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Abstract

Formation constants, which represent the stability of metal-ligand complexes, can be determined through a variety 

of methods, including polarography, electrical conductance, temperature, immiscible solvent distribution coefficients, 

nuclear magnetic resonance, magnetic moment changes, solvent extraction, and optical activities. Modern techniques 

have been developed for calculating these constants accurately. By studying the thermodynamics and kinetics of metal-

ligand complex formation, researchers can gain insights into the stability and reactivity of these compounds, as well as 

their potential applications in fields such as catalysis, medicine, and environmental science.

INTRODUCTION:

The formation constants of metal complexes in 

solution are important parameters in various chemical, 

biological, and environmental processes. The 

determination of these constants requires accurate and 

reliable methods that can provide precise measurements of 

the equilibrium constants. In this mini-review, we present 

an overview of the most commonly used methods to 

determine the formation constants of metal complexes in 

solution (; ; ). The first method discussed is the 

potentiometric titration, which involves the measurement 

of the electrical potential of the solution as a function of 

the added titrant. 

The second method is spectrophotometry, which 

measures the absorption or transmission of light by the 

complex in solution (). The third method is calorimetry, 

which measures the heat released or absorbed during 

complex formation. The fourth method is electrochemical 

techniques, which measure the current or potential changes 

during the redox reactions involved in complex formation. 

The advantages and disadvantages of each method are 

discussed, and the factors that affect the accuracy and 

precision of the measurements are highlighted. The mini-

review concludes with a discussion of the recent advances in 

the field of formation constant determination, such as the use 

of computational methods and new experimental 

techniques, which are expected to improve the accuracy and 

reliability of the measurements. Overall, the mini-review 

provides a comprehensive overview of the methods used to 

determine the formation constants of metal complexes in 

solution, and highlights the importance of these parameters 

in various fields of science and technology ().

SOLUBILITY METHOD

The solubility method is one of the commonly used 

methods to determine the formation constants of metal 

complexes in solution. This method involves the 

determination of the solubility of a sparingly soluble salt of 

the metal ion in the presence of a ligand that forms a complex 

with the metal ion. The solubility of the salt is affected by the 

formation of the complex, which decreases the 

concentration of the free metal ions in solution and, 

consequently, reduces the solubility of the salt ().

The formation constant, K , is determined from the f

change in the solubility of the salt as a function of the 

concentration of the ligand. The solubility product, Ksp, of 

the salt is also determined in the absence of the ligand. The 

equilibrium between the free metal ions and the metal-

ligand complex can be described by the following equation:
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M^n+ + L ⇌ ML^n+ ----------- (1)
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where M^n+ is the metal ion, L is the ligand, and ML^n+ 

is the metal-ligand complex.

The solubility of the salt in the presence of the ligand can 

be calculated using the following equation:

where [ML^n+] is the concentration of the metal-ligand 

complex, [M^n+] is the concentration of the free metal ion, 

[L] is the concentration of the ligand, and Kf is the formation 

constant.

The solubility product, Ksp, of the salt can be calculated 

from the concentration of the free metal ions in solution 

using the following equation:

where An- is the anion of the salt, n is the number of 

moles of the metal ion in the salt, and m is the number of 

moles of the anion in the salt.

The formation constant, Kf, can then be determined from 

the following equation:

where Ka is the acid dissociation constant of the ligand.

The solubility method is a simple and straightforward 

method to determine the formation constants of metal 

complexes in solution, and it can provide accurate and 

reliable results if the solubility measurements are performed 

with care and precision. However, the method has 

limitations, such as the requirement for a sparingly soluble 

salt of the metal ion, and the need for careful control of the 

pH and temperature of the solution to avoid the formation of 

other complexes or precipitation of the salt  .

DISTRIBUTION METHOD:

Metal complex formation can be achieved through 

several distribution methods, depending on the specific 

metal and ligand involved. Some of the most common 

distribution methods include:

Solution-phase synthesis: This method involves 

dissolving the metal salt and ligand in a solvent to form a 

solution. The metal and ligand will react with each other to 

form the complex, which can then be isolated by 

precipitation or other methods  .

Solid-state synthesis: This method involves mixing the 

metal salt and ligand in a solid state and heating the mixture 

to promote complex formation. This method is often used 

when the ligand is insoluble in common solvents  .

