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Abstract

[Mg(H20)4][(VO)2(PQ4)2] has been successfully synthesized in the M2*-V4*-P-O system
through hydrothermal synthesis route. It was characterized using single-crystal X-ray
diffraction, Fourier Transform Infrared Spectroscopy (FT-IR), scanning electron microscopy
(SEM), and thermal stability analysis (TG-DTA). [Mg(H20)4][(VO)2(PO.).] crystallizes in
the tetragonal system (S.G.: 14/m), with the cell parameters: a= 6.2497(3), b= 6.2497(3), c=
13.4194(8) A, V=524.145A3 and Z= 2. The structure consists of vanadyl phosphate layers
[VO(PO4)]2«, constructed from O-vertices sharing [VOs]-square pyramids and [PO4]
tetrahedral, which are separated by layers of [MgOs] octahedral linked to [VOs] by Mg-O-V
bonds along c-axis. FT-IR confirmed the characteristic bands of phosphate and the vanadium
(1V) groups. Moreover, thermogravimetric analysis of the complex has been used to
investigate its thermal behavior. Furthermore, the catalytic efficiency of the title compound in
the reduction by NaBH4 of three nitrophenol isomers (ortho-, meta-, and para-) to their
corresponding aminophenols was tested. All three nitrophenol isomers could be reduced in 30
sec in the presence of the title compound. First-principles calculations employing density
functional theory (DFT) explored the structural, electronic, and optical properties. These
computations were utilized to analyze the band structure, density of states, reflectivity,
absorption coefficient, refractive index, and extinction coefficient. Examining the band
structure and density of states (DOS) reveals that the material possesses a band gap of 2.79

eV.
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Introduction

Vanado-phosphates have been selected in the course of evolution since their prospective
primarily utilization as complex catalytic systems. They have been extensively studied as
catalysts for the oxidation of light hydrocarbons to maleic anhydride or as precursors of
catalysts for selective oxidations. As electrode materials, they have been tested in lithium-ion
batteries as in: LisVO(POa4)2[1], LisVO(POa4)2 [2] and Li2(VO)2(HPO4)2(C204)-6H20 [3]; in
sodium-ion batteries NaVOPO4[4], Naz3(VO)2(POa4)2F [5] and Naz(VO)2(PO4)F@C [6]; and
potassium-ion batteries B-K(V0O2)2(POa) [7] and Ks(VO)2(V203)2(PO4)4 (P207) [8]. Moreover,
they have been tested as pseudo capacitors like in VOPO4-graphene [9] or sensors for
polyaniline/vanadyl phosphate (PANI-VOPO,) and NaosVOPO4-2H,0 [10, 11]. They have
been applied in the environment as anti-corrosion coatings, such as in the P-M/epoxy
composites MosVOPQO4 (where M= Mg, Ni, and Zn) [12]. In vanado-phosphates, V can
exhibit various coordinations (4-6) and variable oxidation states (I, 1V, V).

Consequently, different various environments to host Li-ion [13]. Because of the low cost and
the high oxidation potential of the V**/V** redox couple (-4 V), vanado-phosphates might be
an alternative to the existing commercial LiCoOz-based cathode materials [14, 15]. The ability
of V as a cation (V**, VO?*, VO,") to behave much the same as a typical transition metal has
attracted systematic attention. As a result, many new MVOPOs have been prepared over the
last ten years using different synthetic routes. Anhydrous vanado-phosphates have been
studied from alkali alkaline earth metals and transition metals. For instance, within this
family, there are compounds of the gross formula A(VO)(PO.4): like that were first discovered
Zn,VO(PO4): [16], followed by Mn,VO(POa4)2. H20 [17], then has been prepared
Sr2(VO)(POa4)2 [18], and Pb,VO(PO4) [19, 20]. our attention was drawn toward the
experimental realizations that are very scarce and currently restricted to two families of

layered vanadium phosphates and oxide compounds. Various and recent studies have
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investigated the magnetic proprieties of AA'VO(PO4)2 (AA’ = BaZn, SrZn, BaCd, and PbZn)
[21-24], and Li2VOXO4 (X= Si, Ge) [25-29]. Furthermore, the layered mixed-valence
vanado-phosphates hydrates A(VO)2(PO4)2.xH20 remain mostly unexplored among these
structures. Up to now, it has been only reported A(VO)2(P0O4)..4H.0 with (A= Sr, Co, Ni, Pb,
Ca, Ba, Cd, Ag) in the literature was described some time ago [30], and by hydrothermal
synthesis, were a new vanadyl (1) compound has been synthesized Rb2Cu(V0O2)2(POa)2 [31],
NaVPO4F [32] and Na3(VO)2(POa4)2F [33].

