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The structure and stability of8Bst and B~ clusters have been investigated at the B3LYP/643%&1 and
MP2/6-31H-G* levels of theory. Eight B seven Bt, and seven B isomers are identified. Of these 22
species, 16 have not been reported previously. The planar five-membered ring strdcamak’, are found

to be the most stable on the neutral and cationic surfaces, respectively, in agreement with the results reported
previously. The most stablesB isomer has an arrangement of atoms similar to the nettrélpon the
addition of an electron, the number of bonds increases from five to seven in this anion. Natural bond orbital
(NBO) analysis suggests that there are three-centered bonds in both the neutral stractdihe anionic
structurel™, as well as the multicentered centripetal bond in the cationic structui&. The calculated
nucleus-independent chemical shifts (NICS) of the structlyels, and 1~ are all negative values, which
indicates their aromatic characters. The higher degree of aromaticity and the multicentergdpetal bond

are responsible for the special stability of the lowest-energyi&mer.

1. Introduction especially stable, both showing significant differences in the
appearance potentials for&nd B,—;™ when compared to B
clusters of similar size.

Anomalous experimental results provide a favorite playground
for theoreticians. The results of Anderson’s group inspired

The discovery of the electronic structure of alkali metal
clusters! the detection of fullerenes in carbon clustéesd the
observation of quantum supershélis sodium clusters have
stimulated further interest and developments in the electronic . .
structure and properties of clusters. Boron is an electron-deficientS€Veral theoretical s+tud|es of small bare boron clusteiand
semimetal with short covalent radius. Three-center, two-electron €SPecially B and B™ clusters.
bonding with sp hybridization is a common motif, leading to Anderson and co-workers also performed self-consistent field
polyhedral molecules and unusual crystal lattices consisting of configuration interaction (SCF-CI) calculations on both neutral
stacked and nested icosahedra. Boron has an extremely higtand ionic B clusters. They took the linear, symmetric pentagon,
melting point, 2300 K, and possesses a hardness similar to thagquare pyramid, and trigonal bipyramid structures as starting
of diamond. Because of these unusual properties, borondeometries for optimization and postulated the trigonal bipyra-
compounds are candidates for various technological applications Mid structure for i and B*.
including high-temperature semiconductbrstable chemical In 1992, Kato and co-worke¥sreported a SCF study of
insulators’ and high-energy density fuelsSome B-containing neutral and cationic boron clusters, @& = 2—12). According
materials are of considerable current interest because of theirto their calculations, th®s, 2E' neutral B and'A,' cationic
relatively high superconducting temperatufes. Bs™ predicted by Anderson et al. are actually equilibrium

In nature, boron occurs in different forms. The and the structures but are higher in energy by 1.57 and 2.38 eV,
B-rhombohedral boron are the most known crystallines. Both respectively, at the MP4/6-31G* level than the most stable cyclic
consist of B,icosahedral units. In 1999, Fujimori etfaeported ~ pseudoplanat, 2B Bs and planaiC,, 'A; Bs* structures. Later
the peculiarity of chemical bonds in-rhombohedral boron  that year, Ray and co-workéfsalculated, by means of ab initio
shown by three-dimensional electron density distributions. The technique, the equilibrium geometries, total energies, binding
results indicate that the characteristic two- and three-centerenergies, and fragmentation energies for the clustgr§1B=
covalent bond network threads through atoms on the cluster2—8), in both the neutral and cationic states. Two structures of
surface. Besides, there are two kinds of covalent bonds in both Bs and Bs* were studied at the MP4/3-21G* level. The
intercluster space: a three-center trilaterally formed bond amongfirst is a trigonal bipyramid and the second is a planar structure
the three clusters and a two-center bond with a remarkable composed of two isosceles triangles with a common apex. They
feature of a bent bond between the clusters. found that the former structure is the most stable. Ihsan

In 1988, Anderson and co-work&rfound that the mass  Boustant!investigated the B(n = 2—14) neutral clusters using
distribution of B,* generated by laser ablation showed numerous small basis sets and a variety of methods {t#EF, direct Cl,

“magic numbers” in the range = 1—20. Their collision- LSD, and NSD). He predicted a planar ground-state equilibrium
induced dissociation (CID) results, however, indicated the geometry for the Bneutral cluster, as opposed to the trigonal
presence of the noted “magic” clusters; onlyBind Bs™ were bipyramid originally postulated by Anderson’s group. In 1996,

