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Abstract

This study uses an environmentally friendly approach to explore a new synthetic pathway for Schiff
bases and their metal complexes. A new Schiff base ligand (C) was synthesized by reacting 7-ami-
nodeacetoxycephalosporanic acid with benzaldehyde. The resulting Schiff base was then reacted with
three transition metal (Zn, Fe, and Mn) nanoparticles facilitated by ethanolic extracts from three dif-
ferent plant leaves (Moringa oleifera, Azadirachta indica, and Trigonella foenum-graecum) to formu-
late environmentally friendly nanometal complexes (C1 to C9), which were subsequently evaluated for
their anti-bacterial and antioxidant activities. These complexes exhibited crystallite sizes in the range
of 7.24-64.24 nm. Structural, compositional, and elemental analysis of the Schiff base ligand and its
metal complexes was carried out using FTIR, '"H-NMR, *C-NMR, XRD, and SEM-EDX, which con-
firmed the integration of metal moieties within non-uniform sheet-like nanostructures. The thermal
properties of all synthesized samples were quantified via TGA, which provides a comprehensive un-
derstanding of the thermal properties and decomposition mechanisms of Schiff bases and their metal
complexes. Assessment of the antibacterial activity of the Schiff bases and their complexes revealed
strong action against both gram-positive (Staphylococcus aureus and Stenotrophomonas maltophilia)
and gram-negative (Pseudomonas aeruginosa and Xanthomonas campestris) strains. The prepared sam-
ples showed antioxidant activity in the following order: C4 > C5 > C6 > C1 > C2 > C3 > C7 > C8 > C9.
Most of the samples, particularly the Zn-complex derived from Moringa, exhibit promising potential for
pharmaceutical applications.

Keywords: Aldehyde, antimicrobial activity, antioxidant activity, green synthesis, monometallic
complexes, plant extract
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Introduction

Recently, there has been significant research focused on
the fabrication of nanostructured materials owing to their
exceptional physical and chemical characteristics and their
extensive range of practical applications. Likewise, the use
of Schiff bases is experiencing rapid growth due to their
diverse range and potential utilization in many diverse
fields. In addition, complexes formed by combining Schiff
bases with selected transition metals have recently been
reported to exhibit noteworthy biological effects, includ-
ing antimicrobial, antibacterial, antifungal, and anticancer
properties [1-4].

The continual discovery of new and innovative com-
pounds remains incredibly important. During the initial
chemical revolution [5], the emergence of innovative and re-
markable compounds not only fundamentally transformed
contemporary existence concurrently but also engendered
concerns about increased environmental pollution. Today,
there is growing advocacy for industries to transition to-
wards the initial synthesis of more environmentally be-
nign chemicals and materials instead of enacting remedial
measures for environmental restoration post-manufacturer
to deal with a chemical contaminant. Furthermore, nano-
structured Schiff base coordination complexes are industri-
ally attractive due to their facile synthesis, broad chemi-
cal versatility, and multifaceted applications in materials
chemistry, biological modeling, and catalytic processes.
Green synthesis strategies that optimize drug develop-
ment and utilize efficient and eco-friendly symbioses are
also desirable. This leads to the development of crucial
medicines. Environmental impact can be minimized by
enhancing chemical processes through these methods. At
present, significant efforts are being made to develop new
multicomponent reactions (MCRs) and enhance existing
reactions [6-8].

Metal nanoparticles can be made by using a variety
of physical and chemical processes to achieve the desired
physicochemical properties [9]. However, these tradition-
al techniques are generally expensive, time-consuming,
and harmful to the environment and living creatures due to
the toxic chemicals they often use [10]. It is a scientifically
settled fact that the use of many poisonous and hazardous
solvents in organic synthesis threatens the health and safety
of both chemists and the environment [11]. Thus, there is
a pressing need to find an alternative, non-hazardous tech-
nique for the synthesis of nanoparticles. Green synthesis
is one of the methods that employ biological agents like

plant extracts for the synthesis of nanoparticles and is one
such alternative.

While several biological processes may be employed to
create nanoparticles of Schiff bases, plant extracts, which
can function as both reducing and capping agents, are
most often used in both small and large-scale nanoparticle
synthesis [12—13]. Furthermore, biosynthetic production
of nanoparticles using plant extracts is preferred since
it is economical, environmentally friendly, requires only
one step, and is safe for human therapeutic usage [14—15].
Precursor production of transition metal oxide Schiff base
nanoparticles has recently seen widespread utilization
of metal complexes and plant extracts [9].

