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Metal Dihydride (MH ») and Dimer (M2H,4) Structures in Solid Argon, Neon, and Hydrogen
(M = Ca, Sr, and Ba): Infrared Spectra and Theoretical Calculations
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Department of Chemistry, Usrsity of Virginia, Charlottesille, Virginia 22901

Receied: September 1, 2004; In Final Form: October 1, 2004

Laser-ablated Ca, Sr, and Ba atoms were co-deposited wiih €kcess argon, neon, and hydrogen to form
alkaline-earth metal hydrides. The metal dihydrides (&&tH,, and BaH) were identified in solid argon,

neon, and hydrogen. Increasing infrared intensity in the symmetric stretching mode and electronic structure
calculations show that these dihydride molecules have decreasing obtuse valence angles, respectively. These
MH, molecules also form (5},MH, complexes. Further dimerization of metal dihydrides gave double-bridged
HCaH,CaH with Dy, symmetry and triple-bridged HSg8r and HBaHBa with C;, symmetry, which are
confirmed by B and HD isotopic substitutions and quantum chemical calculations. Bonding in heavy alkaline
metal hydrides is discussed.

Introduction employed to collect molecular vibrational information, and

Sol-state Cab it and B form onrormortic s ECrELcl caons e usedfo epracce mlecuy spec
turest! but little is known about the molecular heavy alkaline- P prop : P p

earth dihydride3. The CaH molecule was identified in solid mental evidence for the Sgrand Bak molecules.
xenon and krypton through photoexcited atomic calcium reacting
with Hy;® however, searching for heavy alkaline-earth dihydrides
in the gas phase was unsuccessful, since these molecules are | aser-ablated Ca, Sr, and Ba atom reactions with hydrogen
less stable with respect to the metal atom and molecularin excess molecular hydrogen and neon and during condensation
hydroger?: In contrast, the structures of heavy alkaline-earth at 4 K and in argon ta8 K were performed as described in
dihydrides have been extensively studied theoretically and the detail previously:*15The Nd:YAG laser fundamental (1064 nm,
computed results are not consistent with each other in some10 Hz repetition rate with 10 ns pulse width) was focused onto
cases; the linear or bent structures for Galeipend on different  a rotating metal target (Johnson Matthey). Fresh metal targets
theoretical method$.” Similar to alkaline-earth dihalides, the  were cut, washed with dry hexane, filed clean, and quickly
bending potentials of alkaline-earth dihydrides are extremely placed in the vacuum chamber. Even so, trace oxide absorp-
shallow, resulting in variable bond angles from different tions!6 were observed in the initial sample deposits. The laser
computations.Furthermore, the Sriand Bak molecules are  energy was varied as low as possible to avoid forming metal
predicted to be bent, which contradicts the expectations of the clusters in the matrix samples (typical energy-is—3 mJ/pulse
valence shell electron-pair repulsion (VSEPR) model for main- for hydrogen and neon experiments anfl mJ/pulse for argon
group structural chemistr? experiments). Fourier transform infrared (FTIR) spectra were
The diatomic hydrides are expected to be formed upon recorded at a resolution of 0.5 cAon a Nicolet 750 instrument
decomposition of the triatomic dihydrides. Indeed, a recent gas-with a 0.1 cnt! accuracy using an HgCdTe detector. An
phase investigation observed both CaH and SrH but not theefficient converter was used to prepare parahydrogen and

Experimental and Computational Methods

dihydrides owing to their relative instability. orthodeuteriunt? Matrix samples were annealed at different
Laser-ablated metal atom reactions with molecular hydrogen temperatures and irradiated by a medium-pressure mercury arc
have been investigated extensively in our laboratorigh- lamp (Phillips, 175W) with the globe removed using optical

energy metal atoms generated by laser ablation react with H filters for 20 min periods.

during co-condensation in low-temperature matrixes. Some less - Complementary density functional theory (DFT) calculations
stable molecules and reaction intermediates can be relaxed angyere performed using the Gaussian 98 progtathe B3LYP
trapped, and their molecular properties can be investigated.density functional, and the 6-331G(3df,3pd) basis for H and
Annealing and photolysis promote further reaction to give Ca and the SDD pseudopotential and basis for Sr and Ba.

higher-order metal hydrides and hydrogen complexes. With this Additional MP2 calculations were done for comparison.
method, the light alkaline-earth hydrides, BeBe,H,, MgHo,

and MgH4, have been synthesized in solid argon, neon, and Resyits

hydrogent®11The group 13 metal hydrides have been also been

investigated thoroughly and #fls and InHg found to have Infrared spectra from laser-ablated Ca, Sr, and Ba atom co-

diborane-like bridge-bonded structuf@g? condensation reactions with hydrogen in argon and neon and
In this paper, we present our search for heavy alkaline-earthWith pure hydrogen and calculations on the metal hydride

hydrides in low-temperature matrixes. Infrared spectra are Products will be reported.

Calcium. Figure 1 illustrates the C&H stretching and CaD

* Corresponding author. E-mail: Isa@virginia.edu. stretching regions from the infrared spectra of reaction products
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Figure 1. Infrared spectra in the 136800 cn1? region for laser-
ablated Ca reactions with hydrogen during deposition in excess argonFigure 2. Infrared spectra in the 138600 cnt? region for laser-

at 8 K: (a) 4% H, deposited sample; (b) aftér> 320 nm irradiation; ablated Ca reactions with hydrogen during deposition in excess neon
(c) after’ > 290 nm irradiation; (d) after annealing to 20 K; (e) after at4 K: (a) 4% H, deposited sample; (b) aftér> 360 nm irradiation;
annealing to 27 K; (f) 4% HD, deposited sample; (g) after 290 nm (c) afterA > 290 nm irradiation; (d) after annealing to 12 K; (e) 4%
irradiation; (h) after annealing to 21 K; (i) after annealing to 27 K; (j HD, deposited sample; (f) aftér> 360 nm irradiation; (g) aftet >

Wavenumbers (cm’')

4% D,, deposited sample; (k) aftér> 320 nm irradiation; (I) afte 290 nm irradiation; (h) after annealing to 12 K; (i) 4%, Dleposited
> 290 nm irradiation; (m) after annealing to 21 K; (n) after annealing sample; (j) afterd > 360 nm irradiation; (k) afterd > 290 nm
to 31 K. irradiation; () after annealing to 12 K.

with hydrogen, deuterium, and deuterium hydride in excess A > 380 nm photolysis, the 1203.1 ciband increased 3-fold,
argon during condensation at 8 K. Weak bands at 1262.0,the 1240 cm! band almost disappeared, and new bands
1232.4, 1216.3, 1057, and 874 chwere observed with 4%  appeared at 1221.0, 1072, and 878 &mwhile the 1258.2 crmt

Hz in solid argon. No changes were observed/or 530 nm band did not change its intensity; > 290 nm irradiation
irradiation, but withA > 320 nm photolysis, the 1216.3 and increased the 1203.1 cthanother 3-fold. Upon annealing to
1057, and 874 cmt bands increased, while the 1262.0Tm 12 K, all bands decreased and a shoulder appeared at 1199 cm
band decreased, and further irradiatio a 290 nm continued Experiments were done with pure normas th-H,), normal

these trends. A weak 1289.7 cirband is associated with the D, (n-D,), parahydrogerpéHs), orthodeuteriumd-Dy), and HD
stronger 1216.3 cni absorption. The above bands decreased and the spectra in Figure 3 show that similar products were

upon annealing, but new 1194.9 and 1186.3 tabsorptions obtained. Our solid molecular h ;
. . ydrogen spectra contain per-
appeared. The 1232.4 criband has been assigned to HCaOH turbed H absorptions common to all metals that have been

i i 9 i 0,
from the photochemical reaction of Ca andQH*: With 4% described previousB Similarly, weak absorptions due to £}

