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47.1 Introduction

There are three phases for the bulk boron: o- rhombohedral,
B-rhombohedral [1,2], and a-tetragonal [3]. o.-Rhombohedral is
made of B,, units, with lattice constant 5.30 A and angle 58.13°
[4] (Figure 47.1). Each B,, icosahedron is slightly distorted due to
the Jahn-Teller effect, reducing the symmetry from I, to D, [4].
B-Rhombohedral has a somewhat complicated unit cell, com-
posed of 105 atoms, with lattice constant 10.15 A and angle 65.17°
[2,5]. A striking Bg, structure with icosahedral symmetry can be
identified in B-rhombohedral [6]. o-Tetragonal unit cell is made
of 50 atoms, with lattice constants a = 8.75 A and ¢ = 5.06 A
[4]. Tt contains four B,, icosahedral and two isolated 4-bonded
atoms. Recently, by means of ab initio studies, it has been shown
that a-rhombohedral is more stable than B-rhombohedral [7].
o.-Rhombohedral bulk is a semiconducting material with an
energy gap of ~2eV [4].

Systematic experimental and theoretical work on noncrystal-
line boron started in the 1980s. Mass spectra of boron clusters
were obtained in a series of experimental studies performed by
Hanley et al. [8,9]. Further important experimental study on the
mass spectra was performed by La Placa et al. [10]. The method
used was laser ablation of hexagonal boron nitride, and the mass
of the clusters was separated by a time-of-flight technique. The
experimental data showed “magic numbers” by boron cations of
the size of 5, 7, 10, and 11.

Based on a series of ab initio simulations, Boustani proposed
an “Aufbau Principle,” stating that the most stable boron clus-
ters can be constructed using two basic units: pentagonal and
hexagonal pyramids, B; and B,, respectively [11].
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The boron clusters up to the size of 20 atoms have been shown
to fall into two major categories: quasi-planar and compact.
Figure 47.2 shows different isomers with 14 or fewer atoms [12].

Kiran et al. showed that planar-to-tubular structural transi-
tion occurs at B,, [13]. Further theoretical studies led by Boustani
showed that indeed tubular structures (more precisely, double ring
structures) are energetically favorable for larger clusters [14-16].

The aromaticity of small boron clusters has been studied by Zhai
et al. [17]. It is shown that aromatic (planar) boron clusters possess
more circular shapes, whereas anti-aromatic ones are elongated.

47.2 Boron Fullerenes

The existence of pure boron fullerenes was predicted recently
[18]. The main idea is reinforcing hexagonal facets of boron
isomorphs of carbon fullerenes by adding a boron atom at each
center. Even though there is no direct experimental evidence
for these fullerenes, their unusual stability and chemistry are
interesting. Theoretical investigation in this direction is appeal-
ing since carbon fullerenes also went undetected for years, after
their theoretical prediction in the early 1970s [19,20].

The most stable out of all boron fullerenes studied is the
so-called boron buckyball, By, (Figure 47.3b). The molecule is
energetically favorable and symmetrically almost icosahedral
(see Section 47.5). It has characteristics similar to B,,, which is
the building block of all bulk phases, in the sense that it is made
from crossing double rings (DRs). In Figure 47.3 (right), this
similarity is highlighted. Figure 47.3b shows two crossing By,
DRs that are constituents of the cage. The whole cage is made up
of three such pairs (six DRs in total). The staggered configuration
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FIGURE 47.1 The lattice structure of o-rhombohedral bulk boron.
Each atom is covalently bonded to five intra-icosahedral, and one or
two inter-icosahedral atoms. (From Quandt, A. and Boustani, I,
ChemPhysChem, 6, 2001, 2005. With permission.)
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of each DR is formed by two rings, each containing 15 atoms and
rotated by m/15 with respect to the one another.

Other members of boron fullerene family, obtained similarly,
can also be considered. We limit the case to all possible cages with
a size of 80 atoms or fewer (derived from fullerenes with less than
60 atoms before hexagonal reinforcement), as well as one bigger
cage, B, . Before reinforcement, the cages are boron isomorphs
of C,,, Cy, Cyg, Csy, Cyg, Cspr and Cy, fullerenes (specified by Dy,
D,,, D;, D, Dy, Dy, and I, symmetries, respectively). After the
reinforcement, optimization shows that only four of these cages,
shown in Figure 47.4a, sustain the hollow structure [18].

