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Abstract

A new Series of binuclear macrocyclic Schiff base complexes with
the general formula [M,LCl4], (M = Mn (II), Fe(ll), Co(ll), Ni(ll), Cu(ll),
Zn(Il)) was synthesized and characterized, the macrocyclic ligand L = (2Z,
212) -3, 10, 14, 21-tetraaza-1, 12(1, 4)- dibenzenacyclodocosaphane-2,
10, 13, 21-tetraene) was obtained through a 2:2 condensation reaction
of Terephthalaldehyde with Hexamethylenediamine, forming a stable N4
macrocycle. The synthesized compounds are characterized by FT-IR,
UV-Vis, atomic absorption spectroscopy (AAS), molar conductivity,
magnetic susceptibility measurements, and 'H and '*C NMR spec-
troscopy. The combined spectroscopic, analytical, and magnetic data
are consistent with a tetrahedral environment around the metal centers
in all complexes except the Cu(ll) complex, which exhibits a square
planar geometry. The complexes exhibit non-electrolytic behavior in
solution, as inferred from molar conductivity measurements. The disc
diffusion method was used to evaluate the antibacterial activity of the
Schiff base ligand and its metal complexes. The result demonstrated
that metal coordination significantly enhances the ligand’s capacity to
inhibit the growth of both Gram-positive and Gram-negative bacteria
(Staphylococcus aureus, Escherichia coli, and Klebsiella pneumoniae).
Density functional theory (DFT) calculations were performed at the
B3LYP level using the LANL2DZ basis set for the metal atoms and
6-311++G(d,p) for the non-metal atoms. The calculations provided
optimized geometries, HOMO-LUMO energies, and thermodynamic
parameters, which supported the experimental results and offered
further insight into the metal-ligand interactions governing the stability
and reactivity of the complexes.

1. Introduction:

Schiff bases constitute a broad class of organic compounds

aldehydes or ketones containing a reactive carbonyl group
[4]. The formation of Schiff bases generally proceeds via
nucleophilic attack of the amine on the carbonyl carbon, fol-

characterized by the presence of an imine (-C=N-) functional
group [1], [2], [3]. They are typically formed through the con-
densation reaction between aliphatic or aromatic amines with
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lowed by elimination of water. Depending on the electronic
properties of the substrate, this process can be accelerated
by either an acid or base catalyst, or by the application of
elevated temperature [5], [6].

The broad applicability of Schiff bases is primarily at-
tributed to the strong donor ability of the azomethine nitrogen
atom, which acts as an effective electron donor and enables
Schiff bases to coordinate readily with metal ions, thereby
attracting considerable scientific interest in both ligand design
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and metal-complex synthesis [7]. Schiff bases are substan-
tial due to their stability, chelating properties, and biological
applications [8]. The rise of antibiotic-resistant organisms
has increased the importance of identifying new antibacterial
medicines with improved selectivity and reduced toxicity [9].
Schiff bases and their metal complex have also been shown to
have antibacterial, antifungal, and anticancer properties [10].
They are effective antibacterial agents, Metal complexation
can significantly improve biological activity and alter micro-
bial susceptibility [11], [12]. Schiff-base macrocyclic ligands
and their metal complexes represent an essential class of com-
pounds that have been extensively investigated. Macrocyclic
tetradentate Schiff base ligands are significant in coordination
chemistry due to their four donor sites, which provide robust
and versatile binding [13], as shown in Figure 1.

The synthesis of tetraazamacrocyclic complexes has been
significantly aided by condensation reactions between dike-
tones and primary diamines in the presence of metal ions.The
metal facilitates the process by directing the steric course
toward cyclic molecules rather than polymeric structures.
Macrocyclic complexes exhibit greater thermodynamic stabil-
ity and enhanced selectivity as ion binders compared to their
open-chain analogs [14], [15]. Their cyclic framework gener-
ates stable metal complexes with various structural features,
making them significant in catalysis, bioinorganic chemistry,
and medical applications [16]. Macrocyclic Schiff ligands,
particularly when coordinated with transition metals, have
attracted significant attention because of their structural di-
versity and their ability to influence the physicochemical and
biological properties of the resulting metal complexes [17].

In the present study, a novel Schiff base ligand and its sym-
metrical binuclear azomethine complexes of Mn(II), Fe(Il),
Co(II), Ni(II), Cu(Il), and Zn(II) were successfully synthe-
sized and characterized, These complexes were prepared
through the condensation of Terephthalaldehyde and 1, 6-
hexamethyle-nediamine (Figure 2). The tetradentate Schiff
base ligand and all the six complexes were identified and char-
acterized using NMR, IR, UV-Visible spectroscopy, atomic
absorption, molar conductivity, and magnetic moment mea-
surement. They were examined for their antibacterial efficacy
against Escherichia coli, Staphylococcus aureus, and Kleb-
siella Pneumonia to assess the influence of metal-ion identity
and macrocyclic coordination on biological effectiveness.

Furthermore, Density Functional Theory (DFT) calcu-
lations were carried out using the B3LYP functional. The
6-311++G(d,p) basis set was used for non-metal atoms (C,
H, and N), while the LANL2DZ basis set was employed for
the transition metal ions. Gaussian 16 software was used for
geometry optimization and the calculation of structural param-
eters, including bond lengths and bond angles. The frontier
molecular orbitals (FMOs),(HOMOs and LUMOs)were also
investigated. The global reactivity descriptors were derived
from FMO energy-level analysis. Providing optimized geome-

tries, HOMO-LUMO energy gaps, and electrostatic potential
assessments of the molecules. The thermodynamic param-
eters were calculated in both the gas and solvent phases to
evaluate the effect of solvation on the stability of the studied
compounds.

