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Abstract

The rise of drug-resistant Plasmodium strains has increased the worldwide need for potent and eco-friendly antimalarial
treatments. This study meets that need by presenting a method to synthesise hydrazone-based metal complexes without
solvents, a promising but rarely used approach in developing antimalarial drugs. In this study, (E)-4-[(2,4-dinitrophenyl)
hydrazonomethyl] phenol (L1) and N-(4-hydroxybenzaldehyde)-p-fluoroaniline (L2) were synthesised alongside their
complexes utilising grinding as a non-solvent method. The compounds were characterised by molar conductance, solubility,
melting point, UV-Vis, and FTIR. Surface morphologies were analysed through SEM, and the particle sizes were measured
atadiffraction angle of 10.9°. The freshly synthesised compounds were tested for their antimalarial activities. The synthesised
compounds showed stability and non-electrolytic behaviour, with molar conductance values of 5.5 - 16.20 Q/cm?. FTIR
spectra showed bidentate ligands coordinated via azomethine and hydroxyl groups, while UV-Vis results displayed
bathochromic shifts on complexation, indicating successful chelation with metal ions. The differences in the morphologies
of the ligands and their complexes generated by SEM images suggest coordination during grinding. The antimalarial study
showed increased activity with concentration increase and species-dependent efficacy, as it was more effective against Culex
quinquefasciatus eggs than Anopheles gambiae. This study illustrates the potential of hydrazone-based metal complexes
synthesised through a solvent-free, environmentally friendly method as candidates for novel antimalarial treatments.
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1. Introduction

Malaria is one of the leading causes of mortality worldwide, mainly affecting sub-Saharan Africa, as
well as parts of Asia and Latin America (Oladipo et al., 2023). The rise and spread of drug-resistant
strains of Plasmodium species, the pathogens responsible for malaria, provide a substantial public health
challenge, despite notable advancements in their management and treatment (Massand et al., 2013;
Plowe, 2022; Segovia et al., 2025). Resistance to essential antimalarial medications, including
chloroquine, sulfadoxine, pyrimethamine, and artemisinin-based combination treatments (ACTSs), has
been progressively documented, threatening the advancements made in the last twenty years. This
growing dilemma highlights the pressing need for innovative, efficacious, and ecologically sustainable
antimalarial medicines (White, 2019; WHO, 2024).

In light of this challenge, metal-based pharmaceuticals and coordination complexes have reaped
substantial interest in therapeutic chemistry owing to their structural diversity, distinctive reactivity, and
mechanisms of action that differ from traditional organic drugs (Jalal et al., 2020; Kapusterynska et al.,
2023; Wang et al., 2024; Rai et al., 2011). Hydrazone-based metal complexes are notable for their
extensive array of biological activities, encompassing antibacterial, anticancer, and antiparasitic effects
(Sharma et al., 2020; Liu et al., 2022; Sarioglu et al., 2024). They are also excellent inhibitors of metal
corrosion in acidic media (Khamaysa et al., 2020; Chaouiki et al., 2020; El-Khlifi et al., 2024).
Hydrazones include adaptable donor atoms that efficiently coordinate with transition metals, henceforth
improving the stability and bioactivity of the produced complexes (Shakdofa et al., 2014; Salah et al.,
2019; Brum et al., 2020).

Conventional synthesis procedures for these metal complexes often depend on organic solvents, many
of which pose dangers to humans and the environment. These behaviours result in the development of
chemical waste, elevated energy consumption, and probable toxicity (Kharissova et al., 2019; Lopez-
Lorent et al., 2022). In line with the principles of green chemistry, there is a growing interest in creating
more sustainable alternatives (Alshahateet et al., 2024a & 2024b; Titi et al., 2020a & 2020b). A notable
method is non-solvent synthesis, which omits hazardous solvents, thereby reducing environmental
effects and improving safety (Barbara, 2020; Dafa et al., 2023).

Although there is an expanding amount of research on hydrazine-based complexes and their biological
attributes, few studies have explored their synthesis through non-solvent methods, especially concerning
the structural characterisation and antimalarial studies of hydrazone-metal complexes containing Co(ll),
Mn(Il), and Ni(ll). This research fills the gap by utilising grinding as a non-solvent synthetic method to
synthesise and characterise Co(Il), Mn(I1), and Ni(ll) hydrazone-based metal complexes. It further
studies their antimalarial properties, aiming to further the growth of environmentally sustainable, metal-
based treatments to address the ongoing and evolving challenge of malaria.

