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SUMMARY 

A computational method based on the least squares technique has been applied 
for the simultaneous estimation of the coordination numbers and stability constants 
of complexes formed between several metal ions and oxycarboxylic acids from the 
qualitative index RE obtained by means of isotachophoresis. The metal ions were 
Ba2’, Sr2+, Ca2’, Mg2+, Cd”, Co”. Ni2+ and Zn”, and the ligands were gly- 
colate, lactate, B-hydroxybutyrate, a-hydroxybutyrate and a-hydroxyisobutyrate 
ions. The estimated coordination numbers and the stability constants agreed well 
with previously reported values. The proposed method can be applied even for mixed 
samples. 

INTRODUCTION 

In Part IV’ a computational procedure was described to simulate isotacho- 
phoretic equilibria of a separated zone containing kinetically labile multi-coordinated 
complexes. It was suggested that the stability constants and coordination numbers 
of the complexes can be estimated by analysing the qualitative index, RE, of the 
samples at different ligand concentrations. The least squares technique employed was 
applied repeatedly until satisfactory agreement was obtained between the observed 
RE values and those simulated on the basis of a model. Since the isotachophoretic 
method for the evaluation of mobility and ply, has proved to be a powerful technique 
especially for mixed samples2, similar applicability to the simultaneous evaluation of 
stability constants and coordination numbers is expected. 

In this study the proposed method is applied to evaluate the stability constants 
and coordination numbers of complexes formed by divalent metal cations, Ba’+, 
Sr2+, Cazf, Mg2+, Cd2+, Co2+, Ni2+ and Zn2+, and monoanions of oxycarboxylic 
acids, glycolate, lactate, /3-hydroxybutyrate, a-hydroxybutyrate and a-hydroxyiso- 
butyrate ions respectively. The mobilities of the complex ions used were estimated 
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from a relationship between the formula weight and mobility of the monocarboxylate 
ions3. The estimated stability constants and coordination numbers are compared 
with previously published values evaluated by different methods. 

EXPERIMENTAL 

The RE values of the metal ions were obtained using leading electrolytes of 
aqueous potassium hydroxide solution buffered by adding glycolic (Glyc), lactic 
(Lac), P-hydroxybutyric (P-HB), a-hydroxybutyric (a-HB) and a-hydroxyisobutyric 
acid (HIB), which are also the complexing agents in the sample zones, For each 
complexing agent, three to five kinds of leading electrolytes were prepared by varying 
the concentration of leading ion, CL = 5.2-26 mM. The pH of the leading electrolyte, 
pHL, was adjusted to ca. 4.4, except for @-HB buffer (pHL = cu. 5). The surfactant 
Triton X-100 (0.2%) was added. The terminating electrolyte was 5 mM E-aminoca- 
proic acid (E-AMC) and the pH was adjusted to ca. 4.5 by adding the buffers used 
for the leading electrolytes. The samples were chlorides or nitrates of the metal ions 
and all reagents used were commercial guaranteed grade. Table I summarizes the 
experimental conditions for the leading electrolytes used. 

Isotachopherograms were obtained by the use of a Shimadzu IP-2A isotacho- 
phoretic analyzer equipped with a potential gradient detector Shimadzu PGD-2. A 
main separating tube (10 cm x 0.5 mm I.D.) was connected to a pre-separating 
column (4 cm x 1 mm I.D.). The separation compartment was thermostatted at 
25°C and the driving currents applied were in the range of 50 (low C~)~lOO PA (high 
CL). For the precise measurements of RE indices, internal standards were used such 
as Na+ (RE = 1.48 at CL = 10 mM) and Li+ (RE = 1.94 at CL = 10 mM) which 
hardly interact with the counter ions used. The use of an internal standard to correct 

TABLE I 

LEADING ELECTROLYTE CONDITIONS 

pHL = pH of leading electrolyte; C’,. = total concentration (mM) of leading ion, K+. Buffers: Glyc = 
glycolic; Lac = lactic; /I-HB = p-hydroxybutyric; a-HB = a-hydroxybutyric; HIB = cc-hydroxyisobutyric 
acids. 

