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Matrix Infrared Spectra and DFT Calculations of the Reactive MHy (x = 1, 2, and 3),
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Laser-ablated Sc, Y, and La react with molecular hydrogen to give MH;"MMIH,, MH3, and MH,~

(M = Sc, Y, and La) during condensation in excess argon for characterization by matrix infrared spectroscopy.
Annealing forms the dihydrogen complex4MH,, which can be reduced to MH by electron capture. The
(HD)MHD complex exchanges hydrogen positions on broadband photolysis to form primarily JhéHp
complex. Doping the samples with CAb capture ablated electrons markedly increases theNitfrared

band intensities and decreases theViabsorptions. Further annealing produces highe).tiH, complexes,

which also exchange hydrogen positions. The reaction products are identified by deuterium and deuterium
hydride isotopic substitution. DFT and MP2 theoretical calculations are employed to predict geometries and
vibrational frequencies of these novel molecules, complexes, anions, and cations. Charged species from laser-
ablation contribute more to the spectra of group 3 reaction products than for any other transition metal.
Experiments using solid neon and pure deuterium provide complementary spectra and favor the hjgher (H
MH, complexes.

Introduction More recently a number of transition metal hydrides and
) . dihydrogen complexes have been investigated in low-temper-
‘Reactions of the group 3 transition metals (Sc, Y, and La) atyre matrix samples by codeposition of laser-ablated metal
with small molecules (@ CO, NO, and C@) have been  4ioms with molecular hydrogen in this laboratéfy3® Deute-
investigated extensively in this laboratory using matrix-isolation j,;m isotopic substitution and density functional theory calcula-
methods.~® Chemistry is very rich for the group 3 metals since {jons have been used to identify the reaction products. In this
their properties evolve from the reactive metals of groups 1 and paper we report the infrared spectra and density functional theory
2, and charged species are a more important part of the chemistry:g|culations of MH, MH*, MH,, MH3, (H2)MH2, (H2)2MH),
for group 3 than any other transition metal. In addition, group ang MH,~ (M = Sc, Y, and La). A brief report on the homo-

3 metals form complexes due to the availability of d orbitals. It |eptic tetrametalate Mit anions has been publishéd.
is therefore no surprise that compounds of group 3 metals find

applications in modern technology. Yttrium and lanthanum
oxides play an important role in perovskite structures for high-

temperature superconductivityrttrium and lanthanum hydride The experimental methods for reacting laser-ablated transition
films have switchable optical properties that are appropriate for metal atoms with biand identifying the reaction products with
a number of technological applicatioh3he electronic proper-  matrix infrared spectra have been described previctis#,36
ties of the host metal are profoundly affected by the addition and the same methods are applied here for the reaction of Sc,
of hydrogen The nature of the solid metal trihydride ground vy, and La with H. Laser-ablated metal atoms were codeposited
state and mechanism of the metaisulator transition with with 3—5% H, (D, HD, or H, + D, mixtures) in excess neon
increasing hydrogen concentration has eluded explanation. argon and with pure deuterium onto a 3.5 K Csl window.
Experimental studies of group 3 metal cation{S¥*, and Infrared spectra were recorded after deposition, annealing, and
La™) reactions with hydrogen using ion beam mass spectrom- UV —vis irradiation. Several experiments were done with 0.1%
etry, have suggested an insertion mechanism for the primary CCl, added to 3% K neon or argon to serve as an electron
reaction'!'2 However, reactions of the neutral atoms with trap2337:38and the absorptions due to anions were reduced
hydrogen molecules have not been investigated although emis-markedly and those due to cations were increased in the spectra
sion spectra have been observed for the ScH, YH and LaH of deposited samples.
diatomic molecule$3-1°® A number of theoretical calculations DFT (density functional theory) and MP2 (MgliePlesset)
have been performed for group 3 metal hydri8e¥ mostly calculations of metal hydrides and metal hydride-hydrogen
for the diatomic molecules. Calculations predicted the ScH complexes were done for comparison with experimental
molecule to be linear and Yiand Lat to be bent based on  results. The Gaussian 98 progi@was employed to calculate
the d characters in the hybrid orbitéfs* and the Sch the structures and frequencies of expected molecules. The
molecule was computed to be trigonal plaffalt is desirable  6-311+4-G(d,p) basis sets for hydrogen and scandium atoms
to chgracterize these reactive metal hydride molecules by and SDD pseudopotentials and basis sets for yttrium and
experiment. lanthanum atoms were us# All the geometrical parameters
were fully optimized with either the BPW91 or B3PW91
*To whom correspondence should be addressed. E-mail: Isa@virginia.edu.functional (Becke nonlocal three-parameter exchange with
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Figure 1. Infrared spectra in the 16601180 and 536450 cnt? regions for laser-ablated yttrium codeposited with hydrogen in argon. (a) 5% H
in argon deposited at 3.5 K for 60 min, (b) after annealing to 16 K, (c) after240 nm photolysis for 15 min, (d) after annealing to 25 K, (e)
5% HD in argon deposited at 3.5 K for 70 min, (f) after annealing to 16 K, and (g) &fte240 nm photolysis for 15 min.

PW91 functional), the B3LYP functional or ab initio calculations 4, VHD* YHD, YHD YH,D;
at MP2 level of theory243 Analytical vibrational frequencies YD Z

were obtained at the optimized structures. W
®

YHD
Results 050l A e
Infrared spectra of laser-ablated Y, La, and Sc reactions with g YD v YD YD, - (DizYDz YD;
H. in solid argon, neon, and pure deuterium, and theoretical § 1 [ ,—2|\ / /
calculations of product molecules, complexes, and ions will be ﬁ M
presented in turn. 0.30

Y + H,. Matrix samples from codeposition of laser-ablated ©
yttrium atoms with H, D,, and HD in excess argon, neon, and )
pure deuterium at 3.5 K, with annealing and photolysis
afterward, exhibit the following infrared spectral features: (i) 0.10 @
weak bands at 1578.1, 1542.5, and 1470.4 cobserved on 1100 1000 900
codeposition with Hin argon and increased on annealing to Wavenumbers (cm’")

16 K. With p_hotolysis £ > 240 nm) the 1578.1 and 1542.5  Fjgure 2. Infrared spectra in 1150850 cm region for laser-ablated
cm! bands increased, but the 1470.4 ¢nband decreased. yttrium codeposited with deuterium in argon. (a) 5% i argon

The D, counterparts appeared at 1128.1, 1107.5 and 1053.1deposited at 3.5 K for 60 min, (b) after annealing to 16 K, (c) after
cm L. The HD experiments gave the same 1470.4 and 1053.1> 240 nm photolysis for 15 min, (d) after annealing to 25 K, (e) 5%
cm! bands, but different 1560.1 and 1117.9 ¢rfeatures as HD in argon deposited at 3.5 K for_ 70 min, (f)'after annealing to 16 K,
shown in Figures 1 and 2. With C£3]0.1%) doping of H (4%) and (g) aftert > 240 nm photolysis for 15 min.

in Ar, the 1578.1 and 1542.5 cthbands increased 5-fold, but

other absorptions decreased (Figure 3). Neon matrix spectra arennealing and photolysis, but disappeared in the experiments
compared in Figure 4 for group 3 metals ang ki neon weak doping with CC} (Figure 3). Counterparts to the upper band
1489.4 cm?! (Hy) and 1067.3 cm! (D,) absorptions were  were observed at 1233.3 cfin neon and 884.4 in pure
observed, and HD spectra gave the same two bands. (ii) Twodeuterium. These bands have been assigned tq Yahd
major bands at 1459.8 and 1397.8dmbserved on deposition  discussed in detait (v) Broad absorptions at 1337, 1309 thn

in argon with B decreased by 60% on annealing to 16 K but (H,) and 960, 943 cmt (D,) appeared and increased on
recovered their intensities on photolysis. With Dese bands  annealing. These latter bands were observed at 961, 949 cm
shifted to 1042.0 and 1003.2 chand 1428.4 cmt in the Y—H in solid neon along with a weak 2328 cfassociated band
stretching region and 1021.7 cin the Y—D region are the (Figure 5) and at 957.3, 943.8, and 2329 ¢rm pure deuterium
HD substitution bands. In neon similar bands at 1468.4, 1408.4 (Figure 6). The argon matrix counterpart appeared at 2315 cm
cm™! (H,) and 1050.3, 1012.0 cm (D) were observed. (ii) (not shown). In addition, the argon matrix solvated proton and
In argon weak bands appeared at 1385.1%(hl,) and 995.4 deuteron bands were observed at 903.5 and 6432 (=
cm ! (D) on deposition, and increased on annealing and absorbance= 0.015) in these experimen$® Finally, our
photolysis. With HD these bands were split into three new spectra were virtually free of metal oxide impurities as the MO
bands: 1436.6, 1410.6, and 1384.1¢rim the Y—H stretching bands$—2 were very weak A = 0.001).