2. Materials and Methods:

All solvents and reagents used in this work were of analyti-
cal quality. Most chemicals were supplied by the University of
Duhok, including MnCl,-4H,0, FeCl,- 4H,0, CoCl,- 6H,0,
NiCl,- 6H,0, CuCl,- 2H,0, ZnCl,, hexamethylenediamine,
ethanol, and diethyl ether. Additionally, Terephthalaldehyde
was purchased from Bide Pharmatech Ltd, glacial acetic acid
from Scharlau, and DMF from Thomas Baker. The 'H and
I3C-NMR spectra of the synthesized ligand were recorded on
a Bruker Ultra Shield 500 MHz NMR spectrometer in CDCl3
at 298 K. FTIR spectra were obtained using a Shimadzu FTIR-
84008 spectrophotometer in the 4000—400 cm™! range with
KBr discs.

Magnetic susceptibility measurements were performed in
the solid state at 298 K using a Sherwood Scientific magnetic
balance. Electronic absorption spectra were recorded at 25
°C in DMF using a Jenway 6800 double beam UV-Vis spec-
trophotometer 103 M with 1 cm quartz cells. The melting and
decomposition temperatures of the ligand and its complexes
were determined using an electrothermal melting point appara-
tus. Molar conductivity measurements were carried out using
a 4520PH conductivity meter for 107> M DMEF solutions at
25°C. Metal ion contents of the complexes were finally quanti-
fied using an AA-670G Atomic absorption spectrophotometer.
The disc diffusion method was used to measure antibacterial
activity. The geometries and energies of these compounds
were assessed using Gaussian 16W.

2.1 Synthesis of Schiff Base Ligand [C,sH36N,]:

The synthetic route of the macrocyclic Schiff base ligand by
mixing (0.02mol, 2.6822¢g) Benzene-1, 4-dicarboxaldehyde
in 70ml of ethanol with (0.02 mol, 2.323g) hexamethylenedi-
amine in 50ml of ethanol, under continuous magnetic stirring.
Subsequently, three droplets of glacial acetic acid were added
as a catalyst. The reaction mixture was refluxed for 8 hours at
80 °C. The precipitate formed was then filtered, thoroughly
washed with ethanol and diethyl ether, and dried in vacuo over
anhydrous CaCl,. A pale-yellow solid was obtained, yielding
4.0751 g (95.09%) and a melting point of 176 °C. H-NMR,
500 MHz; CDCl3) & 8.27 (s,1H), 7.747 (s, 2H), 3.62 (t, 2H),
1.77 - 1.35 (m, 4H). '3C-NMR (125 MHz, CDCl3) § 160.28,
138.07, 128.23, 77.03, 76.77, 61.83, 30.81, 27.17.

2.2 Synthesis of Binuclear Metal (II) Complexes:
2.2.1 Synthesis of [Ni,(C,3H3cN4) Cl;] Complex:

The complex was prepared by reacting (0.001 mol,0.428
g) of the ligand in 15 mL of Chloroform, which was then
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Figure 1. The macrocyclic formation reaction, where A and B represent aliphatic or aromatic (dialdehyde and diamine), n is
the number of moles of M(II) transition metals.
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Figure 2. Synthesis of Schiff Base Ligand.

Kirkuk J. Sci. Vol. 21 Iss. 2, p. 1-23, 2026



4 Synthesis, Characterization, and Antibacterial Activity of Binuclear Metal Complexes...

placed in an ultrasonic bath for approximately 20 minutes.
An ethanolic solution of NiCl,- 6H>0O (0.002mol, 0.4753 g)
was added dropwise to the ligand solution. The mixture was
refluxed for approximately 9 hours at 80°C. The olive- green
resultant solid complex was filtered, thoroughly washed with
ethanol and diethyl ether successively, and subsequently dried
at room temperature. Yield (0.6076 g), (88.35%), m.p (224)
Dec.

2.2.2 Synthesis of the additional metal ions complexes
[M,(CasH36N4) Cly]:

A series of transition metal complexes with the general
formula [M,LCls], M = Mn(Il), Fe(II), Co(II), Ni(II), Cu(ID),
Zn(Il),were synthesized following the same procedure de-
scribed for the nickel complex. The corresponding metal
salts were used in 0.002 mol quantities: M=MnCl,.4H20
(0.3985g), FeCl,.4H20 (0.3976g), CoCl,.6H20 (0.475g),
CuCl,.2H,0 (0.340g), ZnCl, (0.2725g). Each metal salt solu-
tion was added dropwise to a chloroform solution of the ligand
(0.001mol) that had been previously subjected to ultrasoni-
cation, followed by reflux. The solids were filtered, washed
with Ethanol and diethyl ether, dried at room temperature.
All complexes were subsequently subjected to physicochem-
ical and some spectroscopic characterization. The synthetic
route adopted for the preparation of the binuclear Schiff base
complexes is illustrated in Figure 3.”

2.3 Computational Aspects:

In chemistry and physics, density functional theory (DFT)
is a valuable technique for determining the electronic structure
of atoms, molecules and solids [18]. Electronic structure cal-
culations play a crucial role in elucidating chemical structure
and reactivity [19]. By advancing the development of compu-
tational chemistry, density functional theory (DFT) has been
widely employed owing to its accuracy and low computational
cost in calculating a broad spectrum of molecular properties,
yielding reliable results that align with experimental data [20].

The geometries of the free ligand and its transition-metal
complexes were optimized using the Gaussian 16 program.
Geometry optimization calculations were carried out within
the framework of density functional theory (DFT) employ-
ing the B3LYP functional. The 6-311++G (d,p) basis set
was applied to the ligand atoms (C, H, and N), whereas the
LANL2DZ basis set was used for the metal centers (Mn, Fe,
Co, Ni, Cu, and Zn). This computational level was selected
because it has been widely employed in studies of organic,
coordination, and organometallic systems, offering a prac-
tical balance between computational cost and accuracy in
describing ground-state geometries and electronic structures
[21], [22]. We employed the computational protocol to deter-
mine the optimal bond lengths, bond angles, thermodynamic
parameters and frontier molecular orbital energies (FMOs).
Examining the energy of the (HOMO and LUMO)is espe-
cially crucial as variation in their energy separation illustrates

how metal coordination influences the reactivity and stability
of the complex [23], [24]. This is particularly relevant when
considering the HOMO-LUMO energy gap associated with
these orbitals. To identify the electrophilic and nucleophilic
regions, the molecular electrostatic potential is employed [25].

