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Introduction
Acylpyrazolones were previously explored by Jensen1 and have 

been used for numerous applications, such as pigments for dyes, metal 
extractants from acidic solutions, and also as sequestering agents for 
environmentally harmful metal ions such as lead and cadmium.2 
These ligands have played an important role in the development 
of coordination compounds with a wide range of metal complexes 
that have applications in numerous fields, from new materials to 
catalysts, as precursors for CVD in the microelectronics industry, and 
as potent antitumor agents.3 Pyrazolones are reported to have potent 
antibacterial, antifungal, antihistaminic, analgesic, antipyretic, anti-
inflammatory, and antirheumatic activities. In addition, antidiabetic4 
and anticancer5 properties have been demonstrated. 

Molybdenum (Mo) is the only second-tier transition metal required 
by most living organisms and is almost universally distributed in 
biology.6 Molybdenum is an important trace element involved in the 
structure of certain enzymes and catalyzes redox reactions.7 Certain 
molybdenum compounds are used to treat Wilson’s disease,8 to lower 
blood sugar levels,9 and as anticancer drugs.10 The peroxo and proxy 
complexes of transition metals have played an essential role in the 
epoxidation of alkene substrates to their epoxy products for some 
time.

Due to their facile synthesis, structural flexibility, and high 
potential as efficient catalysts, numerous works have been carried 
out for the experimental and theoretical study of the oxo-peroxo-
molybdenum(VI) complex of 4-furoyl-3-methyl-1-phenyl-pyrazolin-
5-one. The main objective of this work is to determine the spectral 
properties of the title compound. Density functional theory (DFT) 
and ab initio methods were used extensively to calculate a variety of 
molecular properties such as molecular structure, molecular orbital, 
and vibrational spectrum.

Experimental
Material and methods

The chemicals used in this work were purchased commercially. 
Elemental analysis was determined by microanalysis at CDRI, 
Lucknow. The FTIR spectrum was recorded on a Bruker αT FT-IR 
spectrophotometer using potassium bromide pallets. The electronic 
spectrum was recorded using Varian Carry 5000, UV/Vis/NIR 
spectrophotometer. The electrochemical properties of the compound 
were determined with Epsilon BASi cyclic voltameter using TBAP 
as a supporting electrolyte. The decomposition temperature of the 
compounds was monitored using an electrically operated melting 
point apparatus with a heating capacity of up to 360ºC. Theoretical 
studies, i.e., molecular geometric parameters and vibrational 
properties, frontier molecular orbitals (FMOs), and molecular 
electrostatic potential surfaces (MEPS) of the studied compound 
were performed using density functional theory (DFT) with B3LYP/
LANL2DZ combinations. The DFT calculations were performed 
using the Gaussian 09 software package.

Preparation of complex

A white suspension of MoO3 (0.025 M, 0.359 g) in 30% H2O2 
(35 mL) was stirred for 24 hours at 50 oC giving a yellow solution 
was filtered and continuously added a solution of 4-furoyl-3-methyl-
1-phenyl 2-pyrazoline-5-one (0.0025 M, 0.6702 g) in ethanol. The 
resulting solution was stirred for four hours and was allowed to cool 
in an ice bath. A lemon green precipitate appeared and was suction 
filtered with water-ethanol (1:1) solution and dried in a desiccator over 
anhydrous calcium chloride. Anal calculated C16H18MoO2N8/648.4 
C,55.56; H, 3.73; N, 8.64 and Found C,54.32; H, 3.61; N, 8.56, Yield 
68 %, mp: 248, mc: 12.8 [ΛM(Ω-1cm2mole-1)] IR: ν(C=O) 1666; 
ν(C=N2) 1562, ν (C-O) 1262, ν (O-O) 820; ν(Mo=O), 940; ν(Mo-O) 
762; and ν(OH.) 3411, UV-Vis. 251, 287, and 363 nm.
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Abstract

We report here the experimental and theoretical investigation of the bis(4-furoyl-3-
methyl-1-phenyl-2-pyrazolin-5-one)oxoperoxomolybdenum(VI) complex molecule. It 
was prepared by the reaction of (2:1) 4-furoyl-3-methyl-1-phenyl-2-pyrazolin-5-one and 
[MoO(O)2]

2+ in an aqueous ethanol medium. Characterization was performed by elemental 
analysis, molar conductivity, magnetic measurements, electrochemical analysis, and 
infrared and electronic spectral studies. Theoretical validation was performed by density 
functional theory calculations using B3LYP as the LANL2DZ function. The molecular 
geometry results show a distorted pseudo-pentagonal bipyramidal geometry together 
with the O7 coordination mode around the Mo(VI) center. The FMO energies allow the 
determination of the atomic and molecular parameters and also represent the charge transfer 
across the molecule.

