J. Am. Chem. So2000,122,9793-9807 9793

Thermal and Photochemical Reactions of Aluminum, Gallium, and
Indium Atoms (M) in the Presence of Ammonia: Generation and
Characterization of the Species'NHs;, HMNH,, MNH,, and
H-MNH >

Hans-J&g Himmel,* Anthony J. Downs, and Tim M. Greene

Contribution from the Inorganic Chemistry Laboratory, Warsity of Oxford,
South Parks Road, Oxford OX1 3QR, U.K.

Receied April 14, 2000

Abstract: Isolation of aluminum, gallium, and indium atoms together with ammonia in a solid argon matrix

is shown to result in a thermal reaction yielding the metal atom compleaxXty, GaNHa, or In-NH3, which

has been characterized by its IR and YWsible spectra. Upon photoactivation at= 436 nm, the metal

atom inserts into an NH bond of ammonia to form the divalent compound HMN@ = Al, Ga, or In).

This product is photolabile, decomposing to the corresponding monovalent compoungd diN#tposure to
broad-band UV~visible light (200< 1 < 800 nm). All the molecules have been identified by means of their

IR spectra, the assignments being underwritten by the effects of EPldralibstitution, and also by comparison
either with the vibrational properties of known, related molecules or with those predicted by quantum chemical
(DFT) calculations. The resulting analysis is elaborated for the light it sheds on the structures and electronic
properties of the molecules.

Introduction different kind involving high-resolution electron loss spec-
troscopy (HREELS), low energy electron diffraction (LEED),
and other techniques show that adsorption of hydrogen atoms
results in the creation on the GaN (0001) surface of-Ba
bonds that are destroyed only on heating to temperatures of
260 °C or higher® It follows that detailed investigation of

species with the general formulaM,N, may be expected to

Compounds containing the group 13 metals bound to nitrogen
are potentially relevant to the fabrication of thetN semi-
conductor materials AIN, GaN, and InNIn practice, these
materials are made by organometallic chemical vapor depo-
sition (OMCVD) processes starting from sources such as

1 ;
Ga(Ch)s and N The vapors of the precursors in B the illuminate our understanding not only of the decomposition

carrier gas react at high temperatures at the substrate sur- ol d in the OMCVD f . f the bi
face with the deposition of the metal nitride. Since hydrogen is Processes implicated in the OMCVD formation of the binary

one of the main impurities in the bulk material, the influ- nitride MN, but also of the factors affecting the properties of
ence of hydrogen on the properties of the semiconductor devicetn® prO_dL_‘Ct' L . . . .
has been the subject of no little stidifthe decomposition Matrix isolation |s_nowwell established as_ahlghlymstruqtlve
process is likely to proceed by way of intermediates with the method of reconnaissance and characterization for previously
composition HM,N; (M = Al, Ga, or In); indeed the specific unknown hydride dgnvatlves of the group 13 meﬁﬂd&_—]ence,
compounds amidogallane, j8aNH;]s° and azidogallane, for example, the su_nple ‘monomeric molecule_ amldoborane,
[H.GaNg]“ are reported to be ready sources of GaN in cubic H,BNH,, has been identified as a product arising from the

nanocrystalline form and thin films, respectively. Studies of a PYrolysis of mixtures of diborane and ammoffaMoreover,
the reactions of the metal atoms with dihydrogen molecules or

hydrogen atoms have been shown to afford the first clear
sighting of the binary hydride molecules MH, MHand MH;
(M = Al, Ga, or In)1° Photoexcitation of the metal atoms is

* To whom correspondence should be addressed.
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to give CHHMH (M = Al,1 Gal2 14 or In'4); these divalent Ammonia complexes and amido and imido derivatives of

products are themselves photolabile, decomposing with the aluminum have attracted several quantum chemical inquiries
release of H atoms and the formation of the appropriate designed to elucidate the ground-state structures, vibrational
monovalent derivative (eq 1). The only insertion reactions of properties, energetics, and, in particular, the bonding in such

gallium and indium that have been found to proceeéthout
photoactivation are those with HCI to give MCl and MH @
Ga or In, although MH could be detected only forGa)®
and H, which reacts spontaneously with the @émer to give
the hydrido-bridged species Gaf),Gal316.17

1\.,1 hv
N\ ——» R—M + He (1)
K H
(R =H or Me)

Here we report on the outcome of the reactions set in train
by thermal or photolytic excitation of gallium or indium atoms

molecules’23-28 As expected, the adducts AIH32324 and
H3Al-NH32425are calculated to differ markedly in their binding
energies (2740 vs ca. 110 kJ mol) and AI-N distances
(2.350 vs 2.072 A). ANHs is noteworthy on two counts: (i)

it is subject to JahnTeller distortion, albeit with minimal
perturbation of the geometry and vibrational properties of the
molecule (reflecting the highly localized character of the
semioccupied orbital), and (ii) it is 110 kJ less stable than its
tautomer HAINH.?* With a planar structure and a relatively
short AN bond (1.772 A), HAINH represents the global
minimum for molecules with the composition AINHThe most
stable AINH isomer is not the quasi-linear HAINH but the
planar aluminum(l) species AlNHalso with a surprisingly short

isolated in ammonia-doped argon matrices. Previous studies ofAl—N bond (1.795 AR together with an H atom this is formed

the reactions occurring between aluminum and ammonia in solid
adamantane or argon matrices have been guided by%P?R
IR® measurements, respectively. The EPR experiments find
evidence of the adducts Al(N$p and Al(NHz)4 and what was
thought to be the insertion product HAINHapparently featuring

a bridging hydrogen atom, all formed by thermal reactions of
ground-state Al atom®.On the evidence of the IR experiments,
Al atoms produced by laser ablation (and therefore including a
proportion of electronically excited atoms) react with Ntd
form two major products HAINKl and AINH,, as well as
another minor product tentatively identified as HAINHThese
experiments indicated too that electronic excitation of the Al
atoms is a prerequisite to insertion into an-N bond of the
NH3; molecule, while offering no suggestion that the primary
product HAINH, carries other than terminal AH and N-H
bonds. Photodecomposition of HAINHs then the source of
the other two products. EPR studies of the reaction of Li atoms
with NHs; have identified the formation of the molecular
complex LkNHs, which decomposes under the action of visible
light, possibly with the formation of LiNkand LiNH, although
these could not be positively identifi@iMatrix methods have
also been used to investigate the reactions of certain transition
metals with ammonia. Thus, Peand N£2 atoms severally form
adducts with one or two molecules of NHnd UV irradiation
brings about insertion of the metal into ar-N bond with the
formation of the amido derivatives HMN+and HMNH*NH3

(M = Fe or Ni).
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from HAINH, in a reaction analogous to eq 1 that is estimated
to be exothermic by about 170 kJ mél Shortest of all are the
Al—N bonds in the high-energy HAINH (1.608 &y27 and the
low-energy, planar BRINH » molecule (1.766 226 for which

the barrier to rotation about the AN bond is calculatetd to

be 45-60 kJ moflt (cf. 160 kJ mot? for H,BNH,®). There are
signs therefore suggesting a degree of multiple bonding, but
the precise nature and importance of such bonding are open to
question’-2° Beyond doubt, however, is the need for more
experimental facts not only about these, but also about the
corresponding derivatives of gallium and indium, virtually
uncharted up to the present time.

We will show that aluminum, gallium, and indium atoms in
their 2P ground states form relatively well-defined complexes
M-NH3; (M = Al, Ga, or In) on co-condensation with ammonia.
The complexes are characterized by distinctive-t¥is absorp-
tions near 440 nm, irradiation into which brings about tau-
tomerization to yield the divalent insertion product HMpH
This is not photostable but decomposes on exposure to broad-
band UV~visible light ( = 200-800 nm) giving place to the
univalent species MNE Additionally, the released H atoms
react with HMNH; to yield HMNH,. Some of the results have
been outlined in a preliminary communicati#fiThe course of
events as they occur in solid argon matrices at ca. 12 K has
been tracked through the IR and YVis spectra of the matrices,
and the identities of the products have been confirmed (i) by
the response of the IR bands to isotopic enrichment in D or
15N, (ii) by comparison with the results of density functional
theory (DFT) calculations, and (iii) by reference to the properties
of known cognate molecules. The properties observed or forecast
for M-NHs, HMNH»,, MNH,, H,MNH,, and related molecules
invite comparisons, particularly for the light they shed on the
characters of the MN bonds. The findings are analyzed too
in relation to the experimental circumstances for insights into
the mechanisms of the photochemical changes.
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Reaction of Al, Ga, and In in the Presence of \NH

Experimental Section

Aluminum (Aldrich, purity 99.999%), gallium (Aldrich, purity
99.9999%), and indium (Aldrich, purity 99.999%) were each evaporated
from a tantalum Knudsen cell that was heated resistively, to ca. 1000
°C for Al and 900°C for Ga and In. Hence the metal vapor was co-
deposited with an excess of Mdoped argon on a Csl window cooled
normally to ca. 12 K by means of a Displex closed-cycle refrigerator
(Air Products model CS202). Fuller details of the matrix apparatus are
given elsewheré! The estimated proportions M:NH\r (M = Al, Ga,
or In) were typically in the order 1:212:600. Typical deposition rates
were ca. 2 mmol of matrix gas per hour, continued over a period of
2—3 h. Similar experiments were carried out with NBr >NH; in
place of NH. In some experiments too the argon matrix gas was doped
not only with ammonia but also with up to 5% oftdr D,.

The following materials were used as received from the sources an
with the stated purities listed: NHAIldrich, >99.99%), NI3 (Aldrich,

99 at. % D),'>NHjs (Aldrich, 98 at. %'°N), H, (BOC, Research grade),
D, (Aldrich, 99.98 at. %), and argon (BOC, Research grade). Gas
mixtures of argon with ammonia or with ammonia and dihydrogen were
prepared by standard manometric methods.

Following deposition and IR or U¥vis analysis of the resulting
matrix, the sample was exposed first to UV radiation witk 200—

400 nm or to visible radiation with = ca. 436 nm. Once the effects
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dFigure 1. IR spectra of an Ar matrix containing Al and NH (i)

following deposition, (ii) following UV photolysisA = 200—400 nm),
and (iii) following broad-band UVvisible photolysis { = 200-800
nm).

effects of the naturally occurringfGa and’'Ga isotopes and

of D- or >N-enrichment of the ammonia precursor; and (v)
collation of the measured spectroscopic properties with those
forecast by DFT calculations. Additionally, the WUWis spectra

of such photolysis had been assessed, the sample was typically irradiateéf the matrices afforded a means of tracing the fate of the metal

with broad-band UW-visible light with 4 = 200-800 nm. The
photolyzing radiation issuing from a Spectral Energy-+xge arc lamp
operating at 800 W was invariably limited by a water filter to absorb
infrared radiation and so minimize any heating effects. UV light with
A = 200—-400 nm was provided by the use of a visible block filter
(Criel). Visible radiation withA = ca. 436 nm and a band-pass of 20
nm was delivered via an appropriate interference filter (Oriel).

