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Abstract

Synthetic mixed ligand complexes are biologically active against various pathogenic microorganisms
with increased applications of activity in both body organs and industries. The study aimed at analyzing
three mixed ligand complexes of citric acid and Diphenylamine synthesized using Mn(II), Ni(Il) and
Cu(Il) chlorides. The complexes were characterized using melting point, conductivity, solubility, UV-
Visible Spectroscopy, FTIR, SEM-EDX and XRD. The melting points ranged from 312 °C to 345 °C
indicated the synthesized compounds were pure with high melting points. The molar conductivity
result ranged from 14.2 Ohm-cm?mol! to 30.7 Ohmicm2mol?, the lower values indicated the
complexes are non-electrolytes. All the complexes were slightly soluble in deionized water and some of
the organic solvents; ethanol, methanol, chloroform and acetone while soluble in Dimethylsulphoxide
and Dimethylformide. The UV-Visible spectra revealed maximum wavelenth absorbance of 300 nm for
all the synthesized confirmed complexes. The FTIR spectroscopy identifies the functional groups that
citric acid acted as bidentate ligand by coordination with oxygen of the carbonyl group C=0 and oxygen
of the hydroxyl group O-H while diphenylamine acted as monodentate ligand which coordinates with
nitrogen atom of the secondary amine group, R:N-H. The SEM results indicated that the complex of
manganese (II) has a granular structure with undifferentiated shapes, complex of nickel (I1I) shows a
spherical granular structure aggregated into larger particles and the complex of copper (II) showed a
granular structure aggregated into dense cluster of particles. The XRD analysis result of the complex
of manganese (II) shows the average crystalline size of 69.87 nm with a Body-Centered Cubic structure,
the XRD analysis result of the complex of nickel (II) shows the average crystalline size of 70.28 nm
with a Base-Centered Orthorhombic structure and that of copper (1) shows the average crystalline size
of 46.87 nm with a Body-Centered Cubic structure. The ligands and complexes were evaluated for
antioxidant activity using hydrogen peroxide, all the compounds have showed antioxidant activities
ranging from 23.51 ug/mL to 33.72 ug/mL and 15.95 ug/mL to 18.19 ug/mL for ligands and complexes
respectively. The observed complexes have higher activity than the ligands but were less active than the
standard (ascorbic acid). The complexes have strong antioxidant properties with metals that enhances
their activity with ligands in biochemical reactions.
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INTRODUCTION

Mixed ligand complexes contain at least two different types of ligands bound to the same
metal ion, and the presence of multiple types of ligands in a complex increases the chances of
the expected properties (Mohammed et al., 2022). Mixed ligands complexes are coordinated
compounds that contain biomolecules such as Vitamins, Enzymes, Amino acids, Lipids
present in our body with biologically important metals such as Fe, Cu, Zn, Co and Mg. It has
been reported that the synthetic mixed ligand complexes are biologically active against
various pathogenic microorganisms and have increased their applications and activity in vivo
processes (Nasrullah et al., 2018).

Schiff bases are more versatile compounds in coordination chemistry, as they have many
significant biological applications including antifungal, antibacterial, antiviral, anticancer and
antioxidant. In addition, role of Schiff bases and their complexes in catalytic reactions such as
oxidation, reduction, hydrolysis reactions, inhibition of corrosion and memory storage
devices in electronics are also reported, (Mieaad and Layla 2023).

Mixed ligand complexes are used in a variety of chemical and biological systems, including
water softening, ion exchange resin, electroplating, dying, antioxidants, photosynthesis in
plants, removal of Metals that are unwanted or dangerous to living organisms, and biological
activity of many of these metal complexes against harmful bacteria has been observed (Maher
et al., 2018). As models for metallo-enzymes, mixed ligand complexes containing metal ions
bound to two distinct and biochemically significant ligands have attracted interest. These
complexes have a wide range of biological actions, including fungicidal, anti-inflammatory,
bactericidal, and antiviral effects. Mixed ligand complexes of transition metals with amino
acids are physiologically fascinating. They play a vital function in biological systems and have
aroused researchers' curiosity (Oladunni et al., 2021).

