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Evaluation of Thermodynamic Functions for Complexation
Reactions in 1 : 1 : 1 Ternary Lanthanide(III)-
EGTA-SA/SSA/DNSA Systems

M.S. KAURAV
School of Studies in Chemistry, Jiwaji University, Gwalior-474 011, India

Formation of 1:1: 1 ternary complex species (MAL) has been
inferred and the relevant equilibrium has been established from pH
measurements on the interaction of M** ions {M = Tb(III), Dy(III),
Ho(Ill) and Er(Ill)} with ligand A [A =ethylene glycol bis(2-
aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA)] in the pres-
ence of the ligand L (L = SA/SSA/DNSA) in aqueous medium at
varying ionic strengths of 0.05, 0.10 and 0.15 and at varying
temperatures 25, 35 and 45°C. A treatment has been worked out
for obtaining information on the extent of metal ion distribution
-among the various species over the entire pH-range of study. Ther-
modynamic stability constants together with thermodynamic
parameters and relative stabilization has been evaluated and corre-
lated on the basis of basicity, denticity and statistical aspects.

Key words: Ternary lanthanide(III) complexes, ethylene
glycol bis(2-aminoethyl ether)-N,N,N’,N’-tetraacetic acid,
salicylic acid, sulfosalicylic acid, 3,5-dinitrosalicylic acid.

INTRODUCTION

The stability constants of biligand complexes are of great interest for under-
standing the role of metal ion and the nature of the two ligands in determining
the stability of the mixed ligand complexes'. Salicylic acid and its substituted
derivatives are of great pharmaceutical importanccl’3. Many metabolic and
toxicological functions of these ligands are dependent on stability of their
complexes®. Binary complexes of salicylic acid and its substituted derivatives
with lanthanide(Ill) ions have been investigated>'®. Ethylene glycol bis(2-
aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) is an important member of
aminopolycarboxylic acid class of compounds and finds many applications in
medical and biological fields. The formation of binary and ternary complexes by
ethyleneglycol bis(2-aminoethyl ether)-N,N,N’,N” tetraacetic acid (EGTA) with
lanthanides has been studied pH-metrically and spectrophotometrically’">, Due
to the favourable geometry of its donor groups EGTA forms stable binary
complexes with many metal ions.

Ternary complexes of lighter lanthanide(II) metal ions with aminopoly-
carboxylic acids in presence of salicylic acid and its derivatives have been
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reported*>’. However, no information is available on the ternary complexes of
EGTA with heavier lanthanides with salicylic acid (SA), sulfosalicylic acid (SSA)
and 3,5-dinitrosalicylic acid (DNSA). The present work deals with the determina-
tion of formation constants of ternary complexes of Tb(III), Dy(Ill), Ho(III) and
Er(III) metal ions with EGTA and SA/SSA/DNSA.

EXPERIMENTAL

All the chemicals used were of analytical grade and their solutions were
prepared in double distilled CO,-free water. Standard solutions of rare earth
nitrates were prepared by dissolving the accurately weighed amounts of their
nitrates in 0.10 M nitric acid solution and standardised by usual methods®.
Solution of disodium salt of EGTA (Na,H,EGTA) and salicylic acid, monosodium
salt of sulfosalicylic acid and 3,5-dinitrosalicylic acid were prepared by dissolving
their accurately weighed amounts. An Elico pH-meter fitted with a combined
glass SCE electrode assembly was employed. It was calibrated with standard
buffer solutions of pH =4.00 and 9.20.

Following series of solutions were prepared in aqueous medium. Initial volume
of each solution was 50 mL. These solutions were titrated potentiometrically
against standard alkali solution of 0.10 M.