2.4 Antibacterial Efficacy:

Antibacterial activity was assessed using clinical isolates
collected from Sheryan Hospital. The antibacterial activity of
the free ligand and its complex was evaluated against Staphy-
lococcus aureus (a Gram-positive bacterium), Klebsiella pneu-
moniae, and Escherichia coli (two Gram-negative bacteria).
Antibacterial activity was evaluated using the disc diffusion
method according to the Clinical and Laboratory Standards
Institute (CLSI) guidelines [26].

Each bacterial strain was cultured into 5 mL of Brain
Heart Infusion Broth using a single well-isolated colony. The
cultures were subsequently incubated at 37 °C for 18-24 h.
To cover the surface of the Muller-Hinton agar (MHA) plates
with bacteria in three different orientations we used a sterile
cotton swab that had been submerged in the bacterial suspen-
sion. The plate was rotated 60 degrees between streaks, and
the edges were cleaned thoroughly to ensure the germs were
spread evenly. The ligand and its complexes were dissolved
in DMF (1073 M), and 5 mm filter paper discs were dipped
into the solutions, which were then allowed to dry in a sterile
environment. Discs were aseptically arranged on inoculated
agar plates at distances of 30-36 mm to prevent overlapping
inhibition zones. Every single dish maintained a precise tem-
perature of 37 °C for more than 24 hours in an incubator. The
circumference of the inhibition zone encircling the disc was
measured after the incubation period [27].

3. Results and Discussion:

Experimental and theoretical results on the synthesis of a
macrocyclic Schiff base ligand and its transition metal com-
plex are presented. Synthesis of the coordination complexes is
confirmed by spectroscopic, physicochemical, and theoretical
investigations. The ligand was synthesized via a conventional
condensation reaction between Hexamethylenediamine or 1,6-
Hexanediamine and Terephthalaldehyde in a 2:2 molar ratio
under acid-catalyz-ed conditions. They further reveal the role
of metal ions in modifying ligand structure and electrical
properties. The combination of the applied characterization
techniques provides insight into metal-ligand interactions and
the geometries adopted by the complexes.

Computational results support experimental data, with
optimized geometries and HOMO-LUMO distributions illus-
trating the electronic structure. Furthermore, calculated reac-
tivity descriptors provide a quantitative basis for the observed
chemical stability. The calculated energies and thermody-
namic parameters were interpreted in a comparative manner
within the same computational framework to evaluate relative
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Figure 3. Synthesis of Schiff Base Complexes, where M=Mn(II), Fe(Il), Co(II), Ni(Il), Cu(Il), Zn(II), n= 0,2,4,6.

trends among the studied compounds. We measured the molar
conductivity of the metal complexes in dimethylformamide
(DMF) with values ranging from 19.45 to 34.30 Q ~!.cm?.
mol~'. These low conductivity values indicate that all the
compounds behave as non-electrolytes in solution [28]. Ta-
ble 1 presents key physicochemical data, including melting
points, molecular weight, metal percentages, and other critical
properties.

3.1 FTIR Analysis:

Infrared spectra in the range 4000-400 cm™! have been
obtained for the ligand and its complexes, with the measured
frequencies assigned to distinct group vibrations by compari-
son with spectra of analogous complexes. The characteristic
infrared frequencies of the Schiff base and its associated com-
pounds are detailed in Table 2. The magnitude of displace-
ment depends on the interatomic binding energy. Although
a medium-to-broad band appears at 3425 cm™!, the absence
of the bending vibration (H-O-H) at around 1600-1630 cm™!
confirms that no molecular or coordinated water is present.
Therefore, the observed band is attributed to moisture intro-
duced by the instrument environment rather than to hydration
of the Schiff base.

The aromatic stretching band C-H weak peak was found at
3032-3066 cm™! [29]. Vibrational frequency ranging (2920-
2849) cm™! respectively, were for the symmetric and asym-
metric stretching vibrational spectra for(C-H)aliphatic [30].
The Ligands IR spectra exhibited no signals around 3300-3200
cm™! for the v(NH;) amino group or around 1716cm™! for
the C=0 group [31]. This indicated that the NH; group had
fully reacted with the C=0O group, thereby inducing the for-
mation of a macrocyclic structure [32]. Within this spectrum,
the Ligand displayed an azomethine stretching frequency at
1639 cm™!, indicating the production of a Schiff base [33],
[34]. The infrared spectra of the complexes exhibited ligand
bands with associated shifts indicative of complex formation.

The imine stretching band observed in the free Schiff
base shifts to a lower frequency, appearing in the range 1587-
1608 cm™! in the complexes, signifying the involvement of
the azomethine nitrogen atom in coordination with the metal
ions [35]. Aromatic C=C stretching vibrations are commonly
observed between 1504 and 1579 cm™! in Schiff bases and
their metal complexes [36]. The CH2 bending shows between
(1456-1498)(:m_1 [34]. At lower frequencies, the complexes
displayed new bands at 418-466 in their vibrational spec-
tra, which were attributed to v(M-N) frequencies respectively
[26], [37]. The coordinated chloride ions cannot be detected
as they fall outside the instrument’s scale. The silver nitrate
test indicates the absence of uncoordinated ClI- ions, as sup-
ported by the conductivity measurement [38]. The gas-phase
infrared spectra of the synthesized compounds, calculated at
the B3LYP/6-311++G(d,p) and LANL2-DZ basis sets, are
presented in Table 2. The significant similarity between the
real and computed spectra suggests that the molecular struc-
tures of the ligand and its corresponding metal complexes are
largely equivalent in both the solid and gas phases. The ob-
tained results align well with previous research investigations
[39], [40].

