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Density functional (DF) calculations have been performed for lithium clusterg anhd their
monoxides LiO with up to ten atoms. There are numerous stable structures, and new isomers have
been found in each family. The structural patterns of the homonuclear and oxide clusters are quite
distinct. The combination of DF calculations with molecular dynanid®) sheds light on the
observed pseudorotation ofland L. We compare with available experimental data and discuss
the bonding and structural patterns in the clusters and their oxides, which are often described as
“hyperlithiated.” © 1997 American Institute of Physids$0021-960807)00511-4

I. INTRODUCTION the existence of additional minima in the energy surface.
Small binary molecules containing lithium and other el-
ements have received much attention in recent years, with

served for decades as a model “nearly free electron” syste !thiated molecules containing O, C, or Si shovying unusual
It is only relatively recently, however, that the structural angstructures that appear to violate the octet rule, i.e., they have

bonding properties of small lithium clusters and of molecules™0re than eight valence electrons occupying bonding orbit-

containing lithium have received much attention. The result&!S: The first “hypezrlithiated” moleculéLizO) was identi-
in both areas have been rather striking. fied experimentally? and theory has led subsequently to un-

There is a singles-valence electron in the alkali ele- expeﬂed_ st_ructureis n, ftzr examfele, @L@_Oh)’ls '—'48
ments, and it is not surprising that the energy surfaces of thela), LiaSi (C2,),™ LisO™ (Cg,),™ and Li,C (Cyp). ™"
clusters show shallower minima and less tendency to direclhere is little doubt that many unusual structures remain to
tional bonding than found in elements witp- and Pefound. _ _
d-electronge.g., P and Fe, respectivelyThe structural flex- We describe here the results of density functiofi)
ibility and the absence of a clear guide to the most stable of@lculations on the energy surfaces of lithium clusters Li
the many possible structures present challenges to the the®0d their monoxides LO with up to ten atoms(Liyo,
retician and is well-known to experimentalists. The meltingLisO). We have adopted a range of starting structures in all
points of the alkali metals are low, ranging from 181 °C incases and have used both all-electron and pseudopotential
Li down to 28.6 °C in C<, and there is clear evidence for calculations. The all-electron calculations use a Gaussian ba-
pseudorotation in the electron spin resonatESR and SIS set'® and all geometries and vibration frequencies given
two-photon ionization spectra for }{Refs. 2,3 and in ESR  below were determined using this method. In systems where
spectra for Li.* Thermochemicalmass-spectrometjicnea- ~ pseudorotation is known to occur or where the nature of the
surements have been made on clusters upg@hd provide —Mmost stable isomer is uncertain, we have used a combination
estimates of the dissociation energidsthium clusters with ~ of DF calculations with molecular dynami¢sID) (Ref. 19
up to ~40 atoms have been ionized and detected as cationgf temperatures between 100-500 K to generate additional
and their ionization potentials determined up ne=26.°  geometries and to shed light on structural changes. The
Other spectroscopic data on,Lélusters include optical ab- MD/DF calculations use periodic boundary conditigR8C)
sorption spectra of LiLig, measured using depletion with a (simple cubi¢ unit cell with lattice constant 20 a.u.,
spectroscopy, and photoelectron spectroscopy on, Lf and a plane wave basis set with a single poknt Q) in the
Measurements on the unimolecular dissociation of Li Brillouin zone and an energy cutoff of 15 a.u. The electron-
clusterg have provided information on the cohesive energiedon interaction is described by the non-local pseudopotential

Lithium is the lightest element that is metallic under nor-
mal conditions and, together with its fellow alkali metals, has

and dissociation paths of clusters with-4—42. of Troullier and Martins® using thed-component of the
Extensive studies of neutral and charged Li clusters uspotential as the reference local péftsp-nonlocality”).
ing Hartree—FocKHF) based method$ have indicated that All molecules were studied with both a local spin den-

planar structures are preferred ne=6, with larger clusters sity (LSD) (Ref. 21 and a non-local modificatioNLSD)

(to Lig) comprising deformed tetrahedra. In conjunction withinvolving the gradient of the density.The MD/DF calcula-
optical absorption datathese calculations have been used totions were all performed with the LSD approximation. Un-
study the structures of the most stable isomers qfthi  less otherwise stated, the spin degeneracies of the states cal-
Lig. The extension of the Hartree—Fock calculations to inculated were the lowest possible. In some cases, such as
corporate molecular dynami¢MD) (Ref. 11 has indicated Li-Li-O, a higher multiplicity is necessaryin this case a
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TABLE I. Structure parameters for isomers of, ldlusters,n=3-9, with
energiesAE relative to the ground stat@V). Bond lengthsd;; in A and
bond anglesy;, in degrees. Other labels are defined in the figures.

