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High-spin lithium clusters™('Li,, n = 2—6) have been studied using several density functional methods.
Although these high-spin clusteh@we no bonding electron pairghey are stable with respect to isolated
lithium atoms. Full geometry optimizations have been performed with alternatives under a variety of symmetry
constraints which led to local minima. In general, the most stable structure is the one with the maximum
coordination number for the lithium atoms. The agreement between B3P86/cc-pVDZ and B3PW91/cc-pvVDZ
density functional methods with UQCISD(T)/6-31G* and UCCSD(T)/cc-pVDZ calculations is excellent. Trends
of bond dissociation energies are discussed as a function of total number of “bonds” and number of atoms.

1. Introduction a few higher spin configurations but with their methods these
systems were unstable with respect to isolated lithium atoms.
Their calculations of the lithium dimer in tH&,* state predicted
that this species is less stable than two isolated lithium atoms
by 6.23 kcal mot?®. Similarly, their calculations ofLis in the

C,, symmetry gave an unstable species by 4.04 kcat frwith
respect to three isolated lithium atoms. The low spin geometries
gave minimum energy values for tl®, symmetrical structure

for Lis, a parallelogram structure for 4,ia saw structure for

Lis and a pyramidal structure for d.iLow spin optimizations

of Glukhovtsev and Schleyegave identical point groups for
the minimum energy structures ofsland Li. The Lis cluster,
however, was found to be a bipyramidz, symmetry rather

In the high-spin state, lithium can form clustets!{.i,) which
are stable although there are no bonding electron-paifsese
type of clusters are higher in energy than the corresponding
low-spin states but stable with respect to isolated lithium atoms.
This is quite a surprising result as the triplet state gfi$inot
bound. The corresponding lithium cluster, on the contrary, is
weakly bound with respect to two isolated lithium atoms. The
binding energy of this lithium dimer (k) is in the triplet state
(3=y™) 0.6 kcal mof?! at the UQCISD(T,fc)/6-31G*//UMP2-
(full)/6-31G* level of theory and 0.7 kcal mol* at the UCCSD-
(T,full)/cc-pVDZ level of theory?

Sizable clusters with high magnetic dipole moment are of : -
interest to experimentalists. In addition, the form of bonding than the saw Wh'(?h Boustani et _al found.
without electron pairs (“no pair bonding”) is puzzling and novel.  Blanc et att did both experimental measurements and
Therefore, it was deemed essential to investigate larger no-pairt€oretical calculations on lithium clusteriii, n = 4, 6, 8)
bonded cluster&*Li, by means of density functional theory and compared their absorption spectra with ones calculated using

in order to establish a benchmark method for eventual studying Multireference single and double configuration interaction
larger clusters. (MRSD-CI) and an atomic orbital basis sets of 13s3p/6s3p and

Lithium clusters in different spin states have been studied 1353P1d/6s3pld. The most stable ground-state structures were
up to Lis by Glukhovtsev and SchleyéiTheir systematic study ~ @SSigneéd as a rhombic structuri@( symmetry) or a paral-

was primarily focused on ground state geometries of lithium 1€logram for Li and aCz, symmetrical geometry for ki
clusters and involved mainly low spin states, but they also have A rigorous and systematic density functional study of small

studied some h|gh|y symmetrica‘rlLin (n = 2—6) clusters. hlgh-spln lithium clusters has never been performed. Therefore,
The latter clusters were restricted to structures in the highestWe present here results of calculations™tLiy, clusters =
symmetry, i.e. Lis (Dan and Den Symmetry),5Lis (Tg Sym- 2—6). We will focus on the nature of the cluster, the bond
metry), SLis (C4, and Dz, symmetry), and’Lig (Dan and Dgn dissociation energy per lithium atom and compare different

symmetry). The most stable of these species was calculated orflensity functional methods.

a level of theory up to UQCISD(T)/6-31G* with optimized

geometries at the UMP2/6-31G* level of theory. 2. Theoretical Methods
Because lithium is the smallest metallic atom with only three

electrons, many calculations on lithium clusters are known from

the literature. Most of these, though, deal with the lowest spin

state of the systefr.!! followed by a complete frequency analyses was performed on

L e — o2 i
Boustani et af.did calculations on a large variety of lithium ~ Nigh-spin lithium clusters™Li, (n = 2-6). Many different
clusters in the lowest spin state. Geometries were optimized geometrical configurations were tested with a variety of sym-

using Hartree-Fock theory with a minimal basis set (2s1p) with metry groups. Whenever po_ssible, calcul_ations_were run Wit.h a
single point energy calculations at the multireference configu- Maximum symmetry constraint. The quality of different density

ration interaction (MRD-CI) level of theory. They also studied functionall methods was testgd andl compqred With calculations
from the literature. At least six hybrid density functionals were