3.2 NMR Study of the Schiff Base Ligand:

The chemical structures of the synthesized Schiff Base
ligand were elucidated using 'H and '3C NMR spectroscopy
(500 MHz) in CDCl3. The '"H-NMR spectrum demonstrates
successful condensation and structural characterization of
the synthesized Schiff base ligand. In azomethine systems
generated from aromatic aldehydes and amines, the absence
of an aldehydic proton signal (typically near 9-10.0 ppm in
the starting materials) is a primary diagnostic of complete
imine production, a pattern that has been reported in several
Schiff base studies [41]. The presence of a -CH=N proton
signal at 6 8.27 ppm(s,1H) [42]. The signal at 6 7.74 ppm
corresponds to the aromatic hydrogens [43].

A triplet signal observed at 3.60-3.63 ppm is attributed

Kirkuk J. Sci. Vol. 21 Iss. 2, p. 1-23, 2026
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Table 1. The physicochemical properties of free ligand and its synthesized complexes.

Molar conductivity

Compounds M.wt Color m.p (°C) 0 ! em?.mol~! M % Cal Found Yield %
Ligand 428.6  Pale yellow 176 -—- - 85.09
[Mn,LCly] 680 Yellow 279 % 304 16.1515.66 70.56
[Fe,LCly]  682.1  Light brown 253 % 22.1 16.37 15.97 65.01
[CopLCly] 6883  Light green 292 % 30.0 17.12 17.06 66.59
[NipLCly] 687.8  Olive green 224 % 29.4 17.07 16.90 73.95
[CupLCly]  697.5 Green 285* 19.45 18.2217.8 69.73
[ZnyLCly])  701.2  Light Orange 207 * 343 18.65 18.32 81.93

=Decomposition, M% = metal percent, Cal = Calculated, M.wt = Molecular weight.

Table 2. The experimental and calculated FT-IR spectra of the SB ligand and its compounds.

Comp v(C=N) Var (C=C)  v4 (C-H) Vai (C-H) 6 C-H M-N
Exp Cal Exp Cal Exp Cal Exp Cal Exp Cal  Exp Cal
L 1639 1650 1566 1588 30323067 2849,2920 2976 1456 1497 -

[MnyLCly] 1581 1596 1579 1582 30453056 2856,2929 3031 1488 1512 422434
[Fe2LCly] 1602 1606 1560 1573 3066 3078  2854,2933 3017 14751491 449 451
[CorLCly] 1608 1622 1564 1540 3014 3045 2860,2931 3014 1498 1512 418 425
[Ni,LCly] 1606 1628 1564 1580 3008 3036 2856,2927 2996 14751508 466 461
[CupLCly] 1604 1622 1573 1559 30403084 2854,2927 2997 1465 1488 422428
[ZnyLCly] 1600 1624 1569 1540 3060 3084 2858,2923 2995 1461 1488 424 428

v = Stretching , d = bending.

to the methylene protons adjacent to the imine nitrogen CH=
N-CH2 [34]. The signal from 1.35-1.77ppm in the 'H-NMR
spectrum of the Schiff base ligand results from protons of
the methylene -CH2- group [44]. The '*C NMR spectra of
the Schiff base ligands were obtained using CDCl3 as the
solvent. In the spectra, the signal area at 160.28 ppm confirms
the formation of azomethine [45].The chemical shifts of the
aromatic carbon in this Ligand were determined to be 128.23,
138.07ppm [5]. Strong signals from (76.77,77,03) 6 belong
to the CDCl3 Solvent [46]. The CH2-N=C contributed to the
signal observed at 61.83ppm in the Schiff Base Ligand [47].
The 13C NMR spectrum of this molecule demonstrated peaks
at § 27.17 and 30.81 ppm ascribed to the methylene carbons
CH2-CH2-[34], as shown in Figures 4 and 5.

3.3 Electronic spectra — magnetic moment:

The electronic spectra of the Schiff base ligand and its
metal complexes were recorded in DMF solution, 0.001 M.
The results are summarized in Table 3. The corresponding
UV-Visible spectra of the ligand and its metal complexes

are presented in Figure 6. The UV-Vis spectrum of the free
Schiff base ligand exhibited absorption peaks within the range
of(47846-35587)cm ™!, (34246-29239 )em™', which can be
attributed to & — 7+ and n — 7T+ transitions associated with
the azomethine group and aromatic ring of the ligand [48],
[49], [50]. The Mn(II) complex displays a magnetic moment
of 5.7 B.M, which correlates closely with the calculated spin-
only value for a high-spin d5 configuration featuring five
unpaired electrons.

The spectrum shows several intense absorption bands
in the ultraviolet region (44444-33222) cm‘l, which are at-
tributed to m — m* transitions, while the bands observed at
higher wavelengths (32258-28901) cm™! are assigned to n
— 7+ transitions. The absorption band at 28089 cm™! is
attributed to CT. In Mn(II) complex, the d-d transitions are
generally very weak and are often not clearly observed be-
cause the electronic transitions are still spin-forbidden. Even
though in a tetrahedral environment, due to relaxation of the
parity selection rule, they remain spin-forbidden and there-
fore weak. Therefore, the spectra are not detectable in the

Kirkuk J. Sci. Vol. 21 Iss. 2, p. 1-23, 2026
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Table 3. Electronic transitions and magnetic moments.