IR spectra of the matrix samples were recorded, typically at a
resolution of 0.5 cm! and with an accuracy of0.1 cnT?, using a
Nicolet Magna-IR 560 FTIR spectrometer equipped with a liquid N
cooled MCTB or with a DTGS detector (for the ranges 46@00 or
600—-200 cnT1?, respectively). UV-vis spectra were recorded in the
range 306-900 nm using a Perkin-Elmer-Hitachi model 330 spectro-
photometer.

Density functional theory (DFT) calculations were performed using
the GAUSSIAN 98 program packaieand applying the B3LYP
method, which has been shown to give satisfactory results for small
aluminum and gallium compound3A 6-311G(d) basis set was used
for Al and Ga, a LANL2DZ basis set with additional d-polarization
functions (exponent 0.5) for In.

Results

The IR spectra associated with the products of the matrix
reactions with ammonia will be reported in turn for aluminum,
gallium, and indium atoms, respectively. Bands have been
assigned on the basis of the following criteria: (i) their growth

and decay characteristics in response to photolysis of the matrix
under different conditions or to changes of reagent concentration;

(i) comparisons with the results of control experiments that
did not include the metal atoms, or with the spectra of related
species; (iii) consideration of the selection rules expected to
govern the IR activity of a given molecule; (iv) the observed

(31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
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atoms through their interaction with ammonia molecules and
the reactions subsequently induced by photolysis.

Aluminum. (a) IR Spectra. The spectrum recorded after
deposition of Al together with 2% N{in an argon matrix
showed, besides the absorptions ofNidd [NH] 33 three new
absorptions at 3447.1, 1593.6, and 1131.4 tdue to a first
reaction producila. The only other features in the spectrum,
invariably weak, were those associated with traces of impurity
(H20, [H20],, CO;, and CO§* that could be reduced to a
minimum but never wholly eliminated. As reported previou$ly,
the HO gave rise to the insertion product HAIOH, which could
be identified by its characteristic absorption at 1739.6tm

Upon photolysis at wavelengths near 436 nm or with UV
light (A = 200—400 nm) for a period of 5 min, the signals due
to 1a were extinguished and new signals at 3476.4, 1761.1,
1533.6, 778.7, 705.2, 483.8, 482.2, and 393.8 tmere ob-
served to develop [see Figure 1(ii)]. According to their response
to different photolysis times and to changes in thesNid Al
concentrations, these signals were judged to belong to a common
absorbeRa. The intense absorption at 1761.1 ¢his close to
the Al—H stretching frequencies observed in Al(ll) species (e.g.,
AlH, 1806.3/1769.39 HAIOH 1739.6%%> CH:AIH 1764/1746
cm~ 119, In addition, the spectrum witnessed the appearance
of three bands at 1525.1, 833.4, and 748.2tnfihese signals
were found to decrease in experiments in which the concentra-
tion of NHz was reduced to 0.2%. The most likely explanation
is that the signals belong to an ammonia adduaf

After further photolysis, but with broad-band UWisible
radiation (200< A < 800 nm), the signals due g&awere found
to decay with the simultaneous appearance and growth of a new
family of bands located at 3495.1, 1520.3, 726.5, and 406.5
cm! and belonging to a single carri@a [see Figure 1(iii)].
Rather slower to develop but becoming increasingly conspicuous
on continued photolysis was a second family of bands located
at 3499.7, 1899.3, 1891.0, 1541.6, 818.7, 769.8, 755.0, 608.7,
and 518.3 cm! [see Figure 1(iii)], those at 1899.3, 818.7, 769.8,

(33) See, for example: "Qar, S.; Andrews, LJ. Chem. Physl987, 87,
5131-5140. Abouaf-Marguin, L.; Jacox, M. E.; Milligan, D. B. Mol.
Spectroscl1977, 67, 34—61.

(34) Greene, T. M.; Andrews, L.; Downs, A.J.Am. Chem. So4995
117, 8180-8187.
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1980 102 6005-6011.
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Table 1. Infrared Absorptions (Frequencies in chDisplayed by Ar Matrices Containing Al Atoms aftNH3/*5NH3/**ND3

Al + 14NH; Al + 15NH; Al + 1“NDs depositiod A =436 nnt A =200-800 nnt absorber
3499.7 b b ) H2AINH ,, 4a
3495.1 3486.2 b ) AINH, 3a
3476.4 3468.2 2595.6 1 ! HAINH, 2a
3447.1 b b 1 I AlNHz, 1a
1899.3 1899.3 1384.2 ) H.AINH ,, 4a
1891.0 1891.0 b ) H2AINH ,, 4a
1887.6 1887.4 1364.7 ) H,AINH 2*NH3
1761.1 1761.0 1282.6 1 ! HAINH, 2a
1593.6 b b 1 I’ Al*NHs, 1a
1590.9 1590.9 b ) AlH
1541.6 1536.1 1159.5 t H,AINH,, 4a
1533.6 1531.5 1151.4 1 ! HAINH, 2a
1525.1 1520.0 1149.5 1 | HAINH 2*NH3
1520.3 1515.0 1137.8 ) AINH,, 3a
1131.4 1125.6 972.6 1 I Al-NHs, 1a

833.4 821.4 b 1 ! HAINH 2:NH3
818.7 809.8 b ) H,AINH,, 4a
778.7 766.9 748.3 1 ! HAINH, 2a
769.8 766.2 611.0 ) HAINH ,, 4a
755.0 b 548.4 ) H.AINH ,, 4a
748.2 b b 1 HAINH 2:NH;3
726.5 713.6 694.9 ) AINH, 3a
705.2 701.0 549.8 1 ! HAINH, 2a
608.7 608.1 450.4 ) HLAINH ,, 4a
518.3 516.7 397.7 ) H2AINH ,, 4a
483.8 483.2 346.5 1 ! HAINH,, 2a
482.2 b b 1 ! HAINH, 2a
406.5 403.9 314.6 ) AINH, 3a
393.8 391.9 304.6 1 ! HAINH, 2a

at, increasey, decrease? Too weak to be detected or hidden by Nabsorptions.

and 608.7 cm! being the most prominent. With constant relative < A < 800 nm) then led to the formation of the produBts
intensities these arose from a common prodiectDiagnostic and4a, but now with a significanthhigheryield of 4acompared
features of the spectrum are (i) the strong absorption at 1899.3with 3athan in comparable experiments with-Hee matrices.
cm~1 occurring in the region characteristic of the stretching The signal at 1887.6 cm also gained in intensity. As
vibrations of terminal Al(lll)-H bonds [cf. AlH; (1882.9 expected? there was a simultaneous decay of the bands due to
cm™1),20 HAICI, (1967.6 cnh),3¢ and [HAINMe;]s (1800- AlH, these being replaced (i) by a single band at 1649.1'cm
1850 cnT1)?7, (ii) the absorptions at 3499.7, 1541.6, and 608.7 and (ii) by a family of three bands at 1882.9, 783.6, and 697.7
cm, which are suggestive of the presence of an amido group, cm~! readily identifiable with the molecules AlH and A{H
NH,,38 and (iii) the appearance of an absorption at 818.7'%¢m  respectively.

which lies within the region expected forgAl —N) mode of The experiment was repeated successively withg Bd
an aluminum(lll) compouné®*°In addition to these signals, a  15NHz with the results included in Table 1. The signal at 1131.4
very weak absorption at 1887.6 cfwas observed. cm~! due to the specieka underwent a substantial shift in the

Experiments in which the matrix concentration of ammonia experiment employing NP(H/D = 1.1633:1) and a shift of
was reduced from 2 to 0.2%, while the other conditions —5.8 cnr?®in that with 15NHa.
remained as before, gave results identical to those described The signals of producla at 3476.4 and 1533.6 crh
above, insofar as the intensities of the bands permitted them toexhibited H/D ratios of 1.3393:1 and 1.3319:1 &AM shifts
be detected, but with one important difference: the yieldaf of —8.2 and—2.1 cnt?, whereas the 1761.1 crhsignal showed
was reduced quite disproportionatelglmost to vanishing an H/D ratio of 1.3731:1 and almost AeN shift, in agreement
point—in relation to those oRa and3a. In another series of  with its assignment to an AlH stretching fundamental. The
experiments, the matrix was doped not only with 2%3Nidt bands at 705.2, 483.8, and 393.8¢mexhibited H/D ratios of
also with up to 5% K There was no sign of any reaction on 1.2826:1, 1.3962:1, and 1.2928:1 afl shifts of —4.2,—0.6
deposition beyond the appearance of the IR bands associatecind—1.9 cnr?, respectively. No counterpart to the weak feature
with 1a. UV photolysis (200< 4 < 400 nm) led as before to  at 482.2 cm?! could be discerned in thé&5NH; or NDs
the formation of2a but now in company with AlH (recogniz- experiments, being either too weak to be observed or hidden
able by the appearance of prominent IR absorptions at 1806.3,by other, stronger absorptions.
1769.5, and 766.4 cm) as the principal photoproduct deriving All four IR signals associated with the produga could
from the reaction of photoexcited Al atoms with thder these be traced to analogous features in the experiments Rlithls
conditions!® Irradiation with broad-band U¥visible light (200 and NDs. In keeping with its attribution to the scissoring

fundamental of an Nifragment, the absorption at 1520.3¢n

g% ngke}g.“jj?-g"lj’c'kvsvg;‘tﬁ-1378‘“,?2&,3;?3?%.. pulham c. g, €xhibited an H/D ratio of 1.3362:1 and &N shift of —5.3
Polyhedron1992 11, 1295-1304. ' ’ ' cm L. The presence of an NHunit is also suggested by the

(38) Nakamoto, K.Infrared and Raman Spectra of Inorganic and band at 3495.1 cnt with a1®N shift of —8.9 cnt . The bands
Coordination Compound$th ed.; Wiley-Interscience: New York, 1997; ; ;
Part B. Lappert, M. F.; Power, P. P.; Sanger, A. R.; Srivastava, Rlefal at 726'_5 and 406.5 C.Tﬁ Wgre Ch.araCtenzed by H/D ratlols of
and Metalloid AmidesEllis Horwood: Chichester, U.K., 1980. 1.0455:1 and 1.2921:1, aféN shifts of —2.9 and—2.6 cnt?,

(39) Miller, J.J. Am. Chem. S0d.996 118 6370-6376. respectively.
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Figure 3. IR spectra of an Ar matrix containing Ga and NHa, top)
(i) following deposition, (i) following UV photolysis { = 200-400
nm), and (iii) following broad-band U¥visible photolysis { = 200—
800 nm); (b, bottom) bands near 704b), 670 @b), and 590 cm*
() (3b) showing®Gal'Ga splitting.

the disappearance of the bands associatedlaitis well as an
increase of those due to the photoprod2at

Gallium. (a) IR Spectra. Figure 3 depicts the IR spectra
displayed by an argon matrix containing ca. 0.2% Ga atoms
and 2% NH before and after photolysis; details of the spectra
are itemized in Table 2. On deposition, the matrix exhibited in
addition to the absorptions characteristic of Nahd [NH;] 33
new features at 3441.5, 1580.7, and 1104.2coarried by a

300 500
wavelength [nm]
Figure 2. UV —vis spectra (a, top) of an Ar matrix containing Al, and
(b, bottom) of an Ar matrix containing Al and NH (i) following
deposition, (ii) following photolysis with radiation havidg= 436 nm,
and (jii) following broad-band UV-visible photolysis { = 200-800
nm).

