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Reactions of Aluminum, Gallium, and Indium (M) Atoms with Phosphine: Generation and
Characterization of the Species MPH3z, HMPH », and H,MPH
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Upon deposition of Al, Ga, or In atoms (M) together with phosphine in a solid argon matrix, metal atom complexes
M-PH; are formed. Photolysis of the matriceslat 436 nm results in the tautomerization of the adduct species

to the insertion products HMPR+and HHMPH. In addition, PH is formed from the reactions with Ga and In, with
HMPH, being its most likely precursor. Further photolysis into the absorption maximum of BMB&t 550 nm

results in decomposition of HMPHwith partial re-formation of the adduct #8Hs and further buildup of PH.
H.MPH is photostable under these conditions but suffers decomposition under the action of UV ligkt 200

< 400 nm). All the molecules have been identified by their IR spectra, the assignments being attested by the
effects of deuteration and also by comparison either with the vibrational properties anticipated by density functional
theory (DFT) calculations or with those of known, related molecules. The resulting analysis is elaborated for the
light it sheds on the structures and properties of the new molecules and on the mechanisms of the reactions
affording, or disposing of, them.

Introduction PH; matrices, respectivel’ The 1:1 complex EP-TiCl, has

Compounds featuring a bond between a group 13 and a grou aiso been characterized in this why.
P N group group We have recently reported on the matrix reactions that occur

15 element are notable mainly because of their potential use asbetween Al, Ga, or In atoms and NEIThe first product is a

precursors or intermediates in the chemical vapor deposition . ; .
(CVD) formation of Ill—V semiconductor materials. AP, GaP, relatively well-defined adduct MNH3 that tautomerizes to the
insertion product HMNH upon irradiation into its absorption

and InP crystals have band gaps that are ideal for certain ' .. !
applications (2.45, 2.26, and 1.35 eV, respectively, at 300 K), Maximum near 440 nm. Broad-band BVisible photolysis then
and semiconductor devices based on GaP and InP are indeedf@ds to the generation of the univalent metal amide MNH
in use in LEDs, long-wavelength IR sources, and detectors for together with the trivalent derlvatlveZMNHZ. The.IR spectra
optical fiber transmissioh.Beyond this interest driven by of the HHMNH, molecules are wholly consistent with the results
industrial applications, the compounds attract attention for their Of density functional theory (DFT) calculations, which impute
potential to engage the group 13 and group 15 atoms togetherd planar geometry. However, the calculations find only small

in multiple bonding? barriers to rotation<€70 kJ moi), indicating thatr interactions
Matrix-isolation experiments have already contributed notably Play only a minor role in the bondirfy.
to the study of highly reactive phosphine derivativesFor Here we report on similar studies of the thermal and

example, insertion reactions of the main group atoms O and Sphotochemical matrix reactions that occur between group 13
into a P-H bond of PH have been observed in this way to metal atoms and PHOnN the evidence of the IR and U\Wis
yield the products HOP{#4 and HSPH,® respectively. Com- spectra of the matrices, we shall show that the metal atoms in
plexes of PH with transition metal atoms or compounds have their 2P ground states form a loosely bound complexPiv;

also been characterizé® Cocondensation of Cu atoms with (M = Al, Ga, or In) that is photolabile and rearranges on
PHs; in Kr matrices results in the formation of Cu(BH irradiation with light at wavelengths near 440 nm to yield two
complexesif = 1, 2, or 3§ identified by IR absorptions at 2250  insertion products, namely, the M(Il) species HMP&hd the
and 970, 968, and 958 crh Similar experiments indicate that  M(111) species BMPH. PH is observed in addition, but only in

Ni atoms add Pkito give Ni(PH) or Ni(PHs)4 in Ar or neat the reactions of Ga and In, probably through the photodecay of
HMPH,. Photolysis at wavelengths near 546 nm causes

*To whom correspondence should be addressed. Phone: 0044-1865-decomposition of HMPHK while H,MPH persists. UV irradia-
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(X = H,1° OH,!1 CHy,213 or NH, 9), and HBMX (X = H,4
Cl,'5 or NH,?). The properties observed or forecast forP,
HMPH,, and BHMPH will be compared with those of analogous
group 13 metal derivatives, particularly-MHz; and HMNH,,?

and discussed in relation to the characters of the relevant bonds.

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
codeposited with an excess of Ré#bped 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 elsewher®® The estimated proportions M/BAr (M =
Al, Ga, or In) were typically in the order 1:10:600. Normal 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 £D place of
PHs.

PH; and PD3 were synthesized starting from calcium phosphide and
either HO or D,O and purified by fractional condensation in vacuo.
Argon was used as received from BOC (Research grade purity). Gas
mixtures of argon with Pk or PD; were prepared by standard
manometric methods.

After deposition and IR or UVvis analysis of the resulting matrix,
the sample was exposed first to visible radiation withz 436 nm.

Once the effects of such photolysis had been assessed, the sample was

typically irradiated in turn with visible light at ~ 546 nm and finally
with broad-band UW-visible light with 4 = 200-800 nm. The
photolyzing radiation issuing from a Spectral Energy HgXe arc lamp
operating at 800 W was invariably limited by a water filter to absorb
infrared radiation and so minimize any heating effects. Visible radiation
with 1 ~ 436 or 546 nm and a band-pass of 20 nm was delivered via
an appropriate interference filter (Balzers).

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 cn1?, 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 pack&gend applying the B3LYP method,
which has been shown to give satisfactory results for small aluminum
and gallium compounds.A 6-311G(d) basis set was used for Al and
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M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
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Pittsburgh, PA, 1998.
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Figure 1. (a) IR spectra of an Ar matrix containing Al and PH
(1.5%): (i) following deposition; (ii) following photolysis &t = 436
nm; (iii) following photolysis atA = 546 nm; (iv) following broad-
band UV~visible photolysis { = 200—-800 nm). (b) IR spectra of Ar
matrices after 546 nm photolysis showing the signals at 1874.7/1866.1
and 1373.5/1345.6 cni due to producBaas formed from (i) Phland
(ii) PD3, respectively.

Ga, and a LANL2DZ basis set with additional d-polarization functions
(exponent of 0.5) was used for In. All the vibrational frequencies
calculated for the optimum geometries and cited hereafter are unscaled.

Results

The spectra associated with the matrix-isolated products of
the reactions of phosphine with group 13 metal atoms (M) will
be reported in turn for M= Al, Ga, and In. Products have been
identified on the basis of (i) the growth and decay characteristics
of the relevant spectroscopic features in response to photolysis
of the matrix under different conditions or to changes of reagent
concentration, and (ii) comparisons with the results of control
experiments that did not include the metal atoms, or with the
spectra of related species.

(i) Al + PHa. Figure 1 displays the IR spectra of an argon
matrix containing ca. 0.2% Al atoms and 1.5%fH¢fore and
after irradiation under various conditions; details of the spectra
are itemized in Table 1. Following deposition, the IR spectrum
witnessed, in addition to the signals due tosRlt 2344.7,
2339.1, 1111.7, and 993.7 ci),'® [PHz], (low-frequency

(17) Jursic, B. SJ. Mol. Struct.: THEOCHEML998 428 61.
(18) Arlinghaus, R. T.; Andrews, L]. Chem. Physl1984 81, 4341.
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Table 1. Infrared Absorptions (Frequencies in chDisplayed by
Ar Matrices Containing Al Atoms and PHPD;
22 (nm) (iv)
Al + PH; Al + PD; depositio 436 546 206-800 absorber (i)
22855 16594 1 Vot ! Al-PH;, 1a -
1874.7 1373.5 ) ) | H,AIPH, 3a 2 .
1867.4 b b | HAIPH-PH, g (D
1866.1 1345.6 ) ) | H,AIPH, 3a .‘-;
1860.6 b ot v HAIPH-PH;
1768.2 1288.4 1 ) | | HAIPH,, 2a 0
1159.4 b 1 ) y ! HAIPH,, 2a
1101.2 793.7 1 | ) | Al-PHs, 1a
974.7 718.3 1 ! ) ! Al-PH;, 1a
971.2 717.0 1 Vool ! Al-(PHs),
765.9 564.5 ) ) | H.AIPH, 3a l |
727.1 532.3 1 tod ! HAIPH,, 2a 350 600
606.3 482.8 T T l HZAIPH, 3a wavelength [nm]
iggg E 1 1 I i :Zbl‘IIDPHI-i g: Figure 2. UV—vis spectra (a) of an Ar matrix containing Al and (b)

2t increase’: decrease? Too weak to be detected or hidden by

PH; absorptions.

shoulders on the signals due to monomericgFfiH,0, and
[H2O]n,!° the appearance of a strong signal at 974.7%m

Correlating with this feature were a sharp signal at 1101.2'cm

and another at higher frequency, viz. 2285.5 énThe three
bands are attributable to the first reaction produa, The

spectrum also contained a weak absorption at 1002.8%cm

belonging in all probability to a repulsive BRite, as well as

a band at 971.2 cmt and an additional family of weak bands
belonging to a common specié&a, these being located at

1768.2, 1159.4, 727.1, and 403.9 ©mn
Upon photolysis with radiation at ~ 436 nm for a period

of 5 min, the signals due tba disappeared and the bands due

to 2awere observed to grow. The strongest featur2aodccurs
at a frequency (1768.2 cm) close to that of thev(Al—H)

of an Ar matrix containing Al and P# (i) following deposition; (ii)
following photolysis att = 436 nm; (iii) following photolysis afl =
546 nm; (iv) following broad-band U¥visible photolysis { = 200~
800 nm).

signal at 974.7 cmt gave place to one at 718.3 ci(H/D =
1.3570:1), while the bands at 2285.5 and 1101.2cshifted
to 1659.4 (H/D= 1.3773:1) and 793.7 cni (H/D = 1.3874:
1), respectively. The weak band at 1002.8 émbserved in
the earlier spectrum appeared to have a counterpart at 738.9
cm ! (H/D = 1.3572:1) in the PRexperiment. The signal at
971.2 cnt! moved to 717.0 cm (H/D = 1.3545:1).

