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The design of trivalent metal complexes involves choosing suitable ligands that can bind
to the metal and confer the desired properties. In this study, novel trivalent metal
complexes (TVMCs) of Ru, Fe, and Cr were synthesized from a newly developed
hydroxy-rich Schiff base ligand (LH.) derived from 4,4'-oxydianiline with 2, 4-
dihydroxybenzaldehyde, which is referred to as N, N'-bis [ 2,4-dihydroxyphenyl-
methylidene] 4,4'-oxydianiline (LH,). The ligand synthesis was performed using reflux
without a catalyst in ethanol. The products underwent thorough characterization
experimentally by various techniques such as: FT-IR, 'H-NMR, *C-NMR, Powder
XRD, elemental analysis, UV-Visible, conductivity, magnetic susceptibility, and thermal
gravimetric analysis. The molar conductance measurements suggest that the complexes
are non-electrolytes and do not contain conductive species outside the coordination

sphere. Thus they can be formulated as [MLCI(H20)].nH2O. Magnetic moment and
electronic spectral studies confirmed that all complexes exhibit octahedral geometry
around the metal ion. Furthermore, density functional theory (DFT) calculations were
performed theoretically to investigate the structures, frontier molecular orbitals (HOMO
and LUMO), molecular electrostatic potential (MEP), and electron localization function
(ELF) for all complexes, utilizing the Gaussian09 software and the B3LYP/6-311+G(d,
p) level. In vitro experiments were conducted to evaluate the antibacterial activity of the
compounds against both Gram-negative (Escherichia coli) and Gram-positive
(Staphylococcus aureus) bacterial species, using the agar diffusion method. The results
indicate that the Fe(ll1)-complex exhibits noteworthy inhibitory effects on both Gram-
positive and Gram-negative bacteria, with a maximum inhibition zone.

trivalent metal complex,
DFT, antibacterial

Introduction

Heteroatoms such as N and O in hydroxy-rich Schiff base ligands have received extensive investigation in
the synthesis of trivalent metal complexes[1-3], owing to their unique coordination environments and
potential applications in various fields. In recent years, Ru(lll), Cr(lll), and Fe(lll) complexes with such
ligands have attracted significant attention due to their diverse structures and enhanced stability and
reactivity[4]. The presence of N and O heteroatoms in ligands enhance metal-ligand bonding and redox
properties of hydroxy ligands, which are useful in catalysis, bioinorganic chemistry, and medicinal
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chemistry. Nitrogen-containing ligands also provide diverse electronic and steric effects for metal centers,
which are useful in sensors and luminescent materials. Trivalent metal complexes with hydroxy-rich ligands
containing N and O heteroatoms have potential applications in these fields.[5-7].

The HSAB (Hard and Soft acids-bases) principle classifies metals and heteroatoms in ligands as hard or soft
based on their electronegativity and atomic radius. This principle predicts the stability of metal-ligand
complexes, where hard metals prefer hard heteroatoms and soft metals prefer soft heteroatoms. The HSAB
principle also helps to design new ligands for specific metal ions, with applications in catalysis and drug
discovery[8-10].

For the past ten years, researchers have focused their attention on macrocyclic Schiff base compounds
containing azomethine groups, and their coordinated complexes have been extensively and consistently
studied due to their wide range of applications in areas such as epoxy resin organic coating[11], anticorrosive
coating materials[12], catalysis for Ring-Opening Polymerization[13-15], degradation of toxic dyes[16],
cytotoxicity[17], antimicrobial[18], and antibacterial activities|19]. Diamine starting materials, 4,4-diamino
diphenyl ether, also known as 4,4-oxydianilline, have two primary amines with a chemical formula of
C12H12N20. This primary amine can be modified and used in the biological and medical fields[19]. Different
types of Schiff bases can be synthesized by condensing 4,4-diamino diphenyl ether with various compounds,
such as o-vanillin[20,21], salicylaldehyde[22-24], and phthalaldehyde[25]. Additionally, chelation with
suitable metal ions enhances the biological efficacy and improves the stability of Schiff base complexes, and
their size and morphology offer suitable opportunities for extensive investigation and application in various
industrial and medical fields[25]. Metal ions, such as ruthenium, chromium, or iron, and their complexes
have shown promising biological activity, such as antitumor[26], antibacterial [27], and anticancer[28,29]. In
addition to the well-known chromium complexes, iron and ruthenium have recently been identified as
potential substitutes for use as homogeneous catalysts[30].

Different studies have reported that several compounds containing (LH,) moiety possess anti-mycobacterial
activity, which may be useful in developing new and potent anti-mycobacterial agents[31], exhibit urease
inhibitory activity[32], show significant catechol oxidase activity[33], and display catalytic activities[34].
Additionally, polydentate (LH,) compounds are appealing ligands for the creation of polynuclear manganese
clusters, which are produced by condensation of 2-hydroxybenzaldehyde or its derivatives with a variety of
amino alcohols[35].

To understand the structure, stability, and reactivity of these complexes, density functional theory (DFT)
calculations are often employed as a powerful computational tool. DFT is a computational tool that can
reveal the electronic and geometrical features of metal complexes with hydroxy-rich Schiff base ligands, as
well as their molecular orbitals, electrostatic potential, and electron localization function. DFT can also help
to design new ligands based on the hard and soft acids and bases concept, and predict the biological
properties of the complexes based on the energy gap between the HOMO and LUMO. DFT is a useful
method for studying these complexes[36,—39].

