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Laser-ablated Al atoms react withtduring co-deposition at 3.5 K to produce AlH and smaller amounts of
AlH, and AlHs. Ultraviolet irradiations markedly increase the yields of Alhd particularly AlH, which is
characterized as the hypervalentYMH; complex in solid hydrogen. Simultaneous annealing +®6 %K

with concurrent photolysis allows a 4-fold increase igHylabsorption intensities. New absorptions are assigned
to the AbHs radical with the dibridged structure. A neon overcoat extends the annealing range for solid
hydrogen and facilitates the observation of trialangH8l The AlH,~ and AlH; [AID 4,~, AID3~, and AID, ]
anions and At(H,).[Al 7(D2).] cations are observed in solid hydrogen [deuterium] and in solid neon. Dialane
is prepared in solid neon with dilute Al and;tdn 4 > 240 nm irradiation and not on annealing, which
suggests activation energy for the alane dimerization reaction.

Introduction AlH,

The first successful synthesis of dialanezlAd, was reported -’E‘;J —— M
from this laboratory using laser-ablated aluminum with pure %67 H’ ™ A -
hydrogen as the reagent and matriXhe lower dialuminum - A~—~L | |
species AlH, was also observed in these samples from both Sa ©
laser-ablated Al atoms and thermal Al atofr8ince the above 0401 1 AH,
dialuminum species result from dimerization of Alehd AlH,,
the AlHs radical can also be formed, and the infrared spectrum 2
of the dibridged AdHs radical is reported here. It appears that 0201 ALHL
Al, reacts spontaneously with,Ho form Al,H,.2 In this JJ N A I M)
investigation we have increased the dialane band intensities by

sorbance

a factor of 4 over our earlier experimeitswhich makes 0.00- —— —‘-’."”'v\(?)
possible the observation of anothepBé fundamental. We have 1920 1800 1400 1280 800 680

also found evidence for higher alanes, which have been the Wavenumbers (cm )

subject of earlier calculatioris Figure 1. Infrared spectra in selected regions for laser-ablated Al using

C - . 40 mJ/pulse co-deposited with normal hydrogen at 3.5 K. (a) Spectrum
In a very recent highlight review of the group 13 binary of deposited sample, (b) aftér> 240 nm irradiation at 5.4 K for 20

hydrides, Mitzel .concIL.Jded with sgveral .questions remaining min, (c) afterA > 240 nm irradiation at 5.7 K for 50 min, (d) after
to be answered, including the possible existence of hypervalentNernst glower irradiation at 5.3 K for 30 min, (e) after annealing to
AlHs5 We report here evidence for the {iAIH3 complex, 7.0 K, and (f) after annealing to 8.0 K.

which involves a weak 3-center-2-electron bond.

The tetrahydroaluminate, AlH, anion is a well-known nm ArF laser (Optex, 26 mJ/pulse) and into the infrared with
reducing agerft,and it is also observed in irradiated AYH  external Nernst glower sources. Laser-ablation plume emission
samples and laser-ablation experiments where electrons arespectra were recorded using an Ocean Optics optical fiber
producec®’ These experiments also provided the first experi- spectrometer.

mental evidence for the lower oxidation state Aflanion. Here, Additional density functional theory (DFT) calculations of
we examine the ultraviolet photochemical conversion of AID  aluminum hydride radicals were done for comparison with

in solid D, to AID,~ and the mechanism of formation for AJH experimental values using the Gaussian 98 system as described
Finally, the electron affinity calculated for A4{10 kcal/mol¥ in our earlier report$:2

suggests that Alg has some stability and might be observable.
Results and Discussion

Experimental and Theoretical Methods New aluminum-hydrogen experiments will be described and

The combined laser-ablation matrix-isolation experiment with the alane and charged hydride species formed will be identified.
normal hydrogen (23 mmol) has been described previousl. Al;Hg System.Laser-ablated Al atoms were co-deposited
We focus a 1640 mJ per 10 ns pulse of 1064 nm radiation with pure normal hydrogen, and the samples were extensively
onto a rotating aluminum target. To extend the annealing rangeirradiated and annealed to increase the product yield. Figure 1
of solid hydrogen, we have applied a neon overcoat (1 mmol), illustrates the highest yield of dialane we were able to obtain
which appears to work better for hydrogen than an argon in several attempts: trace (a) illustrates the initial deposited
overcoaf! We have warmed the sample using resistance heatsample: a neon overcoat had no effect on this spectrum. Full
and extended the irradiation farther into the ultraviolet with 193 arc @ > 240 nm) photolysis was done stepwise with the sample
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TABLE 1: Comparison of Calculated and Observed
Frequencies (cn?) for Dialane Al;Hg and Al,Dg
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TABLE 3: Comparison of Calculated and Observed
Frequencies (cn?) for Trialane Al 3Hg

B3LYP/6-31H-+G(d,pP observe#l SCF/DZP® B3LYP/6-314+G(d,p¥ observed
H D H D 2094 (285) & 1991 (195x 2) e 1943
1989 (419) b, 1446 (242) 1932.3 1415.0 2066 (648) a 1985 (564) a 1920
(1927.2 site 2060 ) & 1078 (10wD)
X e
1966 (126) b, 1398 (91) ég(l)g.i o c 1980 (1578) & 1910 (1265x 2) e 1817
1483 (1096) b, 1066 (603) 1408.1 1036.2 1853 Egg a 158 Egg a
(1031.6, 1028.5 sites) 96> (578) , S05 (313)
1292 (352) b, 937 (205)  1268.2 931.6 d 2
(925.2 910.9 sites) 952 (800) & 912 (414x 2) e 851
866 (244)h,  625(124) 835.6 607.5 o Egg 2, 759 Eg)XQZ) e
712(648) by 517(330) (;831'2 site) 5106 771 (806) & 710 (577 2) e 726
634 (263)b, 459 (133) 631.9 459.1 614 (156) & 583(191x 2) e
(462.4 site) aRef 3. Intensities, km/mol, in parenthesBs, structure: A-H—
223 (13) hy 158 (6) Al: 1.702 A and 140.2 Al—H: 1.566 A and 128.3 Strong bridge

aThis work. Intensities, km/mol, in parenthes8s, structure, refs
2,17, 18.° This work: solid normal Hand solid B. °Mode predicted
to lie under strong Al absorption.