The prominent transition at 1768.2 cindue to the PH
version of specie&a shifted to 1288.4 cmt (H/D = 1.3724:
1), whereas the transition at 727.1 chshifted to 532.3 cm!
(H/D = 1.3660:1). No counterparts to the weak bands at 1159.4
and 403.9 cm! could be detected before or after photolysis at
436 nm. On the other hand, four absorptions attributable to the

stretching mode in known divalent aluminum hydrides (AIH deuterated version @awere observed. Hence, it appeared that
1806.3/1769.89 HAIOH 1739.611 CHzAIH 1764/1746'2 and the 1874.7 cm! transition moved to 1373.5 cth (H/D =
HAINH, 1761.1 cmt 9). In addition, the spectrum revealed a 1.3649:1), the 1866.1 cm transition to 1345.6 cmt (H/D =
new family of absorptions with frequencies of 1874.7, 1866.1, 1.3868:1), the 765.9 cni transition to 564.5 cm! (H/D =
765.9, 606.3, and 569.0 crhoriginating in yet a third and 1.3568:1), and the 644.5 crhtransition to 482.8 cm' (H/D
distinct product,3a. The high-frequency bands at 1874.7 and = 1.3349:1).

1866.1 cm! are significant in that they occur in the region In another experiment the concentration ofsR¥as reduced

normally associated with thg(Al—H) frequencies of terminal
Al(Ill) —H bonds (cf. AlH 1882.9 cm,* HAICI, 1967.6
cm 1,20[H,AINMe;]; 1800-1850 cntt, 2t and HAINH, 1899.3

to 0.5%. All the IR signals observed in the experiments with
higher concentrations were also observed in this case but with
lower intensities. However, theelative intensities of the

cm~19). A weak doublet feature also developed at 1867.4/1860.6 absorptions belonging to each of the spedias 3a remained

cm L,
There followed a period (5 min) of irradiation at~ 546
nm. This caused the signals due to spe@ado vanish and

those due tdato regain some of the intensity they had prior

unchanged. The feature at 974.7 ©nfdue to1a) gained in
intensity at the expense of the neighboring one at 971.2'cm
By contrast, the intensity of the doublet at 1867.4/1860.6%cm
dropped significantly relative to those of the signals dugze

to photolysis. Simultaneously the doublet at 1867.4/1860.6/cm 3a

disappeared. Finally, the matrix was exposed either to broad-

band UV radiation 4 = 200—400 nm) or to broad-band UV

Experiments in which the matrix was photolyzed immediately
after deposition either with UV radiation (269 4 < 400 nm)

visible radiation { = 200—-800 nm). In either case the IR bands or with radiation atl > 450 nm led to the disappearance of the
associated with83a vanished without the appearance of any bands due tdaand2awithout any sign of additional products

significant features in the region 26@000 cn1! attributable
to a new product.
The experiment was repeated but with#D place of PH.

(except for very weak bands due 3a, which is presumably
formed in consequence of photolysis into the long tail of the
Al-PHs; absorption). Further experiments were carried out using

Upon deposition, the matrix displayed IR absorptions due to mixtures of PH and H. However, the addition of Fdid not
1labut now shifted to substantially lower frequency. Thus, the lead to significant changes in the relative intensities of the bands

(19) Greene, T. M.; Andrews, L.; Downs, A.J. Am. Chem. Sod.995
117, 8180.
(20) Schrigkel, H.J. Mol. Struct.1978 50, 275.

(21) Downs, A. J.; Duckworth, D.; Machell, J. C.; Pulham, C. R.

Polyhedron1992 11, 1295.

associated witiha—3a.

Figure 2 illustrates the U¥vis spectra measured over the
range 308-900 nm for an argon matrix doped with Al atoms
and PH. The spectrum recorded after deposition shows a sharp
absorption at 337 nm, which has previously been assigned to
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Table 2. Infrared Absorptions (Frequencies in thDisplayed by (a)
Ar Matrices Containing Ga Atoms and BRD;
A2 (nm)
Ga+ PH; Ga+ PD; depositiod 436 546 206-800 absorber
2280.8 1660.3 * ! 1 i GaPH;s, 1b
2248.9 1641.3 t i i PH
1918.4 b 1 I i H,GaPHPH;
1913.2 b t I i H,GaPHPH;
1897.5 1372.8 t i i H,GaPH,3b
1893.3 1360.1 tot [’ H.GaPH,3b
1721.4 1244.7 i t I ! HGaPH, 2b
1108.2 795.9 * ! 1 i GaPH; 1b
1060.9 b i td ¥ HGaPH, 2b
973.6 717.7 * ’ i ! GaPHs 1b
969.3 714.3 t Vo | Ga(PHa)2
738.9 528.8 tt [’ H,GaPH,3b
646.5/644.8 486.4 t i i H,GaPH,3b
454.8 b t 1 ! H,GaPH,3b
428.2 b * t I i HGaPH, 2b

2t increase’: decrease? Too weak to be detected or hidden by
PH; absorptions.

the 2S — 2P transition of Al atom$:?2 No other feature could
be detected with any certainty. Upon photolysis at wavelengths
near 436 nm, the 337 nm absorption decreased and a new, broad
signal with its maximum at 550 nm appeared [spectrum ii of
Figure 2]. At the same time, the IR spectrum witnessed the
appearance of the bands characteristi2afThus, the absorp-
tion at 550 nm is presumed to be carried by the same species
2a. Photolysis at wavelengths near 550 nm or with UV radiation
(A = 200—400 nm) led to the decay of the 550 nm absorption
with no sign of any new feature. The absorption arising from
the Al atoms did not obviously regain any of its initial intensity.

(i) Ga + PHs. Figure 3 depicts the IR spectra displayed by
an argon matrix containing ca. 0.2% Ga atoms and 1.5% PH
before and after photolysis; details of the spectra are itemized
in Table 2. Upon deposition, the matrix showed a strong
absorption at 973.6 cm, with additional features from the same
source at 1108.2 and 2280.8 Tt The frequencies and
circumstances give every reason to believe that the carrier of
these bands is an addudi analogous to the produta formed
in the corresponding reaction with Al atoms. An additional
signal was observed at 969.3 tihn

Upon photolysis of the matrix with radiation at= ca. 436
nm, the IR absorptions characterizihlg decreased and another
set of absorptions, belonging to a spe@esand with frequen-
cies of 1721.4, 1060.9, and 428.2 tinwere observed to
develop. These bands were already visible upon deposition but
with very low intensities. The strong band at 1721.4 éris
suggestively close in frequency to théGa—H) stretching
modes of known divalent gallium hydrides (Gat¥99.5/1727.7
cm 110 CH;GaH 1719.7 cm!,13 HGaNH, 1721.8 cn1t,? and
HGaOH 1669.8 cm!1?). A weak doublet that appeared at
1918.4/1913.2 cmi but showed a rather different growth pattern
was attributed to a distinct secondary product. Simultaneously
a second family of five signals at 1897.5, 1893.3, 738.9, 646.5/
644.8, and 454.8 cnt was observed to grow in, and this we
associate with the distinct speci@gls. The transitions at 1897.5

Inorganic Chemistry, Vol. 40, No. 2, 200899
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and 1893.3 cmt occur in a region characteristic of the stretching  rjgyre 3. (a) IR spectra of an Ar matrix containing Ga and $H
vibrations of terminal Ga(lltyH bonds, and that at 738.9 ¢ (1.5%): (i) following deposition; (ii) following photolysis &t = 436
likewise has the frequency and intensity characteristic of a;GaH nm; (iii) following photolysis atl = 546 nm; (iv) following broad-
deformation mode in a trivalent gallane derivative (cf. GaH band UV-visible photolysis f = 200-800 nm). (b) IR spectra of Ar
1923.2 and 758.7 cm,14 H,GaCl 1964.6/1978.1 and 731.4 matrices after 546 nm photolysis, showing the signals at 1897.5/1893.3

cm 1,10 H,Gau-Cl),GaH, 1994/2036 and 702/719 cth?® Hy-

and 1372.8/1360.1 cm due to product3b as formed from (i) PHi
and (ii) PD;, respectively. (c) IR spectra of an Ar matrix containing

