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Structure and Stability of Bes, Bes™, and Be;~ Clusters
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The electronic structure and stability of B@8es™, and Bg~ clusters have been investigated at the B3LYP,
B3PW91, and MP2 levels of theory, along with the 6-311G* basis set for neutral and cationic clusters and
the 6-31H1-G* basis set for anion clusters. Six Beix Bet, and six Bg~ isomers are identified. Of these
eighteen species, twelve have not been reported previously. The trigonal bipyramid structure is found to be
the global minimum for the neutral Beluster, in agreement with the previous results. The most stakfe Be

and Be~ clusters have trigonal bipyramid structures similar to the neutral global minimum. Natural bond
orbital (NBO) analysis and molecular orbital (MOs) investigation suggest a delocatibedd in the three
trigonal bipyramid structures, and the negative nucleus-independent chemical shift (NICS) values indicate
aromatic character for them. For the planar pentagon structures, the NBO and MOs analyses show that there
has no delocalizedr bond, and the NICS values show that both the cationic and the neutral clusters are
antiaromatic, while the anionic cluster is nonaromatic.

I. Introduction clusters, such as £%,28 Als~, Ga~,2° and AlL2~,3%-33 have also

. been studied recently. In the present paper, we will try to answer
As we all known, clusters behave as a link between the atom yhe following two questions. Having one less electron than

and the bulk material. They exhibit characteristics of both forms boron, can beryllium clusters form the multi-center bond? Do
of matter, depending on their size and atomic and electronic 4, Be clusters and their ions perform with aromaticity? We
structures. For the rapidly growing spectroscopic data that has g died the cationic, neutral, and anionic sBelusters by
recently become available, structures and properties of Sma"performing geometry optimizations at the B3LYP, B3PWOL1,
clusters are of interest. and MP2 levels of theory along with 6-311G* and 6-313*

Beryllium clusters are the simplest alkaline-earth metal pasis sets. The natural bond orbital (NBO) analysis is performed,
clusters. The drawback of beryllium is its toxicity; thus, and the nucleus-independent chemical shift (NICS) value is
experimental data for the clusters are rare, and, to our evaluated. The NICS value is a trustworthy criterion for the
knowledge, there are only a few studies of the Be dimer via gromaticity of these species.
laser-induced fluorescenéé.

The Be atom, with four electrons, has a closed-shell ground Il. Computational Methods
electronic state, and it is one of the lightest atoms to exhibit
metallic character. Beryllium clusters, like those of lithium,
display an inherent lack of bonding electrons, and their bonding
properties are of special interest. Beryllium clusters have been
theoretically studied using the different meth&d! In 2000,
Kolchin and Hal¥® determined the atomic and electronic
structures for neutral and cationic beryllium clusters/Be,™
(n = 2—6) using density functional theory in the local spin
density approximation. Later, Beyer and co-workeoptimized
the geometry of neutral BRe(n = 2—8) at the B3LYP/6-
311++G (3df) levels of theory. They also reported the
vibrational frequencies and bonding energies. More recently,
Wang et al'® studied the structure and electronic properties of
beryllium clusters up to 21 atoms. However, the cationic and
anionic clusters of beryllium are seldom investigated.

The clusters formed with the atoms for lack of bonding
electrons, such as boron and aluminum clusters, have bee
predicted to have a multi-center bond: three-center bond or four-
center peripheral bor@#-2” The aromatic of pure all-metal

All calculations were performed using the Gaussian 98
program packag&. Equilibrium geometric structures of the
neutral Be clusters and their corresponding ions were fully
optimized by using the B3LYP, B3PW91, and MP2 methods.
B3LYP is a density functional theory (DFT) method using
Beck’s three parameters functioffa{B3) along with the Lee,
Yang, and Parr correlation functioR&(LYP). B3PW91 is B3
with Perdew-Wang 1991 correlation functiofaIMP2 is the
second-order MgllerPlesset perturbation theot§The core is
frozen in our MP2 study. Optimizations were performed with
the 6-311G* basis set for the neutral and cationic clusters and
the 6-31H1-G* basis set for the anionic clusters. The 6-311G*
set is a split-valence basis set with polarization functions, and
the 6-31#G* set is further augmented with the diffuse
functions3®

