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High-level ab initio molecular orbital theory is used to calculate the geometries, vibrational frequencies, atomic
charges, and binding energies of the small clusters {.itNaH),, (BeH,),, and (MgH), (n = 1—4). For

(LiH), and (NaH), there are planar cyclic structures wher= 2, 3. We have found the cubic structure

in addition to the planar cycliDs, whenn = 4. TheDy, is less stable than the geometry. For (Bebj, and

(MgH_2)n, whenn = 3, there are three kinds of structures: ch@ip, planar cyclicDs,, and hat-likeCy,. The

C,, geometry is more stable than the others. When4, there are four kinds of structures: ch&@ig, cubic

Tq, string-like C,, and cubic transformatio@,;. The most stable compounds in the families of (LiHNaH),,

(BeHy)n, and (Mgh), are cubicTy, cubic Ty, chainDy,, and string-likeC, geometries, respectively, when

= 4. Calculated binding energies range frer24 to —37 kcal/mol for (LiH), and —19 to —30 kcal/mol for

(NaH),, (BeH,)n, and (MgH).. The hydrogen atoms in hydride clusters always have negative charges. The
atomic charges of planar cyclic structures are weaker than those of cubic structures, and there is a tendency
of reducing along with the increase of the cluster size. The vibrational frequencies of planar cyclic structures
have consistent tendency, too. It indicates that the bond distance increases with the ionic character of the
bond.

Introduction very weak. For cluster structures, the dimer structure forms a

basis for the formation of large clusters as well as crystals;

therefore, Kulkarni et &:1°took up a systematic investigation

of the occurrence of dihydrogen bonds in the main group
elements. The complexes of LiH, BHand AlH; with the third-

| fow hydrides, as well as their dimers, were studied at the ab
dinitio MP2 level of theory and compared with the corresponding
second-row hydrides. Those results made us start considering

dride, the simplest neutral heteropolar diatomic molecule, has what would happen to the clusters of metal hydride, especially

been the object of intense theoretical and spectroscopic studyfor the S'mqleSt alkaline met"?" and aIkapne-ggrth metaI.IFuent-
since the 1930s. Stwalley and Zerfkbad identified and ealba et af. calculated the d_|pole polgnzablhty of a series of
reviewed significant experimental measurements and manythe type LiHm (n, m < 4) using density funct!ona_l_methods.
theoretical calculations of the spectroscopy and structure of theTh_e study of the trer_lds n the mean polarlzabmty and the
isotopic lithium hydridesSLiH, 7LiH, 6LiD, 7LiD). All of the ~@nisoropy was explained in terms of the interplay between
above electronic structure calculations were nonrelativistic and electronic and geomet.rl'cal effects. Antoine e%zadsiyd]ed the
also in the Bora-Oppenheimer approximation, but were metastable decomposition of the hydrogenated lithium cluster

calculated only at the Hartred=ock level. Shukla et dl. ion (LiH)sLim" (M=0, 1, and 3n = 15) by using a reflectron
presented an ab initio embedded-cluster approach to electroni ass spectrometer. These clusters were found to be decomposed

structure calculations on crystalline solids, within the framework y e\(aporat|c1)3r1 ofalLiH or L2H2 molecule. T.h.e f°”°.W'T‘9 year,
of the linear combination of atomic orbitals method, and Antoine et al*3 kept on studying the metallicity of lithium-rich

i + i —
described the applications of this approach to the evaluation of LinHm _cluster_ ions (1= m = 6, n= 22, and @ — m) > 3) by
the ground-state energy per unit cell of the lithium hydride measuring unimolecular dissociation rates. These clusters were

crystal. Bellaiche et d.calculated the directional Compton found to be decomposed by evaporation of a Li atom oraa L

profiles and the anisotropies of Compton scattering based oanIeCU|e' Lithium hydrides are important as models, because

the density functional theory in the local density approximation, they are th_e simplest elect_ron-deflment ionic metal compounds.
performed in the plane-wave basis, and using full unscreenedThe potential of these hydrides to cluster and form multicentered

Coulomb potentials for both Li and H atoms. They found that bonds has been the focus of attention in the fields of chemistry.