Gafu-H),BH, 1982/2005 and 729 cm,**and HGaNH, 1970.8 Ga and PH(0.4%) in the region 9661000 cntt showing the features

characteristic of the produéb: (i) following deposition; (ii) following

(22) Ammeter, J. H.; Schlosnagle, D. @.Chem. Phys1973 59, 4784. photolysis atl = 436 nm; (jii) following photolysis afl = 546 nm.
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version of 2b and four signals at 1372.8 (H/B- 1.3822:1),
1360.1 (H/D= 1.3920:1), 528.8 (H./D= 1.3973:1), and 486‘4. Figure 4. IR spectra of an Ar matrix containing In and 5%):
cm 1 (H/D = _1'.3292:1') corresponding to the deuterated version (i)gfollowing degosition; (i) following photolysisgal _ 436?5:”; (iii))
of 3b. In addition, a signal at 1641.3 crhthat also developed following photolysis atl = 546 nm; (iv) following broad-band U¥
at this stage can be traced to the deuterated version of the speciegsible photolysis { = 200-800 nm).
responsible for the 2248.9 crhabsorption (H/D= 1.3420:1).
Experiments with lower Piiconcentrations revealed no new
features. All the signals assigned to specids-3b were

wavenumber [cm'}

Table 3. Infrared Absorptions (Frequencies in thDisplayed by
Ar Matrices Containing In Atoms and BHPD;

observed but with reduced intensities. The constant relative A% (nm)

intensities of the bands belonging to each species confirm ourin+ PH; In -+ PD; depositiofi 436 546 206-800 absorber
recognition of the three principal products. On the other hand, 5299 4 b } oy | HINPH,, 2¢
the intensity of the doublet feature at 1918.4/1913.2°km 22489  1641.3 rot PH
decreased significantly relative to those of the signals due to 1546.4  1114.9 t tod | HInPH;,, 2c
the specieslb—3b. Experiments in which the matrices were ~ 1105.7 b f Lot ! In-PHs, 1c
photolyzed immediately after deposition with either UV (200 44 7116 ! bt ' In-PHs, 1c
< A = 400 nm) or withA = 450 nm radiation resulted in the 968.0 113.2 ! b X In-(PHh);
=4 = _ = 674.7 b ot b HJnPH,3c
decay of the signals due tth and the very weak ones due to ) )

2b. The signal that was observed to grow in at 2248.9°cm at: increasel: decrease? Too weak to be detected or hidden by

was then the only sign of a reaction product (except for very " absorptions.

weak bands due t@b, which is presumably formed as a
consequence of photolysis into the long tail of the-P¥dy

absorption). . . . .
. - In the corresponding experiments with £Ehe IR signal at
(i) In + PHa. Following deposition of In atoms together 974.4 cnt! characteristic of the speciés shifted, as expected,

with PHs in an argon matrix, a strong IR band at 974.4¢m to lower fre . .
. - quency (717.6; H/B- 1.3579:1), although no other
and a weaker one at 1105.7 chappeared in addition to those feature identifiable with deuteratetc could be traced. The

characteristic of Pkland [PH]n,'® H20 and [HO]n'° and the 0001 a1 968.0 cmt shifted to 713.2 cm? (H/D = 1.3573:1).

.In 911 ; ; .
water 30'0'!““ BO-In These new S|gnals_ are attr|butable to Photolysis at wavelengths near 436 nm brought about the decay
1c, the indium analogue dfaand1b. An additional signalwas ot he signals at 717.6 and 713.2 chwith the simultaneous

spotted at 968.'0 ort. . ) appearance of a new weak band at 1114.9%mvhich may be
The absor?tlons ofc decreased rapidly upon photolysis at  yresumed to arise from the deuterated version of spéciasd
A %71436 cnT. At the same time, a new absorption at 1546.4 {, correlate with the 1546.4 crh transition of 2¢ (H/D =
cm™* with a weaker one at 2299.4 ¢y both belonging to 1 3g70:1). Certainly its carrier showed the appropriate photo-
species2c, were seen to evolve. An additional weak feature at cpemical properties by decaying when the matrix was irradiated
674.7 cm® could be tentatively assigned 8g, i.e., the indium at wavelengths near 546 nm or in the range 2800 nm.
analogue of3a and 3b. As with the photochemical reactions  nfortunately it was not possible to locate any spectroscopic
initiated between Ga atoms and £ new band at 2248.9 cth  gjgng of the deuterated versionad. Indeed, it appeared to be
also emerged at this stage. The response of the matrix to further, "general feature of the indium experiments that all the IR
photolysis was similar to that described for t.hg experiments with absorptions attributable to photoproducts were significantly
Al and Ga atoms2c being destroyed by visible light at ~ weaker than were their counterparts in the aluminum and gallium

546 nm and botf2c and3c being destroyed by UV light(= ~ gxperiments. Whether this reflects inherent weakness of the
200-400 nm), P”t no new band being discernible in the region ejevant transitions in IR absorption or, as seems more likely,
200-4000 cnt*. The signal at 2248.9 cm grew somewhat |4y apundances of the produ@s and3c remains to be seen.
on photolysis at. ~ 546 nm and persisted on UV photolysis.  ag in the experiments with Ga, the signal at 2248.9-tm
23 Jon — N TS — < was observed to grow in when the matrices were exposed to
ohnsen, E.; Downs, A. J.; Greene, T. M.; Souter, P. F.; Aarset, K. (jy/ (200 < 1 < 400 nm) orl > 450 nm radiation following
Wgﬁ_’;%ul\{lﬁégicg’_ %,ﬁc',}; '?ﬁgﬁggbé'gﬁ;’7ﬁ§'”’ P. T.; Rankin, D. depo_sition. But these experiments gave no sign of any other
(24) Pulham, C. R. D.Philos. Thesis, University of Oxford, U.K., 1991. reaction product.

Relevant IR spectra are illustrated in Figure 4; details of the
spectra are listed in Table 3.
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Table 4. Comparison between the IR Spectra Observed and
Calculated (Frequencies in c#) for M-PHy/M-PD; (M = Al, Ga,
or In)

M-PHs M-PD; vibrational
obsd calcd obsd calcd assignt  mode
M = Al
b 2411.9 (25) b 1732.8(14) 11 (8) vasyn(P—H)
2285.5 2334.7(375) 1659.4 1670.7 (200),(a) veym(P—H)
1101.2 1156.2 (101) 793.7 825.2 (53) v3(d) dasyn(PH)
974.7 1025.1(137) 718.3 750.4(65) v4(d) Osym(PHs)
b 238.4(21) b 181.2(13) ws(d) p(PHy)
c  135.9(1) ¢ 130.0(0.4) ws(a) v(AI—-P)
b 2299.1(62) b 1654.9(33) v7(d") Vasy(P—H)
b  1091.6 (10) b 779.9(5) vs(d') Oasyn(PHs)
c  195.3(8) ¢ 1451(3) we(d") p(PHs)
M = Ga
b 2408.3(33) b 1730.3(19) 11(8) vasyn(P—H)
2280.8 2346.8(316) 1660.3 1679.6 (170),(d) vsym(P—H)
1108.2 1158.7(86)  795.9 827.0 (45) v3(d) Oasyn(PHs)
© 973.6 1025.7 (141) 717.7 750.5(69) v4(d) Osym(PHs)
Figure 5. Calculated geometries of the molecules (a)PWs, (b) 2 ﬁgg %51)) E igzg ES)OZ) Vs gg pEg';*_)P)
M+(PHs)z, (€) HMPH,, (d) H:MPH, (€) HMPH,, (f) MPH,, and (g) oA LAINe) veld) v
HMPH (M = Al Ga. or In) b 2318.6 (57) b  1668.7 (30) v7(d") Vasy(P—H)
e : b 1107.2 (10) b 790.9(5) vs(@) Oasyn{PHs)
) ) c 173.3(8) c  1282(4) we(d') p(PHs)
Discussion M=In
Here we shall show that the produdta—c are adducts of b 2440.6 (36) b 1754.2(22) wn Vasyn{P—H)
the type MPH;, that 2a—c are the divalent species HMBH b 24123(176) b 1731.6(32) . Vsym(P—H)
and that3a—c are the trivalent derivatives MPH, where M b 2406.7 (61) b 1726.2(94) s VasyP—H)
o 1105.7 1167.5 (40) b 833.2(20) w4 Oasyn(PHs)
= Al (1a—3a), Ga (lb—3b), or In (1c—=3q). The assignments 1142.4 (9) b  8155(4) s Sasyn(PHs)
will be justified by consideration of the frequencies and isotopic  974.4 1042.0 (146) 717.6 762.1(73) ve dsym(PHa)
shifts of the observed bands and by reference to the vibrational ¢ 169.4 (14) c 127.3(8) vy o(PHs)
properties of the molecules anticipated by DFT calculations; ¢ 151.4(6) c 1111(Q3) s p(PHs)
c 79.2 (0.4) c 75.0(0.2) weo »(In—P)

supporting evidence will also be sought from the vibrational
properties established for related species.

