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ABSTRACT

Theoretically, within the diatomic model, the relative stability of most abundant boron clusters By, By, and Byz
with planar structures in neutral, positive and negative charged-states is studied. According to the specific (per at-
om) binding energy criterion, B1," (6.49 eV) is found to be the most stable boron cluster, while B;;~ + Bys™ (5.83 eV)
neutral pair is expected to present the preferable ablation channel for boron-rich solids. Obtained results would be ap-
plicable in production of boron-clusters-based nanostructured coating materials with super-properties such as lightness,
hardness, conductivity, chemical inertness, neutron-absorption, etc., making them especially effective for protection
against cracking, wear, corrosion, neutron- and electromagnetic-radiations, etc.
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1. Introduction

Boron-clusters-based nanostructured coating materials due to
their super-properties such as lightness, hardness, conductivity, chem-
ical inertness, neutron-absorption, etc. can serve for effective protec-
tion against cracking, wear, corrosion, neutron- and electromagnet-
ic-radiations, etc.™?. This makes boron clusters B, n=1,2,3,..., inter-
esting to be investigated in details.

Summarizing experimental and theoretical data available in the
literature on all-boron nanomaterials (e.g. see our overviews on sub-
ject®®)) one can conclude that, according to the specific (per consti-
tuting atom) binding energy ¢ criterion, ultra-small, with n <20, bo-
ron clusters prefer (quasi)planar structures, while at higher n, they
should be wrapped first into cylinders and then into spheres form-
ing boron nanotubes or boron fullerenes, respectively. In (quasi)planar
clusters, ¢ increases with n because of increasing in mean coordina-
tion number of constituent atoms. Within the initial approximation,
specific binding energy of boron clusters is expected to be almost sat-
urated around n>10 But, when the polarity deal into the bonding —
commonly characteristic of structures of identical atoms with differ-
ently coordinated atomic sites — is taken into account, there is ex-
pected a weak maximum instead. In general features, the experimental
mass-spectra fits these theoretical findings. However, formation prob-
ability peak is well-pronounced for species By, B1,, and Bis. Naturally,
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such a behavior is related not only to the ener-
gy-factor, but mainly to the process kinetics. Usual-
ly, boron clusters are formed by the ablation of el-
emental boron or boron-rich solid materials, main
structural motifs of which are slightly deformed
regular icosahedra of boron atoms Bi,[°.

Present paper aims to theoretically study the
relative stability of most abundant boron clusters
B11, B, and Bys with (quasi)planar structures in
different charged-states.

2. Method of calculations

In clusters of identical atoms, binding energy
per atom, i.e., specific binding energy, serves for the
key factor determining their relative stabilities and,
consequently, concentrations of clusters with dif-
ferent numbers of atoms in the products of ablation
of corresponding solid materials.

Based on various ab initio methods specif-
ic binding energy and some other important physi-
cal characteristics of boron clusters were numeri-
cally calculated by Boustani et al. (summarizing of
these studies see in the study of Boustanil™) and
some other teams (see above cited reviews and ref-
erences therein). But, more vividly these species
can be descried based on the diatomic model. It
should be noted that such model-based approach
provides quite good quantitative results as well.

The application of the Fermi’s old diatomic
model®™ to the multi-atomic structures is based on
the property of interatomic bonding to be saturated.
In the initial, i.e., pair interactions, approximation
the binding energy of a structure simply equals to
the sum of energies of interactions between neigh-
boring atoms. Based on the pair interactions ap-
proximation, microscopic theory of expansion and
its generalization to the periodical structures allow
correct estimation of the thermal expansion coeffi-
cient for number of crystalline substances'®. De-
spite its simplicity, the diatomic model is still suc-
cessfully used to calculate anharmonic effects in
solids™. An analogous approach was used by us to
explain isotopic effects of thermal expansion and
melting in all-boron lattices™ ™!,

Suppose that the index i = 1,..., n numbers the
atoms constituting cluster of n atoms, and C; are
their coordination numbers, respectively. In the ini-
tial approximation, binding energies between each
pair of adjacent atoms E, are equal, and it turns out
that:
~ E i:nC.