For example, using 7-aminocephalosporanic acid as
a starting point, a novel family of cephalosporin antibiotics
was developed by altering the side chains at appropriate
positions. Changes to the dihydrothiazine ring at position
3 affected pharmacokinetics and receptor binding affinity,
whereas changes to the lactam ring at position 7 affected
antibacterial activity [16]. However, particle size plays
a pivotal role in determining drug solubility, and hence
the fabrication of nanoscale Metal-Organic Frameworks
(MOFS) has been proposed. The synthesis of the novel
Schiff base ligand 7-ADCA (7-aminodeacetoxy ceflospo-
ranic acid) and its nanocomplexes with transition metals
using environmentally friendly solvents is proposed to
circumvent toxicity and solubility issues and potentially
decrease Pakistan’s reliance on externally sourced antibi-
otics. These experiments could pave the way for creating
more eco-friendly methods for synthesizing antibiotics.

Experimental
Materials

Ethanol, methanol, aldehyde, amino acids, and metal
salts (ZnSO,.7H,0, FeS0O,.7H,0, and MnSQO,) were ac-
quired from Merck. All chemicals were analytical-grade.
Commercial organic solvents were obtained from the local
market and purified by means of industry standards (ethanol
content of 94.9%) before use. Moringa plant (Moringa
oleifera) leaves were collected from the Institute of Agri-
culture Science, University of the Punjab, Lahore, Pakistan,
while Neem (Azadirachta indica) and Fenugreek (Trigo-
nella foenum-graecum) plant leaves were obtained from
the Pakistan Council of Scientific and Industrial Research
Laboratories Complex, Lahore, Pakistan.
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Fig. 1. Schiff Base Ligand 8-(benzylideneamino)-4-methyl-7-oxo-2-thiabicyclo [4.2.0] oct-4-ene-5-carboxylic acid
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Table 1. Synthesis and yield percentages of Schiff base and its complexes with different transition metals

Yield %
Percentage Yield=
Complex Sample Code (Theoretical Yield/Ac- Structure
tual Yield) x700
S
Schiff Base C 72
Z
O
COOH
C+AI+ Mn Cl 89
C+MO+ Mn C2 81
C+TF+ Mn C3 69
C+AI+ Zn C4 75
C+MO+ Zn C5 83
c
C+TF+ Zn C6 74 A
C+AI+ Fe C7 72
C+MO+ Fe C8 81 s
AN
C+TF+ Fe Cc9 85
CH3

Al = Azadirachta indica; MO = Moringa oleifera; TF = Trigonella foenum-graecum

Synthesis of Schiff Base Ligand (C)

The Schiff base ligand (C) was synthesized (Fig. 1) by
adding 1 g 7-ADCA (7-Aminodeacetoxycephalosporanic
acid) to 20 mL ethanol in a round bottom flask and stirring
at room temperature with a magnetic stirrer. In this solu-
tion, 0.1mL of triethylamine (TEA) was added to dissolve
7-ADCA. After the dissolution, the reaction mixture was
shifted to a water bath with heating at 80—100°C along with
continuous stirring. In this reaction, 0.5 mL benzaldehyde
was added dropwise, and the reaction continued for about
48 hours. After completion of the reaction, as confirmed
by TLC using a chloroform-methanol (4:1) solvent system,
ethanol was evaporated, followed by the addition of 50mL
cold water, and stirred. After that, 0.15 mL sulfuric acid was
added dropwise to precipitate the crude product, which was
filtered, washed with cold water and dioxane three times,
and dried at room temperature.

Plant-mediated Synthesis of Transition
Metal Nanocomplexes

A one-pot method was adopted to synthesize the tran-
sition metal nanocomplexes of the prepared Schiff base.
For this, three plants’ leaves (Moringa oleifera (MO),
Azadirachta indica (Al), and Trigonella foenum-graecum
(TF), and three transition metals (Mn, Zn, and Fe) were em-
ployed, forming nine different Schiff base metal complexes

