaSnH; (1a/1b) in their normal and perdeuterated forms
reveal patterns in good agreement with those of the corre-
sponding versions of 1a and 1b, with four quite closely
spaced absorptions expected at 1700-1840 cm™', as well as
an intense absorption at 640-680 cm ' (see Table 5). There
seems little doubt therefore that 1a and 1b are indeed the
insertion products HAISnH; and HGaSnH; (V).

The case of 3a/3b is more problematic. The spectroscopic
signs are those that might be anticipated for a 1:1 adduct of
the metal atom M with SnH,. As already noted, however,
there is no sign of an absorption in the range 900-1150 cm ™
to be expected of the most stable isomer I'V. Although the
isomer III, with the M atom directed toward an edge of the
SnH, tetrahedron, would provide a rather better match for
the spectra displayed by 3a and 3b, this seems to be an un-
likely identity, given that it is calculated to be less stable
than IV. More seriously, the photochemical properties of 3a/
3b which, unlike 1a/1b, decays only on exposure to light of
quite short wavelength (1~410 nm), run counter to those
expected of a metal atom adduct M--SnH,. Such an adduct
is inevitably the precursor to the insertion product V the
formation of which is evidently opposed by little or no acti-
vation barrier. Taking everything into account, we believe
that 3a/3b is indeed a loose aggregate of the type M:--SnH,,
but inhibited from further reaction by the intercession of
the rigid matrix environment. For example, M and SnH,
may be not nearest but next nearest neighbors in the matrix.
The calculations give some support to this notion in reveal-
ing quite strong interaction for an M--SnH, contact pair, so
that even with the increased separation between M and
SnH, enforced by the matrix, weak but significant interac-
tion may be expected to persist. Only by exciting the metal
atom by exposure to blue or near-UV light is sufficient
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Table 5. Experimental IR wavenumbers [cm '] of 1a and 1b and calculated wavenumbers [cm '] and intensities [kmmol !, given in parentheses] for

HMSnH; and DMSnD; (V) (M= Al and Ga).

Assign HAISnH; (V) DAISnD; (V) HGaSnH; (V) DGaSnD; (V)

1a, obsd caled® 1a, obsd caled® 1b, obsd caled® 1b, obsd caled!®
v, (a) 1839.3 1834.4 (171) 1321.6 1303.4 (100) 1849.3 1823.6 (168) 1328.5/1320.4 1295.3 (88)
v, (@) 18217 18107 (119) 1307.9 1288.7 (61) 1824.7 1778.0 (142) 1288.4 1260.7 (70)
v, (@) 17748 1785.7 (212) 12926 1281.0 (99) 1734.4 1710.7 (298) 1253.3 1219.0 (152)
Ve () 728.1 715.0 (46) 507.4 (24) 714.8 702.1 (50) 511.0 4982 (25)
vs (') 657.8 673.6 (286) 471.5 480.8 (143) 650.4 652.3 (355) 469.2/466.2 466.1 (179)
ve () 544.4 (69) 400.1 (39) 496.8 487.4 (24) 3522 (13)
v () 352.9 (22) 2589 (8) 304.0 (17) 216.8 (9)
v (a) 2486 (1) 237.8 (4) 171.1 (0.8) 169.7 (0.9)
vy (") 1830.6 1818.8 (144) 13162 1292.8 (74) 18353 1788.8 (158) 1309.3/1301.0 1271.9 (81)
v (@) 720.3 714.4 (55) 507.2 (28) 7248 713.7 (57) 516.1 506.9 (29)
v (@) 332.4 (33) 236.0 (17) 329.5 (16) 234.1 (8)
) 322.4 (0) 2353 (0) 270.4 (9) 194.8 (5)

[a] Calculated using a BP86 functional in combination with a TZVPP basis set for Al, Ga and H and an ecp-TZVPP basis set for Sn.

energy imparted to overcome the constraints of the matrix
environment and promote reaction. Under circumstances in
which 1a/1b is highly photolabile, this reaction proceeds
with the formation of 2a/2b.