region, and 1023.7, 1010.5, and 997.0 @nin the Y-D La + H,. Analogous experiments were done for lanthanum
stretching region. In the neon matrix these bands blueshifted atom reactions with K D,, and HD in argon, and the spectra
slightly showing broad contour and strong intensities. (iv) A are shown in Figures 7 and 8. Strong bands at 1283.0, 1263.6,
strong band at 1227.3 crhwith an associated band at 482.7 and 1114.1 cm! and weak bands at 1420.7, 1320.9, and 1235.3
cm! appeared in argon on deposition, increased slightly on cm~! appeared on deposition. The 1235.3¢rhand increased
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Figure 3. Infrared spectra in 16901080 cn? region for laser-ablated ) )
scandium, yttrium, and lanthanum codeposited wit($%o) in argon Figure 5. Infrared spectra in the 276@260 and 1096750 cnt?
doping with CC} (0.1%) deposited at 3.5 K for 60 min. (a) scandium regions for laser-ablated scandium, yttrium, and lanthanum codeposited

without CCl, (b) scandium with CGJ (c) yttrium without CC}, (d) with deuterium in neon at 3.5 K for 60 min. (a) lanthanum and 2% D
yttrium with CCL, (e) lanthanum without CGland (f) lanthanum with in neon, (b) afted > 240 nm photolysis for 15 min, (c) yttrium and
CCl,. 2% D, in neon, (d) afterA > 240 nm photolysis for 15 min, (e)
scandium and 2% Pin neon, and (f) aftet > 240 nm photolysis for
15 min.
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Figure 4. Infrared spectra in 15001100 cnt? region for laser-ablated 2600 2400 1000 900 800
scandium, yttrium and lanthanum codeposited with hydrogen in neon Wavenumbers (cm ')

deposited at 3.5 K for 60 min. (a) scandium and 5%itrineon, (b) Figure 6. Infrared spectra in the 2772260 and 1136700 cntt

yttrium and 5% H in neon, and (c) lanthanum and 5% ki neon. regions for laser-ablated scandium, yttrium, and lanthanum codeposited
. . . with pure deuterium. (a) scandium with pure Beposited at 3.5 K,

on annealing but decreased on photolysis with growth of the (b) afterA > 240 nm photolysis for 10 min, (c) yttrium with pure,D

1114.1 cm? band. Broad absorptions at 3672, 3338, 1221, and deposited at 3.5 K, (d) aftét > 240 nm photolysis for 10 min, (e)

1211 cm! appeared on later annealings. Deuterium counterpartslanthanum with pure Pdeposited at 3.5 K, (d) aftet > 240 nm

are given in Table 2. The major product in neon is the 1101.8 photolysis for 10 min.

cm1feature (788.7 cmt for D») assigned to the Laf anior?*
( 2) d aH 2462, and 973.3 cm. In pure D three strong bands at 1032.3,

and a broad 1213 (863) crh absorption, which has higher rﬁ
frequency associated bands at 3685, 3366 (2680, 2470).cm 968-2, and 953.4 cnt and weak bands at 2723, 2653, 2485,
and 2467 cm! were observed. Spectra for the three group 3

Figure 9 compares spectra fop,HHD, and I} in neon. The - . R
pure deuterium spectrum reveals the former as a weak 7g3.2metals in pure deuterium are compared in Figure 6.
cm! absorption and the latter as a split 863.5, 856.8tm
feature with associated absorptions at 2684, 2681 and 2474,
2466 cnt! (Figure 6). The new product absorptions will be assigned on the basis
Sc + H». Infrared spectra are shown in Figures 10 and 11 of argon, neon, and pure deuterium matrix spectra, isotopic
for laser-ablated Sc and 4%,H4% D,, and 5% HD in solid shifts, isotopic splittings, and density functional theory vibra-
argon. Major products at 1635.8, 1530.4, 1487.7, and 1305.1tional frequency calculations.
cm~1and weak bands at 1391.4, 1360.9, and 1330.1'evere MH. A weak absorption is observed at 1470.4 énafter
observed on deposition. The 1487.7 dnband is particularly initial deposition of Y and H(5%) in the argon matrix (Figure
sensitive in the low-temperature matrix: it decreased on 1). With annealing to 16 K this band intensity increases 3-fold
annealing to 18 K, but increased 4-fold on photolysis, and but reduces about 50% after broadband photolysis. The D
decreased again on further annealing. Other absorptions arecounterpart at 1053.1 crh gives an isotopic ratio of 1.3963.
given in Table 3. Absorptions at 1463.5, 1373.6, and 1321.3 The HD and H + D, experiments reveal a clear 1470.4 and
cm~1 are the major products for Sc atom reactions withird 1053.1 cnt isotopic doublet, indicating that one hydrogen atom
neon on deposition, and 3676, 3400, and 1340.7 deatures is involved in this vibration. The above band is therefore due
increased markedly on annealing with &unterparts at 2654,  to the diatomic molecule YH. In solid neon YH gives a weak,

Discussion
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Figure 7. Infrared spectra in 14501080 cn? region for laser-ablated
lanthanum codeposited with hydrogen in argon. (a) 5%rHargon
deposited at 3.5 K for 60 min, (b) after annealing to 20 K, (c) after
> 240 nm photolysis for 15 min, (d) after annealing to 25 K, (e) 5%
HD in argon deposited at 3.5 K for 70 min, (f) after annealing to 20 K,
and (g) afterl > 240 nm photolysis for 15 min.
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Figure 8. Infrared spectra in 1049760 cnT? region for laser-ablated
lanthanum codeposited with deuterium in argon. (a) 5%4rDargon
deposited at 3.5 K for 60 min, (b) after annealing to 20 K, (c) after
> 240 nm photolysis for 15 min, (d) after annealing to 25 K, (e) 5%
HD in argon deposited at 3.5 K for 70 min, (f) after annealing to 20 K,
and (g) aftert > 240 nm photolysis for 15 min.

broad band at 1489.4 cth which shifts to another site at 1496.1
cm~! on annealing. Absorptions for YD in neon appeared at
1067.3 and 1071.1 cm, and the isotopic ratio is almost the
same as in solid argon. The absorption for YH is excellent
agreement with the gas-phase fundamental at 14916.¥m
The yield of YH is much smaller in neon than argon matrix
samples as more diffusion before solidification allows further
YH reactions with H to give higher hydrides. No YD is

Wang et al.

harmonic fundamental, which when corrected for anharmonicity,
is in good agreement with this prediction. Our BPW91 calcula-
tion also predicts a 2.064 A bond length for the" ground
state, which is also in good agreement with the 2.032 A gas-
phase observatioH.

The vibrational assignments of ScH, YH, and LaH are in
accord with theoretical calculations (Table 4). The ground
states aré=" based on recent high-resolution gas-phase spec-
troscopy’~19 and high-level calculatior®d:23 Our 6-31H-+G-
(d,p) basis set calculations show that two low electronic states,
namely’=" and?3A, are very close in energy, and anotfEr
state is slightly higher. For ScH the 6-3t3G(3df,3pd) basis
set gives 1581.4 cmt (BPW91), 1635.2 cm! (B3PW91), and
1667.5 cm! (MP2), which approach the observed ScH fre-
guency satisfactorily. Th&™ ground state for YH is the global
minimum at all levels of theory, and the results of frequency
calculations are in very good agreement with observed values.
MP2 calculations predict th&™ ground state for LaH, but the
SA state is slightly lower in energy than tRE™' state using
DFT. The LaH frequency is slightly overestimated, which is in
line with the frequency predictions for ScH and YH.

