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Abstract: Background. Metal complexes of biologically active ligands had considerable interests. L-cysteinate residue, L-
Cys, is a biologically abundant and important versatile binding site of proteins. Diphenylamine, DPA, is an important aromatic 
amine containing two phenyl groups. Complexation equilibria of the divalent metal ions, Ca2+ and Zn2+ with the bio- relevant 
α-amino acid, L-cysteine and the nitrogen-containing diphenylamine ligand were investigated by means of the potentiometric 
technique at 25.0 ± 0.1°C and constant ionic strength of 0.200 ± 0.001 mol·dm-3 NaNO3. Objective. The stability constants and 
standard free energy changes of the α-amino acid, L-cysteine and diphenylamine complex species were determined at 0.200 ± 
0.001 mol·dm-3ionic strength. Methods. The formation of the different 1:1 and 1:2 binary complexes and 1:1:1 ternary 
complexes were inferred from the potentiometric titrations. Results. The concentration distribution of L-cysteine species 
formed in solution was evaluated. The dissociation constants of the α-amino acid and diphenylamine were determined at 
different ionic strength. The stability constants of these binary and ternary systems were calculated. The values of ∆ log10 K, 
percent relative stabilization, %R.S. and log10 X for the ternary systems were evaluated and discussed. Concussion. The ternary 
complex formation occurred in a stepwise manner with L-cysteine acting as the primary ligand. The obtained values of ∆ G0 
indicated that Complex formation reactions are spontaneous. Also, for all systems studied, the ternary complexes formed are more 
thermodynamically stable than the binary complexes. 
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1. Introduction 

Metal complexes of biologically active ligands had 
considerable interests. L-cysteinate residue, L-Cys, is a 
biologically abundant and important versatile binding site of 
proteins. Diphenylamine, DPA, is an important aromatic 
amine containing two phenyl groups. Ternary complexes 
formed between metal ions and these two different ligands 
(L-Cys and DPA) are very mportant interactions in biological 
fluids and environmental systems [1-10]. Ternary complexes 
of amino-acids with aromatic nitrogen –containing 
compounds and metal ions form commonly in biological 
fluids [11-14]. 

DPA is a light tan to brown solid with a pleasant odor. It 

has been used as a fungicide for the treatment of superficial 
scald in apples and pears. Diphenylamine has a role as a 
carotogenesis inhibitor, antioxidant, inhibitor and antifungal 
agrochemical. It has been converted to 4-
hydroxydiphenylamine in rat and man and as an antioxidant. 
Diphenylamine actually promotes lipid hydroperoxide 
formation and oxygen consumption while markedly 
inhibiting generation of thiobarbituric acid reactive 
substances [15, 16]. Complexes of biologically active ligands 
with metal ions had considerable interests in the literature 
[17-24], and in view of this and as a continuation of our 
published work oriented to study the binary and ternary 
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complexes of biologically important ligands [25-29], it seems 
to be of considerable interest to conduct investigations 
covering complexes of the metal ions, Ca(II) and Zn(II) 
involving L-cysteine and diphenylamine ligands. 

2. Experimental Section 

2.1. Materials and Solutions 

The diphenylamine is a commercially available chemical 
(TCI Co., LTD, Tokyo, Japan, MW 169.23 g.mol-1, purity > 
98.8% by weight). It is used in this study without further 
purification. L-Cysteine is an analytical-grade reagent 
(Aldrich-Merck, MW 121.160 g.mol-1, purity > 99% by 
weight). The purity of these compounds and the 
concentrations of the stock solutions were determined [30]. 
The metal salts were provided by BDH as nitrates or 
chlorides. Stock solutions of the metal salts were prepared in 
deionized water, and the metal ion concentrations were 
determined complexometrically using EDTA and suitable 
indicators [31]. Carbonate-free sodium hydroxide (0.20 
mol·dm-3 NaOH (titrant, prepared in 0.20 mol·dm-3 NaNO3 
solution) was standardized potentiometrically with potassium 
hydrogen phthalate (Merck AG). A nitric acid solution (≈ 
0.05 mol·dm-3) was prepared and used after standardization. 
Sodium hydroxide, nitric acid, and sodium nitrate were from 
Merck p.a. 

