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Abstract—Gallium nitride (Ga–N) nanocage can effectively remove alkali and alkaline earth metal ions from
water. Therefore, it has been found a selective competition for metal cations in the Ga–N. The electronic,
magnetic and thermodynamic properties of alkali-alkaline earth metal ion-adsorbed Ga–N have been inves-
tigated using density functional theory. The results denote that alkali/alkaline earth-metal ion-adsorbed Ga–N
systems are stable compounds, with the most stable adsorption site being the center of the cage ring. In addi-
tion, because of charge transfer from Ga–N to the alkali/alkaline earth-metal cations show clear n-type
adsorbing behavior. The absorption of alkali metal atoms on alkali/alkaline earth-metal cations occur via
chemisorption. In this article, the behavior of trapping of main group cations of Li+, Na+, K+, Be2+, Mg+ and
Ca2+ by gallium nitride nanocone was observed for sensing the water metal cations. The essence of covalent
traits for these clusters has displayed the similar energy value and image of the PDOS for the p states of N,
the d states of Ga and s orbitals of metal cations including Li+, Na+, K+/Be2+, Mg2+ and Ca2+ through water
treatment. The partial density of states (PDOS) can also estimate a certain charge assembly between Li+,
Na+, K+/Be2+, Mg2+ and Ca2+ and Ga–N which indicate the complex dominant of metallic features and an
exact degree of covalent traits between alkali/alkaline earth-metal cations and gallium nitride nanocage. Fur-
thermore, the NMR spectroscopy has indicated the remarkable peaks around metal elements of Li+, Na+,
K+, Be2+, Mg+ and Ca2+ through the trapping in the Ga–N during ion detection and removal from water;
however, there are some fluctuations in the chemical shielding behaviors of isotropic and anisotropy attri-
butes. In addition, all accounted  amounts are very close, which demonstrate the agreement of the mea-
sured specifications by all methodologies and the reliability of the computing values.
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1. INTRODUCTION

The quality and quantity of the chemical elements
in surface waters is affected by geo-chemical structure
of surrounding area, land use, seasonal variations of
weather conditions, vegetation and the atmospheric
deposit [1–6].

The researchers have investigated the selectivity
and priority of metal removal based on the type of sur-
factant in foam separation [7–9]. In general, accord-
ing to Hoffmeister’s series, it has been reported that
alkali metals with smaller atomic numbers are more
likely to precipitate with carboxylic acid in aqueous
solutions [10–12]. The Hoffmeister’s series was
derived from the results of the protein salting-out
effects (Li+ > Na+ > K+ > Rb+ > Cs+). By contrast,
micelles of surfactants with sulfate groups have a

higher degree of binding of counterion with alkali
metals of higher atomic numbers (Li+ < Na+ < K+ <
Rb+ < Cs+) [13].

The most common sources of ions that contribute
to water hardness are from sedimentary rock (lime-
stone and chalk) and soil runoff. Both calcium and
magnesium are essential for human biology. Calcium
increases bone mass and reduces the risk of fracture.
Calcium deficiency can increase the chances of osteo-
porosis, hypertension, stroke, and various other car-
diovascular issues. On the other hand, an excess of cal-
cium can lead to hypercalcemia in those who are
prone to milk alkali syndrome [14]. Magnesium is a
cofactor for 350 cellular enzymes and is involved in
protein and DNA/RNA synthesis. Magnesium defi-
ciency can lead to hypertension, while excessive intake
can have a laxative effect [15]. Although there are no
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strict guidelines, hardness levels between 80 ppm and
100 ppm are recommended [16].

Furthermore, the results of chemical analysis
show significant differences for the beryllium ele-
ment concentration due to sampling season and sam-
pling location [17].

Beryllium is not considered an essential element for
humans and, in fact, is toxic and responsible for the
chronic beryllium disease caused by beryllium exposure.

The GaN structure is one of the most discovered
group III-nitride semiconductors which have been
applied in different applications like electronic and
optoelectronic devices, and sensor instruments [18–
21]. Considering the prominent electronic properties
of gallium nitride (GaN), it can be an appropriate case
for gas sensing [22–28].

