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ARTICLE INFO ABSTRACT

Keywords: The computational designing of the Li4N and Li4O as efficient dopants for Al;oN;o nanocage has been carried out
Nanocage in the present study for the applications of high-performance Nonlinear Optical materials. The density functional
Superalkali . theory was employed with UBVP86-6-311G(++-d,p)def2D2V set of functions for studying the enhanced struc-
gs;:;r;ear optical materials tural, electronic, and optical properties of Al;oN;¢ nanocage after the exohedral substitution of Li4N and Li4O.

The density of state calculations reveals the formation of a new high energy highest occupied molecular orbital in
the combined structure of superalkali and nanocage. This seems to result in a major decrement in the band gap of
the complex structure Al1oN1o+Li4N (0.878eV) and Al;oN19+Li4O (0.872eV). The charge transfer from the metal
structure towards the nanocage was supported by the natural bond orbital charges. The doping of superalkali
gave an intensified value of dipole moment from 1.53 Debye (nanocage) to 10.27 and 14.93 Debye for
AljoN7o+LigN and AljoN;o+Li4O respectively. This supported the high electronegativities and high intra-
molecular charge transfer for these complexes. The vibrational spectra reveal the high-intensity modes for
stretching the interconnecting bonds between the nanocage and metal structure. The first-order hyper-
polarizability for nanocages was remarkably enhanced after superalkali doping. The first-order hyper-
polarizability for AljgN1o+Li4sN and Al;jgNj9+Li4O were computed as 173.13 x 1073 and 172.45 x 1073 esu
respectively. Thus, the present investigation can be the basis for the experimental fabrication of highly efficient
NLO materials and will attract the scientific community to design high-performance NLO materials with
exceptional features for widespread applications in optoelectronics.

Intramolecular interactions

hyperpolarizability and hence a high NLO response [7]. NLO materials
with risen hyperpolarizability are employed in different applications

1. Introduction

The past few decades have led to the development of the synthesis
and designing of highly efficient Nonlinear Optical (NLO) materials. The
rapid development in technology results in designing the desired ma-
terials possessing enhanced NLO activity. As the NLO activity is the
function of intramolecular interactions, the integration of excess elec-
trons by introducing electron-rich agents is the most effective technique
to improve the NLO response of materials [1-3]. Diffused excess elec-
trons give rise to the hyperpolarizability of the materials which is the
key factor of NLO response [4]. The study presented by Zhong and the
team has introduced a new concept of high NLO activity of materials by
introducing moieties with excess electrons via different physical phe-
nomena like adsorption, doping, etc [5,6]. A decrement in the excitation
energies was observed for the crucial transitions i.e., the transitions with
the highest oscillator strength. This also leads to large
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like solar conversions, diodes, optoelectronics, optical data storage,
dynamic image processing, telecommunications, sensing, optical
computing, and many more. Doping has been a trending technique to
increase NLO responses. Therefore, many studies have been reported
and published in literature where doping has been used to increase the
hyperpolarizability of materials. Literature of the prior ab-initio
research reports the stability of the Al,Ny, n = 2-41 aluminum nitride
nanocages [8-11]. Thus, the present study accounts for the rise in the
hyperpolarizability of the Al;oN;o nanocages by doping the superalkalis
Li4N and Li40.