(Table 1). The leaves of the plants were dried in the air
and ground using a mortar and pestle. A total of 400 g
of the powdered sample underwent extraction through cold
maceration with 2L of ethanol. The resultant macerated
mixture was then subjected to filtration and evaporation
in a precise water bath at 50°C, resulting in the production
of 27.2 g of a dark green semi-solid extract, which was
carefully stored in a refrigerator at 4°C and later used for
more applications by integrating the required quantity into
ethanol. The ratio of drugs to metal sulfates was maintained
at 1:2. The reaction contents (0.1 g metal sulfate, 0.2 g drug/
Schiff base, and 10 mL ethanolic solution of plant extract)
were added to the Teflon autoclave. The contents were
stirred at a magnetic stirrer for 30 min at room tempera-
ture and then autoclaved at 120°C for 6 hours. After that,
the autoclave was cooled to room temperature, and the re-
sultant Schiff base metal complex nanoparticle precipitates
were filtered with a membrane filter, washed with ice-cold
water and dioxane 3 times in a 1:1 ratio, and dried at room
temperature [1-2]. Analytical data to prepared Schiff base
metal complexes along with the Schiff base C is presented
in Table 2.

Characterization
All the synthesized compounds were characterized

using a range of different analytical, physicochemical,
and spectral methods. Identification and quantification
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of elements arising from the synthesis pathway were car-
ried out through NMR using a Bruker Advance 111 HD 400
MHz NMR, equipped with TopSpin 3.5 software. It was
also used for the structural elucidation of Schiff base li-
gands. The surface morphology and chemical composition
of the synthesized Schiff base ligand and its complex with
transition metals were examined by SEM-EDX analysis
using a Nova NanoSEM 450 field-emission scanning
electron microscope (FE-SEM). Functional groups present
within the raw Schiff base and its metal complexes were
identified using Fourier transform infrared spectroscopy
(FTIR) over a range of 4000-600 cm™' using Tensor-27.
The crystalline nature and phase of the samples were
investigated using an X-ray Diffractometer (Bruker, D2-
Phaser). The melting point of the complexes was deter-
mined using eclectrothermal melting point equipment.
Thermogravimetric analysis (TGA) was carried out using
TGA 5500 equipment.

Antimicrobial Activity

Four bacterial strains, i.e., Staphylococcus aureus, Sten-
otrophomonas maltophilia (gram-positive), Pseudomonas
aeruginosa, and Xanthomonas campestris (gram-nega-
tive), were used to determine the antibacterial efficiency
of the prepared Schiff base and its metal complexes using
standard procedures [17]. The ability of the Schiff base
complexes to inhibit the growth of bacteria was compared
against the known standard antibacterial drug, Cefradine.
The well diffusion method was used to determine the bio-
activity and sensitivity of compounds against pathogenic
microorganisms, and these experiments were done in dupli-
cate. The antibacterial activity was calculated after 24 hrs
by measuring the zone of inhibition in mm [18].

Total Antioxidant Activity

The total antioxidant activity of Schiff base and its de-
rivatives was measured through the development of a phos-
phomolybdenum complex by adopting a method developed
by Prieto et al. [19]. In individual capped vials, every
test compound and the standard Cefradine were dissolved
in methanol at a concentration of 0.5 mg/mL"' Next, a fresh-
ly prepared phosphomolybdenum reagent solution (4 mL)
was added to these solutions. (The reagent solution was
produced by dissolving ammonium molybdate (2470 mg),
sodium phosphate (5320 mg), and concentrated sulfuric
acid (16.7 mL) in distilled water (500 mL). All the vials
that contained the test compounds were then incubated for
70 minutes in an incubator set at 55 + 1°C. A similar blank
was also examined following the same procedure, without
the addition of the test compound. After the incubation pe-
riod, all vials were chilled to room temperature, and the ab-
sorbance for the test solutions, standard, and blank was
measured using a UV-Vis spectrophotometer at 695 nm
[20]. The total antioxidant potential of the derivatives was
expressed relative to BHT (1.218). To confirm precision, all
measurements were conducted in triplicate, and the mean
values are presented in Table 3.

Table 3. Antioxidant activity based on absorbance at 695 nm.

