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Abstract. Based on ab initio quantum-chemical and density functional methods we
determined the geometry, electronic and structural properties of three cluster-families: boron
spheres, double-rings and quasi-planars up to a cluster size of 122 atoms. The most stable
structure is the Bioo sphere showing similar shape but more stability than the Bgo cage recently
proposed by Yakobson et al [PRL 98, 166804 (2007)]. In addition we compared the stability of
the three cluster families to each other, and reported the structural transition from 2D quasi-
planar clusters to 3D double-rings. This transition occurs between the Bis and Big clusters.

1. Introduction
The ultimate goal of this research field is to develop, simulate and predict new arrays of nanoclus-
ters and nanotubes with desired, pre-selected and specific uniform properties. The incorporation
of nanoclusters, nanotubes and nanocrystals into nanostructured materials can be expressed in
form of miniaturization of these new materials and could lead to nanoscaled electronic devices.
For instance, possible application fields are in oil-industry, medicine and materials science. Dur-
ing the last decade many researchers focused on a systematic search for new materials mainly
consisting of pure or mixed boron, carbon, nitrogen, boron-hydrogen and metal-boron types of
systems [1, 2].

Though some variety of possible structures in nanostructured materials like quasi-crystals
[3], nanowires [4], nanoribbons [5], was identified, many forms however remain to be discovered.
In order to achieve this, there are several theoretical methods based on a variety of concepts,
ranging from the most accurate ab initio first-principle methods suited for small or medium sized
systems to semi-empirical methods for very large systems. Those methods are reliable tools to
detect, to analyze and optimize most of materials, and in many cases they already turn out to be
some sort of inexpensive, fast and reliable alternative to standard experimental methods in ma-
terials science. These methods provide an opportunity for 'materials engineering’, a systematic
understanding and development of new nanoscale materials with desired properties. Ultimately,
an understanding of “self-assembling” of boron-based materials could lead to manufacturing of
useful structures [6].
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The physics and chemistry of boron resembles in its ability to configure and form molecular
networks. Unlike carbon, bulk boron cannot be found in nature and all known boron allotropes
were obtained in the laboratory. All of them are based on different arrangements of B1o icosa-
hedra. It is very natural to believe that - like carbon - boron also can form molecular allotropes
(fullerenes and nanotubes). Experimental and theoretical research on the chemistry of boron
nanomaterials is developing rapidly. The existence of quasi-planar [7] and tubular [8] boron
clusters was predicted theoretically and confirmed more recently experimentally [9, 10]. In ad-
dition, double-walled boron nanotubes were predicted to be highly stable [11]. These authors
found that the interaction between the walls in form of o-bonds increases the stability of the
system in opposite to the carbon nanotubes where the walls are connected by Van-der-Waals
forces only, in which no chemical bonds are formed among the neighboring walls.

Lipscomb and co-workers proposed boron spheres as large closo boron hydrides in an analogon
to carbon fullerenes using the Descartes-Euler formula P + F = E + 2 (P for vertices, F for faces,
and E for edges) [12]. They also predicted “conjuncto closo boranes” and their relationships to
the dual structures [13]. Based on quantum chemical methods they extended their studies and
proposed multicage boron fullerenes B, H,, [14, 15]. A new concept of conjugate polyhedra was
introduced by Tang et al [16]. Considering the above Descartes-Euler formula and by a given
polyhedron of carbon (boron) one can obtain the corresponding conjugate polyhedron of carbon
(boron) by interchange of P and F, with E being kept constantly. These conjugate polyhedra
share the same symmetry. For example, for the icosahedral symmetry group Ij,, B,: n= 30 k?
+ 2 is the conjugated polyhedron to carbon Cp: n = 60 k?. In other words, one can determine
for carbon fullerenes Cgg, Cayg, the corresponding boron spheres to be Bso, Bigo, for k = 1 and
2, respectively.