The inorganic metal complexes are profoundly employed for NLO
applications due to having large values of hyperpolarizability and non-
linear susceptibility due to the availability of excess electrons [12].
These excess electron clouds get collected at the anionic sites which are
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responsible for high NLO response [13]. In the case of alkali metal doped
complexes, a certain decrement in the band gaps was observed and the
interaction energies are small. Niu and team stated this fact for the first
time during the study of doped alkali metal atoms (M = Li, Na, K) on
Al;5N75 nanocages and observed very small interaction energy between
11.7 and 33.5 kcal/mol and band gap in the range 0.49-0.71 eV [14].
The comparatively smaller size of alkali atoms than the Al and N atoms
was found to be the reason behind the low interaction energy. However,
the multi-atom alkali dopants were found suitable for the enhancement
in the NLO properties [15]. Y. Arshad and the team has employed DFT
for exploring the NLO responses of doped BiaNj» nanocages
(M@x-Bj2N12; where M is for transition metals including Sc, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, and x = bgg, bgg, 1, and r4) [16]. A remarkable
rise in the hyperpolarizability of 1.39 x 10* au was obtained for the
Sc@bgs-B1oN12 complex. A similar kind of work was performed by
Khaliq for the investigation of the influence of superalkalis (LisN and
Li4O) doping on the structural, electrical, optical, and NLO responses of
the AljsNj2 nanocage. For the mentioned study, hyperpolarizability of
5.7 x 10* au is achieved for the LiyN@Al;2N12 nanocage [17]. N. Kosar
and his team have previously done theoretical research in designing
novel inorganic complexes by doping superalkalis (Li3O, Na3zO, and
K30) on the Zn12015 cluster [18]. The results reveal that doping causes
the shifting of excess electrons from superalkalis towards the Zn;2012
cluster and enhances the NLO properties of these isomers. Moreover, the
designed clusters gave excellent transparency under the ultraviolet re-
gion of workable laser conditions. DFT was also employed for analyzing
the stability, boundary crossing barriers, and optical (linear and
non-linear) properties of X;2Y12 nano-cages (X =B, Aland Y =N, P), and
the values of hyperpolarizabilities were found satisfactory enough to
validate that the designed nanocages respond tremendously to the NLO
properties [19]. A. rad and K. Ayub did a comparative study using DFT
to study the chemical adsorption of guanine on Al;sNj2, Al15P12, B1oNjo,
and Bj2P12 nano-cages [20]. Literature has accounted for numerous
research articles with a wide variety of designed nanocages and devel-
oped their purpose in the field of NLO materials.
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The incorporation of alkali metal atoms on nanocages is the proven
way to design the potential high NLO responsive materials with high
hyperpolarizabilities. However, for the first time, the work has been
performed for Al;pNj nanocage with doped superalkalis. The DFT tools
were used to check the stability of the designed nanocage. This theo-
retical study intends to design and investigate the Al;oNjp+Li4N and
Al;oN19+Li4O complexes. The specific objective of this work is to
explore the NLO responses of the mentioned complexes for their leading
application in various advanced fields like optoelectronics and pho-
tonics. The present research work will provide new insights into the
designing of new NLO active structures after the introduction of super-
alkalis. The reported study will serve as a base for future experimental
studies on NLO materials.

2. Computational procedure and calculation

The geometries of probe Al;gNjg, AljoN19+LisN, and Al;gN;o+LisO
complex were optimized to the ground state using BVP86,/6-311G(++d,
p) set of functions of density functional theory (DFT) (Fig. 1). In the
literature, it was noticed that the calculations done with the alkali
metals were more perfect in the case of the aforementioned basis set of
functions [21]. Thus, these functionals were found more accurate in the
case of title complexes. The ground state geometry optimization was
followed by the frequency calculations for optimized complexes as true
maxima using the same set of functions. The interaction of the nanocage
Al;9N10 and superalkali (LisN and Li4O) was equated using equation (1):

Einteraction = E(EAlleo +super—alkali) - (EAlem + Esupemlkali) (1)

The band gap was computed for AljoN7o+Li4sN and Al;oNio+LisO
complex using the energies of the highest occupied (Egomo) and lowest
unoccupied (Epymo) molecular orbitals using equation (2):

AE = Erymo ~Enomo 2)

The chemical reactivity of the title complexes was studied by
computing the global reactivity parameters using the set of Koopman’s

Fig. 1. Optimized structure of (a) Al;oNjo, (b) LisN, (c) LizO, (d) Al;oN10+Li4N, and (e) AljoN;o+Li4O using UBVP86-6-311G (++d,p) def2D2V set of functions.
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equation mentioned in the previous studies [22,23].

