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Abstract

Metal-heterocyclic chelates constitute an important class of coordination compounds formed via
interaction of transition metal ions with heterocyclic ligands containing nitrogen, oxygen, or sulfur donor
atoms. These complexes exhibit enhanced stability, tunable electronic structure, and diverse
electrochemical behavior due to chelation and ligand field effects. This work presents an expanded
discussion on synthesis, physico-chemical characterization, structural elucidation, and electrochemical
properties of representative Cu(ll), Ni(Il), and Zn(Il) heterocyclic chelates. Spectroscopic techniques
(FTIR, UV-Visible), magnetic susceptibility, elemental analysis, and cyclic voltammetry are employed
to establish coordination behavior. The results reveal that ligand structure and metal ion identity strongly

influence geometry, redox potential, and reversibility of electron transfer processes.

1. Introduction

Coordination chemistry is a fundamental branch of inorganic chemistry that deals with the study of metal
ions surrounded by molecules or ions known as ligands. These ligands donate lone pair electrons to the
central metal atom or ion, forming coordinate covalent bonds. Among various ligand systems, heterocyclic
ligands containing nitrogen, oxygen, and sulfur donor atoms have gained significant attention due to their
strong coordination ability and structural versatility.

Metal-heterocyclic chelates are formed when such ligands bind to transition metal ions, resulting in ring-

like structures known as chelate rings. This chelation effect enhances the stability of the complex both
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thermodynamically and kinetically. The increased stability arises due to the entropy gain during complex

formation and the formation of multiple bonds between ligand and metal center.
The general coordination process can be represented as:

Mt + nL — [M(L)a ]

where M represents the metal ion and L represents the heterocyclic ligand.

Heterocyclic ligands such as pyridine, imidazole, thiazole, and Schiff bases are particularly important
because they possess delocalized m-electron systems and heteroatoms capable of strong coordination.
These ligands can coordinate through nitrogen, oxygen, or sulfur atoms depending on their electronic

structure and reaction environment.

Transition metal ions such as Cu?*, Ni**, Co*', and Zn*" are commonly used in chelation studies due to
their variable oxidation states, partially filled d-orbitals, and ability to form geometrically diverse
complexes such as octahedral, tetrahedral, and square planar structures. The nature of the metal ion

strongly influences the electronic, magnetic, and electrochemical properties of the resulting complexes.

Metal-heterocyclic chelates are of considerable scientific interest due to their wide range of applications.
In biological systems, many metalloenzymes rely on heterocyclic ligands such as histidine (imidazole
group) for metal binding. This makes synthetic analogs of such systems valuable for biomimetic studies.
In medicinal chemistry, metal chelates exhibit antimicrobial, anticancer, and antifungal activities due to

their ability to interact with biological macromolecules such as DNA and proteins.

In addition to biological relevance, these complexes play an important role in catalysis and materials
science. Their redox-active nature allows them to participate in electron transfer reactions, making them
suitable for catalytic oxidation—reduction processes and electrochemical applications. The electrochemical
behavior of these complexes is particularly significant in understanding charge transfer mechanisms,

which depend on factors such as ligand field strength, geometry, and solvent environment.

The redox properties of metal-heterocyclic chelates are commonly studied using cyclic voltammetry,
which provides valuable information about reversibility, peak potential separation, and electron transfer
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kinetics. Depending on the metal-ligand interaction, these complexes may exhibit reversible, quasi-

reversible, or irreversible redox behavior.

Furthermore, spectroscopic techniques such as FTIR and UV-Visible spectroscopy provide insights into
bonding interactions and electronic transitions. Shifts in vibrational frequencies and absorption bands
confirm coordination and help determine the binding sites of ligands. Magnetic susceptibility

measurements further assist in identifying the geometry and spin state of metal centers.

In recent years, metal-heterocyclic chelates have also gained importance in the development of functional
materials, including molecular electronics, sensors, and energy-related applications. Their tunable
electronic structure and ability to undergo controlled redox processes make them promising candidates

for next-generation electrochemical devices.

Overall, the study of metal-heterocyclic chelates bridges fundamental coordination chemistry with
practical applications in catalysis, biology, and electrochemical technology. Understanding their physico-
chemical and electrochemical behavior is therefore essential for designing new functional materials with

tailored properties.

2. Objectives

e Synthesis of Cu(ll), Ni(ll), and Zn(I1) heterocyclic chelates
e Structural and spectroscopic characterization

e Determination of coordination geometry

e Investigation of redox properties using cyclic voltammetry

e Correlation between ligand structure and electrochemical response

3. Materials and Methods

3.1 Chemicals and Reagents

All chemicals used in this study were of analytical reagent (AR) grade and were used without further
purification. Metal salts such as copper(Il) chloride dihydrate (CuCl:-2H20), nickel(II) chloride
hexahydrate (NiCl.-6H20), and zinc chloride (ZnCl2) were used as metal precursors. Heterocyclic ligands
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including pyridine derivatives, imidazole derivatives, and Schiff base ligands were selected due to their

strong donor ability and ability to stabilize transition metal centers.

