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Density functional theory (DFT) and coupled-cluster (CCSD(T)) theory have been applied to investigate
the geometric, growth pattern, bonding, stability, dissociation, adsorption and electronic properties of
arsenide doped boron clusters B,As (n = 1-9). Vertical ionization potential (VIP), vertical electron affinity
(VEA), HOMO-LUMO energy gap (Eg), binding energy (E,), chemical hardness (77), and radial distribution
functions (RDFs) of B-As and B-B interactions have also been investigated and discussed for the most
stable isomers. The results show that the As-dopant atom prefers to locate in peripheral regions for
the studied sizes. Arsenic atom can obviously enhance the stability of B,As clusters.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Group-lll-arsenides, like BAs, AlAs and GaAs etc., have received
considerable attention as potential advanced materials used in
many potential applications in electro-optical industry [1-4] due
to their desirable physical properties such as wide band gap [5],
high melting points [6], dielectric constant [7], high thermal con-
ductivity [8], low ionicity [9,10], short bond length and hardness
[11]. Among group-IlI-arsenide, boron arsenide (BAs) are the most
widely studied [12-26] because it has a large mass ratio of con-
stituent atoms, an unusual atomic bonding and a heavy atom
(As) having only a single isotope [27]. BAs is found to have a
remarkable room temperature thermal conductivity which is com-
parable to those in diamond and graphite [27].

A large number of investigations on boron clusters and their
derivatives doped by other elements have been reported [28-41].
One of the main reasons in these studies is to understand the
change of physical properties as a function of size. According to
the best of our knowledge, there is no systematic report on an As
atom doped B clusters. Therefore it is of importance to accurately
calculate the effect of an As atom on the geometries, stabilities,
and bonding characteristics of boron clusters by doping of arsenide
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atom. More interestingly, in order to achieve systematic under-
standing of the growth pattern and the nature of chemical bonding
in large clusters, it is necessary to have a good understanding of
small clusters.

In this study, we have investigated the geometry, structural sta-
bilities and electronic properties of the B,As (n = 1-9) clusters. In
addition, the geometry optimization of the pure boron clusters
was calculated by using the same level of theory and basis set to
ascertain the effects of the doped arsenide atom on the pure B clus-
ters at the same time. In this regards, we have analysed the opti-
mized average bond lengths, the low-lying isomers with relative
energies, binding energy, second-order energy difference, fragmen-
tation energy, vertical ionization potential (VIP), vertical electron
affinity (VEA), the highest occupied molecular orbital (HOMO),
the lowest unoccupied molecular orbital (LUMO) and the frontier
molecular orbital energy gap (HOMO-LUMO difference in energy
gap, Eg), chemical hardness (1), the atomic charges of the As atom
and radial distribution functions (RDFs) of B-As and B-B binary
interactions of the B,As (n = 1-9) clusters using density functional
theory (DFT) calculations.

2. Computational details

The geometries of low-lying isomers of B,As (n =1-9) clusters
are performed using DFT with Becke’s three-parameter exchange
and Lee-Yang-Parr nonlocal correlation functional (B3LYP) [42].
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Before the optimization, in order to get the low-lying energy iso-
mers of B,As (n = 1-9) clusters, we considered lots of possible ini-
tial geometries obtained by adding or substituting one As atom on
the pure B, and B, clusters, which were presented in the previous
studies [35,43-46], as well as by adding one B atom to the stable
B,.1As clusters. All initial geometries, therefore, were optimized
by successively increasing the number of boron by using 3-21G
basis set to obtain reliable initial structures. After that, 6-311 +G
(2df) basis set was used for further detailed optimization process.
The calculations have been performed using the Gaussian09 pro-
gram package [47]. All optimized geometries are confirmed to be
real minima or transition states via frequency computations, which
is also used to calculate the zero-point energies (ZPE), at this level
of theory. Then, we carry out single point energy (SPE) calculations
with coupled-cluster single, double and triple excitation (CCSD(T))
method [48] to get more reliable electronic energies. Although the
CCSD(T) method accurately reproduces experimental activation
energies [49,50] and electronic properties [51] of various struc-
tures, a T1 diagnostic test [52] was also carried out as an additional
verification on the quality of the CCSD(T) to estimate possible mul-
tireference characters of all of the optimized B,As (n=1-9) clus-
ters. For the lowest-lying isomers of BAs, B,As and BgAs clusters,
we found T1 diagnostic values of 0.067, 0.054 and 0.053, respec-
tively, greater than the threshold value of 0.044 [53], suggesting
that a higher-level multireference method is necessary. We have
found the T1 diagnostic values for the other clusters in the
0.016-0.036 range, indicating that the clusters are accurately
described by the coupled-cluster approach. The 6-311 + G(2df)
basis set is also chosen as a compromise between the quality of
the theoretical method and the computational cost in the CCSD
(T) calculations. The calculations are carried out for singlet-triplet
and doublet-quadruplet energy states for considered clusters with
even and odd numbers of valance electrons, respectively. All the
structures are visualized using the Gauss View 5.0.9 package [54].