TABLE 2: Comparison of Calculated and Observed

mode is 1980 cmt. P Seven frequencies 5442 cntt (0 to 10 km/
mol) are omitted® This work: Cs, structure: AFH—AI, 1.702 A,
142.3, Al—Hy: 1.576 A, 128.3. ¢ AlsDy counterpart 1401 cr.

TABLE 4: Comparison of Calculated and Observed
Frequencies (cn?) for Tetraalane Al;H1,

Frequencies (cm?) for the Dibridged Al ;Hs Radical

calculated observetl identification SCF/DZP B3LYP/6-311 +G(d,p} observed
. — 2183 (342 a 2050.3 (0)
1970 1918 terminal A-H
1887 1845 terminal AI—H2 2066 (715) a 1991.1 (682) 1925
1422 1363 Al—H—Al bridge gggg (8) a ig%-% (8)
1345 1307 AFH—AI bridge, & 2058 (2)12 s (0)
1261 1228 AH—AI bridge, & o2 (o )@ oo (1)1
806 753 Al-H; bending (0 a 1(11)
956 (633) a 874.4 (429) 770
aB3LYP/6-311G(d,p)? Solid hydrogen, this work€ Al,Ds coun- 810 (0) a 821.3 (0)
terparts at 1403, 1354, and 992 cthrespectively, in solid B 767 (332) a 774.2 (12)
2130 (1290 band b 2020.1 (1034)
held at 5.4 K, and the spectrum was recorded after 20 min is 2060 (133) band b 1984.9 (43) 1914
shown in Figure 1b; the AH4, AlH,, and AIH (not shown) Zgég ((ﬁ;’)‘%gﬁgdhb 1%%'3 ((%3)84) 1871
absorptions are reduced markedly, and three very strong AlH 7 (1267) band b 702.8 (1744) masked
and seven strong AHe (labeled DA) bands are produced, as 618 (141) hand b 729.7 (8)

reported previously212-16 The two site split terminal AtH,
fundamentals (1932.3, 1927.2 and 1915.1, 1909.1%ntwo
bridge stretching AFH—AI modes (1408.1 and 1268.2 c),
and three bending vibration bands (835.6, 702.4, 631.9'cm
are labeled DA in the figufe>1”18and listed in Table 1. The
702.4 cn1! fundamental also shows a 704.4 ¢rsite splitting.
An additional full arc irradiation with the sample at 5:8.7 K 1871, and 770 cm bands (group 4) while the 1942.0, 1919.9,
over a 50 min period produced the spectrum in Figure 1c and 1816.7, 851.5, and 726.7 cthbands (TA) remained constant.

a 2.2 factor growth in the DA bands. Infrared radiation from Further temperature increase allowed thenatrix to evaporate

an external glower source for 60 min with the sample at 5.4 K, and produced the broad 1720 and 200 cnT?! bands assigned
Figure 1d, resulted in another 25% growth for the seven DA previously to solid alan&?

bands in concert. Additional weaker bands are observed at 851.5, Another experiment employed 193 nm laser irradiation and
770.2, 752.8, and 726.7 crhin the lower region, at 1362.8, generated different relative product yields; Figure 2 illustrates
1306.6, and 1227.8 crin the bridge stretching and at 1942.0, the resulting spectra and shows AJlAlHg4, AlH,, AlH,4~, AlH,
1925, 1919.6, 1918.3, 1914, 1873.2, 1871, 1845.1, and 1816.7and AkLH, absorptions as reported previousf/ 121519 |r-
cm1in the upper region. A further 30 min full arc photolysis radiation atl > 380, 320, and 290 nm increased Alblt the
produced no changes in the spectrum. Next, annealing to 7 K,expense of AlH and increased AfHat the expense of a 3972

a temperature 0.4 K higher than attained without the neon cm~! absorption that we believe is due to ({H2)n.2° In
overcoat, resulted in a 30% reduction in DA and almost addition, weak DA bands appear and:#} is destroyed?20
complete removal of the 1918.3, 1845.1, 1362.8, 1306.6, and Irradiation atA > 240 nm, Figure 2b, markedly increases the
1227.8, 752.8 cmt band set (labeled R) (Table 2), while the DA bands, decreases AlH, and forms the R band set. Next,
bands at 1942.0, 1919.9, 1816.7, 851.5, and 726:7 ¢iabeled irradiation at 193 nm increased the DA and R bands by about
TA) (Table 3) remained unchanged, and the 1925, 1914, 1871,2.5 times and increased AjHat the expense of AH4, but
and 770 cm? bands (group 4) (Table 4) increased markedly. continued 193 nm irradiation further increased DA and not R
Note also a reversal in the intensities of site split DA bands absorptions, Figure 2ee. Very weak TA bands were observed,
(Figure 1e). In another experiment, a subsequent240 nm but no evidence was found for group 4 absorptions. Satellite
irradiation restored the original DA site band intensities. Next, absorptions were revealed at 1824.8 and 1790.2'an AlH;
annealing ® 8 K decreased the AlHabsorptions, reduced the bands at 1822.1 and 1788.0 th such bands have been
seven DA bands by 80% in concert, increased the 1925, 1914,characterized as @AIH, complexes. Subsequent annealing

a Ref 4. Intensities, km/mol, in parenthes€s, symmetry: terminal
Al—H, 1.566 A, 127.1; bridged A-H—Al 1.694 A, 170.7. b This
work. C,, symmetry: terminal AFH, 1.575 A, 127.9; bridged A
H—Al 1.699 A, 156.5. ¢ Group 4 bands.
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AlH, were not observed in p+Hexperiments with thermal Al atoms
following irradiation? Sharp 4061.6 [2919.6] cm absorptions
appear on UV irradiation and track with the strong 1883.7
[1378.7] cnmt! AIH3[AID 3] bands so it is straightforward to
associate these absorptions. A 4069.5 toounterpart for the
1885.3 cmi! AlH 3 band was observed in p,R Finally, broader
photosensitive 3972 [2870] crhabsorptions have been assigned
to (H)(H2)n[(D7)(D2)] complexes® The HD counterparts of
these bands are observed at 3624.7, 3621.7, 3591.7, 3548.7,
and 3478 cm!, respectively.