In this report, a symmetrical Schiff base ligand was synthesized from the condensation reaction of 4,4’-
oxydianiline with 2,4-dihydroxybenzaldehyde to form (LH,). It is designed to strongly bind trivalent metal
ions, such as Ru(lll), Fe(l11), and Cr(lll). Figure 1 represents the main aspects and a graphical summary of
this work.
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The Experimental Part
Materials

All metal (I11) chloride salts, ethanol, methanol, and 2,4-dihydroxy benzaldehyde were purchased from
Merck Company. The chemicals 4,4’-oxydianiline, DMSO, THF, and diethyl ether were supplied by
Solarbio, Fisher Scientific, Alfa Chemika, and Biochem companies respectively. The chemicals were all
analytically pure, therefore no further Varian INOVA machine at frequencies of 500MHz for *H-NMR and
126MHz for 3C-NMR in DMSO d° at 25 degrees Celsius purification was required.

Characterization technigques

The experiment utilized various equipment and instruments to analyze the compound. Thin Layer
Chromatography (TLC) was performed on a precoated silica gel plate. Melting points were determined using
an electro-thermal digital melting point machine with open glass capillary tubes. The compound (LH2) was
analyzed using a. The IR spectra of (LH) and its (TVMC)s were recorded on KBr pellets in the range of
400-4000 cm* using a Perkin-Elmer FTIR spectrophotometer. The compound's elemental composition of C,
H, and N was determined using the Eurovector EA3000 series analyzer, and the magnetic susceptibility of
the complexes was measured at 20 degrees Celsius using the Sherwood Scientific Auto Guoy balance
instrument. Powder X-ray diffraction (PXRD) was performed using a PANalytical X’Pert Pro X-Ray
Diffraction Spectrometer diffractometer. The molar conductance of the complexes in DMSO was measured
using a Fisher Scientific Multimeter Model XL600. The electronic transitions of (LH2) and (TVMC)s in
DMSO solutions were determined using a Cary Eclipse UV-Visible Spectrophotometer from Agilent
Technologies in the wavelength range of 250-750 nm. Lastly, thermal gravimetric analysis (TGA) was
conducted on the Perkin Elmer Diamond TGA/DTA (SII) thermal analyzer in an air atmosphere with a
heating rate of 10 degrees Celsius per minute.

DFT Calculations

The Gaussian09 software was used to perform density functional theory (DFT) calculations[40]. To optimize
the different complexes, we applied the most accurate and reasonable functional B3LYP and LANL2DZ/6-
311G(d,p) basis set via DFT[41-43]. The LANL2DZ basis set was limited to core potential metals Cr(lll),
Fe(lll), and Ru(lll), and the 6-311G(d,p) basis set involved one set of d and p functions to describe the
molecular and electronic properties of organic molecules (C, H, N, O, and CI) [44]-[48]. The calculations
were carried out in the gas phase. The selected basis set was primarily chosen to the effective calculation of
core potentials for post-third-row atoms. Geometrical parameters were generated to study the coordination
structural environment around the metal atoms. The Chemcraft[49] and GaussView [50] programs were used
to visualize the structural optimization, perform some calculations, and analyze frontier molecular orbitals
(FMOs). To compare the vibrational data with experimental results [45, 51, 52], the 6-311G(d,p) harmonic
vibrational modes were scaled by a factor of 0.967 for light atomic systems (organic molecules)[53]. The
LANL2DZ fundamental harmonic vibrations (responsible for heavy metals Cr, Fe, and Ru) were scaled by a
factor of 0.961. The electron localization function (ELF) was studied with the aid of the Multiwfn
software[54] to investigate the electron-localized regions on the surface of coordinated complexes.

Synthesis of Schiff base (LH2)

To synthesize the Schiff base Ligand (LH), a mixture of 4,4'-oxydianiline (0.5 g, 2.5 mmol) and 2,4-
dihydroxy benzaldehyde (0.69 g, 5.0 mmol) was heated under reflux in 10 mL of ethanol with constant
stirring for 8 hours. The completion of the reaction was monitored by TLC using n-hexane-ethyl acetate
(1:1). The solvent was then removed under reduced pressure via rotary evaporation and the reaction mixture
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was cooled to room temperature. The crude solid residue was recrystallized to obtain a pure Schiff base with
a 75% yield.

General method for the synthesis of Cr(l11), Fe(l11), and Ru(l11) complexes

(TVMC)s of (LH,) were synthesized by adding dropwise 10 mL of THF solution (0.34 mmol, 0.097¢,
0.137g and 0.136g respectively) of RuCls.3H,0, Fe(NOs3)3.9H,0, and Cr(NOs);.9H.O to the constantly
stirring solutions of the prepared Schiff base (0.34 mmol) in 20 mL of THF. The mixtures were refluxed for
24 hrs. A precipitate formed, which was then filtered and washed several times with distilled water, THF,
and diethyl ether. All complexes were dried under vacuum at room temperature.
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Figure 1: Schematic representation of complex formation, characterization, and application with proposed structure of
(LH2) and its (TVMC)s

Antibacterial activity

The antibacterial activity of a newly synthesized Schiff base, its trivalent metal chelates, and a standard
antibiotic (Cefotaxime, CTX-30) was assessed using the agar diffusion method with Muller Hinton agar
medium[55]. Two clinical strains of bacteria, Escherichia coli and Staphylococcus aureus, were selected as
the test organisms because they are common pathogens in hospital settings. These strains were obtained from
culture-based techniques of samples collected from infected patients and were identified by the VITEK® 2
system and biochemical tests. For the agar diffusion assay, the bacterial culture was uniformly swabbed on
the agar plate, and wells were made in the agar medium. The wells were filled with 40pL of test solutions,
which were prepared by dissolving 20mg/mL of the compounds in DMSO. For comparison purposes,
DMSO and Cefotaxime (CTX-30) were used as the controls for the solvent and standard compound,
respectively. After incubating the plates for 24 hrs at 37°C in an incubator, the diameter of the inhibition
zone in millimeters around each well was measured to determine and compare the antibacterial activity of
each sample with the standard drug.
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Results and discussion