Molecule Symmetry  AE 1 2 3
© € ©
Li, 1(a) Cy, 0.00
dyo=2.82:d15= 3.37;155= 73.5
Lis 1(b) Do 1.30
d;,=2.89
Li, 1(0) Dan 0.00 (a) (b)
dyp=3.04:0,= 2.62;0014= 51.0
Li, 1(d) Cs, 0.31
122315 2.77,014 24 34 3.12
Lis 1(e) Ca, 0.00
d1s.25= 2.63;d;,= 3.00;d 14 4= 3.09;d3,= 2.96
Lis 1(f) Coy, 0.23
dy,=2.88;d;5= 3.02:d,5= 3.18;d,5= 2.78
Lig 3@ Dun 0.00
dys= 2.82;d55= 2.49
Li 3(b) Ca, 0.45
dyo=2.70;d,5=3.18
Lig 3(c) Dan 0.74
dy,=2.89:d,5=2.95
Li, 3(d) Cs, 0.00
dyg=3.31;d,,= 3.17:d;,= 2.54:d,,= 2.57
Li, 3(e) Dsp 0.10
dyp= 2.91;dps= 3.05;d,,= 2.61
Lig 3(F) Dsp 0.00

dig= 2.43;d;,= 2.55;d,5= 3.00

5

triplet). In others a small gap between the highest occupied

and lowest unoccupied molecular orbitgldOMO-LUMO (e) (f)

gap was taken as an indication that a state of higher multi-

plicity could have a similar energy. In Secs. Il and Ill we FiG. 1. Structures of Li[(@ C,,, (b) D..i]; Lis [(©) Day, (d) Cs,], and
present our results for clusters and oxides, respectively, in:is [(e,f, bothC,,].

cluding the changes in the binding energies with increasing

cluster size. A discussion of trends and our concluding re- _
marks follow in Sec. IV. equivalent energy wells, and electron spin resond&BE&R

spectra of Lj trapped in argon matricéshow that the mol-
ecule is fluxional, i.e., it undergoes a pseudorotation between
the different minima. Two-photon ionization spectra of Li

In this section, we present the results obtained for strucsupport this assignmefshowing threeC,, structuregbond
tures and relative energies of isomers of neutral lithium cluslengthd=2.73 A, bond anglex = 72°) separated by a pseu-
ters Li, to n=10. Energies with respect to the most stabledorotation barrier of only 26 cm' with a stationary point at
isomer are denotedE, and structural parameters for most (3.05 A, 50°).
are given in Table I. To simplify the figures, we have not  The present calculations of the energy surfaces of Li
labeled the atoms if the structure is derived from that of dead to a similar picture. The energy difference between the
smaller cluster. “Bonds” between Li atoms are shown if themost stable structurdFig. 1(a)] (LSD: d;,=2.82 A,
atoms are separated by less than 3.1 A. Atomic coordinates,=73.5°; NLSD: 2.84 A, 73.2°) and the saddle point
of all structures are available from the authdts. (LSD: 3.09 A, 52.1°; NLSD: 3.15 A, 51.6°) is minuteSD:
A Lis Lia Li 110 cm‘_l; NLS[_): 165 cm 1) and less than the calculated

I zero point vibrational energ{820 cni ). We have also per-

The dimer L} is the lithium cluster for which the most formed combined MD/DF calculations on the lithium trimer.
detailed experimental information is available, and the cal-The geometry changes between two neighboring minima are
culated bond lengths and vibration frequencies of ]tﬁé very small and pseudorotation is evident in simulations at 20
ground statgLSD: 2.80 A, 325 cm?!; NLSD: 2.80 A, 322 K and 30 K.
cm 1) are in reasonable agreement with the measured values We have investigated two higher-lying structures of
(2.673 A, 351.4 cmt). % Li: the quarteD gy, form (d;,=3.20 A,AE=1.31 eV} is not

As in the other alkali trimers, the equilateral triangle Jahn-Teller distorted, and the linear foffib), d,,=2.89 A]
(D3p) is not a stable doublet structure ingl.ibut undergoes lies a further 0.09 eV higher in the LSD calculations. The
a Jahn-Teller distortion t&€,, symmetry. There are three NLSD approximation results in very similar energy differ-

Il. RESULTS: LITHIUM CLUSTERS
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4568 Jones, Lichtenstein, and Hutter: Structure and bonding in lithium clusters

ences and a small increase in the bond lengths. This is a
general feature of our results, and we give NLSD structures (@) w

below only if they differ appreciably from these trends. Co-

hesive energies calculated using the two approximations are
significantly different and will be discussed in Secs. Il G (b)
(Li, clusters and Ill F (Li,O molecules

HF-based calculatiod$predict that the most stable iso-
mer of Li, is the rhombugsinglet, D,,,, 1(c)], and this is )
also found here. A flattened, Jahn-Teller distorted tetrahe- (c)
dron [triplet, C,,, 1(d)] lies 0.31 eV higher. The structural
parameters are given in Table I.

B. Lis (d)

HF-based calculatioh® predict the lithium pentamer to
be planar C,,), with a three-dimensionaC,, structure the
next most stable. Pseudopotential DF calculatfdnsn the
other hand, favor the three-dimensional structure by 0.22 eV, (e)
and this result is supported by the present calculations. We
find two local minima withC,, symmetry[1(e,f)], with the
pyramidal form more stable by 0.23 efWNLSD: 0.16 eV,
and the energy surface shows several other minima and sta- )]
tionary points withAE<0.4 eV. The unstable structures in-
clude a rectangular pyramic6, , AE=0.21 e\), which has
two imaginary frequencies and distorts to structui@,land
a planarD,,, structure that lies between two equivalent pla- (9) QW)
narC,, forms and less than 0.1 eV above them. The quartet
state corresponding tod) is a(stablg D3}, bipyramid with
AE=0.26 eV.
The situation is reminiscent of earlier results on alumi-
num cluster€® where planar structures were favored up to

A.|4’. and pla_nar_and three-dimensional isomers had verye, yhe conditions of this simulation, and suggests a simple
similar energies in the pentamer. Atlusters also show a mechanism — the twisting of the central triangle — for

gear degenegacy for different spin Etztes;f@ri;& ﬁl near:r— pseudorotation between equivalent trigonal bipyrantidp)
egeneracy between quartet tetrahedral and doublet rhomRig, o, 4imost planar form. An alternative transition state for
structures of was found in recent calculations on thg Li this process would be a square pyrarp, C,,), as pro-