The strong band at 1899.3 cfof product4a exhibited a
large frequency shift on deuteration (H#1.3721:1), but no

significant'>N shift. Deuteration also elicited substantial shifts

on the part of the bands at 1541.6 (H# 1.3295:1), 769.8

common productlb. The only other features in the spectrum
arose from traces of impurity @@, [H.O],, CO,, and COJ*
including the complex G#&l,0 identifiable by its characteristic
absorption at 1576.1 cm.3®

(H/D =1.3010:1), 755.0 (1.3767:1), 608.7 (1.3515:1), and 518.3  Exposure of the matrix to radiation at= ca. 436 nm or to
cmt (1.3032:1), whilel®N shifts amounting to—5.5, —3.6, UV radiation ¢ = 200-400 nm) for 5 min brought about
—0.6, and—1.6 cnT! were registered by the bands at 1541.6, significant changes, as revealed by the IR spectrum measured
769.8, 608.7, and 518.3 crh respectively. The large$iN shift at this stage [Figure 3a(ii)]. The bands dudbohad disappeared
(—8.9 cnT) was associated with the feature at 818.7 tifor to be replaced by new ones at 1721.8, 1528.7, 746.2, 668.5/
which it was unfortunately impossible to locate a counterpart 667.4, 494.1, and 210.9 crhall attributable on the strength of
in the ND; experiments, presumably because of the masking their constant relative intensities to a second pro@ictThe
effects of other absorptions. most intense and distinctive features were those at 1721.8, 668.5/
(b) UV—Vis Spectra. Figure 2 depicts the U¥vis spectra 667.4, and 210.9 cm, of which the first comes close in
measured over the range 36800 nm for aluminum vapor  frequency to the GaH stretching fundamentals of the gallium-
isolated (a) in a pure argon matrix and (b) in an argon matrix (Il) species Gakl (1799.5/1727.7 cmt),10 CH;GaH (1719.7
doped with 2% NH. The first spectrum featured a strong cm™1),* and HGaOH (1669.8 cm).35> The partially resolved
absorption at 337 nm, which can be assigned on the basis ofdoublet pattern at 668.5/667.4 chrevealed components with
earlier studie® to the2S — 2P transition of Al atoms. When  relative intensities of ca. 1.5:1 suggesting that it originates in a
the matrix included NH this was accompanied by a new vibration involving appreciable motion of a single Ga atom
absorption at 428 nm. Irradiation of the hHdoped matrix for (%°Ga and 'Ga in natural Ga being in the proportion
5 min at wavelengths near 436 nm led to the disappearance of1.507:%%). Continued irradiation under these conditions pro-
the new band. The IR spectrum measured at this stage witnesseduced little further change in the spectrum.

(40) Ammeter, J. H.; Schlosnagle, D. L.Chem. Physl973 59, 4784~
4820.

(41) Lide, D. R., Editor-in-ChiefCRC Handbook of Chemistry and
Physics 80th ed.; CRC Press: Boca Raton, FL, 192900.
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Table 2. Infrared Absorptions (Frequencies in cthDisplayed by Ar Matrices Containing Ga Atoms aHtlHz/*>NHz/**ND3

Ga+ “NH3 Ga+ >NH3 Ga+ “ND3 A =436 nnt A =200-800 nnt absorber
3510.7 3500.7 b ) H,GaNH,, 4b
b 3485.4 b ? | HGaNH,, 2b
3471.6 b b i GaNH,, 3b
3441.5 b b | GaNHz, 1b
3413.4 3405.9 b i H,GaNH,, 4b
1970.8 1970.7 1419.1 i H,GaNH,, 4b
1970.8 1970.7 1407.7 i H,GaNH,, 4b
1942.0 1942.0 b i H,GaNH*NH3
1721.8 1721.8 1249.5 t | HGaNH;, 2b
1580.7 1576.9 b | GaNHz, 1b
1530.4 1524.3 1150.9 i H,GaNH,, 4b
1528.7 1523.2 1145.0 i | HGaNH,, 2b
1513.8 1513.8 1090.1 i GaH
1505.9 1501.2 1132.6 ) GaNH,, 3b
1104.2 1099.1 824.9 I GaNHz, 1b
782.8 778.3 605.1 ) H,GaNH,, 4b
779.6 775.2 568.8 i H,GaNH,, 4b
754.3 751.0 b ) H,GaNH-NH3
746.2 743.7 563.5 ? i HGaNH,, 2b
706.2/704.1 692.2/690.0 667.8/665. 2 ) H,GaNH,, 4b
668.5/667.4 652.8/651.4 626.8/625. 1 ? | HGaNH,, 2b
589.3/587.9 574.3/573.1 557.9/556. 4 i GaNH,, 3b
567.7 567.4 405.9 i H,GaNH,, 4b
494.1 494.1 b ? | HGaNH,, 2b
304.9 302.8 b i H,GaNH,, 4b
303.3 302.7 b 1 GaNH,, 3b
210.9 b b i | HGaNH,, 2b

a1, increasey, decrease? Too weak to be detected or hidden by Nabsorptions® Two modes contained within a single broad absorption.

By contrast, after photolysis for a further 30 min, but with
broad-band UV+visible light (200< A < 800 nm), the matrix
gave the IR spectrum illustrated in Figure 3a(iii). Hence it is
apparent that the absorptions due2tohave decayed, while a
new family of absorptions having a common origin in a third

the ultimate photoproducts. In addition, the IR spectra contained
very weak signals at 1942.0 and 754.3 ¢nwhich developed
simultaneously with those due #b.

Experiments in which the matrix concentration of ammonia
was reduced from 2 to 0.2%, while the other conditions

product 3b has simultaneously appeared. These occurred atremained as before, gave results identical to those described

3471.6, 1505.9, 589.3/587.9, and 303.3&mwvith the last two

above, insofar as the intensities of the bands permitted them to

features being the most intense, and the doublet structure ofbe detected, but with one important difference: the yieldlof

the penultimate feature having all the hallmarks*t$a/'Ga
isotopic splitting. Extending the period of photolysis led to the
buildup of 3b at the expense db.

In addition to the bands due &b, another family of bands,
also with constant relative intensities and therefore originating
in a fourth distinct producttb, was observed to develop [see
Figure 3a(iii)], becoming increasingly prominent with photolysis
times exceeding 30 min. The members of this family were

was reduced much more markedly than thos@lfnd 3b.

In another series of experiments the matrix was doped not
only with 2% NH; but also with up to 5% K The only signs
of any reaction on deposition, beyond the appearance of the IR
bands associated witth, were those noted previoudht®and
by us’ for matrices formed by quenching Ga vapors with H
and pointing to the spontaneous reaction of @aners with
H, to give Gaf-H),Ga. UV photolysis led, as before, to the

located at 3510.7, 3413.4, 1970.8, 1530.4, 782.8, 779.6, 706.2/ormation of2b but now in company with Gag{recognizable

704.1, 567.7, and 304.9 crh those at 1970.8, 782.8, 706.2/
704.1, and 304.9 cmt being the most intense (see Table 2).
As in the case of the corresponding aluminum compodad
there are several clues to the identityddf (i) the absorptions
at 1970.8 and 779.6 cmare strongly suggestive of a terminal
Gah, unit in a trivalent gallane derivative [cf. GgaH1923.2
and 758.7 cm1),19 H,GaCl (1964.6/1978.1 and 731.4 ch*?
H.Gau-Cl),GaH, (1994/2036 and 702/719 c,*® and
H,Gafu-H).BH; (1982/2005 and 729 cm)*4; (ii) the absorp-
tions at 3510.7, 3413.4, 1530.4, 782.8, and 567.7'dmear all
the hallmarks of an NkIgroup; and (iii) the doublet pattern at
706.2/704.1 cm!® implies ®¥Ga/'Ga splitting arising from the
motion of a single Ga atom, possibly invéGa—N) vibration.
Once all signs of2b had disappeared, continued photolysis
evoked little further change in the spectrut, and4b being

(42) Koppe, R.; Schickel, H.J. Chem. Soc., Dalton Trank992 3393
3395.

(43) Johnsen, E.; Downs, A. J.; Greene, T. M.; Souter, P. F.; Aarset, K.;
Page, E. M.; Rice, D. A.; Richardson, A. N.; Brain, P. T.; Rankin, D. W.
H.; Pulham, C. Rlnorg. Chem.200Q 39, 719-727.

(44) Pulham, C. R. D. Philos. Thesis, University of Oxford, U.K., 1991.

by the appearance of prominent IR absorptions at 1799.5,
1727.7, and 740.1 cm) as the principal photoproduct deriving
from the reaction of photoexcited Ga with, Hinder these
conditions!?1? |rradiation with broad-band U¥visible light
then led to the formation of the produ@bé and4b, but now
with a significantly higher yield of 4b than in comparable
experiments with kifree matrices. As expected, there was a
simultaneous decay of the bands due to gatHese being
replaced by a single band at 1571.3 ¢meadily identifiable
with the diatomic GaH molecul¥:'?

To gain more information about the specigs—4b, the
experiments were repeated using eithersMD 1°NH3 as the
reagent, with the results included in Table 1. Hence it appeared
that the perdeuterated version of the feature at 1104:2 doe
to 1b was characterized by an IR band at 824.9 ¢mvhereas
the™®NHs version revealed 8N shift of —5.1 cnL. The signal
at 1580.7 cm? exhibited al>N shift of —3.8 cn1™.

All the IR features of2b that could be observed with the
switch from NH; to ND3; appeared at lower frequency. Thus
the bands at 1721.8, 1528.7, 746.2, and 668.5/667 4 ton
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the natural isotopomer shifted to 1249.5 (H# 1.3780:1),
1145.0 (H/D= 1.3351:1), 563.5 (H/B= 1.3242:1), and 626.8/
625.1 cnm! (H/D = 1.0665:1, 1.0677:1), respectively. No
counterparts to the weak band at 494.1¢rand the stronger
one at 210.9 cmt could be observed for the perdeuterated
version of2b, being either too weak to be detected or obscured
by absorption from another source in the first case or outside
the lower limit of detection (200 cm) in the second case. The
IR spectrum of thé>N isotopomer o2b resembled closely that
of the natural form; while it lacked a band near 200¢ém
correlating with the lowest frequency transition of the latter, it
included an additional band at 3485.4 ¢hstrongly suggestive

of av(N—H) mode. Of the bands in the spectrum of the natural
isotopomer only those at 1528.7, 746.2, and 668.5/667 24 cm
experienced significant frequency change$.6, —2.5, and
—15.7 to—16.0 cntl, respectively) ort°N substitution.

