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ABSTRACT. Speciation of binary complexes of Co(II), Ni(II) and Cu(II) with L-aspartic acid  in (0–60% v/v) 

1,4-dioxan (Dox)-water mixtures was studied pH metrically at 303±0.1 K and at an ionic strength of 0.16 M. The 

models contained ML, ML2, ML2H2, ML2H3 and ML2H4 species. The trend in the variation of stability constants 

with Dox content was explained on the basis of electrostatic and non-electrostatic forces. Distribution of the 

species with pH at different compositions of Dox-water media was also presented. 
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INTRODUCTION 

 

1,4-Dioxan (Dox) is cyclic ether that exists at room temperature as a colorless liquid with a 

faint, pleasant ethereal odour. It is miscible with water, oils, and most organic solvents, 

including aromatic hydrocarbons. It is highly flammable and may form dangerous peroxides 

with prolonged exposure to air and sunlight, especially in the presence of moisture. L-Aspartic 

acid (Asp) forms complexes with almost all the metal ions through its three binding sites. 

Chelation through the amino and α-carboxylate groups occurs readily, and study of metal 

binding has been devoted to attempts to deduce whether side chain carboxylates are also 

coordinated to the metal ion. Three chelate rings are formed, when Asp is tridentate ligand. 

Simultaneous equilibria involving a variety of metal ions and amino acids are important in 

biological fluids [1-6]. Hence, chemical speciation of ligands with metal ions has been studied 

in this laboratory [7-13]. Speciation studies of aspartic acid with various metal ions in different 

media were reported earlier [14, 15].  

Several literature reports have been devoted to the study of stability constants of metal-Asp 

complexes. Lumb and Martell [16] carried out potentiometric studies on the complex formation 

with Mg(II), Ca(II), Pd(II) and Te(I). Vadi et al. [17] studied V(IV) complexes 

potentiometrically. Stability constants of Mn(II) and Cd(II) were studied by Gianguzza et al. 

[18]. Potentiometric study of Fe(II) and Zn(II) was carried out by Ritsma [19],
  
Maker et al. [20], 

Gergely and Farkas [21]. Co(II) complexes were studied by Gergely et al. [22]. Ni(II) complexes 

were studied by Maker et al. [20] and Gergely et al. [23]. Voltametric study of Sr(II) complexes 

was carried out by Heijne and van der Linden [24]. Ba(II) complexes were studied by Sarin and 

Munshi [25] potentiometrically. Stability constants of Pb(II) complexes were studied by Kulba 

et al. [26] potentiometrically and Kodama and Takahashi [27] polarographically.  

 The equilibrium studies involving various metals and Asp were not exhaustive and many of 

these studies were performed in limited concentration ranges of the ingredients. Further, there 

are some differences in the nature of the reported species. There are several instances where 

different authors reported different species for the same system under comparable conditions. 

Probably this may be attributed to the nature of probes, the errors associated with the probing 

techniques or the inadequacies associated with the modelling strategies. 
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 The stability constants of M(II)-Asp complexes with different electrolytic background 

reported in literature are recorded in Table 1. Hence, chemical speciation of their binary 

complexes is reported in the present communication.  

 
Table 1. Stability constants of M(II)-Asp complexes reported in the literature. (Temp. = 303.0 K, ionic 

strength = 0.16 M). 

 

Metal 
log β Ionic strength 

 (M) 
Method Ref. 