D, in argon, these bands shift to 911.1, 884.9, 771, and 634 . . X -
. : trapped in solid argon at 4151 ctand in solid neon at 4149
cmand to 869.9 and 863.6 ¢ respectively. The HD spectra om and (D)s trapped in solid argon at 2985 cfrand in solid

are illustrated between theytind Dy spectra for comparison 2982 crmi h .
and band identification, and the product absorptions are listed neon at cm" are common to these experiments.

in Table 1. Weak absorptions were observed at 903 and 644 Strontium. The major strontium hydride infrared spectra are

cm ! for the AH™ and ArD™ species® shown in Figures 46, and the product absorptions are
The infrared spectra of Ca atom reactions with By, and summarized in Table 2. With Hin argon, three bands were

HD in neon are shown in Figure 2. After deposition with, H  observed at 1202.1, 1174.6, and 1132.4 topon deposition.

weak bands appeared at 1258.2, 1240, and 1203-1. aifith Irradiation ¢ > 290 nm) increased the 1202.1 and 1132.4¢tm

TABLE 1: Infrared Absorptions (cm ~1) Observed from Reactions of Calcium and Dihydrogen in Solid Pure Hydrogen, Neon,
and Argon

n-Hx p-H> nD; 0-Dz HD Hz/Ne  Ds/Ne HD/Ne HY/Ar HD/Ar DJ/Ar identification
4071 2920 (H2)nCakHp
1257.5 1258.5 909.8 910.1 1259.9,909.9 1258.2 908.9 1258.2,908.9 9149 CaH/CaD
1255.1 1256.6 907.6 907.9 1257.3,908.2 1262.0 9111 CaH/CaD
1251.9 904.1 1252.4,904.7 1252.6 903.2 CaH/CaD
1215.4 877 1219.9,872.8 1221.0 886.6 1222,876 H@E&D4
1211.5, 867.8
1240 888 HCaCaH
1289.7 (914.9) CapfCab; (v1)
1196.9 1204.4 870.9 873.2 1203.7,877.1 1203.1 873.7 1216.3 884.9 ,/GadKl(vs)
1237.9, 889.9 1234.4,890.1 1253.0, 899.9 CaHD
1186.3 1196.0 866.8 869.7 1193.0,869 1194.9 869.9 (Ca, (site)
1183.9 1194.7 861.7 866.4 1190.5,867.2 1186.3 863.6 ICalfd; (site)
1229.1, 883.7 1232.6,885.3 CaHD (site)
1226.6, 882.0 1222.5,878.4 CaHD(HD)
1073 1071 783 782 1161, 1034,806 1072 785 1164, 1037,808 1070 1031 779 ;H,/CG26D,
783, 740, 662 785, 742, 664 1057 771 ,BdCgD4

877 876 631 632 878 634 874 634 £BaCaD,
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Figure 3. Infrared spectra in the 136600 cnt! region for laser- Wavenumbers (cm)
ablated Ca reactions with hydrogen during deposition in pure hydrogen Figure 5. Infrared spectra in the 122600 cnt? region for laser-
at 4 K: (a) H deposited; (b) aftet > 470 nm irradiation; (c) aftet ablated Sr reactions with hydrogen during deposition in excess neon

> 360 nm irradiation; (d) afted > 290 nm irradiation; (e) after  at4 K: (a) 4% H, deposited sample; (b) aftér> 290 nm irradiation;
annealing to 7.2 K; (f) HD deposited; (g) after 360 nm irradiation; (c) after annealing to 12 K; (d) 4% HD; () after 360 nm irradiation;
(h) after > 290 nm irradiation; (i) afted > 220 nm irradiation; (j) (f) after A > 290 nm irradiation; (g) after annealing to 11 K; (h) 4%
D deposited; (k) afted > 290 nm irradiation; (I) after annealing to  D,; (i) after A > 360 nm irradiation; (j) aftei > 290 nm irradiation;
10 K. (k) after annealing to 13 K. TB denotes triple-bridgedr&D..
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Figure 4. Infrared spectra in the 122640 cnt! region for laser- Figure 6. Infrared spectra in the 126@®00 and 926-680 cnT? regions

ablated Sr reactions with hydrogen during deposition in excess argonfor laser-ablated Sr reactions with hydrogen during deposition in pure
at 8 K: (a) 4% H, deposited sample; (b) aftér> 290 nm irradiation; hydrogen at 4 K: (ap-H; deposited; (b) aftet > 360 nm irradiation;
(c) after annealing to 17 K; (d) 4% HD, deposited sample; (e) dfter  (c) afterA > 290 nm irradiation; (d) after annealing to 6.8 K; (®H-
> 290 nm irradiation; (f) after annealing to 20 K; (g) 4%, Deposited deposited; (f) afted > 420 nm irradiation; (g) afted > 360 nm
sample; (h) afted > 290 nm irradiation; (i) after annealing to 20 K. irradiation; (h) afterA > 290 nm irradiation; (i) aftel > 220 nm
irradiation; (j) n-D, deposited; (k) afted > 360 nm irradiation; ()
bands 5-fold, while the 1174.6 cthband decreased. Similar ~ after4 > 290 nm irradiation; (m) after annealing to 10 K; (@)D:
D, and HD argon matrix experiments were performed, and the 46Posited; () aftef > 360 nm iradiation; (p) aftes > 290 nm
P . . irradiation.
spectra are shown in Figure 4. Our Sr atom reactions wijth H
in neon employed a very low ablation laser energy in order to much weaker relative to the 1068.6 thband in samples with
avoid forming metal clusters upon deposition. As shown in 29 H,. Experiments with a higher laser energy, 4% Bind a
Figure 5, the strontium hydride product absorptions are very 12 K substrate gave a sharp 1132.5 éreature on the side of
weak upon deposition, but strong 1100.4¢rand broad 979  the 1128.6 cm! absorption and broad 875 and 745drhands,
cm™! bands (H experiment) and strong 788.8 and 718 ém  but the 1068.6 cmt band was still dominant. The product

bands (R experiment) were produced upoh > 290 nm  absorptions shifted with HD andzDas shown in Figure 7 and
photolysis. Similar spectra WiFh stronger bands are observed injisted in Table 3. With higher laser energy and 4%iDexcess
pure B, D2, p-Hz, ando-D2 (Figure 6). argon, a sharp 809.9 crhshoulder was observed on the 803.7

