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Influence of alkali metal superoxides on structure,
electronic, and optical properties of Be;;O;, nanocage:
Density functional theory study
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The effect of alkali metal superoxides M30 (M = Li, Na, K) on the electronic and optical properties of a Bej,01;
nanocage was studied by density functional theory (DFT) and time-dependent density functional theory (TD-DFT). The
energy gaps (E;) of all configurations were calculated. Generally, the adsorption of alkali metal superoxides on the Be1201
nanocage causes a decrease of Eg. Electric dipole moment y, polarizability ¢, and static first hyperpolarizability 8 were
calculated and it was shown that the adsorption of alkali metal superoxides on Be|2Oj; increases its polarizability. It
was found that the absorption of M30 on Be;;0O1,> nanocluster improves its nonlinear optical properties. The highest
first hyperpolarizability (8 ~ 214000 a.u.) is obtained in the K30-Be,01, nanocluster. The TD-DFT calculations were
performed to investigate the origin of the first hyperpolarizabilities and it was shown that a higher first hyperpolarizability

belongs to the structure that has a lower transition energy.
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1. Introduction

Materials with large nonlinear optical (NLO) properties
are very useful for optical interconnections, optical switching,
and signal processing.!!"?! The accurate theoretical determina-
tion of hyperpolarizability can make significant contributions
to explore new nonlinear optical materials with potential ap-
plications in advanced technologies. [*!

Cages with fullerene-like structures can be utilized in new
industrial applications such electronic devices, imaging mate-
rials, magnetic recording and environmental processes.[+~10]
These cages with another substituent lead to the emergence
of some physical properties such as a different energy gap
and genesis of semiconducting properties.!!!~15] Nanocages
with the M,X|, formula are most stable energetically among
different types of (MX), structures.'®2%] Moreover theoret-
ical studies demonstrated that the M,X;, cluster built from
square and hexagonal rings is more stable than that built
from pentagons and hexagons.!?>?*] Previously some stud-
ies were done to improve the NLO properties of nanocages.
For instance, lithium, sodium, and potassium were employed
to increase the NLO properties of Mg20Oj> and B,0q>

[25

nanocages,!?>! and similarly transition metal atoms were used

to improve the Mg»01; nanocage.[26] Wu et al. used
the alkali superoxide (M30) to improve the NLO properties
of materials and designed novel alkalides with high NLO
properties. [>7]

In the present work, we report a theoretical study on
the interaction of alkali metal superoxides with the Be201;

nanocage. Structure, energetic, electronic, and optical prop-
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erties of the compounds are studied using density functional
theory.

2. Computational details

The optimized structures of ground state of Bej20q;
nanocage, M30 (M = Li, Na, K), and complex of Be2,0j»
with M30 (M30@Be,0/,) were calculated using density
functional theory at the B3LYP/6-311+G(d) level.[?8-321

To find the optimized structures for M30 (M = Li, Na,
K) adsorbed on the surface of Be|»Oj,, several different ini-
tial configurations were used for optimization: (i) three metal
atoms horizontally attached on three oxygen atoms in the
hexagonal ring of Be;201> (3M-H-30 h ring), (ii) two metal
atoms vertically attached on two oxygen atoms in the hexago-
nal ring of Be2013 (M-V-20-h ring), (iii) two metal atoms
vertically attached on two oxygen atoms in the square ring
of Be2012 (2M-V-20-s ring). These configurations are illus-
trated in Fig. 1.

All calculations were performed using the Gaussian
09W.[33] The electronic density of states (DOS) for all struc-
tures was calculated using the GaussSum program.**! The
spin-unrestricted approach was applied to describe the ge-
ometry optimization, electronic structure, and NLO prop-
erties of the M30-Be20;, nanocluster and the functional
Coulomb-attenuated hybrid exchange—correlation functional
(CAM-B3LYP)!®! was used to predict the large molecular
system. This functional also provided good quality results for

the electronic excitation energies. 363!
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(a) 3M-H-30 h ring

?‘*‘{f?‘f‘

(b) 2M-V-20 h ring

(c) 2M-V-20 S ring

Fig. 1. (color online) Different scenarios of M30 on Be2012: (a) 3M-H-30 h ring, three M metals sit horizontally on a three O atoms hexagonal ring, (b)
2M-V-20-h ring, two M metals sit vertically on a two O atoms hexagonal ring, (c) 2M-V-20-s ring, two M metals sit vertically on a two O atoms square ring.

