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Abstract: A new Schiff base ligand obtained from carbazole was synthesized and structurally characterized.
Its coordination complexes with Co (1l), Ni (1), Cu (1l), and Zn (1) ions were prepared for the first time and
investigated through various spectroscopic techniques, including '"H-NMR, UV-Vis, and FT-IR. Density
Functional Theory (DFT) estimations were also employed to study the electronic structures, stability, and
optimized geometries of the ligand and its complexes. The Co (II) and Ni (II) complexes exhibited an
octahedral geometry with a general formula of [M(L):Cl:z], while Cu (II) and Zn (Il) formed either square
planar or tetrahedral geometries, depending on the coordination environment. Analysis of spectral and
computational data suggested that nitrogen and oxygen atoms in the ligand actively participated in metal
coordination. In antibacterial testing, the synthesized metal complexes demonstrated enhanced inhibition
against Klebsiella pneumoniae and Staphylococcus aureus compared to the uncoordinated ligand, suggesting
that complexation improved antimicrobial activity.

These findings highlight the novelty of the synthesized ligand—metal complexes and their potential in medicinal
chemistry, particularly given their distinct structural and electronic characteristics.
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Introduction

The versatility of Schiff base ligands in donor atom modification and ease of formation has
made them central to research in both medicinal and catalytic coordination chemistry.

Among the many scaffolds used in Schiff base chemistry, carbazole and its derivatives have
gained significant consideration due to their rich electronic structures and broad spectrum of
pharmacological activities. The synthesis of carbazole-based compounds has been extensively
explored using various synthetic methodologies, including palladium- and rhodium-catalyzed cross-
coupling and C—H activation strategies, allowing the construction of diverse carbazole frameworks
with functional modifications [1-3]. These methodologies have greatly expanded the utility of
carbazole derivatives in materials science and medicinal chemistry [4, 5].

Carbazole-based compounds are known to indicate a wide range of biologic action, including
anticonvulsant, antimicrobial, antimalarial, and anticancer effects. In addition to their
pharmacological relevance, carbazole derivatives have demonstrated excellent optoelectronic
properties and have been incorporated into organic light-emitting diodes (OLEDs), photoconductors,
and photovoltaic apparatus [6—10]. This dual nature—biological and electronic—makes carbazole an
appealing core structure for ligand design, particularly in coordination complexes.

Several studies have noted the synthesizing and classification of carbazole-containing metal
complexes. Notably, Andrew and colleagues (2009) synthesized homoleptic transition metal
complexes of the type (1,8-Ph2-3,6-Me2Ci2HsN)M, where M = Cr, Mn, Fe, and Co. These complexes
exhibited distinct coordination geometries and electronic characteristics [11]. X-ray crystallography
data for selected complexes revealed characteristic N-M—N bond angles and the deflection of phenyl
groups toward the metal centers. Moreover, magnetic susceptibility studies supported the high-spin
nature of these bis-carbazole metal complexes, especially those involving Cr—Co ions, with
theoretical calculations corroborating the experimental findings [12].



Despite these advances, reports on Schiff base ligands obtained from carbazole hydrazides and their
transition metallic structure remain scarce. The present study addresses this gap by synthesizing a
novel hydrazide ligand—ethyl 2-(9H-carbazol-9-yl)acetohydrazide—derived from carbazole. The
major aim of this study is to synthesize and characterize a new Schiff base ligand derived from
carbazole and to prepare and evaluate its novel coordination complexes with Co (II), Ni (II), Cu (II),
and Zn (II). These metal complexes were classified using several spectroscopic and analytic
techniques such as FT-IR, UV-Vis, and 'H-NMR spectroscopy, elementary analysis, magnetic
susceptibility, molar conductivity, and atomic absorption spectrometry. Their electronic structures
and geometries were further explored using (DFT) calculations.

To the best of our knowledge, neither the synthesized ligand nor its coordination complexes
with these metal ions have been previously reported. These complexes represent a recent class of
carbazole-based Schiff base metal complexes, contributing novel insights into the coordination
chemistry, electronic structure, and potential biological activity of carbazole-derived ligands.

