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In this study, an attempt has been made to investigate alteration in electro-
optical properties of bowl-shape B3g nanosheet due to interaction with one and
two Li atoms. Our results reveal that the highest occupied molecular orbital—
lowest unoccupied molecular orbital (HOMO-LUMO) gap of B3g nanosheet is
decreased because of a high energy level which is formed under influence of
interactions with Li atoms. Gigantic enhancement in the first hyperpolariz-
ability (fo) of the studied nanosheet up to 4920.62 au is indicated owing to the
effect of Li adsorption. The result of the present study may be eventuating to
design and fabrication of a nanosheet with tunable electro-optical properties.
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INTRODUCTION

Due to broad applications of nonlinear optical
(NLO) materials in optical communication, optical
computing, telecommunications, information stor-
age and optical switching devices, design of promis-
ing high-efficiency NLO materials is an important
task in contemporary physical chemistry
researches.’® It is known that the species involv-
ing the excess electron can display the significant
NLO response, where the excess electron plays a
crucial role in increasing the first hyperpolarizabil-
lty (ﬁo)'17_26

Inorganic fullerene-like structures have been
used in many types of research.?’2° The new group
of cage molecules has been formed from
stable fullerene-like boron. Planar or quasi-planar
boron clusters at large size were confirmed bgy
experimental and computational analysis.?%%°
Among quasi-planar all-boron layers with a central
hexagonal hole, Bsg is the most stable cluster with
Cev symmetry.>3 Recently, borophene (Bsg) has been
synthesized by Piazza et al.*®* The strongly bound
atoms of Bsg enhance its resistance to mechanical

(Received November 17, 2016; accepted March 1, 2017;
published online March 15, 2017)

4420

impact. This nanostructure has potential to have an
important role in future thin film technology and
two-dimensional materials research. Planar boron
sheets along with hexagonal vacancies are made
from this extended cluster.’*™® These structures
can serve as potential basic parts for fabrication of
the hybrid nanostructures with properties.

Recently, it has been shown that B,y fullerene
interacting with alkali metals could be a potential
promising NLO nanomaterial.>* The main contri-
bution of the present study is to investigate the
influence of interaction of the lithium atoms with
the bowl-shape Bsg nanosheet on its electro-optical
features. Since boron nanomaterials have unique
physiochemical properties, the result of the present
study may be eventuating to design and fabrication
of a mnanosheet with tunable -electro-optical
properties.

COMPUTATIONAL DETAILS

The geometries of the intended structures are
fully optimized using the dispersion-corrected den-
sity functional theory B3LYP-D3%**! method with
the 6-31G(d) basis set. The nature of the stationary
points is inspected by frequency analysis at a
similar computational level. The geometry


http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-017-5433-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-017-5433-9&amp;domain=pdf

Li,,@B36 (n = 1, 2) Nanosheet with Remarkable Electro-Optical Properties: A DFT Study 4421

optimization, electronic structure and NLO proper-
ties of Li,,@B3g with n = 1 and 2 was qualified by the
spin-unrestricted approach, whereas the restricted
approach was applied to the isolated Bsg sheet. The
correlated S? values are about 0.759—0.762 for
multiplicity 2, and 2.014 for multiplicity 3 in the
Li@B3g and Lis@Bsg structures, respectively. These
results are very similar to the value of 0.750 and 2,
respectively, for the pure doublet and triplet states.
Therefore, the spin contamination is insignificant
and the computational results are reliable. It is
significant that selecting a suitable method to
calculate the hyperpolarizability of a system is a
challenging task. The M06-2X functional is a high-
nonlocality functional with double the quantity of
nonlocal exchange (2X) to contemplate dispersion
forces.*? The hybrid M06-2X functional is appropri-
ate for use in many nanoscale molecular systems
due to a higher ;)ercentage of Hartree—Fock (HF)
exchange (54%).2°*3** The first hyperpolarizability
has been evaluated by the finite field (FF) approach
under an electric field magnitude of 0.001 a.u.,
utilizing M06-2X functional with 6-311+G(d) and 6-
311+G(2df) basis sets for boron and lithium atoms,
respectively. All calculations are performed using
Gaussian 09 quantum chemistry code* with default
convergence criteria.