* Corresponding author. Fax:+972-2-6585345. E-mail: sason@ USed on each geometry, i.e. B3LYP, B3P86, B3PW91, BLYP,
yfaat.ch.huiji.ac.il. BP86, and BPW91. Calculations were performed with either
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All calculations presented here were performed with the
Gaussian 98 program packagefrull geometry optimization
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TABLE 1: Bond Dissociation Energies (BDE) of3Li, (3X,") TABLE 2: DFT Bond Dissociation Energies (BDE) and
Calculated with Different DFT Methods and Basis Sets Bond Distances of‘Lis
cc-pvDz cc-pCvDz cc-pCVTZ cc-pvDz cc-pCvDZz
BDE BDE BDE
BDE bond BDE bond
1 1 1
method  (kcalmol™)  (kcalmol™)  (kcalmol™) (kcal mol?) distance (A) (kcal moly) distance (A)
e 9% Sn %% imeacwo.
B3PWOL 126 126 126 B3LYP 2.6 3.412 2.5 3.428
BLYP 0 67 0 69 0 '72 B3P86 55 3.395 5.4 3.403
BPS6 500 5 01 502 B3PW91 4.4 3.444 4.4 3.452
BPWO1 1.88 1.88 1.87 BLYP 3.7 3.360 3.5 3.378
’ ’ ’ BP86 6.3 3.391 6.3 3.399
) BPW91 6.0 3.397 6.0 3.407
Becke’s exchange functioddl or Becke's three-parameter triangle (“A1), Dan
exchange functiondt! The functions for correlation were used B3LYP 6.2 3.109 6.0 3.118
from Perdew (P86)¢ Lee, Yang, and Parr (LYP or Perdew B3P86 11.0 3.092 108 3.091
and Wan (PW91)7 B3PW91 9.4 3.131 9.3 3.131
9 o . . BLYP 6.1 3.148 5.9 3.168
The effect of the basis set was tested on the dimer using the pgpgg 106 3.158 10.5 3.162
cc-pVDZ, cc-pCVDZ and cc-pCVTZ basis séfs'® The first BPWO1 10.2 3.165 10.1 3.170

two basis sets also were used for the trimer. All calculations on
higher clusters were restricted to the cc-pVDZ basis set, see The most stable quartet lithium trimer is the equilateral
text for details. triangle. In addition to the linear and equilateral structures, a
In all situations, atomic spin densities and Mulliken charges structure withC,, symmetry has been considered since this
were checked in the output files and it was confirmed that no structure is the lowest energy structure in the low-spin ground
polarization effects occurred. Moreover, the atoratomic state which has doublet spid.Optimization of this nonequi-
density was checked, thus confirming the lack of bonding lateral triangle has only been performed with the B3LYP,
electron pairs. Additionally, it was checked that the doubly B3P86, and B3PW91 methods and a cc-pVDZ basis set. All

occupied orbitals are 1s orbitals only. three optimizations, however, converge to a geometry with
identical bond lengths and energies to the equilateral triangle
3. Results and moreover have three angles of 60 degrees. A frequency

3.1.%Li,. The smallest lithium cluster is the dimer and in the 2nalyses of the equilateral triangles gave positive frequencies
high spin state (triplet) this species is only weakly bound. At o_nly. Consequently,_ therg Is no stable quartet noneqqllateral
the UQCISD(T, fc)/6-31G*//UMP2(full)/6-31G* level of theory, tr!angle as the optimizations relaxed toward an equilateral
a bond dissociation energy of 0.55 kcal mowas foundt triangle withDa, symmetry..
whereas calculations at the UCCSD(T full)/cc-pVDZ level of In contrast to the calculations of Glukhovtsev and Schléyer,
theory gave 0.74 kcal mo}.2 Details of the nature of the triplet the linear configuration is a local minimum at the DFT levels.
no-pair bond can be found in ref 2; therefore, we will focus A frequency analysis gave positive frequencies only, whereas
here only on the comparisons between the different methodsthe calculations from ref 1 at the UHF/3-21G//UHF/3-21G level
and basis sets. of theory gave a degenerate pair of imaginary frequencies. The

As a benchmark for the methods we have used here, we havé€ason for this inconsistency may be that our wave function
calculated the lithium dimer in the triplet state using six different CONVerges to an electronic state with, symmetry, whereas
methods and three basis sets. The methods under study wer&!ukhovtsev and Schieyer found an electronic state;Sgf
the density functional methods: B3LYP, B3P86, B3PW91, Symmetry. In our case the dou_bly occupied orbitals represent
BLYP, BP86, and BPW91. The basis sets were cc-pVDZ, cc- WO 0g and oneg, orbitals consisting the three 1s orbitals on
pCVDZ, and cc-pCVTZ. The details have been written in Table each lithium atom. In an atomic orbital concept, the three singly
1. As can be seen from these data is that the bond dissociatiorPccupied orbitals are the linear combinationstZe+2s, 25—
energy varies with less than 1% by changing the basis set within 2% and 2s—2s+2s; of the atomic orbitals and have symmetry
each method. This implies that a doulilédasis function is e Ou @ndog respectively. This leads to an electronic state of
sufficient to describe the high-spin lithium clusters. The different “Zu’- Consequently, the linear configuration in the calculations
methods, though, give some scattered bond dissociation energile Glukhovtsev and Schleyer will be an electronic excited state.
whereby the B3PW91 method overestimates the bond dissocia- The lowest energy trimer is the equilateral triangle and is
tion energy (BDE) and the B3LYP underestimates the BDE. 4.9 kcal mot! more stable than the linear configuration at the
The absolute values, though, are very small, and all methodsB3PW91/cc-pCVDZ level of theory.
fall within a range of 1 kcal mol* from the literature values? Calculations of Glukhovtsev and Schleyen quartet lithium