We can also consider cages B,, and B,,, formed by placing
extra boron atoms on top of pentagons (B,,) and on pentagons
and hexagons (By,) of the By, Optimized structures are shown in
Figure 47.4b. The B,, cage is round and preserves I, symmetry but
is less stable than Bg,. The By, is completely built from triangular
bonding units, which are generally favorable for boron clusters
[17]. However, this cage is also less stable than the By, cage.

None of these structures consist of DRs, and perhaps for this
reason, they do not have the exceptional stability as By,. Table 47.1
summarizes the symmetries, values of cohesive energy (E,,), and
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FIGURE 47.2 Structure and symmetry of boron clusters with 14 atoms or fewer. (From Quandt, A. and Boustani, I., ChemPhysChem, 6, 2001,

2005. With permission.)
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FIGURE 47.3 (a) B,, and (b) By, clusters; they can both be seen as six
interwoven double rings. (From Szwacki, N.G. et al., Phys. Rev. Lett., 98,
166804, 2007. With permission.)

FIGURE 47.4 (a) Four other members of boron fullerene family.
(b) B,, and By,, which are formed by placing additional boron atoms at
the center of pentagons of B, and Bg,. (From Szwacki, N.G. et al., Phys.
Rev. Lett., 98, 166804, 2007. With permission.)
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TABLE 47.1 Symmetry, Cohesive Energy, and
HOMO-LUMO Gaps of the Structures Considered Here

Symmetry E_;, (eV/atom) HOMO-LUMO (eV)
B, I, 5.01 (5.00) 0.737 (0.810)
B, I, 474 (4.69) 1.253 (0.008)
B, D, distorted 5.47 (5.48) 0.935 (0.923)
B, D, distorted  5.55 (5.56) 0.980 (0.965)
By I, 4.93 (4.91) 0.049 (0.050)
B, D, 5.69 (5.70) 0.095 (0.014)
B, I, 5.60 (5.58) 0.269 (0.001)
By, I, 5.76 (5.77) 1.006 (0.993)
B, I, 5.72 (5.75) 1.129 (1.161)
By I 5.73 (5.74) 0.119 (0.097)

Source: Szwacki, N.G. et al., Phys. Rev. Lett., 98, 166804, 2007.
With permission.

highest occupied-lowest unoccupied molecular orbital energy
gap (HOMO-LUMO) of the above structures. In the case of By,
there are 60 longer (I, = 1.73 A) and 30 shorter (,, = 1.68 A)
bonds, making the diameter of By, close to d = 8.17 A (compared
to corresponding value for C; d = 6.83 A).

Recent calculations show that DR B, clusters with n = 20, 24,
32, and 36 are the most stable structures among all clusters with
the same number of atoms [13-16,21]. Taking DRs as reference
point, the comparison between cohesive energies of the above
structures and DRs is illustrated in Figure 47.5. “Strip” in the
figure corresponds to infinite DR.
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FIGURE 47.5 Cohesive energy per atom as a function of the number
of atoms “n” in the B, clusters. The circles correspond to double rings,
whereas the black (magenta) triangles correspond to cages calculated
with Quantum-ESPRESSO (GAUSSIANO3). The gray horizontal line
corresponds to the cohesive energy of the infinite double-ring (strip). The
arrows show the increase in cohesive energy by reinforcement of hexagons
(from B, to By,) and by appropriate crossing of the double rings to form
the icosahedral structure (from B,, DR to Bgy). The inset shows relative
E.,; values for four cages By, By, By, and B, more pronouncedly. (From
Szwacki, N.G. et al., Phys. Rev. Lett., 98, 166804, 2007. With permission.)