symbol Comp. UV-visible band (cm™") Assignment u effect BM  Proposed structure
47846, 38461 s
L CrgH36N,4 36363, 34246 . — S
n—7mT
29239
44444, 36764 .
33222, 32258 T T
[anLCl4] [Mng(C28H3(,N4)Cl4] 30959, 28901 n ?Tﬂ,' 5.7 Td
28089 ’
44849, 40160 T — *
38910, 34013 n— m*
[FezLCl4] [FE(C23H36N4)CZ4] 32573’ 28571 CT 4.6 Td
25316, 11947 SE — T,
43478, 38461 T—
37037 34246 n— 7"
[CorLCly] [Coa2(CrgH36N4)Cly] 29325, 27932 CT 3.8 Td
16556, 14880 4Ay(F) — *T|(P)
43859, 38910 g
35460, 31250 n—r
[NibLClLy]  [Nin(CagH3eN4)Cly] ’ CT 43 Td
30211, 28490 5 5
21186, 13404 Ti(F) = "Ta(F)
’ TiF) — A,
*
44247, 39525 T
34482, 32786 n_r
[CurLCly]  [Cua(C28H36N4)Cly] ’ CT 1.82 Sq
29411, 27932 B2
23201, 19047 e A
B, — °E,
43478, 33898 T — *
[Z}’lzLCl4] [an(C28H36N4)Cl4J 32894,31950 n— 77:* Diamagnetic Td
27700, 28652 CT

C.T= Charge Transfer, Td= Tetrahedral, Sq=square planer.

visible spectrum [51]. The electronic spectrum of the Fe(II)
complex exhibits absorption peaks in the ultraviolet region
(44849—35971)cm_1, which are assigned to © — 7+, while
those at (34013-32573) cm™! correspond to n — 7 transition.
The bands in the (28571-25316) cm™! may be assigned to
ligand to metal charge transfer transition. In the visible region,
the complex exhibits a weak broad band around 11947 cm™!,
corresponding to the SE — 5T?2 transition characteristic ex-
pected of a high-spin Fe(II) center d6 configuration tetrahedral
geometry.

The magnetic moment value is 4.6 B.M, corresponding
to four unpaired electrons [52], [53]. The UV-Vis spectrum
of Co(II) complex exhibits intense absorption bands (43478-
34246) cm™! , which are attributed to 7 — 7 * transition, and
a band at 29325 cm™! is assignable to the n — 7x transi-
tion. The absorption observed at 27932 cm™! is assigned to
a charge transfer transition. In the visible region, two weak,
broad bands appear at 14836 cm™! and 16556 cm™', aris-
ing from overlapping d-d transitions of cobalt in tetrahedral
high-spin Co(II). The expected spin-allowed transition is a
4A2(F)—4T1(P) transition. The absence of 4A2(F)— 2T2(F)

and 4A2(F) — 4T1 (F) transitions is due to their low energy,
which is out of the range of the instrument [54]. The magnetic
moment value of 3.8 B.M for the Co(II) complex corresponds
to three unpaired electrons [55].

In tetrahedral Co(II) complexes, the d-d transitions are
typically broad and often overlap, resulting in fewer observ-
able bands compared to octahedral Co(II) complexes, which
usually display three well-resolved transitions. The Nickel
complex spectrum shows several intense absorption bands
in the ultraviolet region (43859-31250) cm™!, which are as-
signed to & — m* and n — 7 transitions. The band around
28490 cm™! is attributed to a charge-transfer transition. In the
same spectrum, two weak peaks at (21186, 13404) cm™~! were
ascribed to the (d—d) transition 3T1(F — 3T2(F), 3T1(F)—»>3A2
in a tetrahedral geometry. The spin-only value for a d8 system
with two unpaired electrons is 2.8 B.M, whereas tetrahedral
Ni (IT) complexes often exhibit higher magnetic moments due
to orbital contribution.

The magnetic value of 4.3 B.M. excludes a square-planar
geometry, which is usually diamagnetic for Ni(Il) complexes,
and supports a tetrahedral coordination environment, which is
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higher than spin only due to the orbital contribution [56], [57],
[58]. The electronic spectrum of the divalent Cu-complex
showed bands at lower wavelength (44247-32786) cm™are
assigned to T — 7+ and n — 7+ transitions. The very weak
band appears at (29411-27932) cm™!, which may be attributed
to a ligand-to-metal charge-transfer transition. A very weak
broad band appears at 23201 cm™! and 19047 cm™!, which
is assigned to the 2B1g — 2A1g and 2B1g — 2Eg transitions
[56]. The observed magnetic moment value of 1.82 B.M
corresponds to one unpaired electron, as expected for a d9
configuration. Together with the electronic spectral pattern,
this supports a square-planar geometry around the copper(Il)
ion. The Zn(II) metal complex has no discernible peak for the
d10 configuration, indicating the absence of (d-d) electronic
transitions. As expected for the d10 system they were found
to be diamagnetic. A tetrahedral geometry has been attributed
to the Zn(II) complexes based on these findings [59].

3.4 Antibacterial Activity:

The biological features of the complexes are influenced by
the ligands chelating characteristics, the nature of the donor
atoms, the overall charge of the complexes, the characteristics
of the metal ion, the composition of the counter ions that
stabilize the complex, and the geometrical configuration of
the complex [60]. The C=N group, known as the azomethine
group in Schiff bases, is responsible for biological activity
due to its involvement in hydrogen-bond formation with the
active centers of cellular constituents, thereby hindering nor-
mal cellular development. Consequently, numerous Schiff
bases have been reported to exhibit antibacterial activity [61].

All synthesized compounds were evaluated for in vitro
antibacterial activity against one Gram-positive bacterium (S.
aureus) and two Gram-negative bacteria (E. coli and K. pneu-
moniae). The disc diffusion technique was used to determine
the antibacterial efficacy of synthetic ligands and their corre-
sponding coordination complex [62]. The synthesized Schiff
base ligand and its metal complex were assessed for their an-
tibacterial efficacy against bacterial strains, using Gentamicin
as a positive control. The outcomes presented in Figure 7 were
derived from a comparison of the biological characteristics
of the ligand and its metal chelates. The common antibiotic
Gentamicin was used as the standard antibacterial agent, re-
spectively. The ligand and its complexes were dissolved in
dimethylformamide (DMF) to obtain 0.001 M solutions. DMF
was also evaluated under the same experimental conditions
and showed no observable antibacterial activity. The results
show that most complexes were more potent than the free
ligand against bacteria. Furthermore, the Cu(Il) complex ex-
hibited the most potent antibacterial activity among the tested
compounds, specifically against S. aureus with an inhibition
zone of 13mm (lower than the Gentamicin standard) and K.
pneumoniae and E. coli 8,7mm (higher than the Gentamicin
standard) [61].

