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In the past few years, theoretical and computational work, including the effects of
electron correlation, allowed the prediction of nonclassical hydrogen complexes of
nontransition metals. In this Comment, these results are connected to others, starting
with Hi, and a review of the “nonclassical” binding features of molecular H, to
metals and nonmetals is given. As an example, the prediction of the structure of a
new such complex, the Li,H3*, is made.

I. INTRODUCTION

Recent reviews! ™S have presented and discussed the remarkable prog-
ress that has occurred during the past decade in the field of nonclassi-
cal hydrogen complexes (NCHC’s) of transition metal compounds.
The field took off after a report by Kubas et al.” on the experimental
finding that the hydrogen molecule may bind on a transition metal
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M7 in molecular from as in (1) rather than as in the atomic form of
the classical dihydrides (2)

1) )

L, represents ligands to which the transition metal atom is bound.
In (1) the frequency of the H-H vibration is shifted from that of free
H, (4400 cm™') and is a useful factor in the determination of the
structure (see, for example, the discussion in ref. 6). In (2), it is the
M—H frequencies that are measured, while the hydrogen o bond is
broken. (The equilibrium internuclear distance for the free H; is R,
= 1.40 a.u. = 0.74 A).

The discussions in refs. 1-6 lead to the conclusion that part of
the enthusiasm of the inorganic chemists for this field is due to the
fact that structures like (1) were unexpected. For example, in his
concluding section, Kubas' states “significantly, coordination of a
H-H bond represents the first stable intermolécular interaction to
a sigma bond with a metal center. Few, if any, researchers would
have believed that H, complexes would be stable relative to free H,
or metal hydrides.”

Although transition metal atoms with their characteristic d elec-
trons have attracted this special attention, it turns out that NCHC’s
also exist for light nontransition metals (see below) as well as for
light nonmetals such as BHs,2 CHs*,? SiHs*'% and GeH;*.!®® The
accurate experimental determination has come only very recently in
two cases, BH;s'! and CHs*,'? using molecular beam or matrix isolated
infrared spectroscopy. In both cases this experimental characteriza-
tion has been possible only because of the existence of high accuracy
theoretical calculations that were extensively used in the design of
the experiments and the interpretation of the IR data. It is interesting
to note that for the vibrational spectra of CHY, the stabilization
necessary for the spectral measurments was achieved by formation
of a weak cluster with the hydrogen molecule,'? i.e., a NCHC bound
by 40 kcal/mol is intermolecularly bound to another H, molecule by
~ 1 kcal/mol. The H-H stretching bands for a similar complex of
Si, SiH7 have also been determined spectroscopically.'?
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The purpose of the present Comment is twofold: First, to bring
to attention the fact that NCHC’s also exist for compounds whose
central atoms are nontransition metals (e.g., Li, Be, Mg, Al), sug-
gesting that the reasons for their occurrence lie beyond the specific
properties of the outer d-electrons of the transition metals and may
be similar to those involving light nonmetals. These reasons seem
to be conditions of electron deficiency and charge-induced polariza-
tion of the H, o bond and of some participation in back-bonding
between the HOMO-LUMO atom orbitals and the antibonding o*
orbital of H,. Second, to show that, since NCHC’s are also found in
metal containing compounds of small sizes, e.g., OBeH,, geometry-
optimization computations including electron correlation can be car-
ried out so as to acquire reliable information as to their structure
and properties. It is reasonable to expect that by realizing that there
is a number of atoms other than the transition metals which, under
certain conditions, bind H, in molecular form (in absolute or in local
minima of the potential energy surface), interest in new directions
in the synthesis of complexes of hydrogen or of other strong o bonds
(such as CHy) could be developed.

