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Ab-initio investigations of icosahedral boron compounds
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The geometry and cohesive energy of isolated clusters - fragments of icosahedral boron
compounds — with Al, Mg, C, O, Si substitution atoms have been calculated within the
framework of DFT electron density theory using the Gamess software package.
Electron density distribution between atoms has been investigated. The bulk modulus of
the B> cluster has been calculated on the basis of quantum chemical calculations and a
thermodynamic series of cluster hardness has been constructed: Hpz02 > Hprac2 > Hpog >
Hpozsi2 > Hp22a12 > Hp2omg2. The calculated bulk modulus and hardness values based on
the results of the first-principles study of the clusters are in good agreement with the
experimental data for compounds with similar chemical compositions. The technique is
applicable to the prediction of the choice of substitutional atoms in icosahedral boron
groupings.
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Introduction

Computer-aided design plays an important role in the development of the
theoretical basis for creating composite materials based on high-boron
compounds, the performance characteristics of which will be higher than those
of existing ones.

Due to the tendency of boron atoms to form three-center electron-deficient
B—B bonds, a stable state of crystalline boron is achieved through the
formation of complex structural motifs, including B, icosahedra [1]. They are
the structural blocks of both allotropes of elemental boron [2] and complex
boride phases [3], which demonstrate high hardness, low density and thermal
endurance, which opens up prospects for the search for new materials based on
them [4, 5]. One direction of such a search is higher metal borides [6, 7].

Icosahedrons Bi» act as structural elements of high-boron compounds,
which are characterized by an increase in hardness with increasing boron
content. With increasing boron content, the proportion of B—B covalent bonds



increases and the metal-boron interaction decreases, as a result of which the
hardness, melting point, and thermal conductivity increase and the temperature
coefficient of linear expansion decreases. The high hardness of AIMgB 4 boride
(Hy ~ 32—35 GPa) has been established experimentally; even higher hardness
has been found in AIMgBi4 + Si (Hy ~ 35—40 GPa) and AIMgB4 + TiB;
(Hy ~ 40—46 GPa) composites [8]. A special group of systems containing B>
icosahedra as structural elements are lower (icosahedral) subcarbides (Bi.Cs,
Bi3C»), subnitride (B12N>) and boron suboxide (B120:). Boron suboxide Bi20,
exhibits a Vickers hardness of Hy ~ 45 GPa [9].

Computational quantum chemical methods from first principles, along with
experimental studies, have gained a significant role in the design of superhard
materials. These methods make it possible to calculate the elasticity parameters
of crystals, study the features of the electronic structure, the nature of the
chemical bond, and, consequently, determine the macro- and operational
characteristics of materials. The study of the atomic and electronic structure,
energy, cohesive and elastic properties of new predicted materials through the
use of first-principles calculations have implemented, in particular, in articles
[4, 10], within the framework of the isolated cluster model [11—14].

In this work, the cohesion energy and electron density distribution have
been studied within the framework of the isolated cluster model and quantum
chemical first-principles calculations, and from there, the physical-mechanical
properties of materials based on B> groups with C, O, Al, Si, Mg atoms have
been predicted. This approach has been shown to be useful for predictive
studies in the design of new materials.

Research models and methods

The choice of B, icosahedra and C, O, Al, Si, and Mg atoms as structural
elements of the model is due to the fact that they are present in thermally
stable and solid high-boron compounds [8, 9]. At the first stage of the study, a
model of icosahedral Bi, was constructed. Cluster Bi» was considered a re-
gular icosahedron with a bond length of 0.16 nm. At the second stage, a basic
model based on two By clusters (with pre-optimized geometry) was built. The
bond length of 0.14 nm was taken as the distance between icosahedra. In the
model, in each of the Bj, icosahedra, one boron atom is replaced by an
substitution atom. The substitution atom was positioned so that boron atom
and substitution atoms alternated [4]. The basic model is not a prototype of a
real compound; it is used to study the effect of substitutional atoms on the
electronic and cohesive characteristics of compounds with icosedral boron and
to predict their physical-mechanical properties. As a result, models B;jM +
Bii1M, where M is an substitution atom: Al, Mg, C, O, Si (Fig. 1), were
constructed.