Ricca and Bauschlich&r used the B3LYP/6-31G* level of

*To whom correspondence should be addressed. Telephone: 86-10-theory to calculate geometries and zero-poin_t energiesFouB
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calculations for a few small clusters. Their results showed that (NBO) analysig°3*was performed for the most stable isomers
Bs* is a planar slightly deformed pentagon with, symmetry identified at the B3LYP/6-311G* level of theory using the
and alA; ground state. TheDs, A; trigonal bipyramid optimized geometries at the same level.

structure, with equatorial bond lengths of 1.810 A and axial . .
bond lengths of 1.580 A, is 2.15 eV above the ground state at 3+ Results and Discussion

the B3LYP level. At the CCSD(T) level using a cc-PVTZ basis ~ The structures and geometric parameters ¢(flB88), Bs"

set, theDg, structure is 2.23 eV above the ground state. The (1*—7%), and B (1" —7") isomers optimized at the B3LYP/
agreement between B3LYP and CCSD(T) confirms the tendency 6-311+G* and MP2/6-313%G* levels are shown in Figures

of By* clusters to prefer two-dimensional over three-dimensional 1—3, respectively. The total and zero-point vibrational energies
structures. In 1997, Niu et &b calculated the equilibrium  of these isomers are listed in Table 1, as well as the relative
geometries of neutral and charged boron clusters containing upenergies (with zero-point vibrational energy corrections) and
to six atoms, as well as their binding energies, ionization the number of imaginary frequencies. On the basis of these
potentials, fragmentation patterns, and electronic structures. Theyresults, the ionization potentials (IPs) and electron affinities
found that for the B, the triangular bipyramid is the most stable  (EAs) can then be easily calculated, and they are tabulated in
structure at MP4 level. However, the B3LYP predicted the Table 2.

pentagonal structure to be the preferred geometrysof B ~ 3.1 Neutral Bs Clusters. For the neutral Belusters, we have
New stable structures of larger boron clusters can easily beidentified eight different stationary structures, that is, one
obtained with the help of an “Aufbau Principlé*Tang et al3 structure withDen symmetry, six structures wit@,, symmetry,

and Lipscomb et &5 have also proposed a geometrical @nd one structure wits, symmetry (see Figure 1). Among
conjugation relation of the vertexes and faces between boronthem, the planar five-membered ring structurewith Ca,

and carbon clusters separately. According to the “Aufbau SYmmetry in the’B; state, is the lowest in energy at both the
Principle”, most of the final structures of the boron clusters ( B3LYP/6-311-G* and MP2/6-31%+G* levels of theory, in

> 9) are composed of two fundamental units: either of agreement with the results obtained by Boustani ét ahd

hexagonal or of pentagonal pyramids. The combination of only Ricca et ak?In terms of NBO analysis, except for the five-8
hexagonal pyramids leads either to 2D surfaces of quasi-planard bonds in the structuré, there is a B2B1B3 three-centered
structures or to 3D surfaces of tubular form. The combination bond, which formed using three hybrid orbitals provided by B1,
of only pentagonal pyramids results in 3D surfaces such as theB2, and B3. That the Wiberg bond indices (WBI) of B1B2 and
open 3D structures of refs 21 and 24. However, the combination B1B3 are both 0.68 supports the existence of this three-centered
of pentagonal and hexagonal pyramids transforms the 2D into bond. Identified by MO, there are two orbitals with threer
3D surfaces and enables cluster formation of convex or spherical€lectrons occupied in them. For the structdrehe averaged
clusters. The existence of graphite-like boron surfaces composed/VBI of bonds between adjacent B atoms is 1.24. It indicates
of parallel layers in quasi-planar or tubular forms are expected. that ther electrons are delocalized in the five-m(_emb_ered ring.
In this work, we continue and extend our theoretical study "€ three-centered bond and thelectron delocalization play
on structure and energetics of cationic, neutral, and aniogic B @n important role in stabilizing the planar five-membered ring
clusters with the MP2 and B3LYP methods. The natural bond Structurel. - _ . _ _ o
orbital (NBO) analysis and the calculations for nucleus- '€ Dan trigonal bipyramid structur& is the first minimum
independent chemical shifts (NICS) have also been performed®f Bs cluster reported by Anderson et®ahccording to our

to provide insight into the bonding nature and aromaticity of cali:ijlation, it has one Iarge imaginary frequency—cBGS.;B
these clusters, and therein lies the explanation of the curiousCM — atthe B3LYP/6-313G* level. But at the MP2/6-31£G