: : e i | Many theoretical papers have been devoted to this item. For
the influence of correlation on Compton profiles in LiH was . L
P P instance, Kato et att used the ab initio theory HF/5-21G to

* Corresponding authors. (Chen) E-mail: ylchen@mail.wic.edu.tw. Study the structure and stability of small lithium hydric_ie&Hni
Fax: 886-5-226-4224. (Hu) E-mail: chewph@ccu.edu.tw. (m = n < 4). They also evaluated the heats of reaction and the

Metal hydrides are used extensively as drying and reducing
agents in solution chemist®yThe reduction potential of the
H~/H; couple has been estimated-a8.25 V2 It has made the
hydride anion one of the most powerful reducing agéntdt
is interesting for us to understand those clusters of meta
hydrides, because the century of nanotechnology is coming an
the computer hardware is advancing vigorously. Lithium hy-
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TABLE 1: Calculated Bonding Energies (AE, in kcal/mol) of Lithium Hydride Clusters at Various Levels

QCISD(T)/
QCISD(T)/6-311G**// 6-311G(2df,2pd)//
MP2/6-311G** MP2/6-313+G*  MP2/6-311-+G*  QCISD/6-311G* QCISD(T)/6-311G* QCISD/6-311G**
LiH (Cuy) 0.00 0.00 0.00 0.00 0.00 0.00
(LiH) 2(Dar) —24.60 —24.59 —24.54 —24.43 —24.54 —24.36
(LiH) 3 (Dan) —32.63 —-32.61 —32.60 —32.48 —32.60 —32.16
(LiH) 4 (Dan) -35.13 ~35.12 —35.07 —34.97 —35.07 —34.58
(LiH)4(Tq) —37.04 —37.02 —37.23 —36.94 —-37.23 —36.69

appearance potentials and compared those with the experimentaMethods

mass spectroscopic results. Kollman et®alised electronic i )

structure calculations to predict the existence and the properties | "€ molecular geometries of the clusters of LiH, NaH, BeH

of the lithium hydride dimer. They had computed the vibrational 2"d Mghb were calculated by using MP2theory with thf
frequencies, the quadrupole moment, and the thermodynamic®-311G™ and 6'31*+G*: basis sets and by using QCISE
functions. Their analysis of geometry, charge redistribution, and theory W'th.the 6'3.116* ba§|s set. To obtain more accuraFe
molecular orbital energy shifts in the linear and cyclic dimer energies, %lgnlgle-pomt £Energies were**also calculated by using
reveals interesting similarities to previous work, but their QCI.SD(TF ~theory with the 6'3%6 and 6'311@(2“{'20')
computations were only at the Hartrelock level. So, if the basis sets at the MP2/6-3t+G™ and QCISD/6-311G

monomer number increased. or the metal was chanaed Whatgeometries, respectively. The harmonic vibrational frequencies
. ’ ; nanged, were calculated by using MP2 theory with the 6-31HG**
trends will there be for the geometries and atomic charges of

. ; . basis set. The ChelpG atomic charges were calculated by using
) 6
the clusters? Dill et alf examined a sy§tem§tlc set of 33'neutral QCISD theory with the 6-311G** basis set.
molecules and complexes that contain lithium or beryllium and ol f' he eff f hiah-level th
another heavy atom. They investigated the ionic, muiticentered, FOr LiH clusters, to figure out the effects of high-level theory

. . . . try optimizations and the diffuse functions on metal
and coordinate bonding. These included singly bonded, doublyon geome
bonded, hydrogen-bridged metal complexes, and coordinateand hydrogen atoms, we also employed QCISD(T)/6-311G**

donor—acceptor complexes. Therefore, we shall want to un- and MP2/6-31+G* to calculate geometry optimizations. To
derstand how the clusters are bonded, Cardelino Etued search accurate geometry and understand the effects of model

S . .. theory and basis sets on geometry optimizations, we also used
ab _|n|t|o theory _to st_ud_y all possible molecules and monopositive MP2, QCISD, and QCISD(T) theory with 6-31G**, 6-33-G**,
cations containing lithium and hydrogen, up to a total of 4 atoms.

They analyzed the stabilities and structures of lithium clusters 6-311G™, 6-311+G™, 6-311G(2df,2pd), and 6-3t+G-
and hydrides, both neutral and positively charged, formed by 4 (2df,2pd) basis sets to calculate the geometries and frequencies

of linear LiH and NaH clusters. The calculations were carried
or fewer atoms, but th_ose were calculated only_ at the Hattree out by using theGaussian 98progran®? on several Linux
Fock self-consistent field (SCF) mqlecu!ar orbital theor_y. Rao workstations in our theoretical chemistry laboratory.
et al® used the self-consistent-field-linear-combination-of-
atomic-orbitals-molecular-orbital method (SCF-LCAO-MO) to

calculate equilibrium geometries, binding energies, and stability R€sults and Discussion

of metal clusters, Li and Y, containing hydrogen atoms. B@Rac 1. Bonding Energy and Geometry.LiH Clusters.Table 1
Kouteckyet al® used ab initio methods to study structural and - shows the calculated bonding energies of the clusters gliH)
optical response properties of stoichiometric smalHsiand = 1-4) at various theoretical levels. Figure 1 shows the

