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Abstract The influence of carbon and silicon atoms
doping on the structural and electronic properties of the
(BeO),, nanocluster is investigated through density func-
tional theory calculations. It has been found that doping
process induces local deformation at bond lengths and
angles near the doping site. The results indicate that C or Si
doping decreases the energy gap of the (BeO);, nano-
cluster. It seems that the electronic character of the (BeO),
nanocluster could be adjusted by particular impurity. The
electronic charge distributions are also analyzed using
Atoms in Molecules theory. Natural bond orbital analyses
are also performed for scrutinizing the structural properties
of the considered nanoclusters.

Keywords (BeO);, nanocluster - C and Si doping - DFT
calculations - AIM analysis - NBO

1 Introduction

Discovery of carbon nanotube [1] causes a fundamental
revolution in material science and technology. After that,
nanoscale materials have attracted considerable interest
due to their unique properties and extreme different func-
tionalities. Recently exploring new nanoscale materials are
of growing interest, because of their exotic properties.
Moreover many attempts have been made to investigate
inorganic-based nanostructures which exhibit somewhat
different properties [2-6]. Among different kinds of
nanostructures, II-VI inorganic ones are attracted extreme
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interest due to their unique electronic and magnetic prop-
erties [7, 8]. Beryllium oxide nanotubes were proposed and
their structural, cohesive, and electronic properties were
predicted [9-12]. Because of great ionic character of Be-O
bond, beryllium oxide compounds often have different
properties from their C, BN and SiC counterparts. For
example, wurtzite BeO is an insulator with wide band gap,
high melting point, high thermal conductivity and large
elastic constants [13]. These advantages distinguish the
BeO nanostructures as considerable potential for applica-
tions in nanoelectronic devices. Besides, beryllium and
beryllium oxides are valuable materials in the atomic
energy, rockets, missiles, aviations, polymer chemistry and
metalluragical industry.

It is noteworthy that investigating fullerene-like struc-
tures has become one of the most important topics in
nanotechnology, because of their important applications in
electronic devices, imaging materials, magnetic recording
and environmental processes [11, 14-22]. Recently, Ren
et al. [23] studied the structure of (BeO)y clusters using the
method combining the genetic algorithm with density
function theory. They reported that the global minimum
structures of (BeO)y clusters are cages at N > 8§, among
which (BeO);, is one of the most viable cluster. Moreover
it was shown that (BeO);, has a fullerene-like structure as
well as it was indicated that the bonding pattern includes
two kinds of o-bonds (one belongs to four-membered
rings, and another belongs to six-membered rings) through
adaptive natural density partitioning (AdNDP) analysis. It
is noticeable that the fullerene-like clusters (XY);, have
been theoretically predicted to be the most viable clusters
among different types of (XY), structures [23—-26]. On the
other hand, research on the doped nanostructures is a hot
spot for scientists. For instance, Ryzhkov et al. [27]
reported a magnetization of the wurzite-like beryllium
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oxide induced by carbon doping by means of the density
functional theory. Also it was shown that magnetism in
BeO nanotubes is induced in the presence of carbon
impurities [28]. Therefore it would be interesting to
investigate the impact of the carbon and silicon doping on
the structural and electronic properties of (BeO),, cluster.
The main contribution of this work is to study the influence
of carbon and silicon doping on the different properties of
(BeO),, through density functional theory (DFT) calcula-
tions. It should be mentioned that the experimental mea-
surement of the physical properties of (BeO);, is not
explored yet. However these hypothetical doped non-doped
(BeO);, nanoclusters exist only in silico.