Diphenylamine is an organic compound with the formula (C¢Hs):NH. The compound is a
derivative of aniline, consisting of an amine bound to two phenyl groups. The compound is a
colorless solid with a pleasant odor, but commercial samples are often yellow due to oxidized
impurities. It also dissolves well in many common organic solvents, and is moderately soluble
in water. (Vogt and Gerulis., 2005).

Citric acid; derived from the Latin word citrus, which is a colourless crystalline organic
compound in the same family of carboxylic acids, commonly present in all plants and animal
tissues and fluids. Citric acid or 2-hydroxy-propane-1, 2, 3-tricarboxylic acid (CsHsOy) is a
natural form of organic acids which is found in all citrus fruits. It is Synthesized by the
biochemical reaction in living cell via the Krebs cycle (Swain et al., 2012).

Biochemical reactions in body systems and organs are accompanied by the formation of free
radicals known as reactive oxygen species (ROS). These ROS causes metabolism deficiencies
and oxidative stress which play an important role in activating the multiplication of
pathogens of many serious diseases, including cancer, atherosclerosis, coronary artery
disease, Parkinson’s disease, Alzheimer’s disease, stroke and myocardial infarction. A
balanced diet or the supply of synthesized antioxidant substances such as derived citric acid
and diphenylamine complexes, vitamins, flavonoids or anthocyanins can be helpful to the
body systems.

The scope of this research work was focused on deriving complexes of mixed ligands of citric
acid and diphenylamine. The study was also limited only to the synthesis, characterization
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and anti-oxidant activity test of mixed ligand complexes of Ni (II), Cu (II) and Mn (II) ions
complexes with citric acid and diphenylamine as shown in Figure 1 to 3.

Figure 1. Structure of Diphenylamine
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Figure 3 Structure of the Mixed Ligand Complex of Copper (II)
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METHODOLOGY

Synthesis of Mixed Ligand Complexes of Citric acid and Diphenylamine

Citric acid (0.246 g) was dissolved in methanol (10ml) and heated to 70 °C, it was stirred under
reflux until a clear solution was formed. After that, MnCl,.4H,O (0.198 g) dissolved in
methanol (5ml) was added drop wise to the citric acid solution and heated for about 1 hour,
after which the reaction mixture was added drop wise into the diphenylamine (0.165 g)
dissolved in methanol (5ml). The colour of the solution changed after 30 minutes of heating
under the same conditions. Filtration was used to recover the precipitated solid, which was
then washed with cold methanol/water and dried under vacuum on calcium chloride. The
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remaining complexes were also synthesized using the same procedure as adopted by
(Mohammed et al., 2022)

Melting Point Test

Melting points of the ligands and their complexes were determined using Stuart melting point
apparatus model SMP18 by taking a small portion of the samples into a one end closed
capillary tube and placing it in the melting point apparatus, and the temperature at which the
sample begin to melt was recorded as adopted by (Mohammed et al., 2022)

Molar Conductivity Test

Conductivity of the complexes was determined by dissolving 0.2 g of the solid sample in 5 ml
of distilled water in a beaker, the mixture was shaken to dissolve the solid, the probe of
conductivity meter (Equip-tronics model EQ-667) was inserted and the molar conductivity
was recorded in Scm2mol-1 as adopted by (Mohammed et al., 2022)

Solubility Test

Exactly 25 mg of the solid sample was added to 2 mL of deionized water in a test tube. The
test tube was tapped with finger to mix or stir gently with a glass stirring rod. The sample was
recorded as soluble or slightly soluble. The same procedure was repeated for all the solvents;
N, N-dimethylformamide, DMSO, acetone, ethanol, benzene, ethyl acetate and chloroform as
adopted by (Uba., 2022)

UV -Visible Analysis

UV-Visible spectra of the complexes formed was recorded at various wavelengths ranging
from 200 nm to 800 nm that yielded stable peaks. The corresponding concentrations were
plotted against the wavelengths after determining the maximum absorbance, JENWAY 6705
UV/Vis Spectrophotometer was used as adopted by (Amudat et al., 2023).