The Schiff base (LH,) was synthesized by the reaction of 4,4'-oxydianiline and two moles of 2,4-hydroxy
benzaldehyde, using Reflux method, as shown in Figure 1. Additionally, all TVMCs with ruthenium,
chromium, and iron were obtained under the same reaction conditions. These air-stable-colored powders are
easily soluble in polar solvents such as DMSO, DMF, and methanol but insoluble in diethyl ether and THF.
Physical properties, analytical data, magnetic moments, and molar conductance value of the compounds
agreed well with the suggested formulation. The elemental C, H, and N analyses of (LH,) and its (TVMC)s
showed good agreement between the calculated and experimental values, which supported the stated
formulas displayed in Table 1. Furthermore, the elemental analysis indicated that the coordination of the
Schiff base to metal ions was 1:1 on a mole basis, indicating that one mole of the LH; reacted with one mole
of metal salt.

Table 1: Physical properties and elemental analysis for (LH.) and their (TVMC)s.

% Found (Calculated)

Compound M.wt Color Yield%  M.P°C
C H N
Ligand (LH>) 440.46  Yellow 75 234 70.87 (70.90)  4.53(4.58) 6.33 (6.36)
[Ru(L)(CI)(H20)].2H.O 629 Black 84 >323  48.75(49.65)  3.73(3.85) 4.39 (4.45)
[Fe(L)(CI)(H20)].3H:0  601.79  Brown 76 >300  52.18(51.89) 4.56(4.35) 4.83 (4.66)
[Cr(L)(CI)(H20)].3H.0  597.95  Brown 71 >377  53.10(52.23) 4.57(4.38) 4.80 (4.69)

FT-IR Spectra

The FTIR frequencies of related functional groups of the Schiff base and its (TVMC)s, along with their
assignments are given in Table 2, and the FT-IR spectra of the ligand and its (TVMC)s are shown in Figure
2. The appearance of the (CH=N) imine stretching band at 1630 cm for (LH,)[56], which was absent from
the precursor amine reactant, indicates the synthesis of the ligand. This is further supported by the absence of
the NH stretching band in the IR spectrum of the (LH,) (Figure 2).

Another indication that the ligand was formed is the emergence of bands responsible for the aliphatic C-H
stretching of the alkene and imine group (H-C=N) at (2893-2978 cm™)[57], whereas the aromatic (C-H)
stretching is observed at frequencies between (3032-3098 cm™). Furthermore, a band at 1612 cm is
assigned to (C-N) frequency[58]. The band observed at 1496 cm™ indicates the presence of the (C=C)
functional group in the (LH>) ligand[57].

Table 2: Selected FT-IR spectral data of (LH.) and its (TVMC)s.

Compound O-H O-H(H0) CayO CH=N N-C M-N M-O M<CI
Ligand (LHz) 3237 - 1256 1630 1612 - - -
[Ru(L)(CI)(Hz:0)].2H,0 3240 3445 1241 1638 1603 490 536 458
[Fe(L)(CI)(H,0)].3H,0 3237 3346 1240 1606 1597 488 529 419
[Cr(L)(CI)(H:0)].3H,0 3238 3367 1244 1608 1583 484 555 456

The metal-ligand bonding can be determined by comparing the IR spectra of the Schiff base ligand and its
complexes. The ligand is a hydroxy-rich compound with four (O-H) groups. In the IR spectra of (LH) and
its (TVMC)s, the weak and broad bands in the range of (3237-3240 cm™) are attributed to uncoordinated (O-
H) groups of phenols[59, 60], while the weak and broad bands located at (3346-3445 cm) in the spectra of
complexes are assigned to either hydrated or coordinated water molecules[61]. Another band related to the
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phenolic groups is (C-O), which is present at 1256 cm™ in the ligand[61, 62] and shifts to a lower frequency
in all (TVMC)s to (1240-1244 cm™). This is a strong indication that coordination between two phenolic
groups of the (LH,) with metals was involved[48, 49].

The results of the IR spectra and elemental analysis indicate that (M-O) bond formation has occurred with
some hydroxy groups, while some other hydroxy groups remain uncoordinated. Even though the (M-O) bond
exhibits weak bands at (529-555 cm™), which are attributed to the coordination of phenolic and/or water
molecules to the metal ions[57], it is not clear which specific hydroxy groups are involved in the metal
coordination.
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Figure 2: FT-IR Spectra of the Schiff base ligand and its (TVMC)s.

The IR spectrum of (LH2) and its (TVMC)s shown in Figure 2 demonstrates that the azomethine band
(CH=N) shifted to a lower frequency in the IR spectra of all complexes except for Ru(lll) complex, which
shifted to a higher frequency. The shift in the original band position by (8-24 cm™) confirms the involvement
of nitrogen in coordination with metal ions. Additionally, the bands centered at (484-490 cm™) in the spectra
of all complexes confirm (M-N) bond formation[63]. Weak bands with low intensity at (419-458 cm™) are
present in the spectra of all complexes, which further supports the formation of (M-CI) within the complexes
and provides evidence for their successful formation[55]. The similarity in the shape and location of the
absorption bands, which is due to using the identical ligand for all complexes and using metal ions of the
same nature and properties, suggests similar coordination modes for the complexes.

