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DIMER SPECIES IN AQUEOUS SOLUTIONS OF 

ACID WITH COPPER( 11), NICKEL( 11), COBALT( 11) 
and ZINC(I1) 

2,6-TOLUENEDIAMINE-N,N,A",A"-TETRAACETIC 

S .  DOMINGUEZ, A. RANCEL, J. V. HERRERA, A. MEDEROS* 
Deparlanienio de Quiniica horgbtiira, Unirersidud de La Laguna. Tenerife, Canary Islands. Spain 

and F. BRIT0 
Laboratorio de Eqirilihrios en Solucidti. Escuela dc Quiinica. Farulrud de Ciericias. Utiirersidad Cenrral r k  

Veiic:uelu. Caracas, Venexela 

(Received Ju6.15, 1991) 

The complex species formed in aqueous solution between 2,6-toluenediamine-N,N,N',N'-tetraacetic acid 
(2.6-TDTA) and Cu(lI), Ni(ll), Co(Il), Zn(Il), Cd(1l) and Mn(II), respectively, were studied at 25°C 
and ionic strength 0.1 M in KCI. The application of Ihe least-squares computer program SUPERQUAD 
to the experimental potentiometric data indicates that, upon varying the Iigand :metal relationships and 
concentratibns, the following complex species are formed (ligand, H'L): Cu(I1) (CuH,L, [CiHL]-. 
[CuL]'-, [CU,H,L]~+, Cu,L, [CU,HL,]~- and [Cu,L,]'-); Ni(ll) (NiH L, [NIHLI-, [NiLIL-, [Ni,HL]+, 
[Ni,HL,]'- and [Ni,L,]'-); Co(1l) ([CoHLI-, [CoLI2-, [Co,H,L]'+. [Co,HLl+, (Co,HL2I3- and 
[Co,L,]'-); Zn(II) (ZnH,L, [ZnHLI-, [ZnL]*-, [Zn,H,L]f+, [Zn,HL,]-'- and [Zn,L,]'-); Cd(I1) 
(CdH,L, [CdHLI-. [CdL]'- and [CdHL,l5-; and Mn(1I) (MnH,L, [MnHLI- and [MnL],-). The dimer 
species [M,L,]'- has been identified for the first time in potentiometric studies in aqueous solution. 
Compared with nl-PDTA acid, the order of coordinating ability 2,6=TDTA < w-PDTA (nl-PDTA = 
t,ieia-phenylenediamine-N.N.Rr.K-tetraacetic acid) is attributed to the repulsive steric effects of thc 
methyl group. 

Keywords: Copper, nickel, cobalt, zinc, 2,6-toluenediamine, multidentates, dimerization, stability 
constants 

INTRODUCTION 

In the case of diaminetetramethylenecarboxylic acids derived from m-phenylene- 
diamines, the special conformation of the ligand with the nitrogen atoms in iiiera 
positions on the aromatic ring facilitates the formation of dimer complexes since the 
ligands may act as a bridge. This has been proven in the case of iiz-phenylenediamine- 
N,N,N',N'-tetraacetic acid (fir-PDTA) by means of studies in aqueous solution with 
Co(II),' Ni(IQ2 and CU(I I ) ,~  that confirm the presence of dimer species [M,L,]"- 
(ligand, H,L). These species have also been found for pyridine-2,6-diamine- 
N,N,N',N'-tetraacetic acid (2,6-PyDTA) with Ni(II).3 After studying the conditions 
for the formation of the dimer species [M,LJ4- in aqueous solution, single crystals 
of the complexes Na,[Cu,(ni-PDTA),]. 18H20, Na,[Co,(nz-PDTA),]- 10HzO and 
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212 S. DOhllNCUEZ er al. 

Na,[Ni,(2,6-PyDTA),]-8H2O, respectively, were obtained, and their structures were 
determined3 by X-ray diffraction analysis. 

The presence of a methyl radical as substituent on the aromatic ring produces 
electrondonor inductive effects favourable to coordination, and unfavourable steric 
repulsion effects. The predominance of one or the other factor depends on the 
position of the methyl group with regard to the nitrogen atoms. 

For 2,4-toluenediamine-N,N,N',N'-tetraacetic acid (2,4-TDTA), studies in 
aqueous solution also indicate the presence of the dimer species [M,L,I4- with 
Co(II), Ni(II), Cu(I1) and Zn(II), and single crystals of the complexes Na,[Ni,(2,4- 
TDTA),]. 1 5H,O and Na4[Zn,(2,4-TDTA),]. I 5H,O were obtained, their structures 
being determined4 by X-ray diffraction analysis. The order of coordination ability uz- 
PDTA > 2,4-TDTA is attributed to the repulsive steric effects of the methyl radical 
on the metallic cation. 