ML ML2 MLH ML2H2 

Mg(II) 2.43 - - - 0.1 Potentiometry 16 

Ca(II) 1.60 - - - 0.1 ,, 16 

Pd(II) 1.48 - - - 0.7 ,, 16 

Te(I) 1.14 - - - - ,, 16 

V(IV) 8.39 6.05 - - 0.1 ,, 17 

Mn(II) 3.74 - 12.82 25.15 0.1 ,, 18 

Cd(II) 10.55 7.7 - - 0.1 ,, 18 

Fe(II) 9.08 7.17 - - 0.1 ,, 19 

Zn(II) 8.94 6.95 12.59 - 0.1 ,, 19 

 6.04 4.09 11.88 10.41 0.15 ,, 20 

 5.66 4.48 10.78 - 0.3 ,, 21 

 5.73 4.47 - - 0.2 ,, 21 

Co(II) 5.94 4.29 - - 1.0 ,, 22 

Ni(II) 7.14 5.29 1.19 - 0.2 ,, 23 

 7.16 5.24 - - 0.1
 

,, 20 

Sr(II) 5.45 8.95 10.25 - 1.0 Voltametry 25 

In(III) 4.70 3.4 - - 0.1 Potentiometry 25 

Ba(II) - - 12.96 22.66 0.1 ,, 25 

Pb(II) 1.14 - - - 0.1 ,, 26 

 

EXPERIMENTAL 

 

0.05 M solution of L-aspartic acid (Merck, India) was prepared in triple-distilled water by 

maintaining 0.05 M hydrochloric acid concentration to increase the solubility. 1,4-Dioxan 

(Finar, India) was used as received. 0.2 M hydrochloric acid (Qualigens, India) was prepared. 

2.0 M sodium chloride (Qualigens, India) was prepared to maintain the ionic strength in the 

titrand. 0.05 M solutions of Co(II), Ni(II) and Cu(II) chlorides were prepared by dissolving G.R. 

grade (E-Merck, Germany) salts in triple distilled water maintaining 0.05 M hydrochloric acid to 

suppress the hydrolysis of metal salts. 0.4 M sodium hydroxide (Qualigens, India) was prepared. 

Acid and alkali solutions were standardized by volumetric and pH metric methods. The strength 

of mineral acid in metal ion and ligand solutions was determined using the Gran plot method 

[28, 29]. To assess the errors that might have crept into the determination of the concentrations, 

the data were subjected to analysis of variance of one way classification (ANOVA) [30].  
 

Procedure 
 

An ELICO (Model LI-120) pH meter of 0.01 readability in conjunction with a glass 

combination pH electrode was used to monitor the changes in the hydrogen ion concentration. 

The electrode was immersed in a well stirred mixture of required composition of Dox-water 

mixtures (0.0-60.0% v/v) for several days. The effect of variations in asymmetry potential, 

liquid junction potential, activity coefficient, sodium ion error and dissolved carbon dioxide on 

the response of glass electrode cannot be calculated in pH metric methods. Hence the difference 
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between the experimentally observed pH in solvent medium and the pH calculated based on the 

concentrations of the ingredients is used as factor that accounts for all the above parameters. 

This factor is named as correction factor in complex equilibria [31]. The correction factor is 

subtracted from pH meter dial reading. The computer program SCPHD [32] was used to 

calculate the correction factor. 

For the determination of stability constants of binary species, initially strong acid was 

titrated against the alkali at regular intervals to check the complete equilibration of the glass 

electrode. Before each titration in Dox-water mixtures, the electrode was preconditioned for at 

least 1 hour in a solution of identical composition as that of the titrand. The titrand consisted of 

approximately 1 mmol mineral acid in a total volume of 50 mL. All the titrations were 

performed in medium containing varying concentrations of Dox-water mixture pH metrically at 

303.0±0.1 K. In each of the titrations, titrations with different metal-to-ligand ratios (1.0:2.5, 

1.0:3.75 and 1.0:5.0) were carried out with 0.4 M NaOH.   
 

Modelling strategy 
 

MINIQUAD75 [33] was used to calculate the stability constants from pH metric titration data. 

The correction factor and protonation constants of Asp [34] were fixed during the refinement of 

binary systems. The variation of stability constants with the dielectric constant of the medium 

was analyzed on the basis of electrostatic/non-electrostatic, solute-solute and solute-solvent 

interactions. The protonation constants of Asp determined in the present study are compared 

with the literature values (Table 2).  

 
Table 2. Comparison of protonation constants of aspartic acid reported in literature with the present study.  

