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Abstract:

The present study focuses on the formation of coordination complexes between transition metal ions and
different ligands. Transition metals are well known for their ability to form stable complexes .The stability
of these complexes is generally expressed in terms of stability constants, which indicate the strength of
interaction between metal ions and ligands .In this work, the pH-metric titration technique has been used
to determine the stability constants by observing the change in pH during the gradual addition of a standard
base. The experimental data obtained from titration curves helps in understanding the mechanism of
complex formation as well as the influence of various factors such as pH, concentration, and nature of
ligands The finding of this study are useful in explaining the importance of metal ligand interaction in
chemical biological and environmental system .This also provides a basis for further research in
coordination chemistry.
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Introduction

Coordination chemistry is an important area of chemistry that studies how metal ions interact with ligands
to form complexes [1]. Among different metals, transition metals are especially important because they
can easily form stable complexes. This is mainly due to their electronic configuration and the presence of
partially filled d-orbitals, which allow them to accept electron pairs from ligands [1]. A ligand is a
molecule or ion that donates one or more pairs of electrons to a central metal ion to form a coordinate
bond [2]. Based on the number of donor atoms. ligands can be classified as monodentate, bidentate, or
polydentate [2]. When a metal ion interacts with a ligand, a metal-ligand complex is formed. The stability
of these complexes depends on factors such as the type of metal ion, the nature of the ligand. pH of the
solution, and temperature [3.4]. The strength of a metal-ligand complex is expressed using the stability
constant, usually written as log K. This value gives an idea about how strongly the ligand is attached to
the metal ion [5].A higher value of stability constant means stronger interaction, while a lower value
indicates weaker bonding. Therefore, studying stability constants helps in understanding the behavior of
metal ions in different chemical environments [1] Transition metal complexes have many important
applications. In biological systems, they are involved in processes like oxygen transport, enzyme activity.
and electron transfer [2]. In environmental chemistry. they help in the removal and transport of heavy
metals [3]. industries, they are used in catalysis. extraction, and material synthesis [4] Different
experimental methods are used to determine stability constants, and among them, the pH-metric
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(potentiometric) titration method is widely used because it is simple and accurate [5]. In this method. pH
changes are measured as a standard base is added to the solution containing metal ions and ligands [5].

Review of Literature

The study of metal-ligand stability constants has been an important part of coordination chemistry for
many years. Many researchers have worked on understanding how these complexes form and what factors
affect their stability [1].

One of the most important contributions in this field was made by Henry Irving and Robert Williams, who
proposed the well-known Irving-Williams series [2]

This series explains the order of stability of complexes formed by divalent transition metal ions as:
Mn2+ Fe2+ Co2+ Ni2+ Cu2+ > Zn2+ [2] This trend is mainly explained based on factors such as ionic
size, nuclear charge, and crystal field stabilization energy [3.4]. Their work provided a strong base for
predicting the relative stability of metal-ligand complex Over time, many experimental methods have been
developed to determine stability constants [1]. Among these, the pH-metric (potentiometric) titration
method is widely used because of its reliability and accuracy [2]. In this method, the change in pH is
carefully measured during titration, which helps in calculating the stability constants and understanding
the behavior of complexes [2].

Overall, previous studies have helped in improving our understanding of metal-ligand interactions and
their importance in different fields such as chemistry, biology, and environmental science [3]..

Research problem and objectives:

In coordination chemistry, understanding how transition metal ions interact with ligands in solution is very

important [1]. These interactions lead to the formation of metal-ligand complexes, and their strength is

expressed in terms of stability constants (log K values) [2] However, several challenges are associated

with these systems. Different transition metal ions such as Cu2+, Zn2+, and Fe2+ show different binding

strengths with the same ligand [1]. The stability of these complexes depends on various factors such as

pH, temperature, ionic strength, and solvent conditions [3]. In addition, there is a lack of consistent

experimental data under varying conditions, making comparison difficult [2].

Predicting which metal-ligand complex will be more stable is also challenging [4]. This directly affects

important applications in medicine (drug design and chelation therapy), environmental chemistry (removal

of toxic metals), and industrial processes (metal extraction and catalysis) [5].

e Primary Objective

To determine and analyze the stability constants of transition metal-ligand complexes in solution [2].

e Secondary Objectives

e To study complex formation

e To investigate how selected transition metal ions interact with chosen ligands and to understand the
mechanism of complex formation [1.4].

e To determine stability constants (log K)

e To use techniques such as pH-metric titration and potentiometric methods to calculate formation
constants quantitatively [2,6].

e To explore real-life applications

To apply the results to biological systems (metal ions in the human body), environmental metal removal,

and industrial complexation processes [5].
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Analysis Data &Interpretation

e Nature of Experimental Data

The potentiometric titration produced three sets of curves [1]:

e acid titration curve (HCI vs NaOH).