2 Computational Details

The geometries of all considered structures are fully opti-
mized using B3LYP method [29, 30] and 6 — 311 4+ G*
[31, 32] basis set and the nature of the stationary points is
checked by frequency analysis at the same computational
level of theory. It is noteworthy that pure DFT methods
underestimate HOMO-LUMO gaps relative to hybrid DFT
methods such as B3LYP that include Hartree-Fock
exchange function. DFT hybrid methods lead to significant
improvement of the gaps due to the cancellation of dif-
ferent errors [33, 34]. All calculations are performed using
Gaussian 03 package [35]. The Atoms in Molecules (AIM)
analysis for the obtained electronic wave functions is done
using AIM2000 suite of program [36]. Moreover the
electronic properties of the considered structures are
investigated through their density of states (DOS) spectra
obtained from GaussSum program [37].

The natural bond orbital (NBO) analysis is also per-
formed in the present study. According to the NBO a two-
center gag bond NBO between atoms A and B is defined as

o4 = cahp + cphp (1)

where hy, hg are the respective hybrids on the atoms, and
ca, cp are the natural polarization coefficients. The polarity
of each gap bond could be quantified in terms of the nat-
ural ionicity parameter isp, fined as

o)
IAB = (C/% n cé) (2)

The natural ionicity ispis zero for a pure covalent bond
(c4 = cp) but can achieve any value between —1 (¢, = 0;
pure ionic hybrid on B) and +1 (¢ = 0; pure ionic hybrid
on A), ranging smoothly between ionic and covalent limits
[38]. Moreover, the Wiberg bond index (WBI) [39], which
is a measure of bond character, is also considered. The

WBI comes from the manipulation of the density matrix in
the orthogonal natural atomic orbital based on the NBO
analysis and is defined as

WBI = ijk =2pj —pjzj (3)
3

in whichpjis the density matrix element and therefore
pjsimply denotes the charge density in the jth atomic
orbital. This index closely relates to the bond order, the
larger WBI implies to stronger covalent character. All
NBO calculations are performed through NBO 5.G
implemented in Gaussian 03 package.

Recently, many attempts have been made to introduce
new concepts and principles which can be used in
describing the reactivity, selectivity or stability of molec-
ular systems. Among these concepts energy gaps (E,) and
hardness () values are considered to explore electronic
properties of the considered clusters. Using Janak’s
approximation [40] these quantities have the following
operational equation [41]:

E, = (ep —ey) =21 (4)

where ¢gand ¢ are the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) energies, respectively.

Since the Bader theory of atoms in molecules (AIM)
[42] has offered a valuable tool to understand the nature of
a chemical bond in terms of electron density distribution,
this theory is applied to analyze the electronic structure of
the considered cluster. In the AIM theory, the critical
points are classified as bond critical point (BCP), ring
critical point (RCP) and cage critical point (CCP)
according to their number and sign of their eigen values.
The bond critical points are located along a maximum
electron density trajectory that connects two atoms, known
as bond path. The following parameters of electron density
function are taken into account: electron density estimated
at given CP (p), its Laplacian (V?p) being the sum of the
three eigenvalues of the Hessian of electron density, the
density of the total energy of electrons (H) and its two
components, the kinetic (G) and potential (V) electron
energy densities. The Laplacian of electron density is
related to kinetic and potential electron energy densities as
follow [43]:

%(Vzp) =2G+V (5)

It is well-known that small value of electron density at a
given BCP (pgcp <0.20) together with positive value of
Laplacian of electron density at this point (V?pgcp>0)
identified an ionic bond [44, 45].
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Fig. 1 a The optimized geometry and b electronic density of states (DOS) spectrum of the pristine BeO nanocage

Table 1 The obtained frontier molecular orbital energies (gy and € ),
energy gap (E,), hardness () and doping energy (Eqop) values for the
considered clusters using Janak’s approximation (all in eV)

€H &L E, n Egop
Pristine —8.620 —1.070 7.550 3.775
Cge —5.555 —1.152 4.403 2.202 1.620
Co —6.349 —4.049 2.301 1.151 —0.018
Sige —6.035 —1.087 4.948 2.474 6.163
Sip —5.616 —2.904 2.712 1.356 9.059

3 Results and Discussions

The optimized structure and DOS spectrum of pristine
(BeO);, nanocluster is presented in Fig. 1. This cluster
includes six square and eight hexagon rings. As it is clear
from Fig. 1 two kinds of individual Be—O bonds are dis-
tinguishable for the considered structure. One is shared
between two hexagons (hh) with [, = 1.53 A and another
between a square and a hexagon (hs) with [, = 1.58 A.
Note that the obtained vibrational frequencies for this
cluster are in the ranges of 209-1,186 cm ™! which confirm
the viability of this structure on the potential energy
surface.