 

RESULTS AND DISCUSSION 

 

The results of the best fit models that contain the stoichiometry of the complex species and their 

overall stability constants along with some of the important statistical parameters are given in 

Table 3. Very low standard deviation in the overall stability constants (log β) signifies the 

precision of these constants. The small values of U (sum of squares of deviations in 

concentrations of ingredients at all experimental points) corrected for degrees of freedom and 

standard deviation for the systems are validated by residual analysis.   

 

 

 

Medium 
log β 

Ionic strength (M) Ref. 
011 012 013 

Aqueous 9.85 13.56 15.49 0.16 7 

Aqueous 9.67 13.65 15.53 0.16 9 

Aqueous 7.42 10.41 12.88 0.2 35 

Aqueous 9.60 13.25 15.13 0.1 36 

% v/v Dox      

0.0 9.83 13.54 15.33 0.16 34 

10.0 9. 91 13.78 15.79 0.16 34 
20.0 9.98 13.98 16.33 0.16 34 
30.0 10.16 14.32 16.73 0.16 34 
40.0 10.28 14.65 17.33 0.16 34 
50.0 10.20 14.73 17.48 0.16 34 
60.0 10.26 15.10 18.23 0.16 34 
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Table 3. Parameters of best fit chemical models of Co(II), Ni(II) and Cu(II) complexes of Asp in Dox-water 

mixtures.  

 

Dox 

% 

v/v 

log βmlh(SD) pH-

range 

NP Ucor 

x108 

χ2 Skew-

ness 

Kurt-

osis 

R-factor 

ML ML2 ML2H2 ML2H3 ML2H4 

Co(II) 

00.0 6.48(14) 10.44(15) 25.1(12) 29.36(14) 33.25(10) 3.0-10.5 35 2.15 12.10 -0.06 4.05 0.0112 

10.0 7.21(11) 12.17(13) 25.82(12) 29.82(15) 33.65(11) 2.0-9.0 14 0.45 19.71 1.53 7.63 0.0072 

20.0 7.30(7) 12.04(11) 25.23(6) 29.26(8) 33.03(5) 2.0-8.5 66 0.71 29.48 -0.20 5.95 0.0039 

30.0 7.51(4) 12.88(6) 25.26(5) 29.34(7) 33.01(8) 2.5-8.0 44 0.22 35.22 -0.45 0.27 0.0028 

40.0 7.75(4) 13.46(7) 25.21(8) 29.68(8) 33.08(15) 2.2-8.5 90 0.65 52.79 0.27 4.21 0.0043 

50.0 7.84(3) 13.74(5) 25.23(6) 29.33(13) 33.48(9) 2.5-7.5 74 0.36 50.00 -0.77 6.63 0.0036 

60.0 8.71(6) 15.03(8) 26.01(17) 30.80(10) 34.95(8) 2.5-7.5 76 1.04 23.09 -0.60 4.07 0.0061 

Ni(II) 

00.0 7.61(4) 13.06(8) 24.33(6) 27.69(13) 30.96(11) 2.0-8.0 59 0.37 27.43 -0.36 4.36 0.0029 

10.0 8.05(12) 13.95(13) 24.53(22) 27.9(44) 31.44(49) 2.5-9.0 33 0.28 19.06 -0.01 3.65 0.0036 

20.0 8.32(6) 14.15(10) 24.99(11) 28.85(11) 32.34(15) 2.0-7.0 65 0.21 51.93 -0.31 5.95 0.0059 

30.0 8.47(3) 14.83(6) 25.12(9) 29.06(11) 32.27(15) 2.5-7.5 100 0.50 69.87 -0.34 6.16 0.0034 

40.0 8.99(5) 15.67(9) 25.78(20) 29.96(14) 33.71(13) 2.5-8.5 71 1.14 34.92 -0.07 4.93 0.0066 

50.0 8.80(5) 15.78(7) 25.62(14) - 33.13(22) 2.0-8.0 109 1.11 61.43 -1.67 10.32 0.0051 

60.0 9.21(3) 16.67(4) 26.82(6) 30.48(6) 34.87(8) 2.5-8.0 45 1.61 7.99 -0.15 3.08 0.0045 

Cu(II) 

00.0 9.15(5) 16.20(7) 25.16(10) 28.22(13) 31.03(17) 1.9-9.5 31 0.24 28.72 -1.67 15.11 0.0025 