2 Materials and methods

The study utilised 4-hydroxybenzaldehyde, 2,4-dinitrophenylhydrazine, and 4-fluoroaniline (all sourced
from BDH, UK) to synthesise the ligands, which were subsequently complexed with hydrated Co(ll),
Mn(I1), and Ni(ll) chlorides. Solubility studies were performed utilising methanol, diethyl ether,
petroleum ether, DMSO, DMF, and acetone (May and Baker, Nigeria), with DMSO and acetone further
employed as solvents for antimalarial testing formulations. A multitude of instruments were utilised,
comprising a Barnstead B19100 electrothermal apparatus for melting point assessment, an Accumet
AP75 conductivity meter, a Rigaku D/Max-IllIC X-ray diffractometer, a JSM 7600F scanning electron
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microscope, a Perkin Elmer 3000 MX spectrometer, and an OV/100/F oven for weighing and drying
synthesised compounds.

HO NH,

a b c

Scheme 1: Important Precursors Involved in Ligand Synthesis, Structures of 4-Hydroxybenzaldehyde
(1a), 2,4-Dinitrophenylhydrazine (1b), and 4-Fluoroaniline (1c)

2.2 Green synthesis of (E)-4-[(2,4-dinitrophenyl)hydrazonomethyl]phenol (L1): A vital ligand for
metal complex formation

The green synthesis of E-4-[(2,4-dinitrophenyl)hydrazonomethyl]phenol (L1) was carried out using the
method reported by El-Barasi et al. (2020), but with notable modifications. 4-hydroxybenzaldehyde
(0.01 mol) and 2,4-dinitrophenylhydrazine (0.01 mol) were grinded together in a porcelain mortar for
10 min, yielding 95 % of an orange-coloured microcrystalline compound as shown in equation 1.

N
H, N/ 4-drops of H,0 N ’\jij\N
M_orta}r-pestle 0, 0,

O, grinding for 10

mins
2,4-dinitrophenyl 6"'
4-hydroxybe hydrazine (E)-4-((2-(2,4-dinitrophenyl)hydra
nzaldehyde zono)methyl)phenol (L,)
)

2.3 Green synthesis of N-(4-hydroxybenzaldehyde)-p-fluoroaniline (L>2)
N-(4-Hydroxybenzaldehyde)-p-fluoroaniline (L2) was synthesised following the procedure established
by Ommenya et al. (2020), with minor adjustments. Specifically, 4-fluoroaniline (0.00319 mol) was
mixed with 4-hydroxybenzaldehyde (0.00319 mol) and ground in a mortar with a pestle for 10 min,
resulting in an immediate thick yellow-orange product. The product was subsequently dried in an oven
at 70 °C, producing lustrous, needle-like, yellow-orange crystals.

Mortar-pestle F@—N=
Grlndln

Oven drled at

70 °C

H
4-fluoroaniline 4-hydroxybenzaldehyde N-(4-hydroxybenzaldehyde)

-p-fluoroaniline (L,) (2)
2.4  Green Synthesis of the metal(l11) complexes with Hydrazone Ligand
Metal(11) hydrazone-based complexes were synthesised through the mixing of the ligands (0.01 mol of

L1 and L) with the metal(11) salt [0.01 mol of Co(Il), Mn(I1), and Ni(ll) salts] as described by Ommenya
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et al. (2020) and grinding in a mortar with pestle for 10 min. The resulting product was oven-dried at
70 °C, yielding 96, 97, and 95 % of coloured microcrystalline Co(ll), Mn(l11), and Ni(Il) complexes.

