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The Curiously Stable B;, Cluster and its Neutral and Anionic Counterparts: The
Advantages of Planarity’
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The cationic, neutral, and anionic charge states of thecBister are examined through the use of density
functional theory. Several different isomers are studied and compared with a special emphasis given to the
electronic structure of the lowest lying isomers. Included among the isomers are three which have been proposed
earlier and a pair of new ones. While no minima that corresponded to a filled icosahedron could be found for
the cluster, an intriguing atom-in-a-cage structure was found that is a local minimum on the cationic, neutral,
and anionic surfaces. The structure found for thedhionic cluster haBs, symmetry, and the 12 external

boron atoms are arranged as three six-membered rings back-to-back. The planar and quasi-planar structures
are seen to be more stable than three-dimensional isomers, but the ordering by stability of the planar and
quasi-planar structures changes depending on the charge. Relative energies, selected geometric features,
ionization potentials, and electron affinities are reported for these structures and some justification for the
differences seen among the isomers is given. The planar structures benefit dfelmcalization. In the case

of the global minimum of the B* cationic cluster this delocalization is reminiscent of aromaticity.

1. Introduction postulated by Anderson’s grodpBoustani has since then
expanded significantly the study of bare boron clusters. Espe-
cially interesting have been the discussionrodielocalization
in quasi-planar, tubular, layered, and the hypothetical boron
» quasicrystatl-14-17

Ricca and Bauschlicher in 1996 reported a rounder, planar
structure as the ground state of thgBcationic cluster in which
a central triangle of atoms is surrounded by a ring of 10 atdms.
They used the B3LYP/6-31G* level of theory to optimize the
structures of the cationic clusters™B(n = 2—14) and applied

The B3t bare cluster first proved to be an interesting species
through works from Anderson’s group in Stony Brook. Hanley,
Whitten, and Anderson in 1988und that the mass distribution
of By from laser ablation showed numerous “magic numbers
in the rangen = 1—20. Their collision-induced dissociation
(CID) results, however, indicated the presence of the noted
“magic” clusters; only B and Bi3™ were especially stable, both
showing significant differences in the appearance potentials for
B* and B,-1* when compared to B clusters of similar size. > 2 . ,
Additionally, in the case of B the appearance of Boccurs some calibration to their energetics through the use of the
at a potential slightly lower than the potential at whicp,8 ~ CCSP(T)/cc-pVTZ level of theory. _ _
appears. This is in sharp contrast to the other large cationic Mostrecently, Giet al** characterized a series of 19 various
clusters in which the appearance potential far 8 is lower structures of the B* cation cluster (also using the B3LYP/6-
than that of B 31G* level of theory) and found that the planar and near-planar

In the following years, Anderson’s group performed a series structures were consistently more stable than any 3_-dimensior_1a|
of reactivity studie€5 The Bis* cationic cluster was seen to structure. They also found no atom-in-a-cage minima. In thelr
demonstrate anomalous reactivity in all reactions studied (with concluding remarks, they note, “The reason for the high
O,, D;0, COs, and NO). For example, in the case of reaction abundance of B™ among the B" cIuster§ is still an unsolved'
with Oy, the threshold for oxidation is approximately two problem that challenges further experimental and theoretical

electron volts higher than for any other cluster ion studied. nvestigation.”

Also, in reacting with RO, although no barrier to reaction exists, ~ Here we provide further theoretical investigation of this very
the reactivity of Bs* was 2 orders of magnitude lower than Peculiar cluster. We utilize levels of theory similar to those
that of similarly sized clusters. which have been used earlier, but extend the application to