Corresponding experiments were done with pure The
freshly deposited spectrum reveals AJ[AI,D4, AID,, AID 4™,
AID, and the new AIR~ specie3 (Figure 4a). Irradiation with
filtered mercury arc light > 380, 320, and 290 nm) decreased
AID,~ and (D)(D2), at 2870 cm?! and increased Alp.
., Spectra following the 380 and 290 nm irradiation are shown in

Wavenymbers (om ) Figure 4b,c. Full arc irradiation decreased AID destroyed

Figure 2. Infrared spectra in the 196@.100 cn1? region for laser- AID,~, and produced weak DA absorptions at 1415.0, 1028.5,
ablated Al using 30 mJ/pulse co-deposited with normal hydrogen at 607.5, and 510.6 cm (Figure 4d). Next, 193 nm irradiation

3.5 K. (a) Spectrum of deposited sample, (b) after 240 nm : . . ]
irradiation at 5.4 K for 20 min, (c) after 193 nm irradiation for 10 min for 10 min doubled AIR3, increased DA absorptions 5-fold,

using 17 mW, (d) after 10 min more 193 nm irrradiation, and (e) after "€duced AID, AID,, and AbD,, destroyed AIQ", and repro-
10 min more 193 nm irrradiation. duced 20% of the (D)(D2), signal at 2870 cmt. In addition,
the weaker 919.9 cmt DA absorption and a new 459.1 ¢

to 6.5 K decreased the bands as before, and removing the H DA absorption were observed, and very weak 1403.2, 1353.6,
matrix again formed the strong, broad 1720 and 720%cm 991.8 cnmi! bands appear and track together (Figure 4e). The
absorptions. latter bands increase markedly on annealing to 7.8 K, and a

Manceron has prepared Aty exciting the AIT — X 13+ weaker 899.2 cm' absorption joins them while the DA bands
transition of AIH in the region 365404 nm; the gas-phase band increase slightly and a weak AiD band reappears (Figure 4f).
origin is 23 470 cm.14162)\Ve find that the production of Alk The Al-D—AI bridge stretching modes are split bands at
in solid hydrogen is more efficient with the full mercury arc, 1036.2, 1031.6, 1028.5 and 931.6, 925.2, 919.9'crsubse-
which should also reach the =+ state with gas-phase origin ~ quent alternating annealing and 193 nm irradiation cycles swap
at 44 676 cm. site absorption intensities (not shown). Likewise, 193 nm

pared in Figure 3 for solid k HD, and D> samples. Several ~ and further annealing increases them with the same relative
new absorptions are noteworthy: The inducegdl+] funda- intensity.

mentald? are observed at 4152.8 [2986.8] chfollowed by Two additional experiments were done with Al and pure HD,
sharp 4143.4 [2982.4] cm absorptions that decrease on sample and spectra are illustrated in Figure 5. The product yield is
irradiation. Next are broad 4108.7 [2959.4] chbands that higher than reported previously, and the numerous isotopic
decrease on photolysis into sharp features. Such absorptiongroduct absorptions are more clearly observed. The spectrum
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Figure 3. Infrared spectra in the 4368900, 3656-3450, and 31082800 cnt? regions for laser-ablated Al using 30 mJ/pulse co-deposited with
hydrogen, HD, and deuterium, respectively, at 3.5 K. (a) Spectrum of depositedHalsample, (b), (c), (d), (e) aftér > 380, 320, 290, and 240

nm irradiations, respectively, (f) after 193 nm irradiation, (g) after additional 193 nm irradiation, (h) spectrum of depositétDAsample, (i),

(), (k), afterA > 380, 290, and 240 nm irradiations, respectively, (I), (m), (n) after annealing to 6.0, 7.0, and 8.2 K, (0) spectrum of deposited Al
+ D, sample, (p), (q), (r), (s) aftet > 380, 320, 290, and 240 nm irradiations, respectively, (t) after 193 nm irradiation, and (u) after annealing
to 7.8 K.
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Figure 4. Infrared spectra in the 144®00 and 646-440 cnT? regions

for laser-ablated Al using 30 mJ/pulse co-deposited with normal
deuterium at 3.5 K. (a) Spectrum of deposited-AID, sample, (b),
(c), (d), (e) afterA > 380, 320, 290, and 240 nm irradiations,
respectively, and (f) after annealing to 7.8 K.
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Figure 5. Infrared spectra in the 196580 cnt? region (part A)
and 1446-970 cnt? region (part B) for laser-ablated Al using 40 mJ/
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Figure 6. Infrared spectra in the 200800 cn1? region for laser-
ablated Al using 30 mJ/pulse co-deposited with 1%nHneon at 3.5

K. (&) Spectrum of deposited sample, (b) after 193 nm irradiation for
13 min using 40 mW, (c) aftet > 240 nm irradiation for 10 min, and
(d) after annealing to 7.5 K.

2000 1800 1600

cm are due to four stretching modes (and site splittings) for
AIHDAIHD.

