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Infrared Spectra and Theoretical Calculations of Lithium Hydride Clusters in Solid
Hydrogen, Neon, and Argon
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A matrix isolation IR study of laser-ablated lithium atom reactions withhds been performed in solid
para-hydrogen, normal hydrogen, neon, and argon. The LiH molecule and4} itd)usters were identified

by IR spectra with isotopic substitution (HD,Dand H + D) and comparison to frequencies calculated by
density functional theory and the MP2 method. The LiH diatomic molecule is highly polarized and associates
additional H to form primary (H).LiH chemical complexes surrounded by a physical cage of solid hydrogen
where the ortho and para spin states form three different primary complexes and play a role in the identification
of the bis-dihydrogen complex and in characterization of the matrix cage. The highly ionic rhombig (LiH)
dimer, which is trapped in solid matrices, is calculated to be 22 kcal/mol more stable than the inverse hydrogen
bonded linear LiH-LiH dimer, which is not observed here. The cyclic lithium hydride trimer and tetramer
clusters were also observed. Although the spontaneous reaction of 2 Liatwdférm (LiH), occurs on
annealing in solid B} the formation of higher clusters requires visible irradiation. We observed the simplest
possible chemical reduction of dihydrogen using two lithium valence electrons to form the rhombig (LiH)
dimer.

Introduction Recently, we reported the preparation of dialaneKg) using

o ) ) ) the reaction of laser-ablated aluminum with pure diring
Lithium hydrides are ideal hydrogen storage materials becausecondensation at 3.5 B The AlH generated from laser ablation

of their very large hydrogen mass percentage, and the termaryyther reacts with kto give AlHs with UV photolysis, which
lithium hydrides (LiBH,, LiAlH4, LisAlHe, etc.) have been  gimerizes to form AdHe. Further evidence shows trialane
explored as new efficient storage materialé The discovery (Al3Ho) and tetraalane (AH1,) to be stable molecules. Similarly,

of catalyst supported lithium aluminum hydrides gave promising metal hydrides have also been investigated for group 2, 12, and
reversibility for hydrogen storage’. New reactions of LiH with 13 metals in solid hydrogett-26

metal amides have also provided a source of hydré§ésince

LiH is the smallest heteronuclear diatomic molecule (except the
dihydrogen isotope HD), it has been studied extensively both
theoretically and experimentalfy1® The equilibrium partial
pressure of LiH is low in the gaseous elements at high
temperaturé,and accordingly, there is no experimental evidence
for LiH clusters. Solid LiH forms the stable cubic NaCl crystal

In this paper, we present a search for lithium hydride clusters
in low-temperature matrices. Lithium atoms have been inves-
tigated in noble gas and hydrogen solids through electronic
absorption spectrd:26 The more recent hydrogen matrix work
suggested that some incident lithium atoms may react but that
no lithium hydride products could be identified from the

o A . . ; ~electronic spectrum. Infrared spectra were employed here to
9
structure’? Lithium hydride anions have been investigated in collect molecular vibrational information, and theoretical cal-

the gas phase by phot.oele(.:t.ron_spectroséép‘he sma_II LhH culations were used to predict molecular spectroscopic and
molecules have been identified in mass spectrometric measure-

. o ) ..~ structural properties to support the experimental wéara-
ments, and thelr stability and structure have been studied with andortho-hydrogen mixtures were used to characterize thi-(H
density functional and large coupled-cluster computatféfs.

) ) LiH complex. We have discovered that annealing allows Li
The hydrogen bond is well-known to play a key role in the  51oms to diffuse and react in solid hydrogen to form rhombic

structure and functions of water and biological molecules. (L ijH),, which has been reported in a preliminary communica-
Recently, a new type of hydrogen bond, the inverse hydrogen tjgp, 29

bond, was suggested in which one electronegative hydrogen
provides electrons and another electropositive non-hydrogen or
hydrogen accepts theWThe linear Li-H—Li—H dimer is the

simplest model for this type of complékTheoretical calcula- The methods for investigating laser-ablated metal atom
tions have been performed for lithium hydride dimers in a reactions with hydrogen in excess molecular hydrogen, neon,
number of earlier studies, and the rhombic dimer is about 22 or argon during condensation at 4®K have been described
kcal/mol lower in energy than the linear dimérLithium is in detail previousl\?33°The Nd:YAG laser fundamental (1064
the closest congener of hydrogen, and the lithium bond has beemm, 10 Hz repetition rate with 10 ns pulse width) was focused
proposed as an analogue with hydrogen bonding, and comparispot diameter 0.1 mm) onto a rotating lithium metal tafét

Computational Methods

sons have been maée. (Fisher, rod, 92.69Li, 7.4%°6Li) and 6Li (Oak Ridge National
Lab, 95.6%°6Li, 4.4% ’Li). The targets were washed with
* Corresponding author. E-mail: Isa@virginia.edu. hexane, scraped to expose a fresh surface, and transferred to
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Figure 1. Infrared spectra in selected regions for lithium atom reaction products with hydrogen. (a) Spectrum after co-deposition of laser-ablated
natural isotopic lithium atoms and hydrogen for 30 min at 4 K, (b) after annealing to 6.5 K, (c) after annealing to 6.8 K, (eh5aftenm
irradiation, (e) after>290 nm irradiation, and (f) after annealing to 7.3 K.

N LiH),
the vacuum chamber. The laser energy was varied in a low range Ll L) (LiHD: (i),
2

to avoid forming metal clusters (typical energy about3imJ/ (LiH), \\ /(LiH)4
pulse). Reagent isotopic substitution [HD (97.9% HD, 2.0% H M (LiH), (‘ ﬁ’\ (LiH), W ﬂ/(‘”
0.05% D), Dy, Hy + D5] was employed. Samples pfra or

ortho enriched H or D, were also investigate®.FTIR spectra H,

were recorded at 0.5 crh resolution on Nicolet 750 with 0.1 ©
cmt accuracy using an MCTB detector. Matrix samples were %9

annealed at different temperatures, and selected samples wer “ ﬂ ﬂ
subjected to 10 min irradiations by a medium-pressure mercury ®

arc lamp (Philips, 175W) with the globe removed using glass l
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f=1
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optical filters. Complementary DFT calculations were performed
using the Gaussian 03 program system, the B3LYP density g, A A SR )
functional, and the 6-3HG(3df,3pd) basis set. Additional MP2, 1400 1200 1000 300 500
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parison3?2 Calculated reaction energies include zero point
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Figure 2. Infrared spectra in selected regions for lithium atom reaction

vibrational corrections. products with hydrogen. (a) Spectrum after co-deposition of laser-
ablated lithium-6 atoms and hydrogen for 30 min at 4 K, (b) aft620

Results nm irradiation, (c) afte~380 nm irradiation, and (d) after annealing
to 7.0 K.