Energetic laser-ablated metal atdfneeact with molecular
hydrogen to give primary MH (M= Sc, Y, and La) products,
which are endothermic by 50.8 (Sc), 38.0 (Y), and 21.0 (La)
kcal/mol, respectively, based on B3PW91 calculations. The
increase of MH on initial annealing is due to the combination
of metal atoms and hydrogen atoms trapped in the low-
temperature matrix. On photolysis and further annealing, the
MH absorptions decrease significantly, yielding higher order
hydrides.

M+H,—MH+H (1)

It is interesting to compare the H/D isotopic frequency ratios
for ScH and YH in the argon matrix and in the gas ph&sé.
The matrix ratios, 1.3870 and 1.3963, are slightly higher than
the gas-phase ratios, 1.3856 and 1.3948, for ScH and YH,
respectively, although the matrix shifts, 16.6 and 21.2%m
are reasonabl¥. The slightly higher H/D ratios suggest more
hydrogen motion relative to metal, which likely arises from
interaction of the argon matrix atoms with the metal center thus
damping its motion and increasing its effective mass. This effect
is larger for Sc where we expect a greater matrix interaction.
This hypothesis is supported by the H/D ratio observed for YH/
YD in solid neon, 1.3955, which is intermediate between the
argon and gas-phase ratios, and the matrix interaction for neon
produces a smaller 2.0 crhshift.

ScH'. Gas-phase reactions of Scand H have been
investigated extensively and the effect oftSalectronic state
and orbital occupation has been discusSédThe gas-phase
reaction gives ScH in an endothermic (4#2 kcal/mol)
process, and it is likely that laser-ablated $eacts with H to

observed in pure deuterium as further reactions readily occur give ScH" in these experiments as well. The sharp, weak 1561.4

with Do.

The 1530.4 cm! band observed in the Sk Ho/Ar system
has a similar fate as YH on annealing and photolysis. With D
Ar this band shifts to 1124.1 cm, and with HD/Ar or b +

cm! band, above ScH at 1530.4 chin solid argon, shifts to
1103.4 cmi! with D,, and the same two bands are observed
with HD, which indicates the vibration of a single H(D) atom.
The H/D ratio, 1.3890, is almost the same as found for ScH/

D.,/Ar the same two bands are observed at 1530.4 and 1124.1ScD (1.3870). The sample doped with G@tained the 1561.4

cm~1. Thus this band is assigned to ScH, which is in very good
agreement with the gas phase 1547.0 tnfundamental
frequencyt’ Diatomic LaH gives a band at 1344.1 chin solid
argon with LaD counterpart at 961.1 cfq No gas-phase
vibrational frequency? was obtained for LaH to compare with

cm~! band and reduced ScH so the 1561.4 &rband was
favored relative to ScH, which is in accord with the cation
assignment:3.37:38

High level ab initio calculations have determined the
ground state for ScH and the2=" state is only 1700 cmi

our matrix result, but we predict a gas-phase fundamental nearhigher, but the two states have essentially the same freqdency.

1365 cntl. Our BPW91 calculation provides a 1421 ©hm

Our DFT calculations find the ScHfrequency to be 5575
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Figure 9. Infrared spectra in the 373@400 and 1386760 cn1? regions for laser-ablated lanthanum codeposited with isotopic hydrogen in neon
at 3.5 K. (a) 2% Hin neon, (b) afted > 240 nm photolysis for 15 min, (c) 2% HD in neon, (d) affer 240 nm photolysis for 15 min, (e) 2%
D, in neon, and (f) afteA > 240 nm photolysis for 15 min.

TABLE 1: Infrared Absorptions (cm ~1) of Reaction Products of Laser-Ablated Yttrium Atom with Molecular Hydrogen in
Excess Argon, Neon, and Deuterium

argon neon deuterium
H, HD D, H, HD D, D, identification
2754 2753 (D)2YD2
2315 2793 2328 2329 @YD,
1578.1 1560.1 1128.1 YH
1542.5 1117.9 1107.5 YH
1496.1 1496.1,1071.1 1071.1 YH site
1470.4 1470.4, 1053.1 1053.1 1489.4 1489.4,1067.3 1067.3 YH
1459.8 1428.4 1042.0 1468.4 1438.6 1050.3 1046.5 , YH
1397.8 1021.7 1003.2 1408.4 1030.4 1012.0 2YH
1385.1 1436.6, 1410.6, 1383.9, 1023.7, 1010.5,997.0 995.4 3 YH
1363.4 980.0 1381.2 @ivH2
1337 1334, 1308 960 1339 1337, 962 961 957.3 )AfHH;
1309 962, 953 943 1318 1317, 949 949 943.8 2){¥H;
1259.8, 899.8 1265.9, 907 YHD, YH3D~
1227.3 1291.4,1225.4,915.7,884.5 882.3 1233.3 1295.9,1232.4,920.5,890.8 887.9 8844 YH
903.5 903.5, 643.2 643.2 AH
482.7 492.9,454.1 YH4~

TABLE 2: Infrared Absorptions (cm ~1) of Reaction Products of Laser-Ablated Lanthanum Atom with Molecular Hydrogen in
Excess Argon, Neon, and Deuterium

argon neon deuterium
H» HD D, Ha, HD D, D, identification
3672 3233 2674 3685 3248, 2677 2681 2681 2){ltH,
2490 2488 2474 (b).LaH; site
3338 2950 2454, 2459 3366 2869, 2466 2468 2466 2)2(ldH,
1463.8 1445.2 1044.1 @laH*t
1426.0 1032.3 1020.6 @laH*t
1439.0 1427.4 1029.9 LaH
1420.7 1020.1 1016.6 LaH
1344.1 1344.1,961.1 961.1 LaH
1320.9 1298.5 942.6 1355.1 1337.0 968 kaH
1283.0 928.4 917.6 1316.8 954.8 943.1 LaH
1287.1 1261.4 921.1 LaH;
1263.6 1263.0, 1292.7, 905.8, 921.3 904.5 baH
1235.3 1261.2,901.3 884.5 1246 887 887.9 ,)ldH;
1150.0, 816.0 LaHD;™, LaHsD~
1221 1218, 871 866 1220, 875 863.6 2JlaH,
1211 1231, 833 1212, 860 856 1214 1205, 863 863 856.8 )l(aH;
1114.3 1183.1, 112.4, 833.5, 799.8 797.8 1101.8 1158.5, 1096.8 825.0, 788.8 788.7 783.2 4~ LaH

cm* higher than the ScH frequency at the BPW91 level. Given ~ MH ,. Two bands at 1397.8 cm (stronger) and 1459.8 crh
that ScH is expected to red-shiftsomewhat more than ScH in (weaker) tracked together on deposition of Y withikl argon,
the solid argon matri%847” our BPW91 calculations support decreased by 70% on annealing to 16 K, but increased 50% on
assignment of the 1561.4 crhabsorption to ScH. broadband photolysis, and decreased on further annealing. The
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Figure 10. Infrared spectra in 16961270 and 556450 cn1? regions for laser-ablated scandium codeposited with hydrogen in argon. (ay 5% H
in argon deposited at 3.5 K for 60 min, (b) after annealing to 16 K, (c) dfter240 nm photolysis for 15 min, (d) after annealing to 20 K, (e)
5% HD in argon deposited at 3.5 K for 70 min, (f) after annealing to 16 K, and (g) after240 nm photolysis for 15 min.
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Figure 11. Infrared spectra in 1220920 cn1? region for laser-ablated
scandium codeposited with deuterium in argon. (a) 5%rDargon
deposited at 3.5 K for 60 min, (b) after annealing to 16 K, (c) after
> 240 nm photolysis for 15 min, (d) after annealing to 20 K, (e) 5%
HD in argon deposited at 3.5 K for 70 min, (f) after annealing to 16 K,
and (g) aftert > 240 nm photolysis for 15 min.

deuterium counterparts were found at 1003.2 and 1042:G cm
giving 1.3933 and 1.4010 H/D isotopic ratios. Median bands at
1428.4 cm? (Y —H stretching region) and 1021.7 ct(Y—D
stretching region) were obtained with HD. The 1397.8 and
1459.8 cm! bands are assigned to the and v, vibrational
modes for YH. Neon matrix counterparts were observed at
1408.4 and 1468.4 cm.