In this section the electronic properties of the (BeO);,
cluster are investigated. The obtained frontier molecular
orbital energies (¢yand ¢;) and the calculated HOMO-
LUMO energy gap and hardness values for the considered
(BeO), cluster are gathered in Table 1. The obtained
energy gap for this cluster is about 7.55 eV implies to its
insulator character. Also NBO calculations show that the
natural charges of Be and O atoms are about 1.21 and

@ Springer

—1.21 esu, respectively; hence an ionic character for this
bond is expected. The validity of this claim is investigated
through the atoms in molecules (AIM) theory.

The obtained critical points and bond paths of the
pristine (BeO), nanocluster are depicted in the topological
graphs (See Fig. 2). The calculated topological parameters
at the obtained critical points are also summarized in
Table 2. It is obvious from Fig. 2 that there are a CCP, two
kinds of RCP as well as three kinds of BCP in the con-
sidered cluster. According to the Table 2 and the men-
tioned AIM criteria, Be—O bond critical points show ionic
characters. Comparing electron densities at BCPs clarifies
that hh-bond is stronger than As-one (See Table 2).

In this section the impact of carbon and silicon doping
on the structural and electronic properties of (BeO);,
nanocluster is investigated. For this purpose, two individual
sites (Be or O atom) for doping of the C and Si atoms are
considered and a beryllium or oxygen atom of the con-
sidered cluster is substituted by carbon or silicon atom. It
should be mentioned that Cg./Sig. denotes the (BeO);,
nanocluster in which one of the Be atoms of the cluster is
replaced by one C/Si atom. Also, the notation Co/Sig refers
to the structures in which one O atom is substituted by one
C/Si atom. The optimized geometries of the considered
doped-clusters are depicted in Fig. 3. All the considered
clusters belong to C1 point groups. It should be noted that
the structure of the doped-clusters changes dramatically
due to the carbon or silicon doping; especially for the Sig
doped cluster in which the cluster is opened due to the
doping. Therefore carbon or silicon doping induces local
deformation in the cluster and the doped atom protrudes
out of plane in order to relieve tortional strain. This causes
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Fig. 2 The obtained molecular graphs for the pristine BeO nanocage. The yellow, green and small red balls indicate RCP, CCP and BCP

respectively. The numbers in the critical points are listed in table 2

Table 2 The obtained topological parameters at different critical
points of pristine (BeO),, nanocluster

Critical point 0 V2p G -V H

1(CCP) 0.0014  0.0052  0.0008 0.0002  —0.0005
2(RCP) 0.0155 0.0500 0.0125 0.0124 0.0000
3(RCP) 0.0542  0.1492  0.0516  0.0660 0.0143
4(BCP) 0.1018  0.7221  0.1910  0.2015 0.0105
5(BCP) 0.0868  0.5993 0.1562  0.1626 0.0064
6(BCP) 0.0547 0.1568 0.0483  0.0573 0.0091

the elongation of the hs-bond length at the doping site from
Igeo = 1.58 A t0 lc.o = 1.62 A, Ige.c = 1.77 A and I;.
o= 1.87 A for Cge, Co and Sig, doped-clusters, respec-
tively. The hh-bond length changes from /g..o = 1.53 A to
leo=143 A, lgec =173 A and I50 = 1.77 A. Also
significant distortion in the bond angles are observed in
Fig. 3. For instance the O-Be-O angle is changed from
97.82° t0 93.81° and 99.06° in Cg, and Sig. doped-clusters.
Moreover the doping energy (E£4,,) needed to introduce the
C or Si atoms doping is calculated according to the fol-
lowing equation