M -PH3 (1a—c). In view of the reaction of Al, Ga, or In atoms
with NH3,° similar behavior is likely to occur upon codeposition
of the metal atoms with PHIndeed, the observed IR signatures
of each of the productsa—1c are wholly consistent with the
presence of a PHmolecule perturbed by such an interaction,
and the dependence of their intensities on the &centration
supports the formulation NPH;. The IR absorptions at 974.7,
973.6, and 974.4 cm for 1a, 1b, and 1c, respectively, can
each be assigned to the symmetricsRi¢formation mode of
the relevant adduct NPHs. Hence, it appears that the modes
arered-shifted with respect to uncoordinated Ptor which
vy = 993.8 cnt! 19), In the case of the ammonia adducts M
NHs, the symmetric NH deformation mode iblue-shifted (by
156.9, 129.7, and 108.4 cthfor M = Al, Ga, and In,
respectivelyf. Such a blue shift can be explained by metal-to-
ligand charge transfer. The-MN interaction in MNH3 appears
therefore to be different from the P one in MPHs. Recent
theoretical studies of APH; suggest that the aluminum atom
carries only a slight positive charge-0.04 e)?° This may also
explain the finding that the ammonia adduct is clearly recogniz-
able by its distinctive visible absorption band near 440°nm,

a Al-PH; symmetryCs: Al—P 2.7755 A, P-H(1,2) 1.4249 A, P-H(3)
1.4178 A, A-P—H(1,2) 129.4, Al—P—H(3) 100.4, H(1)—P—H(2,3)
96.2, H(2)—-P—H(3) 95.3. GaPH; symmetryCs. Ga—P 2.8411 A,
P—H(1,2) 1.4238 A, P-H(3) 1.4185 A, Ga-P—H(1,2) 129.8, Ga—
P—H(3) 101.%, H(1)—P—-H(2,3) 95.8, H(2)—P—H(3) 95.0. In-PH;
symmetryCy: In—P 3.2219 A, P-H(1) 1.4228 A, P-H(2) 1.4209 A,
P—H(3) 1.4227 A, In-P—H(1) 128.4, In—P—H(2) 106.2, In—P—
H(3) 127.9, H(1)—P—H(2) 95.2, H(1)—P—H(3) 95.0, H(2)~P—H(3)
95.2. Intensities (km mol') are given in parentheseésToo weak to
be detected or hidden by phosphine absorptié@ut of range of
detection.

to resemble its ammonia counterdantdeviating slightly from
regularCs, symmetry; this is achieved through one R bond
being slightly shorter than the other two and the+H angles
being fractionally different so that the overall symmetryCis

and there are as a result not six but nine distinct vibrational
fundamentals. At 2.7755, 2.8411, and 3.2219 A, the calculated
M---P distances in APH;, GaPHs, and InPH;z, respectively,

are shorter than the sums of the relevant van der Waal€%adii
by margins ranging from ca. 1.2 A for Al to 0.6 A for In. The
estimated binding energies of 21.8, 22.1, and 17.0 kJ hfot

M = Al, Ga, and In, respectively, are significantly smaller than
those for the corresponding ammonia complexes (60.2, 51.8,

whereas no similar band has been detected for the phosphingyng 28.8 kJ mott).
adduct. The characteristic electronic transition of the ammonia  comparisons between the IR spectra observed and those

adduct can be associated with what is essentially a metal-basegyredicted are severely limited by the weakness of many of the
?S~— 2P transition red-shifted under the action of charge transfer transitions in IR absorption and by the masking effects of bands
from the NH. _ o due to free PHlor [PH;]n.18 Nevertheless, the features that could
DFT calculations find a global minimum for the ground state pe observed for each complex were in satisfactory agreement
of an M-PH; molecule with the geometry represented in Figure \yith the properties forecast by the DFT calculations. We note

5&; the optimized dimensions and vibrational properties are particularly that the calculations anticipate not only that the
given in Table 4. Each of the molecules is found geometrically

(26) Nguyen, M. T.; McGinn, M. A,; Hegarty, A. Anorg. Chem.1986

(25) Davy, R. D.; Schaefer, H. F., I10. Phys. Chem. A997 101, 3135. 25, 2185.
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symmetric 0(PHs) mode will give a relatively intense IR metal hydride, a view supported by the H/D isotopic shifts
absorption but also that it will beed-shifted with respect to displayed by the relevant features2# and2b. Analogy with
the corresponding mode of free PH he calculated shifts of  the corresponding reactions of the metal atoms with amrfionia
25.2, 24.6, and 8.3 cmi for M = Al, Ga, and In, respectively,  gives further persuasive backing to the belief that photolysis of
may be compared with the experimental shifts of ca. 21, 22, the adduct MPH; at wavelengths near 436 nm yields the
and 23 cm'. Each of the bands observed at 2285L.5) (and insertion product HMPK where M= Al (2a), Ga b), or In
2280.8 cm! (1b) is readily attributed to the symmetric (2¢). Furthermore, the UVvis spectrum of the photolyzed
v(P—H) mode in the relevant complex on the evidence of the matrix containing2a and the photochemical behaviors of all
calculations and of the measured H/D shift. By the same criteria three products indicate that each has an electronic transition
we are led to associate each of the weak bands at 1101.2, 1108.2year 550 nm, excitation into which results in photodissociation
and 1105.7 cm! with the antisymmetriad(PHs) (&) funda- of the molecule. This behavior is reminiscent of that reported
mental. by Lafleur and Parnig for the matrix-isolated molecule GH

The veym(P—H) and dsyn(PHs) frequencies determined here  GaH, which was described as displaying a broad absorption near
are comparable with those displayed bysRitransition metal 600 nm, excitation into which led also to photodissociation of
complexes. Thusy(P—H) modes with frequencies of 2250, the molecule (although subsequent studies have revealed rather
2270, and 2383/2393 crh have been identified for Cu(Rj different propertie®).

(n = 1-3)5 Ni(PH3)4,%7 and HP-TiCly8 respectively; DFT calculations find an equilibrium geometry with ory
dsym(PHs) for the same species is reported to occur at-958 symmetry for each of the molecules HMRHs illustrated in
970, 998, and 967 cm. Figure 5c, and with the dimensions given in Table 5. The lack

The absorptions at 971.2, 969.3, and 968.0%for Al, Ga, of any symmetry reflects the tightly pyramidal disposition of
and In, respectively, can be assigned to the 1:2 complexesthe bonds about the P atom. By contrast, the analogous amides
M(PHz)2 on the basis of the experiments with differentPH  featureplanargeometries at nitrogen, at least in the cases where
concentrations. Calculations have been performed in the searcitM = Al or Ga. The M=P bonds measure 2.3713 (M Al),
for information about the likely structure of such a species. The 2.3919 (M= Ga), and 2.6031 A (M= In), i.e., 0.55-0.61 A
optimized geometries exhibif,, symmetry (Figure 5b) and  longer than the M-N bonds in the corresponding amidethie
P—M—P angles of 83.2, 85.5, and 79.#r M = Al, Ga, and normally accepted covalent radii of N and®Rliffer by only
In, respectively. Hence, the angles are comparable with those0.36 A. In addition, the reaction energies for the transformation
calculated for complexes of the types MIN(75.3, 79.3, and (eq 1) are calculated to be72.7,—22.3, and+6.6 kJ mof?!
67.1°)27 and M(CO) (73.5°, 72.6, and 61.8).28 The M---P
distances in the 1:2 complexes are estimated to be 2.7013, MePH > M———P‘,,,' %)
2.8011, and 3.1457 A, i.e., somewnhat shorter than those in the ’ { H
1:1 complexes (2.7755, 2.8411, and 3.2219 A).

The dsyn(PHz) modes of M(PH)2 (M = Al, Ga, and In) are
calculated to occur at 1026.9 (253), 1023.6 (242), and 1039.0
(194) cntt, respectively (the intensities in km midlbeing given
in parentheses). Thus, they are shiftedi#y8,—2.1, and—3.0
cm1 from the corresponding frequencies of thePWk; adducts.
These values compare with the observed shifts 8/, —4.3,
and —6.4 cnTl, which show the same trend in the series
M = Al, Ga, and In.

The calculated binding energies of the®H; and M(PH).
complexes may be compared with the values obtained for other
complexes. For example, the 1:1 complexes of Al with?N

H H

for M = Al, Ga, and In, respectively; these are similar to, or
up to 30 kJ mot! more exoergic than, the energies estimated
at the same level of theory for the corresponding rearrangement
of M*NH3.°

Out of the nine IR-active vibrational fundamentals expected
for each of the HMPHK molecules, no more than four, three,
and two have been observed for M Al, Ga, and In,
respectively, in one isotopic version or another. The calculations
indicate that the/(P—H) absorptions of the products are liable
to be obscured by those due to freesPBtherwise, it has been
PHs, NH3,° and CG® exhibit binding energies 0f 16.4,—21.8, possible btlo locate most olthhebtrans_itions e:j(pehcted bto hav§
—60.2, and-81 kJ mot?, respectively. Thus, the ligardnetal ?pprema. e Intensity in absorption, and the observe

requencies and relative intensities are invariably consistent with

interaction increases in the ordes N PH; < NH3 < CO. The ; ~ )
same trend is observed for the 1:1 complexes of Ga (energiesthe calculated properties (see Table 5). sl —H) funda

in kJ mol L, GaN, —8.4, GaPHs —22.1, GaNHs —51.8, Ga mental is predicted to give what is by some margin the most

A intense IR absorption, and this has been observed in all three
CO—61) and In (energies in kJ md In-N 7.0, InPHs —17.0, cases. Significantly weaker bands in the spectraaband 2b
In'NH; —28.8, InCO —43). The 1:2 complexes M@, )