1 4.38 7.78 Glyc 
2 4.41 10.40 Glyc 
3 4.39 15.60 Glyc 
4 4.40 20.80 Glyc 
5 4.41 26.00 Glyc 
6 4.29 10.35 Lac 
7 4.31 15.53 Lac 
8 4.32 21.18 Lac 
9 5.01 10.37 b-HB 

10 5.02 15.56 j-HB 
11 5.02 20.74 P-HE 
12 5.02 26.00 /?-HB 

13 4.35 5.19 FHB 
14 4.38 10.37 a-HB 
15 4.37 15.56 a-HB 
16 4.37 20.74 a-HB 
17 4.38 25.93 a-HB 
18 4.35 5.18 HIB 
19 4.38 10.13 HIB 
20 4.35 15.20 HIB 
21 4.36 20.26 HIB 
22 4.32 25.90 HIB 
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an asymmetric potential of a potential gradient detector has been detailed in ref. 2. 
Measurements of pH were made with a Horiba F-7ss expanded scale pH-meter. 

Three examples of the observed isotachopherograms of Ba2’, Sr2+, Ca’+, 
Mg2+, Li+ and Zn2+ are shown in Fig. 1, and were obtained by varying Ct (A, 
10.37; B, 15.56; C, 25.93 mM) at pHL = cu. 4.4 (cr-HB buffer); Li+ was the internal 
standard. An increase of the relative step heights of the sample zones with respect to 
that of Li+ was observed with increasing C’ L, suggesting the occurrence of complex 
formation between the metal dications and a-hydroxybutyrate anion. Figs. 2-4 sum- 
marize the observed dependence on Ct, of RE values using Glyc, Lac, /I-HB, ol-HB, 
and HIB as complexing agent. The RE values shown are averages from three deter- 
minations. The curves are the best-fitted ones, which will be discussed in a later 
section, Apparently, the RE values of each metal ion at similar Ct differ significantly 
in the different electrolyte systems. Except in the /?-HB system, the metal ions can be 
separated at appropriate Ct values. Unless a mixed zone was formed, the samples 
were injected at once and the RE values were measured. 

RESULTS AND DISCUSSION 

The evaluation of stability constants and data processing were made by the 
use of a SORD M223 Mark III microcomputer. The physico-chemical constants in 
Table II were used for simulation. They were taken from the literature4-8 except for 
the mobilities of CY-HB and HIB which were determined by the isotachophoretic 
method2. 

[ K+l = 10.37 mM 
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Fig. I. Observed isotachopherograms (A, B and C, from left to right) of Ba’+, SrZ’, Caz+, Mg*+, Li+ 
and Zn’+ at different CL values. The leading ion is K’ and the terminating ion is c-aminocaproate (E- 

AMC). imp = Impurity in the electrolyte system. 
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Rig. 2. Observed & values (a) of Ba’+, Sr”, Ca*+, Mg”‘, Cdz+, Fe*+, Co2+, Nia+ and Zn*+ co- 
existing with glycolate (A) and lactate ions (B) at pHL = CL 4.4. The curves show the dependence on 
Cl of simulated & values using best-fitted stability constants. 
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Fig. 3. Observed I& values (0) of Ba2+, Sr’+, Ca’+, Mg’+, Ni’+ and Zn*+ co-existing with ,$hydroxy- 
butyrate ions at pHL = CB. 5.0. Th e curves show the dependence on CL of the simulated RE values using 
best-fitted stability constants. 
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Fig. 4. Observed RE values (e) of BaZ+, Sr”, Ca2+, Mg*+, CT&+, Coz+, Ni*+ and Zn2+ co-existing 
with z-hydroxybutyrate (A) and a-hydroxyisobutyrate ions (B) at pHL = ca. 4.4. The curves show the 
dependence on Cl. of the simulated RE values using best-fitted stability constants. 