The electronic properties of the cluster including the fron-
tier molecular orbitals, which correspond to the highest oc-
cupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO), ionization potential (1), elec-
tron affinity (A), chemical potential (i), global hardness (17),
softness (S), global electrophilicity (@), index electronegativ-
ity (x) and the maximum amount of electronic charge index
(ANmax ) were calculated. All the electronic properties can be
obtained through the HOMO-LUMO orbitals.[**+7] The cal-
culated HOMO-LUMO energy gap E;;, chemical hardness 7,
chemical potential u, electrophilicity index @, and maximum
amount of electronic charge index ANy are in atomic units.

The simplest polarizability « characterizes the ability
of an electric field to distort the electronic distribution of a
molecule related to the linear optical properties. Higher order
polarizabilities (hyperpolarizabilities 3, 7, etc.) describe the
nonlinear response of atoms and molecules related to a wide
range of phenomena in nonlinear optics.*8! The energy of an
uncharged liner molecule in a weak, homogenous electric field
can be written as

E = E°W;F; — 1/204;F;F; — 1 /6B FiF;Fy
—1/24V,j FF;FF + -

where EY is the energy of the unperturbed molecule, F; is the
field at the origin y; , and o, B;jk, and Vjjy are the compo-
nents of the dipole moment, i.e., the polarizability, the first and
the second order hyperpolarizability, respectively.

Using the two-level model, [49-511 the relation between the
hyperpolarizibility and other time dependent properties are ob-
tained by the following relation:

JoAu
Bo o A
where AE, f, and Au are the transition energy, the oscillator
strength, and the difference in the dipole moments between
the ground state and the crucial excited state respectively. In
this model, B is inversely proportional to AE?, so AE is the
decisive factor in the first hyperpolarizability.5>>4]

Because of the dependence of the first hyperpolarizabil-
ity on the ground state and the excited state properties, the
time-dependent density functional theory (TD-DFT) calcula-
tions at the CAM-B3LYP/6-31+G(d) level were performed to
obtain the excitation energy and the differences of the dipole
moments between the ground state and the excited state as well
as the oscillator strength fj.

3. Results and discussion
3.1. Geometrical structure

The optimized structures and geometrical parameters of
the Be»012 nanocage are depicted in Fig. 2. As seen in Fig. 2,
the Be20j> nanocage consists of six square and eight hexag-
onal rings. Two different bonds exist within this nanocage:
one is shared between two hexagons (hh) and the other is be-
tween a square ring and a hexagon (hs). The bond lengths
(I) of hh-bonds and hs-bonds in Be;20j, nanoclusters are
1.520 A and 1.577 A, respectively, which is in accordance with
Ref. [25]. The density of states plots for the Be;;01, nanocage
are shown in Fig. 2. The energies of HOMO (egomo) and
LUMO (eLumo) as well as the energy gap (E; ) calculated from
the DOS spectrum are —8.64 eV, —1.04 eV, and 7.60 eV, re-
spectively, which confirms the semiconductor character of the
nanocage. After optimization of the Be;2Oj> nanocage, the
M3;0 superoxides were placed in different sites of it (Fig. 1),
and then their structures were optimized. The optimized
structures of the M30-Be201, nanoclusters are depicted in
Figs. 3-5.
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Fig. 2. (color online) The optimized geometry of the pristine Be;2012
nanocluster.
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Fig. 3. (color online) The structures and the total density of states of the Be;20;, nanocluster beside LizO super alkali metal after
optimization at the B3LYP/6-311+g(d) level: (a) 3Li-H-30 h ring, (b) 2Li-V-20-h ring, (c¢) 2Li-V-20-s ring.
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(c1) 2Na-V-20-s ring
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Fig. 4. (color online) The structures and the total density of states of the Be;2012 nanocluster beside Na3zO super alkali metal after
optimization at the B3LYP/6-311+4g(d) level: (a) 3Na-H-30 h ring, (b) 2Na-V-20-h ring, (c) 2Na-V-20-s ring.
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Fig. 5. (color online) The structures and the total density of states of the Be;20;2 nanocluster beside K3zO super alkali metal after
optimization at the B3LYP/6-311+g(d) level: (a) 3K-H-30 h ring, (b) 2K-V-20-h ring, (c) 2K-V-20-s ring.

