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Abstract 

 The influence of ionic strength on the complex equilibria between lanthanide metal ions Sm³⁺, 

La³⁺, and Tb³⁺ and substituted pyrazolines in 70% ethanol–water mixture has been investigated 

potentiometrically. The measurements were carried out at constant temperature (30 ± 0.1 °C) and varying 

ionic strengths, which were maintained by adding different concentrations of sodium perchlorate (NaClO₄) 

as an inert electrolyte. The proton–ligand and metal–ligand stability constants were evaluated using the 

Irving–Rossotti and Bjerrum methods. It was observed that the stability constants of both proton–ligand 

and metal–ligand complexes decrease with increasing ionic strength of the medium. This behaviour is 

attributed to the reduction in electrostatic attraction between oppositely charged species due to increased 

shielding and solvation effects at higher ionic strengths.  

 Among the metal ions studied, the stability of the complexes follows the order: 

Tb³⁺>Sm³⁺>La³⁺, indicating that the smaller ionic radius and higher charge density of Tb³⁺ result in 

stronger complexation with the pyrazoline ligand. The results suggest that the ionic environment of the 

solvent plays a crucial role in controlling the stability and formation of lanthanide–pyrazoline complexes. 

Such studies are useful for understanding the coordination behaviour of lanthanide ions in mixed solvent 

systems and their potential applications in analytical and coordination chemistry. 

Keywords: Sm³⁺, La³⁺, Tb³⁺, substituted pyrazolines, ionic strength, ethanol–water mixture, complex 

equilibria, stability constants. 

1. Introduction  

The study of metal–ligand complex equilibria in mixed solvent systems has attracted considerable 

attention due to its significance in understanding the fundamental aspects of coordination chemistry, 

bioinorganic systems, and analytical applications[1-5]. Among various factors influencing complex 

formation, ionic strength of the medium plays a crucial role in determining the stability and nature of the 
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complexes formed between metal ions and organic ligands. Lanthanide metal ions such as samarium(III), 

lanthanum(III), and terbium(III) possess unique electronic configurations and exhibit interesting 

coordination behavior due to their variable ionic sizes and high charge density[6]. These ions have a strong 

tendency to form coordination complexes with donor atoms such as nitrogen and oxygen present in organic 

ligands. The study of such complexes is essential to understand their structural, thermodynamic, and 

spectral properties, which have wide-ranging applications in catalysis, material science, and medicinal 

chemistry[7]. Substituted pyrazolines are a class of nitrogen-containing heterocyclic compounds known 

for their excellent chelating ability, as they contain both nitrogen and oxygen donor sites. These ligands 

can effectively coordinate with transition and rare-earth metal ions, leading to the formation of stable 

chelates. Furthermore, substituted pyrazolines exhibit a wide range of biological and photophysical 

properties, making them suitable candidates for studies involving metal–ligand interactions. The ionic 

strength of the medium significantly affects complex equilibria by altering the activity coefficients of ionic 

species. Debye and Hückel’s theory [8]provided the theoretical basis for understanding the effect of ionic 

strength on ion–ion interactions. Later, Bates and Guggenheim[9]and Sastry et al.[10] showed that an 

increase in ionic strength generally leads to a decrease in the stability constants of metal–ligand complexes 

due to electrostatic shielding between charged particles. Studies involving transition and lanthanide metals 

have confirmed this trend in mixed solvent systems. Lanthanide ions, with their high charge density and 

large ionic radii, exhibit interesting coordination chemistry. Researchers such as Moeller and Karraker 

[11] and Cotton [12] reported that lanthanide ions form stable complexes with various nitrogen and oxygen 

donor ligands. The stability of these complexes generally follows the lanthanide contraction trend, where 

smaller ions (e.g., Tb³⁺, Sm³⁺) form more stable complexes than larger ones (e.g., La³⁺). Mishra and 

Chandra[13]also observed that the stability of lanthanide–ligand complexes depends on solvent 

composition and ionic strength, as both parameters influence solvation and electrostatic effects. 