’ v/

H 27
anion osed by Bers§? for structural changes in RF In the

ES,R measurements have been performed on LI Clusw'{aﬁhium pentamer, we can understand this process by stretch-
deposited at 77 K in an adamantane matrix and annealed

- mg one of the base diagonals of thenstable square pyra-
temperatures above 200‘KThe spectra show that the Li iy AE for this structure is less than 0.4 eV, and we have
clusters present hawe magnetically equivalent nucléi.e.,

_ X seen above that the value for the relatgg, rectangular
are_flux!or_la], and the coupllr_lg constants show that 3. . prism is only 0.26 eV. Since a planBr,,, structure is also a
While Lis is an obvious candidate, the authors do not think 5 sition state between and 0.10 eV above equivalent planar
that they detected a pseudorotatipfanar isomer of this C,, forms, as mentioned above, there are then several pos-

|somer|, alnq they do pot Engd%L' The pseur(]jopogen::al sible mechanisms for isomerization irgLiWe discuss Berry
DF calculations mentioned abov&however, showed that oo qorotation further in the context of,O in Sec. Ili C.

the isotropic spin population for the planat4,) structure

agrees better with the measured value. These authors then .

proposed a pseudorotation mechanism based on geometry 's

changes within a plane. HF-based calculatioh$ show that three structures have
Insight into possible mechanisms of structural change irsimilar energies: a planddg, structure, a quasiplanar pen-

Lis is provided by MD/DF simulations. A section of a typical tagonal pyramid Cg,) with one atom slightly above the

run at 100 K is shown in Fig. 2 and illustrates two interestingplane, and @non-planay tripyramid (C,,). The most stable

points: (a) If the energy surface is relatively flat, as in this structure Dj,) was the only one of the three to give an

case, the simulation need not pass through the minima of theptical absorption spectrum consistent with the measured

energy surfacéhere the planar and tbp structuresven at  data’

100 K. (b) Nevertheless, it shows that the interchange of the  Both LSD and NLSD calculations give several isomers

planar and three-dimensional structures is relatively easy urwith comparable energies and favor three-dimensional over

FIG. 2. Pseudorotation in Li MD/DF simulation performed at 100 K.
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FIG. 4. Structures of li[(a) T4], Lig (b,0), and Liy (d,8).

FIG. 3. Structures of lgi[(a) D4y, (b) Dsp, (€) Dspl; Liz [(d) Cs,, (0
Dsp], and Lig [(f) Dsp].

ESR spectra have been reported foy tiusters formed
by codepositing Li with excess Ar in a helium cryostat.

planar structures, but there are significant differences frond Ne situation is different from that in biand Lk, in that the

the HF structures. Th€,, tripyramid found in the latter unpaired electron has a distinctive symmetry that is consis-
distorts here to the more symmetric flattened octahedrofent with a pentagonal bipyramidaDgy,) structure.

[Dan, 3(a)] that is the most stable form we have found. The

planar pentagonal structufeDs,, 3(b) — this may be

viewed as a more symmetric form of th@&;, pentagonal E. Lig

pyramid is 0.45 eV higher, followed by the planddsy,
structure] 3(c), this comprises four approximately equilateral
triangles and is the most stable in the HF calculatjcars
additional 0.29 eV higher. The symmetriBs,, D4,, and

Two isomers of L§ were considered in the HF-based
work,”19 a tetrahedron with all four faces cappely) and a
relatedD,y structure. The dominant features of the calcu-

D3, all have twofold representations. In the present cases thlgtzd_toptlcal abscl)rztlc()jntipttactrtjhm Wer%f?ﬁndt to tbe S|rﬁ|lar|, d
highest occupied orbitals are doubly degenerate and fullf?n tl'bV\t/ai c;nhncu € ‘Z el ?r or both sfructures cou
occupied, so that a Jahn-Teller distortion does not occur. ontribute to the measured spectrum.

Jahn-Teller distortion would occur in the corresponding posi- . The most stable structure found " the present calcula-
tions is, however, a further member in ti¥;;,, sequence

ive i Lig . . . - >
tive fon, Lig Lig [3(b)]—Li; [3(6)]— Lig [3(f)]. Structure Fig. &) (T4,
AE=0.52 eV is just as obviously related to the most stable
D. Li form of Li; [3(d)]. The atoms of the central tetrahedron are
- L7

separated from each other by 2.80 A, and from the outer
The earlier HF-based calculatidfisindicate a most atoms by 2.93 A. The second most stable isom@s,
stable isomer of pentagonal bipyramidal fofbs,, Fig. AE=0.24 e\j comprises a rhombussides 2.99 A, bond
3(e)], followed by aCs, isomer[3(d)] formed by capping angle 63.7°) atop a rectangisides 2.88 A, 2.99 R It is
three of the faces of a tetrahedron. Similar structures areelated to isomer @) of Lig (see belowand is reminiscent
found in the present work, although the order is revefieel  of the crown shape of the sulfur octamer. Other stationary
Dsy, structure is more stable by 0.10 gV points in the energy surface were either considerably higher

J. Chem. Phys., Vol. 106, No. 11, 15 March 1997

Downloaded-25-Jun-2003-t0-134.94.162.43.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/jcpo/jcpcr.jsp



4570 Jones, Lichtenstein, and Hutter: Structure and bonding in lithium clusters

in energy (examples being the related triplet states had 1.4
imaginary frequencies and were unstable.