It should be stressed that although theoretical predictions of molec-
ular structure and stability might have lower accuracy than measure-
ments, when such are made, they can give useful guidelines towards
the design, the synthesis and the characterization of novel com-
pounds, as well as a very good understanding of the chemical binding
involved. It is also noted that although some H, complexes of nonmet-
als have been detected experimentally, to our knowledge no such
data exist for NCHC’s of nontransition metals, except for the binding
energies measured for Na* and K* clusters with H,.!*

II. CALCULATIONS AND RATIONALIZATION OF NCHC’s
OF TRANSITION METALS

The experimental characterization of the first NCHC’s of transition
metals was soon verified by ab initio calculations on mj;-bonded H,-
W(CO;)(PH,), carried out by Hay.'> Hay’s calculation was at the
Hartree—Fock level with a relativistic effective core potential for W.
His results on the stability of this compound were interpreted in
terms of o bonding and w back-bonding involving occupied and
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unoccupied metal d-orbitals and the o and o* orbitals of H,. Hay
also related the electron-withdrawing or electron-donating character-
istics of the ligands to the effectiveness of the oxidative addition of
H,. Calculations at the extended Hiickel level and molecular orbital
analyses aiming at rationalizing the formation of such compounds
were also carried out by several groups.>'¢-?

Although approaches at the molecular orbital level may provide
some insight into the molecular structure of these compounds, the
fact remains that when electron correlation is present (for the heavy
metals relativistic effects are present as well at the orbital level), in
order for the study of molecular structure and spectroscopy and of
properties such as relative energies of isomers or heats and paths of
formation or dissociation of molecules to be reliable, advanced ab
initio calculations must be carried out. In fact, the first serious calcula-
tions on the reaction of H, with transition metals showing the exis-
tence of the formation of a NCHC were published in 1983-84 by
Siegbahn’s group??! apparently independently of Kubas’ experi-
mental work. Using the configuration—interaction (CI) method, they
studied the interaction of H, with Ni and Pd in the compounds NiH,,
PdH,, Ni(CH;),H, and Pd(H,0),H,. They found that PdH,, where
the free atom configuration is d'°, is a weakly bound hydrogen
complex. However, “the addition of water ligands to Pd lowers
the atomic d°’s configuration relative to the ground state and thus
Sacilitates sd hybridization. This results in the formation of covalent
Pd-H bonds and the complete splitting of the H-H bond in
(H,0),PdH,.”

II. FORMATION OF NCHC’s WITH ATOMS OTHER THAN
TRANSITION METALS

In recent years, theoretical work carried out in this institute has
provided information about the formation of NCHC’s of nontransition
metals.?>?® This work had its beginning in the molecule BeH2**
and in our interest in establishing the existence of ground surfaces
of polyatomic species which are repulsive, except for a stable (upon
geometrical distortions) local minimum lying above the energies
of dissociation products. Molecules in such states contain usable
energy.?-3! Upon the recommendation of the referee of Ref.,”? we
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made the connection of the unusual bonding properties of BeH3**
with the findings about the NCHC'’s of transition metals, as presented
in Refs, 2 and 3 and references therein. Soon afterwards the results
on the formation, stability and isomers of OBeH, were published.?>32

Our continuing interest in designing and computing new inorganic
molecules with the property of a NCHC has led us to the recognition
that species where H, is linked to a “central” atom in molecular
form were already predicted earlier for simple molecules and clusters
and that, therefore, this property is by no means an exclusive feature
of compounds of transition metals.

We start with HY, whose structure we consider to have some
prototypical features relevant to our discussion. This is the simplest
NCHC and is formed by the protonation of H,, i.e,, H, + H* —»
Hi. As a result of attractive electrostatic interactions and electron
deficiency, H7 binds with respect to H, + H* already at the SCF
level (e.g., Ref. 33). Its geometry is that of an equilateral triangle,
where the H-H distance is 1.65 a.u., 3 reasonably close to that of
the free H, (1.40 a.u.). An interesting feature of its potential energy
surface (PES) is that as the side of the Hi triangle, R, is increased,

“the 'A curve corresponding to H, + H* rises above the H7 + H

curve at about 2.5 a.u.>* The phenomenon of avoided or of conical
intersections between the lowest PES’s occurs in many singly ionized
molecules. It also occurs in dications, for example, in the NCHC of
BeH,**.”2 Understanding quantitatively such characteristics of the
PES’s—either in the adiabatic or in some quasiadiabatic representa-
tion—reveals the essentials of the energetics and of the low-energy
spectroscopic properties of molecules.