3.2.4Li3. The lithium trimer can be drawn in three possible trimer in D3, symmetry {A;’) at the UQCISD(T)(full)/6-313+G-
configurations, i.e. a linear structurdJ, symmetry), an (3dH)//UMP2(full)/6-31+G* level of theory gave a bond dis-
equilateral triangle@s, symmetry), and a nonequilateral triangle ~ sociation energy of 11.5 kcal mdland at the UQCISD(T)(fc)/
(Cz, symmetry). The first two structures have been studied with 6-31+G*//UMP2(full)/6-31+G* 7.8 kcal moi* was found. Our
the six different methods and with two different basis sets (cc- calculations using the B3P86 and B3PW91 levels of theory fall
pVDZ and cc-pCVDZ). The results of the calculations using within the range of these two literature values. The B3LYP
the B3LYP, B3P86, B3PW91, BLYP, BP86, and BPW91 calculations give somewhat lower bond dissociation energies
methods have been collected in Table 2. As can be seen fromof 6.2 and 6.0 kcal mol using the cc-pVDZ and cc-pCVDZ
Table 2, the bond dissociation energies are essentially the saméasis sets, respectively. UCCSD(T)/cc-pVDZ calculations by
regardless of the choice of the basis set. Therefore, we haveDanovich et af gave a bond dissociation energy of 10.2 kcal
decided to continue the research on higher clusters with the mol~t which is midway between the B3P86 and B3PW91 results
smallest basis set only. obtained from the present study. Consequently, the density
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TABLE 3: DFT Bond Dissociation Energies (BDE) of Different °Li ; Geometrie$

B3LYP B3P86 B3PW91 BLYP BP86 BPW91
BDE BDE BDE BDE BDE BDE
(kcal mol?) (kcal mof) (kcal mol?) (kcal mol™) (kcal mofl?) (kcal mol™)
linearss,, Dey (0) 3.4 9.0 6.8 8.4 9.3 8.7
star5Az", Dap (3)° 3.8 115 9.0 6.3 10.9 10.3
triangle with tail®B,, Cy, (0) 8.9 15.2 13.0 9.3 15.2 14.7
parallelograntAy, D2, (1) 10.6 19.5 16.9 10.3 18.9 18.4
squareéBag, Dan (0) 13.2 20.4 17.8 11.0 17.6 17.3
pyramid®A;, Ty (0) 20.1 29.8 27.1 18.9 28.3 27.9

2 For structures see Figure 1. Near each structure the numbers in parentheses correspond to the number of imaginary fré&deemncies.
state®A,' (BLYP, BP86, BPW91); BLYP gave two imaginary frequencies.
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Figure 1. Optimized>Li, structures with bond distances in angstroms
calculated with B3LYP, B3P86 (brackets), and B3PW91 (square
brackets).

whereas using the B3P86 method a BBE29.8 kcal mof?
with respect to four isolated lithium atoms has been obtained.
This is in quite perfect agreement with the UCCSD(T) cal-
culations from ref 2 of 29.6 kcal mol. At the UQCISD(T)-
(fc)/6-31G*/[UMP2(full)/6-31G* level of theory Glukhovtsev
and Schleyér obtained a slightly lower BDE of 25.4 kcal
mol~1. Their optimized geometry had a lithiunfithium bond
distance of 3.056 A at the UMP2(full)/6-31G* level of theory,
which is of the same order of magnitude as our results of
2.964 A (B3LYP), 2.958 A (B3P86), and 2.988 A (B3PW91).
The UCCSD(T) optimization gave an interatomic distance of
3.036 A.

A second quintet geometry tested by Glukhovtsev and
Schleyer was the square conformation. They optimized this
geometry in theA,, state and found 4 imaginary frequencies
indicating a higher order saddle point. Our initial calculations
on theDgp, A, state of the tetramer gave a second-order saddle
point with a bond dissociation energy of 9.2 kcal ol
(B3LYP), 17.8 kcal mot! (B3P86), and 15.3 kcal mot
(B3PW91). TheA,, electronic state, however, is an excited
quintet state in the square conformation. The singly occupied
orbitals involved in this state have symmetry groups @, &,
and a,. The latter orbital is a linear combination 2, orbitals.