nOﬂStOIChlometrIC LF‘le (n —m= l, 2, 3, 8) C|USterS COﬂtaining Calculated geometries at MP2/6_3E__1_G** and QClSD/
single and multiple excess electrons. Fuentealba and Bavin g.311G** levels. The bonding energyE, is defined as the
used the electron localization function to StUdy the bonding classical (or Borﬁ-Oppenheimer) energy Change of the follow-

characteristics of the hydrogenated clustergiLi(n = 0—4). ing reactions per molar monomer (MH or' Mb):
Abdurahman et &' reported the ab initio electronic structure

calculations of the polymeric lithium hydride chain (Lisand nMH — (MH),, (1)
beryllium hydride chain (Bg#H4).. Vezin et al*? compared

optical absorption spectra of JH and LiH clusters that had nM'H, — (M'H,), 2)

been recorded by depletion spectroscopy in the visible range
with ab initio calculation results of both clusters. For BeH
Brendel et aP® first prepared the crystalline beryllium hy-
dride. The gaseous BeHnolecule had not been synthesized
until 2002 by Bernath et &* With only 6 electrons, Bellis a
favorite target molecule for testing new ab initio meth&dg8

Here, M is the Li or Na atom, and Ms the Be or Mg atom.
There are planar cyclic structures where 2—4. We also find
the cubic structurdy in addition to the planaby, for n = 4.
The bonding energy of the cubic structufgis predicted to
’ be —36.69 kcal/mol at the highest level in the current study.
However, less research of the hydrides NaH and Mglds The calculation also shows that tBey, is less stable by 2.11
carried out. kcal/mol than theTy geometry. By increasing the size of the
The metal hydride clusters of LiH, BeHNaH, and MgH basis set from 6-31G** to 6-311G**, the differences of the
span a wide range of structural types. Structures of thesecalculated bonding energies are only about 0.72 kcal/mol. By
hydrides thus involve multicentered electron-deficient, coordi- adding diffuse functions to heavy atoms and hydrogen, the
nate, ionic, and covalent bonding. However, there is no researchdifferences of the calculated bonding energies are only about
in studying these hydride chemistries systematically. We begin 0.02 and 0.07 kcal/mol, respectively. By increasing the number
with these small cluster systems in order to investigate the of the polarization functions from (d,p) to (2df,2pd), the differ-
geometries, bonding energies, atomic charges, and vibrationalences of the calculated bonding energies are only about 0.39
frequencies systematically. kcal/mol. All employed computational methods find the bonding
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Figure 1. Optimized geometries of lithium hydride clusters at MP2/
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Figure 2. Optimized geometries of sodium hydride clusters at MP2/
6-311++G** and QCISD/6-311G** levels. The values in parentheses
were obtained with QCISD/6-311G** level. The values in square
brackets were ChelpG atomic charges. The bond lengths are in

6-311++G* and QCISD/6-311G** levels. The values in parentheses 219SIrOMS, angles in degrees.
were obtained with QCISD/6-311G** level. The values in square ) ) o
brackets were ChelpG atomic charges. The bond lengths are inand the experimental value is the smallest when it is compared

angstroms, angles in degrees.

to the other previous theoretical work above. For the planar
cyclic lithium hydrides clusters considered here, there are two

energies to be similar. It is shown that these geometries havecationic Li atoms surrounding each anionic H atom, namely,
converged, and the calculated results must be accurate andricentered bonds. The bond distance decreases as the size of

reliable.

the clusters increases from= 2 to n = 4, but the differences

Now, let us consider some features of the optimized geo- are only about 0.0190.054 A. For the three-dimension@j
metrical parameters. The geometries of lithium hydride clusters geometry of (LiH), the distance becomes greater than the
optimized by the energy gradient method are schematically corresponding distance of tiiy,. In this case, there are three
described in Figure 1 together with bond distances. The cationic Li atoms surrounding each anionic H atom, namely,

experimental bond length of gaseous LiH is 1.59%*And the

tetracentered bonds. That is to say, the bond distance increases

crystalline is 2.05 A4 The previous theoretical studies of LiH  with the coordinate numbers, because the structural type of the

were 1.5165 1.60837 1.6238 1.63315 and 1.638 A3 but they

were calculated only at the HartreEock level. It was found

clusters is varied from tricentered to tetracentered bonding.
We also examine the correlation between binding energy and

that the results tended to yield either longer bond lengths or bond distance for the planar cyclic lithium hydride clusters. The
shorter than the experimental values, and the difference wasbond distance decreases as the size of the clusters increases from
about 0.013-0.079 A. LiH is linearC.., geometry, and the bond  n= 2 ton = 4, and the tendency of the binding energies is the

length is 1.600 A at the QCISD/6-311G** level in the current same as that of the bond distance. It indicates that the bond

study. It is well-established that the MP2/6-31-£G** method

strength increases with cluster size.