2n i=1 1)
Here, the factor ¥ is introduced to correct the
double sum which includes every pair of neighbor-
ing atoms twice. We used approximated formula (1)
to estimate ground-state binding energy of all-boron
nanostructures, mainly, boron nanotubes™®*¢!,

However, clusters are finite structures of atoms
and, consequently, coordination numbers of sites at
center are higher than that at periphery. This leads
to the redistribution of the outer valence shell elec-
trons and, as a result, differences between binding
energies of neighboring atomic pairs. Note the re-
port™! on high-pressure experiments and ab initio
evolutionary crystal structure predictions that ex-
plore the structural stability of boron under pressure
and reveal a partially ionic high-pressure boron
phase.

Our formulation of the first approximation to
the diatomic model theory takes into account cor-
responding polarity of the bonds. In case of identi-
cal constituent atoms, it is obvious to assume that
these electrons between the atoms are divided pro-
portionally to their coordination numbers. This im-
plies that the atoms develop non-zero effective stat-
ic atomic charges with charge numbers Z; deter-

mined from the relation:
nZ. C

i i
=n
=1CJ

&

v o r:

Zj )
respectively, Here V is the total number of the outer
valence shell electrons in the atoms constituent
cluster.

Thus, the binding energy per atom in the first

approximation, i.e., including correction related to
the interatomic bonds polarity, is:
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Where the index K; = 1,...,C; numbers the

nearest neighboring atoms of i -atoms, respectively;

e2

L 4re @

is the energy-dimension parameter (e and ¢, are
elemental charge and electric constant, respectively);
and d is the initial bonds length in the equilibrium.

In our previous studies®?!, relations (2), (3),
(4) are used to estimate effective static atomic
charges, dipole moment, and specific binding ener-
gy in the boron planar clusters.

Further improvement of this approximation
means determination of the equilibrium bond length
in the first approximation as well. It can be done by
the minimization of the system potentials energy
including bond length-dependent vibrational and
electrostatic interaction energies'®*.

Within the frame of the diatomic approach,
further refinement of the clusters’ binding energy
and other ground-state parameters can be achieved
by abandoning the requirement for equality of all
the bond lengths. In another study of mine ® a
general theoretical frame for further studying is
provided. Finally, we have got a set of linear equa-
tions determining not precisely planar, but qua-
si-planar equilibrium cluster configurations.

Finally, all the above described theory-levels
of the diatomic approach are summarized in the
mini-review!,

By definition, cluster binding energy is the
difference between sum of energies of isolated
atomic particles and energy of their bounded struc-
ture. Energy of a neutral atom exceeds that of posi-
tive ion by the ionization potential (IP), while is
less by the electron affinity (EA) that of negative
ion. Let Q=0, *1,...,%n be the ionic charge num-
ber of the cluster, then,

_Q5

n 5)
should be the specific binding energy correction

€q

related to its charge state if Eq is IP or EA depend-
ing on the sign of Q. Taking into account this cor-
rection, in present work, specific binding energy of
planar boron clusters are estimated from the rela-
tion:

1 l i=n =C;
e _(Ezi_l(EoCi _Elzizt:lc Zki )+ Equ
n ' (6)

3. Species studied and results

Because B, icosahedral clusters are the main
structural units of structural modifications of boron
and boron-rich compounds, here we studied stabil-
ity of planar boron clusters By, By, and Bgz with
almost the same number of constituent atoms both
in neutral- and charged-states.

For obtaining numerical results, one needs in-
put parameters such as Eq and E; (or d) characteris-
tic of pair interaction between two boron atoms.
They can be found e.g. from the quasi-classical B—
B potential®: E, ~ 2.80 eV, E; ~ 8.09eV; and d ~
1.78 A Note that this potential was successfully
applied to explaining of the above mentioned iso-
topic effects of boron atoms also in geometric mod-
els for boron nanostructures’®®.

As for IP and EA of boron atom, they equal to
E..~ 8.30 eV and E-; = 0.28 eV, respectively®.
Outer valence shell of the isolated B-atom contains
a single 2p-electron. Consequently, their total num-
ber V=10 in By", V=11 in By;" and By,", V=12 in
By, By’ and Bys*, V=13 in By, and B,5°, and V=14
in Bys, respectively. Obtained results of calcula-
tions confirmed the expectation that cluster-isomers
with symmetrical shapes and without holes (vacant
sites) in their structure, i.e., with the maximal num-
ber of interatomic bonds, should be most stable.
Correspondingly, in the tables below, we present
structures and characteristics only for ground-state
isomers.

Table 3-1 shows that among the neutral clus-
ters studied, the atomic charges are maximal in By,
apparently because of its asymmetric structure. On
contrary, symmetric clusters B;, and Bi; reveal
higher polarity of bonding in their charged-states.