'H-NMR and ¥C-NMR spectral studies

The 'H-NMR and *C-NMR of the Schiff base were recorded at room temperature (r.t.) in DMSO-d®
representing the chemical shifts of different positions of protons and carbons which confirm the formation of
(LHy).
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Figure 3: (a) *H-NMR and (b) *C-NMR Spectra of (LH>).

Based on the positions of its atoms, the numbering of the structure of (LH,) is shown in Table 3. In the 'H-
NMR spectrum of the ligand in Figure 3(a), two sharp singlet peaks at (10.24 and 13.51 ppm) were
attributed to both hydroxy groups numbered 7 and 8 [59]. The band of O-H8 was shifted downfield (
magnitude of due to intramolecular hydrogen bonding between it and the nitrogen of imine (OH---N=C)[63].
Furthermore, peaks at (6.30, 6.40, 6.41, 7.09, 7.10, 7.40, 7.41, and 7.43 ppm) indicated aromatic hydrogens
on carbons (1-5) as (C4-H(s), C1-H(d), C2-H(d), C5,3-H(s)(d)) respectively. Another peak at (8.80 ppm)
confirmed the formation of the (H-C=N) of the azomethine group of the (LH2)[30][59].

The C-NMR spectrum of (LH,) in Figure 3(b) showed two peaks at (162.81 and 163.31 ppm) attributed to
the carbons of the aromatic cycle in the type of (C-O-H)[30] and the imine group (CH=N) showed a peak for
its carbon at (113.37 ppm)[30, 64]. Additional peaks in various positions on the spectrum were attributed to
other aromatic carbons in diverse environments, as shown by the (LH>) structure in Table 3 and their
corresponding numbers. However, NMR techniques were not performed for the complexes because they are
all paramagnetic[65].

UV-Visible spectra

Table 4 presents the electronic spectral data of (LH2) and its (TVMC)s in DMSO. Figure 4 shows the UV-
vis spectra spectrum of (LH.), which exhibit an absorbance band at 290 nm on the higher energy side,
corresponding to the n—* transition of the ethereal oxygen of (LH,). In addition, another peak is observed
at 354 nm, attributable to the n—7= transitions of the imine groups[59]. The appearance of newly observed
peaks in the shorter wavelength region and the shift in the absorption bands of the complexes compared to
those of (LH>) confirm the formation of complexes between the metal ions and (LH2)[55].
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Table 3: *H-NMR and 3C-NMR spectral data of (LH).

'H-NMR Assignment Chemical shift (3ppm)
L hydrated water molecule 3.34
27
6¢NJL;/ \©\N\ C4-H(s),C1-H(d), C2-H(d),C5,3-H(s)(d) ?'22’67'44031 041 7.09, 710, 740,
~;~,’J~\~r ]aj C6-H (s) 8.80
4. .25
wO/H I OH7(s) 10.24
OH8 (s) 13.51
BC-NMR Assignment Chemical shift (5ppm)
alfszo\@\ C10, C8 102.84, 108.31
?»,”' Z Na C3,C2,C6 123.13, 119.92, 113.37
6, _OH HO
! ‘6; C1, C4, C7 155.95, 144.25, 134.79
OH oH C11,C9,C5 163.31, 162.81, 162.50
1.8 354
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Figure 4: UV-Visible spectra of (LH) and its (TVMC)s in DMSO solvent.

The electronic spectrum of the Cr(lll) complex revealed two bands at 577 nm and 600 nm, due to the
*Azg(F)—*T1g(F) transition, in an octahedral geometry, whereas the third band is within the range of (LH>)
transitions anticipated for the complex at 409 nm. This band is caused by the *A.g(F)—*T1g(P) transition[27,
66].

The electronic spectrum of the Ru(l11) complex shows absorption bands at (371 nm, 536 nm, and 644 nm)
which can be attributed to 2T,g—*A1g, 2Tog—*T.g, and *T,g—*T1g transitions in the order of decreasing
energy. The position of the bands in tune suggests that Ru(lll) is surrounded by an octahedral
environment[66, 67].

In the spectrum of the Fe(l11) complex, it can be seen that it exhibits two bands at 541 nm and 434 nm, which
can be assigned to the *A;g—*T:g and ®T,g—°Eg transitions, respectively. These transitions are indicative of
an octahedral geometry[30, 68, 69].
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Table 4: UV-visible, magnetic susceptibility, and molar conductance of (LH.) and their (TVMC)s.

Compounds Absorption Band (nm) Assignments Hett B.M.)  Am St cm?mol?)
. 255, 290, 354 T — T, N — T - -
Ligand (LH>)
257, 280, 318 T — T*,n— T*
371 2T A
287 Ml 178 16.142
[RU(L)(C|)(H20)].2H20 536 2T2g—>4ng,
644 2Tg—*T1g
258, 285, 326 T — TT%, N — 0%
[Fe(L)(CI)(H.0)].3H.0 434 5T,2—5Eg 5.62 26.612
541 5Ag —*T1g
258, 320 T — TT%, N — 0%
409 4Psg(F) —*T1g(P
[Cr(L)(CI)(H20)].3H.0 2(F) =) 5 o 24.832
577 *A2g(F)—*T1g(F)
600 “Pog(F)—*T20(F)

Magnetic moment

Table 4 presents the magnetic moments of the (TVMC)s at (r.t.). The Cr(l1l) complex exhibits a magnetic
moment of 3.93 B.M, indicating the presence of three unpaired electrons in its outer valence shell[27, 55].
The measured value of 1.78 B.M suggests that the Ru(lll) complex is a low spin d® complex with one
unpaired electron[66, 67, 70]. The recorded value of 5.62 B.M suggests that the Fe(lIl) ions in the complex
possess high spin and have five unpaired electrons in their outer valence shell[27, 69]. Additionally, all
complexes exhibit octahedral geometry.