The bands of most interest here occur in the 1920, 1410, and
1030 cn1? regions. First, sharp bands at 1932.5, 1926.5, 1922.6,
1919.4, and 1915.8 cmh are in the region of the terminal Al
H, stretching modes of AHs.12 The 1932.5 cm! band is
probably due to AlHe, and the other bands are due teAk
(u-X)2Al —H; stretching modes (%= H or D). Our isotopic
frequency calculations show relatively little coupling between
the dialane vibrational modes, and accordingly changing X has
little effect on the terminal A+H, modes. Likewise in the 1410
cm!region, the sharp 1416.7, 1415.0, 1412.9, and 1402:2cm
bands are due to terminal AD; stretching modes. However,
the broader 1414 and 1395 cinfeatures are appropriate for
XoAl(u-H),AIX 2 bridge stretching modes shifted in both direc-
tions from the 1408 cm' value for AkHe, based on our
calculations. Finally, the two bands at 1039.7 and 935.0%cm
go together and are just above 1036.2 and 931.6'amajor
site bands for the AtD—AI bridge stretching modes of ADs.

The 1039.7 and 935.0 crhbands are clearly due to such bridge
modes for %Al(u-D).AIX 2 molecules. Although no assignments
can be made to particular mixed H, D dialane molecules, shifted
bands were observed in pure HD that follow our earlier
assignments to AHs.

After annealing to remove the HD matrix host, two broad
bands remain centered at 1790 and 1310%cifhese are higher
than the broad (Alk), and (AIDs), bands at 1720 and 1260
cm~L12The shift to higher frequency for the solid alane mixed
H, D compound points to different coupling of the-AH—Al
and AD—AI modes and suggests that a symmetrie-Al—

Al mode will be found at higher frequency in the Raman
spectrum of solid alane.

Several more neon matrix experiments were done with dilute

pulse co-deposited with pure HD at 3.5 K. (a) Spectrum of the deposited Hz, and better spectra were obtained for dialane and aluminum

sample, (b) aftet > 290 nm irradiation, (c) aftet > 240 nm irradiation
at 3.5 K, (d) afterl > 240 nm irradiation at 6.0 K, and (e) aftér>
240 nm irradiation at 7.0 K.

from the deposited sample is dominated by AIH and AID
absorptions at 1602.5 and 1166.4 ¢mwhich are blue-shifted
3.8 and 3.3 cm! from their H, and D, matrix counterparts,
respectivelyt? The AIHD species is observed at 1806.7 and
1315.4 cm?, and weaker bands are observed for A#tid AlDs.
The new bands at 1844.6, 1840.3, 1835.2, and 1831.8 am

hydride anion species. Figure 6 illustrates spectra from an
experiment with 1% bl and the same ablation laser energy
employed for the pure hydrogen experiments. Irradiation at 193
nm increases the AIH and Al-bands at 1610.8, 1828.6, and
1794.7 cm, butA > 240 nm irradiation increases these bands
even more and produces a weak Alband at 1889 cm and

the seven dialane bands listed in Table 5. The DA bands are
sharper and stronger than observed in our first investigation.
Note that annealing to 7.5 Hoes notincrease the DA bands.
An additionald > 240 nm irradiation did not increase the DA

the Al=H region and at 1346.3, 1341.5, 1330.8, and 1326.7 intensities, and a subsequent 10 K annealing decreased the DA
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TABLE 5: Comparison of Aluminum Hydride and Dialane
Frequencies (cnm!) Observed in Solid Neon, p-H, and n-H,
at 2—4 K

neon p-H2 n-H, molecule, mode
3155.3 3141.4 AlH, complexi2
1618.4 1610.7 AlH, R (0)
1610.8 1606.1 1598.7 AlH, complex
1828.6 1825.0 1821.9 Allvs (b)
1794.7 1790.2 1787.8 Ay, (&)
1889.1 1885.5 1883.7 Allvs (€)
1935.0 1933.5 1932.3 6 b1y
1916.6 1916.0 1915.1 Ag, bsy
1404.7 1406.1 1408.1 Ag, bsy
1259.4 1264.3 1268.2 Ag, byy
835.6 835.2 835.6 AHg, by
705.3 702.4 AdHe, bay
629.6 631.9 AdHs, byy

aRef 2 from photolysis of Al in p-kH BaF; substrate limits reliability
of spectra below 800 cm. The R(0) overtone is observed at 3180.3
cm .

intensity slightly (not shown). Similar results were obtained for
0.1% and 0.4% kisamples. Irradiation &t > 530 nm destroyed
the 1706.0 cm! band, and. > 240 nm had the same noteworthy

effect of producing DA as shown in Figure 6c, but a subsequent smaller fragments (Alll AlH3) and a free radical.

193 nm irradiation restored the 1706.0 ¢hband and decreased
AlH3 and AbHg bands. In summary, AHg increases on

Andrews and Wang
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Figure 7. Structures calculated (B3LYP/6-31+#G**) for dibridged
(DB) and monobridged (MD) AHs radicals.

frequencies are higher than observed (Table 2) by amounts (33
59 cntl) comparable to that found for Mg itself.1-2 Note on
annealing (Figure 1) AHs bands appear and decrease before
Al;Hg bands do on successive annealing cycles. This is
consistent with behavior expected for a species made from
The
monobridged AdHs radical isomer that is 6.0 kcal/mol higher
in energy (Table 6) was not trapped. In the Gadlistem both

annealing in pure hydrogen experiments, but irradiation that GaHs radical isomers were observed, but their calculated energy

fosters the growth of Allincreases the yield even more. This
suggests that the exothermfc® dimerization reaction has a
small activation energy.

separation was only 1 kcal/m&l.
(H2)AIH 3 Complex. The sharp bands at 4061.6 [2919.6]¢m
that increase on irradiation in parallel with the 1883.7 [1378.7]

The deposited neon samples also revealed strong 1626 ang&m™! AlH3 [AID 3] bands are assigned to the—H[D—D]

770.2 cn! and weak 1523.0 cnt bands that are due to AlH;
no absorptions were observed in the 140@50 cnT? region.

stretching modes in a weak 3-center-2-electron bonded complex
(Figure 3). The H/D ratio 1.3911 is appropriate for this vibration.