2.2. Apparatus and Procedure 

Potentiometric titrations were performed using a Metrohm 
702 SM automatic titrator equipped with a 665 dosimat, 
combined glass electrode and magnetic stirrer (Switzerland). 
The precision of the instrument was (± 0.001) pH unit. The 
pH titrations were carried out in an 80 cm3 commercial 
double-walled glass vessel. 

The ionic strength of the solutions is maintained at a 
constant level by using the desired concentration of NaNO3 
solution as supporting electrolyte (Ionic strength, I where, I = 
0.200 ± 0.001 mol·dm-3 NaNO3). Generally, the titrated 
solutions were thermostated at a constant temperature and the 
temperature was adjusted inside the cell at the desired 
temperature, by circulating water using a water-thermostat 
set up (temperature, t, where, t = 25.0 ± 0.1°C. The 
calibration of the electrode system was carried out by means 
of a strong acid (base)/ strong base (acid) titration under the 
same temperature and ionic strength used in the 
investigation. A computer program (GLEE, glass electrode 
evaluation [32] has been used to calibrate the glass electrode. 
The combination electrode involves the use of a 3 M KCl salt 
bridge between the internal reference and the external 
solution. This salt bridge reduces the 24junction potential, 
but it does not become zero [33]. 

The investigated solutions were prepared (total volume 50 
cm3) and titrated potentiometrically against standard CO2-
free NaOH solution (Figures 2 & 3). A stream of dinitrogen 
gas was passed throughout the course of the experiment in 
order to exclude the adverse effect of atmospheric carbon 

dioxide. Magnetic stirring was used during all titrations. 
The ligands concentration was 1x10-3 mol·dm-3 and the 

ratios for binary and ternary systems were 1:2 and 1:2:2 
(metal ion: primary ligand: or/and secondary ligand). The 
initial estimates of the ionization constants of the ligands and 
the stability constants of binary and ternary complexes were 
calculated by adopting Irving and Rossotti technique [34, 
35]. A summary of the experimental details, for the 
potentiometric measurements, is given in Table 1. 

Table 1. Summary of experimental parameters for the potentiometric 

measurements. 

System Description 

Dissociation processes L-cysteine and diphenylamine Binary Complexes: 
L-cysteine or diphenylamine with CaII or ZnII. Ternary Complexes L -
cysteine and diphenylamine with CaII or ZnII. 
Solution composition [Ligand] = [Metal Ion] = 1x10-3 mol•dm-3 
Metal Ion: Ligand: = 1:2 for binaries and 1:2:2 for ternaries 
Ionic strength From 0.01 mol·dm-3 to 0.30 mol·dm-3 of NaNO3. 
Experimental method pH-metric titration of 50 cm3 samples in the range 2 
to 11.5. 
Instrument SM 702 Metrohm Auto- Titrator with a Combined pH Glass 
Electrode Equipped with a 665 Dosimat and a Magnetic Stirrer. 
Calibration By titrating HNO3 solution with NaOH solution at the same 
Temperature and Ionic Strength as the solution under study. 
T (°C) 25 ± 0.1°C. 
ntot

a About 100 to 120. 
ntit

b About 4 to 6 titrations. 
Calculation Method A computer program based on unweighted linear least-
squares fit. 

a number of titration points per titration b number of titrations per titration 
curve. 

3. Results and Discussion 

3.1. Dissociation Constants of the Free Ligands 

The structural formulas of the investigated ligands are 
given in Figure 1. The proton dissociation constants of the 
ligands investigated have been determined in aqueous 
medium (Table 2) at 25°C and I = 0.20 mol·dm-3 NaNO3. 

 

L-Cysteine 

 

Diphenylamine 

Figure 1. The structural formulas of the investigated ligands. 

The protonated diphenylamine (H2 L +) is expected to have 
two ionization constants relevant to the following ionization 
steps (Eqs. (1-2)): 
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H2L +  HL + H+                      (1) 

H L  L - + H+                      (2) 

L - Cysteine (H3A
+) is expected to have three ionization 

constants relevant to the following ionization steps [36, 37] 
(Eqs. (3-5)): 

H3A
+  H2A + H+                     (3) 

H2A  HA- + H+                   (4) 

HA-  A2- + H+                      (5) 

The first dissociation proton of protonated diphenylamine 

(H2 L +) take place at lower buffer regions (1 ≥); therefore, 
the dissociation constant value (pKa1) could not be 
determined by the potentiometric method and was not used in 
the calculations. 