M(CO)y, and M(PH), each have a total binding energy slightly can be satisfactorily attributed to the Pldcissoring mode

greater than twice the value associated with the correspondinggi[folrﬁ:t'iinegt igg 912(95(;2 dc4r72‘|18 (22 2)%161{]2%)]'\/' v_vE'iltlanéplljzzij
1:1 complex, the only exception being AKM [energies in kJ ; ' y

1 ,
mol%, Al(N»), —26.4, A(COp —176, Al(PHy), —48.9, at 727.1 cm! in the spectrum of2a also finds a ready

explanation in the PHwagging mode.
Ga(Ny); —17.1, Ga(CO)—125, Ga(PH), —45.0, In(\), —14.6, - ;
IN(CO), —85, In(PH)> —34.1]. A remarkable aspect of these H;MPH (3a—c). The IR absorptions c3a at 1874.1/1866.1

. . A . and 765.9 cm! and those of3b at 1897.5/1893.3 and 738.9
results is the relatively strong binding of CO by the main group __~; ical of th hi d sci . brati f
metals Al. Ga, and In. cmt are typical of the stretching and scissoring vibrations o

. MH: groups in trivalent derivatives of aluminum and gallium.
2cHa|\{|PF7%E(32§ C)l'fés,'l thdngrel\gzgsly’cﬁemls 222ﬁs rﬁgﬁy Itis likely that the corresponding high-frequency featureof
suggestive cl)f’a/(M—I.—|)’ fundamentél of alivalent group 13 (expected near 1700 cr is obscured by absorptions due to

traces of water impurity, but a weak band due3toat 674.7
(27) Himmel, H.-J.; Downs, A. J.; Greene, T. M. Unpublished results. cm Is. a plausible candidate for<§(|nH2) mode?- 2
(28) Himmel, H.-J.. Downs, A. J.; Green, J. C.; Greene, T.JMPhys. At this stage, there are notable differences between the results
Chem. A200Q 104, 3642. of the phosphine experiments and those of the ammonia
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Table 5. Comparison between the IR Spectra Observed and Calculated (Frequencies)iiocriiMPH,/DMPD, (M = Al, Ga, or In)

HMPH, DMPD;
obsd calcd obsd calcd assignt vibrational mode
M = Al
b 2375.2 (54) b 1706.6 (27) V1 Vsym(P—H)
b 2341.8 (52) b 1680.2 (26) V2 Vasyrl P—H)
1768.2 1826.7 (260) 1288.4 1315.5 (139) V3 v(Al—H)
1159.4 1120.8 (19) b 805.4 (8) V4 PH, scissoring
727.1 691.0 (33) 532.3 509.3 (25) Vs PH, wagging
b 452.9 (22) b 380.9 (22) Ve PH, out-of-plane rock
403.9 426.3 (55) b 330.8 (8) V7 Al—H in-plane deformation
b 372.8 (12) b 294.3 (20) Vg v(Al—P)
b 235.3 (6) c 170.3 (3) Vo Al—H out-of-plane deformation
M = Ga
b 2369.8 (55) b 1702.8 (28) V1 Vsym(P—H)
b 2337.8 (52) 1677.5 (27) V2 Vasyrd P—H)
17214 1740.6 (303) 1244.7 1240.3 (156) V3 v(Ga—H)
1060.9 1122.0 (19) b 805.8 (9) V4 PH, scissoring
b 683.9 (10) b 495.8 (7) Vs PH, wagging
b 463.0 (12) b 342.9 (7) Ve PH, out-of-plane rock
428.2 412.9 (33) b 297.3 (19) V7 Ga—H in-plane deformation
b 292.6 (11) b 279.6 (7) vg »(Ga—P)
b 227.2 (3) c 163.4 (2) Vo Ga—H out-of-plane deformation
M =1n
b 2408.2 (54) b 1730.3 (27) V1 Vsym(P—H)
2299.4 2373.3 (55) b 1703.0 (28) V2 Vasyn{P—H)
1546.4 1570.4 (320) 1114.9 1115.8 (163) V3 v(In—H)
b 1136.7 (17) b 816.4 (8) N PH, scissoring
b 643.1 (23) b 463.5 (14) Vs PH, wagging
b 474.2 (7) b 347.6 (5) Ve PH, out-of-plane rock
b 374.5 (41) b 266.9 (21) V7 In—H in-plane deformation
b 244.0 (8) b 236.9 (6) Vg v(In—P)
c 175.9 (4) c 125.9 (2) Vo In—H out-of-plane deformation

aHAIPH, symmetryC;: Al—H 1.6065 A, AP 2.3713 A, P-H 1.4222/1.4268 A, HAI—P 114.4, AlI—P—H 97.8/94.6, H—P—H 94.9.
HGaPH symmetryCy: Ga—H 1.6117 A, Ga-P 2.3919 A, P-H 1.4227/1.4278 A, HGa—P 115.4, Ga—P—H 96.8/92.3, H—P—H 94.3. HInPH;

symmetryCy: In—H 1.7762 A, In-P 2.6031 A, P-H 1.4245/1.4296 A,

HIn—P 115.3, In—P—H 95.7/93.0, H—P—H 93.8. Intensities (km

mol~Y) are given in parentheseésToo weak to be detected or hidden by phosphine absorptidst of range of detection.

experiment$.There are several reasons for concluding that the (<1 min atA = 436 nm). The buildup of lMNH, was, by

trivalent species8a—c are not the derivatives HMPH;,, sug-

gested by analogy with the ammonia reactions, but the radicalsmin and more at 200< 1

H.MPH. Ammonia-doped matrices yieldeshly HMNH;, fol-
lowing photolysis ati = 436 nm. The trivalent derivative
HoMNH, (M = Al, Ga, or In) was formed only when the matrix
was subsequently irradiated with broad-band-tiNsible light
(200 = 1 < 800 nm). This was a photostable end-product of
the reactions, together with the univalent derivative MNBy
contrast, the trivalent speci@sa—c identified in the phosphine
experiments made their first appearanae the outsetof
photolysis atA = 436 nm and all the detectable products
containing metal and phosphorus, includiBg—c, were ob-
served to be destroyed by photolysis with broad-band-UV
visible light. Furthermore, the insertion product HMMEan

be shown unequivocally to be the precursor to the trivalent
product HMNH,. Yet the compounds3a—c are formed
independently of HMPKon photolysis of MPH; at A = 436
nm; selective destruction of HMRHby irradiation atl = 546

nm did not lead to a corresponding buildup of the prodict
The decomposition of HMPHcan proceed through several
channels, including the regeneration of the adduePM and
the formation of PH, presumably together with M atoms and
H, (see below). An essential part of the clearly implied
mechanism affording the photostable end-products of the M/NH
reactions involves the abstraction of H atoms from HMN®é
give the photostable M(I) amide MNHIn the experiments with
PHs;, however, there was no spectroscopic hint of MPH

contrast, a delayed process, requiring long photolysis times (30
< 800 nm). With very low
concentrations of Nk only HMNH; and MNH, were detected
in appreciable concentrations, to the virtual exclusion ef H
MNH,.° In the experiments with P§ low concentrations of
PHs caused a decrease in the intensities of all the product bands,
but the relative intensities of these bands underwent little change.

Theoretical (DFT) investigations show that theMPH
radical has a ground-state energy very close to that of HMPH
Hence, HMPH, featuring a trivalent metal center and a divalent
phosphorus one, emerges as a relatively stable molecule likely
to be formed in the course of the photoinduced reactions
occurring between Al, Ga, or In atoms and £#ilt thus differs
from H,MNH, a high-energy species that is not expected to be
generated under these conditiGhsThe energy difference
between HMPH and HMPH is estimated to be-1.4,419.9,
and+52.6 kJ mot? for M = Al, Ga, and In, respectively (see
Scheme 1). In the calculations at the TZ2P CCSD level
performed by Davy and SchaeférH,AIPH comes out to be
even slightly lower in energy than HAIRHThe experimental
proportions of the two product®a—c and 3a—c reflect
appealingly the trend toward higher energy of thgVifH
isomer relative to HMPH] the proportior3/2 decreasing in the
order Al > Ga> In.

For all these reasons the compourdds-c were identified
as HAIPH, H,GaPH, and HnPH, respectively. According to
DFT calculations, again by use of the B3LYP hybrid metfbd,

Moreover, the IR spectra attested to the formation of significant of the possible configurations open to a molecule of the form

amounts of3a—c even after very brief periods of photolysis

H,MPH, that with the structure depicted in Figure 5d is lowest
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Scheme 1. Pathways and Relative Energies for the Reactions of Al, Ga, and In with [R¥dding to MPH;, HMPH,, and

HoMPH

N HAIPH,
&

&
T
AV b“&
s
218 kI mol” ks

Al+PH, ——— Al-PH,

-22.1 kJ mof"

1.4 kJ mol” Ga+PH, ~—— Ga- P!