Compared with traditional semiconductor materi-
als, three-dimensional GaN is a wide-band gap semi-
conductor material [29]. As such, it can enable equip-
ment operation at ultra-high voltage, frequency, or
temperature and exhibits high luminous efficiency,
good thermal conductivity, high temperature resis-
tance, resistance to acids and alkalis, and anti-radia-
tion properties [30]. Atoms adsorbed onto a solid sur-
face can interact indirectly through electron scattering
or elastic distortion of the substrate, with the long-
range atomic interaction modulated by the substrate
playing an important role in atomic self-assembly.
Because alkali-metal atoms can easily lose electrons,
the adsorption of alkali metals onto semiconductor
materials can change them to n-type, which will in
turn reduce their work function and change their opto-
electronic properties [31]. In recent years, many
research groups have reported studies of the optoelec-
tronic properties of alkali-metal-adsorbed 2D materi-
als [32–42]. The adsorption of alkali-metal atoms on
graphene [32, 33] and graphene-like gallium nitride
(g-GaN) [43] using first-principles method was inves-
tigated and it was found that the optoelectronic prop-
erties of graphene and g-GaN) are modified by the
adsorption of alkali-metal.

Adsorption involving charged adsorbates causes a
change in the double layer and the potential at the
outer Helmholtz plane, influencing the adsorption
rates of both anodic and cathodic reactions. The first
three modes are intimately with adsorption and the
double layer the last involves interaction of the adsor-
bates molecules and the intermediate products formed
during the partial electrochemical reactions, interac-
tion of the adsorbed intermediates with organic mole-
cules can either inhibit or enhance electrode reaction
rate depending on the stability of the adsorbates-inter-
mediate complex formed.

GaN alloy is relatively low in density and therefore,
it is expected to extend the range of pollutants and
overcome the inherited problems of poor adsorption,
fast aggregation and secondary contamination in the
remediation technology.
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2. MATERIALS AND METHOD
2.1. Modelling of Atom-Trapping by Gallium Nitride

The intention of this work is removing some con-
taminants from the aqueous solution containing a
group of alkali and alkaline earth metals. The model
solution is composed of the target of an alkali/alkaline
earth metal and the Ga–N in an aqueous solution
(Fig. 1).

Gallium nitride nanocage was modeled in the pres-
ence of metal cations (Li+, Na+, K+/Be2+, Mg2+,
Ca2+). Sample characterization was performed by
CAM–B3LYP/EPR–3, LANL2DZ level of theory.
The charge distribution of Li+@Ga–N, Na+@Ga–N,
K+@Ga–N, Be2+@Ga–N, Mg2+@Ga–N and
Ca2+@Ga–N complexes is calculated due to the Bader
charge analysis [44].

The metal cations were successfully incorporated
in the center of Ga–N towards formation of Li+@Ga–
N, Na+@Ga–N, K+@Ga–N, Be2+@Ga–N,
Mg2+@Ga–N, and Ca2+@Ga–N complexes (Fig. 1).
Regardless of which metal, the Gallium nitride nano-
cage expanded to accommodate the metal ingredients.

2.2. Theoretical Computation by DFT/CAM-B3LYP
Considering the electronic density within the KS

image directs us to a remarkable reduction of quantum
computing. Thus, the KS methodology lightens the
route for pursuing systems that cannot be discussed by
conventional ab initio methodologies. Kohn and
Sham introduces the solution which brings up the
mono-electronic orbitals to account the kinetic energy
in a simple and relatively exact, by finding a residual
modification that might be computed apart [45, 46].

Therefore, the precise exchange energy functional
is described by the Kohn–Sham orbitals in lieu of the
density which is cited as the indirect density func-
tional. This research has employed the penetration of
the hybrid functional of three-parameter basis set of
B3LYP (Becke, Lee, Yang, Parr) within the concep-
tion of density functional theory (DFT) upon theoretical
computations [47, 48]. The B3LYP hybrid density func-
tional is very prosperous in the investigation of thermo-
chemistry of atoms and molecules for solids and sur-
faces and reproduces the experimental energy gaps
and magnetic moments for a variety of materials [49].

First, the contribution of HF exchange was damp-
ened to zero at short range, a feature that counteracts
other advantages of hybrid functionals, leading Yanai
and co-workers to suggest a variation, the Coulomb-
attenuated B3LYP (CAM-B3LYP) method in which
the damping function was empirically optimized to
deliver robust performance for a wider range of molec-
ular properties [50].