1. HNO; (2.0 x 1072 M)

2. HNO; (2.0 x 1073 M) + ligand Na,H,EGTA (1.0 x 107> M)

3. HNO; (2.0 x 107> M) + ligand SA/SSA/DNSA (1.0 x 107 M)

4. HNO; (2.0 x 107 M) + ligand Na,H,EGTA (1.0 x 107> M) + metal ion

(1.0x 107 M)
5. HNO; (2.0 x 107 M) + ligand SA/SSA/DNSA (1.0 x 10~ M) + metal ion
(1.0x 10 M)

6. HNO; (2.0 x 1072 M) + ligand Na2H2EGTA (1.0x 10 M) + ligand SA/
SSA/DNSA (1.0 x 107 M) + metal ion (1.0 x 1073 M)
where Na,H,EGTA = disodium salt of ethyleneglycol bis(2-amino-ethylether)-
N,N,N’,N’-tetraacetic acid, SA =salicylic acid, SSA =monosodium salt of
sulfosalicylic acid, DNSA = 3,5-dinitrosalicylic acid and metal ion = Tb(III),
Dy(III), Ho(IIT) and Er(III). These titrations were repeated at three ionic strengths
(0.05, 0.10 and 0.15 M (NaNQ,) at 25°C and only one ionic strength of 0.10 M
(NaNQO;) at 35 and 45°C.

RESULTS AND DISCUSSION

From the titration curves the moles of alkali used per mole of ligand/metal ion
for various systems were evaluated. As a representative case the plots of ‘a’ vs.
pH corresponding to proton-ligand, binary metal-ligand (ML and MA) and ternary
metal-ligand (A-ligand L) are presented for Tb(III)-EGTA-Sa system (Fig. 1).
The plot of ‘a’ vs. pH for theoretical composite curve for ternary system has also
been shown in Fig. 1. The values of proton dissociation constants of the ligands,
metal-ligand stability constants of 1:1 binary complexes were calculated by
algebraic method?.

In Fig. 1 it is observed from curve 3 that the formation of binary M(III)-EGTA
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complex takes place at lower pH value as indicated by the occurrence of a sharp
inflection at a =2, pH=4.5. The steep inflection continues to remain at a =2
up to pH =10.5. This indicates that the formation of 1:1 [M(II)-EGTA]”
complex takes place at lower pH values and it remains stable up to higher pH.
The ternary 1: 1 : 1 [M(III)-EGTA-SA] curve runs superimposed on the theoreti-
cal composite curve T up to pH = 8.5, indicating that the ligand SA/SSA/DNSA
does not combine with the metal. The divergence of the mixed ligand titration
curve at pH = 8.5 from the theoretical composite curve T indicates the combina-
tion of SA/SSA/DNSA resulting in the formation of ternary complex. Non-ap-
pearance of any opacity/turbidity/precipitate during the titration of mixed ligand
also supports the ternary complex formation. The above observations suggest that
the formation of mixed ligand complexes takes place by the stepwise coordination
of the two ligands. In the region of 0 <a <3, where the mixed ligand titration
curve runs superimposed on the theoretical composite curve, the equilibrium can

be shown as:
O<a<3

Ln* + H,EGTA s H,L ——— [Ln(II))-EGTA] + HL™ + 3H"

(where H,L = SA/SSA/DNSA).
The combination of the ligand H,L in all these mixed ligands is found to
take place at such pH where the —COOH group of SA/SSA/DNSA is com-
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pletely deprotonated and the ligands exist as HL™. Therefore, in the region
3 <a<4, where the mixed ligand titration curve shows divergence from the
theoretical composite curve, the formation of ternary complex takes place and
the following equilibrium is established.

3<a<4
[Ln(IIl)-EGTA]” +HL"  ——= [Ln(III)-EGTA-L]‘2 +H'

Percentage Distribution of Metal(III) ion among the various Complex Species
and Evaluation of Ternary Formation Constants
In solution the following equilibria are expected to exist:

K}
H,A” ———=HA* +H' @)
K3
HA Y ———=A* +H' (ii)
K}
H,L——HL +H' (iii)
K;
HL ———L* +H' @iv)
Kma )
M+ AY ——— MA- ' )
Ky
M3+ L ———=ML* (vi)
KMaL
MA™ + L7 ———=MAL* (vii)