Ligand substitution: This method involves reacting a 

pre-formed metal complex with a different ligand to replace 

the original ligand. This method can be used to modify the 

properties of the complex or to prepare complexes with 

different ligands  .

Chelation: This method involves using a polydentate 

ligand to form a complex with a metal ion. The chelating 

[ML^n+] = Kf[M^n+][L] ----------(2)

Ksp = [M^n+]^n[An-]^m-----------(3)

Kf = (Ksp/[M^n+])/(1 + [L]/Ka)-----------(4)

ligand has multiple binding sites that can bind to the metal 

ion, which results in a more stable complex, the choice of 

distribution method depends on several factors, including 

the specific metal and ligand involved, the desired properties 

of the complex, and the availability of equipment and 

resources – .

ION-EXCHANGE METHOD:          

The ion-exchange method of metal complex formation 

involves exchanging the metal ion in a pre-existing complex 

with a different metal ion. This is done by adding a new 

metal salt to a solution containing the pre-formed complex, 

which will cause the new metal ion to replace the original 

metal ion in the complex. The ion-exchange process occurs 

because metal ions in solution are surrounded by ligands that 

form coordinate bonds with the metal ion. When a new metal 

salt is added to the solution, the metal ion in the salt will 

compete with the original metal ion for binding sites on the 

ligands. If the new metal ion has a stronger affinity for the 

ligands, it will replace the original metal ion in the complex, 

resulting in the formation of a new metal complex  .

The ion-exchange method can be used to prepare metal 

complexes with specific properties, such as different 

colours, magnetic properties, or catalytic activity. It is also 

useful for purifying metal complexes that may be 

contaminated with other metal ions. However, this method 

may not be effective for all metal-ligand combinations, as 

some metal ions may not be easily exchanged due to their 

low reactivity or weak affinity for the ligands. The ion-

exchange method is a useful tool for preparing and 

modifying metal complexes in solution, but its effectiveness 

depends on the specific metal-ligand system and the 

conditions of the exchange reaction  .

ELECTROMETRIC METHODS: 

Electrometric methods of metal complex analysis are 

analytical techniques that are based on measuring the 

electrical properties of metal-ligand complexes in solution. 

These methods are often used to determine the 

concentration, stability, and other properties of metal 

complexes. One common electrometric method is 

potentiometry, which measures the potential difference 

between two electrodes immersed in the solution containing 

the metal complex. By measuring the potential difference as 

a function of the concentration of one or more of the 

components in the solution, the stability constant of the 

metal-ligand complex can be calculated. The stability 

constant is a measure of the strength of the interaction 

between the metal ion and the ligand, and is an important 

parameter for understanding the behaviour of metal 

complexes in solution  .

Another electrometric method is conductometry, which 

measures the electrical conductivity of a solution containing 

a metal complex. Conductivity is a measure of the ability of 
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the solution to conduct an electrical current, which depends 

on the number of ions present in the solution. By measuring 

the change in conductivity as a function of the concentration 

of one or more of the components in the solution, the 

stoichiometry of the metal-ligand complex can be 

determined. The stoichiometry is the ratio of the number of 

metal ions to the number of ligands in the complex, and is an 

important parameter for understanding the composition of 

metal complexes  .

Electrometric methods of metal complex analysis are 

powerful tools for studying the properties of metal-ligand 

complexes in solution. They are non-destructive and can 

provide valuable information about the composition, 

stability, and other properties of metal complexes. However, 

they require specialized equipment and expertise, and may 

not be suitable for all metal-ligand systems.

POTENTIOMETRIC METHOD:

pH-metric titration is a useful method for determining 

the equilibrium concentration of central metal ion or ligand, 

as well as for pH-metric measurements. In order to use this 

method, a suitable electrode must be selected based on the 

system being studied.

The principle of pH-metric titration is based on the pH 

change that occurs during the titration of a solution of known 

concentration of a strong acid or base with a strong base or 

acid. This method is particularly useful for studying the 

protonation equilibrium of a ligand. The ligand is dissolved 

in a solution at a concentration of 0.0001M, and the 

protonated and non-protonated forms of the ligand are 

typically soluble in the solution. These ligands do not 

decompose during the titration process.

During the titration process, the pH of the solution 

changes as protons are either added or removed from the 

ligand. The pH at each point in the titration can be measured 

using a pH electrode, and a plot of pH versus the volume of 

titrant added can be used to determine the equilibrium 

concentration of the central metal ion or ligand  .