The second-order perturbation Fock-matrix was computed using
natural bond orbital analysis for monitoring the donor-acceptor in-
teractions in the title nanocages. Stabilization energy (E(2)) corre-
sponding to each donor (i) and acceptor (j) atom was computed using
equation (3):

2
E(2)=AE; —q; <EJ KEI> 3

Where F(i,j) -Fock matrix element between i and j NBO orbitals, E;
and E; are the energies of the acceptor and donor NBOs. The density of
states (DOS) analysis was done to account for the average space of the
various states occupied by the system. The DOS spectra was obtained
employing the Gauss Sum software [24].

The optimized geometries were used for the vibrational and elec-
tronic properties of the title nanocages. The optimized geometries and
spectral calculations were done using Gaussian 09 packages and
analyzed using the Gauss View program [25,26]. The Raman intensity of
the higher frequency vibrational modes were calculated using the
equation:

flio—w)*s;

=)

where I is Raman intensity of the vibrational mode, f is a constant
with value 10712, 1, has a value 9398.5 cm ™. 1; and S; is the vibrational
wavenumber and Raman activity of the selected mode respectively. h is
Planck constant with e 4.1357 x 107!% eV K1, ¢ is the speed of light
having value 3 x 108 m/s, K is Boltzmann constant with value 8.6173 x
107 eV K}, and T is temperature 293.5 K. The electronic spectra were
simulated for the nanocages by employing time-dependent DFT (TD-
DFT) and performing energy optimization using same set of functions.

The application of the title complexes for Al;oNjp+LisN and
Al;gN79+Li4O as efficient NLO materials was defined by computing the
polarizability parameters. The value of dipole moment (uq) Was
computed using tensor components as equation (5) [27,28]:

I= 4

1
2
o = (42 + 12+ 122 ®)

The polarizability (atotar) is the measure of the optical linearity of the
complex and first-order hyperpolarizability (f;oq;) is the parameter that
defines the optical nonlinearity. These parameters were calculated using
equations (6) and (7) by the finite field theory approach [27,28]:

1
Qtotal = E (axx +ayy + azz) (6)

SIE

B = | (Buss + By + Bez)” + By + B + Bra)” + (Brsx + Boce + Buy)’)
@

where fPyxo Py, and f, are the tensor components of

hyperpolarizability.
3. Results and discussion
3.1. Structure and charge analysis

The geometry of AljpN1¢ was drawn with a closed structure of eight
pentagons made with ten Al atoms and ten Nitrogen atoms. The geom-
etry was optimized to the ground level. The optimized geometries of the
nanocage, dopants, and complexes are illustrated in Fig. 1. The opti-
mized bonds Al - N have a bond length of 1.8 A, Al — Al bonds have bond
lengths of 2.5 A, and N - N have bond length around 1.5 A. The opti-
mized geometry of the Alj)Nig nanocage is illustrated in Fig. 1 (a).
Lithium atom was found the most efficient dopant for increasing the
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polarizability of the clusters. Nitrogen atom and oxygen atom act as
strong electron donating and electron withdrawing atoms Thus, LisN
and Li4O (Fig. 1(b) and (c)) were taken as the dopants exohedraly. The
optimized geometries of AljgNjo+Li4sN and Al;gN;o+Li4O complexes
were illustrated in Fig. 1(d) and (e). Both the structures were optimized
with the same set of functions as taken for the nanocage and the ge-
ometries of Li4N and Li4O were optimized at the bond length of 1.77 A
and 1.74 A respectively for N — Li and O — Li bonds. The dipole moment
of the Alj9)N;o nanocage was seem to rise from 1.538 Debye to 10.279
Debye for AljgNio+LisN and 14.932 Debye for AljoNig+LigO. This
might be due to the enhanced molecular interactions between the
nanocage and the dopants. The interaction energies for the
AljgN10+LigN and Al;oN1o+Li4O complexes were computed as 17562.1
kcal/mol and 1837.16 kcal/mol respectively. The significant difference
between the interaction energies was observed due to the variation in
the ground state optimized energies of the superalkalis. The higher value
of interaction energy for Al;gNjp+LisN complex as compared to
AljgN10+Li4O complex reveals immense high intramolecular in-
teractions in Al;gNjo+LigN than AljpNio+Li4O. C1 point group sym-
metry was observed for both complexes. In Al;gN7+Li4N, the nitrogen
atom of the dopant was observed to interact with the 19Al atom of the
nanocage. Along with the N atom, the Li atoms also participated in the
intramolecular interactions with the nanocage with bond length of 1.85
A for Li — Al bond. But in the case of Al;oN10+Li40, no such interaction
between the 210 atom of the dopant and Al atoms was noticed. The 22Li
and 25Li atoms of the dopant interacts with the 8N, 9N, 6N and 18Al
atoms with Li — Al bond of length 2.59 A and Li — N bond length of 1.96
A. The adsorption energy of —80.43 eV and —0.40 eV were observed for
the AljoN7o+LigN and AljoN70+Li4O complexes respectively.