The first ionization proton of the L- cysteine molecule is 
assigned to the carboxylic group (-COOH), the second is 
assigned to the sulfohydryl groups (-SH) and the third is 
assigned to the amine group (-NH3

+). The second and the 
third ionization constants of L - cysteine were redetermined 
potentiometrically in aqueous solutions, under the 
experimental conditions (t = 25°C, I = 0.2 mol·dm-3 NaNO3). 
The values obtained (Table 2) agreed quite well with 
previously reported ones [36, 37]. 

Table 2. Dissociation constants of L-cysteine and diphenylamine investigated in aqueous media at 25.0 ± 0.°C and at different ionic strength. 

Ionic Strength(mol•dm-3 NaNO3) 
L-Cysteine Diphenylamine 

pKa2 pKa3 pKa2 

0.01 8.02 ± 0.01 10.22± 0.01 10.14± 0.01 
0.02 8.09 ± 0.02 10.29 ± 0.02 10.18± 0.01 
0.05 8.14 ± 0.04 10.33 ± 0.04 10.23± 0.02 
0.100.20 8.26 ± 0.038.40 ± 0.02 10.37 ± 0.0310.40 ± 0.02 10.28± 0.0110.36± 0.01 
0.30 8.44± 0.05 10.45 ± 0.03 10.42± 0.01 

 
The changes in ionic strength affect the dissociation of 

acids, particularly amino acids [38]. And to explore how 
this could affect the dissociation of the amino acid 
investigated, the second and third dissociation constants of 
l-cysteine have been determined at different ionic 
strengths (0.01 to 0.30 mol·dm-3 NaNO3) at 25.0 ± 0.1°C. 
The data obtained are given in Table 2. The 
experimentally measured values of pKa2 and pKa3 of l-
cysteine are plotted against the square root of the ionic 

strength of the medium The straight lines in Figure 4 
followed the ionic strength equation for a protonated 
monoprotic amino acid (Eq. (6)), with a charge of z = +1, 
where A is a constant equal to 0.50. 

pKa = pK0a + 2A (2z – 1) [√I / (1 + √I)]             (6) 

Where, at the ionic strength of zero, the value of pK0a2 
and pK0a3 are equal to 8.00 and 10.20 respectively. 

 

Figure 2. Potentiometric Titration Curves for Ca(II) – L- Cysteine - Diphenylamine System. 
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Figure 3. Potentiometric Titration Curves for Zn(II) - L- Cysteine – Diphenylamine System. 

 

Figure 4. Concentration Distribution Diagram of L-Cysteine species at 0.20 mol dm-3 NaNO3 ionic strength and 25°C. 

The second and third dissociation constant values of l-
cysteine determined at 25°C at the ionic strength of 0.20 
mol·dm-3 NaNO3 ionic strength are used to plot the species 
concentration distribution diagram (Figure 4). The plot shows 
that the H2A

± species predominates in solution up to pH 7.0. 
Above pH 8.0, the concentration of this species decreases, 

and HA- species, starts to form and reaches its maximum 
concentration of 99% at pH > 10.0. Above pH 10.50, species 
A2- starts to form. It is concluded that HA-species of l-
cysteine predominates mainly in the physiological pH range 
of biological fluids. 
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Figure 5. Plot of the effect of the ionic strength of the medium on the dissociation constants of L-Cysteine at 25°C.  

The second and third ionization constants of protonated L-
cysteine were determined potentiometrically in aqueous 
solutions at 25°C, and I = 0.20 mol·dm-3 NaNO3. The values 
obtained (pKa2 = 8.40 and pKa3 = 10.40) agreed well with 
literature data [39, 40]. 

3.2. Binary Metal Complex Systems 

Analyses of the complexed ligands curves of 
diphenylamine and L-cysteine systems (Figures 2 & 3) 
indicate that the addition of metal ion to the free ligand 
solutions shifts the buffer regions of ligands to lower pH 
values (curves c and e). This shows that complex formation 
reactions proceed by releasing protons from such ligands as 
shown (Eqs. (7–10)): 

M2+ + HL  ML+ + H+                    (7) 

ML+ + HL  ML2 + H+                    (8) 

M2+ + H2A  MA + 2H+                   (9) 

MA + H2A  MA2
2- + 2H+             (10) 

The binary complexes observed for L-cysteine and 
diphenylamine systems investigated begin to form in the pH 
range of 2.8 - 5.2 for Zn2+ and Ca2+ metal ions, respectively. 
These values were obtained from the appearance of a 
divergence of the binary complexes titration curves from that 
of the free ligands curves. The stability constants of 1:1 and 
1:2 binary complexes have been determined in an aqueous 
medium at 25°C and I = 0.20 mol dm-3 NaNO3. The values 
obtained (Table 3) agreed well with the reported literature 
values [36, 37]. 