This work aimed to synthesize new compounds of stoichiometry A(VO)2(POs)..nH20, where
A is an alkaline earth metal. The impetus that encouraged us to do this research was the
expectation of discovering new structure types that have interesting electrochemical
performance and valuable physical properties, which would be owned. In this article, we
report herein mild hydrothermal synthesis, crystal structure, FT-IR spectroscopy, and thermal
behavior of a new Magnesium(l1) Vanadyl(IV) phosphate compound:
[Mg(H20)4][(VO)2(PO4)2]. This method was adopted because it was considered the most
beneficial method according to the previous studies, and the result was proven based on X-ray
analysis and infrared spectroscopy. This study also looks at theoretical findings about the
structure, electronic, and optical of [Mg(H20)4][(VO)2(PO4)2]. We used first-principles
calculations within the DFT framework, specifically the PBE-GGA approximation, with the
WIENZ2K software package. This method helps analyze the properties of
[Mg(H20)4][(VO)2(POa).] and produces results similar to those from the hydrothermal
method.

2. Experimental

2.1. Materials and instrumentation

All chemicals (reagents and solvents) used for the synthesis were used as received. Purity and

supplier should be reported for each starting reagent. The crystalline product was



characterized by single-crystal X-ray diffraction analysis, Fourier Transform Infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), and Thermal Gravimetric
analysis (TG-DSC). The single-crystal X-ray diffraction observations were performed at 173
K utilizing Mo-Ka radiation (A = 0.71093 A) and a Bruker APEX-1I CCD diffractometer.
With a VERTEX 70 FTIR instrument (400-4000 cm™®), the FTIR spectra were recorded using
the ATR method with a resolution of 4 cm™ at room temperature. TG analysis was carried out
using a Diamond TGA/DTA equipment (Perkin-Elmer) thermal analyzer (25-1000 °C) in the
air at a 10 °C/min heating rate. The catalytic activity of [Mg(H20)4][(VO)2(PO4)], in the
reduction of the three nitrophenol isomers (2-NP, 3-NP, and 4-NP) to their corresponding
aminophenols, was assessed using a Camspec M550 double beam scanning UV-Visible
spectrophotometer.

2.2. Synthesis of [Mg(H20)4][(VO)2(PO4)2]

Reagent-grade chemicals were used as received from Sigma-Aldrich and employed without
additional purification. The novel bimetallic phosphate [Mg(H20)4][(VO)2(PQ4)2] was
prepared using a single step by employing mild hydrothermal methods. Stoichiometric
mixtures of V20s, MgO, and HsPO, were used in the synthesis. First, an adequate mixture of
V>0s and MgO was dissolved in distilled water (10 mL) to form a cloudy solution (Solution
A), then H3PO4 was added dropwise under constant stirring, and the resulting mixture, with a
pH value of about 1.5, was sealed in a Teflon-lined steel autoclave and heated at 200 °C for 2
days. After cooling to room temperature, green Plate-like crystals were obtained by filtration,
washed with distilled water, and dried in air.

2.3. X-ray powder diffraction

The phase purity of the title compound was confirmed by Powder diffraction performed on a
Rigaku Smartlab equipped with a high-temperature chamber Anton-Paar HTK 1200N in

Bragg-Brentano geometry using Cu Ko radiation, A= 1.54051 A, and detector Hypix-3000 in



2D mode scan. The 20 scan range was 5-80° with a step size on 20 0of 0.01°. The XRD
pattern was consistent with the structure determined using the single-crystal XRD. A least
square fit of the powder XRD lines (CuKa) using the (hkl) indices generated from single-
crystal X-ray data gave the cell parameters, which are in good agreement with those
determined by single-crystal XRD (Fig. 1). Furthermore, their diffraction peaks are consistent
with the simulated, indicating the purity of the as-synthesized products. The differences in
intensities between the experimental and simulated XRPD patterns may be due to the
variation in the preferred orientation of the powder sample during the collection of the

experimental XRPD pattern [34].
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Fig. 1: Powder X-ray diffraction pattern for (H2en)[Mg(H20)2(C204)2],
(a) experimental and (b) simulated.

2.4. Single crystal study

For X-ray diffraction examination, a suitable crystal with the dimensions of 0.28x0.27x0.08
mm? was selected. The MoKa radiation (A = 0.71073 A) was used to collect data at 173 K
using a Bruker APEX-11 CCD diffractometer. The CrysAlis program suite was used for unit
cell determination, data collection and reduction, and analytical absorption corrections [35].
The crystal structure for the molecule in the title has been determined using direct methods
and serial Fourier difference syntheses and then refined using the SHEL X suite's weighted

full-matrix least squares method against F2[36]. The 14/m space group describes the



Tetragonal structure that corresponds to it. The non-hydrogen atoms were refined in

anisotropic approximation. The differential density allowed for easy identification of each H

atom. All calculations were carried out using the WinGX software package [37]. The

DIAMOND program was used to draw the structural graphics [38]. The main crystallographic

data, data collection, and structure refinement information are summarized in Table 1. Tables

2 and 3 present basic geometrical information and atomic coordinates, respectively.

Table 1. Crystal data and structure refinement parameters for [Mg(H20)4][(VO)2(PO4)2].