Experimental Part

Materials. All compounds and dissolvers utilized in this investigation were of testing level and
utilized without further purification. Carbazole, ethyl chloroacetate, anhydrous potassium carbonate,
and hydrazine hydrate were purchased from Sigma-Aldrich. Metal(Il) salts, including cobalt(II)
chloride hexahydrate (CoCl.-6H20), nickel(Il) chloride hexahydrate (NiCl.-6H20), copper(Il)
chloride dihydrate (CuClz:2H20), and zinc(Il) chloride (ZnClz), were also obtained from Sigma-
Aldrich and used as received.

Instrumentation and Characterization. Elementary analyses for C, H, and N were using a
Vario Micro Cube Elementary Analyzer. FT-IR spectra were recorded on a Shimadzu FTIR 8300
spectrophotometer using the KBr pellet method. UV—visible absorption spectra were measured with
a PerkinElmer Lambda 2 spectrophotometer in dimethyl sulfoxide (DMSO). Proton nuclear magnetic
resonance ("H NMR) spectra were recorded in DMSO-ds on a Bruker Avance DPX 250 MHz
spectrometer using tetramethylsilane (TMS) as the internal reference. Magnetic sensitivity
measurements were carried out at (25°C) using a Sherwood Scientific MK I Gouy balance. Metallic
contents in the complexes were resolute by atomic absorption spectroscopy (Varian AA240 FS).
Electrical conductivity measurements were performed in 110 M dimethylformamide (DMF)
solutions at room temperature using a Jenway 4070 conductivity meter.

Synthesizing of Ethyl 2-(9H-carbazol-9-yl)acetate (Compound A). To synthesize compound
A, carbazole (2.01 g, 0.012 mol) was dissolved in 25 mL of ethanol and combined with an equimolar
amount of ethyl chloroacetate (1.47 g, 0.012 mol) in a reaction flask. Anhydrous potassium carbonate
(0.013 g) was then added gradually under continuous stirring to facilitate the nucleophilic
substitution. The reactive mixing was left to stir at ambient temperature for approximately 18 hours
to ensure complete conversion.

Upon completion, the mixture was poured into 100 mL of ice-cold D.W., resulting in the
precipitation of the crude product. The solid was composed by filtration, thoroughly cleansed with
H20 to remove residual salts, and subsequently recrystallized from ethanol to afford pale brown
crystals of the target ester intermediate, designated as compound A.
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Synthesizing of Ethyl 2-(9H-carbazol-9-yl)acetohydrazide (Ligand L). By dissolving 2.50
grams of Compound A in 25 milliliters of ethanol. Then added 20 milliliters of hydrazine hydrate to



the mixture, incidentally stirring it for 5 hours followed by cooling it to external temperature. The
solvent was then evaporated under decreasing pressure, and the resulting solid was gathered, dried,

and purified through recrystallization in ethanol to yield the light hydrazide ligand L.
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Synthesis of Metal Complexes [M(L)CL] and [M(L).Cl;] (M = Co(II), Ni(I), Cu(II),

Zn(II)). Solutions of ligand L (0.01 mol for 1:1 complexes or 0.02 mol for 2:1 complexes) in 25 mL
ethanol were prepared. Separately, metal chloride salts (CoClz-6H-0O, NiClz:6H20, CuCl.-2H-0, or
ZnClz) (0.01 mole) were dissolved in 25 mL ethanol. The metal salt solutions were added dropwise
to the refluxing ligand solutions under continuous stirring. Reflux was maintained for 3 hours. The
resulting precipitates were filtered, cleaned up thoroughly with ethanol and diethyl ether, and dried
under vacuum for 4 hr. to yield the corresponding metal complexes.