Other complexes also showed moderate to good activ-

ity, indicating that metal coordination is crucial for enhanc-
ing biological efficacy [49]. The Mn(II), Co(II), and Zn(II)
complexes exhibit more action against S. aureus compared
to Gram-negative bacteria, demonstrating inhibition zones
of around 9—11 mm for S. aureus. In contrast, the free lig-
and (L) exhibits minimal activity against S. aureus (~6 mm),
whereas DMF shows no inhibitory effect, thereby confirming
that the solvent did not influence the observed antibacterial
activity. This pattern substantiates the idea that metal coor-
dination augmented the biological activity of the Schiff base
ligand. Comparable Schiff base ligand-versus-complex be-
havior is well documented for Schiff base systems, wherein
the metal complexes frequently surpass the parent ligand in
diffusion-based antibacterial evaluations. The chelating lig-
and increases lipophilicity, thereby facilitating penetration of
lipid membranes in Gram-positive bacteria.

The findings suggest that chelation enhances antibacterial
efficacy [50], [63]. Lipidomic compounds are capable of
traversing the fat bilayer that envelops the cell. This could
be the determining factor in antibacterial action. The positive
charge is more readily distributed among donor groups when
ligand orbitals overlap, which reduces the polarity of metal
ions in coordination. Additionally, it enhances the liposuction
of complexes by increasing electron delocalization within
the chelate ring.The enhanced lipophilicity of compounds
enables them to penetrate lipid membranes, thereby inhibiting
bacterial function [64].

3.5 DFT calculation:
3.5.1 Thermodynamic Analysis :

To obtain deeper insight into the stability and electronic
behavior of the synthesized ligand and its metal complex.
DFT calculations were performed at the B3LYP level using
6-311++G(d,p) for ligand atoms and LANL2DZ for the metal
center at 298 K, P=1atm. The calculated thermodynamic pa-
rameters, including the zero-point energy (ZPVE), Gibbs free
energy (AG), enthalpy (AH), internal energy (E), entropy (AS),
and specific heat (Cv) of all prepared compounds are calcu-
lated to support this fundamental statement [65]. They are
summarized in Tables 4 and 5 for the solvent and gas phases,
respectively. The parameters provide useful information on
the relative thermodynamic stability of the free Schiff base
ligand and the corresponding complexes.

Table (4): In the solvent phase, all complexes show nega-
tive enthalpy values, confirming an exothermic reaction. The
calculated enthalpy of the metal complexes was much lower
than that of the free Schiff-base ligand. This means that the
formation of the complex released heat. The formation of
strong metal-ligand bonds and chelation effects cause this
enthalpic stabilization. This makes the complex have a lower
energy level than the uncoordinated ligand [66]. All com-
plexes have lower Gibbs free energy than the uncoordinated
ligands. Among the studied complexes, the Cu(II) complex
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Figure 6. UV-Vis Spectra of the synthesized compounds: (a) is the Schiff Base Ligand, (b) Mn (II), (c) Fe (II), (d) Co (II), (e)
Ni(II), (f) Cu(I), (g) Zn(II) Schiff Base Complexes.
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Figure 7. The antibacterial efficacy of a ligand and its metal complex in (mm).

has the highest thermodynamic stability because it exhibits
the most negative Gibbs free energy. The Co(II) and Fe(II)
complexes have intermediate stability with Gibbs free energy
values of (1656.963 and 1613.738) a.u. respectively.

These results indicate efficient coordination between the
ligand and metal centers, but with less stabilization relative to
the Cu(Il) complex. The Mn (IT) complex is a little less stable
(1574.629) a.u. than the other two. This is because it has a
half-filled d> shape, which usually means that the ligand field
stabilization energy is lower. The Ni(Il) and Zn(II) complexes,
on the other hand, have the least negative Gibbs free energy
values (1477.454 and 1498.174) a.u. Respectively, which
means they are less thermodynamically stable. This behav-
ior is anticipated for Zn(II) since its d'0 electronic structure
does not provide ligand field stabilization. ZPVE magnitude
and Cv rise post-coordination, demonstrating metal-ligand
interactions add vibrational modes and molecular complexity.
The complexes have more vibrational and rotational degrees
of freedom than the ligand, increasing entropy. It enhances
Gibbs free energy and stability [67].

3.5.2 The optimized geometry:

We employed the B3LYP/6-311++G(d,p)/LANL2DZ method
and Gaussian 16 software to perform DFT calculations elu-
cidating the influence of metal ions on the electronic charac-
teristics of ligands. This computational approach identifies
molecular structure, bond lengths, bond angles, thermody-
namic parameters, and electronic characteristics, among other
variables. DFT computations were employed to investigate
these properties (Figure 8). The outcome reveals that modify-

ing the central atom has a significant influence on the energy
of the peripheral molecular orbitals [21].

The lengths and angles of the bonds of the prepared com-
plexes are illustrated in Tables 6, 7, and 8. In these complexes,
a Macrocyclic Structure is formed by four nitrogen-donor
atoms from the chelate ligand. The measured bond lengths
and angles indicate four-coordinate metal complexes with an
azomethine, necessitating the participation of four electron-
donating sites. These complexes have a metal-ligand pro-
portion of 2:1 characterized by a tetradentate chelate ligand
referred to as a Schiff Base Ligand.

A similar pattern is observed in the gas phase, where all
complexes remain thermodynamically favored relative to the
free ligand. As presented in Table 5 a comparable stability
pattern is also observed in the gas phase. The Cu(Il) com-
plex remains the most stable, followed by the Co(II), Fe(II),
Mn(II), Zn(II), and Ni(II) complexes. While the Gibbs free
energy values calculated in the gas phase are slightly less
negative than those in solution, the relative order of stability
is maintained.