Three of the four absorptions associated wah found
parallels in the measured spectra of the perdeuteratedind
isotopomers. For example, those at 1505.9 and 589.3/587.9 cm
moved to 1132.6 (H/B= 1.3296:1) and 557.9/556.4 cth(H/D
= 1.0563:1, 1.0566:1), respectively, on deuteration, and showed
1N/I5N shifts (of —4.7 and—14.9 cn1l). No analogue of the
weak band at 3471.6 crh associated with the isotopically
normal form of3b could be discerned for either the deuterated
or 13N version, presumably for want of intensity and/or because
of the masking effects of the more intense bands due to
monomeric or oligomeric ammonia molecuf8s.

In its perdeuterated guiséb was characterized by eight
detectable IR-active transitions. Hence the following shifts
were observed: 1970.8 to 1419.1 ch(H/D = 1.3888:1),
1970.8 to 1407.7 cmt (H/D = 1.4000:1), 1530.4 to 1150.9
cm ! (H/D = 1.3297:1), 782.8 to 605.1 crh(H/D = 1.2937:

1), 779.6 to 568.8 crmt (H/D = 1.3706:1), 706.2/704.1 to 667.8/
665.2 cnt! (H/D = 1.058:1), and 567.7 to 405.9 ci(H:D =
1.3986:1). It was not possible to locate any bands in the
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spectrum of the deuterated compound corresponding to thoseFigure 4. UV—vis spectra (a, top) of an Ar matrix containing Ga,

at 3510.7, 3413.4, and 304.9 ctindue to the isotopically
natural species®N substitution resulted in significadtN/1>N
shifts on the part of the features at the following frequencies
(in cm™): 3510.7 (-10.0), 3413.4 {7.5), 1530.4 {6.1),
782.8 (4.5), 779.6 4.4), 706.2/704.114.0), and 304.9
(—2.1). By contrast, there was little or no change in the
frequencies of the intense band at 1970.8 tor the weaker
one at 567.7 crmt.

Experiments were also carried out with matrices containing
Ga atoms and both NHand D,. The presence of Phad no
effect on the IR spectra characterizing the molecdles2b,
and3b, which betrayed no sign of H/D exchange. On the other
hand, the spectrum db was made distinctly more complicated,
arguing for the presence of both GH and Ga-D bonds in
different H/D isotopomers of the molecule. As will be shown,
these findings are highly germane in the mechanistic implica-
tions they carry.

(b) UV —Vis Spectra.Figure 4 shows typical UV vis spectra
measured over the range 36800 nm for gallium vapor isolated
(a) in a pure argon matrix and (b) in an argon matrix doped
with 2% NHs. The furnace temperature for the evaporation of
the gallium was set relatively low (ca. 90Q) in this and all

and (b, bottom) of an Ar matrix containing Ga and X Hji) following
deposition, (ii) following photolysis with radiation havirdg= 436 nm,
and (iii) following broad-band UVvisible photolysis { = 200-800
nm).

2P transition of Ga atoms isolated in an argon matrix cage. The
latter must then be associated with a relatively specific interac-
tion between the Ga atoms and pé#tbpant molecules, possibly
corresponding to what is essentially a metal-basgd— 2P
transition in a complex of the type Ga(NJH.

After 10 min irradiation with UV light £ = 200-400 nm)
or with visible light havingl = ca. 436 nm, it was found that
the absorption at 440 nm had been virtually extinguished. The
IR spectrum of the matrix measured at this stage witnessed the
disappearance of the bands dud.loas well as the emergence
of those due to the produ2b. The UV absorption at 345 nm
had also decayed somewhat but to a smaller extent. No new
absorption could be detected either at this juncture or after
exposure of the matrix to broad-band YVisible radiation
(A = 200-800 nm), the only perceptible change in the
UV —vis spectrum then being a further decrease in the intensity
of the 345 nm signal. The IR measurements serve therefore to
confirm that the initial appearance of the prodabtis linked

the other experiments so that Ga atoms should be the predominot only to the decay of the IR bands attributedLtobut also

nant metal species trapped in the matrices, with a negligible
involvement of oligomers such as &d-ollowing deposition,
the NH:-doped matrix was found to exhibit two prominent

absorptions, one at 345 nm and the other at 440 nm. The former

is recognizable on the basis of earlier stutié$as the?S —

to that of the 440 nm band, providing strong circumstantial
grounds for believing thatb is also the author of this latter
feature.

Indium. (a) IR Spectra. Experiments with ammonia-doped
argon matrices including indium in place of gallium followed
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results included in Table 3. Notable aspectslofwere the
substantial deuterium shift (H/B& 1.3271:1) and smalfN shift
(—5.2 cn?) of the band at 1082.9 cm as well as the!>N
shift of —11.4 cnt?! for the band at 3424.4 cm. Four of the
features associated wigtt suffered deuterium shifts with H/D
ratios ranging from 1.3833:1 (at 1533.8 cthito 1.0681:1 (at
564.8 cntl). The corresponding®N shifts were 0 and-13.1
cm L. Experiments with NRyielded two absorptions identifi-
able with perdeuteratedt (at 1116.3 and 480.6 crf) appearing
to correlate with the absorptions at 1498.1 and 498.7'dm
the spectrum of the normal isotopomer. The H/D ratios were
therefore 1.3420:1 and 1.0377:1, respectively. Three features
could be definitely traced to tHéN isotopomer indicating®N
shifts amounting to—4.5, —10.5, and—1.6 cnm! for the
transitions occurring at 1498.1, 498.7, and 237.0mespec-
tively.

Weakness and the potential for masking by the signals due
to other, more abundant molecules (NHNH3],, 3c, etc.) meant
that there was only limited access to the IR-active transitions

the same pattern as those described above, and led to thearried byacin its normal, deuterated, &N versions. However,

identification of four productslc, 2c, 3c, and 4c clearly

decreasing the Nftoncentration did appear to reduce the yield

analogous to the corresponding aluminum- and gallium-contain- of 4¢ significantly more than that d8c, whereas adding +to

ing productsla—4a and 1b—4b. A set of representative IR

the matrix boosted the proportion &t relative to3c. It was

spectra measured for an argon matrix containing ca. 0.2% In a|so possible to establish that the 1805.9 ttransition moved

atoms and 2% NKiis reproduced in Figure 5; the relevant details
of the spectra are listed in Table 3. Following deposition the

to 1299.0 cm? on deuteration ofic giving H/D = 1.3902:1
but was unmoved whelN was replaced by®°N. On the other

spectrum [Figure 5(i)] witnessed the appearance of new absorp-hand, the bands at 733.3 and 616.3 &misplayed!SN shifts

tions at 3424.4 and 1082.9 cirequiring the conjunction of
In and NH; and attributable on the evidence of the earlier
experiments to a compleke, i.e., the In analogue ofa and

of —1.9 and—17.1 cn7?, respectively. With NRas the reagent,
a weak band was observed at 474.6 &nthis showed the
growth pattern characteristic of the IR features belongirggto

1b. The only other features of the spectrum at this stage could byt could not be traced to any obvious counterparts in the spectra

be attributed to unchanged Nidr [NH3],23 or to traces of the
inevitable impurities, including kD, [H20],, the adduct IrH,0,
CO,, etc3435

Irradiation of the matrix at = ca. 436 or 206400 nm for
5 min resulted in the decay of the absorptions duddand
the growth of five new absorptions at 3463.5, 1533.8, 1512.9,
709.0, and 564.8 cm having but a single carrier, as indicated
in Figure 5(ii). The most intense and distinctive feature was
the one near 1530 cm, which occurs in the region where the
In—H stretching mode of an indium(ll) hydride might be
expected (cf. 1615.6/1548.6, 1545.9, and 1486.5 cfor
InH,,1° CHaInH,** and HINOHS® respectively). This factor, allied
to the obvious affinities to the IR spectra & and2b, leads

of the normal and®N versions of the molecule. The yield of
4c was invariably small; in no case did it match those of its
aluminum and gallium analogues. This may reflect significant
photolability on its part or lower yields of the intermediates
leading to its formation. Although spectroscopic details about
4c are therefore rather sparse, all the features that could be
observed are consistent with the circumstantial evidence pointing
to a product akin tala and4b.

(b) UV—Vis Spectra. UV—vis spectra of indium vapor
entrapped (a) in a pure argon matrix and (b) in an argon matrix
doped with 2% NH are depicted in Figure 6. Both spectra
include a prominent absorption at 335 nm attributable tcge
— 2P transition of In atoms trapped in an argon matrix cegfé.

us to believe that the new bands are most plausibly ascribed toThe presence of Niigave rise, however, to a new intense

the indium analogue@c.

absorption centered at 435 nm. Irradiation of the matrix with

On the other hand, subsequent exposure of the matrix to;siple light havingZ = 436 nm for 10 min virtually extin-

broad-band UV~visible radiation { = 200—800 nm) for 30
min brought about the decay of the bands due2towith
simultaneous growth of a new family of absorptions at 3481.7,
1498.1, 498.7, 469.6, and 237.0 tinGiven the circumstances

guished this second feature. At the same time the IR spectra
bore witness to the disappearance of the bands characteristic of
1cand to the appearance of those characterist@coAccord-

ingly we are led to conclude that the visible absorption at 435

of the experiment, the spectroscopic resemblance of this third nm "hejongs tolc and that irradiation into it offers a highly

product to3a and 3b affords persuasive evidence that it is to
be identified with the indium analogugc. Moreover, weak

efficient means of convertingcinto 2c. Further photolysis with
either broad-band UV or U¥visible light resulted in no change

features first detected at this stage and attributable to a fourthi, the yv—vis spectrum of the Nitidoped matrix beyond the

product were observed to grow on continued thisible

photolysis. Most conspicuous of these was a band at 1805.9

cmt, a frequency diagnostic ofigln—H) mode of an indium-
(II1) hydride (cf. 1754.5, 1820.3/1804.0, and 1846.9¢érfor
InH3,2° HoInClLY5 and HINCh,15 respectively). Other, weaker

gradual decay of the 335 nm absorption.

Discussion

The main IR features observed to develop as the result of

features associated with this product occurred at 733.3 and 616.3he reactions induced thermally or photolytically on deposition

cmL. All the signs are consistent therefore with the identifica-
tion of the product withdc, the In counterpart tda and4b.

