294

Journal of Chemistry and Technologies, 2024, 32(2), 294-303

JOURNAL OF CHEMISTRY AND
TECHNOLOGIES

Journal of Chemistry and Technologies g

ka2, loim 122008

[/ pISSN 2663-2934 (Print), ISSN 2663-2942 (Online).

journal homepage: http://chemistry.dnu.dp.ua .
editorial e-mail: chem.dnu@gmail.com S

UDC 666.3
STUDY OF VANADATE UNITS USING DENSITY FUNCTIONAL THEORY: ELECTRONIC
PROPERTIES AND REACTIVITY
Abdelahad EL Addali?*, Abdellah EL Boukili2, Lahcen Boudad?, Hamid Zouihri3, M’hamed Taibi?,

Taoufiq Guedira?
1]bn Tofail University in Kenitra, Laboratory of Organic Chemistry, Catalysis and Environment, (LOCCE), Faculty of Sciences,

Kenitra, (F.S.K), Morocco.

2Mohammed V University in Rabat, Centre Sciences des Matériaux, Laboratoire de Physico-Chimie des Matériaux Inorganiques

et Organiques (LPCMIO), Ecole Normale Supérieure, Rabat, Morocco.

3 Moulay Ismail University in Meknés, Materials Membranes and Nanotechnology Laboratory, Faculty of Sciences, Meknés, BP:

11201 Zitoune, Morocco.
Received 11 January 2024; accepted 26 March 2024; available online 10 July 2024

Abstract

The vanadate units have been theoretically investigated through density functional theory calculations. The global
reactivity indices have been optimized. The obtained results revealed that the (Qo) [VO4]3- unit shows an electron-
donor character, while the units Q1, Q2, and Q3 units are evidenced to exhibit an electron-acceptor feature. The
transition from one unit to another is found to be accompanied by an increase in the number of bridging oxygen
atoms, in accordance with the highlighted changes in Mulliken charges. Moreover, the analysis of the optimized
electrostatic potential surfaces indicated a higher likelihood of nucleophilic attacks on the vanadium atoms.
Predictions for infrared and Raman spectra were also conducted, revealing changes in symmetric and asymmetric
vibrational bands as the number of bridging oxygen atoms varied. Additionally, Fukui indices were employed to
identify the preferred sites for the electrophilic attack within the (Qo) [VO4]3- unit on the Qi, Qz, and Q3 vanadate
units.

Keywords: Vanadate units; DFT; Global reactivity indices; electrostatic potential; nucleophilic; FUKUI indexes.

JOCIIIXKEHHA BAHAJATHUX CIIOJIYK 3 BAKOPUCTAHHAM TEOPII ®YHKIIIOHAJTY
I'YCTHUHU: EJJEKTPOHHI BJIACTUBOCTI TA PEAKIIIMHA 3JATHICTD
A6nenaxag Enb Anganil, A6genna Enb bykini?, Jlaxcen bynaaz, Xamia 3yixpi3, M'xamene Taii6i2,
Taydik I'yenipal
1 Yuieepcumem I6H Togpaina 8 Kenimpi, Jlabopamopis opaauiuHoi Ximii, kamanizy ma HagkoauwHbo2o cepedosuwja (LOCCE),
dakyabmem Hayk, Kenimpa, Mapokko.

2 Yuisepcumem Moxammeda V e Pabami, Llenmp Hayk npo mamepiaau, /labopamopis ¢isuko-ximii HeopeaHidHux i op2aHi4HUX
Mmamepianie (LPCMIO), Buwa HopmaabHa wkoaa, Pabam, Mapokko.

3 Yuisepcumem Mysas Icmaina e MekHeci, /labopamopist MemM6paHHUX Mamepia/nie ma HaHOmMexHo102ill, npupodHu1ull
¢akyremem, Mekuec, BP: 11201 3imyH, Mapokko.