Stationary points (minima or saddle points) were confirmed

y evaluating their harmonic vibrational frequencies at each level
of theory. Minima were characterized with no imaginary
vibrational frequency, and transition states with one imaginary
. . — frequency. Zero-point vibrational energies (ZPVE) evaluated
. d; %ﬁ"esPO”d'”g author. Fax:+86-10-6891-2665. E-mail: gsli@bit. 4t each level of theory were used to correct the total energies.

Bei The natural bond orbital (NB@)analysis was performed for
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* University of Georgia. the most stable isomers identified at the B3LYP and MP2
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Figure 1. B3LYP, B3PW91, and MP2 methods with 6-311G* set optimized geometries (bond lengths in A, bond angles in degrees) of various
minima characterized on the Bpotential energy surface. Structu8ds a transition state with an imaginary frequency at three levels.

methods using the optimized geometries at the same level. The2.056 A), and (2.033, 2.090 A) at the B3LYP, B3PW91, and
B3LYP molecular orbitals (MOs) for neutral, cationic, and MP2 methods, respectively. Bond lengths optimized at the MP2/
anionic species were drawn by using the MOLDEN 3.4 6-311G* level are longer than those with the DFT methods,
program?! and our results are somewhat shorter than those reported
The integrals are accurate toxL 105 Ey, the density was  previously.

converged to 1x 108 E;, and the Cartesian gradients were In terms of NBO analysis, the Bel atom has the3
converged to at least 10 a.u. The default integration grid  pypyidization. The Wiberg bond index (WBI) for the bonds in
(75 302) of Gaussian 98 was initially applied, but we also used plane (i.e., BetBe5, etc.) are all 0.48, and those for the other

the finer grid (99 590) to check suspicious results, and some- s (i.e., BetBe2, etc.) are all 0.38. The small WBI values
times this finer integration grid was important for beryllium . icate the existence of a multi-center bond.

Clusters. Besides structurd, another 3-dimensional structuewith

Cs, symmetry at théA; state is found to be the second stable

structure, which has not been reported before. It is predicted to
The structures and geometrical parameters gf(Be6), Bes*™ be 18.5, 19.8, and 28.8 kcal/mol higher in energy than structure

(1*—6"), and Be~ (17—6") isomers optimized are shown in 1 at the B3LYP/6-311G*, B3PW91/6-311G*, and MP2/6-311G*

Figures 13, respectively. The total and zero-point vibrational |evels of theory, respectively.

energies (Z.PVE' in h'artre.e) of these isomgrs are listed in Table The rectangular pyramid structudds also a 3-dimensional

1. The relative ene_rgles_wnh ZPVE corrections (in packlt_a/moll) shape, withC,, symmetry in its!A; state. Pacchioni and

and the number of imaginary frequencies are also listed in Table Kouteckif have reported this structure with the ab initio

1. : X

pseudopotential method followed by multireference double-

haf/‘(.e ’i\(laleelﬁlttriﬁle(??i?/eczlslf;?orﬁélr:yo;ttrzl?:tﬂfeust-ratlwigl?riléz[r?(rg,r (\;VL?asi- excitation configuration interaction. It is a transitional state at

linear), one planar, and two three-dimenéional geometries (SeeaII of three levels with a large imaginary frequency (1020i &m
Figure’l and Tablle 1) ) with B3LYP, 1001i cnt! with B3PW91, and 855i cmt with

Among them, the trigonal bipyramid structute with Da, the LSDA method). Following this mode, it collapses to