The experiments giving rise to the speciés—4c were
repeated using either NDor 1°NHj3 as the reagent, with the

of Al, Ga, or In atoms in an ammonia-doped argon matrix will

(45) Schroeder, W.; Rotermund, H.-H.; Wiggenhauser, H.; Schrit-
tenlacher, W.; Hormes, J.; Krebs, W.; Laaser, @iem. Phys1986 104,
435-448.
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Table 3. Infrared Absorptions (Frequencies in cthDisplayed by Ar Matrices Containing In Atoms aftiNH3/*5NH3/2“ND3

In + 1“NH3 In + NH3 In + ND3 depositiod A =436 nni A =200-800 nnt absorber
3481.7 b b ) InNH3, 3¢
3463.5 b b ) ! HINNH,, 2¢
3424.4 3413.0 b ) ! In*NHs;, 1c
1805.9 1805.9 1299.0 ) H2InNHa, 4c
1533.8 1533.8 1108.8 ) ! HInNH,, 2¢
1512.9 b 1122.2 ) ! HINNH,, 2¢
1506.6 b b i H2|nNH2, 4c
1498.1 1493.6 1116.3 ) INNH3, 3c
1387.3 1387.3 995.8 ) InH
1082.9 1077.7 816.0 t ! In*NHs, 1c

733.3 731.4 b ) HzInNH_, 4¢
713.3 b b t ! HINnOH
709.0 b 522.9 t | HINNH,, 2¢
616.3 599.2 b ) HaIlnNH,, 4c
564.8 551.7 528.8 ) | HINNH,, 2¢
522.6 522.6 505.3 ) InOH
498.7 488.2 480.6 ) InNNH>, 3¢

b b 474.6 ) HaoInNH3, 4¢
469.6 b b ) INNH3, 3c
237.0 235.4 b ) InNH_, 3¢

a1, increase}, decrease? Too weak to be detected or hidden by Nabsorptions.

absorption

T

r
300 500

wavelength [nm]

absorption

300
wavelength [nm]
Figure 6. UV —vis spectra (a, top) of an Ar matrix containing In, and
(b, bottom) of an Ar matrix containing In and NH (i) following
deposition, (ii) following photolysis with radiation havidg= 436 nm,
and (iii) following broad-band UV-visible photolysis { = 200—800
nm).

be shown to arise from the four products-WH; (1a—1c),
HMNH, (2a—2c¢), MNH, (3a—3c), and HMNH, (4a—40),
where M= Al, Ga, or In. Few of these monomeric molecules

(d) HbMNH,
Figure 7. Calculated geometries of the molecules (a)N¥s, (b)
HMNH, () MNH,, (d) H.;MNH,, and () HMNH (M= Al, Ga, or
In).

(e) HMNH

have been described previously in more than hypothetical terms,
although amidogallane is familiar experimentally in its trimeric
form, [H,GaNH,]3, which is stable at temperatures up to nearly
150°C.2 The assignments will be justified by consideration of
the frequencies and isotopic shifts of the observed bands and
by comparisons either with the vibrational properties of the
molecules anticipated by DFT calculations or with the vibra-
tional properties reported for related species.

M-NH3 [M = Al (1a), Ga (1b), or In (1c)]. The observed
IR signatures of each of the produdts, 1b, and 1c, formed
on co-deposition of the metal atoms with ammonia, are wholly
consistent with the presence of one or moresNhblecules
perturbed by interaction with the metal. The conditions of the
experiments were deliberately engineered to ensure that the
matrices contained M atoms to the virtual exclusion of oligo-
mers M4 Accordingly it seems unlikely thata, 1b, or 1c
contains more than one M atom. That the intensities of both
the IR and visible absorptions should vary roughlydinect
proportion to the matrix concentration of ammonia argues
strongly, moreover, for the formulation of each of these species
as MFNHas.

DFT calculations find a global minimum for the ground state
of such a molecule with the geometry represented in Figure
7a; the optimized dimensions and vibrational properties are
given in Table 4. As expected, each of the molecules resembles
Al-NH32324in deviating slightly from regulaCs, symmetry;
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Table 4. Comparison between the IR Spectra Observed and Calculated (Frequencies)ifiocrivi-*“NHa/M-15NH3/M+-1“ND3 (1la—1c) (M =
Al, Ga, or In)

M-1*NHs M-T5NHs M-1*NDs description of
obsd calcd obsd calcd obsd calcd assignment vibrational mode M
3447.1 3573.1 (43) b 3563.1 (43) b 2632.9 (22) vy (d) Vasyr(N—H)
b 3458.2 (3) b 3456.0 (2) b 2470.1 (4) v2 (@) Vsym(N—H)
b 1722.4 (31) b 1719.2 (32) b 1247.9 (13) v3 (&) Oasyn{NH3)
1131.4 1231.0 (174) 1125.6 1224.5 (170) 972.6 936.3(122) w4 (d) Osyr{NH3) Al
b 429.9 (8) b 428.5 (8) b 318.7 (4) vs (@) p(NHz)
b 244.8 (27) b 240.7 (26) b 232.8 (23) ve (@) v(Al—N)
b 3544.0 (5) b 3535.2 (5) b 2599.7 (2) vz (d") Vasy{N—H)
1593.6 1600.1 (20) b 1597.5 (20) b 1156.4 (8) vg (") Oasyn{NH3)
b 250.5(1) b 249.6 (1) b 187.0 (0) vg (') p(NH3)
3441.5 3594.3 (29) b 3584.3 (29) b 2648.0 (16) vy (&) Vasy{N—H)
b 3473.6 (5) b 3471.4 (5) b 2480.7 (6) vy (d) Vsym{N—H)
b 1728.9 (30) b 1725.7 (30) b 1253.6 (14) v3 () Oasyn{NH3)
1104.2 1189.4 (153) 1099.1 1183.1 (150) 824.9 906.1 (107) v4(d) Osym(NH3) Ga
b 368.0 (15) b 366.9 (15) b 271.6 (6) vs (@) p(NH3)
b 204.7 (17) b 200.1 (17) b 191.4 (14) ve (&) »(Ga—N)
b 3565.5 (2) b 3556.5 (2) b 2617.0 (1) v (") VasydN—H)
1580.7 1590.6 (12) 1576.9 1587.8 (13) b 1151.2 (5) vg (') Oasyn{NH3)
b 279.7 (9) b 278.7 (9) b 207.4 (3) vg (@') p(NH3)
3424.4 3542.3 (24) 3413.0 3532.7 (24) b 2593.9 (14) vy (@) Vasyr(N—H)
b 3414.7 (4) b 3412.4 (3) b 2437.2 (5) V2 (&) Vsym(N—H)
b 1683.8 (30) b 1680.7 (30) b 1217.1 (15) v3 (&) Oasynr{NH3)
1082.9 1171.7 (133) 1077.7 1165.4 (130) 816.0 884.5 (90) va (@) Osym(NH3) In
b 291.2 (26) b 290.2 (26) b 214.0 (11) vs (&) p(NH3)
b 157.8 (16) b 154.0 (15) b 143.6 (13) ve (@) v(In—N)
b 3521.5 (6) b 3512.7 (6) b 2571.9 (3) vz (@") Vasyr(N—H)
b 1451.0 (4) b 1448.6 (4) b 1046.4 (2) vg (A") Oasyn{NH3)
b 252.4 (13) b 251.6 (13) b 185.5 (5) Vg (@) p(NHz)

2 Al*NH3 symmetryCs. Al—N 2.3344 A, N-H(1) 1.0162 A, N-H(2,3) 1.0168 A, AFN—H(1) 114.2, AI-N—H(2,3) 109.9. GaNH3z symmetry
Cs Ga—N 2.4560 A, N-H(1) 1.0148 A, N-H(2,3) 1.0157 A, GaN—H(1) 113.9, Ga—N—H(2,3) 109.9. In-NHz symmetryCs. In—N 2.7084 A,
N—H(1) 1.0244 A, N-H(2,3) 1.0252 A, In-N—H(1) 114.3, In—N—H(2,3) 111.2. Intensities (km mol’) are given in parenthesesToo weak
to be detected or hidden by ammonia absorptions or out of range of detection.

this is achieved through one-NH bond being slightly shorter
than the other two and the--N—H angles being fractionally
different so that the overall symmetry @& and there are as a
result not 6 but 9 distinct vibrational fundamentals. At 2.3344,
2.4560, and 2.7084 A, the calculated-MN distances in A
NHs, GaNH3, and InNHs, respectively, come as something
of a surprise, being abbu A shorter than the sum of the

that of the correspondings (e) fundamental of uncoordinated
NH3 (3434.0 cnh).33 This observation is in general agreement
with the results of our DFT calculations [3585.3 chfor v3
(e) in NHg; 3573.1, 3594.3, and 3542.3 cinfor v (@) in
Al-NHz, GaNHs, and InNHs, respectively]. In the case of the
alkali metals, the symmetricNH stretching mode was observed
to be the most intense feature in the spectra of the adducts. For
relevant van der Waals radii and implying a far from insignifi- the group 13 metal adducts, however, the calculations indicate
cant interaction between the two centers. that vasyr{N—H) gives the most intense IR absorption in this
Comparisons between the IR spectra observed and thoseegion. We have also calculated the IR spectrum dflH; (Cg,
predicted are limited by the weakness of many of the transitions symmetry; Li-N 1.9933, N-H 1.0210 A; H-N—H 106.7),
in IR absorption and by the masking effects of ammonia or with the following results (frequencies in cr intensities in
water bands. Nevertheless, the features that could be detectetm molt in brackets): vasyr{N—H) NHz 3585.3 (3), LiNH3
for each complex were in satisfactory agreement with the 3496.6 (64)ysy(N—H) NH3 3464.2 (1), LiNH3 3381.1 (586);
properties forecast by the DFT calculations. Identifiable with Jsym(NH3) NH31122.7 (202), LiNH3 1252.0 (105.7). The large
the symmetric NH deformation,v, (&), is the band at 1131.4  increase in intensity of the absorptions of ammonia brought
cm~1for 1a, at 1104.2 cm?, for 1b and at 1082.9 cm for 1c. about by coordination has been previously correlated with the
These assignments are supported by the responses to isotopidegree of metal-to-ligand charge transfer in the adtfu€n
change. With respect t@ of matrix-isolated NHat 974.5 cm?, the basis of this correlation, the degree of charge transfer
therefore, we findolue shifts of 156.9, 129.7 and 108.4 cfn appears, as expected, to be considerably higher in the alkali
for 1a, 1b, and1c, respectively. Similar in sense but smaller in  metal adducts than in the group 13 metal adducts.

magnitude, these features show parallels with the vibrational  The third absorption present in the spectralafand 1b (at
properties of NH molecules coordinated to metal catighand 1593.6 and 1580.7 cm) is identifiable with thedas,{NHx)
therefore imply M--N interaction between the metal and mode of AtNH; and GaNHs, respectively. It was not possible
ammonia molecules ila, 1b, and 1c. Hence the ammonia  ynfortunately to locate a transition corresponding tostd —
adducts of Al, Ga, and In exhibit@y(NHs) mode with a blue  N) fundamental, which is not expected to be very intense in IR
shift similar to those observed prEViOU{glyor the alkali metal absorption and' with a predicted frequency of 244.8, 204.7, or
adducts LiNHz, Na-NHs, K-NHs, and CsNHs. The bands at  157.8 cn for Al, Ga, or In, respectively, is likely to fall below

3447.1 cm* for 1a, at 3441.5 cm for 1b, and at 3424.4 crt the low-frequency threshold of detection (200 &nin our
for 1c are identifiable with the antisymmetric-N\H stretching experiments.

fundamentaly; (a). The!®N shift of —11.4 cnv! observed for
1c confirms this assignment. Thus, the frequencies are close to