In particular, the presence of a methyl radical as substituent on the aromatic ring 
between both nitrogen atoms produces greater repulsive effects.' In the present work 
we studied the possible presence of the dimer complex species [M2L2I4- in aqueous 
solution for 2 ,6- toluenediamine-~,N,~,~-tetraacet ic  acid (2,6-TDTA) with Cu( 11) ,  
Ni( I I ) ,  Co( I I ) ,  Zn( 11),  Cd( 11) and Mn( 11). Previous studies of the Cu( 11)-2,6- 
TDTA system' did not take into account the possible presence of these species. 

EXPERIMENTAL 

2,6-TDTA acid was prepared according to the method of Mederos et Precautions 
were taken to maintain an inert atmosphere (argon) and prevent the access of light 
during the preparation and preservation of the acid and during the study of its 
solutions, since it is photosensitive and oxidizes readily. 

Potentiortietry 

The potentiometric titrations were carried out in aqueous solution at ionic strength 
0.1 M in KCI and at 25 f O.O5"C, using a Radiometer Type PHM-84 potentiometer, 
a Radiometer G 202 B glass electrode and a K 401 calomel electrode. The cell 
constants were determined according to the method of Bidermann and Sillin.' It was 
found that pK, = 13.74, in excellent agreement with reported data.* A carbonate- 
free sodium hydroxide solution was prepared according to the method of SillSng and 
standardized against potassium hydrogenphthalate. The metal solutions (in the form 
of the chloride) were standardized by routine methods. Potassium chloride was 
prepared by recrystallization of KCI. The compounds HCI, NaOH, KCI, CuCl,, 
NiCl,, CoCI,, ZnCI,, CdCI, and MnCI, were of analytical grade from Merck. 

Measurements were taken of the ligand in the presence of metallic cation at  the 
following ligand : metal ratios and concentrations: Cu(II), ratio 1 : 1 (Csl = 0.5, I ,  
I .5, 6 and 10 mM), ratio 2 : I (Csl = 0.25 and 0.5 mM) and ratio 1 : 2 (Chi = 1,2 and 
3 mM); Ni(II), ratio 1 : i (Chi = 0.5, 1 ,3  and 10 mM), and ratios 2 : 1 and 1 : 2 (Ckl = 
0.5, I and 3 mM); Co(II), ratio 1 : 1 (Csl = 0.5, I ,  6 and IOmM), ratio 2 :  1 (Csl = 
0.5 mM) and ratio 1 : 2 (Chi = 0.6 and 1 mM); Zn(II), ratio 1 : 1 (Ckl = 0.5, 1, 1.5, 6 
and 10 mM), ratio 3 : I (C,l = 1 mM) and ratio I : 3 (Chi = 3 mM); Cd(II), ratio 1 : 1 
(Ckl = 0.5, 1.2 and 1.5 mM), ratio 3 : 1 (Ck, = 1 mM) and ratio 1 : 3 (Chi = 3 inM); 
and Mn(II), ratio I : 1 (Ckl = 0.5, 1 and 1.5 mM), ratio 2 : 1 (Csl = 0.5 mM) and ratio 
1 : 2 (Csl = 2 mM), respectively. 
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The experimental potentiometric data were analjsed by means of the SUPER- 
QUAD program." It was found that, under the experimental conditions used, 
hydrolysis of the metallic cations was negligible. The ionization constants of 2,6- 
TDTA acid were previously obtained under the same experimental  condition^.'.^ 

Coiidircriiiierry 

The conductimetric titrations were carried out in an inert argon atmosphere, at  25°C 
using a Digitalmeter Digi 610. Ionic strength was not adjusted. Measurements were 
taken of 2,6-TDTA alone and of 2,6-TDTA in the presence of Cu(I1); Ni(II), Co(II), 
Zn(II), Cd(I1) and Mn(II), respectively, at  the ligand: metal ratio 1 : l  and concen- 
tration C, = 1 mM. NaOH 0.1 M was used as titration agent. 

RESULTS AND DISCUSSION 

The conductimetric titrations (Figure 1) show that 2,6-TDTA acid is a tetrabasic 
acid. A different behaviour is observed (ratio 1: 1; C,, = 1 mM) for Cu(II), which 
complexes more strongly than the other cations whose behaviour is quite similar. The 
shape of the conductimetric curves is in agreement with the values of logK and pKi 
given in Table I and which have been obtained from the potentiometric titrations. 