The highest occupied molecular orbital-lowest
Unoccupied molecular orbital (HOMO-LUMO) gap
(HLG) of the intended structures is explained as:

HLG = (SL — SH) (1)
where ¢ is the HOMO energy and ¢, is the LUMO
energy. Also, for intended systems, density of states
(DOS) analysis was performed employing the
GaussSum program.*® The system energy in the
weak and homogeneous electric field can be shown
agt7:48.

1

2
where E° and F; are the molecular total energy
without the electric field and the electric field
component along the i direction, respectively. The
Wi, o;; and B, denote dipole, polarizability, and the
first hyperpolarizability, respectively. The magni-
tude of the total first hyperpolarizability (8,), a
scalar quantity distinguished as a NLO response
coefficient, is assessed using these components
according to the following equations.

1
E =E° — yF; aUFiF}—gﬁiijiF}Fk—"' (2)

bo= (B2 +52)" 3)

in which
3 ..
Bi :g(ﬁiii + By + b)) LS k=XY.Z  (4)

The interaction energy (F;,;) due to the interac-
tion of nanosheet with Li atom is obtained as:

Eint = Evi,aBy — EByy —nE1i —Epsse n=1,2 (5)

where E1; aB,, represents the total electronic energy
of the Li,@Bss. The term Ep,, and Eyp; are the total
electronic energy of isolated Bsg nanosheet and the
Li atom, respectively. To consider basis set super-
position error (BSSE) in the computation of the
interaction energy, Eggsg is calculated using a
counterpoise method.*’

RESULTS AND DISCUSSIONS

The structure of bowl-shape Bsg nanosheet is fully
optimized at the BSLYP-D3/6-31G(d) level of theory
and depicted in Fig. 1a. The pristine Bzg with Cgv
symmetry shows a bowl shape consisting of an out-
of-plane distortion. There are three types of boron
atoms in Bsg nanosheet. Six “hub” boron atoms (Bh),
the innermost boron atoms on the six-member ring;
eighteen “rim” boron atoms (Br) and twelve “bridge”
boron atoms (Bb). The bowl Bgg has two various
kinds of foreign B-B distances, 1.58 A and 1.67 A.
The obtained results are in accordance with previ-
ous theoretical reports on the Bsg nanosheet.” The
HOMO (eg) and the LUMO (¢g,) energies, and the
HLG are shown in Table I. DOS and graphic
presentation of the HOMO-LUMO distribution of
pristine Bsg are present in Fig. 1b. The HOMO
orbital principally acts as an electron donor, and the
LUMO orbital mainly acts as an electron acceptor.
The obtained HLG for the Bsg is about 1.916 eV
(Table I). Moreover, the NLO properties of Bsg
nanosheet are also investigated at the MO062X/6-
311+G(d) level of theory and summarized in Table 1.
The negligible first hyperpolarizability of Bgg
implies naught NLO response of Bse.

Li atoms have been considered to be adsorbed on
the surface of the pristine Bzg. Some various initial
adsorption sites are selected including atop of
different boron atom and B-B bonds, and in concave
and convex positions of the nanosheet. The struc-
tures of the considered systems are fully optimized
at the B3LYP-D3/6-31G(d) level of theory. The
obtained stable structures with all real vibrational
frequencies and interaction distances are shown in
Fig. 2. In these structures, the interaction distances
are about 2.133-2.395 A. In addition, Li adsorption
causes elongation of the B—B bonds. The Li adsorp-
tion leads to structural deformation of the
nanosheet and this could affect the electro-optical
features of the considered systems. The calculated
E;,; values for these structures using Eq. 5 are
listed in Table I. Based on the results of this table,
the negative values of E;,; indicate that the obtained
structures are stable. The E;,; values are ranging
from —1.54 eV to —1.84 eV for Li@Bsg and —3.42 eV
to —3.90 eV for Lis@Bss. The obtained results
indicate that the complexation of lithium with Bgg
nanosheet is favorable and the Li atom significantly
interacts with the surface of this nanosheet.
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Fig. 1. (a) The optimized geometry and (b) density of states (DOS) of pristine B3 nanosheet.