TABLE II 

PHYSICO-CHEMICAL CONSTANTS USED IN SIMULATIONS (25°C) 

m. = Absolute mobility (cm2 V-r set-i) x 10s; PK. = thermodynamic acid dissociation constants; .?J = 
mean ionic diameter (cm) x lo* (ref. 10). For metal ions the mobilities and pK, of the monoanions are 
assumed to be m,/2 and PK. + 1 respectively. Exact values of them are not necessary in simulation. 

Cation m0 PK. 6 Anion m. PK h 

Ba2+ 64.0 13.2 5 Glycolate 42.4* 3.886 4 
Srz+ 61.6 13.2 5 Lactate 36.5 3.858 4 
CaZ + 61.7 12.6 6 /I-Hydroxy- 33.3 4.519 4 

butyrate 
Mg2+ 55.0 11.4 8 a-Hydroxy- 33.5* 3.979 4 

butyrate 
CdZi 56.0 7.6 5 xx-Hydroxy- 33.5* 3.971 4 

isobutyrate 

;zz+ ZI 57.0 56.0 11.2 8.3 6 6 
Zn’+ 54.7 9 6 
Ni*+ 53.9 9.3 6 
Nd+ 51.9 13.7 4 

Li+ 40.1 13.8 4 
K+ 76.2 - 4 
e-Amino- 28.8* 4.313 4 
caproic acid 

* Isotachophoretically evaluated 
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Fig. 5. Dependence on CL of the simulated RE values of Ba’+, ST’+, Caz*, Mg’+, Co’+, Cd’+, Zn2+ 
and Ni2+ on the assumption that no interaction takes place between the metal and cr-hydroxybutyrate 
ions. pHL = 4.4. 

J 

Fig. 5 shows the dependence on Cl. of the RE values of the metal dications in 
the range CL 4-32 mA4 on the assumption that the samples do not interact with the 
counter ions (ol-HB, pHL = 4.4). At the pHL all of the metal ions are in their fully 
charged states, therefore the increase in RE values of the dications with increasing 
C’, is attributed to the decrease in effective mobility accompanied by the increase in 
ionic strength. The broken line represents the internal standard Na+. Apparently, 
the divalent cations having RE values in the range of ea. 1.41.7, namely Co, Cd, Mg, 
Zn and Ni, may form a mixed zone if no interaction takes place between them and 
the counter ion. In practice, however, they can be separated at an appropriate CL 
value by using a-HB buffer, as shown in Fig. 1. Therefore the separation between 
the samples and the increase of RE with increasing CL are caused by complex for- 
mation. The order of increasing RE values in Fig. 5 is different from that in Fig. 4 
suggesting that the stability constants and/or the coordination numbers may be dif- 
ferent amongst the complexes formed. 

To analyse the complex-forming systems we require the absolute mobilities 
of the complexes formed. A relationship between the formula weights, FW, and 
absolute mobilities of the monocarboxylate ions was used to estimate the mobilities 
of the complex ions: 

yplo = (329.9/JFW - 1.1) x 10e5 cm* V-l see-’ (1) 

The values of the stability constants are dependent on the estimated mobilities and 
the validity of the latter may be assessed by comparing the evaluated stability con- 
stants with reported values. 

Two examples will be given to clarify the procedure for the assessment of 
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Fig. 6. Dependence on Ct of the observed (a) and simulated RE values of Zn2+ (A) and Caz+ (B) co- 
existing with a-hydroxyisobutyrate ion. The broken curves represent the one-coordination model and the 
solid curves are for the two-coordination model. 

coordination numbers and the evaluation of stability constants. Fig. 6 shows the 
dependence on CL of the observed and simulated RE values of Znz+ and Caz+ co- 
existing with HIB. The broken curves show the dependence on CL of the stability 
constants and the simulated RE values on the assumption that only a one-coordinated 
complex is formed in the sample zone (one-coordination model). For the Zn-HIB 
system the stability constant was varied in the range of log /?I = 2-3 and for the 
Ca-HIB system in the range 1-2. For the calcium system the observed RE values can 
be explained in terms of the one-coordination model and log p1 = cu. 1.4 from Fig. 
6, which can be refined by the least squares method using this model. On the other 
hand, the RE values of the Zn-HIB system apparently cannot be explained by such 
a model. The solid curves represent the simulated values of Zn” on the assumption 
that only a two-coordinated complex is formed (two-coordination model). The in- 
crease in the simulated RE values does not agree with that of the observed values, 
even when the best-fitting procedure is applied. From Part IV1 it is apparent that the 
three-coordination model and other multi-coordination model also cannot explain 
the observed RE values, suggesting the co-existence of differently coordinated com- 
plexes. The increase in the observed RE values with increasing CL was intermediate 
between those for one- and two-coordination models, therefore it is very probable 
that one- and two-coordinated complexes may co-exist in the Zn-HIB system. 