The absorptions due to LaKvere observed at 1283.0 and
1320.9 cmi! on deposition in the La atom reaction withy,H
which shifted to 942.6 and 917.6 cmwith D,. The median
bands at 1299.0 and 928.4 chare assigned to the keH and
La-D stretching vibrations in LaHD. These bands grew slightly
on initial annealing (20 K) and photolysis, and decreased on
further annealing (30 K). Neon matrix counterparts were weak
at 1316.8 and 1355.1 crh

for the two modes of Lapifit the B3PW91 frequencies to the
argon matrix observations.

No absorptions for Sckbr Sch, are apparent in the infrared
spectra of Sc atom reaction products with ¢t D, although
ScH, is expected to be a stable molecule similar to,Yathd
LaH,, and we computed SeHo have the saméA; ground
state (Table 5). It is likely that SgHs extremely reactive with
H, to form hydrogen complexes during matrix deposition,
annealing and photolysis. Finally, the observation of $cH
requires the (pk)ScH complex.

The insertion reactions of group 3 metals intg Hre
exothermic by 17.5 (Sch), 24.3 (YH,), and 40.0 (Lak) kcal/
mol from B3PW91 calculations. First, no spontaneous insertion
reactions are observed on annealing for,¥Add LaH, showing
that significant activation energy is required. This is in accord
with the early theoretical

M + H,— MH, *A) (2)
potential-energy surface investigation of MM = Y, La),
which reveals that ground-state KD has to surmount a energy
barrier of 23 kcal/mol for Y and 21 kcal/mol for La for insertion
into H, to form MH, (?A;).2526 Second, YH increases
significantly on broadband photolysis, so it can be deduced that
photoexcited yttrium atoms surmount the energy barrier and
insert into H. However LaH is obtained only through deposi-
tion, and did not increase on photolysis. Although, we did not
find any evidence for trapped SgHhe insertion of Sc into K
must happen for excess kinetic energy Sc atoms generated by
laser ablatiort® However, the insertion barrier is calculated to
be 36 kcal/mol for ground-state Sc into,H which is
substantially higher than that for yttrium and lanthanum, so that
once formed in these experiments, $asihighly excited and
therefore very reactive.

MH »". Previous gas-phase Saeactions and theoretical
analysis have suggested that $tHs formed on a singlet
potential surfacél-124%In the reaction of laser-ablated Sc with

Our DFT frequency calculations support the assignments to H, two bands observed at 1635.8 and 1675.2%om deposition

YH; and LaH. The?A; ground-state structures are in reasonable
agreement with the previous higher level calculati®*¥§Scale
factors 0.961, 0.948 for the two modes of Y&hd 0.951, 0.946

increased slightly on annealing. These bands increased in relative
intensity with higher laser energy and increased 4-fold oryCClI
doping, which point to the cation identificatiGh3® The D,
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TABLE 3: Infrared Absorptions (cm ~1) of Reaction Products of Laser-Ablated Scandium Atom with Molecular Hydrogen in
Excess Argon, Neon, and Deuterium

argon neon deuterium
H, HD D, H, HD D, D, identification
2710 2713 2720 2723 @5cH
2645 2645 3676 2654 2653 5cH
2480 2480 2480 2483 2485 {HAScH,
3400 2460 2456 3400 2462 2467 AbBcH
1675.2 1657.4 1203.5 ScH"
1635.8 1192.9 1183.0 ScH*
1561.4 1561.4, 1124.1 1124.1 (ScH")
1530.4 1530.4,1103.4 1103.4 ScH
1487.7 1486.2, 1514.5, 1542.6, 1079.1 ScH;
1092.8, 1081.1
1459.8 1456.0, 1058.6 1055.7 1463.5 1060.3 1070.3 2) HetHs)
1414.1 1414.8,1022.2 (Hz)ScH
1391.4 1391.3, 1010.2 1009.1 1035 1031.7 HSe
1360.9 1362.5,984.5 (980) 1373.6 (995) 2BtH,
1389.5, 1004.9
1330.1 1330.4, 966.2 965.6 1340.7 1338.1, 979 973.3 968.0 2)29¢tH:
1305.1 1302.7, 1377.0, 980.2, 949.8 946.2 1321.3 1387.3, 1318.8, 992.3, 961.5 961.1 9534 4 ScH
527.1 523.5,494.2 527.6 526.6, 497.1 ScH

TABLE 4: Geometries, Vibrational Frequencies (cnt?), and Infrared Intensities (km/mol) Calculated for MH (M = Sg, Y,
and La)

method state, bond (A) energy (kcal/mol) frequencies; dfimtensities, km/mol)
ScH
BPW91/6-31%+G(d,p) 3+ 1.759 0.0 ScH: 1607.3 (230). ScD: 1149.4 (117)
3A, 1.839 —6.6 ScH: 1465.5 (297). ScD: 1047.9 (152)
BPW91/6-31#+G(3df,3pd) 13+,1.760 0.0 ScH: 1581.4 (227). ScD: 1130.8 (116)
3A, 1.830 -12 ScH: 1455.9 (376). ScD: 1041.1 (192)
B3PW91/6-31%+G(d,p) I3+ 1.750 0.0 ScH: 1643.1 (282). ScD: 1174.9 (144)
3A, 1.844 -6.7 ScH: 1482.1 (315). ScD: 1059.8 (161)
8%+, 1.910 12.9 ScH: 1331.8 (743). ScD: 952.3 (380)
B3PW91/6-31%+G(3df,3pd) 3+, 1.750 0.0 ScH: 1635.2(280). ScD: 1169.3(143)
3A, 1.844 -6.9 ScH: 1477.6(316). ScD: 1056.6(161)
MP2/6-31H+G(d,p) 13+,1.758 0.0 ScH: 1693.4 (311). ScD: 1210.9 (159)
3A, 1.907 —-3.5 ScH: 1.452.8 (333). ScD: 1038.9(170)
8¥*,1.961 51.6 ScH: 1341.2 (430). ScD: 959.1 (220)
MP2/6-31H+G(3df,3pd) 13+,1.764 0.0 ScH: 1667.5 (316). ScD: 1192.4 (161)
3A, 1.913 —-3.4 ScH: 1439.8 (340). ScD: 1029.5 (174)
YH
BPW91/6-313#+G(d,p)/SDD I3+ 1.999 0.0 YH: 1526.2 (234). YD: 1085.6 (118)
3A, 1.972 7.5 YH: 1419.7 (282). YD: 1009.8 (143)
B3PW91/6-31%+G(d,p)/SDD 13+ 1.915 0.0 YH: 1554.4 (261). YD: 1105.7 (132)
3A, 1.966 14.3 YH: 1434.4 (460). YD: 1020.4 (233)
33t 1.966 27.0 YH: 1338.5(748). YD: 945.0 (379)
MP2/6-31++G(d,p)/SDD 1$+,1.918 0.0 YH: 1566.2 (312). YD: 1114.1 (158)
3A, 1.985 26.4 YH: 1437.4 (322), YD: 1022.5 (163)
83+, 1.986 32.9 YH: 1423.6 (736). YD: 1012.7 (372)
LaH
BPW91/6-313%+G(d,p)/SDD 3A, 2.109 0.0 LaH: 1342.1 (432). LaD: 952.8 (217)
13+, 2.064 5.1 LaH: 1421.1 (294). LaD: 1008.8 (148)
83+, 2.156 23.2 LaH: 1258.3 (556). LaD: 893.3 (280)
B3PW91/6-31%+G(d,p)/SDD A, 2.106 0.0 LaH: 1356.9 (500). LaD: 963.3 (252)
13+, 2.057 4.5 LaH: 1443.1 (342). LaD: 1024.5 (172)
83+, 2.153 23.0 LaH: 1272.5 (687). LaD: 903.4 (346)
MP2/6-31++G(d,p)/SDD A, 2.116 0.0 LaH: 1322.9 (445). LaD: 939.2 (224)
I3+ 2.045 -11.4 LaH: 1448.2 (210). LaD: 1028.1 (101)
83+, 2.166 45.8 LaH: 1244.1 (903). LaD: 883.2 (455)
ScHt 2A,1.773 0.0 ScH: 1662.9 (92). ScD: 1189.2 (53)
BPW91/6-31%+G(d,p) 1, 1.766 -0.1 ScH: 1635.8 (219). ScD: 1169.7 (122)
23t 1.744 9.0 ScH: 1657.7 (123). ScD: 1185.4 (71)
BPW91/6-31#+G(3df, 3pd) 2\, 1.773 0.0 ScH: 1655.9 (95). ScD: 1184.1 (55)
25+ 1,743 8.9 ScH: 1651.8 (122). ScD: 1181.2 (70)