stability of cationic B* cluster. level, it is a local minimum with all real vibrational frequencies.
It is higher in energy by 3.08 and 2.68 eV at the B3LYP/6-
2 Methods 311+G* and MP2/6-31%G* levels, respectively, than the most

stable structurel. Compared with the two bond lengths

All calculations were performed using the Gaussian 98 (equatorial and axial), 1.750 and 1.430 A, in Anderson’s
program packag® Equilibrium geometries of the neutrakB  structure, our optimized bond lengths are 1.816 and 1.624 A,
clusters and their corresponding ions; Bnd B, were fully respectively, at the B3LYP/6-3#1G* level. The corresponding
optimized at the B3LYP/6-31G* and MP2(FC)/6-311G* MP2 values are 1.817 and 1.647 A, respectively.
levels of theory, where MP2 stands for the second-order The capped quadrangular struct@€C,,), the structure3
Mgller—Plesset perturbation thedfyand B3LYP is a DFT (Cz,), and the linear structuré (D..), as well as structures
method using Becke’s three-parameter nonlocal exchange(Cy,) and6 (Cy,), are all characterized as local minima, which
functionaf® with the nonlocal correlation of Lee, Yang, and have all real vibrational frequencies at the B3LYP/6-8G*
Parr?® FC denotes “frozen-core”. The 6-31G* is a split- and MP2/6-311G* levels of theory. They are predicted to be
valence triple€ plus polarization basis set augmented with 2.30, 3.92, 4.57, 5.01, and 4.17 eV, respectively, higher in
diffuse functions’’ Because the calculation of anion needs a energy tharl at the B3LYP/6-31%+G* level. At the MP2/6-
basis set with diffuse functions and to make a better comparison311+G* level, these values are 2.33, 4.77, 2.98, 5.91, and 4.91

between B clusters and B clusters, we use of the 6-3+G* eV, respectively. For the structug the bond lengths change
basis set to calculate all of these clusters in this work, although greatly from the MP2/6-31tG* level to B3LYP/6-31%#G*
the diffuse functions are of little significance insB° clusters’ level, at which the B+B2 (B4—B5) bond length increases from

calculations. Vibrational frequencies, calculated at the same 1.580 to 1.632 A, whereas the BB3 (B3—B5) bond length
levels, were used to determine the nature of the stationary pointsdecreases from 1.630 to 1.510 A. Besides the strugiumsother

and give the zero-point vibrational energies. Minima were three-dimensional structuré (C,,) is found to be a local
characterized with zero imaginary frequency and transition statesminimum on both chosen energy hypersurfaces and to be more
with one imaginary frequency, as well as higher-order saddle stable thar8 by 0.53 eV (B3LYP) and 0.42 eV (MP2).

points with more than one imaginary frequency. To gain more  3.2. Cationic Bst Clusters. As shown in Figure 2, seven
information of the electronic properties, the natural bond orbital isomers of the B cluster have been obtained. Similar to the
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Figure 1. B3LYP/6-31HG* and MP2/6-31%G* (bold font) optimized geometries (bond lengths in A, bond angles in deg) of various minima
characterized on thesBotential energy surface.