10.0 9.56(6) 16.97(8) 25.60(13) 29.03(9) 31.72(27) 2.6-8.5 58 0.38 8.16 0.07 3.51 0.0043 

20.0 10.31(4) 17.50(5) 26.10(16) 30.13(3) 32.80(9) 2.3-7.5 55 0.18 6.98 0.01 2.97 0.0022 

30.0 10.46(5) 16.94(9) 26.60(18) 30.70(4) 33.60(5) 2.0-7.0 37 0.31 13.32 -1.02 7.52 0.0022 

40.0 10.91(7) 18.48(8) 27.60(23) 31.60(5) 34.23(9) 2.0-7.0 104 1.26 33.74 -0.55 4.96 0.0054 

50.0 11.03(4) 18.56(4) 27.58(17) 31.65(3) 34.55(6) 2.2-7.0 61 0.06 9.48 0.40 4.34 0.0025 

60.0 11.80(7) 19.49(6) 29.10(27) 33.61(4) 36.73(5) 2.5-6.5 24 0.16 7.33 -0.07 3.47 0.0031 

 

Residual analysis 
 

In data analysis with least squares method, the residuals (the differences between the 

experimental data and the data simulated based on model parameters) are assumed to follow the 

Gaussian distribution. When the data are fit into the models, the residuals should ideally be 

equal to zero. If statistical measures of the residuals and the errors assumed in the models are 

not significantly different from each other, the model is said to be adequate. Further, a model is 

considered adequate only if the residuals do not show any trend. Respecting the hypothesis that 

the errors are random, the residuals are tested for normal distribution. Such tests are χ
2
, 

skewness, kurtosis and R-factor. These statistical parameters show that the best fit models 

portray the metal-ligand species in Dox-water mixtures. Kurtosis is the measure of the 

peakedness of the error distribution near a model value. For an ideal normal distribution, 

kurtosis value should be three (mesokurtic). If the calculated kurtosis is less than three, the peak 

of the error distribution curve is flat (platykurtic), and if the kurtosis is greater than three, the 

distribution shall have sharp peak (leptokurtic). The kurtosis values in the present study indicate 

that some of the residuals are nearer to mesokurtic and others form leptokurtic patterns. The 

values of skewness (shape of the error distribution profile) recorded in Table 3 are between       

–0.60 and 1.53 for Co(II), –1.67 and –0.01  for Ni(II) and –1.67 and 0.40 for Cu(II). These data 

evince that the residuals form a part of the normal distribution. Hence, the least-squares method 

can be applied to the present data. The low crystallographic R-values given in Table 3 indicate 

the sufficiency of the model. The Hamilton’s R-factor ratio test [37] was developed in 

crystallographic analysis to decide the need for inclusion of additional terms in the model. The 

test finds application in complex equilibria to decide whether the inclusion of more species in 
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the model is necessary or not. In pH metric method, the readability of the pH meter is taken as 

R-limit, which represents the upper boundary of R beyond which the model bears no 

significance. When different values were obtained for models containing different numbers of 

species, the models whose R-values were greater than R-table values were rejected. These 

statistical parameters show that the best fit models portray the metal-ligand species in Dox-

water media. The order of stability constants was found to be Co(II) < Ni(II) < Cu(II) which is 

in agreement with Irving–Williams order [38]. 

 

Effect of systematic errors on best fit model 

 

In order to obtain the best chemical model for critical evaluation and application under varied  

experimental conditions with different accuracies of data acquisition, an investigation was 

undertaken by introducing pessimistic errors in the influential parameters like concentrations of 

alkali, mineral acid, ligand and metal (Table 4). The order of the ingredients that influence the 

magnitudes of stability constants due to incorporation of errors is alkali > acid > ligand > metal.  

Some species were even rejected when errors were introduced in the concentrations. The 

rejection of some species and increased standard deviations in the stability constants on 

introduction of errors confirm the suitability of the experimental conditions (concentrations of 

ingredients) and choice of the best fit models. 