Barium. Laser-ablated Ba atom reactions with iere also cm! band and broad 627 and 535 thbands were also
performed in argon, neon, and pure hydrogen. Infrared spectraobserved. With HD, the 1098.0 and 782.5 dnibands were
of Ba—H and Ba-D stretching regions in solid argon are dominant but the same absorptions were observed at 1132.5
illustrated in Figure 7 for 6% Ksamples. A weak band was and 809.9 cm! along with broad features at 887, 860 ©m
observed at 1068.6 crh upon deposition. Irradiation &t > and 686, 664 cmt.
380 nm increased this band 10-fold and produced new features The behavior of the Ba andHeaction in excess neon was
at 1128.6, 1098.8, and 1036.4 tlSubsequent 246380 nm somewhat different: Very weak features at 1027.6 and 881.0
irradiation decreased all absorptions. Annealing to 20 K formed cm™! upon sample deposition increased upbr> 380 nm
a broad 1030 cmt band. The 10361030 cnt! absorption was irradiation, and sharp 1131.3 and 1067.9 énbands were
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Figure 7. Infrared spectra in the 12660 and 846-700 cnT! regions

for laser-ablated Ba reactions with hydrogen during co-deposition in
excess argon at 8 K: (a) 6%Hleposited sample; (b) aftér> 360

nm irradiation; (c) after 246380 nm irradiation; (d) after annealing
to 20 K; (e) 6% HD, deposited sample; (f) affer 360 nm irradiation;

(g) afterA > 320 nm irradiation; (h) after annealing to 17 K; (i) 6%
D,, deposited sample; (j) aftér > 360 nm irradiation; (k) afted >

320 nm irradiation; (I) after annealing to 18 K.

produced (Figure 8). Further, 24380 nm irradiation slightly

B
VA ~3 0
_w/'j\*/\_,__(k)
T
(HD),BaHD
Ball-ID V4

0.15
p (HD)BaHD

BaH
I (h)
(@)

| Y| SN S
e~ — e~ efD)

e e e (©)
(Hy),BaH,

BaH,

e
-
=

Absorbance

HBaH;Ba

0.05 1 (d)

,—’\-I‘"/L,—'\/\/—\A—.———-\___JC)
| NN ————— )

(@)
500

0.00
1200

900 800 700 600

Wavenumbers (cm™)
Figure 8. Infrared spectra in the 126600 region for laser-ablated
Ba reactions with hydrogen during co-deposition in excess neon at 4
K: (a) 4% H,, deposited sample; (b) aftér> 360 nm irradiation; (c)
after 246-380 nm irradiation; (d) after annealing to 9 K; (e) 4% HD,
deposited sample; (f) aftdr > 360 nm irradiation; (g) aftet > 320
nm irradiation; (h) after annealing to 9 K; (i) 4%Deposited sample;
(j) after A > 360 nm irradiation; (k) after 246380 nm irradiation; (I)
after annealing to 9 K.

1100 1000

Calculations. Systematic calculations were performed on the

increased the broader bands. Analogous results were obtainedVH and MH, molecules and several dimer structures to provide

for D, but a new band formed with HD at 1019 cin This

a consistent set of infrared intensities and frequencies for H, D,

behavior carried over to the solid molecular hydrogens (Figure and mixed H/D isotopic molecules to aid in making vibrational

9) where strong 1064.6, 1007.6, and 874.4 &émands were
produced in H, and their counterparts inJDbut only a weak
1024.5, 1014.4 cm* band was observed in solid HD.

assignments following the work of Kaupp et*&? Tables 4, 5,
and 6 summarize the results for calcium, strontium, and barium
hydrides, respectively.

TABLE 2: Infrared Absorptions (cm ~1) Observed from Reactions of Strontium with Dihydrogen in Solid Pure Hydrogen,

Neon, and Argon

n-H; p-H2 n-D, 0-D, Hz/Ne D.)/Ne HD/Ne H/Ar HD/Ar D/Ar identification
4090 2940 2915 (BnSTH,
4060 2912 4052 2899 @hSrH,
1168.3 1170.2 836.8 836.5 11715 839.3 11715, 839.3 1174.6 1174.6,842.7 842.7 SrH/SrD
1166.7 1168.3 831.2 832.2 SrH/SrD (site)
1126.4 1202.1 1167.0 855.0 SYBrD;,
1121 1125 810 HSrgBr/DSrD;Sr
1099.5 1106.6 791.4 793.5 1100.4 788.8 1137.7,811.1 1132.4 832.7 812.9 ,/Sr&H
1093.5 785.5 788.3 1093 SHIrD; (site)
1086 1101.1 779.9 782.7 SrH,/SrD; (site)
1041 747 715.9 1047 752 1079, 1038 1020 HSDSrD;Sr
974 977 717 979 718 967 975 693 HS8ADSrD;Sr
808 810 577 813 581 755 839 751, 707 602 HsSWHDSr;Sr
719 521 738,720 HSrHS$r/DSrD;Sr
556 556 556 553 HSr$r/DSrD;Sr
TABLE 3: Infrared Absorptions (cm ~1) Observed from Reactions of Barium with Dihydrogen in Solid Pure Hydrogen, Neon,
and Argon
n-H, n-D; Hz/Ne HD/Ne D/Ne Ho/Ar HD/Ar D/Ar identification
4042 2903 4042 3531 2902 {ABaH,
3966 2852 3976 3458 2850 {HBaH,
1131.3 1100.4 1128.6 1098.0 BaH
807.7 803.7 Bab
1132.5 1132.5 BaH
809.9 809.9 BaD
1064.6 1098.8 (p.BaH:
764.2 784.4 (B).BaD,
1067.9 785.5 1068.6 782.5 BaH
764.9 764.0 Bab
1007.6 1019.5 1036.4 1070.6 HBaH,
727.3 750 764.0 742.5 @BabD;
1027.6 1050 732.7 1030 733 {rBaH,
HBaH:Ba/DBaD;Ba
874 620 881 626 875 887, 860 627 HB#&d/DBabD;Ba
730 560 758 745 686, 664 535 HBgB&/DBaD;Ba
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TABLE 4: Calculations of Calcium Hydrides at the B3LYP and MP2 Levels of Theory with the 6-31H+G(3df,3pd) Basis Set

