Methylgallium and methylindium: the first sighting of the smplest organic

derivatives of Ga(1) and In(x)
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Gallium or indium atoms are shown to react with methane in
solid Ar matrices upon UV photolysis (1 = 200-400 nm) to
give initially the methylmetal hydride which undergoes
photodissociation on broad-band irradiation (1 = 200-800
nm) to yield the methylmetal(1) compound, CH;M (M = Ga
or In); the products are characterised by their IR spectra
afforced by the results of DFT calculations.

Volatile organo or hydrido derivatives of the group 13 metals
excite attention particularly by virtue of their use or potential as
precursors to the metal or a compound semiconductor.t.2 Y et
the number of such compounds, and especially those with the
requisite properties of volatility, thermal stability, etc. decreases
sharply when aluminium gives way to gallium, and again when
gdlium gives way to indium.23 The only monomethyl com-
pound of the group 13 metals to be detected previously in the
laboratory is CHzAl, which has been identified in the gas phase
by its pure rotational spectrum,* by neutralization—reionization
mass spectrometry (NRMS),5 and also in a cooled jet by high-
resolution  resonance-enhanced  multiphoton  ionization
(REMPI) spectroscopy.® Otherwise we arelargely dependent on
guantum chemical methods™2° for whatever knowledge of
CH3Al and CHsGawe possess. Theincentive for characterising
these molecules comes partly from their potentia intermediacy
in chemical vapour deposition processes starting from trivalent
methylmetal compounds®-2 and partly from the desireto gain a
better understanding of the bonding in organometallic com-
pounds of the univalent group 13 metals.

Irradiation of a CHs-doped Ar matrix containing thermally
generated gallium atoms with UV light with A = 200-400 nm
over a period of 10 min resulted in the appearance of new IR
absorptionsat 1719.7, 752.9, 528.7 and 475.5 cm—1, apparently
belonging to a single product 1a [Fig. 1(b)]. The most intense
and distinctive features were those at 1719.7 and 752.9 cm—1.
Similar results have been reported earlier,11.12 the new bands
being attributed to the divalent gallium species CHzGaH formed
by insertion of a Ga atom into a C—H bond of methane.
Continued irradiation under these conditions produced little
further change in the spectrum. By contrast, after photolysisfor
afurther 10 min, with broad-band UV-VISlight (A = 200-800
nm), the matrix exhibited the IR spectrum depicted in Fig. 1(c).
Hence it was apparent that the bands due to 1a had been totally

Table 1 Observed and calculated frequencies for CH;Ga

extinguished, to be replaced by a new family of bands having a
common origin in a second product 2a. These occurred at
2986.9, 1403.9, 1147.9 and 476.2 cm—1, the feature at lowest
frequency being the most intense. Extending the period of
photolysis gave little further change in the spectrum. The
reaction was aso followed by monitoring the UV-VIS
spectrum of the matrix. Our results are in line with those of
Lafleur and Parnist* and show that the formation of 1a occurs at
the expense of Ga atoms. The experiments were repeated using
either CD, or 13CH, as the reagent; the corresponding
frequenciesfor the normal and isotopically enriched versions of
la and 2a are given in Table 1. Experiments carried out for
various metal and methane concentrations show that strong
signals of 2a are obtained for conditions that have favoured the
generation of la (the greatest yield was achieved using a
furnace temperature of 950 °C and an argon matrix containing
2% CH,). The obvious inference to be drawn from the IR
spectra is that 2a is the simple methylgallium(r) molecule,
CHsGa.13 Previous experiments with GaH, and InH, have
shown that under similar photolysis conditions, cleavage of a
Ga—H or In—H bond |eadsto the formation of the monohydrides,
GaH and InH, respectively.24 DFT calculations!516 |ead to an
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Fig. 1 IR spectra of an Ar matrix containing Ga atoms and CH,: (a) after
deposition; (b) after photolysis with UV light (A = 200-400 nm) and (c)
after broad-band UV-VIS photolysis (1 = 200-800 nm).

12CH;Ga 13CH3Ga CD3Ga Description of
vibrational

Obs. Caca Obs. Calc.a Obs. Calca Assignment mode

2986.9 2978.3 (22) 2985.8 2977.3 (23) 2200.4 2138.4 (5) vi(aq) Veym(C—H)

1147.9 12232 (21) 1138.8 1215.4 (18) 902.8 948.5 (36) va(ag) Osym(CHa)

476.2 472.0 (73) 464.7 459.8 (70) b 432.3 (57) va(ay) V(Ga-C)

b 3049.5 (67) b 3040.7 (67) b 2254.8 (36) va(€) Vasym(C—H)

1403.9 1459.6 (33) 1400.1 1457.1 (33) 1025.4 1057.5 (17) vs(€) Oasym(CHa)

b 498.7 (7) 495.7 494.1 (7) b 373.1(4) Ve(€) Pp(CH3)

a Calculation for singlet CH3z8°Ga. Symmetry Cg,: C-H =
parentheses; r.m.s. deviation of observed from calculated frequencies 3.7%. ® Too wesk to be observed or hiddenby methane absorptions.