[ NO,
H
NP ON Metal Salt HN “NO,
[Grinding and oven dried at 70° C '\Q%N
O “NO,
2 N-(4-Hydroxybenzaldehyde) 2H.0
-p-Fluoroaniline [‘: T

- 3)

2.5 Characterization of the synthesized ligands and their complexes

2.5.1 Solubility tests

The solubility test was carried out as reported by lorungwa et al. (2019). In separate test tubes containing
methanol, ethanol, dimethylformamide, dimethylsulfoxide, distilled water, and acetone, 0.01 g of the
synthesised ligands and complexes were rapidly shaken with 10 mL of solvent. The sample was classed
as soluble (X) if, after shaking, the whole solute dissolved, resulting in a homogenous mixture. However,
the sample was classified as slightly soluble (Z) if some of it dissolved while others remained, and
insoluble (Y) if the solute remained as it was introduced.

2.5.2 Melting point determination

A sample of each synthesised compound was placed in a separate capillary tube to a depth of 2 mm,
with the bottom tapped multiple times to ensure close packing. The tubes were then inserted into a
heating block and heated, and the melting point of each sample was recorded from the digital display.
This process was repeated for all samples (lorungwa et al., 2019).

2.5.3 Conductivity measurement

Conductivity measurement was carried out as described by Martinez (2018) and Zou et al. (2019) by
weighing exactly 10 g of air-dry soil (less than 2 mm) into a bottle, adding 50 mL of deionised water
using an Accumet AP75 meter, and shaking the mixture mechanically for one hour at 15 rpm to dissolve
soluble salts, resulting in a 1:5 soil water suspension. The cell was properly cleaned after the conductivity
meter was calibrated using the KCI reference solution, following the manufacturer's instructions to
determine the cell constant. Without moving the settled soil, the conductivity cell was filled with ligands
and their complexes after being washed with the soil suspension. The temperature of the soil suspension
and its electrical conductivity of 0.01M KCI were found at the same time. We noted the conductivity
values of ligands and their complexes based on what the conductivity meter showed.

2.5.4 Infrared and electronic spectra studies

The synthesised ligands and their complexes were run as KBr discs and shown on the Perkin Elmer 3000
MX FT-IR spectrophotometer spectrum BX with spectrum version 5.3.1 software version. All spectra
were acquired from 4000 to 400 cm™ using the PerkinElmer 3000 MX spectrometer, and the IR spectra
were analysed using the spectroscopic program Win-IR Pro Version 3.0 with a peak sensitivity of 2 cm”
1 The UV spectra of the produced complexes were obtained using acetone as solvent from a Perkin
Elmer UVD-2690 UV-VIS double beam PC scanning spectrophotometer (UV-Winlab 2.8.5.04)
software version (Luo, 2014).
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2.6 Preparation of varying concentrations of L1, L2, and their Co(ll), Mn(11) and Ni(ll) complexes
Multiple concentrations of the synthesised ligands and metal complexes were prepared using the method
of lorungwa et al. (2020). A 100 mg/mL solution of 10 % dimethyl sulfoxide (DMSQO) was used to
dissolve 1.0 g of the L1, L2, Co(ll), Mn(ll), and Ni(ll) complexes. To obtain a concentration of 500
mg/mL, the stock solution was diluted in acetone by mixing 10 mL of the stock solution with 10 mL of
acetone and shaking vigorously. Dilutions of 250, 125, and 62.5 mg/L were subsequently prepared by
mixing 5 mL of the 500 mg/mL solution with 5 mL of acetone.

2.7 Field Collection and Laboratory Rearing of Mosquito Larvae for Species Identification

Mosquito larvae were collected from stagnant water using plastic dippers and sieves as described by
Atabo et al. (2019). They were reared in a netted cage in a closed system at the Entomology Research
laboratory of the Zoology Department, Joseph Sarwuan University, Makurdi. The larvae were identified
as Anopheles gambiae and Culex quinquefasciatus. They metamorphosed into adult mosquitoes, which
were then aspirated into a new cage with skin-scrapped Guinea pigs for a blood meal and egg
development. A glucose solution was added for energy and egg laying. Fish meal was fed until the third
and fourth instar of the second filial generation larvae were obtained (Araujo et al., 2012; Ong and Jaal,
2018; Zanin et al., 2019).