Infrared spectra are presented for lithium atom reaction
products with H, Dz, HD, and a H + D, mixture in excess irradiation, which covers the Li atomic absorption, had no effect
pure normal molecular hydrogen, HD, and deuterium. Absorp- on the spectrum, but 520 nm irradiation, which overlaps the
tions common to hydrogen matrix experiments, namely, HiH low-energy side of the kiabsorption, doubled the (Liklpands
H™(H2)n, and B3*(D2)n,* have been reported previously and and produced the new bands given previously. Furth2®0
are not discussed here. Similar experiments have been performeeém irradiation slightly reduced the previous product absorptions
in para-hydrogen anartho-deuterium enriched sampfés*for and increased a trio of bands at 1274.4, 1261.8, and 1252.2
comparison and identification of the bis-dihydrogen complex. cm (labeled (LiH)) (Figure 1e). Annealing to 7.3 K further
Neon and argon matrix investigations will also be reported. reduced the previous absorptions, increased the trio (Figure 1f),
Extensive DFT and MP2 theoretical calculations of lithium and removed 10% of the hydrogen sample based on the
hydride clusters and hydrogen complexes were performed toabsorption near 4150 crh Further sample warming removed

support identification of the experimental observations. all absorptions. Experiments were also performed reversing the
Infrared Spectra. Matrix spectra of laser-ablated lithium order of annealing and irradiation, and the product growth on
atom reaction products in pure normaj fbrmed during co- irradiation was the same as shown in Figure 1, but the growth

deposition at 4 K revealed new bands at 1309.9, 1301.2, 904.7 ,of (LiH) » bands on subsequent annealing was only 20% as much.
981.4, 571.2, and 559.8 crh Photolysis with >520 nm Analogous reactions witfLi gave similar spectra with ap-
irradiation decreased the 981.4 chabsorption, increased the  propriately shifted bands as illustrated in Figure 2. Lower laser
904.7, 571.2, and 559.8 crhbands by a factor of 4, and energy was employed in anoth@i experiment with H, and
generated new bands at 1138.0, 987.1, 538.9, and 522.8 cm the 1323.1 and 1314.1 crhbands were weaker, but the 913.3
while the 1309.9 and 1301.2 cthbands decreased slightly. cm™ absorption increased by a factor of 4 on annealing te-5.5
Infrared spectra from another experiment are shown in Figure 6.5 K and a factor of 2 o520 nm irradiation.

1, where first annealing to 6.5 and to 6.8 K after deposition  In solid normal deuterium witfiLi, the upper bands shifted
doubled the absorptions labeled (LHpBubsequent 630 nm to 977.8, 852.8, 748.0, and 691.0 chand®Li atom reactions
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Figure 3. Infrared spectra in selected regions for lithium atom reaction
products with deuterium. (a) Spectrum after co-deposition of laser-
ablated natural isotopic lithium atoms and for 30 min at 4 K, (b)
after >470 nm irradiation, and (c) after290 nm irradiation. (d)
Spectrum wittfLi and D,, (e) after>520 nm irradiation, and (f) after
>380 nm irradiation.
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Figure 4. Infrared spectra in the 135680 cnt? region for Li atom
reaction products with mixed H and D reagents. (a) Spectrum after
co-deposition of laser-ablated natural isotopic Li atoms and HD for 30
min at 4 K, (b) after>470 nm irradiation, (c) after 290 nm irradiation,

and (d) after annealing to 8 K. (e) Spectrum after co-deposition of Li
atoms and 50:50 D, for 30 min at 4 K, (f) after>470 nm irradiation,

(g) after>290 nm irradiation, and (h) after annealing to 7.2 K.

1300

gave small blue-shifts as shown in Figure 3. Annealing the
sample first increased the (LiPpand by 50%. Bands in the
lower region at 446 and 431 crhfor 7Li or at 453 and 439
cm~1 for 6Li are not shown.

Mixed isotopic experiments were also performed to help
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Figure 5. Infrared spectra of lithium atom anmdra-hydrogen reaction
products. (a) Spectrum after co-deposition of laser-ablated lithium-6
atoms and 99.9%ara-hydrogen for 25 min at 4 K, (b) after470 nm
irradiation, (c) after>290 nm irradiation, and (d) after annealing to 7
K. (e) Spectrum after co-deposition of natural Li atoms and §@%6-
hydrogen for 25 min at 4 K, (f) after520 nm irradiation, (g) after
>380 nm irradiation, and (h) after annealing to 7 K.
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Figure 6. Infrared spectra for lithium atom reaction products with
ortho-deuterium. (a) Spectrum after co-deposition of laser-ablated
enriched lithium-6 atoms and 97%D, for 25 min at 4 K, (b) after
>520 nm irradiation, (c) after-290 nm irradiation, and (d) after
annealing to 9 K. (e) Spectrum with natural Li and 949, (f) after
>470 nm irradiation, (g) after=290 nm irradiation, and (h) after
annealing to 9 K.
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slight blue-shifts in bothp-H, and o-D,. Note the especially
sharp (1.5 cm! bandwidth) bands for LiH isotopes in the 99.9%
p-H2 sample.

The neon matrix spectra of reaction products of lithium and
hydrogen molecules are shown in Figure 7. A very weak band
at 909.8 cm! appeared on théLi atom reaction with H in
excess neon during deposition. Gi#70 nm photolysis, the
909.8 cnt! band increased 10-fold, while new bands appeared

understand the reaction mechanism. Figure 4 compares spectrgt 1270.7, 1151.4, 995.7, 849.6, 571.0, and 560.9'ci@n

from 7Li experiments with HD and a 50:50,HD, mixture.
Notice the strong Li-H—Li—D absorption at 872.6 cm with
HD and the weak 869.3 cm band for this isotopomer with
the mixture. An experiment withLi and HD gave analogous
results: the Li-H—Li—D band shifted to 882.6 cn and

>290 nm photolysis, the 1270.7 chband grew 3-fold, and
the 1151.4 and 849.6 cthbands increased slightly.

Argon matrix experiments required a substrate temperature
near 8 K toobtain reaction products, and only the strongest
(LiH) > absorptions at 900.8 and 909.3 thwere observed for

increased by 50% on annealing before photolysis while the the’Li and®Li reactions with H (Figure 8). These bands shifted

analogous (LiH) band at 916.1 cmit increased only 20%.

The absorptions of lithium atom reaction products with H
in para-hydrogen and with Bin ortho-deuterium are shown in
Figures 5 and 6. The interaction is reduced, which results in

to 686.8 and 692.8 cm with D,. A single feature was observed
at 868.6 cm? for “Li and HD in solid argon.

Calculations. Electronic structure calculations were per-
formed for the LiH and (LiH) molecules and their dihydrogen
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Figure 7. Infrared spectra for lithium atom reaction products with

hydrogen isotopes at 3% in excess neon. (a) Spectrum after co-

deposition of laser-ablated natural isotopic lithium atoms andold
60 min at 4 K, (b) after>470 nm irradiation, (c) afte>290 nm
irradiation, and (d) after annealing to 9 K. (e) Spectrum after
co-deposition of enriched lithium-6 atoms and &hd (f) after>520
nm irradiation. (g) Spectrum after co-deposition of enriched lithium-6
atoms and HD and (h) after520 nm irradiation. (i) Spectrum after
co-deposition of enriched lithium-6 atoms and &nd (j) after>520
nm irradiation.
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Figure 8. Infrared spectra for lithium atom reaction products with
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models were found for H(H,), and H"(Hy), clusters®® Two
conformers, (H)—LiH (H; attached to the Li atom) and LiH
(H2) (H2 attached to the H atom) were calculated, and as
expected, side-on (jLiH and end-on LiH(H) were obtained;
however, the side-on form (calculatedt fundamental 1404
cm 1) was 0.9 kcal/mol more stable than Li#H H, and the
end-on was 0.8 kcal/mol less stable at the B3LYP level. The
MP2 method gave a higher prediction of complex binding
energies, and we computed 3.8 kcal/mol for the){H.iH
complex. In addition, we found that two dihydrogen molecules
(calculated Li-H fundamental 1404 cmt or 19 cnt? red-
shifted) were bound side-on to Li by 6.7 kcal/mol total and three
by 9.5 kcal/mol, so this dipole quadrupole attraction was
decreasing per molecule with cluster size. Thg{HH complex
structure in Figure 9 at the B3LYP level is very similar to the
MP2 result (0.749, 2.116, 2.014, and 1.598 A bond lengths and
93.1 and 112.8angles). At the CCSD(T) level, we find the
(H2)nLiH complexes bound by 2.2, 4.2, and 6.1 kcal/mol total,
respectively, so the MP2 method may overestimate the stability
of these complexes. Finally, neutral Li ang Hre repulsive
based on our calculations and earlier res#fit$lowever,
polarized LiH activates the complexation og,Hand more H

can be associated to LiH to form larger weak complexes,
particularly under the influence of the solid hydrogen matrix
cage.

