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The chemical characteristics of different ele-
ments encountering H,O molecules in the sur-
face are influenced by geochemical mixture of
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The goal of this research is selecting metal/metalloid ions of (Na*, K*, SnZ*, Pb2+, Al3T)
from water due to nanomaterial-based gallium nitride nanocage (Ga—N). Ga—N was modeled
in the presence of metal/metalloid cations (Na®, K*, Sn2*, Pb2™, Al3+). Moreover, the results of
chemical shielding calculations exhibited remarkable fluctuations in the metal elements Na*,
K*, Sn?*, Pb?*, AI?* due to the capture of Ga-N in the periodic framework of H,O molecules.
This research work confirms the selectivity of metal ion capture by Ga-N nanodetector as: K>
Na*>>> Sn?* =~ Pb2" > AI3*. Finally, it has been shown that for a given number of N-donor sites
in the Ga—N nanosensor, the stabilities of monovalent (M*), divalent (M2*) and trivalent (M3")
cation complexes are Kf<> Ga—N > Na*— Ga—N >>> Sn?*— Ga-N = Pb%t Ga—N > Al¥* o
Ga—N.

Keywords: Metal/loid ion selection; water purification, Ga—N; nanomaterials application.

OumiHKa CeJIEKTHBHOCTI Ta 4YyTJIMBOCTI HAHOCEHCOpA 3 HIiTpuay rajilo g
3axomsieHHs ioHiB MeramiB/meranoimie (Nat, K*, Sn2*, Pb2*, AI3%) i3 Bogm: minmxin
JO0 MOJEJIIOBAaHHA MaTepiajiB I[oJ0 IMOBO:KEHHS 3 HABKOJIMIIHIM CEepegoOBHIIEM.
Fatemeh Mollaamin

MeTom0 IAaHOr0 MOCJIKEHHS € BHILIEHHS 3 Boau ioHiB merasis/merasoigis Nat, K*, Sn2+,
Pb2*, AI3* 3a gomomoron mamoksmiTkm HiTpmmy ramio (Ga—N) ma ocHoOBi Hamomarepiaiy.
Ga—N wmojemoBany B IpucyTHOCTI KaTioHiB merami/meramnoimis (Na®t, K¥, Sn2t, Pb2* Al3H).
Kpim Toro, pe3yJIBTaTH PO3pPaxXyHKIB XIMITHOIO CKPAHYBAHHSA II0KA3AJIH 3HaYHL dmyRTyaun
uepes meranesi exemenTt Na®, KT, Sn2*, Pb2*, A3+ gmacinok saxomnensa Ga—Nyneploqunln
cnm moneryn H,O. Ila mocmigmmiera poGoTa MIiATBEPIIKYe CEJIEKTHBHICTH 3aXOIJIEHHS
i0HIB MeTasy Ga—N HAHOJIETEKTOPOM AK: K> Na™>>> Sn2* =~ Pbh2t > AI3+, Hapemri, 6yo
MOKa3aHo, IO JJIA 3amaHol Kigbkocri N-moHopHux cautie y Ga—N HaHOceHCOpl cTablIBHICTD
omuoBasrentanx (MY), nBoBasenTHEmx (M2%) i TpuBamentHEx (M3') KaTiOHHEX KOMILTEKCIB
K+t Ga—N > Na+— Ga—N >>> Sn?*— Ga—N =~ Pb?"— Ga—N > Al**— Ga-N.

© 2025 — STC “Institute for Single Crystals”

1. Introduction atmosphere, soil combination, climate change,
and the environmental moods [1-7]. Recently,
environmental pollutions produced by hazard-
ous organic materials and toxic metal/metal-
loid elements with their longevity have become
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a fatal barrier [8-15]. For example, Pb is a
heavy metal that is found in large quantities in
the environment. The development of the life-
style and associated production volumes has
increased the cost of lead emissions and caused
a clear increase in its impurities [16, 17].

Rybarczyk and his co-workers demonstrat-
ed the effects of experiments on the synchronic
elimination of Al (IT), Cu (II), and Zn (II) from
dilute aqueous solutions using ion and flash
flotation methods. The presented data dem-
onstrate physicochemical processes dependent
on metal salts in aqueous solutions [21]. In ad-
dition, tin (Sn) is a grey and white metal and
appears in the oxidation states of Sn2?* and
Sn** cations. Recently, Rathinam et al. have
prepared the structurally isomeric rhodamine
6G-based amino derivatives for detecting Sn%*
cations [22].