will produce geometries that are quite similar to the QCISD/  NaH ClustersTable 2 shows the calculated bonding energies
6-311G** calculated geometries, and both are very close to the of the clusters (NaH)(n = 1—4) at various theoretical levels.
experimental geometry. The difference between the present workFigure 2 shows the calculated geometries at MP2/6+31G**

TABLE 2: Calculated Bonding Energies (AE, in kcal/mol) of Sodium Hydride Clusters at Various Levels

QCISD(T)/6-311G**// QCISD(T)/6-311G(2df,2pd)//
MP2/6-311G** MP2/6-31#+G** MP2/631H-+G** QCISD/6-311G** QCISD/6-311G**
NaH (C..,) 0.00 0.00 0.00 0.00 0.00
(NaH), (D2n) —19.40 —19.38 —18.81 —16.17 —19.00
(NaH) (Dan) —26.89 —26.85 —26.31 —23.67 —26.23
(NaH) (Dan) —29.20 —29.17 —28.57 —25.95 —28.52
(NaH) (Tq) —30.14 —30.10 —29.68 —26.94 —29.54
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Figure 3. Optimized geometries of beryllium hydride clusters at MP2/6-81G** and QCISD/6-311G** levels. The values in parentheses were
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TABLE 3: Calculated Bonding Energies (AE, in kcal/mol) of Beryllium Hydride Clusters at Various Levels

QCISD(T)/6-311G**// QCISD(T)/6-311G(2df,2pd)//
MP2/6-311G**  MP2/6-314%+G** MP2/6-31#+G*  QCISD/6-311G** QCISD/6-311G**
BeH; (Den) 0.00 0.00 0.00 0.00 0.00
(BeH)z (Da2n) —16.14 —-16.13 —16.35 —15.98 —16.83
(BeHy)s (Dan) —16.96 —16.96 —-17.23 —16.80 —17.86
(BeHy)s (hat-like Cy,) —22.02 —22.02 —22.26 —21.37 —23.03
(BeHy)s (chainCy,) —24.29 —24.28 —24.53 —23.97 —25.24
(BeHy)a (Tq) —22.98 —23.00 —23.33 —22.42 —23.97
(BeHy)4 (Cy) —24.47 —24.50 —24.79 —23.99 —25.57
(BeH)4 (Cy) —25.60 —25.64 —25.87 —24.93 —26.87
(BeHy)s (Dan) —28.07 —28.07 —28.32 —27.67 —29.14

TABLE 4: Calculated Bonding Energies (AE, in kcal/mol) of Magnesium Hydride Clusters at Various Levels

QCISD(T)/6-311G**// QCISD(T)/6-311G(2df,2pd)//
MP2/6-311G**  MP2/6-31#+G*  MP2/6-311+G**  QCISD/6-311G** QCISD/6-311G**

MgH; (D) 0.00 0.00 0.00 0.00 0.00
(MgH,)2 (Dan) -16.07 —16.05 —-16.12 -15.95 —16.60
(MgH2)3 (Dsn) —20.59 —20.58 —20.60 —20.41 —21.08
(MgH,)3 (hat-like Cy,) —20.56 —20.54 —20.84 —20.41 —21.54
(MgHy)s (chainCs,) —22.36 —22.35 —22.41 —22.17 —23.11
(MgH,)4 (Cz.) —21.08 —21.07 —21.02 —20.84 —21.66
(MgH,)4 (Tq) —24.63 —24.60 —25.00 —24.54 —25.43
(MgH3)4 (Cy) —24.70 —24.71 —24.91 —24.53 —25.53
(MgH2)4 (C2) —26.83 —26.84 —27.05 —26.62 —-27.80
(MgH2)s (Dan) —25.46 —25.46 —25.51 —25.24 —26.30

