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Abstract
Boron crystallizes in complex structures containing several non-equivalent atomic sites
with different coordination numbers. Shifting of the electron density towards to the highlycoordinated atoms yields the palpable polarization of all-boron lattices, in general unexpected
in elemental crystals. Same effect has to be inherent of boron clusters as well. We have
experimental evidences that boron vapor consists of small clusters Bn, which are known to
exhibit (quasi)planar structures (for number of boron atoms n not more than  15). For all
ground-state isomers of them we have estimated effective atomic charges and for asymmetric
species – dipole moment as well. Binding energies per atom of (quasi)planar boron clusters,
theoretically determined from the B–B interatomic pair potential, have been refined taking into
account the obtained polarity of a part of B–B bonds.

Instead of introduction – An overeview
The role of boron in forming of the various structural phases, it is incommensurable of
its abundance great. Understanding of the diversity of boron structures reduces to the electronic
structure of an isolated boron atom. In multi-atomic networks, by the adding an electron the
valence shell configuration peculiar to the free B atom 2s 22p transforms at first in the
energetically more favorable configuration 2s 22p 2, which then tends to most stable one 2s 2p 3.
Thus, boron is distinct electron-acceptor and, consequently, all-boron structures have to be
electron-deficient. It is a reason why all the boron crystalline modifications exhibit complex –
clustered structures. For them, the icosahedron B12 with 12 boron atoms at vertices serves as a
main structural motif.
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Since carbon nanosystems were discovered, it has triggered interest in other materials,
including bare boron, which may also exhibit nanostructures. Boron-based nanomaterials are
both of great academic and technological interests [1]. Due to its rich chemistry, boron is a
natural choice for constructing nanosystems like the clusters, nanotubes, nanowires, etc.
Relatively recently they were actually synthesized.
A boron atom of the given icosahedron is bonded with 5 neighboring atoms and, usually,
is linked with an atom of the neighboring icosahedron. It explains why the average
coordination number of atomic sites in all the solid-state forms of boron is almost 6. But, a free
regular icosahedron B12 still remains electron-deficient: it needs 2 extra electrons to fill all the
MOs (molecular orbitals). In boron crystals and amorphous boron, electron-deficiency is
compensated by the presence of intrinsic point defects and / or certain impurity atoms in very
high concentrations. In addition to solid-state modifications, constructed from full and fused
icosahedra, elemental boron forms diboron molecule B2 and molecular clusters Bn, n  2 . At
relatively low n these clusters are (quasi)planar, but at sufficiently high n they can take
polyhedral, nearly spherical, cage-like shapes and, in particular, icosahedral shape if dangling
bonds at boron atoms are saturated by hydrogen or other foreign atoms. Thus, most boron
atoms should be surrounded by 6 nearest neighbors, i.e. have 5 intra- plus 1 inter-icosahedral
bonds. Alternatively, this circumstance leads to the possibility of synthesizing the fragments of
(quasi)planar nanosheets in form of surfaces with triangular 6-coordinzted 2D lattices, which
can be wrapped into nanotubes. Present ‘Introduction’ might be considered as a brief overview
of the last decades’ achievements in an important field of nano-structured boron – boron
clusters.
As it is known, clusters as systems of a finite number of bound atoms are physical objects
occupying an intermediate position between atomic particles (atoms and molecules) and
macroscopic atomic systems (solids and liquids). One of the most interesting features of
elemental boron is the occurrence of highly symmetric icosahedral clusters. However, the
5-fold symmetry does not lend B12 clusters to construct ideal 3D periodic frameworks, and
various degrees of compromise in the pattern of icosahedral linkage give rise to the observed
proliferation of boron polymorphs. Then, in bare boron structures most of the atoms usually are
members of almost regular atomic triangles. This circumstance leads to possibility of the boronbased nanomaterials in form of (quasi)planar or convex boron surfaces with triangular 2D
lattices. The rich chemistry of boron also is dominated by 3D cage structures. Consequently, it
is important to gain deep insight in boron clusters – “building blocks” of nanoboron.
According to the mass-spectrometric analysis [2] of the boron cluster ions from the highpurity (99.99995 % B) target-source in process of growing of amorphous boron films, there are
some peaks corresponding to the interval from B2+ to B8+.
Let start with diboron molecule B2, the simplest boron cluster. The Douglas–Herzberg
transition, observed [3] in the optical absorption spectrum of B2, indicated that its ground
electronic state is of Σ-type. In the other hand, the molecule B2 was not observed via ESR
(electron spin resonance), what was interpreted as support for the 3Σg− ground state rather than
5Σu− favored by ab initio calculations. Further more accurate CI (configuration interaction)
calculation established [4] that the ground electronic state of B2 indeed is of 3Σg− symmetry, and
Douglas–Herzberg emission system is due to the transitions from the second 3Σu− state to the
X 3Σg−. Hyperfine coupling constants for the ground electronic state 3Σg− of the B2 molecule were
computed [5] using correlation procedures based on spin‐unrestricted wave functions. As for
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the potential curves, transition energies, and spectroscopic constants of several low‐lying
electronic states of the molecular ion B2+ and part of doubly excited states of B2 were given in
[6]. At the first time, a theoretical study of the IPs (ionization potentials) of the B 2 molecule was
performed in [7]. An ab initio MO-study [8] of B2 and B2+ determined the dissociation energy of
the 3Σg− ground state of B2 as 2.71 eV, and the adiabatic IPs to states 2Σg+ and 2Πu of B2+ as 8.99
and 9.27 eV, respectively. The singlet, triplet, and quintet states of B2 below about 45000 cm−1
were studied at the multi-reference CI level of the theory in an atomic natural orbital basis set
[9]. The dissociation energy for the X 3Σg− state was computed to be 2.78 eV and estimated as
2.85 eV in the complete-CI limit. Calculations of excitation energies utilizing the standard
coupled cluster hierarchy were presented [10] up to the quadruple excitation level for the open
shell B2 molecule using an excited closed shell state as a reference one.
Optimum geometries and harmonic spectra were obtained theoretically [11] for a
number of different states of B3 cluster. B3 is found to be an equilateral triangle in its 2A′1