3.2. Molecular electrostatic potential and counterplots analysis

The MEP surfaces were plotted to identify the nucleophilic and
electrophilic regions of the nanocages. The red and yellow color of the
MEDP surface is settled over the electron-withdrawing atoms whereas the
blue regions are over the electron-donating atoms [29]. The N atoms of
the nanocage acted as electron-donating and the Al atoms acted as
electron-withdrawing agents. Due to the equal counts of N and Al atoms
in the Al;oN; nanocage, the MEP surface of the nanocage was obtained
full of blue and red regions (Fig. 2 (a)). The counter plots of AljpNig
nanocage (Fig. 2 (b)) were also found uniformly distributed over the
geometry of the nanocage showing the balanced effect of the field on the
nanocage. The MEP surfaces plotted for the nanocage after the substi-
tution of the superalkali however, neglect the effect of Al and N atoms
and reveal the enhanced involvement of the superalkali in the intra-
molecular charge transfer (ICT). The major portion of the Li4N in its MEP
surface (Fig. 2 (¢)) acts as electron-donating parts. This might be due to
the donating nature of the lithium atoms. The MEP of Al;oNjo+LisN
(Fig. 2(d)) shows the transfer of the charge cloud from superalkali to-
ward the nanocage. The counterplots of the AljgN1o+LigN (Fig. 2 (e))
also support the transfer of the charge cloud from superalkali towards
the nanocage. A similar kind of nature was not observable in the case of
Al19N10+LigO. Electron-donating nature of the superalkali Li4O (Fig. 2
(f)) was observed individually but after the formation of the complex
nanocage AljoN1o+Li4O (Fig. 2 (g)), the nanocage became chemically
neutral. This might be due to the negligible charge variation between the
nanocage and the superalkali. The counterplot of Al;oN;o+LisO (Fig. 2
(h)) have verified the role of ICT in both the superalkali-doped nanoc-
ages. It can also be said that the Li4O is not interacting with the nanocage
as Li4N is interacting. This can be supported by the optimized geometries
of the nanocages shown in Fig. 1(d) and (e). Fig. 1(d) shows the com-
plete bond formation of the atoms of Li4N with the nanocage, but in the
case of Li4O, complete superalkali did not form a bond with the nano-
cage completely. This supports the outcomes predicted by MEP surfaces
that there is the availability of ICT in the Al;oN¢+Li4N complex but any
intramolecular interactions are missing in the Al;oNo+Li4O complex. In
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the case of AljgN7o+LigN, it is observed that the complex is uniformly
surrounded by the counterplots. But in the case of AljgN;9+Li4O, there
were no counterplots observed around the superalkali. This shows that
the field lines immensely affect the Li4N but there is no such effect of
field lines experienced by the Li4O superalkali. Thus, the settling of the
counterplots was in good agreement with the MEP surfaces.