(46) Sizer, S.; Andrews, LJ. Am. Chem. S0d.987 109, 300-304.
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We have investigated possible excited states ofNBg in interpretation of these properties is tidtis HGaNH, formed
order to determine the likely origin and photochemical role of in accordance with the insertion reaction 2. The reaction energies
the electronic transition near 440 nm. On the evidence available,for the formation of HMNH by tautomerization of the ammonia
we believe this and the related features ofMii; and InNH3 adducts were calculated to be79.6, +13.1, and+37.8 kJ
to be essentially a metal-basésl< 2P transition appreciably =~ mol=! for M = Al, Ga, and In, respectively.
red-shifted by the coordinating action of the Nidolecule. The

reaction energies for the formation of the adducts starting from .

the metal atom in it8P ground state and Nfivere found to be hv /M\

—60.2,—51.8, and—28.8 kJ mot?! for M = Al, Ga, and In, M*NH; ————— . N—H (2)
respectively. |

HMNH, [M = Al (2a), Ga (2b), or In (2¢)]. As noted H

previously, the IR bands at 1761.1, 1721.8, and 1533.8'cm The indium compound®c shows features similar to those
are highly suggestive of a(M—H) fundamental oRa (M = ]

Al), 2b (M = Ga), ancb (M = In), respectively, where M is observed forza and 2b. The absorption at 1512.9 cth(H/D

in a divalentstate. The observed H/D ratios of 1.3731 fax; = 1.3482:1) corresponds to the I}Iblqssorlng mode, Whereas
1.3780:1 for2b, and 1.3833:1 foRc are in keeping with those that at 709.0 (?ml (H/ID = 1'3559:1) is the QbV'OUS choice for
for other monohydrides, e.g., GBaH 1.3827:14 CHylnH the NH, wagging mode. There is also a signal at 564.8tm

1.3864:114 HFeNH, 1.3890:121 and HNiNH, 1.3401:122 The which, with a®®N shift of —13.1 cmt! and an H/D ratio of
aluminun’1 compound HAINb'ihas been reported previously, 1.0681:1, has the right credentials to correspond to what is
having been identified by its IR spectrum in argon matrices mainly av(ln—N_) V|bra_1t|on. S .
containing laser-ablated Al atoms and MW the results DFT calculations find an equilibrium geometry witG

resented here generally tally with, but are more extensive than,.SymmEtry for gach of the moIech_es_HAII\,jldnd HGaNH, as
tphose of the eagier studyy yw u X a illustrated in Figure 7b. The equilibrium geometry of HInpH

hibit lyC t ith the M-NH, fragment havin
The absorption at 1533.6 crth (H/D ratio 1.3319:1) is EXDITS ON'y’~1 Symmetry Wi ° 2 1ag g

S ; . 38 i the form of a shallow pyramid. The dimensions of all three
characteristic of an Niscissoring mode a2a,3® thus pointing species are given in Table 5. The-M—N skeleton is bent

to the presence of an NHragment. What appears to be the | . an H-M—N angle of 115.5, 116.3, or 115.50r M = Al,
vsy(N—H) mode of the NH group, located at 3476.4 cth Ga, or In; the M-N bonds are relatively short (measuring
(H/D ratio 1.3393:1), was also detected. Support for these 1 7830 18362 and 1.9929 A for M= Al Ga. and In
assignments comes from tR&\N/5N shifts of the two bands respect,ively). ’ T '
(—2.1and-8.2 cnt*, respectively). Next in order of decreasing Out of the nine IR-active vibrational fundamentals ex-
frequency comes the signal at 778.7 Cmwhich can be  hocteq for each of the HMNHMolecules, no less than eight,
assigned to the((Al—N) fundamental on the basis of its H/D seven, and five have been observed for HANHGaNH,
ratio (1.0406:1) and it¥N shift (—11.8 cn?). The observation  ang HinNH, respectively, as one or other of their different
of these bands gives strong grounds for believing geais isotopomers. The relative intensities, frequencies, and isotopic
HAINH,. The signal at 705.2 cr (H/D ratio 1.2826;*N shift shifts are found to be in generally excellent agreement with the
—4.2 cn?) is then attributable to an NHwagging fundamental.  herties predicted for the optimized ground state of the
The features at 483.8 and 393.8 cmwith H/D ratios of molecules by DFT/B3LYP calculations. Hence, as indicated in
1.3962:1 and 1.2928:1 andN/**N shifts of —0.6 and—1.9 Table 5, we have succeeded in locating and assigning all the
cm1, respectively, can be assigned to the\itdt-of-plane rock fundamental bands in the range 4200 cn! calculated
and the A-H out-of-plane deformation modes. Unfortunately, g nave intensities in excess of 10 km mblOn this basis
however, the _D- anéGN-counterparts to the obvious candidate \ye can confirm that the modes approximating most closely to
for the Al—H in-plane deformation mode at 482.2 chwere »(Ga—N) and »(In—N) vibrations occur at 668.5/667.4 and
too weak to be observed. 564.8 cnml, respectively, predictably lying at lower fre-
Besides the band at 1721.8 chsuggesting the presence of quency than the/(Al—N) fundamental of HAINH (778.7
a Ga(lly-H bond, the spectrum db also includes numerous  cm™b).
signs of the NH ligand. For example, the feature at 3485.4 MNH [M = Al (3a), Ga (3b), or In (3c)]. Irradiation with
cm1in the spectrum of thé&°N isotopomer is most obviously  broad-band UV-visible light @ = 200-800 nm) results in the
ascribed to a(N—H) mode, that at 1528.7 crhin the spectrum  efficient conversion of HMNH to a new product, viz.3a (M
of the normal isotopomer to the scissoring mode of theeNH = Al), 3b (M = Ga), or 3c (M = In), which lacks any
fragment. Strong support for the second of these assignmentsspectroscopic sign of an #H bond. That it nevertheless retains
comes not only from the H/D ratio (1.3351:1) all shift of a coordinated Nklgroup is implied by the observation of IR
—2.5 cn?, but also from the frequencies (in c#) reported bands with frequencies and isotopic shifts appropriate to their
for the corresponding mode of the following species: HAINH  attribution either to internal vibrations of the Nkgand (3495.1
1533.6 (H/D= 1.3319:1), HFeNK 1517.8 (H/D= 1.3412: and 1520.3 cm* for 3a, 3471.6 and 1505.9 cm for 3b, and
1).2! and HNiNH, 1533.3 (H/D= 1.3021:1)%2 Analogy with 3481.7 and 1498.1 cm for 3c) or to an M-N stretching
HAINH; suggests that the band at 746.2émepresents the  vibration (726.5, 589.3/587.9, and 498.7 ¢nfior 3a, 3b, and
NH, wagging mode ofb, although the H/D ratio of 1.3242:1  3c, respectively). The obvious inference is tBatis the simple
is rather larger than that (1.2826:1) for the aluminum compound. aluminum(l) amide, AINH, and3b and3care the corresponding
Evidence off%Ga/'Ga splitting and a largé®N shift (—15.7 gallium and indium compounds, GaMtand InNH, each
cm1) make the feature at 668.5/667.4 Tmthe obvious formed by photodissociation of the #vH bond in HMNH, in
candidate for as(Ga—N) mode. Given the conditions leading accordance with reaction 3, plainly analogous to eq 1. AINH
to the formation of the compound and analogies with the has been identified in an earlier matrix stéiyith results that
photochemical changes shown to occur in the systems AI/NH match closely, but are somewhat less extensive than, the ones
and M/CH; (M = Al, Ga, or In)}* the most plausible reported here. As with the formation of @M from CH3;MH
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Table 5. Comparison between the IR Spectra Observed and Calculated (Frequencies)ifiocrtlM“NH/HM*SNH,/DM*ND, (2a—2c) (M
= Al, Ga, or In)

HM™NH, HM*NH, DMND. description of
obsd calcdl obsd calcd obsd calcd assignment vibrational mode M
3476.4 3645.1 (14) 3468.2 3634.9 (14) 2595.6 2685.8 (11) wv1(d) Veym{N—H)
b 3551.1 (4) b 3545.9 (4) b 2568.9 (8) vo () VasydN—H)
1761.1 1820.5 (205) 1761.0 1820.5 (205) 1282.6 1312.0 (117) wv3(d) v(Al—H)
1533.6 1620.4 (41) 1531.5 1615.1 (39) 1151.4 1208.4 (40) v, (d) NH. scissoring Al
778.7 795.0 (86) 766.9 781.5 (93) 748.3 752.1 (52) vs (&) v(Al=N)
705.2 746.9 (116) 701.0 742.2 (107) 549.8 580.3(72) e (d) NH. wagging
482.2 486.5 (27) b 486.3 (27) b 348.4 (14) v7 (d) Al—H in-plane def.
483.8 498.3 (31) 483.2 497.4 (28) 346.5 366.3 (56) vg (") NH; out-of-plane rock
393.8 426.5 (226) 391.9 424.4 (227) 304.6 323.3(94) wvge(@") Al—H out-of-plane def.
b 3664.2 (14) 3485.4 3653.7 (14) b 2703.3 (11) vy (d) Vsym(N—H)
b 3551.5 (4) b 3546.6 (4) b 2566.3 (7) vy (@) Vasyr{ N—H)
1721.8 1759.3 (189) 1721.8 1759.2 (189) 12495 1254.3 (103) wv3(d) v(Ga—H)
1528.7 1601.3 (21) 1523.2 1596.2 (20) 1145.0 1191.1 (23) w4 (d) NH scissoring Ga
746.2 752.2 (78) 743.7 748.1 (79) 563.5 573.8(50) s (d) NH. wagging
668.5 665.0 (59) 652.8 649.3 (56) 626.6 626.8 (41) ve (@) v(3%Ga—N)
b 479.8 (6) b 479.6 (6) b 342.3 (5) v7 (d) Ga—H in-plane def.
494.1 481.0 (21) 494.1 481.0 (26) b 342.9 (12) vg (@") NH, out-of-plane rock
210.9 229.1 (238) b 227.6 (235) b 176.6 (136) vg (") Ga—H out-of-plane def.
3463.5 3597.6 (15) b 3587.4 (15) b 2651.8 (13) v1(a) Veym(N—H)
b 3486.0 (5) b 3481.0 (4) b 2519.4 (8) vz (a) Vasy(N—H)
1533.8 1580.6 (197) 1533.8 1580.0 (203) 1108.8 1121.1(98) wvs(a) v(In—H)
1512.9 1567.7 (28) b 1563.5 (21) 1122.2 1162.9 (31) v4 (Q) NH, scissoring In
709.0 682.5 (97) b 679.2 (96) 522.9 513.1 (73) vs (@) NH, wagging
564.8 555.9 (57) 551.7 541.9 (54) 528.8 524.9 (33) ve (@) v(In—N)
b 407.5 (13) b 407.4 (13) b 290.3 (8) v7(a) NH, out-of-plane rock
b 425.0 (40) b 424.9 (40) b 302.8 (18) vg (a) In—H in-plane def.
b 154.2 (190) b 153.1 (187) b 119.7 (112) g (a) In—H out-of-plane def.

aHAINH , symmetryCs: Al—H 1.6050 A, AFN 1.7880 A, N-H 1.0112/1.0098 A, HAI—N 115.5, Al-N—H 124.6/125.3. HGaNH symmetry
Cs Ga—H 1.6019 A, Ga-N 1.8362 A, N-H 1.0112/1.0087 A, HGa—N 116.3, Ga—N—H 124.0/124.3. Frequencies (in cn) calculated for
H7'Ga“NH,: 3664.2 (14), 3551.5 (4), 1758.9 (189), 1601.3 (21), 752.0 (78), 663.3 (59), 479.8 (6), 480.9 (26), 229.0 (238). $yimNtetryC,:
IN—N 1.9929 A, In-H 1.7676 A, N-H 1.0178/1.0203 A, HIn—N 115.5, In—N—H 123.8/123.1, H—In—N—H 15.7/172.2. Intensities (km
mol~1) are given in parenthesesToo weak to be detected or hidden by ammonia absorptions or out of range of detection.