ground state. Estimated dissociation energy is 197.9 kcal / mole. From a statistical thermodynamical analysis, B3 should be stable against dissociation to B2 and B up to very high
temperatures. Ab initio electronic structure calculations on several low‐lying valence states of
B3 were also carried out using correlation‐consistent polarized valence basis sets and SCF (selfconsistent-field) treatments [12]. Stable triangular structures, linear structures, and Jahn–Teller
unstable structures were also observed. The ground state of B3 was predicted to have an
equilateral triangular structure and to be of 2A′1 symmetry in the D3h point group. By carrying
out a systematic basis set and electron correlation investigation, it was determined accurately
the isotropic and anisotropic parts of the hyperfine coupling tensor of the B 3 molecule using the
multi-CI SCF restricted–unrestricted method [13]. The spin polarization of the 1s-orbital on
each B atom was found to be very small. This implies that in B3 the isotropic hyperfine coupling
is dominated by valence‐orbital contributions rather than by 1s‐orbital contributions.
The PES (potential energy surface) of B4 cluster was ab initio studied using extended
basis sets and coupled cluster methods [14]. The ground state 1A1g is the singlet square that
undergoes pseudo Jahn–Teller distortion to a rhombic structure 1Ag, but the energy gain is too
small. Total atomization energies of B2, B3, and B4 clusters were computed as 62.2, 189.1 – 192.6,
and 312.2 kcal / mole, respectively. The two small boron clusters B3 and B4 in their neutral and
anionic forms were studied by photoelectron spectroscopy and ab initio calculations [15].
Vibrationally resolved photoelectron spectra were observed for B3– at 355, 266, and 193 nm, and
the EA (electron affinity) of B3 was measured to be 2.82 eV. An unusually intense peak due to
two-electron transitions was observed in the 193 nm-spectrum of B3– at 4.55 eV. It was
confirmed that both B3– and B3 are of D3h symmetry. The photoelectron spectra of B4– were also
obtained at the three photon energies, but much broader spectra were observed. The B3– anion
was found to have the lowest electron detachment energy, 1.6 eV, among all boron clusters
with more than three atoms, consistent with its extremely weak mass-signals. The neutral B4
cluster was found to have a D2h rhombus structure, which is only slightly distorted from a
perfect square. For B4–, it was identified computationally two low-lying isomers 2B1u and 2Ag,
both of D2h symmetry, with the slightly more stable 2B1u state.
The electronic structure and chemical bonding of boron clusters B5 and B5 were
investigated [16] using anion photoelectron spectroscopy and ab initio calculations. Extensive
searches were carried out for global minimum of B5, which was found to have a planar
structure with a closed-shell ground-state. Excellent agreement was observed between ab initio
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detachment energies and the experimental spectra. A bonding orbital was found to be
completely delocalized over all 5 atoms in the B5. Such bonding makes B5 more rigid towards
butterfly out-of-plane distortions. The structure and stability of B5, B5+ and B5– clusters were
investigated theoretically also in [17]. Eight B5, seven B5+, and seven B5– isomers were identified.
The planar 5-membered ring structures, B5 and B5+, were found to be the most stable on the
neutral and cationic PES, respectively. The most stable B5– isomer has an arrangement of atoms
similar to the neutral. Natural bond orbital analysis suggests that there are 3-centered bonds in
both the neutral and anionic structures, as well as the multi-centered centripetal bond in the
cationic structure.
The electronic structure and chemical bonding of B6 and B6 clusters were investigated
using anion photoelectron spectroscopy and ab initio calculation [18]. The global minimum of
B6 has a doublet ground state. The corresponding ground-state structure of B6 is planar. The
chemical bonding in B6 can be interpreted in terms of linear combinations of MOs of two B 3
fragments. The antiaromatic nature of chemical bonding was established for both B 6 and B62.
Electronic structure, isomerism, and chemical bonding in B7– and B7 clusters were studied in
[19]. The structures of B7, B10 and B13 boron clusters were studied [20] using the FP (fullpotential) LMTO (linear-muffin-tin-orbitals) MD (molecular dynamics) method. Seven stable
structures for B7 and fifteen for B10 were obtained. C2h–B10 is the most stable among the 15
structures, but C2v–B10 is not stable. For B13, three degenerate ground-state structures were
found. The potential surface near C2v–B7 (ground state) and D6h–B7 is very flat. As a fundamental
unit in constructing bigger clusters, C2v–B7 will change its form easily. The most stable
structures for B7, B10 and B13 clusters are two-dimensional (quasi)planar clusters, rather than the
three-dimensional ones.
Probes of bonding in small boron clusters B2–8+ performed by the measurements of
threshold energies and fragmentation patterns for collision-induced dissociation showed [21]
that primary fragmentation channel is loss of B+ in all cases and B5+ is a particularly abundant
cluster in the distribution produced. The stabilities of Bn clusters with 4  n  8 based on the
vibrational analysis were investigated by ab initio MO-calculations in [22]. It was found that
there exist two types of stable clusters: a low-symmetry, structurally “soft”, species with lower
frequencies and lower geometrical change barriers and a high-symmetry, structurally “hard”,
species with higher frequencies. By means of ab initio techniques, the equilibrium geometries,
total, binding and fragmentation energies of clusters Bn, with n  2  8 were calculated both in
the neutral and cationic states in [23]. The experimental and theoretical evidence that 8- and 9atom boron clusters are perfectly planar molecular wheels, with a hepta- or octa-coordinated
central boron atom, respectively, were reported in [24]. DFT (density functional theory)
calculations using a PW (plane wave) basis set and a PP (pseudopotential) were employed [25]
to investigate the structure, vibrational characteristics, and energetics of small (up to 10 atoms)
boron clusters. Comparison with other studies revealed a great deal of consensus about the most
stable structures for B2, B3, B4, B7, and B8, and maybe B5 as well. Additionally, all studies agree
about the existence of two stable B6 isomers.
Geometries, electronic structures and energies of the neutral and cationic clusters B 2–12
and B2–12 were investigated by the ab initio MO method [26]. The geometries of boron-cluster
cations B3–12 are essentially the same as those of the neutral clusters – the (pseudo)planar cyclic
structures. Clusters of 8–11 atoms characteristically have the most stable structure of a cyclic
form with 1 atom in the middle. The capped pentagonal B6, B7 and B7 and the trigonal