Finally, warming the neon samples above 14 K to remove the In pure HD the counterpart absorbs at 3548.7 trifthis means

neon host gave a very weak, broad 1720 &mbsorption in
the same position as found in our hydrogen experiments.
After this aluminum hydride report was completed, we
developed a simple method for making high (99%) purity p-H
and o-D using Fe(OHj catalyst in a copper tube immersed in
the cold gas over liquid helium. Laser-ablated Al experiments
gave p-H and o-B» counterparts for the major absorptions,
which are compared in a new Table Added in Proof. The
important comparison to notice is that the dialane terminal Al-H
[Al-D] stretching frequencies are about 1 chrhigher in the
less interactingl = 0 solids than in the normal solids, and the
bridge Al-H stretching modes are-B cn! lower in thed =

that AlH; exists as the (bJAIH3 complex in solid H. In p-Hy,

the (Hb)AIH 3 complex is observed at 4069.5 and 1885.5 &
We find a 4064.4 cm! satellite on the 4061.6 cm n-H, band
and a 4063.8 cmt satellite on the 4069.3 cniband in enriched
p-Hz: The satellites are probably due to the minor nuclear spin
isomer in the complex which is dominated by the major nuclear
spin isomer of the solid host.

Calculations at the MP2 level (Table 7) support this bonding
picture and reveal a 0.1 kcal/mol binding energy. Thege)
mode of isolated AlHis split 3 cnT?!in the (H:)AIH 3 complex,
which is within the experimental 1883.7 cinbandwidth. Our
calculation also predicts a-+H fundamental in the complex

0 solids. Clearly the dialane bridge bonds are more vulnerable red-shifted 135 cmt from the H value. Computational attempts

to intermolecular interactions.

Al;Hs Radical. Calculations were done for Alls radicals
in Cs and Cy, structures corresponding to dialane minus one
hydrogen from the terminal or bridged positions (Figure 7). The

to bind a second Hligand led to its dissociation. The+H
stretching mode in the (AIH 3 complex is red-shifted 91 cm
from the H-H fundamental in solid hydrogen. This is enough
to characterize a significant wealkHAIH 3 interaction in this

dibridged structure is 6.0 kcal/mol lower in energy, and the bond “hypervalent” complex. In contrast, ¢fcaH; supported a
lengths and angles are very much the same as calculated forsmaller 66 cm? shift for the dihydrogen ligané?

Al;Hg at the same B3LYP level of theory. The terminal AlH
and dibridged At-H frequencies are slightly lower than dialane
values, and the single AlH frequency is lower (Table 6). The
monobridged radical has two terminal AlHyroups almost
identical to dialane and-619 cnt! lower frequencies.
Computations were also done for Al radicals. The?A”
structures HAIAIR and HAI(u-H),Al had significant imaginary
frequencies. Tw8A' structures of the mono and dibridged form

AlsHg Trialane. The group 3 product absorptions appeared
after AbHg and remained on final annealing. These bands follow
calculated frequencies for trialane. The structure of trialane and
the most notable property, discussed previously by Duke &t al.,
is that the A-H—AI bridge bond has a larger angle (£3than
dialane (98) and the bridge stretching frequency is substantially
higher than found for dialane, whereas the terminati} units
are similar in structure and frequency for these two molecules.

have essentially the same energy; their frequencies are listed inAccordingly the five frequencies (Table 3) are assigned tblAl

Table 6.

The band set labeled R is assigned to the dibridgetiAl
radical (Figure 2) on the basis of new bands in the terminal
Al—H, and bridged At-H—AI stretching regions. Calculated

Al4H1, Tetraalane. Calculations from the Schaefer grdup
found that tetraalane is most stable i@a “butterfly” structure
with slightly shorter (1.694 A) and more nearly linear (170.7
Al—H—AI bridge bands than computed for trialane. Accord-
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TABLE 6: Calculated (B3LYP/6-311++G(d,p)) Structures and Frequencies for Aluminum Hydride Species

molecule lengths, A, angles frequencies, &ifintensities, km/mol)
Al H3 (A2 1.584, 1.694, 1944 (216), 1921 (120), 1448 (152),
(MB) 1.957, 2.669 937 (662), 724 (81), 698 (377),
127.6,93.7,115.3 433 (13), 245 (1), 174 (16)
Al Hz (A2 1.584, 1.679, 1917 (317), 1624 (75), 1495 (50),
(DB) 1.920, 122.2, 942 1014 (513), 964 (242), 658 (81),
437 (1), 371 (36), 74 (6)
Al Hs (PA")° 1.578, 1.590, 1970 (g210), 1951 (5 99), 1887 (§ 166),
(DB) 1.743,1.748, 1535 {al13), 1422 (5 1017), 1345 (4, 108),
111.2,98.1 1261 (&, 173), 806 (g 213), 736 (§ 339)

704 (&, 25), 553 (4, 101), 519 (4 56)
433 (&, 2), 266 (4 1), 237 (4 12)

Al Hs (2A1)° 1.576, 1.743 1983 (b408), 1975 (g 0), 1957 (a, 3),
(MB) 128.9,98.4 1947 (b 171), 1421 (b 557), 1264 (g 196)
778 (b, 132), 727 (@ 2), 689 (B, 551),
577 (a, 205), 455 (a 0), 398 (b, 21)
296 (a, 1), 286 (a, 0), 217 (b, 12)

AlHs (*Ag) 1.575, 1.740, 128%097.6 1989 (f, 419), 1981 (k, 0), 1972 (g 0)
(DA) 1966 (hy, 126), 1546 (g 0), 1483 (B, 1096)
1402 (hg, 0), 1292 (B, 353), 866 (ky, 244),
766 (I3, 0), 754 (3, 0), 712 (B, 648),
634 (In,, 263), 484 (by, 0), 475 (B, 0),
423 (a, 0), 374 (g, 0), 223 (hy, 13)

AlH - (IT)¢ 1.703 1472 (1259)

aThe monobridged isomer is 0.6 kcal/mol lower in energy at the B3LYP lévetérminal AlH, angle.¢ Bridge Al-H—Al angle. The dibridged
(DB, 2A) isomer of AbHs is 6.0 kcal/mol lower in energy than the (MBA;) isomer.4 AIH ™ is 5.0 kcal/mol lower in energy than AlH.