3.3. Chemical reactivity analysis

The chemical reactivity of the probe nanocage and the complexes
was estimated by computing the chemical reactivity descriptors like
ionization potential (IP), electron affinity (EA), chemical potential (CP),
electronegativity ()), chemical hardness (1), and softness (S). The elec-
trophilicity index () was calculated to predict the donating or accepting
character of the nanocage and the dopants respectively. The values of
the FMO parameters have been listed in SD 1 and the comparison of the
FMP parameters is illustrated in Fig. 3. The band gap for the probe
nanocage was computed as 5.98 eV by subtracting the energies of the
highest occupied and lowest unoccupied molecular orbitals. The band
gap was lower for the dopants LizN (4.788 eV) and Li4O (2.01 eV). This
seems to result in a major decrement in the band gap of the complex
structure Al;oN1o+LigN (0.878eV) and Al1gN7o+Li4O (0.872eV). IP was
reduced and EA was increased after the introduction of the dopant. This
shows the enhanced activity of the complex in attracting the charge
cloud for intramolecular interactions. The value of ® was also enhanced
after the adsorption of the dopant showing the availability of the
accepting and donating power of the complexes. The value of electron-
donating power for the probe nanocage was higher than that of the
dopant. After the formation of the complex. A higher value of the
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electron-accepting power was obtained for the dopants. Thus, the values
of the electrophilicity index show the charge transfer from the nanocage
toward the Li4N and Li4O dopants. The global reactivity descriptors
analysis reveals the high reactivity of the complexes.

3.4. Density of states and orbitals analysis

Fig. 4 illustrates the density of states for AljgNig (Fig. 4 (a)),
Al;oN1o+LigN (Fig. 4 (b)), and Al1oN10+Li4O (Fig. 4 (c)). For a better
understanding, the HOMO-LUMO surfaces have been illustrated in the
DOS spectra of the respective complexes. The positive areas or the
moieties with excessive electrons available for donation are represented
by green color and the negative charge or the electron-withdrawing
nature is represented by the red-colored surface [30]. The
HOMO-LUMO surfaces in the probe Al;oN;o nanocage were distributed
throughout the geometry of the nanocage. The band gap, however, was
found to be higher for the probe nanocage. The firm distribution of the
orbital surfaces over the probe Al1opN1( indicates the stable nature of the
nanocage and participation of N as well as Al atoms in maintaining the
chemical reactivity. The main point of observation was the significant
decrement in the band gap of the nanocage after the adsorption of
superalkalis. The energies of HOMO-LUMO were significantly changed
for nanocage and superalkali complex when compared to that of probe
nanocage. The shifting of the HOMO and LUMO energy levels results in
the reduction of the band gap of the complexes. The band gap of the
probe nanocage decreased to 0.872 eV and 0.878 eV for Al;oNjo+LisN,
and Al;joN1o+Li4O respectively. Thus, the superalkali introduced as
adsorbate in the present study was found efficient in decreasing the band
gap of the nanocage. The HOMO-LUMO surfaces of the superalkali
adsorbed nanocages Al;gN19+LisN, and Al;pN79+Li4O show the shifting
of the negative surface over the superalkali in LUMO. This shifting of
orbitals can be interpreted as the formation of new HOMO levels in
superalkali-doped Al;gNj¢ complexes. In other words, the introduced
superalkalis can be interpreted as the dominant contributors in the
formation of the new HOMO levels. The red orbital surfaces were seen to
dislocate from the nanocage over the adsorbed superalkali. This dislo-
cation reveals that the superalkalis acts as electron-withdrawing agents
and the nanocage as the donating atom. Additionally, the DOS spectrum
of superalkalis Li4N and Li4O were singularly shown in Fig. 4(b) and (c)
respectively. Higher peaks of the density of states were observed near
the LUMO. Moreover, the HOMO-LUMO surfaces seem to get shifted for
superalkali but the Li4N singularly acts as the donor and Li4O singularly
acts as the acceptor parts. In the adsorbed state, the nanocage complex
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after the adsorption of superalkali structures.

was observed to exhibit intramolecular interactions. The availability of
the orbitals in LUMO of complexes reveals the transfer of the charge
cloud density from the nanocage towards the superalkalis. Thus, the
DOS analysis reveals the possibility of the occurrence of the ICT from the
nanocage to the superalkali.