and QCISD/6-311G** levels. There are planar cyclic structures Figure 3 shows the calculated geometries at MP2/6+31G**
whenn = 2—4. We also find the cubic structuiig in addition and QCISD/6-311G** levels. Whem= 3, there are three kinds
to the planamDy, for n = 4. The bonding energy of the cubic  of structures: chairCy,, hat-like C,,, and planar cyclidDap.
structureTy is predicted to be-29.54 kcal/mol at the highest  The bonding energy of the chaly, geometry is predicted to
level in the current study. The calculation also shows that the be —25.24 kcal/mol at the highest level in the current study,
D4n is less stable by 1.02 kcal/mol than tfig geometry. The and it is more stable by 2.217.38 kcal/mol than the others.
effects of the basis set size, diffuse functions, and the numberWhen = 4, there are four kinds of structures, chBig, string-
of the polarization functions on these clusters are similar to thoselike C,, cubic transformatiorC;, and cubicTy. The bonding
of lithium hydride clusters. All employed computational methods energy of theD,, geometry is predicted to be29.14 kcal/mol
find the bonding energies to be similar. It is shown that these at the highest level in the current study. The calculation
geometries have converged, and the calculated results must balso shows that thB,, geometry is more stable by 2.28.17
accurate and reliable compared to those of lithium hydride kcal/mol than the others. The effects of the basis set size, diffuse
clusters. functions, and the number of the polarization functions on these
The geometries of sodium hydride clusters are schematically clusters are not apparent, which is similar to lithium hydride
described in Figure 2 together with bond distances. The clusters. All employed computational methods find the bonding
experimental bond length of crystalline NaH is 2.44°%aH energies to be similar. It is shown that these geometries have
is linear C., structure, and the bond length is 1.913 A at the converged, and the calculated results must be accurate and
QCISD/6-311G** level in the present study. It is apparent that reliable as those of lithium hydride clusters.
the MP2/6-31%+G** method will produce geometries that are The geometries of beryllium hydride clusters are schemati-
quite similar to the QCISD/6-311G** calculated geometries. cally described in Figure 3 together with bond distances. The
For the planar cyclic sodium hydride clusters considered here, experimental bond length of gaseous Besi 1.333 761 A4
there are two cationic Na atoms surrounding each anionic H BeH; is linearD. structure, and the bond length is 1.330 A at
atom, namely, tricentered bonds. The bond distance decreasethe QCISD/6-311G** level in the present study. It is apparent
as the cluster size increases fram= 2 to n = 4, but the that the MP2/6-31%+G** method will produce geometries that
difference is only about 0.010.062 A. For the three-  are quite similar to the QCISD/6-311G** calculated geometries,
dimensional Ty geometry of (NaH), the distance becomes and both are very similar to the experimental geometry. By
greater than the corresponding distance ofhe In this case, increasing cluster size, the bond length of the tail ends of the
there are three cationic Na atoms surrounding each anionic Hcluster is almost changeless and about 1.3 A, but from end to
atom, namely, tetracentered bonds. That is to say, the bondcenter, we find that the bond length is not regular.
distance increases with the coordinate numbers because the MgH, Clusters. Table 4 shows the calculated bonding
structural types of clusters are varied from tricentered to energies of the clusters (Mg)d (n = 1—4) at various theoretical
tetracentered bonding. We also examine the correlation betweerlevels. Figure 4 shows the calculated geometries at MP2/
binding energy and bond distance for the planar cyclic sodium 6-3114++G** and QCISD/6-311G** levels. When = 3, there
hydride clusters. The bond distance decreases as the size of thare three kinds of structures: chaig, hat-likeC,,, and planar
clusters increases from= 2 ton = 4, and the tendency of the  cyclic D3, The bonding energy of the chaly, geometry is
binding energies is the same as that of the bond distance. Itpredicted to be—23.11 kcal/mol at the highest level in the
indicates that the bond strength increases with the size of thecurrent study, and it is more stable than the others about-1.57
clusters. 2.03 kcal/mol. Whem = 4, there are four kinds of structures
BeH, Clusters.Table 3 shows the calculated bonding energies as beryllium hydride clusters: chaby,, string-like Cy,, cubic
of the clusters (Beb), (n = 1—4) at various theoretical levels.  transformationCy, and cubicTy. We also find a ring-likeC,,
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(i) (MgHy)4 (C5) (-158%), D(4.2,5.8)= 159° (158°), D(1,3,6,9)= -17° (-18°), D(7.3.6.9)= 159° (158°)

Figure 4. Optimized geometries of magnesium hydride clusters at MP2/6-313** and QCISD/6-311G** levels. The values in parentheses
were obtained with QCISD/6-311G** level. The values in square brackets were ChelpG atomic charges. The bond lengths are in angstroms, angles

in degrees. D is dihedral angle.
accurate and reliable as those of lithium hydride clusters.