Parameters compound

Chemical formula HsMgO14P2V>

Mr 420.19

Crystal system, space group Tetragonal, 14/m

Temperature (K) 173

a, b, c(A) 6.2497 (3) , 6.2497 (3) , 13.4194 (8)
V (A% 524.14 (6)

Z 2

Radiation type Mo Ko (A=10.71073 A)

n (mm?) 2.23

Crystal size (mm)

0.28 x 0.27 x 0.08

Color Plate, green
0 Range (°) 3-34
F(000) / Dx (g.cm™®) 416/2.662

Index ranges

Diffractometer

Bruker APEX-II CCD

Absorption correction

numerical Bruker (2001). SADABS. Bruker
AXS Inc., Madison, Wisconsin, USA.

Tmin, Tmax

0.633, 0.878

No. of measured, independent and
observed [l > 2o(1)] reflections

21902, 547, 540

Refinement method

Full-matrix least-squares on I=d

Rint

0.026

R[F2 > 26(F?)], wR(F?), S

0.015, 0.044, 1.20
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No. of reflections 547

No. of parameters 29
Apmax, Apmin (€ A3) 0.52,-0.32

2.5. Reduction process of nitrophenol isomers

The reduction of the three-nitrophenol isomers (4-NP, 3-NP, and 2-NP) to aminophenol
isomers was used to assess the compound catalytic activity (4-AP, 3-AP, and 2-AP). Using a
Camspec M550 double-beam scanning UV-visible spectrophotometer, the concentration
fluctuations of the three-nitrophenol isomers during their catalytic transformation in the
presence of the Magnesium(I1) vanadyl(IV) phosphate [Mg(H20)4][(VO)2(PQs)2], were
monitored an experimental protocol as defined previously in the literature [39, 40]. In fact, a
conventional test involved mixing (40 mL) of a 4x10* M aqueous solution of one of the three
isomers of nitrophenol, such as 2-nitrophenol, 3-nitrophenol, or 4-nitrophenol, with (40 mL)
of an 8x10* M aqueous solution of sodium tetrahydroborate (NaBH4) while stirring
continuously at room temperature. After commencing the reaction without a catalyst, the
color of the solution abruptly changes to a dark yellow tint due to the creation of the
nitrophenolate ion. At the same time, absorption peaks were observed at (nm) 401, 393, and
415 for para-nitrophenol, meta-nitrophenol, and ortho-nitrophenol. The
[Mg(H20)4][(VO)2(PO4)-] (0.05 g) was then added to the aqueous solution under continuous
stirring, and it resulted in the disappearance of the dark yellow color of the solution under the
effect of the catalyst. This reduction reaction was monitored via UV-Vis spectra
measurements.

3. Results and discussion

3.1 Crystal structure’s description

The building of the asymmetric unit compound is formed by six non-hydrogen atoms

consisting of one Mg atom, three O atoms (including one hydroxyl), one P, and one V as



depicted in Fig. 2. The crystal structure of [Mg(H20)4][(VO)2(POa).] consists in [VO(PO4)]
layers, built upon corner-sharing [VOs]- square pyramids and [PO4]-tetrahedra, which layers

host Mg?* in octahedral cavities (Fig. 3).

Mg

Fig. 2: Asymmetric unit in the crystal structure of [Mg(H20)4][(VO)2(PO4)2].

Fig. 3: A projection along a-axis of the crystal structure of [Mg(H20)4][(VO)2(POs)2],

showing the [(VO)(PO4)] layers interconnected by [Mg(H20)4]?* groups.

The vanadyl phosphate planes of the compound exhibit the [(VO)2(u2-PO4)2] unit, which is a
characteristic structural motif of the lamellar [VO(PQO4)] class of materials (Fig. 4). When

viewed along the b-axis, the square pyramids of VO5 direct the vertex occupied by the apical



oxo-vanadyl alternately up and down relative to the layer. Neighboring layers are aligned to
order the oxo-groups of corresponding vanady! sites directly toward the midpoints of these O-

O vectors, with Mg-O distances of 2.1180 A.

Fig. 4: The [(VO)2(u2-POs)2] structural motif

Valence-sum calculations (BVS) resulted in a value of 4,15 for the V site, which is very close
to the ideal value of 4 for V#* [40]. The divalent cation Mg?* ion lies in a special position and
has D4h symmetry; it is coordinated by six O atoms which four belong to water molecules
lying in the equatorial plane with the Mg—O distances of 2.1180 A and two axial O atoms,
from the vanadyl(IV) oxo atoms of two adjacent layers, each has a Mg-O distance of 2.1180
A, which adopting an octahedron rearrangement [Mg(H20)4(VO):], these distance are similar
which to the mean distances in Rb[Mg(H20)e](POs) [29] and [Co(H20)4][(VO)2(POa)2] [42],
and a slightly lower (av. 1.974 A) than the value reported in Mg;..Zn,(VOP0O4)2-4H20 (X ~
0.28) [43].

The overall structure of [Mg(H20)4][(VO)2(PO4)2] may thus be described as layers of four-
connected net of corner-sharing VOs square pyramids and phosphate PO4 tetrahedron. Each
VOs pyramid shares four basal O atoms with four different PO4 groups. Along the [101]
direction, the vanadyl O atoms alternately point up and down relative to the layer. Two

neighboring layers are aligned to order the oxo-groups of the vanadyl sites directly towards
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one another along the b-axis, and the two corresponding vanadyl(lV) oxo atoms are

coordinated to an Mg atom in a trans fashion, such that a linear V group is formed (Fig. 3).