Fourier Transform Infrared (FTIR) Analysis
FTIR analysis was employed to determine the functional groups present in both the ligands
and the synthesized complexes and also the bonding mode in the mixed ligand complexes,

FTIR machine - MODEL CARY 630 NBY AGILENT TECHNOLOGIES USA was used. The
methods employed was adopted by (Mohammed et al., 2022).

Scanning Electron Microscopy (SEM)/Energy Dispersion X-Ray (EDX) Analysis

Thermo Scientific SEM-Phenom ProX SEM analysis machine was used to evaluate the surface
morphology and size of the complexes by drying the sample and making it conductive by
coating it with silver, it was then loaded into the instrument's chamber using the patented
vacuum loading system, and compressed air was used to remove loose particles from the
surface. The sample holder was pushed in until it stops, and the green light on the front of the
SEM machine was checked to confirm that the sample was loaded correctly. The electron
imaging was initiated by pressing a button, the system automated the process and provided
a high-resolution image within seconds, allowing for focus on navigating, imaging, and
performing elemental analysis with the built-in Energy-Dispersive X-Ray Spectroscopy (EDX)
detector for detailed material insights. The same procedure was repeated for all the samples
as adopted by (Nasiru et al., 2023).

X-Ray Diffraction (XRD) Analysis

XRD analysis was investigated to determine the average crystalline size. Debye Scherer
equation was used and the average crystalline size was calculated. Also, crystalline structure
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and plane of Symmetry angle of the synthesized mixed ligand complexes was investigated.
The XRD Machine used was RIGAKU MINIFLEX 600 as adopted by (Nasiru et al., 2023).

KA

D = BCOSO

Where, D represents Particle’s size (nm), K equals to Constant volume = 0.94, A= Wavelength
of X-ray (0.15406 nm), then {3 is Full width at half maximum (FWHM) of the peak (in degrees)
and finally 6 equals to Bragg’s angle (in degree).

Antioxidant Activity Test using Hydrogen Peroxide Method
Solution of hydrogen peroxide (2 ml) was prepared in phosphate buffered saline (PBS) at pH
of 7.4. A stock concentration of 1mg/ml was prepared accompanied with serial dilutions (10
- 100 pg/mg). 2 ml of hydrogen peroxide solution in PBS was added to the compound and
the absorbance was measured at 230 nm after incubation for 10 mins. The level of inhibition
was calculated as follows;

% Scavenged [H2O»] = [(Ac - As)/Ac] x 100
Where Ac is the absorbance of the control and As is the absorbance in the presence of the
sample solutions or standards for positive control. The half-inhibitory concentrations (ICso)
value was obtained from a calibration curve of a plot of radical scavenging activity (%) against
concentration and the results obtained were compared with the standard drug as adopted by
(Mohammed et al., 2022).

RESULTS AND DISCUSSION

Melting Point Test of Ligands and Complexes

The melting points of the ligands and the decomposition temperatures of the metal (II)
complexes range from 53 °C to 345 °C where by melting points are expressed in decreasing
order as Cu (II) complex =345°C > Ni (II) complex= 342°C > Mn (II) complex= 312°C > Citric
acid = 153°C > Diphenylamine = 53°C respectively. The values obtained are nearly the same
as the one reported by Mohammed et al., 2022 and Yahaya and Umar, (2022). The higher
melting point values for the complexes indicated their bonding stability (Nasiru et al., 2023).