2.8 Assessment of Egg and Larvae Mortality induced by Synthesized Compounds

The egg and larvae mortality induced by the synthesised ligands and complexes was assessed using the
existing methods of Munusamy et al. (2016) and WHO (2016), with slight changes. Various
concentrations of 62.5, 125, 250, and 500 mg/L diluted in acetone were tested on Anopheles gambiae
and Culex quinquefasciatus eggs that had just been laid and early third-instar larvae. This was repeated
multiple times for each test. Azadirachtin (10.0 mg/L) functioned as a positive control, and independent
controls were further performed. Egg hatchability (Ovicidal activities) and larval mortality (Larvicidal
activities) were evaluated after 24 hrs. Non-hatching eggs and larvae that failed to reach the surface were

classified as dead using the formulas below.
Number of unhatched eggs

% Mortality of Mosquito's Eggs = x 100 4)

Total number of eggs introduced
Number of dead Larvae

% Mortality of Mosquito's Larvae = x 100 (5)

Total number of Larvae introduced

3. Results and Discussion

3.1 Physical Properties Results

Crystalline and coloured metal complexes were formed by the interaction between the synthesised
ligands, L1 and L2, and the Co(I1), Mn(ll), and Ni(Il) ions. Since none of the final colours of the products
matched those of the starting ingredients, it was evident that reactions had occurred during the synthetic
step. The ligands and their complexes melted between 188 and 194 °C , suggesting they were relatively
stable compounds. Conversely, their conductance values extended from 5.2 to 16.20 Ohm™-m™ (Table
1), which was less than 50 Ohm™-m, signifying that they were non-ionic (Ommenya et al., 2020). Since
conductivity is a physical property used to classify ligands alongside complexes as electrolytes and non-
electrolytes based on their values, this validates that no anions existed outside the coordination sphere
of the complexes (Pavénik et al., 2024). The information obtained from the conductivity test can be
invaluable in determining the structure of the complexes because it introduces primary and secondary
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valence, which Werner used to support his theory (Heinz, 2014). The ligands and their complexes were
observed to be non-soluble in water, however, they exhibited minor solubility or solubility in other
common organic solvents such as acetone, dimethyl sulfoxide (D.M.S.0.), dimethylformamide
(D.M.F.), and petroleum ether. The solubility of ligands and their complexes is a crucial characteristic
that reflects their polarity, sets them apart from other substances, and informs their applications. The fact
that the ligands and complexes do not dissolve in water shows that they are nonpolar (Heuer-Jungerman
et al., 2019). This is because they have covalent and coordinate covalent bonds, demonstrating there are
no ionic bonds to help them dissolve in water (Anand et al., 2022). The insoluble status of the complexes
in water excludes the presence of counter ions in the complexes or the existence of charged complexes
(Andriianova et al., 2020). The solubility of the ligands and their complexes increased in polar solvents:
methanol, ethanol, acetone, and DMSO, resulting in modest solubility in methanol and ethanol and full
solubility in acetone, DMF, DMSO, and petroleum ether. The improvement in solubility can be
attributed to the presence of substituents (-OH, -F, -NO.) placed at the ortho and para positions of the
aromatic ring. These substituents may enhance solubility in both organic and inorganic solvents (Sittel
et al., 2021; Das et al., 2022).

Table 1: Physical Properties of Synthesised Ligands with their Complexes
Melting Point (°C) Conductivity (Ohm m1)

Compound Colour
L, Red pink crystals 190.00 5.50
L, Brown crystals 194.00 5.80
Co(INL, Pink crystals 184.00 5.10
Mn(II)L, Pink crystals 186.00 5.30
Ni(I)L, Orange crystals 187.00 5.40
Co(IDL, Light blue crystals 190.00 5.60
Mn(I)L, Dark brown 191.00 5.70
Ni(IDL, Gray crystals 192.00 6.20
Co(Il) L, L, Black crystals 185.00 5.20
Mn(ll) L, L, Reddish brown 188.00 6.20

crystals

Ni(ll) L, L, Pink crystals 191.00 16.20
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Table 2: Solubility Profile of Ligands and their Metal Complexes at Room Temperature
Compounds Distilled Methanol Ethanol D.M.F Acetone D.M.S.O Petroleum

Water ether

L, Y Z Z X X X X

L, Y Z Z X X X X
Co(IhL, Y Z Z X X X X
Mn(I1)L, Y Z Z X X X X
Ni(ll)L, Y Z Z X X X X
Co(IL, Y Z Z X X X X
Mn(II)L, Y Z Z X X X X
Ni(ll)L, Y Z Z X X X X
Co(Il) L, L, Y Z Z X X X X
Mn(Il) L, L, Y Z Z X X X X
Ni(Il) L, L, Y Z Z X X X X