12/15/2009 8:58:08 PM



AQ2

47-4

é k@ g fﬁ;

ok

-

{%W

R

: ’ \/ _AA_A~A7
ZAVAVAYA JAYAYAVAY %\A
000 -0 0.
\/ A\AVAVAVAVAV’_\%VAVAV
XA

5 A
V/A\7A . 8..00.C
VAV AVAVAYAVAVAY A VAVAYAVAVAVAVAVAY

. AN fz%vmvava\z
XL 00 XX XK XK KK 6 vs“@%??@
\YAY, AVAVAVAVAVAY, A,
&N &Y AY, \VAYRVAV V.V

FIGURE 47.6 (a) Atoms in shaded area of the o-sheet (left) are
removed, and the ones on the lines are identified to form pentagonal
disclination in By, (right). Figure shows only half of the molecule. (b)
Projection of By, on a-sheet. Numbered facets represent the pentagons
in By, (From Sadrzadeh, A. et al., J. Phys. Chem. A, 112, 13679, 2008.
With permission)

47.3 Boron Sheet

By, (like Cq) can be imagined as a sheet wrapped on sphere. The
most stable structure for the sheet, the o.-sheet, was recently reported
[22]. The special pattern as a honeycomb lattice wherein 2/3 of the
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hexagonal centers are filled ensures the best occupancy of the bands
by electrons and therefore lowest energy (Figure 47.6). Upon wrap-
ping the o-sheet on a sphere, “empty” hexagons are replaced by 12
pentagonal disclinations required topologically, and strips enclos-
ing them are replaced by B,, DRs. Figure 47.6a shows how the sheet
can be folded to form a pentagonal disclination. Figure 47.6b high-
lights the unfolded By, molecule on an o-sheet.

The bond length in c.-sheet is 1.70 A, and its cohesive energy
(obtained by the same method used for values in Table 47.1)
is 5.93 eV/atom. The a-sheet is metallic, with zero energy gap
between the bands.

47.4 Boron Nanotubes

Fullerenes can be viewed as short nanotubes. Here we briefly
describe physical properties of boron nanotubes (BTs).

BTs can be obtained by wrapping the sheet along the chiral
vector. Since O.-sheet is believed to be the most stable pattern
for the sheet, we only describe a-BTs. We choose the indexing
of the BTs to correspond to the long-accepted convention for
the CNTs— with the two V3-b-long (where b is the bond length)
basis vectors 60° apart, each directed along the zigzag motif in
the lattice. The tube circumference is specified as a pair of com-
ponents (n, m). This implies that any (n, m) tube derived from
o-sheet exists only when (n-m) is a multiple of three [23].

In contrast to CNTs, BTs are metallic or semiconducting
depending on their diameter alone. For diameters smaller than
1.7nm, BTs are semiconducting [24]. Figure 47.7 shows depen-
dence of the band gap on the diameter for armchair BT [23].
Zigzag tubes have a close value of transition from metallic to
semiconducting diameter. One can attribute semiconducting
behavior of the BTs to their relaxation, which causes central B
atoms buckling inward, thus opening the band gap.
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FIGURE47.7 (a) Anarmchair and (b) a zigzag o.-boron nanotube. (c) Dependence of the band gap (blue line) and dihedral angle of the oft-plane
atoms with respect to six-membered ring (red line) on inverse of diameter. Inset shows how relaxation causes buckling in two cases of (5, 5) and
(8, 8) a.-BT. (From Singh, A.K. et al., Nano Lett., 8, 1314, 2008. With permission.)
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FIGURE 47.8 High resolution TEM image of B-nanotubes of ~3nm
diameter, grown on silica template (picture from Prof. L. Pfefferle’s site,
Yale University, and similar to Fig. 1 in [25]). (From Ciuparu, D. et al,,
J. Phys. Chem. B, 108, 3967, 2004. With permission.)

Radial breathing mode (RBM) frequency dependence on
the diameter can be obtained from parameters describing shell
mechanical properties (in-plane stiffness and Poisson ratio),
which can be estimated by fyz, = 210nm/d, cm™ [23].

Single-wall BTs with diameter 3nm have been synthe-
sized by Ciuparu et al. [25] (Figure 47.8). The reported Raman
breathing mode peak is at frequency 210 cm™!, which is at odds
with theoretical value (~70cm™). The peak might be due to
the presence of other boron structures in the samples (Bg, for
instance).