The first relevant implementation of CAM-B3LYP
into a code for materials-science modelling has just
been reported, an implementation into the Car-Parri-
F PHYSICAL CHEMISTRY B  Vol. 18  No. 2  2024
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Fig. 1. The mechanism of encapsulation of the metal cations (Li+, Na+, K+/Be2+, Mg2+, Ca2+) in water by the gallium nitride
nanocage and formation of Li+@Ga–N, Na+@Ga–N, K+@Ga–N, Be2+@Ga–N, Mg2+@Ga–N and Ca2+@Ga–N com-
plexes.

Li+@Ga–N Na+@Ga–N K+@Ga–N

Be2+@Ga–N Mg2+@Ga–N Ca2+@Ga–N
nello molecule dynamic (CPMD) package for
gamma-point-only calculations. The results obtained
demonstrated enhanced optical spectra prediction, as
expected [51].

In this article, the DFT calculations have been
accomplished by using Gaussian 16 revision C.01 pro-
gram package [52]. The input Z-matrix for encapsula-
tion of the metal cations (Li+, Na+, K+/Be2+, Mg2+,
Ca2+) in water by the gallium nitride nanocage has
been provided with GaussView 6.1 [53] due to the rigid
system and coordination format of which a blank line
has been cited and using LANL2DZ basis set to distin-
guish chemical shielding, frequencies, thermody-
namic properties, electrostatic and electronic poten-
tial, natural atomic charges, projected density of state
and other quantum properties for this work.

3. RESULTS AND DISCUSSION

In this article, the data has evaluated the efficiency
of gallium nitride (Ga–N) nanocage for metal cations
encapsulation. In fact, it can be remarked the
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
chemisorptive nature of the bond among the metal
cations with gallium and nitrogen elements through
the equilibrium distribution of metal cations, Ga–N,
and a monolayer behavior.

3.1. Density of States Analysis

The electronic structures of (Li+, Na+, K+/Be2+,
Mg2+, Ca2+)–trapped Ga–N as the selective sensor
for detecting and grabbing the metal cations in water
have been investigated to simplify subsequent study for
interfacial electronic properties using CAM–
B3LYP/EPR–3, LANL2DZ level of theory.

Figures 2a–2f shows the projected density of state
(PDOS) of (Li+, Na+, K+/Be2+, Mg2+, Ca2+)–trapped
Ga–N through metal cation adsorption. The appear-
ance of the energy states (s-orbital) of Li+, Na+,
K+/Be2+, Mg2+, Ca2+ within the gap of Ga–N induces
the reactivity of the system. It is clear from the figure
that after trapping with metal cations, there is a signif-
icant contribution of metal cations s-orbital in the
unoccupied level. Based on the population analysis
l. 18  No. 2  2024
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Fig. 2. PDOS of (a) Li+@Ga–N, (b) Na+@Ga–N, (c) K+@Ga–N, (d) Be2+@Ga–N, (e) Mg2+@Ga–N, and (f) Ca2+@Ga–
N complexes by CAM–B3LYP/EPR–3, LANL2DZ.
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Table 1. The electric potential (a.u.) and Bader charge (e) through NQR calculation for Li+@Ga–N, Na+@Ga–N,
K+@Ga–N, Be2+@Ga–N, Mg2+@Ga–N, and Ca2+@Ga–N complexes using CAM-B3LYP/EPR–3, LANL2DZ calculation

Atom Q Ep Atom Q Ep Atom Q Ep

Li+@Ga–N Na+@Ga–N K+@Ga–N

Ga1 0.92 –146.60 Ga1 0.88 –146.60 Ga1 0.87 –146.57
N2 –0.2 –18.14 N2 –0.48 –18.16 N2 –0.46 –18.17
N3 –0.46 –18.15 N3 –0.51 –18.17 N3 –0.53 –18.18
Ga4 0.90 –146.60 Ga4 0.88 –146.60 Ga4 0.83 –146.57
Ga5 0.90 –146.61 Ga5 0.86 –146.62 Ga5 0.87 –146.61
Ga6 0.92 –146.62 Ga6 0.88 –146.63 Ga6 0.89 –146.60
N7 –0.41 –18.14 N7 –0.46 –18.15 N7 –0.44 –18.16
N8 –0.46 –18.15 N8 –0.51 –18.17 N8 –0.53 –18.17
N9 –0.45 –18.17 N9 –0.49 –18.18 N9 –0.51 –18.19
N10 –0.45 –18.16 N10 –0.49 –18.17 N10 –0.50 –18.18
N11 –0.44 –18.16 N11 –0.47 –18.17 N11 –0.48 –18.18
N12 –0.50 –18.17 N12 –0.54 –18.19 N12 –0.57 –18.20
Ga13 0.5 –146.61 Ga13 0.93 –46.61 Ga13 0.86 –146.62
N14 –0.44 –18.13 N14 –0.45 –18.13 N14 –0.45 –18.13
N15 –0.44 –18.13 N15 –0.44 –18.13 N15 –0.44 –18.12
Li16 –0.11 –5.59 Na16 0.42 –34.52 K16 0.60 –74.29