Physical and Analytical Data. The physical properties, melting/decomposition temperatures,

yields, elemental analysis, and molar conductivity of the prepared compounds are summarized in

Table 1.
Table 1. Physical Characteristics of the Produced Ligands and Metal Complexes
Seq. | Complexes | Coloring | m.p. | Yield Analysis (calc.)% (A)
O | % cm?.ohm
C H N M Cl ! mol™!
A | CisHisNO2 Pale 80— | 78 75.45 | 5.69 543 - - ---
brown 81 (75.87) | (5.97) | (5.53)
L | CisHizN3O Pale 248- | 81 70.15 | 5.40 | 17.29 - --- ---
yellow | 250 (70.28) | (5.48) | (17.56)
1 [Co(L)Cl2] Blue 3009 | 84 4526 | 3.18 | 11.32 | 1598 | 19.06 20
(45.68) | (3.29) | (11.42) | (16.01) | 19.26
2 [Ni(L)Clz] | Brown |286%| 90 45.65 | 3.19 | 11.37 | 15.84 | 19.17 23
(45.71) | (3.29) | (11.42) | (15.96) | (19.27)
3 [Cu(L)Cl2] Dark 2954 | 79 45.08 | 3.17 | 11.20 | 17.95 | 18.88 19
brown (45.12) | (3.25) | (11.27) | (16.05) | (19.02)
4 | [Zn(L)Clz] Light |279¢| 88 4478 | 3.13 | 11.18 | 17.38 | 18.83 16
brown (44.89) | (3.23) | (11.22) | (17.46) | (18.93)
5 | [Co(L):Cl2] Dark | 289d| 92 5532 | 3.94 | 13.85 9.70 11.59 17
Blue (55.46) | (3.99) | (13.86) | (9.72) | (11.69)
6 | [Ni(L)Cl2] Pale 2809 | 85 5543 | 392 | 13.84 9.61 11.68 22
brown (55.48) | (3.99) | (13.87) | (9.68) [ (11.70)
7 | [Cu(L)2Cl2] | Brown | 2969 | 86 4598 | 3.88 | 13.69 | 10.29 | 11.58 25
(45.78) | (3.97) | (13.62) | (10.33) | (11.06)
8 | [Zn(L):Cl2] | White |2679| 93 54.79 | 3.84 | 13.68 | 10.52 | 11.48 27
(54.68) | (3.76) | (13.71) | (10.60) | (11.57)

d= decomposition temperature




Results and Discussion

The synthesized hydrazide ligand (L), as depicted in Scheme 1, successfully coordinates with
Co(II), Ni(IT), Cu(II), and Zn(II) ions to yield a total of eight well-defined metal complexes. These
were obtained in two stoichiometric ratios, 1 to 1 and 1 to 2 (metallic-to-ligand). All complexes
demonstrated good solubilization in common organic solvents and exhibited thermal stability under
dry conditions, with decomposition temperatures from 267°C to 300°C.

The physicochemical properties and elemental composition of the ligand and its corresponding
complexes are abbreviated in Table 1. The experimental elemental analyses closely match the
calculated values, confirming the proposed molecular formulas of the mono- and bis-ligand
complexes: [M(L)Clz2] and [M(L)2Cl2], respectively.

Furthermore, molar conductivity performed in 1x10 M DMF solutions points out that all
complexes behave as non-electrolytes, irrespective of the ligand-to-metallic ratio. The structural
representations of these complexes are provided in Fig. 1, reflecting the expected geometrical
configurations based on coordination chemistry principles.
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Fig. 1. The proposed structural formulas of compounds: (a) [M(L)CIz] and
(b) [IM(L)2Cl2]

Spectra of 'H-NMR: The 'H-NMR spectral information for ligand L (Table 2) provides
significant information about its structure and functional groups. A signal at 4.82 ppm corresponds
to the methylene group (CH2CO) in the ligand backbone. The apex at 11.253 ppm is attributable to
the amide proton (NH), and the peak at 8.121 ppm indicates the presence of an amine group (NH2).

The aromatic protons emerge as multiplets in the area from 7.136 to 8.122 ppm, corresponding
to eight hydrogen atoms on the aromatic ring system. The chemical shifts and integrals are consistent
with the expected texture of ligand L and confirm the successful synthesis.

The ligand's potential to act as a tridentate donor in metal complexation is supported by the
presence of both amide (NH) and amine (NHz2) groups, along with the aromatic ring system. These
groups can coordinate with metal ions through nitrogen and oxygen atoms. Further confirmation of
coordination sites was obtained through IR and UV-Vis spectral analysis.