3. Results and discussion
3.1. Equilibrium geometries

The obtained results for the lowest-energy structures of the B, -
As (n =1-9) and pure boron clusters with their corresponding total
energies, relative energies (for B,As), point group symmetries and
electronic states are shown in Fig. 1. The first isomer of the BAs
cluster has a linear geometry with >X¢ electronic state, whereas
the second isomer has !X electronic state. The energy difference
between the two isomers is found to be 8.39 kcal/mol, as shown
in Fig. 1. In B,As cluster, the most stable isomer has a triangular
geometry with the C; point group and 2A’ electronic state. The sec-
ond isomer (C..,?A’) can be grown from the isomers of the BAs sto-
ichiometry by adding one boron atom. Moreover, the second
isomer has 13.82 kcal/mol higher energy than the first isomer.
The global minimum of the BsAs cluster has a planar geometry
with the C,, point group and the As atom is bonded by B atoms
with triangular geometry. The second isomer in this series is rem-
iniscent of the first isomer with C,, point group, whereas it has tri-
plet state (*A). Moreover, it has a 25.74 kcal/mol higher energy
than the global minimum (see in Fig. 1). For B4As cluster, the first
isomer has a “W-shaped planar” geometry with the C,, point group
and 2A’ electronic state. The second isomer (Cy,,%A) can be grown
from the first isomer of the B3As cluster by adding one boron atom,
and it has 43.67 kcal/mol higher energy than the first isomer. Up to
n =5, the As doped B,, clusters prefer to grow from the first isomer
of the pure boron clusters by adding one arsenide atom. The global
minimum of the BsAs has a planar geometry with C, point group
and 'A electronic state. Moreover, it is a 14.86 kcal/mol lower

B, BAs
Dy, - 3266 Co-3Z¢ Co-Zg
-49.2935187 -2258.931742 -2258.91837 (8.39)
By B,As
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Bs BsAs
C-2A Cs-2A Co-2A
-123.6464094 -2333.261396 -2333.191798 (43.67)
Bg BsAs
J/# :
D J/i b f J{K"
Csy - 1Ay Cs-1A Cs-1A
-148.4098852 -2358.041122 -2358.0174365 (14.86)
BgAs
Cyy— 2B, C,-2A C,-2A
-173.2185143 -2382.823182 -2382.810535 (7.94)
Bsg B,As
D1, — 3B, Co- A C.-1A
-198.0330873 -2407.626492 -2407.618582 (4.96)
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= . JJ er s
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Fig. 1. The low-lying isomers for B,; and B,As (n=1-9) clusters with relative
energies (kcal/mol) at CCSD(T)/6-311 + G(2df)//B3LYP/6-311 + G(2df) without
parentheses, at B3LYP/6-311 + G(2df) in parentheses.

energy than the second isomer with quasi-planar geometry. The
pure boron cluster has a quasi-planar geometry with Cs, point
group at n = 6, whereas the both isomers of BgAs cluster prefer to
planar geometries with Cs point group. It seems obvious that first
isomer can be grown from the most stable isomer of the BsAs clus-
ter. The second isomer is also a 7.94 kcal/mol higher energy than
the global minimum. The first isomer of the B;As cluster has an
umbrella type geometry with the Cg, point group and 'A electronic
state. It can be grown from the lowest isomer of the pure B; cluster
with one As atom bonded to the B atom in the center of B; cluster.
Moreover, first time, the As atom prefers to remain on the periph-
eral position on the below of the cluster. So, it seems that a
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Fig. 2. For the most stable isomers of B,As clusters average bond lengths in terms
of n.

structural transition from two-dimensional (2D) to three-dimen-
sional (3D) structure. The second isomer of the B-As cluster has a
quasi-planar geometry, and it has a 4.96 kcal/mol higher energy
than the first isomer in CCSD(T) level of theory. In BgAs cluster,
the first isomer has a configuration with the C,, point group and
2A electronic state. It is similar to the second isomer of the B,As
cluster. The second isomer of BgAs cluster has a 18.38 kcal/mol
higher energy than the first isomer, and it has an umbrella type
geometry. Therefore, it can be grown from the global minimum
of the B;As cluster by adding one boron atom. The both isomers
of the BoAs cluster have C, point group and 'A electronic state. In
this series, the first isomer has only 1.58 kcal/mol lower energy
than the second isomer.