The optimized geometry, total energy, electronic structure, and electron
density distribution of the studied clusters has been calculated using the DFT
method with the hybrid B3LYP functional and the 6—31d basis set for the
isolated B2 cluster and the STO-3G basis set for the BjiM+Bi1M clusters. The
geometry of the clusters has been optimised by gradient descent. The cohesive
energy per atom is calculated as the difference between the total energy of the
cluster and the total energy of non-interacting constituent atoms without taking



Fig. 1. Location of substitution atom in B;yM + B;iM
clusters, where M: Al, Mg, C, O, Si.

into account the energy of zero-point vibrations, divided by the number of atoms in
the cluster. The GAMESS'09 software package [15] and the ChemCraft
calculation visualisation software [16] were used to perform the calculations.

Discussion of results of computational experiment

The optimization process of searching for the equilibrium geometry of the
Bi> cluster is accompanied by a deviation from its initial correct geometric
shape. The bond lengths in the equilibrium geometry vary from 0,1683 to
0,1729 nm. The cohesive energy in cluster Bi is 3,867 eV/at.

The results of the computational experiment for the BiiM + B;iM
clusters, where M are Al, Mg, C, O, Si atoms, are presented in the Table and
Fig. 2. Previously calculated equilibrium geometry and cohesive energy of a
pair of icosahedral Bj, boron clusters connected by vertices without
substitution atoms were used as a basis. Clusters B;1M + B11M in the Table
and Fig. 2 are arranged in increasing order of the tetrahedral covalent radius
of the M atom (Ry, nm) [17].

The geometry of isolated clusters with substitution atoms is significantly
distorted compared to the basis one. As can be seen from the Table and Fig. 2, a,
the cohesive energy of atoms in the BiiM + BiiM cluster in comparison
with the basis is largely determined by the size of the M atom. For oxygen and
carbon atoms, which are smaller than a boron atom, the cohesive energy is
greater and for silicon, aluminum and magnesium atoms, which are larger than
a boron atom, it is lower than the basis one. The conclusion that the most
energetically favorable of the studied clusters are B;;C + B;;C and B,;Si + B1;Si
coincides with the data of [4].

When performing calculations, it was noticed that the optimization
procedure for a cluster with an Al proceeded without oscillations and faster than
for clusters with other substitution atoms. This is probably due to the fact that
Al is isoelectronic up to B. To clarify the assumption, calculations were carried
out for clusters with Mg, C, O, Si atoms, in which the isoelectronic state was
simulated by establishing a charge on the clusters. For B;C + B;;C and
B11Si + Bi1Si the charge on the cluster was set to +2e (2 electron charges),
for BiiMg + BiiMg (—2e), and for BiiO + B0 (+6e). In this case, the optimi-
zation procedure proceeded more smoothly and without oscillations of the total
energy of the cluster, but the cohesive energy turned out to be somewhat lower
than in calculations with zero cluster charge (Fig. 3). The cluster with an
oxygen stands apart — it tends to decay.



Characteristics of By, clusters with Al, Mg, C, O, Si atoms and
the hardness value for comparable chemical compounds

Cluster  |VEC| Een | Ee | Ru | H [9’?;"1 .
Bu+Bn | 3 | 5911 | 0,498 | 0,089 [39.9[11]| 42—45
BLO+BLO |3,25] 6,454 | 2,063 | 0,066 | 47,5 | 38,45
B, C+B.C |3.08] 6379 | 1,858 | 0,077 | 463 | 45,57
BL,Si+ BuSi |3,08] 5,891 | 1,717 | 0,117 | 39,5 | 27,41*
BLAL+BLAL | 3 | 5,667 | 0,577 | 0,126 | 36,7 37
B.Mg + BiiMg|2,92 | 5,588 | 1,703 | 0,140 | 355 34

VEC — the valence electron concentration; E.,; — the cohesive energy per
atom (eV/at.); E; — the band gap (eV); H and H.p, — the calculated and
experimental hardness (GPA); *hardness calculation from [19].
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Fig. 2. Dependence of cohesive energy (a) and bandgap energy (b) of
BiiM + Bi1M clusters on the type of substitution atoms M.