P 4 "  

I 
0 2 4 a 

FIGURE I Conductimetric curves of free acid 2.6-TDTA and in the presence of difi'ercnt divalent 
cations in the ligand : metal ratio I : I .  C,, and C, = 1 mM; conductivities, A, I'S values of u (mols of 
NaOH/niol of acid). 
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The analysis of the potentiometric experimental data allowed the calculation of 
ppqr constants for the complex species formed, defined by means of thc equilibria (I). 

pH+ + qMZ+ + rL4- [H,M,L,](p+'q-'')+ (1) 

The model that best fits the experimental results for each cation is that which 
corresponds to the complex species indicated in Table I. Although models were tested 
that included the presence of complex species with an excess of ligand, the results 
indicate that they are not present in significant amounts, except for Cd(I1). From the 
ppqr constants and taking into account the ppr constants of 2,6-TDTA acid5v6 the 
formation constants (log K )  of the complex species formed can readily be calculated 
according to the equilibria (2)-(14) given in Table I as well as the constants 
corresponding to the dimerization equilibria (15)  and (16). Table I also includes the 
values of pKi corresponding to the protonated complex species (equilibria (18)- 
(20)), together with those of the equilibria (17), (21) and (22). For comparison 
purposes, data for log K and pKi are contrasted with data for ~ I -PDTA acid with 
CU(I I ) ,~  Ni(I1)' and Co(II).' 

For the monomer complex species of Cu(I1) (CuH,L, [CuHLI- and [CuL]'-), the 
values found for log K are in good agreement with those previously found at the 
same ionic strength and temperature.' 

In accord with the conductimetric study (Figure I) ,  the values of log K for the 
monomer species [MHLI- and [ML]'- indicate that Cu( 11) forms complexes that are 
much stronger than the remaining cations. The Irving-Williams order of complexa- 
tion-Cu(I1) 9 Ni(I1) > Co(I1) < Zn(I1) is fulfilled (Table I). However, with the 
exception of Cu(II), the complexes in this case are weak, with small differences in the 
order of stability. The data of Table I also indicate that the dimeric species 
[M,HL,I3- and [M,L,]'- are more stable than the monomeric species [MHLI- and 
[ML],-, respectively (equilibria (15) and (16)) .  For the dimer species [M,HL,I3- 
and [M,L,]'- (log K, equilibria (9 )  and (10)) the Irving--Williams order of stability 
Cu(1I) 9 Ni(I1) = Co(I1) < Zn(II), is practically fulfilled. However, such is not the 
case for the dimerization constants (equilibria (15) and (16)),  where the order is 
Cu(11) < Ni(I1) < Co(1I) > Zn(I1). This result is similar to that obtained with 112- 
PDTA acid.' - 3  In the monomeric complexes, 2,6-TDTA acid, analogously to in- 
PDTA acid, behaves as r? terdentate, bonding through an iminodiacetate group to the 
metal cation. The remainder of the coordination is completed by molecules of 
solvent.' ' * "  In the dimer species the metal cation is bonded to two iminodiacetate 
groups of different ligands (Figure 2), as has been verified by X-ray structural 
analysis for the complexes3 [Cu,(ni-PDTA),]'-, [CO,(IIZ-PDTA),]~- and [Ni,(2,6- 
PDTA),]'-. The Irving-Williams order is related to ligand field stabilization energies 
and, in particular, the strength of the M-N bond. However, the dimerization process 
(equilibria (15) and (16)) is easier for Co(II), Ni(I1) and Zn(I1) than for Co(I1). This 
may be accounted for, the coordination octahedra being more regular for Co(II), 
Ni(I1) and Zn(I1) than for CU(I I ) ,~  by the Jahn-Teller effect for Cu(I1). The values 
of pKi for the species [MHLI- (equilibrium (19)) are consistent with a betainic 
proton bonded to an iminodiacetic g r o ~ p . ~ * ' ~ * ' '  If these values are compared with 
pKi corresponding to equilibrium (20), (Table I), an increase is observed in the 
acidity corresponding to the formation of the dimer [M,L,]'-, but contrary to the 
case of m-PDTA acid,'-3 no clear difference is observed from the pKi values 
corresponding to the shift of the betainic protons of the species to form the dimer 
species [M,L,]'- (equilibrium (20)). This must be attributed to the repulsive effects 
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of the methyl radical in the 2,6-TDTA acid complexes. In comparison with m-PDTA 
both values of log K (Table I )  for the monomer complex species and for 

those of the dimers, the stability order 2,6-TDTA G in-PDTA is found, and which 
must be attributed once again in the 2,6-TDTA acid to the repulsive effects of the 
methyl radical on the metallic cation in the monomer species and on both cations in 
the dimer species (Figure 2). 

0 

FIGURE 2 Structure proposed for the complex [M,L,]‘-. 