Sample Code Total antioxidant activity + SEM
C 0.480 +0.02
Cl 0.975+0.08
C2 0.923 £ 0.09
C3 0.720 £ 0.03
Cc4 1.998 £0.22
Cs 1.032 +£0.01
C6 0.982 +0.12
C7 0.411+£0.29
C8 0.408 +0.14
C9 0.385+0.03

Control BHT 0.46 +0.09

Results and Discussion
NMR Analysis

In the "H NMR spectra of the Schiff base ligand in Fig
2a, signals at 6 = 8.27 and 6 = 7.18-8.85ppm were al-
located to the hydroxyl protons of aromatics and amino
protons (NH,) [21]. The azomethine groups appeared in t
between & = 8.196-8.266 ppm [22]. For the symmetrical
Schiff bases, it was supposed to see only one chemical
environment (as a singlet), but for the asymmetrical Schiff
bases, two signals were seen. Aromatic ringed protons were
revealed in the range of 7.1 to 8.45 ppm, and they were
weakly affected by complexation [23—24]. Furthermore, it
was stated that the special solvent molecule in the fifth posi-
tion of the equatorial plane totally depends on the solvent
that was used for the synthesis or recrystallization. It was
confirmed that by changing the solvent of the synthesis
or recrystallization, the coordinated solvent was changed.
Furthermore, the 'H NMR spectrum of the synthesized
Schiff base metal complex showed amino (NH2) protons at
8 =4 ppm as a singlet [21]. In addition, peaks at 6 =4.09—
4.73 are ascribed to the presence of CH,-N and CH,-O [25].
Therefore, the presence of a benzene ring in the Schiff
base, along with the hydroxyl group in the azomethine
moiety, participates in the development of intra-molecular
resonance-stabilized H-bonds. The purity of the prepared
ligand was detected by the disappearance of the hydroxyl
group signal after the addition of D,O.

The 3C NMR spectrum of the synthesized Schiff base
(Fig. 2b) showed the most de-shielded carbon peak present
at 193 ppm, 171.29 ppm, 6 = 171.5 due to the carbonyl
carbon shift in high and less conjugated systems [26].
The peak at 8 = 164 ppm is ascribed to an imine carbon,
and this peak illustrates the presence of a carbon-carbon
double bond [27]. The peaks between 6 = 40 and 50 ppm
are due to aliphatic carbons, which include peaks due to
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Fig. 2. '"H-NMR (a) and '3C-NMR (b) spectra of the synthesized Schiff base.

solvent at & = 45.5 ppm, indicating the presence of many
carbon-carbon single bonds [21].

FTIR Analysis

Fourier Transform Infrared (FTIR) spectroscopy is an
invaluable analytical tool used to discern the presence
of distinct functional groups within chemical compounds.
The FTIR spectra of all the samples (C-C9) are presented
in Fig. 3. Sample C has several characteristic peaks. A broad
peak spanning the range of 3300-2900 cm™! was attributed
to the OH bond, while the peak at 2980 cm! corresponds
to the stretching vibration of the sp® C-H bond. Addi-
tional peaks at 1607, 1214, and 1064 cm™! are ascribed to
the C=N, C-0O of carboxylic acid, and C=C bonds, respec-
tively. The peak at 1448 cm™ is associated with the CH,
bond (methylene).

Samples C1 to C3 exhibited additional peaks at 764
and 650 cm™! (associated with Mn-O and Mn-N bonds,
respectively). Sample C4 showed overlapping OH and C-H
peaks as a broad peak at 2924 cm™! and a characteristic
peak at 1719 cm™! corresponding to the C=0 of carbox-
ylic acid [20]. Additionally, peaks at 1609, 1446, 1264,
and 1069 cm™! were attributed to C=N, CH,, and C-O bond
vibrations. Samples C4 to C6 contained peaks at 631, 699,
634, 699, 634, and 628 cm-1 associated with Zn-O and Zn-N
bonds, respectively.

Samples C7, C8, and C9 presented a different set
of characteristic peaks, affirming the formation of Schiff
base metal complexes as all complexes presented identical
peaks. The observed peaks included 3211 cm™' (O-H bond),
1650 cm™' (C=N), 1438 cm™' (CH, group), and a range

of peaks between 1300-1000 cm™' (C-O bond) [22]. Fur-
thermore, peaks at 918 and 841 cm™! were attributed to
Fe-OH bonds, while the peak at 636 cm™' was attributed to
Fe-N bonds [23]. These findings contribute significantly to
our understanding of the chemical composition and confirm
the formation of Schiff base metal complexes [28].