Anomalous experimental results providing a favorite play- include the cationic, neutral, and anionigs@lusters as we did
ground for theoreticians, the results of Anderson’s group inspired for the Al cluster in an earlier study. This allows a more
several theoretical studies of small boron clusters and especiallycOmplete investigation of the electronic structure of these
the Byt cation®~13 lhsan Boustani investigated the, Bn = clusters and therein lies the explanation of the curious stability
2—14) neutral clusters using small basis sets and a variety of @nd planarity of the " cationic cluster.
methods (HF-SCF, direct CI, LSD, and NSDhie predicted a
quasi-planar ground state equilibrium geometry for the B 2. Methods
neutral cluster, as opposed to the filled icosahedron originally All geometries were fully optimized using the B3LYP

gradient-corrected density functional metkod? analytic gra-
* Author to whom correspondence should be addressed. . L . . ;
" This paper is dedicated to Professor J. Elguero on the occasion of his diénts. Harmonic vibrational frequencies were determined by
65th birthday. numerical differentiation of gradients.
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TABLE 1: Geometric Parameters of the Various Minima
Found on the By3™ Potential Energy Surface

isomer symmetry no. of bonds range average
Ricca Co 25 1.553-1.988 1.710
Boustan? Cs 24 1.5771.880 1.689
Kawar Cs, 30 1.566-2.015 1.753
Out-Ring Cs 27 1.586-2.058 1.720
Cage C:
center-shell 12 1.8402.131 1.982
Out-Ring shell-shell 18 1.5731.821  1.673

a Structure first proposed in ref 10 Structure first proposed in ref
9. ¢ Structure first proposed in ref 8Bond lengths are reported in
angstroms.

cationic cluster. Included are the number of bonds (as defined
below), the range of bond lengths, and the average bond length.

Our structures labeled “Ricca” with,, symmetry, “Boustani”
with Cs symmetry (the plane of symmetry cuts through the
cluster, relating the left and right halves of the figure), and
“Kawai” with Cg,, symmetry are fairly similar in geometrical
parameters to those presented by Gu é¢ ahd thus we will
avoid commentary on those specifics. The two new isomers
reported here are those labeled “Cage” and “Out-Ring”. Both
are local minima on the cation potential energy surface and have
C; andC,, symmetry, respectively.

The Cage isomer is the first minimum reported in the
literature with an atom-in-a-cage type structure. Gu ét db,
however, characterize an atom-in-a-tube type minimum. In the
Cage structure, the center-to-exterior distances range from 1.840

Ricea to 2.131 A and have an average length of 1.982 A. In describing
Figure 1. The various local minima characterized on theg'Botential the exterior bond_le_ngths, It IS necessary to apply some cut-off
energy surface. length for determining what is a bond and we have chosen the
longest center-to-exterior distance (though at 2.131 A, this is

The D95 basis s& composed of a doubléset of functions quite Iong for B—_B interactions). The natural Cl_Jtoff for bond
was used for initial calculations. As this set does not include d '€ngths displays itself, however, as the 18 exterior bond lengths
functions, it was necessary to add a set of five pure-angular- "ange from 1.573 to only 1.821 A (despite our rather generously
momentum d functions to this basis in order to properly describe d€finéd cutoff distance), with an average of 1.673 A. _
the high-valency of the boron atoms. The exponent of the added The Out-Ring structure is so labeled because this local
set of d functions was 0.7. minimum was discovered as a result of extracting the central

In order to improve the determination of the relative energies omout of the Cage structure (as will be discussed for the
of the various isomers, several larger basis sets were applied afnion) and reoptimizing. The final result is quite different from
the B3LYP/D95(d) optimized geometries. The first expansion the Out isomer of the neutral and anionic cases. In this structure,
made to the basis set was the addition of one set of seven pureth® BB bond lengths range from 1.580 to 2.058 A and the
angular-momentum f functions with an exponent of 0.5 to average among the 27 bond lengths is 1.720 A
construct the D95(df) basis set. Additionally, two large standard  Energetically, the most stable among all the isomers located
basis sets were used: 6-311G(2d) and 6-311G{2ftf) each is the Ricca structure. The total energy of mstrycture flrs_,t
of the stationary points. proposed by Ricca and Bauschlickeand the relative energies