H,M(un-H),Sn (VI; M =Al or Ga): Earlier studies of matrix
reactions of Al or Ga atoms (M) with simple hydride mole-
cules, HX, have revealed that photoactivation at wave-
lengths near 400 nm results in insertion to give a M"" hydride
HMX, for example, X=NH,* or OH;* broad-band UV-
visible photolysis then results typically in decomposition to
H'+MX. Insertion having already occurred on co-deposi-
tion with SnH,, the course taken on subsequent photolysis
at A=400-800 nm, with the conversion of HMSnH; (V) to
2a/2b comes as a surprise. The fact that 2a is actually
formed to some extent even on deposition of the matrix is
most probably due to photolysis by radiation emitted by the
metal furnace. In fact, the IR spectra characterizing 2a/2b
have little in common with that to be expected of a subva-
lent MU'416:27:3233]1 or £in® hydride. For example, it shows no
sign of the stretching vibrations of the terminal M—H or Sn—
H bonds normally associated with such species. What
appear to be the defining properties of the spectra are the
bands at 1100-1420 and 1870-1970 cm™!, which bear the
marks of one or more metal-hydrogen—-metal
bridges®3%4*1 and terminal M""—H bonds,?*>"-3383%4] re.
spectively. Since 2a/2b is formed from V, it must be as-
sumed that there is no increase in nuclearity with regard to
the metal atoms, and the failure to detect any known binary
hydrides of M or Sn makes it most likely that 2a/2b is an
isomer of V.

The only model for 2a/2b that is consistent with the ex-
perimental findings is H,M(p-H),Sn (VI), a novel mixed-
metal hydride, remarkable as much for the implied oxida-
tion states of the metals as for its structure. Our DFT calcu-
lations find a well-defined minimum for such a molecule
with the geometry VI illustrated in Figure 8. The ground
state is a doublet with C,, molecular symmetry. One plane
of symmetry contains the planar M(u-H),Sn skeleton with
M—-H and Sn—H distances of 176.0 and 197.0 pm for M= Al
and of 175.5 and 198.1 pm for M =Ga, while the second,
perpendicular to the first, contains the terminal M—H bonds
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each measuring 159.2 and 156.4 pm for M=Al and Ga, re-
spectively. The angles (in the order Al/Ga; br =bridging, t=
terminal) are as follows: H,-Sn-H,, 73.2/72.8°; H,-M-H,,
83.8/84.2°; H-M-H, 124.8/127.8°. The energy change, AE,
then calculated for the formation of VI from M(*P) and
SnH, [Eq. (5)] is —200.8 or —125.7 kJmol™! according to
whether M= Al or Ga, so that this appears to correspond to
the global minimum on the MSnH, PE hypersurface, being
more stable than V (Al/Ga) by 98.8 and 59.9 kImol ™, re-
spectively.
M(*P) 4 SnH, — H,M(p-H),Sn  (VI) Q)
The wavenumbers and IR intensities calculated for the vi-
brational fundamentals of the normal and perdeuterated iso-
topomers of VI match remarkably closely those of the IR
features observed for the corresponding versions of 2a/2b.
Indeed, the calculations reproduce the wavenumbers of the
17 fundamentals that appear to have been located experi-
mentally for H,Ga(u-H),Sn and D,Ga(p-D),Sn with a root
mean square deviation of no more than 2.4% (see Table 6).
Hence experiment and theory combine to suggest that
photolysis with light at wavelengths of 400-800 nm results in
the tautomerization of HMSnH; (V) to H,M(p-H),Sn (VI).
The net outcome is a redox reaction in which the M atom
has ultimately been oxidized to M™, while the tin atom has
been formally reduced to the unusual state of Sn'. The only
comparable Sn' species to have been identified previously is
SnH. Although short-lived in the gas phase,*! this can be
preserved, as can its dimer Sn(pu-H),Sn apparently, under
matrix conditions.” The DFT calculations confirm, as ex-
pected, that the unpaired electron in H,M(u-H),Sn (VI) oc-
cupies an orbital that is localized mainly on the Sn atom.
Perhaps the closest analogy to this product is provided by
H,MPH, another M™ radical species, which is formed to-
gether with HMPH, in an Ar matrix on photolysis of the
adduct M--PH; at 1~436 nm.*® The response of SnH, to
the Group 13 metal atoms contrasts in this respect with its
response under similar conditions to Ti atoms which, with
minimal activation, gives rise to the triply hydrogen-bridged
product HTi(u-H);Sn.*! Exchange of hydrogen between
one metal or metalloid center and another is also known to
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Table 6. Experimental IR wavenumbers [cm '] of 2a and 2b and calculated wavenumbers [cm '] and intensities [kmmol !, given in parentheses] for
H,M(p-H),Sn and D,M(p-D),Sn (VI) (M= Al and Ga).