XRD

The XRD patterns of the Schiff base (Fig. 4a) and its
metal complexes (Fig. 4 b, ¢, and d) are sharp and crystal-
line, with the metal complexes having a very different XRD
pattern from that of the ligand. Typically, due to the inherent
crystalline structure of metallic compounds’, crystallinity
is often observed in metal-Schiff base complexes [29], but
here, the small size of the diffraction peaks with broadening
suggested a more amorphous structure. The XRD patterns
of synthesized Schiff base (C) (Fig. 4a) have peak planes
with hkl values of (202), (116), (211), (206), (140), (113),
and (023) corresponding to angles of 18.1, 25.4,26.7, 28 .4,
34.8, 38.1, and 40.1°, respectively.

X-ray diffraction (XRD) patterns of C1 (Fig. 4b) exhib-
ited two prominent peaks at 20.8° and 23.6°, corresponding
to the crystallographic planes (100) and (220), respectively.
Similar crystallographic plane peaks were observed at
20° and 25.5° for C2 and C3 (Fig. 4b) and are indexed to
the manganese complex and are in good agreement with
the reference patterns found in JCPDS Card No. 18-0802,
which is standard birnessite-MnO, [1]. The XRD peaks for
C2 and C3 exhibited heightened intensity and narrower
profiles compared to Cl1, indicative of a greater degree
of crystallinity.
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The XRD spectra (Fig. 4c) of the three Zn complexes variations in synthesis temperatures or sample concentra-
(C4, C5, and Co6) all exhibited broad peaks between 20° tions but essentially synthesized the required product. Con-
and 21.4°, which were attributed to hkl values of (310). versely, C6 had a relatively sharp peak at 47.1°, signifying
Specifically, C4 and C5 display diminished peak intensity, the coexistence of both crystalline and amorphous compo-

indicating reduced crystallinity, which was attributed to nents. These XRD patterns affirm the presence of Zn metal,
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consistent with JCPDS card No. 79-0206, which is standard
ZnO [30]. The observed peak broadening in the XRD spec-
tra can be attributed to the coordination of water molecules,
where previous research has correlated such broadening
with heightened crystallinity in Zn (1) complexes [31].

The XRD spectra (Fig. 4d) of the three iron (Fe)-based
Schiff base metal complexes (C7, C8, and C9) were dissimi-
lar. For example, C7 did not exhibit the prominent peaks
observed in C8 and C9, indicating that this sample had an
amorphous nature and lacked any well-defined crystalline
structures. In contrast, C8 and C9 displayed observable
peak broadening, a phenomenon frequently attributed to
the presence of water molecules. The peak planes showed
hkl values of 220 for C7, C8, and C9 at 19.8 and 22.5°, co-
inciding with Fe;Sg (JCPDS card no. 25-0411), confirming
the presence of specific crystalline facets [32]. The XRD
data was also used to calculate the average crystalline size
using the D-Scherrer equation (Eq. 1) [33].

D =%)/4c080 )

While D is the crystallite size in nm, A = 0.154 nm
for X-ray radiation, k is a shape factor equal to 0.93, 0 is
the peak position, and 3 is the full width at half maximum
(FWHM). The average crystalline size of Schiff base (C)
and metal complexes C1, C2, C3, C4, C5, C6, C8, and C9
came out to be 7.24 nm, 33.25 nm, 30.6 nm, 24.05 nm,
64.25 nm, 49.75 nm, 53.9 nm, 48.5 nm, and 60.65 nm,
respectively, while C7 was amorphous in nature.

SEM Analysis

The surface morphology of the ligand and the associ-
ated metal complexes was examined using SEM. Due to
the coordination of metal ions at the donor sites of the li-
gand, the SEM micrographs of the ligand and metal com-
plexes differ significantly [34]. Schiff base metal complexes
can be formed by the nitrogen (N) of the imine group
(-C=N-), which acts as a donor site and aligns with or
around the metal center. In certain cases, the carboxylic acid
group (-COOH) may have oxygen as a donor site, which
can aid in the coordination of metal ions in this complex.
Schiff base metal complexes are structurally stable because
they rely on the coordination of these atoms with the metal
center. In addition, SEM images of the metal complexes
showed appreciable changes in shape as the metal ions
changed [34]. The SEM image of the pure Schiff base
sample (C) (Fig. 5a) indicates the formation of spherical-
shaped agglomerated nanoparticles [35].