3.5. Natural bond orbital and charge analysis

The inter and intramolecular interactions were predicted using the
NBO analysis. In the present paper, the NBO analysis is employed to
identify the major and contributory bonds in ICT. The delocalization of
the charge cloud from donor NBO towards acceptor NBO leads to the
occurrence of high conjugation within the molecule that enhances the
stability of the nanocage [31]. The measure of the stability of the donor
and acceptor NBOs is therefore described by the stabilization energy that
is evaluated using equation (4). The calculated stabilization energy has
been listed in Table 1. The probe nanocage Al1oN;o gave high stabili-
zation energy for the interactions between 4N-15A1 and 6N-11Al bonds.
Most of the interactions having high stabilization energy were due to the
interaction between N — Al bonds. The equal count of Al and N atoms
results in the stabilized geometry of the probe nanocage. Moreover, the
Mulliken and natural charge distribution reveals the negative contri-
bution of N atoms and the positive contribution of Al atoms. The Mul-
liken and natural charge distribution of the nanocages has been listed in
SD 2. In the case of AljgNjp+Li4N, the structural analysis and MEP
surface analysis revealed an equal interaction between the 19Al and Li
atoms. A similar kind of equal stabilization was obtained by NLO anal-
ysis. The bonds between the 19Al and Li atoms of the superalkali were
stabilized with nearly equal stabilization energy. Moreover, the value of
stabilization energy was found higher for these bonds. This reveals the
active participation of the superalkali in stable complex formation via

Table 1
Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis for
AlyoN19, Al1oN10+LigN, and Al;oN;o+Li4O nanocage.

S. Donor NBO Acceptor NBO (j)  E(2) (kcal/ E()-E F(@i,j)
no. @ mol) @ (au)
(aw)

AljoN1o

1. BD (IN-12A1)  BD* (2N-13Al) 17.24 0.76 0.103

2. BD (3N-16Al)  BD* (2N-20Al) 41.53 0.60 0.141

3. BD (4N-15Al) BD* (6N-11Al) 116.52 0.01 0.103

4. BD (5N-20Al)  BD* (9N-17Al) 86.96 0.02 0.091

5. BD (6N-11A1)  BD* (11Al - 30.96 0.02 0.079

15A1)

6. BD* (7N- BD* (IN-12A1) 43.63 0.03 0.105
12A1)

7. BD* (2N- BD* (2N-16Al) 45.18 0.03 0.076
17Al1)

Al oN1o+LigN

1. BD (19Al- LP* (21Li) 5.91 0.98 0.097
25N)

2. BD (19Al- LP* (22Li) 6.68 1.14 0.111
25N)

3. BD (19Al- LP* (23Li) 5.82 1.26 0.109
25N)

4. BD (19Al- LP* (24Li1) 5.65 1.17 0.103
25N)

Al oN1o+LisO

1. BD (8N-19A1)  LP* (22Li) 16.8 1.51 0.142

2. LP (18AD) LP* (23Li) 54.23 0.77 0.206

3. LP (18Al) LP* (25Li) 31.73 0.99 0.184

intramolecular interactions. The variation of the charge of 19A1 (—1.145
e) was observed in Al;gN;o+LisN. Unlike Al;(N1o+LigN, the Li atoms in
the AljoN10+Li4O have significantly varying stabilization energy.
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However, the stabilization energy is higher for 23Li attached to an 18Al
atom of nanocage. This was in good agreement with the optimized ge-
ometry of the Al;gN;o+Li4O where the superalkali is attached through
the bond 18Al - 23Li. Additionally, the 23Li atom impacts negatively to
the total charge of the complex other than the rest of the Li atoms. Thus,
the NBO and charge variation support the structural results of the
superalkali-doped nanocage. The higher contribution of the superalkali
was observed in the intramolecular interactions in the title nanocages
and AljoNjp+LisN is found to possess higher ICT compared to
AlyN10+LigO.