AHoTanisa

3a pgomoMorow po3paxyHKiB Teopii (QyHKIioHa/ly TyCTUHH TeOpeTHMYHO JOCHiJKeHi BaHajaTHI arperarTu.
OnTuMizoBaHO iHAeKCH IJ106a/1bHOI peakTUBHOCTI. OJep KaHi pe3ybTaTu NMoKa3aay, mo arperat (Qo) [VO4]3- mae
eJIeKTPOHOJOHOPHMI XapaKTep, B TOM 4ac AK arperaty Qi, Q2 i Q3 - eJleKTpoHoaKunenTopHuii. BcraHoBJ/IeHo, 10
nepexij BiJ, 0JHOro ejieMeHTa [0 iHIIOr0 CympPOBOAXKYEThCA 36i/IbIIEHHAM KiJIBKOCTi 3B'A3yI04UX aTOMIiB KHCHIO,
BiANIOBIAHO [0 BUABJIEeHMX 3MiH y 3apafgax MasaikeHa. Kpim Toro, aHaais onTuMmizoBaHUX HNOBEPXOHb
€/IeKTPOCTaTUYHOr0 MOTeHIia/ly BKa3y€ Ha Gijblly MMOBIipHicTh HyK/1eodiJbHUX aTak Ha aTOMHU BaHajiwo. Bysio
TaKO0> NPOBeAeHO NPOrHo3yBaHHA iHppauyepBOHMX i KOMGiHALIHHUX CNIEKTPIB, AKe BUABU/IO 3MiHU B CHMETPUYHHUX
i HecHMeTpUYHMX KOJIMBaJbHUX CMyrax miJ 4yac 3MiHM KiJIbKOCTi 3B'A3yl04MX aToMiB KucHI0. Kpim Toro, aas
BU3HAYeHHA NepeBaAXKHUX AUIAHOK A1 esleKTpodisibHOI aTaku B Mexkax (Qo) [VO4]3- Ha BaHagaTHi oauHuLi Q1, Q2 i
Q3 BUKOpHUCTaHO iHAeKcH PyKyi.

Kawuosi caoea: Banamathi oaununi; DFT; iHgekcu r106a/7bHOI pPEaKTUBHOCTI; €JIEKTPOCTaTUYHUN TMOTEHIias;
HykaeodinbHicTh; inAekcu FUKUL

*Corresponding author: e-mail: hioaddali@gmail.com
© 2024 Oles Honchar Dnipro National University;
doi: 10.15421 /jchemtech.v32i2.296585



http://chemistry.dnu.dp.ua/
mailto:hioaddali@gmail.com

295

Journal of Chemistry and Technologies, 2024, 32(2), 294-303

Introduction

Owing to their interesting combination of
physical and chemical properties, vanadium-
based materials have emerged as a fascinating
and versatile class of substances with a wide
range of applications in various fields of science
and industry. These materials have found
essential roles in metallurgy [1], catalysis [2],
energy storage [3], and more [4; 5]. In the context
of metallurgy, vanadium alloys offer improved
mechanical properties and corrosion resistance,
making them vital components in aerospace and
structural applications [6]. Moreover, vanadium
is a key player in the world of catalysis, where its
compounds enable various chemical
transformations and the production of chemicals
and fuels [7]. In the realm of energy storage,
vanadium-based redox flow batteries have gained
attention due to their promising advantages [8].
These materials are also of great interest in the
development of next-generation electronics and
nanotechnology, offering potential breakthroughs
in the miniaturization and performance of
devices [9].

The optical properties of vanadate glasses
have also received significant attention in
comparison to their electrical properties. Indeed,
there have been some investigations conducted
in the infrared spectrum, which have involved the
study of the absorption edge of these glasses.
Notably, many studies have been conducted on
the lower-energy region of the absorption edge of
crystalline V,0s, revealed to adhere to Urbach's
rule. Also, several studies have examined the
structural characteristics of vanadate glasses
[10-12]. It has been noted that the structural
arrangement of these glasses is influenced by
both the types of network formers and modifiers.
Furthermore, there is a distinct interest in
expanding our comprehension of the structure of
these glass materials and obtaining a more
accurate representation of their short-range
atomic arrangement. The vanadate glasses are
materials with a structure formed by vanadium
tetrahedrons VO, that fit together by forming
bonds between each other. This class of glasses
can also be described as a three-dimensional
cross-linked network of vanadate tetrahedral
denoted Qi, where it refers to the number of
neighboring tetrahedra linked through a common
oxygen bridge [13-14].