Table 2. 'H-NMR Spectral Information of Ligand L in DMSO-d®

Ligand | 3 (ppm) Assignment
A 1.284 CH2 (s, 3H)
4.14 CH>—CO (s, 2H)
4.45 CO—CHa (s, 2H)




7.138-8.122 Aromatic system (m, 8H)

L 4.82 CH>—CO (s, 2H)
11.253 NH (s, 1H)
8.121 NH- (s, 2H)

7.136-8.121 | Aromatic system (m, 8H)

Notes: s = singlet, m = multiplet

IR- spectra. The analysis of the IR spectral data presented in Table 3 provides evidence
regarding the characteristics of ligand L and its metal complexes, helping to accurately identify the
functional groups and their role in metal coordination.

The ligand L displays absorption peaks at 3417 cm™ and 3276 cm™ attributed to the stretch
vibrating of v(NHN), confirming the existence of hydrazone groups in it. The pronounced peak, at
1735 cm™, signifies the stretch of vibration of v(C=0), indicating the presence of a carbonyl group.
The aromatic C— H stretching vibrations are noted at 3088 cm™, while the aliphatic C—H stretch
vibrations are noted at 2980 cm™.

After mixing substances in a process called complexation, changes occur in the infrared bands
detected; the alterations in the vibrations of C=0 bonds stretching outwards are especially noticeable.
The bands found between 1589 and 1665 cm™ in the metal mixtures either move to lower frequencies
compared to when the ligands are free; this suggests that the oxygen atom in carbonyls is playing a
role alongside the metal ions during coordination actions. In addition to this observation, the
disappearance or weakening of v(NHNH2) bands within the spectra serves as evidence confirming
the involvement of nitrogen atoms within this coordination process.

Absorptions starting to show up in the 425-487 cm™ and 507—-587 cm! range suggest that there
are stretching modes for metal-nitrogen and metal-oxygen connections taking place, which indicate
some form of interaction between the ligand and the metal present. These bands confirm the formation
of metal-nitrogen and metal-oxygen bonds and confirm the coordination of the ligand through the
donor N and O atoms.

The spectrophotometer's limitations prevent the detection of an M—Cl band, which implies that
Cl ions are bound to the metal center, as described in the suggested electrolytic nature of the
complexes.

The changes in the IR spectrum suggest that the ligand functions as a chelating agent in two
ways, either by binding through the oxygen or the hydrazone nitrogen atoms to create stable Metal
chelates with octahedral structures in 1:2 (metal to ligand ratio) and tetrahedral or square planar
shapes, in 1:1 complex.

The outcomes presented, along with the study and conductivity information, provide backing
for the suggested coordination styles and the development of metal-ligand chelates. Every synthesized
chemical was subjected to an IR spectral analysis. By using infrared spectra, one can determine the
type of ligand-metal bond. While the bands obtained for v (C—H stretching of aliphatic group) at
(2980, 2985 cm™), (1742 cm™) for (C=O stretching), and (1145 cm™) for (C—-O-C stretching)
respectively support the creation of v (C—H stretching of aromatic ring) in the compound (A)'s IR
spectra, the band at (3086 cm™") supports this formation [14].

The formation of v(C—H stretching of aromatic ring) is supported by the band at (3088) cm™! in
the IR spectra of L [15]. v (NHNH: stretching) bands were obtained at 3417 and 3276 cm™!, whereas
the band (1735 cm™) returned to the (C=O stretching). New bands featured in the variety of 507-587
cm!' and 425478 cm™', corresponding to the stretching vibrations of M—O and M-N bonds,
respectively. These shifts—compared to the free ligand spectrum—confirm the coordination of the
ligand to the metal ions and indicate that bond formation led to slight upfield or downfield frequency
changes depending on the complex structure [16, 17]. Which points out the participation of nitrogen
and oxygen atoms of the carbazole derivative in bonding [18, 19]. The M-Cl band is not detected
because it falls below the limit of the spectrophotometer range, as indicated in this discussion
regarding L coordinating with metal ions. In a tetradentate and octahedral manner, O M N is arranged
[20]. The outcomes are detailed in the following Table 3.