Small pure boron spheres were predicted by Boustani [17]. Besides the icosahedron Bis he
constructed small boron Bag, Bgs and Byy cages, based on the “Aufbau Principle” [7] as a com-
bination of pentagonal and hexagonal pyramids. In addition, spherical boron hydrides were the
subject of a further study by Boustani et al [18]. They attached hydrogen atoms to the boron
spheres and concluded that the idea of Lipscomb and Massa for geometrical mapping between
fullerenes and boron is consistent with the ab initio proved proposals. Besides their equality in
the number of carbon faces and boron vertices and vice versa we may add another equality to
generate new boron spheres in the way that the number of vertices and faces of carbon cab be
replaced by boron vertices.

A new strategy to define reliable geometries for spherical boron cages without resorting too
complicated and heavy ab initio calculations was presented by Amovilli and March [19]. Their
method reflects the “Aufbau Principle” proposed for boron clusters but it is not restricted to a
series of magic numbers. It is always possible, in fact, to recover a sphere with distorted pen-
tagons and hexagons not necessarily displaced in an ordered manner. This situation coincides
with the projection - over the surface of the sphere - of the faces of a polyhedron generated by
a system of equal charges, with the motion constrained over the sphere surface itself, in their
more stable configuration. Such geometries can be easily generated for a given number n of
boron atoms by a simple Monte Carlo sampling in a few minutes. The radius R, of the sphere,
however, is finally found by imposing a constant numeral surface density n/47R2 [19].

Recently boron fullerenes were presented by Yakobson et al [20]. Based on ab initio first-
principle methods they generated spherical boron cages as a combination of several staggered
double-rings crossing together in a rhombus. The energies of the spheres were compared to
the corresponding reference energies of the double-rings. They found that the Bgy cage, with a
binding energy per atom of 5.76 eV, was the most stable sphere symmetrically similar to the
Cgo structure. The only difference between Bgy and Bgg is the presence of an additional atom
at the center of each hexagon. These facets of the Bgg follow the “Aufbau Principle” although
the hexagonal pyramidal units are rather planar here.
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Larger fullerenes with a cluster size of up to Bsgg were proposed by Szwacki [21], using ab
initio DFT methods. These cages have similar structures consisting of six interwoven boron
double-rings. He predected that the most stable fullerene is made up of 180 atoms and has
almost a perfect spherical shape and is more stable than the Bgy fullerene by 0.01 eV. He also
showed that each fullerene of Bggy, B1gg, and Bsgg is accompanied by its precursor sheet. The
sheets have atomic motifs with a Cs, symmetry, similar to the quasi-planar B7, B1o and Bqg
clusters. The precursor sheets of Bgy, Bigg, and Bsgg exhibit holes characterized respectively
by 6, 9 and 12 surrounding atoms. The existence of holes in very stable a-sheets was already
proposed by Tang and Ismail-Beigi [22].

Furthermore, the spherical Bgy cluster, known as a subunit of (-boron, as well as the
Bis6 cluster were experimentally observed by Oku [23]. Both clusters were directly detected
by high-resolution electron microscopy and crystallographic image processing, embedded in
Bio5Al2 6Cuy g and BsgY crystals. The detection technique, developed by Oku [23], seems to be
useful for evaluation of the arrangement of light elements like boron clusters. However, a recent
ab initio DFT study presented by Prasad and Jemmis [24] claims that stuffing of fullerenelike
boron clusters leads to improving their stability. The authors showed that boron clusters such
as Bog, Bgg, B1og, B1o1, B1o2 based on icosahedral Bis stuffed fullerenes are more stable than
the hollow clusters. The most stable fullerenelike cluster was the Big; cage, which is around
0.081 eV more stable than the Yakobson’s Bgg fullerene. The basic idea arises from the spheri-
cal Bgy cluster which was extracted from G-rhombohedral boron. The Bgy is a stellation of Big
icosahedron and of 12 Bg pentagonal “umbrellas”. The authors said that the Bgy is deficieint by
50 electrons according to the Wades n+1 and n+2 skeletal electron rules [25]. The 50 electron
devicient Bgy cluster can be stabilized by adding 16.66 atoms to be made electron sufficient.
Therefore, the clusters surrounding Bygg.¢¢ should be the right candidates.