Key: X = Soluble, Z = slightly soluble, and Y = Insoluble

3.2 Infrared Spectra Results

Significant and useful information about the coordination reaction was provided by the IR spectra.
Vibrational bands were present in all recorded spectra, primarily because of the N-H, O-H, C=0, C=N
and N-N- groups as presented in Figure 1 a-k and summarized in Table 3 (Aiyelabola et al., 2020;
Sykula et al., 2023; Hosney et al., 2024). IR group vibrational bands of the free ligands: L1 and L2 were
recorded and compared with both the single and mixed complexes of Co(Il), Mn(Il), and Ni(ll). Due to
intramolecular hydrogen bonding, L1 showed a broad vibrational band in the region of 3460 cm™. In
contrast, L2 showed a somewhat narrow vibrational band because of the presence of fluoro on L2, which
can interfere with the hydrogen bond. The spectra of metal complexes showed persistence of this
vibrational band, indicating that deprotonation had not taken place and that the hydroxyl group (-OH)
was how the ligand and metal ion were coupled. The solid-state nature of the reaction media may have
contributed to the non-deprotonation (Kitanosono and Kobayashi, 2021). However, in both single and
mixed metal complexes, these vibration modes underwent a shift and emerged at a lower band, indicating
the occurrence of complexation, which is consistent with the outcome of Santiago et al. (2020). Another
vibrational band appeared in L1 and L2 at 1641 cm™ and 1602 cm™, respectively, and is ascribed to
V(C=N). These vibrational bands, however, changed and occurred at a lower frequency in single and
mixed complexes. This suggests that azomethine nitrogen is involved in complexation, which is
consistent with the findings of Uddin et al. (2019). In Ly, the vibrations caused by V(N-N) emerged at
778 cm™. Nevertheless, this vibration was not detected in L2, suggesting that V(N-N) was not present in
L. It was observed at higher frequencies in single metal complexes of Liand mixed complexes, but at
lower frequencies in single metal complexes of L2 due to the presence of the fluoro group. The shift in
the vibrational band suggests that N-N was involved in the complexation, which was consistent with the
findings of Alzharani (2023). For Co(Il), Mn(l1), and Ni(ll), the metal-oxygen bond appears at 513 cm"
1508 cm™, and 573 cm™, respectively, supporting the formation of M-O. For Co(11), Mn(11), and Ni(ll),
the metal-nitrogen band appears at 407 cm™, 427 cm™. The aforementioned bases proposed that the
ligand chelates via C=N, the non-deprotonated hydroxyl group to the metal ion as bidentate ligands.
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Table 3: Characteristic IR Spectra Bands (cm™1) of Synthesised Ligands (L1 and L2) and their
Complexes

Compounds  V(O-H) V(C=N) V(N-N) (C-C) V(M-O) V(M-N)

L, 3460 1641 778 1032

L, 3390 1602 1040
Co(IL, 3412 1587 811 1027 508 417
Mn(Il)L, 3434 1583 812 1015 513 407
Ni(I1)L, 3414 1585 814 1017 517 403
Co(Il)L, 3410 1578 742 1019 525 460
Mn(II)L, 3458 1584 751 1025 593 465
Ni(I1)L, 3494 1591 811 1027 573 517
Co(ll) L, L, 3435 1583 812 1015 513 407
Mn(Il) L, L, 3448 1600 782 1043 508 427
Ni(ll) L, L, 3302 1591 811 1027 573 514

%T

4400.0 00 00 00 2800 2400 2000 1800 1600 1400 1200 1000 800 600
1

(a) IR Spectra of Ligand (L1)
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(K) IR Spectra of Ni(Il) L1L> Complex
Figure 1: IR Spectra (a-k) of L1 and L» alongside their individual and mixed complexes with Co(ll),
Mn(11), and Ni(ll)