The rhombic ring (LiH) and linear Li-H—Li—H dimers have
been theoretically investigated, and the former was calculated
to be 22 kcal/mol more stablé1718 Our B3LYP and MP2
calculations reached the same conclusion. We found an imagi-
nary bending mode for the linear dimer in both B3LYP and
MP2 calculations using the large basis set, which in fact is a
transition staté® In contrast, earlier calculations found all real
frequencies using a small basis $&the energy favored double-
bridge structure dimer ki (u-Hz)—Li is analogous to HMe
(u-Hz)—MgH and BAI—(u-H2)—AlH,, and the infrared active
Li—H—Li bridge stretching modes are an unambiguous property
for such specie$®-2°

Our B3LYP structure for Li(u-Hz)—Li is illustrated in
Figure 9, and the natural charges ar8.84 and—0.84. The
MP2 calculation gave similar dimensions (1.760 A, 8D.&s
did the higher level QCISD (1.765 A, 80)5and CCSD(T)
(1.765 A, 80.8) computations all using the large Gaussian basis
set. Calculated harmonic isotopic frequencies are listed in Table
1 and compared with anharmonic frequencies for the common
isotopic molecule. For comparison, the strong IR active modes
were+12 and—2 cnt! using MP2 and-4 and—18 cnT? at

hydrogen isotopes at 5% in excess argon. (a) Spectrum after co-the QCISD level of theory. In addition, the lithium in (Lik)

deposition of laser-ablated lithium-6 atoms angfét 60 min at 8 K,

(b) after >520 nm irradiation, (c) after 246380 nm irradiation, and
(d) after annealing to 20 K. (e) Spectrum after co-deposition of natural
lithium atoms and K (f) after >520 nm irradiation, (g) after 240

380 nm irradiation, and (h) after annealing to 20 K. (i) Spectrum after
co-deposition of natural lithium atoms and HD, (j) afte620 nm
irradiation, (k) after 246-380 nm irradiation, and (l) after annealing
to 20 K. (m) Spectrum after co-deposition of natural lithium atoms
and D, (n) after>520 nm irradiation, (0) after 246380 nm irradiation,
and (p) after annealing to 20 K.

complexes. Using B3LYP and MP2, the bond lengths ofHi

was also polarized, andzHinolecules associated to form larger
complexes. However, only oneldan be added to each Li atom
in this complex, and this perturbation produced only 1 and 8
cm! red-shifts from the isolated molecule frequencies. In
addition, attempts to calculate teansLi—H—Li—H isomer
again gave the most stable rhombic structure. Finally, earlier
calculations for (LiH) gave similar structural parameté¥s3®
Analogous calculations were performed for the LiH trimer
and tetramer, and stable cyclic bridged structures were obtained
(calculated lithium natural chargeis0.81 and+0.80, respec-

were predicted to be 1.589 and 1.603 A, respectively, which tively, with bond lengths of 1.711 and 1.692 A), which are
are in very good agreement with the gas-phase value of 1.596compared in Figure 9, and the harmonic frequencies are given

A.35 The LiH molecule is polarized Pif—H°~ (calculated
natural atomic charges0.81 and—0.81), and the experimental
dipole moment 5.882 Bgives 0.77 electron transfer over the
bond length in the simple ionic model. Hence, molecular

in Tables 2 and 3. With B3LYP calculations, cyclic (Liip

Dan symmetry is the only stable molecule on the potential energy
surface, while three conformers forsH, were found. Tetra-
hedral LiH4 is the lowest in energy (and has a slightly higher

hydrogen can be attached to the dipole ends. Very similar +0.81 natural charge), cyclic (Lid)in D4y, Symmetry is 4.7
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148.7°

Figure 9. Structures calculated for @yiLiH, (LiH) 2, LisH, (LiH)s, and (LiH% molecules using the B3LYP/6-31+1G(3df,3pd) method. Bond
lengths in angstroms and bond angles in degrees.

TABLE 1: Infrared Absorptions (cm ~1) Observed for
Lithium Hydride Diatomic Molecules Complexed and
Solvated in Different Hydrogen Matrix Samples

matrix LiH 6LiH matrix LiD LiD
p-H2, 99.9%  1324.2 1337.4 0-D,,97% 981.2 998.7
p-Hz, 99.8%  1323.9 1337.2 0-D2,94% 980.3  997.7
p-H2, 99% 13229 1336.0
p-Hz, 90% 1319.5 1333.2 0-D2, 80% 980sh 999 sh
p-Hz, 90% 1313 1325.0 0-D,80% 979.5 9975
p-Hz, 90% 1304.0 1315.8 o-Do, 80% 996.1
p-Ha, 70% 1312.7
p-Hz, 70%  1303.4
HD 1319.3 13325 HD 997.7 1016.2
HD 1309.5 13227 HD 989.4  1007.6
n-H, 13099 1323.1 n-p 977.8 9954
n-H 1301.2 1314.1
n-Hax/n-D; 1308.2 n-H/n-D,  989.6
n-Hy/n-D; 1296.8 n-H/in-D,  980.5

TABLE 2: Infrared Absorptions (cm ~1) Observed for
Lithium Hydride Dimer Vibrational Modes in Different
Matrix Samples

("LiH)» (5LiH) »

matrix by b2y bsy b1y b2y by
neon 909.8 995.7 571.1 9195 1005.9
p-Hz, 99.9%  908.7 917.4 1002.4 574.6
p-Ha, 99% 908.4 9934
p-Hz, 90% 906.5 914.8
p-Ha, 70% 905.6
n-Hy 904.7 987.1 5712 913.3 995.7 574.2
argon 900.8 909.3

kcal/mol higher in energy, andis-LisH4 lies still 18.9 kcal/

mol higher in energy. Our MP2 computation gave very similar
results. Earlier SCF calculations gave slightly longer bond

lengths with the same trend for these oligomer structéfrés.

like fashion, a stable cyclic (LiH)structure was computed in

LiH and the (H),LiH Complex. Two very strong absorp-
tions at 1301.2 and 1309.9 cihwere observed and its matrix
site splitting at 1309.9 cm were observed after initial
deposition of natural lithium with pure normalHn-H,) at 4
K. Sequential irradiationX520,>470,>380,>290, and>220
nm from the mercury arc) decreased these bands stepwise. A
very weak band at 1323.3 crhfor Li in natural abundance
tracks with the two strong bands. THe + n-H, experiment
gave similar 1314.1 and 1323.1 chabsorptions, and the
6LiH/7LiH ratios (1.0099 and 1.0101) were close to the
computed harmonic value (1.0104) for the diatomic molecules.
With normal pure B (n-D), only one counterpart band was
found at 977.8 cm! (“Li) and 995.4 cm? (5Li), giving isotopic
H/D ratios of 1.33077Li) and 1.3202 §Li), respectively, using
the stronger, lower frequency LiH component, which is slightly
lower than the harmonic ratios (1.3326 and 1.3221). The pure
HD with Li experiment revealed two doublets at 1319.3 and
1309.5 cmit in the Li—H stretching region and 997.7 and 989.4
cm1in the Li—D stretching region. ThéLi counterparts at
1332.6 and 1322.8 and 1016.2 and 1007.6 tgave lithium
6/7 isotopic frequency ratios of 1.0101 and 1.0102 and 1.0185
and 1.0184, respectively. With,H- D, and™Li, a very similar
pattern appeared at 1308.2 and 1296.8 and 989.6 and 980.5
cm~1. The previous isotopic distribution indicates that one
hydrogen atom and one lithium atom are involved in this
vibration; therefore, an assignment to the diatomic molecule
LiH in solid hydrogen is straightforward.