A lower lying electronic state is th#B,q4 state which has four
singly occupieds orbitals. The highest singly occupied orbital
with byy symmetry has the highest orbital density between the
atoms! Not surprisingly, a huge amount of p-character is
necessary to built the;porbital. Calculations of McAdon and
Goddard on larger lithium rings clusters in the high spin state
at the UHF level of theory with a basis set (9s,4p)/(3s,2p) gave
similar results. Their calculations d#.io ring gave an overall
electronic state of!B,, with the electronic densities in the

functional methods B3P86 and B3PWI1 reproduce bond highest singly occupied orbital between the atomic centers. Their
dissociation energies of high level ab initio methods excellently. attempts to optimize thEB,, state (with the electronic densities
The calculated bond distance of 3.167 A from ref 1 is slightly located on the atomic centers) failed as the elementary excitation
longer than the values we obtained from our calculations, seeof by, < by, is totally repulsive® In the 5Li4 (D4n) System the
Table 2. The B3PW91 calculations gave bond distances which analoguous transition corresponds to g byg excitation. The
were within 1% of the ones obtained by Glukhovtsev and 5B, electronic state is a linear combination of 2s orbitals and
Schleyer. The B3PW91 and B3P86 calculations gave an has the electron densities localized on the atomic centers. Our
interatomic bond of 3.131 and 3.109 A, respectively. attempts to calculate the square conformation in Bey
3.3.5Li4. Six different geometries have been tested for the electronic state have been performed using the B3LYP, B3P86
quintet lithium tetramer, namely a linear configuratidDe§ and B3PW91 methods, although the latter one did not converge.
symmetry), a pyramidly symmetry), a squaré(, symmetry), Using the B3LYP method théB,4 electronic state is only
a star Dan symmetry), a parallelogranDg, symmetry), and a  slightly stable with respect to dissociation into lithium atoms
triangle with a tail Cz, symmetry). Optimized geometries are  as the bond dissociation energy has been found to be 0.9 kcal
depicted in Figure 1. Bond dissociation energies (BDE) are given mol~1. The B3P86 method converged to a BBE6.0 kcal
in Table 3 for the calculations involving the B3LYP, B3P86, mol™1, which is 11.1 kcal mal! higher in energy relative to
B3PW91, BLYP, BP86, and BPW91 methods. All methods give the A, electronic state and 13.6 kcal mélhigher in energy
the same bond dissociation energy trends, although the B3LYPrelative to the®B,g electronic state. Consequently, the order of
and BLYP methods give significantly lower absolute BDEs.  the electronic states of the quintet squared lithium tetramer will
The lowest energy structure is the pyramidal conformation be®B,g < 5Az, < Byg. On the left-hand-side of Scheme 1, the
and has a BDE= 27.1 kcal mot? using the B3PW91 method, ordering of the molecular orbitals has been schematically
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SCHEME 1
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TABLE 4: DFT Bond Dissociation Energies (BDE) of Different 5Li s Geometrie$

5 1.1,1 1
Agy=[corel ajg” ey €y ay,

— 5B2g =[core] algl eul eu1 b2g1

B3LYP B3P86 B3PW91 BLYP BP86 BPW91
BDE BDE BDE BDE BDE BDE
(kcal moft) (kcal mof?) (kcal mol™) (kcal moft) (kcal mof?) (kcal mol™)

linearfZy, Do, (0) 8.6 15.5 12.7 13.9 16.3 15.5
tetrahedrafA;, T4 (5) 9.1 17.7 14.7 10.3 18.8 17.8
staréByy, Dan (2)° 11.0 24.3 20.4 8.0 17.4 16.7
saweA,, Cy, (2)° 17.5 20.1 25.6 17.3 28.6 27.9
cyclo®Ay', Dsy (0) 23.3 32.0 28.6 20.5 28.4 27.8
bipyramid®A,", D, (2)¢ 23.0 35.7 31.9 22.6 35.0 34.1
pyramid®By, Cs, (1) 23.8 36.7 33.0 215 33.9 335

aFor structures see Figure 2. Near each structure the numbers in parentheses correspond to the number of imaginary fr@fieffeigave
four imaginary frequencie$.B3LYP gave one imaginary frequencyBLYP gave no negative frequenciesThe true minimum is close to being
pyramidal, explanation see text.

depicted with the shape of the orbitals next to the diagram. The The bond dissociation energy of this structure is roughly half
occupation of the orbitals in the lowest quintet st&&.¢) has the value of the most stable tetramer, i.e., the pyramid.

been represented by arrows in the scheme, where thea 3.4. SLis. Sextet lithium pentamer geometries have been
ey, and byg orbitals are singly occupied. A higher lying state optimized under seven high-symmetry constraints, D&
(®Azy) is obtained by the promotion of an electron from thg (linear structure),Dsp (cyclic structure), Dgy (star-shaped

orbital to the g, orbital, which is a linear combination of 2p  structure) Dsy (bipyramid), Ty (tetrahedral)Cs, (pyramid), and
orbitals. The®Byg electronic state, on the contrary, lies even C,, (saw). Optimized geometries at the B3LYP, B3P86, and
above this®A,, state and is the result of an excitation of an B3PW9L1 levels of theory are schematically depicted in Figure
electron from the g to a byg orbital. The order of the electronic 2, whereas bond dissociation energies (BDE) of the results of
states of the quartet lithium tetramer is visualized on the right- all tested methods are written in Table 4.
hand-side of Scheme 1. In the quintet stateDhesymmetrical The bond dissociation energy (BDE) trends are essentially
structure is a stable minimum in tiB,4 electronic state with  the same for the methods B3LYP, B3P86, and B3PW91
positive frequencies only, this in contrast to the two negative methods. In most cases, the BP86 and BPW91 methods follow
frequencies found for theA,, electronic state. the same trends as the Becke three-parameter calculations,