Fig. 7A shows the dependence on CL of the simulated RE values of Zn2+ using 
the best-fitted stability constants obtained by the least squares method on the basis 
of three different models of complex formation. One broken curve (- . -) shows the 
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Fig. 7. Dependence on Ct of the observed (0) and simulated Rs values of Zn’+ (A) and CO’+ (B) CO- 

existing with a-hydroxyisobutyrate ion. - - ’ , The best-fitted dependence using the one-coordination 
model; ---, the dependence using the two-coordination model; -, the dependence using the co-existence 
model. 

best-fitted dependence using the one-coordination model (log fll = 2.46). The agree- 
ment was not satisfactory, and the mean error between the observed and simulated 
RE values was 4.2%. The other broken curve (---) shows the corresponding depend- 
ence for the two-coordination model (log f12 = 4.20). The best-fitted RE values at 
high Cl, were overestimated and those at low Cl. were underestimated, The mean 
error was again high (4.9%). On the other hand, the solid curve show the dependence 
evaluated on the assumption that one- and two-coordinated complexes co-exist (co- 
existence model: log jll = 2.15, log pz = 3.86). The mean error was 0.52%, sup- 
porting this model of the Zn-HIB system. 

The coordination numbers and stability constants were similarly estimated for 
the metal-HIB systems. It is concluded that the observed RE values of Cazf, Sr2+ 
and Ea2+ can be explained by the one-coordination model with mean errors of 
0.33%, 0.53% and 0.16%, respectively. For Mg2+, Cd2+ and Co2+ almost ail of the 
complexes formed may be one-coordinate, however small amounts of the two-coor- 
dinated complexes might also occur. The dependence on CL of the RE values of Co’+ 
is shown in Fig. 7B. The difference in the simulated RE values between the one- 
coordination and the co-existence models is small in comparison with Zn-HIB sys- 
tem. When the one-coordination model was applied, log D1 was 2.20 and the mean 
error was 1.34%, for the co-existence model, log ,B1 and log p2 were 2.13 and 3.03 
with a mean error of 0.96%. Owing to its lower mean error, the coexistence model 
is marginally preferred. For Mg2+ and Cd’+, the mean errors for the one-coordi- 
nation model were 1.05 and 1.58% and those for the coexistence model were 0.43 
and 0.70%. 
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Fig. 8. Dependence on CL of the abundance of one-coordinated (a) and two-coordinated complexes (a) 
and non-complexing ions (a) of Zn2+ (A) and Co’* (B) co-existing with a-hydroxyisobutyric acid (I-IIB). 
The co-existence model was used for the simulation. 

Fig. 8 shows the dependence on C’, of the simulated abundances of the non- 
complexing ions, and of the one- and two-coordinated complexes of Co2 + and Zn2 + 
co-existing with HIB. The abundance of Co(HIB), is at most 5%. On the other hand 
the abundance of Zn(HIB)2 is 22% at Ck = 25.9 mM. For Mg2+ and Cd2+ the 
abundances of the one-coordinated complexes are similar to that in the Co-HIB 
system. 
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Fig. 9. Dependence on Cj_ of the observed (+) and simulated RB values of Zn*” (A) and Ni’* (B) co- 
existing with glyfolate ion. Key to curves as in Fig. 7. 
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TABLE III 

OBSERVED AND SIMULATED RE VALUES OF Ca2 +, Co2+ AND Zn2+, AND EFFECTIVE MOBILITIEE 

AND CONCENTRATIONS OF ZONE CONSTITUENTS (25°C) 