C . L ; structurel.
symmetry in its'A,’ state, is the global minimum, in agreement . .
with the results obtained by Wang et H.Pacchioni et aff The planar five-membered ring struct#¢Ds, symmetry),

and Kato et al? Sudhakar et a reported that the bond IS the local minimum with all real vibrational frequencies at
distances in plane are 2.031 A, and the other bonds are 2.08ghe B3LYP/6-311G*, B3PW91/6-311G*, and MP2/6-311G*
A at the MP2(full)/6-313%G* levels of theory. Marino and  levels of theory. The WBI of bonds between two adjacent
Ermler® reported the MP4/6-31G bond distances to be 2.040 beryllium atoms is 0.45, indicating the existence of multicentered
and 2.116 A, respectively. Whiteside e?hreported the SCF ~ bonds.

bond distances are 2.028 and 2.099 A. Lee &t determined For a linear structur®, the triplet3y state is more stable
that the CCSD7s3p2doptimized bond distances are both 2.079 than the singlety 4 state by 11.3, 14.6, and 1.0 kcal/mol at the
A. We obtained the bond lengths to be (1.984, 2.045 A), (2.999, B3LYP, B3PW91, and MP2 levels, respectively. The MP2 bond

Ill. Results and Discussion
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Figure 2. B3LYP/6-311G*, B3PW91/6-311G*, and MP2/6-311G* optimized geometries (bond lengths in A, bond angles in degrees) of various

minima characterized on the Bepotential energy surface. Italics fonts
imaginary frequencies.

lengths are shorter than the DFT ones. It is different from the

6 ,Cg‘.._ I

for structudesindicate transition state, and f@r indicate it has two

mol) than structured™ with the DFT methods, but the MP2/6-

usual cases that the MP2 lengths are longer than the DFT311G* method predicts structugs to be the global minimum,

lengths.

The C,, arcuate structuré is characterized as local minima
which have all real vibrational frequencies at all of the B3LYP/
6-311G*, B3PW91/6-311G*, and MP2/6-311G* levels of
theory. Structuré is less stable than structuéeby 13.1 kcal/
mol (B3LYP), 11.7 kcal/mol (B3PW91), and 43.1 kcal/mol
(MP2), respectively.

B. Cationic Bes™ Clusters. The five minimum optimized
structures for the Bg cluster are shown in Figure 2. Similar
to the neutral Be cluster the global minimum is a trigonal
bipyramid structurel®, with Ds, symmetry in its?A,' state,
predicted by the B3LYP and B3PW91 methods, but the MP2
method predicts it as a third stationary point. Its equatorial bond
lengths are 2.085 A (B3LYP), 2.099 A (B3PW91), and 2.105
A (MP2), and the corresponding WBI is 0.37. The other bond
distances are 2.038 A (B3LYP), 2.053 A (B3PW91), 2.102 A
(MP2), and the corresponding WBI is 0.28. These small WBI
values indicate the existence of multi-center bonds.

Kolchin and Half® reported the trigonal bipyramid as the
equilibrium structure of Bg from the LSD method. Their bond
lengths were 2.111 A for an equatorial bond, and 2.158 A for
a base bond, which are longer than our theoretical bond lengths

The Cs, structure2™ has two imaginary frequencies at the
B3LYP/6-311G* and B3PW91/6-311G* levels of theory, and
finally it collapses to structuré™. The MP2/6-311G* predicts
that structure2™ is a local minimum with all real vibrational
frequencies.

The rectangular pyramid structus hasC,, symmetry at
the 2B; state. It is a local minimum slightly higher@ kcal/

lying 21 kcal/mol below structuré™.

The Cy, (°B; state) distorted pentagon structuré has the
highest energy of all the five B& structure. It lies 30.1 and
37.4 kcal/mol in energy above structuté at the B3LYP/6-
311G* and B3PW91/6-311G* levels, respectively. The average
WBI of bonds between adjacent beryllium atoms is 0.57. The
MP2 method gives another planar form with one imaginary
frequency (94i cm?), and it is less stable than structige by
58.8 kcal/mol.

Structure5 with Den Symmetry is similar to its neutral
counterpart. The bond lengths of the cationic form are little
longer than those for the neutral form. Unlike the linear neutral
structure5, the MP2 lengths of the cationic structusé are
longer than the DFT lengths.