There are four possible structural entities of
the VO, tetrahedron, each denoted as follows:

- Qo: ([VO4]3-) consisting of four non-bridging
oxygen atoms (NBO).

- Q1: ([V207]%) where Two tetrahedral [VO4]
are linked together by a common oxygen atom,
which acts as bridging oxygen (BO), resulting in
the formation of ([V207]*-) molecule.

- Q2: ([V309]3-) consisting of three tetrahedral
[VO4] wunits interconnected through oxygen
bridges to form the [V309]3- structural entity.

- Q3: ([V4010]° where four tetrahedral [VO4] are
connected through oxygen bridges to create the
[V4010]9 structural unit.

In this paper, we conducted a theoretical study
of many vanadate units, through the DFT
calculation method using the B3LYP function
associated with the 6-311G base [15]. In addition
to optimizing the geometry of these vanadate
units, we delve into their chemical reactivity
through a comprehensive analysis of various
global reactivity indices. These include HOMO-
LUMO energy gaps, ionization potential,
electronic affinity, electrophilicity index, chemical
potential, hardness, and softness. This study also
explored the charges, dipole moments, distances,
angles, and optimized surfaces of molecular
electrostatic potential. Moreover, the explored
vibrational = frequencies  highlighted  both
symmetric and asymmetric vibrations in the
chains, based on the computed IR and Raman
spectra. Furthermore, within the scope of this
study, we analyzed the reactivity of the Qi:
([V207]*), Qa: ([V300]*7), and Qz: ([V4O10]°
vanadates with the Qo ([VO4]3-) unit ion to
generate a stable structured product. This
research also aims to identify the electrophilic
sites that promote this interaction, thus
facilitating the establishment of a stable
framework.

Experimental

Computational details. All the reported
calculations have been conducted by the Gaussian
09 software program based on the DFT/RB3LYP
density functional theory method and employing
a 6-311G basis set. The stability of vanadate units
has been meticulously optimized by considering
variables such as charges, Eunomo and Evrymo
molecular orbital energies, electrostatic
potentials, and global reactivity indices.

The ionization energy or ionization potential
(IP), defined as the minimum energy necessary to
extract an electron from an atom or molecule, has
been calculated by the following formula:

IP =~ —Egomo (1)

The electron affinity (EA), representing the
energy released when an electron is captured,
has been calculated using the following formula:
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AE =~ —Epymo (2)

The chemical potential is a variable related to
both electrophilicity (attraction of electrons) and
nucleophilicity (release of electrons). This
chemical potential is calculated as follows [16;
17]:

—(IP + AE
= % 3)

The chemical hardness (n) is a parameter that
serves as an indicator of the molecular system
stability. It quantifies the system's ability to resist
electron transfer, encompassing both the gain
and loss of electrons. The chemical hardness has
been calculated via the equation [16; 18]:
IP — AE
n=— (4)

The electrophile index (w), denoted as w,
serves as a measure of the capacity of a molecular
system to form strong bonds with a nucleophilic
partner through electron transfer. A higher value
of w reflects a greater electrophilic nature in the
system. The calculation formula for the overall
electrophile index is as follows [17; 18]:

e

o= 2 (5)
The softness (S), which characterizes the
capability of an atom or molecule to retain an
electric charge, is calculated using the formula as

defined in references [16; 17]:

1
S=-. (6)
n

Results and discussion

Vanadium remains one of the most studied
transition elements in oxidation catalysis, owing
to its reducible nature, facile inter-conversion
between its stable high oxidation states, and its
ability to structure within oxides of different
stoichiometries exhibiting various site
geometries [19-21].