47.5 Isomerization

There are various isomers of boron buckyball that are close to
each other in energy and structure [26]. Here we consider three
Bg, isomers obtained by B3LYP/6-31G(d) structural optimiza-
tion [27]. Visually, their geometries are almost identical; how-
ever, a detailed analysis reveals important differences in their
symmetries [26,28]. Namely, two out of three structures under
consideration are very close to having icosahedral (I,) and
tetrahedral (T},) [29] symmetries, while the third one appears
to have no symmetry at all (C,). Correspondingly, we denote
these By, isomers as I}, T,, and C,. All the optimizations were
performed without any symmetry restrictions. Therefore, they
correspond to true local minima of potential energy surface.
The I, isomer lies lowest in energy, with total energy 3.6 meV
lower than T} one and 30.3meV lower than C, one (the total
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energy differences are clearly very small and are sensitive to the
method) [26].

To estimate the deviations of I, and T, isomers from the
corresponding ideal symmetries, let us consider the values of
the dihedral angle between the six-membered ring and the
plane formed by two of its atoms and the central boron atom.
For the I, isomer, the dihedral angles are from 3.26° to 3.81°
(toward the center of the buckyball), that is, their deviation
from the average is negligible (less than 0.3°). In the case of
the T, structure, there is one group of eight central atoms
with dihedral angles of 8.88° to 9.07° toward the center, and
another group of 12 central atoms with small (~1°) dihedral
angles away from the center. T} isomer is similar to the “iso-
mer A” of Ref. [29]. For comparison, the dihedral angles in
the C, isomer vary from 7.54° toward the buckyball center to
1° away from it.

The symmetry is more visibly reflected in electron charge
transfer from central boron atoms to the By, skeleton [28]. The
amount of Mulliken charge transfer is 0.149¢ to 0.154e in I, case,
0.063e to 0.065¢ for the group of 8 atoms, 0.232e to 0.233e for the
group of 12 atoms in T}, case, and in the range of 0.074e to 0.205e
in C, case (Figure 47.9).

The symmetry of the By, isomers under consideration can be
further confirmed by the analysis of their electronic structure,
as follows.

47.6 Electronic Structure

There are 200 occupied MOs in By, It is helpful to think of them
as linear combinations of the boron atomic orbitals (AOs) and to
distinguish between the AOs belonging to the two nonequiva-
lent groups of boron atoms, namely, the 20 atoms situated in the
centers of hexagons and the 60 others forming a structure analo-
gous to Cg, [26].

The lowest 80 MOs are linear combinations of 1s-AOs of
boron atoms, with a negligible contribution of higher AOs. The
20 boron atoms in the centers of hexagons mainly contribute to
the MOs 1-20, which have very close energies; the other 60 atoms
contribute to the MOs 21-80, which are also nearly degenerate.

FIGURE 47.9

Mulliken charges are shown for the three isomers C,, T, and I;,. Green (red) corresponds to positive (negative) atomic charges.

The brighter green corresponds to more positive charge and smaller dihedral angle. (From Szwacki, N.G. et al., Phys. Rev. Lett., 100, 159901, 2008.

With permission.)
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FIGURE 47.10 Energy diagram showing the n-type molecular orbitals of different isomers of By, calculated with B3LYP/6-31G(d) method/
basis. The left, middle, and right diagrams correspond to C,, T}, and I, isomers, respectively. The levels with energy difference less than 10 meV
are considered degenerate. The green arrow marks the HOMO-LUMO gap (AE, = 1.88, 1.95, 1.93¢V for C,, T}, and I, respectively). For the
energy levels of T} and I, structures, the corresponding representations are shown. For each type of spherical harmonics (S, P, D, etc.), the spa-
tial distribution of one typical molecular orbital is shown in the right column. (From Sadrzadeh, A. et al., J. Phys. Chem. A, 112, 13679, 2008.

With permission.)

The higher occupied MOs of Bg, are mostly made of boron
2s- and 2p-AOs and can have either ¢ or © character. There are
only 60 T-electrons in the structure (which can be thought of as
donated by the sixty equivalent boron atoms), and correspond-
ingly, 30 m-orbitals are occupied.

Molecular orbitals of a nearly spherical molecule can be well
approximated by the spherical harmonics [30,31], and thus
strongly resemble AOs of various types. The MOs that have the
azimuthal quantum number L =0, 1, 2, 3, 4, 5, 6, etc., are com-
monly designated as S, P, D, F, G, H, 1, etc. orbitals, analogous to
the standard AO naming.