Molar conductance

The molar conductance of (10 M) of the prepared complexes in DMSO solution at (r.t.) is listed in Table 4.
Based on the molar conductance values, a range of 16 to 27 S.cm?.mol™* for the complexes was obtained. The
observed low conductivities of the (TVMC)s suggest that they are non-electrolytic in nature[62], which is
consistent with the coordination of chloride ions with the metal ions in the complexes. To further confirm the
non-electrolytic nature of the complexes, AgNO3; was added to the solutions of the metal complexes, and no
white precipitate was formed, indicating that the chloride ions are not located outside the coordination sphere
as accompanying ions[55]. This experimental evidence supports the proposed geometry of the complexes.

Powder XRD

X-ray powder diffraction (XRD) was used to investigate the structural properties of the (LH>) and its metal
complexes. The XRD patterns are shown in Figure 5. The Schiff base ligand (LH) showed sharp peaks at
20 values of 14.52°, 18.15°, 19.82° and 24.53°, confirming its crystalline nature. The average crystalline size
(d) of the LH: ligand was calculated to be 25.82 nm using Scherrer’s formula[71]. The metal complexes of
LH> with Fe(IlI), Cr(Ill) and Ru(IIl) displayed broad peaks at 20 values of 20.07°, 22.19° and 18.70°,
respectively, indicating their amorphous nature. This could be attributed to the coordination of the metal ions
to the ligand, which may affect the regular packing of the ligand molecules and cause a loss of crystallinity.
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The broadening of the peaks in all complexes also suggests that the Schiff base undergoes quantum
confinement in the chelates due to the attachment of donor atoms to metal ions[72, 73].
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Figure 5: X-ray diffraction patterns of (a) ligand and (b)its complexes.

Thermal analysis
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The thermal stability of the (TVMC)s was evaluated by performing TGA within a temperature range of 30 to
600°C, using a linear heating rate of 10°C/min under an air atmosphere. The thermograms presented in
Figure 6 were analyzed to extract the thermal data of the decomposition steps, which are listed in Table 5.
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Figure 6: Thermograms (TVMC)s of Cr(l11), Fe(I1l), and Ru(l11).
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Thermogravimetric analysis (TGA) can be used to determine whether water molecules are located in the
inner or outer coordination sphere of a complex. Hydrated water molecules are eliminated at temperatures
below 160°C while coordinated water molecules are rejected between 160 and 250°C[57]. The thermograms
showed that all complexes followed the same pattern of decomposition which involves the removal of
moisture, dehydration of coordinated water molecules, dichlorination, and ultimately the breakdown of the
organic moiety of the complexes. The chelate ligands of the complexes are thermally more stable than non-
chelating ligands because the strength and chelation of the ligand have a significant impact on the order of
thermal disintegration of complex fragments[74].

The complexes exhibit a thermal stability of about 130-158°C, which maintains their coordination sphere at
a steady opposite with the increasing temperature. The first step of elimination involves the hydrated water
molecules of all complexes. Three hydrated water molecules were removed for the Fe(lll) and Cr(lll)
complexes at 157°C (8.980%) and 158°C (9.031%), respectively, while two hydrated water molecules were
removed at 130°C (5.722%) for the Ru(l1l) complex. Additionally, one coordinated water molecule began to
be lost at 170°C (8.590%), 173°C (11.966%), and 211°C (12.043%) for the Ru(lll), Fe(lll), and Cr(ll)
complexes, respectively, at different temperatures, followed by the loss of coordinated chloride ions and
ultimately the organic moieties, based on their corresponding data shown in Table 5. Finally, the metal
oxides remaining as residues, as mentioned in the table for all complexes, provide additional confirmation of
the proposed structure of the complexes shown in Figure 1.

Ultimately, the thermal stability of the (TVMC)s was evaluated using TGA, which showed that the
complexes could withstand temperatures up to 130-158°C. The decomposition of the complexes involved
several steps, including the removal of moisture, dehydration of coordinated water molecules, dichlorination,
and breakdown of the organic moiety. The thermal stability of the chelate ligands was higher than that of
non-chelating ligands due to the strength and chelation of the ligand. The complexes contained both hydrated
and coordinated water molecules that were eliminated at different temperatures. The metal oxides remaining
after decomposition confirmed the proposed structure of the complexes. These results provide important
information about the thermal stability and decomposition pathways of the complexes, which could help in
the development of new metal-based compounds with improved properties.

Table 5: Thermal analysis data of (TVMC)s.