The fundamental vibration of diatomiéLiH has been
measured in the gas phase at 1359.1 %twhich is much
higher than we observed in solid normal hydrogen and indicates
a considerable interaction between LiH and surrounding H
molecules. The assignment to LiH was confirmed by theoretical
calculations. With the B3LYP functional, the LiH fundamental
was predicted at 1418.9 crh(“LiH) and 1433.7 cm? (SLiH),

Den symmetry (bond length of 1.677 A and highest e mode at 9iving a scale factor of 0.9579 for the gas-phase fundamental.

1498 cntl), but the solid-like hexagonal prism structure (Figure

S1) was 18.3 kcal/mol lower in energy.

Discussion

This deviation for the B3LYP harmonic frequency calculation
has been found in most metal hydridés?6 Our MP2 calcula-

tion gives a slightly highefLiH frequency at 1423.2 cnt, and

the higher level QCISD method gave a more accurate frequency

The new product absorptions will be assigned based on argon,of 1364.9 cmt.’
neon, normal hydrogen, angara-hydrogen matrix infrared
spectra and theoretical frequency calculations.

The sharpest and highest LiH fundamentals were observed
for 7LiH andSLiH in 99.9% para-hydrogen at 1324.2 and 1337.4
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TABLE 3: Observed and Calculated Frequencies (cm?) for (LiH) , Isotopic Molecules {Aq in Dy Symmetry)

("LiH) (BLiH) ("LID), (°LiD)» Li,HD
mode obs®l calcdad calcd harrf obsd calcd harm obsd calcd harm obsd calcd harm obsd calcd harm
a 1100.7 1174.7(0) 1176.7(0) 841.2(0) 846.0(0) 1076.3  1130.0(386)
boy 987.1 1023.8 1079.5(902) 995.7 1090.7(921) 748.0 810.1(508) 761.5 825.0(527) 872.6  933.8(555)
b1y 904.7 913.6 970.9(925) 913.3  981.0(944) 691.0 728.6(521) 703.4 742.0(540) 777.6  823.3(318)
bag 823.2 886.7(0) 899.0(0) 677.8(0) 693.8(0) 698.4(168)
bsy 571.2 5935  600.7(699) 574.2 606.9(714) 446 450.8(394) 453 459.0(408)  497.2  531.0(547)
a 503.7 522.4(0) 563.3(0) 516.1(0) 554.2(0) 519.4(1)

aObserved frequencies from solid,HD,, or HD.? Calculated anharmonic frequencies at the B3LYP/6-31G(3df,3pd) level of theory.

¢ Calculated harmonic frequencies with infrared intensities in km/mol.
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Figure 10. Infrared spectra for LiH in solid hydrogert 4 K with
para-hydrogen enrichments ranging from 99.9% to normal hydrogen
(25%). (a)6LiH in 99.9% para-hydrogen, (b)SLiH in 90% para-
hydrogen, (c) after annealing to 6 K, (&)iH in normal hydrogen, (e)
LiH in 99.8% para-hydrogen, (f)’LiH in 99% para-hydrogen, (g)
LiH in 90% para-hydrogen, (h) after annealing to 6 K, (iliH in
70%para-hydrogen, (j) after annealing to 7 K, and (k)H in normal

1350

hydrogen. Solid spectra are for laser-ablated lithium-6 and natural

mann populations oJ = 1 rotational states fofLiH and 7LiD
at 4 K are 0.5 and 5.0%, respectively. Even with flnéD
absorption at full scale, no signal was detected for the P(1) line
anywhere closeot4 B (16.8 cnt?) lower. Hence, we conclude
that LiH and LiD are not rotating in these solid hydrogen
samples, and we believe that dihydrogen complexes at the metal
center are responsible for this quenching of rotational motion.
Earlier workers find thabrtho-H, molecules § = 1) with a
quadrupole moment that survives averaging over e 1
rotational wavefunction interact more strongly with guest
molecules bearing a dipole moment thaara-H, molecules J
= 0) where the quadrupole moment averages to #droeffect,
the ortho molecules cluster around the solute molecule due to
stronger intermolecular forces. The latter investigation employed
CHsF (dipole moment 1.8585 D) as the guest molecule and
found an 8.4 cm! shift for the gas-phase 1048.6 cin
fundamental inpara-H. It is therefore no surprise thakiH
(dipole moment 5.882 B)s shifted much more ipara-H, (34.9
cm~1) from the 1359.1 cm! gas-phase valu&There is a much
stronger chemical (or electrostatic) interaction between the
highly ionic LiH molecule and the molecularfost than found
for CHsF. However, Yoshioka and Anderson observed an
additional 5.7 cm? red-shift as 12ara-H, molecules in the
matrix cage were replaced by more strongly interactirtgo-
H, molecules!
Accordingly, we propose a primary chemical JjpLiH

lithium co-deposited in solid hydrogen samples, and dashed spectracomplex in the physical cage of a hydrogen lattice substitutional

are for annealed samples.

cm! (ratio 1.0100). However, with 99%-H,, these funda-
mentals were 1:31.4 cnt? lower, and in normal hydrogen
(25% para, 75% orthd), these modes were lower still and
interestingly split into two bands (Table 1). An analogous
finding for LiD fundamentals placetLiD and 6LiD highest at
981.2 and 998.7 cmt in 97%ortho-deuterium, and these modes
were 0.9-1.0 cnm! lower in 94%ortho-deuterium and 2.8

2.3 cnrt lower in normal deuterium (33% para, 67% ortfb).
The “LiH/7LiD ratio in the J = 0 solids f-H, and 0-Dy) is
1.3496, and the analogofisiH/SLiD ratio is 1.3391, which are
slightly higher than the harmonic ratios. The H/D ratios for the
two “LiH and "LiD sites in the same solid HD, also a quantum

site with 12 surrounding FHmolecules. Thus, the 19.4 cf
red-shift calculated for this complex at the MP2 level is less
than the gas phase to thara-H, shift (34.9 cnt?) because we
have not accounted for the solvation of the additiqreaia-H,
matrix cage around the complex, which will affect the primary
complex formed. Thus, the lower band ftiH at 1301.2 cnr!
is due to the saturated ortho chemical complex in a physical
mostly ortho cage since the more reactive ortho nuclear spin
isomer preferentially attaches to guest molectllasd our total
shift from para to normal (mostly ortho) is a larger 23 @m
This model of a chemical bis-dihydrogen LiH complex in a
physical cage of 12 surrounding;t$olvent molecules is in
accord with our spectra of LiH in all of the solid molecular
hydrogen lattices that we have investigated. To illustrate these

solid, are 1.3223 and 1.3235, which are slightly lower than the effects, we compare infrared spectra from our full rangpavé-
harmonic value (1.3326) and appropriate for the observed and ortho-hydrogen samples for both lithium hydride metal

anharmonic frequencies. Likewise, the H/D ratios for the two
6LiH andSLiD sites in the same solid HD are 1.3114 and 1.3128,
respectively, also lower than the harmonic value (1.3221).
Recent work has shown that HCI and DCl rotate in spada-
hydrogen with only small deviations from gas-phase behdior.
Hence, we must consider this possibility for LiH and LiD in
our para-hydrogen anartho-deuterium samples. If the strong

isotopic molecules in Figure 10. These spectra begin with the
sharp 1337.4 cmt all-para complex cage absorption fhiH,
namely,{[(J = 0),((LiH)](J = O)cagd, and the weaker sharp
1324.2 cm! all-para complex cage band fériH in our most

pure (99.9%) para investigation. The corresponding absorptions
in solid HD (also a quantum solid with = 0 molecules) are
slightly lower at 1332.5 and 1319.3 ci(see Table 1) due to

absorptions we observe were due to R(0) lines, the rotational the heavier HD cage. However, the 97.9% HD sample contains

constants would place the P(1) I;é B lower, and our spectra

2.0% Hb, which accounts for the weak bands at 1322.7 and

show no evidence of absorption at these positions. The Boltz- 1309.5 cn1? for (J = 0)(J = 1)LiH complexes in the solid HD
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lattice. The latter complexes are of course stronger in the normal
hydrogen experiments, where the higher bands at 1323.1 and
1309.9 cn1t are then due to thepéra, J = 0)(ortho, J = 1)-