counterparts at 1183.0 and 1203.5 émand HD median process enhanced the 1542.5 and 1578.1'dnands 5-fold,
absorptions at 1657.4 and 1192.9 dnsupport the Scht which again suggests the cation assignméit:33with D, the
assignment. two bands shifted to 1107.5 and 1128.1 émrespectively,
With Y and H, in solid argon the associated bands at 1542.5 giving H/D ratios 1.3928 and 1.3989. In the ¥ HD
and 1578.1 cm!' are assigned to the antisymmetric and experiments one band at 1560.1¢nfY —H stretching region)
symmetric Y=H stretching vibrations of YLi". These bands  and another one at 1117.9 ch(Y —D stretching region) were
increased on broadband photolysis and decreased on furtheobserved, which are the two stretching modes of YHEm
annealing. Doping with CGlto trap electrons from the ablation  the average of thes; andv; frequencies of YH™ and YD, .
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TABLE 5: Geometries, Vibrational Frequencies (cnt?) and Infrared Intensities (km/mol) Calculated for MH , (M = Sc, Y,

and La) at the B3PW91/6-31#+G(d,p) Level

state geometry (angstroms, deg) energy (kcal/mol) frequencied, (@mensities, km/mol)
ScH
2A; 1.816, 119.4 0.0 ScH 1531.0(764, g, 1523.8(627, §, 507.5(91,8
ScDy: 1095.2(327), 1090.2(393), 364.2(46)
ScHD: 1527.1(688), 1093.2(368), 441.7(74)
2B, 1.886, 131.6 5.4 Sci 1477.4(119,9, 1403.8(922,5, 389.8(259,9
2A; 1.864, 122.1 11.2 Sck 1472.8(101,9, 1414.5(695,9), 443.3(274,9
2B, 1.921,179.9 16.2 SciH 1442.5(0,a), 1300.7(1065.4), 161.3(381,9
YH2
27, 1.955, 114.7 0o YH2: 1518.5 (280, 9, 1474.3(631, b, 484.3(132, §
YDy 1078.1(144), 1051.1(322), 345.1(67)
YHD: 1497.0(442), 1064.1(247), 420.2(102)
2B, 1.996, 117.0 16.8 Yb 1435.8 (365,89, 1396.8 (819,h), 454.9 (68,8
27, 1.980, 108.8 23.3 Yh 1439.1(217,9, 1396.3(516,p, 473.9(135,9
2B, 1.999, 121.4 31.9 Yk 1408.7(409,8, 1329.3(45,b), 381.7(73,9
LaH,
2A; 2.104,109.4 0.0 Lapi 1388.9(494,9, 1355.6(774.p, 448.7(173,9
LaD,: 984.9(251), 963.5(393), 318.8(87)
LaHD: 1372.7(625), 973.8(331), 389.6(137)
2B, 2.140,114.3 8.7 Lapl 1329.5(406,9, 1289.7(1102%), 474.9(81,d
2A; 2.122,99.8 13.7 Lapil 1351.8(442,9, 1292.4(715,p, 385.7(111,9
2B, 2.169, 122.5 33.0 Lagd 1261.9(618,9, 1112.2(4,b), 340.8(67,8

aSDD used for Y and La2 The B3LYP functional gave 1.962 A, 114,51506.9 cm? (259 km/mol), 1458.5 (613), and 475.9 (124).

TABLE 6: Geometries, Vibrational Frequencies (cnt?), and Infrared Intensities (km/mol) Calculated for (*A;) MH;* (M = Sc,

Y, and La)
method geometry (angstroms, deg) frequencies!¢mtensities, km/mol)
ScH"
BPW91/6-31#+G(d,p) 1.737,109.2 ScH: 1719.7(26, g, 1697.6 (186, b, 501.1(72, @
ScDh,*: 1225.8(17), 1218.0(109), 359.2(44)
ScHD': 1708.7(104), 1221.8(66), 436.3(64)
BPW91/6-31#+G(3df,3pd) 1.735, 109.6 Selt 1709.6(26, 8, 1684.3(191, §); 497.7(68, @
ScD,™: 1218.4(17), 1208.6(112), 356.8(41)
ScHD': 1697.1(106), 1213.4(67), 432.9(60)
MP2/6-311+G(d,p) 1.739, 110.1 ScH: 1845.4(64, @, 1774.0(565, ), 521.2(107, 9
Sch,™: 1315.7(39), 1273.1(315), 373.6(63)
ScHD': 1811.2(292), 1293.0(200), 453.4(94)
YH,*
BPW91/6-31#+G(d,p)/SDD 1.887,105.4 YH: 1669.5(84, g, 1645.8(289, §); 495.3(57, @
YD,*: 1186.0(46), 1172.4(155); 352.7(32)
YHD*: 1657.8(183), 1179.1(105), 429.5(52)
BPW91/6-31#+G(3df,3pd)/SDD 1.888, 105.2 YH: 1660.1(80, g, 1633.8(278, §), 487.8(54, @
YD,": 1179.5(44), 1163.8(149), 347.3(30)
YHD*: 1647.1(175), 1171.5(101), 423.0(50)
LaH2+
BPW91/6-31%+G(d,p)/SDD 2.036, 106.9 LaH: 1536.4(167,9, 1508.1(433,), 432.5(80,9

Very weak YH' and YD, bands are also present in HD
experiments, and the YHDbands were detected (4% of
mode intensities) with k- D, indicating that YH™ can also
be formed through the combination of Y+and H or YH and
H*. Note that AgH" and AgD* were observed in all argon

matrix experiment$44°>Neither neon nor pure deuterium traps
these cations presumably owing to their great reactivity with

excess hydrogen.

Likewise similar absorptions at 1420.7 and 1439.0 tare
assigned to Lapt in the argon matrix. The Pabsorptions shift

to 1029.9 and 1016.6 cmhand the HD substituted components

appeared at 1427.4 and 1020.1¢niThe intensities of these
bands are enhanced 10-fold on adding 4&H,, HD, and D
experiments, confirming the cation assignment. Spectra for thewhereas the observed differences are 119 and 143;dor

three MH™ cations are compared in Figure 3.

The results of BPW91 calculations for ¥H LaH,", and

ScH*t are listed in Table 6. The ground state is found to be

1A for all three cations, and the H bond is predicted slightly
shorter while the HM—H bond angle is about 2&maller than

LaD,*: 1089.6(87), 1071.7(225), 307.4(42)
LaHD*: 1522.6(296), 1080.4(161), 375.5(68)

for the neutral counterpart. Strong antisymmetric stretching
modes were calculated at 1697.6 (St} 1645.8 (YH™'), and
1508.1 (LaH™), which are overestimated by 3.8%, 6.6%, and
6.2%, respectively, in accord with other frequency calculations
for group 3 metal hydrides. Using the larger basis set (6-
311++G(3df,3pd) for H gave frequencies closer to the experi-
mental values. A red matrix shift on the order of 2% is expected
for these cations in solid argdh,so when the observed
frequencies are corrected for matrix shift the fit to calculated
frequencies is better. A comparison of calculated and observed
frequencies for MH and MH™ (M = Y and La) provides
further support for these assignments. DFT calculations predict
v1 andvz of YH,™ 151 and 171 cmt higher than those of Yk

LaH,", the calculated frequencies are 147 and 152dmgher
and the observed values are 118 and 137chigher.
Reactions of Stin several states with $#to form ScH" and
ScH,* have been explored through ab initio potential energy
surfaces? The M cations produced here by laser ablation will
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TABLE 7: Geometries, Vibrational Frequencies (cnt?), and Infrared Intensities (km/mol) Calculated for (!A;) MH 3 (M = Sc,
Y, and La) Molecules

geometry (angstroms, deg) frequencies, tfmode, intensities, km/mol)
SchHs
ScH: 1.820. HScH: 119.2 SeH1588.0(a, 3), 1517.5(e, 724 2), 613.9(e, 103k 2), 113.6(a, 776)

ScDy: 1123.793), 1092.6(386 2), 439.7(51x 2), 82.9(412)
ScHD: 1565.8(219), 1516.8(712), 1103.5(299), 611.3(97), 506.5(69), 104.59655)
ScHDy: 1541.7(445), 1112.1(157), 1094.1(402), 559.4(81), 441.8(52), 94.3(534)