Mass Loss% Compound Residue% Metallic
Compounds TG range °C . )
Calc. (est.) decomposition Calc. (est.) residue
33-130 5.723 (5.722) 2H,0"
130-170 8.585 (8.590) H20° 19.883
Ru(L)(Cl)(H20)].2H,0 % Ru,0
[Ru(L)(CH(H0)].-2H. 170-241 14.220 (14.231) Ccr (20.567) Bt
241-315 52.694 (52.702) C14H1004
37-157 8.973 (8.980) 3H.0"
157-173 11.964 (11.966) H.0° 13.268
Fe(L)(CI)(H20)].3H.0 Y Fe;0
[Fe(L)(CD(H0)]3H; 173-219 17.855 (17.858) Cr (13.513) s
219-321 58.069 (58.109) C14H1004
30-158 9.031 (9.032) 3H.0"
158-211 12.041 (12.043) H.0° 12.709
Cr(L)(CI)(H20)].3H.0 Y% Cr0
[CrL)(CD(H0)]-3H, 211-277 17.970 (17.975) cr (12.596) e
277-371 58.443 (58.453) C14H1004

H,OMis hydrated water molecule and H,O°¢ is coordinated water molecule
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DFT calculations
Geometry optimization

Some geometrical properties of (TVMC)s can be interpreted through the bond lengths and bond angles as
presented in Table 6 between the metal center and (LH) active sites. Figure 7 shows the optimized
structures of the Cr-complex, Fe-complex, and Ru-complex, which adopted the geometrical configuration of
a distorted octahedral. The chelating (LH.) (tetradentate) has a principal role in this distortion as N;-Cr-N,
and O2-Cr-O3 angles take the values 118.610° and 81.028° respectively, the same trend in the angle values of
Fe(l11) and Ru(l11) complexes.

Figure 7: Optimized geometry for (TVMC)s of (a) Cr(llI), (b) Fe(lll), and (c) Ru(llI)

Table 6: Selected bond lengths (A) and bond angles (°) of the studied complexes at B3LYP/ 6-311 G(d,p) in gas

Bond Length (A) Cr-complex Fe-complex Ru-complex
M-O; 2.226 2.365 2.317
M-O; 1.901 1.912 2.069
M-O3 1.963 1.885 1.988
M-CI 2.410 2.330 2.257
M-N; 2.261 2.176 2.280
M-N; 2.156 2.163 2.202

Bond Angle (°) Cr-complex Fe-complex Ru-complex
0:-M-0, 100.366 93.971 102.240
0:-M-03 80.448 70.873 63.476
0:-M-Cl 164.052 164.857 170.237
01-M-N; 84.243 74.321 82.642
01-M-N; 97.179 79.065 82.571
02-M-03 81.028 83.802 81.900
0,-M-Cl 69.097 89.595 85.269
02-M-N; 77.707 83.674 78.926
02-M-N; 157.254 163.927 164.556
Os-M-Cl 108.618 128.579 112.140
0O3-M-N; 151.021 128.519 136.151
03-M-N; 87.770 84.0621 87.338
N:i-M-ClI 81.824 101.014 105.134
N1-M-N2 118.610 112.195 116.404
N2-M-Cl 96.283 89.762 88.594
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This variation in the angle plane is attributed to the chelating nature of (LH,), where the N-atoms are restricted (not
flexible in movement) due to the two phenyl groups connected with the O-atom as a bridge. This is also the case in the
other complexes with variable coordination environments resulting in different angle values between them. Comparing
the bond lengths between the studied complexes shows variation in their values due to the variable strength of
interaction between the metal and donor sites. According to the crystal field theory, the elongated axial bond is
attributed to the highly distorted environment around the complex. Therefore, when comparing the bond lengths of M-
0, of water, it is noticed that the bond length is longer in the Fe-complex (2.365 A) followed by the Ru-complex (2.317
A) and smaller in the Cr-complex (2.226 A).

Quantum chemical reactivity parameters

Most scientific fields that deal with interactive systems can be explained through significant quantum
reactivity indices, which also affect biological activity[75]. FMO energy values can be used to generate
physicochemical and reactivity parameters, providing insights into the electronic properties and stability of
the studied complexes. Electronegativity (x), ionization potential (IP), electron affinity (EA), chemical
potential (n), chemical hardness (n), and global softness (S) are the most effective parameters for describing
molecular properties and are listed in Table 7. Increasing the HOMO-LUMO gap (EGAP, AE) leads to a
more stable molecular system, which is a well-known fact. IP and EA are reversible parameters, with more
electrophilic systems having a higher electron affinity and lower ionization potential. The Fe-complex, for
instance, has a slightly higher EA and lower IP than the other complexes. Global softness characterizes the
resistance to electron distribution change, with smaller S and higher n predicting a less polarizable molecular
system, resulting in less stabilization in the solvent, as seen in the Fe-complex. The small AE of this complex
confirms its higher kinetic stability, but it has a higher thermodynamic reactivity than the other studied
complexes.

Table 7: Molecular electronic/reactivity parameters of the studied (TVMC)s [energy unit (eV)].

Compounds Eromo ELumo AE IP EA X M n S

Cr-complex -8.354 -5.524 2.83 8.354 5.524 6.939 -6.939 1.415 0.353
Fe-complex -8.163 -5.633 2.53 8.163 5.633 6.898 -6.898 1.265 0.395
Ru-complex -8.925 -5.415 3.51 8.925 5.415 7.170 -7.170 1.755 0.285

The quantum chemical parameters are calculated from the following equations [76]:

AE = ELumo — Eromo 1)
% = (-(Evomo + ELumo)) /2 (2)
1= (ELumo - Exomo)/2 (3)
w=- (4)
S=1/2n ®)
o = p22n (6)
IP = - Enowmo )
EA = - ELumo )
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Frontier Molecular Orbitals (FMOs) analysis

The electronic transitions can be explained through the analysis of FMOs, as shown in Figure 8. Identifying
the energy of transition states enables us to predict how the contribution of electronic molecular orbitals
affects the formation of stable complexes. For example, in the case of the Cr-complex, the HOMO level
contributes mostly to the presence of electrons around the donor centers, particularly N-donor atoms, and the
electronic distribution is concentrated on the left side of the molecule. The LUMO state reverses the
electronic distribution, with higher electronic excitation on the right side and an energy gap of 2.83eV. In the
Fe-complex, the lowest energetic orbital is distributed around the donor (LH.) center, and the distribution
increases in the LUMO state, with an energy separation of 2.53eV. In the Ru-complex, the HOMO state has
an electronic density distributed throughout the molecule, and this is the same for the highest energetic
transition state, with an energy difference of 3.51eV. FMOs for these complexes reveal large electronic
distribution scales, leading to the formation of highly stable complexes.