TABLE 7: Calculated (MP2/6-311++G(3df, 3pd) Structures and Frequencies for Aluminum and Gallium Hydride Species

molecule lengths, A frequencies, chiintensities, km/mol)
H, (1241 0.737 4515 (0)
Al*(Hz) (*Ay) 3.078,0.741 4454 (61,2358 (5) b, 174 (25) a
Ga'(Hz) (*Ay) 3.020, 0.741 4455 (61),2357 (6) b, 188 (15) a
AlH- -HH (1) 1.646, 2.694, 0.738 4497 (11), 1723.7 (776), 245 (R), 90 (0), 28i (0x 2)
AlH (1z+)a 1.645 1724.2 (717)
AlH3 (*A7') (Dan) 1.575 1995.2 (0), 1994.7 (276 2), 820.6 (238x 2), 730.9 (387)
(H2)AlH3(Cy) 2.256, 0.746, 1.576 4380 (21), 1989 (47), 1985 (251), 1982 (256), 817 (168),

809 (223), 774 (54), 741 (444), 402 (1), 390 (1), 312 (47), 31i (0)

(H2)GakH:(Cy) 2.477,0.743, 1.577 4424 (17), 2013 (4), 1998 (286), 1995 (282), 777 (174),

777 (170), 728 (278), 604 (5), 317 (0), 312 (0), 233 (23), 15i (0)
aDipole moment 0.11 D (0.23 D using B3LYP).

ingly, the appearance of a strong 1871 érabsorption on late  solid H; lattice as the At(H,), complex. In a substitutional site,
annealing above the bridge mode of trialane (1817°%m  Al* can complex with 12 klligands. The laser-ablation plume
suggested the higher alane. The accompanying absorptions agontains a substantial proportion of *Alcations, and it is
1925, 1914, and 770 crh are also appropriate for tetraalane. reasonable to expect some of these Ahtions to be trapped
Note that the terminal AtH, groups are little affected and these i, the solid hydrogen matrix as an #H,), complex. The Ga

frequencies'change Ilittle in the dialane, I'irialane,' antljI tetra:jalanecOunterparts are observed 4108.9 and 2960 ZAémthe solid
series. Again, warming to evaporate the matrix allowe molecular hydrogen&

further reaction to form the solid alane film characterized by
broad 1720 and 720 crh absorptions:? To gain more understanding of the laser-ablation process,

Al (H2)n. The sharp, photosensitive 4108.7 thabsorption emission from the laser-ablation plume was examined using an
in solid hydrogen with 2959.4 cm solid deuterium counterpart  optical fiber spectrometer. The spectrum illustrated in Figure 8
is shifted just 44 cm! from the solid hydrogen fundamental reveals strong gas-phase 78(— 2P and?D — 2P) emissions
(Figure 3) The H/D ratio, 1.3884, is jUSt below the 4152.8/ at 396.3 and 308.3 nm, respective|yl Strong' Ahes at 358.6
2986.8= 1.3904 value for the solid fundamenfalThe addition and 624.3 nm. and weaker Al lines at 256.9. 265.3. and 708.5
of 0.03% CCj to these samples to serve as an electron rap o, anq At at 281.6 nm from the region between the metal
eliminated the fO||O\iVII’lg negative ion bandg an.d enhancgd thetarget and cold windowf2” The relative intensity of Al and
4108.7 [2959.4] cm! absorptions 5-fold, which is appropriate o . . .

Al* emissions is determined by ablation laser energy focused

behavior for a cation absorption. The HD matrix revealed an ) .
intermediate band at 3591.7. Calculations show that the most®" the target; reducing the laser energy reduces both but the
Al* emission decreases in greater proportion with lower power

stable structure is the side bound"@#t,) complex rather than 3 - - o
(H—AI—H)* 2425 and this energy difference is 13 kcal/mol at density. Since the Al and Al transition probabilities are

the CCSD(T) level. Our MP2 computation predicts the i comparablé! emission spectra reveal approximately the relative
frequency in the At(H,) complex to be red-shifted 61 crh number of ablated Al and Alspecies, which relax and perform
Our solid hydrogen observation shows a smaller red shift (44 matrix chemistry?> The role of Al" in laser-ablated aluminum
cm1) because many Higands are interacting with Alin the trapped in p-H has been discussétiClearly Al cations are
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Figure 8. Emission spectra from 1064 nm laser-ablated aluminum
plume between target and cold window (10 ns pulse, 10 cm f.l.). (a)

Laser energy 20 mJ/pulse, (b) laser energy 30 mJ/pulse, and (c) lase

energy 40 mJ/pulse.

present in the ablated materfland their chemistry (which
includes electron recombination to form excited Al*) must be
considered.

Excimer laser (193 nm)-induced fluorescence was next
examined from the cold samples. Both solid &hd solid B
gave only background emissions. Under 193 nm excitation, the
reaction of Al in solid molecular hydrogen is complete.
However, in solid neon a strong, sharp 301.14m— 2P atomic
emission is observed without tR8 — 2P emission counterpart.

A broader 351 nm band increases on annealing and a very broa(g

610 nm emission appearthe latter are probably due to Al
cluster species. The shatp — 2P Al emission is blue-shifted
770 cnt! from the gas-phase value. Previous Al emissions in
solid matrices are Stokes-shifted from the corresponding matrix
absorptions owing to differences in relaxation dynamfcs.