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bipyramidal B12 and B12 seem to be the exceptions. The electronic and geometric structures,
total and binding energies, harmonic frequencies, point symmetries, and HOMO–LUMO
(highest occupied MO–lowest unoccupied MO) gaps of small neutral boron Bn clusters
( n  2  12 ) were investigated in [27] using DFT. Linear, (quasi)planar, open- and 3D-cage
structures were found. None of the lowest energy structures and their isomers has an inner
atom. Within the size range, the (quasi)planar, i.e. convex, structures have the lowest energies.
It is expedient to consider boron icosahedron B12 separately from other boron clusters.
At the first time, the electron structure of a regular icosahedron of boron atoms was
investigated [28] theoretically by the method of MOs. It was found that 30 bonding orbitals are
available for holding the icosahedron together, besides the 12 outward-pointed equivalent
orbitals of the separated atoms. In [29], the energy spectrum of a real boron icosahedron – unit
cell of the α-rhombohedral boron crystal – was studied using MO–LCAO (linear-combinationsof-atomic-orbitals) method. It is an electron-deficient structure. Besides, in distorted in
crystalline field icosahedron the bond lengths are different and now there is no 5-fold
symmetry axis. It was found that molecular levels placed at −9.35 eV should be half-filled,
while all lower energy levels should be filled. Using a PW expansion, it was performed [30] ab
initio calculations of the energy bands, equilibrium structural parameters, atomic positions, and
cohesive energy of boron icosahedron B12. As for the calculated charge-density contour plots,
they revealed strong intra-icosahedral bonding. Based on the group properties of a regular
icosahedron, its normal vibrational modes were pictured [31]. There are 8 distinct frequencies
for the 30 normal modes with 1-, 3-, 4-, and 5-fold degeneracies. Icosahedral oscillations can be
pictured in terms of three equilibrium descriptions: the first involves 2 parallel regular
pentagons and 2 polar atoms; the second has 2 polar triangles and 1 equatorial puckered
hexagon; while the third consists of 6 pairs of atoms on opposite faces of a cube. It was shown
[32] that by the interaction between electron and pair of phonons, which are the slightly
modified 2 breathing modes of the isolated icosahedron B12, an electron trapping level generates
in icosahedral boron-rich solids. The polar vibrations for the B12 icosahedron were
demonstrated [33] within the harmonic approximation by using the shell model. The tensor
nature of dynamical effective charges was emphasized. It was shown that the effective charge of
the regular B12 is very small (  0.01e ), while that of α-rhombohedral boron unit cell is enhanced
by the deformation. The covalent-to-metallic bonding conversion in boron icosahedral cluster
solids was discussed [34] in relation to the occupation by an atom the center of this cluster. The
corresponding change in the electron localization was quantitatively estimated by using ELI
(electron localization indicator). Namely, the distributions of the ELI were compared for the
pair of clusters B12 and B13. This comparison revealed that the bonding conversion from
covalent to metallic one involves a decrease in both the electron-density and ELI between
boron atoms.
Bonding of small boron cluster cations from B2+ to B13+ was examined [35, 36] by
measurements of appearance potentials and fragmentations patterns for collision-induced
dissociation. Cluster stabilities were generally found to increase with increasing size. The lowest
energy fragmentation channel for all size cluster ions is loss of a single B atom. Clusters, smaller
than 6 atoms, preferentially lose B+ ion, while for larger clusters the charge remains on the Bn−1+
fragment. Electronic and geometric isomers of B13 clusters were calculated within the LDA
(local density approximation) [37]. The filled icosahedral structure was found unstable. While
heating and slow cooling lead to a considerably more stable (by 0.68 eV) structure with high
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symmetry (C3v) and coordination. The remarkable stability of this isomer may explain the
measured high survival of B13+ clusters on collision and its relatively low reactivity. Analogous
problem was considered [38] for the neutral and cationic clusters B12 and B13. Several planar and
non-planar stationary structures were optimized for neutrals and cations of each cluster size. A
characteristic cyclic form with 1 atom in the middle was found to be stable for each cluster,
while the icosahedral B12 was found to be the most stable. The triplet icosahedral state was
found to be stable, but energetically unfavorable than the cyclic B12. The structures and energies
of B13, observed experimentally to be an unusually abundant species among cationic boron
clusters, were studied systematically with DFT in [39]. The most thermodynamically stable B12
and B13 clusters are confirmed to have (quasi)planar rather than globular structures. However,
the computed dissociation energies of the 3D B13 clusters are much closer to the experimental
values than those of the (quasi)planar structures. Hence, planar and 3D B13 may both exist. The
curiously stable cationic B13 cluster and its neutral and anionic counterparts were examined in
[40] though the use of DFT. While no minima that corresponded to the filled icosahedron could
be found for the cluster, an intriguing atom-in-cage structure was found that is a local
minimum on the cationic, neutral, and anionic surfaces. In the structure found for the B 13
anionic cluster, the 12 external boron atoms are arranged as 3 of 6-membered rings back-toback. The (quasi)planar structures are seen to be more stable than 3D isomers, but their
ordering by stability changes depending on the charge state. It was found that planar structures
benefit from π-delocalization and in the case of the global minimum of the B13 cationic cluster
this delocalization is reminiscent of aromaticity. As it was postulated, the lowest-energy B13+
isomer proved to be highly aromatic. The topological resonance energy of this cationic boron
cluster is positive in sign and very large in magnitude. This constitutes the definitive reason
why B13+ is kinetically stable and (quasi)planar in geometry [41]. The electron-deficient and
multivalent character of boron is responsible for the high aromaticity of this cluster. In addition,
its minimum bond resonance energy is not too small. Some of thermo-chemical parameters of a
set of small-sized neutral Bn and anionic Bn− boron clusters, with n  5  13 , were determined
using coupled-cluster theory calculations [42]. Enthalpies of formation, adiabatic electron EAs
were evaluated in good agreement with experiments (values are given in eV): B5 (2.29 – 2.48
and 2.33), B6 (2.59 – 3.23 and 3.01), B7 (2.62 – 2.67 and 2.55), B8 (3.02 – 3.11 and 3.02), B9 (3.03
and 3.39), B10 (2.85 and 2.88), B11 (3.48 and 3.43), B12 (2.33 and 2.21), and B13 (3.62 and 3.78).