The study of the Bi» cluster has

1 & I 1 . shown that the electron density is
<5 $ represented as a superposition of the
> 4 Charg 0 electron density of the. atomic
54 backbone and the accumulation of the
u ¢ Charg N electron density of the valence part
*] between the atoms. The density of

2 electrons is distributed over the
B O Cc si A Mg surface of the cluster. The covalent

Substitution atom M chemical bond is characterized by the

Fig. 3. Effect of charge on a clusteron  cluster. In a case of covalent bonds

the cohesive energy of BuM + BiiM.  between atoms, it is necessary that

the molecule has at least 2n valence

electrons, where # is the number of formal bonds. There are only 36 valence elec-

trons and 30 bonds in the By, cluster, which requires 60 electrons to fill. Thus,

the By, cluster belongs to the electron-deficient compounds. A reasonable way

to describe such structures is to consider them as systems of delocalized
electrons [20].

The research of the electron density of B;1M + B; 1M clusters, where M is B,

Al, C, Si, is shown in Fig. 4. The electron density maps in the range of -0,01 to



0.1 relative units [16] pass in the plane of M—B—M bonds. The distribution of
electron density in the region of bonding between an substitution and a boron
atoms is presented.

The electron density for the Bi»+ Bi» cluster of each of the B, icosahedrons
is described above. A bond between atoms of the B2 + B2 cluster is covalent.
The study of the electron density on B and M atoms in clusters with substitution
atoms suggests a predominantly covalent bond in the clusters. The electron
density between the B and C atoms in the B1;C + B;C cluster is located in the
bonding zone (Fig. 4, b). There is a slight transfer of electron density from
boron to the carbon atom. The electron population by Mulliken is 6,3 and 4,8 ¢
on carbon and boron atoms, respectively. In the B11Si + B1:Si cluster, there is an
additional electron density on silicon atoms and neighboring boron atoms due to
the electron density of the cluster as a whole. The electron clouds are
anisotropic, pear-shaped (Fig. 4, ¢). The Mulliken electron population is 14,07
and 5,05 e on silicon atoms and neighboring boron atoms, respectively. The
bond is a covalent-ionic one. Electron clouds on aluminum atoms in the B;Al +
+ B1iAl cluster are spherical (Fig. 4, d). The Mulliken electron population is
12,8 and 5,02 e on aluminum atoms and neighboring boron atoms, respectively.
The electron density is transferred from aluminum to neighboring boron
atoms. The bond between the impurity atom and boron is a covalent ionic one.

The examined clusters meet the requirement [21] for the design of
superhard materials regarding the covalent type of interatomic bonds and the
highest possible density of valence electrons in the desired material (see Table).

Boron groupings with a B—B covalent bond in boride molecules are
electron-deficient [20]. To stabilize them, it is necessary to attract electrons
from the metal atom. As a result, an intermediate type bond is created between
metal and boron. In borides of elements of groups III—VIII (Al, C, Si), which
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Fig. 4. Electron density maps of B;;M + B;;M clusters, where M: B (a), C (b),
Si (¢), Al (d).



give up more than two electrons, they are partially metallic, in other cases (Mg) —
partially ionic. As the boron content increases, the ratio of B—B covalent bonds
increases and the metal-boron interaction decreases, resulting in higher
hardness, melting point, and thermal conductivity.

The calculation of the modulus of bulk elasticity [22, 23] of boron K is
given by the second derivative of the total energy Ey, over the volume V'

2
K=V aE,
av '’

at the equilibrium point. As the studied cluster B2 can be considered a
nanoscale isotropic body of almost spherical shape, we apply the formula in
which the determination of the bulk elasticity modulus K is carried out along the
optimisation curve of the B cluster similarly to that described in [13]:

E, -FE,,

K=V, —*——o

V=V,
where E,,; and V,, are the total energy and volume of the optimised cluster (at
the equilibrium point); E,, and V are the total energy and volume of the
cluster in the neighbourhood of the equilibrium point; the calculation of
the volume values V., and V is carried out by the diameters (distances
between the centres of opposite atoms) of the cluster at the corresponding step
of the optimisation curve.