It is observed that the stability constants of the different 1:2 
metal-ligand complexes are lower than the corresponding 1:1 
systems (Tables 3), as expected from the statistical 
considerations [41]. This is the normal trend in neutral ligands 
where the enthalpy is more favorable for a 1:1 species 
(exothermic) as compared to a 1:2 species. Thus, for the 
stepwise coordination in binary complexes of investigated 
ligands, the entropy contribution to the free energy change 
becomes less favorable from one coordination step to another. 

Examination of the stability constants of the binary 
complexes (Table 3), reveals the following: 

Table 3. Stability constants of 1:1 (log10 K1) and 1:2 (log10 K2) binary complexes of L-cysteine and diphenylamine investigated in aqueous media at 25.0°C and 

I = 0.20 mol·dm-3 NaNO3. 

Metal Ion 
Ca(II) Zn(II) 

log10 K1 log10 K2 log10 K1 log10 K2 

L-Cysteine 5.98 ± 0.01 4.79 ± 0.02 7.82 ± 0.01 6.04 ± 0.03 
Diphenylamine 5.39±0.01 4.58 ± 0.01 7.06 ± 0.01 5.14 ± 0.02 
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Stabilities of the 1:1 binary complexes for investigated 
ligands are higher than the corresponding 1:2 binary ones for 
the same metal ion. 

Normal 1:1 and 1:2 binary complexes of investigated 
ligands are formed with all metal ions studied. 

Stabilities of the 1:1 binary complexes for Zn2+ metal ion 
are higher than the corresponding 1:1 binary ones of Ca2+ 
metal ion. 

Stabilities of the 1:1 binary complexes of L-cysteine (tri-
dentate ligand) are higher than the corresponding 1:1 binary 
ones of diphenylamine (mono-dentate ligand). 

3.3. Formation of Ternary Complexes 

For the formation of ternary complexes of the selected 
bivalent metal ions in presence of diphenylamine (secondary 
ligand = L) and L- cysteine (primary ligand = A), the 
following equilibria may be considered (Eqs. (11 & 12)): 

M+A MA, 	K��
�  = [MA] / [M][L]      (11) 

MA+ L MAL, 	K���
��  = [MAL] / [MA][L] (12) 

Here, complex formation is considered to take place in a 
stepwise manner. Therefore, it is assumed that, in the 
presence of both ligands, the L- cysteine (A) interacts first 
with the metal ion forming a 1:1 MA binary complex, which 
is then followed by ligation of the diphenylamine (L), i.e., 

stepwise manner. The overall stability constant M
MAGβ  may 

be represented in Eq. (13): 

M + A + L MA L, β���
�  = [MAL] / [M][A][L] 

= 	K���
��  x 	K��

�                                  (13) 

The β���
�  constant expresses the stability of the mixed-

ligand species; it does not represent the binding strength 
between L and M2+ ions directly in the presence of A. 

This effect is much better reflected by the equilibrium 
constant, 	K���

�� , calculated according to Eq. (14): 

log10 	K���
��  = log10 β���

�  - log10 	K��
�               (14) 

This latter reaction constant (the reaction is shown as in 
Eq. (18), and indicates how tightly L is bound to the simple 
MA binary complex. 

Based on the stability constant values of ternary complexes 
formed (Table 4), the following conclusions could be drawn: 

Stabilities of the 1:1:1 ternary complexes of investigated 
ligands are higher than the corresponding 1:1 binary ones for 
the same metal ion. 

The stability of the ternary complex of Zn2+ is higher than 
that of ternary complex of the Ca2+ system. 

3.4. Comparison of Stabilities of Ternary Complexes with 

Binary Complexes 

Different methods are used to estimate the formation and 
the relative stability of the different ternary complexes 

formed in solution [42]. The Comparison of stabilities of the 
ternary complexes investigated with the corresponding binary 
ones can be evaluated in many ways. 