Cl, C2, and C3 are all Mn-based Schiff base metal
complexes. The SEM image of C1 (Fig. 5c) indicated
the formation of irregular shaped nanoparticles. In con-
trast, C2 showed two types of particles in the SEM image
(Fig. Se), i.e., particles having a nail-like structure and other
particles having a sheet-like structure [36]. In comparison,
the SEM image of C3 (Fig. 5g) indicated the formation
of sheet-like structures [36]. Samples C4, CS5, and C6 are
Zn-based Schiff base metal complexes. The SEM image
of C4 (Fig. 51) showed the formation of irregularly shaped

Fig. 5. Comprehensive morphological and elemental insights showing from left to right High-Resolution SEM Image, EDX image
and elemental composition of Compound C (8-(benzylideneamino)-4-methyl-7-oxo-2-thiabicyclo [4.2.0]oct-4-ene-5-carboxylic acid).
Morphological Evaluation and Elemental Profiling: SEM Micrographs and Quantitative EDX Analyses for Samples C1, C2, C3, C4, C5,
Co, C7, C8 and C9.
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Fig. 6. Comprehensive thermogravimetric analysis (TGA) curves for Samples C-C9: Elucidating thermal decomposition profiles
and weight loss dynamics over an extended temperature range of 100 to 800°C.

agglomerated sheet-like structures with an irregular distri-
bution of particles, indicated by the formation of porous
spaces on the surface [30]. The SEM image of C5 (Fig. 5k)
shows agglomerates of two different regular shapes, i.e.,
square and spherical particles. In contrast, the morphol-
ogy of C6 (Fig. Sm) was quite regular with square-shaped
particles [37]. The SEM images of the Fe-based Schiff base
metal complexes (C7, C8, and C9) are presented in (Fig. 5).
The SEM image of C7 (Fig. 50) shows the formation of ag-
glomerated particles of different sizes [38]. The morphol-
ogy of C8 was that of round-shaped plates carrying small
aggregates with an almost uniform distribution of particles
(Fig. 5q). The SEM image of C9 (Fig. 5s) depicted irregular
agglomerated particles with few porous spaces.

Overall, the SEM analysis indicated that all synthesized
metal complexes had an aggregated distribution. Further-
more, particle shape varied with the different metal Schiff
base complexes, which were also different from the parent
Schiff base. The variation in the morphology of the Schiff
base metal complex crystal aggregates was mainly attrib-
uted to the different metal ions being deposited differently
on the thin films. The nitrogen atom of the imine group
of a Schiff base ligand can be joined to iron in alternat-
ing phases, creating atomic coordinate bonds. The ability
of manganese to form coordinate bonds with nitrogen atoms
in Schiff base ligands is like that of iron. Zinc, which has
a coordination number of 4, typically forms coordination
complexes with the nitrogen atom of the Schiff base ligand.

A pair of electrons are passed through the zinc atom to
complete the coordination sphere.

EDX

Energy-dispersive X-ray (EDX) spectroscopy is an
analytical technique that enables the chemical characteri-
zation of materials. Elemental mapping and composition
of the synthesized Schiff base (C) surface (Fig. 5b) indi-
cated the presence of only three major elements, i.e., C
(69.56%), O (19.85%), and S (10.56%). In contrast, EDX
indicated the presence of Mn in C1-C3 (Fig. 5d, f, h), Zn
in C4-C6 (Fig. 5,1, n), and Fe in C7-C9 (Fig. 5p, , t), which
also confirmed the successful synthesis of the metal-based
Schiff base complexes.

TGA

The thermal stability of the parent Schiff base and its
metal complexes were also examined by TGA [4]. Each
TGA curve can be divided into three main regions accord-
ing to the temperature and percentage weight loss. The de-
composition of the organic components of these com-
plexes can occur in one or more steps, potentially resulting
in the formation of one or two intermediate products [39].
For metal complexes, these intermediate products consist
of the metal ion combined with a portion of the Schiff base,
which may ultimately undergo decomposition, leading to
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Table 4. Inhibition Percentages of Antibacterial activity of C to C9 at two different doses and four pathogenic bacterial strains. All values