POLAROGRAPHIC METHOD:           

The polarographic method is a useful technique for 

determining the instability constant of metal-ligand 

complexes. This method involves plotting polarographic 

curves in the presence and absence of substances that 

participate in complex formation, such as ligands (anions or 

neutral molecules) in solution. The formation of a metal-

ligand complex is indicated by a shift in the half-wave 

potential of the metal ion. This shift occurs as the metal ion is 

bound by the ligand, which changes the redox properties of 

the metal ion. The magnitude of the shift in the half-wave 

potential is proportional to the stability of the metal-ligand 

complex, and can be used to determine the instability 

constant of the complex  .

Kolthoff and his co-workers used this method to 

establish the composition of metal chelates, which are 

complexes formed by a metal ion and a chelating agent. 

Chelating agents are ligands that can form multiple 

coordinate bonds with a metal ion, resulting in a more stable 

complex. By using the polarographic method, Kolthoff and 

his co-workers were able to determine the composition of 

metal chelates and study their properties in solution  .

OTHER METHODS:

 Kinetic method

The method of measuring the rate of a reaction involving 

one of the components of the complex dissociation 

equilibrium in the presence or absence of complex-forming 

substances is known as the kinetic method. This method is 

based on the principle that the rate of a reaction is dependent 

on the concentration of reactants  .

By measuring the rate of the reaction, it is possible to 

determine the equilibrium concentration of the central metal 

ion, ligand, and other components of the complex 

dissociation equilibrium. This is because the rate of the 

reaction is directly proportional to the concentration of the 

reactants.

The kinetic method is a powerful tool for studying metal-

ligand complexes, as it can provide valuable information 

about their stability and behaviour in solution. This method 

is particularly useful for studying the kinetics of complex 

formation and dissociation, and can be used to determine the 

rate constants of these processes.

FREEZING METHOD

One of the most important features of the isotope 

dilution method is that the removal of substances that 

participate in the complex dissociation equilibrium from the 

reaction sphere is rapid and quantitative. This ensures that 

the system remains in a state of equilibrium and that the 

concentration of the complex can be accurately determined  .

The isotope dilution method is particularly useful for 

studying the kinetics of slow complex formation processes, 

as it can provide important information about the stability 

and behaviour of metal-ligand complexes over time. This 

method is often used in conjunction with other techniques, 

such as spectroscopy and chromatography, to provide a 

more complete picture of the complex formation process.

The isotope dilution method is a valuable tool for 

studying metal-ligand complexes and their equilibrium 

constants. However, it requires specialized equipment and 

expertise, and may not be suitable for all metal-ligand 

systems.

BIOLOGICAL METHOD 

The method based on studying the effects of ion 

equilibrium concentration on the function of a specific organ 

in a living organism is known as the physiological method. 

This method involves determining the equilibrium 
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concentration of an ion under study based on its effects on 

the function of a particular organ, in systems where complex 

formation occurs  .

The physiological method is particularly useful for 

studying the behaviour of metal-ligand complexes in 

biological systems, as it can provide important insights into 

their interactions with living organisms. By studying the 

effects of metal-ligand complexes on organ function, 

researchers can gain a better understanding of their potential 

biological activity and toxicity.

The physiological method is a complex and challenging 

approach that requires specialized knowledge and expertise 

in both chemistry and biology. However, it can provide 

valuable information about the behaviour of metal-ligand 

complexes in biological systems, and can help to inform the 

design and development of new drugs and therapies.

 

SPECTROPHOTOMETRIC METHOD

T h e  J o b ' s  m e t h o d  i s  a  c o m m o n l y  u s e d 

spectrophotometric technique for determining the formation 

constant of metal-ligand complexes. This method involves 

measuring the light absorption at different wavelengths for a 

series of solutions containing complexes with varying 

metal-ligand molar ratios  .

In this method, the light absorption of metal complexes 

is typically different from that of the corresponding metal 

ions. By measuring the absorbance of each solution at 

different wavelengths, it is possible to identify the maximum 

absorbance, which occurs when the metal-ligand ratio is 

equal to the complex formation ratio.

The Job's method is a reliable and widely used technique 

for determining the formation constant of metal-ligand 

complexes, and is often used in conjunction with other 

methods, such as potentiometry and pH-metry, to provide a 

more comprehensive understanding of complex formation 

processes. However, it is important to carefully consider the 

experimental conditions and limitations of this method, as it 

may not be suitable for all metal-ligand systems.