The bond lengths of bend structuB& are more similar to
structure5™. The total energy o™ is almost equal t&* at the
DFT levels, while at MP2 level6™ is more stable thab* by
about 10 kcal/mol.

C. Anionic Bes~ Clusters. Figure 3 depicts the structures of
six minima located on the Be potential energy hypersurface,
optimized at the B3LYP/6-3HG*, B3PW91/6-31#G*, and
MP2/6-31H-G* levels of theory. Note that we have used the
6-311+G* basis set including diffuse functions to describe the
electron distribution for the anions.

Energetically, the global minimum is structute with Cy,
symmetry in its 2A, state at the B3LYP/6-3HG* and
B3PW91/6-31%#G* levels, just like the cationic and neutral
structures. However, at the MP2/6-31G* level, the structure
1~ is in its 2B, state, not?A, state. And its energy is higher
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Figure 3. B3LYP, B3PW91, and MP2 methods along with 6-31G* set optimized geometries (bond lengths in A, bond angles in degrees) of
various minima characterized on thesBeotential energy surface. Italics fonts for structubesndicate it has two imaginary frequencies.

TABLE 1: Total Energies (E) in hartree, Zero-Point Vibrational Energies (ZPVE)? in hartree, and Relative Energies in
kcal/mol for Bes, Best, and Be;~ Isomers

B3LYP/6—311(+)°G* B3PW91/6-311(+)> G* MP2/6—311(+)° G*
relative relative relative

isomer E2 ZPVEP energy E2 ZPVEP energy E2 ZPVEP energy

Bes1 —73.56805 0.01060 0.0(0) —73.51778 0.01053 0.0(0) -—73.21714 0.01206 0.0(0)
2 —73.53694 0.00893 18.5(0) —73.48450 0.00876 19.8(0) —73.16786 0.00866 28.8(0)
3 —73.53448 0.00870 19.9(1) —73.48480 0.00876 19.6(1) —73.15318 0.00839 37.8(1)
4 —73.51053 0.00858 34.8(0) —73.45024 0.00842 41.1(0) —73.11816 0.00866 60.0(0)
5 —73.47082 0.00731 58.9(0) —73.41001 0.00716 65.5(0) —73.04038 0.00738 108.0(0)
6 —73.49173 0.00731 45.8(0) —73.42868 0.00712 53.8(0) —73.11055 0.00889 64.9(0)
Best 1+ —73.32558 0.00972 0.0(0) —73.27684 0.00961 0.0(0) —72.96355 0.07329 20.8(0)
2t —73.29063 0.00800 20.9(2) —73.23825 0.00807 23.2(2) —72.90944 0.01015 15.1(0)
3* —73.31932 0.00944 3.8(0) —73.27043 0.00945 3.9(0) —72.93248 0.00906 0.0(0)
4+ —73.27-504  0.00712  30.1(0) —73.21487  0.00720  37.4(0) —72.84278  0.01313 58.8(1)
5* —73.28063 0.00735 26.7(0) —73.21582 0.00718 36.8(0) —72.86297 0.01046 44.5(0)
6+ —73.28049 0.00729  26.8(0) —73.21567  0.00710  36.8(0) —72.87547  0.00719 34.6(0)
Bes~ 1™ —73.62529 0.01014 0.0(0) —73.57846 0.01013 0.0(0) —73.20299 0.010553 18.0(0)
2- —73.60473 0.00902 12.2(0) —73.55423 0.00896 14.5(0) —73.23100 0.00980 0.0(0)
3 —73.62156 0.01003 2.3(1) -—73.57432 0.01004 2.5(1) —73.21256 0.01019 11.8(0)
4 —73.56510 0.00813  36.5(00) —73.50979  0.00781  41.6(0) —73.16597  0.00801 39.7(0)
5 —73.52149 0.00732 63.4(0) —73.46417 0.01188 72.8(0) —73.11515 0.00635 70.5(2)
6 —73.51423 0.00625  67.2(0) -73.45102  0.00587  77.3(0) —73.10879  0.00841 75.8(0)

a2 The relative energies with ZPVE corrections in kcal/mol. The integers in parentheses are the number of imaginary frequencies (NIMAG).
b6-311+G* basis sets are used for the aniorsBelusters.c With ZPVE corrections.