LiH complexes, and the lower, stronger bands at 1314.1 and .
1301.2 cnt are assigned to theitho, J = 1),LiH complexes. 025 /¢\ ®
This identification is verified by our 90% para experiments N

(Figure 10) where now three major broad bands are observed, [~
one for each of the three chemical complex&s=(0),LiH, (J 0.20 __U__t_
= 0)(J = 1)LiH, and @ = 1),LiH. The first band at 1333.2 ’

cm~1for the J = 0),°LiH complex is of course below the sharp
all-para chemical and cage complex band at 1337 Z'awing

to the presence of some ortho cage molecules, and the second 0.15
and third bands at 1325.0 and 1315.8¢rare slightly higher

than these bands in normal hydrogen due to the presence of el (b
1

more para-hydrogen molecules in the cage than in the normal

sample (25% pard). This is all supported by annealing the 0.10

sample ® 6 K (Figure 10c) where ortho replaces para in the (a)
chemical complex (the 1333.2 cthband is reduced dramati-

cally and shifted to 1329.6 cn) and in the cage around thé ( 1010 1000 9% %0 970
= 0)(d = 1)LiH and @ = 1),LiH complexes (the bands red- Wavenumbers (')

PN ; Figure 11. Infrared spectra for LiD in solid deuteriunt 4 K with
S:Jflﬁ f“ghhtly t% 1324.5 antd (11?15'3 CH:) Alr_g:llrc])ggus a;r;eallng ortho-deuterium enrichments ranging from 97% to normal deuterium
effects have been reported for efHin solid hydrogert: (67%). (a)°LiD in 97% ortho-deuterium, (bfLiD in normal deuterium,

Similar behavior is found for thel= 0),’LiH band at 1324.2 (c) "LiD in 94% ortho-deuterium, (dYLiD in 80% ortho-deuterium,
cm~tin the mostly lithium-6 sample with 99.9% para, at 1323.9 (e) after annealing to 9 K, and (fLiD in normal deuterium. Solid
cm1in the 99.8% para sample, and at 1322.9 &mith 99% spectra are for laser-ablated lithium-6 and natural lithium co-deposited
para using natural lithium (Figure 16g). With 90% para’- in solid deuterium samples, and dashed spectra are for annealed samples.
LiH bands are observed at 1319.5 ¢inin the middle at 1313
cm™1, and at 1304.0 cmi, which shift slightly on annealing to

I i i 0,
6 K (Figure 10h). The first band appears to be lost using 70% To summarize, we observed and identified three bis-dihy-

para, and annealing continges to red-shift the bands_(Figu_redrogen complexes that differ by the spin states of the two
10i,j). As the para concentration is decreased, the band mtensr[yIiganols para),LiH, (para)(ortho)Lit, and @rtho)sLiH. and the
again shifts to lower frequency absorption as the more strongly ' 2= ' 2L,

: . : more strongly interacting ortho ligand gives rise to an additional
interacting ortho isomer gradually replaces para (Table 2). it ; Do ; -
Finally, the (H).—LiH bonding is strong enough to define a red-shift in the Li-H vibrational chromophore with additional

unigue bis-dihydrogenLiH complex, and theara andortho- small _depend_ence on the para/ortho composition of the sur
. . . ST rounding matrix cage.
H> spin state molecules make a difference in the LiH vibrational ; .
. . . The LiH molecule and its hydrogen complex are not observed
frequency in both chemical complex and physical cage roles, . ) ;
) : . . in our neon and argon matrix experiments, although several laser
and thus, the different hydrogen ligand spin state isomer effects

! . ; e . T “energies and concentrations of, Wvere investigated. This
ggn:};?etl_H absorptions enable the identification of this bis underscores the role of the bis-dihydrogen complex and the

C ) _hydrogen matrix cage in trapping LiH in solid hydrogen. It
The situation is analogous for deuterium except that the shift ¢, ther suggests that LiH is extremely reactive and that
from theortho-deuterium § = 0) to the normal deuterium (67%  gimerization and polymerization occur before trapping in the
ortho}** environment is only 3.4 cnit, and resolving individual e interacting solid noble gas matrix cage. The (kitplecule
peaks for the presumed {J2LiD complexes is more difficult. s jndeed observed in solid neon as will be discussed next.
However, the lithium-6 isotope is again easier to resolve, as (LiH) ». In theLi + n-H, experiments, a group of new bands
spectra in Figure 11 demonstrate. ThéD absorption in 97% at 987.1, 904.7, 571.2, and 559.8 thappeared on deposition
ortho-D is at 998.7 cm*, which shifts to 995.4 cmt in normal and tracked together on subsequent treatments of annealing and
deuterium (67% ortho}; but with 80% ortho, this feature  jrradiation. In one experiment, these bands increased 5-fold on
becomes a weak triplet at the 999 shoulder, 997.5, and 996.1>520 nm photolysis, held constant on broadband irradiation
cmt (Figure 11d) in the natural abundance spectrurfLdd. down to >290 nm, decreased 50% 6n220 nm irradiation,
Annealing b 9 K changes intensities until the 996.1cthpeak  and increased 20% on annealing to 6.9 K. In another sample
is the strongest (Figure 11e).. TAED absorption shifts from (Figure 1), annealing first doubled these bands, a6@0 nm
980.3 to 979.5 to 977.8 cm in the analogous spectra with  jrradiation increased them by 400%. Substitution Vithgave
decreasing ortho content (see Table 1). Although the 9793 cm  gjightly higher absorptions at 995.7 and 913.3 and 574.2 and
band is not resolved using 80% ortho, it exhibits a 980¢m 564 4 cml. With 7Li + n-D,, the two upper bands were
shoulder and shifts to 979.0 cihon annealing to 9 K. observed at 748.6 and 691.2 th{giving 1.3197 and 1.3093
Our spectra with mixtures of normaltand D, are in accord H/D ratios), while the lower bands shifted to 446 and 43Ttm
with the previous picture. Two bands are now observed using (1.281 and 1.299 ratios). The counterparts \With+ n-D, were
"Li in the LiD stretching region, at 989.6 and 980.5 ¢imdue found at 761.5 and 703.4 criy defining 1.3076 and 1.2984
to (J = 0)(d = 1)LiD complexes, and these bands are slightly H/D ratios. With’Li + HD, the diagnostic bands appeared at
higher (relative to pure normal deuterium) due to a mass effect 1076.3, 872.6 (strongest), 756.1, and 497.2 &nThe absor-
from lighter H; in the cage with B molecules. Likewise, the  bance yield of this product is much less than that of LiH on
two bands in the LiH stretching region at 1308.2 and 1296.8 deposition, but it exceeds LiH or520 nm photolysis. The
cmt are slightly lower (relative to pure normal hydrogen) due lithium hydride dimer is proposed since the 987.1 and 904.7

bsorbance

to the presence of heavierh the cage solvation layer with
ortho-hydrogen.
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Figure 12. Structures calculated for the isostructural (LiH)LiF),, and (LiCl) molecules using the B3LYP/6-3%HG(3df,3pd) method. Bond
lengths in angstroms and bond angles in degrees. Natural atomic charges are given in parentheses.