How can one make heuristic predictions of possible new hydrogen
complexes? Our approach has been to first understand the nature of
bonding occurring when positively charged metal or nonmetal ions
interact with H,. The related properties (e.g., geometry, vibrational
frequencies) are obtained from extensive geometry-optimized calcu-
lations. For example, results for H, Li and Be are given in Table I,
obtained from second-order Moller-Plesset (MP2)*> calculations
with very large basis sets. Using this type of extensive calculation as
a benchmark, we investigate possible candidates for larger molecular
NCHC'’s involving Li and Be.

Both Li and Be bind H; in charged species, as can be seen from
Table 1. These represent true NCHC’s as the H-H bond length in
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TABLE

Structures, harmonic vibrational frequencies and energies of small NCHC’s
computed at the MP2 level of perturbation theory (this work). The OBeH, results
are from configuration interaction calculations (Ref. 18) (R is the distance
between the metal and the H-H bond midpoint).

HH} LiH; BeH;2  OBeH!? H,
R (A), 0.753 1.983 1.553 1.531
ruy (A) 0.870 0.745 0.809 0.772 0.736
oy (cm™ 3481 4392 3642 4014 4520
o (cm™") 2815 497,741 1062,1249
E(E,) —1.334867 —8.450237 —14.902950 —1.165836
D, (Kcal/mol) 6.25 54.87 15.4
D, (Kcal/mol) 4.66 52.82

the complexes is not considerably different from that of the free
hydrogen molecule. (The 0.736 A bond for the free H, is lengthened
to 0.745 A for LiH3 and 0.809 A for the more tightly bound Be
H32. The H-H stretching vibrational frequency is 4520 cm™! for H,,
shifted to 4392 cm™! in the Li* complex and 3642 cm™! in the Be*2
complex. (Compare also with 3481 cm™' for Hy.)

In both cases we look at a metal atom where all outer electrons
have been removed, and only the 1s? core is occupied; the metals
are very electron deficient and therefore bind H, in a two-electron
three-center bond giving rise to NCHC’s. There is, however, a signifi-
cant difference in the stability of the two complexes: the binding
energy for LiHJ is 6.25 kcal/mol (or 4.66 kcal/mol when the v =
0 vibrational levels are compared), whereas that of BeH; 2is 54.87
kcal/mol (or 52.82 kcal/mol for the v = 0 levels). Examination of
the MP2 natural orbitals shows that in both cases the 1s? orbital of
the metal core is occupied >1.99, and a H, o, orbital is occupied
by about 1.98 electrons. However, in the case of Li this orbital is
almost pure H, o, whereas in Be there is a very significant involve-
ment of the outermost s orbitals (low exponent basis functions) of
the metal atom, as well as from a diffuse p, orbital. This significant
difference, which accounts for the difference in the binding energy
of the two complexes, can be attributed to the fact that Be*? can
accommodate two electrons in degenerate n = 2 empty orbitals.
Furthermore, the energy of these LUMO’s on the metal center lie
closer to the energy of the occupied o, H, orbital, thus maximizing
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interaction. The difference in the stability of the two NCHC’s is not
only obvious from the binding energy, but also from the fact that
Be is significantly closer to the H-H distance midpoint (1.553 A
compared to 1.983 A for Li).

Another comparison that can lead to interesting conclusions
regarding the binding ability of light metal cations in their interaction
with the hydrogen molecule is from one of our previous studies?®
comparing Be*? and Mg*2. In this case both cations have outer
empty shells capable of accommodating two electrons. However, the
binding energy for MgH; 2 is of the order of 20 kcal/mol compared
to about 50 kcal/mol for BeH;2.2*428 This difference can be attrib-
uted to a combination of factors including increased shielding, incom-
patibility of HOMO-LUMO levels and destructive interference with
d orbitals.