Table 1 Melting Point of Ligands and complexes

Compounds Colour Melting point (°C)
Diphenylamine White/ colorless 53

Citric acid White/ colorless 153

Mn (II) complex Brown 312

Ni (II) complex Green 342

Cu (II) complex Blue-green 345

Molar Conductivity Test of Complexes

The molar conductivity measurement result of the synthesized metal (II) complexes ranges
from 14.2 Ohm-cm?mol! to 30.7 Ohm-cm?mol- as indicated in Table 2. The lower values of
electrical conductivity investigated for all the three complexes are due to their inability to
dissociate in to ions in solution, which means that they are non-electrolytes. Also, specific
conductance of the three complexes investigated revealed decreasing order of Cu (II) complex
= 0.0307 Ohm1cm?mol*> Mn (II) complex= 0.0216 Ohm-lcm2?mol*> Ni (II) complex= 0.0142
Ohm-tcm?mol! respectively. On the other hand, the molar concentration of all the three
complexes investigated are kept constant at 0.001 M. These values were considered low and
indicated virtually non-electrolytic nature of the complexes. The result obtained is related to
the findings of Mohammed et al., (2022) and Usman et al., (2018).
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Table 2 Molar Conductivity of the Metal (II) Complexes

Compound Molar concentration Specific Conductance Molar Conductivity
M) (Ohm-1cm?) (Ohm-1cm2mol-1)

Mn (IT) complex 0.001 0.0216 21.6

Ni (II) complex 0.001 0.0142 14.2

Cu (II) complex 0.001 0.0307 30.7

Solubility Test of Ligands and Complexes

Solubility Test of the Ligands and their Complexes was observed where by citric acid was
soluble in water, ethanol and methanol while diphenylamine was slightly soluble in the same
solvents. Citric acid does not dissolve in chloroform while diphenylamine dissolves slightly
as illustrated in Table 3. Both the citric acid and diphenylamine were soluble in DMSO, DMF
and acetone. The synthesized metal (II) complexes were slightly soluble in deionized water
and some of the organic solvents used; ethanol, methanol, chloroform and acetone while
soluble in Dimethylsulphoxide (DMSO) and Dimethylformide (DMF). This result obtained
was closely related to the literature reported by Mohammed et al., (2022).

Table 3 Solubility of Ligands and their Metal (II) Complexes

Compound Water  Ethanol = Methanol Chloroform DMSO DMF Acetone

HO CH;CH, CH3;OH CHCl3 (CHs):SO  HCON(CHz)2  GHeO
OH

Citric acid S S S IS S S S

diphenylamine IS SS SS SS S S S

Mn (II) SS SS SS SS S S SS

Complex

Cu (I) SS SS SS SS S S SS

Complex

Ni (II) SS SS SS SS S S SS

Complex

Key: S= soluble, SS= slightly soluble, IS= insoluble

UV-visible Analysis of Citric Acid

UV-Visible spectra of citric acid were recorded as shown in Figure 3 at a wavelength range of
200 nm to 800 nm to determine the absorption band. Citric acid solution was observed to be
colorless, which absorbed light at middle-UV range (Mohammed et al., 2022). The UV-Visible
spectra exhibited a sharp band in the UV region at a maximum wavelength of 290 nm which
was closely related to the findings of Amudat ef al., (2023). The absorption at this wavelength
may be attributed to the presence of carbonyl groups (C=0) of unionized or ionized carboxyl
groups (Amudat et al., 2023).

Citric acid (CA)

Absorbance
=

0 100 200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 3 UV-Visible Analysis Results for Citric Acid
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UV-visible Analysis of Diphenylamine

UV-Visible spectra of diphenylamine in DMF was observed in the wavelength range of 200-
800 nm to determine the absorption band as indicated in Figure 4. The UV-Visible spectra
exhibited one band in the UV region at a wavelength of 300 nm which was nearly the same as
what was reported by (Tadewos et al., 2022). The absorption investigated may be due to
electronic transition from highest occupied molecular orbital (HOMO) to lowest un-occupied
molecular orbital (LUMO) which correspond to i1 - * transitions (Tadewos et al., 2022) and
(Rasyda et al., 2019).

Diphenylamine (DPA)

/N

0 100 200 300 400 500 600 700 800 900
wavelength (nm)

Absorbance
I e T N ISR

Figure 4 UV-Visible Analysis Results for Diphenylamine

UV-visible Analysis of Mixed Ligand Complex of Manganese (II)

UV-Visible spectra of mixed ligand complex of Manganese (II) which was recorded at
wavelength range of 200- 800 nm that determined the absorption band as indicated in Figure
5, The UV-Visible spectra exhibit one band in the UV region at a wavelength of 300 nm which
nearly correspond to what was reported by (Amudat et al., 2023). This band may be due to
charge transfer, intra-ligand transition or d-d transition because Mn (II) has a d5 electronic
configuration whereby the d orbital can split in to two: t2g (lower energy) and eg (higher
energy) where electronic transition can occur in the visible region of the spectrum when an
electron moves from t2g to the eg orbitals or vice versa, (Amudat ef al., 2023).

