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Bonding Analysis of Hydrogenated Lithium Clusters Using the Electron Localization
Function
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The electron localization function (ELF) has been used to study the bonding characteristics of the hydrogenated
lithium clusters. The analysis of the ELF clearly confirmed the hypothesis that each hydrogen atom added to
the lithium cluster completely localizes one of the metallic valence electron of the cluster. Hence, the mixed
clusters have a metallic part attached to a localized ionic subunit.

Introduction The range of values of ELF is between 0 and 1. The important

In the past decade mass spectroscopy and other experimentattFrm D(p) has the physical meaning of the excess local kinetic

techniques have provided measurements of the ionization energy density due to Pau_li repulsiofihe f_u_nction ELF should
potential of, among others, alkali and hydrogenated alkali metal _demarc_ate the spatlal regions charactenz_lng the _shared-electron
clusterst2 Theoretical calculations have given valuable informa- Il?r:i:]ﬁtelc()jr-]éljcstrcl)z i(r:l?gs;cegct)na::chngtl)lﬁicbggg(ljri‘r?’ ?I'rtlwde éhfF
tion about the geometry and other properties of the mentioned ’ 9-

clusters® The results are explained by the hypothesis that the has been extensively used to analyze a variety of bonding
bonding of one hydrogen atom localizes one of the valence systems, e.g., refs712. Furthermore, a topological interpreta-

electrons of the lithium cluster, and the other electrons remain tion of the ELF has been developgdAnalyzing its gradient

delocalized! Very simple molecular orbital diagrams show that fIOeLIJ(:]’dIttII’?rggStSIb(LeStgfcrkr]]z;(air(‘:r;[griflﬁi'(t:rl]’lef:‘g?‘;qg:]iha;niiggﬁnc?i.n-t”(ﬁy
the more electronegative hydrogen atoms create energeticall iew Corres g/r?d to core. bondina. and nonbondin Thg volume
lower orbitals, explaining in this way some experimental and P ! 9 9.

theoretical result$> However, by doing theoretical calculations Sgglr?:sectihzybgii;hea;ﬁljfhcéoirrfj ?z;?(;?]go?tthi gel?:girt]r&agggirp
only, it is difficult to account for the localization hypothesis. It o 9 . X ehsity
is known that the Mulliken’s population analysis fails for over the basin gives the electron population associated with the

electropositive atoms, and density or density difference plots corres_pondlr]g maximum. They can be mterpreted from a
do not show clear results. In this paper, we will show that the chemlcal point of View as the electrop popu!g;:on associated
electron localization function, ELF, yields a clear picture of the V\k']'th tEel c%re,dt_)ondlngl, a_nd npnb(;]ndllzrﬁzrggl NOtZ thatd
electron localization due to the hydrogen bonds. As a prototypet e whole bonding analysis using the oes not depend on
of the hydrogenated lithium clusters, the seriegHi(n = 0—4), the orblyals. It could be dlrectlly ca]culated Igom the density by
Lig, and LbH have been studied. All of them have been calculatingTs or some approximation to i:
experimentally detected, and some properties have been meag,
sured or theoretically calculatéd.

To understand the bonding characteristics, the ELF has been All the calculations have been done at the all-electron level
used. The ELF originally proposed by Becke and Edgecémbe using a 6-311G** basis set for all atoms and the B3LYP method

esults and Discussion

has been defined as of calculation'” The geometries have been optimized and the
frequencies calculated to check for possible imaginary frequen-
ELF(r) =[1 + (D/IDy)q * (1) cies. The electronic structure calculations have been done with

the G98A.7 prograd? and the ELF has been calculated using
the TopMod prograi? and visualized with the vis3#8software.
The optimized geometries are shown in Figur& The Liy,
LisH, and LiH; clusters are planar whereasily and LiyH4
are tetrahedral. Their geometries are almost identical to the ones
reported in refs 2 and 3. It is, however, interesting to mention
5 that the Li-Li bond distance is shorter the more hydrogen atoms
D(p) = tp) — ty(p) t (o) = 118 Voo (2) the cluster has. The distance is 3.011, 2.900, 2.827, 2.548, and
2.464 A for Lis, LigH, LisHo, LigHs, and LiHa, respectively.
Do is the local kinetic energy of an homogeneous electron gas The angle between Li atoms also decreases along the series. It
seems that the hydrogenation makes the cluster more compact.

whereD is the difference between the positive definite local
kinetic energy of a system of noninteracting fermiotp),
having the same density as the real system, and the von
Weizsaecker kinetic energy density(p),