TABLE 4: Observed and Calculated Frequencies (cm?) for Li sHz (*Ay in Dz, Symmetry)

“LigHs 6LisH3 LisDs 6LisDs
mode obsdl calcd obsd calcd obsd calcd obsd calcd
e 1138.0 1229.1 (80& 2) 1144.0 1240.7 (844 2) 852.8  910.0 (53x% 2) 863.3 923.9 (57% 2)
&' 1210.4 (0) 1229.3 (0) 923.4 (0) 944.0 (0)
a' 995.6 (0) 995.1 (0) 704.1 (0) 704.2 (0)
e 843.5 935.6 (45& 2) 856.0 947.1 (42% 2) 640.2 711.0 (13 2) (654) 725.9 (10k 2)
&' 538.8 589.1 (955) 594.0 (975) 441.2 (538) 449.3 (558)
a 412.8 (0) 445.0(0) 411.9 (0) 444.8 (0)
e’ 326.1 (0) 327.2 (0) 246.3 (0) 252.0 (0)
e 259.4 (116x 2) 276.3 (136x 2) 244.1 (114x 2) 259.0 (130x 2)

aObserved frequencies from solid normal ét D,. ® Calculated harmonic frequencies at the B3LYP/6-8315(3df,3pd) level of theory with
infrared intensities in km/mol.

cm~1 bands are located 36@00 cnT! lower than the isolated  the matrix (possibly different coordinations of kgands at the
Li—H stretching mode and are appropriate for bridged i Li centers). The lithium 6/7 isotopic frequency ratios (1.0053
Li stretching vibrations. Very similar shifts from MH to and 1.0082) and the H/D frequency ratios (1.281 and 1.299)
bridged M—H—M stretching modes have been observed for for these bands were slightly lower than for the stretching modes,
magnesium dibridged metal hydride, by, for example?* In which is probably due to different matrix perturbations in this
addition the lithium 6/7 isotopic frequency ratios, 1.0087 and out-of-plane motion.
1.0095, for these modes are almost the same as for the LiH Also note (Table 2) that the strongest absorption for the (LiH)
diatomic molecule, which is characteristic of the rhombic dimer. molecule shifts to lower wavenumbers as fyera-hydrogen

At this point, a comparison of theoretical calculations and concentration is decreased much the same as described previ-
observed values can guide us for assignment. First, the twoously for the (H),LiH complex. The additional red-shift in this
infrared active Li-H—Li stretching modes for (LiH) were absorption from almost pugara-hydrogen to normal hydrogen
computed at 1079.5 and 970.9 chwith B3LYP, which must is only about 4 cm!® as compared to 24 crh for LiH, which
be multiplied by 0.914 and 0.931 scale factors to fit the bands can be attributed to the lack of a dipole moment for the (kiH)
observed in solid hydrogen. Part of this discrepancy is due to dimer.
anharmonicity, and part is due to interaction withrHolecules The (LiH), molecule is also observed in solid neon. After
in the matrix cage. Accordingly, these scale factors are smaller deposition with 3% Hin neon, two very weak bands at 909.8
than typical values for the B3LYP function&®.Our MP2 and 995.7 cm! appeared, increased em70 nm photolysis,
calculation gave similar frequencies of 1076.6 and 982.9'cm  and decreased on annealing (Figure 7). fllieounterparts at
and relative intensities (Table S1) as did the BPW91 functional. 1005.9 and 919.5 cm define the 1.0103 and 1.0107 6/7
Second, agreement was also found in deuterium shifts. Theisotopic frequency ratios, respectively, and tPié) , absorp-
slightly lower H/D frequency ratios for the two HH—Li tions at 768.3 and 706.6 crhgive 1.3093 and 1.3013 H/D
stretching motions relative to the +H stretching mode are  ratios, which are slightly more harmonic than the frequency
due to more anharmonicity in the bridged bond vibrations. Recall ratios in solid hydrogen. These bands correspond to the solid
in the cases of dialane (#ls) and dihydrogen bridged Mbla hydrogen observations, and the assignment is straightforward.
that the bridge bond stretching modes gave slightly higher H/D  In like fashion, the strongest mode was observed to be lower
ratios than the M-H stretching modes since the slightly heavier at 900.8 cm? in solid argon (Figure 8). Isotopic substitution
metal atoms were less involvé#?* Third, with B3LYP, the was performed, and the 6/7 ratio (1.0094) was slightly lower
antisymmetric and symmetric modes ofH(H,)—Li/Li —(D2)— and the H/D ratio (1.3116) slightly higher than found in solid
Li parallel to the Li-Li axis were calculated at 1079.4 and 810.0 H, and D.. This suggests a stronger interaction of argon at the
and 1175.0 and 841.4 crh and the modes perpendicular to Li centers with less Li participation in the vibrational mode.
the Li—Li axis were predicted at 971.4 and 728.9 and 887.0 The strongest absorption of the-tHH—Li—D isotopomer was
and 677.9 cm!. The HD substituted molecule, £(HD)—Li, observed at 868.6 cm with the same relationship to (Likijas
was calculated to give two stronger median bands at 1130.1observed in solid HD.
and 934.1 cm! in the H region and two weaker median bands ~ We must point out that all of our calculations (two density
at 823.1 and 698.6 cm in the D region. The observed 1076.3 functionals, MP2, and QCISD) predicted similar infrared
and 872.6 (strongest) crhbands in the H region and a weaker intensities for the strongipand by, modes, but our observed
777.6 cnt! band in the D region were due to-+tH—Li—D. bands are in the ratio of 4:1 in solid neon, 2.5:1 in hydrogen,
The strongest band shifts to 882.6 chwith 5Li. Finally, the and 2:1 inpara-hydrogen (Figures 1, 5 and 7). Part of this
lower bands at 571.2 and 559.8 chwere assigned to theb discrepancy is due to the harmonic approximations involved,
out-of-plane bending mode split by different interactions with and part is due to the interaction of the ionicH(-Hz)—Li
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TABLE 5: Observed and Calculated Frequencies (cm?) for Cyclic Li 4Hs (*Aq in Day Symmetry)

TLigHs 6LiH, 7Li Dy 6Li,Ds
mode obsdl calcd obsd calcd obsd calcd obsd calcd
e, 12744  1374.4(96% 2)  1282.3  1385.4 (1006 2) 1020.6 (597« 2) 1037.3 (632« 2)
a0q 1361.5 (0) 1378.3 (0) 1032.1 (0) 1054.0 (0)
bug 1341.2 (0) 1342.9 (0) 956.4 (0) 958.9 (0)
aug 873.4 (0) 893.4 (0) 715.0 (0) 746.1 (0)
bg 868.5 (0) 873.6 (0) 618.7 (0) 619.1 (0)
e, 819.6 (632« 2) 828.3 (598« 2) 614.9 (215x 2) 625.5 (183x 2)
u 557.3 (1271) 563.1 (1298) 418.2 (716) 425.9 (742)
er 393.1 (0) 398.0 (0) 298.2 (0) 304.6 (0)

aObserved frequencies from solid br D,. ® Calculated harmonic frequencies at the B3LYP/6-8315(3df,3pd) level of theory¢ Another six
modes at 326.3(g0), 305.9(g 183 x 2), 210.4(h,,0), 178.7(bg,0), 122.9(k,,0), and 117.1(R,0).