The distance between the [(VO)(PO4)] planes, defined by the best planes through the O2
atoms, is 4.4785A, which is comparable to a distance of 4.5230A in [Co(H20)4][(VO)2(PO4):]
[42], 3.8570A for Zn,VO(PO4), [16] which may be compared to a distance of 3.91A in
vanadyl orthophosphate [(VO(POas).] [44]. Significantly, the orthovanadate structure consists
of (VO6) octahedra and (POa) tetrahedra arranged in layers held together by long V-O bonds.
Thus, in orthophosphate, the layers stack to orient the V=0 vertices of one layer directly in
line with the vacant sites of the (VOs) units of the next layer, producing
[V=0....V=0....V=0] chains of distorted [VOe¢] octahedra. The registry of [VO(POa4)] layers
of title compound [Mg(H20)4VO2(PQOa4)] is distinct from that of [VO(PQO4)] and related by
one vanadium polyhedron to point the [V=0] vertices of adjacent layers at one another. The
structure of [Mg(H20)4][VO(POa4)]2 is thus related to that of [VO(PQ.)] by the expansion of
the interlamellar spacing, translation of the layers relative to each other to provide a
coordination sit for the Mg?* cation and reduction of the vanadium sites to V(I1V). The
structural transformation requires only shearing of planes without disruption of any V-O-P
bonds and suggests that [Mg(H20)4][VO(PO4)]2 may be described as a reduced VO(POa):
phase with intercalated [Mg(H20)4]?" units. The structure of [Mg(H20)4][VO(PQ4)]: is quite
distinct from that of Nios[\VOPQO4].1.5H20 [45], a previously reported example of a nickel(11)
and cobalt(11) vanadyl (1) phosphate phases [46, 42]. In contrast to the structure of the title
compound, Nios[VOPO,].1.5H>0 exhibits a three-dimensional architecture with channels to
accommodate the aqua ligands of the NiO6 octahedron. Furthermore, the latter features the
much more common octahedral V(1V) coordination sites with a [V2(u-O)(u2-PO4)2] structural
motif. The adjacent layers are held in position by the MgO2(H20)4 octahedral pillars bonded

to the P centers and V to complete the resulting 3-D architecture (Fig. 4a). Such connectivity
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creates two intersecting 8-MR channels parallel to the [010] direction, into which the
coordinated water molecules protrude. Both pore walls of the 8-MR channels are severely
staggered, which leads to only six polyhedra visible in (Fig. 4a), and the opening of two 8-MR

channels are built by two MgO2(H20)4, two PO4 groups and four VO5 in the same sequence

of -MgO2(H20)4—VOs5—P0O4s—VO0s—MgO2(H20)4—VOs—P0O4—VOs— in (Fig. 4b and 4c)

Fig. 4: (a) Polyhedral view of the 3-D framework of 1 along the [101] direction. (b) The 8-
MR opening along the two directions.

4. Infrared spectroscopy and scanning electron microscopy (SEM)
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We looked into the vibrational characteristics of vanadyl phosphate [Mg(H20)4][VO(PO4)]>
to provide more details on the crystal structure. The presence of the phosphate group,
vanadyl(1V) group, and water molecules were all identified using infrared spectroscopy. The
designated infrared bands for [Mg(H20)4][VO(POQ.)] are listed in Table 4. The phosphate
group, vanadyl(1V), and water can all be seen in compound 1's infrared spectrum as having
different vibrational modes (Fig. 5). There are three significant bands present in the FT-IR
spectrum, with wavelengths between 3600-2950 cm™, 1160-890 cm™ and 600-400cm™. The
deconvolution technique offers a thorough band-based interpretation. In line with the structure
determined by single crystal X-ray structure, the FT-IR spectrum shows that the molecule
contains all the functional groups. Even if assigning each band in detail is challenging, the
most crucial attribution mode is obtained by comparison with comparable and related
chemicals published in the literature [47-51], according to the previously reported IR
spectroscopic description of some vibrational vanadyl phosphate. The strong bands at 958 cm-
Land 1039 cm* are due to the P-O symmetric stretching vibration in the group PO4
tetrahedrons and VV-O-P stretching vibration, respectively [49, 50]. PO4 symmetric stretching
overlapped with a P-O-V deformation band. This broadened band has the center of gravity in
the same position at about 910 cm™ in the present compound. The band at 988 cm™ can be
assigned to V=0 stretching vibration, and the bands at 582 cm™ and 542 cm* seem to be from
the coupled V-0 and P-O bending modes either in [Mg(H20)4][VO(PQO.)]2 [48,49].
Furthermore, we see the O-H stretching mode for coordinated water in the range of 2950-
3600 cm™ [52]. A band further supports the presence of the latter at 1640 cm, which can be
ascribed to the O-H bending vibration of water molecules. Finally, the band observed at 457
cm? corresponds to the stretching vibration of (Mg-O), similar to those found in the literature

[53].
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Fig. 5: Infrared spectrum of [Mg(H20)4][VO(PQO4)]2

Table 4: IR spectral data (cm™) and bands assignment for ([Mg(H20)4][VO(POa)]..