neutral B cluster, the most stablesBisomer is a planar slightly  the fact that the bond length of BB5 in the structure2™
deformed pentagon witks,, symmetry and &A; state. This becomes larger than that in neutral and the number of bonds
result is consistent with the speculation by Kato et°aind decreases from 6 to 5. The isont&r is about 2.25 and 3.10
Ricca et ak? The five bond lengths of optimized structuté eV less stable thadt at the B3LYP/6-31+G* and MP2/6-
differ within 0.001 A and the averaged bond length is 1.550 A 311+G* levels of theory, respectively, and is very close in
at the B3LYP/6-314G* level and 1.570 A at the MP2/6-  energy to the structuré.
311+G* level, similar to that of Ricca et al. (1.560 A) calculated The planar structuré*, which is composed of two three-
at the B3LYP/6-31G* level. The NBO results show that there membered rings, hd3,, symmetry and aAq state. It lies 3.85
are twosr electrons in the structurg™. The WBI of the five and 3.79 eV in energy, respectively, above the most stable
B—B bonds in1* are very closed to each other with an averaged structure 1* at the B3LYP/6-314+G* and MP2/6-31%G*
value of 1.30, between that of single bond and double bond. levels of theory. The three-dimensional struct&re has C,,
So the twor electrons are strongly delocalized in the five- symmetry and 8A; state. It is predicted to be a local minimum
membered ring. The WBI of B2B5 (B2B4), B1B4 (B3B5), and on both the B3LYP and MP2 potential energy surfaces. Both
B1B3 are also very closed to each other with a value of 0.35 of the structure$"™ and6™ contain two three-membered rings,
on average. So there is a multicenteredentripetal bond in but the different linking modes of boron atoms result in some
the structurel™ formed by the five B atoms and two valence bond-length changes at the same calculated level. For example,
electrons participate in the bonding. The strong cyelglectron the bond length of B£B2 in the structur&* (Cy,) is 1.508 A
delocalization and the multicenteredcentripetal bond make  (B3LYP/6-311+G*), while the corresponding value in the
the planar five-membered ring structufe” show special structure6™ (D) is 1.578 A (B3LYP/6-314G¥).
stability. 3.3. Anionic Bs~ Clusters. Figure 3 depicts the structures
The Dz, A1’ trigonal bipyramid structurg®, with equatorial of seven minima located on thesBpotential energy surface.
bond lengths of 1.805 A and axial bond lengths of 1.581 A, Seven geometric structures of Bisomers have been optimized
lies 2.21 eV in energy above the structdre at the B3LYP/ at the B3LYP/6-311+G* and MP2/6-31%G* levels of theory.
6-311+G* level. These results agree well with those of Ricca Five structures are determined to be minima on their PES with
et al?2 From the B3LYP/6-31+G* to MP2/6-311-G*, the all real vibrational frequencies. Energetically, the most stable
bond lengths change little, and the corresponding energy structure among all of the isomers located is the structare
difference for the structuré™ changes to 2.37 eV. with Cy, symmetry. It shows an arrangement of atoms similar
Our structure2™ (Cy,), 3t (Cz) and 47 (D«p) are more to that of the corresponding cationic and neutral structures. There
similar in arrangement to their neutral counterparts, except for is, however, a consistent trend of lengthed bond lengths. And
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Figure 2. B3LYP/6-31HG* and MP2/6-31%G* (bold font) optimized geometries (bond lengths in A, bond angles in deg) of various minima

characterized on thesB potential energy surface.

upon the addition of an electron, the number of bonds increases Two three-dimensional isomefs and6~ are local minima

from 5 to 7 in this new arrangement. In the structlire there

with fairly high symmetry at both B3LYP and MP2 levels of

is a three-centered bond formed by atoms B1, B2, and B3. Thetheory. The structuré~, with a'A; state, maintains the atomic
WBIs of B1B2 and B1B3 are both 0.79, which proves the arrangement of the neutral The bond lengths a8~ are only
existence of the three-centered bond. Identified by MO, there slightly different from those of the neutrd] except for the B2

are twour orbitals and fourr electrons for structurgé™. Similar

B5 (B3—B5) bond length, which changes from 1.663 Ao

to the neutral and cationic five-membered ring structures, there 1.810 A in 6~ at the B3LYP/6-31%G* level. The five B~

are weak cyclicr-electron delocalizations in this anionic five-
membered ring structure.

For the planar structures (Cy,) and3~ (Cy,) and the linear
structure4™ (Dwp), they do not differ much from the neutral
and anionic isomers in geometric parameters. The struture
is the second stable isomer among the isomerssof B lies
1.42 and 1.69 eV in energy abote at the B3LYP and MP2
levels of theory, respectively. For the struct®g it has one
imaginary frequency at the B3LYP/6-31G* level, while at
the MP2/6-31%#G* level, it is a minimum with all real
vibrational frequencies. At the B3LYP/6-3tG* level of
theory, the linear structug is the fourth stable isomer among
the isomers of B". But at the MP2/6-31+G* level, it has a
higher energy than the othesBisomers.

The trigonal bipyramid structur@= with Dz, symmetry is
found to be a local minimum on both the B3LYP/6-31G*
and MP2/6-311+G* PES. It is noted that, attaching an extra
electron to neutraB leads to the anio@~, in which the axial

isomers3~—7-, are all highly energetic species, about 2:70660
eV less stable thafh.