All calculations were carried out with the GAUSSIANgs4 ©f the other isomers can be found in Table 2. The B3LYP/
packag@ The figures were generated using the MOLDEN D95(d) optimized geometries were used for these B3LYP single-
programz® point energy calculations, and the B3LYP/D95(d) zero-point

vibrational energy correction has been applied. Also included
in Table 2 are the B3LYP/6-31G* results of Gu et &land
again our results for the Ricca, Boustani, and Kawai isomers
3.1. The Cationic Biz* Clusters. As mentioned previously,  are very similar to theirs. The addition éffunctions to the
the cationic Bs" cluster has been the object of several former D95(d) basis set has a rather large effect on some of the relative
studies and is, of course, the ion of experimental interest. We energies, but when the more complete 6-311(2d) basis is
selected the two lowest lying (near-)planar isomers and one of augmented with one set éffunctions, the change in relative
the two lowest lying three-dimensional structures presented in energies is minimal. This is reasonable because the 6-311(2d)
the work of Gu et al3 for comparison with the new isomers basis set already has the valence space well-described.
characterized in this study. We have followed the same naming 3.2. Neutral B3 Clusters. The neutral Bs clusters are similar
scheme used by those authors. That is, we have named thén aspect to either the cationic or anionic clusters and thus there
isomer for the first author who proposed that structure. The five we present no figure especially for them. The Kawai and Ricca
isomers studied in detail in this work are depicted in Figure 1 neutral structures are more similar in geometric arrangement to
and in Table 1 can be found a summary of the geometrical their cationic counterparts, while the Cage, Out, and Boustani
parameters of the various local minima found for the™B neutral structures are more easily related to the anionic isomers

Boustani

3. The Bz"9— Stationary Points
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TABLE 2: Total Energies of the Ricca Structure and Relative Energies of the Various Other Structures Found for the B;*
Cationic Cluster: These Energies Computed with the B3LYP Method at the B3LYP/D95(d) Geometries and Corrected for the
Zero-Point Vibrational Energy Determined at That Same Levet

isomer D95(d) D95(df) 6-311G(2d) 6-311G(2df) B3LYP/6-31G*[13]
Ricca& —322.447619 —322.470492 —322.550518 —322.559303 —322.54419
Boustan 27.8 29.1 27.3 27.6 26.7
Kawaf 51.4 58.5 49.1 49.7 44.6
Out-Ring 71.9
Cage 82.5 89.3 87.3 87.9

aTotal Energies of the Ricca structure in Hartree, relative energies in kcalir@ulicture first proposed in ref 10 Structure first proposed in
ref 9.9 Structure first proposed in ref 6.

TABLE 4: Total Energies of the Ricca Structure and
Relative Energies of the Various Other Structures Found for
the B3 Neutral Cluster: These Energies Were Computed

TABLE 3: Geometric Parameters of the Various Minima
Found on the B3 Potential Energy Surface

isomer  symmetry state no.ofbonds  range  average i the B3LYP Method at the B3LYP/D95(d) Geometries

Ricca? Co, 2B, 25 1.540-1.93%' 1.703 and Are Corrected for the Zero-Point Vibrational Energy
Boustart Coy 2Aq 26 1.593-1.813  1.692 Determined at That Same Leved
Kawaf Cs, °Aq 30 1.563-1.992 1.762 :
out C, 20 27 1577-1.943  1.705 isomer D95(d) D95(df) 6-311G(2d) 6-311G(2df)
Cage C B Ricca —322.709970 —322.733062 —322.811550 —322.820702

center-shell 12 1.9051.912 1.908 Boustant 9.7 10.5 9.0 8.8

shell-shell 21 1.61%1.815 1.707 Kawap 50.8 58.4 52.1 53.0

) . ) . Out 74.5 81.2 74.5 74.8

a Structure first proposed in ref 10 Structure first proposed in ref TS. 91.7

9. ¢ Structure first proposed in ref 8Bond lengths are reported in cage 80.4 87.4 86.2 86.4

angstroms. ) ] ) ) )
2 Total Energies of the Ricca structure in Hartree, relative energies

in kcal/mol.® Structure first proposed in ref 10Structure first proposed

(shown below). All these structures are local minima and the in ref 9. ¢ Structure first proposed in ref 6,