In the lowest spin state the parallelogram was found to be although with one important exception, namely, the most stable
the lowest energy structupé:19 At the quintet spin state this  form. In particular, the results from the BLYP calculations are
structure is a first-order saddle point with one imaginary quite displaced from the calculations using the other methods
frequency. Energetically, this configuration is 9.5, 10.4, and 10.2 and therefore must be treated with great care. First, the BDE
kcal molt higher in energy as the pyramidal structure using trend is distorted compared to the B3LYP trend. The stability
the B3LYP, B3P86, and B3PW91 methods, respectively. of the local linear minimum is enhanced by 5.3 kcal moln

The linear configuration is a local minimum with positive addition, the most stable minimum is the bipyramid. The BP86
frequencies only, but is considerably higher in energy as the and BPW91 also have the bipyramidal structure as the lowest
most stabléLi, structure by 16.6 kcal mot, 20.8 kcal mot? energy structure, but these methods give one imaginary fre-
and 20.3 kcal mot! using the B3LYP, B3P86, and B3PW91 quency. An optimization started with the optimized BP86 and
methods, respectively. TH&,, symmetrical structure is also a BPW91 bipyramidal structure with the Cartesian coordinates
local minimum although at the B3P86 level of theory a small of the normal mode of the imaginary frequency added leads to
but negative frequencyi7 cnm?) is obtained. Using all other  a minimum energy structure calculated using these methods with
methods only positive frequencies are found. We conclude only positive frequencies ar€h symmetry. Geometrically, this
therefore, that thi€,, symmetrical structure is a local minimum.  C, symmetrical structure is a strongly distorted pyramid with a



High-Spin Lithium Clusters J. Phys. Chem. A, Vol. 104, No. 47, 20001227

Linear 0 €8 — ) & i © in energy as the most stable sextet structure, i.e., the pyr_amid,
Do, s oo using the B3LYP, B3P86, and B3PW91 methods, respectively.

[3.0431 [3.015] The two negative frequencies represent a degenerate pair of
frequencies with '€ symmetry. At the B3PW9L1 level of theory
these frequencies are195 cnt?l, and at the B3P86 level of
theory they are—201 cntl. A geometry optimization of a
structure composed of the Cartesian coordinates of the optimized
bipyramid and the coordinates of the lowest frequency gave a
structure withC, symmetry which converged to a geometry
which closely resembles the pyramid. Energetically, thése
and Cy, structures are identical. In conclusion, the bipyramid
with Dg, symmetry is a transition state leading toward the
pyramidal structure.

The UCCSD(T)/cc-pVDZ calculatioAson the pyramidal
structure gave a bond dissociation energy of 35.4 kcal ol
At the UQCISD(T)(fc)/6-31G*//UMP2(full)/6-31G* level of
theory Glukhovtsev and Schleyabtained a BDE= 29.5 kcal
mol~ for the pyramid. Our values of 36.7 and 33.0 kcal mol
Ty obtained using the B3P86 and B3PW91 methods are in good
agreement with these literature values. The calculations with
the B3LYP method underestimate the BDE calculated with the
higher level methods as only a BDE 23.8 kcal mof? was
found. The calculated bond distances from ref 2raye= 3.054
A andrys = 3.121 A. The calculated bond distances for the
pyramidal structure by Glukhovtsev and Schleyer are almost
indentical to the ones from ref 2,6 = 3.065 A andr15 = 3.145
A), values which are slightly longer than the ones we find.