Mn (CA) (DPA) Complex

4
3
S 3
3]
52 /\
o
81
<

0

0 100 200 300 400 500 600 700 800 900

Wavelength (nm)

Figure 5 UV-Visible Analysis Results for Mixed Ligand Complex of Manganese (II)

UV-visible Analysis of Complex of Nickel (II)

UV-Visible spectra of mixed ligand complex of Nickel (II) investigated at a wavelength range
of 200- 800 nm to determine the absorption band as shown in Figure 6, The UV-Visible spectra
exhibited a sharp band in the UV region at a wavelength of 300 nm which nearly corresponded
to findings reported by Amudat et al., (2023). This band may be due to the intense green colour
of the mixed ligand complex of Ni (II).
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Ni (CA) (DPA) Complex

Absorbance

0 100 200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 6 UV-Visible Analysis Results for Complex of Nickel (II)

UV-visible Analysis of Mixed Ligand Complex of Copper (II)

UV-Visible spectra of mixed ligand complex of Copper (II) ran in the wavelength range of
200- 800 nm to determine the absorption band as shown in Figure 7. The UV-Visible spectra
exhibit one band in the UV region at a wavelength of 300 nm which nearly correspond to what
was reported by Mohammed et al., (2022). This band may be due to transfer of electron either
from ligand to copper (II) ion (LMCT) or from the copper (II) ion to the ligand (MLCT) or
intra-ligand transitions (Amudat et al., 2023).

Cu (CA) (DPA) Complex

SN

0 100 200 300 400 500 600 700 800 900
Wavelength (nm)

Absorbance
O FP N W B

Figure 7 UV-Visible Analysis Results for Mixed Ligand Complex of Copper (II)

FTIR Analysis of Citric Acid

The infrared spectra of citric acid were shown in Figure 8 recorded a range of 4000 - 650 cm-.
The Infrared spectra showed clear broad band of vibrational frequency at 3283 cm? which
may be due to O-H stretching vibration in citric acid which was related to the findings of
(Amudat et al., 2023). Absorption bands at 1695 cm? and 1140 cm? were also observed which
are due to presence of C=0O and C-O stretching vibrations in citric acid respectively. The result
obtained was similar to the work of Mohammed et. al., (2022).
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Figure 8 FTIR spectra of Citric Acid
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FTIR Analysis of Diphenylamine

The infrared spectra of diphenylamine measured in the range of 4000 - 650 cm-. The Infrared
spectra shown in Figure 9, where absorption band of vibrational frequency at 3384 cm which
may be due to the presence of N-H stretching vibration for secondary amine in
diphenylamine. The result obtained corresponded to the findings of Mohammed et. al., (2022).
Absorption band at 1457 cm-! was also observed due to presence of C=C stretching or bending
vibration in the phenyl ring the result obtained was also similar to the findings of Mohammed
et. al., (2022).
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Figure 9 FTIR spectra of Diphenylamine

FTIR Analysis of Mixed Ligand Complex of Manganese (II)

The infrared spectra of mixed ligand complex of manganese (II) measured in the range of 4000
- 650 cm was shown in Figure 10. The Infrared spectra showed a broad band at a vibrational
frequency of 3511 cm ! which may be due to presence of hydroxyl group (OH) in the complex.
The result obtained agreed with the findings of Amudat et al., (2023). Absorption bands at
3567 cm ! = N-H present in diphenylamine, 1595 cm1 = C=0 present in citric acid, 1080 cm =
C-O present in citric acid, 1416 cm = C=C present in diphenylamine, 916 cm™ = Mn-O as a
result of coordination through the oxygen of carbonyl group and oxygen of hydroxyl group
of the citric acid and 689 cm = Mn-N due to coordination through the nitrogen of the N-H
group of the diphenylamine. The result obtained was related to the work of Amudat et al.,
(2023) also Mn-N wavelength obtained was synonymous to the findings reported by
Mohammed et. al., (2022). FTIR bands obtained indicated the presence of citric acid and
diphenylamine in the complex formulated.
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Figure 10 FTIR spectra of Mixed Ligand Complex of Manganese (II)