Table I. The frontier molecular orbital energy (¢g and ¢), HOMO-LUMO gap (HLG), the energy of the basis
set superposition error (Eggssg), the corrected interaction energy (E;,;) and relative energy values (all in eV),
the percentage of variation of HLG (%AHLG) together with dipole moment (y), polarizability («) and first
hyperpolarizability () values in a.u and charge of lithium atom (lel)

Spin Relative

Structures multiplicity cH er, HLG %AHLG® pu o Po Egssg Eint energy Qr
Pristine Bgsg 1 -5.534 -3.618 1.916 - 0.84 592.40 75.45 - - - -

A 2 —4.462 —-3.497 0.965 -—-49.62 4.80 640.86 4920.62 0.08 -1.54 0.30 0.896
B 1 —4.725 -3.532 1.193 -37.74 4.11 630.95 1532.98 0.16 —3.42 0.48 0.834
C 2 —4.569 —-3.599 0.970 -49.37 2.74 616.72 1008.61 0.09 -—1.74 0.09 0.896
D 1 —-4.732 -3.580 1.152 -39.88 1.49 622.94 667.30 0.20 -—3.68 0.18 0.827
E 2 —4.688 —3.689 0.999 -47.86 0.94 609.37 205.19 0.10 -1.73 0.10 0.860
F 2 —4.655 —3.660 0.996 —-48.02 241 614.52 19554 0.08 -1.81 0.03 0.849
G 1 —4.882 -3.785 1.097 -42.76 1.66 616.97 100.12 0.17 -3.90 0 0.882
H 2 -4.628 -3.674 0.953 -50.23 0.02 603.51 74.17 0.08 -1.84 0 0.925
I 3 —4.822 -3.807 1.016 -46.968 1.65 623.42 13.02 0.17 -3.86 0.04 0.882

These structures are arranged in order of decreasing in beta values.?The negative signs correspond to a decrease of the HLG with respect

to B3g nanosheet.

Natural bond orbital (NBO) analysis®® is also
carried out. The NBO charges are listed in Table 1.
The results presented in Table I indicate that the
studied Li atom clusters display positive charge,
which exhibits the charge transfer from the Li atom
to Bsg in all of the considered structures. It is clear
that the charges of the Li atom are very closed to +1,
which demonstrates that the 2s valence electron of
the Li atom is ionized; therefore, the lithium salt is
formed. As it is expected, the diffuse excess electron
of Li atom transfers to the Bsg which can alter the
electronic and NLO properties of the considered
system. Furthermore, the NBO analysis in terms of
the natural electron configuration is applied to
describe the bonding. The natural electron configu-
rations of the considered structures are summarized

in Table II. According to the results presented in
this table, by adsorption of the lithium atom on the
surface of the pristine Bsg, the p-character of Li
atom in the LiB interaction of the considered
system are increased significantly, which indicates
the elongation of LiB interaction proportional to
the enhancement of p-character.

The results of frontier molecular orbital energies
(¢m,er,) and the HLG energy values for the consid-
ered structures are gathered in Table I. According
to this table, it is found that the adsorption process
narrows the width of the HLG of pristine Bsg in the
range of 0.723-0.963 eV for the Li and Li,@Bsg
nanosheets, respectively. Thus, HLG values of Bgg
nanosheet are sensitive to the Li adsorption. Among
the considered complexes, structure A indicates
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Fig. 2. The optimized geometry obtained structures for Li,@Bge, (n = 1, 2) nanoclusters: (a) A, (b) B, (c) C, (d) D, (e) E, (f) F, (g) G, (h) Hand (i) |
structures. (These structures are arranged in order of decreasing in beta values).