Table 3. Characteristic IR Absorber Bands (cm™) of the Ligand Ethyl 2-(9H-carbazol-9-

yl)acetohydrazide (L) and Its Corresponding Metal Complexes
No. | Compound | v(C-H) v(C-H) | v(C=0) | v(C- | v(NHNH>) | vNH) | v(M- | v(M-
Aliphatic | Aromatic O- N) 0)
©)
A | CiHisNO2 2985 3086 1742 | 1145 — — — —
L 2980 3088 1735 — 3417, — — —
Ci14Hi13N30 3976
1 | [Co(L)CI2] 2978 3045 1589 — 3417 3420 | 456 | 564
2 | [Ni(L)CI2] 2987 3046 1631 — 3417 3421 | 437 | 507
3 | [Cu(L)CIy] 2983 3045 1665 — 3417 3467 | 476 | 575
4 | [Zn(L)CI2] 2985 3046 1635 — 3417 3472 | 425 | 537
5 | [Co(L)Clz] 2986 3044 1643 — 3417 3478 | 457 | 577
6 | [Ni(L)2Cl2] 2984 3047 1629 — 3417 3476 | 443 | 547
7 | [Cu(L):Cl2] 2985 3046 1631 — 3417 3469 | 427 | 587
8 | [Zn(L):Cl2] 2984 3045 1626 — 3417 3456 | 487 | 557

Magnetic Measurement and UV-Visible Spectra. At ordinary room temperature, the
magnetic moment values of the complexes 1, 2, and 3 were measured to be 4.4, 2.9, and 2.2 Bohr
Magnetons (B.M.), respectively. These values are consistent with the expected ranges for tetrahedral
geometries in Co(II), Ni(II), and Cu(Il) complexes [21-23].

These reported values align with the expected range for spin tetrahedral shapes of Cobalt (II),
Nickel (II), and Copper (II) based complexes [21-23].

In contrast, the magnetic moment values for complexes 5, 6, and 7 were recorded as 4.9, 2.8, and 1.76

B.M., respectively, which support the presence of octahedral geometries around the metal centers

[24].

UV-Visible light Spectroscopy. The UV Visible light spectra of the ligand and its compounds
show expected transitions. Absorption peaks are observed at 36789 cm™ for 1 — m* transitions and
at 40324 cm™ for n — 7= transitions., which are attributed to intra-ligand 1 — n* and n — n*
transitions, respectively. In the spectra of the metal compounds, these transitions are slightly shifted,
indicating coordination of the ligand to metal ions. Additional bands appearing in the range 28797—
37432 cm™ are attributable to ligand-to-metallic charge transfer (LMCT) transitions [25].

e Co (II) Complex (1): Exhibiting a broad band at 14879 cm™, assigned to the *Ax(F) — “T:(P)
transition, consistent with a tetrahedral geometry [26].

e Co (II) Complex (5): Shows bands at 10186, 16168, and 19560 cm™, appointed to *T:g(F) —
“T2g(F), “T1g(F) — *Aag(F), and *T:1g(F) — *T1g(P) transitions, point out an octahedral geometry
[27].

e Ni (II) Complex (2): Displays a band at 14653 cm!, attributed to the *T(F) — 3T1(P) transition,
suggesting a tetrahedral geometry [28].

e Ni (II) Complex (6): Shows three bands at 10298, 15589, and 23857 cm’! corresponding to *A.g(F)
— 3Tag(F), *A2g(F) — 3Tig(F), and 3A2g(F) — *Tig(P) transitions, confirming an octahedral
geometry [29].

e Cu (II) Complex (3): A broad band at 14749 cm™! is assigned to 2T» — 2E transitions, characteristic
of a tetrahedral environment [30].

e Cu (II) Complex (7): Displays a band at 15657 cm™* assigned to *Big — *A.g transition, suggesting
an octahedral geometry [31,32].

e 7Zn (II) Complexes (4 and 8): Only show charge transfer bands at 35876 and 35492
cm’!, respectively. This indicates a tetrahedral geometry for complex (4) and an octahedral
geometry for complex (8) [33].