As the frontier molecular orbitals of By, are of m-type, we
concentrate on the ©-MOs. Their energies for three isomers
with C,, T}, and I, symmetries are shown in Figure 47.10.
One may compare this energy diagram with that of Cg, [30].
Notice that the numbers of occupied m-orbitals in both Cq,
and By, equal 30 and thus do not satisfy the 2(N + 1)? Hirsch
aromaticity rule [32], because the H shell (L = 5) is not filled
completely.

The rightmost column in Figure 47.10 shows the spatial dis-
tribution of one typical molecular orbital for each quantum
number L [33]. The orbital degeneracy is determined by the
azimuthal quantum number L and the symmetry of the mole-
cule under consideration. For example, the fivefold degenerate
d-type atomic orbitals of transition metals split into a triplet

and a doublet in the octahedral crystal field (see e.g., Ref. [34]).
Similarly, lowering the isomer symmetry from I, to T} leads to
the orbital splitting, clear for instance for HOMO (MOs #196-
200, H-type) in Figure 47.10. In particular, the symmetries of
structures are reflected in their HOMO degeneracy: it is five-
fold for I, (within 5meV), threefold for T, (within 2 meV), and
nondegenerate for C,. For the two symmetrical isomers, T}, and
I,,, the representations of their symmetry groups are shown for
all the m-type molecular orbitals in Figure 47.10.

Since the symmetric (I,) structure has a nondegenerate
ground state (HOMO is fully filled), symmetry breaking is not
due to Jahn-Teller effect.

47.7 Vibrational Modes

To analyze the vibrational modes of boron buckyball, we use
B3LYP/STO-3G method/basis [27] because of the computational
burden (for a more detailed analysis of vibrational modes, see
[35]). The By, geometry used for this analysis was relaxed using
the same method, and has T} symmetry. It is close to “isomer B” of
Ref. [29], with 12 (8) central atoms making dihedral angle ~12.5°
(8°) toward (away from) the center. By, has 64 distinct intramo-
lecular mode frequencies ranging from 154 cm™! for radial vibra-
tions to 1181 cm™! for tangential ones. The low lying frequencies
correspond to the central atom vibrations.

12/15/2009 8:58:11 PM
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The breathing mode frequency is 474 cm™. In this mode, the
12 central hexagonal atoms with dihedral angle toward the cen-
ter move in opposite phase with respect to the rest of the atoms.
It is worth noting that in the Raman spectrum reported for BT
samples [25], there is a peak close to this value of frequency
(~420cm™). The authors of Ref. [25] attribute the peaks at the
range of 400-600cm™ to either smaller diameter BT or t“other
boron structures present in the sample.”

47.8 Other Boron Fullerenes

Recently, there was a report on a new family of boron fuller-
enes, with the number of atoms 32 + 8k [36]. A subfamily with
the number of atoms 80 + 8k are obtained by modified leapfrog
transformation (MLT), from C,,,, (Figure 47.11). In MLT, one
starts with C,;,,,, fill all the facets, make the Wigner-Seitz dual,
and then fill the hexagons except for the ones that fall inside the
original hexagons of C,;,,.

The symmetries, cohesive energies, and HOMO-LUMO
gaps are summarized in Table 47.2. In the limit of k = 0 and oo,
one obtains By, and o-sheet, respectively. The authors of Ref.
[36] propose an isolated hollow rule as well as a counting rule
for electrons. Counting is explained simply as two electrons
shared in each triangular (three-center) bond. In By, there are
20 hexagons and 120 triangles, hence, 240 valence electrons. In
the o.-sheet, there are 12 triangles in the unit cell and, corre-
spondingly, 24 valence electrons (there are 8 atoms in a.-sheet
unit cell).

*a
- 9 Dual

(© Caa

FIGURE 47.11
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Recently, B, stuffed fullerene-like boron clusters were stud-
ied, and it was shown that By, clusters are thermodynami-
cally more stable than By, [37]. Also, there was a report on other
fullerenes composed of six double rings, with comparable stabil-
ity to Bg, [38].