In Table 2 can be found ionization potentials and electron
affinities for the various isomers studied in this work. It should
be noted that cationg™, 2*, 3*, 4t and 7* arise from the
ionization of neutral Bisomersl, 2, 3, 4, and8, respectively.
On the other hand, attaching an electrorit@, 3, 4, 7, and8
would lead to the formation ot=, 2=, 37, 47, 6, and 7,
respectively. Their computed IPs and EAs compare reasonably
well with those of the boron atof.

3.4. Aromaticity of Some Neutral, Cationic, and Anionic
Bs Isomers. Conventionally, aromaticity is often discussed in
term of various criteria such as energetic (resonance and
aromatic stabilization energies, ASE), magnetiel (NMR
chemical shifts, magnetic susceptibility anisotropies and their
exaltations, and NICS), and geometric (bond length equaliza-
tion).33:3435NICS (nucleus-independent chemical shift), pro-
posed by Schleyer and co-workéPsis based on magnetic

bond lengths increase while the equatorial bond lengths decreaseshieldings, which have long been calculated by simple methods
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Figure 3. B3LYP/6-31HG* and MP2/6-31%G* (bold font) optimized geometries (bond lengths in A, bond angles in deg) of various minima

characterized on thesB potential energy surface.

TABLE 1: Total ( E),2 Zero-Point (ZPE),and Relative
Energies for Bs, Bs™, and Bs~ Isomers

B3LYP/6-31H-G*

MP2/6-31HG*

relative relative
ZPE> energy E?2 ZPE®> energy

0.0 —123.5226355 0.43(0) 0.0
2.30-123.436 9135 0.42 (0)
3.92-123.343684 5 0.34 (0)
457 —123.409 957 3 0.34 (0)
5.01-123.300 794 8 0.31 (0)
4.17-123.348 416 2 0.60 (0)
2.55-123.448 124 0 0.66 (0)
3.08-123.435 1519 0.79 (0)
0.0 —123.2419306 0.39(0) 0.0
2.25-123.127 479 6 0.38 (0)
5.45-123.004 248 4 0.37 (0)
5.46—122.917 453 6 0.32 (2)
5.27-123.037 648 9 0.29 (0)
3.85-123.100 872 7 0.35 (1)
2.21-123.156 8015 0.45 (0)
0.0 —123.6190342 0.42(0) 0.0

isomer E2

Bs 1 —124.0030325 0.43(0)
2 —123.917 3574 0.40 (0)
3 —123.8557250 0.33(0)
4 —123.8332326 0.38(0)
5
6
7
8

—123.819576 5 0.45 (0)
—123.846 7313 0.34 (0)
—123.909 3598 0.43 (0)
—123.887 604 9 0.36 (1)

Bs* 1+ —123.692 9210 0.41 (0)

2+ —123.609 5650 0.39 (0)
3+ —123.490566 9 0.36 (0)
4+ —123.488 8034 0.32 (0)
5+ —123.495 199 3 0.30 (0)
6t —123.536 4785 0.31 (0)
7+ —123.613626 8 0.46 (0)
Bs~ 1~ —124.080 8720 0.42 (0)

2~ —124.0272378 0.39(0) 1.42-123.5554837 0.38(1) 1.69
3- —123.9502714 0.29 (1) 3.84—123.4308132 0.37(0) 5.07
4- —123.9576426 0.32(0) 3.25-123.3383906 0.34(0) 7.56
5- —123.9457231 0.31(0) 3.57-123.5156260 0.31(0) 2.81
6~ —123.967 7786 0.38(0) 3.03-123.5166152 0.38 (0) 2.74
7- —123.9063205 0.42 (0) 4.75-123.3701017 0.65(0) 7.00

2 Total energies in hartre€ Zero-point energies in eV. The integers
in parentheses are the number of imaginary frequencies (NIMAG
relative energies with ZPE corrections in eV.

and now can be computed with modern ab initio technitjue.

TABLE 2: lonization Potentials and Electron Affinities (in
eV) of the Various Structures at the B3LYP/6-311-G* Level
of Theory

ionization potential electron affinity

isomer E (eV) process expl E (eV) process

1 8.42 1—1* 212 1—1
2 8.36 2—2* 2.99 2-—2
3 9.96 3—3" 2.62 3 —3
4 9.31 4—4F 3.45 4-—4
5

6 2.45 6" —7
7

8 7.56 8— 7t 7.80 2.90 7-—8

a Reference 9.

is characterized by negative NICS values, antiaromaticity by
positive NICS, and nonaromatic compounds by values close to
zero. The effectiveness of NICS as a simple and efficient
criterion to probe two- and three-dimensional delocalization has
been demonstrated by studies on the wide-ranging sets of two-
and three-dimensional aromatic compou?t®.Therefore, we
computed NICS values for the planar five-membered ring
structuresl, 1*, and 17, as well as the trigonal bipyramid
neutral, cationic, and anionicsBsomers at the GIAO-B3LYP/
6-311+G* level using B3LYP/6-311G* geometries (Table 3)
to study their aromaticity.