75



Table 3-1. Static charge number of atomic sites in most abundant boron clusters

Ground-state isomer

Cluster

Coordination number Number of sites Static charge number

+
Bll

+11/21

+2/7

+1/21

=317

+10/21

+3/14

-1/21

— 417

+3/7

+1/7

-1/7

—5/7

+5/16

+1/12

—-3/8

+1/4

0

-1/2

+3/16

-1/12

—-5/8

+4/13

+1/13

—-5/13

+1/4

0

-1/2

+5/26

-1/13

DB WO WO WO WO WO WO WNORWDNOORWN
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—-8/13

Table 3-2. Specific binding energy of most abundant boron Table 3-3. Specific binding energy of neutral pairs of most

clusters

abundant boron clusters

Clusters Binding energy per atom, eV Pairs of clusters Binding energy per atom, eV

By 6.49

By + B 5.83

Bis' 6.34

By + By 5.79

Bll+ 6.21

By +Bis 5.69

B3’ 5.60

By’ + By 5.48

Bi° 5.47

By + By 5.47

By,° 5.34

By 5.25

According to the date presented in the Table

By 5.24

3-3, preferably channels of ablation of icosahe-

By 5.10

dral boron-rich materials are related to the for-

From the Table 3-2, one can see that positively
charged clusters are certainly more stable than neu-
tral clusters, while lasts are more stable than nega-

tively charged ones.

mation of neutral pairs of differently charged clus-
ters.

4. Discussion and conclusions

Before making conclusions based on results
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obtained by us, we need to discuss shortly the theo-
retical data available in the literature on By, cluster
isomers stability.

As is known, boron atoms are unique in their
strong preference for forming icosahedral structural
units. In the icosahedral cage B, each atom has 5
other atoms as nearest neighbors. Such B, units are
unstable by themselves, but distorted B,, icosahedra
do form a stable framework for boron and many bo-
ron compounds. In particular, the a-rhombohedral
crystalline boron may be considered an almost per-
fect cubic close packing of By, icosahedra. In gen-
eral, the persistence of the icosahedral structure is
explained by the fact that the chemical valence
of boron is not completely saturated under 5-fold
coordination and that there exist outwardly di-
rected bonds which serve to link icosahedra.

The X,-method of the scattered-wave self-
consistent-field (SCF—X,—SW) with muffin-tin-pot-
ential and local exchange was applied®” to deter-
mine quantitatively electronic structure and binding
energy of icosahedral By,. Then the binding energy
was used to estimate the cohesive energy of the B,
units in the a-rhombohedral structure. From this, an
effective B;,—B1, interaction potential in the solid
was constructed. The binding energy of 35.6 eV
was obtained at an equilibrium bond distance of
1.96 A, which is within 10 % of the bond distance
of 1.77 A found in B, icosahedra in bulk boron.
The electronic structure of By, corresponded to an
open-shell configuration so that such an isolated
cluster would be chemically unstable.

Geometries and electronic structures of the By,
cluster have been investigated using a Car—Parrine-
llo ab initio molecular dynamics simulation®. The
icosahedral structure was found to be locally sta-
ble, but with a few dangling bonds. On annealing or
melting, this structure rearranges to a more open
geometry. The new structure has a significantly lo-
wer energy despite a lower coordination. But, bonds
are stronger and there are no dangling bonds.

The structure and stability of small boron
clusters were investigated employing density func-
tional theory (DFT)®?. The search for minima was
performed using gradient methods at the local spin

density (LSD) level. Most of the final structures
prefer planar or quasi-planar forms and can be con-
sidered to be fragments of planar or spherical sur-
faces. A group of spherical boron clusters may exist.
However, their energies are generally higher than
those of the convex or quasi-planar clusters. This
also means that clusters of real bulk, sections of
the boron lattice, have less stable configurations.
They try to close the open spheres with a small
number of atoms. In particular, the distorted icosa-
hedral By, cluster with closed structure has ener-
gy by 2.01-3.28 eV higher than that of the convex
B, structure.