transition state for center atom extraction which relates the Cage
and Out structures has also been located. In Table 3 can becjuster now is bonded to six other boron atoms, yet it was only
found geometrical parameters for the neutral clusters. bonded to four in the cationic cluster, making for a total of 26
The neutral Cage structure is’B state withC, symmetry. bonds.
The range of center-to-exterior bond lengths is quite limited in  The neutral Ricca cluster, with 38, ground state, maintains
the neutral in comparison with that of the cationic structure. both theC,, symmetry and the atomic arrangement of the cation.
The values range from 1.905 to 1.912 A, with an average length This is the only isomer for which the longest, shortest, and
of 1.908 A, significantly shorter than the bond length in the average bond lengths are shortened upon the addition of an
cation. The bonds among the exterior twelve boron atoms areelectron to the cationic cluster. However, it should be remem-
also more regular than were those same bonds in the cationichered that no additional bonds have been formed.
case, ranging from 1.611 to 1.815 A, and there is a slight |n Table 4 can be found the total energy of the Ricca isomer
increase in the average. It should be noted, though, that theand the relative energies of the other isomers calculated at
average is taken over 21 exterior bonds, as opposed to the 18arious levels of theory. Again, the B3LYP/D95(d) geometries
exterior bonds of the cationic Cage isomer. and zero-point-vibrational-energy corrections were used. There
The structure labeled Out is the result of extracting the central are several data of interest in this table. First, it should be
boron atom of the Cage isomer through one of the three openremarked that T.S. stands for the transition state connecting the
faces and reoptimizing resulting in a structure very similar to Cage and Out structures. The barrier to center-atom extraction,
the anionic Out isomer (presented below). The final structure then, is 11.3 kcal/mol at the B3LYP/D95(d) level of theory. As
hasC; symmetry and a doublet ground state. The atom that in the case of the cations, there is a relatively large f function
formerly was in the center of the cage is now located in the effect when said functions are added to the D95(d) basis set,
center of one of the six-membered-ring faces. Those six bondsbut the effect of augmenting the 6-311G(2d) basis is minimal.
range in length from 1.666 to 1.943 A. Overall, the bond lengths Most interesting, though, is the dramatic change in relative
range from 1.577 to 1.943 A, with an average length of 1.705 energy between the Ricca and Boustani structures. For the

A for the 27 bonds.
The neutral Kawai cluster maintains i@, symmetry and

cations there is an energy difference of 27.6 kcal/mol at the
highest level of theory applied. It takes only the addition of a

has &A; ground state. The range of bond lengths for the neutral single electron to drop that relative energy to just 8.8 kcal/mol.

cluster is only slightly different from that of the cationic cluster,

3.3. Anionic B3~ Clusters. Figure 2 depicts the structures

showing a minor change in the direction of shorter bonds. of the five minima located on the;B™ potential energy surface.
However, the shorter limits may be misleading because the Selected geometrical features for those isomers can be found
average bond length is slightly longer in the neutral than it was in Table 5.
in the cation. The Cage structure of the ionic cluster Hag, symmetry
Adding an electron to the Boustani cationic structure leads and can be imagined as a cage built by three six-membered
to the quasi-planar minimum originally proposed by lhsan rings back to back with one atom in the center. With such high
Boustani in his study of neutral boron clust&rhis isomer symmetry, there are only two types of center-to-exterior bonds
hasC,, symmetry and &A; ground state. The range of bond (measuring 1.873 and 1.926 A), and three types of exterior bonds
lengths is significantly changed from the cationic case, again (measuring 1.601, 1.709, and 1.753 A). The high symmetry of
with a tendency towards homogenization, and like the case of the anion, and decreasing symmetry of the neutral and cationic
the external Cage bonds, the average length increases a bit, butpecies is reminiscent of the A9~ clusters, where the anionic
there are more bonds. The atom located in the center of thecluster is a center-filled icosahedron and the neutral loses all
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TABLE 6: Total Energies of the Ricca Structure and
Relative Energies of the Various Other Structures Found for
the B3~ Anionic Cluster. These Energies Computed with the
B3LYP Method at the B3LYP/D95(d) Geometries and
Corrected for the Zero-Point Vibrational Energy