than the structur@- (with Cz, symmetry in its?A; state) by 6-311+G* (180i cnTl) and the B3PW91/6-3HG* (186i
18.0 kcal/mol, and structur2™ is the global minimum at the ~ cm™) levels of theory at théB, state. Following the corre-
MP2/6-311G* level. Structure2~ (Cs,) predicted by the sponding normal mode, it goes to structdre But at the MP2/
B3LYP and B3PW91 methods lies above structiireby 12.2 6-311G* level, structured™ in its 2A; state is a local minimum
and 14.5 kcal/mol in energy, respectively. with all real vibrational frequencies. It is higher in energy than

The rectangular pyramid structuBe hasCg4, symmetry. It structure2~ by 11.8 kcal/mol but lower than structule by
has one imaginary vibrational frequency at both the B3LYP/ 6.2 kcal/mol (Table 1).
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Figure 4. Molecular orbital pictures of thé*, 1, and1~ species, showing the HOMO down to the last valence molecular orbital.

The regular pentagon structufe, with Ds, symmetry at the IV. Bonding and Aromaticity of Some Neutral, Cationic,
2A," state, is a local minimum at all three levels of theory. Itis and Anionic Bes Isomers

higher in energy than structufie by 36.5 and 41.6 kcal/mol at
the B3LYP/6-31#G* and the B3PW91/6-3HG* levels,

As has been mentioned, the trigonal bipyramid structures are
the most stable isomers for all the neutral and chargesl Be

respectively, and by 39.7 kcal/mol than struct@reat the MP2/ ¢ ;sters on the potential hypersurfaces at the B3LYP/6-311-

6-311+G* level.

(+)G* levels. Its selected MOs fom electrons are shown in

The linear structuré (D) at the?5 4 state, does not differ  Figure 4. MOs analysis shows that the neutral and cationic forms

much from the neutral and anionic isomers. The MP2/6+331 have very similar bonding characters. The highest occupied MO
method gives two imaginary vibrational frequencies at{fg (HOMO, 1A(") of structuresl and 1" is a multi-centereds
state, and then collapses to structére Structure6™ (Cy,) is bonding MO and has most of its electron density in the center

similar to the neutral structur@(Cy,), with only little changes of the Be trigonal bipyramid. It corresponds to the combination
in bond lengths and bond angles. Structbreis more stable of the radialp orbitals from atoms Bel, Be4, and Be5, and the
than structurés—, and the energy is less 3.8, 4.5, and 5.3 kcal/ s orbital from Be2 and Be3. The doubly degenerated orbital
mol than structure6- with B3LYP, B3PW91, and MP2  HOMO-1 (18) consists of bondingantibonding orbitals formed
methods, respectively. primarily from the filled valence R orbitals of Be. The
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Figure 5. Molecular orbital pictures of thd*, 4, and4~ species, showing the HOMO down to the last valence molecular orbital.

HOMO-2 (1g") is also a bonding orbital formed from th@,2
orbitals from Bel, Be4, and Be5, and the &bital from Be2
and Be3, and it is a delocalizedbonding MO which renders
sm-aromaticity. There are two electrons all together, consistent
with the 4 + 2 rules. Then we can determine that the neutral
1 and the cationid* are aromatic molecules. For the anionic
1-, HOMO-4 is a delocalized bonding MO. However, due to
one more electron, the symmetry of the anion collapsé&to
the delocalization is infected, and its aromaticity is lower than
the neutral and cationic forms.

Compared with the delocalized bonding orbitals in the
planar pentagon boron clusters Bnd its ions> we would

bonding MOs. And it seems that these two structures should
have some aromatic characters. There is no delocalized
bonding MO in neutral structurg and it should has no aromatic
character.