FTIR Analysis of Complex of Nickel (II)
The infrared spectra of mixed ligand complex of nickel (II) measured in the range of 4000 -
650 cm. The Infrared spectra shown in Figure 11 indicated that a broad band at a vibrational
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frequency of 3328 cm! which may be due to hydroxyl group (OH) present in the complex
which was related to the findings of Amudat et al., (2023). Absorption bands at 1558 cm! may
be due to C=0 bond present in citric acid, 1073 cm = due to presence of C-O present in citric
acid and 905 cm™ = Mn-O due to coordination through the oxygen of carbonyl group and
oxygen of hydroxyl group of the citric acid as reported by Amudat et al., (2023). FTIR bands
obtained indicated the presence of citric acid in the complex formulated.
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Figure 11 FTIR spectra of Complex of Nickel (II)

FTIR Analysis of Mixed Ligand Complex of Copper (II)

The infrared spectra of mixed ligand complex of copper (II) in KBr pellets measured in the
range of 4000 - 650 cm™. The Infrared spectra shown in Figure 12 that a broad band at a
vibrational frequency of 3324 cm-! which may be due to hydroxyl group (OH) present in citric
acid which was related to the findings of Amudat et al., (2023). Absorption bands at 3444 cm-
1 = due to the presence N-H present in diphenylamine, 1550 cm-= due to C=0O present in citric
acid, 1066 cm! = C-O present in citric acid, 1405 cm-1= C=C present in diphenylamine, 894
cm? = Cu-O as a result of coordination through the oxygen of carbonyl group and oxygen of
hydroxyl group of the citric acid as reported by Amudat et al., (2023) and 708 cm?! = Cu-N
bond as a result of coordination through the nitrogen of the N-H group of the diphenylamine
as stated by Mohammed et. al., (2022). FTIR bands obtained indicated the presence of citric
acid and diphenylamine in the complex.
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Figure 12 FTIR spectra of Mixed Ligand Complex of Copper (II)

Table 4 Relevant IR Frequencies of the Ligands and the Metal (II) Complexes (cm-?)

Compounds v(0O-H) v(N-H) v(C=0) v(C-0) v(C=C) v(M-0) v(M-N)
CA 3283 1695 1140

DPA 3384 1457

Mn complex 3511 3567 1595 1080 1416 916 689

Ni complex 3328 1558 1073 905

Cu complex 3324 3444 1550 1066 1405 894 708
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SEM Analysis of Mixed Ligand Complex of Manganese (II)

The SEM result obtained for the mixed ligand complex of manganese (II) was shown in Figure
13 revealed that a granular structure with undifferentiated shapes. The result obtained was
related to the findings of Nasiru et

al., (2023).

A P

i TSR 3l

[ APLE

Figure 13 SEM Analysis Image of Mixed Ligand Complex of Manganese (II)

SEM Analysis of Complex of Nickel (II)

The SEM result obtained was shown in Figure 14 for the mixed ligand complex of nickel (II)
revealed that the complex has a spherical granular structure aggregated into larger particles.
The result obtained is nearly the same morphology in relation to the findings of (Tadewos et
al., 2022 & Nasiru et al., 2023).

%

Figure 14 SEM Analysis Imag of Complex of Nickel (II)

SEM Analysis of Mixed Ligand Complex of Copper (II)
The SEM result of the mixed ligand complex of copper (II) was shown in Figure 15 that the
complex has a granular structure aggregated into dense cluster of particles. This is nearly the

same as what was reported b%;Tadewos et al., (2022) & Nasiru et al., (2023).
-y o8 ATV s % v &
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EDX Analysis of Mixed Ligand Complex of Manganese (II)

The characteristic signals correspond to manganese and chlorine as major elements and some
trace elements due to impurities/contamination. The spectra was illustrated in Figure 16
which indicated that the metal complex is presents as a [Mn(CA)(DPA)(H20)].Cl> compound
as report%d by (Tadewos et al., 2022).