The geometry optimization. The geometry
optimization of isolated vanadate units with their
charges is illustrated in Fig. 1. The optimization
procedure involved visual assessments and the
estimation of approximate charges within the
GAUSSIAN 09 W software. The resulting
structural parameters are listed in Table 1.

Table. 1
Calculated interatomic distances and angles of the Qo, Q1, Qz and Qs vanadate units for the optimized structures
Qo Q1 Q2 Q3

Lengths (A) V — Ongo 1.757 1.719 1.658 1.525
(£0.0014) V-0  -eeee- 1.872 1.826 1.776

V-0-V @ e 179.92 135.35 124.86

0 —-V-0 109.47 108.11 10848 ----------

Angles (°) (+0.01°) ONNBBO0 —V-— 0110 ---------- 110.79 110.93 117.16

Opo — V — Ogo 104.64 100.79

Q, unit
Fig. 1. Mulliken charges of the optimized Qo, Q1, Q2, and Q3 units

Q; unit
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Analysis of Fig. 1 reveals that the increase in
the number of bridging oxygen atoms induces an
increase in positive charges on vanadium atoms
and negative charges on non-bridging oxygen
atoms (NBO). The electron density of positive
charges is concentrated on the vanadium atom,
while the negative charges are concentrated on
the non-bridging oxygen atoms NBO. The
calculated interatomic distances and angles for
these different units are listed in Table 1. It is
noticed that the vanadium cation V5+ is placed in
the middle of the almost perfect tetrahedron with
an angle 0-V-0 of 109.47°, closely approximating
the ideal value (109.5°). For the Qi structural
unit, it can be noticed that the V-Ogo bond length
has a value of 1.872 A, which is higher than the V-
Ongo bond having a value of 1.719 A. Moreover,
the two vanadium atoms and the bridging oxygen
are found to be aligned as the two neighboring
tetrahedral units are connected at an angle of
179.92°. Furthermore, the tetrahedral angle Ongo-
V-Ongo is about 108.11°, which is slightly lower
than the tetrahedral angle of Qo where the angle
is 109.47°. This implies a higher tetrahedral
distortion due to the V-Ogo bond distance

diminution. For the [V309]3- unit with Q notation,
the tetrahedral VO, units are connected through
two bridging oxygens, with V-Ongo and V-Ogo
distances of 1.658 A and 1.826 A, respectively.
Besides, the value of the V-0-V angle is revealed
to be about 135.35° reflecting the onset of further
decrease of this angle. Furthermore, one observes
a slight increase in the value of the Ongo-V-Ongo
angle to about 108.48° owing to the distortion of
the tetrahedral [VO4]. For the Q3 unit, the V-Ongo
and V-Opo distances decline to 1.525A and
1.776 A, respectively. The tetrahedra are found to
be connected at an average angle of 100.79°,
reflecting a notable deviation from the
equilibrium geometry.

Study of global reactivity. Table 2 groups the
computed values of HOMO and LUMO energies,
energy difference AE, chemical potential,
softness, chemical hardness, electrophilic index,
and dipole moment for the different studied
vanadate units. According to the molecular
orbital theory due to interactions between
HOMO-LUMO, the m-m* transitions are observed
in transition states.

Table 2

HOMO and LUMO energies, energy difference AE, chemical potential, softness, chemical hardness, electrophile index,
and dipole moment of the Qo, Q1, Qz, and Q3 units.

Unit Enomo (eV) ELumo (eV) AE(eV) 1 (eV) S(ev'h) n(ev) w (eV) P (D)
Qo 11.108 13.802 2.693 1.347 0.743 12.455 57.595 0.008
Q 11.085 15.205 4.120 2.060 0.485 13.145 41.942 0.002
Q 4.729 9.514 4.784 2.392 0.418 7.122 10.600 0.003
Q3 -14.234 -1.587 12.647 6.324 0.158 7.911 4.948 0.000