molecule with the matrix environment. Calculated frequencies axes) and the out-of-plane bending mode at 589.1anith

with anharmonic correction in the Gaussian 03 system are alsoscale factors 0.926, 0.902, and 0.915, respectively. These scale
compared in Table 1, and of course, the anharmonic frequenciedfactors, which are consistent with the calculations for (ljH)

are much closer to the observed values. Unfortunately, the substantiate the (LiH)assignment. The frequencies of (LiD)
calculation does not provide anharmonic infrared intensities. We are calculated at 908.0 and 711.5 @émgiving 1.3536 and
have searched the spectra for possible combination bandsl.3150 H/D ratios and matching experimental values very well.
involving the stretching modes, and no such absorptions are Supporting evidence is also obtained from the HD experi-
observed. It would be interesting to see if higher levels of theory ments. Two mixed isotopomers, sH,D and LigHD,, are

could account for the observed infrared intensities.
The three IR active fundamentals for (Li§re predicted to

possible for the HD reaction. It must be remembered that solid
HD is different from solid H and that (LiH} itself sustains a

have 1:1:0.8 relative intensities, highest to lowest frequency 3.2 cnt?® blue-shift from the latter to the former environment.
(Table 1), and the observed absorptions are in 1:2.5:1 relative The e in-plane antisymmetric bridge bond stretching mode for
integrated intensities. The best spectrum that we have is for (LiH)3 calculated at 1232.2 cn splits into 1228.0 and 963.0

(8LiH), in para-hydrogen (Figure 5), and the bands at 1002.4
and 917.4 cm! (fwhm of 11.4 and 5.6 cmi, respectively) are
ina 1.0:1.9 integrated intensity ratio. For the LiHLiD molecule

cm~1 bands for LiH,D and into 1221.4 and 975.7 cthbands
for LisHD». The 1139.8 cm! band in solid HD is due to kH3
as the HD sample contains 2% lnd the LiH product is

of lower symmetry, the three bands assigned in Figure 2 haveexpected to diffuse and react more than LiD. The weaker
1:10:2 relative integrated intensities, but calculation predicts a satellite bands at 1132.0 and 1126.0 and at 848.0 and 860.7

1:1.5:1 relationship. Clearly, the strongest 904.7 and 872:6 cm
band intensities, which involve H motion parallel to the-Lii

axis, are either underestimated by the calculation or more likely

cm™1, respectively, are due to4H,D and LgHD; as these bands
increase or~290 nm irradiation with the 1139.8 crhband.
(LiH) 4. A group of weak bands at 1274.4, 1261.8, and 1252.2

enhanced relatively by the matrix environment. One can picture cm~! appeared or 520 nm photolysis and increased 8290

the (LiH), dimer entrapped in the solid hydrogen lattice and
the b, mode (H motion perpendicular to the tii axis)
dampened more by the matrix cage than thgrbode. This

nm photolysis and annealing in nzHexperiments. ThéLli
counterparts at 1282.3, 1269.1, and 1259.1 tmefined a
1.0058 ratio, which is near that observed for (LiHyor n-D,

point gains credence from the fact that the higher frequency a 950.3 cm? band appeared or470 nm photolysis, and the

b, mode absorption is broaderx2 than the lower frequency
sharper p, mode band. We predict that the strongest (kLiH)
fundamental will appear near 910 chin the gas phase and

H/D ratio 1.3278 is also appropriate. The HD and H D,
reactions favor the upper hydrogen modes. These bands are due
to the Li—H—Li bridge bond stretching motions in a larger

that this mode might be observable by diode laser spectroscopy cluster.

(LiH) 3. The LiH trimer can be identified following the
assignment of (LiH) A strong band at 1138.0 cthand a weak
band at 843.5 cm appeared or 520 nm photolysis, remained
constant with further visible and near-UV irradiation, but in
contrast to (LiH), these bands remained 81220 nm exposure
and increased 40% on 6.9 K annealing’ln + n-H, experi-
ments. These bands are also located in theHLi stretching
region. A strong associated 538.8 chiband must be the i
H—Li bending mode. With’Li 4+ n-D,, the two upper bands
shift to 852.8 and 640.2 cm, respectively, giving 1.3346 and
1.3176 H/D ratios, and the bending mode shifts out of our
measurement region. In experiments vith + n-H,, the bands
shift to 1144.0 and 856.0 crh(ratios 1.0053 and 1.0148, which

Calculations were performed forH, and LisHs, with planar
ring and nonplanar bridge structures. FofH4, planarD4, and
Tq structures (Figure 9) with both B3LYP and MP2 give very
different frequencies. The strongest bridgeet Hi—Li stretching
frequency for theTy structure is calculated at 926 cinsince
triple bridge interactions are found in this cluster, but oy,
only double-bridge structures exist, and the strongest frequency
shifts up to 1376 cmb. Similar calculations were performed
for LigHe, and theDg, planar structure also has even higher
frequencies. Again, the more solid-like hexagonal prism struc-
ture (Figure S1) was lower in energy, but the strongest bridge
bond infrared absorptions were calculated as 1127 and 1498
cm1, respectively, for the prism and planar structures. On the

are lower and higher than found for the rhombus structure and basis of these calculations, we concluded that the 1274.4, 1261.8,

require a new structure with larger bond angles).

The assignment of (LiH)is supported by theoretical calcula-
tions. With the B3LYP functional, the optimizeBs, ring
structure of (LiH} gives two IR active degenerate modes at
1229.1 cm! (in-plane antisymmetric bridge bond stretching
modes antisymmetric to LLaxes) and 935.6 cm (in-plane
antisymmetric bridge bond stretching modes symmetric4o C

and 1252.2 cm! bands were due to the double-bridge-H—

Li species (LiH) where different matrix sites or numbers of
complexing dihydrogen molecules at the lithium centers pro-
duced slightly different absorptions. The scale factor (0.917) is
comparable to those of the strongest modes for (L3H(.931

and 0.926). The matrix apparently prevents the less stable cylic
tetramer from folding into the more stable cubic structure.
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The para-hydrogen lattice interacts less strongly with the probably from spontaneous reaction 2 in solid hydrogen in the
(LiH) 2 3 4clusters than with the LiH molecule. This is based on 6—7 K range. Annealing is known to remove lithium atoms,

the normal topara-hydrogen frequency shifts, which are-14

23 cnr! for LiH, 3.7—4.1 cn1? for (LiH),, 4.3-4.5 cn! for
(LiH)3, and 7.2-7.5 cnt? for (LiH)4. We believe that this
difference is due to the circled-wagon effect, which prevents
solvation on the inside of the closed ring structure and of course
in part to the lack of a dipole moment for the cyclic (Li)s
clusters.

Weak Photosensitive Absorption.The weak 981.4 cmt
band is favored relative to LiH with lower laser energy,
and it bleaches with visible irradiation to be replaced by the
987.1 cn! band of (LiH). This is the behavior found for PdH
in earlier investigations with laser-ablated Pd and*HThe 6-

Li counterpart at 991 cnt and deuterium counterparts at 756
and 743 cm? for SLi and Li, respectively, define isotopic
frequency ratios that are compatible with both LiH and (L:iH)
values.

Two possible anions that must be considered for this system
are LiH™ and LiH,~. The first has been observed by photo-
electron spectroscopy, and the frequency was estimated from
hot band as 92@- 80 cn11.12 More recently, a first principles

theoretical treatment of the photoelectron spectrum has reas-
signed the hot photoelectron band spectrum and reopened the | iy + [iH —

possibility that the LiH vibrational fundamental is near the
theoretically predicted harmonic values in the 1100~&m

region** The second has been computed as a stable linear,

centrosymmetric anion with a strong IR active fundamental near
1100 cn1?, a result®@in agreement with our B3LYP calcula-
tions. However, the lithium 6/7 isotopic frequency ratio for this
antisymmetric H-Li —H stretching mode is computed as 1.0183,
which is too high for our observed band. Hence, tii$ a
possibility with a large matrix shift. Accordingly, we have
calculated anion complexes with dihydrogen, and they are
repulsive so we must look for another species.