Be2+@Ga–N Mg2+@Ga–N Ca2+@Ga–N

Ga1 0.98 –146.59 Ga1 0.88 –146.58 Ga1 0.85 –146.57
N2 –0.47 –18.18 N2 –0.50 –18.17 N2 –0.49 –18.16
N3 –0.46 –18.16 N3 –0.53 –18.18 N3 –0.59 –18.19
Ga4 0.97 –146.58 Ga4 0.89 –146.58 Ga4 0.84 –146.57
Ga5 0.96 –146.58 Ga5 0.86 –146.60 Ga5 0.84 –146.56
Ga6 0.98 –146.59 Ga6 0.89 –146.58 Ga6 0.87 –146.58
N7 –0.45 –18.17 N7 –0.49 –18.17 N7 –0.46 –18.15
N8 –0.47 –18.16 N8 –0.55 –18.18 N8 –0.62 –18.20
N9 –0.44 –18.17 N9 –0.52 –18.18 N9 –0.55 –18.19
N10 –0.45 –18.17 N10 –0.52 –18.18 N10 –0.55 –18.20
N11 –0.43 –18.16 N11 –0.50 –18.18 N11 –0.53 –18.18
N12 –0.49 –18.16 N12 –0.57 –18.18 N12 –0.64 –18.21
Ga13 1.07 –146.59 Ga13 0.97 –146.60 Ga13 0.82 –146.61
N14 –0.49 –18.18 N14 –0.46 –18.14 N14 –0.45 –18.13
N15 –0.46 –18.15 N15 –0.45 –18.15 N15 –0.44 –18.12
Be16 –0.34 –8.28 Mg16 0.62 –38.93 Ca16 1.10 –79.46
and DOS (density of state), it can be concluded that
metal cations remain in the cationic state, and it can
accept more electrons from other atoms. Therefore,
the curve of partial DOS/PDOS has described that
the p states of N atoms and d states of Ga atoms in
Ga–N overcome due to the conduction band
(Figs. 2a–2f). A distinguished metallic trait might be
seen in MCs@Ga–N because of the potent interaction
between the p states of N, the d states of Ga and the s
states of Li+, Na+, K+/Be2+, Mg2+, Ca2+ near the
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
Fermi energy. Furthermore, the essence of covalent
traits for these clusters has displayed the similar energy
value and image of the PDOS for the p states of N, the
d states of Ga and s orbitals of metal cations including
Li+, Na+, K+/Be2+, Mg2+ and Ca2+ through water
treatment (Figs. 2a–2f).

Figures 2a–2f shows that Li+@Ga–N, Na+@Ga–
N, K+@Ga–N, Be2+@Ga–N, Mg2+@Ga–N, and
Ca2+@Ga–N complexes through metal cation
l. 18  No. 2  2024
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adsorption, respectively, have the most contribution
at the middle of the conduction band between –5 to
–10 eV, while contribution of gallium and nitrogen
states are enlarged and similar together, and encapsu-
lating of Li+, Na+, K+/Be2+, Mg2+ and Ca2+ depicts
interfacial electronic of the Ga–N for selection of
these cations.