YH;
YH: 1.974. HYH: 113.8 YH: 1500.5(a, 40), 1441.5(e, 785 2), 559.0(e, 92« 2), 262.8(a, 597)
YDs: 1062.9(22), 1028.4 2), 397.7(46x 2), 188.7(308)
YH.D: 1481.9(262), 1441.0(773), 1039.8(319), 553.0(103), 464.9(51), 239.9(504)
YHD.: 1461.9(497), 1050.3(179), 1029.3(420), 504.2(86), 406.4(41), 214.6(405)
LaH3
LaH: 2.123. HLaH: 108.8 Lakl 1378.3(a, 140), 1320.8(e, 875 2), 482.2(e, 90« 2), 328.2(a, 394)

LaDs: 976.4(72), 938.9(44% 2), 242.2(45x 2), 234.3(201)
LaH,D: 1360.3(356), 1320.7(869), 950.4(358), 474.6(112), 404.7(43), 298.3(336)
LaHD,: 1341.1(592), 962.6(229), 939.1(455), 430.8(95), 357.7(44), 264.2(259)

aBPW91/6-311#+G(d,p) for Sc and SDD for Y and La.

include excited states. Reaction 3 is computed to be 4.4 kcal/cm™ for ScH; and at 1079.1 cmit for ScDs exhibit triplet

mol exothermic for the Streaction?® The M* reaction in the splittings with HD. It is interesting to note that Sgli$ more

gas phase involves a similar insertion mechanism, but the MH reactive than Yl ScH; absorption decreased on annealing and
cations were characterized in the gas pHadéHere the matrix increased 3-fold on broadband photolysis. The assignment of
relaxes and traps the (MH) intermediate in the gas-phase H  LaHs is in concert with those for ScHand YHs; the 1263.6
reaction. The MH" cations, however, have been observed in cm™! band for LaH and 904.5 cm! band for La3 gave a
gas-phase metal cation reactions with methane and ethane wher#.3972 H/D ratio, which is the highest ratio in all three metal
the remaining hydrocarbon fragment assists in relaxation of the trihydrides. The HD band splitting also supports the trihydride

MH_* cation formecP®51Finally, the average bond enef§yn assignment.

ScH™ is higher than that in ScH which supports our stretching Our DFT calculations confirm these identifications of ScH
frequencies for Scht being higher than that for ScH In the YH3;, and Lahk. With the BPW91 functional the doubly
low-temperature matrix with added CQhe yields of ScH, degenerate (Bmodes are predicted at 1517.6 Thior Sch,

YH,", and Labl™ are enhanced greatly on deposition because 1441.5 cnt! for YH3; and 1320.8 cmt for LaHs, which are
M™ cations from ablation are preserved since £Xerved asa  29.9, 56.4, and 57.0 cri too high. The computed absorptions

strong electron capture reagent. for MH,D and MHD, match the experimental data very well
(Table 7). It is interesting to compare the-¥-H bond angles
MT(D) + H, — |\/|H2+ (1A1) ©) computed for Schl YHs and LaH. It is not surprising that the

M—H bond length is elongated from Sghkb LaH; because of

It is also interesting to note that two weak bands at 1463.8 Metal size increase. The BPW91 Scehiculation favors a
and 1426.0 cm! appeared and increased on annealing to 25 Pyramidal Cs,) structure instead of plan&rs, even though the
and 30 K at the expense of LaH The D; counterparts at 1044.1 ~ computed H-Sc—H bond angle is 11972 However, for YH
and 1020.6 le, and HD bands at 1445.2 and 1032.3¢ém the H-Y —H bond angle IS 113?8WhICh is deviated 6 2from
suggest a Mpt* vibration and the blue shift and growth on the D3y, structure, and even more deviation is obtained for4.aH
annealing infer perturbation by,HThe (H)LaH,* complex is (108.8 for H—La—H bond angle). The non.planar structure for
proposed. ScH; may b_e an a_lrt|fact of the_ DFT calculation as recent _CCSD-

MH 3. A new band at 1385.1 cm observed on deposition ~ (T) calculations find @3, equilibrium geometry for Sciwith
of laser-ablated Y with blincreased on annealing and doubled Slightly Ionglgezrs(l.835 A) bond length and highet) (eequency
its intensity on broadband photolysis. The band shifted to 995.4 (1542 cm®).2® The CCSD(T) results validate the BPW91
cm-1 giving a 1.3915 H/D ratio. Experiments with HD produced f_requency_calculatlon for S_Qj-and further support the present
two triplet bands with splittings at 1436.6, 1410.6, and 1384.1 first experimental observation of SeH
cmLin the Y—H stretching region and at 1023.7, 1010.5, and The most likely mechanism for formation of MHiholecules
997.0 cnit in the Y—D stretching region as shown in Figures is through reactions of MH with ¥ and reaction 4 is exothermic
1 and 2. These isotopic patterns are characteristic of a metalPy 34.5 kcal/mol for Sckl 27.1 kcal/mol for YH, and 29.7
trihydride, as found for All52so YHs is proposed. The triplet kcal/mol_for Lak. Broadbano! photolysis prpmoted this reaction
splittings in experiments with HD are due to lowering of suggesting an energy requwement.for pllhydrogen activation.
symmetry fromCa, or Da, to Cy, or Cs. The doubly degenerate Further annealing allows more ;Hliffusion and molecular
(¢) vibration (1385.1 cmt for YH3, and 995.4 cmt for YD3) complexes to be formed. The broader 1459.8 tabsorption
is split into two components at 1384.1 ch(@’) and 1436.6 that replaces the sharp 1487.7¢nScH; band on annealing is
cmt (@) in YH.D and at 997.0 cmt (&') and 1023.7 cmt probably due to a (bJxMH3 complex.
(&) in YHD. Note that the (4 component is very close to'fe

modes of YH or YDs. Moreover, the symmetric (gvibrations MH (*=) + H,—~ MH; (‘A) (4)

of the mixed isotopic molecules are also observed, as this mode

becomes stronger than the symmetriovéoration of the YH (H2)MH ». The (H)LaH, complex was identified just below

or YDz molecules. LaH, bands, in reactions of laser-ablated La atoms with
Similar metal trihydride bands are observed for $ad molecular hydrogen in argon matrix experiments. The sharp

LaH; as listed in Tables 2 and 3. The absorptions at 1487.7 absorptions at 1235.3 and 1287.1 @mwhich shift to 884.4
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TABLE 8: Geometries, Vibrational Frequencies (cnt?), and Infrared Intensities (km/mol) Calculated for (H,)MH » and MH 4~
(M = Sc, Y, and Lap

species geometry energy frequencies, cmt

(symmetry, state) (angstroms, deg) (kcal/mol) (mode, intensities, km/mol)

(H2)ScH: (Cz, 2B) ScH: 1.892. ScH 2.136. 0.0 3867.3(a, 36), 1456.5(a, 28), 1391.0(b, 888), 1150.8(b, 0),
H'H': 0.778. HScH: 143.1. 616.0(a, 91), 572.1(a, 0), 490.1(a, 197), 423.8(b, 149), 223.1(b, 393)
H'ScH: 23.6

ScHy™ (Tg, *Aq) ScH: 1.897 —64.3 1456.2(g 0), 1305.5(@, 1219x 3), 525.9(4, 434 x 3), 520.1 (e, Ox 2)

(H2)YH2(Cy,, ?By) YH: 1.986. YH: 2.163. 0.0 2755.9(a 1112), 1471.2(a 489), 1433.0(h 889), 1251.7 (b 25),
H'H": 0.851. HYH: 117.2. 855.1(a, 0), 662.3(a 0), 529.0(a 131), 337.8(k 77), 172.8(h, 549)
H'YH'": 22.7

YH 4 (Tg, *A1) YH: 2.063 —64.5 1364.2(a 0), 1241.3(4 1255x 3), 502.0(e, Ox 2), 476.4 (1, 516 x 3)

(Hz)LaHz (Cy,, ?B1) LaH: 2.137. Latt 2.417. 0.0 3270.7(a 1165), 1339.2(a552), 1302.0(h 1129), 1042.4(h 38),
H'H': 0.810. HLaH: 116.5. 678.9(a, 0), 665.1(a 2), 529.2(g 128), 322.3(k 61), 120.6(k, 628)
H'LaH: 19.3