The total concentrations of H,A, H,L and M(III) ions represented as C,, C;.
and Cy respectively at any pH on the mixed ligand titration curve from
0 < a <4 may be given by the following mass and charge balance relations:

Ca =[H,A] + [HA] + [A] + [MA] + [MAL] 1)
- Cu=[HL]+[HL] +[L] +[ML] + [MAL] )
Cm=[M] +[MA] + [ML] + [MAL] 3

aCy = [HA] + 2[A] + 2[MA] + [HL] + 2[L] + 2[L] + 2[ML] + 4[MAL] (4)
a=moles of alkali per mole of ligand or metal ion in 1:1:1 ternary system
(charges are omitted for simplicity).

As C, = Cp = Cy the following quadratic equation for the concentration of [A]
is obtained from the equations (1), (2), (3) and (4).
[A] (azKMA bzdeML) + [A](a2 + dbz + 2eidb2KML) (b2e1 + bzelKNL) 0 (5)
where e; = (4 —a)Cy/b and d = a;/b,.
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From the knowledge of proton dissociation constants of the ligands and the
stability constants of their binary complexes the value of [A] is evaluated by
solving the quadratic equation, whereby [L], [M], [MA] and [ML] were
evaluated. Hence, the concentration of the mixed ligand complex [MAL]*" over
the entire pH range was calculated. The percentage of each of the species out
of the total M(III) ion concentration at the corresponding pH can be calculated.
The results obtained are depicted in the distribution curve (Fig. 2) for the
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pH——

Fig. 2. % Distribution of M in various metal Complex species in 1:1:1 MAL system
M = Tb(Ill), A = EGTA,L=SA

Tb(II)-EGTA-SA system. From this figure it is evident that no mixed ligand
complex is formed up to pH = 8.5. The pH from which the formation of MAL
complex starts about 99% of the total metal ion exists as [MA] complex.
Hence, the equilibrium for the mixed ligand complex formation reaction may
be given as:
KMaL
MA + LE——MAL
~and the corresponding equilibrium constant is:
KMaL = [MALV/[MA]L )

The value of Kyar was calculated by substituting the values of [ML], [L]
and [MAL] in equation 6. The values of proton-dissociation constants of the
ligands and the formation constants of binary complexes are recorded in Tables
1 and 2. The values of formation constants of ternary complexes obtained at
different ionic strengths, e.g., 0.05, 0.10 and 0.15 M are recorded in Table-3.
A comparative account of thermodynamic formation constants of binary and
ternary complexes are recorded in Tables 3 and 4 together with AlogK,
[Alog K = log KMA, —log Ky, percentage relative stabilization (%) R.S. [(%)
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R.S.=Alog Kx 100/ log Ky, ], free energy changes, enthalpy changes and
entropy changes.