3.2. Electrostatic Properties Evaluation
As the electric field gradient (EFG) at the citation

of the nucleus in metal cations including Li+, Na+,
K+/Be2+, Mg2+ and Ca2+ is allocated by the valence
electrons twisted in the particular attachment with
close nuclei of Ga–N through trapping of metal cat-
ions, the nuclear quadrupole resonance (NQR) fre-
quency at which atoms occur is particular for M@
Ga–N complexes (M = Li+, Na+, K+/Be2+, Mg2+,
Ca2+) (Table 1). NQR is a straight frame of the inter-
action of the quadrupole moment with the EFG which is
produced by the electronic structure of its ambiance.
Therefore, the NQR atom frequencies are symmetric to
the electric quadrupole moment of the nucleus and a
measurement of the strength of the local EFG [54–57].

In this research work, the electric potential as the
quantity of work energy through carrying over the
electric charge from one position to another position
in the essence of electric field has been evaluated for
Li+@Ga–N, Na+@Ga–N, K+@Ga–N, Be2+@Ga–
N, Mg2+@Ga–N, and Ca2+@Ga–N complexes using
CAM–B3LYP/EPR–3,LANL2DZ level of theory
(Table 1).

Furthermore, in Figs. 3a–3f, it has been sketched
the electric potential of nuclear quadrupole resonance
for some atoms of (Li+, Na+, K+/Be2+, Mg2+, Ca2+) in
the trapping in the Ga–N through metal cations
adsorption which has been calculated by CAM–
B3LYP/EPR–3, LANL2DZ. In Figs. 3a–3f, it was
observed the behavior of trapping of main group cat-
ions of Li+, Na+, K+, Be2+, Mg+ and Ca2+ by gallium
nitride nanocone for sensing the water metal cations.
It’s vivid that the curve of Ga–N is waved by these
metal cations. The sharpest peaks for electric potential
have been shown around metal cations trapping on the
Ga–N which present the electron accepting charac-
teristics of these atoms versus the gallium and nitrogen
atoms of Ga–N.

3.3. Analysis of Electromagnetic Specifications
From the DFT calculations, it has been attained

the chemical shielding (CS) tensors in the principal axes
system to estimate the isotropic chemical-shielding
(CSI) and anisotropic chemical-shielding (CSA) [58]:

(1)

(2)

( )iso 11 22 33  /3,σ = σ + σ + σ

22 11
aniso 33

  . 
2

σ + σσ = σ −
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The chemical shielding extracts from NMR can be
applied for allocating the structural and geometrical
specifications of materials. As a matter of fact, gauge
invariant atomic orbital (GIAO) methodology has
been recommended as a valid methodology for NMR
parameter computations and Our own N-layered inte-
grated molecular irbital and molecular mechanics
(ONIOM) has caught many regards for gaining NMR
chemical shielding of gas molecule-surface complexes
such as isotropic chemical shielding appears in Eq. (3):

(3)

The NMR data of isotropic (σiso) and anisotropic
shielding tensor (σaniso) of Li+, Na+, K+, Be2+, Mg+

and Ca2+ trapped on the in the Ga–N towards forma-
tion of Li+@Ga–N, Na+@Ga–N, K+@Ga–N,
Be2+@Ga–N, Mg2+@Ga–N, and Ca2+@Ga–N com-
plexes have been computed by Gaussian 16 revision
C.01 program package [52] and been shown in Table 2.

In Table 2, NMR data has reported the notable
amounts for metal cations of Li+, Na+, K+, Be2+, Mg+

and Ca2+which were trapped in the Ga–N as the
selective sensor for detecting metal ions in water. In
fact, the encapsulation of Li+, Na+, K+, Be2+, Mg+

and Ca2+ ions can introduce spin polarization on the
MCs (Li+, Na+, K+, Be2+, Mg+ and Ca2+)–encapsu-
lated Ga–N which indicates that these surfaces might
be applied as the magnetic energy storage. In fact, it is
revealed that the isotropic and anisotropic shielding
fluctuate with the occupancy in the electron accepting
metal cations trapped in the gallium nitride nanocage.

Figures 4a–4f exhibited the same tendency of
shielding for magnesium and aluminum; however a
considerable deviation from metal cations of lithium
(Fig. 4a), sodium (Fig. 4b), potassium (Fig. 4c), beryl-
lium (Fig. 4d), magnesium (Fig. 4e), and calcium
(Fig. 4f) through trapping in the gallium nitride nano-
cage. In Figs. 4a–4f, metal atoms of Li+, Na+, K+,
Be2+, Mg+ and Ca2+ in the complexes of Li+@Ga–N
(Fig. 4a), Na+@Ga–N (Fig. 4b), K+@Ga–N (Fig. 4c),
Be2+@Ga–N (Fig. 4d), Mg2+@Ga–N (Fig. 4e), and
Ca2+@Ga–N (Fig. 4f) denote the f luctuation in the
chemical shielding during ion trapping.