Edop = E[dopedfcluster] + E[Be/O] - E[pri‘vtinefcluster] - E[C/Si]
(6)

where Elgoped—ciuster] a4 Elprigtine—cluster) de€notes the total
energy of the pristine and doped cluster. Ejg,//0) is total
energy for an isolated Be or O as well as Ej¢c/g;) presents
total energy for an isolated C or Si. The obtained
Egopvalues are listed in Table 1. The results indicate that
the doping process silicon doping needs more energy than

carbon doping. However the doping energy for the Co
cluster is -0.018 eV which shows that the formation of Co
doped cluster is more favorable among all of these studied
clusters.

The hybridization of Be, O, Si, C in the pristine and
doped clusters are summarized in Table 3. According to
this table, in the case of pristine (BeO);, nanocluster, the
NBO results show also that the #h-Be—O bond is formed by
the interaction between a sp>®' orbital on the beryllium and
a sp'’? orbital on the oxygen atom; while for the hs-Be—O
bond consist of the interaction of a sp>* orbital on the
beryllium and a sp>?' orbital on the oxygen atom. Hence
although the participation of orbital s and p on both Be
atoms are very similar, the contribution of p orbital was
increased for hs-Be—-O bond than hh-Be-O bond. This
confirms the observation that the bond lengths As-Be-O
(1.58 A) is greater than hh-Be-O bond (1.53 A).The
obtained WBI are also in accordance with the obtained
results (See Table 3). Also the natural ionicity index (isp)
values for these bonds imply to their relative ionic nature.
It is noticeable that for Cg,, Sig, and Co doped clusters the
hs-bonds of the doping site (C8-O15, Si8-O15 and C15-
Bel0, respectively) have less WBI and more bond length
rather than hh-bonds (C8-022, Si8-022 and C15-BelO,
respectively). This is mainly due to more p character of
015 and C15 atoms in these considered clusters (See
Table 3). Furthermore, the obtained isp for the Be—O bonds
near the doping site indicate that the ionicity of these bonds
is approximately remained constant for these doped clus-
ters. However in the case of Sip doped clusters the ionicity
of Be8-O21 and Be2-O21 are slightly increased. The bond
length/WBI of these considered bonds are also increased/
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Fig. 3 The optimized
geometries of (I) Cg,, (II) Co
(III) Sige and (IV) Sip doped-
(BeO);, nanoclusters

(110

decreased. This may due to this fact that the O21 atom used
p orbital (90.54 %) in their bonds with Be. In the case of
Cge, Sige and Co doped clusters the elongation of Be—O
bonds near the doping site is also related to more p char-
acter of oxygen and carbon atoms.

In order to investigate the variation of electron distri-
bution during doping process, AIM analysis is performed
for the considered doped-clusters. The obtained molecular
graphs are depicted in Fig. 4. Furthermore the obtained
topological parameters at the critical points are listed in
Table 4. According to the this table, although electron
density at the cage critical point (CCP) increases from
0.0014 a.u for pristine (BeO),, cluster to 0.0016 a.u for
Cge.-doped cluster, it decreases to 0.0013 a.u for Co-doped
cluster and it remains unchanged for Sig. and Sip doped
clusters. Then silicon doping does not change the electron
density at CCP; while replacing Be/O with a carbon atom
increase/decrease the electron density at CCP. It has been
also found that C or Si doping leads one RCP in square ring
in which the electron density changes in the order Cg.