Determined at that Same Levet

isomer D95(d) D95(df) 6-311G(2d) 6-311G(2df)
Riccd (3B,) —322.804716 —322.827874 —322.902383 -322.912082
Boustant -10.9 -10.5 -12.4 -12.6
Kawap 58.2 66.3 60.9 62.2
Out 59.8 66.7 60.4 61.0
T.S. 81.0 87.9 86.1 86.5
Cage 72.4 79.4 78.9 78.9

aTotal Energies of the Ricca structure in Hartree, relative energies
in kcal/mol.? Structure first proposed in ref 10Structure first proposed
in ref 9. 9 Structure first proposed in ref 6.

TABLE 7: Electron Affinity and lonization Potentials (in
eV) of the Various Structures: The Results with larger Basis
Sets Computed at the B3LYP/D95(d) Geometries

Electron Affinity
DO5(d) D95(df) 6-311G(2d)  6-311G(2df)
Qﬁﬁuﬁ Ricca 2.58 2.58 2.47 2.49
MAVIAVA\ Boustart 351 3.3 3.43 3.45
W o s e e Kawaf 2.24 2.22 2.07 2.07
AV Out 322 322 3.10 3.00
S ) Cage 2.94 2.94 2.81 2.83
Boustani lonization Potential
Ricca D95(d) D95(df) 6-311G(2d) 6-311G(2df)
Figure 2. The various local minima characterized on the Bpotential Ricca 7.3 7.14 7.10 711
energy surface. Boustani  7.95 7.98 7.93 7.95
Kawai 7.11 7.09 6.91 6.91
TABLE 5: Geometric Parameters of the Various Minima Cage 7.23 7.23 7.15 7.18
Found on the Bjs~ Potential Energy Surface aStructure first proposed in ref 10 Structure first proposed in ref
isomer symmetry no. of Bonds range average 9. ° Structure first proposed in ref 6.
Ricca (°By) Co 24 1.548-1.963 1.689
Boustant Co 26 1.5871.807 1.683
Kawaf Cs 29 1.576-2.090 1.753
Out C, 27 1.572-1.833 1.707
Cage Dan
center-shell 12 1.873, 1.926 1.899
shell-shell 21 1.60%1.753 1.706

a Structure first proposed in ref 10 Structure first proposed in ref
9. ¢ Structure first proposed in ref 8Bond lengths are reported in
angstroms.

Figure 3. HOMO of the Boustani anion.
symmetry!® The average of the center-to-shell bond lengths .
decreases with each added electron, yet the number of exterioranOI average deviation from thg-plane of 0.126 A, the atoms

bonds and average lenath of those bonds is the same as in th of the anionic isomer have an average deviation of 0.105 A.
erag 9 The average deviation from planarity of the cationic Boustani
neutral Cage isomer.

A structure is 0.297 A.

The anionic isomer labeled Out hds symmetry. The The anionic Ricca isomer shows an arrangement of atoms
geometrical parameters do not change much between the neutrglitterent from that of the neutral and cationic structures. The
and anionic isomers, except for the fact that the anionic structure change can be envisioned as a rotation of the center triangle of
does have & axis of symmetry and the longest bond is shorter aomg within the larger ring. A similar structure was identified
than the longest bond of the neutral. as a very low-lying transition state for tha43 cationic cluster

The Kawai isomer, which ha€s, symmetry in both the by Gu et al'® but for the anion, it is this structure that is the
neutral and cationic cases, here has dyymmetry and has  minimum and that depicted in Figure 1 is the low-lying transition
lost one of the 30 bonds found in the structures with fewer state.
electrons. The longest bond length is also greater than any found = Also, it should be pointed out that while the average bond
earlier amongst the Kawai isomers and the average bond lengthength does decrease upon the addition of an electron, the
is similar, despite the loss of one bond. number of bonds decreases from 25 to 24 in this new

The Boustani anion is very similar to the neutral. There is, arrangement. Electronically, the Ricca anion, wifiBaground
however, a consistent trend of shortened bond lengths. Bothstate, is thenlyisomer found in this entire study for which the
ends of the range are shortened as is the average of all the bondround state is not one of the lowest possible spin. All other
lengths. The anionic structure is also slightly closer to true cations and anions were closed-shell singlet ground states and
planarity. While the atoms of the neutral Boustani isomer have the neutrals all had doublet ground states.
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Figure 5. Doubly-occupiedr orbitals of the Ricca cation.