are Mean + RSD.
12.5 mg/ml 25mg/ml

S. Aureus | P. Aeruginosa | X. Campestris Ma?;toe;l(')tilia S. Aureus | P. Aeruginosa | X. Campestris Ma%jZZilia
C 72.5 +0.4 71.5+£0.4 76 +4 68.5 +0.5 93+0.8 93.5+0.7 97+0.3 94.5+0.6
Cl | 77.78+0.4 75.240.3 68.40+0.3 79.28+0.4 100+0.3 96.43+0.03 90.63+0.1 100+0.3
C2 | 7778404 | 76.21+0.3 66.40+0.3 77.78+0.4 100+0.3 96.43+0.03 90.63+0.1 100+0.3
C3 | 72.78+0.3 | 72.71+0.4 68.41+0.3 53.56+0.4 95+0.05 | 96.43+0.03 90.63+0.1 100+0.5
C4 | 734503 | 73.71+0.4 75.79+0.4 68.78+0.2 | 95.67+0.4 96.43+0.03 98.01+0.02 90+0.1
C5 | 71.93+0.3 | 76.21+0.4 67.91+0.4 72.2940.3 | 94.15+0.1 96.43+0.03 | 90.625+0.10 94.51+0.05
C6 | 72.28+0.3 | 71.71+0.4 66.41+0.3 65.45+0.3 94.5+0.1 96.43+0.03 | 90.625+0.10 90.165+0.1
C7 | 75.78+04 | 72.71+0.4 67.41+0.3 77.78+0.4 100+0.1 96.43+0.03 | 90.625+0.10 100+0.7
C8 | 75.28+0.5 | 71.71+0.4 66.91+0.3 75.78+0.5 100+0.2 96.43+0.03 90.6+0.1 100+0.1
C9 | 77.28+04 | 73.21+0.4 76.28+0.4 68.41+0.3 100+0.6 96.43+0.03 100+0.1 90.625+0.1

the formation of stable metal oxides. Thus, the decomposi-
tion of all these complexes ultimately resulted in the forma-
tion of stoichiometric oxides [2].

For C (Fig. 6a), in the first region, a weight loss 0f 4.8%
were observed as the temperature increased from 104 to
176 °C. In the second region, total weight loss increased
to 83.1%. as the temperature increased from 176 to 566°C.
In the third region, a weight loss of only 8.5% was ob-
served as the temperature increased from 566 to 625°C,
and thereafter no further weight loss occurred, indicating
the formation of a stable metal oxide with a residue mass
of 8.5%. In certain instances, this elimination process can
coincide with the partial oxidative degradation of the Schiff
base, which may be the case here. Eventually, the organic
ligand underwent decomposition, occurring either in one
or two successive steps [40].

For the three Schiff base Mn complexes (C1, C2,
and C3), total weight loss of 51.8, 91.66, and 91.09%
was observed, respectively, in three gradual steps, which
were assigned to the expected loss of C;,H;;NO moieties
and the phenylene group C¢Hy, leading to a decomposition
step and Mn-metal oxide formation with residue weights
of 1.8%, 4.21%, and 6.47%, respectively. For the three
Zn Schiff base metal complexes (C4, C5, and C6), total
weight loss was 90.21%, 85.09%, and 87.74%, respectively,
leading to residual Zn oxide weights of 6.33%, 7.94%,
and 7.68%, respectively [41]. For the Fe metal complexes
(C7, C8, and C9), total weight loss was 68.83%, 84.67%,
and 56.27%, respectively, which was attributed to the ex-
pected loss of the acetate group and a phenyl/naphthyl
moiety at different temperatures, resulting in the formation
of stable FeO residue weighing 10.02, 10.39, and 4.04%,
respectively. Notably, all the anhydrous complexes ex-
hibited a melting behavior prior to the onset of thermal
decomposition, indicating a significant degree of covalent

character in these compounds, which adopt tetrahedral
stereochemistry [42].