@ Springer

V)

(Prcp=0.0548 au) > Co  (pgrep=0.0497  a.u) > Sig,
(Prep=0.0485 a.u) > Sig (prcp=0.0376 a.u). Hence beryl-
lium substituting with carbon atom induces a considerable
electron accumulation at square ring. Moreover the results
of Table 4 show that the electron density at RCP of the
hexagon ring beside the doping atom increases from 0.0155
a.u for pristine (BeO);, -cluster to 0.0170 a.u for Cg,-
doped cluster; while it decreases to 0.0151, 0.0141 and
0.150 a.u for Cop, Sig, and Sip doped clusters, respectively.
Furthermore according to the mentioned AIM criteria it is
obvious from Table 4 that the C—O bond in the Cg.-doped
cluster is covalent in nature (V2ppp<0). However the
considerable electron density at BCP of hh-C-O bond
(pgcp=0.2418 a.u) implies to its strong covalent character.
Moreover the V2pp-p>0 and small values of electron
density at BCP of C-Be and Si—Be bonds in Cn- and Sig,-
doped clusters indicate their ionic characters (See Table 4).

The molecular electrostatic potential (MEP) surface is
an important descriptor in interpreting reactivity of sites for
electrophilic and nucleophilic attacks. The MEP plot is the
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Table 3 The obtained bond length, wiberg bond index (WBI), the natural polarization coefficients (c), the contribution of s and p orbitals of
atoms (%s and %p together with iconicity parameter (i4p) in each considered bond for the considered clusters

Bond bond length WBI atom A ca %S(A) %P(A) atom B cp %S(B) %P(B) iAB

Pristine Cluster

hh-Be-O 1.524 0.478 Be 0.291 27.70 72.23 (0] 0.957 37.14 62.83 —0.831
hs-BeO 1.584 0.425 Be 0.293 30.91 69.04 (0] 0.956 31.03 68.93 —0.828
Cg.-nancluster

C8-022 1.430 0.871 C 0.501 16.80 82.26 (0] 0.865 32.59 67.36 —0.497
C8-015 1.625 0.683 C 0.430 7.24 84.90 (0] 0.903 21.65 78.32 —0.631
C8-021 1.625 0.683 C 0.430 7.24 84.90 (0] 0.903 21.65 78.32 —0.631
Be2-015 1.558 0.410 Be 0.290 30.15 69.54 (0] 0.957 35.63 64.35 —0.832
Be2-021 1.558 0.409 Be 0.290 30.15 69.54 (0] 0.957 35.63 64.35 —0.832
Be9-021 1.529 0.464 Be 0.284 25.56 74.17 (0] 0.959 40.72 59.26 —0.838
Be7-022 1.602 0.381 Be 0.281 29.60 70.20 (0] 0.960 33.70 66.30 —0.842
Bel-022 1.602 0.381 Be 0.281 30.01 69.77 (0] 0.960 33.77 66.22 —0.842
Bel0-0O15 1.529 0.464 Be 0.284 25.56 74.10 (0] 0.956 31.04 —0.838
Sig.-nanocluster

Si8-015 1.870 0.397 Si 0.314 7.83 90.44 (0] 0.950 19.53 80.43 —0.803
Si8-021 1.870 0.397 Si 0.310 8.01 87.75 (0] 0.951 21.61 78.35 —0.808
Si8-022 1.775 0.454 Si 0.291 10.72 72.46 (0] 0.957 32.04 67.92 —0.831
Be2-021 1.576 0.420 Be 0.291 30.17 69.76 (0] 0.957 35.45 64.52 —0.831
Be2-015 1.576 0.420 Be 0.290 30.17 69.76 (0] 0.957 34.16 65.81 —0.832
Be7-022 1.589 0.403 Be 0.270 23.97 75.97 (0] 0.963 30..56 69.42 —0.854
Be9-021 1.530 0.462 Be 0.281 24.88 75.07 (0] 0.960 40.69 59.29 —0.843
Bel-022 1.589 0.403 Be 0.286 30.65 69.17 (0] 0.958 35.46 64.51 —0.837
Bel0-015 1.530 0.462 Be 0.299 31.58 68.41 (0] 0.954 46.24 53.74 —0.821
Co- nancluster