 
Table 4. Effect of errors in influential parameters on the stability constants of Co(II)-Asp binary complexes 

in 30% v/v Dox-water mixture. 

 

Ingredient 

 

log βmlh(SD) 

ML ML2 ML2H2 ML2H3 ML2H4 

 0 7.51(4) 12.88(6) 25.26(5) 29.34(7) 33.01(8) 

 

 

Alkali 

 

-5 rejected rejected 24.42(40) 29.73(44) 34.09(27) 

-2 7.90(36) 7.44(28) 25.04(25) 29.99(16) 33.79(13) 

+2 8.51(60) 11.39(60) 29.36(60) 32.87(59) 36.46(59) 

+5 rejected 22.04(**) 39.24(**) 42.33(**) 45.59(**) 

 

 

Acid 

 

-5 rejected 21.59(**) 38.99(**) 42.39(**) 45.17(**) 

-2 14.77(60) 18.53(**) 36.26(**) 39.72(**) 42.95(**) 

+2 9.89(61) 12.55(61) 31.11(61) 34.87(61) 38.44(61) 

+5 3.49(22) 5.96(20) 25.37(15) 29.91(15) 33.69(11) 

 

 

Ligand 

 

-5 5.33(17) 8.19(14) 26.63(12) 30.33(16) 34.19(11) 

-2 5.24(16) 7.89(14) 26.69(12) 30.61(13) 34.35(12) 

+2 4.95(15) 7.39(15) 26.72(12) 30.93(12) 34.61(11) 

+5 8.61(**) rejected 30.68(**) 35.62(**) 39.07(**) 

 

 

Metal 

 

-5 5.44(16) 8.00(16) 26.96(16) 30.99(16) 34.68(16) 

-2 5.28(15) 7.81(13) 26.82(11) 30.86(12) 34.55(10) 

+2 5.12(16) 7.59(15) 26.66(12) 30.72(13) 34.42(12) 

+5 5.07(15) 7.46(14) 26.57(11) 30.64(12) 34.34(11) 

** High standard deviation. 

 

Effect of co-solvent 
 

Co-solvent influences the protonation-deprotonation equilibria in solution by changing the 

dielectric constant of the medium, which varies the relative contributions of electrostatic and 

non-electrostatic interactions. So the variation of log K
M

 or change in free energy with co-

solvent content depends upon electrostatic and non-electrostatic interactions and can be 

represented as the sum of the changes in ∆G due to these two factors (Eq. 1). 
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where K
W

 and K
M

 are the step-wise protonation constants in aqueous and in aquo-organic 

mixtures, respectively.  

Born’s classical treatment [39]
 
holds good in accounting for the electrostatic contribution to 

the free energy change (∆Gel). According to this treatment, an ion of charge Ze is considered to 

be a rigid sphere of radius, r and the energy of electrostatic interaction is related to macroscopic 

dielectric constant, D of the medium as given by Eq. 2.  
 

r

1
*

D

1
*

2

Ne
∆G

2

el
=                         (2) 

 

Eqs. 1 and 2 suggest that log β should vary linearly as a function of reciprocal of the dielectric 

constant (1/D) of the medium. The change in dielectric constant varies the relative contribution 

of electrostatic and non-electrostatic interactions which in turn vary the magnitudes of stability 

constants. If the electrostatic forces alone operate, log K
M 

should vary linearly as a function of 

1/D of the medium. Such linear variation in the stability constant (log β) values of complexes of 

Asp with Co(II), Ni(II) and Cu(II) with variation of 1/D (D is the dielectric constant of the 

medium) of Dox-water mixtures (Figure 1) indicates the dominance of electrostatic interactions. 