In fact, Figs. 4a–4f indicates that the gap chemical
shielding between gallium/nitrogen in Ga–N nano-
cage and metal cations. Therefore, it can be consid-
ered that the efficiency of electron accepting for the
trapped metal cations in the Ga–N is Ca2+ ≈ K+ >
Mg2+ ≈ Na+ > Be2+ ≈ Li+ that indicate the power of
covalent bond between gallium/nitrogen and these
metal cations towards ion removal.

( )

( ) ( )

iso, ONIOM iso, high QM1

iso,  medium QM2 iso,  low QM3 . 
σ = σ

+ σ + σ
F PHYSICAL CHEMISTRY B  Vol. 18  No. 2  2024
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Fig. 3. Electric potential (a.u.) versus Bader charge (e) through NQR calculation for (a) Li+@Ga–N, (b) Na+@Ga–N,
(c) K+@Ga–N, (d) Be2+@Ga–N, (e) Mg2+@Ga–N, and (f) Ca2+@Ga–N complexes by CAM–B3LYP/EPR–3, LANL2DZ.
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Fig. 3. (Contd.)
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Table 2. Data of NMR shielding tensors for selected atoms of Li+@Ga–N, Na+@Ga–N,K+@Ga–N, Be2+@Ga–N,
Mg2+@Ga–N, and Ca2+@Ga–N complexes using CAM-B3LYP/LANL2DZ calculation

Atom σiso σaniso Atom σiso σaniso Atom σiso σaniso

Li+@Ga–N Na+@Ga–N K+@Ga–N

Ga1 94.43 3066.61 Ga1 176.04 3288.77 Ga1 176.04 3288.77
N2 186.79 1011.44 N2 146.21 962.64 N2 146.21 962.64
N3 629.68 1767.88 N3 559.40 1683.75 N3 559.40 1683.75
Ga4 196.55 3474.46 Ga4 313.19 3636.45 Ga4 313.19 3636.45
Ga5 734.39 3510.34 Ga5 664.68 3206.29 Ga5 664.68 3206.29
Ga6 542.09 3175.75 Ga6 426.04 2698.25 Ga6 426.04 2698.25
N7 95.19 707.84 N7 81.15 707.77 N7 81.15 707.77
N8 68.18 588.37 N8 317.19 1085.01 N8 317.19 1085.01
N9 150.08 746.45 N9 190.49 825.50 N9 190.49 825.50
N10 293.94 1194.23 N10 212.97 1100.90 N10 212.97 1100.89
N11 340.28 1177.34 N11 183.17 944.69 N11 183.17 944.69
N12 12.10 577.10 N12 41.68 684.34 N12 41.68 684.34
Ga13 27.34 1481.09 Ga13 48.80 1547.57 Ga13 48.80 1547.57
N14 312.46 578.11 N14 307.12 507.19 N14 307.12 507.19
N15 354.60 765.44 N15 339.25 700.61 N15 339.25 700.61
Li16 97.29 38.06 Na16 489.74 66.83 K16 489.74 66.83

Be2+@Ga–N Mg2+@Ga–N Ca2+@Ga–N

Ga1 64.76 2402.33 Ga1 11.39 2416.36 Ga1 250.22 2403.78
N2 21.01 462.56 N2 62.56 393.01 N2 62.07 442.92
N3 21.81 425.95 N3 45.58 575.36 N3 101.18 610.93
Ga4 151.67 2670.64 Ga4 193.87 2550.73 Ga4 144.77 2714.41
Ga5 217.96 2534.48 Ga5 90.09 2280.16 Ga5 43.85 2502.24
Ga6 115.91 1848.10 Ga6 81.79 2253.42 Ga6 344.25 2242.45
N7 38.23 600.30 N7 88.81 478.94 N7 61.26 467.03
N8 37.65 416.07 N8 19.86 479.76 N8 90.78 544.82
N9 14.56 306.71 N9 6.18 350.23 N9 75.20 372.25
N10 50.57 466.05 N10 68.52 453.77 N10 161.00 524.31
N11 83.01 534.34 N11 96.98 466.54 N11 135.69 565.42
N12 130.08 314.72 N12 80.72 328.60 N12 62.56 493.85
Ga13 239.36 1231/00 Ga13 287.15 1368.73 Ga13 357.74 1443.34
N14 42.01 340.40 N14 173.30 239.35 N14 198.07 130.56
N15 181.45 267.58 N15 134.01 299.82 N15 208.97 246.76
Be16 133.40 14.64 Mg16 614.43 39.29 Ca16 1130.04 118.07
3.4. Thermochemistry Computations