The compressive strength of the Ga—N nano-
material is quite low, and hence, it is forecasted
to enhance the containment of pollutions and
overcome the fragile sorption, rapid compres-
sion, and secondary contamination in the re-
pair technique. Thus, the goal of this article is
to isolate the ions of Na*, K*, Sn?*, Pb2*, Al3+
from the periodic cell of H,O molecules.

2. Theoretical Insights,
applied materials and methods

Material details

The purpose of this research is to take away
alkali and alkaline earth metals ions contain-
ing Na*, K*, Sn?*, Pb%*, Al3* from H,O medi-
um using Ga-N nanomaterial (Fig.1) [23].

The GJF file of the geometry coordination
for the encapsulation of metal cations includ-
ing Na*, K*, Sn2*, Pb2*, AI*" in Ga—N water
was prepared using GaussView 6.1 [24]. Us-
ing the solid model and coordination template,
the interval line was placed according to the
LANL2DZ level of theory to determine the
quantum chemical properties (Fig. 1).

The metal cations were successfully incorpo-
rated in the center of Ga—N for the formation of
Nate Ga—N, Kt Ga-N, Sn2t— Ga—N, Pb2te
Ga-N, and Al**< GaN complexes (Fig.1).
Regardless of the type of the metal, the gallium
nitride nanocage expanded to accommodate
the metal particles. Using mixtures of metal
nanoparticles of two different sizes, it was
found that the inclusion and the resulting pore
size were controlled by the larger size metal
particles (Fig.1).

Functional materials, 32, 2 2025

lon Trapping Nanocage

o 7
Clean Water

Fig.1. Adsorption of metal/metalloid ions (Na™,
K*, Sn2*, Pb2*, Al3") from drinking water by
Ga-N trough formation of a) Nat< Ga-N, b)
K*o Ga-N, ¢) Sn?to Ga-N, d) Pb2te Ga-N,
and e) Al3*— GaN complexes for water purifica-
tion technology

The charge diffusion of Lit< Ga—N, Nat-
Ga—-N, Ko Ga-N, Be?*- Ga-N, Mg2te
Ga-N and Ca?*~ Ga—N compounds has been
computed according to the Bader charge dis-
tribution [25]. The metal ions have been suc-
cessfully incorporated in the center of Ga—N to
form the complexes Lit« Ga—N, Nat« Ga—N,
Kt Ga-N, Be?*— Ga—N, Mg?t— Ga—N, and
Ca?*— Ga—N complexes (Fig.1).

Density Functional Theory (DFT)
approach

The computational work in this research
was performed according to the DFT apply-
ing the projector— augmented-wave (PAW)
technique [26].

The functions of the Hohenberg-Kohn (HK)
theory have rigidly caused the acceptability of
electronic density as a fundamental variable
for structure/electronic computations. On the
other hand, development of the applied DFT
methodology became noticeable only after W.
Kohn and L.J. Sham published their authorita-
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Table 1. The electric potential (E /a.u.) and Bader charge (Q/coulomb) through NQR calculation for
Nate Ga—-N, K*o Ga—N, Sn?te &a—N, Pb%* Ga-N, and Al**< Ga—N complexes.

Nate Ga-N Kt Ga—N Sn2te Ga-N
Atom Q Ep Atom Q Ep Atom Q Ep
Gal 0.89 —146.60 Gal 0.87 —146.57 Gal 0.56 -1.17
N2 —0.48 —18.16 N2 —0.46 -18.17 N2 —0.47 -18.41
N3 -0.51 -18.17 N3 -0.53 -18.18 N3 —-0.60 —18.43
Ga4 0.88 -146.60 Ga4 0.83 -146.57 Ga4 0.56 -1.17
Gab 0.86 -146.62 Gab 0.87 -146.61 Gab 0.58 -1.17
Ga6 0.88 -146.63 Ga6 0.90 —-146.60 Ga6 0.57 -1.17
N7 —0.46 —-18.16 N7 —0.45 —18.16 N7 —0.47 —-18.41
N8 —0.51 —-18.17 N8 —0.53 —-18.17 N8 —0.59 —18.44
N9 —0.49 —-18.18 N9 -0.51 —-18.19 N9 —0.49 —18.40
N10 —0.50 —-18.17 N10 —0.50 —-18.18 N10 —0.47 —18.40
N11 —0.47 -18.17 N11 —0.48 -18.18 N11 —0.48 —18.40
N12 —0.54 -18.20 N12 -0.57 -18.20 Ni12 -0.51 —18.42
Gal3 0.93 -146.61 Gal3 0.86 —146.62 Gal3 0.53 -1.11
N14 —0.45 -18.13 N14 —0.45 -18.13 N14 —0.45 -18.39
N15 —0.44 —18.13 N15 —0.44 —18.12 N15 —0.44 -18.39
Nal6 0.42 —34.52 K16 0.60 —74.29 Sn16 2.18 -1.39
Pb%*e Ga-N AlP*o Ga-N
Atom Q Ep Atom Q Ep
Gal 0.60 —-1.17 Gal 0.59 -1.20
N2 —0.50 —18.42 N2 —0.46 —-18.40
N3 —0.56 —-18.44 N3 —0.54 —18.42
Ga4 0.59 -1.17 Ga4 0.61 -1.20
Gab 0.62 -1.17 Gab 0.63 -1.20
Ga6 0.59 -1.17 Ga6 0.60 -1.20
N7 -0.49 -18.41 N7 —-0.46 —-18.39
N8 -0.55 -18.44 N8 -0.55 -18.42
N9 -0.51 -18.42 N9 —-0.48 -18.41
N10 —0.51 —18.43 N10 —0.46 -18.41
N11 -0.50 —-18.42 N11 -0.47 -18.41
N12 —0.53 —18.44 N12 —0.50 —18.42
Gal3 0.62 -1.12 Gal3 0.421 -1.18
N14 —0.43 -18.39 N14 —0.43 —18.38
N15 —0.44 —18.38 N15 —0.42 —18.38
Pb16 2.00 -1.37 All6 1.93 -1.10