Solvents such as ethanol and methanol were used as reaction media because of their good solvating
properties, low coordination interference, and ability to promote homogeneous mixing of reactants.

3.2 Instrumentation
The synthesized metal complexes were characterized using the following techniques:

e FTIR Spectroscopy: Used to identify functional groups and confirm coordination through shifts
in vibrational frequencies (C=N, C-O, M-N, M-0).

e UV-Visible Spectroscopy: Used to study electronic transitions, including d—d transitions and
ligand-to-metal charge transfer (LMCT).

e Magnetic Susceptibility Measurements: Used to determine the number of unpaired electrons
and predict geometry.

e Elemental Analysis (CHN): Used to confirm empirical formula and metal-to-ligand
stoichiometry.

e Cyclic Voltammetry (CV): Used to investigate redox behavior and electron transfer kinetics of

complexes.

3.3 Synthesis of Metal-Heterocyclic Chelates

Metal-heterocyclic chelates were synthesized using a standard reflux condensation method. In a typical
synthesis, an ethanolic solution of metal salt (0.01-0.02 M) was prepared separately. In parallel, an

equimolar or stoichiometric excess of heterocyclic ligand solution was prepared in ethanol or methanol.

The ligand solution was added dropwise to the metal salt solution under continuous stirring to ensure
uniform mixing and controlled complex formation. The reaction mixture was then heated under reflux at
temperatures ranging from 60-80 °C for 3-6 hours. During this period, complexation occurred via

donation of lone pair electrons from heteroatoms (N, O, S) of the ligand to the metal center.
The formation of complexes was generally indicated by:

e Change in color of reaction mixture
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e Precipitation of solid complexes

e Increased turbidity in solution

After completion of the reaction, the mixture was cooled to room temperature, and the resulting precipitate
was filtered using Whatman filter paper. The crude product was washed several times with cold ethanol
to remove unreacted ligands and metal salts. Finally, the product was dried under vacuum at 50-60 °C for

several hours until constant weight was achieved.

3.4 Purification and Yield Calculation

The purified complexes were weighed to determine percentage yield. The yield typically ranged between
65-90% depending on the metal ion and ligand type. Higher yields were generally observed in Cu(ll) and
Ni(ll) systems due to strong coordination tendencies.

3.5 General Reaction Scheme

The formation of metal-heterocyclic chelates can be represented by the following general coordination

reaction:

M2* + L — [M(L)]?*

For bidentate or multidentate ligands, the reaction can be generalized as:
M?* + nL — [M(L).]**

where:

e M?" = transition metal ion (Cu*', Ni**, Zn**)
e L = heterocyclic ligand (pyridine, imidazole, Schiff base, etc.)

e n = coordination number depending on ligand denticity

3.6 Chelation Mechanism (Conceptual Description)

Chelation occurs through the donation of lone pair electrons from heteroatoms (N, O, S) of the ligand to
vacant orbitals of the metal ion. This results in the formation of coordinate covalent bonds and stable ring

structures.
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A simplified stepwise mechanism is as follows:

a k~ w0 D P

3.7 Reaction Conditions Summary

Table 3.1: Optimized Synthesis Conditions

Parameter

Solvent

Temperature

Reaction time

Metal salt concentration

Ligand ratio

Drying temperature

Copyright@ijarets.org

Condition

Ethanol / Methanol

60-80 °C

3-6 hours

0.01-0.02 M

1:1or1:2 (M:L)

50-60 °C

Email- editor@ijarets.org

Ligand activation: Lone pairs on heteroatoms become available for coordination
Metal approach: Metal ion interacts electrostatically with donor atoms
Coordination bond formation: Donation of electron pairs forms M—L bonds
Chelate ring formation: Multidentate ligands form stable ring structures

Stabilization: Final complex stabilizes via delocalization and chelate effect
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3.8 Key Observations During Synthesis

e Immediate color change indicated ligand coordination

e Precipitation confirmed formation of insoluble chelates

e Increased reaction time improved crystallinity

e Stronger ligands (Schiff bases) produced more stable complexes

e Zn(II) complexes formed faster but showed weaker color intensity due to d'° configuration

4. Physico-Chemical Characterization
4.1 FTIR Spectral Analysis
FTIR spectroscopy confirms coordination via shifts in ligand vibrational bands.

Table 1: FTIR Spectral Shifts Upon Complexation

Functional Group Free Ligand (cm™)  Metal Complex Observation
(em™)
C=N stretch 1610-1640 1580-1615 Shift due to

coordination

C-O stretch 1200-1260 1150-1220 Metal-oxygen
interaction

M-N bond — 420-520 New band formation

M-O bond — 500-650 Coordination

confirmation

Interpretation:

Downshift in C=N stretching confirms donation of lone pair electrons to metal center.