Table II. The obtained natural electron configuration for the lithium atom in considered structures

Compound Atom Natural electron configuration
A Li [He] 25(0.01)2p(0.02)
B Li [He] 25(0.02)2p(0.07)
Li [He] 25(0.01)2p(0.07)
C Li [He] 25(0.02)2p(0.03)
D Li [He] 25(0.02)2p(0.06)
Li [He] 25(0.02)2p(0.06)
E Li [He] 25(0.01)2p(0.05)
F Li [He] 25(0.01)2p(0.07)
G Li [He] 25(0.02)2p(0.11)
Li [He] 25(0.03)2p(0.08)3p(0.01)
H Li [He] 25(0.01)2p(0.02)
I Li [He] 25(0.01)2p(0.05)

Li [He] 25(0.01)2p(0.04)




Alpha DOS spectrum

1 = Beta DOS spectrum

Density of State (arbitrary unit)

Energy (eV)
Fig. 3. Density of states (DOS) of (a) A, and (b) B structures.

Solimannejad, Kamalinahad, and Shakerzadeh

—_
=2
~
~

]

| ====DOS spectrum

(=)}
1

W
1

S
Il

w
1

E =1.193 eV
g

Density of State (arbitrary unit)

Energy (eV)

considerable HLG reduction to 0.965 eV, implying
significant interaction of the Li atom with the rim
boron of Bsg nanosheet. In order to provide a
convenient comprehensive view of the electronic
structures of the studied configurations, DOS and
the pictorial representation of the HOMO-LUMO
distribution of A and B structures are depicted in
Fig. 3a and b. According to this figure, significant
reduction in the HLG is due to the formation of a
high-energy level as the new HOMO level locating
between the original HOMO and LUMO of pristine
Bsg. Moreover, according to the results presented in
Tables I as well as the DOS spectra, it can be
concluded that stronger interaction of Li atom leads
to enhancement in the HOMOs energy and, as such,
gives a small HOMO-LUMO energy gap in studied
clusters compared with pristine Bsg nanosheet.

It has been shown that the existence of the diffuse
excess electron can usually cause a large NLO
response.’’®® The obtained dipole moment (u),
polarizability (x) and first hyperpolarizability (/o)
of the considered systems are also listed in Table I.
According to this table, the obtained outcomes show
that polarizability and S, are enhanced due to
adsorption of Li atoms. The results indicate that A
and B structures have greatest first hyperpolariz-
ability with the values 4920.62 and 1532.98 au,
respectively, which indicates that f, values of
Li@Bsg are larger than Lis@Bsg. In addition, the s
valence electron of the Li atom is pushed out to turn
into a diffuse excess electron for the whole system.
It seems that the interaction distance between the
Li atom and the Bsg is a key factor in enhancing the
first hyperpolarizability of the studied clusters. The
shorter interaction distance causes the greater NLO
response (see Fig. 2 and Table I). This observation
is in agreement with results of previous studies on
M@B40 (M = Li, Na, K).?° The shortest interaction

distances belong to the A configuration. Thus, it
seems that the shorter interaction distance is
responsible for greater NLO response of this struc-
ture among the studied clusters. It is obvious that
rim boron of Bsg is a favorable position for achieving
considerable f, values. Finally, existence of the
diffuse excess electron leads to large NLO response
of Li,,@Bsg (n = 1, 2) nanoclusters with respect to
Bsg nanosheet.

CONCLUSION

In this study, we have investigated the alteration
of NLO features of bowl-shape Bsg nanosheet by
interaction with lithium atom. It is found that these
complexations narrow the HLGs of the considered
structures. Such a decrease of the HLGs is mainly
due to the formation of a high-energy level as the
new HOMO levels locate between the original
HOMO and LUMO of pristine nanosheet. The
electronic properties of the studied structures are
sensitive to interaction with the Li atom entirely.
Indeed, the interaction of Bsg with Li atom
enhanced its first hyperpolarizability significantly.
Finally, it is concluded that Li,@Bsgs (n =1, 2)
nanoclusters could be a potential promising NLO
material.
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