C15-Be2 1.765 0.636 Be 0.435 37.66 62.22 C 0.900 30.35 69.62 —0.621
C15-Be8 1.765 0.636 Be 0.435 37.66 62.23 C 0.900 30.33 69.64 —0.621
C15-Bel0 1.737 0.684 Be 0.449 39.32 60.60 C 0.894 38.71 61.26 —0.597
Be2-021 1.603 0.410 Be 0.272 28.61 71.36 (0] 0.962 29.26 70.71 —0.852
Be8-022 1.603 0.465 Be 0.293 30.90 69.08 (0] 0.956 40.82 59.15 —0.829
Be8-021 1.603 0.410 Be 0.272 28.62 71.35 (0] 0.962 29.26 70.71 —0.852
Be2-0O14 1.534 0.465 Be 0.293 30.89 69.09 (0] 0.956 40.83 59.14 —0.829
Bel0-013 1.589 0.420 Be 0.278 29.82 70.10 (0] 0.961 28.08 71.89 —0.846
Bel0-016 1.588 0.420 Be 0.278 29.83 70.09 (0] 0.961 28.08 71.88 —0.846
Sip-nanocluster

Be2-Sil5 2.172 0.828 Be 0.485 44.11 55.56 Si 0.874 45.74 54.11 —0.529
Be8-Sil5 2.172 0.828 Be 0.489 33.80 65.98 Si 0.872 45.72 54.13 —-0.522
Be8-021 1.627 0.326 Be 0.226 25.38 74.42 (0] 0.974 9.43 90.54 —0.898
Be2-021 1.620 0.326 Be 0.226 25.38 74.42 (0] 0.974 9.43 90.54 —0.898
Bel0-O13 1.593 0.368 Be 0.261 31.22 68.70 (0] 0.965 38.98 60.99 —0.864
Bel0-0O16 1.593 0.368 Be 0.261 31.22 68.70 (0] 0.965 38.98 60.99 —0.864
Bell-013 1.578 0.423 Be 0.288 31.52 68.42 (0] 0.958 25.23 74.73 —0.834
Bell-016 1.578 0.423 Be 0.288 31.52 68.42 (0] 0.958 25.23 74.73 —0.834

depiction of electrostatic potential mapped onto the total ~ properties such as partial charges, dipole moment, and
electron density surface. Since MEP is related to the total ~ chemical reactivity. The obtained MEP surfaces for the
charge distribution of the molecule, it provides correlation  studied clusters are depicted in Fig. 5. Red and blue areas
between molecular structure with its physicochemical in the MEP map refer to the regions of negative and
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Fig. 4 The obtained molecular
graphs for (I) Cg,, (II) Co (IIT)
Sige and (IV) Sip doped-
(BeO);, nanoclusters. The
yellow, green and small red
balls indicate RCP, CCP and
BCP respectively. The labels of
the critical points are listed in
table 4
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Table 4 The obtained topological parameters at different critical Table 4 continued
points of doped-(BeO);, nanocluster
Critical point  p V2p G -V H
Critical point  p V2p G -V H
m 0.0986  0.7016 0.1843  0.1931  0.0088