Keywords: oxidoperoxidomolybdenum, electrochemistry, density functional theory, 
frontier molecular orbitals ,molecular electrostatic potential surfaces
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Results and discussion
The oxo-peroxo-molybdenum (VI) compound containing 4-furoyl-

3-methyl-1-phenyl-pyrazoline-5-one understudy was constructed 
according to the following Scheme 1.

Scheme 1 Synthetic route of oxoperoxomolybdenum(VI) complex.

Spectral studies 

The essential experimental [theoretical] spectral bands and their 
tentative assignments of a title complex are discussed. The complex 
displays a strong band at 940 [960] cm-1 assigned to the v(Mo=O) 
mode. The metal peroxo grouping gives rise to three IR active 
vibrational modes, and these are (O-O) stretching (v1), symmetric 
(Mo-O) stretching (v2), and asymmetric (Mo-O) stretching (v3). The 
characteristic (v1) (O-O) mode of the complex appears at 820 [831] cm-

1, while the (v2) and (v3) modes appear at 680 [640]cm-1
 and 754[803]

cm-1, respectively. These observations agree with results reported 
elsewhere.11,12 The experimental and theoretical FTIR spectrum are 
given in Figures 1 & 2, respectively.

Figure 1 Experimental FT-IR spectrum of [MoO(O2)(fmphp)2].

Figure 2 Theoretical I.R. spectrum of [MoO(O2)(fmphp)2].

The electronic spectrum of a complex was recorded in a 10-4 M 
DMSO solution. The high-intensity spectral peak in the complex UV 
region at 251 and 287 nm are due to intra-ligand transition.13 The low-
intensity peak at 382 nm is assigned ligand to metal charge transfer 
transition. The respective spectrum has been shown in Figure 3. 

Figure 3 Electronic spectrum of [MoO(O2)(fmphp)2] in 10-4 DMSO solution.

The electrochemistry of the studied complex was monitored 
by cyclic voltammograms in DMSO with tetrabutylammonium 
perchlorate (TBAP) as a supporting electrolyte in the potential range 
± 2000 mV versus current. It shows spectral and structural changes 
associated with electron transfer. The typical voltammograms are 
shown in Figure 4. The complex shows an irreversible redox wave as 
one-step electron reduction Mo(VI)-Mo(V) and oxidation waves as 
one-electron oxidation Mo(V)-Mo(VI). In these cases, the difference 
in peak potentials increases as the scan rate increases. The constancy 
of Er shows that in all cases both peaks are complementary to each 
other. The peak current ratio Ipa/Ipc is less than one, indicating that 
the electron transfer reaction is followed by a chemical reaction EC 
mechanism.14

Figure 4 Cyclic voltammogram of [MoO(O2)(fmphp)2] in 0.05M TBAP [scan 
rate: 100, 200,300,400 and 500 (mV/s)].

Theoretical studies 

The molecular structural parameter viz., bond lengths, and bond 
angles generated from the optimized structure of [MoO(O2)(fmphp)2] 
using Gaussian 09 software are given in Table 1. The optimized 
molecular structure is shown in Figure 5. The computed bond 
lengths, such as Mo=O(48); 1.732(oxo), Mo-O(14); 1.954 (peroxo), 
Mo-O(45)2.114 (peroxo), These results are comparable to the data 
reported elsewhere.15
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Table 1 Selected geometrical parameter of complex, [MoO(O2)(fmphp)2]

Bond connectivity Bond length (A) Bond connectivity Bond angle(o) Bond connectivity Bond angle(o)
O(14)-O(45) 1.4669 O(14)-Mo(46)-O(36) 124.13 O(36)-Mo(46)-O(48) 91.275
O(14)-Mo(46) 1.9542 O(14)-Mo(46)-O(45) 42.042 O(36)-Mo(46)-O(53) 82.642
O(36)-Mo(46) 2.0466 O(14)-Mo(46)-O(47) 74.666 O(36)-Mo(46)-O(54) 82.534
O(45)-Mo(46) 2.114 O(14)-Mo(46)-O(48) 134.618 Mo(46)-O(14)- O(45) 74.815
Mo(46)-O(47) 2.165 O(14)-Mo(46)-O(53) 100.725 Mo(46)-O(45)-O(14) 63.143
Mo(46)-O(48) 1.7324 O(14)-Mo(46)-O(54) 79.453 O(47)-Mo(46)-O(48) 81.69
Mo(46)-O(53) 2.0015 O(45)-Mo(46)-O(36) 82.156 O(47)-Mo(46)-O(53) 79.066
Mo(46)-O(54) 2.194 O(45)-Mo(46)-O(47) 114.238 O(47)-Mo(46)-O(54) 117.796

O(45)-Mo(46)-O(48) 151.703 O(48)-Mo(46)-O(53) 112.124
O(45)-Mo(46)-O(53) 94.382 O(48)-Mo(46)-O(54) 78.302
O(45)-Mo(46)-O(54) 73.573 O(53)-Mo(46)-O(54) 162.036

  O(36)-Mo(46)-O(47) 156.163   

Figure 5 Optimized structure of the complex [MoO(O2)(fmphp)2].