The geometries of magnesium hydride clusters are schemati- (@) (LiH)y (D) (b) (NaH)y (Dgp)
cally described in Figure 4 together with bond distances. The Figure 5. Calculated electron density isosurface (0.01 au) of (kiH)
experimental bond length of crystalline Mgl$ 1.95 A36 MgH, and (NaH) at QCISD/6-311G* level.
is linear D, structure, and the bond length is 1.708 A at the ~3 kcal/mol than the those of the MgHtlusters. Therefore,
QCISD/6-311G** level in the present study. It is apparent that we can suggest that the stability decreases as the metal atom
the MP2/6-31%#+G** method will produce geometries that are  size increases from Li to Na (or Be to Mg) and as the metal
quite similar to those of the QCISD/6-311G** calculated atomic number increases from Li to Be (or Na to Mg).
geometries, and the difference of the bond distance is only about 2. Atomic Charges. LiH and NaH Clusters.The atomic
0.004 A (angle is 9). By increasing the size of the cluster, the charges of lithium hydride and sodium hydride clusters are given
bond length of the tail ends of the cluster is almost changelessin Figures 1 and 2, respectively. The hydrogen atoms in hydride
and about 1.7 A, but from the end to the center, we find that clusters always have negative charges. This implies that the
the bond length is not regular. hydrogen atom always behaves as the electronegative species

Comparison Between Hydrides with Different Met&lthen toward the lithium and sodium atoms. For example, the
we compared LiH with NaH clusters, we found the effects of calculated electron density isosurfaces of (Litind (NaH)
the basis set size, diffuse functions, and the number of the are shown in Figure 5. We could find a noticeable difference
polarization functions on these two kinds of clusters were in the electron density between Li and H atoms. For the planar
similar. The trends of these effects on Beathd MgH clusters cyclic hydride clusters considered here, there are two cationic
were the same. When we compared the bonding energies ofLi (or Na) atoms surrounding each anionic H atom. The atomic
LiH with NaH clusters, the calculation showed that the LiH charges decrease as the size of the clusters increases from
clusters were more stable by-3 kcal/mol than the NaH 2 ton = 4. On the other hand, the ionic character of the bond
clusters. The differences of bonding energies for Beidd decreases as the size of the clusters increases. For the three-
MgH> clusters were not apparent, although Betére a little dimensionalTy structures of (LiH) and (NaH), there are three
stable than MgHl clusters, too. When we compared LiH with  cationic Li (or Na) atoms surrounding each anionic H atom.
BeH; clusters, we found the bonding energies of LiH clusters The atomic charges of planar cyclic structur&sn( D3, and
were more stable by8 kcal/mol than the Beliclusters. But D4n) are weaker than those of cubic structurgég.(That is to
the bonding energies of NaH clusters were more stable only by say, the ionic character increases with the coordinate numbers

in addition to these four kinds of structures. The bonding
energies of thd®z, Ci, and Ty are similar. The differences of
these bonding energies are only about 0.87 kcal/mol. The
calculation also shows that tl& geometry is more stable by
1.50-6.14 kcal/mol than the others. The effects of the basis
set size, diffuse functions, and the number of the polarization
functions on these clusters are not apparent, which is similar to
lithium hydride clusters. All employed computational methods
find the bonding energies to be similar. It is shown that these
geometries have converged, and the calculated results must bt
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TABLE 6: Frequencies (cnm?) of Sodium Hydride Clusters

TABLE 5: Frequencies (cnt?) of Lithium Hydride Clusters
at MP2/6-311++G** Level

at MP2/6-311++G** Level
LiH  (LiH)2(Da)  (LiH)3(Da)  (LiH)a(Da)  (LiH)4(To) NaH (NaH}(Dz) (NaH)(Da) (NaH (Da) (NaH)(To)
1432 1194 1249 1395 1108 1182 993 1046 1159 918
1091 1249 1395 979 855 1046 1138 822