Assignment Bands (cm1)
vs(V-0O-P) 958

vs(P-O) 1039

vs (V=0) 988

3(V-0) 582

3(p-0) 542

vs(O-H) 2950-3600
3(0-H) 1640

v(Mg-0) 457

The scanning electron microscopy (SEM) image of the as-synthesized sample is shown in Fig.
6a and 6b. The sample comprises irregular particles ranging from ~10 to 1 um, as observed in

the SEM images. The chemical composition was analyzed by energy-dispersive X-ray

14



spectroscopy (EDX) in a selected particle area Fig 6(i-n). It can be seen that the elements of

V, Mg, P, and O are distributed uniformly in the particle.

Fig. 6a: Typical SEM images at (g) low and (h) high magnification scanning Electron
Microscope Micrographs of [Mg(HZO) 4] [VO(PO 4)] 5

15
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Fig. 6b: (i) Representative particles of as-synthesized samples and elemental mapping
showing the uniform distribution of O(j), Mg(k), P(I), V(m) atoms. EDX spectrum, we capture signals

of constituent elements (n).

5. Thermal Analysis (TGA/DTA)

Thermogravimetry (TG) measurements were carried out in dynamic air using a Diamond
instrument (Perkin-Elmer) thermal analyzer. The treatment of this compound was realized in
the flowing air (Debit= 50 mL/min) in the temperature range of 25-1000 °C (scan rate=
10°C/min), as shown in Fig. 7. The powdered sample was spread evenly in a large crucible to
prevent the mass effect. The TGA curve (Fig. 7) shows the compound is thermally stable up
to 200 °C. Subsequently, the weight loss occurs in two steps with a total weight loss of 15.5%

between ~200 and ~500 °C, which corresponds to dehydration of the sample; this dehydration

16



is also seen in DTA by exothermic peaks at ~250 and ~450 °C. The observed total weight
difference between room temperature and 500 °C is somewhat lower well with the calculated
value for [Mg(H20)4][VO(PQO4)]2 (calcd/found = 17.13%/15.5%) showing water molecules
loss in two steps near 250 and 400 °C. However, the four water molecules are
crystallographically equivalent. The endothermic peak at ~550 °C in the DTA and gain
(1.2%) of the TG curve can be interpreted by a recrystallization reaction, which means that
the structure formed between ~180 and ~550 °C is metastable and at higher temperatures

transforms into Mg(VO)2(POa)a.
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Fig. 7: TGA-DTA analyses of [Mg(H20)4][VO(PO.)]2

6. Determination of catalytic reduction of nitrophenol isomers

Powder particles of the compound obtained from the grounded single crystals previously used
for the structural determination are tested as a catalyst performance for the reduction reaction

of three nitrophenol isomers (4-nitrophenol, 3-nitrophenol, and 2-nitrophenol) with sodium
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tetrahydroborate NaBHa. The results are presented in Fig. 8 (a-c). The vanadyl(1V) phosphate
compound was very efficient as a catalyst. In fact, at the beginning stage, when we mixed the
nitrophenol isomers with sodium tetrahydroborate, phenolate anions were produced, which
caused a strong coloration of the solution. No reduction was detected with the activity of
sodium tetrahydroborate alone for several days. However, after the addition of the powder
particles of the compound, the solution becomes uncolored in a few seconds for all three-
nitrophenol isomers. The highest bands of absorption located at 401, 393, and 415 nm and
corresponding respectively to 4-nitrophenol, 3-nitrophenol, and 2-nitrophenol disappear in
favor of new bands located at 317, 328, and 347 nm for the 4-aminophenol, 3-aminophenol,
and 2-aminophenol, respectively. In fact, 30 seconds were necessary at room temperature to
achieve the reaction with the appearance of the corresponding three aminophenol isomers.
The obtained result exhibits the high catalytic performance of the synthesized
Tetraaguomagnesium(l1) Vanadyl(IVV) Phosphate in the reduction reaction of the nitrophenol
isomers related to the anterior research study discovered in the literature as mentioned in

Table 5.

Table 5: Reduction of 4-NP 3-NP and 2-Np by Tetraaquomagnesium(ll) Vanadyl(1V)

Phosphate, a comparison of reaction time with known compounds.

Concentratio Reaction Time

Catalyst n of NP (sec) Reference
(mol/L)

120 for 4-NP
[Mg(H20)4][VO(PO4)]2 4x10* 30 for 3-NP This work

60 for 2-NP

30 for 4-NP
(Hsdien)[Ni(NOs)(C204)2].2H.0 4 x 107 30 for 3-NP [38]

30 for 2-NP

60 for 4-NP
(Hsdien)[Cu(NO3)(C204)2].2H,0 4 x 107 30 for 3-NP [39]

60 for 2-NP
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240 for 4-NP

(C4H12N2)[Co(H20)6](HPO4)2 4% 1074 30 for 3-NP [53]
240 for 2-NP
840 for 4-NP

CuMoO4 4x 1074 360 for 3-NP [54]
840 for 2-NP
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Fig. 8: UV-visible spectra of (a) 4-nitrophenol (4-NP), (b) 3-nitrophenol (3-NP), and (c) 2-
nitrophenol (2-NP) isomers in the presence of sodium tetrahydroborate NaBH4 and after

adding [Mg(H20)4][VO(PO4)]2 at room temperature.
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3. Theoretical and computational results