HAIPH

Table 6. Comparison between the IR Spectra Observed and
Calculated (Frequencies in cf) for H,MPH/D,MPD (M = Al, Ga,
or In)

N
&%
oS
VS
‘o
3
H,
¥,
2 s,
K

HMPH D-MPD vibrational
obsd calcd obsd calcd  assignt mode
M= Al
b 2312.9 (78) b 1661.1(39) wvi w(P—H)
1874.7 1953.2 (244) 1373.5 1416.7 (140)v2  vasyn(Al—H)
1866.1 1936.9 (168) 1345.6 1382.5(96) vz  vsyn(Al—H)
765.9 781.8 (349) 564.5 574.0(196)v, AlH,bend
606.3 670.0 (36) 482.8 500.3(27) vs H—P—Albend

569.0 5189(179) b 3856(96) ws AlH,wag
b 408.6 (13) b 393.3(8) v;  v(AlI—=P)
b 393.1 (49) b 285.4(27) wvg AlHzrock
c 85.0 (8) c 60.9 (5) v H—P-Al-H
torsion
M =Ga
b 2308.2 (74) b 1657.8(37) wvi wv(P—-H)
1897.5 1960.4 (239) 1372.8 1400.2 (129)v2  vasyn(Ga—H)
1893.3 1948.2 (167) 1360.1 1382.9(84) vz  veym(Ga—H)
738.9 735.4(229) 528.8 524.6 (119)v4 GaH bend
646.5/644.8 673.7 (23) 486.4 495.0(12) vs H—-P—Gabend
454.8 501.0(84) b 362.6(45) vs GaHwag
b 373.0 (34) b  268.7(17) wv; GaHrock
b 335.2 (11) b 331.0(11) wvs v(Ga-P)
c 107.9 (5) c 77.4(3) v H—P—-Ga—H
torsion
M =In
b 2355.9 (76) b 1692.1(337) wvi w(P—H)
b 1735.6 (194) b 1232.2(120) vz  vagyn{In—H)
b 1723.6(252) b 1224.4(110) vz vey(In—H)
b 656.3 (39) b  476.8(9) vs  InHzbend
674.7 634.8(304) b 452.8 (167) vs H—P—Inbend
b 456.5(141) b  328.2(74) wvs InHywag
b 329.2 (40) b 236.4(20) wv; InHarock
b 280.3 (10) b 276.8(11) wvg v(In—P)
c 80.0 (7) c 57.4 (4) vg H—P—In—H
torsion

a H,AIPH symmetryCy: Al—H 1.5854/1.5836 A, A+P 2.3523 A,
P—H 1.4319 A, H-AI—H 120.9, H—AI—P 118.4, AlI—-P—H 93.C°,
H—Al—P—H 154.8. H,GaPH symmetn;: Ga—H 1.5732/1.5717 A,
Ga—P 2.3421 A, P-H 1.4324 A, H-Ga—H 120.8, H—Ga—P 119.6/
119.5, Ga—P—H 92.7°. HaInPH symmetryC;: In—H 1.7349/1.7326
A, In-P 25554 A, P-H 1.4335 A, H-In—H 121.58, H—In—P 120.2/
118.3, In—P—H 92.7. Intensities (km motl') are given in parentheses.
b Too weak to be detected or hidden by phosphine absorptiddist
of range of detection.

in energy. Details of the calculated dimensions, together with

HGaPH, HinPH,

©
S
o
5&
-17.0 &J mol”*
19.9 kJ mol’ In+PH, ———> In-PH, 52.6 kJ mol’
xp,
J‘y G,
9, %,
20, %

%,

H,GaPH H,InPH

for 3c. There can be little doubt about the assignment of the
symmetric and antisymmetrie(M —H) modes of3a and 3b.
Moreover, the frequencies and relative intensities of the absorp-
tions observed at 765.9, 738.9, and 674.7 tfor 33, 3b, and
3¢, respectively, give every reason to believe that they originate
in the appropriate MkIscissoring mode. The MP—H bending
vibrationvg is presumably the author of the bands at 6084} (
and 646.5/644.8 cmt (3b). The bands that have not so far been
accounted for, at 569.0 and 454.8 Thin the spectra of8a
and 3b, can then be plausibly associated with the appropriate
MH, wagging fundamental. This mode is actually calculated
to be more intense in IR absorption than the-R+~H bending
mode. However, the relative intensities of these two bands were
found to vary widely as the PH unit was caused to rotate relative
to the MH, unit, a motion opposed by a very low barrierX
kJ moi). Where H/D shifts could be measured, they are wholly
supportive of the present assignments.

An unusual feature in the IR spectra ofAlPH and HGaPH
is the increase of the energy difference betweenihg(MH>)
and thevsyn{MH>) fundamentals when hydrogen is replaced by
deuterium, amounting to 19.3 and 8.5 ¢hfor M = Al and
Ga, respectively (see Figures 1b and 2b). The calculated IR
frequencies show the same behavior (with increases of 16.9 and
5.1 cnt! for Al and Ga, respectively). Coupling of the
r(M—H) fundamentals with modes of the MPH group is
responsible for this behavior. The coupling has consequences
too for the intensities of the relevant absorptions. For an
H—M—H bond angle near 121a ratiolasyn{lsym Near 3.2:1 is
expected in the absence of coupling. The intensities obs&#ved
for HoInClI are indeed in good agreement with this estimate.
However, the observed and calculated ratios feMHAH are
much smaller and, in the absence of any coupling effects, seem
to imply a significantly smaller HM—H angle. For Gak the
calculations predict thdgsyn{lsym = 4.38:1 [with the frequencies
being located at 1833.2 fpand 1760.0 (§ cm™] and a bond
angle of 119.5 At the same level of theory, the calculations
predict ratios and angles of 4.55:1 and 13,1356:1 and 124%
3.83:1 and 1267 1.45:1 and 1209 and 1.43:1 and 120°8
for HaInCl, H,AINH,, H,GaNH, HAIPH, and HGaPH,
respectively. These figures demonstrate some of the dangers of
trying to estimate the HM—H bond angle from the ratibsyn
|sym-27

The doublet features at 1867.4/1860.6 and 1918.4/1913.2

the vibrational frequencies and IR intensities, are given in Table cm™1 in the experiments with Al and Ga, respectively, are most
6. Hence, it is apparent that the calculated vibrational propertieslikely to be associated with the phosphine adducélFAH-

are in good agreement with the experimental findings3fer

c. The structure thus calculated forL,AIPH is also in good

agreement with the results of earlier theoretical stu#fies.
With overall symmetry no higher thag,, the HMPH

PHs; and HGaPHPH;. At low PH; concentrations, these signals
were seen to be much reduced in intensity relative to the signals
due to other species.

PH, (n =1, 2, 4, or 5).The features of the IR spectra that

molecule is expected to have nine vibrational fundamentals. Five have yet to be explained are the absorption at 2248.9'cm
of these, predicted to be among the most intense in IR appearing after photolysis of matrices containing either Ga or
absorption, have been satisfactorily and severally identified for In and PH and its counterpart at 1641.3 chin the experiments
3aand3b, and the fundamental predicted to be most intense at with PD; (H/D = 1.3708). Because of the frequency invariance
frequencies less than 1500 chhas likewise been identified  of this signal irrespective of the metal, it is unlikely to originate
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in a metal derivative. The large H/D shift shows, on the other

Inorganic Chemistry, Vol. 40, No. 2, 200405

Table 7. Calculated IR Spectra (Frequencies inéjfor H,MPH,

hand, that the absorber contains one or more hydrogen atoms(M = Al, Ga, or In}

P,H4 can be excluded because the spectra show no evidence H,AIPH,

for any other signals, e.g., near 800 ¢rwhere the Phitwisting
mode is expected to occur with significant intensityThe
species is thus most likely to be a molecule of the type.PH

The measured (anharmonic) vibrational frequency of gaseous 778.1 (360)

PH is 2276 cm?,32 whereas)(PH,), which carries most of the
intensity in IR absorption, has been reported to occur at 1103
cm~1 for PH;, isolated in an Ar matri¥2 Our calculations give
the following vibrational frequencies (in cr for the molecules
PH, PH (Cy,), PH; (Co,), and PH (Dan), the IR intensities (in
km mol~1) being given in parentheses: PH 2318.6 (109); PH
2337.4 (931 (a1), 1152.4 (32 (a1), 2344.2 (110)3 (by);
PH, (Cyp,) 2435.5 (241 (a1), 1735.9 (6)v2 (a1), 1015.1 (13
(a1), 896.1 (134 (1), 1204.3 (O)vs (ap), 2447.7 (50)vs (b)),
810.0 (13)v7 (b1), 1330.3 (446)s (by), 1123.8 (256)v9 (by);
PHs (D3n) 2282.5 (O (a1'), 1843.9 (O, (a1'), 1926.0 (1112)

vs (&), 1227.2 (338)v4 (&), 2279.1vs (272) (&), 1271.2
(436) v (€'), 498.2 (20)v7 (€¢), 1483.6 (0)vs (€'). The
v(P—H) fundamentals of Ptlare calculated to occur at 2370.8
(54) v1 () and 2377.1 cm® (186) vz (e). The frequency
observed for the unknown RHdpecies is shifted by about93
cm~1 with respect to the(P—H) frequencies of matrix-isolated
PHs.18 On the basis of the previously published experimental
result$3 and of our calculations, we can exclude Ft¢cause
there was no sign of a band near 1103 énwhich should be
the strongest feature; moreover, the predicted shift of ab80t
cm~! between the PH stretching frequencies of Btnd PH

is too small. PH can also be excluded because our calculations
impute frequencies to two of th€P—H) modes of this molecule
that arehigher than those of PH PHs is also unlikely to be