The calculated adiabatic detachment energies to the excited states of B6, which have geometries
similar to the state of B6−, are 2.93 and 3.06 eV, in excellent agreement with experiment. Based
on the ab initio QC (quantum chemical) methods, fragmentation channels, IPs, and the
Coulomb explosion of multi-charged boron clusters Bn ( n  2  13 ), were determined [43]. The
electron-deficient boron clusters sustain more stability and hardly fragment when they are
negatively charged. Stability of boron clusters decreases with increasing ionization. Only by the
first ionization the odd-size clusters are more stable than the even-size clusters. Further
ionizations cause the repulsive Coulomb force between the constituent atoms to get stronger,
and lead first to metastable states, then to the Coulomb explosion of clusters. None of the
cationic boron clusters studied remains stable after 6 times ionization. The critical charge for
metastability was estimated as Qm  n / 2 for even-size clusters, and Qm  (n  1) / 2 for odd-size
clusters. In addition, the critical charge for the Coulomb explosion is found to be Qc  n / 2  1
and Qc  (n  1) / 2 , respectively. Several dissociation channels of Bn+ and B13Q isomers with the
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lowest fragmentation energies were presented. All of the vibrational frequencies were found
positive indicating that no transition state is possible for the clusters studied.
The structures of B14 and B142– in octahedral symmetry were investigated by ab initio
calculations [44]. The geometrical structures and properties of small cationic boron clusters Bn+
( n  2  14 ) were determined [45] using the LSD formalism. Most of the final structures of the
cationic boron clusters prefer (quasi)planar arrangements and can be considered as fragments of
a planar surface or as segments of a sphere. The calculated adiabatic IPs of Bn exhibit features
similar to those of measured IPs. Most of the calculated normal modes of the cationic clusters
have frequencies around 1000 cm−1 and strong IR (infrared) intensities. A linear search for
minima on PESs based on analytical gradient methods and the determination of binding
energies of small boron clusters Bn ( n  2  14 ) were conducted using the ab initio HF (Hartree–
Fock), and SCF CI and QC methods, as well as by means of DFT at the levels of LSD and nonlocal corrections to the exchange-correlation functional [46, 47]. The final optimized HFtopologies of the neutral boron clusters are identical with those derived with the LSD
approximation. The most stable boron clusters have convex or (quasi)planar structures and the
convex clusters seem to be segments of the surface of a sphere. The geometries of Bn clusters
for n  14 were optimized in [48] applying DFT. The calculation suggested that the
experimental results for the Bn → B + Bn−1 fragmentation energies are too small, while
experimental Bn → B + Bn−1 fragmentation energies for B4, B5, and B13 are too large. Then,
the fragmentation energies were calibrated based on coupling cluster theory. Overall corrected
fragmentation energies are found to be in reasonable agreement with experiment. The most
stable structure for each cluster was found to be (quasi)planar. The larger clusters are derived
from fusing 6- and / or 7-membered atomic rings, which share 4 atoms for the 6 − 6 and 6 − 7
rings and 5 atoms for the 7 − 7 rings. Based on ab initio DFT and QC methods, accurate
calculations on small boron clusters Bn ( n  2  14 ) were carried out in [49 – 51] to determine
their electronic and geometric structures. Most of these final structures with n  9 are
composed of two fundamental units: either of hexagonal or pentagonal pyramids different from
the classical forms of crystalline boron. Using “Aufbau principle”, one can easily construct
various very stable boron species. The resulting (quasi)planar and convex structures can be
considered as fragments of planar surfaces and segments of nanotubes or hollow spheres,
respectively.
Above a certain size, boron clusters prefer a cylindrical arrangement over a planar one.
Experimental determination of the collision cross section combined with DFT calculations
showed [52] that the transition to cylindrical structures takes place at B16+. The structure and
chemical bonding of B16− were studied [53] using ab initio calculations and photoelectron
spectroscopy. Its global minimum is found to be a (quasi)planar and elongated C2h-structure.
Addition of an electron to B16− resulted in a perfectly planar and closed shell B162− (D2h).
Photoelectron spectroscopy reveals a relatively simple spectrum for B19−, with a high
electron-binding energy [54]. Theoretical calculations show that the global minimum of B19− is a
nearly circular planar structure with a central B6 pentagonal unit bonded to an outer B13 ring.
Experimental studies and computational simulations revealed [55] that boron clusters,
which favor 2D structures up to 18 atoms, prefer 3D structures beginning at 20 atoms. Using
global optimization methods, it was found that the B20 neutral cluster has a double-ring tubular
structure with diameter of  5.2 Å. For the B20 anion, the tubular structure is shown to be
isoenergetic to 2D structures, which were observed and confirmed by photoelectron
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spectroscopy. The 2D-to-3D structural transition observed at B20 suggests that it may be
considered as the embryo of the thinnest single-walled boron nanotubes. Bn cluster anions
were produced by laser vaporization of a target made of enriched 10B isotope in the presence of
the He carrier gas and analyzed with TOF (time-of-flight) mass-spectrometer. High-level ab
initio MO methods were employed [56] to determine the relative stability among four neutral
and anionic B20 isomers, particularly, the double-ring tubular isomer versus three low-lying
planar isomers. They also suggest that the planar-to-tubular structural transition starts at B20 for
neutral clusters but should occur beyond the size of B20− for the anion clusters. In order to
elaborate a direct experimental method available for structural determination of boron clusters,
photoelectron spectroscopy of size-selected cluster anions was combined with quantum
calculations to probe the atomic and electronic structures and chemical bonding of small boron
clusters up to 20 atoms [57]. Based on this method the experimental and theoretical evidences
were presented showing that small boron clusters prefer planar structures and exhibit
aromaticity and antiaromaticity according to the Huckel rules. Aromatic boron clusters possess
more circular shapes whereas antiaromatic ones are elongated. It was found that for neutral
boron clusters the planar-to-3D structural transition occurs at B20, which possesses a doublering structure, even though the B20 anion remains planar.
Based on a series of ab initio studies [58] had pointed out the remarkable structural