The bond lengths of Be-O located between two hexag-
onal rings (hh) and a hexagonal ring and a square ring for
the M30-Be ;01> nanocage are listed in Table 1. As seen
in Table 1, the existence of M50 on the surface of the Be{,0»
nanocage drastically affects its structure and highly deforms it.

According to Table 1, the larger effect is seen in the Na3O case
and the smaller effect is observed in the K3O case, especially
for the 2D structure. Both interaction distances between M of
the superoxide and O of the Be;20;» nanocage was studied
and the results are gathered in Table 2
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Table 1. The bond lengths of Be—O in hh and hs rings for all optimized
structures of M30-Be,01,.

Fig. Configuration Be-O(hh)/A Be-O(hs)/A
2 pristine 1.52 1.58
3(a) 3Li-H-30-h ring 1.64 2.50
3(b) 2Li-V-20-h ring 1.64 2.49
3(c) 2Li-V-20-s ring 1.56 1.86
4(a) 3Na-H-30-h ring 1.65 2.64
4(b) 2Na-V-20-h ring 1.65 2.64
4(c) 2Na-V-20-s ring 1.60 1.89
5(a) 3K-H-30-h ring 1.68 1.82
5(b) 2K-V-20-h ring 1.56 1.82
5(c) 2K-V-20-s ring 1.68 1.82

Table 2. Interaction distance (in units of A) between M or O of M30
and Be or O of Be2015.

Li3O—Be|2O|2 Na30—B6]20]2 K3O—Be|20|2
Li3-06 1.810 Na2-08 2.179 08-K2 2.715
Li4-010 1.925 Na3-06  2.327 06-K3 2.742
O1-Be5 1.510 Be7-01 1.489 Be7-01 1.502

As seen in Table 1, the interaction distances between Li
atoms in the Li3O-Be 20, case are lower than those in the
Na3O-Bej201, and K30-Be;01, cases, which may be the
result of the smaller atomic diameter of lithium. For all config-
urations, the binding energies which are related to the feasibil-
ity of forming M30@Be 01, were calculated and reported in
Table 3. Among these systems, K3O@Be|,01, has the highest
binding energy and is more stable than the others.

Table 3. The binding energy of the system for all considered configu-

rations.
Fig. Configuration Ep/kcal-mol !
3(a) 3Li-H-30-h ring -19.29
3(b) 2Li-V-20-h ring -19.29
3(¢c) 2Li-V-20-s ring -17.11
4(a) 3Na-H-30-h ring -26.93
4(b) 2Na-V-20-h ring -26.93
4(c) 2Na-V-20-s ring -24.58
5(a) 3K-H-30-h ring -27.65
5(b) 2K-V-20-h ring -27.65
5(¢c) 2K-V-20-s ring -27.65

4. Electronic properties

The HOMO and LUMO orbitals and the calculated en-
ergy gap for all considered conformations are gathered in Ta-
ble 4. As seen in Table 4 (and mentioned previously), the
obtained HOMO and LUMO energies and consequently E,
for pristine Bej201y are —8.64 eV, —1.04 eV, and 7.6 eV,
respectively. It is shown that the HOMO and LUMO ener-
gies are lowered by the M30 presence. However, a larger de-
crease takes place on the HOMO energy, so E, reduces for
all M30-Be ;017 nanocages. Moreover, the highest reduction
in E; occurs in the case of K30-Be2012 (—89.87%). The
M50 molecules have high densities of electrons, their excess
electrons are injected to the clusters via interaction and a new
HOMO level with higher energy locating between the original
HOMO and LUMO of the pristine cluster is formed, this may
explain the narrowing of the Ej.

Table 4. Electric properties of the pristine form and M30 adsorbed Be >0}, nanocages.