According to the NICS criterion, Table 3 shows that the
neutral and cationic three-dimensional structl8esd 7+ are

To conform with the usual experimental convention, NICS is both antiaromatic. The NICS value for the struct8ris 25.64
the negative value of the shielding evaluated, for example, at ppm, which can be compared to 11.99 ppm for cationic structure
or above the geometrical centers of rings or clusters. Aromaticity 7*. Adding an electron to neutral structiéeads to the anionic
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TABLE 3: Nucleus-Independent Chemical Shifts (NICS) for
Some B, Bst, and Bs~ Isomers (in ppm)

isomer 1 8 1+ A 1 7
PG Co, Dan Co, Dan Co, Dan
ES B, 27y A AL Ay ALY
NICS? —-17.12 25.64 —36.17 11.99 -7.35 291

aNICS at the geometric centers, calculated at the B3LYP/6+&3*1
level.

trigonal bipyramid structur@~ and makes it become nonaro-
matic with a small NICS value of 2.91 ppm.

For the planar five-membered ring structures, the NICS value
of —17.12 ppm computed at the ring center of structlire
suggests that this neutral Bomer is aromatic but less so than
the corresponding cationic isomé&t, which has a NICS value
of —36.17 ppm. The anionic structute is also aromatic with
a relatively lower NICS value of7.35 ppm.

As previously reported?23 planar structures are more stable
than three-dimensional ones for the neutral and cationic B
clusters. This trend holds true for the anionic cluster as well.

J. Phys. Chem. A, Vol. 106, No. 30, 2002047

References and Notes

(1) Knight, W. D.; De Heer, W. A.; Saunders, W. A.; Clemenger, K.;
Chou, M. Y.; Cohen, M. LChem. Phys. Lettl984 52, 2141.

(2) Kroto, H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F.; Smalley,
R. E. Nature1985 318 162.

(3) Pedersen, J.; Bjgrnholm, S.; Borggreen, J.; Hansen, K.; Martin, T.
P.; Rasmussen, H. INature 1991, 353 733.

(4) Mishima, O.; Tanaka, J.; Yamaoka, S.; Fukunage5€encel 987,
238 181.

(5) Reisch, M. SChem. Eng. Newsl987, 65 (Feb 2), 9. Technical
Bulletin, Avco Textron Division.

(6) Meinkéhn, D. Combust. Flamé 985 59, 225.

(7) (a) Nagamatsu, J.; Nakagawa, N.; Muranaka, T.; Zenitani, Y.;
Akimitsu, J.Nature 2001, 410, 63. (b) Eremets, M. I.; Struzhkin, V. V.;
Mao, H.; Hemley, R. JScience2001, 293 272.

(8) Fujimori, M.; Nakata, T.; Nakayama, T.; Nishibori, E.; Kimura,
K.; Takata, M.; Sakata, MPhys. Re. Lett. 1999 82, 4452.

(9) Hanley, L.; Whitten, J. L.; Anderson, S. . Phys. Chem1988
92, 5803.

(10) Bruna, P. J.; Wright, J. S. Chem. Phys1989 91, 1126.

(11) Jeong, G. H.; Boucher, R.; Klabunde, KJJAm. Chem. S02990Q
112 3332.

(12) Hintz, P. A.; Sowa, M. B.; Ruatta, S. A.; Anderson, SJLChem.
Phys.1991, 94, 6446.

(13) Tang, A. C,; Li, Q. S.; Liu, C. W.; Li, JChem. Phys. Lettl993

This is due, at least in part, to the fact that the planar structures201, 465.

are stabilized byr delocalization. According to the NBO
analysis above, the structurés, 1, and 1~ have two, three,
and fourz electrons, respectively. So the structdrehas the
highest degree of aromaticity. The neuttand anionl™ have
lower NICS values than the catidrt because they have a bit
morer electrons. The closer the numbermoglectrons was to
that of conjugated boron atoms, the lower the degree of
aromaticity would be.