Molecular Anions. Our observation of AlR~ at 1050.0 and
1043.0 cmt in solid D; is interesting in part because AlHis
too reactive to survive condensation in solid hydrog&gure
4 shows the decrease in AID absorptions with increase in
AID 4~ at 1183.2 cm?® with successive irradiations at> 380,
320, and 290 nm > 240 nm completely destroyed AD
and even decreased A{D Neon matrix samples revealed AD
slightly blue-shifted at 1056.9 and 1049.3 thmAdditional neon
matrix experiments were performed to look for AlH but no
absorption was observed in the expected HDEO cnrl
region although the 1626 crh AlH4~ band was strong. We
note that the isoelectronic SjHinolecule was not observed in
solid hydrogen, but SiiHHwas isolated in solid neon under
analogous condition¥:32

The dynamics in the condensation processes foamtl D,
at our 3.5 K substrate temperature are slightly different.
Hydrogen (FP= 13.9 K) freezes more slowly than deuterium
(FP= 18.7 K)3 Hence, Al formed during the condensation
process will be quenched less effectively than AlDand the
reaction of AlH~ in condensing K is spontaneous whereas
some AlD,~ survives in solid deuterium.

@
)

A sharp weak photosensitive 1701.6 chabsorption was
considered for AlH™ in our earlier papet A sharp weak 1246.9

AlH,” +H,— AlH,” [AE = —45 kcal/molf

AD,” + D,— AID, (D,) and AID,”

Andrews and Wang

cm! counterpart in solid Bis also destroyed by > 380 nm
irradiation and exhibits a 1.365 H/D ratio. Several solid neon
experiments reveal a higher yield of this feature at 1706.0cm
and give the deuterium counterpart at 1250.8 (H/D ratio 1.364).
These observations support assignment tozAlHRecall that a
strong vz (e) mode was predicted at 1698 chby B3LYP
calculationg We find that AlHs~ photodetaches with > 530

nm radiation, which is above the 10 kcal/mol electron affinity
estimate from B3LYP calculatiorfs.lt is interesting that
subsequent 193 nm irradiation increases Alldt the expense

of AlH3 in solid neon. This arises from photoionization of Al
in the matrix with subsequent electron capture. We observed
(D7)(D2)n growth with 193 nm irradiation of Al in solid
deuteriun?®

AH, 220" A, + e 3)

The ultimate anion in these experiments is the hydride anion
trapped in the solid Hlattice, which gives the super complex

r(H’)(Hz)lz- The photosensitive 3972 crh absorption arises

from this complex as has been discussed in a recent publica-
tion.20

Conclusions

The new aluminum hydride species characterized here exhibit
interesting chemistry.

AlH 3 Association Reaction.We found in these hydrogen
and neon matrix reactions that annealing alore§ K in solid
hydrogen and 512 K in solid neon) does not significantly
increase the yield of dialane, but UV irradiation, particuldrly
> 240 nm, increases Alfand AbHg markedly. Even irradiation
ith a Nernst glower appeared to assist the formation of dialane.
ince the trigonal planar AlFimolecule must deform out-of-
plane slightly to fit into the dibridged AHs structure, a small
activation energy is apparent for reaction 4. However, in solid
neon the AlH yield is so small that another mechanism must
operate. At low H concentration, Al can dimerize and then react
with H,. Both Al,H, and ALH,4 are observed on deposition of
thermal Al atoms into p-kl but photolysis was required to form
AlH3 and AbHg.2 In our solid neon experiments Aapparently
reacts on photolysis straight-away with clusteringnhblecules
to form Al,Hg as no AbH» nor Al,H4 were trapped. It appears
that the formation of trialane requires activation but that the
addition of AlHz to AlsHg is spontaneous as is the formation of
solid alane on removal of the hydrogen or neon matrix, reaction
8.

Ea
AlH,+ AlH,— AlHs [AE = —34 kcal/molf (4)

Al,+ 3H, " AlLH, [AE=—87 kcallmolf  (5)
Ea

AlH , + AlLHg —> Al H, 6)

AlH, + AlH,— AlLH,, @)

NAIH — = (AIH), ©)

We pointed out in our first dialane pagéhat 6.5 K annealing
increases Al from the AIH + H combination reaction, and
the small growth of AlH4 and AbHe on annealing must also
come from H atom reactions. Knight finds very strong ESR
signals for H atoms trapped in solid hydrogen following laser-
ablation co-depositioft and H atom reactions are responsible
for much of the chemistry observed on annealing. Finally, the
sharp lines at 4143.4 [2982.4] cin solid hydrogen [deute-
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rium] (Figure 3) decrease on annealing in other samples and This proposal of a AlH(H), complex is supported by MP2

are common to all of our laser-ablated metal atom experiments.

calculations. Although interaction of Hwith the metal center

These sharp bands are probably due to H [D] atoms trapped inin AlH is repulsive, we find weak bonding at the hydrogen site

the solids, which perturb and slightly shift the solig HD2]
vibrational mode.

for a collinear complex presumably owing to the metal hydride
polarity of AIH. Hence AIH does not function as a Lewis &€id

Alane oligomers have been formed on Al(111) surfaces, and like AlHz does in the formation of (jJAlH 3, and coordination

these oligomers are characterized by a broad £3@00 cnr?
band centered at 1660 cifor Al—H—AI bridge and sharper
1880 cnt! band for terminal A-H stretching frequencies.
We note that the surface 1880 chband is just below all of
the higher alane molecule terminal modes observed here {1942
1914 cnr?), which is reasonable for a surface absorption, and
that the broad 15661800 band almost matches our broad 1720
cm ! solid alane film absorptiok? Hence, the alane oligomers
on Al(111) are the next thing to solid alane.