While HOMO energy is related to the
ionization potential, LUMO energy corresponds to
the electron activation. The energy difference
between HOMO and LUMO, often referred to as
the energy band gap (AE = Ewumo - Enomo), is a
crucial parameter that influences the stability of
these molecular structures. The highest occupied
molecular orbital (HOMO) is located mainly on
the oxygen atoms, and the LUMO is concentrated
on the vanadium atoms. The significant energy
gap of 12.647 eV observed between the HOMO
and LUMO orbitals, in conjunction with the
relatively lower value of the electrophile index of
approximately 4.948 eV, indicates that the Qs
units have limited chemical reactivity from a
kinetic perspective [22-23]. Meanwhile, the
lower energy difference and the larger softness
factor of the Qo units suggest their role as
electron donors. The chemical hardness of the Qo
unit (1.347 eV) is notably lower compared to the

other units. This implies that the Qo unit exhibits
less resistance to accepting or donating electronic
charges compared to the Qi, Q2, and Q3 units, in
accordance with the energy band gap (AE)
results. Additionally, the zero value of the dipole
moment for the Q3 unit indicates the presence of
a symmetry element within this unit. Our
observations reveal also a significantly higher
electrophile index for the Qo unit (0w =
57.59542 eV). However, the electrophile index
values for the other units are lower than that of
Qo, indicating that the addition reaction of the Qo
unit to the Q1, Q2, and Q3 ones is more favorable.

It is well-established that a chemical reaction
between two reactants proceeds in a manner that
maximizes the favorable interaction energy. This
is controlled by the frontier molecular orbitals of
the interacting species. Therefore, the HOMO-
LUMO energy gap of the Qo unit and other units is
equally significant. A smaller energy gap between
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the HOMO of the electron donor and the LUMO of
the electron acceptor indicates a stronger
interaction between the orbitals. Our calculations
showed that Qo with HOMO value of 11.10821 eV
exhibits nucleophilic character. However, Qs unit

o
=
)
=
AE =2,69334eV AE=4,11998 eV
o
=
-
=

Qp unit Q, unit

with comparatively lower HOMO energy were
observed to have electrophilic character, as
detailed in Table 2. For further clarification, the
pictorial description of HOMO-LUMO energy gaps
between the vanadate units is presented in Fig. 2.

AE =4,78448 eV  AE =12,64718 eV

Q, unit Q; unit

Fig. 2. Graphical representation of the frontier molecular orbital for vanadate units Qo, Q1, Qz, and Qs, where
HOMO corresponds to the highest occupied molecular orbital and LUMO represents the lowest unoccupied molecule

The energy gap in the Q3 unit contributes to its
superior stability compared to the other units.
Conversely, among the various units, the Qo
vanadate units exhibit the smallest energy gap
(AE) value, making them the least stable ones.
The energy gap exhibits a decreasing order as
follows: Q3 > Q2 > Q1 > Qo.

Molecular electrostatic potential analysis.
Molecular electrostatic potential (MEP) mapping
is used to investigate the relationships between
molecular structure and physico-chemical
properties [24-25]. In order to predict reactive
sites for electrophilic and nucleophilic attacks on
the Q1, Q2 and Qs units, Fig. 3 illustrates their
respective molecular electrostatic potential

distribution. The analysis of the MEP surface
represents charge distribution on the molecular
surface. The colored regions on the surface aid in
the identification of chemically reactive sites. Fig.
3 is the same representation in 3D dimensions of
the theoretical electrostatic potential map. The
negative regions (red) are related to nucleophilic
reactivity of the molecule, and the positive
regions (green) are preferred site for
electrophilic attack [26]. The obtained results
reveal the extension of the positive electrostatic
potential around the vanadium atoms and the
regions of negative electrostatic potential around
the oxygen atoms.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6272371/figure/molecules-20-04042-f007/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6272371/figure/molecules-20-04042-f007/
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Spectroscopic study. Fig. 4 displays the
calculated FTIR and RAMAN spectra of the
various investigated vanadate units, respectively.
Table 3 provides a summary of the corresponding
frequencies and peak assignments. These spectra
show distinct vibrational peaks related to the
symmetrical deformation vibrations of the 0-V-0
angles in the Qo ([V04]*), Qi ([V207]%),
Q2 ([V309]3) and Q3 ([V4010]?) tetrahedral units
[27; 28]. These peaks are notably observed
within the frequency range of 350 cm! to 650 cm-
1. Additionally, symmetrical and asymmetrical
stretching vibrations of the V-O bonds are