In the comparison of energetics (Table 6) we again see datais especially stable. Theory indicates that the structure which
of special interest. The Boustani isomer, which, among the is especially stable for the cation becomes relatively unstable
cations, lies 27.6 kcal/mol above the Ricca global minimum as electrons are added. An examination of the electronic
and 8.8 kcal/mol in the neutrals, is now the global minimum. structure of our two lowest lying isomers will allow us to
The shift in relative energy upon the addition of an electron to understand why.
the neutral species is slightly more than 20 kcal/mol, whereas  First, to understand why the Boustani isomer becomes
it was somewhat less than 20 kcal/mol when adding an electronre|atively more stable as electrons are added, we need to know
to the cations. The relative energies of the Out and Cage jnto which orbitals the electrons are being placed. Figure 3
structures compared to the Ricca isomer are also lower in thedepicts the highest occupied molecular orbital (HOMO) of the
anionic case than they are in the neutral and cationic casesBoustani anion (singly occupied in the neutral). Through
Finally, the transition state for extracting the central atom from examination of this orbital, we can see that the neutral Boustani
the Cage structure presents a barrier of only 7.6 kcal/mol. isomer gains th€,, symmetry and two bonds not found in the

In Table 7 can be found adiabatic ionization potentials and cationic structure as a resultofinteractions between the central
electron affinities for the various isomers studied in this work. atom and edge atoms. What is more, this orbitat4sonding
These numbers can be derived from the other tables giVen, buta|0ng the short axis in three regionsl and non_bonding a|0ng
are presented here in this format for the convenience of the the Jong axis. Thist delocalization has been remarked upon
reader. These results compare reasonably well with the IP andpreviously by Boustaftin discussion of the neutrahBcluster.

EA of the boron atoni’ The additional electronic structure  Figure 4 depicts the two singly-occupied molecular orbitals

flexibility is demonstrated by the fact that all of the cluster IPs (SOMO) of the Ricca®B, anion. Each has some-bonding
are |OW8I’ than the 8.3 eV Of the atom, and a" Of the EAs are Character among paws of Outer_ring atomS, but the Overa”

higher than the atomic value of 2.0 eV (though the EA of the character is more nonbonding than was seen for the HOMO of

Kawai isomer is only slightly so). the Boustani anion. The greater stability and bonding character
] of the Boustani anion’s HOMO, then, provides the answer as
4. Electronic Structure to why the relative stabilities change so significantly as electrons

One of the advantages of studying various charge states of aare added.
species is that a more complete understanding of the electronic =~ Still, the experimentally observéd special stability of the
structure is achievable. Experiment tells us that the Bation Bys™ cationic cluster is unexplained, but there is something
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Figure 6. Simple molecular-orbital energy diagram for theMOs of the benzene molecule related to those of thecRisters. The Ricca and

Boustani isomers are represented by basic models: a circle and an oval, respectively. Numbers have been assigned by the number of nodes in the
MO. In the cationic cases, orbitals 0, 1a, and 1b are doubly occupied. The filling of the orbitals with two nodes takes place as electrons are added.
Note also that these rudimentary models can be related to the earlier figures. Orbitals 0, 1a, and 1b of the Ricca cation appear in Figure 5, the 2a
and 2b orbitals of the Ricca anion are demonstrated in Figure 4, and orbital 2a of the Boustani anion is depicted in Figure 3.

familiar about the SOMOs of the Ricca anion. Basically, they delocalization of the rounder Ricca structure helps in under-

are  orbitals of a round system, each with two nodes. standing why the Ricca structure is the most stable of the cations.