3.4.1. The ∆ log10 K parameter 

In most cases, the relative stability of the mixed-ligand 
species [MAL] is expressed in terms of the ∆ log10 K 
parameter, the constant due to the equilibrium (Eq. (15)): 

MA + ML = MAL + M                          (15) 

∆ log10 K = log10 	K���
��  - log10 	K��

�� 

which is a way to characterize the tendency toward formation 
of mixed-ligand complexes. The ∆ log10 K expresses the 
effect of the bounded primary ligand (A) towards an 
incoming secondary ligand (L). The positive ∆ log10 K values 
obtained (Table 4) for ternary systems indicate favored 
formation of ternary complexes over the corresponding 
binary ones. This can be ascribed to inter-ligand interactions 
or some cooperation between the primary and secondary 
ligands such as H-bond formation. 

3.4.2. Percent Relative Stabilization (% R. S.) 

Another parameter, percent relative stabilization (% R.S.) 
to quantify stability of a ternary complex relative to binary 
complex of the secondary ligand [43], may be defined as in 
Eq. (16): 

% R. S = [log10 	K���
��  - log10 	K��

�  / log10 	K��
� ] x 100 (16) 

This parameter shows how much a ternary complex is 
stable relative to the binary complex of secondary ligand. 
The values obtained for our ternary complexes are given in 
Table 4. The ternary complexes are relatively stable than 
binary complexes of the secondary ligand. Also, the percent 
relative stabilization (% R.S.) data are in good agreement 
with the ∆ log10 K data. 

3.4.3. The Disproportionation Constant (log10 X) 

A third parameter known as log10X, is frequently used to 
characterize the stability of ternary or mixed-ligand 
complexes. It measures the tendency of one mole each of the 
binary complexes MA2 and ML2 to disproportionate forming 
two moles of MAL as follows (Eq. (17)): 

MA2 + ML2 2MAL, X = [MAL]2 / [MA2] [ML2] (17) 

It is therefore calculated according to Eq. (18): 

log10 X = 2 log10 βMAL – (log10 βMA2 + log10 βML2) (18) 

The value of the constant X expected on statistical ground 
is 4. Whenever it deviates from this value, it must be the 
result of inter-ligand electronic and / or sterric interactions 
[44]. The log10 X values were calculated and the results are 
showed Table 4. The values obtained are always greater than 
the statistically expected ones, which means formation of 
more stable ternary complexes. 
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Table 4. Stability constants and Parameters of 1:1:1 ternary complexes of L-cysteine (A) and diphenylamine (L) with Ca(II) and Zn(II) metal ions investigated 

in aqueous media at 25.0°C and I = 0.20 mol·dm-3NaNO3. 

Stability Constantsor Parameters 
Ternary Complex Systems 

Ca(II) - L-Cysteine-Diphenylamine Zn(II) - L-Cysteine-Diphenylamine 

log10 K���
��  6.39 ± 0.01 9.35 ± 0.03 

log10β���
�  12.37 ± 0.01 17.17 ± 0.02 

∆ log10 K 1.00 ± 0.01 2.29 ± 0.02 
X 4.00 ± 0.01 8.28 ± 0.03 
log10 X 0.60 ± 0.01 0.92 ± 0.01 
% R.S. 18.55 ± 0.10 32.44 ± 0.20 

 

3.4.4. The Standard Gibbs Free Energy Change Parameter 

(∆ G
0
) 

The change in the standard state Gibbs free energy is a key 
thermodynamic parameter for systems under equilibrium. 
Under a particular set of equilibrium conditions, the ∆ G

0 
value dictates the direction of the equilibrium. The Gibbs 
energy is a balance between enthalpy and entropy of an 
equilibrium [45-51]. The change in the Gibbs free energy for 
the dissociation equilibria of the ligands (- log10 Ka = pKa) 
investigated can be calculated by Eq. (19) 

∆ G = - RT ln Ka or 

∆ G = - 2.303 RT log10 Ka or 

∆ G = 2.303 RT pKa                           (19) 

And at 298.15 K, the change in the standard state Gibbs 
free energy can be: 

Calculate for pKa with R equal to 8.314 J K-1 mol-1 (Eq. (20)): 

∆ G0
 = 5.708 pKa                             (20) 

In the same way, the change in the standard state Gibbs 
free energy for the formation equilibria (log10 K) of the 
complexes investigated can be calculated by Eq. (21): 

∆ G0
 = - 5.708 log10 K                           (21) 

Regarding Table 5, ∆ G0 values are positive for 
dissociation reactions of the ligands (non-spontaneous) 
and negative for the complex formation reactions 
(spontaneous). 