3.1 Computational methods

In WIEN2k computations using the PBE-GGA approximation within the framework of
density functional theory (DFT) [55-57], achieving energy convergence is an essential
condition for obtaining reliable results. KPOINT, which represents the choice of K-points,
significantly influences the discretization of the Brillouin zone in reciprocal space, impacting
electronic state convergence models. The GMAX parameter, set at 12 (a.u.)!, establishes the
upper limit of the energy cutoff in the plane-wave basis set, exerting a substantial effect on the
completeness of the wavefunction representation. Equally crucial, the RKMAX parameter, set
at 7, governs the maximum augmentation radius surrounding the atomic sites and plays an
essential role in achieving convergence. In addition, the LMAX parameter, set at 10, dictates
the highest angular momentum quantum number in the orbital basis set, thus influencing the
accuracy of the description of electrons in various angular momentum states. Convergence of
these parameters is essential to obtain electronic structure results that are accurate and
physically meaningful. An important aspect of our investigation involves carefully sampling
the Brillouin zone (BZ), for which we use the Monkhorst-Pack method [58] for discretization.
In our density-of-state (DOS) computation, we opt for a 6x5x5 k-point grid, which facilitates
a thorough exploration of electronic states within the material. Our computation rigor
emphasizes achieving numerical convergence, which is considered accomplished when the
total system energy reaches a tolerance level of 10° Ry.

3.2 Structural properties

[Mg(H20)4][VO(PQ4)]. crystallizes in the Tetragonal (14/m) space group. Mg?* is coordinated
to six O*" atoms, forming MgOs octahedra that share corners with two VOs trigonal
bipyramids. The Mg-O bond distances range from 2.08 to 2.12 A. There are two distinct V**

sites. In the first site, V#* is linked to five O>~ atoms, creating distorted VOs trigonal
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bipyramids. These share a corner with one MgOs octahedron and corners with four PO4
tetrahedra. The V-O bond distances vary from 1.64 to 2.02 A. In the second V** site, V** is
connected to five O* atoms, forming distorted VOs trigonal bipyramids. These share a corner
with one MgOs octahedron and corners with four PO tetrahedra, exhibiting a 1° tilt in
octahedral angles. One V-O bond is shorter (1.64 A), and four are longer (2.01 A). There are
two P+ sites. In the first, P> forms PO. tetrahedra bonded to four O> atoms, sharing corners
with four VOs trigonal bipyramids. Three P-O bonds are shorter (1.55 A), and one is longer
(1.56 A). In the second P%* site, P5* forms POs tetrahedra, sharing corners with four VOs
trigonal bipyramids, featuring two shorter (1.55 A) and two longer (1.56 A) P-O bonds. There
are eight distinct H* sites. H* is singly bonded to O* in each, with H-O bond lengths ranging
from 0.98 to 0.99 A. Fourteen distinct O sites exist, each exhibiting various bonding

geometries and forming bonds with V4, P5, Mg?*, and H* atoms (Fig. 9).

Fig. 9: [Mg(H20)4][(VO)2(PO.).] primitive cell crystallizes in the tetragonal 14/m space

group.
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3.3 Electronic properties

In this study, we conducted an extensive investigation into the electronic states within the
valence band (VB) and conduction band (CB) of [Mg(H20)4][(VO)2(PQ.).]. Utilizing the
PBE-GGA method, we precisely calculated band structures across an energy range from -10
eV to 15 eV. The results in Fig. 10 conclusively demonstrate that our compound exhibits an
indirect bandgap with a computed value of 2.79 eV. This detailed exploration of the electronic
band structure provides a fundamental grasp of the material's energy levels and transitions. It
establishes a solid foundation for comprehensively analyzing its electronic and optoelectronic
properties. ldentifying the band gap in the band structure analysis highlights the material's
potential for optoelectronic applications, wherein the direct nature of the band gap
significantly influences its optical and electronic characteristics.

The exploration into the electronic structure of [Mg(H20)4][(VO)2(PO4)2] reveals distinctive
characteristics within both the valence and conduction bands. Symmetry analysis shows that
the maximum valence band (MVB) and the minimum conduction band (MCB) precisely
occur at symmetry points N and I, respectively. The total densities of states (TDOSSs),
presented in Fig. 11, exhibit a symmetrical profile along the x-axis, indicating the absence of
ferrimagnetism or ferromagnetism purity states across valence and conduction bands.
Moreover, the TDOSs highlight a discernible gap energy of 2.79 eV, consistent with the
findings from the band structure analysis. This coherence deepens our understanding of the
material's electronic characteristics, underscoring its potential for customized applications in

electronics and optoelectronics.
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approximation.
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Moreover, Fig. 11 depicts a significant involvement of O-2p and Mg-3s orbitals in the
valence band (VB). Interestingly, noticeable energy differences are observed between the O-
2p and Mg-3s orbitals due to the elongated covalent bond lengths between these elements in
the material's structure. Specifically, the formation of the maximum of the valence band
(MVB) is considerably shaped by O-2p and Mg-3s orbitals. Conversely, the minimum of the
conduction band (MCB) is markedly influenced by the same orbitals.