tive series of equations, which are introduced
as the Kohn-Sham (KS) equations [27, 28].

In DFT, as it is used for computational
chemistry, the hybrid functional Becke 3-pa-
rameter Lee-Yang-Parr (B3LYP) [29] appears
to offer the greatest contribution. A new hy-
brid exchange—correlation functional named
the Coulomb-Attenuating Method with BSLYP
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(CAM-B3LYP) is proposed which combines the
hybrid qualities of BSLYP and the long-range
correction [30].

In this article, DFT computations were car-
ried out using the Gaussian 16 revision C.01
software [31].

Functional materials, 32, 2, 2025
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3. Results and Discussion

Outlook of nuclear quadrupole reso-
nance (NQR)

Since the electric-field gradient when plac-
ing the nucleus in metal cations containing
Nat, K*, Sn2*, Pb2* Al3* is associated with
valence electrons wrapped in a certain linkage
with close nuclei of Ga—N through capturing
of metal ions, the NQR [32—-35] frequency at
which the transitions occur is specific for the
complexes (Na*, K*, Sn2*, Pb2*, Al3") - Ga-N
(Tablel).

In addition, the NQR electric potential was
constructed for some selected cations Na*, K,
Sn2*, Pb2* and AI3* in the Ga—N which was
measured by CAM-B3LYP accompanying the
basis sets of EPR—3 and LANL2DZ (Fig. 2a—f).

The Na™ and K* ions in Nat— Ga—N (Fig.2a)
and Kt Ga-N complexes (Fig.2b), respec-
tively, have shown approximately the same

Functional materials, 32, 2 2025
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Fig.2. NQR calculation for a) Na*« Ga—N,
b) K< Ga-N, cg Sn?*o Ga—N, d) Pb?te
Ga—N, and e) Al**— Ga—N complexes.

behavior with the ratio coefficients of R2N3+ =
0.9954 and R?_, = 0.9954. Furthermore, Sn?*
in Sn?t— Ga-N (Fig.2c), Pb2t in Pb2t & Ga—
N (Fig.2d), AI3* in AlI3* « Ga-N (Fig.2e), re-
spectively, with the ratio coefficients of R28n2+
= 0.9865 and R® , = 0.9923, R? , = 0.988,
R? ae = 0.9724. Since potassium and sodium
have electric potential of —74.29 and —34.5186
a.u., respectively, a different fluctuation of
charge versus electric potential compared to
tin, lead, aluminum, and arsenic were observed

(Tablel).
NMR spectra Analysis

From the density functional theory (DFT)
calculations, it has been achieved the chemi-
cal shielding (o, ) tensors in the principal
axes system to evaluate the isotropic chemi-

cal-shielding (o, ) and anisotropic chemical-
shielding (CSA) [36]:
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Table 2. Chemical shielding tensors for selected atoms of Nat— Ga-N, Kt~ Ga-N, Sn2*— Ga-N,

Pb%t Ga-N, and Al*" < Ga—N complexes.