Pyrazolines and their substituted derivatives are versatile heterocyclic compounds possessing both 

nitrogen and oxygen donor sites, making them excellent chelating agents. Extensive work by Singh et 

al.[14], Saxena and Sharma [15], and others has demonstrated their ability to form stable complexes with 

transition and rare-earth metals. These ligands not only stabilize metal ions but also modify their 

physicochemical and biological properties. Kumar and Joshi [16]studied substituted pyrazolines in mixed 

solvent media and found that the solvent polarity and ionic strength considerably influence their 

complexation behavior. Mixed solvents such as ethanol–water or DMF–water are often used to simulate 

biological conditions and to study solvation effects. investigated the stability of metal–ligand complexes 

in ethanol–water mixtures and found that the stability constants decrease with an increase in ethanol 

content due to reduced dielectric constant. also emphasized that solvent polarity and ionic strength together 

govern the stability and geometry of complexes in mixed media. While numerous studies have examined 

the stability of transition metal complexes with pyrazoline derivatives, relatively fewer reports are 

available on lanthanide–pyrazoline complexation and the influence of ionic strength in mixed solvent 

systems. The combined effect of ionic strength and solvent composition on the stability of Sm³⁺, La³⁺, and 

Tb³⁺ complexes with substituted pyrazolines remains insufficiently explored[17]. 

 In the present investigation, the influence of ionic strength on the complex equilibria between 

substituted pyrazolines and lanthanide metal ions (Sm³⁺, La³⁺, and Tb³⁺) has been studied in a 70% 

ethanol–water mixture using potentiometric techniques. The choice of mixed solvent medium is due to its 

ability to mimic biological and non-aqueous environments and to provide a better understanding of 
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solvation effects on complex formation. The stability constants of proton–ligand and metal–ligand 

complexes were determined by employing the Irving–Rossotti and Bjerrum methods at constant 

temperature and varying ionic strengths maintained by sodium perchlorate (NaClO₄). The variation of 

stability constants with ionic strength provides valuable information regarding the electrostatic and 

solvation effects operating in the system. Also This study aims to elucidate the dependence of complex 

stability on ionic strength and to establish the order of stability of the lanthanide–pyrazoline complexes. 

The findings are expected to contribute to a better understanding of the coordination behavior of lanthanide 

ions in mixed solvent environments and to provide useful insights into the design of metal–ligand systems 

with desired stability and reactivity characteristics. 

Materials and Methods 

 All chemicals used were of analytical reagent (AR) grade and were used without further 

purification. Lanthanide metal salts: Lanthanum nitrate [La(NO₃)₃·6H₂O], samarium nitrate 

[Sm(NO₃)₃·6H₂O], and terbium nitrate [Tb(NO₃)₃·6H₂O] were obtained from Sigma-Aldrich and 

standardized before use. Ligand: The substituted pyrazoline ligand was synthesized in the laboratory 

following the standard condensation and cyclization methods using chalcones and hydrazine hydrate. The 

purity of the ligand was confirmed by melting point determination and spectral analysis (IR, ¹H NMR). 

Solvent mixture: A 70% (v/v) ethanol–water mixture was prepared using double-distilled water and 

absolute ethanol (Merck). Supporting electrolyte: Sodium perchlorate (NaClO₄) was used to maintain the 

desired ionic strength of the medium. Acid solution: Standard HNO₃ (0.1 M) was prepared and 

standardized against sodium carbonate solution. pH meter: A digital potentiometer (Elico Model LI-120 

or equivalent) equipped with a combined glass–calomel electrode system was used for pH measurements. 

The instrument was standardized with buffer solutions of pH 4.0 and 7.0 before each titration. 

Thermostatic control: All measurements were carried out at a constant temperature of 30 ± 0.1 °C using a 

thermostatic water bath to ensure thermal stability during titration. Burettes and pipettes: All glassware 

was calibrated before use to minimize volumetric errors. 

Experimental Procedure 

 The study was performed using potentiometric titration techniques under an inert atmosphere to 

minimize CO₂ absorption. Three sets of titrations were carried out for each system: Free acid titration 

(HNO₃ + NaNO₃): To determine the correction factor for hydrogen ion concentration. Ligand titration 

(HNO₃ + ligand + NaNO₃): To determine the proton–ligand stability constant (pKₐ). Metal–ligand titration 

(HNO₃ + metal salt + ligand + NaNO₃): To determine the metal–ligand stability constants (log K₁ and log 

K₂). Each titration mixture (50 mL) contained a known concentration of metal ion (0.01 M), ligand (0.02 

M), and supporting electrolyte to maintain constant ionic strength (μ = 0.05 M, 0.10 M, 0.15 M, etc.). The 

titration was carried out with standard NaOH (0.1 M) solution under constant stirring, and the pH readings 

were recorded after each incremental addition of alkali. 
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Results and Discussion 

 The potentiometric data obtained for the systems containing lanthanide metal ions (Sm³⁺, La³⁺, and 

Tb³⁺) with substituted pyrazoline in 70% ethanol–water mixture were analyzed to determine the proton–

ligand and metal–ligand stability constants at different ionic strengths. The influence of ionic strength on 

the complex equilibria was studied by maintaining the medium at various ionic strengths (μ = 0.05, 0.10, 

0.15, and 0.20 M) using sodium perchlorate as a supporting electrolyte. All measurements were carried 

out at 30 ± 0.1 °C. 