4. Conclusion

We have studied 22 isomers of thg Bs™, and B~ clusters.
At the B3LYP/6-311#G* and MP2/6-311G* levels of theory,
eight B;, seven B, and seven B isomers are identified.
Among them, sixteen isomers are introduced for the first time.

(14) Sowa-Resat, M. B.; Smolanoff, J.; Lapicki, A.; Anderson, SJ.L.
Chem. Phys1997 106 9511.

(15) Wang, Z. X.; Huang, M. BJ. Am. Chem. S0d.998 120, 6758.

(16) Fowler, J. E.; Ugalde, J. M.. Phys. Chem. 2000 104, 397.

(17) Aihara, JJ. Phys. Chem. 2001, 105 5486.

(18) Jemmis, E. D.; Balakrishnarajan, M. Nl. Am. Chem. So2001,
123 4324.

(19) Kato, H.; Yamashita, K.; Morokuma, KChem. Phys. Lett1992
190, 361.

(20) Ray, A. K.; Howard, I. A.; Kanal, K. MPhys. Re. B 1992 45,
14247.

(21) Boustani, .Chem. Phys. Lettl995 233 273;1995 240, 135.

(22) Ricca, A.; Bauschlicher, C. W., J&hem. Phys1996 208 233.

(23) Niu, J.; Rao, B. K.; Jena, B. Chem. Phys1997, 107, 132.

(24) Boustani, I.Phys. Re. B 1997 55, 16426.

(25) Lipscomb, W. N.; Massa, Unorg. Chem.1992 31, 2297.

(26) 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,;

planar five-membered ring structure with, symmetry, which
was proposed by Kato and YamasHitéirst. At the B3LYP
and MP2 levels, this isomer lies 2.21 and 2.37 eV, respectively,
in energy below the second-lowest-energy isomer, the trigona
bipyramid D3, structure7*. NBO analysis suggests that there
are strong cyclicr-electron delocalization and a multicentered
o centripetal bond in this cation. The most stable minimum of
the neutrals is the planar five-membered ring structlire

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.; 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.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.9; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(27) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JARinitio

According to the NBO results, there is a three-centered bond Molecular Orbital Theory Wiley: New York, 1986.

in this structure that enhances the stability of this neutral together

with the z-electron delocalization. The most stable anionic

structurel™ has an arrangement of atoms similar to that of the
neutrall, while upon the addition of an electron, the number

of bonds increases from 5 to 7 in this anion. There are also
s-electron delocalization and a three-centered bond in it.

The magnetic criterion, NICS values, has been computed for

the structured, 17, and1-, as well as the trigonal bipyramid
structures, 7t, and7- at the B3LYP/6-31%G* level of theory.
The results show that the structur&$ and 8 are both
antiaromatic and the structuve is nonaromatic. The negative
NICS values of the planar five-membered ring structurels",

and 1~ indicate their aromatic characters. Among them, the
structurel™ has the highest degree of aromaticity with a larger
NICS value than those of and 1~. The highly aromatic
character and the multicenteredentripetal bond of the lowest-
energy B* isomer are responsible for the special stability of
this cation. Therefore, 8 can be proposed as a good candidate
for synthesis.

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

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

(30) Carpenter, J. E.; Weinhold, ¥.Mol. Struct. (THEOCHEM)988
169 41.

(31) Carpenter, J. E. Ph.D. Thesis, University of Wisconsin, Madison,
Wi, 1987.

(32) Pauling, L.The Nature of the Chemical Bon@ornell University
Press: Ithaca, New York, 1960.

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

(34) (a) Schleyer, P. v. R.; Najafian, K. Are Polyhedral Boranes,
Carboranes, and Carbocations Aromatic? Tihe Borane, Carborane,
Carbocation ContinuumCasanova, J., Ed.; Wiley: New York, 1998; pp
169-190. (b) Schleyer, P. v. R.; Najafian, Kiorg. Chem1998 37, 3454.

(35) (a) Hofmann, M.; Schleyer, P. v. forg. Chem.1999 38, 652.

(b) Unverzagt, M.; Winkler, H. J.; Brock, M.; Hofmann, M.; Schleyer, P.
v. R.; Massa, W.; Berndt, AAngew. Chem., Int. Ed. Endl997, 36, 853.

(c) 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.

(36) Pasquarello, A.; Scttier, M.; Haddon, R. CSciencel992 257,
1660.

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