Table 4. Data of Electronic Spectral and Magnetic Moments of Ligand L and Its Metalic

Complexes
No. | Complex Bands (cm™) Suggested Transitions Geometry | p_eff
(B.M.)
C14H13N30 36789, 40324 n— ¥, n— ¥ — —
1 42870, 41600, 32791, | n— n*, n — n*, CT, *Ax(F) Td 4.4
[Co(L)CL] 14879 — 4TA(P)
2 . 42623, 45110, 32916, | n — n*,n — *, CT, *T«(F) Td 2.9
[NI(L)CL] 14653 — STA(P)
3 43670, 38621,29432, | © — n*,n — *, CT, °T> — Td 22
[Cu(L)Cl2] 14749 B
4 | [zn(L)CL] | 45941, 42209, 35876 n— 1, n— n*, CT Td 0.0
5 [Co(L)CL] 45151,41575,36901, | =n— m*,n— n*, CT, d-d Oh 4.9
21110186, 16168, 19560 transitions
6 . 45161, 44790, 36955, | n— m*,n — n*, CT, d-d Oh 2.8
INIL)R2CL] | 0508 15589, 23857 fransitions
7 45727, 36250, 33582, | m — n*,n — n*, CT, >Big — Oh 1.76
[Cu(L)2C12] 15657 AL
8 | [Zn(L):Cl] | 46102, 39134, 35492 T — 1, n— 1%, CT Oh 0.0

Note: CT = Charge Transfer, Td = Tetrahedral, Oh = Octahedral

Conductivity measurement. The molar conductivity measurements for all compounds varied
between 16 and 27 Q!'-cm? mol™! in DMF at a conc. of 10 M, under standard temperature conditions,
suggesting that these compounds exhibit non-electrolyte characteristics when dissolved in the
solution [34]. The conductivity data is provided in Table 1.

Calculation of Density Functional Theory (DFT). The quantum chemistry endpoint derived
from the DFT/B3LYP method presented in Table 5 provides information about specific physical and
electronic characteristics of ligand L and its complexes. These include the energy gap space among
the HOMO and LUMO orbitals (AE), chemical potential (p1), absolute hardness (1), global softness
(S), and electrophilicity index (w). Collectively, these parameters help assess the stability and
reactivity of the molecules [35, 36].

The energy gap (AE) between the HOMO and LUMO levels returns the chemical stability of a
molecule; a wider gap suggests greater stability and lower reactivity. According to the data, the free
ligand L has a AE value of 3.678 eV, indicating higher stability than most of its complexes. In
contrast, the [Co(L)Clz] complex exhibits the smallest energy gap (0.233 eV), suggesting it is the
least stable and the most chemically reactive [37].

Molecular hardness (1) is another stability indicator, where higher n values indicate more rigid
and less reactive molecules. The free ligand L has a hardness of 1.839 eV, while [Cu(L)Clz] and
[Ni(L)Cl2] have values of 1.145 eV and 1.164 eV, respectively, indicating that they are comparatively
stable.

The chemical potential (n) describes the molecule’s electron-accepting tendency. A more
negative u indicates stronger electrophilic character and higher reactivity. For example, [Ni(L)CI2]
shows a chemical potential of —9.414 eV, suggesting high electrophilicity. However, [Cu(L)CI2] has
a positive p (+9.433 eV), which deviates from this trend.

Global softness (S), the inverse of hardness, also reflects reactivity. [Co(L)2Cl2], for instance,
shows a high softness value (8.620 e¢V), indicating exceptional reactivity.

The electrophilicity index (®), which reflects a molecule’s ability to accept electrons, is highest
for [Cu(L)Cl2] (38.856 e¢V) and [Ni(L)Cl2] (38.068 eV), indicating these are the most electrophilic
and potentially reactive complexes.

Based on AE and o values, the stability order of the studied compounds is:

[Cu(L)CL] > [Ni(L)CL] > L > [Zn(L)Cl2] > [Ni(L)2Cl2] > [Co(L)Cl2] > [Cu(L)2Cla] > [Zn(L)2CL]



This data shows that [Cu(L)Cl2] is the most stable and electrophilic compound, while
[Zn(L)2C12] appears to be the least stable among those studied

The results provide an extensive insight into the chemical behavior and properties of the ligand and
its metal complexes, suggesting potential applications in coordination chemistry and catalysis.