H.GaPH HJ.InPH,  assignt vibrational mode
2367.0 (50) 2367.3(49) 2393.8 (491 (d) vsyn(P—H)
1942.9 (160) 1959.4 (158) 1736.4 (165} (&) veym(M—H)
1120.7 (30) 1125.2(32) 1137.3(27ws(d) O(PH)
741.8 (234) 640.1(312),(a) O(MHy)
622.8 (119) 633.4(51) 589.1(81l)vs(d) twist
432.6 (53) 453.7 (45) 426.1(87)vs(d)  pout—of—plandMH2)
408.0 (24) 339.7(16) 283.1(12)v; (@) v(M—P)
2378.5(57) 2379.0(58) 2406.1 (61)vs(d") vasy{P—H)
1957.2 (244) 1972.5(241) 1732.0 277 (@") VasyM—H)
682.6 (4) 690.1 (2) 661.3 (6) vi0(a') Oin-—plandPHz)
370.4(52) 369.4(34) 316.5(39)v11(a") Oin—pandMH2)
214.6 (4) 226.1(5) 184.6 (4) v12(a") Pouto—pandPH2)

aH,AIPH, symmetryCs Al—H 1.5837 A, AP 2.3379 A, P-H
1.4228 A, HAl—H 121.2, H—Al—P 119.%, H—P—H 95.7, Al—
P—H 96.9, H—AI-P—H 141.6. H,GaPH symmetryCs; Ga—H
1.5704 A, GaP 23310 A, PH 1.4227 A, H-Ga—H 121.5,
H—Ga—P 119.2, H—P—H 95.5, Ga—P—H 96.3. HzInPH, symmetry
Cs In—H 1.7328 A, In-P 2.5355 A, P-H 1.4256 A, H-In—H 121.7,
H—In—P 119.0, H—P—H 94.6, In—P—H 95.3. Intensities (km maoi%)
are given in parentheses.

ing to Cs symmetry). On the evidence of these results, it is clear
that the observed IR spectra of produsts—c could also be
interpreted as arising from molecules of this type. As discussed
above, however, the circumstances giving rise3¢ée-c, the
behavior on photolysis, comparisons with the corresponding
ammonia experimenfsand the results of theoretical studies all
lead to the conclusion that this product is neMHPH, but Hy-
MPH.

The equilibrium structures of MPH(Cs), H,MPH,, and
HMPH (Cy) are illustrated in parts e, f, and g of Figure 5,

responsible for the observed signals because there is no evidencEeSPectively. As expected, the MPRtolecule is nonplanar, the

of a feature near 1930 or 1270 chthat tracks the one observed
at 2248.9 cm®. Thus, the most likely author of the absorption
at 2248.9 cm? in the experiments with P4br its analogue at
1641.3 cmi! in the experiments with PDis PH or PD. The

M—P—H/H—-P—H bond angles being 92.3/93.9M = Al),
89.4/93.3 (M = Ga), and 91.9/9322(M = In). The corre-
sponding M-P/P-H distances are 2.4490/1.4300, 2.4829/
1.4320, and 2.6962/1.4317 A. The six fundamentals spanning

frequencies of the gaseous molecules PH and PD (2276 andhe irreducible representation’4g 2d’ occur with the following

1653 cnl, respectively), giving an H/D ratio of 1.3768:1, are
close to our values for Ar matrices, and the predicted shift of
ca.—56 cnt! with respect to the PHistretching fundamentals
is not too far out of line with the observed shift of ca93
cm L,

The signal that may be due to PH did not appear when the
matrices contained only RHh the absence of any metal atoms.
This implies that the carrier is formed following the decomposi-
tion of the insertion product HMP;lwhere M= Ga or In.

H>MPH,, MPH,, HMPH, and MP. Although we have no

experimental evidence that any of these compounds is formed

frequencies (in cmt) and with the IR intensities (in km mot)
given in parentheses: AlIRH312.8 (56)v1 (&), 1104.1 (12)

vy (&), 378.3 (75)vs (), 320.8 (34)v4 (d), 2322.9 (68)vs
(a"), 416.1 (70 (a'); GaPH 2299.0 (65 (a), 1106.0 (17)

vy (&), 381.2 (41)v; (&), 262.8 (37)v4 (d), 2307.9 (80)vs
(a'), 427.2 (43 (a'); and InPH 2349.9 (65); (), 1122.2
(14) v, (@), 395.2 (32)v3 (&), 226.6 (27)v4 (d), 2359.9 (81)

vs ('), 434.1 (36)vs (d'). Perhaps the most noteworthy feature
here is the weakness in IR absorption of all the transitions at
frequencies less than 2000 chAllied to the danger that the
v(P—H) absorptions are obscured by the corresponding features
of free PH, this is likely to impair the detection of MPH

by the group 13 metals, the structures, IR spectra, and energie§y,gjecules at low concentration.
have been calculated because they are all potential products of 1ha HMPH molecules are. like their HMNH analogdsgh-

photolytic reactions originating in HVIPH

The vibrational frequencies and IR intensities, as well as the
dimensions, of the BMPH, species (M= Al, Ga, or In) are
given in Table 7. All three compounds are nonplanar (conform-

(29) Davy, R. D.; Jaffrey, K. LJ. Phys. Chem1994 98, 8930.

(30) Smit, W. M. A.J. Mol. Struct.1973 19, 789. Beattie, |. R.; Ogden,
J. S.; Price, D. DJ. Chem. Soc., Dalton Tran$982 505.

(31) Rak, J.; Skurski, P.; Liwo, A.; Blagowski, J.J. Am. Chem. So2995
117, 2638. Durig, J. R.; Shen, Z.; Zhao, \l/.Mol. Struct.1996 375
95.

(32) Huber, K. P.; Herzberg, ®lolecular Spectra and Molecular Structure.
V. Constants of Diatomic Moleculesan Nostrand Reinhold: New
York, 1979.

(33) Larzilliere, M.; Jacox, M. EJ. Mol. Spectrosc198Q 79, 132.

energy species, the energy for isomerization of MRHHMPH
being +43.5, +69.6, and+183.1 kJ mot! for M = Al, Ga,
and In, repectively; the HM—P/M—P—H angles are 177.1/
84.3,177.3/85.9, and 114.7/948 The H-M/M —P/P-H bond
lengths (in A) are as follows: HAIPH 1.5794/2.1535/1.4431,
HGaPH 1.5586/2.1445/1.4401, and HInPH 1.7792/2.6294/
1.4308. Six vibrational modes exist, all of them IR-active, the
frequencies (in cml) and IR intensities (in km motl in
parentheses) being as follows: HAIPH 2238.4 (74)(d),
1960.0 (201y, (&), 620.2 (143 (d), 522.1 (214 (&), 269.1
(43)vs (&), 352.2 (7)ve (d'); HGaPH 2256.5 (59 (d), 1986.4
(2199) v, (&), 678.1 (6)v3 (&), 451.7 (104 (&), 349.9 (21)vs
(&), 379.4 (0.1s (&"); and HInPH 2373.0 (671 (&), 1564.1
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(339)v, (&), 645.8 (20)v3 (&), 377.3 (284 (&), 235.3 (B)vs
(@), 207.6 (L)ve (4").
The energies, geometries, an@P) stretching frequencies

Himmel et al.

ing to only 0.13, 0.87, and 0.11 kJ mélfor M = Al, Ga, and
In, respectively. In previous calculations by Davy and Sch&éfer,
the planar form of HAIPH emerges as the minimum energy

were calculated for both the singlet and triplet states of the configuration. Rotation about the P bond starting from the
diatomic MP molecule. The triplet species are lower in energy, planar geometry is met by a barrier of 1.61, 0.03, and 1.20 kJ
the difference between the singlet and triplet states being 109.8,mol™* for Al, Ga, and In, respectively. The results of the
85.7, and 95.1 kJ mot for M = Al, Ga, and In, respectively.  calculations thus suggest that the degree-aiteraction in the
Thus, MP molecules follow the same trend as do MN mol- H2MPH species is negligible. The effect of planarization on the
ecules®* The bond lengths (in A) are 1.7995, 2.2616, and 2.4662 bond lengths is, as expected, minimal. Thus, theMbond
for the singlet and 1.6809, 2.1018, and 2.2838 for the triplet lengths change from 2.3523, 2.3421, and 2.5554 A to 2.3569,
states of MP (with M= Al, Ga, and In, respectively). The  2.3539, and 2.5596 A in the planar form and to 2.3469, 2.3394,
corresponding/(M—P) modes occur at 744.3 (7), 345.7 (15), and 2.5506 A after subsequent36tation about the MP bond.
280.2 (8) and 938.2 (4), 431.8 (5), 365.1 (1) énwith the IR Reaction MechanismsThe reactions of Al, Ga, or In atoms
intensities in km mot! in parentheses). The experimental value with PHs differ notably from the reactions with N&? Like the
of 283.6 cm? for 8%GaP® is in good agreement with our  corresponding ammonia adducts, the phosphine addugtsi
theoretical results. tautomerize on photolysis at wavelengths near 436 nm to give