3.6. Vibrational analysis

Raman spectra were simulated for the title nanocages to report the
vibrational modes of the nanocages by performing polar calculations.
The symmetric stretching (v) of the N-Al bond of the Al;(N;o nanocage
showed a peak at 378.4 em ! and Val-al at 392.65 cm~ . The asymmetric
stretching (o) and torsional bending (8) of the N-N bonds were observed
towards the higher wavenumber. Modes with higher Raman intensity
were observed for N-N and Al-Al bonds. A gradual increment in the
vibrational peaks of the Alj)Njg nanocage was observed after the
introduction of the superalkali. The major peaks were observed for the
stretching of the bonds connecting the nanocage and superalkali (Fig. 5).
The 21Li, 22Li, 23Li, and 24Li atoms bonded with the 19N in
Al19N10+LigN structure gave higher Raman intensity modes at 719
cm™ L. The va.a; modes were observed at 360.74 cm™ L. The other major
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Fig. 5. Computed Raman spectra of (a) Al1oN1g, (b) Al;oN10+LisN, and (c)
Al;oN19+Li4O using UBVP86-6-311G(++d,p) def2D2V set of functions (Sym-
metric stretching-v, asymmetric stretching-a, torsional bending in plane (scis-
soring)-8, twisting-t, rocking-p, and wagging-m, bending of C — C bonds in
benzene- O, stretching of C — C bonds in benzene- }).
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vibrational modes with higher Raman intensity are listed in SD 3. The
peak at 841.79 em lin Al19N10+Li4O showed the raised value of Raman
intensity for agori010 and agspi210- Thus, the simulated Raman spectra
showed enhancement in the vibrational peaks for the superalkali-
adsorbed nanocage. However, the additional modes were significantly
observed for Li, N, and O atoms of the superalkali. This observation is
valid enough to state the active participation of the respective super-
alkali in the vibrational activities of the nanocages. The high Raman
intensity was mainly obtained for the vibrational modes of inter-
connecting bonds between the nanocage and superalkali. Moreover, the
high value of Raman intensity leads to the high value of polarizability of
the molecules [32]. Therefore, it is believed that the nanocages with
high Raman intensity modes are a potential candidate for giving NLO
responses.

3.7. Electronic transitions analysis

To investigate the nanocage’s absorption maxima, TD-DFT compu-
tations were performed. Absorption spectra of pure Al;oNj, superalkali
doped Al;oN79+LigN, and Al;oN1+Li4O have been plotted and shown in
Fig. 6 and the transition details have been listed in SD 4. The absorption
spectra of probe nanocage were observed between wavelength 300-600
nm with the crucial transition at 420 nm. This crucial transition with
oscillator strength 0.0311 was responsible for the broad absorption band
of the Alj)N;p nanocage. A prominent red shift was observed in the
nanocage after the introduction of the superalkali. The Al;oN;o+LisN
has a maximum absorption wavelength of 1030 nm and it also possesses
a minimum band gap of 0.872 eV. The crucial transition for
AljoN10+Li4O was observed at wavelength 487 nm. However, the
absorbance intensity of Al;gN1+Li4O was highly raised as compared to
Alj9N10+LigN. This might be due to the high electronegativity of the
oxygen atom of Li4O. The calculated absorption spectra for the title
nanocages shows the maximum absorption wavelength corresponds to
the electronic transition from HOMO to LUMO. Thus, the transitions are
predicted as n-n* transitions of AljgNpo+Li4O [33].