Matrix Shifts. Table 5 compares frequencies for aluminum
hydrides in neon, p-k and n-H solid hosts and shows that
p-H, values fall between the neon and n-bbservations for
both blue and red shifts. Note that the neon matrix DA
absorptions are 1.5 and 2.7 cthhigh for Al—H, stretching
modes, 3.4 and 8.8 crhlow for Al—H—AI stretching modes,
and all are within 2.9 cm for the bending modes compared to
n-H, matrix values. We expect more perturbation of the bridge
modes by the hydrogen matrix host. It is very interesting to
note that the DA fundamentdl solid p-H; are intermediate
between the neon and nyMalues, which is also the relationship
found for AIH, AlH,, and AlH; fundamentals. Hence nsH
perturbs the frequencies slightly more away from the neon
values than p-kH How do solid p-H and n-H perturb the

of dihydrogen involves the hydride center. The frequency shifts
calculated for AIH and Kin the complex are 0.5 and 18 cty
respectively.

AH +H,— AI°" —H’" -~ H—H
[AE = —1 kcal/mol] (9)

Formation of Charged SpeciesThe laser-ablation process
produces some Aland e, which are incorporated into the
deposited sampk&:2°In addition, 193 nm irradiation increases
the sharp 2959.4 cnd and the broad 2870 cm absorptions
(Figure 3) in the more rigid solid deuterium. The resonance
absorptions of Al blue shift in solid matricéswhich allows
ionization of Al in solid H, at 193 nm. Accordingly, the 4108.7
cm~tcm~1 band is due to the HH ligand vibration in the Af-

(H2)n complex and the 3972 cniband arises from the hydride
complex (H)(H2),. It is noteworthy that hydrogen atoms are
abundant in these experiments for electron capture and subse-
guent formation of the hydride anion complex, reaction 10.
Further evidence for the latter includes replacement by a 4067
cm~1 band upon doping with CGlto in effect substitute H

with CI~.20 Apparently the rigid solid deuterium matrix is able

to trap the charged species formed by 193 nm irradiation. The

aluminum hydride frequencies progressively more? The hcp major Al* reaction here forms AlH,); however, electron

lattice parameter for n-Hs slightly shorter (3.769 A) than that
for p-H; (3.789 A)33:3637This means that 12 nearest-neighbor
H. molecules will be 0.02 A closer to the guest molecule and
a stronger guesthost interaction will result in solid n-#
Another difference between the hydrogen solids is that the
normal sample contains 3/4 of the molecules in the 1
rotational state, which have an anisotropic charge distribution,
whereas in the para solid all molecules are inXke0 rotational
state and are isotropfé.Hence stronger interactions will result
with 0-H; in the n-H solid.

AlH in Solid Hydrogen. Several more considerations can
be offered for AlH, the only aluminum hydride characterized
in the gas phas¥:?138The fundamental frequency in the gas
phase is 1624.4 cm, which red shifts to 1610.8 cm in neon,
to 1606.0 cmt in solid p-H, and to 1598.7 cmt in solid n-H.
Vibrational constant&e = 1662.7 andvexe = 28.4 cntt can
be calculated from the solid p-Hobservations, which are
intermediate between the gas phase (1682.6, 29.1)cand
n-H, (1654.7, 28.0 cmt) values? In addition two sharp 1618.4,
1606.0 cn! and 1610.7, 1598.7 cm bands for AIH in the
two hydrogen solids and 1169.6, 1163.1¢rfor AID in solid
deuterium are observed.

It is much easier to document rotation of a stable molecule
like HCI in solid matrice®’ than a transient molecule like AlH,
which is prepared in limited quantity. The strong 1598.7°ém
band increasesno6 K annealing while the 1610.7 crhband
decreases, and this effect reversesion 380 nm irradiation.
The 1598.7 cm! band between 1624.4 crhgas phase and
1590.7 cmi! argon matrix fundamentals is clearly due to AlH.
The growth of 1598.7 cm at the expense of 1610.7 cn
absorption on annealing suggests an Alg)gtomplex for the
former and possibly a smaller AlHgh complex for the latter.
Irradiation (380 nm) then converts AlHgh to AlH3 or the
smaller complex AlH in the solid matrix.

capture by At(H,) during condensation will lead straightaway
to AlH, from the insertion by excited Al atoA$;3°Pand such is
probably the fate of most of the A(H,) in these experiments.

A similar 4115.5 cm?® absorption has been observed in solid
p-H from laser-ablated aluminum and attributed to a positively
charged species in part owing to its elimination when magnets
are placed around the ablated material béam.

H +nH,—H (H), (10)

A" +H,—AI"(H,) (AE=—1kcal/mol, MP2) (11)
The identification of the sharp 4108.7 [2959.4] chbands
(ratio 1.3884) as All(Hz),[Al T(D2)] complexes derives support

from MP2 calculations. The side-bound complex{,) is the
stable isomef#25and MP2 calculations (Table 7) predict a 1
kcal/mol binding energy reaction 11, and 61 dmed shift in
the H-H stretching fundamental for A{H), which is in
reasonable agreement with the 44¢émbserved shift for At-
(Hz)n. Further coordination of Al(Hy) to AlT(Hy), in the
hydrogen matrix is inevitable. In addition, the Geounterparts
are observed at 4108.9 [2960.4] chratio 1.3880)%2 and MP2
calculations predict a 1.0 crh higher frequency as compared
to the 0.2 cm?® higher value observed for GéHy),. Finally,
one can see that the bonding fortAlAl, and Al~ with H, are
different; A" forms the Al"(H,) complex and not the insertion
product like AlH,, and AlH,~ is extremely reactive in favor of
the stable AIH~ alanate.

Another reaction for H in these experiments is with the
strong Lewis acid AlH, reaction 12. This highly exothermic
reaction forms the stable tetrahydroaluminate anion Alffhe
failure to observe Al suggests that the major route to AH
is exothermic reaction 12, although electron capture by the (H
AlH, complex observed here at 1824.8 and 1790.Z¢cras
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proposed by Manceron et dlgontributes as well.

AH;+H —AH, (AE=—72kcal/mol, B3LYP) (12)

Jena and Khanna have explored the geometries of,AlH
clusters using DFT, which underscores the stability of the,AlH
alanate? The possible rotation of tetrahedral AfHin solid

Andrews and Wang
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