Infrared (IR) calculations have been accomplished
for trapping of metal cations of Li+, Na+, K+, Be2+,
Mg+ and Ca2+ in the Ga–N during ion sensing in
water. Therefore, it has been simulated the several
clusters containing Li+@Ga–N (Fig. 5a), Na+@Ga–N
(Fig. 5b), K+@Ga–N (Fig. 5c), Be2+@Ga–N (Fig. 5d),
Mg2+@Ga–N (Fig. 5e), and Ca2+@Ga–N (Fig. 5f).
The graph of Fig. 5a has been observed in the fre-
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
quency range between 100–1150 cm–1 for Li+@Ga–N
with a several sharp peaks around 380.73, 751.19,
760.13 and 1069.76 cm–1. Figure 5b has shown the fre-
quency range between 100–1150 cm–1 for Na+@Ga–
N with sharp peaks around 281.61, 360.46, and
891.95 cm–1. Figure 5c has indicated the f luctuation of
frequency between 100–1400 cm–1 for K+@Ga–N
with two sharp peaks around 511.8 and 1257.49 cm–1.
Figure 5d has shown the f luctuation of frequency
l. 18  No. 2  2024



542 MOLLAAMIN, MONAJJEMI
between 100–900 cm–1 for Be2+@Ga–N with a few
sharp peaks around 198.48, 294.64, 332.54, 496.22,
848.60 and 870.73 cm–1. Moreover, it has been
RUSSIAN JOURNAL O
observed the frequency between 150–900 for
Mg2+@Ga–N with sharp peaks around 147.30, 411.29,
419.59, 448.44, and 464.69 cm–1 (Fig. 5e). Besides,
Fig. 4. The NMR spectra for (a) Li+@Ga–N, (b) Na+@Ga–N, (c) K+@Ga–N, (d) Be2+@Ga–N, (e) Mg2+@Ga–N, and (f)
Ca2+@Ga–N complexes using CAM-B3LYP/LANL2DZ.
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Fig. 5f has exhibited the frequency between 150–1400
for Ca2+@Ga–N with sharp peaks around 561.35,
629.19, 630.22, 661.03, and 669.48 cm–1.

Table 3 through the thermodynamic specifications
concluded that Ga–N due to encapsulation of metal
cations including Li+, Na+, K+, Be2+, Mg+ and Ca2+

might be more efficient sensor for detecting and
removing the metal cations from water. The thermo-
dynamic data in Table 3 could detect the maximum
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
efficiency of metal cations (Li+, Na+, K+, Be2+, Mg+

and Ca2+) trapped in the Ga–N through  which
depends on the covalent bond between first and sec-
ond main group metal cations and Ga–N as a potent
sensor for water treatment.

The encapsulation process of metal cations (Li+,
Na+, K+, Be2+, Mg+ and Ca2+) in Ga–N is affirmed
by the  quantities:

R
oGΔ

o
fGΔ
Fig. 4. (Contd.)
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Fig. 5. The frequency (cm–1) changes through the IR spectra for (a) Li+@Ga–N, (b) Na+@Ga–N, (c) K+@Ga–N, (d) Be2+@Ga–N,
(e) Mg2+@Ga–N, and (f) Ca2+@Ga–N complexes (Note: ε (M−1 cm–1 or L mol−1 cm−1) is the absorbance unit and D (10−4 esu2 cm2)
is the dipole strength via the esu or electrostatic unit, which is a unit of charge in the cgs (centimeter-gram-second) system).