Fig. Configuration HOMO LUMO Eg u 0] 1 A n n X ANmax AE,
2 pristine -8.64 -1.04 7.60 —4.84 3.08 8.64 1.04 0.26 3.80 4.84 1.27 0.00
3(a) 3Li-H-30-h ring -3.03 -1.60 1.43 —2.32 3.75 3.03 1.60 1.40 0.72 2.32 3.24 -81.18
3(b) 2Li-V-20-h ring -3.03 -1.60 1.43 -2.32 3.75 3.03 1.60 1.40 0.72 2.32 3.24 -81.18
3(c) 2Li-V-20-s ring -2.98 -1.65 1.33 -2.32 4.03 2.98 1.65 1.50 0.67 2.32 3.48 -82.50
4(a) 3Na-H-30-h ring -3.11 -1.91 1.20 -2.51 5.25 3.11 1.91 1.67 0.60 2.51 4.18 -84.21
4(b) 2Na-V-20-h ring -3.11 -1.91 1.20 -2.51 5.25 3.11 1.91 1.67 0.60 2.51 4.18 -84.21
4(c) 2Na-V-20-s ring -2.95 -1.89 1.06 -2.42 5.52 2.95 1.89 1.89 0.53 242 4.57 -86.05
5(a) 3K-H-30-h ring -2.32 -1.55 0.77 -1.94 4.86 2.32 1.55 2.60 0.39 1.94 5.03 -89.87
5(b) 2K-V-20-h ring -2.32 -1.55 0.77 -1.94 4.86 2.32 1.55 2.60 0.39 1.94 5.03 -89.87
5(c) 2K-V-20-s ring -2.32 -1.55 0.77 -1.94 4.86 2.32 1.55 2.60 0.39 1.94 5.03 -89.87

The other quantum chemical quantities such as chemical
potential u, global electrophilicity w, ionization potential I,
electron affinity A, softness S, global hardness 7, index elec-
tronegativity ), and maximum amount of electronic charge in-
dex ANpax, which are related to E,, were calculated for all
optimized conformations and given in Table 4.

4.1. Optical properties

The electric dipole moment U, polarizability o, and first
order static hyperpolarizability f of pristine Be;20;» and
M30-Be 01, were calculated using DFT theory at the CAM-
B3LYP/6-314-G (d,p) level. The dipole moments of the men-
tioned structures are presented in Table 5. The dipole moment
obtained for pristine Bej20j, is 0 Debye and the surprising

order of the dipole moment increasing is as follows: LizO—
Be 2012 <K30-Be2012 <Na3zO-Be7015.

Table 5. Calculated dipole moments for all configurations. All compo-
nents and [ are in units of Debye.

Fig. Configuration Ly Ly u; Hiot
2 pristine 0.000 0.000 0.000 0.000
3(a) 3Li-H-30-h ring 0.016 0.441 -0.203  0.486
3(b) 2Li-V-20-h ring -0.019 0448  -0210  0.495
3(c) 2Li-V-20-s ring 0.196 0.003  -0.440  0.481
4(a)  3Na-H-30-hring  -1.732 0499  -0.711 1.938
4(b)  2Na-V-20-hring 1.733 0.506  -0.713 1.941
4(c) 2Na-V-20-sring  -1.396  0.001 -1.046 1.744
5(a) 3K-H-30-h ring 1.486 0434  -0.008 1.548
5(b) 2K-V-20-h ring 1.487 0466  -0.005 1.558
5(c) 2K-V-20-s ring -1.486 0426  -0.007 1.546
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Table 6. Polarizability, polarizability variation, and first hyperpolariz-
ability of all structures. The values are in units of a.u.

LizO, and the highest polarizability is observed in the interac-
tion with K30. Additionally, the polarizability improvement
which can be seen as the result of K3O adsorption on the
Be»,01, nanocage is considerable in comparison to others.
Similarly, it is observed that the first hyperpolarizability of the
nanocage is considerably enhanced by the M30O adsorption.
The K30 adsorbed on Be12015 leads to the highest first hyper-
polarizability improvement. The dipole moment, polarizabil-
ity, and first hyperpolarizability are plotted simultaneously to
show their trends in Fig. 7.

2.5
—— Mot/ Debye
2.0 —— B%/a.u.
Aa/a.u.