3.3 The Electronic Spectra Results

Table 4 and Figure 2 a-k shows the electronic absorbance spectra for the free ligands L1 and Lz, along
with the Co(Il), Mn(11), and Ni(Il) complexes, including the maximum band values for the ligands and
complexes that were made. The UV/Vis spectra of the synthesised ligands: L1 and L2 revealed three
bands at 209 nm, 214 nm, 218 nm and 205 nm, 213 nm, 345 nm which may be allotted to n — n* of
hydroxyl (-OH) and t — m* transitions of phenyl (C=C), azomethane (HC=N) of L1 and L2 (Uddin et
al., 2019; Bashir et al., 2023). Both the single and mixed metal complexes exhibit new absorption bands
when compared to the ligands' adsorption bands. This is because the metal ions have complexed with L1
and Lo, shifting their absorption maxima to higher wavelengths Co(ll) ions, which indicates
bathochromic shift and complexation (EI-Sonbati et al., 2022; Feryal and Alyaa, 2024). In contrast,
Mn(I1) and Ni(ll) complexes also showed a new absorption band, indicating coordination with Mn(l1)
and Ni(ll) ions. However, the absorption maxima of L1 and L2 shifted to a shorter wavelength, indicating
a blue shift that could have been caused by complexation and the solvent effect (Bouchoucha et al.,
2014; Kotynia et al., 2021).

Table 4: Electronic Spectral Data of Ligands (L, and L,) and their Metal Complexes

Compounds Apax(nm) Spectral Band(cm™) Assignment

L, 209.50 47,733 n-mt
214.00 46,729 Tt

218.50 45,767 ToT

L, 205.00 48,781 n-mt
213.00 46,948 Tt

345.00 28,986 Tt

Co(IL, 295.00 33,898 n-mt
341.00 29,326 Tt

345.00 28,986 o

Mn(I)L, 199.00 50,251 n-4§*
243.00 41152 n-omn

298.00 33,557 o

308.00 32,468 Tt

Ni(IT)L, 191.00 52,356 n- 8§
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(K) UV Spectra of Ni(ll) L1L> Complex

Figure 2: UV Spectra (a-k) of L1 and L2 alongside their individual and mixed complexes with Co(ll),
Mn(l1l), and Ni(ll)

3.4 Surface Morphology

Surface morphology of the synthesised ligands and complexes becomes more valuable and necessary

due to the continuous shrinking of the material’s dimension for copious applications going into the

nanotechnology domain (Aldwayyan et al., 2013; Khan et al., 2022; Saleh & Hassan, 2023). This study

recorded SEM images to conduct morphological analyses of the synthesised ligands and complexes,

aiming to ascertain whether complexation occurred during the grinding process. The micrograph

(Figures 4a and b) shows the morphology of the ligands, while Figures 4c, d, and e expose the

morphology of the metal complexes, which differ significantly from that of the ligand. This indicates

the complexation of the ligands with the metal salts (formation of new products), which systematically

fills the pores in the ligands (Figures 4a and b) (Mansour et al., 2024).

Q' : Ly =y 3 "‘.-..J.
b i, L vy : i - ,:'- n
51V Mag 100001 15N NTF OV 500l 820000 BNiMNTRAOM

(a) Micrograph of L,
Mn (1)« Complex

J

ro

s
! K;‘f;‘Ma %10000; 15MM; NTF; OMM: LJ;.50n

(d) Micrograph of Mn(11) complex (e) Micrograph of Ni(ll) complex

Figure 4: The SEM Images (Micrograph) of L1 (4a), L2 (4b), Co(ll) (4c), Mn(ll) (4d) and Ni(ll)
Complexes (4e)
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The enhanced physical linkage of the ligands and metal salts during complexation is evident in the
sectional pictures (Figures 4c, b, and e), causing a decrease in pore diameters and particle interaction.
The cross-sectional image of the ligands shows many holes of different sizes, which are larger than the
pores seen in the imaginings of the metal complexes. Since metal salts are occupying the ligand's pores,
this indicates a reduction in porosity due to complexation. The structural ligands resembled a cluster of
needles emanating from a certain location. It was notably practical that each needle varies in both
diameter and length (lorungwa et al., 2024). The clear differences in the shape of ligands and metal
complexes show that complexes are being formed. The SEM micrographs illustrated the changes in
texture and morphology resulting from the combination of ligands and metal salts during the grinding
synthesis of the complexes, as seen in Figures 4c, d, and e. The findings indicate that the morphology
and dimensions of the particles altered during the complexation process (Chaudhary and Mishra, 2017).
The micrograph of L1 (Figure 4a and b) illustrates the many forms of crystals.