985 1231 1380 979 823 965 1138 822

902 1012 1364 979 690 821 1079 822

604 946 879 953 458 720 712 757

524 946 870 953 228 720 632 757

596 823 953 455 632 743

416 823 930 251 606 743

328 568 930 251 442 743

328 396 717 186 310 549

264 396 717 116 310 549

264 332 717 116 181 549

307 520 153 239

307 392 140 172

211 392 140 172

176 392 87 172

118 373 51 160

112 373 47 160

of atom. We also examine the correlation between atomic ~1400 cnt?! higher-frequency modes and four900 cnt?
charges and bond distance. It indicates that the bond distancdower-frequency modes. We also had found that the higher-
increases with the ionic character of the bond. Thus, theH.i frequency modes increased with the sizes of the clusters. For
(or Na—H) distance depends mainly on the ionic character of instance, they were 1100 cnt?, ~1200 cnt?, and~1400 cnv?!
the bond. for (LiH), (LiH)3, and (LiH), respectively. We also compared
BeH, and Mg Clusters.The atomic charges of beryllium  their geometries, as shown above, and found that the bond
hydride and magnesium hydride clusters are given in Figures 3distances were 1.758, 1.723, and 1.704 A for (LkiH)LiH)s3,
and 4, respectively. The hydrogen atoms in hydride clusters and (LiH), respectively. Thus, we suggested that the frequencies
always have negative charges as LiH and NaH clusters do aboveincreased with the size of the clusters, because the bond
This implies that the hydrogen atom always behaves as thedistances shorten and the bonding was stronger. For the lower-
electronegative species toward the beryllium and magnesiumfrequency parts, we comparddy, with Ty geometry in the
atoms. For the planar cyclic hydride clusters considered here(LiH) 4 clusters and found that the former had lower frequency
(D2n andD3, geometries when = 2 and 3, respectively), there (200 cnrl) than the latter (400 cni). We suggested that it
are two cationic Be (or Mg) atoms surrounding one anionic H must be concerned with the single bond rotation and indicated
atom, namely, tricentered bonds, for some H atoms. The atomicthat the chemical bonding dfy geometry was more rigid.
charges of these H atoms increase fre®34 to—0.38 when In Table 6, sodium hydride clusters had similar trends. For
the size of the clusters increases from~ 2 ton = 3. These (NaH), at higher-frequency parts, there were tw800 cnt?!
are different from those of the LiH and NaH clusters. For the higher-frequency modes and twe750 cnt? lower-frequency
three-dimensionaly structures of (Beb)s and (Mgh)s, there modes. For (NaH)at higher-frequency parts, there were three
are three cationic Be (or Mg) atoms surrounding one anionic H ~1000 cnt? higher-frequency modes and three300 cnr?
atom, namely, tetracentered bonds, for some H atoms. Thelower-frequency modes. For (Naf8t higher-frequency parts,
atomic charges of the tricentered bonds of the planar cyclic there were four-1100 cnt?! higher-frequency modes and four
structures are stronger than those of the tetracentered bonds o700 cnt! lower-frequency modes. In contrast to lithium
the cubic structuresT(). These are also different from those of hydride clusters, we found that sodium hydride clusters had
the LiH and NaH clusters above. lower frequencies. Same as the lithium hydride clusters, the
Comparison Between Hydrides with Different Met&lthen higher frequencies increased with the size of the clusters. For
we compared LiH with NaH clusters, we found that the instance, they were900 cnt, ~1000 cnt, and~1100 cn?t
difference in the atomic charges was not apparent, but therefor (NaH), (NaH), and (NaH), respectively. We also compared
was more difference between Bgldnd Mgh clusters. The their geometries, as shown above, and found that the bond
atomic charges of the Mgitlusters were stronger than those distances were 2.119, 2.076, and 2.057 A for (NaiYaH),
of the BeH clusters. and (NaH), respectively. Thus, we suggested that the frequen-
3. FrequenciesWe used MP2 theory with the 6-33H-G** cies increased with the size of the clusters, because the bond
basis set to calculate the harmonic vibrational frequencies of distances shorten and thus the bonds were stronger. For the

these hydride clusters. Tables 8 show the calculated frequen-  lower-frequency parts, we compared, with Ty geometry in

cies of the lithium hydride, sodium hydride, beryllium hydride, the (NaH) clusters and found that the former had a lower
and magnesium hydride clusters, respectively. In Table 5, for frequency (50 cm?) than the latter (160 crt). We suggested