F. Lig-Liso

The number of isomers increases dramatically with in-
creasing cluster size, so that the identification of the most
stable becomes rapidly more difficult. Forgland Li;y we
have studied structures derived by adding atoms to stable
isomers of smaller clusters, removing them from larger ones,
structures proposed by other authors, and those found by
scaling the stable structures of clusters of other elements. We
have also used MD/DF simulations to cover larger regions of
configuration space and to guide our choice of starting struc-
tures for the all-electron calculations. The most stable struc-
tures found for Lj and Li, are shown in Fig. 4, but we . . . . . . .
expect that there are additional isomers with comparable en- 0‘22 3 4 5 6 7 8 9 10
ergies.

A stable C isomer of Li, [4(b)] is related to the Ig :
isomers Figs. @l) and 4a) by adding outer atoms, while FIG. 5. CalculatedLSD, NLSD) and measurefRefs. 5 and 9§ cohesive

structure 4c) has higher symmetryQ,,) and can be viewed energiegbinding energies per atarfor Li,, clusters ton=10. Also shown
as the rhombus/rectangle form ofglwith an added central are values obtained by extrapolating MRD-CI calculations for scaled HF

atom. These Ly structures and their energies are remarkablygeometriegRef. 10.

similar, with AE values for 4c) of 0.06 eV(LSD) and less

than 0.01 eMNLSD). They are not related by a Jahn-Teller

distortion, however, as the uppermost occupied orbital in théhe angular nodal structure of the orbitals. The non-local
C,, structure is singly degenerate. Given the approximationsnodifications were shown to move charge away from the
inherent in these calculations, it would be unwise to make anuclei, leading to weaker and longer bonds, and to an in-

Cohesive energy (eV)

definite prediction of the most stable isomer. creasing difference between LSD and NLSD cohesive ener-
The most stable form that we found for;5[{C4, 4(d)]is  gies with increasing cluster size.
obtained by capping the(d) isomer of L. A second isomer Although p-orbitals play a role in bonding between Li

[C,,, 4d), AE=0.25 eV] may be viewed as two interlock- atoms, the(nodelesy s-character dominates. The LSD esti-
ing pentagonal rings. The existence of regular and distortethates of the binding energy are much closer to experiment
pentagons is a recurring feature of the structures we hawvian in the group 15 clusters, and the effects of gradient

found in the Li clusters. corrections are smaller. We see in Fig. 5 that the different
experimental techniques give rise to somewhat different re-
G. Cohesive energies sults, and it is difficult to say whether the LSD or NLSD

estimates are better. Although the NLSD approximation of-

The cohesive energy is defined as the energy reqm.red ®n improves the estimates of energy differences, this is not
separate the most stable form of a cluster into its constltuehﬁecessarily the case. The rare gas dimers, for example, have

atoms, af‘d 'S usually e'xpressed as an energy p.er atom.' Ithad) depths that are overestimated by LSD calculations, but
been estimated for lithium clusters in two ways: from high-y ..o i< no minimum in the energy curves at all if gradient
temperature gas phase mass spectroscapy from combin- corrections are include®t

ing the measured dissociation energies of the tiusters

with the ionization potential&Both sets of results are shown

in Fig. 5, where they are compared with the present calcul—“_ RESULTS: LITHIUM CLUSTER OXIDES

lated valuegLSD, NLSD) and the values extrapolated from

MRD-CI calculations for geometries scaled from the HF In this section, we present the results for the structures of
values'® We note that the measured cohesive energy of bulksomers of neutral lithium cluster oxides,0 to n=9, and

Li (n—x) is 1.66 eVt discuss bonding trends. In all figures we label atothlack)

The overall agreement between theory and experiment ias oxygen, the remainingrey) atoms are Li. Li-O “bonds”
satisfactory, and we note that the use of the NLSD approxiare shown if the atoms are separated by less than 2.3 A. The
mation leads to cohesive energies that are lower than theingle oxygen atom has a dramatic effect on the structures of
LSD values. This is a common effect in clusters of elementsmall lithium clusters, which may not be surprising, since
that form sp-bonds, an example being, Rnd As, clusters, oxygen has six valence electrons and lithium only one. A
where the LSD approximation leads to overestimates in theomparable effect is also evident in the solid state, where the
cohesive energy of-1 eV These findings are consistent density of lithium atoms in the oxide LIO is over 80%
with the observatiott that LSD estimates of exchange en- higher than that in crystalline lithium itself,and there is a
ergy differences will be less reliable if there is a change invery similar effect in sodiuni?
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2 The ground state of the LiLiO molecule is a linear triplet
5 1 3 state[3II, 6(c)], characterized by a very long Li-Li bond
Q) 1 (HF: 3.29 A3®LSD: 2.87 A) and a Li-O bond similar to that
in the diatomic moleculéHF, LSD: 1.73 A.3° This is the
(a) (b) 3 simplest example in the present work of a “hypervalent”

molecule, where the number of bonds on the central Li atoms
appears to be greater than the number of electrons.

We have noted above thatld was the first “hyperlithi-
ated” molecule to be preparéd,and it has been studied
theoretically by several authors. HF calculations by Schleyer
et al*®indicated that a planat,, structure[6(d)] was the
most stable. Although more detailed calculatiSifavored a
D, structure, the lower symmetry was found in recent sec-
ond order Mdler-Plesset(MP2) and complete active space
(CAS) SCF calculation&® However, the energy surface is
very flat, and the barrier against pseudorotation is less than
0.03 eV. The present calculations also giv€a structure
(with three Li-O bonds close to 1.68)Ahat is weakly per-
turbed from the equilateral triangl®g;,).