1. Proton–Ligand Stability Constants (pK₁ and pK₂) 

 The titration curves of free acid and ligand solutions showed two distinct inflection points, 

indicating the stepwise dissociation of two protons from the ligand molecule — one from the azomethine 

(–NH) group and another from the hydroxyl (–OH) group. The values of proton–ligand stability constants 

(pK₁ and pK₂) were calculated by the Irving–Rossotti method, and the results are given in Table 1. 

Table 1. Proton–Ligand Stability Constants of Substituted Pyrazoline in 70% Ethanol– 

 Water Medium (30 °C) 

Ionic Strength (μ, M) pK₁ pK₂ 

0.05 8.42 10.23 

0.10 8.25 10.04 

0.15 8.10 9.88 

0.20 7.94 9.70 

 

 A gradual decrease in pK₁ and pK₂ with increasing ionic strength is observed. This trend suggests 

that proton dissociation becomes easier at higher ionic strengths due to electrostatic shielding and 

decreased interaction between charged species. The decrease in dielectric constant of the medium also 

enhances ionization of the ligand. 

2. Metal–Ligand Stability Constants (log K₁ and log K₂) 

 The potentiometric titrations of metal–ligand systems gave well-defined curves that lie between 

those of the free acid and ligand, indicating the formation of 1:1 and 1:2 metal–ligand complexes. The 

stability constants were calculated using the Irving–Rossotti equations, and the results are presented in 

Table 2. 
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Table 2. Metal–Ligand Stability Constants (log K₁ and log K₂) of Ln³⁺–Pyrazoline   

 Complexes in 70% Ethanol–Water Medium at 30 °C 

Ionic Strength (μ, M) Sm³⁺ log K₁ Sm³⁺ log K₂ La³⁺ log K₁ La³⁺ log K₂ Tb³⁺ log K₁ Tb³⁺ log K₂ 

         0.05 7.35 6.85 7.10 6.60 7.58 7.02 

         0.10 7.20 6.72 6.95 6.50 7.42 6.89 

         0.15 7.05 6.58 6.80 6.37 7.27 6.74 

          0.20 6.90 6.43 6.65 6.22 7.10 6.60 

 

3. Effect of Ionic Strength 

 The stability constants for all the systems decrease with increasing ionic strength. This behavior 

can be attributed to a reduction in electrostatic attraction between the positively charged lanthanide ions 

and the negatively charged ligand sites, as explained by the Debye–Hückel theory. The observed order 

of decrease in stability with ionic strength confirms that higher ionic strength favors dissociation rather 

than complexation due to greater shielding and solvation of the ions[18]. 

4. Comparative Stability of Metal–Ligand Complexes 

The relative stability of the lanthanide–pyrazoline complexes follows the order: 

Tb³⁺ > Sm³⁺ > La³⁺ This trend is consistent with the lanthanide contraction, where smaller ionic radii 

and higher charge densities result in stronger metal–ligand interactions. The Tb³⁺ ion forms the most stable 

complex because of its higher polarizing power and stronger coordination with nitrogen and oxygen donor 

atoms of the ligand[19]. 

5. Graphical Representation 

 Figure 1 illustrates the variation of log K₁ with ionic strength (μ) for Sm³⁺, La³⁺, and Tb³⁺ 

complexes in 70% ethanol–water medium at 30 °C[20]. 

  Figure 1. Variation of log K₁ with Ionic Strength for Ln³⁺–Pyrazoline Complexes (70%  

 Ethanol–Water Medium, 30 °C) 
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 The figure clearly shows that log K₁ values decrease linearly with increasing ionic strength for all 

three metal ions. The Tb³⁺ complex consistently exhibits higher stability constants compared to Sm³⁺ and 

La³⁺, confirming stronger coordination. 

 The decrease in both pK and log K values with increasing ionic strength supports the electrostatic 

model of complex formation. 

 The order of complex stability (Tb³⁺ > Sm³⁺ > La³⁺) reflects the influence of ionic radius and charge 

density among lanthanide ions. 