The frontier molecular orbitals, i.e., the HOMOs and LUMOs, 
are crucial parameters for chemical reactions.16 They can be used to 
determine the mode of interaction between molecules and other species. 
Therefore, they are also referred to as boundary orbitals. The HOMOs 
act primarily as electron donors, while the LUMOs act primarily as 
electron acceptors. The gap between HOMO and LUMO characterizes 
molecular chemical stability.17 Here we have selected three pairs of 
six applicable molecular orbitals, namely the third highest [HOMO 
-2], the second highest [HOMO -1] and the highest occupied MO’s 
[HOMO], the lowest [LUMO], the second lowest [LUMO+1] and the 
third lowest unoccupied MO’s [LUMO+2] worked out for [MoO(O2)
(fmphp)2]. The observed energies in order are -6.457, -6.350, -6.270, 
-3.687, -3.220, and-2.682 eV, while the energy gap between [HOMO-
LUMO], [HOMO -1-LUMO+1], and [HOMO -2-LUMO+2] is 2.584, 
3.130, and 3.775 eV, respectively. The electronic filling scheme of 
FMOs for the complex molecule confirms that it is diamagnetic due 
to the paired electrons in HOMO. The chemistry of the softness and 
hardness of the molecule is based on the FMOs, the hard molecules 
have a higher value of the HOMO-LUMO gap and the soft molecules 
have a smaller value of the HOMO-LUMO gap.18 The LUMO is 
mainly localized at the donor and acceptor atoms around the metal. 
In comparison, HOMO is delocalized over the pyrazoline moiety. The 
HOMO-LUMO structures with an energy level audio diagram of the 
complex are shown in Figure 6. Another important property related 
to the dipole moment and hardness is the electrophilicity index (ω) 
and global softness (S), as indicated below. The values of ω and S are 
listed in Table 2.

Figure 6 FMOs of [MoO(O2)(fmphp)2] with the energy in eV.

Table 2 Some theoretical data of the complex [MoO(O2)(fmphp)2]∙H2O 
obtained by Gaussian 09 software

Parameters                                                      1
Basis set LANL2DZ
Charge 0
Spin Singlet
Total energy -57,680.5763
RMS gradient norm 0.0001475 eV
Imaginary freq 0
Dipole moment 2.9710 Debye
Point group Cs
∆E (HOMO-LUMO) 2.5838

Absolute hardness (η) -1.2919

Absolute electronegativity (χabs) -4.9786

Electrophilicity index (ω) -3.4162
Global softness (S) -0.774

https://doi.org/10.15406/mseij.2023.07.00209
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The MESP topology is used to understand the reactive actions, as 
negative regions can be considered nucleophilic centers. MESP-based 
characterization of a molecule in terms of electron-rich and electron-
poor regions provides a meaningful prediction of its interaction 
with other molecules. In contrast, the positive regions are potential 
electrophilic centers. The surface of the molecular electrostatic 
potential19 is shown in Figure 7. It shows the molecular shape, size, 
and electrostatic potential values of the molybdenum(VI) complex. 
The MESP map of the studied compound shows that the carbonyl 
oxygen and hydroxyl oxygen atoms represent the most negative 
potential region. In contrast, the seven oxygen donor atoms are bound 
with the molybdenum center in the most negative region due to their 
nucleophilic tendency. The hydrogen atoms in the compound carry the 
region of maximum positive charge. The majority of the green regions 
in the MESP surfaces correspond to a potential halfway between the 
two extremes of the red and blue colors.

Figure 7 MEP of complex [MoO(O2)(fmphp)2].

Conclusion
The experimental-theoretical studies presented above suggest 

that the studied complex in question can be formulated as [MoO(O2)
(fmphp)2], where fmphpH: 4-furoyl-3-methyl-1-phenyl-pyrazolin-5-
one. Considering the combinatorial experimental and calculated data, 
a suitable hepta-coordinated distorted pseudo-pentagonal bipyramidal 
geometry was proposed for the study complex, as shown in Figure 
5. Based on the experimental and theoretical results, the assignments 
of the fundamental frequencies were observed. The computational 
HOMO and LUMO energies show that charge transfer occurs within 
the molecules.
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