Stereochemistry and Bondinglt comes as no surprise that  the insertion product HMPH However, in the case of the
the ground states of the HMBHH:MPH,, and MPH molecules reactions with PH the IR spectra also disclose the formation
each have an absolute energy minimum with a nonplanarMPH of H,MPH at this stage; the corresponding specieINH are
unit, in contrast to the planar forms of the corresponding nitrogen not observed.The phosphine experiments indicate that HMPH
compound$.However, theoretical studies show that compounds and HMPH are formed independently with #Hs being the
containing planar tricoordinated phosphorus are godgipe precursor to both. The theoretical investigations show that the
electron-pair donorsr-Electron-pair acceptors should therefore divalent HMPH and the trivalent IMPH are very close in
stabilize the planar structure, and indeed, calculations predictenergy, thereby lending strong support to the conclusion that
planar structures for ¥CPH* and HCPH.3637 In pseudoaro-  both are generated together on photolysisiat 436 nm.
matic systems, too, tricoordinated phosphorus can be found inAccordingly, the IR absorptions due to the addueP; decay
a trigonal planar environment, e.g., 1-[bis(trimethylsilyl)methyl]- while those due to HMP{Hand HMPH are observed to grow.
3,5-bis(trimethylsilyl)-1,2,4-triphosphole, the nucleus of which The calculations predict an increasing energy difference between
is a planar five-membered rirf§. HMPH; and HMPH in the order Al< Ga < In, so the HMPH

For PH; we derive a value of 148.2 kJ mdlfor the barrier isomer is favored by the heavier group 13 elements (see Scheme
to inversion, in excellent agreement with earlier estimates 1). The progressive dominance of the absorptions of HyPH
(146.83° 145.8%0 and 143.9 kJ mofl 4Y), although the value  starting from a roughly 1:1 mixture of HMP+Hand HMPH in
determined experimentaf§is somewhat lower (132 kJ md)). the case of Al and moving to a situation in which littleMPH
The energies for planarization of the HMPEompounds are  can be detected in the case of In, reflects this trend and gives
calculated to be 42.6, 56.7, and 59.2 kJ Mdbr M = Al, Ga, additional support to our interpretation of the spectra.
and In, respectively. Thus, the replacement of an H atom by an  For the reactions with Al, no photoproduct other than HAIPH
HM group with the potential to act asratype acceptor lowers  and HAIPH is observed. In the case of Ga and In, however,
significantly the barrier to inversion. The #P/M—H bond PH is additionally formed. HMP[Happears the most likely
lengths decrease from 2.3713/1.6065, 2.3919/1.6117, andprecursor to this product. The decomposition of HMRbHh
2.6031/1.7762 A for the appropriate molecule in its lowest further photolysis leads to a growth of the PH absorption. There
energy conformationd@; symmetry) to 2.2434/1.5936, 2.2505/ s, on the other hand, no evidence for any buildup of PH in the
1.5876, and 2.4498/1.7527 A for the planar conformati®a (  |ast photolysis step, where;MPH is decomposed by photolysis
symmetry), wherein the GeH bond is slightly shorter thanthe  with UV radiation (200< A < 400 nm). The route from HMPH
Al—H bond. The H-P—H/H—M—P angles change from 94.9/  to PH involves the rupture of the MP bond. The A+P bond
114.#4,94.3/115.4, and 93.8/1153for the nonplanar structure s stronger than the Ge&P or In—P bond, and so it is reasonable
to 106.0/115.0, 106.4/117.4, and 105.3/115%5for the planar that only HGaPH and HInPH should follow this route. One
one. possible mechanism is the elimination of dihydrogen resulting

Our calculations find also nonplanar energy minima for the in the formation of an intermediate MPH, which then undergoes
compounds BMPH. However, the energy difference between dissociation to the metal atoms and PH.
the nonplanar and the planar structures is insignificant, amount-  The UV-vis spectra give clear evidence of an absorption
maximum near 550 nm associated with HAlPRhotolysis into
this absorption leads to the decomposition of HA}PlNd
similar behavior was observed on the parts of HGaRkd
HInPH,. While HMPH, decays on photolysis dt= 546 nm,
its isomer HMPH persists. The IR signal due to PH increases
slightly but significantly. Moreover, the IR spectra give clear
evidence for a partial recovery of the adductR¥k. Thus, the
decomposition of HMPKlunder these conditions proceeds via
at least two channels for ¥ Ga and In.

(34) Andrews, L.; Zhou, M.; Chertihin, G. V.; Bare, W. D.; Hannachi, Y.
J. Phys. Chem. £00Q 104, 1656. Zhou, M.; Andrews, LJ. Phys.
Chem. A200Q 104, 1648.

(35) Li, S.; Van Zee, R. J.; Weltner, W., J.Phys. Chen993 97, 11393.

(36) Schade, C.; Schleyer, P. v. R.Chem. Soc., Chem. Comm987,
1399.

(37) Kapp, J.; Schade, C.; El-Nahasa, A. M.; Schleyer, P. vAfigew.
Chem., Int. Ed. Engl1996 35, 2236.

(38) Cloke, F. G. N.; Hitchcock, P. B.; Hunnable, P.; Nixon, J. F.; Nyzila
L.; Niecke, E.; Thelen, VAngew. Chem., Int. Ed. Engl998 37,

1083. .
(39) Schwerdtfeger, P.; Laakkonen, L. J.; PyykRoJ. Chem. Phys1992 H>MPH and, in the case of Ga and In, PH are left after
96, 6807. photolysis at# = 546 nm. Both species are also resistant to

(40) Ahlrichs, R.; Keil, F.; Lischka, H.; Kutzelnigg, W.; Staemmler,J/.
Chem. Phys1975 63, 455.

(41) Marynick, D. S.; Dixon, D. AJ. Phys. Cheml1982 86, 914.

(42) Weston, R. E., Jd. Am. Chem. S0d.954 76, 2645.

photolysis with radiation at > 450 nm, thus indicating that
H>MPH has no destructive absorption maximum in the visible
region. However, photolysis with UV light (20& 1 < 400
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nm) initiates rapid decomposition of,MPH. The signal due
to PH does not gain intensity at this stage, so PH is unlikely to
be a decomposition product of,MPH. There is no evidence
either that the MPHz; adduct is regenerated. Moreover, the Vv
vis spectra give no indication of significant recovery of free
metal atoms, although the information level is limited by band-
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irradiation into which results in decomposition of the molecule
and partial recovery of the adduct-RHz. A second channel,
open only to the Ga and In species, involves decomposition to
give PH (together presumably with dihydrogen and metal
atoms). HMPH is destroyed by UV radiation (208 4 < 400

nm) without the emergence of a metal-containing product

broadening, so small changes of concentration would probably identifiable by its IR or U\*-vis spectrum. At the end, the only

escape notice. Photolysis/at= 436 nm after a period of broad-
band photolysis fails also to deliver any sign of the signals due
to HMPH, or H,MPH. Hence, we are bound to conclude that
another product, e.g., MP, is an ultimate destination of the
reactions. Unfortunately, the low IR intensity of the vibrational
fundamental of this molecule then frustrates its detection.

Conclusions

detectable reaction product is PH.

The reactions of the group 13 metal atoms Al, Ga, and In
with PHz thus differ appreciably from the previously investigated
reactions with NH.° In the case of N photolysis of the
adducts afl = 436 nm gives the single product HMNHhere
is no evidence for the isomer,MNH, which is a high-energy
species according to previous theoretical investigatt®ns.
Instead, the trivalent and univalent derivativesMMH, and

The thermal and photochemical reactions that occur betweenMNHz, respectively, are formed when HMNHlecomposes

the group 13 metal atoms Al, Ga, and In andsRtave been
investigated by matrix-isolation experiments, the course of

under the action of broad-band UWisible radiation®
The properties of the compounds-RH;, HMPH,, and H-

events being tracked and the various products being identified MPH anticipated by the DFT calculations are compared with
and characterized primarily by their IR spectra but in some casesthose (i) of the known or hypothetical moleculesMPH,,
also by their visible spectra. The analysis has been underpinnedPH., HMPH, and MP, and (ii) of analogous species derived

crucially (i) by the response of the IR spectra to replacing PH
by PD; and (ii) by the guidance of the vibrational properties
simulated by DFT calculations for a variety of individual
molecules.

The first product formed by the thermal reaction of the metal
atoms with PH is the adduct MPH; (M = Al, Ga, or In).
Although no distinctive visible absorption band could be
detected (cf. MNH3, which absorbs near 428 f)nthis species
is photolabile at wavelengths in the range 4@30 nm. The
divalent species HMPHand the trivalent one #1PH are the
products formed following photolysis of the adductsiat
400-450 nm. In the experiments with Ga and In, PH is
additionally formed, probably from HMPHHMPH, was also
characterized by a visible absorption band near 550 nm,

from NHs.? Unlike the corresponding amides, HMPf¢atures

a pyramidal M-PH, moiety. A fuller discussion of the bonding
and other properties of compounds featuring-Nl or M—P
bonds (where M is a group 13 metal atom) will be found
elsewheré?
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