L 2
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Flgure 16 EDX Analysis Result of Mixed Ligand Complex of Manganese (II)

EDX Analysis of Mixed Ligand Complex of Nickel (II)

The characteristic signals correspond to nickel and chlorine as major elements and some trace
elements due to impurities/contamination. The spectra was shown in Figure 17 which
indicated that the metal complex is present as a [Ni(CA)(H20)].Cl. compound as reported by
(Tadewos et al., 2022).
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Figure 17 EDX Analysis Result of Complex of Nickel (II)

EDX Analysis of Mixed Ligand Complex of Copper (II)
The characteristic signals correspond to copper and chlorine as major elements and some trace
elements due to impurities/contamination. The spectra was shown in Figure 18 which
indicated that the metal complex is present as a [Cu(CA)(DPA)(H20].Cl. compound as
reported by Tadewos et al., (2022).
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Flgure 18 EDX Analy51s Result of Mixed Ligand Complex of Nickel (II)
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XRD Analysis of Mixed Ligand Complex of Manganese (II)

The XRD analysis result of the mixed ligand complex of manganese (II) was shown in Figure
19 which revealed the Braggs angle of 3.1 ¢ - 70.0°. Three prominent peaks were observed
alongside many other weak peaks at 20 = 15.7618¢, 32.0314° and 45.7684° respectively. The
most intense peak appeared at 20 = 32.0314c with a full width at half maximum intensity
(FWHM) value of 0.1181°. By using Debye Scherrer equation, the average crystalline size was
found to be 69.87 nm with a body-centered cubic (BCC) structure. The result obtained was
closely related to the findings reported by Nasiru et al., (2023). The sharp peaks observed
confirmed that the complex was crystalline structure.
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Figure 19 XRD Spectrum of Mixed Ligand Complex of Manganese (II)

XRD Analysis of Complex of Nickel (II)

The XRD analysis result of the mixed ligand complex of nickel (II) is shown in Figure 20 which
revealed the Braggs angle of 3.1 ¢ - 70.0c. Some prominent peaks were observed alongside
many other weak peaks at 20 = 11.3339°, 18.3488¢, 19.7533° and 27.1339° respectively. The most
intense peak appeared at 20 = 11.3339° with a full width at half maximum intensity (FWHM)
value of 0.1181°. By using Debye Scherrer equation, the average crystalline size was found to
be 70.28 nm with a base-centered orthorhombic (BCO) structure. The result obtained was
closely related to the findings of Nasiru et al., (2023). The sharp peaks observed confirmed that
the complex is crystalline.
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Figure 20 XRD Spectrum of Complex of Nickel (II)

XRD Analysis of Mixed Ligand Complex of Copper (II)

The XRD analysis result of the mixed ligand complex of copper (II) is shown in Figure 21
which revealed the Braggs angle of 3.1 ° - 70.0°. Six prominent peaks were observed alongside
many other weak peaks at 20 = 16.5292¢, 28.9165¢, 32.0689°, 39.9273¢, 45.7802¢ and 56.8995°
respectively. The most intense peak appeared at 20 = 32.0689° with a full width at half
maximum intensity (FWHM) value of 0.1771°. By using Debye Scherrer equation, the average
crystalline size was found to be 46.87 nm with a body-centered cubic (BCC) structure. The
result obtained was closely related to the findings reported by Nasiru et al., (2023). The sharp
peaks observed confirmed that the complex is crystalline.
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Figure 21 XRD Spectrum of Mixed Ligand Complex of Copper (II)