1101 A, Ga-C = 2.049 A, H-C-Ga = 111.7° . Intensities (km mol—1) are given in
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Table 2 Observed and calculated frequencies for CHzln

12CHg3ln 13CHgln CDslIn Description of
vibrational

Obs. Calca Obs. Caca Obs. Calca Assignment mode

2905.2 2989.1 (53) b 2986.3 (54) b 2141.5 (17) vi(ay) Veym(C-H)

11153 1220.2 (42) 1107.5 1212.3 (39) 868.1 936.6 (49) va(ay) 8sym(CH3)
422.1 425.9 (53) 407.7 413.8 (50) b 392.0 (41) va(ay) V(In-C)

2976.2 3086.5 (78) b 3076.1 (80) b 2279.4 (38) va(e) Vasym(C—H)

1424.0 1475.0 (38) 1419.6 1471.6 (38) b 1071.3 (22) vs(e) Sasym(CH3)

b 533.1(0.1) b 530.6 (0.1) b 397.7 (0.1) Ve(€) Pp(CHy)

a Calculation for singlet CH3!15In. Symmetry Cs: C-H = 1.103 A, In-C = 2226 A, H-C-n = 111.5°. Intensities (km mol—1) are given in
parentheses; r.m.s. deviation of observed from calculated frequencies 5.7%. P Too weak to be observed or hidden by methane absorptions.

equilibrium geometry with Cz, symmetry for the CHz;Ga
molecule. There are therefore six distinct |R-active vibrational
fundamentals spanning the representation 3a; + 3e. Our
experiments located IR absorptions with relative intensities,
frequencies and isotopic shifts in close accord with those
predicted here and elsewhere”-8 by quantum chemical calcula
tionsfor four of the fundamentals (Table 1). Of the two missing
features that due to v, (€) was most probably masked by the
strong methane absorption, whereasthat dueto v (€) lacked the
intensity to be detected. Quantum mechanical calculations
indicate that the excited electron originates in an orbital with a
high electron density along the Ga—H axis,1? so that photo-
dissociation of the Ga—H bond may result. Other possible
explanations include the formation of methylgallium from the
metal atoms and methyl radicals following decomposition of
methylgallium hydride to CH3- and Ga and H atoms.
Analogous experiments were carried out to follow the
reaction of methane with thermally evaporated In. A similar
pattern was observed. Thus, irradiation of the matrix at
wavelengths between 200 and 400 nm for 10 min led to the
appearance of new IR absorptions at 1545.9 and 696 cm—1 (Fig.
2). These showed obvious affinitiesto the IR bands belonging to
1a and are most plausibly ascribed to the indium anaogue 1b.
Subsequent exposure of the matrix to broad-band UV-VIS
radiation (A = 200-800 nm) for 10 min brought about the
disappearance of the absorptions due to 1b with the simultane-
ous growth of a new set of absorptions at 2976.2, 2905.2,
1424.0, 1115.3 and 422.1 cm—1. The circumstances of the
experiment, alied to the spectroscopic resemblance of this
second product to 2a, suggest that it isto be identified with the
indium analogue 2b, CH3lIn. The experiments giving rise to the
products 1b and 2b were repeated using either CD,4 or 13CH,4 as
the reagent, with the results included in Table 2. DFT
caculations!>16 give an optimized geometry resembling
closely that of the gallium compound and having the vibrational
propertieslisted in Table 2. In this case our experimentsidentify
five of the six fundamentals, the only absentee being the CH3
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Fig. 2 IR spectra of an Ar matrix containing In atoms and CHy: (a) after
deposition; (b) after photolysis with UV light (A = 200-400 nm); and (c)
after broad-band UV-VIS photolysis (A = 200-800 nm).
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rocking mode, p(CHs), which is anticipated in any case to be
unusually weak in IR absorption. Information about the
isotopomers CD3lIn and 13CHj3ln is unfortunately rather sparse,
partly because we were unable to secure such high concentra-
tions and partly because of the masking effects of other
absorptions. Neverthel ess, the experimental results approximate
closely to the properties computed by DFT methods.

Experiments were also carried out to explore the effects of
co-condensing laser-ablated indium atoms with methane and an
excess of argon. In this case, IR bands due to both the products
1b and 2b were observed upon deposition, presumably as a
result of the UV-VISradiation emanating from the metal target.
The subsequent response of the products to further photolysis
was as detailed above. These experiments also support our
assignments to monometallic species, as it is known18.19 that
laser ablation of solid elements generates predominantly atoms
rather than aggregates.
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