In-depth analyses of the partial density of states and band structures reveal an expansion in the
valence band from -6.48 eV to 0 eV, utilizing the PBE-GGA approximation. The computed
partial densities underscore the predominant contribution of O-2p and Mg-3s states in the
valence band, with additional involvement of P-3p, V-3d, and H-1s states. In contrast, the
conduction bands (CB) are primarily driven by O-2p states, including Mg-3s states. These
findings highlight a noteworthy hybridization among different states within the material's
electronic structure.

3.4 Optical properties

Our first step in investigating the optical properties is to compute the dielectric coefficient.
Subsequently, we determine additional optical parameters using the equations outlined in the
referenced source. The optical parameters obtained through the PBE_GGA approach are

depicted in Figs. 12-16 over the energy spectrum ranging from 0 to 10 eV.

Equation (1) represents the dielectric function [59]:

e(w) = g1 (w) +ig(w) (1)

In this context, :1(®) and e2(®) denote the real and imaginary components of the dielectric
function, respectively. It is essential to highlight that ei(®) is related to polarization and
anomalous dispersion, whereas the value of ex(®) is indicative of the energy dispersion within

the medium.
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Utilizing the dielectric function to analyze the optical properties of a material presents a
convenient and flexible approach to investigating the interaction between light and materials.

This encompasses the study of phenomena like light reflection, transmission, and absorption.

In the domain of electronic structure calculations, particularly those utilizing the PBE-GGA
(Perdew-Burke-Ernzerhof Generalized Gradient Approximation), the absorption coefficient
(o) can be calculated as a function of energy (eV). This computation, illustrated in Fig. 12,
helps elucidate a material's absorption characteristics. The absorption coefficient serves as a
metric for gauging how efficiently a material absorbs light across different wavelengths and is

derived from the imaginary component of the dielectric function (g) (refer to Eq 2) [60].

(@) = J2(Ver@P + @) - o) @

In Fig. 12, a notable feature is the minimal absorption coefficient observed in the visible and
infrared spectra. This suggests that the material has a low propensity for absorbing light
within these wavelength ranges, indicating that light can effectively traverse through the
material in these regions. The transparency to visible and infrared light implies that the
material may have specific optical properties desirable for applications where light
transmission is essential.

Contrastingly, the UV range of the spectrum exhibits multiple peaks in the absorption
coefficient graph. These peaks signify the material's enhanced capacity to absorb light in
ultraviolet. This heightened absorption suggests that the material may be exceptionally
responsive to ultraviolet radiation, which can affect various applications such as sensors,

photodetectors, or other technologies reliant on UV light absorption.
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Fig. 12: The Absorption coefficient of [Mg(H20)4][(VO)2(POa):]] calculated by PBE-GGA

approximation.

The optical conductivity (o) is linked to the imaginary part of the dielectric function (g) by the
relationship defined in Equation 3:

(3)

_ w5, (@)
o(w)= —;n

As depicted in Fig. 13, optical conductivity is a fundamental parameter in examining
materials' optical properties, especially within electromagnetic interactions. It defines the
material's capability to conduct electric current in reaction to light absorption. This
conductivity is intricately connected to the material's electronic structure and dynamic
responsiveness to incident electromagnetic fields. The insights gained from optical
conductivity analysis are pivotal for understanding how materials interact with light and can

have broad implications for developing various optical and electronic devices.
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Fig. 13: The Optical conductivity of [Mg(H20)4][(VO)2(PO4)] calculated by PBE-GGA ap-

proximation.
Equation (4) articulates the connection between the real and imaginary components of the

dielectric function and the refractive index of the material

_ WE(@)? + g(0)? + & (w)
nw)= J 2 (4)

It is defined as the correlation between the speed of light in a vacuum and the speed of

light within a material. A material with a higher refractive index deviates light more than one

with a lower refractive index. As illustrated in Fig. 14, the refractive index exhibits a

substantial value in the low-energy region, approximately around 1.7 at zero frequency, with a

noticeable increase observed in the high-energy region. It then decreases in the UV region.
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Fig. 14: The Refractive index of [Mg(H20)4][(VO)2(PO4)2] calculated by PBE-GGA approx-
imation.

The imaginary part of the dielectric function is related to the extinction coefficient by the
equation (5):

K(w) = \/J&(MZ + szz(w)z —g1(w)

(5)

The extinction coefficient measures how much a material absorbs light at different
wavelengths. It is directly related to the absorption coefficient, providing a more intuitive
understanding of light absorption in a material. As shown in Fig. 15, the extinction coefficient
increases with higher energy, reaching elevated values in the Ultraviolet range for both

parallel and perpendicular components within the PBE-GGA approximations (see Fig. 15).
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approximation.
Reflectivity represents the fraction of incident light that a material reflects at a specific

wavelength. This value can be determined by utilizing the refractive index (refer to Eq 6)

[61]:
(6)

Ja@ Figw) - 1
\/81(00) +je(w) +1

R(w) =

The coefficient of light reflectivity serves as a pivotal parameter in optical analysis,
encapsulating the intricate interplay of dielectric functions. This coefficient is commonly
defined as the ratio of light energy reflected at the semiconductor surface, providing valuable
insights into the material's interaction with incident light.