stability quasi-planar boron clusters, and postulated the existence of novel layered boron solids
built from elemental subunits. The equilibrium geometries and the systematics of bonding in
various isomers of a 24-atom boron cluster was investigated [59] using Born–Oppenheimer MD
within the framework of DFT. The B24 isomers studied were the rings, convex and (quasi)planar
structures, the tubes, and closed structures. A staggered double ring is found to be the most
stable structure among these isomers. Using ab initio QC methods, different structures of B32
clusters was investigated in [60]. The most stable isomers have (quasi)planar or tubular
structures often containing dove-tailed hexagonal pyramids. In contrast, hollow spheres are less
stable. Their stability can be understood as a competition between a curvature strain (favoring
(quasi)planar clusters) and elimination of dangling bonds (favoring tubular and cage structures).
The boron clusters Bn, n  2  52 , formed by laser ablation of hexagonal boron nitride
were discovered with a TOF mass-spectrometer [61]. Using ab initio QC and DFT methods, it
was investigated the structural transition from planar 2D boron clusters into 3D double-ring
system and then into triple-ring system [62]. The first structural transition occurs at B19 and B20
clusters, while the second transition occurs between B52 and B54 clusters. The effect of the
repulsive Coulomb forces in boron clusters when they are multi-ionized also was studied. A
mass spectrometric study of boron cluster anions Bn–, n  7  55 , produced by laser vaporization
from two different types of boron-containing sample rods: boron-rich boride and pure boron,
was reported in [63]. In mass spectra recorded from the boride sample, a repeating intensity
pattern of boron cluster anions having local maxima at (B13–)(B12)0,2,3 as well as at B26– was
observed. Similar phenomena were not observed with a pure boron sample. These facts were
attributed to the structural differences between the two materials, in particular, (B12)(B12)12
super-icosahedral structure characteristic of the crystalline boron-rich borides.
And finally, let refer to some studies considering the issue of boron clusters. Some
symmetrical clusters of boron, and carbon as well, were discussed [64] by introducing the
concept of conjugate polyhedra. It was concluded that if a polyhedron of carbon is given, its
conjugate polyhedron of boron can be obtained and the conjugate polyhedron should be of
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same symmetry. Based on ab initio QC and HF approximations, and DFT and LMTO methods
within the ASA (atomic-sphere-approximation) in [65] the geometric and electronic structures
of some atomic-scaled boron clusters were determined. In [66], there were reported
experimental and theoretical evidences that small boron clusters prefer planar structures and
exhibit aromaticity and antiaromaticity according to the Huckel rules. The planarity of the
species was further elucidated on the basis of multiple aromaticity and antiaromaticity, and
conflicting aromaticity. The major aims of the current research in field of boron clusters, which
are developing, simulating, modeling, and predicting new boron structures to build pre-selected,
uniform nanostructural materials with specific properties, e.g. superhardness, superconductivity,
superlightness, and propellance, were formulated in the review [67]. According to these and
other results obtained by Boustani and co-workers, one can conclude that most structures of
boron clusters can be classified into four groups: (quasi)planar, tubular, convex, and spherical
clusters. The transition of the (quasi)planar surfaces into tubules may be pictured by rolling the
surfaces and forming cylinders. The closure of boron (quasi)planar surfaces into tubules goes
through an energy barrier path. Small boron clusters as individual species in the gas phase were
reviewed in [68]. Free boron clusters were characterized using photoelectron spectroscopy and
ab initio calculations, which have established the (quasi)planar shapes of small boron clusters
for the first time.
Recently, it was experimentally detected [69] the highly stable quasi-planar boron
cluster B36 of hexagonal shape with the central hexagonal hole.
Boron vapor – Experimental part
There are evidences [70 – 72] that liquid boron consists not of icosahedra, but mainly
(quasi)planar clusters. Ab initio MD simulations of the liquid boron structure yields that at
short length scales icosahedra B12, a main structural motif of boron crystals and boron-rich
compounds, are destroyed upon melting although atoms form an open packing with still 6coordination, i.e., the structure of liquid boron is similar to the boron non-icosahedral forms.
According to measurements of the structure factor and the pair distribution function, process of
melting is associated with relatively small changes in short-range order of the system. Results of
a comprehensive study of liquid boron atomic structure with X-ray measurements coupled with
ab initio MD simulations also show that there is no evidence of survival of the icosahedral
arrangements into the liquid, but many atoms appear to adopt a geometry corresponding to the
quasi-planar pyramids.
We can conclude that, during melting of boron it takes place the boron clusters emission
and thus boron vapor formed have to consist of mainly from boron clusters.
We developed [73] a method of generating substantially pure boron cluster-ions by a
heating within a suitable temperature range the boron-rich material electrode, which induces
its controlled thermal decomposition in a stoichiometrically favorable manner – providing
boron vapor and all other species not in the vapor state. Magnetic confinement of the released
electrons causes collisions resulting in ionization of the vapor to the plasma state. This plasma
may then be extracted and accelerated at the suitable energy, e.g. toward a work-piece for use
as a plasma-process feed gas.
Such a method of coating by boron has a variety of applications, including surface
chemical and wear protection, neutron absorption, prevention of impurity emission from
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heated filaments and ion beams, elimination of metal dust from vacuum systems, boridizing,
reactive chemistry, etc.
Using the method of plasma spray, boron can be deposited onto most metals and a wide
variety of ceramics and insulators including boron nitride BN and quartz. Adhesion of boron
coatings to these materials is particularly strong. In this work, a high electric current (of 75 A)
has been drawn between two graphite electrodes connected by an electrically conductive
boron-rich boride powder (the thickness of powder separating the electrodes has been up to 2.5
cm) while in vacuum. The powder was observed to melt and begin emitting boron vapor, which
was used to coat a glass slide test sample. A high coating rate of over 0.003 in. / min at a distance
of 2 in. from the evaporation source was observed.