Remembering basic molecular orbital theory, in order to be  As we move to the neutral and anionic cases, electrons are

filling such orbitals there must be otherorbitals already filled placed in ther orbitals with two nodes. The 2a orbital of the

in the cationic case: one with no nodes, and two with one node. Boustani cluster will, of course, be filled first, but the Ricca

That is exactly the case as can be seen in Figure 5 which showsluster has open a pair of quasi-degenerate orbitals, both of

the three doubly occupied orbitals of the Ricca cation. Three  which lie higher in energy than that available to the Boustani

doubly filled s electrons gives six electrons in a round system,  jsomer. Thus, the addition of one electron to the cationic clusters

a situation reminiscent of benzene andckiel aromaticity. reduces the energetic difference between the two. This effect is
In Figure 6 is the standard depiction of the molecular orbital repeated when a second electron is added making the Boustani

energy diagram of ther orbitals of benzene (hexagon) anion more stable than the Ricca anion.

augmented with primitive models of our Ricca and Boustani This very basic diagram is in perfect agreement with the

systems, a circle and an oval, respectively. The lines which cut prediction of a singlet ground state for the Boustani anion, a

the models are nodes in theMOs. Because the Ricca isomer triplet ground state for the Ricca anion, and the difference in

is more or less round, the pairs of orbitals with an equal number relative energies among the various charge states. It is also in

of nodes remain almost degenerate, but the MOs of the Boustanisupport of the argument that the;d8 cationic cluster is

system are split because of its oval shape. Both the Boustaniespecially stable because it is aromatic.

and Ricca cationic clusters have sixelectrons, meaning that

the orbitals labeled 0, 1a, and 1b (where the numbers indicates conclusions

the number of nodes) are filled with two electrons each. Note

that the cationic Boustani structure adopGsstructure so that We have studied various isomers of theg®'~ clusters and

the central atom does not lies along the central node seen in 1dound that throughout the various charge states planar or quasi-

of Figure 6. This reduces the favorable interactions between planar structures are preferred over three-dimensional isomers.

that atom and the two atoms on the other side of the loop. The global minimum among the cationic clusters is a round

Considering this geometric feature and the highly favorable  structure, first proposed by Ricca and BauschlicRérccording
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to the highest level of theory applied [B3LYP/6-311G(2df)// experimentalists and very much debated by theoreticians even
B3LYP/D95(d)], this isomer lies 27.6 kcal/mol below the to this day?®~20 If the concept can be applied to small boron
second-lowest-energy isomer of this work, a structure similar clusters in a sense that it increases our understanding and
to that first proposed by Ihsan Boustdriihe global minimum  predictive ability, then the use of the term is justified.

of the neutrals is also the Ricca structure, but the energetic Consequently, this topic deserves further investigation and it is
difference between that isomer and the Boustani isomer is our hope that this article will trigger such interest.

reduced to 8.8 kcal/mol. The addition of one additional electron

changes the energetic ordering of these two structures and the

Boustani anion lies 12.6 kcal/mbklowthe Ricca anion. The
reason for this change in ordering is that the orbital being filled
is one which ist-bonding along the short axis of the Boustani
isomer and nonbonding along the long axis, while the two
orbitals which are singly occupied in the Ricca anion are
essentially nonbonding.

There does exist a local minimum with an atom-in-a-cage
structure on the cationic, neutral, and anionic potential energy
surfaces of the B cluster. In the case of the anionic cluster, it
is a highly symmetric @3,) structure with a barrier to central
atom extraction of approximately 8 kcal/mol. The neutral and

cationic structures are less symmetric, reflecting the reduced

bonding capacity.

As reported by others previously%13(quasi-)planar struc-
tures are more stable than three-dimensional ones for iffe B
cationic cluster. This trend holds true for the neutral and anionic
clusters as well. This is due, at least in part, to the fact that the
planar and quasi-planar structures are stabilized lolglocal-
ization.

The B3 cationic cluster, known experimentally to be
especially stablé;® is a round system with six electrons. The
occupiedr orbitals shown in Figure 5 are very reminiscent of
the molecular orbitals of benzene. Upon addition of two more
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