> ®
»f
® -
-5.415
-5. » —_—
Ewwmo (ev) 5.524 -5.633 Ewwo (ev) :
A Ewwmo (ev) R H
Ecar= 2.83ev En=2.53 0V Ecar=3.51
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Figure 8: Energetic electronic transitions related to FMOs of the (TVMC)s of (a) Cr(l11), (b) Fe(lll), and (c) Ru(lll)
Molecular electrostatic potential (MEP) analysis

MEP analysis is a suitable method to interpret the reactive sites on a complex surface. The color key,
illustrated in Figure 9, is responsible for electrophilic and nucleophilic attacks, where the color scale ranges
from blue (electron deficiency centers) to red (electron-rich centers). The electrostatic potential values on the
surface of the system can also translate the electronic behavior.

In the case of the Cr-complex, the potential appears to be equally distributed on the surface of the complex,
with a slightly negative area located around the phenyl moieties. The blue color is surrounded by the
coordination sphere due to the presence of hydrogen atoms of coordinated water. Similarly, in the case of the
Ru-complex, the positive site appears near the coordination sphere mainly due to the presence of H-atoms or
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coordinated water. This point is encouraged by the presence of a shorter M-O; bond length compared to the
Fe-complex.

For the Fe-complex, slightly more negative charges are found around the phenyl parts besides the electron-
rich coordination sphere. This is due to further interactions between (LH.) donor sites and the metal center.

' (a) | (b)

y

Figure 9: Molecular electrostatic potential map of the (TVMC)s of (a) Cr(111), (b) Fe(lll), and (c) Ru(lll)
Electron Localization Function (ELF)

The identification of electron localization areas on the surface of metal complexes is a crucial step in
understanding their electronic behavior. To achieve this, the ELF (Electron Localization Function) method is
often used, which describes the localized electron-rich sites surrounding the metal center. In this study, the
equatorial planes of the coordinated area were analyzed for the three complexes (TVMC), including Cr-
complex, Fe-complex, and Ru-complex. The four equatorial coordinated atoms (N1-M-O2, N1-M-0O3, N2-M-
02, and N2-M-0O3) were examined to predict the electronic behavior in this region, as depicted in Figures 10-
12.

The analysis of the ELF deformation map indicated the presence of mostly red color around the coordinated
atoms, especially around N atoms with a localized direction towards the metal center, indicating a direct N-
contact in plane with the metal center. Conversely, the deformation map appeared mostly around O-
coordinated atoms, indicating a slight distortion of O atoms from the metal plane. This difference in
electronic distribution can be attributed to the electron donor ability of N atoms over O atoms. Additionally,
the electronic red map around the central metal was used to detect potentially interactions with donor atoms.

Regarding the Fe-complex, the equatorial map showed localized electron spots or domains directed toward
each coordinate bond, unlike the other complexes, which may affect the strength of the interaction between
the active centers. Overall, the ELF method provided valuable insights into the electron localization areas
and electronic behavior of the studied metal complexes.
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301

Figure 10: Shaded surface map with projection for ELF of Cr(I11)-complex with planes (a) N:CrO,, (b) N1CrOs, (¢)
N2CrOo, (d) N2CrOs
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Figure 11: Shaded surface map with projection for ELF of Fe(lll)-complex with planes (a) N:FeO,, (b) N1FeOs, (c)
NzFEOz, (d) N,FeO3
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Figure 12: Shaded surface map with projection of ELF of Ru(l11)-complex with planes (a) N1RuO,, (b) N1RuOs, (c)
NzRUOz, (d) NzRUOs

Computational IR spectra

The computational vibrational harmonic spectra with corrected scale factors were listed in Table 8 for
comparison with experimental data. Figure 13 gives the computational DFT-IR spectra for the synthesized

(TVMC)s.
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Figure 13: Computational IR spectra of the complexes (a) Cr(l11), (b) Fe(l11), and (c) Ru(ll1) With enlarged spectral
area from 3000 to 3050 cm and from 400 to 800 cm'?
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Table 8: Calculated frequencies of B3LYP/6-311G(d,p) and experimental IR frequencies.

Functional group FrequencyB3LYP/ Frequency x scale Experimental
6-311G(d,p)(cm™) Factor(cm™) Frequency(cm™)
Cr-complex
OH (Phenol) 3780 3655 3238
O-H (coordinate-water) 3540-3670 3423-3548 3367
=C-H (aromatic) 3220-3277 3113-3168 3053
=C-H (aliphatic) 3127-3164 3023-3059 2888
C=N 1680 1624 1608
Cc=C 1518-1623 1467-1569 1497
C-0 1384 1338 1244
Cr-0 528 507 555
Cr-N 496 476 484
Cr-Cl 464 446 456
Fe-complex
OH (Phenol) 3780 3655 3237
O-H (coordinate-water) 3540-3670 3423-3548 3346
=C-H (aromatic) 3220-3277 3113-3168 3067
=C-H (aliphatic) 3127-3164 3023-3059 2956
C=N 1680 1624 1606
c=C 1518-1623 1467-1569 1501
C-0 1384 1338 1240
Fe-O 520 499 529
Fe-N 504 484 488
Fe-Cl 464 446 419
Ru-complex
OH (Phenol) 3780 3655 3240
O-H (coordinate-water) 3540-3670 3423-3548 3445
=C-H (aromatic) 3220-3277 3113-3168 3069
=C-H (aliphatic) 3127-3164 3023-3059 2882
C=N 1680 1624 1638
c=C 1518-1623 1467-1569 1492
C-0 1384 1338 1241
Ru-O 530 509 536
Ru-N 496 476 490
Ru-ClI 472 453 458