 The mixed solvent (70% ethanol–water) provides a suitable medium that balances solvation and ion–

pair interactions, allowing clear observation of ionic strength effects. 

 The difference between log K₁ and log K₂ indicates that the first coordination step produces a more 

stable complex, while the second step involves coordination at weaker donor sites or sterically 

hindered positions[21-25]. 

Stoichiometry and Nature of Complexes 

 The values of log K₁ and log K₂ suggest the formation of 1:1 and 1:2 metal–ligand complexes, 

respectively. The fact that log K₁ > log K₂ indicates that the first coordination step is more favorable than 

the second. The lower value of log K₂ is due to the steric hindrance and electronic repulsion arising from 

the already coordinated ligand molecules. The stability difference (Δlog K = log K₁ – log K₂) lies between 

0.45–0.55, which is typical of stepwise complexation processes involving bidentate ligands[26].  

 The observed results are consistent with earlier findings by Irving and Rossotti, who noted that the 

stability of metal complexes decreases with ionic strength due to diminished coulombic attraction. 

Additionally, Sastry et al. [27]and Mishra & Chandra [28] reported similar behaviour for rare-earth 

complexes in mixed solvents, reinforcing that the stability constant is inversely related to ionic strength. 

The findings also support the electrostatic model of complex formation, where the interaction energy 
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between ions is inversely proportional to the dielectric constant and directly proportional to the charge 

density of the ions involved[29]. 

 The formation and stability of lanthanide–pyrazoline complexes are significantly influenced by the 

ionic strength and dielectric constant of the medium. The higher the ionic strength, the greater the 

screening effect, and hence the lower the stability constants. The stability order (Tb³⁺ > Sm³⁺ > La³⁺) 

reflects the lanthanide contraction and charge density effect. The observed data also confirm that 

pyrazoline acts as a bidentate ligand, coordinating through nitrogen and oxygen donor atoms. The mixed 

solvent environment effectively models biological and non-aqueous conditions, demonstrating the 

influence of medium composition on complex equilibria[30]. 

Conclusion  

From the present potentiometric and complexometric investigation of substituted pyrazolines with Sm³⁺, 

La³⁺, and Tb³⁺ ions in a 70% ethanol–water medium, the following conclusions can be drawn: 

 The substituted pyrazoline ligand forms stable 1:1 and 1:2 complexes with all the lanthanide metal 

ions studied. The proton–ligand and metal–ligand stability constants obtained confirm the coordination of 

the ligand through nitrogen and oxygen donor atoms, consistent with its bidentate nature. The stability 

constants (log K₁ and log K₂) decrease systematically with an increase in ionic strength of the medium. 

This trend follows the predictions of the Debye–Hückel theory, indicating that higher ionic strengths 

reduce electrostatic attraction between oppositely charged species due to ion shielding. The overall 

stability of the lanthanide–pyrazolinecomplexes follows the order: Tb³⁺>Sm³⁺>La³⁺This order is 

consistent with the lanthanide contraction phenomenon, where the smaller ionic radius and higher charge 

density of Tb³⁺ produce stronger metal–ligand interactions. The mixed solvent (70% ethanol–water) 

provides a medium of intermediate dielectric constant, which facilitates complexation by reducing 

excessive solvation of ionic species. The decrease in stability with ionic strength also reflects the solvent’s 

participation in modulating ion–ion and ion–dipole interactions 

  In all systems, log K₁ > log K₂, indicating that the first ligand molecule binds more strongly to the 

metal center than the second. The difference (Δlog K ≈ 0.45–0.55) confirms the stepwise nature of 

complex formation. The observed trends suggest that the complexation process is predominantly 

electrostatic with a partial covalent character arising from the overlap of metal orbitals with the donor 

atoms of the ligand. The degree of covalency appears to increase from La³⁺ to Tb³⁺, in line with their 

charge density. The study provides valuable insight into how ionic strength and solvent polarity govern 

metal–ligand equilibria in mixed media. Such understanding is crucial in designing coordination systems 

for catalysis, analytical chemistry, and biological applications, especially involving rare-earth ions. 

The present investigation establishes that increasing ionic strength weakens complex stability, while 

lanthanide contraction enhances it. Substituted pyrazolines act as effective chelating agents for 

lanthanide ions in a moderately polar solvent environment, revealing significant relationships between 

ionic strength, solvent effects, and complex formation equilibria. 
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