To evaluate molecular stability and responsiveness, the estimation of global rigidity () and absolute
softness (S) is essential. Bind energy analysis indicates that the increase in bind energy of the complexes
reflects a higher stability comparable to the free ligand.

Chemical properties, like chemical potential (w), electrophilicity index (), global softness (S), and
hardness (1), were determined for both the ligand and its complexes and are detailed in Table 5. All quantum
chemical estimation were performed using the Gaussian 03 software, which is well-suited for modeling
organic and coordination compounds. Molecular structures were visualized using GaussView 4.1.

Geometry optimizations were flown using the B3LYP functional and the 6-311G(d,p) basis set for C,
N, O, and H atoms. According to the hard and soft acid—base (HSAB) principle, species with larger HOMO-
LUMO energy gaps are considered harder (less reactive), which correlates with their stability.

Pearson’s definition of global hardness 1 can be expressed as:

n=Y(0WoN)_v(r)
Where:
- u=(0GE/ON) v(r)
- E=total energy
- N = number of electrons under external potential v(r)

Practically, n and p are estimated using ionization potential (IP) and electron affinity (EA):
u=—IP+ EA)/2
n=(IP—-EA)2
Koopmans' theorem provides a useful approximation that links molecular orbital energies to key
reactivity descriptors. Specifically, the ionization potential (IP) and electron affinity (EA) are
approximated as complying with:
[P~~EHOMO,EA~~ELUMO
Determined on this, the electronic chemical potential (1) and chemical hardness (1) can be
defined as:
u=2EHOMO+ELUMO=2ELUMO-EHOMO
Alternatively, when using ionization potential and electron affinity directly:
u=—2IP+EAn=2IP-EA

These parameters are essential for understanding the stability and reactivity of molecular
systems. The electrophilicity index (), introduced by Parr and co-workers, quantifies the
electrophilic character of a molecule and is calculated using the following relation:

o=2nu2

In a conceptual DFT perspective, the potential of chemical substances p is described as the
derivative of the electronic energy (E) with regard to the number of electrons (N) at a constant external
potential v(r):

u=(ONIE)v(r)
Similarly, the absolute hardness 1 can be defined as:
N=21(ONopu)u(r)
Koopmans’ approximation therefore supports the relationship between Pearson's concepts of absolute
hardness/softness and the HOMO-LUMO energy gap, where IP and EA are directly correlated to the
frontier orbital energies.

[ELUMO — EHOMOY] is the energy gap (AE) value. Table 5 shows the consequence of the
calculations for each of these parameters for L and their composite. Understanding the characteristics
and behavior of molecules, such as their kinetic stability, chemical reactivity, softness, and hardness,
requires an analysis of the boundary molecular orbitals (HOMO) and LUMO. Since the compound's



stability has a minimum (®) and a maximum (max), the prepared compounds' stability order is as
follows. The HOMO and LUMO of L, the optimal structures, and the composite (Fig. 2) [41].

Table 5. The quantum characteristics of L and its compounds

No. | Complex |ELUMO |EHOMO| AE N U S ®
L | CuHiN:O | -3.046 -6.724 3.678 1.839 | -4.885 | 0.543 6.488
1 [Co(L)Cl2] -0.596 -1.554 0.958 0.479 -1.075 2.087 1.206
2 [Ni(L)Cl2] -8.250 -10.578 2.328 1.164 -9.414 0.859 38.068
3 | [Cu(L)Cl] | -8.288 | -10.578 | 2.290 1.145 | 9.433 0.873 38.856
4 [Zn(L)Cl2] -0.591 -3.036 2.445 1.222 -1.813 0.818 1.344
5 | [Co(L):CL] | -0.081 -0.314 0233 | 0.116 | -0.197 | 8.620 0.163
6 [Ni(L)2Cl2] -0.570 -1.072 0.502 0.251 -0.821 3.984 1.342
7 | [Cu(L):CL] | -0.421 -0.793 0372 | 0.186 | -0.607 | 5.376 0.989
8 | [Zn(L):Cl] | -0.293 0.571 0278 | 0.139 | -0432 | 7.194 0.669
o
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Fig. 2. The optimized structures and the HOMO and LUMO of the Ligand and complexes




Antibacterial Activity. The anti-microbial feature of free ligand (L) and its metallic structure
were investigated against Klebsiella pneumoniae and Staphylococcus aureus. The outcome,
summarized in Table 6 and Figure 3, indicates that metal complexation generally enhances
antibacterial activity compared to the free ligand.