species geometty  rel energy frequencies, crt (intensities, km/moP)
B3LYP
CaH ) Ca—H: 1.985 CaH: 1292.9 (332)CaD: 925.7 (170)
Cah: (*A) CaH: 2.030 CaHy: 1333.4 (a 35), 1261.3 (b 923), 216.9 (g 665)
HCaH: 142.7 CaD,: 946.5 (20), 911.3 (486), 156.6 (346)
CaHD: 1299.0 (428), 927.4 (305), 189.2 (511)
HCaCaH &) CaH: 2.008 0.0 HCaCaH: 1296.5 ¢, 0), 1286.5 ¢y, 1930), 137.2¢g, 0), 93.7 {rg, 0 x 2), 88.3 (ry, 413 x 2)
CaCa: 3.800
CaCaH (*Ay) CaCa: 4.134 3.7 CaCaHx 1290.9 (a 287), 1220.5 (h 744), 316.6 (a 670), 122.4 (b 590),
CaH: 2.035 73.6 @0), 13.3 (b, 25)
HCaH: 135.4
HCaHsCa (tA;) CaH: 2.041 0.0 HCaHsCa: 1257.5 (a 621), 1217.4 (a 191), 1094.6 (e, 53% 2), 902.0 (a 981),
(Cs) CaH: 2.295 716.2 (e, 7% 2), 611.2 (e, 466« 2), 256.5 (a 1), 240.2 (e, 24% 2)
CdH': 2.076 DCaDsCa: 899.4 (359), 870.9 (102), 782.2 (2892), 645.8 (477), 510.6 (4% 2),
437.6 (236x 2), 253.7 (1), 175.5 (11% 2)
HCaHD,Ca: 1252.9 (605), 1142.7 (365), 849.4 (620), 789.5 (260), 782.8 (314), 573.4 (159),
572.3 (186), ...
DCaH,DCa: 1183.5 (359), 1094.2 (519), 919.7 (19), 849.4 (1058), 795.6 (209), 710.7 (145),
623.8 (225), ...
CaHa (*Ag) CaH: 2.025 1.2 CayH,: 1306.2 (g, 0), 1291.6 (I, 686), 1087.9 (h, 1999), 981.0 (@ 0), 960.3 (B, 0),
(D2n) CaH: 2.198 900.3 (h, 823), 481.2 (k, 646), 248.2 (k, 0), 222.3 (b, 546), 204.9 (g 0),
CaHCa: 102.5 77.8 (R, 747), 23.8 (b, 0)
Ca;Ds: 934.3 (0), 920.6 (445), 781.8 (963), 697.8 (0), 685.2 (0), 646.4 (441), ...
HCaHDCaD: 1295.6 (456), 1041.1 (822), 957.6 (431), 910.3 (421), 723.2 (235),
669.6 (319), 419.1 (498), ...
MP2
CaH ¢3) CaH: 2.002 CaH: 1307.2 (453)CaD: 936.0 (232)
HCaH (=) CaH: 2.044 CaH,: 1350.2 ¢g, 0), 1264.0 ¢, 953), 89.1 £y, 953 x 2)
HCaH: 180.0 CaD,: 955.1 (0), 915.3 (500), 64.5 (500 2)
CaHD: 1309.7 (421), 932.8 (305), 77.8 (7262)
HCaHCa (A;)) CaH: 2.043 0.0 HCaHsCa: 1276.9 (a, 581), 1233.4 (g 347), 1112.7 (e, 55% 2), 917.9 (g, 1134),
(Ca) CaH: 2.302 722.5 (e, 4% 2),635.3 (e, 63% 2), 266.6 (a 0), 245.6 (e, 286« 2)
CdH': 2.075 DCaDsCa: 913.4 (346), 882.1 (183), 795.1 (300), 656.8 (552), 514.2(3,
455.5 (322x 2), 263.9 (0), 179.6 (132 2)
CaHa (*Ag) CaH: 2.028 -1.4 CayHa: 1324.6 (g, 0), 1312.9 (b, 584), 1126.3 (h, 2001), 1021.3 @0),
(D2n) CaH: 2.194 1013.7 (&, 0), 910.3 (b, 920), 518.0 (k, 793), 245.8 (&, 0), 228.8 (by, 652),
CaHCa: 103.4 215.1 (@0), 123.7 (b, 714), 115.2 (ky, 0)

2Bond lengths (angstroms) and bond angles (degré&slative energy in kilocalories per moleFrequencies not scaled.
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CaH, SrH, and BaH. The group 2 diatomic hydrides have
been investigated in the gas phdsand recent high-resolution
work has provided accurate vibrational frequenéi#s?® These
diatomic hydrides are expected from the decomposition of the
dihydride molecules formed in the reaction of laser-ablated metal
atoms with dihydrogef* A band at 1262.0 crmt appeared after
the initial deposition of Ca with Kin argon and decreased upon
near-UV photolysis and annealing to 20 K. Thedunterpart
at 911.1 cm?! gives a 1.385 H/D isotopic ratio. The HD
experiment reveals an isotopic doublet at 1262.0 and 911.1
cm~1, suggesting assignment to the diatomic molecule CaH. In

DBaD,Ba
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Figure 9. Infrared spectra in the 1268150 cnt? region for laser-
ablated Ba reactions with hydrogen during co-deposition in pure
hydrogen at 4 K: (ap-H. deposited; (b) aftet > 470 nm irradiation;

(c) afterA > 420 nm irradiation; (d) aftek > 290 nm irradiation; (e)
afterA > 220 nm irradiation; (fn-D, deposited; (g) aftet > 470 nm
irradiation; (h) afterA > 360 nm irradiation; (i) afted > 290 nm
irradiation; (j) afterA > 220 nm irradiation.

Discussion

The heavy group 2 hydride products will be identified by
deuterium substitution and by comparison with computed
isotopic frequencies.

0.40 -
\_/&A_’_v\_/\_\’_@ solid neon, CaH absorption appeared at 1258.2cand CaD
\_/\_'/k_,_v\_/\w absorption at 908.9 cmd. Again, the doublet at 1258.2 and 908.9

cm~tin the HD experiment in neon confirms that a single H(D)
atom is involved. The CaH and CaD molecules were also
trapped in solid hydrogen (1255.1 ci) and deuterium (904.1
cm™1) (p-Hz ando-D,, see Table 1). The absorptions of CaH in
solid neon and hydrogen are 1.8 and 4.9 émespectively,
below the gas-phase fundamehtat 1260.0 cm?, which is
excellent agreement. However, the argon value is 2.0'cm
higher, suggesting a strong interaction between argon and
calcium where the Ca atom is partly polarized. Although argon
matrix blue shifts are not common, they have been observed
for coinage metal hydridés.

The absorption of SrH was observed at 1171.5tm neon,
1166.7 cmt in hydrogen, and 1174.6 crhin argon upon
deposition. With B, these bands shift to 839.3, 836.8, and 842.5
cm L, respectively. With HD, the same two bands were observed
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TABLE 5: Calculations of Strontium Hydrides at the B3LYP and MP2 Levels of Theory

species geometty rel energy frequencies, crmt (intensities, km/moP)
B3LYP/6-311H+G(3df,3pd)/SDD

SrH (=) Sr—H: 2.143 SrH: 1184.2 (323)SrD: 842.4 (164)
SrH; (*Ay) SrH: 2.164 SrH,: 1227.6 (a, 117), 1159.9 (b 906), 343.6 (g 309)

HSrH: 124.5 SrD,: 871.3 (61), 827.7 (465), 244.9 (157)

SrHD: 1195.5 (454), 848.1 (322), 298.6 (245)

SrHSr(A;)  SrH: 2.340 0.0 SrH,Sr: 933.0 (g, 0), 931.5 (g, 0), 809.7 (hy, 2111), 762.3 (R, 264), 456.9 (k, 70), 140.5 (g O)
(D2n) SrSr: 3.809
SrHSrH ¢A)  SrSr: 3.727 3.4 SrHSrH: 1178.7(4 1221), 973.2 (a29), 786.6 (§ 438), 203.8 (¢ 259), 94.8 ( 17), 68.6 (4, 310)
(8] SrH: 2.372

SrH: 2.283

SrH": 2.174
SrSrH (*A;)  SrSr: 4.576 14.7 SrSrH,: 1187.0 (a 471), 1122.6 (B 769), 346.8 (g 331), 89.2 (b, 640), 72.4 (b, 75), 44.8 (20)
(Cx) SrH: 2.184

HSrH: 124.6
HSrHsSr (A;) SrH: 2.212 0.0 HSrHsSr: 1142.9 (g, 804), 1111.1 (g 201), 1003.5 (e, 58& 2), 827.3 (@ 956),
(Cs) SrH: 2.465 675.6 (e, 10% 2), 553.2 (e, 444« 2), 209.7 (e, 263 2), 159.1 (g 0)

SrH": 2.234 DSrDsSr: 812.5(433), 790.3(99), 713.1(30632), 588.6(471), 479.9(5& 2), 393.5(223« 2),

158.2(0), 150.7(12% 2)

SiH4 (YA) SrH: 2.176 49 SrpHs 1191.8 (g, 0), 1185.9 (b, 651), 1029.2 (h 2173), 910.1 (h 0), 905.8 (g 0), 817.7 (a 921),
(Can) SrH: 2.348 469.8 (b 525), 338.4 (R 0), 235.5 (g 514), 173.0 (g 0), 126.8 (g 0), 122.0 (b, 532)