Conventionally, aromaticity is often discussed in term of
various criteria, such as energetic critefibfresonance and
aromatic stabilization energies ASE), magnetic crit¢figNMR
chemical shifts, magnetic stability anisotropies and their exalta-
tions), and geometric criteriéh (bond length equalization).
Especially, NICS (nucleus-independent chemical shift), proposed
by Schleyer and co-workef$#°is based on magnetic shieldings,
and now it can be computed with modern ab initio technique.

discuss the MOs in the analogous beryllium clusters. MOs of NICS is the negative value of the shielding at or above the

structured, 47, and4~ are shown in Figure 5. HOMO-1 (1)
of structure4™ and HOMO (1a’) of structure4~ are all &

geometrical centers of rings or clusters. Aromaticity is charac-
terized by negative NICS, antiaromaticity by positive NICS,
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TABLE 2: Nucleus-Independent Chemical Shifts (NICS) for for the cationic structuré™ has an arrangement of atoms similar

Some Bg, Be;*, and Be;™ Isomers (in ppm) with the B3LYP to that of the neutral. The bond lengths increase in this cation
Method due to one less electron. For anions, the global minimum given

isomer by B3LYP and B3PW91 methods is the trigonal bipyramid

1- 1 1+ 4 4 4+ structurel™. It has an arrangement of atoms similar to that of

symmetry Co, Dz Dan  Dan D, Co the neutrall, and the NBQ analysis is also .si_milar to the neut.ral

state 20, Ay 2Ay 2A," A, 2B, 1. The MP2 method predicts the global minimum for the anion

NICS®  —22.3 —46.5 —54.6 —4.8(—4.6) 13.2(5.9) 41.7 (30.6) is structure2- with Csz, symmetry. The MP2 method gives
longer bond lengths than those given by DFT methods.
Considering that the MP2 method is usually liable in overes-
timating the electron correlation effect, our view at present is
that the results obtained with the DFT methods are preferable
to those obtained with the MP2 method.

The NICS values have been computed for the trigonal
bipyramid structure, 1*, and1~ as well as the planar pentagon
structures4, 4%, and4~ with the B3LYP method along with
6-311G* basis set for neutrals and cations, and 64331 basis
set for anions. The results show that the trigonal bipyramid
structuresl, 17, and1™ are all aromatic, while structurdsand
4" are both antiaromatic and structude is nonaromatic.
Among them, structurd&™ has the stronger aromaticity with a
larger NICS value thad and1~.

According to our study, the three-dimensional structures for
the neutral, cationic, and anionic Belusters are more stable
than the planar structures.

aNICS at the ring centers. The figures in parentheses are NICS at
1 A above the ring centers.

and nonaromatic compounds by NICS close to zero. The
effectiveness of NICS as a simple and efficient criterion to probe
aromaticity has been demonstrated by the previous stéfits.
Our computed NICS values with the B3LYP method are shown
in Table 2, for the planar five-membered ring structufed™,

and 4-, as well as the trigonal bipyramid neutrs| cationic

1*, and anionicl™ isomers.

According to the NICS criterion, Table 2 shows that the
trigonal bipyramid structure4, 17, and 1~ are all aromatic.
The NICS value of-46.5 ppm of structuré& suggests that this
neutral Bg isomer is aromatic, but it is less aromatic than the
corresponding cationic isomér", which has a NICS value of
—54.6 ppm. The anionic structutEe is also aromatic with a
relative lower NICS value of—22.3 ppm. For the planar
pentagon structures, the NICS value for neudra 13.2 ppm

and for cationic structuré® is 41.7 ppm, which indicate they References and Notes

are both antiaromatic. Adding an electron to neutral structure (1) Castleman, A.W.; Bowen, K. H. Phys. Chenl996 100, 12911.
leads to the anionic five-membered ring structdireand makes (2) Muetterties, E. L.; Rhodin, T N.; Brand, E.; Brucker, C.F; Pretz.er,
it tic with a small NICS value ef4.8 ppm. It is saitf w. R Chem. Re. 1979 79, 9L Brown, W. L: Freeman, R. R.
L -6 ppm. Raghavachari, K.; Scher, M. Science1987 235 860; Halicioglu, T.;

that NICS(0) is influenced by the local effects arising mainly Bauschlicher, C. WRep. Prog. Phys1988 51, 883; Castleman, A. W.;
from the o bonds. The number “0” in parentheses represents Keese, R. GChem. Re. 1986 86, 589; Sciencel98§ 241, 36; Jelski, D.