the planar cyclic clusters of lithium hydride considered here, that it must be concerned with the single bond rotation and
we had found that the stretch vibrational modes of Hi at indicated that the chemical bonding & geometry was more
higher-frequency parts had divided into two sections (higher rigid. From the above analysis, as a result, we suggested that
and lower frequencies). That is to say, for (Litgt higher- lithium and sodium hydrides had consistent trends, respectively.
frequency parts, there were twal 100 cnt! higher-frequency In Tables 7 and 8, beryllium and magnesium hydride clusters
modes and twe-950 cnt?! lower-frequency modes. For (Likl) had some respectively consistent results. But they were not the
at higher-frequency parts, there were threk200 cnt? higher- same as lithium and sodium hydride clusters, which had more
frequency modes and three1000 cnt! lower-frequency regular trends because the environment of each atom in their
modes. For (LiH) at higher-frequency parts, there were four geometries was not the same. When we compared beryllium
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TABLE 7: Frequencies (cnm?) of Beryllium Hydride TABLE 8: Frequencies (cnt?) of Magnesium Hydride
Clusters at MP2/6-31H-+G** Level Clusters at MP2/6-31H+G** Level
(BeHy)s (BeHy)s (BeHy)s (MgHy)s (MgH2)s (MgH2)s
BeH, (BeHy), (Dsn) (chain,Cy,) (hat-like,Cy,) MgH. (MgH>)2 (Dan) (chain,Cy) (hat-like,Cy,)
2284 2199 2170 2188 2193 1665 1668 1689 1664 1660
2069 2178 2157 2182 2182 1642 1660 1689 1661 1654
706 1791 2157 1802 1955 446 1342 1654 1354 1482
706 1611 2036 1794 1869 446 1286 1631 1340 1469
1521 2036 1645 1707 1150 1631 1298 1269
1485 2017 1645 1472 1099 1559 1245 1152
962 1352 1546 1401 693 957 1158 1026
723 1344 1511 1360 379 810 1158 983
601 1344 1464 1245 337 810 1097 972
566 868 1464 1200 312 650 1097 943
500 626 906 1120 304 420 671 843
332 626 888 1020 230 420 671 761
613 888 800 375 416 433
613 680 799 375 352 422
609 598 605 346 350 377
464 598 592 271 350 353
436 507 554 210 284 315
436 475 550 210 284 305
230 475 481 169 239 290
17 149 419 150 65 182
17 149 316 150 65 180
(Beth)a (BeHy)a (BeHy)a (BeH)a (MgH,)4 (MgH2)4 (MgH,)4 (MgH2)4 (MgH2)4
(Dzn) (To) (C) () (Dan) (To) (C) (&) (C2)
2184 2217 2221 2147 1662 1687 1687 1633 1822
2181 2195 2155 2142 1661 1675 1636 1631 1780
1798 2195 2140 1862 1350 1675 1626 1423 1780
1796 2195 1889 1847 1348 1675 1463 1423 1664
1791 1507 1778 1800 1338 1197 1418 1415 1652
1640 1468 1732 1788 1307 1197 1374 1396 1638
1631 1468 1657 1578 1290 1197 1359 1204 1638
1617 1462 1628 1566 1218 1178 1270 1161 1636
1560 1462 1592 1506 1158 1178 1173 1157 766
1541 1462 1497 1466 1155 1154 1111 1127 641
1494 1378 1453 1386 1146 977 1071 1122 641
1491 1378 1393 1362 1113 977 980 1016 634
1477 1378 1295 1272 1110 977 920 1010 609
1474 1121 1095 1188 1088 861 843 862 500
982 1121 975 1102 685 861 698 860 500
898 1121 801 1057 657 861 561 847 367
888 612 749 767 652 351 513 576 361
825 612 716 744 446 351 457 525 361
747 612 652 710 421 351 370 519 310
724 593 608 703 351 317 346 457 279
598 540 565 690 350 305 321 347 256
594 540 560 686 338 305 303 341 256
487 479 527 636 286 259 299 341 253
469 479 503 596 285 259 284 331 185
466 479 485 555 245 259 274 298 125
389 460 437 509 183 242 233 298 83
291 460 421 505 108 242 225 294 83
180 460 392 459 82 242 179 201 69
100 359 188 405 44 175 92 201 57
86 359 118 208 37 175 50 86 23

with magnesium hydride clusters, we also found that beryllium C,,, Ty, C1, C;, and chairDa,. (MgH2), has another structure,
hydride clusters had lower frequencies, which is the same asC,,, whenn = 4. The chainCy, and chainDy, structures are
the trends of lithium and sodium hydride clusters. more stable than the planar cycly, and cubicTy whenn =

3 and 4, respectively. For the tricentered bonds of the planar

Summary cyclic structure, the bond distances shortened as the size of the
clusters increased. With the coordinate number increasing, we
We have proven that high-level ab initio molecular orbital have found that the bond distances increase as the bond types
theory is certainly used to calculate the geometries, vibrational vary from dicentered bonds and tricentered bonds to tetracen-
frequencies, atomic charges, and binding energies of the smalltered bond. For the atomic charges of these small clusters, it is
clusters (LiH), (NaH), (BeH),, and (MgH), (n = 1—4). For indicated that the atomic charges of planar cyclic structures are
(LiH) , and (NaH), we have found five kinds of structure€,, weaker than those of cubic structures. That is, the ionic character
D2n, D3n, Dan, @and Ty, The planar cyclidDgy, structure is less increases with the coordinate numbers of atom. For the
stable than the cubi@y. For (BeH), and (Mgh),, we have frequencies of these small clusters, we suggest that the frequen-
found nine kinds of structureD.n, Don, Dan, hat-likeC,,, chain cies increase with the size of the clusters because the bond
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distances shorten. Eventually, all employed computational (15) Kollman, P.; Bender, C. E.; RothenbergJSAm. Chem. So¢972

; : : T : 94, 8016.

methods find the t_)ondlng energies to be similar. It is shown (16) Dill, J. D.: Schleyer, P. V. R Binkley, J. S.: Pople, J.JAAm.

that these geometries have converged, and the calculated resultgnem. soc1977 99, 6150.

must be accurate and reliable. (17) Cardelino, B. H.; Eberhardt, W. H.; Borkman, RJFChem. Phys.
1986 84, 3230.

: . . (18) Rao, B. K.; Khanna, S. K.; Jena, IPhys. Re. B 1991 43, 1416.
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