B. Li,O

Li,O and LEO were studied theoretically by Schleyer
and coworker¥*8and identified by Wu using high tempera-
ture mass spectrometfy The most stable structure in the HF
calculations was tetrahedral’ 4, 6(e)], with a Li-O bond of
1.728 A. A second minimum of the energy surface was the

FIG. 6. Structures of LO (a-0; LizO (d); Li,O (e-g; LicO (h). C,, form [6(g), AE=0.79 e\. This has Li-O bonds with a

normal length d,,=1.623 A d;,=1.689 A), while the Li-Li
separation is very long indeed {=3.234 A).
A. LiO, Li ,O, LizO A similar picture results from the present calculations.

small lithi ide clust . tigated al The T4 (single) state gives the most stable structure, with
mafl lithium monoxide clusters were nvestiga 635 a'dLio=1.74 A,d;i=2.85 A. A related triplet state lies 0.57
most 20 years ago by HF calculatiofisO, LiOLi, LiLiO ) ; _
q th hemical 0 L0, LiaO) 1236 eV higher. TheC,, structure[6(g), AE=1.19 eV] has the
and thermochemical measureme@io, Li0, Liz0).” structural parameteid, ,=1.69 A, d;,=1.62 A d,3=2.44 A,
More recent studies will be cited below. Stoichiometric clus-

. _ d,s=3.04 A. The planaD,, structure[6(f), AE=0.83 eV]
ters of the form(Li,0),, have also been studied recently us- : . . L
ing MD/DF met;oéé.;n Y US“occurs as a unit of larger clusters. It is a stationary point in

th f f LO, but i tabl d distort
HF calculation® gave a bond length in LiO of 1.71 A e energy surface of kO, but is unstable and distorts

and a vibration frequency of 829 ¢, and the present re- readily to theT, form, with dyjo=1.78 A, d,j,;=2.51 A
sults[LSD: 1.72 A, 784 cm?'; NLSD: 1.74 A, 760 cm?]
follow a common trend for DF calculations to give bonds .
that are longer than HF values. Compared with the measure%‘ LisO
dissociation energy3.49 eV}, the present resulté_SD: The LisO molecule is particularly interesting, as it has
4.36 eV, NLSD: 3.89 eYalso show the familiar picture of a several isomers with similar energies separated by low en-
substantial LSD overestimate being improved by non-locakrgy barriers. HF calculatioffSwere performed for th€,
modifications. bipyramid isomer of LjO [Fig. 7(b)], which is also a stable
HF calculations on the LiOLi moleculé gave a linear structure in the present workd{,=1.82 A, d;s=1.87 A,
singlet ground stateD..,, 'S, Fig. 6@] with bond length  ds=2.61 A, d3=3.16 A). Two others are slightly <0.03
1.62 A and vibration frequencies 145r(), 839 (@g), and  eV) more stable. The rectangular pyranfi€,,, 6(h), a
1091 (0,) cm~ 1. The MD/DF calculations of Finocchi and Jahn-Teller distortion of a square pyram@l, ] is the most
Noguerd’ gave the same bond length, and thg- and  stable in the LSD calculationsd{,=1.85 A, d=1.84 A,
o,~vibration frequencies were found to be 810 and 1075d,3=2.46 A, dy,=2.72A), with energy slightly below that of
cm 1, respectively. The bond lengths found in the presena C,, structure Ta), which is related to isomer (6) of
calculations are slightly longeiLSD: 1.64 A, NLSD: 1.65 Li,O by adding a Li atom with largé3.04 A) separations
A), but the vibration frequencigd44, 819, 1081 cm') are  from atoms 2 and 3. In the NLSD calculations the latter
close to the earlier estimates. A bent triplet sfa@g, , 6(b)]  structure is slightly ¢0.07 e\ more stable than () and
with d;,=1.80 A anda,,5=107.4°lies 2.57 eV higher. 7(a), which are almost degenerate.
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FIG. 8. Structures of O (a); LigO (b-d); LigO (e,f).

isomer with two bidentate Ligroups[7(e)]. This structure
FIG. 7. Structures of 4O (a-0; LigO (d-f; Li;O (g,h). bears an obvious relationship to isomer(b)7 of
LisO. The most stable isomer in the present LSD calcula-
tions is, however, (d), which bears an equally obvious rela-
The most stable isomers ofJ@ show five-fold coordi- tionship to another isomer of L&® [6(h)]. This is followed
nation of the central atom. A discussion of two such mol-by Figs. 7e) and Af) (C,,), both of which have
ecules(PF; and PC}) led Bernf® to propose a pseudorota- AE=0.07eV. The latter is related by capping to the unstable
tion mechanism trigonal bipyramidsquare pyramid form 7(c) of LisO.
—trigonal bipyramid, in which the isomerization takes place It is interesting to study the structures related to the regu-
by deformation of the bond angles at the central atom. Théar octahedron. A quintet state with this structure is stable
positive ion LiO™ has the same number of valence electrongd,io=1.90 A), but lies 0.50 eV above(@). A D34 structure
(10) as P, and HF-based calculatiolfsshow a very small  with djjo=1.92 A and bond angles,o,; distorted from
barrier (~1.2 kcal/mol¢ to pseudorotationD3,— Cy, 90° by ~4° is 0.20 eV above the most stal§leSD) isomer.
—Dj;,. These calculations also predicted the existence of a A similar picture results from the NLSD calculations,
trigonal bipyramid Cs,) structure of LiO™ with lower co-  but isomer Te) is about 0.04 eV more stable thafdy, with
ordination and containing a kisubcluster, and this was also 7(f) an additional 0.05 eV higher. The energy differences
found to be stable in the present calculations. The correbetween these structures and those derived from the octahe-
sponding neutral structufeC,, 7(c)] is an unstable station- dron are close to the LSD values. The small energy differ-
ary point in the energy surface only slightl<0.05 eV}  ences between Figs(&b,9 in both sets of calculations in-
above the minima noted above. We see below that the paticates that all three are candidates for the most stable
tern of an oxygen atom in a lithium “cage” attached to a Li isomer.
subcluster is common in the larger clusters.