Journal of Chemistry and Technologies, 2024, 32(2), 294-303

Q; unit

Fig. 3. Molecular electrostatic potential distribution map of Qo, Q1, Q2 and Q3 vanadate units

detected between 800 cm! and 1000 cm [26-
28]. Moreover, the symmetric and asymmetric
stretching vibrations of the V-O-V bonds [26; 27]
are evident in the range between 800 cm! and
1000 cmt.  Additionally, symmetrical and
asymmetrical stretching vibrations of the V-O
bonds are detected at frequencies exceeding
1000 cm ! [29-31]. The spectra highlight also that
the increase in bridging oxygen leads to a shift of

the deformation bands towards lower
frequencies and the elongation bands towards
higher frequencies.

Table 3

Calculated IR and Raman active modes and frequency assignment for the Qo, Q1, Qz, and Qs vanadate units (v.w - very
weak, w - weak, m - medium, s - strong, v.s - very strong)

Wavenumbers (cm-1) IR Raman Assignement
Qo
300-500 VA VA Symmetric and Asymmetric deformation vibrations of angles 0-V-0
700-900 V.S V.S Symmetric and Asymmetric stretching vibrations of V-0 bonds
Q1
200-500 V.W m Symmetric and Asymmetric deformation vibrations of angles 0-V-0
450-800 V.S m Symmetric and Asymmetric stretching vibrations of V-0-V bonds
800-900 V.S V.S Symmetric and Asymmetric stretching vibrations of V-0 bonds
Q2
150-500 - m Symmetric and Asymmetric deformation vibrations of angles 0-V-0
500-900 V.S m Symmetric and Asymmetric stretching vibrations of V-O-V bonds
900-1050 m V.S Symmetric and Asymmetric stretching vibrations of V-0 bonds
Q3
200-500 V.W m Symmetric and Asymmetric deformation vibrations of angles 0-V-0
500-1000 V.S V.W Symmetric and Asymmetric stretching vibrations of V-0-V bonds
1100-1350 S V.S Symmetric and Asymmetric stretching vibrations of V-0 bonds
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Fig. 4. Calculated FTIR (a, b, ¢, d) and Raman (e, f, g, h) spectra of the studied Qo, Q1, Q2, and Q3 vanadate units

Prediction of local reactivity of reactants using reactivity indices (Fukui indices). We will now
FUKUI indexes for Qo Qi, Q2 and Q3 unit. In this elucidate how this process enables the
current application, we determine the integration of unit Qo as an electron donor into
optimization of the previous units, using local another unit.
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In this part of this study, we will examine the
reactivity of the Qi: ([V207]%), Qz: ([V309]3-), Qs:
([V4010]° vanadate units, exhibiting the highest
reactivity with the Qo ([VO4]3-) ones to form a
stable structured product and identify the
electrophilic sites conductive, using local
reactivity indices (Fukui indices).

Local Fukui functions are tools that are useful
for assessing the reactivity of various sites in the

vanadate units for nucleophilic f{ and
electrophilic ff attacks [32].
Expressions for these parameters were
proposed:
For a nucleophilic attack:
fg = [ak(N + 1) — qg(N)]. (7
For an electrophilic attack:
fx = [qg(N) — gg(N — 1)], (8

where qg(N), qg(N+1), and qg(N-—-1)
correspond the electron population of the K atom
in the neutral, anionic, and cationic molecule,
respectively. The Fukui index f{ measures the
susceptibility of an electronic site to act as an

electron donor. Electronic sites with large
positive Fukui indices have a higher probability
of reacting with electron acceptors, such as
vacant sites or electrophiles. However, the Fukui
index fy measures the susceptibility of an
electronic site to act as an electron acceptor.
Electronic sites with large negative Fukui indices
have a higher probability of reacting with
electron donors, such as nucleophiles. The
obtained Fukui indices values are listed in Table
4. Notably, the vanadium atoms

within units Qi, Q2, and Q3 exhibit considerably
higher fy values. In contrast, the Q0 unit displays
characteristics associated with nucleophilic
behavior, as evidenced by its f§ values. This
implies that the most reactive sites, as indicated
by the second-order Fukui indices (fZ), have
values below zero [33]. This observation suggests
that these sites are more inclined to act as
favorable electrophiles, making them potential
candidates for interacting with the Qo unit.