This finding suggests that solvation enhances the ther-
modynamic stabilization of the complexes, mainly through
dielectric effects and weak solute—solvent interactions, but
does not substantially modify their inherent stability sequence.
Similar observations have been reported in published DFT
investigations of Schiff-base systems, where solvent-phase
calculations provide additional stabilization while preserving
the preferred energetic arrangement identified in the gas phase
[68].
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Table 4. The thermodynamic behaviors of the ligand and its complexes in the solvent.

Zero—point

Comp ratond S gy oy e tp S
energy (a.u)

Ligand -1308.63 -1308.69 -1308.59 403.78 205.91 122.27
[Mn,LCly]  -1575.16 -1574.62 -1574.52 404.07 228.51 148.58
[FerLCly] -1614.27 -1613.73 -1613.63 404.74 225.81 148.11
[CorLCly) -1657.49 -1656.96 -1656.85 404.11 234.72 149.20
[NipLCly] —-1478.00 —-1477.45 —-1477.35 408.34 204.32 146.86
[Cuy LCly] -1759.11 —-1759.18 -1759.06 403.52 246.78 150.95
[Zn,LCly] —-1498.70 -1498.17 —-1498.05 403.57 247.11 150.30

Table 5. The thermodynamic behaviors of the ligand and its complexes in the gas phase.
energy (a.u)

ligand -1308.62 —-1308.68 -1308.58 403.91 205.79 122.20
[MnpLCly]  -1574.53 -1574.59 -1574.49 403.85 230.22 148.74
[Fer LCly] -1613.70 -1613.77 -1613.66 404.23 229.60 147.82
[CorLCly) -1656.91 -1656.98 -1656.88 404.56 226.05 147.90
[NixLCl4] —-1405.43 —-1405.50 —-1405.39 404.52 230.53 148.06
[Cup LCly) -1759.07 -1759.15 -1759.03 403.43 246.14 150.81
[ZnyLCly] —-1498.05 -1498.13 —-1498.01 403.55 249.16 150.42

atoms from the azomethine group (N3-N6) forming the
corners. The bond length (M1-N3) of (2.00-2.87), (M1-N4) of
(2.41-2.97),(M2-N5) of (1.97-2.24),(M2-N6) of (2.01-2.24),
(M1-CI17) of (2.24-2.44), (M1-CI8) of (2.26-2.35), (M2-CI9)
of (2.29-2.45),(M2-C110) of (2.28-2.42), The measured bond
lengths correspond with the bond distances documented in
analogous four-coordinated systems in the literature [54],[69],
[70]. A separate part of the analysis examined the calculated
bond angles of the compounds. The bond angles of (N3-M1-
N4), (N5-M2-N6), (C17-M1-N4 or C17-M1-N3) and (C110-
M2-N5 or C110-M2-N6), are contained in the intervals [(84.9-
100.62) ,(82.92-100.89), (81.458-100.62) & (82.9-165.56)]
[70], [71], [72], [73].

3.5.3 Electronic properties:

Frontier molecular orbitals (FMOs) are widely recognized
as the most important orbitals for describing molecular elec-
tronic structure and chemical behavior. It is widely recognized
that the frontier molecular orbitals (FMOs) are the principal
orbitals. In a chemical process, the two most essential or-
bitals are the HOMO and the LUMO, or the Highest occupied

molecular orbital and the lowest unoccupied molecular orbital
[74].

Subsequently, the electrical transport properties of molecules
are determined by the frontier orbitals, specifically the HOMO
and LUMO. The frontier orbital gap is the energy difference
between the HOMO and LUMO energy levels [75], [76]. The
calculated HOMO and LUMO energy values for the metal
complexes, along with derived quantum chemical parameters,
are presented in Table 9, as shown in Figure 9. The HOMO-
LUMO energy gap of a molecule is commonly used as an
indicator of various properties, including its kinetic behav-
ior, chemical stability, optical polarizability, and chemical
hardness and softness [77], [78], [79].

The electron distribution of any molecule is less variable
and demonstrates minimal polarization when the HOMO-LU-
MO energy gap is substantial. These compounds are desig-
nated as hard molecules. When there is minimal variation in
HOMO-LUMO energy, polarization is strong, electron distri-
bution is readily manipulated, and the molecules are classified
as soft molecules [80]. Assessing the HOMO-LUMO energy
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Figure 8. The optimized structure of the ligand and complexes (different colors indicate Blue -Nitrogen, White -Hydrogen,
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Table 6. The geometrical bond length of the synthesized compounds.

Comp M1-N3 MI1-N4 M2-N5 M2-N6 MI1-CI7 MI-CI8 M2-CI9 M2-Cl10
[MnyLCly] 24348 24955 21439 21770  2.2583 2.2620 2.4486 2.34023
[Fe,LCly]  2.0033  2.6765  2.0605 2.1042  2.3712 2.3591 2.3236 2.39533
[CorLCly] 27759 24144  2.0384  2.0754  2.3004 2.3087 2.2974 2.42984
[NipLCly]  2.1707 29768 19715 2.0194  2.2468 2.2503 2.2979 2.28798
[CurLCly] 28775  2.8208 22087 22275  2.4422 2.3099 2.3537 2.42512
[ZnoLCly]  2.6572 2.6929  2.2434 22496  2.3368 2.3423 2.4521 2.33937

gaps of molecules is essential for providing information. This
resulted in the determination that the most stable and hardest
complex was the Zn(II) complex. The calculations indicated
that the molecule identified as the Cu(II) complex had the
greatest softness and reactivity, with lower kinetic stability
than the others. Based on the calculation The complexes can
be arranged in order of increasing energy gap: Zn(Il) >Fe(II)
>Ni(II) >Co(II) >Mn(II) >Cu(I) [81].