3.5 Ovicidal and Larvicidal Activities

Owing to the limited environs available for mosquito ova and larvae, studies have suggested that
mosquito control should begin at these early developmental stages (Antonio-Nkondjio et al., 2018;
Wang et al., 2020; Dusfour and Chaney, 2022). Since mosquito eggs develop resistance upon
solidification, ovicidal activity was carried out on freshly laid eggs (Ramkumar et al., 2019; Yang et al.,
2021). This study investigated the ovicidal properties of hydrazone ligand and its single and mixed metal
complexes against the eggs of Anopheles gambiae and Culex quinquefasciatus, with 25 eggs of each
species individually exposed to four concentrations (62.5, 125, 250, and 500 mg/L) and each
concentration replicated five times to determine hatchability rates. After 24 h of exposure, ovicidal
activity increased significantly with increasing concentrations, with C. quinquefasciatus eggs showing
a minimum of 25 % ovicidal activity at 62.5 mg/L of ligand 2 (L2) and a maximum of 100 % at 500
mg/L of the Co(ll)LiL> complex, indicating the enhanced efficacy of mixed complexes over single
complexes. As shown in Figure 6, the order of ovicidal activity for C. quinquefasciatus eggs was
Co(I)L1L2 (100 %) > Ni(I1)L1L2 (84 %) > Mn(ll)L1L2, Co(I1)L2 (82 %) > Mn(Il)L1 (81 %) > Mn(Il)L
(80 %) > Co(IlL1, Ni(I)Lz, Lo, L1 (78 %) > Ni(ll)L1 (75%). However, despite the general trend of
increased activity upon complexation, A. gambiae exhibited lower ovicidal susceptibility than C.
quinquefasciatus, with the lowest ovicidal activity (25 %) observed at 62.5 mg/L of Ni(Il)LiL> and the
highest activity (83 %) recorded at 500 mg/L of L, this is due to the chemical composition of A. gambiae
eggs showing stronger affinity for the functional groups in L1, as represented in Figure 7 (Ahouandjinou
et al., 2024; Takken et al., 2024). The ovicidal efficacy followed the order: L1 (83 %) > Ni(ll)L:L> (81
%) > Mn(I)L:L2 (80 %) > Co(Il)LiL2 (79 %) > Ni(Il)L2 (76 %) > Co(ll)L1, Mn(Il)L1, Ni(1l)L1, Co(Il)L2
(75 %) > Co(Il)L2, L2 (73 %), further confirming that mixed complexes were more effective than single
complexes against A. gambiae eggs at 500 mg/L. Furthermore, the positive control, azadirachtin,
exhibited 100% ovicidal efficacy at a much lower concentration of 10 mg/L against both C.
quinquefasciatus and A. gambiae eggs, marking the potential of hydrazone-based metal complexes as
promising ovicidal agents, with mixed complexes demonstrating superior efficacy over their single-
complex equivalent. This study examined the larvicidal action of ligands and their complexes against
the larvae of two kinds of mosquitoes. Anopheles gambiae and Culex quinquefasciatus larvae totalling
twenty-five were individually treated to four concentrations: 62.5, 125, 250, and 500 mg/L. The
mosquito larvae's mortality was measured in percentages after each concentration was repeated five
times. After exposing the larvicidal activities to hydrazone ligands and their complexes for 24 h, there
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was a notable rise in the mortality percentage with concentration. This is consistent with the findings of
Ravindran et al (2020).

100 A —
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Mortality of Eggs (%

40 H
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T T T T T T T T
62.5 125 250 500 62.5 125 250 500

Concentration (mg/L) Concentration (mg/L)

(b) The Ovicidal Activity of the two
Ligands and their Complexes
against A. gambiae Eggs at different
Concentrations.

(a) The Ovicidal Activity of the two
Ligands and their Complexes
against C. quinquefaciatus Eggs at
different Concentrations.

Figure 6: The Ovicidal Activity (%) of the two Ligands, and their Complexes against the Larvae of C.
quinguefasciatus (6a) and A. gambiae (6b) at different Concentrations.