Further study on a bundle of Bgg fullerenes condensed to a faced-centered-cubic solid was car-
ried out by Yan, Zheng and Su [26]. They showed that when forming a crystal, the icosahedral
structure of the Bgg cages is destorted leading to lowering the symmetry from Iy to Tj. They
also found that there are chemical bonds between the nearest neighboring five Bggy clusters in
(001) plane. The interaction between these cages improves the stabilty so that the cohesive en-
ergy of the fcc Bgp solid is about 0.23 eV /atom with respect to the isolated Bgg fullerenes. They
also proposed a different elctron counting rule which could might explain the stability of the
Bgg fullerene. They considered that each triangle would consume two electrons in a three-center
two-electrons bond (3c2e) while no electrons are considered by the 12 pentagonal holes. For
120 triangles (6 triangles for each of 20 hexagons) there are 240 electrons required for bonds.
This number is eqal to the number of the valence electrons of the Bgy. In other words, this
rule says that the number of the total electrons demanded for bonding should be equal to the
total number of the valence electrons. Another interesting result of their calculations is that the
electronic structure reveals the fcc Bgg solid to be metallic.

In this paper we will report on the structures of three cluster families: i) of nearly round
boron cages built from pentagons and hexagons or from pentagonal and hexagonal pyramids, ii)
of double-rings (DR), and iii) of quasi-planar (QP) clusters, up to a cluster size of 122, and of
the structural transition from 2D quasi-planar clusters to 3D double-rings in comparison to an
infinite boron strip. The results will be finally discussed and the main conclusions will be given.

2. Theoretical Details

The calculations for the current work were performed using ab initio first-principle methods
for solving the many-electron problems in atoms, clusters, and solids, in the framework of
the Hartree-Fock (HF) self-consistent-field (SCF) and the density functional theory [27, 28].
These important concepts are the kernels of a variety of program packages that we use for our
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simulations, depending on the size of the system to be examined. Due to the fact that the size of
the investigated systems is relatively large, it was advisable to use the standard minimal STO-
3G basis set to calculate large systems containing over 100 atoms and to consider symmetry
constraints in the form of a point group symmetry. The optimization process was carried out
at the nonlocal corrections to exchange correlation B3LYP [29, 30], using the program packages
GAMESS_UK [31] and Gaussian 03 [32].

In the present contribution, the geometrical and electronic structures of the boron clusters B,,
for n = 12—122 were investigated. Only the final geometries of the lowest energy selected cluster
are presented. The optimization procedure, based on the analytical gradient method, was carried
out for the ground state energies using the restricted Hartree-Fock theory, followed by B3LYP
throughout. In order to compare the stability of all clusters we calculated the binding energy per
atom which is defined as (E, = E; - E;,/n), where n is the cluster-size, E; is the energy of atomic
boron, and E, is the cluster energy. Since the geometrical structures of the clusters influence
their electronic properties we compared their highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) in relationship with the cluster size.

3. Results and discussion

3.1. Boron Spheres

Inspired by Yakobson et al [20], our investigations on larger boron spheres were carried out using
the ab initio methods mentioned above. We considered spherical boron clusters B,, for n = 12,
20, 32, 42, 60, 72, 80, 92, 100, 110, and 122, most of them with icosahedral symmetry [figure 1].
The cage B1s is the well known icosahedron of the a-rhombohedral crystalline boron.

Table 1. The considered spherical boron clusters [figure 1]
and the corresponding binding energy per atom Ey,
obtained at the B3LYP-STO3G level of theory

Cluster Symmetry E,(eV) Number of
Triangles Pentagons Hexagons

By Iy, 5.68 20 12 -
By Iy, 6.07 - 12 -
B3 Iy, 6.12 60 12 12
By D54 6.27 70 12 20
Bgo I 6.42 - 12 20
B I, 6.63 60 12 20
B, I, 6.65 - 12 30
B{, I 6.72 120 12 20
By Iy, 6.70 180 12 20
Bioo D5, 6.81 120 12 30
Biio I, 6.53 180 12 30
Big2 Iy, 6.19 240 12 20
“Bi2 Csy 6.29

bStrip 4 6.78

“Bgi Doy, 6.39

doy—Boron I, 7.66

@ The quasi-planar structure [figure 2], ® The infinite strip [figure 5], ¢ Precursor Sheet of Bigg
[figure 6],¢ Crystalline rhombohedral boron.