Nat < Ga-N K" < Ga-N Sn?*  Ga-N
Atom Oiso Oaniso Atom Oiso Oaniso Atom Oiso Oaniso
Gal 176.04 3288.77 Gal 176.04 3288.77 Gal 12.10 24.78
N2 146.20 962.64 N2 146.20 962.64 N2 261.54 346.72
N3 559.40 1683.75 N3 559.40 1683.75 N3 218.46 709.28
Ga4 313.19 3636.45 Ga4 313.19 3636.45 Ga4 12.68 19.69
Gab 664.68 3206.29 Gab 664.68 3206.29 Gab 9.94 21.20
Ga6 426.04 2698.25 Gab6 426.04 2698.25 Ga6 13.24 22.75
N7 81.15 707.77 N7 81.15 707.77 N7 194.01 248.04
N8 317.19 1085.00 N8 317.19 1085.00 N8 69.70 648.16
N9 190.49 825.49 N9 190.49 825.49 N9 224.79 351.84
N10 212.97 1100.88 N10 212.97 1100.88 N10 179.19 285.87
N11 183.17 944.69 N11 183.17 944.69 N11 313.78 600.52
N12 41.68 684.33 Ni12 41.68 684.33 N12 74.47 269.49
Gal3 48.80 1547.56 Gal3 48.80 1547.56 Gal3 14.30 16.71
N14 307.12 507.19 N14 307.12 507.19 N14 342.98 1224.06
N15 339.25 700.60 N15 339.25 700.60 N15 350.77 810.58
Nal6 489.74 66.83 K16 489.74 66.83 Snl6 26.47 9.07
Pb%*e Ga-N AlP*o Ga-N
Atom Oiso Oaniso Atom 9iso Oaniso
Gal 4.60 14.01 Gal 4.80 20.95
N2 271.95 537.40 N2 22.61 589.30
N3 133.15 687.91 N3 665.58 1248.28
Ga4 9.77 15.74 Ga4 3.59 17.74
Gab 4.14 14.66 Gab 0.98 20.64
Ga6 9.23 19.27 Ga6 2.57 21.84
N7 327.68 845.91 N7 168.38 1113.53
N8 75.74 751.77 N8 552.85 1103.16
N9 140.10 405.99 N9 178.93 515.87
N10 238.89 205.71 N10 199.65 483.37
N11 191.91 577.68 Ni11 115.46 597.37
N12 62.87 244.31 Ni12 93.82 471.38
Gal3 8.39 9.71 Gal3 6.27 7.16
N14 358.53 636.87 N14 100.02 330.21
N15 486.57 857.69 N15 64.09 642.44
Pb16 24.20 4.52 All6 16.71 10.27
0. = (0, + Oy + 04,)/3 (1) The NMR data of isotropic (oiso) and aniso-
tropic shielding tensor (ocaniso) of Na', K%,
iy = gy — (0 + 0,,)/2 (2) Sn?*, Pb2*, Al3* captured on the in the Ga—N
Oros oton =Crsoianiauiny + to forrén+ Nate Ga—-N, Kt Ga—-N, Sn2to Ga-—
(3) N, Pb“"~ Ga—-N, and Al3+< Ga—N complexes
F0 50 medium@2) T Tisofow(@rs) have been computed by the Gaussian 16 revi-
sion C.01 program package [31] and shown in
Table 2.
310 Functional materials, 32, 2, 2025
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The enhancement in the chemical shift an-
isotropy spans for Ga (4), Ga (5), Ga (6) in Nat«
Ga—N and K*— Ga—N complexes is due to Na¥,
K" ions binding to Ga—N (Fig.3a, b). The com-
plexes Sn?t— Ga-N (Fig.3c) and Pb%t— Ga-N
(Fig.3d) have shown approximately the similar
behavior through the fluctuation of chemical
shift anisotropy spans for functionalized at-
oms N (2), N (3), N (7), N (8), N (9), N (11), N
(12), N (14), N (15). Moreover, the Al>*— Ga—N
complex (Fig.3e) has shown approximately the
similar behavior through the fluctuation of
chemical shift anisotropy spans for functional-
ized atoms of N (2), N (3), N (7), N (8), N (9),
N (14), N (15).

In Fig. 3 (a—f), metal ions Na‘t, Kt, Sn?*,
Pb2*, AI>* in Nat— Ga—N, Kt Ga—N, Sn?t—
Ga—N, Pb?*— Ga—N and Al3*— Ga—N complex-
es illustrate the changes in the chemical shield-
ing in the ion selecting status. As a matter of
fact, Fig.3 (a—f) can exhibit the potential of elec-
tron accepting during ion capture in the Ga—N
as Kt> Na™>>> Sn2*=Pb2*>Al%* that confirms
the ability of covalent bond between Ga/N and
these ions.