CaHCa: 104.6

MP2/6-31H1+G(3df,3pd)/SDD

SrH (=) Sr—H: 2.161 SrH: 1179.2 (464)SrD: 838.8 (235)
SrH, SrH: 2.194 SrHy: 1227.6 (a, 76), 1141.4 (h 1053), 233.4 (g 704)

HSrH: 140.1 SrD,: 870.1 (40), 815.3 (540), 166.6 (358)

SrHD: 1187.6 (481), 839.9 (374), 202.6 (539)

HSrH:Sr (fA;) SrH: 2.223 0.0 HSrHsSr: 1154.7 (a, 687), 1125.5 (g 444), 1014.5 (e, 613 2), 855.9 (a 1164),
(Ca) SrH: 2.474 691.1 (e, 15% 2), 570.1 (e, 56’4 2), 222.3 (e, 304 2), 165.7 (a 0)

SrH": 2.238
SiH4 (*A) SrH: 2.207 3.8  SroH4 1195.3 (g, 0), 1182.0 (b, 473), 1021.5 (h 2389), 928.0 (h 0), 912.8 (g 0), 838.5 (g 993),
(Can) SrH: 2.376 448.4 (h 791), 222.1 (R 0), 197.3 (a 662), 130.2 (g 0), 85.6 (l, 884), 28.1 (g 0)

HSrH: 142.1

SrHSr: 104.5

aBond lengths (angstroms) and bond angles (degré&®lative energy in kilocalories per moleFrequencies not scaled.

in each experiment, which confirms the diatomic SrH assign- HD in argon, two precise median bands at 1253.0t(@a—H
ment. Our observation of SrH is in very good agreement with stretching region) and 899.9 ct(Ca—D stretching region)
the gas-phase 1172.8 cifundamental frequencyAgain, the were obtained. This evidence confirms assignment of the 1289.7
argon value is slightly higher, suggesting a strong interaction and 1216.3 cm! bands to the symmetria/{, a;) and antisym-
between argon and the strontium center. metric (v3, by) vibrational modes for Cagf°® The B3LYP
In slightly higher laser energy experiments, diatomic BaH calculated CakiCaD, harmonic frequency ratios forn, andvs
gives a band at 1132.5 crhin solid argon with a BaD are 1.409 and 1.384, respectively. It appears that there is more
counterpart at 809.9 cr (H/D ratio 1.398) and the HD reagent  anharmonicity in the’s mode than in the; mode. Note also
provides the same bands. Unfortunately, we cannot identify BaH that the calculated CaHD frequencies are 1.6 £above and
and BaD in solid neon and hydrogen. Our argon matrix value 1.5 cnt! below the average Catand CaD mode values,
(1132.5 cnmY) is slightly red-shifted from the 1139.2 crhgas- respectively. The argon matrix Caffequencies observed here
phase observatiot¥,which is the more typical relationsh#g. (1289.7 and 1216.3 cm) are higher than the values reported
Vibrational assignments of CaH, SrH, and BaH are in for CaH in the more polarizable and strongly interacting
agreement with our theoretical calculations. At the B3LYP level, krypton (1267.0 and 1192.0 cf) and xenon (1239.8 and
the M—H stretching frequencies are predicted to be 1292.9'cm 1163.8 cm!) matrix hosts} as expected] and our results
for CaH, 1184.2 cm for SrH, and 1155.4 cni for BaH, which support the earlier assignment. The large argon, krypton, and
gives overestimations of 2.6% for CaH, 1.0% for SrH, and 1.4% xenon matrix shifts observed for Cakhow how sensitive this
for BaH in comparison with gas-phase values, which is excellent molecule is to interaction even with different noble gas atoms.
agreement and in line with other observatiéig. The H/D ratios for thevs mode, however, are essentially the
The broad 1240 cm band with Ca and KHin excess neon same (l.374:|: 0.001) in solid argon, krypton, and xenon, and
exhibits the photochemical behavior previously observed for the weak observed symmetric stretching modes argue for slightly
HCaCaH. Our calculations verify the linear global minimum bent structures in these three matrix environments.
energy species and the H/D isotopic patterns reported by the Thewvs; mode of CaH was observed at 1196.9 cinin solid
Rice group for this molecule. The low yields of SrH and BaH  normal hydrogen, and that of Calvas observed at 870.9 cfh
in these experiments precluded observation of their dimers. in solid normal deuterium (H/D ratio 1.374). The solid HD
CaHj, SrH,, and BaH,. Two bands at 1289.7 and 1216.3 sample revealed new sharp bands at 1237.9'¢émthe Ca-H
cm~1 tracked together upon near-UV irradiation of Ca with H  stretching region and at 892.1 ckin the Ca-D stretching
in solid argon, sharpened upon annealing to 20 K, and decreasedegion as well as sharp bands due to ¢&t203.7 cn?) and
upon annealing to 34 K. The deuterium counterparts at 914.9 CaD, (877.1 cntl, H/D ratio 1.372) (Figure 3). Thes CaH,
cm! (estimated from the CaHD band at 899.9¢&)rand 884.9 absorption (1204.4 cm) in p-H, shifted to 873.2 cmt for CaD,
cm 1 define 1.409 and 1.374 H/D isotopic frequency ratios. With in 0-D; (ratio 1.379). Note that Catexhibits slightly different
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TABLE 6: Calculations of Barium Hydrides at the B3LYP and MP2 Levels of Theory