The structure of B1o - I}, has 12 vertices and 20 faces. It has a binding energy per atom E; of
5.68 eV, calculated at the STO3G-B3LYP level of theory. However, since the five-fold degenerate
HOMOs of Bjs are not fully occupied the Jahn-Teller-effect follows and distorts the icosahedral
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BlOO BllO Bl20

Figure 1. Spherical structures of the B3LYP-optimized boron clusters B,,, obtained with the
STO3G basis set. The symmetry point group of the clusters is I, except of B4o and Bygg clusters
which have D54 symmetry.

symmetry to a lower one so that the icosahedron flats out into a quasi-planar structure of Cs,
symmetry [figure 2] approaching a high stability of 6.29 eV [table 1]. The dodekahedron Bsy,
with a Ep of about 6.07 eV, has 20 vertices but 12 faces, in opposite to the icosahedron. Both
structures, icosahedron and dodekahedron have 30 edges regarding the Descartes-Euler formula
mentioned above.
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By — Cs, Big — Cay Bgy — Daog

Figure 2. Examples of quasi-planar and double-rings structures of obtaiend at the B3LYP-
STO3G level of theory.

Fusing both the icosahedral and dodekahedral cages we receive the Bso - I, which has 30
faces and 60 edges. It can be seen as dovetailed 12 pentagons and 12 hexagons. The E; of the
Bss cage is around 6.12 eV. The Bys - D54 sphere can be generated by adding an atomic ring of
10 boron atoms perpendicular to an arbitrary axis going through two polar atoms of the Bsy -
I, cage. The Bys structure has 70 faces and 110 edges. The binding energy per atom of the By
increases to 6.27 eV. The Bgg - I, cage can be achieved by replacing each icosahedral atom in
B2 - I}, by a pentagonal Bs cluster keeping the icosahedral symmetry. Its geometry is simply
that one of the Cgg fullerene. The related E; is about 6.43 eV. The structure By - Ij, arises
from Bgg - Ij, by setting one boron atom in each center of the 12 pentagons. The binding energy
per atom of the B7o cage is around 6.63 eV.

There are two structures of Bgg both with I;, symmetry. The first but less stable one called
hexagonal Bgg (B}SLO) can be generated by rotating the pentagons in Bgg, so that the edges of
neighboring pentagons are parallel, then adding a dodecahedron Boy having the same radius.
This Bf, - Ij, cage has the same form as the Cgg fullerene. The Bf, structure has 42 faces (12
pentagons and 30 hexagons). The number of hexagons n can be calculated after (n = a/2 -
10), where a is the number of boron atoms of the sphere. This Bf, structure is the starting
geometry for the most stable cage B1gg. The other and more stable structure Bgg fullerene (Bgo)
was proposed by Yakobson et. al. [20]. It can be generated by adding one boron atom to each
center of the 20 hexagons of the Bgy fullerene. The binding energy per atom of Bgo is nearly
6.72 eV. The average radius (AR) of the cage is about 4.15 A.

The structure Bgsy - I, is arising from Bgg - I, by setting one boron atom to each center of
the 12 pentagons and 20 hexagons of the Bgg fullerene. The corresponding E, is about 6.70 eV
with an AR of 4.7 A. The cages Big - Dsg, and Biig - I, can be obtained by setting 20 and
30 boron atoms into the centers of the hexagons of the Bgo cage, respectively. The calculated
binding energy per atom for Bygg is 6.81 eV and for By1g is about 6.53 eV and their AR is about
5 A. Finally, the cage By can be generated by setting boron atoms to each center of the 12
pentagons of the Biijg cage. Bios seems to be less stable than the previous one and has a E,
of about 6.28 eV and an AR of 5.19 A. For comparison, the cohesive energy of the periodic
rhombohedral a-boron, calculated at BSLYP-STO3G, is about 7.66 eV /atom.