Antibacterial Activity

The ability of the Schiff base “C” to inhibit the growth
of pathogenic bacteria was compared to the antibacterial
drugs Cefradine (positive control) and DMSO (negative
control) [43]. The results demonstrated that Schiff base “C”
and its metal complexes inhibited growth against all the test-
ed bacterial strains, with varying degrees of effectiveness.
Notably, the inhibition was concentration-dependent, i.e.,
higher concentrations showed greater inhibition. The trend
of inhibition at lower concentrations was Xanthomonas
campestris > Staphylococcus aureus > Pseudomonas aer-
uginosa > Streptophomonas maltophilia, while at higher
concentrations, the trend was similar but with increased in-
hibition percentages [44]. Metal complexes of zinc (C4, C5,
and C6) showed notable growth inhibition against specific
pathogens, with zinc complexes demonstrating maximum
inhibition against Pseudomonas aeruginosa. Manganese
complexes exhibited different trends at lower and higher
concentrations, with varying effectiveness against differ-
ent pathogens, as observed in Table 4, which illustrates
that in the inhibition power of complexes is reduced at
lower concentrations while the power is increased with
growing concentrations. Iron complexes (C7, C8, and C9)
displayed maximum growth inhibition against Staphylo-
coccus aureus [3]. Overall, the synthesized Schiff base
and its metal complexes display significant antibacterial
activity, particularly at higher concentrations, suggesting
potential for their use as antibacterial agents. The concen-
tration-dependent effect suggests that the metal ion may
disrupt bacterial cell processes, leading to increased anti-
bacterial activity [45]. Conclusively, this study highlights
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the potential antibacterial properties of Schiff base “C”
and its metal complexes, with varying effectiveness against
different pathogens. The concentration-dependent effect is
noteworthy, indicating a promising avenue for further re-
search and potential applications in antimicrobial therapies.
The inhibition percentages of antibacterial activity of C
to C9 at two different doses and four pathogenic bacterial
strains are illustrated in Table 4.

Total Antioxidant Activity

Antioxidants are naturally occurring molecules that
protect living organisms from the harmful effects of free
radicals, but there are synthetic antioxidants. In response to
free radicals, cells often naturally emit free radicals. Anti-
oxidants are crucial in delaying or preventing the oxidation
of easily oxidizable substances (substrates). Antioxidant
compounds in living organisms protect free radicals from
harming macromolecules and cells by interfering with them
through free radical scavenging, enzymatic reactions, metal
ion chelation, regulation of gene expressions, and quench-
ing singlet oxygen [31]. Consequently, the search for an-
tioxidants has assumed growing relevance in recent years.
The current trend in antioxidant usage favors synthetic
antioxidants over natural antioxidants since they tend to be
more cost-effective and effective [46]. The phosphomolyb-
date approach has been extensively used to assess the total
antioxidant activity of plant extracts. In the presence of ex-
tracts, Mo (VI) is changed to Mo (V), generating a phos-
phomolybdenium V complex with a green color and an
absorbance maximum of 695 nm. Table 3 summarizes
the antioxidant potential obtained for each sample, where
a higher absorbance is indicative of higher antioxidant ac-
tivity [47]. The Zn-complexes C4, C5, and C6 attained from
Moringa, showed the highest antioxidant activity, whereas
the Fe-complexes C7, C8, and C9 prepared using fenugreek
had the poorest antioxidant activity. Comparatively, C1, C2,
and C3 showed appreciable antioxidant activity.

Conclusion

This study has explored the possible ways for the eco-
friendly synthesis of Schiff base and its metal complex
nanoparticles. The comprehensive analysis conducted on
the synthesis of the Schiff base and its transition metal
nanocomplexes, and their characterization techniques has
yielded valuable insights into the physical and chemi-
cal structure of synthesized complexes and their antioxi-
dant and antimicrobial potential. The chemical structure
of the Schiff base was determined by NMR spectroscopy.
Fourier transform infrared spectroscopy (FTIR) was em-
ployed to identify the functional groups present in the Schiff
base and its transition metal nanocomposites. X-ray dif-
fraction (XRD) analysis confirmed the successful synthesis
of the materials, as no additional peaks were observed,
indicating high purity.

One notable aspect of our investigation was the examina-
tion of the biological activity of the nanocomposites, which

showed that C4, C5, and C6 exhibited the highest antioxidant
activity of all the samples, while sample C9 showed the low-
est antioxidant activity. The data presented in this paper,
particularly their confirmed chemical and physical structures,
their biological activity against pathogenic strains, and their
antioxidant competency, contribute to the growing body
of knowledge in green chemistry, providing a sustainable
pathway to produce nanocomposites (metal complexes) with
reduced or zero impact on the environment. Nevertheless, it
is crucial to identify the inherent limitations and challenges
linked to any innovative strategy. Future research undertak-
ings may emphasize refining green synthesis approaches,
enhancing the scope of Schiff base metal complexes, and ac-
knowledging possible applications across different scientific
disciplines.

Conclusively, the green synthesis of Schiff base metal
complexes illustrates a step forward in synchronizing sci-
entific accomplishments in compliance with environmental
accountabilities. The insights and principles extracted from
this study provide a basis for ongoing advancements and ex-
plorations in sustainable chemistry, constructing a way for
a highly sustainable and greener scientific landscape.
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