BJERRUM METHOD

The Bjerrum method is a thermodynamic approach used 

to calculate the stability constants of metal-ligand 

complexes in solution. This method is based on the 

assumption that the equilibrium between the free metal ions 

and metal-ligand complexes in solution can be described by 

a set of thermodynamic equations. In the Bjerrum method, 

the stability constant of a metal-ligand complex is 

determined by measuring the equilibrium concentration of 

the complex and the free metal ions at a specific pH. These 

measurements are used to calculate the equilibrium constant 

of the complex formation reaction.

The Bjerrum method is particularly useful for studying 

metal-ligand complexes that are difficult to measure using 

other methods, such as those with low solubility or low 

binding affinity. However, it is important to note that this 

method requires careful experimental design and data 

analysis, as small errors in the experimental conditions or 

measurements can lead to significant errors in the calculated 

stability constants  .

ISOTOPIC DILUTION METHOD

The isotopic dilution method is a technique used to 

determine the formation constant of a metal-ligand 

complex. This method involves introducing a known 

amount of isotopically labelled metal ion into a solution 

containing a known amount of unlabelled metal ion and 

ligand. The isotopically labelled metal ion and the 

unlabelled metal ion compete for the ligand, forming both 

labelled and unlabelled metal-ligand complexes. By 

measuring the ratio of labelled to unlabelled metal-ligand 

complexes, the formation constant can be calculated. This 

method is particularly useful for studying slow complex 

formation reactions and for systems in which the formation 

of intermediate complexes is suspected  .

CONDUCTANCE MEASUREMENT METHOD

The conductance measurement method is a technique 

used to study the formation of metal-ligand complexes in 

solution by measuring changes in electrical conductance. 

This method is based on the principle that the presence of a 

metal-ligand complex in solution can alter the electrical 

conductivity of the solution.

In the conductance measurement method, the 

conductance of a solution is measured before and after the 

addition of a metal-ligand complex. The difference in 

conductance between the two measurements is used to 

determine the concentration of the complex and the 

equilibrium constant of the complex formation reaction. 

This method is particularly useful for studying metal-ligand 

complexes with high ionic strengths, as it allows for the 

direct measurement of changes in the ionic strength of a 

solution. However, it is important to carefully consider the 

effects of solution temperature, pH, and other experimental 

conditions on the accuracy of the measurements, as these 

factors can affect the electrical conductivity of the solution. 

Werner and others frequently used this method for 

studies of metal complexes. Werner gave a correct formula 

which is based on the molar conductance values of a variety 

of complexes of Co(III) ion and Pt(IV) ion, estimated in 

freshly prepared dilute solution  . In such cases due to a 

chemical change conductance of solution increased. 

Example:
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ELECTRICAL FIELD MIGRATION

Electrical field migration, also known as transference 

studies, is a method used to investigate the transport of 

charged species in a solution. This method is based on the 

principle that when an electrical field is applied across a 

solution containing charged species, these species will 

migrate at different rates depending on their charge and size. 

In the context of metal-ligand complex formation, the 

electrical field migration method can be used to study the 

behaviour of metal ions and ligands in solution. By 

measuring the migration rates of these species under 

different conditions, it is possible to determine the 

equilibrium concentration of the metal-ligand complex and 

the stability constant of the complex formation reaction.

This method is particularly useful for studying metal-

ligand complexes with low solubility or low binding affinity, 

as it allows for the direct measurement of the transport of 

charged species in solution. However, it is important to 

carefully consider the effects of solution temperature, pH, 

and other experimental conditions on the accuracy of the 

measurements, as these factors can affect the migration rates 

of the charged species ().

The electrical field migration method is a valuable tool 

for studying the transport and thermodynamics of metal-

ligand complex formation in solution, and can provide 

important insights into the behaviour of these systems in a 

wide range of applications, including biochemistry, 

environmental science, and material science.

CALORIMETRIC METHOD

The calorimetric method is a technique used to measure 

the heat changes associated with a chemical reaction or a 

physical process, such as the formation of a metal-ligand 

complex. The calorimetric method is based on the principle 

of thermodynamics, which states that the energy of a closed 

system is conserved, and any energy released or absorbed by 

the system must be accounted for (). In the context of metal-

ligand complex formation, the calorimetric method can be 

used to measure the enthalpy change (ΔH) associated with 

the reaction. Enthalpy is a thermodynamic quantity that 

represents the amount of heat released or absorbed by a 

system at constant pressure. The calorimetric method 

involves measuring the change in heat associated with the 

formation of the complex by using a calorimeter, a device 

that measures heat changes in a sample.