Cpe-nanoclusier n 0.0884 0.6125  0.1600 0.1668  0.0068
a 0.0016 00057 0.0008 0.0003  —0.0006 0.1048 07473  0.1985 02102 0.0117
b 0.0548 02045 00589 0.0666  0.0078 0.0835 05893  0.1516 0.1558 0.0042
c 00170 00617 00153 00151  —0.0002 g onocluster
d 0.0159°0.0501  0.0126 0.0127  0.0001 a 0.0014 00057  0.0009 0.0003 —0.0006
e 0.0542 01493 00516 0.0659 00143 00376 00913 00286 00345 0.0058
f 0.0154 0,000 0.0125 0.0124 = 0.0000 ¢ 0.0150  0.0500  0.0124 0.0122  0.0001
g 0.0159°0.0494 — 0.0125 0.0127° 00002 ¢ 00156  0.0331  0.0090 0.0007 0.0097
h 0.1605  —0.1176  0.0820  0.1934 0.1114 0.0150  0.0500  0.0123 0.0122  —0.0001
i 0.1605  —0.1177 0.0820  0.1934 0.1114 ¢ 0.0156  0.0331  0.0089 0.0097  0.0007
] 0.2418 04960  0.1888 05016  0.3128 00534 0.1547 00526 0.0665 0.0139
k 0.0922  0.6636  0.1724 0.1789 00065 00542 00128 00294 00555 0.0261
1 0.0922  0.6636  0.1724 0.1789  0.0065 ; 00542 00128 00294 00555 00261
m 00994 07051 0.1857 01950 0.009%4 00758 05130 01317 01352  0.0035
n 0.0905  0.6309  0.1650  0.1724 00073 0.0485 0.0532  0.0090 00325 0.0228
0 0.1088 = 0.7790 ~ 0.2083 0.2219 00136 0.0918 0.6539  0.1697 0.1760  0.0062

0.0788 = 05651 0.1434  0.1455  0.0021 m 00758 05120  0.1317 0.1352  0.0035
Comnanocluster n 0.0830 05792 0.1494  0.1541  0.0046
a 0.0013 00048 00007 0.0002  —0.0005 0.1071 07655 02038 02163 0.0125
b 0.0497 0.1285  0.0389  0.0457  0.0068 b 00890 06163 01613 01685 0.0072
c 0.0151  0.0508 0.0125 0.0124  —0.0002
d 0.0155  0.0503 0.0126  0.0125  0.0000
e 0.0544  0.1502 0.0520  0.0664  0.0144 positive potentials and correspond to the electron-rich and
f 0.0155  0.0501 0.0125  0.0124  0.0000 electron-poor regions, respectively; whereas the green
g 0.0135  0.0410 0.0096  0.0090 —0.0006  color signifies the neutral electrostatic potential. The neg-
h 0.0789  0.2417 0.0899  0.1193  0.0295 ative potential region of MEP plot is related to the region
i 0.0789  0.2418 0.0899  0.1194  0.0295 of electrophilic attack and positive potential region are
j 0.0860  0.2461 0.0960  0.1304  0.0345 related to the nucleophilic attack. According to the Fig. 5 a
k 0.0803  0.5649 0.1442  0.1471  0.0029 uniform distribution is observed for pristine (BeO);,. In all
1 0.0803  0.5646 0.1441  0.1470  0.0029 of the considered clusters, the Be atoms hold significant
m 0.0975  0.7027 0.1831  0.1905 0.0074 positive charges (electron deficient regions) and are
n 0.0841  0.5693 0.1486  0.1549  0.0063 favorable for the nucleophilic attack. Among all of the
o 0.0991  0.6943 0.1834  0.1932  0.0098 studied clusters, a maximum negative charge region (red

0.0850  0.5943 0.1535 0.1585  0.0050 color) is concentrated over carbon atom in the case of the
Sige-nanocluster Cg. cluster and approximately over the silicon atom (yel-
a 0.0014  0.0051 00007 00002 —00005 low color) in the Sig. doped clusters. Therefore it seems
b 0.0485 0.1690 0.0451 0.0479  0.0028 that the reactivity of the (BeO);, is increased toward of
c 0.0157  0.0497 00125 00125 0.0000 electrophilic attack by replacing Be atom with carbon and
d 0.0155 00500 00125 00125 0.0000 silicon atoms. However in the case of Cg and Sip doped
e 0.0541  0.1489 0.0516 0.0660 0.0144 clusters no considerable change is observed in their MEP
; 00156  0.0502 00126 0.0126  0.0000 surfaces. Besides, the pictorial representation of the
o 00141  0.0495 00120 00116 —0.0004 HOMO-LUMO distribution of the considered clusters is
h 00833 02938 01042 01349 00307 represented in Fig 6. The HOMO orbital primarily acts as
; 00833 0.2938 01042 01349  0.0307 electron donor, and LUMO orbital largely acts as electron
i 00994 04844 01527 01844 0.0316 acceptor. The interpretation from the HOMO-LUMO
X 00880 0.6175 01606 01668 0.0062 analysis in this figure is that in the case of pristine (BeO);,
) 0.0880  0.6175 01606 0.1668 0.0062 cluster, the HOMO is concentrated over the oxygen atoms