When the tested hydrazone ligands and their complexes were compared, the maximum larvicidal activity
(82 %) was observed against C. quinquefasciatus at 500.00 mg/L of Co(ll)L:L>, indicating enhanced
activity on complexation of the mixed complexes than the single complexes. As shown in Figure 7a, the
order of enhanced activity on complexation was Co(ll)L1L2 (82 %) > Ni(ll) L1L2 (79 %) > Mn(Il) LiL>
(68 %) > Co(I1)L1(67 %) > Ni(ll) L1, Co(l)L2 (66 %) > Mn(Il)L2, Ni(ll)L2 (65 %) >L. (64 %)> Mn(lI)L1
(62 %) > L1 (61 %). A. gambiae was found to have lower larvicidal activity (3 %) than C.
quinguefasciatus, as shown in Figure 7b. The lowest larvicidal activity (3 %) was recorded at 62.50
mg/L of ligand 1 (L1). With 500.00 mg/L of Mn(ll) LiL2 (54 %) having the highest larvicidal activity
against A. gambiae, there was increased activity with complexation, with Mn(Il) Li:L> (54 %) >
Ni(ll)LiL2 (53 %) > Co(ll)L1L2 (50 %) > Mn(I1)L1, Mn(IT)L2 (49 %) > Ni(ll)L2 (47 %) > Ni(Il)L2 (46
%) > Co(Il)L2 (40 %) > L2 (39%) > Co(Il)L2 (35 %) > L1 (30%). This implies that different species of
mosquitoes may be more or less sensitive to hydrazone ligands and their complexes (Amer and
Mehlhorn, 2006). It was discovered that A. gambiae larvae were the least susceptible to the hydrazone
ligands and their complexes, followed by Culex quinquefasciatus.

The obtained results were consistent with those of Derua et al. (2021), who discovered that Culex
quinquefasciatus was much more susceptible to Bacillus thuringiensis Vari Israelensis than A. gambiae
at both lethal dosages (Lso and Lgs). Conversely, Sillo et al. (2019) observed that the root extract of
Hypoestes forskaolii chloroform exhibited notably greater larvicidal action against A. gambiae than C.
quinquefasciatus after 72 h of exposure. Additionally, Snaha et al. (2022) found that essential oils
exhibited a larvicidal impact with LCso values that were more sensitive to Culex and Aedis, even if
Armigeres was more resistant. Furthermore, the extraction solvent may affect the toxicity against the
vector because different organic solvents show different polarity gradients when dissolving hazardous
components (Venkatesan et al., 2019; Aboagye et al., 2021). Therefore, careful thought must be given
to the solvent utilised in synthesizing hydrazone ligands and their complexes before determining any
potential larvicidal effects.
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Figure 7: The Larvicidal Activity (%) of the two Ligands, and their Complexes against the Larvae of
C. quinquefasciatus (7a) and A. gambiae (7b) at different Concentrations.
Conclusion

Two ligands, L1 and Lo, and their single and mixed complexes of Co(ll), Mn(ll), and Ni(ll) were
synthesized without the use of solvents. The ligands and their complexes underwent characterization and
testing for their antimalarial activities (ovicidal and larvicidal). The colours of the starting materials and
products demonstrated that reactions took place during the grinding synthesis. The solubility result of
ligands and their complexes showed their nonpolarity, which was supported by the molar conductivity
data, which indicated that they were non-electrolytic. The infrared (IR) finding showed that the hydroxyl
group and the azomethine nitrogen were the pathways through which the Co(Il), Mn(Il), and Ni(ll) ions
were chelated, demonstrating the bidentate character of the two ligands. The chelation of the two ligands
and metal ions was confirmed by a shift from lower to higher frequencies in the electronic spectra of the
free ligands when compared to complexes utilizing different transitions. The result of the ovicidal
activity was higher against C. quinquefasciatus eggs compared to A. gambiae. The synthesized ligands
and their single and mixed complexes were found to be more effective against C. quinquefasciatus than
A. gambiae, demonstrating that the mosquito species affected the ligands' effectiveness and their
complexes. The synthesised ligands and complexes are potential control agents for an integrated
mosquito management program, as evidenced by their activities and direct proportionality to
concentration increase in larvicide and ovicide efficacy.
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