In Fig. 2, we compared the B-B and B-As average bond lengths
for B,As and pure boron clusters. There is generally no consider-
able change in the B-B average bond lengths for both pure boron
and As doped B, clusters with increase the number of boron atoms
in the cluster, as seen in Fig. 2. However, the B-As average bond
length increases at n =7 for B,As clusters because of a structural
transition from 2D to 3D geometry.

3.2. Energetic analysis and relative stability

The relative stability of clusters is performed by computing the
various energetic derived. In order to interpret the electronic prop-
erties and their evolution as a function of cluster size, we investi-
gated the physical quantities such as the binding energy (E,) per
atom, the second order difference energy A?(E), the fragmentation
or dissociation energy (Ef) of boron atom and the adsorption
energy (E,4) of arsenide atom. These quantities can be defined
by the following formulas:

Ey(BuAs) = [nE(B) + E(As) — E(B,As)]/n + 1 (1)
Ey(Bn) = [nE(B) — E(By)]/n (2)
A2(E)(ByAs) = E(By:1As) + E(By_1As) — 2E(B,As) (3)
E;(B.As) = E(By_1As) + E(B) — E(B,As) (4)
Eais = E(By) + E(As) — E(B,As) (5)

where (B), E(As), E(B,As), E(By), E(B,,1As) and E(B,_1As) are the total
energies of the corresponding atom or cluster.

3.2.1. Binding energy

Variation of the calculated E; of the most stable isomers of the
BnAs (n = 1-9) clusters in terms of cluster size n are shown in Fig. 3.
Also shown in there are the E;, of pure boron cluster. For B,As clus-
ters, Ej, increases from 2.29 to 4.46 eV in range of n = 1-8, and then
follows a plateau at n = 9. Moreover, the dopant As atom obviously
contributes to strengthen the stability of B,As clusters compared to
that of pure counterparts. As increase the number of boron atoms
in the cluster, the difference between E, curves of pure boron and
As doped B,, clusters is gradually narrowed. This indicates that the
bonding in As doped B, clusters is actually similar to that of the
pure B clusters. We note that the stability of B,As can also be
related to the stability of pure boron clusters.

3.2.2. The second-order energy difference

In cluster physics, A*(E) is a sensitive quantity that reflects the
relative stability of clusters. Particularly, A?(E) can compared with
the relative abundances determined using mass spectrometry. For
B,As clusters, the A*(E) shows odd-even oscillations with a peak
for clusters with n even (see Fig. 4). It is interesting note that the

45

40}

35)

30

E, (eV)

25

20F

Fig. 3. The binding energy per atom of B,As (n = 1-9) clusters in terms of cluster
size n.

2_
—e— BAs
+Bn+1
1_
s °f
0,
L RS
o
<
_2_
3 F
L 1 . 1 . L . | |
1 2 3 4 5 6 7 8 9

Fig. 4. The second-order energy difference of B,As (n = 1-9) clusters as a function of
cluster size.
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Fig. 5. Variation of the fragmentation energy of the B,As (n = 1-9) clusters against
the cluster size.

maxima are found at n =4, 6 and 8, indicating that these clusters
have much higher stability than their neighbors. This result is also
compatible with the trend of Ej.

Table 1

3.2.3. Fragmentation energy

The highest fragmentation energies for B,As clusters appear at
n =4, 6 and 8, as shown in Fig. 5. One can conclude that these clus-
ters are more stable than their neighboring cluster sizes. Also
shown in Fig. 5 are the E¢ of pure boron clusters. The local minima
of Ef for B, clusters appears at the sizes of 6 and 9. Additionally
when one B is substituted by As atom in B, clusters, one boron
atom in the BgAs and BoAs clusters is more resistant to fragmenta-
tion when compared with that of pure Bg and Bg cluster.

3.2.4. Adsorption energy

We have also calculated E,4, according to defined as Eq. (5). Eqgs
shows the energy released upon adsorption As from B,As clusters.
As listed in Table 1, Ey values for the B,As clusters change
between 4.57 and 6.71 eV in range of n = 1-9. According to our cal-
culations, the BAs cluster has the lowest value of E,4 around 4.57
eV. The largest values for E.4 of 6.71 and 6.68 eV are found for B,As
and BgAs, respectively.