. P H > Ga> In, the values are significantly smaller for the univalent
/M\ _V__> He + M——N 3) species MNH than for the corresponding divalent one HMpH
H N—H g This difference is also reflected in the slightly longer—M

I!I bond distance in MNK A similar pattern is displayed by the
M—C bonds in the molecules GMH and CHM, where M=

under similar circumstancééthe hydrogen atom expelled in Al Ga, or Int
this process is presumably enabled by its small size to escape H>MNH[M = Al (4a), Ga (4b), or In (4c)]. Of the possible
from the matrix cage; it is also a potential source of secondary isomers with the composition MNH that with the planar,
change. ethene-like structure #MINH, (Figure 7d) is lowest in energy

DFT calculations have identified a global minimum corre- by some margin, according to DFT calculations employing the
sponding to an equilibrium geometry for each of the MNH  B3LYP hybrid method. Details of the calculated dimensions
molecules with a planar skeleton a@g, symmetry (see Figure  and the corresponding vibrational frequencies are given in Table
7c). The planar geometry at nitrogen, together with the relatively 7 The structure in each case is thus analogous to that deduced
short M=N bonds in group 13 species of this typéM —N) = previously by both theofyand experimeftfor the correspond-
1.8131, 1.8836, and 2.0389 A for M= Al, Ga, and In, ing boron compound BNHy; there is also good agreement
requctwely], appears again to signify that N tmj\ihterfictpn_s with the results of earlier calculations (using, for example, SCF
e oo, e e el 31 1 methoas and CISD and CCSD el of oy akin n
3a + 1by + 2by,. Our experiments havg identi?ied IR af)bsorptions aluminum compound:2%25The planar EMNH unit conforms

: to Cy, symmetry with the result that its 12 vibrational funda-

with frequencies, relative intensities, and isotopic shifts in good .
q b 9 mentals are accommodated by the representatipa-5key, +

agreement with those predicted for no less than four of the .
fundamentals of each of the molecules AljpHsaNH, and 2ty + 4bp. Of the 11 IR-a}cnve modgs (5,"# Zb,l +4by), all
d but two have been satisfactorily identified in the spectra

INNH,. Guided by the calculations, the isotopic shifts, an
analogies with the spectra of related compounds, we arrive with measured for bAINH (48) and all but one have been so
some assurance at the assignments of the observed features sitentified in the spectra measured fos&aNH; (4b). In these

out in Table 6. Hence the Ntscissoring fundamentat; (ay), two cases the transitions that have escaped detection have
and the M-N stretching modeys (ay), are found to take the ~ Probably been obscured py more inte_nse absorpti_ons due to the
following frequencies (in cmb): AINH», v, = 1520.3,v3 = other molecules present in the matrices. Only withniNIH,,
726.5; GaNH, v, = 1505.9,v3 = 589.3/587.9; InNH, v, = invariably formed in low concentrations, are the observed

1498.1,v3 = 498.7. When the frequencies are translated into transitions exceeded in number by the unobserved ones, mainly
force constants, we find that whifgy maintains the order Al for want of intensity but partly also for reasons of frequency
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Table 6. Comparison between the IR Spectra Observed and Calculated (Frequencies)ifiocrivi*“NH,/M*NH,/M1“ND; (3a—3c) (M =
Al, Ga, or In)

M*NH, M**NH, MYND, description of
obsd calcd obsd calcél obsd calcd assignment vibrational mode M
b 3503.7 (0.06) b 3498.6 (0.15) b 2534.6 (2) v1 () Vsym(N-H)
1520.3 1614.0 (63) 1515.0 1608.7 (60) 1137.8 1202.6 (64) V2 (an) NH; scissoring
726.5 735.1 (81) 713.6 721.9 (79) 694.9 698.2 (64) v3 (&) v(Al=N) Al
406.5 469.3 (263) 403.9 466.2 (260) 314.6 364.7 (149) w4 (by) out-of-plane def.
3495.1 3590.3 (6) 3486.2 3580.4 (6) b 2643.5 (3) vs (b2) Vasy{N-H)
b 499.0 (0.1) b 496.8 (0.1) b 377.4(0.01) ve (b2) p(NH,)
b 3499.8 (1) b 3494.2 (0.7) b 2528.7 (1) v1 () Vsym(N—H)
1505.9 1599.9 (32) 1501.2 1595.0 (30) 1132.6 1189.5 (40) v (&) NH, scissoring
589.3 595.2 (94) 574.3 581.0 (89) 557.9 560.8 (78) v (&) v(5%Ga—N) Ga
303.3 363.5 (283) 302.7 362.7 (280) b 282.5 (164) v4 (by) out-of-plane def.
3471.6 3599.7 (2) b 3588.7 (3) b 2652.1 (1) vs (bp) Vasyr{ N—H)
b 509.0 (1) b 507.3 (1) b 382.4(0.4) ve (b2) p(NH,)
b 3446.0 (0.5) b 3441.2 (1) b 2490.6 (1) v1 (an) Veym{N—H)
1498.1 1568.1 (26) 1493.6 1563.3 (24) 1116.3 1160.8 (33) v (&) NH, scissoring
498.7 504.3 (93) 488.2 491.3 (89) 480.6 475.3 (80) v3 (an) v(In—N) In
237.0 256.3 (236) 2354 254.6 (233) b 198.3 (139) v4 (by) out-of-plane def.
3481.7 3548.3 (4) b 3538.4 (4) b 2613.3 (3) vs () Vasyr{N—H)
469.6 447.8 (3) b 445.9 (3) b 335.1 (1) ve (b2) p(NH,)

a AINH, symmetryCy,: AlI—N 1.8131 A, N-H 1.0149 A, H-N—H 108.5. GaNH, symmetryC,,: Ga—N 1.8836 A, N-H 1.0145 A, H-N—H
109.3. Frequencies (in cri) calculated for'‘GaNH: 3598.9 (3), 3499.1 (0.5), 1600.2 (32), 593.5 (93), 509.4 (1), 365.9 (283). dshitdmetry
Ca: In—N 2.0389 A, N-H 1.0227 A, H-N—H 107.9. Intensities (km mol') are given in parenthesesToo weak to be detected or hidden by
ammonia absorptions.

(i.e., outside the experimental limits of 400200 cn?) or of reconcile our observations with HAINH, a molecule having the
masking by the absorptions of other species. potential for no more than six distinct IR-active fundamentals.
The calculated frequencies and relative intensities have thenNevertheless, we have extended our DFT calculations to include
played a central role in guiding the assignment of the IR molecules of the type HMNH (M= Al, Ga, or In), thereby
absorptions displayed by the molecules—4c. Validation of securing the optimum geometry illustrated in Figure 7e. Hence
the proposed assignments comes mainly from the measuredve confirm that such molecules are indeed high-energy species,
isotopic shifts, with supporting evidence being provided by being less stable than MNHy 177.7, 188.4, and 257.5 kJ
analogies with the vibrational properties already established for mol~! for M = Al, Ga, and In, respectively. The geometries

related molecules [e.g., MHM = Al, Ga, or In)1° H,MCI (M
= G&* or In'%), HMNH;, and MNH, (M = Al, Ga, or In)].

are invariably bent, with HM—N angles near 160and
M—N—H angles near 120 although the potential well is

The ability of the calculations to reproduce the frequencies (with extremely shallow with respect to the bending coordinates.

rms deviations of no more than 3.3 and 5.8% 4arand 4b,

Despite the absence of the conventional signs of multiple

respectively), isotopic shifts, and intensity patterns of the s-bonding, the M-N bond is calculated (at 1.6271, 1.6989, and
observed spectra would appear to confirm the identities and 1.8345 A for M= Al, Ga, and In, respectively) to be shorter
geometries of the aluminum and gallium compounds, with strong than in any other compound with the general formula MNH
circumstantial grounds for presuming that in the compodond  (n = 2—6). The most distinctive feature of the vibrational
indium follows suit. Best defined by its measured vibrational properties is the high frequency of té@M—H) fundamental,
properties is the gallium compoundp, and just how well which is predicted, for example, to be about 100 ¢rhigher
experiment generally matches theory may be gauged biypthe  for HAINH than for the corresponding modes ofAINH .
shifts (all negative and in cm) displayed by the following Hence a frequency near 2000 chrather than 1900 crd, as
bands (with frequencies also in ci) presented in parentheses observed fo#a, is to be expected for HAINH. On the evidence
in the order exptl/calcd: 3510.7 (10.0/10.8), 3413.4 (7.5/4.9), of published work, therefore, we are doubtful whether this
1970.8 (0.1/0.1), 1530.4 (6.1/5.4), 782.8 (4.5/4.7), 779.6 (4.4/ molecule, or any homologue of the heavier group 13 metals,
3.5), 706.2/704.1 (14.0/13.1), 567.7 (0.3/0.0), and 304.9 (2.1/ has yet been sighted in the laboratory.
2.4). In addition, the observeédGa/'Ga splitting of 2.1 crm? The signal at 1887.6 cm in the experiments with Al and
characterizing the absorption near 705 émnatches admirably ~ those at 1942.0 and 754.3 thin the experiments with Ga
the calculated value of 1.9 crhfor what is essentially the  can be assigned either to an ammonia adduct&H, or to
v(Ga—N) mode,vs (a). the dimer [HMNH2],. To gain more information about the
Two of the most prominent bands due teANH ,—at 1899.3 possible dimerization 2/ INH, — [H,MNH3], for M = Al or
and 1891.0 cm! —tally with features reported by Lanzisera Ga, we have calculated the reaction energy, as well as the
and Andrew® in the course of their matrix studies of the structure and IR spectra of the dimer. In each case, the dimer
reactions between laser-ablated Al atoms ands;.NBh that has a structure witB,, symmetry and two bridging N{units
occasion they were assigned somewhat tentatively not to (bond length in A, angles in deg: HAINH ], Al—H 1.5896,
H2AINH but to the nonlinear, high-energy isomer of AINH  Al—N 1.9808, N-H 1.0162, At--Al 2.8712, H-Al—H 123.3,
namely, HAINH. Laser ablation produces highly energetic Al N—AI—N 87.1, H-N—H 106.4; [HGaNH,], Ga—H 1.5710,
atoms, including some that are electronically excited, and the Ga—N 2.0373, N-H 1.0152, Ga&-Ga 2.9885, H-Ga—H
odds are that the compouda would be formed, at leastas a 125.2, N~-Ga—N 85.6, H=N—H 106.7). Both processes are
minor product, in the earlier experiments. With no less than exothermic with reaction energies of 197.1 kJ mdbr Al and
nine IR bands now traceable to this species, including several 240.6 kJ mot! for Ga, much higher than the estimated energy
features characteristic of an MHroup, it would be hard to for the formation of GgHg from two Gahk molecules (92.8 kJ
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Table 7. Comparison between the IR Spectra Observed and Calculated (Frequencies)ifiocril,M“NH,/HM*NH,/D,M**ND, (4a—4c)