As shown in Fig. 16, the optical reflectivity within the visible range at zero frequencies

remains consistently below 6%. This observation signifies that the material exhibits a
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relatively low reflectivity in the visible spectrum, implying that a significant portion of
incident light is transmitted or absorbed rather than reflected. A low reflectivity in the visible
range may be advantageous for applications where minimizing light reflection is desirable,

such as in optical coatings or devices aimed at maximizing light transmission.
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Fig. 16: The Reflectivity of [Mg(H20)4][(VO)2(PO4)2] calculated by PBE-GGA approxima-
tion.

31



Conclusions

In summary, we have examined diverse properties of vanadyl(IVV) phosphate hydrates using a
hydrothermal synthesis approach and DFT calculations. The experimental synthesis of these
novel vanadyl(1V) phosphate hydrates has revealed a fascinating structure. Its structure
consists of MgO2(H20)4 octahedra to form an entire 3-D framework structure containing two
intercrossing 8-MR channels occluded by the coordinated water molecules. It is shown that a
mild hydrothermal route can facilitate the self-assembly of polymetallic oxide materials.
Studies on analogous polymetallic phosphate compounds of different combinations of metal
ions are in progress. The phase purity of the compound was confirmed by powder XRD
measurement. The thermal behaviors of the vanadyl(IV) phosphate hydrates were
investigated. Moreover, the morphology and the size of the two nickel complexes were
monitored by scanning electron microscopy (SEM). DFT calculations show significant
hybridization between the Mg-3s and O-2p states in both the valence and conduction bands.

Additionally, an interesting bandgap is identified with a value of 2.79 eV.
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Table 2: Fractional atomic coordinates and isotropic or equivalent isotropic
displacement parameters (A?) for [Mg(H20)4][(VO)2(POx)2].

Table 3:

X y z Uiso*/Ueq
v 0500000  |0.500000  |0.22293 (2) |0.00378 (8)
P 0.500000 0.000000 0.250000 0.00362 (9)
Mg 0.500000 0.500000 0.500000 0.00827 (16)
o1 0.48522 (9) |0.19730(9) |0.18214 (4) |0.00631 (12)
02 0.22272 (16) |0.32433 (18) [0.500000  ]0.01353 (18)
H1 0.151 (3) 0.328 (2) 0.4547 (11) |0.016*
03 0.500000 0.500000 0.34217 (9) |0.0084 (2)
Geometric parameters (A, ©) for [Mg(H20)4][(VO)2(POs)2].
V—03 1.6002 (13) P01 1.5357 (6)
V—O01 1.9716 (6) Mg—O02 2.0514 (10)
V—O1 1.9716 (6) Mg—O2vil 2.0515 (10)
vV—o1i 1.9716 (6) Mg—O2vil 2.0515 (10)
V—O1i 1.9716 (6) Mg—O2i 2.0515 (10)
P—O1V 1.5357 (6) Mg—O3 2.1180 (12)
P01 1.5357 (6) Mg—O3vil 2.1180 (12)
P O1Y 1.5357 (6)
03—Vv—O01 106.120 (18) 02—Mg—02""  190.0
03—Vv—ot1! 106.119 (18) 02" —Mg—02"" 190.0
01—v—ot1! 85.580 (10) 02—Mg—O02't 90.0
03—Vv—o01' 106.119 (18) 02" _Mg—O02'" 190.0
01—Vv—o01' 147.76 (4) 02i_Mg—02'" [180.0
0o1'—v—o1' 85.579 (10) 02—Mg—O03 90.0
03—Vv—oO1' 106.119 (18) 02" _Mg—03 |90.0
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01—Vv—oO1' 85.579 (10) 02""__Mg—O03 [90.0

01 —Vv—oO1 147.76 (4) 02" —-Mg—O03 [90.0

01" —v—o01'"  |85.579 (10) 02—Mg—03""  190.0
o1v—pP—01Y 110.59 (2) 02Yi_—Mg—03"" 190.0
01v—P—01Y  |107.26 (4) 02vi_Mg—03"1190.0
01'—P—01" 110.59 (2) 02'_-Mg—O03" 190.0
o1v—pP—01 110.59 (2) 03—Mg—O03""  1180.0
01'—P—01 107.26 (4) P—01—V 127.08 (4)
01v"—P—01 110.59 (2) V—03—Mg 180.0
02—Mg—O02""  1180.0

Symmetry codes: (i)Y, -x+1, z; (ii) -X+1, -y+1, z; (iii) -y+1, x, z; (iv) y+1/2, -x+1/2, -
z+1/2; (v) -x+1, -y, z; (vi) -y+1/2, x-1/2, -z+1/2; (vii) -x+1, -y+1, -z+1; (viii) Y, -x+1, -
z+1.
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