species geometty  rel energy frequencies, crt (intensities, km/moP)
B3LYP/6-31H-+G(3df,3pd)/SDD
BaH (=) BaH: 2.252 BaH: 1155.4 (488)BaD: 820.3 (246)
BaH; (*A1) BaH: 2.287 BaH,: 1166.6 (a, 347), 1102.1 (h 1167), 389.9 (8 166)
HBaH: 113.1 BaD,: 827.5 (176), 783.5 (593), 277.0 (84)
BaHD: 1136.3 (695), 803.8 (449), 338.6 (140)
BaBah (*A;))  BaBa: 5.113 BaBaH,: 1129.7 (a, 1031), 1069.5 (h 960), 384.5 (a 109), 81.7 (b, 111),
20) BaH: 2.308 28.4 (8 0), 62.1i (h, 617)
HBaH: 114.3
HBaH:Ba (fA;) BaH: 2.371 0.0 HBaHsBa: 1052.0 (g, 1419), 1038.1 (297), 925.5 (e, 714 2), 771.3 (, 1059),
(Cav) BaH: 2.632 658.7 (e, 18& 2), 467.4 (e, 278« 2), 173.3 (e, 27 2), 107.8 (a, 1)
BaH': 2.394 DBaDsBa: 746.6 (755), 737.3 (28), 656.7 (3642), 547.9 (522), 467.7 (92 2),
331.5(140x 2), 123.9 (133« 2), 107.3 (1)
HBaHD.Ba: 1041.8 (1062), 968.8 (502), 739.9 (991), 673.9 (62), 657.5 (405), 515.5 (274), ...
DBaH,DBa: 1007.8 (685), 924.9 (682), 799.0 (101), 706.6 (1143), 662.6 (280), 655.6 (165), ...
BaHBa (*Ag) BaH: 2.458 4.5 BaHsBa: 958.0 (ag, 0), 944.1 (a, 1380), 834.6 (g 1423x 2), 807.8 (kg 0), 731.1 (b, 0),
(Dapn) HBaH: 64.0 668.9 (g0 x 2),662.7 (by, 0), 584.1 (g 211 x 2), 145.7 (&, O)
MP2/6-311+G(3df,3pd)/SDD
BaH (=) BaH: 2.244 BaH: 1167.4 (546)BaD: 828.8 (275)
BaH: (*A1) BaH: 2.287 BaH,: 1171.2 (@, 404), 1101.3 (b 1552), 369.0 (8 310)
HBaH: 118.7 BaD,: 830.6 (206), 783.2 (789), 262.2 (156)
BaHD: 1138.3 (882), 805.2 (597), 319.8 (249)
BaBah (*A;))  BaBa: 5.067 BaBaH,: 1134.2 (a, 1091), 1068.1 (b 1243), 363.8 (a 304), 54.8 (b, 747),
20) BaH: 2.309 33.4 (8 0), 27.6 (k, 110)
HBaH: 119.6
HBaH;Ba (fA;) BaH: 2.374 0.0 HBaHsBa: 1059.9 (g, 917), 1055.0 (g 973), 934.3 (e, 78% 2), 775.3 (g, 1165),
(Csy) BaH: 2.627 676.7 (e, 29% 2), 488.0 (e, 348 2), 186.9 (e, 31% 2),113.8(a 1)
BaH': 2.378 DBaDsBa: 753.3 (558), 748.2 (418), 662.9 (4632), 550.7 (575), 480.3 (15% 2),
346.1 (174x 2), 133.5 (153« 2), 113.3 (1)
BaHBa (*Ag) BaH: 2.437 4.8 BaHsBa: 982.7 (agy, 0), 966.4 (a, 1768), 850.7 (g 1732x 2), 841.0 (hy, 0), 766.1 (g, 0),
(Dan) BaHBa: 83.3 693.7 (h, 0), 693.1 (g 0 x 2), 608.9 (g 246 x 2), 151.9 (&, 0)

aBond lengths (angstroms) and bond angles (degré&lative energy in kilocalories per moleFrequencies not scaled.

absorptions in solish-H,, and HD as does Calin n-Dy, 0-Dy,
and HD. Thev; mode of CaH was observed at 1203.1 cén

in solid neon, which shifts to 873.7 crhupon D substitution,
exhibiting a 1.377 H/D isotopic ratio. With HD, the spectrum
gave strong new bands at 1237.47drn the Ca-H stretching
region and at 873.7 cm in the Ca-D region, which are due
to the CaHD molecule. However, thvg mode was not detected
in solid neon or hydrogen, indicating a different interaction of
CaH, with the lighter host matrixes that results in a more nearly
linear Cah structure. The H/D ratios can in principle reveal a
trend in the H-Ca—H bond anglé® if the anharmonicities are

vibrations in the SrHD molecule. Similar spectra were observed
for SrH, in solid neon and pure hydrogen as compared to those
found for CaH (see Figures 5 and 6). The mode of SrH

was observed split at 1099.5, 1093.5¢nin solid hydrogen
and split at 1100.4, 1092.8 crhin solid neon; however, the,
mode was too weak to be detected. The absorption o $rH
solid argon exhibits a striking difference: tlvg mode is~32
cm~* higher in argon, which is an unusual matrix shift for metal
hydrides isolated in solid matrixes. In most cases, the infrared
frequencies of metal hydrides observed in neon are slightly lower
than the gas-phase value, but higher than in solid hydrogen and

the same in the different matrixes. Unfortunately, we have no higher than in solid argoh.

way to determine the anharmonicity for tlhe mode in these
matrixes. Finally, in solid hydrogen, Cali$ weakly complexed
to a number of H“ligands”, and this can also affect the CaH

subunit structure.

Upon annealing in solid argon, the decrease in £aH

Similar metal dihydride bands were observed for Bai
solid argon. Two new bands at 1128.6 and 1068.6cm
increased upord > 380 nm photolysis and decreased upon
240-380 nm irradiation and upon annealing to 20 K. The bands
shift to 803.7 and 764.0 cm with D,, giving 1.404 and 1.399

absorption is accompanied first by an increase of a new bandH/D isotopic ratios. Experiments with HD in argon produced

at 1194.9 cm?! and then at 1186.3 cmh and the latter is

two median bands at 1098.0 and 782.5 énas shown in Figure

dominant at the highest annealing. These H/D frequency ratios7. These isotopic patterns are characteristic ofithand v3

(1.374) and HD counterparts identify another Gapecies. The

modes of a metal dihydride. Two sets of absorptions were

appearance of these bands near the hydrogen matrix 1196.%bserved for Baklin solid neon: a sharp pair at 1131.3 and

cm~1 band, which involves some number of kifjands, suggests
the following sequence as;Heplaces Ar in the coordination
sphere around the Ca center: (f8ahh, (Ar)n-1(H2)CakH,, and

(Ar) nfz(Hg)zcaHz.

The absorptions due to Ssldre identified at 1202.1¢) and
1132.4 ¢3) cmt upon the deposition of laser-ablated Sr atoms
with Hy in solid argon. Upomt > 290 nm photolysis, these
two bands increased 5-fold. With,DOn argon, these bands
shifted to 855.0 and 812.9 crh giving 1.406 and 1.393 H/D
isotopic ratios. The median bands at 1167.0 and 832:7 @m
HD experiments are assigned to-%t and SrD stretching

1067.9 cn! and a strong, broader feature at 1027.6 trhleon/

D, counterparts at 807.7, 764.9, and 732.7 tutefine 1.401,
1.396, and 1.402 H/D ratios and suggest that the sharp 1131.3
and 1067.9 cm! bands are due to the; and v3 modes of
isolated BaH in solid neon and the broader band is due to the
vz mode of a (H),BaH, complex. The neon/HD experiment
provides sharp intermediate bands at 1100.4 and 7853 cm
that confirm the aboves; and v; assignments, and gives
additional broad 1050, 1019, and 751 ¢nbands. The weaker
1050 and 751 cmt bands are BaHD counterparts for the
dihydrogen complex, but the stronger 1019 énabsorption
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results from isotopic exchange with coordinated HD where
(HD),BaHD rearranges to (HR)1(D,)BaH, during relaxation.

J. Phys. Chem. A, Vol. 108, No. 52, 20041507

observed at 1072 and 878 cin which are in concert with
argon—neon shifts for typical specié$.The Ca-H stretching

This exchange is taken to the extreme for Ba in pure HD where mode is split into four bands at 1224.3, 1221.0, 1217.3, and

the only band observed at 1024.5, 1014.4 tiis due to the
rearranged complex (HR(D,)BaH, species. This H/D exchange
arises because giBaH, has a lower computed zero point energy
than (HD)BaHD (by almost 1 kcal/mol). Similar dihydrogen/

dihydride isotopic exchange processes have been found with

other metal$.

1213.5 cmi! because of matrix sites. The deuterium counterpart
bands were observed at 785 and 634~ ¢&nfCa—D—Ca
stretching) and 891.5, 889.2, 886.6, and 883.6 ®@a—D
stretching)

In solid normal hydrogen, the bands at 1215.4, 1073, and
877 cn show the same photochemistry; these bands appeared

In solid hydrogen, the pattern found for Ca and Sr continued upon4 > 470 nm photolysis and increased 2-fold upbry

for Ba, and a strong 1007.6 crhband was observed along with
a weaker 1064.6 cmi partner: These bands are due to the
and v, modes for Bal in solid hydrogen, which is in fact a
(H2)nBaH, complex. Broad 4042 and 3966 cfabsorptions

380 nm irradiation. In solid normal deuterium, the lower two
bands shift to 783 and 631 crhand the upper band is masked
by Cab.