Bipyramid @ Pyramid In addition to thg pyramidal_ structure, Glukhovtsev and
Dy, Cuy Schleyer also investigated the bipyramidal sextet structure, but
Figure 2. Optimized®Lis structures with bond distances in angstroms at a Iower_ 'e"9' of theory of UH':./S_Zl.G//UHF/3_21G' This
calculated with B3LYP, B3P86 (brackets) and B3PW91 (square conformation lies 4.7 kcal mot higher in energy than the
brackets). pyramid, a value which is substantially higher than our values
of 0.8 kcal mot? (B3LYP), 1.0 kcal mof! (B3P86) and
nonplanar ground surface. Attempts to optimize this structure 1.0 kcal mot* (B3PW91). The reason may be that our bi-
with B3LYP, B3P86 and B3PW91 lead to a structure which Pyramidal calculations converged towar84" state whereas
closely resembles the pyramidal structure. As the higher level the UHF calculations converged tc°A,' state. Nevertheless,
calculations with the Becke three-parameter method give a their frequency calculation gave two imaginary frequencies, a
different minimum energy structure than the BLYP, BP86, and Vvalue which matches our obtained result. The electronic state
BPWO1 calculations, the latter ones must be considered as lesén our calculations consists of five doubly occupied 1s orbitals
suitable for the type of calculations presented here. Conse-and five singly occupied 2s orbitals. The latter five orbitals
quently, theC, optimized structure using the BLYP, BP86 and have &, &', &", €, ande symmetry giving an overall elec-
BPW91 methods must be seen as an artifact. Therefore, thesdronic state of°A;". Thus, our obtained wave function is a
three methods have not been used for the higher lithium clusters‘nonbonding” electronic state whereas the result calculation of
with six lithium atoms. Glukhovtsev and Schleyer possibly is an excited sextet state.
The lowest energy structure using the B3LYP, B3P86 and Two more conformations with zero imaginary frequencies
B3PW91 methods is the pyramid which still has one imaginary have been found, namely the linear and cyclic structures, and
frequency_ An intrinsic reaction coordinate (|RC) calculation therefore are local minima. All other structures have at least
starting from this point converges to a minimum after 5 steps. one imaginary frequency and therefore will be saddle points.
This implies that the true minimum is very close to this The most stable low spin configuration was found as the
pyramidal configuration. In addition to the IRC calculation, we saw?*but in more recent calculations the bipyramid was found
also have performed an optimization using the Cartesian to be more stablé&’ At the sextet spin state both these structures
coordinates of the optimized structure plus the Cartesian are transitions states with two imaginary frequencies in both
coordinates of the imaginary frequency. This reduced the cases.
symmetry fromCy, to Cp,. Calculations of theCy, structure 3.5. "Lis. Full optimization of 13 isomeric heptet lithium
using the B3LYP, B3P86, and B3PW91 methods converged to hexamers have been performed using the B3LYP, B3P86 and
a minimum energy structure with positive frequencies only. The B3PwW91 methods. The investigated structures are a linear
obtained bond dissociation energies are 23.8, 36.7, and 33.0configuration D.n Symmetry), a cyclic configurationDgn
kcal mol%, respectively. Furthermore, the atomic bond distances symmetry), an octahedralOf symmetry), a diamondDi
are close to the ones obtained for g symmetry. The bond  symmetry), a prism s, symmetry), a starz, symmetry),
distancer;, augments with 4% whereas decreases with the 2 3-puta-lithium Do, Symmetry), a propellor,q symmetry),
same value. Consequently, the pyramidal structure is the lowesty pyramid s, symmetry), a rectangular diamondCy
energy structure and is close to bei@g, symmetry. symmetry), a chees&f, symmetry), a chairG, symmetry),
Despite two negative frequencies, the bipyramidal structure and a wobbly chair@ symmetry). Optimized geometries can
in the sextet spin state is just 0.8, 1.0, and 1.1 kcalfinigher be found in Figure 3 with bonding energies in Table 5.
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Figure 3. Optimized’Lis structures with bond distances in angstroms
calculated with B3LYP, B3P86 (brackets), and B3PW91 (square
brackets).

The calculations of Glukhovtsev and Schileyshowed that
the diamond structure witbs, symmetry was the lowest energy

de Visser et al.

TABLE 5: Energies and Bond Dissociation Energies (BDE)
of Different 7Lig Geometries

B3LYP B3P86 B3PW91
BDE BDE BDE
(kcal moft) (kcal mol?) (kcal mol?)
2,3-buta7Bgu, Don (4)b 11.7 23.6 19.8
star’Ay’, Dan (3)° 14.9 245 21.2
linear”Zy, Den (0) 14.4 22.6 22.7
propellor’A;, Dy (2)¢ 16.5 27.3 23.8
chees€Ay, Cy, (3)° 23.1 37.2 33.0
cyclo7Bay, Den (O) 31.6 41.6 37.5
diamond’By,, Dan (2) 26.5 43.7 38.7
prism7A;", Dan (3) 27.8 43.8 38.9
octahedral Ty, On (2) 26.2 43.9 39.1
pyramid’A4, Cs, (0) 315 46.4 41.8
chair’By, Can (1) 30.0 47.6 42.8
wobbly chair’A,, C; (0)¢ 33.0 50.5 45.6
rectangularA;, Cy, (0) 33.0 50.5 45.6

aFor structures see Figure 3. Near each structure the number in
parentheses correspond to the number of imaginary frequencies.
bB3LYP gave two imaginary frequenci¢sB3LYP gave two imaginary
frequencies and B3P86 gave 5 imaginary frequen€iB8P86 gave
four imaginary frequencie$.B3LYP gave four imaginary frequencies.
fB3LYP gave four imaginary frequenciesB3LYP gave one imaginary
frequency.

Figure 4. Tested L§ configurationsl and 2.

6-31G* no negative frequencies were obtained. Our calculations
on this particular geometry gave two imaginary frequencies
using all the different methods. Increasing the symmeti@ito
however, still gave two imaginary frequencies. Lowering of the
symmetry to a chair conformation with,, symmetry reduced
the number of imaginary frequencies to one. The final structure
without negative frequencies was found by taking the optimized
chair configuration plus the Cartesian coordinates of the normal
mode of the imaginary frequency. This structure is assigned as
the wobbly chair. The point group symmetry reduced fiGsm

to C; symmetry on going from the chair to the wobbly chair
configuration. A frequency calculation on the optimized wobbly
chair geometry indeed gave positive frequencies only, indicating
that it is a real minimum. At the B3LYP/cc-pVDZ level of
theory, the chair and wobbly chair almost have octahedral
symmetry, although the chair and wobbly chair are lower in
energy to the octahedron by 3.8 and 6.8 kcalThakspectively.