The species distribution diagrams as a function of -log[II+] show more clearly 
these differences in coordinating ability: for Co( 11) (Figure 3a), Ni( 11) (Figure 4a) 
and Zn(I1) (Figure 5a) at  C,, = 2 mM, the concentration of the monomer complex 
[ML]’- is lower than that of the dimer complex [M2L2]‘-, while, unlike Cu(I1) 
(Figure 6a), the concentration of the monomer [CuL]’- is greater than that of the 
dimer [Cu,L,]“-. This is due to the fact that the complex [CuL]’- is much stronger 
than the weak complexes [CoLJ2-, [NiL]’- and [ZnL]’-. It can be observed that at 
C,, = 2mM, pH 6, Co(I1) is only complexed to 47.6%, Ni(I1) 44.2% and Zn(1I) 
63.7%, while Cu(1I) complexes 98.7%. The equilibria (15) and (26) (Table I)  are 
displaced to the right and indicate that an increase in concentration facilitates the 
formation of the dimer species [M2HL2l3- and [M,L,]’- with respect to the 
monomer species [MHLI- and [ML]’-; at  pH 6, for Co(I1) (Figure 3) the amount of 
dimer [M,L,]’- is 20.2 and 44.8% at C,, = 2 and lOmM, respectively; for Ni(I1) 
(Figure 4) 16.2 and 45.6%, respectively; for Zn(I1) (Figure 5) 28.2 and 57.6%, 
respectively; for Cu(I1) (Figure 6) 20.6 and 45.2%, respectively. 

The diagrams also indicate that the species MH,L and [MHLJ- are transformed 
into [MHLI- and [ML]’- (equilibria (18) and (29)),  respectively. Moreover, the 
species [MHLI- participates in a very significant manner in the dimerization process 
by way of equilibrium (20). Figures 3b, 4b, j a  and 6a show that equilibria (21) and 
(22) play an important role in the formation of the species [MLJ2- and [M2L21‘-, 
respectively, indicating also that the monoprotonated dimer species [M,HL2J3- is 
mainly formed by way of the equilibria 

2M” + 2H2L2- e [M,HL,I3- + 3H+ 
2M2+ + 2HL3- [M,HL,]J- + H +  
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and that the non-protonated dimer species [M,L,]'- is also formed by way of the 
following equilibria. 

100 
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FIGURE 3 Species distribution as a function of -log[H+] for the Co(II)-2,6-TDTA system (ligand: 
metal ratio I:  I): a. %Co, 2 mM; b, %L, 10 mM; calculated from the values of pKi and logK given in 
Table 1. 
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FIGURE 4 Species distribution as a function of -log[H+] for the Ni(IIF2.6-TDTA system (ligand: 
metal ratio I:  I); a, %Ni, 2 mM; b, %L, 10 mM; calculated from the values of pKi and logK given in Table 
I. 

The bimetallic species [M2HzLIZ+, [M,HL]+ and M,L, where each iminodiacetic 
group of any one ligand is bonded to a different metallic atom," are stable at  low pH 
and are subsequently transformed into dimer species upon bonding to another 
species of the ligand by means of the equilibria below. 
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M = CO [M,H,LI2+ e [M,HL]+ + H +  (27) 
(28 1 
(29)  

M = CU [M,H,L]'+ e M,L + 2 H +  (30 1 
M = CU M,L + HL3- [M2L2]'- + H +  (31)  
M = CU M,L + L4- T= [M,L2]-'- ( 3 2 )  

M = Co, Ni 
M = Zn 

[M,HL]+ + HL3- e [M,HL,I3- + H +  
[M,H,LI2+ + HL3-  5 [M,HL,13- + 2 H +  

80 l-a 
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FIGURE 5 Species distribution as a function of -log[H+] for the Zn(lI)-2.6-TDTA system (ligand: 
metal ratio 1 : I ) :  a, %L, 2 mM: b, %Zn. 10 mhl; calculated from the values ofpKi and 10gK given in Table 
1. 
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FIGURE 6 Species distribution as a function of -log[H+] for the Cu(II)-2.6-TDTA slstem (ligdnd: 
metal ratio I :  I): a, %L, 2 mM; b, %Cu, 10 mhl; calculated from the values of pKi and logK gken in 
Table 1. 

Figures 3-6 also indicate that a concentrated solution with a 1igand:metal ratio of 
I :  1 at pH 6 is suitable for the synthesis of crystalline salts of the dimer complexes 
[M2L2]'-, analogously to  ni-PDTA3 and 2,4-TDTA acids.' 

Cd(I1) and Mn(I1) d o  not form dimeric species a t  the concentrations studied. 
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