Determination of the most stable structure of the gdirher

track with the latter bands upon irradiation and are due to the js not straightforward, since the double-bridged (B) form

H, ligands: Counterpart Pbands at 2903 and 2852 cinand
HD bands at 3525 and 3453 cfare observed. The corre-
sponding bands for (h).SrH, are 4090 and 4060 cm, and
the single such band for ¢fiCaH, appeared at 4071 cth
These shifts in the HH frequency from the-H, value (4153
cm )15 show that the bonding interaction of,Higands
increases as CaH— SrH, — BaH,. Similar absorptions were
observed for (H),MgH; at 4139 and 4114 cm.11b

Our theoretical frequency calculations support the identifica-
tions of CaH, SrH,, and BaH. At the B3LYP level of theory,
all three metal dihydrides are calculated to be bentamdodes
are predicted at 1254.1 crh(Cah), 1159.9 cmit (SrHy), and
1102.1 cm! (BaHy), which are only 2-3% higher than the
argon matrix values. The MP2 calculations give very similar
frequencies at 1264.8 crh (CaH), 1141.4 cmi! (SrHp), and
1101.3 cm! (BaH,). B3LYP calculations gave the bent
structures for all three dihydrides, while MP2 calculations
predicted a linear structure for Cakind bent structures for SgH
and BaH. The critical problem is that these molecules have
extremely flat bending potentials, which results in different bond

is only 1.4 kcal/mol lower in energy than the triple-bridged (TB)
Cs, form based on early MP2 calculatiof’sWe used the
B3LYP functional with a large basis set (6-3t+G(3df,3pd))

to recalculate these two conformers and found &g form
(triple-bridged HCaHCa) is the more stable structure for the
CaH, dimer. However, th®2;, form is only 1.2 kcal/mol higher

in energy, but the order again is reversed with the MP2 method.
The calculated strongest IR-active frequencies at 12575 cm
(Ca—H stretching) and 1094.6 and 902.0 tm(CaHsCa
stretching) for theCs, form overestimate the neon &#
frequencies by 2.7, 2.0, and 2.8%, respectively. However, the
calculated IR-active frequencies of tbe, form at 1291.6 cm!
(Ca—H stretching) and 1087.9 and 900.3 tm(CaHCa
stretching) are almost as close to the observed bands. Mixed
H/D isotopic experimental and theoretical data are needed for
structure determination.

Experiments with pure HD and HD in neon gave diagnostic
bands for identification of the CaHlimer. In solid neon, HD
substitution gave new bands at 1222, 1164, 1037, 876, 808,
785, and 664 cm. Pure solid HD yielded the same bands with

angles for the same molecule optimized by different theoretical £3 cm! deviations. Starting with CaHD, the HCaEh
methods. However, the calculated bond lengths correlate well conformer has two substituted forms, namely, HCaB®and

with experimental M-H stretching frequencies.

DCaDH,Ca, and for the HCaj)CaH structure, there are three

The insertion reactions of ground-state Ca, Sr, and Ba into forms (HCaHDCaD, HCapCaH, and DCakCaD), and all of

H, are endothermic by 1.5 (Cal{ 9.1 (SrH), and 0.1 (Bakh)
kcal/mol from B3LYP calculations, but excited metal atoms will
insert into H. In the case of Ca and Sr in soligH > 470 nm
irradiation, which is more than adequate to excite’festate3°
does not form dihydrides but> 380 nm irradiation produces
strong dihydride absorptions. The latter easily accesse¥the
states’! which clearly react with Kl In the case of Bal >
530 nm irradiation initiates the reaction, but- 470 nm light

is even more efficient, and the BR( state appears to be the
reactive species. With > 290 nm irradiation, these metal atoms
must be photoexcited to thé state and they then react with
H, to give MH, molecules that are relaxed and trapped in the
low-temperature matrix. A similar reaction mechanism was
observed for Mg and Be with 011

HCaH,CaH. Two broad bands at 1057 and 874 Tntrack
together in Ca atom reactions with kh solid argon. As shown

these have been calculated. First of all, the 1222 and 878 cm
bands are due to terminal €& and Ca-D stretching modes
and are compatible with either structure.

The strongest mode calculated for both mixed isotopic TB
molecules is 849 cmi, and the next strongest modes are 1094
and 1143 cm'. No bands are observed in the region near these
calculated frequencies. In fact, the strong computed band of
DCaH,DCa at 1094 cm! is coincident with this mode for
HCaH;Ca, and the strongest band observed for the all-H species
at 1072 cml is notpresent in the HD experiment. This evidence
casts doubt on the TB structure for the;Baspecies. However,
the strongest bands for HCaHDCaD are computed at 1041 and
669 cntl, and the strongest observed HD product absorptions
are 1037 and 664 cm, which is the same agreement found
for the all-H and all-D species. The weaker 742 érband is
probably due to the HCafTaH species, and the 808 chband

in Figure 1, these bands were barely observed after depositionis likely due to the DCabCaD structure, but we cannot be
but they increased upon near-UV photolysis. The latter bands certain due to band masking in other spectral regions.

are much stronger relative to Camith higher laser energy.
The locations in the bridged €da1—Ca stretching region
suggest the Cadtlimer assignment in comparison with infrared
spectra of MgH4 and BeH, in our earlier workg?11With D,

in argon, these bands shift to 771 and 634 &mespectively.

Xiao et al. assigned four absorptions to the H@aaH
molecule in solid krypton, and two of these, 1024 and 890%cm
are in accord with earlié? and present calculations for the €a
H—Ca bridge stretching modes. These two krypton matrix
absorptions are also in agreement with our argon matrix (1057

The neon experiments gave very clear absorptions for the CaH and 874 cm?) and neon matrix (1073 and 878 chyobserva-

dimer: Strong bridged CaH—Ca stretching modes were

tions for HCaHCaH. It appears that the more intensgrinode
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parallel to the HCaCaH axis is more vulnerable to perturbation
than the less intensebmotion perpendicular to this axis.
HSrH3Sr. New bands at 1047, 979, 813, 719, and 556 tm
were produced in solid neon with Sr and Keaction upom
>380 nm photolysis along with SeHThe SrH dimer structure
must be considered: The DB form Dy, symmetry has one
imaginary frequency and distorts @y, but the TB form is the
minimum energy structure with both calculations (Table 5). With
D2 in neon, these bands shift to 752, 718, 581, and 521'cm
and the bending mode falls below our measurement region.
Although the all-H and all-D bands could fit tH&y, isotopic

Wang and Andrews

and 128 mev (1030, 1090 cHj features in the inelastic neutron
scattering spectrum of solid calcium hydrileOn the other
hand, the Srklland BaH molecules are less stadl@nd upon
sublimation of the K matrix and loss of these MHnolecules
and their HMHM dimers, we find no solid hydride absorptions.
We note that the strongest bridge-bond stretching mode in our
M,H4 molecules (M= Ca, Sr, and Ba) is within 15 cm of

the highest frequency absorption in the infrared spectra of the
solid MH, compoundg?