All other methods have significant differences between axial
and equatorial bond distances, so that the geometries are clearly
distorted from octahedral symmetry. The wobbly chair is 6.6
kcal mol* and 6.5 kcal mol! more stable than the octahedral
symmetrical structure using the B3P86 and B3PW91 methods,
respectively.

In the singlet spin the two lowest energy configurations have
D3y andC,, symmetryl® These structures have been schemati-
cally depicted in Figure 4 and are assigriednd 2. Attempts
to optimize these structures with septuplet spin failed. Structure
2 converged toward a rectangular diamond v@th) symmetry
and is very close in geometry tol, symmetrical structure.

structure, although using their smallest basis set of 3-21G this Attempts to optimize this structure und@&,, symmetrical

structure gave two imaginary frequencies. At a higher level of

constraint failed due to a lowering of symmetry during the
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optimization procedure. The rectangular diamond has substan-/ABLE 6: Bond Dissociation Energies (BDE) in kcal mol

. . . f the Most Stable™1Li, G tries
tially longer bonds than the diamond of up to 3.920 A using of the Viost >table In SEOMEE

the B3PW91 method. The B3LYP results, on the contrary, give method, basis set, from
much smaller bonds of 3.556 A. B3LYP, B3P86, B3PW91, UQCISD(T), UCCSD(T),
Surprisingly, the most stable septuplet lithium hexamer is a cc-pVDZ, ce-pVDZ, cc-pVDZ,  6-31G*,  cc-pVDZ,
degenerate pair of isomeric structures formed by the wobbly this work this work thiswork __ref 1 ref2
chair and the rectangular diamond. All three investigated °Liz(Den) 0.4 17 13 0.6 0.7
methods (B3LYP, B3P86, and B3PW91) give identical energies .-(@» 62 110 9.4 7.9 10.2
R : . Lis(T) 201 29.8 27.1 253 29.6
and bond dissociation energies for these two isomers (see Table fLis(Cs) 238 36.7 33.0 29.5 35.4
5). The frequency analyses shows that both states are real 7j5(c)>  33.0 50.5 45.6 34.1 42.6

minima on the potential energy surface as no negative frequen- L .
P 9y g 9 aThe symmetry of the calculated structure is written in brackets.

Cles Wer.e found. Three more local minima W't,h pOSItlve. b References 1 and 2 calculated a diamond structurelBvitsymmetry,
frequencies have been obtained, namely, the pyramid, the cyclic gxpjanation see text.

and the linear conformations. The pyramidal structure lies 3.8
kcal mo™* higher in energy as the wobbly chair at the BSPW91/ gjge of Scheme 2 gives the relative ordering of different low-
cc-pVDZ level of theory. lying electronic states. In conclusion, the electronic state
Glukhovtsev and Schleyerinvestigated two isomers of  calculated by Glukhovtsev and Schleyés an excited state
septuplet lithium hexamer, namely the cyclic structuBe,(  while the lowest electronic state is tFgy, state. ThéBy, cyclic
symmetry) and the diamon®, symmetry). The latter one was  conformer is a local minimum with positive frequencies only.
calculated at the UQCISD(T)(fc)/6-31G*//UMP2(full)/6-31G* At the UCCSD(T)/cc-pVDZ level of theory, Danovich etal.
level of theory and gave a bond dissociation energy of 34.1 cajculated thélLis in the O, (octahedral) andD., (diamond)
kcal mol*. The cyclic isomer was found to have siximaginary symmetrical orientations. ThB4, symmetrical structure pro-
frequencies at UHF/3-21G//UHF/3-21G level of theory and was quced a bond dissociation energy of 42.6 kcal Thaind
16.9 kcal mot* higher in energy than the diamond. Our initial  interatomic bond distances of, = 3.122 A andrys = 3.125
calculations on the cyclic compound in the,, electronic state A These values were almost identical to the bond distance found
gave the same amount of imaginary frequencies for the cyclic for the octahedral hexamer of 3.125 A. The interatomic distances
structure but the energy gap between the cyclic and diamondyye optained for the octahedral symmetry are very close to the
structures is substantially lower. At B3LYP level the energy ones of Danovich et al., see Figure 3. Our calculations using
gap reduces to 6.2 kcal mo| whereas the B3P86 and BSPW91  the B3LYP method also give almost identical axial and
methods give a somewhat closer value of 12.3 kcalmahd equatorial bond distances for the diamond structure, but the
11.4 keal mot*, respectively. In analogy to the quintet lithium  gicrepancies between the axial and equatorial bonds are

tetramer, the heptet lithium hexamer has been recalculated ingomewhat larger using the B3P86 and B3PW91 methods.
the "By, electronic state. This electronic state is comprised of