. : : .. A.; George, T. FJ. Chem. Educl988 65, 879.
the position exactly at the geometrical center of the ring. Their (3) Bondybey, V. EChem. Phys. Let1.984 109, 436: Sciencel985

experience has shown that NICS (1) (out of plage A above 227 125,
the center of the ring) mainly reflects theeffects and often is (4) Kaledin, L. A;; Kaledin, A. L.; Heaven, M. C.; Bondybey, V. E.
a better indicator of the ring current than the value in the plane. Mol- Struct. (THEOCHEM)L999 461462, 177.

. 5) Whiteside, R. A.; Krishnan, R.; Pople, J. A.; Krogh-J M
The NICS value computedtd A above the ring center for SchI(eZ/er pl_evs_ ! Ff_ . Wenken(slnggmput. %ﬁ]:mlgsq 1r03go7_ espersen

structure4 is 5.9 ppm, and that for structurdd and4- are (6) Pacchioni, G.; Kouteckyd. Chem. Phys1982 71, 181.

30.6 ppm and-4.6 ppm, respectively. Though the NICS (1) . L(lz)SEaUSCh“Cheh C.W.; Bagus, P. S.; Cox, BINChem. Physl982
yalues are somewhat different from NICS (0), the conclusion *" ®) L-engsfield, B. H.: Mclean, A. D.: Yoshimine, M.: Liu, B. Chem.
is the same: the neutral and cationic pentagon structuass! Phys.1983 79, 1891.

4" are antiaromatic, and the anionic structdrds nonaromatic. (9) Pacchioni, G.; Pewestorf, W.; Koutecky Chem. Phys1984 83,

+ - ; 261.
For charged structured™ and 4-, the aromatic characters (10) Harrisdon, R. J.: Handy, N. ©hem. Phys. Letd986 123 321.

inferred from NICS are somewhat difficult from MOs. Itneeds  (11) Ermler, w. C.: Kern, C. W.; Pitzer, R. M.; Winter, N. \§. Chem.

more detailed theoretical and experimental studies to judge Phys.1986 84, 3937.
which one is right. (12) Bauschlicher, C. W.; Pettersson, L. G. 81.Chem. Phys1986

. . : . 84, 2226.
As reported previously, a trigonal bipyramid structure for the (13) Rohlfing, C. M.; Binkley, J. SChem. Phys. Let1986 134, 110.

neutral form is more stable than the planar one. This is also  (14) Marino, M. M.; Ermler, W. CJ. Chem. Phys1987, 86, 6283.
true for the anionic cluster, due to, at least in part, the fact that  (15) Lee, T. J.; Rendell, A. P.; Taylor, P. B.Chem. Phys199Q 92,

; ; ; i 489.
the trigonal bipyramid structures are stabilized belectron (16) Sudhakar, P. V.: Lammertsma, K.Chem. Physl993 99, 7929.

delocalization. (17) Lee, J. SPhys. Re. A 2003 68, 043201.
(18) Wang, J. L.; Wang, G. H.; Zhao, J.J1.Phys. (Condens. Matter)
V. Conclusion 2001, 13, L753.
(19) Sudhakar, P. V.; Lammertsma, K.Chem. Phys1993 99, 7929.
We have studied 18 isomers of the sB8es", and Bg~ (20) Marino, M. M.; Ermler, W. CJ. Chem. Phys1987, 86, 6283.