The calorimetric method can provide valuable 

information about the thermodynamics of metal-ligand 

complex formation, such as the enthalpy and entropy 

changes (ΔS) associated with the reaction, and the 

equilibrium constant (K). These thermodynamic parameters 

can be used to determine the stability and reactivity of the 

metal-ligand complex, and to compare the relative stability 

of different complexes.

The calorimetric method is a powerful tool for studying 

the thermodynamics of metal-ligand complex formation, 

and can provide important insights into the stability and 

reactivity of these complexes. However, it is important to 

carefully control experimental conditions, such as 

temperature and pressure, to ensure accurate measurement 

of the heat changes associated with the reaction.

         

EBULLIOSCOPIC AND CRYOSCOPIC METHOD    

Ebullioscopic and cryoscopic methods are two 

techniques used to measure the change in boiling point or 

freezing point, respectively, of a solvent in the presence of a 

solute, such as a metal-ligand complex. These methods can 

be used to determine the molecular weight of the solute, and 

in the context of metal-ligand complex formation, they can 

be used to determine the stoichiometry of the complex.

In the ebullioscopic method, the boiling point of the 

solvent is measured in the presence of the solute. The boiling 

point of a solution is elevated due to the presence of the 

solute, with the degree of elevation proportional to the 

molality of the solute. By measuring the change in boiling 

point at different concentrations of metal ion and ligand, it is 

possible to determine the molecular weight of the complex 

and the stoichiometry of the complex formation reaction (; ).

In the cryoscopic method, the freezing point of the 

solvent is measured in the presence of the solute. The 

freezing point of a solution is depressed due to the presence 

of the solute, with the degree of depression proportional to 

the molality of the solute. As with the ebullioscopic method, 

by measuring the change in freezing point at different 

concentrations of metal ion and ligand, it is possible to 

determine the molecular weight of the complex and the 

stoichiometry of the complex formation reaction.

The ebullioscopic and cryoscopic methods can be used 

in a wide range of applications, including chemistry, 

biochemistry, and material science, and can provide 

valuable information about the thermodynamics and 

stoichiometry of metal-ligand complex formation. 

However, it is important to carefully control experimental 

conditions such as temperature and pressure, and to ensure 

accurate measurement of the boiling or freezing point.

ELECTROMOTIVE FORCE METHOD   

The electromotive force (EMF) method, also known as 

the potentiometric method, is a technique used to measure 

Where, conductance is observed increasing with colour change from green to red.
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the potential difference between two electrodes in a solution. 

In the context of metal-ligand complex formation, this 

method can be used to determine the equilibrium constant 

and thermodynamic properties of the complex formation 

reaction ().

The EMF method works by measuring the potential 

difference between a reference electrode and a sensing 

electrode placed in a solution containing the metal ion and 

ligand. As the metal-ligand complex forms, the potential 

difference between the electrodes changes due to the 

different concentrations of the metal ion and ligand in the 

solution. By measuring the potential difference at different 

concentrations of metal ion and ligand, it is possible to 

de te rmine  the  equi l ib r ium cons tan t  and  o ther 

thermodynamic properties of the complex formation 

reaction ().

The EMF method is particularly useful for studying 

metal-ligand complexes with high binding affinities, as it 

can provide very precise measurements of the equilibrium 

constant and other thermodynamic parameters. However, it 

is important to carefully control experimental conditions 

such as pH, temperature, and ionic strength, as these factors 

can affect the accuracy of the measurements.

CONCLUSION

In conclusion, the determination of formation constants 

is essential for understanding the behaviour of metal-ligand 

complexes and their applications in various fields. The 

availability of various methods for measuring these 

constants allows researchers to select the most suitable 

technique for their specific needs. By studying the 

thermodynamics and kinetics of complex formation, 

researchers can gain insights into the stability and reactivity 

of these compounds, which is critical for developing new 

and improved materials for catalysis, medicine, and 

environmental science. As modern techniques continue to 

evolve, it is expected that the accuracy and precision of 

formation constant measurements will continue to improve, 

leading to more detailed insights into the properties of 

metal-ligand complexes.
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