After studying the geometrical and energetic characteristics of the isolated
Bi> cluster, the wvalues of the total energy at the equilibrium point
Eop (—297.7776431 a.u.) and near the equilibrium point Ey,; (—297.7679879 a.u.),
as well as the distances between the centres of opposite atoms in the optimised
cluster (0.336 nm) and the cluster at the corresponding steps of the optimisation
curve (0.323 nm).

Based on the results of the study of the Bi, cluster, the bulk modulus K =
= 177.5 GPa has been obtained, being in good agreement with the experimental
value Ko, = 178 GPa of the a-Bi» structure [23].

The thermodynamic series of the hardness of compounds based on B>+ By,
with substitutional atoms C, O, Si, Al, and Mg has been constructed taking into
account that isolated clusters representing fragments of crystalline compounds
are macromolecules and there is no concept of direction in the crystal or
dispersion for them. Therefore, the method where the hardness is determined by
the strength of the bonds between the atoms of the solid has been applied. The
method of determining the dependence between the specific total surface energy
of a solid and the cohesive energy of atoms in a crystal was proposed in [24—
27]. In other words, the connection between the structure and energy of the
atomic lattice (covalent, metallic) and mechanical properties is considered. This
method makes it possible to relate the above calculated cohesive energies and
geometries of isolated BiiM + BiM (M — B, C, O, Al, Si, Mg) clusters to the
relative hardness values H and to construct a thermodynamic hardness series of
these compounds: H; : H, : Hs.

According to work [24], the relationship between the crystal cohesive
energy E..» and its full specific surface energy euw is defined as follows:

St = Mgty Econl @,
where a is the lattice period; Meui) is the surface energy structural constant,



My = 694.34 6(c — x)/mnC,

where & — the multiplicity of the elementary parallelogram of the plane ikl;
m — a constant equal to 1 for the face [100] of cubic systems crystals; » — the
number of atoms in the compound formula; C — the coordinate number.

Since all the factors, except for the cohesive energy, for calculating the
specific total surface energy eu of the studied clusters are practically the same,
the thermodynamic series of hardness of the B;;M + B 1M clusters corresponds
to the series of cohesive energy E.. (see Table):

HB2202 > H > H HB225i2 > H

B22C2 B24 B22Alp > HBZZ Mgy *

As can be seen from the Table, the obtained series also in general
corresponds to the valence electron concentration series of the examined
structures. Indeed, according to [19, 21, 28], the valence electron concentration
is proportional to the hardness of the material. The hardness values of the
compounds Hpaomz2 (Table) have been estimated by the ratio of the cohesive
energy of the cluster of the corresponding composition, Econ (B22M>), to the
cohesive energy in the etalon cluster Eco; (B24)

H = Hs (Ecoh(BzzMz)/Ecoh(B24)),

B2M2
where Hg — the hardness value of boron.
The hardness value B-Bi2, calculated in [11] based on the results of a first-
principles study of an isolated cluster constructed from boron icosahedrons,
according to the following relation, was taken as Hz
Heu VEC 2E

coh

C v=cC’
where oo — the coefficient of relative (as compared to diamond) plasticity, for
the elementary substances and compounds of second period elements a equals 1
[21]; V* — the molar (atomic) volume obtained by first principles within the
cluster model.

The estimated hardness values based on the cluster characteristics are in
good agreement with the experimental values for compounds with similar
chemical constituents (see Table).

Conclusions

The size of the substituent atom M is crucial for the cohesion energy of
isolated Bi1M + BiiM clusters, which is higher than the size of the atom M is
smaller. In terms of energy advantage, the most promising of the studied
clusters are B11C + B1:C and B11Si + B1:Si.