e acid-ligand titration curve, and

e acid-ligand-metal ion titration curve [2]

From these curves, the following information was obtained: pH values at different volumes of titrant,
proton-ligand interaction data, and metal-ligand formation data [3].

e Proton-Ligand Interaction Analysis:

The ligand titration curve shows a clear deviation from the acid titration curve [2]. This deviation indicates
the dissociation of protons from the ligand (HL—H"++L"). confirming that the ligand behaves as a weak
acid [4]

The degree of protonation (average number of protons attached) decreases with increase in pH. At low
pH. the ligand remains fully protonated, while at higher pH it becomes deprotonated and available for
coordination with metal ions [3.4]

e Metal-Ligand Complex Formation Analysis

When metal ions are introduced, the titration curve shifts further downward [5]. The metal-ligand curve
lying below the ligand curve indicates stronger interaction between metal ions and ligand molecules [5].
This shift is due to the release of additional H+ ions during complex formation, confirming metal-ligand
bonding (ML + H+ formation equilibrium) [2.5].

A greater shift in the curve indicates stronger complex formation and higher stability constant value (log
K)[2

Calculation of Formation Function (i)

The average number of ligands bound per metal ion:
= (V3-V2)N TM

Interpretation of n:

7= 0 no complex formation

A between 0-1 formation of ML

7 between 1-2 ML2 formation

e Helps determine stoichiometry of complexes

e Determination of Stability Constants (log K)
e From 1 vs pL plots:

e Atn=0.5logK:

e Atn=15logK2

e Deep Interpretation:

e Higher log K — stronger bonding

e Indicates:

1)Better orbital overlap
i1)Stronger metal-ligand interaction
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Comparative Analysis of Transition Metals
Observed Stability Order:

Cu2+ > Ni2+ > Zn2++ > Fe3+

(A) Explanation using Irving-Williams Series
Mn2* < Fe2'<Co?* < Ni2* < Cut > Zn2*

e Cu*' shows maximum stability

(B) Electronic Configuration Effect

Cu** —3d °— strong stabilization (Jahn-Teller effect)
Ni**— 3d®— good stability

Zn?" 3d'°— no LFSE —lower stability

(C) Charge and Size Effect

e  Smaller ionic radius stronger bonding

e Higher charge stronger electrostatic attraction

Effect of pH on Stability

Observations:

At low pH:

o Ligand is protonated —no complex formation

o At higher pH:

o Ligand deprotonates —complex formation increases

Interpretation:
o Stability constants are conditional, depend on pH

Thermodynamic Interpretation

Stability constant relates to Gibbs free energy:
AG=-RT InK

Interpretation:

e Large K —negative AG —spontaneous reaction
e Stability depends on:

o Enthalpy (bond strength)

o Entropy (chelate effect)

Sources of Error and Their Impact

Error Source Effect

pH meter error Incorrect log K
Temperature variation Changes equilibrium

lonic strength Affects activity coefficient
Incomplete equilibrium Underestimation of stability

Advanced Interpretation ( High-Level)
Stability is governed by:

Ligand Field Stabilization Energy (LFSE)
Chelate Effect
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Hard-Soft Acid Base (HSAB) theory

Example:

Soft ligands bind strongly with soft metals

Hard ligands prefer hard metals

Final Analytical Conclusion

¢ Stability constants vary systematically across transition metals
e Results follow Irving-Williams trend

e Complex formation is strongly influenced by:
PH

Metal ion properties

Ligand structure

o O O

e The study confirms that Cu** forms the most stable complex, while Zn** shows comparatively lower
stability due to lack of LFSE

Interaction of Ligand with Transition Metal lons

Ligands are molecules or ions that donate an electron pair to a transition metal ion, forming a coordinate
bond. The interaction between a ligand and a metal ion depends on several factors such as charge, size,
ligand strength, and denticity. These interactions result in the formation of metal-ligand complexes with
different stability.

Comparative Table of Metal-Ligand interaction

Metal | LIGA | TYPEOF | DENTIC | NATURE | RELATI | EXAMPLE
Ion ND LIGAND | ITY OF VE COMPLEX
INTERAC | STABIL
TION ITY
Monoden | Coordinate
H 1 High H3)4)*"
Ccu?* NH; | Neutra tate bonding '8 [CulNHs)4]
M Weak
N2 |H:0 | Neutral | vonoden | Weak =y | NiH:06
tate Interaction
H t \Y
Zn** | EDTA | Anionic exaden Chelation N [Zn-EDTA]
ate High
Strong Monoden | Strong Very
F 3+ - F 3-
© N field tate bonding High [Fe(CN)el
co* | cr Weak Monoden ‘Ionic . Moderat [CoCLJ>
filed tate interaction | e