Assign H,Al(u-H),Sn (VI) D,Al(p-D),Sn (VI) H,Ga(p-H),Sn (VI) D,Ga(p-D),Sn (VI)

2a, obsd caled® 2a, obsd caled® 2b, obsd caled® 2b, obsd caled®
v (a;) 1878.1 1882.8 (106) 1341.5 (71) 1934.3 1922.4 (108) 1375.7 1363.1 (59)
v, (a;) 1400.1 1420.1 (331) 1010.3 1012.5 (199) 1389.6 1400.0 (216) 1008.6 992.5 (115)
v, (ay) 1209.6 12585 (722) 922.7 894.7 (357) 1144.1 1192.8 (799) 830.9 846.9 (404)
Ve (ay) 732.9 727.1 (311) 534.8 5283 (153) 704.8 6883 (306) 505.6 491.3 (153)
vs (ay) 261.5 (0) 253.0 (1) 186.0 (0.01) 184.7 (0.03)
v (2) 575.1 (0) 406.9 (0) 578.8 (0) 409.5 (0)
v, (by) 1896.9 (183) 1390.1 1377.9 (103) 1954.8 1936.3 (176) 1390.9 1384.3 (92)
ve (b)) 6115 61522 (64) 477 (32) 615.7 585.7 (45) 4382 4205 (23)
Ve (b)) 3234 (2) 2307 (1) 2457 (02) 1748 (0.1)
V1o (by) 1271.4 1264.8 (45) 898.1 (16) 12212 12132 (14) 882.7/867.8 8593 (6)
vy (by) 1129.1 1140.3 (179) 889.1 818.7 (102) 1122.0 1105.2 (155) 811.1 787.2 (80)
vy (by) 5412 558.9 (63) 412.4 (32) 514.0 5176 (22) 3743 (1)

[a] Calculated using a BP86 functional in combination with a TZVPP basis set for Al, Ga and H and an ecp-TZVPP basis set for Sn.

occur in certain chemical vapor deposition processes involv-
ing, for example, MMe; (M=Ga or In) and Me;N-AlH,.*"

Ga,(n-H),Sn (VIII; 4b): The product 4b is formed on co-
deposition of Ga vapor with SnH, in yields that vary with
the reagent concentrations in such a way as to suggest that
its source is Ga,+SnH, [see Eq. (4), for example]. Parallels
are then evident with similar matrix experiments involving
Ga vapor and H,,"” H,0,* or SiH,." Ga, reacts spontane-
ously with H, to form the cyclic molecule Ga(p-H),Ga,?**!
whereas with SiH, it forms, again spontaneously, what is
probably the product HGa(p-SiH;)Ga.l'¥l Several possible
models for 4b commend themselves, for example, Ga(u-
H)(u-SnH;)Ga, Ga(u-H)GaSnH; HGa(p-SnH;)Ga, as well
as GaGa(H)SnH; and frans-HGaGaSnH; with terminal H
and SnHj; ligands bound either to the same or to different
Ga atoms of a diatomic Ga, unit (cf. GaGaH, and
HGaGaH which have been identified in earlier experi-
ments®"). The only minima on the GaGaSnH, energy hyper-
surface correspond, on the evidence of our DFT calcula-
tions, to GaGa(H)SnH; (VII) with terminal Ga—H and Ga—
SnH; bonds and a novel hydrogen-bridged metal cluster,
namely the armchair-shaped isomer VIII (see Figure 8). Al-
though this second molecule can be regarded as an adduct
of Ga(u-H),Gal and SnH,, the hydrogen atoms establish
comparable contacts to all the metal atoms which they
bridge (at distances ranging from 183 to 229 pm; see
Table S2, Supporting Information), and the molecule is per-
haps viewed more aptly as a metal-deficient cubanelike clus-
ter. The single IR absorption at 1180.3 cm™' by which 4b is
recognizable clearly implies a molecule featuring a bridging
Ga-H-Ga or Ga-H-Sn unit. This circumstance declares
isomer VIII, but not VII, to be a reasonable candidate for
4b. According to the calculations, the vibrational transitions
of VIII predicted to be most intense in IR absorption occur
at 1363.6, 1321.8, and 1255.7 cm™! (Table S2, Supporting In-
formation). The formation energies starting from two metal
atoms and one SnH, molecule are —249.7 and
—315.5kIJmol™" for VII and VIII, respectively, making the
latter 65.8 kImol™' more stable than the former. On the
very limited experimental evidence available, VIII seems
therefore to be the most likely product of the facile reaction
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between Ga, and SnH,. Further experiments are in progress
to test this conclusion and seek a more detailed characteri-
zation of the product.

Effect of broad-band UV-visible photolysis: Less discrimi-
nate irradiation with broad-band UV-visible light (1 =200~
800 nm) brings about the photodecomposition of all the spe-
cies 1a/lb, 2a/2b, 3a/3b, and 4b, without giving rise to any
new IR absorptions of significant intensity. Although H-
atoms or H, might have been expected to be eliminated
under these conditions, it seems rather unlikely that these
would not be accompanied by the formation of known hy-
drides of the metals, such as MH?" and SnH,, (n=1-3),”" or
unknown but potentially detectable ones such as MSnH;.
The most likely explanation is that regeneration of M atoms
or M, dimers and SnH, [i.e., reversal of reactions in
Egs. (1), (2), (4), and (5)] occurs under these circumstances.
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