Analysis of the calculation of the electron density in the BiyM + B;iM
clusters suggests a predominantly covalent bond in the clusters. The electron
transfer between the substituent and boron atoms is no more than 0.3 e.

The bulk modulus of boron, calculated on the basis of the results of the
first-principles study of the B, cluster, equals 177.5 GPa, which demonstrates a
high agreement with its experimental value (178 GPa).

A value of the cohesive energy of atoms in isolated clusters is one of the
determining factors for predicting the hardness of compounds whose chemical
composition is close to that of these clusters. The thermodynamic series of
hardness of Bi1M+B1M clusters, where M — B, O, C, Si, Al, Mg, corresponds



to

HBZZOZ > H

the series of the cohesive energy of atoms in these clusters:
Y Hypy Hypsiy ) Hypony ) H

B22C2 B22Si2 B22AI2 BZZMgZ :

The calculated hardness values based on the results of the first-principles

study of the clusters are in good agreement with the experimental data for
compounds with similar chemical compositions. The technique is applicable to
the prediction of the choice of substitutional atoms in icosahedral boron
groupings.
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YV pozsumox meopemuunoi b6azu cmeopeHHs KOMNOSUMHUX Mamepianié Ha OCHOBI
BUCOKOOOPUCIUX CHONYK, eKCHIYAmayitivi Xxapakmepucmurku aKux O0yoymo Oinoul 6u-
COKUMU, HIXHC Y ICHYIOUUX, BUKOHAHO ab-initio 00cniodicenHs i301b06aAHUX KAACMepi6 3
ikocaedpuunozo bopy 3 amomamu 3amiwenns Al, Mg, C, O, Si. V pamxax meopii
erexmponnoi eycmunu  DFT i3 3acmocysanusm naxemy Gamess po3paxosamo
2eomempuuni ma enepzemuyni napamempu izonvosanux kiacmepie BiiM + BiiM, oe
M — amom zamiwyennn Al Mg, C, O, Si. HJocnioxceno emepeito roeesii, 3apso Ha
amomax, po3nooil eneKmMpOHHOI 2YCMUHU MIXC amomamu y Kiacmepax. 3pobreHo
BUCHOBOK, WO DOMID AMOMY 3AMIUYeHHs MA€E 0OYMOBNIOIYe 3HAYEHH Olsl eHepeii
suennennsn knacmepie ByM + BiM. Haibinbw nepcnekmuenumu 3 mouKu 30py
enepzemuunoi euzionocmi oocnioxcenux knacmepie € B C + B1;C ma BSi + BSi.
Ha ocnogi oanux KeaHmoGo-XiMiuHUX pO3PAXYHKIE@ 0OYUCIeHO MOOYIb 00 €MHOT
npyscHocmi knacmepa B, axuti cmanosums 177,5 I'lla, wo demoncmpye ucoxuii 30ie
i3 tioeo excnepumenmanvHum suavennam (178 I'lla). Tlobydosarno mepmoouHamivnu
pAO meepoocmi  Kiacmepis, AKull 8i0nogioae psady eHepeii 3uenyieHHs amomis:

Hy oy ) Hypoey Y Hiyy Hiyproy ) Hyp oy ) HBZZMg2 3nauenns meepdocmi, pospa-

Xoeami 3a pe3yibmamamu  NePUONPUHYUNHO20 OOCTIONCEHHA Kaacmepis, 0o0pe
V32000iCYIOMbCSL 3 eKCNePUMEHMATbHUMU OaHUMU O/l CHONYK 3 NOOIOHUM XiMiYHUM
cknaoom. Memoouxka modce Oymu UKOpUCMAHA 0N NPOSHO3Y 6UOOPY amomie
3aMiujeHHs 8 YePYNYSaAHHAX IKOCAeOPULHO20 6Op)Y.

Knrwuosi cnosa: 6op, 6opudu, moodenvb i301b068aH020 Kiacmepda, Mooyib 06 emHol
npyscHocmi, meepoicme.