LaH,~ (Tg, *Ay) LaH: 2.232 —54.6 1234.0(a 0), 1118.9(4 1483 x 3), 474.8(e, Ox 2), 420.0 (1, 476 x 3)

(H2)AlH 2 (Cs, 2A") AlH: 1.598. AlH'": 2.155. 0.0 2904.0(g 12), 1371.4(4, 171), 1322.8(a43) 564.9(a 32),
AIH": 2.234. HH": 0.763. 522.7(4 97), 343.3(8 17), 333.0(4, 2), 234.3(5 21), 118.1(4, 0)
HAIH: 119.9. HAIH': 85.4.
HAIH": 95.4

AlH 4~ (T, *A1) AlH: 1.6494 —68.5 1726.0(g 0), 1645.0(, 693 x 3), 770.5(%, 508 x 3), 753.5(e, Ox 2)

(H2)ScH: (Cz, ?Ba) ScH: 1.855. ScH 2.069. 0.0 3290.1(a 1162), 1521.3(a491), 1471.9(h 887), 1149.4(h 2),
H'H': 0.807. HScH: 123.0. 742.9(a, 54), 614.74a0), 495.9(a 117), 295.8(k 54), 205.4(k, 518)
H'ScH: 22.5

ScHy™ (Tg, *Aq) ScH: 1.897 —60.2 1463.7(a 0), 1311.4( 1217 x 3), 529.5(%, 434 x 3), 529.6 (e, Ox 2)

(H2)YH2(Ca,, 2By) YH: 1.993. YH: 2.184. 0.0 2837.6(g 1142), 1464.9(a478), 1424.8(h 852), 1217.8 (h 21),
H'H': 0.840. HYH: 117.1. 821.5(a, 0), 665.3(a 0), 524.2(a 120), 328.8(k 70), 145.0(h, 577)
H'YH'": 22.2

YH4 (Tg, A1) YH: 2.067 —68.1 1362.9(g 0), 1239.3(, 1246 x 3), 512.1(e, Ox 2), 479.9 (£, 479 x 3)

(Ho)LaHy(Ca, 2B1)  LaH: 2.149. LaM: 2.450. 0.0 3354.6(a 1515), 1331.2(a551), 1291.7(h 1110), 1009.4(h 42),
H'H": 0.820. HLaH: 116.2. 669.5(a, 0), 633.1(a 1), 515.6(a 121), 306.9(kh 57), —64.5(h, 748)
H'LaH': 18.8

LaH,~ (Tg, *Ay) LaH: 2.243 -57.9 1226.4(a0), 1110.2(4, 1471 x 3), 481.6(e, Ox 2), 420.2(}, 453 x 3)

(H2)AIH 2 (Cs, 2A") AlH: 1.597. AIH'": 2.278. 0.0 4210.3(g 18), 1881.2(4, 339), 1841.3(a82) 752.9(5 193),
AIH'": 2.373. HH": 0.756. 668.4(4, 60), 432.4(4 26), 409.3(4, 2), 220.5(4 35), 160.9(4, 0)
HAIH: 119.4. HAIH'": 84.8.
HAIH": 94.2

AlH 4™ (T, *A) AlH: 1.646 -71.2 1732.8(a 0), 1646.3(1 714 x 3), 782.2(1, 535 x 3), 361.8(e, Ox 2)

aUsing 6-311%+G(d,p) for Sc and SDD for Y and La. Top block used B3PW91 and bottom block B3LYP functionals.

and 921.3 cm! with D,, are due to the; andv; vibrational B3PW91 and B3LYP calculations converged these structures,
modes for the Labimoiety in (H)LaH, and LaD in (D,)LaDo, respectively.
respectively. These bands appeared on annealing, disappeared DFT calculations were performed for §f1H, (M = Sc, Y,
on photolysis, and restored on further annealing. With HD two and La) to determine the frequencies, vibrational intensities, and
median bands for the LaHD subunit were observed at 1261.2isotopic distributions (Table 8). The predicteglandv; modes
and 901.2 cm!; however, bands due to the Lalnd LaD of the MH, subunits are 1391.0, 1456.5 cinfor (H,)ScH;,
moieties also appeared with the same behavior, indicating the1433.0, 1471.2 cmt for (H,)YH,, and 1302.0, 1339.2 cmh
exchange of inequivalent hydrogen from (HD)LaHD toyD for (Hz)LaH,, which are in line with the experimental results
LaH, or (Hp)LaD,. The growth of (B)LaH, is substantially of 30—50 cn1? red shifts for MH relative to (H)MH,. Thus,
more than (H)LaD;, as the former is lower in total energy by it appears that most of the Sgfbrmed in these experiments is
0.5 kcal/mol and the latter is higher by 0.4 kcal/mol than (HD)- trapped as (BScH. Reaction 5 is exothermic by 6.6, 2.3 and
LaHD owing to zero point energy. 0.6 kcal/mol (B3PW91) for Sc, Y, and La, respectively. This is
Likewise, similar absorptions were observed fop)¥H- at sufficient to activate the exchange of side-bonded complexed
1363.4 cm® and for (D)YD- at 980.0 cm. With HD new (H2) and metal hydride (Mb) positions as (B)Sch; results from
bands due to (BYH at 1366 cm! and (H)YD; at 980 cnt? (HD)ScHD formed on annealing and photolysis (Figs. 10,11).
appeared owing to hydrogen exchange with the former an orderlt should be noted that these {fiMH, complexes are relatively
of magnitude stronger. Finally, @PyH, is lower than (HD)- weak, based on the computed’-HH' bond lengths. For
YHD by 0.4 kcal/mol whereas (YD, is higher by 0.3 kcal/ comparison the computed-HH length in Pd(H), 0.854 A29
mol owing to zero point energy and this affects the partition exceeds all of the present complex values. We do not observe
among the mixed isotopic complexes. the H—H stretching mode for the (BMH, complexes although
The analogous complex, gfScH, must be formed since the  our DFT calculations predict sizable intensity. Our experience
ScH,~ electron capture product is observed in these matrix is that calculations overestimate the-H mode intensit$® and
samples, but the assignment of specific bands is not straight-that these bands are broad makes them more difficult to detect.
forward because different structures appear to be favored for
(H2)ScH, and (D))ScDs.. The HD reaction gives evidence for H, + MH, (2A1) — (Hy)MH, (5)
(HD)ScHD in solid argon, which rearranged to bothp)8cH,
and (H)ScD;, on annealing and photolysis in favor of the former MH 4~. With La and H a band at 1114.3 cm appeared on
isotopic molecule. Table 3 lists the possible absorptions fgr-(H  deposition, increased on annealing and photolysis. Assignment
ScH,, which may be trapped in twistgd, or C,, structures as to the antisymmetric LaH stretching mode in Lakt is
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substantiated by Pand HD substitutiod* With D, the 1114.3
cm! band shifts to 797.8 cnt and with HD the 1114.3 cnt
band splits into 1183.1 and 1112.4 chand the 797.8 cmt
band into 833.5 and 799.8 cth The observation of four
stretching modes (two l-aH and two La-D) confirms that this

is a tetrahydride specié$These bands are eliminated by doping
with CCly, which preferentially captures electrons and thus
identifies an anion speci@s:37:38n neon the La-H and La-D
stretching modes in LafH and LaD~ appeared at 1101.8 and
788.7 cmY, respectively, and a similar isotopic splitting pattern
was observed for LajD,~. In contrast the isoelectronic HiH
molecule has much higher frequencies (1678.3 and 630.7
cm~1)53 and the intervening lanthanide series contraction and
relativistic effect8* for hafnium are not manifest for lanthanum
compounds. The ScH and YH,~ analogues have been identi-
fied in solid argon, neon, and deuterium on the basis of similar
spectroscopic observatiofsThe H/D ratios for the’s modes
increase for Sckt, YH4~, and LaH ™, respectively, from 1.3793
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equilibrium structures, and both are observed in similar neon
matrix experiment§®

(H2)2MH , Absorptions. A broad band at 1221, 1211 ¢t
in La + H, argon experiments and weak associated 3672 and
3338 cm! absorptions shift to 866, 856 crhand 2674 and
2459 cnr! with D,. These bands increase on late annealing and
are appropriate for the higher §ALaH, complex. The observa-
tion of two H—H (D—D) stretching modes requires the
bisdihydrogen complex of LajlLaD,) with a lower La—H,-
(Dy) stretching mode. The H/D ratios, 1.373 and 1.351, are
appropriate for H-H (D—D) stretching modes with considerable
anharmonicity. This identification is substantiated by the pure
deuterium matrix experiment where splittings in each band
(2684, 2681 cm?, 2474, 2466 cmt, and 863.6, 856.8 cm)
coordinate on annealings and photolysis. The neon matrix
counterparts are particularly interesting as nearly the same 2681,
2468, and 863 cmt absorptions are observed (Figure 5). In
addition to (HD}LaHD at 3248, 2869, 1220, and 863.3 ¢in

to 1.3910 to 1.3965 as the heavier metal contributes less to theqp in neon gave two new bands at 2677 and 2466 cfor

reduced mass of the vibration. We note that the sameD4H
anions were observed with the HD and the mixegH D,
reagents, which demonstrates that all H(D) positions in this
tetrametalate anion are equivalent. As can be seen in Figure 6
the anion yield decreases in the series §c® YD,~ > LaDs~

in solid deuterium.