In order to assess the idea of Tang and Ismail-Beigi [22] which says that the hexagonal
holes (defects) enhance more stability in boron sheets and nanotubes, we determined the cages
between Bgy and B11g by gradually adding two atoms to two centers of these 30 hexagons of Bg’o.
We found out that filling only 20 hexagons of a maximum of 30 leads to the highest stability
of all structures [figure 4]. In other words, the spherical Bigy cage seems to be the most stable
cluster between all 2D and 3D clusters and the idea of holes is working well. The Bigg sphere
is consisting of a ring of 10 centered hexagons bicapped by five connected centered hexagons.
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Bga Bgs—a Bgy—b

Figure 3. The Bgy cage is composed of three shells: Bis (red), Bio (blue) and Bgy (green).
The Bgo cages give an example for stretching the inner shell depicted by the nonbonding

dodecahedron (red balls) in Bgs—a outwards to the external shell Bgo—b forming new chemcial
bonds.

Boron Spheres (STO3G-B3LYP)
I | T

Binding Energy per atom (eV)

6L . | . | . |
80 90 100 110

Clusters size n

Figure 4. Binding energy per atom as a function of the cluster size n of B,, for n = 80 to 120,

via adding two by two boron atoms in each of the 30 hexagonal centers of the spherical B,
cluster.
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This Bygp sphere is accompanied by a segment of its precursor sheet [figure 6.]. This sheet (Bgy
with a Dgj symmetry) is by 0.42 eV less stable than the Bygg sphere.

Furthermore, we studied few spherical clusters composed of different shells [see figure 3].
The first one, a Bgy sphere, is consisting of two shells: B12@(Bg)12. The inner shell Bys is an
icosahedron connected to 12 pentagonal pyramids in a form of open umbrellas Bg, considered
as the outer shell. The calculated binding energy per atom is about 6.43 eV and lies below the
corresponding E; of Bgo which is 6.72 eV. Further examples for stuffing are the Bgs isomers,
illustrated in [figure 3]. The sphere Bgy — a is consisting of an inner shell Byy which is not
connected to the outer shell of B75. The inner shell stretches outward and leans forward to build
up new chemical bonds with the outer shell, as can be seen by the Bgo — b cluster.

It was determined experimentally that the QP Bio has a relatively large HOMO-LUMO gap
of 2.0 eV [9]. Theoretically, the HOMO-LUMO gap of the QP By, according to our calculations
is about 2.47 eV which is the largest gap of all clusters. The HOMOs and the LUMOs of the
spherical cluster Bgy are both fivefold degenerate exhibiting a gap of 2.27 eV, being the next
largest value. It is comparable to the value of 1.94 eV calculated by Gopakumar [33] for the
buckyball Bgo. The estimated gap of the Bgo cage, obtained by Yakobson [20], amounts to 1.01
eV, nearly to less than the half of the previous values. In contrast, the gap of the B1gg sphere is of
a relatively small value 0.14 eV. That can be connected with the symmetry of the cluster. When
the HOMOs are degenerate and fully occupied the cluster exhibits a large HOMO-LUMO gap,
as in the case of the Bgo cage. But when these orbitals are partially occupied, the degeneracy
finishes and the gap is small, as in the case of the Bygg sphere. In general the HOMO-LUMO
gaps of all clusters are alternating as a function of the cluster size in a decreasing manner
approaching small values for larger cluster sizes converging to be metallic as in the case of the
infinite boron strip.

3.2. Boron Double-Rings

Regarding our previous studies on segments of single-walled boron nanotubes with different
diameters and sizes, we found that staggered double-rings of the following boron clusters Boy
[34], Bsa [35], Bsg [36], and Bog [37] have the highest stability compared to all other multi-ring
structures. In order to study the stability of the boron double-rings family in relationship to
the cluster-size, we carried out new ab initio calculations starting from the smallest DR By up
to the largest DR of Bjgs. An example of these structures is given in [figure 2]. We optimized
these structures at the B3LYP and STO3G level of theory. The stability of these structures,
expressed as the binding energy per atom, increases with increasing cluster-size, which is shown
in [figure. 5]. We also calculated the energy of an infinite strip of double-rings as a reference for
all structures. The binding energy per atom of this infinite structure is 6.78 eV.