Table 4
Values of the FUKUI INDICES of a: Qo unit”, b: Q1 unit ", c: Q2 unit " and d: Q3 unit”
Unit Atoms Vi 02 0s 04 Os
a- ff -0.79 -0.04 -0.06 -0.06 -0.06
Q fx -0.05 -0.16 -030 -0.30 -0.30
flf -0.83 0.12 0.24 0.24 0.24
Unit  Atoms Vi V2 03 04 Os O6 07 Os 09
b- ff -046 -046 -0.01 -0.01 -0.03 -0.01 -0.01 -0.01 -0.12
Q fx 0.00 0.00 -0.10 -0.19 -0.19 -0.05 -0.19 -0.09 -0.19
f}f -0.46 -0.46 0.09 0.18 0.16 0.04 0.18 0.09 0.07
Unit Atoms Vi V2 V3 04 Os O6 07 Os 09 O10 On O12
c- ff -0.02 -0.02 -0.04 -0.11 -0.17 -0.05 -0.05 -0.12 -0.12 -0.06 -0.12 -0.12
Q2 fx 0.01 0.01 0.02 -0.02 -0.11 -0.06 -0.06 -0.20 -0.14 -0.06 -0.20 -0.14
f}f -0.04 -0.04 -0.04 -0.09 -0.06 0.01 0.01 0.08 0.02 -0.00 0.08 0.02
Unit Atoms Vi V2 03 04 Os O6 07 Os 09 O10 On O12 Vi3 O14
d- ff -0.03 -0.03 -0.05 -0.14 -0.06 -0.03 -0.14 -0.05 -0.05 -0.06 -0.14 -0.05 -0.03 -0.14
Qs fx 0.01 0.01 -0.08 -0.15 -0.05 0.01 -0.15 -0.08 -0.08 -0.05 -0.15 -0.08 0.01 -0.15
f}f -0.04 -0.04 0.03 0.01. -0.01 -0.04 0.01 0.02 0.02 -0.01 0.01 0.03 -0.04 0.01
Conclusion indicated a shift in the symmetrical and

In conclusion, we have conducted a theoretical
study using the Density Functional Theory (DFT)
with the RB3LYP/6-311G model. The addition of
a vanadate unit is found to impact the Mulliken
charges within the units. Interatomic distances
and angles were optimized and exploited. The
electrostatic potential revealed that negative
charge density is concentrated around oxygen
atoms bonded to vanadium through double
bonds, as well as bridging oxygen (BO). Various
parameters, such as HOMO and LUMO energies,
energy difference (AE), chemical hardness,
chemical potential, softness, and overall
electrophilicity index have been thoroughly
investigated. Simulated FTIR and RAMAN spectra

asymmetrical vibrational bands in the studied
units as a function of the number of vanadate
units. The possibility of forming a stable chain of
the vanadate product via Qo ([VO4]*) ions to
other vanadate units has been also investigated.
In this context, the vanadate units (Q1, Q2, and Q3)
act as electron acceptors while the isolated
([VO4]*+) ion behaves as an electron donor.
Vanadium atoms within certain units (Qi, Q2, and
Q3:) demonstrate notably elevated values,
whereas the QO unit exhibits characteristics
commonly associated with nucleophilic behavior.
It is suggested that sites with second-order Fukui
indices below zero are predisposed to act as
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advantageous electrophiles, potentially leading to  review & editing; L. Boudad: Conceptualization,
interactions with the Qo unit. Investigation and Writing - review & editing;
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