1.5}F
1.0+
0.5F

0

Fig. o Aa B
2 127.5 0 0.000
3(a) 373.6 153.7 23592.4
3(b) 374.1 153.5 23762.5
3(c) 433.7 220.7 34439.1
4(a) 458.3 208.1 37527.4
4(b) 458.7 208.8 37638.8
4(c) 591.5 341.4 87280.4
5(a) 1388.9 1076.0 200422.1
5(b) 1387.1 1075.0 214101.2
5(c) 1389.1 1076.1 195730.1
8
L e HLG
6 -
4 -
2 -
L —_—
0 1 1 1 1 1 1 1 1

2 3(a) 3(b) 3(c) 4(a) 4(b) 4(c) 5(a) 5(b) 5(c)

Fig. 6. (color online) The energy gaps Eg of Bej2012 nanoclusters for
all configuraions.

The polarizability o and the first hyperpolarizability for
all structures were calculated and reported in Table 6. The
minimum polarizability is observed in the interaction with

2 3(a) 3(b) 3(c) 4(a) 4(b) 4(0) 5(a) 5(b) 50

Fig. 7. (color online) Relationships of dipole moment, polarizability,
and first order hyperpolarizability.

4.2. TD-DFT

Time-dependent density functional theory calculations
at the CAM-B3LYP/6-314-G(d) level were used to obtain the
transition excited state properties such as excitation energies £
and oscillator strengths f. The major electric transition CT and
transition moment of all configurations are listed in Table 7.

Table 7. TD-CAM-B3LYP/6-31+g(d) calculated results of transition energy AEg,, transition moment [ig,, oscillator strength fn,, and

the major electric transitions obtained for all conformations.

Fig. Configuration AE/eV B/1073 a.u. Aplg_c/a.u. f/au. 52 CT?
2 pristine 7.5305 0.0000 0.1642 0.0050 0.00 H—L
3(a) 3Li-H-30-h ring 1.2140 0.2359 2.1937 0.2135 0.75 H—L
3(b) 2Li-V-20-h ring 1.2120 0.2376 2.1856 0.2133 0.75 H—L
3(c) 2Li-V-20-s ring 1.0923 0.3444 2.2203 0.1953 0.75 H—L
4(a) 3Na-H-30-h ring 1.1256 0.3753 1.1077 0.2558 0.75 H—L
4(b) 2Na-V-20-h ring 1.1246 0.3764 1.1070 0.2560 0.75 H—L
4(c) 2Na-V-20-s ring 0.9688 0.8728 1.3248 0.2235 0.75 H—L
5(a) 3K-H-30-h ring 0.5874 2.0042 2.7085 0.2607 0.75 H—L
5(b) 2K-V-20-h ring 0.5866 2.1410 2.6960 0.2601 0.75 H—L
5(c) 2K-V-20-s ring 0.5876 1.9573 27111 0.2608 0.75 H—L
?H and L refer to the HOMO and LUMO, respectively.
The modifications of hyperpolarizibility § for all struc- 2.5
A . ——— AE/eV
tures are compared to energy changes AE,, in Fig. 8. In Fig. 8, 20k 5/a.u.
it is clearly seen that the excitation energy inversely relates to
s ... 1.5F

the hyperpolarizibility. A small change of the transition energy

leads to a drastic change in hyperpolarizability (with inverse )

of 3 powers). Configuration 3(a) has the largest transition en- st S S

ergy AE,, which corresponds to the smallest hyperpolarizabil-

ity B. On the other hand, the minimum AE,, and the maxi-
mum first hyperpolarizability belong to K30-Be,01,, which

corresponds to the results obtained previously.

) 4

30 1)

3(a) 3(b)

Fig. 8. (color online) The first hyperpolarizibility and excitation energy
for different configurations.
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5. Conclusion

We performed DFT study of the effect of M30 on the

structure, electric and optical properties of Be;,01, nanoclus-
ter to suggest a way to improve its NLO properties. It was
found that the adsorption of super alkali metals on Be 013
leads to decreased E, and increased polarizability. The hyper-
polarizibility is drastically affected by the presence of super
alkali metals. The K30-Be;;01, has the highest change in
hyperpolarizibility by about 200000 a.u. The relation between
the transition energy AE,, and the first hyperpolarizability f3
was explored by TD-DFT calculations.
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