47.9 Applications

'l:b-

Such structures should have a wide variety of applications [39].
One possible application is in cancer therapy. Boron in nature
consists of the isotopes °B (19.6%) and "B (80.4%). The °B
isotope has a special property that has long been exploited in
nuclear reactors, namely, it has very high neutron absorption
cross section (3835 barns) [40]. The reaction of °B with ther-
mal neutron generates ’Li and o particles, with latter having
energies that make them lethal to nearby cell [40]. This aspect
alone makes search for boron clusters of different shape, size,
and cell-penetration ability very important. Another impor-
tant and recently discussed possibility is in use of boron (with
proper addition of metal atoms) clusters for efficient hydrogen
storage [41].

Rotary motion along a molecular axis, controllable by a
single electron transfer or photoexcitation, has been proposed
for metallacarboranes (Figure 47.12) [42]. The existence of
this or possibly other boron-derived molecular motors has
been sought for many years, as a parallel to biological motors
that can be powered by light or electrical energy, rather
than ATP.

. & AN Ky
Modify
- - - -
s s‘. ’ “‘

Ilustration of leapfrog and modified leapfrog transformations. (a) A three-connected vertex becomes a new hexagon (in

leapfrog) or a hexagon with an additional atom in center (in modified leapfrog); (b) a C,, converts to Cy, and By, by the leapfrog and modi-
fied leapfrog transformations, respectively; (c) a C,, transforms to C,, and By,. (From Q.-B. Yan et al.,, Phys. Rev. B, 78, 201401, 2008. With

permission.)
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TABLE 47.2 'The Number (N,), Symmetries, Energies per Atom (E, in eV)
Relative to That of Graphene and o-Sheet, Respectively, and HOMO-LUMO
Gap Energies (AE, in eV) of C, ¢, and By, s, Fullerenes (k < 5) Obtained

with PBEPBE/6-31G Method/Basis

Cn=60+6k Bn=80+8k

k N, Symmetry =n E AE n E AE Nug Ny
0 1 I, 60 0386  1.670 80 0.179  1.020 0 20
1 0
2 1 Dgq 72 0.365 1.445 96 0.160 0.784 3 24
3 1 Dy, 78  0.346 1.460 104  0.151 0.738 4 26
4 2 D, 84 0339 1367 112 0.146 0.682 5 28

Ty 84  0.329 1.632 112 0.141  0.927 5 28
5 3 Cév 90  0.321 1.364 120 0.137  0.709 6 30

cl 90  0.322 1489 120 0.136  0.828 6 30

2v
D, 90  0.312 1.029 120 0.135  0.555 6 30

Source: Yan, Q.-B. et al., Phys. Rev. B, 78, 201401, 2008. With permission.
Note: The authors believe that Ny, should be simply equal to k; however, we present the

original reported Table I in [36].
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FIGURE 47.12 (Left) Illustration of rotor configurations of Ni(IV) (1C) and Ni(III) (1T) and the structural modules from which they are
constructed. Structure 1T is defined with rotation angle 0°. R!, R2, R?, and R* represent H here. (Right) Calculated energy of the ground and
excited electronic state of the neutral Ni(IV) configuration as a function of rotation angle. (Reassembled from M.F. Hawthorne et al., Science,

303, 1849, 2004. With permission.)

47.10 Summary

This chapter discusses the physical properties of pure boron
fullerenes, sheets, and nanotubes, as well as the bulk. There are
three phases for the bulk boron: o- and B-rhombohedral [1,2],
and a-tetragonal [3]. The most stable structure for the sheet is
the so-called a-sheet, which was recently reported by Tang and
Ismail-Beigi [22].

Wrapping o-sheet around a cylinder generates different (zig-
zag and armchair) o-boron tubes (a-BT) [23,24]. It turns out
that for diameters smaller than 1.7 nm, BTs are semiconducting.
Single-wall BTs with a diameter of 3nm have been synthesized
by Ciuparu et al. [25].

The boron buckyball, By, was reported recently as boron
isomorph of C,, with all the 20 hexagons reinforced by extra
atoms [18,28]. The boron buckyball can also be understood as
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o-sheet wrapped around a sphere (Figure 47.6) [26]. The

electronic structure and vibrational modes of different isomers
of By, are also discussed. We conclude the chapter by discussing
a new family of boron fullerenes, with (80 + 8k) atoms for which

By, is a special case [36], as well as possible applications of boron
clusters.
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