; i inni (21) Whiteside, R. A.; Krishnan, R.; Pople, J. A.; Krogh-Jespersen, M.;
clusters. Six neutral Beand six cationic Bg" structures are Schleyer, P. v. R Wenke G. Comptit. Chen980 1, 307.

identified at the B3LYP/6'31:LG*, B3PW91/6-31].G*, and MP2/ (22) Kato, H.; Tanaka, EJ. Comput. Chentl991, 12, 1097.
6-311G* levels of theory. And six anionic Beare studied at (23) Kolchin, A. M.; Hall, R. W.J. Chem. Phys200Q 113 4083.
the B3LYP/6-31%#G*, B3PW91/6-31#G*, and MP2/6- (24) Beyer, M. K.; Kaledin, L. A.; Kaledin, A. L.; Heaven, M. C.;

* : Bondybey, V. E.Chem. Phys200Q 262, 15.
311+G* levels of theory. Among them, twelve isomers are 25) Ui, Q. S.: Jin, H. W.J. Phys. Chem. 2002 106 7042.

introduced for the first time. (26) Ma, J.; Li, Z.; Fan, K.; Zhou, MChem. Phys. Let2003 372,
The global minimum for the neutrals is the trigonal bipyramid 708. )

structure {) with Dz, symmetry in its!A;’ state. According to 20(()%7)11292'I§bG- D.; Boldyrev, A. I Li, X.; Wang, L.-3. Chem. Phys.

the NBO analysis, there is a strong electron delocalization that 28 Alexandrova, A. N.: Boldyrev, A. 1J. Phys. Chem. 2003 107,

enhances the stability of this neutral form. The global minimum 554,



4894 J. Phys. Chem. A, Vol. 108, No. 22, 2004

(29) Kuznetsov, A. E.; Boldyrev, A. IStruct. Chem2002 13, 141.

(30) Li, X.; Kuznetsov, A. E.; Zhang, H. F.; Boldyrev, A. |.; Wang, L.
S. Science2001, 291, 859.

(31) Kuznetsov, A. E.; Boldyrev, A. |.; Li, X.; Wang, L. S. Am. Chem.
Soc.2001, 123 8825.

(32) Kuznetsov, A. E.; Corbett, J. D.; Wang, L. S.; Boldyrev, A. |
Angew. Chem., Int. EQ001, 40, 3369.

(33) zhan, C. G.; Zheng, F.; Dixon, D. Al. Am. Chem. So2002
124, 14795.

(34) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P.
M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, JGaussian 98, Résion A.9
Gaussian, Inc.: Pittsburgh, PA, 1998.

(35) Becke, A. D.J. Chem. Phys1993 98, 5648.

Zhao et al.

(36) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(37) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244.

(38) Mgller, C.; Plesset, M. 2hys. Re. 1934 46, 618; Pople, J. A.;
Binkley, J. S.; Seeger, Rint. J. Quantum Chem. SymAd976 S1Q
1; Krishnan, R. R.; Frisch, M. J.; Pople, J. A. Chem. Phys198Q 72,
4244; Bartlett, R. J.; Purvis, G. Ont. J. Quantum Chem1978 14,
561.

(39) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAB\Initio
Molecular Orbital Theory Wiley: New York, 1986.

(40) Carpenter, J. E., Ph. D. Thesis, University of Wisconsin, Madison,
1987; Carpenter, J. E.; Weinhold, F.Mol. Struct. (Theochem1p88 169,

41.

(41) Schleyer, P. v. R.; Subramanian, G.; Jiao, H.; Najafian, K.;
Hofmann, M. InAdvances in Boron ChemistnSiebert, W., Ed.; Royal
Society of Chemistry: Cambridge, 1997; pp 14.

(42) Schleyer, P. v. R.; Najafian, Knorg. Chem.1998 37, 3454.

(43) Hofmann, M.; Schleyer, P. v. Rnorg. Chem.1999 38, 652;
Unverzagt, M.; Winkler, H. J.; Brock, M.; Hofmann, M.; Schleyer, P. v.
R.; Massa, W.; Berndt, AAngew. Chem., Int. Ed. Engl997, 36, 853.

(44) Schleyer, P. v. R.; Jiao, H.; Hommes, N. J. R. v. E.; Malkin, V.
G.; Malkina, O. L.J. Am. Chem. S0d.997, 119, 12669.

(45) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes,
N. J. R. v. E.J. Am. Chem. S0d.996 118 6317.