Table 5. The ∆Go values for the dissociation equilibria of L-cysteine (A) and diphenylamine (L) and their binary and ternary complexes with Ca(II) and Zn(II) 

metal ions in aqueous media at I = 0.20 mol•dm-3 NaNO3. 

Equilibrium Equilibrium constantor Parameter ∆Go / kJ.mol-1 

L-Cysteine   
H2A± = H+ + HA- 8.40 ± (0.01) +89.21 ± (0.10) 
HA- = H+ + A2- 10.40 ± (0.03) +110.24 ± (0.10) 
Diphenylamine   
HL = H+ + L- 10.36 ± (0.02) +110.03± (0.10) 
Ca(II) - L-Cysteine   
Ca2+ + A2- = CaA 5.98 ± (0.01) -63.51 ± (0.10) 
CaA + A2- = CaA2

2- 4.79 ± (0.02) -50.83 ± (0.20) 
Ca2+ + 2A2- = CaA2

2- 10.77 ± (0.02) -114.37 ± (0.10) 
Ca(II) – Diphenylamine   
Ca2+ + L- = CaL+ 5.39 ± (0.01) -57.24 ± (0.10) 
CaL+ + L- = CaL2 4.58 ± (0.02) -48.64 ± (0.20) 
Ca2+ + 2L- = Ca L2 9.97 ± (0.02) -105.88 ± (0.20) 
Ca(II) - L-Cysteine – Diphenylamine   
CaA + L- = CaAL- 6.39 ± (0.01) -67.86 ± (0.10) 
Ca2+ + A2- + L- = CaAL- 12.37 ± (0.02) -131.36 ± (0.20) 
CaA2

2- + CaL2 = 2CaAL- 0.60 ± (0.01) -6.42 ± (0.10) 
CaA + CaL+ = CaAL- + Ca2+ 1.00 ± (0.02) -10.62 ± (0.20) 
Zn(II) - L-Cysteine   
Zn2+ + A2- = ZnA 7.82 ± (0.01) -83.05 ± (0.10) 
ZnA + A2- = ZnA2

2- 6.04 ± (0.03) -64.14 ± (0.30) 
Zn2+ + 2A2- = ZnA2

2- 13.86 ± (0.02) -147.19 ± (0.20) 
Zn(II) – Diphenylamine   
Zn2+ + L- = ZnL+ 7.06 ± (0.01) -74.97 ± (0.10) 
ZnL+ + L- = ZnL2 5.14 ± (0.03) -54.58 ± (0.30) 
Zn2+ + 2L- = ZnL2 12.20 ± (0.02) -129.56 ± (0.20) 
Zn(II) - L-Cysteine – Diphenylamine   
ZnA + L- = ZnAL- 9.35 ± (0.01) -99.93 ± (0.10) 
Zn2+ + A2- + L- = ZnAL- 17.17 ± (0.01) -182.34 ± (0.10) 
ZnA2

2- + ZnL2 = 2 ZnA(HL) 0.92 ± (0.01) -9.93 ± (0.10) 
ZnA + ZnL+ = ZnAL- + Zn2+ 2.29 ± (0.01) -24. 32 ± (0.10) 
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For all systems studied, the ternary complexes formed are 
more thermodynamically stable than the binary cones. 

4. Conclusion 

Complex formation reactions of Zn2+ and Ca2+ metal ions 
with L-cysteine and diphenylamine are studied. The complex 
formation reactions are investigated to ascertain complex 
compositions and to calculate complex stabilities. Normal 1:1 
and 1:2 binary complexes and 1:1:1 ternary complexes are 
formed with all investigated metal ions. The stabilities of the 
ternary complexes are evaluated and quantitatively compared 
with their binary complexes. The ∆ log10 K, log10 X, and % 
R.S values indicated marked stabilities of the ternary 
complexes over the binary ones. The obtained values of ∆ G0 
indicated that Complex formation reactions are spontaneous. 
Also, for all systems studied, the ternary complexes formed 
are more thermodynamically stable than the binary 
complexes. 
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