Antioxidant Activity Test Results

Table 5 showed antioxidant activities of the standard drug (ascorbic acid), the ligands (citric
acid and diphenylamine), Mn (II), Ni (II) and Cu (II) complexes. As reported in the table, all
the complexes had lower activity than the standard drug (ascorbic acid) but higher scavenging
activity than the free ligands. The ability of the metal complexes to scavenge hydrogen
peroxide radicals decreases in the following order: Cu > Mn > Ni. The values obtained closely
corresponded to the values reported by Mohammed et al., (2022). The free radical scavenging
activity is expressed in terms of ICsp value (Table 5), which was defined as the concentration
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(ug/mL) of the bioactive compound required for scavenging of H>O; radicals by 50 %. The
ICso value was determined by linear regression analysis of a plot of % RSA against
concentration. The result obtained nearly related to the findings of Yesufu et al., (2017) and
Joanna et al., (2021).

Table 5 Antioxidant Activity Test of the Ligands and the Complexes

Compound % RSA in % RSAin50 % RSAin25 % RSA in % RSA in ICs
100 pg/mL  pg/mL pg/mL 125pg/mL 625 pg/mL  (pg/mL)

Ascorbic acid 92.81768 81.21547 73.48066 58.56354 31.49171 513

Citric acid 77.34807 67.9558 59.11602 49.17127 28.72928 23.51
Diphenylamine 74.03315 66.29834 54.14365 40.33149 26.51934 33.72
Mn (II) complex 84.53039 70.16575 65.74586 50.27624 30.93923 16.81
Ni (II) complex 82.87293 74.58564 63.53591 48.61878 29.83425 18.19
Cu (II) complex 83.9779 71.8232 66.29834 50.82873 30.38674 15.95

ICsp = concentration resulting in 50 % inhibition of H>O,, derived from the graph of percentage radical scavenging
activity (% RSA) versus concentration in pg/mL.

CONCLUSION

The study concluded that mixed ligand complexes of Mn(II), Ni(Il) and Cu(II) chlorides with
citric acid and diphenylamine have been synthesized. They were characterized by different
techniques such as melting point, conductivity measurements, solubility test, UV-Visible
spectroscopy, FTIR, SEM-EDX and XRD, their antioxidant capacities were also determined.
The higher melting point values obtained for the complexes revealed that they are stable. The
lower molar conductivity values for all the three complexes suggested that they are non-
electrolytes. All the complexes synthesized were slightly soluble in deionized water and some
of the organic solvents used (ethanol, methanol, chloroform and acetone) while soluble in
dimethylsulphoxide (DMSO) and dimethylformide (DMF). The UV-Visible spectroscopy
shows the bathochromic shifts in the metal ion complexes which confirms complexation.

The FTIR study shows the presence of alcohols in all the three complexes and the presence of
amines in the complexes of Mn (II) and Cu (II) only, it also revealed the formation of new
bonds between metal and ligands. The SEM results indicated that the complex of manganese
(IT) has a granular structure with undifferentiated shapes and no well-defined morphology,
complex of nickel (II) shows a spherical granular structure aggregated into larger particles
with amorphous-like structure and the complex of copper (II) shows a granular structure
aggregated into dense cluster of particles. The XRD analysis of the complex of Mn (II) shows
the average crystalline size of 69.87 nm with a body-centered cubic (BCC) structure, that of
Ni(II) shows the average crystalline size of 70.28 nm with a base-centered orthorhombic (BCO)
structure and complex of Cu(Il) shows the average crystalline size of 46.87 nm with a body-
centered cubic (BCC) structure. The antioxidant activity test of the free ligands and their metal
(IT) complexes using hydrogen peroxide method indicated that all the complexes have higher
activity than the ligands but were less active than the standard (ascorbic acid) with Cu (II)
complex having the highest antioxidant activity (ICso = 15.95 pg/mL) followed by Mn (II)
complex (ICso = 16.81 pg/mL) and Ni(Il) (ICso = 18.19 pg/mL). This indicated that the activity
of the free ligands was enhanced by the metals as a result of complexation and the newly
synthesized complexes may be the best available agents that can be used in the field of
pharmaceutical sciences to prepare drugs that can cure oxidative stress related diseases in the
human body.
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