Figure 1. EDAX Measurement of coating produced onto a glass slide.
Figure 1 shows an EDAX analysis (energy dispersive analysis by X-ray) of the resultant
coating material. The peak at the far left is due to boron coating. The other peaks are from the
glass substrate. As is known, EDAX is low-sensitive to light elements, such as boron. It is a
reason why the boron peak observed in the mass spectrum appears unnaturally small compared
to the background elements from the glass slide substrate.
In the process of melting and evaporation of a boron-rich material with the nitrogen
source in form of high-purity pressed boron nitride rods, the shell structures of chemical
composition BNx with boron excess ( x  1 ) contaminated with carbon has been synthesized
[74]. The obtained material is conductive despite the fact that all the boron nitrides of
stoichiometric chemical composition BN are insulators. “Metallic” boron nitride is modeled as a
mixture of structural modifications of semiconducting boron and boron carbide heavily doped
with nitrogen [75].
Previously, we reported (see [63]) a mass spectrometric study of boron cluster anions Bn–,
n  7  55 , including the heavier species containing B12-icosahedra, which were produced by
laser vaporization both from pure boron (i.e. homogeneous) and boride (i.e. heterogeneous)
target rods. While at lower masses these spectra were similar, at higher masses the boride
spectrum exhibited a completely different pattern: in addition to the local maximum at B13–,
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characteristic of the pure boron spectrum as well, a repeating intensity pattern having two
additional local maxima were observed. These observations can be attributed to the structural
differences between the two target materials. Further, we had demonstrated [76] that created
boron clusters can be self-assembled into nanostructures.