In comparison of the double-rings and spherical structures of Bgg and B1gg clusters we found
that the binding energy per atom obtanied for the Bgg DR, calculated at the HF-SCF and B3LYP
level of theory, are 5.39 eV and 6.75 eV, respectivley. They are higher than the corresponding
ones 5.22 eV and 6.74 eV, determined for the spherical Bgo. This means that the DR of Bgg is
more stable than the spherical one at both levels of theory. Concerning the Bqgg structure, the
Ey of B1gg DR obtained at the HF-SCF level is about 5.39 eV, while the corresponding E; of the
spherical Bygg cluster is 5.27 eV. At the more reliable B3LYP level of theory we have a reverse
picture. The E; of Bigg DR is about 6.77 eV while the Bigg sphere is 6.81 eV. In other words,
the B1gg DR is more stable at the HF-SCF level than the Bigg sphere, while the sphere is more
stable at the B3LYP level of theory due to its high correlation energy.
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3.8. Quasi-planar Clusters and Structural Transition

It was established that different boron cluster topologies in form of quasi-planars, sheets or
nanotubes possess highly stable structures. It was also found that the most stable boron clusters
are small and have quasi-planar structures. But what happens with growing the cluster size?
Therefore the simple question rises: Up to which size do the 2D quasi-planar structures remain
as the most stable ones? This item was the subject of further studies exploring the transition
from 2D to three-dimensional (3D) structures. Kiran et al [38] proposed Byg as the embryo of
single-walled boron nanotubes for a planar-to-tubular structural transition in boron clusters.
They investigated experimental and computational simulation methods revealing that boron

clusters, which favour planar 2D structures up to 18 atoms, prefer 3D structures beginning at
20 atoms.

Stability of Boron Fullerenes
Double Rings. Spheres & Quasiplanars

Y
z
=
o
o
(13 e—e DRings (B3LYP)
@ 6 m—a Spheres (B3LYP) .
= m—a Quasiplanars (B3LYP)
= #— # Strip (Infinate DRing)

S-S_L T R N N R I I

0 20 40 60 80 100 120
Number of Boron Atoms

Figure 5. Binding energy per atom as a function of the uster size for spherical, quasi-planar,
and double-ring boron clusters showing other perspective of the spherical B1gy cluster namely
along the 5-fold symmetry axis.

Marques and Botti [39] examined the structural transition question from the optical point
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of view. They applied the time-dependent density functional theory using the real-time and
space to solve the time-dependent Kohn-Sham equations. They also showed that the optical
spectroscopy can be applied to distinguish without ambiguity between the different low-energy
members of the By family. The most stable neutral Bog isomer is the tubular cluster which can
be unequivocally identified due to the presence of a very sharp resonance at about 4.8 eV.

An et al [40] studied the relative stability among four low-lying isomers of neutral and anionic
By clusters. They carried out highly accurate MP4(SDQ) and CCSD(T) calculations yielding
the same energy ordering for the neutral By isomers. Both calculations show that the double-
ring is the lowest-energy structure, has a large negative nucleus-independent chemical shift and
therefore is strongly aromatic. Oger et al [41] asserted that boron cluster cations were found
to undergo a transition between quasi-planar and cylindrical molecular structures at Bfﬁ. The
experimentally determined collision cross sections are consistent with those calculated for the
global minimum structures as obtained from the theory. For the cations B;} and larger, the
cylindrical geometries dominate the low-energy structures and for neutral clusters, the transi-
tion from 2D to double-ring structures occurs for Boyg.