E. Li,O, LigO, Li,O

D. Lis0 We have found three stable isomers ofQiwith struc-
For neutral L;O (twelve valence electropsthe first tures that are related to the most stable form gfoLi6(h)],
(Hartree—Fock calculations® found a minimum for aDsy  and the most stable in both LSD and NLSD calculations is

distortion of a regular octahedror©f). Considerations of 7(g) (C¢). In the LSD calculations (h) (C,,) and Fig. §a)

the Jahn-Teller effect of hexalithide structffesuggested (a distortedCs, structuré are 0.14 eV and 0.20 eV higher,
that the most stable structure might have even lower symmeespectively, and the NLSD relative energies are very simi-
try, and HF and MP2 calculatiofisshowed, in fact, &4 lar.
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to one in Li. Forn=3,4, the lithium atoms form shells
5 - ' ' - - - - around the O atom in two- and three-dimensions, respec-
tively, and for LEO, where the binding energy is a minimum,
there are several structures with almost the same energy and
small barriers between them. Still larger clusters arise in-
creasing the size of the Li subcluster attached to th@Li
units, and the binding energy increases as noted above.

IV. DISCUSSION AND CONCLUDING REMARKS

We have performed an extensive series of density func-
tional (DF) calculations on lithium clusters and their monox-
ides with up to ten atoméLi;q and LxO, respectively. A
variety of starting structures has been used in each, and we
0 - - - . : : : have generated many more by combining DF calculations

i 2 3 4 5 6 7 8 9 with molecular dynamics. Previously unknown structures
have been found in both families, but there are many pos-
sible isomers in systems of this size, and there is little doubt
that other structures exist that are energetically favorable.

Lithium shares with the other alkali metals and hydrogen
the simplest valence electron configuration, a single
s—electron. Althoughsp— hybridization is stronger in Li

Three structures found for 4® [8(b,c,d] haveC, sym-  than in the other alkali&’ Li clusters show a weaker ten-
metry and are derived by capping the,Qi structures. The dency to directional bonding than elements wsf# andsd-
most stable is @), which is 0.25 eV more stable than the valence configurations. The energy minima are less pro-
others in the LSD calculations. The energy spread is less inounced and the barriers between them lower. MD/DF
the NLSD calculations, but Figs(&d) are 0.06 eV and 0.19 simulations show that both 4iand Li are fluxional, consis-
eV, respectively, less stable thafb8 The two most stable tent with the pseudorotation observed in these molecules.

Li binding energy (eV)

FIG. 9. Energy differences J© — Li,_;0+Li. Experiment[Refs 12,41;
Hartree—FockHF) [Refs. 14,38 LSD, NLSD [this work].

structures found in KO are shown in Figs. @,b. The Much of the earlier work on the structures of,lalusters
former (C,4,) is ~0.1 eV more stable in both LSD and has used HF-based methods. We have found a number of
NLSD calculations. new structures, and we have shown that the structures of
larger clusters can often be found by adding atoms to the
F. Bonding trends stable structures of smaller ones. While the largest clusters

The structures of O isomers are often found by add- j[hat we have stud|§d_|10) show few signs of 'patterns f_ounq
in the bcc crystalline form, we note that interatomic dis-

ing a Li atom to the neighboring smaller cluster, with a small : Lo .
i . o o . tances close to the nearest neighbor separation in bulk Li
change in the atomic positions of the latter. This is particu-

larly evident forn=5, and is reflected in the binding ener- (bce, 3.03 A occur in smaller clusters. Examples are the

: o ) ; : sides of the rhombus in Li[1(c), 3.04 A], the sides joining
gies of the binding energies of the added Li atom, which ar : i
shown in Fig. 9 for the most stable isomers. The trend fofEhe apices to the base ofdfil(f), 3.02 A}, and the pentago

n>5 is very similar to that found for the cohesive energiesnal edges in th®s, isomers of Lj [3(e), 3.05 A and Li [

of Li, [Fig. 5]. There is a steady increase in the binding3(f)’ 3.00 Al. The calculated cohesive energjég. 5] show

. ) : results that are consistent with earlier experience with other
energy as increases, and the LSD estimates of this e O lements: overestimates with the LSD approximation to the
are~0.2 eV higher than the NLSD values. ' PP

The even-odd alternation in the binding energies of I_iexchange-correla'uon energy, improved values with the gra-

atoms in Lj, clusters(Fig. 5 and in Li,O (Fig. 9) reflect the dient correctedNLSD) modification.