80
ε

70

60

50

40

30

20

10

0 0
20
40
60
80
100
120
140
160
180
200
D

0 200 400 600 800 1000 1200
Frequency, cm–1

(a)

70
ε

60

50

40

30

20

10

0 0
20
40
60
80
100
120
140
160
180
200
D

0 200 400 600 800 1000 1200
Frequency, cm–1

(b)

60
ε

50

40

30

20

10

0 0

20

40

60

80

100

120

140

160
D

0 200 400 600 800 1000 1200 1400
Frequency, cm–1

(c)
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 18  No. 2  2024



STRUCTURAL, ELECTROMAGNETIC AND THERMODYNAMIC ANALYSIS 545
Fig. 5. (Contd.)
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Table 3. The thermodynamic characters of Li+@Ga–N, Na+@Ga–N, K+@Ga–N, Be2+@Ga–N, Mg2+@Ga–N, and
Ca2+@Ga–N complexes using CAM-B3LYP/6-311+G (d,p), LANL2DZ calculation

Compound ∆Eo × 10–4, 
kcal/mol

∆Ho × 10–4, 
kcal/mol

∆Go × 10–4, 
kcal/mol So, cal/K mol

Dipole moment,
Debye

Li+@Ga–N –631.1534 –631.1534 –631.1567 112.585 0.2204

Na+@Ga–N –640.7248 –640.7247 –640.7280 110.521 0.3167

K+@Ga–N –667.8748 –667.8748 –667.8777 99.927 0.5338

Be2+@Ga–N –631.6031 –631.6030 –631.6065 116.692 0.5200

Mg2+@Ga–N –643.0713 –643.0712 –643.0745 112.047 0.2905

Ca2+@Ga–N –672.7063 –672.7062 –672.7093 105.224 0.2896
(4)

As seen in Table 3, all the accounted  amounts
are very close, which demonstrate the agreement of
the measured specifications by all methodologies and
the reliability of the computing values.

Table 3 has shown that the dependence on the size
of the ions of during interaction between the adsor-
bates of the alkali and alkaline earth metals cations as
the electron acceptors and the adsorbent of Ga–N as
electron donor in the complexes of Li+@Ga–N,
Na+@Ga–N, K+@Ga–N, Be2+@Ga–N, Mg2+@Ga–
N, and Ca2+@Ga–N. Therefore, the selectivity of
metal ion by gallium nitride nanocage (ion sensor) can
be resulted as: K+ > Na+ > Li+ in alkali metals and
Ca2+ > Mg2+ > Be2+ in alkaline earth metals.

Recently, Tran and his co-workers have investi-
gated different operational conditions which have
been evaluated under batch adsorption experiments,
such as pH, NaCl, solid/liquid ratio, stirring speed,
contact time, solution temperature, initial adsorbate
concentration [59]. The reusability of laden materials
was measured through adsorption–desorption cycles.
Adsorption kinetics, isotherm, thermodynamics, and
mechanisms are studied and discussed. Machine
learning processes and statistical physics models are
also applied in the field of adsorption science and
technology [60, 61].

The binding energy (BE) N–Ga has been evalu-
ated at 398.1eV. Our results suggest a strong correla-
tion between the electronic and chemical properties of
the gallium nitride nanocage. Moreover, it was
assigned a feature of BE at 529.69 eV for O–Ga, which
most likely formed as the result of a Ga-terminated
surface structure.

4. CONCLUSIONS
Ion separation involving a gallium nitride (Ga–N)

nanocage can be used to remove a series of alkali and
alkaline earth metals cations from aqueous solutions

( )o
MC @Ga–N MC trapped Ga–N

+ + + 2+ + 2+

,

MC = Li , Na , K , Be , Mg , Ca .

o o o
fG G G G−Δ = Δ − Δ + Δ

o
fGΔ
RUSSIAN JOURNAL O
based on electrostatic interactions between the metal
cations and Ga–N.

The electromagnetic and thermodynamic proper-
ties of alkali/alkaline earth-metal–adsorbed Ga–N
system was investigated using density functional the-
ory. The results have illustrated that all the alkali/alka-
line earth-metal–adsorbed Ga–N are rather stable
with the most stable adsorption site being in the center
of Ga–N system. The absorption of alkali/alkaline
earth-metal cations in the Ga–N occurs via
chemisorption. The n-trapping behavior can be found
in Ga–N after the adsorption of alkali/alkaline earth-
metal cations. The work function of Ga–N has con-
siderably shown the alkali/alkaline earth-metal cation
adsorption with maximum amount for the Ca2+/K+–
adsorbed Ga–N system.
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