Figure 2. Mass spectra of boron cluster cations generated
by the thermal vaporization of: a boron-rich material.
From the mass spectra of small boron cluster anions generated by the laser vaporization,
one can see that main maximum is placed within the range B11 – B13 (see [63]). The mass
spectrum of small boron cluster cations generated by the thermal vaporization in present work
is shown in Figure 2. The spectrum shape is similar, unless main maximum is shifted in the
range B14 – B16.
Binding energy taking into account atomic
charges and dipole moment – Teorizing
From the review given into Introduction, we can assume that, at the sufficiently low
number of atoms n formation of the 3D clusters are not preferable kinetically, even that is
preferable energetically, i.e. because of higher binding energy per atom. The 2D – (quasi)planar
– structures built up from boron atoms, seem to be preferable because they are open for further
adding of atoms to realize B atoms’ ability to bound up to 6 other boron atoms in the cluster’s
plane.
However, small boron clusters would be quasi-planar, not ideally planar. Due to clusters’
finite sizes: atoms at the periphery have fewer neighboring atoms, i.e. possess lower
coordination numbers, than their counterparts placed at the central part. It leads to the
formation of bonds with unequal lengths and then distortion of a structure consisting of only
regular triangles with B atoms at the vertices. This is a reason why small boron clusters are not
ideally planar, but buckled and / or puckered.
When number of atoms n becomes sufficiently high, the saturation of all the 6
potentially possible bonds of a boron atom can be achieved by the alternative way – by
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wrapping of the plane into a cylinder (i.e. boron nanotube) or sphere (i.e. boron fullerene). But,
these processes result in formation of 3D structures. The cluster B21 serves for the embryo of
small boron nanotubes. Thus, here we consider boron (quasi)planar clusters with number of
constituting atoms up to  15. The clusters with high n possess several isomers. We will
analyze only one of them – most stable, usually, with highest number of B–B bonds and
symmetric.
On the basis of quasi-classical theory of substance [77], the B–B interatomic pair
potential was constructed [78, 79] within the initial quasi-classical approximation. This
potential was successfully exploited in calculations of binding energies of all-boron
nanostructures [80 – 83], as well as some boron-isotopic effects in boron-rich solids [84 – 88].
According to the quasi-classical B–B pair potential, the binding energy of  b  2.80 eV
corresponds the equilibrium interatomic distance (B–B pair bond length) of lb  1.78 Å. Below
these values are used for estimating binding energy of small boron clusters.
For further consideration we also need to introduce atomic units (a.u.) of energy, length
and electric dipole moment respectively, Ea . u .  27.212 eV, la . u .  0.52918 Å and pa . u .  2.5417
Dy. And finally, let’s N  1,, n numbers atoms constituting the (quasi)planar boron cluster Bn,
C N is the coordination number of the corresponding boron atom in this structure, and v is the
atoms’ valence – number of the valence electrons. As is known, for boron atom v  3 . In the
Table 1 shown below, boron atoms constituting small cluster are denoted as N [CN ] .