In the case of some mono- and di-carboxylic acids and simple phenolic ligands, electrostatic 

(long-range, non-specific or universal) solute-solvent interactions are predominant in binary 

mixtures of water with methanol, ethanol, dioxan or acetone as co-solvent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Variation of stability constant values of metal-Asp complexes with reciprocal of 

dielectric constant (1/D) of  Dox: (A) Co(II); (B) Ni(II); (C) Cu(II)-( ◊) log βML; (□) 

log βML2 ; (∆) log βML2H2 ; (○) log βML2H3 ; (⌂) log βML2H4 . 
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Even though the solvent (Dox) has low dielectic constant it was chosen such that Dox-water 

mixture is the combination of aprotic and protic solvents with wide range of dielectric constants 

and with good solubility for polar as well as non-polar solutes. The cosolvent induced increased 

basicity [40] of Dox-water mixtures, increases the stabilization of protons. At the same time the 

coordinating solvent (Dox) competes with the ligands for coordination with the metals. This 

decreases the stability of the complexes. Hence, the stability of the complex is expected to either 

increase or decrease.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Species distribution diagrams of binary complexes of Aspartic acid in 30% v/v Dox-

Water mixture.  (A) Co(II); (B) Ni(II); (C) Cu(II). 
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ML2, ML2H2, ML2H3 and ML2H4 species for Co(II), Ni(II) and Cu(II) in Dox-water mixtures. 

Typical species distribution diagrams of Asp complexes are given in Figure 2. The formation of 

various binary complexes is shown in the following equilibria: 
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Equilibria 1-13 indicate the formation of ML, ML2, ML2H2, ML2H3 and ML2H4. Figure 3A 

represents the formation of Co-Asp complexes. ML2H4 is formed by the interaction of free metal 

ion (FM) with LH3
+ 

(Equilibrium 1). Similarly ML2H3 is formed by the interaction of free metal 

with LH3
+ 

(Equilibrium 2) as well as by the deprotonation of ML2H4 (Equilibrium 3).  
Deprotonated species ML2 and ML are formed beyond a pH of 4.0 (Equilibria 8-13). Figure 3B 

shows the formation of Ni-Asp complexes. ML2 is the most predominant species among all. The 

concentration of ML2H2 species decreased while the concentration of ML and ML2 increased in 

the pH range 5.0-7.5 indicatig their formation from ML2H2 (Equilibria 9 and 13). Figure 3C 

shows the formation of Cu-Asp complexes in the pH range 2.0-7.0. 

 

Structures of complexes 
 

Based on the above equilibria the possible structures of the binary complexes of Asp are given 

in Figure 3. The literature [41, 42] suggests that Co(II), Ni(II) and Cu(II) complexes shall be 

octahedral or distorted octahedral. Amino nitrogen and carboxyl oxygen of Asp participate in 

bonding with the metal ions. 

CONCLUSIONS 

 

The following conclusions have been drawn from the modelling studies of the speciation of 

binary complexes of Co(II), Ni(II) and Cu(II) with L-Asp in Dox-water mixtures: (1) L-Asp 

forms both protonated and unprotonated complexes ML, ML2, ML2H2, ML2H3 and ML2H4 in the 

pH range 1.85-10.5. (2) The linear variation of stability constants as a function of dielectric 

constant of the medium indicates the dominance of electrostatic forces over non-electrostatic 

forces. Some species are stabilized due to electrostatic interactions and some are destabilized 

due to the decreased dielectric constant. (3) The order of ingredients influencing the magnitudes 

of stability constants due to incorporation of errors in their concentrations is alkali > acid > 

ligand > metal. (4) The stabilities of the complexes follow the Irving-Williams order, i.e. Co(II) 

< Ni(II)  < Cu(II). 

M(II) + 2LH3  
ML2H4 + 2H+ (1) 

M(II) + 2LH3  
ML2H3 + 3H+ (2) 

ML2H4  
ML2H3  + H+ (3) 

M(II) + 2LH3  
ML2H2 + 4H+ (4) 

ML2H4  
ML2H2  + 2H+ (5) 

ML2H3  
ML2H2  + H+ (6) 

M(II) + 2LH2  
ML2H2 + 2H+ (7) 

M(II) + LH2  
ML + 2H+ (8) 

ML2H2 
 

ML + LH + H+ (9) 

ML2H3 
 

ML + LH  + 2H+ (10) 

ML + LH2  
ML2 + 2H+ (11) 

ML2H3 
 

ML2 + 3H+ (12) 

ML2H2  
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