The neutral polylithium LiH cluster was computed and found

a

and Li is a likely product?”-28 activation probably arises from
the exothermic dimerization of two lithium atoms to give excited
Lio*, which spontaneously reduces an adjacent dihydrogen
molecule to produce the dilithium dihydride. Annealing also
increases the (LiD)bands in solid B by 50%, which shows
that reaction 2 is spontaneous in solid deuterium, although the
yield is less than with hydrogen.

Even more growth of (LiH) comes from photochemical
reaction 3, which excites hidirectly2® We note that red
irradiation into the Li atomic absorption does not increase
reaction product absorptions, so electronic excitation of atomic
lithium in solid hydrogen does not promote chemical reaction
with the hydrogen molecule. The major trimer formation also
arises on visible irradiation from a reaction such as reaction 4.
In addition, the growth of tetramers on annealing at the expense
of (LiH)1,2,3 probably comes from the exothermic addition
reactions 5 and 6. Interactions with Ifholecules in the solid
matrix probably prevent the cyclic (Li)nolecule from folding
into the more stable cubic structure. Finally, the lithium rich
cluster LgH can react with Hto form the stable cyclic trimer,
reaction 7.

(LiH) , [AE = —45 kcal/mol, B3LYP] (1)
Li +Li +H,— Liy* +H,—
(LiH), [AE = —54 kcal/mol] (2)

Li, + H, + visible irradiation— Li,* + H, —
(LiH), [AE = —33 kcal/mol] (3)

Li + Li, + 2H, + visible irradiation—
(LiH) ; + H [AE = —30 kcal/mol] (4)

LiH + (LiH), — (LiH) s [AE = —44 kcal/mol] ~ (5)

to have a cyclic structure as given in Figure 9, and the strongest

absorption at 1061.8 cm (983 km/mol) was an even better
possibility (see Table S2 for all frequencies). This calculated

LiH + (LiH), — (LiH),, [AE = —44 kcal/mol] ~ (6)

frequency was 7.6% higher than the observed value, which wasLi + Li + LiH — Li;H + H, —

in line with our other results. Interestingly, both-i stretching
frequencies in LgH are near the y mode of LiH,. An earlier

HF calculation gave slightly longer bond lengths for the cyclic
LisH species?® The more important consideration is the mech-
anism as Li atoms can easily aggregate with LiH and forghiLi
which is expected to be very photosensitive in a hydrogen
environment in favor of the stable trimer (Likd)

Reaction Mechanisms.The important reaction mechanism

(LiH) 5 [AE = —46 kcal/mol] (7)

Bonding. This first experimental observation of the (LiH)
dimer provides useful information. First, the linear LiiH
dimer is often considered as the simplest model of the inverse
hydrogen bonded compléx%!® where the inside H atom is
electronically rich and provides electrons and the inside Li atom
is electron deficient and accepts them. However, our IR study

is revealed through the use of mixed isotopic reagents. The supports the existence of the more stable rhombic (Ldither
major product bands on deposition with HD are due to LiH with the bridging structure, and we do not observe absorption
and LiD, and the (LiH), LiHLID, and (LiD), molecules are in the 1600 cm! region that is predicted for the linear dimer.
observed as well (Figure 4). There is a preference here for theThe rhombic dimer structure prevails in metal hydride dimers
hydride species over the deuteride species since the HD sampleand polymers, for example, HM{H),MH (M = group 2
contains 2% H Annealing increased the (Likpand by 20% metals) and BM(u-H):MH, (M = group 13 metalsj®~2¢ This

and the LiHLID band by 50%. Near UV irradiatior 290 nm) is because the interaction energies involved in the formation of
increased LiHLID, L§H,D, and LgHD, more than the other  bridging H structures are very large (360 kcal/mol based on
isotopic species. The 50:5040, sample gave comparable LiH  our B3LYP calculations), particularly in an ionic system like
and LiD bands, more (LiB)than (LiD), and an intermediate  (LiH), which is much stronger than the typical hydrogen b#nd.
intensity band for LiHLID. Notice that visible irradiation In fact, previous theoretical studiés® have found the linear
increased (LiH)and (LiD), but not LiHLID. These results show  Li—H—Li—H dimer to be around 22 kcal/mol higher energy
that a small amount of (LiH)can be made by dimerization of  than the cyclic (LiH) structure, which is consistent with our

LiH on sample deposition as given in reaction 1 but that the
major growth arises from reactions with the hydrogen molecule
reagent. Annealing before irradiation produces (Likt)ost

calculations.
Second, the rhombic (LiH) molecule is ionic like the
isostructural alkali halide dimers (Figure 11). For example, the
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("LiCl)2 molecule exhibits strong bridge stretching modes at
481.1 and 352.6 cm, which are 80.3 and 60.8% of the
monomer frequency at 579.5 ctrin solid argon, and analogous
results were found for8(LiCl),.%¢ In like fashion, our (LiH)
fundamentals are 75.4 and 69.1% of the LiH stretching
frequency in solid hydrogen. The LiCl molecule sustained a
10% red-shift in solid argon, whereas the (LiCholecule
appeared to sustain a small blue-stift® The LiH molecule
was red-shifted 4.2% by the hydrogen matrix as the dipole
moment of LiH is smaller than that of LiCl (calculated 5.71
and 6.96 D and observéd*® 5.88 and 7.08 D, respectively),
and the basis for matrix interaction is less for LiH. In this regard,
the natural charges on Li in (LiGllare+0.90, only+0.84 in
(LiH) 2, and larger still $0.96) for (LiF),, which has almost
the same structure as (LiR)It is interesting to note that the
natural charge on Li in LiH-0.81) increases in the dimer (to
+0.84), but the natural charge on Li in LiC+0.94) decreases
in the dimer ¢0.90). Electrostatic contributions qualitatively
account for the dimerization energy in the alkali hydride and
halide dimerg?

Third, notice the trend in the EiH bond lengths in the planar
cluster series (LiH)(see Figures 9 and S1). The longest bond
length and lowest L+H stretching frequency are for the dimer,
and the bond length decreases steadily in the cyclic @4kl)
series, while the stretching frequency increases. Finally, the
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internuclear distance increases as aggregation becomes three- (21) Wheeler, S. E.; Sattelmeyer, K. W.; Schleyer, P. v. R.; Schaefer,

dimensional, as reported earlfrand the binding energy
increases, but the associated-H stretching frequency in the
solid-like structure decreases.

Conclusion

Laser-ablated lithium atoms and hydrogen gas frozen at 4 K
gave the LiH reaction product and trapped Li atoms. The LiH
molecule was trapped as the JblLiH chemical complex
surrounded by a physical cage of kholecules wher@rtho-
and para-hydrogen played a role in the observed frequencies
both in the identification of the primary bis-dihydrogen chemical

complex and in the surrounding matrix cage based on spectra

recorded with different compositions gdara- and ortho-
hydrogen. We are not aware of other examples where the spin
state of the dihydrogen ligand is manifest in the complex, but
solid hydrogen is an unusual host.

Annealing allows dimerization of Li atoms to #j which
reacts spontaneously with;hh the matrix cage to produce a
rhombus structured ionic (LiHdimer. Visible irradiation gives
a marked increase in (Likd)and new absorptions for (LiH)
Near UV irradiation and further annealing favor the higher
cluster (LiHy. We observe the simplest possible chemical
activation of H through the reaction with two Li atoms in solid
hydrogen, which can be compared to other synthetic methods
using larger chemical systerpf&®! Finally, the very strong &
absorption of (LiH) is predicted to be near 910 chin the
gas phase, where it might be observable by diode laser
spectroscopy.
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