For Klebsiella pneumoniae, the ligand (L) exhibited an inhibition zone of 20 mm, while its
metal complexes demonstrated improved activity: [Cu(L)Cl2] (26 mm), [Zn(L)Cl2] (25 mm), and
[Co(L)Cl2] and [Ni(L)Cl2] (25 mm each). Though the increase in activity appears significant, the
difference between the complexes and the ligand (A = 5-6 mm) must be interpreted in light of
experimental error. Therefore, measurement uncertainty (=1 mm or more, depending on the diffusion
method) should be reported to assess statistical significance.

Chelation is thought to enhance the antimicrobial behavior of metal complexes by promoting
better membrane permeability and interaction with bacterial systems, which increases the
lipophilicity of the ligand and enhances its ability to permeate bacterial membranes, interfering with
enzymatic or metabolic processes. However, it is important to note that chelation theory alone cannot
definitively explain antibacterial efficiency, and further biochemical studies are needed to validate
these claims.

Against Staphylococcus aureus, the ligand showed weaker activity (12 mm), while the
complexes [Zn(L)Cl2] and [Co(L) 2Cl2] displayed stronger suppression zones of 18 mm and 19 mm.
The order of antibacterial activity against Klebsiella pneumoniae was:

[Cu(L)CL] > [Zn(L)CL] = [Co(L)CL] = [Ni(L)CL] > [Ni(L)2CL] > [Cu(L):Cl2] >
[Co(L)2CL] = L

And against Staphylococcus aureus:

[Co(L)2CL2] > [Zn(L)ClL:] > [Ni(L)2CL2] > [Co(L)ClL2] > [Cu(L)CL2] > [Cu(L) 2Cl2] > [Ni(L)CL] >
L

Ciprofloxacin, used as a standard, produced larger inhibition zones (30 mm for K. pneumoniae
and 20 mm for S. aureus), outperforming all ligand and complex samples. Therefore, the statement
that the tested compounds were "more effective than Ciprofloxacin" is not supported by the data and
has been corrected.

These findings suggest that complexation with metal ions enhances antibacterial potential,
likely due to changes in lipophilicity, stability, and the ability to interfere with bacterial cell
components. However, further testing, including MIC determination and statistical validation, is
needed to fully confirm their efficacy and potential as antimicrobial agents against resistant bacterial
strains.

Table 6. Anti-microbial activity of the Ligands and their compound

No. | sign complex Klebsiella Staphylococcus
pneumoniae Aureus
(mm) (mm)

L CisHi3N3O 20 12

1 Col [Co(L)Clz] 25 16
2 Nil [Ni(L)Cl2] 25 13
3 Cul [Cu(L)Cl2] 26 15
4 Znl [Zn(L)Cl2] 25 18
5 Co2 | [Co(L)Clz] 20 19
6 Ni2 [N1(L)2Cl2] 24 17
7 Cu2 | [Cu(L):Cl] 23 14
8 Zn2 | [Zn(L):Cl2] 26 17
Control 30 20
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Fig. 3. The antibacterial properties of substances against (a) Klebsiella pneumonia bacteria and (b)
Staphylococcus aureus

Conclusion

This research examines the creation and analysis of transition metal compounds using Schiff
base ligands that function as bidentate in Type (I) complexes and tetradentate in Type (II) complexes
when combined with metal in molar ratios of 1:1 and 2:1, respectively The properties of the ligand
and the general compositions of the resulting compounds were identified through a range of physical
and spectroscopic techniques.

To gain an understanding of the molecular properties of the created compound, Density
Functional Theory estimations were performed to reveal details about the best geometries and
electronic stability of structures. The phrase "best geometries" is employed instead of "ideal shape"
to accurately convey the scientific concept.

After testing the compound on two types of bacteria, it was found that the metallic compound
had a greater antibacterial impact than the free ligand alone, indicating that these metal-based
compounds could be promising candidates for future antimicrobial medications.
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