(M = Al, Ga, or In)
H2M*NH, H2MNH, D:M™ND, description of
obsd calcd obsd calcdl obsd calcd assignment vibrational mode M
3499.7 3572.0 (11) b 3566.9 (10) b 2583.9 (13) v1 (&) Vsym(N—H)
1891.0 1959.3 (81) 1891.1 1959.3 (81) b 1398.2 (58) Vo (&) Vsym(Al —H)
1541.6 1631.2 (49) 1536.1 1625.8 (47) 1159.5 1218.0 (46) v3 (&) O(NHy)
818.7 830.1 (192) 809.8 820.2 (214) b 774.1(72) V4 (an) v(Al—=N)
755.0 754.6 (86) b 749.6 (63) 548.4 548.7 (86) vs (&) O(AIH )
499.9 (0) 499.9 (0) 353.6 (0) Vs (a) twist Al
608.7 608.4 (150) 608.1 608.4 (149) 450.4 455.5 (124)  wv7(by) Pout—of—pland AlH 2)
518.3 483.0 (309) 516.7 479.6 (306) 397.7 376.9 (149) wvg(by) Pout—of—pland NH2)
b 3655.8 (11) b 3645.5 (11) b 2694.5 (11) vg (b2) Vasyr{N—H)
1899.3 1964.2 (288) 1899.3 1964.2 (288) 1384.2 1426.6 (169) w10 (by) Vasyn{Al —H)
769.8 767.6 (151) 766.2 762.9 (150) 611.0 603.4 (88) v11 () Oin—pland NH2)
b 433.5 (22) b 433.5 (22) b 311.7 (10) v12 (bp) Oin—pland AlH )
3413.4 3581.9 (9) 3405.9 3577.0 (9) b 2588.3 (11) v1 (&) Vsym(N—H)
1970.8 1995.9 (64) b 1995.9 (64) 1407.7 1415.6 (33) vo (&) Veym(Ga—H)
1530.4 1621.6 (30) 1524.3 1616.2 (28) 1150.9 1208.6 (30)  v3(a) O(NH,)
779.6 740.3 (40) 775.2 736.8 (59) 568.8 519.8 (68) V4 (an) o(GaHy)
706.2 689.0 (124) 692.2 675.9 (103) 667.8 658.0 (21) vs (&) v(3%Ga—N) Ga
545.8 (0) 545.8 (0) 386.1 (0) Vs (a) twist
567.7 607.9 (43) 567.4 607.9 (43) 405.9 439.7 (26) v7 (by) Pout—of—pland Gakb)
304.9 337.3 (280) 302.8 334.9 (277) b 263.3 (161) vg (by) Pout—of—pland NH2)
3510.7 3681.7 (13) 3500.7 3670.9 (12) b 2717.3(12) vg (b2) Vasyr{N—H)
1970.8 1998.6 (245) 1970.7 1998.5 (245) 1419.1 1428.3 (133)  wvio(b2) Vasyn{Ga—H)
782.8 789.8 (110) 778.3 785.1 (109) 605.1 608.8 (64) v11 () Oin—pland NH2)
b 441.8 (26) b 441.7 (27) b 316.2 (12) v12 (D2) Oin—pland GaH)
b 3517.1 (10) b 3512.3 (9) b 2541.6 (12) v1 (&) Vsym(N—H)
b 1770.2 (68) b 1770.2 (68) b 1254.1 (38) v, (&) Vsym(IN—H)
1506.6 1579.4 (23) b 1574.5 (22) b 1171.3 (24) 3 (an) O(NH,)
b 634.2 (84) b 631.4 (106) 474.6 441.7 (110) va (B1) o(InHy)
616.3 575.8 (153) 599.2 563.4 (128) b 553.4 (28) vs () v(In—N)
480.8 (0) 480.8 (0) 340.1 (0) Vg (a) twist In
b 535.2 (95) b 535.2 (94) b 384.0 (52) v7 (by) Pout-of—pland INH2)
c 177.6 (237) c 176.3 (234) c 139.5 (140) vg (1) Pout—of—pland NH2)
b 3621.9 (18) b 3611.5 (17) b 2671.3 (17) Vg (bp) Vasy{N—H)
1805.9 1756.9 (272) 1805.9 1756.9 (272) 1299.0 1250.7 (141) w1 (b2 Vasyn{IN—H)
733.3 696.3 (126) 731.4 692.2 (125) b 534.1 (76) v11 () Oin—pland NH2)
b 368.5 (33) b 368.4 (34) b 263.3 (16) v12 () Oin—plandINH2)

& HAINH, symmetryCy,: —N 1.7790 A, AFH 1.5811 A, N-H 1.0100 A, H-Al—H 124.2, H—N—H 110.0. H.GaNH, symmetryCy,:
Ga—N 1.8211 ,g GaH 1. 5621 A N-H 1.0086 A, H-Ga—H 126.7, H—-N—H 111.7. Frequencies (in cm) calculated for H'GaNH,: 3681.7

(13), 3581.9 (9), 1998.0 (242), 1995.8 (67), 1621.6 &30) 789.5 (110), 740.2 (41), 687.1 (122), 607.5 (42), 545.8 (0), 441.7 (26), 337.2 (278).
H2INNH, symmetryCyp,: In—N 1.9703 A, In-H 1.7252 A, N-H 1.0169 A, H-In—H 126.9, H—N—H 110.3. Intensities (km mol?) are given

in parenthese$.Too weak to be detected or hidden by ammonia absorptfddst of range of detection.

mol~1). However, as for the dimerization of Ggkh substantial
reaction barrier is likely to prohibit the reaction in a solid argon
matrix. The calculations gave the following frequencies for the
most intense IR absorptions [values in thwith intensities
(km mol1) in brackets]: [HAINH ], 1922.3 (634) h, 1915.0
(230) hyy, 901.1 (613) b, 763.1 (214) b, 762.3 (651) h,

reaction is induced between,Hformed by recombination of
the H atoms) and the univalent metal amide MiNHvestigation
of this second possibility was the primary motive for carrying
out experiments in which the matrices were doped with both
ammonia and dihydrogen. The addition of kWas certainly
found to boost the yield of #MNH,. Although this might seem
738.0 (421) by; [H2GaNH;], 1958.2 (548) h, 1949.7 (274) to favor the second mechanism involving largely concerted
bsy, 894.7 (334) ky, 720.1 (250) b, 717.1 (165) k, 702.5 photoaddition of H to MNH,, the presence of Hed also to
(347) by Annealing the matrices did not lead to a significant the formation of the dihydride Miand thence, on broad-band
change in the intensities of any signals. The observation of the UV —visible photolysis, to the monohydride MH and H atots;
absorptions at 1887.6, 1942.0, and 754.3taven at low metal it therefore provides an additional source of H atoms. Telling
concentrations seems therefore to favor their assignment to theevidence that H atoms and not, ldre the principal, possibly
ammonia adducts #MNH>*NHa. sole, means of access taMINH, comes from an experiment
Origins of the Products 4a—4c. While the origins of M involving a matrix containing Ga atoms together with Nkhd
NHs, HMNH>, and MNH,, the primary products of the thermal  D,. Were [ addition the primary reaction, the main product
and photochemical reactions occurring between a group 13 metawould be DGaNH, readily recognizable by the strong IR
atom M and NH, are relatively clear, the reaction or reactions absorptions near 1400 crhdue to itsy(Ga—D) modes. In the
affording the secondary productMNH,, are less obvious. One  event, only weak absorptions were observed to build up in this
mechanism involves the addition of the H atoms released in region, whereas relatively strong bands were observed to develop
the photoreaction 3 to the subvalent metal compounds MNH near 1970 cm! (indicating that cleavage of an-\H bond is
and HMNH,, as in eq 4, for example. However, the knowledge more readily achieved than cleavage of & bond). It was
that H, molecules undergo photoactivated addition to GAC| also apparent that the yield of,8aNH, decreased almost to
or InCI*® (eq 5) to give the trivalent product,MICl (M = Ga vanishing point when the matrix concentration of Nitas
or In) suggests an alternative mechanism in which a similar reduced by a factor of 10. Hence we conclude that H atoms
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. nm for Ga/NH, and near 435 nm for In/NH Irradiation with
M hv visible light havingl = ca. 436 nm brings about tautomerization
/ \N/H + He —P of M-NH3 with insertion of the metal atom into one of the-M
H | bonds of ammonia to form the odd-electron amidometal hydride,
H HMNH,. As in the reactions with p° and CH,'* this change
H\ /H appears to be contingent on excitation of the metal atom from
M——N @ its ground?P to a2S or?2D state; the visible absorption of the
H/ AN adduct probably represents tR8 < 2P transition of the
H coordinated M atom. The M(ll) derivatives suffer photodisso-
ciation under the action of broad-band YVisible light (200
s H < A < 800 nm) with the formation of the univalent metal amide,
Cl—M + | - Cl—— M MNH,, and the release of H atoms. A secondary reaction
H brought about by these atoms involves addition to MNi
HMNH; to produce trivalent amidoalane, -gallane or -indane,
5) HMNH, (M = Al, Ga, or In). The HMNH, molecules are
characterized by planar, ethene-like geometries @thsym-
metry. The calculated MN bond lengths follow the order
M-:NH3; > H3M:NHz > MNH; > HMNH; 2 H,MNH, >
HMNH. As reported previously? the barriers to rotation about
the MN bond of HMNH; are calculated to be 161.9, 50.6, 65.7,
and 51.5 kJ mot* for M = B, Al, Ga, and In, respectively,
implying thatsz-interactions play quite a minor role in molecules
The reactions that occur between Al, Ga, or In atoms and of this sort, except when M= B. A fuller discussion of the
NHs have been investigated using the technique of matrix ohserved and calculated properties of MNiHolecules § =
isolation to trap both the reagents and products and investigatep—g), addressing inter alia the influencesmbonding and bond
their photochemistries. The various products have been identifiedpolarity, will be presented elsewhete.
and characterized primarily by their IR spectra. The response .
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produced by broad-band UWisible photolysis of HMNH are
the main begetters of #MINH, in a reaction sequence that
plainly requires the activation of more than one NHolecule.

Conclusions