As far as the charged NCHC’s of the light metal atoms are con-
cerned, we can summarize that Bet? shows an exceptional behavior
where the energetics favor a three-center bond with the hydrogen
molecule, Mg*?2 and Li* being less favorable cases but also forming
similar NCHC’s.

These conclusions can be extended to the investigation for neutral
NCHC’s involving light metal atoms. Extensive calculations show
that for a neutral complex to be stabie, the “effective” charge on the
metal atom must be significant. Hence electronegative ligands that
contain the oxygen or fluorine atoms are good candidates. Good
examples are OBeH,,2?* F,MgH,?” and dimer,?® and H,LiNO,.”’
Again, we find that the most stable case is that of Be.

IV. PREDICTION OF A NEW NONCLASSICAL HYDROGEN
COMPLEX WITH AN UNUSUAL GEOMETRY:
THE Li,H3* CLUSTER

Our earlier work has shown (e.g., Ref. 25) that hydrogen complexes
may be formed when more than one metal atom act as the dication
moiety, i.e., also when there is metal-metal bonding. Accordingly,
we decided to check the possibility of a stable Li2*—H, complex, at
the basic geometry of a tetrahedral Li,>*, which was recently com-
puted to be metastable,* existing 18.4 kcal/mol lower than the sepa-
rated atoms, but 47.3 kcal/mol higher than Li** + Li*. The barrier
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FIGURE 1

to this dissociation is about 3.7 kcal/mol, thereby showing relative
stability. The extreme electron deficiency of the Li atoms in this 4c-
2e system is one of the features in the’binding of many other NCHC’s.

Results of the weakly bound NCHC found to exist in the case of
Li2* and shown in Fig. 1 are given in Table II. The basis set used
here is smaller than the ones used in the studies described above,

TABLE II

Structures, harmonic vibrational frequencies and energies of Li; * and Li HJ*
(R, R\, R; and r are defined in Fig. 1).

Lig* Li,H* H,

R(A) 2.037
R, (A) 3.443 3.490
Ry (A), 3.443 3.388
rin (A) 0.744 0.734
WH-H (cm_') 4412 4556
o (cm™") 144(3), 162(2), 148,149,165,167,

198 200,479,703
E(E)) —29.494934 -30.666734 —1.162636
D, (Kcal/mol) 5.75
D, (Kcal/mol) 4.05
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but a full geometry optimization was performed at the MP2 level of
theory, allowing all internal and intermolecular degrees of freedom to
vary. Details of the calculations will be given elsewhere.>” However, it
is interesting to note here that small charged Li clusters can be
reasonably good candidates for the binding of the hydrogen molecule
in a side-on approach. The reported binding energies of Table II are
quite significant, and the small lengthening of the H, bond by 0.01
A and shift of the H, stretching frequency by about 150 cm™! show
a true NCHC. If additional H, molecules are added to the corners
of the Li3* tetrahedron, the system breaks, indicating that there is
not enough o-bond charge-induced polarization and bond electron
density capabilities for the larger cluster.

V. CONCLUSION

Not only transition metals with their d electrons,'7-2! but also light
nontransition metals*>-2? as well as nonmetals®!! can form complexes
where H, is bound in molecular form. This unified view of the
existence of “nonclassical” hydrogen complexes (NCHC’s) sug-
gested in this Comment may provide the impetus for novel experi-
mental attempts toward the synthesis and spectrosocpy of new
NCHC’s.

As regards theory, the backbone of the understanding of the forma-
tion of the NCHC’s consists of a combination of notions such as
charge polarization, the existence of suitable energy and symmetry
matching of HOMO-LUMOs and orbital back-bonding. However,
such concepts have only heuristic value. Given the shallowness of
the potential energy minima and the fact that some of them are in
fact local minima, the prediction of new NCHC’s and the ability to
interpret quantitatively experimental information on structure and
spectra must depend on advanced calculations which include electron
correlation (and relativistic effects for heavy atoms).
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