The (H)MH; complexes are formed spontaneously from
combination of MH and H (reaction 5). Electrons are abundant
in the laser ablation process and;MH can electron capture
to give the tetrametalate anion MH Broadband irradiation
also contributes electrons for reaction 6 particularly in the case
of lanthanum.

(H)MH, +e —MH, (6)

The observation of weak MH and M—D stretching modes
for Y and La in MHD;~ and MHD~ in HD experiments
requires exchange through the higher order (#iyD com-
plex, which after rearrangement tofHD)MD or (D,)(HD)-

MH, photodissociates () or (H,) and then electron captures
to form the MHD;~ or MH3D ™~ anions. Likewise the YHB"
and YH:D~ bands were detected in the H D, experiments,
which also requires exchange through the higher order isotopic
complexes. Furthermore, electron capture is sufficiently exo-
thermic to expell the extra dihydrogen ligand.
(H),MH,+e —MH, +H, (7
Here electron affinity plays an important role in the formation
of the metal tetrahydride anions. Electron affinities estimated
from DFT, 2.79 eV for (H)ScH,, 2.80 eV for (BH)YH,, and
2.37 eV for (B)LaH,, are substantial and only slightly lower
than the 2.97 eV value for (AIH, using the B3PW91l

D—D stretching modes, the 1205 cilLa—H; absorption for
this complex was much stronger than the 856.8 ttra—D,
absorption, and photolysis favored the new products. This again
indicates rearrangement of hydrogen positions in @HB)D
to give (HD)(D;)LaH, and in addition that the dihydrogen
ligands are inequivalent. We suggest that the more strongly
bonded D absorbs at 2466 cm in (HD)(D,)LaH, and the less
strongly bonded Pabsorbs at 2677 cm in (D,)(HD)LaH; in
solid neon. Finally, with H + D, we observed the 2681 and
2468 cnt! bands for the B-D stretching modes and the
dominant 1202 cm! band for the La-H; stretching mode in
the (Dy).LaH, complex.

In the Y + H, product spectra broad bands at 1337 and 1309
cm~t with deuterium counterparts at 960 and 943 &in argon
are due to the ¥-H(D) stretching vibration in higher dihydrogen
complexes, most likely (b)>YH,, and a weak 2315 cm band
is due to the stronger of two BD stretching modes. These
bands increased on late annealing and decreased on photolysis.
With HD the Y—H counterpart bands at 1334 and 1308 ¢ém
are much stronger than the-D stretching bands at 962 and
953 cnl, suggesting that hydrogen position exchange occurs
in these complexes favoring the JLHD)YH,, form, as found
for the (HD)MHD complexes. In neon the bands at 1339 and
1318 cnt! and at 961 and 949 cm and a weak 2328 cmt
band are the major product absorptions besides YHhe two
Y —Hay(Dy) stretching modes are probably due to different
structures trapped in the matrix.

Absorptions at 3400 and 1300 chare attributed to the (-
ScH complex, and bands at 2480, 2456, and 965.6dwllow
for the (D,).ScD, complex. The (B),ScH; argon matrix band
at 1330 cmt is much stronger than the §/4ScD, band at 966
cm1; the strong B-D stretching 2480, 2460 cm band is

functional and 2.61, 2.95, 2.51 and 3.08 eV for group 3 and observed with HD, again substantiating the exchange of
Al, respectively, using B3LYP. Close agreement for these two hydrogen positions in these complexes. Similar results were

functionals validates the calculation. The stable isolated,AlH
anion is prepared by UV irradiation (240 nm) of Al and the
(H2)AIH 2 complex in solid argoR® The electron affinity of (H)-
AlH, more than makes up for the difference between the photon

obtained with HD in neon. The BD stretching absorptions
are illustrated for neon and deuterium matrix experiments in
Figures 5 and 6.

DFT calculations for (H).YH, and (H).LaH, provide some

energy and the ionization energy of Al atom. Similar laser-
ablation experiments give isolated AfH in solid argon at
1609.0 cnt?, in excellent agreement with the photolysis
experiments of Manceron et #&l.Calculated structures and
frequencies for (R)AIH, and AlH,~ are also given in Table 8
for comparison. Finally, the Bk anion is more stable than
the analogous (KBH, complex by 3.07 eV, calculated for the

support for the identification of these complexes although these
results are only approximate. We were not able to converge
structures for (H)>ScH, nor with equivalent Hligands. These
calculations suggest that one of the dihydrogen ligands is bound
more strongly than the other, the former gives a strong infrared
absorption, and the MH,; modes are red-shifted from ¢H

MH values. Calculations are given in Table 9 for the yttrium
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TABLE 9: Geometries, Vibrational Frequencies (cnt?), and Infrared Intensities (km/mol) Calculated for (Ho),MH, (M =Y
and La)

species (symmetry state) geometry (angstroms, deg) frequenciés(intansities, km/mol)

(H2)2YH2(Ca,, 2B1) YH: 1.995. YH:2.172. 3801.2(g, 12), 2849.1(a 1398), 1435.9(a 279), 1407.0(h 868), 1256.9(h 0),
YH'": 2.291. HH': 0.843. 1150.8(k, 0), 837.7(a, 4), 792.3(a, 0), 722.5(a 85), 641.1(a 0), 537.4(a, 1),
H'H": 0.781. HYH: 1285  507.6(k, 171), 250.8(h 422), 247.8(k 17), 192.2(k, 71)

(Hz)2LaH; (Ca,, 2B1) LaH: 2.10. LaH: 2.448. 3875.5(a, 14), 3387.0(a 1769), 1315.1(a 349), 1290.9(h 1045), 1049.9(h 4),
LaH": 2.472.HH": 0.802.  1026.0(h, 1), 725.6(a 59), 694.9(a 0), 652.5(a, 0), 636.2(a 23), 499.9(a4),
H"H": 0.776. HLaH: 122.8 435.1(h, 161), 271.4(h 322), 230.8(h 14), 169.0(k 222)

2B3PW91/6-31%+G(d,p)/SDD) for H and SDD for Y and La.

and lanthanium species. As found for Pe)t$ 3 complexe® These absorptions are substantially enhanced in, @@ping

the intensities of HH ligand vibrations are overestimated. experiments since Mconcentrations are maintained owing to
Other Absorptions. The 1391.4 cm! band with Sc in argon CCl4 serving as a capture reagent for electrons. Charged species

is favored by higher laser energy and photolysis. This band andcontribute more to the spectra of group 3 reaction products than

the 1009.1 cm! D, counterpart show little shift with HD  for any other transition metal. Although solid neon works better

substitution. A higher metal species is suggested. than solid argon for the trapping of charged species in many
systems, this is not the case for the small reactive group 3 metal
Conclusions dihydride cations, which undergo more reactions during the

Laser-ablated group 3 atoms react with té form MH, slower condensation process in solid neon.

MH>", MH,, MH3, (H)MH», and MH,~ (M = Sc, Y, and La),
which are identified in solid argon. The diatomic molecules give
absorptions at 1530.4 crhfor ScH, 1470.4 cm! for YH, and
1344.1 cn! for LaH, which further react with kto produce
the metal trinydrides, Mg that absorb at 1487.7 crhfor Sch,
1385.1 cm?! for YH3 and 1263.8 cm for LaHs. The
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