Effective atomic charges and dipole moment
In average, an atom utilizes v / CN electrons per bond for bounding with nearest
neighbors (because boron clusters like other all-boron structures are electron-deficient,
effective numbers of bounding electrons mostly could be fractions, lesser than 1). The N -atom
in average a half of these electrons, v / 2CN , transfers to each of neighboring atoms. It is clear
that, for any atom in average the total number of transferred electrons is same, v / 2 . From their
side, neighboring atoms transfer a part of their valence electrons to the N -atom. Net number
of transferred and received electrons determines the effective charge number for each atom
constituting a cluster.
Atoms of the central part are highly-coordinated. Thus, they receive more electron
charge than transfer, and could be charged negatively. On contrary, atoms at the periphery
receive lesser electrons than transfer, and could be charged positively.
When a cluster shapes itself asymmetrically, it possesses a non-zero dipole moment,
value of which can be calculated from the standard relation

N n
p  e N 1 Z N rN ,
(1)

where rN denote radius-vectors of atomic sites in the cluster, and Z N is the effective charge

number of the N -atom. When calculating rN , we can neglect by the changes in bond length
assuming it being same as in non-distorted ideally planar structure. As mentioned, within the
quasi-classical approximation lb  1.78 Å and, consequently, elb  8.55 Dy.
Planar images of the clusters considered and their calculated dipole moment are shown
below in the Table 1.
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Table 1. Structure, dipole moment and binding energy of small boron clusters.

Bn

Structure

Binding energy
Eb , eV / atom
Formula

B1
B2
B3
B4
B5
B6
B7
B8
B9
B10
B11
B12
B13
B14

B15

0

b
2
b
5 b 3 e

4
16
7 b 73 e

5
320
3 b 9 e

2
32
12 b 15 e

7
56
13 b 729 e

8
3200
16 b 35 e

9
288
19 b 7 e

10
80
20 b 1197 e

11
8800
23 b 7 e

12
96
37 e
2 b 
416
2 b 

13 e
896

2 b 

e
24

41

Dipole moment
p , Dy

Value Formula Value
0

0

0

1.40

0

0

2.80

0

0

5.02

0

0

5.77

3elb
8

1.85

6.48

0

0

6.97

0

0

6.39

0

0

5.96

0

0

6.03

0

0

6.19

0

0

5.96

3elb
8

1.85

6.32

0

0

5.72

3elb
8

1.85

5.94

0

0
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Relative stability
To estimate relative probabilities of formation of (quasi) planar boron clusters B n,
n  1,2,3, , we need to start from the estimation of their relative stabilities, i.e. binding
energies per atom.
Initially, binding energy per atom can be estimated in a “tight-binding” approximation,
i.e. taking into account only interactions between nearest neighboring atoms:

b

N n

(2)
 CN ,
2n N 1
where  b / 2 is the binding energy per a B atom bounded with another B-atom. As mentioned,
Eb 0 

in the quasi-classical approximation, the numerical value of the parameter  b is about 2.80 eV.
The N -atom’s binding energy correction related to the its electrostatic (Coulomb)
interaction with neighboring N  -atom with effective charge number of Z N  in eV equals to
 Z N Z N e / 2 , where  e  Ea . u .la . u . / lb is the energy parameter inversely proportional to the bond
length. Here, we again can neglect by the changes in bond length assuming lb to be of 1.78 Å
within the initial quasi-classical approximation. It means that  e  8.09 eV. By the introducing
the factor 2 in the numerator, we take into account that same correction should be attributed to
the counterpart N  -atom as well. Thus, correction to the binding energy per atom related to
the effective atomic charges is

e

N n

 ZN

N CN

Z N .
(3)

2n N 1
N 1
When Z N Z N   0 , the pair of atoms are attracted each by other and binding energy increases.
Ee  

But, when Z N Z N   0 , they are repulsed and binding energy decreased.
Now we can find final expression of the corrected binding energy per atom:
N CN

1 N n 

Eb  Eb 0  Ee 

C


Z

b N
e N  Z N 

.
2n N 1 
N 1


(4)

Calculated binding energies for ground-state isomers are presented in the Table 1.
Theoretically obtained Ee  n dependence, in general, correlates with experimental
cluster-ion intensity dependences form its mass. However main maximum is slightly shifted
toward smaller clusters. Such discrepancies may be related to clusters charge – we have
calculated binding energy per atom for neutral species, not positive ions as in experiment
presented in Figure 2 .
Conclusions
Studying the boron vapor has shown that, it mainly consists of small (quasi)planar
clusters. Boron atoms in nonequivalent sites possess different effective charges. It leads to the
nonzero dipole moment for asymmetric species. Binding energy per atom for small boron
(quasi)planar clusters are calculated based on quasi-classical B–B interatomic pair potential and
taking into account the corrections related to electrostatic interactions between effective atomic
charges. This value is found to be correlated with clusters formation probabilities.
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