3.3. Electronic structure analysis

The electronic structure of clusters can be verified through
experimental measurements of such as vertical ionization poten-
tial (VIP), vertical electron affinity (VEA), the highest occupied

Binding energy per atom (E,), the fragmentation or dissociation energy of B atom (Ey), the adsorption energy of As atom (E.q4s), vertical ionization potential (VIP), vertical electron
affinity (VEA), HOMO-LUMO energy gap (Eg) and chemical hardness (1) calculated at B3LYP/6-311 + G(2df) level of theory. All values are in eV.

Structure Ep/atom Ef Eads VIP VEA Eg n
B1As 2.29 4.57 4.57 9.96 2.60 8.29 3.73
B,As 3.08 4.68 6.71 9.02 1.48 9.76 3.87
BsAs 3.50 4.77 5.65 8.17 1.78 7.70 3.38
B4As 3.85 5.23 5.65 8.06 2.60 8.34 2.97
BsAs 4.04 4.99 5.73 7.90 2.98 7.21 2.78
BsAs 421 5.25 6.68 7.99 291 2.79 2.93
B,As 4.29 4.80 5.56 7.91 1.27 4.59 3.82
BsAs 4.46 5.83 5.40 7.63 3.87 1.93 2.41
BoAs 4.46 449 5.79 7.50 3.27 2.80 3.11
10,0 |
| —o— B As
r —o— Bn+1
95
s~ 9,0 |
Q L
N |
o -
S 85
8,0
75+
= 1 1 1 1 1 1 1 1 1
1 2 3 4 o 6 7 8 9

Fig. 6. Size dependence of vertical ionization potential (VIP) for the most stable isomers of the B,As (n = 1-9) clusters.
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molecular orbital (HOMO)-lowest unoccupied molecular orbital
(LUMO) gap (Eg), chemical hardness (1) and charge analysis etc.
Therefore, we also investigated these quantities to interpret the
electronic properties and their evolution as a function of cluster
size. These quantities can be defined by the following formulas:

VIP(B,As) = [E(B,As)cation] — [E(B,As)neutral] (6)

VEA(BnAs) = [E(ByAs)neutral] — [E(BnAs)anion] (7)

where VIP and VEA, which optimized by the geometry of the neu-
tral, the energy difference between the ground state of the cation
and the ground state of the neutral and the energy difference
between the ground state of the anionic and the neutral clusters,
respectively. The VIP is plotted in Fig. 6 and listed in Table 1. For B,-
As clusters, the VIP decreases (from 9.99 eV to 7.90 eV) sharply up
to n=>5. After small increase (7.99 eV) at n =6, it again decreases
(up to 7.50 eV) in range of n = 7-9. However, when one B is substi-
tuted by As atom in B, clusters VIPs have lower than the corre-
sponding B, clusters, except for BAs and B-As clusters. For VEA,
there is no general trend in B,As clusters, but the local minimums
are found at n = 2, 7 indicating that these clusters have much lower
stability than their neighbors (see Fig. 7 and Table 1). However, the
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Fig. 7. Size dependence of vertical electron affinity (VEA) for the most stable
isomers of the B,As (n =1-9) clusters.

10 F
—e— B As

or —e— B,

E, (eV)

-
N
w
EN
(9]
o
~
©
©

Fig. 8. Variation of the HOMO-LUMO gaps of the B,As (n = 1-9) clusters against the
cluster size.

odd-even oscillations are generally observed in pure B, clusters. As
seen in Fig. 7, the VEAs of B,As are higher than those of B, clusters
except for B,As at n=3 and 7.

E; results are showed in Fig. 8. For ByAs clusters, E; shows a
decrease trend with odd-even oscillations in range of n=1-5 and

HOMO

BAs

B;As

B3As

B:As

883‘5.339“»

BsAs

B;As

BgAs

3

Fig. 9. HOMO and LUMO pictures of the B,As (n=1-9) clusters. Green and red
colors represent the positive and negative isosurfaces for HOMO and LUMO,
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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thus the energy difference will cause higher inhibition efficiency.
After that, it decreases (up to 2.79 eV) sharply at n=6, and then
again exhibit odd-even oscillations with a peak for n=7. As seen
in Fig. 8, E; values of B,As are higher than those of B, clusters
except at n =6 and 8. HOMO and LUMO pictures of the B,As (n =
1-9) clusters are shown in Fig. 9. HOMO and LUMO localizations
are found to be almost symmetric over the structures.