The results presented in the computational study provide information about the geometrical properties and
electronic behavior of metal complexes (TVMC) containing chelating (LH) ligands. The angle values and
bond lengths presented in Table 6 indicate that (LH,) active sites play a significant role in the distortion of
the complexes' geometrical configuration, resulting in different bond angles and bond lengths. The quantum
chemical reactivity parameters presented in Table 7, such as electronegativity, ionization potential, electron
affinity, chemical potential, chemical hardness, and global softness, provide insights into the electronic
properties and stability of the studied complexes. The FMO analysis indicates that the studied complexes
have large electronic distribution scales, leading to the formation of highly stable complexes. The MEP
analysis and ELF method were used to identify electrophilic and nucleophilic attacks and localize electron-
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rich sites surrounding the metal center. Overall, the results provide valuable insights into the properties of
metal complexes and their electronic behavior, which can aid in the design and development of new metal-
based compounds with improved properties.

Antibacterial activity

The primary objective of any antibacterial agent is to impede the growth of harmful bacteria without
exhibiting any harmful effects on the host organism[28]. In order to evaluate the antibacterial properties of
the Schiff base ligand (LH2) and its (TVMC)s, two microorganisms (Staphylococcus aureus (+v) and
Escherichia coli (-ve)) were chosen. The antibacterial activities of (LH2) and its metal complexes were
compared with those of the standard antibiotic Cefotaxime (CTX-30).

Table 9 displays the results obtained from the antibacterial activity tests conducted using Staphylococcus
aureus a (+v) and Escherichia coli (-ve) as test organisms. DMSO was used as a negative control and was
found to have no antibacterial activity against the tested bacteria. In fact, the metal complexes of the ligands
usually have higher biological activity than the ligands themselves[77-80]. The data indicates that (TVMC)s
are more effective in inhibiting the growth of microorganisms compared to the Schiff base (LH>), except for
the Ru(lll) and Cr(I1l) complexes which did not exhibit any antibacterial activity against S. aureus and E.
coli. The Fe(lll) complex was the most effective antibacterial agent among the ligand and its metal
complexes, showing an inhibitory zone of 15 mm for E. coli and 13 mm for S. aureus. This indicates that the
complexes are more effective than the parent (LH;) compound which did not exhibit activity against any of
the tested bacteria. However, the antibacterial activity of (LH,) and its complexes was lower than that of the
standard Cefotaxime (CTX-30). The size of the inhibition zone was found to depend on various factors such
as culture medium, incubation conditions, rate of diffusion, and the concentration of the antibacterial agent.

The observed activities of the tested complexes can be explained by the chelation theory. Chelation reduces
the polarity of the metal atom by sharing its positive charge with the donor groups, and potential p-electron
delocalization within the entire chelate ring enhances the lipophilicity of the complex. This increase in
lipophilicity facilitates the passage of the complex across the lipid layer of the cell membrane[28, 81, 82].

This study's significance is rooted in the potential application of these complexes in the treatment of
prevalent diseases such as septicemia, gastroenteritis, urinary tract infections, and hospital-acquired
infections, caused by Escherichia coli[83].

Table 9: Antibacterial activity data of (LH) and their (TVMC)s

Inhibition Zone (mm)
Escherichia coli Staphylococcus Aureus
Gram(-) Gram(+)

Ligand (LH2) - -
[Fe(L)(C)(H20)].3H20 15 13
[Cr(L)(CI)(H20)].3H.0 - -
[Ru(L)(CI)(H20)].2H.0 - -

CTX-30 25 25
Control: DMSO - -

Compounds
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Conclusions

In this study, we prepared and characterized three novel complexes of Ru(lll), Cr(I11), and Fe(lll) based on a
symmetrical Schiff base (LH) for the first time. The complexes were characterized using analytical and
spectroscopic techniques, which revealed that (LH») coordinates with the central transition metal ions in a
tetradentate way through two azomethine nitrogen atoms (CH=N) and two phenolic oxygens (-OH) ina 1:1
(M:L) molar ratio and all complexes have an octahedral shape. DFT calculations confirmed the octahedral
shape of the complexes and revealed their geometrical and electronic properties. The ligands’ active sites
influenced the complexes’ structure and stability, which were also analyzed by quantum chemical and FMO
methods.

The complexes are thermally stable up to 138°C and decompose in several steps. The decomposition of the
complexes involved several steps, with chelating ligands exhibiting higher thermal stability compared to
non-chelating ligands. The chelating ligands, the water molecules, and the metal oxides support the structure.
Our findings can be useful in the development of new metal-based compounds with enhanced properties.
Furthermore, we studied the antibacterial activity of the ligand and the complexes against E. coli and S.
aureus in vitro. Only the Fe(lll) complex showed activity against both bacteria. In conclusion, our findings
reveal the coordination chemistry and antibacterial properties of these new metal complexes, which may be
useful for treating E. coli infections. For future work on these complexes, it is suggested to explore their
potential applications in various fields beyond the scope of this study.
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