Functional materials, 32, 2 2025

Thermodynamic parameters through
IR spectra

The ion<Ga/N clusters (Fig.1) containing
Nate Ga-N (Fig.4a), Kt— Ga-N (Fig.4b),
Sn?*— Ga-N (Fig.4c), Pb2t— Ga-N (Fig.4d),
and Al>*— Ga—N (Fig. 4e) has been optimized
due to IR spectroscopy data.

Fig.4 (a) shows the frequency range of 100—
1150 cm™! for Nate Ga—N with sharp spec-
tral peaks around 281.61, 360.46, 891.95 cm™1
Fig.4 (b) shows the changes of frequency of
100—-1400 cm™! for Kt Ga—N with two strong
spectral peaks about 511.8 and 1257.49 cm™L.
Moreover, Fig.4 (c) shows the frequency range
between 200—1200 cm™! for Sn2t-Ga—N with
sharp peaks around 254.94, 406.60, 458.02,
593.13, 869.27, 919.83, 995.17, and 1030.76
cm~!. Fig.4d shows the frequency range of
200-1200 cm™!  for Pb2*—Ga—N with strong
spectral peaks about 400.93, 570.63, 861.70,
and 1011.39 cm~!. Furthermore, the frequen-
cy range between 100-1200 cm™!  for Al*Te
Ga—N with sharp peaks around 134.04, 433.33,
538.19, 669.13, 1103.08 cm™! has been observed
(Fig.4e).
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In addition, thermodynamic parameters
showed that Ga—N, owing to selecting ions of
Na*, K*, Sn2*, Pb2*, Al3*, may be more power-
ful detector for sensing and taking away ions
from water medium (Table 3).

Thermodynamic parameters of complexes of
monovalent (M"), divalent (M2") and trivalent
(M37%) cations with Ga—N have been obtained by
the DFT method. The stabilities of M*, M2+ and
M3* in the complexes as Kf< Ga-N > Nate—
Ga—N >>> Sn?"& Ga-N =~ Pb?*~ Ga-N >
Al3*< Ga-N are represented in Table 3.

The encapsulation process of metal cations
(Na*, K*, Sn2*, Pb2*, Al3") in Ga-N is con-
firmed by AGy,, :

(d)
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Fig. 4. IR spectra for a) Nat< Ga—N, b) Kfe
Ga—N, ¢) Sn?*o Ga-N, d) Pb?*— Ga—N, and e)
Al**e Ga-N complexes

AG;

ads

_AG;onHGa—N (AGO

Ton—selected

+AGY, ) ;

+, K+, Sn2+, Pb2+, A13+ (4)

It is found that Ga—N plays a role of an elec-
tron donor in Nat— Ga—N, K*— Ga—-N, Sn?t—
Ga—N, Pb%*— Ga—N and Al3*— Ga—N complex-
es. Thus, the sensitivity of these ions by Ga—N
nanosensor can be represented as: K> Nat>>>
Sn2*t =~ Pb2* > Al3* (Table 3).

Ions= Na

Table 3. Thermodynamic characteristics of Na*« Ga—N, Kt Ga—N, Sn?" < Ga—N, Pb%*— Ga—N, and

Al**o Ga—N complexes

Compound AE x107* AH x10~ AG X107 S, Ifggfgﬁt
(kcal/mol) (kcal/mol) (kcal/mol) (cal/K.mol) (Debye)
Nat - Ga-N —640.72 —640.72 —640.72 110.52 0.31
K' - Ga—N —667.87 —667.87 —667.87 99.92 0.53
Sn?* o Ga-N -350.69 -350.69 —350.72 98.83 1.00
Pb2t o Ga-N —350.64 —350.64 —350.67 99.45 0.56
APt & Ga—N -350.16 -350.16 -350.19 99.28 0.48
312 Functional materials, 32, 2, 2025
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4. Conclusion

Ga—N can effectively select metal/metalloid
ions from water medium. Ion selection wrap-
ping a gallium Ga—N nano detector is applied
to sweep a series of ions from water medium
based on electrostatic interactions between
these ions and the Ga—N nanosensor.

Thermodynamic and electromagnetic speci-
fications of metal/metalloid selected by Ga—N
nanosensor have been studied by the DFT
method. The sensitivity of these ions by Ga—N
nanosensor can be represented as: K> Nat>>>
Sn?* = Pb2* > AI3*. So, it has been concluded
that for a given number of N-donor sites in
Ga—N, the stability of M* are higher than M2*
and M3* complexes as Kt Ga—N > Nat— Ga—
N >>> Sn?*«» Ga-N = Pb%*<s Ga-N > Al**e
Ga—N. Furthermore, it is suggested that metal/
metalloid—selecting can be applied to amelio-
rate the optoelectronic specifications of Ga—N
which can be employed to generate photoelec-
tric instruments.
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