As mentioned above, several authors [38] to [41] showed theoretically and experimentally that
a structural transition from 2D into 3D structures occurs between Big and Bog. Therefore, we
investigated different configurations of quasi-planar clusters starting from Bis in gradual steps
of three atoms up to Biss quasi-planar clusters using the same theoretical methods mentioned
in section II. An example of quasi-planar clusters is shown in [figure 2]. The calculations of the
quasi-planar clusters expressed in form of binding energy per atom are shown in [figure 5]. One
can recognize that the binding energies of the 2D quasi-planar clusters are crossing those of the
3D structures of double-rings confirming that the structural transition from 2D into 3D occurs
between the Big and Bqg clusters.

4. Discussion and Conclusions

We developed novel structures in the form of spheres, double-rings and quasi-planar structures.
These nanostructures were optimized at the B3LYP level of theory using the STO3G basis set.
Generally, the optimized boron spheres range from the smallest B15 icosahedron to Bog, B3, B4o,
Beo, B72, Bso, Bo2, B1og, B11g and up to Biss. The average radius of the spheres are between
4.15 and 5.19 A and the interatomic distances are about 1.67 to 1.94 A. We also optimized
double-rings as segments of nanotubes from a DR of B2 (2xBg) up to a DR of B1gs (2xBg1). In
addition we studied two-dimensional structures in the form of quasi-planar clusters from 12 up
to 122 cluster size. The smallest QP cluster is the Bys - Cg,, the conjugate of the icosahedron.
The next QP cluster is the B1g - Co, strip which is composed of three parallel staggered chains
[figure 2]. Further QP clusters are generated in gradual steps by adding three atoms to each
cluster up to the largest one Byos.

We conclude that the most stable clusters is the Bigg sphere whose binding energy per atoms
goes behind that of the infinite strip of the DR clusters. The structure of B1gg contains triangle
and hexagonal motives. These motives contribute essentially to the cluster stability as recently
found in boron sheets [43]. Our Bygg sphere is about 0.09 eV more stable than the Bgo porposed
by Yakobson. Similar value of around 0.081 eV obtained by Jemmis for the stuffed B1g; structur
in relationship to Yakobson Bgo cage. “Stuffing improves the stability” of boron clusters proposed
by Jemmis could not be confiremd by our the Bgs and Bgo clusters. However our Bygg is one of
the favourites determined by the counting rules and fulfills the stability requirement to stabilize
Bg4 by adding exact 16 atoms. Furthermore, our Bigg sphere does not fulfill the counting rules
proposed by Su et al [26]. The Bygg sphere has 120 triangles 3c2c bonds consuming 240 electrons
and 20 two-center two-electron 2c2e bonds counting two 2c2e for each of the 10 hexagonal holes,
consuming 40 electrons. The sume of the required electrons 280 is not equal to the valence

10
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Precursor Boron Sheet

Figure 6. The spherical Bigg cluster and the related precursor boron sheet. The structure of
Bigo is composed of ten dovetailed equatorial centered hexagons consisting 50 atoms and two
polar cups each is consisting of five dovetailed centered hexagons with 25 atoms.

electrons of Bygg.

The structural transition from 2D quasi-planar clusters into 3D double-rings occurs beyond
the Byg cluster and is in excellent agreement with the experimental results obtained by Oger
et al [41], detemined by photoelectron specsroscopy. Furthermore, the quasi-planar strcuture of
B¢ is identical to that one found experimenatlly by Sergeeva et al [42]. Finally, the most stable
sphere B1gg has a small HOMO-LUMO gap and less stable precursor sheet in opposite to the
less stable Bgg fullerene with a relatively larger HOMO-LUMO gap and very stable precursor
a-sheet. In other words, the most stable structure of the spheres does not necessarily have a very
stable precursor sheet or to exhibit a large HOMO-LUMO gap. The both precursors of Bgo and
Bigo spheres are only two of many pattern which could be generated by different combinations
of hexagonal holes of the precursor sheets. Since there exists at least more than one precursor
for the stable B1gg sphere, we believe that the energy of this cage corresponds to one of the local
minima on the potential energy hypersurface of these clusters. Therefore, further investigations
are required to search for the global minimum, electronic, and thermodynamic properties.
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