. . . The study of the structures of |® clusters has been
relative stability of both oxide and cluster for even values Offascinating. We have noted in Sec. Il that the density of

Sithium atoms in bulk LyO is much higher than in bulk I¥

. . - . and the effect of an oxygen atom on the cluster structures is
While the cohesive energy of Lincreases steadily from the ; 4 .
no less dramatic. The oxide clustergQiare generally more

dimer value towards the bulk cohesive ene(t)66 eV, Ref. compact than their Lj counterparts, and there are many

1), the binding energy of Li to the oxide clusters increases . X
I X : e novel structures with more than eight valence electrons. In-
initially — the Li-O-Li molecule satisfies the octet rule —

. - ) -« e sightinto such molecules has been provided by the groups of
and then drops rapidly to a minimum atsQ. This differ Schleyer, Marsden, and others. In a study gfQ.imolecules

ence is also seen in the thermochemical estimates of the |Ulp ton=6, for example, Schley® showed that the charge
binding energy.

Oxide clusters larger than 4@ appear to have more (Mulliken) on the oxygen atom increased little beyond that in

“bonds” than available electron pairs, and have been re_L|—O—L|, with the additional electrons contributing primarily

. o N . to Li-Li bonding. Calculations of high-spin states in Li clus-
ferred to as “hyperlithiated.” The role of oxygen in deter- . . .
. . ) . . ters with up to six atoms also showed the existence of bound
mining the structure is crucial, as it has six valence electrons . . . o
molecules without spin-paired valence electréh$his pic-

pronounced differences between the two plotsrfer2—5.

J. Chem. Phys., Vol. 106, No. 11, 15 March 1997

Downloaded-25-Jun-2003-t0-134.94.162.43.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/jcpo/jcpcr.jsp



4574 Jones, Lichtenstein, and Hutter: Structure and bonding in lithium clusters

ture is consistent with the present work, where we find that®c. Brechignac, H. Busch, P. Cahuzac, and J. Leygnier, J. Chem. Phys.
the binding energy of the added Li atom falls from,@i to 101, 6992(1994.

: . . L 101, Boustani, W. Pewestorf, P. Fantucci, V. Boitakoutecky and J.
LisO and then increases with a pattern similar to that found Koutecky Phys. Rev. B35, 9437(1987) [Li,, Li']: I. Boustani and J.

in Li, clusters. Koutecky, J. Chem. Phys88, 56571988 [Li- 1.

_ If the 'm_“al structure of one of the Igrger ClUStdﬂig_ﬂ_ 1p_ Fantucci, V. Bondc-Koutecky, J. Jellinek, M. Wiechert, R. J. Harri-
Li;O, LigO) is taken to have the O atom in a central position, son, and M. F. Guest, Chem. Phys. L&50, 47 (1996.

. 12 .
this atom moves towards the “surface” as the structure op--H: Kudo, C.H. Wu, and H. R. Ihle, J. Nucl. Matef8, 380(1978; C. H.

L . . . Wu, H. Kudo, and H. R. Ihle, J. Chem. Phy&), 1815(1979.
timization proceeds, leaving behind a Li subclusferg., 13p y.R. Schleyer, E.-U. Wthwein, E. Kaufmann, T. Clark, and J. A.

Figs. 1g) and 8d)]. This is such a dramatic process that it is pople, J. Am. Chem. Sod05, 5930(1983.
natural to speculate that it could occur in much larger clus**P. v.R. Schleyer, E.-U. Wthwein, and J. A. Pople, J. Am. Chem. Soc.
ters or at a surface. Unfortunately, the highly exothermic, 104 5839(1982.

. . . I P. v.R. Schleyer and A. E. Reed, J. Am. Chem. Sdd@) 4453(1982.
reaction of O with Li means that the oxidation of the surfaceleJ_ Ivanich, O. P. Charkin, and C. J. Marsden, Russ. J. Inorg. CA8m.

is very difficult to study. 955 (1995. This paper studies several pentalithide clusters;Aith ten
We emphasize again the variety of structures that arisesvalence electrons.

in both Li, and Lj,O families. In LsO, in particular, there 3. lvanic and C. J. Marsden, J. Chem. Soc. Chem. Coma@8g 1356.

18 H
. Gauss program from the UniChem package of Cray Research, Inc. The
are several structures with aimost the same energy, separate alculations used a triple zeta Gaussian orbital basis with polarization

by small energy barriers. The calculated structures also ShoWsunctions(Tz94+p) and the T294 auxiliary basis.
interesting patterns involving LO (tetrahedrgl LisO  '°CPMD version 3.0 written by J. Hutter, Max-Planck-Institiit festKo-
[square C,,) or rectangular C,,) pyramidg, and LiO [ap- perforschung, Stuttgart, 1996.

20 h -
. . . N. Troullier and J. L. Martins, Phys. Rev. 83, 1993(1991).
prOXImater OCtahed@lumtS' The tetrahedron is the most 2lWwe use the parameterization of the exchange-correlation energy of the

stable form of LjO, and the capped tetrahedra inQi[Fig. homogeneous electron gas given by S. H. Vosko, L. Wilk, and M. Nusair,
7(a)] and LigO [Fig. 7(e)] are only slightly higher in energy ,,Can- J. Phys58, 1200(1989. -
than the pyramidal structures Figs(hp and 7d), respec- The gradient-corrected functional used the modification to the exchange

. . . . . energy of A. D. Becke, Phys. Rev. 38, 3098(1988 and the modified
tively. Four-fold coordination of the O atom is not favored in ., elation energy functional of J. P. Perdew, Phys. Re\338 8822

larger clusters, where the present calculations prefer five-fold (1986.

over six-fold coordination of the O atom, although the en-**Contact R. O. Jonesnternet: r.jones@kfa-juelich.de
: 24K. P. Huber and G.Herzberdjolecular Spectra and Molecular Structure.
ergy differences are often small.