of the cage as well as the LUMO is spread over the
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Fig. 5 The computed molecular electrostatic potential (MEP) for the (I) Cg,, (II) Co (III) Sig, and (IV) Sip doped-(BeO);, nanoclusters
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Fig. 6 Typically contour plots
of HOMO of the of (I) pristine,
(1) Cge, (III) Co (IV) Sige and
(V) Sip doped-(BeO);,
nanoclusters
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Fig. 7 The obtained DOS spectra of the a Cg, b Cp, ¢ Sig. and d Sip nanoclusters

beryllium atoms. Furthermore the HOMO is over the car-
bon and silicon atoms in the Cg. and Sig. and C doped
clusters, respectively; whereas the LUMO is mainly spread
over the entire molecule except the carbon and silicon
atoms. It is noticeable that according to the Fig 6, it seems
that there is the tendency to the formation of triangles in
these doped-nanoclusters. The wiberg bond order of the
Be-Be (See Fig 6.) which caused the formation of triangles
in the nanoclusters are checked. The calculated bond order
values for these bonds are nearly less than 0.03. It is
noticeable that no hybridization for Be-Be bond in clusters
has been reported, confirming that they had electrostatic
interactions and ionic nature.

In this section the electronic properties of the considered
nanoclusters are analyzed from their density of states
(DOSs) spectra. The obtained DOS spectra are shown in
Fig. 7. This figure shows considerable decrease in energy
gap due to the doping process. The energy gap of pristine

@ Springer

(BeO),, cluster is 7.55 eV which implies to its insulator
character; but this energy gap reduces to 4.403, 2.301,
4.948 and 2.712 eV for the Cg, Co, Sig. and Sip doped-
clusters, respectively. In other words the energy gap values
decrease by 41.7, 69.5, 34.5 and 64.1 % for the Cg., Co,
Sige and Sip clusters upon doping process. It is obvious
that the most considerable decrease is observed in Cgo-
doped-(BeO);, -nanocluster. According to Table 1 and the
DOS plot in Fig. 7, the HOMO energy level changes in the
range of 2.5-3.0 eV due to the doping process. Although
negligible changes in the LUMO energies level are
observed for Cp, and Sig, doped(BeO);, -nanocluster, the
variation of E, of Cp-doped cluster is mainly due to the
change of LUMO energy level (g, = -4.049). The changes
in the energy gap due to the doping process, could be
attributed to the sensitivity of the (BeO);, nanocluster for a
particular dopant and the electronic character of the cluster
could be adjusted by specific impurity. In other words the
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energy gap of the (BeO);, nanocluster could be engineered
by introducing different dopants in the (BeO);, cluster.

4 Conclusion

Density functional theory calculations are applied to
investigate the structural and electronic properties of the
(BeO), nanoclusters. The influence of carbon or silicon
atom doping is also studied. It is shown that doping process
induces local deformation at bond lengths which are
scrutinized through NBO analysis. Also the electronic
charge distributions are analyzed using Atoms in Mole-
cules theory. The obtained DOS spectra indicate that C and
Si doping decrease the energy gaps of the (BeO);, nano-
cluster in order of, Co > Sig > Cg. > Sig. by 69.5, 64.1,
41.7, and 34.5 % upon doping process. It seems that the
electronic character of the (BeO);, nanocluster could be
adjusted by particular impurity.
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