TABLE-1
THERMODYNAMIC STABILITY CONSTANTS OF PROTON-LIGAND SYSTEMS
Temperature (°C)
Proton- 25 35 45
ligand
systems| #=0.15M | p=0.10M | u=005M L —>000M | u=0.10M | p=0.10M
PKi pKz | pKi  pKz | pKi pKa | pK;  pK2 | pKi  pKz | PKi  PK:
EGTA |8.725 10.375|8.866 10.514]9.028 10.614|9.182 10.742| 8.625 10.289| 8.473 10.131
SA 2.961 12.391|3.105 12.628|3.176 12.825/3.286 12.931|2.931 12.441/2.773 12.278
SSA 2.935 10.662(3.039 10.775|3.118 10.906| 3.208 11.015|2.848 10.590} 2.695 10.431
DNSA |1.517 7.375/1.673 7.532{1.862 7.783{1.995 7.926{1.545 7.368|1.387 7.212
TABLE-2
THERMODYNAMIC STABILITY CONSTANTS OF BINARY
METAL-LIGAND SYSTEMS AT DIFFFERENT TEMPERATURES
Temperature (°C)
Metal-ligand 25 35 45
systems
log Kma log Kma log KMaA log Kma log Kma log Kma
M=0.I15M) (L=0.10M) (W=0.05M) (u—0.00M) |(1=0.10M)|(u=0.10 M)
TWII)-EGTA| 16.862 16.972 17.086 17.185 16.848 16.723
Dy(III)-EGTA| 16918 17.025 17.124 17.218 16.891 16.761
Ho(llI)-EGTA| 16.962 17.065 17.165 17.254 16.945 16.795
Er(1II)-EGTA | 16.991 17.093 17.191 17.291 16.972 16.830
logKmr  log KML log KmL log KmL log KmL log KML
Th(III)-SA 8.585 8.721 8.842 8.965 8.561 8.471
Dy(1II)-SA 8.651 8.793 8.928 9.054 8.605 8.513
Ho(III)-SA 8.728 8.882 9.015 9.165 8.639 8.549
Er(111)-SA 8.791 8.961 9.081 9.224 8.735 8.587
TH(III)-SSA 6.807 6.924 7.057 7.180 6.797 6.669
Dy(1II)-SSA 6.885 7.018 7.141 1.275 6.841 6.705
Ho(1II)-SSA 6.957 7.093 7.205 7.381 6.870 6.739
Er(III)-SSA 7.021 7.162 7.309 7.443 6.902 6.775
TH(II[)-DNSA| 5.782 5918 6.065 6.205 5.780 5.653
Dy(III)-DNSA| 5.861 5.982 6.146 6.281 5.826 5.695
Ho(IlI)-DNSA| 5.965 6.085 6.214 6.470 5.862 5.732
Er(1IT)-DNSA 6.023 6.139 6.271 6.622 5.905 5.769
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Negative values of (%) R.S. indicate that the ligand [L] binds better to aquo
metal ion than the binary [Ln(III)-EGTA]™ complex. This may be probably due
to the extra strain caused by the coulombic repulsion between the binary complex
[Ln(III)-EGTA]™ and incoming ligand [L] in the mixed ligand complexes and the
availability of lesser number of coordination sites for the coordination of ligand
[L] on binary [Ln(III)-EGTA]™ complex compared to free Ln(II) aqueous jon®.
The order of stability with respect to Ln(III) ion is found to be:

Tb(IIT) < Dy(III) < Ho(III) < Er(III)

which is the order of increasing ionic potential of the lanthanide ions. The stability
sequence with respect to ligand H,L is found to be:

DNSA <SSA <SA

which follows the basicity order of the ligands.

It has been observed that with increase in temperature, stability constants show
a decreasing trend. The thermodynamic parameters (AG, AH and AS) have also
been calculated from the stability constants using Gibb’s Helmholtz equation and
are given in Table-4. The negative free energy change (AG) becomes more
negative with decrease in temperature suggesting an increase in the extent of
complex formation at lower temperatures. The exothermic nature of the reaction
is supported by the negative values of AH. The AS values are positive for all the
chelates showing that entropy is favourable for complex formation.

TABLE-4
THERMODYNAMIC PARAMETERS OF THE TERNARY COMPLEXES AT 35°C
AND p=0.10 M (NaNO3)

Ternary complexes AG® —1 AH® -1 élso ~1
(kcal mol™) (kcal mol™) (cal mol™" degree™")
Tb(IIT)-EGTA-SA 8.085 4.980 10.081
Dy(1II)-EGTA-SA 8.115 5.022 10.042
Ho(III)-EGTA-SA 8.154 5.064 10.032
Er(Il)-EGTA-SA 8.181 5.147 9.850
Tb(II)-EGTA-SSA 7.499 5.022 8.042
Dy(IIl)-EGTA-SSA 7.532 5.147 7.743
Ho(III)-EGTA-SSA 7.568 5.189 _7.724
En(1II)-EGTA-SSA 7.612 5.189 7.866
To(IIT)-EGTA-DNSA 7.061 4.771 7.435
Dy(III)-EGTA-DNSA 7.108 4.854 7.318
Ho(III)-EGTA-DNSA 7.140 4.938 7.149

Er(II)-EGTA-DNSA 7.195 5.022 7.055
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