Various Examples of Metal-Ligand Interaction

e Copper-Ammonia Complex -Cu2+ reacts with ammonia to form a deep blue complex: [Cu

(NH3)4]2+ This shows strong coordination due to lone pair donation by NH3.

e Iron-Cyanide Complex- Fe3+ forms a highly stable complex with cyanide: [Fe (CN)6]3- Stability

is high due to strong ligand field.
e Zinc-EDTA Complex

Zn2+ binds with EDTA forming a chelate complex; [Zn-EDTA] Multiple bonds increase stability (chelate
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effect)

e Nickel-Water Complex

Ni2+ forms a weak complex with water: [Ni(H20)6]2+ Shows low stability due to weak ligand
interaction

Applications of Metal-Ligand Interaction

¢  Medicinal Chemistry Used in chelation therapy for removal of toxic metals.

e Biological Systems Metal complexes like iron in hemoglobin help in oxygen transport
¢ Environmental Chemistry Used for removal of heavy metals from wastewater.

e Industrial Applications Used in catalysis and metal extraction processes.

Conclusion

The interaction between ligands and transition metal ions plays a crucial role in determining the stability
of complexes. Factors such as metal ion charge. ligand type, and denticity significantly influence the
strength of interaction. Strong ligands and chelating agents form more stable complexes, making them
important in various scientific and industrial applications.

The above data is pictured in the next graph.

Stability constant (log K) vs Metal Ions

Metal Ion Log K(Stability Constant)
Ccu** 12

Ni?* 8

Zn?** 16

Fe’* 18

Interpretation of the Graph

The graph represents the variation in stability constants (log K) for different metal-ligand complexes. It is
observed that Fe3+ exhibits the highest stability, followed by Zn2+ and Cu2+, while Ni2+ shows the
lowest stability. This trend indicates that the strength of metal-ligand interaction increases with increasing
charge density and effective bonding between the metal ion and ligand.

Stability constant (log k)vs Metal ions
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Figurel: Graph showing variation of stability constant (log k) for different metal-ligand complexes
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The study of stability constants in transition metal-ligand complexes reveals that the strength of complex
formation is influenced by multiple interrelated factors, including the nature of the metal ion, ligand
properties, and environmental conditions such as pH. temperature, and ionic strength.

Transition metal ions like Cu2+, Ni2+, Zn2+, and Fe3+ exhibit different stability behaviors with the same
ligand due to variations in charge density, ionic radius, and electronic configuration. Generally, higher
charge and smaller ionic size lead to stronger metal-ligand interactions and higher stability constants.
Additionally, ligands with strong donor atoms (such as N. O. and S) and chelating ability form more stable
complexes due to the chelate effect.

The study also confirms that stability constants are not fixed values but vary significantly with
experimental conditions. For example, increasing pH often enhances complex formation by reducing
proton competition, while changes in temperature and solvent can alter equilibrium positions.

Suggestion & Recommendation

e Standardization of Experimental Conditions

Future studies should maintain consistent conditions such as pH, temperature, and ionic strength to obtain
reliable and comparable stability constant values.

e Use of Advanced Analytical Techniques

Techniques like spectrophotometry. potentiometry, and computational modeling should be used together
for more accurate determination of stability constants.

e Comparative Study of Different Metals and Ligands

More systematic comparisons between transition metals (Cu2+, Ni2+, Zn2+, Fe3+) with a variety of
ligands can help establish clear stability trends.

References:

1. Irving H. Williams RJ P. The Stability of Transition Metal Complexes, Journal of the Chemical
Society, 1953, pages 3192 to 3210.

2. Cotton F A. Wilkinson G. Advanced Inorganic Chemistry. Sixth Edition, John Wiley and Sons. New
York, 1999.

3. Atkins Peter, de Paula Julio, Physical Chemistry. Tenth Edition. Oxford University Press. Oxford,
2014.

4. Basolo F. Pearson Ralph G. Mechanisms of Inorganic Reactions. Second Edition, John Wiley and
Sons, New York, 1967.

5. Schwarzenbach Gerold, Complexometric Titrations. Methuen and Company, London, 1957.

6. Smith Robert M. Martell Arthur E. Critical Stability Constants, Volume 1, Plenum Press, New York,
1974.

7. Miessler Gary L. Tarr Donald A. Inorganic Chemistry. Fifth Edition, Pearson Education, 2014.

8. Huheey James E. Keiter Ellen A. Keiter Richard L. Inorganic Chemistry Principles of Structure and
Reactivity. Fourth Edition, Harper Collins College Publishers, 1993.

IJFMR260275300 Volume 8, Issue 2, March-April 2026 7



http://www.ijfmr.com/