3.8. Applications as NLO materials

The literature has evidence that the introduction of the charge
excessive systems to the organic compounds were found to be consid-
ered efficient in tuning the hyperpolarizabilities of the complex systems.
The hyperpolarizabilities of the inorganic clusters were found to be high
due to the availability of the excess diffused electrons [34]. The NLO
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Fig. 6. Computed absorption spectra of (a) Al;oN10, (b) Al;oN;0+Li4N, and (c)
Al;oN;o+LisO.
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parameters for title complexes were computed using the polar calcula-
tions and the observed values were listed in Table 2. The value of yitota) Of
probe AljgNjo was computed as 1.538 Debye but the introduction of
superalkali leads to increased values of pioa) to 10.279 Debye for
Al1gN19+Li4N and 14.932 Debye for AljgNjo+LisO. The values of
polarizability were also seen to be raised for the complexes. This reveals
the enhanced linear optical activity in the superalkali adsorbed com-
plexes. The value of Biotq) for the probe nanocage was reported as 7.13 x
10730 esu. This value increases tremendously after the introduction of
the nanocage. The values of fiota) for AljoN1o+Li4N and Al;gNpp+LisO
were evaluated as 173.13 x 1070 esu and 172.45 x 1073 esu respec-
tively. The research had been previously done on the NLO responses of
the Al;sNj» nanocage, but no such study was found in which the
investigation for title nanocage was performed. Thus, the hyper-
polarizability analysis determines the potent characteristics of
Al1gN10+LigN, and Al;gN1o+LisO clusters to be used as efficient NLO
materials. In the literature, it was found that the alkali atoms were also
engaged in the enhancement of the fiota of graphdiyne (GDY) making
the combination efficient for NLO applications [35-38]. The piotal Of
different combinations like LisNK@GDY (2.88 x 10° a.w), Na3S@GDY
(1.36 x 10° au), LI@GY (8.57 x 10* au), K@GY (3.93 x 10° a.u), and
K30@GDY (3.93 x 10° a.u) were found to be higher after the intro-
duction of the alkali atoms in the GDY systems. Therefore, the super-
alkali atoms are proved to be a best suited doping candidate for the
enhancement of the NLO responses of pristine.

4. Conclusion

The present study is the first-ever study done on the Al;y)N;o nano-
cage with superalkalis (Li4N and Li4O) as dopants. Designed Al;oN1o,
Al19N10+LigN, and AljpN79+Li4O nanocages have been theoretically
investigated through DFT. The research findings demonstrate that the
designed nanocages have promising values of NLO parameters. The
geometrical parameters showed the bonding between all the atoms of
Li4,N with the nanocage, but in the case of Li4O, there was partial
bonding between one Li atom and the nanocage. Similar behavior was
observed in MEP surfaces. Electron-donating and electron-withdrawing
moieties were spotted in Al;gN1o+Li4sN but the MEP surface didn’t spot
any reactive sites in the Al;oN7o+Li4O complex. Moreover, the DOS
spectra reveal a significant decrement in the band gap of the nanocage
after the introduction of superalkali. However, Li4sN behaves as the
active donor but Li30 doesn’t reflect any reactivity. In Al;oNjo+LisN,
the modes with higher Raman intensity were observed for all the Li
atoms of the Li4sN superalkali, but a single Li atom attached to the
nanocage in Al;gN7o+Li4O gave a prominent peak in vibrational spectra.
A similar kind of behavior was observed in electronic spectra also. The
Li4O adsorbed nanocage gave a high-intensity peak as compared to that
of probe nanocage but the Li4N adsorbed nanocage gave a significant
shift in the wavelength of the spectral peak. This ensures the occurrence
of n-* transitions that played a lead role in enhancing the polarizability
of the molecules. The value of first-order hyperpolarizability was close
enough for both the complex formed after the adsorption of superalkali
but the reactivity descriptors and spectral analysis draw a potential
candidature of AljgN7o+LisN as NLO material. Therefore, the present
study discovers Li4N adsorbed Al;pN;( nanocage as the promising NLO
structure that can be synthesized shortly and can be employed for
several NLO applications.
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