Bonding of Group 2 Metal Hydrides. The group 2 metal
dihydrides are the simplest M»ompounds, and their structure

frequencies, the HD data and the low-frequency bending mode getermination is one of “the most intriguing problems of modern

require theCg, form. The bending mode is calculated at 570
cm1 (Cg,) or 448 cntt (Cyp): Clearly, the 556 cmt band is
appropriate for theCs, triple-bridged structuré? With HD in
neon, two triplet bands at 1037, 1006, and 967 € the Sk
H—Sr stretching region and at 755, 738, and 720t the
Sr—D—Sr stretching region are diagnostic for-34,D—Sr and
Sr—HD,—Sr subunits. Hence, the HD band splitting supports
the HSrHSr assignment.

The absorptions of HSH$r were also observed in solid
hydrogen at 1121, 1041, 974, 808, and 556 §mvhich are
only a few wavenumber red shifts in comparison with the neon
values. The DSrg5r bands in solid Dappeared at 747, 717,
and 577 cm?,

HBaH3Ba. The irradiation that formed BaHn solid neon
also produced new 881 and 758 ¢habsorptions. The 881 crh
band shifted to 626 crm with D, substitution (H/D ratio 1.407).

inorganic chemistry®? since their structures have been con-
troversial for a long period of tim&The dihydrides of beryllium
and magnesium are linear, as confirmed from infrared spectra
of both gas-phasé3*and matrix sample¥-11Similarly, linear
dihalides of beryllium and magnesium were found from infrared
spectroscopd? and electron diffractiod® The linear dihydrides
and dihalides of beryllium and magnesium are in excellent
agreement with theoretical calculations without any excefion.
For most molecules trapped in solid matrixes, a slightly lower
frequency is found in solid argon and the solid hydrogen and
neon values fall in the middle, and the gas-phase value is still
higher?2” The v3 absorption of Beklat 2159.1 cm? in solid
argon, 2165.0 cmt in solid hydrogen, 2170.9 cm in solid
neon, and 2178.9 cm in the gas phase is a case in pdiht3

A similar trend is found for Mgkl and the group 12 metal
dihydrides ZnH, CdH,, and HgH.11:34.38:39

Similar bands were observed in other matrixes, and diagnostic 5 ever thevs mode of CaH was observed at 1202.8 cin

HD counterparts were observed in solid argon. Our calculations
and the previous wofR find the TB structure HBakBa to be

the global minimum energy structure. The strongest absorptions

are predicted at 925 and 771 chfor the Cs, structure at the
B3LYP level, which supports our assignment of the 881 and
758 cnt! bands to the Bajidimer in the HBaHBa structure.
Furthermore, the higher ener@, structure has very strong
bands predicted at 944 and 835 Tmwhich do not fit the
experimental frequencies nearly as well.

The Cs, structure is confirmed by the HD experiment with
slightly higher laser energy using argon samples where two
broad 887, 860 crt and 686, 664 cm' bands were observed
in addition to BaHD and its clusters with HD. The strongest
two bands of HBaHBEBa and DBaHDBa are computed at 969,
740 cntt and 925, 707 cmt, respectively (see Table 6). These
bands bracket the strongest band calculated for HBatat
926 cnt! and are just above the strongest band computed for
DBaDsBa at 657 cm. Notice that the observed HD bands have

in solid neon and at 1196.9 crhin solid hydrogen, but
surprisingly, this mode is higher at 1216.3 chin solid argon.
Furthermore, the very weak mode of CaH was observed in
argon, indicating a bent structure, but the symmetric mode was
not observed in solid neon and hydrogen, and a more nearly
linear structure is suggested. Obviously, interaction between the
more polarizable argon matrix and Caldustains the bent
structure.

We report here the first experimental observations of,SrH
and BaH. Similar but even larger matrix shifts were observed
for SrH, than for CaH. In solid neon, thev; mode of SrH
appeared at 1100.4 cthand in solid hydrogen at 1093.5 cty
but this mode is also higher at 1132.4¢nn solid argon where
thev; mode was observed at 1202.1 chwith greater intensity
relative tovs than that found for Cald This 32 cn1? blue shift
from neon to argon for thes mode of SrH is very unusual,
and it suggests a structure change of increasin@iH angle

the same relationship with the strongest observed band (8754POn going from the argon to neon matrix environment. Barium

cm 1) for HBaHs;Ba and for DBaRBa (627 cntl).

Solid Hydrides. Solid hydride films have been formed in
this laboratory upon sublimation of the hydrogen matrix and
association of the trapped hydride molecules. We have observe
solid aluminum and magnesium hydrides with infrared absorp-
tions very similar to those of the pure soliil2 The MgH,
molecule is stable enough to be observed in the gas pghase,
and the association of MgHmolecules forms the same
polymeric Mgh solid as that produced from the elements at
high temperaturé! The CaH molecule is less stabfeand upon
evaporation of the solid Hmatrix, Cak and CaH, absorptions
are replaced by a broad 120600 cnt?! band recorded at 10
30 K, which decreases upon warming to 295 K, leaving a weak
1050 cnt?! band with a 1100 cmt shoulder. This is probably
due to a CaH—Ca bridge stretching mode in a Capblymer
film, as it is near our 1070 cm absorption for HCakCaH

dihydride presents almost the same situation: Théunda-
mental is 1068.6 cmt in argon and 1007.6 cm in solid
hydrogen. The solid hydrogen frequencies are really due to

O(Hg)nSng and (H),BaH, complexes, which will have different

valence angles from the argon complexes, that is, the molecules
trapped in solid argon and the isolated molecules.

The covalent bonding in heavy alkaline-earth metal hydrides
must involve d-orbital$:?° The solid matrix can induce metal
cation polarization and enhance the d-orbital participation. The
CaH, and SrH molecules have very shallow bending potentials,
and the barrier to attain linearity for Cak$ <1 kcal/mol® Thus,
these molecular shapes can vary upon interaction with the
surrounding matrix, and small induced dipole moments may
cause equilibrium structure changes. As we know, the solid
argon matrix is more polarizable, in which Caéhd SrH are
clearly bent, while in solid neon these molecules are more nearly



Metal Dihydride and Dimer Structures

TABLE 7: Absorptions of the MH and MH , (v3 Mode)
Molecules in Solid Argon, Hydrogen, Neon, and the Gas
Phase and Comparison with Theoretical Calculations

species argon hydrogen neon gaspha&LYP MP2
BeH 1971.1 19782 1983.6 1986.6 2061.0 2111.9
MgH 14221 1427.1  1431.3 1431.4 1461.6 1556.2
CaH 1262.0 1255.1 1258.2 1260.1  1292.9 1307.2
SrH 1174.6 1166.7 11711 1172.8 1184.2 1179.2
BaH 11325 1139.2 11554 1167.4
ZnH 1493.9 1495.9 1497.7 1496.5 1511.9
CdH 1339.4 1340.4 1340.6 1336.9 1366.1
HgH 1205.7 1203.2  1226.6
BeH, 2159.5 2165.0 217(°9 2178.9 2262.8 2285.4
MgH, 1571.9 1569.5 15740 1588.7 1637.3 1659.4
CaH, 1216.3 11969 1203.1 1254.1 1264.8
SrH, 1132.4 1099.5 1100.4 1159.9 1141.4
BaH, 1068.6 1007.6 1027.6 1102.1 1101.3
ZnH, 1870.2 1875.6 1880.8 1930.6
CdH, 17535 1758.1 1764.2 1807.3 1791.8
HgH, 18953 1902.2 1918.8 1923.5 1948.5
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