Dy = CFPS/B ce =2.781 (3) The geometry of L corresponds to a slightly deformed square

bypyramid similar to one of the structures reported earlier by
Universidad de Chile. E-mail: pfuentea@uchile.cl. Jones et a&? The presence of one hydrogen atom inH.i
*CNRS et UniversitePierre et Marie Curie. changes completely the geometry in comparison witf) &8
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Figure 1. Geometry of the clusters, JHl, with n = 0—4 starting from
panel a until panel e. Panels f and g represent the clustgandiLicH,

respectively.
Er (in au) AE? (in kcal/mol)
Lig —30.058339
LisH —30.672365 71.3
LisH, —31.306926 78.0
LisH3 —31.931673 78.1

TABLE 1: Total Energy and Hydrogen Bonding Energy

LisHy —32.573920 80.9
Lig —67.706307
LigH —68.321681 72.1 . L .
Figure 2. Isosurfaces of the electron localization function (ELF) at
2 AE = (Et(LinHm) — nE(H) — E(Lin))/m. the value of 0.8. The panels contain the clusters in the same order as

i i . in Fi 1.
can be seen in Figure 1. It may be noted that in the planar in Figure

clusters with four lithium atoms the hydrogens bind always at that both hydrogen atoms are in a cis position instead of trans.
the two lithium atoms side whereas in the three-dimensional In this way, the system maintains the two-electrtiiree-center
clusters they prefer to bind at a three atom face position. In bonding of the lithium atoms. The following two pictures, panels
Table 1, the total energies and hydrogen bonding energies perd and e, correspond to JH3 and LisH4, respectively. The
atom are displayed. There is not a significant variation in the tetrahedral geometry is presented in the E£B.8 isosurfaces.
hydrogen bond energy along the series of clusters, which is anThe change to a three-dimensional structure can be rationalized
indication of a similar nature of the bond in all clusters. using an ionic model. Each hydrogen atom takes one electron
Figure 2 shows the isosurfaces of ELF 0.8 for all the of the cluster, creating a positive charge on each lithium center
studied clusters. Starting with J.ipanel a, one can observe the and the electrostatic repulsion does not favor a planar geometry.
four core basins in red (the one on the top is behind the valenceAlthough the geometries are now completely different with
basin) and two valence basins in green. The population of the respect to the already discussed ones the bonding characteristics
core basins is 2.0e representing the localized core electronsare the same. Each hydrogen basin has associated a population
The four valence electrons are distributed between the two of around 2.0e, and all the valence electrons are well localized.
valence basins, each with a population of around 1.9e. The The delocalized character of the valence electron cloud of Li
bonding in the cluster is clearly of the two-electrethree-center is completely lost in LiH3 and LiyH4, where the hydrogen atoms
type/12The next picture, panel b, is of Jil where the hydrogen  are bonding at a 3-fold position. The last two pictures in panels
basin at the bottom on the right has a population of 2.0e. The f and g show the ELFE= 0.8 isosurfaces for the clusters ofLi
valence basin at the bottom on the left contains only 1.0e. At and LiH. The isosurface for bishows a complete delocalization
the top remains one basin with a population of 1.9e, representingof the nine valence electrons around the cluster with a small
the two-electrorthree-center bond. Also notable is the slight charge acummulation at the top of the smaller 4-fold lithium
repulsion between the electrons bonding the lithium atoms on atoms face. In IgH, the hydrogen bond is similar to the one
the top and the two electrons of the polarized-H bond. In found in the LiH, series of clusters. It seems that the hydrogen
panel c one can see the EEF0.8 isosurface for LH,. Now, atom approachs one of the 3-fold faces of the lithium cluster in
each hydrogen basin has a population of 2.0e, and the two-the region where the valence basins are. A strong polarized bond
electron-three-center basin remains at the top of the figure with with a basin population of 2.0e can be found at a 3-fold position.
a population of 1.9e. It is interesting to observe that the It means, like in LiH, that the hydrogen atom in 4hl localizes
isosurface of Lj explains why the hydrogen atoms prefer the one of the valence electrons of the metallic cage. To our
position between two lithium atoms and not, for instance, an knowledge, the laplacian of the density analysis as in the atoms
on top position. One can see that the valence electrons arein the molecules model of Badétwhich could yield similar
localized between lithium atoms and not outside the cluster at results, has not been applied to the mentioned clusters.
an on top position. Note that 4Hl, is divided in two regions, Concluding, the ELF has clearly shown the bonding charac-
one with delocalized electrons and one with localized electrons, teristics of the hydrogenated lithium clusters. The bare lithium
as should be in a model for a metallic-insulator interphase. Note clusters have the valence electrons delocalized, as it must be
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for metallic clusters. Each hydrogen atom added to the cluster

forms a very polar bond with more than one lithium atom and
localizes completely one of the valence electrons of the lithium
cluster. Hence the bare lithium clusters of the typg have
delocalized bonds, which progressively transform into those
producing the metallic character of the solid, whereas the
completely hydrogenated clusters of the typgHsihas bonds
modeling an insulator. The clusters of the typgH4, with n

> m, depending on the cluster geometry, could model a metallic/
insulator interphas#’
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