Another useful quantity is the chemical hardness [55], which
can be approximated as

40| —e— B As
—— Bn+1
35
© 30}
N
=
251 /
20}
3 ) X X B i ; . :
1 2 3 4 5 6 7 8 9

Fig. 10. Variation of chemical hardness (n) of the most stable isomers of the B,As
(n=1-9) clusters.
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Fig. 11. Variation of the atomic charges of the As atom in the B,As clusters
depending on size n.

N~ 1/2(VIP — VEA) (8)

For B,As clusters, 17 decreases generally except for B;As cluster
as a function of the cluster size (see Fig. 10). However, 1 of ByAs
clusters are smaller than those of pure boron clusters except for
n = 7. We also note that, # curve exhibits a decreasing trend similar
to Eg.

Natural population analysis is also performed in this study. The
atomic charges of the As atom in the B,As clusters depending on
size n are shown in Fig. 11. The charges for both As and B atoms
in the B,As clusters are listed in Table 2. The charge on As in the
B, As clusters is positive in range of n = 2-9, so As atom contributes
its electronic charges in the nearest neighboring boron atoms.
Therefore, charge always transfers from As to B atoms with the
increase of size n. This result means that As atom acts as an elec-
tron donor in B,As clusters except for BAs cluster.

3.4. Radial distribution function

Fig. 12 shows the radial distribution functions (RDFs) analysis
for the boron-boron (B-B), and boron-arsenide (B-As) interactions
of (a) B4As, (b) BsAs, (c) BgAs, (d) B;As, (e) BgAs and (f) BoAs clus-
ters. The RDFs is calculated for each atomic pairs of the most stable
isomers of the B,As (n = 4-9) clusters. One can see that B-As has a
narrower and higher distribution for B;As cluster than the other
pair interactions because of the weaker bond between B and As.
B-B interactions for B4As BgAs and BgAs clusters are higher distri-
bution than that of BsAs, B;As and BgAs clusters. In addition,
behavior of B-B and B-As interactions is quite different from each
other. For B atoms, B-As for BgAs cluster is shorter than the inter-
actions in the other clusters. For all of the combinations in the clus-
ters, B-As for B;As cluster has stronger interactions than the other
ones.

4. Conclusions

We performed a systematic investigation on arsenide doped
boron B,As (n=1-9) clusters using density functional (DFT) and
coupled-cluster (CCSD(T)) theories. The dopant As atom prefers
to occupy a peripheral position for the studied sizes. The presence
of As dopant obviously enhances the stability of B,As clusters com-
pared to that of pure counterparts. The HOMO-LUMO energy gap
values exhibit a decreasing trend similar to the chemical hardness.
However, the chemical hardness of B,As clusters are smaller than
those of pure boron clusters except n= 7. The results of the frag-
mentation energy and the second-order difference energy indicate
that the B,As (n=4, 6 and 8) clusters are more stable than their
neighbors. According to VIP, VEA, HOMO and LUMO values, B;As
structure has a high tendency to donate electrons and has low
energy required to break the electrons, so it is more unstable than
the others. The dopant As atom interacting with boron atoms
affects the electronic properties of boron clusters. In addition,

Table 2
Natural populations of the As and B atoms of the most stable B,As (n = 1-9) clusters.
Structure As B(1) B(2) B(3) B(4) B(5) B(6) B(7) B(8) B(9)
BiAs —-0.02 0.02
B,As 0.29 -0.36 0.06
BsAs 0.45 -0.26 -0.26 0.06
B4As 0.36 -0.11 -0.30 0.18 -0.13
BsAs 0.33 -0.13 -0.25 -0.07 -0.10 0.22
BeAs 0.41 -0.09 -0.14 -0.11 -0.12 -0.20 0.24
B,As 0.73 -0.22 —-0.08 —-0.08 —-0.08 —-0.08 —-0.08 —0.08
BsAs 0.65 -0.12 0.05 0.20 0.09 0.20 0.05 -0.31 -0.31
BoAs 0.54 —-0.46 -0.16 0.12 0.09 0.16 0.01 -0.03 -0.02 -0.24
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Fig. 12. The radial distribution functions (RDFs) of the boron-boron (B-B), and boron-arsenide (B-As) interactions of (a) B4As, (b) BsAs, (¢) BsAs, (d) B;As, (e) BgAs and (f) BoAs

clusters.

B-As interactions have a narrower and higher distribution for B;As
cluster due to a structural transition from 2D to 3D geometry.
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