Based on ab initio quantum-chemical methods,
accurate calculations on small boron clusters were
carried out to determine their electronic and geo-
metric structures™®. The geometry optimization
with a linear search of local minima on the poten-
tial-energy surface (PES) was performed using an-
alytical gradients in the framework of the restricted
Hartree-Fock SCF approach. Most of the final
structures of the boron clusters are composed of two
fundamental units: either of hexagonal or of pen-
tagonal pyramids. The resulting quasi-planar and
convex structures can be considered as fragments of
planar surfaces and as segments of nanotubes or
hollow spheres, respectively. In particular, the most
stable isomers of Bi, clusters are 2 planar and 1
convex clusters. In contrast to the convex or the
quasi-planar clusters, the structures of the
cage-clusters are rather similar to those of the
well-known a- and -rhombohedral boron crystals,
or to those of the boron hydrides. The energies of
the cage-clusters on average are between 2 and 5 eV
higher than those of the convex or the quasi-planar
clusters.

Taking into account that interesting features of
elemental boron and boron compounds are the oc-
currence of highly symmetric icosahedral clusters
and rich chemistry of boron also dominated by
cage-structures, in the study of Zhai et al.B¥, the
authors reported experimental and theoretical evi-
dences that small boron clusters prefer planar
structures and exhibit aromaticity and antiaromatic-
ity according to the Huckel rules, akin to planar
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hydrocarbons.

The electronic and geometric structures, in-
cluding binding energies, of small and neutral boron
clusters have been investigated using DFT®®. Line-
ar, planar, convex, quasi-planar, open-cage and cage
structures have been found. None of the lowest en-
ergy structures and their isomers has an inner atom;
i.e., all the atoms are positioned at the surface.
Within size range under the consideration, the pla-
nar and quasi-planar (convex) structures have the
lowest energies. In particular, 11 different structures
of By, cluster were investigated. Their binding en-
ergies are ranging from 4.037 to 4.599 eV/atom.
The first lowest energy isomer is a convex structure
containing three dovetailed hexagonal pyramids.
Only ninth and tenth isomers are cages, slightly
distorted icosahedral structures without the central
atom.

Among the several aromatic boron clusters,
By, and Bys" are unique. They show three distinct
sets of sextets, resulting in extraordinary Kinetic
stability. A novel way to analyze them was pro-
posed in the study of Kiran et al.® in which the
cluster is partitioned as inner and outer rings. The
molecular orbital analysis, based on this fragmenta-
tion, reveals that the delocalized valence electrons
in By, and Bi5" clusters can be trifurcated leading to
triple aromaticity, which is unique to these clusters.

Recently, Bhattacharyya et al.®lconducted a
comprehensive numerical study of the ground-state
structures of isomers of B, cluster. Geometry opti-
mization was performed at a level of theory em-
ploying the extended basis sets. Once the geometry
of a given isomer was optimized, its ground state
energy was calculated more accurately at the level
of theory employing even larger basis set. Thus,
computed values of binding energies of various
isomers are expected to be quite accurate. Geometry
optimization revealed 10 distinct isomers. The vi-
brational frequency analysis performed on the 3
lowest energy isomers showed them to be stable.
While, in boron-rich solids, icosahedron is the basic
structural unit, in the isolated form, it was demon-
strated to be unstable. The disc-like lowest-energy
structure of Bj, cluster can be seen as a conse-

guence of the Jahn-Teller distortion of its icosahe-
dral isomer. Computed binding energies per atom
are 4.60 and 4.31 eV for quasi-planar and icosahe-
dral isomers with Csz, and C,, point group symme-
tries, respectively. This work, based upon ab initio
geometry optimization, verifies early results and
predicts the B,, icosahedron to be higher in energy
as compared to the lowest energy quasi-planar By,
cluster. This clearly illustrates the tendency of the
icosahedral structure towards distortion to a lower
symmetry one, consistent with the Jahn—Teller the-
orem.

Thus, neutral B;, icosahedral clusters consti-
tuting boron-rich materials, on ablation have to be
converted into (quasi) planar disc-like isomer with
higher specific binding energy. The charged cluster
Bis" also should have higher stability. Consequently,
the formation of B, B, and By clusters in differ-
ent charged-states is expected.

Our calculations performed within the diatom-
ic model using quasi-classical B-B interatomic po-
tential, lead to following hierarchies in the for-
mation probabilities of single boron clusters in var-
ious charged states and their neutral pairs: By," >
Bis" > By > Bys” > By’ > By’ > Big > By > By
and By + Bis" > By, + By, > By + By > By’ +
Bis” > By, + By,®, respectively.

The obtained results would be helpful in con-
trolling the synthesis of nanoboron materials with
specific engineering properties.
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