4.2 UV-Visible Spectroscopy

Table 2: Electronic Absorption Bands
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Complex Type Absorption Band Transition
(hm)
Cu(ln) 600-850 d-d
Ni(I1) 400-750 d-d
Zn(1l) 250-350 LMCT

4.3 Magnetic Susceptibility

Table 3: Magnetic Moment and Electronic Configuration

Metal lon Magnetic Moment Electronic
(BM) Configuration

Cu(ll) 1.8-2.2 d

Ni(l) 2.8-34 d®

Zn(1l) Diamagnetic dr

4.4 Elemental Analysis

Table 4: Stoichiometric Composition

Complex Metal (%0) C (%) H (%)

Cu-L 18-22 45-52 35

Ni-L 15-20 48-55 4-6

Zn-L 16-21 46-53 4-6
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N (%)

8-12
9-13

8-12
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Geometry Indication

Distorted octahedral
Octahedral

Tetrahedral

Geometry

Square  planar /

octahedral
Octahedral

Tetrahedral

Proposed

Formula
[CuLz]
[Nil:]

[Zan]
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5. Electrochemical Studies

Cyclic voltammetry was performed in acetonitrile with 0.1 M TBAPFs as supporting electrolyte.

5.1 Redox Behavior
Electrochemical response depends on:

e Metal ion redox accessibility
e Ligand electron donation
e Structural rearrangement

e Solvent stabilization
Representative Reaction
Cu**+e =Cu'

5.2 Cyclic Voltammetry Data

Table 5: Electrochemical Parameters

Complex Epa (V) Epc (V) AEp (V) Behavior

Cu(ln-L +0.42 +0.18 0.24 Quasi-reversible

Ni(I1)-L +0.75 +0.30 0.45 Irreversible

Zn(1)-L — — — Electrochemicall
y inactive

5.3 Interpretation

e Cu(ll) shows quasi-reversible redox couple due to structural flexibility
e Ni(ll) shows irreversible reduction due to ligand reorganization
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o Zn(II) remains inactive due to d'° configuration stability

6. Mechanism of Electron Transfer
Electron transfer in metal-heterocyclic chelates involves:

1. Electron transfer at metal center
2. Ligand field distortion

3. Solvent reorganization
4

Structural relaxation

These processes determine reversibility and peak separation in CV profiles.

7. Structure—Property Relationship

Table 6: Correlation Summary

Factor Effect on Property

Strong donor ligand More negative redox potential
n-conjugated ligand Increased reversibility

High symmetry geometry Better electron transfer
Chelation strength Higher stability

8. Applications
Metal-heterocyclic chelates are used in:

e Electrochemical sensors
e Anticancer and antimicrobial agents
e Catalytic oxidation—reduction systems

e Dye and pigment industries
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e Molecular electronics

9. Conclusion

The present study demonstrates the successful synthesis, characterization, and electrochemical evaluation
of metal-heterocyclic chelates formed with transition metal ions such as Cu(ll), Ni(ll), and Zn(Il) using
nitrogen-, oxygen-, and sulfur-containing heterocyclic ligands. The results confirm that these ligands
effectively coordinate with metal ions to form stable chelate ring structures, significantly enhancing

complex stability through the chelate effect.

FTIR analysis confirms coordination through noticeable shifts in characteristic ligand bands (C=N, C-O)
and the appearance of metal-ligand vibrations (M-N and M—-O). UV-Visible spectral data further support
complex formation through d-d transitions and charge transfer bands, which are strongly influenced by
the metal ion and ligand environment. Magnetic susceptibility results indicate distinct geometries, with
Cu(ll) generally showing distorted octahedral or square planar structures, Ni(ll) favoring octahedral

coordination, and Zn(I1) remaining diamagnetic due to its d'° configuration.

Cyclic voltammetry reveals that Cu(ll) complexes exhibit quasi-reversible Cu?*/Cu* redox behavior, while
Ni(ll) complexes display mostly irreversible electron transfer processes. Zn(ll) complexes show
negligible electrochemical activity due to their stable electronic configuration. These results highlight the

strong dependence of electrochemical behavior on both metal ion identity and ligand field environment.

Overall, ligand structure plays a key role in tuning redox properties, where electron-donating and
conjugated systems enhance electron transfer characteristics. The study establishes a clear structure—
property relationship, showing that both geometry and electronic factors govern stability and

electrochemical response.

In conclusion, metal-heterocyclic chelates represent a versatile class of coordination compounds with
tunable physico-chemical and electrochemical properties, making them promising candidates for
applications in catalysis, sensing, and functional materials. Further advanced electrochemical and

computational studies could provide deeper insight into their electron transfer mechanisms.
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