This indicates that the Zn(I) complex has the largest en-
ergy gap and is therefore expected to be the hardest and least
reactive species among the studied complexes. Using HOMO-
LUMO energies obtained from DFT calculation at the B3LYP
level employing 6-311++G(d,p) basis sets for nonmetal atoms
and LANL2DZ for the metal centers, were used to calculate
a variety of metrics for the complexes, including the energy

gap(E) [82], [83]. Chemical hardness(1) [84], electrophilicity
index(w) [85], [86], and Electronegativity (X) [87]. The ion-
ization potential (IP) and Nucleophiles are characterized by
parameter(N) [88]. Tetracyanoethylene (TCE) is employed
as a reference owing to its inherently low HOMO energy
among polar organic molecules [§9]. The HOMO and LUMO
energies are used to calculate these quantum-chemical charac-
teristics using formulas.

Electrophilicity Index (o) : ® = u*/2n (1)

Ionization energy (IP) =1P=-EHOMO 2)

Kirkuk J. Sci. Vol. 21 Iss. 2, p. 1-23, 2026



14 Synthesis, Characterization, and Antibacterial Activity of Binuclear Metal Complexes...

Table 7. Demonstrates the spatial bond angles of the synthesized compounds as determined using the B3LYP/6-311++G(d,p)

method.

Comp. N3-M1-N4 N5-M2-N6 CI9-M2-N6 CI9-M2-N5 Cl110-M2-N6
[Mn,LCly] 87.092 100.809 89.620 97.612 82.912
[Fer LCly) 95.596 89.113 88.392 84.475 93.037
[CorLCly] 84.912 82.920 85.555 100.913 90.635
[NirLCl4] 97.476 88.969 97.742 89.149 88.03
[Cup LCly ] 93.391 100.552 93.034 95.001 89.435
[ZnyLCly] 100.620 87.681 88.602 90.437 99.902

Table 8. The geometric bond angles of the synthesized compounds.

Comp. Cl7-M1-N4 CL10-M2-N5 Cl7-M1-CI8 CI9-M2-Cl10 Cl7-M1-N3 CI8-M1-N4 CI8-M1-N3
[MnyLCly) 156.58 158.14 154.83 158.20 87.09 99.809 102.280
[FesLCly) 163.61 165.56 123.08 152.44 88.69 98.714 90.173
[CoyrLCly] 151.31 165.10 157.89 157.00 92.88 90.666 85.555
[NioLCl4] 160.99 162.62 155.56 162.10 82.92 88.969 90.519
[Cup LCly ] 157.81 150.31 159.09 154.01 81.45 90.454 99.644
[Zn,LCly] 141.80 143.84 139.61 133.12 97.68 98.602 96.824

Energy Gap (AEgap) : AE = Erymo — Enomo 3)

Chemical Hardness (1)):

N =Ervmo —Ernomo/2 4

Electronegativity (X)=1/2 (Erymo + Enomo)  (5)

Softness (S)=1/2y (6)

N =Epomo(Nu)Enomo (TCE) (7)

Where TCE serves as the reference The energies of the HOMO
and LUMO electron orbitals correspond to the ionization po-
tential (IP), respectively. The Mn(II) complex has the lowest
ionization potential, making it the most effective electron
donor. The chemical reactivity of a molecule depends on
its chemical structure. The Cu(II) complex has the highest
electronegativity among the complexes, indicating the most
excellent electron-withdrawing ability. The Nucleophilicity
index [90]. It is essential and all the synthesized compounds
(1-6) range from (3.60 to 4.90) a.u. The maximum value of

N for Mn(II)complex is 4.90 a.u, the strongest Nucleophile
among all [91], [92]. The electrophilicity values of all synthe-
sized complexes are classified as the most powerful, as they
all exceed 1.5 eV [93].

4. Conclusions:

This research successfully synthesized a novel macrocyclic
Schiff Base Ligand via condensation. It was then coordinated
with several transition-metal ions, forming well-defined metal
complexes. Comprehensive spectroscopic and analytical char-
acterizations were consistent with the proposed structures.
Electronic absorption spectra and magnetic susceptibility data
confirmed the expected coordination geometries around the
metal centers.

The data demonstrate that the ligand forms stable bin-
uclear complexes and acts as a tetradentate ligand. Molar
conductivity investigations showed that complexes with the
formula [M,LCly], where M=Mn(II), Fe(II), Co(II), Ni(II),
Cu(II), and Zn(II) were neutral, non-electrolytes, and all con-
sisting of a tetrahedral geometry except Cu (II) which shows
square planargeometry. Frontier molecular orbitals and opti-
mal geometries were predicted by the DFT with the B3LYP
method, using 6-311++G (d, p) and LANL2DZ basis sets for
the ligand and its metal chelates, respectively. Among all the
compounds, the Zn(II) complex exhibited the highest hardness
and lowest reactivity, as shown by the HOMO-LUMO gap
values. The antimicrobial test showed that most complexes
have higher antibacterial activity than the free ligand.
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Figure 9. The HOMO and LUMO plots of the studied complexes.
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Table 9. The electronic features of the prepared compounds (in a.u, one a.u. = 27.211 eV) at the level of DFT/B3LYP theory.

Comp Engomo Erumo AE gaps 1P n X S 0] N
[Mn,LCly] -4.217 -3.298 09198 42178 0.4599 3.7579 1.087 1535 4.9035
[Fe,LCly] -5251 -2.685 25661 5.2518 1.2830 3.9688 0.389 6.137 3.86946
[CorLCly] -4.615 -3385 1.2300 4.6151 0.615 4.0001 0.8130 13.00 4.50621
[NipLCly] -5.064 -3.488 15756 5.0641 0.7878 4.2763 0.6346 11.60 4.05722
[CupLCly] -5.518 -4.775 0.7429 55185 0.3714 5.1471 13460 35.66 3.60279
[ZmyLCly]  -5.309 -2.432 2.8763 5.309 1.4381 3.8709 0.3476 5.208 3.81232
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