. V. Constants of Diatomic Moleculé¥an Nostrand Reinhold, New York,
Many of the structures found in the present work are 1g79

predictions, and it would be interesting to have both more®Rr. Kawai, J. F. Tombrello, and J. H. Weare, Phys. Rev4g\ 4236
experimental information about the structures of both Li 26893‘%%% 3. Chem. Phys, 1104(1963

and L,O systems, as well as calculations using other methy:g "\ "oo "8 “jena and A, K. Ray, Phys. Rev. L26, 2878(1996.

ods. A reliable description of the interaction between Li andeg s Berry, 3. Chem. Phy82, 933(1960. This process is referred to as
O atoms is a prerequisite for performing calculations on lithi- “Berry pseudorotation.” For a discussion and further references, see |.
ate g|asses such &eucriptite, LiAlSiO4. The DF calcula- Ugi, J. Dugundij, R. Kopp, and D. Marquardingerspectives in Theoreti-

. . . cal Chemistry(Springer, Berlin Heidelberg, 1984
tions that we are currently carrying out should provide usefubs;,” s” Garjand and D. M. Lindsay, J. Chem. Phg, 4761 (1984,

insight into these systems. 3p_ Ballone and R. O. Jones, J. Chem. PH@0, 4941 (1994
31R. O. Jones and O. Gunnarsson, Rev. Mod. PB$s689 (1989.
ACKNOWLEDGMENTS %2). M. Peez-Jordaand A. D. Becke, Chem. Phys. Lef33 134(1995.

33The density of solid Li is 0.534 g cn?, that of Li,O 2.103 g cm?
This work was supported by the MaTech Program of the [Gmelins Handbuch der anorganischen Chemie. LithiBmAuflage, ed-
Bundesminister fu Bildung, Wissenschaft, Forschung und ited by E. H. E. PietsckVerlag Chemie, Weinheim, 1960p. 166 and p.

. . 260]. The density of Li atoms in L is then~0.98 g cm 3. The lattice
Technologie, Bonn. R.O.J. thanks C. H. Wu for suggesting constant of bee Li is 3.502 Aibid., p. 164, so that the nearest neighbor

the study of molecules containing lithium, and I. Bytheway separation is 3.03 A.

for helpful discussions and comments on an earlier versioffThe density of solid Na at 20 °C is 0.966 g ¢t/ that of NgO 2.39 g

of the manuscript_ cm™® [Gmelins Handbuch der anorganischen Chemie. NatiBmAu-
flage, Ergazungsband 2, edited by E. H. E. Pietsgferlag Chemie,
Weinheim, 1965 pp. 521 and 81R

‘K. A. Gschneidner, Jr., Solid State Phys, 275 (1964. 35D, T. Grow and R. M. Pitzer, J. Chem. Phy, 4019(1977).
2D. A. Garland and D. M. Lindsay, J. Chem. Phys$, 2813(1983. 36H. Kimura, M. Asano, and K. Kubo, J. Nucl. Mate2, 221 (1980.
*P. Dugourd, J. Chevaleyre, M. Broyer, J. P. Wolf, and Lstéo Chem. 37 Finocchi and C. Noguera, Phys. Rev58, 4989 (1996.
4Phys. Lett.175 555(1990. _ 38p. v.R. Schleyer, ilNew Horizons in Quantum Chemistsdited by P. O.
J. A. Howard, H. A. Joly, R. Jones, P. P. Edwards, R. J. Singer, and D. E. | gwdin and B. Pullmar(Reidel, Dordrecht, 1983p. 95.
5'—093”, Chem. Phys. Lete04 128(1993. 39E. |. Wirthwein, P. v.R. Schleyer, and J. A. Pople, J. Am. Chem. Soc.
C.H. Wu, J. Chem. Phy$5, 3181(1976 [Li,, Lis]; J. Phys. Chem87, 106, 6973(1984.
1534(1983 [Li,]; J. Chem. Phys91, 546 (1989 [Lis]. 40M. Gutowski and J. Simons, J. Phys. Ched8, 8326(1994.
5p. Dugourd, D. Rayane, P. Labastie, B. Vezin, J. Chevaleyre, and M#'C. H. Wu, Chem. Phys. Leti.39, 357 (1987.
Broyer, Chem. Phys. Letfl.97, 433(1992. 427, M. Mebel’, N. M. Klimenko, and O. P. Charkin, Russ. J. Inorg. Chem.

J. Blanc, V. Bonaic-Koutecky, M. Broyer, J. Chevaleyre, P. Dougard, J. 36, 245(1997).
Koutecky, C. Scheuch, J. P. Wolf, and L. Wi, J. Chem. Phy86, 1793 433, Ivanic, C. J. Marsden, and D. M. Hassett, J. Chem. Soc. Chem. Com-

(1992. mun. 1993 822 (1993.
8H. W. Sarkas, S. T. Arnold, J. H. Hendricks, and K. H. Bowen, J. Chem.**J. Harris and R. O. Jones, Phys. Rev1 1813(1979.
Phys.102 2653(1995. “M. N. Glukhovtsev and P. v.R. Schleyer, Isr. J. Ch@8,. 455 (1993.

J. Chem. Phys., Vol. 106, No. 11, 15 March 1997

Downloaded-25-Jun-2003-t0-134.94.162.43.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/jcpo/jcpcr.jsp