six singly occupiedo orbitals. The highest singly occupied , Discussion

orbital has b, symmetry and has the electronic densities between

the atomic centers and is built up by a linear combination of ~ The most stablé™Li, (n = 2—5) clusters are the lineail(,),
2pcand 2p orbitals and hence has a predominantly p-character. the equatorial triangle®(is), tetrahedral i), and pyramidal
The "By, electronic state is substantially lower in energy than (6Lis) structures. The hexamer has a degenerate pair of minimum
the’A,, electronic state by 11.3 kcal madI(B3LYP), 10.2 kcal energy structures witll; andC,, symmetry. Bond dissociation
mol~1 (B3P86), and 10.2 kcal mol (B3PW91). The order of  energies of the most stabi€'Li,, clusters have been assembled
the orbitals of the heptet lithium hexamer is schematically in Table 6. In addition, the energies calculated at the UQCISD-
depicted on the left-hand-side of Scheme 2. The right-hand- (T,fc)/6-31G*//UMP2(full)/6-31G* level of theory from ref 1
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Figure 5. Relative bond dissociation energies (BDE/n) of,ln = A 1 : : : : : :
2—6, clusters as a function of the cluster size using the calculations at ¢ 1 2 3 4 5 6 7 8 9 10 11 12 13
the B3PW91/cc-pVDZ level of theory. Total Number of Bonds

Figure 6. Bond dissociation energies f8tlLi, as a function of the
and the results from ref 2 at the UCCSD(T,full)/cc-pVDZ level total coordination number of the most stable forms.

of theory have been added to Table 6. As can be seen from
Table 6, the bond dissociation energies calculated with the
B3P86 and B3PW91 methods are in good agreement with the 45 - ,
high level ab initio calculations from ref 1 and 2. Therefore, ! . ‘
the B3P86 and B3PW91 methods are the most suitable density ¥ | s e
functional methods for the study of high-spin alkalimetal -’
clusters.

The relative bond dissociation energy (BDE/n) is defined as
the total bond dissociation energy (BDE) divided by the total
number of lithium atomsn) in the cluster. Relative bond
dissociation energies usually grow gradually until they reach a
plateau of stability. In Figure 5 the relative bond dissociation
energy has been plotted as a function of cluster size for the 10
B3PW91 results for the most stable clusters ranging frogn Li

50
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N W w
wn > W
-

[
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to Lis. The most stable clusters were linedrig), equilateral 5-

triangle (Li3), pyrimidal CLi4), pyramidal fLis), and wobbly 0L ‘ ‘ ‘
chair (Lig), vide supra. The relative bond dissociation energies 0 2 4 6 8 10 12 14
of lithium clusters {*Li,, n = 2—6) as plotted in Figure 5 Coordination Number

show an increase with the size of the cluster. This is in Figure 7. Bond dissociation energies ofd¢lusters as a function of
agreement with low-spin results from the literature (refs 3, 7, the total number of bonds within each isomer. All geometries were
and 11). Obviously, the plateau of maximum stability has not °Ptimized at the BSPW91/cc-pVDZ level of theory.

been reached yet for a cluster size of six atoms. indeed maximized for clusters with a maximum amount of
In a previous paper of our grodpye used a valence bond |ithium bonds. Moreover, it indicates that the model presented
(VB) method to elucidate the origins of “no-pair bonding” in i ref 2 is an appropriate description of “no-pair bonding” in
3Liz (3%y%). It was concluded that the bonding energy arises gmall lithium clusters in the high spin state.
from the resonance interaction between the repulsive covalent
triplet structure and the triplet charge-transfer structure. The 5. Concluding Remarks
number of available triplet charge-transfer structures increases Density functional theory calculations have been performed
with the cluster size and with the coordination number of each on high spin lithium clusters. Many geometrical clusters have
Li atom. As such, the VB model predicts a maximum dissocia- been considered. Two locdli; minima have been found with
tion energy for isomers with a maximum coordination number. D,y and Dz, symmetry, respectively. The latter one has been
Therefore, in Figure 6 the bond dissociation energies of the mostfound to be the most stable form. In the quintet state four stable
stable lithium clusters have been plotted as a function of the tetramers have been found. With increasing stability these
total coordination number. For comparison the results from ref isomers have symmetryDen, Ca,, Dan, andTg. Also three stable
1 and 2 have been added to the graph. The validity of the valencesextet lithium pentamers have been calculated, namely the linear,
bond model is indicated by Figure 6, where an increase of the cyclic and pyramidal forms. As many as five different local
total number of bonds leads to an enhanced bond dissociationminima on the'Lig potential energy surface have been located.
energy. The stable forms have symmetry groufi®., Den, Cs,, Ci, and
Further support for the model comes from Figure 7, in which C,,. The latter two form a degenerate pair of minimum energy
the bond dissociation energies of all lithium hexamers studied structures. In particular, it should be pointed out that all linear
here have been plotted as a function of the total number of and cyclic"™Li, structures studied here were found to be local
lithium—lithium linkages. As can be seen from this figure, the minima.
BDE goes gradually up with rising amount of interatomic bonds. A thorough study using different density functional methods,
Consequently, the BDE of “no-pair bonded” lithium clusters is i.e. BLYP, BP86, BPW91, B3LYP, B3P86, and B3PW91, has
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