Rr = Ratio of potential gradients, Es&.; Kt s = effective mobility (cm2 V-r see-‘) x IO5 of sample ion; pHs = pH 
of sample zone; C’ = total concentration (mM) of metal ions including complexes; Pr = abundance (%) of 1:l 
complex; P2 = abundance (%) of I:2 complex; C&s = total concentration (mM) of non-complexing buffer ion; tie,: 
= effective mobility (cm2 V-l set-‘) x 105 of buffer ion; I = ionic strength x 103. 

Metal System RR ’ 
ion 

Obs. Calc. 

B@er: glycolic acid 
Ca 1 1.43 

2 1.47 
3 1.53 
4 1.59 
5 1.65 

co 1 1.77 
2 1.86 
3 1.98 
4 2.09 
5 2.19 

Zn 1 1.97 
2 2.08 
3 2.28 
4 2.44 

5 2.59 

Bugler: laciic acid 
Ca 6 1.43 

7 1.48 
8 I.54 

co 6 1.78 
7 1.92 
8 2.00 

Zn 6 1.98 
7 2.15 
8 2.28 

1.435 -0.31 50.05 4.271 

1.474 -0.22 48.36 4.302 
1.538 -0.50 45.79 4.277 
1.591 -0.04 43.83 4.283 
1.637 0.83 42.26 4.288 

1.787 -0.96 40.19 4.178 
1.867 -0.40 38.17 4.212 
1.990 -0.49 35.39 4.191 
2.084 0.29 33.47 4.199 
2.160 1.37 32.02 4.207 

1.961 0.48 34.25 4.091 
2.081 -0.03 34.25 4.106 
2.278 0.10 30.91 4.053 
2.445 -0.19 28.52 4.029 
2.591 -0.04 26.69 4.006 

1.434 -0.10 49.71 4.222 
1.486 -0.63 47.37 4.229 
1.535 0.56 45.40 4.237 

1.790 -0.85 39.81 4.168 
1.904 0.88 36.98 4.169 
2.002 -0.17 34.80 4.173 

2.010 - 1.26 35.46 4.140 
2.148 0.24 32.77 4.141 
2.263 0.93 30.78 4.146 

Buffer: j-hydroxybutyric acid 
Mg 9 1.54 1.523 

10 1.55 1.549 
11 1.56 1.571 
12 1.59 1.590 

1.20 46.84 4.937 
0.05 45.45 4.946 

-0.71 44.38 4.944 
0.00 43.48 4.942 

Ni 9 1.60 1.604 
IO 1.64 1.652 
11 1.68 1.692 
12 1.75 1.727 

Zn 9 1.61 1.596 
10 1 .b4 1.648 
11 1.68 1.692 
12 1.74 1.731 

-0.27 44.42 4.924 
-0.72 42.63 4.930 
-0.68 41.22 4.926 

1.33 40.04 4.923 

0.87 44.65 4.924 
-0.51 42.74 4.929 
-0.73 41.20 4.924 

0.50 39.93 4.920 

3.53 15.4 

4.75 18.7 
7.18 23.9 
9.63 28.0 

12.1 31.4 

3.50 39.6 
4.76 45.2 
7.29 52.9 
9.87 58.3 

12.5 62.2 

3.39 33.9 
4.43 44.2 
7.08 49.2 

9.51 51.7 
12.1 53.3 

4.77 12.2 
7.16 16.0 
9.78 19.3 

4.78 33.9 
7.26 43.2 

10.0 48.9 

4.82 47.8 
7.36 55.4 

10*2 61.1 

4.53 I.79 
6.79 2.47 
9.04 3.09 

11.3 3.67 

4.50 5.78 
6.73 7.78 
8.96 9.50 

II.2 11.0 

4.53 7.58 
6.79 10.1 
9.04 12.3 

11.3 14.2 

- 9.02 

- 11.6 
- 17.2 
_ 22.3 
- 27.3 

_ 8.31 
_ 10.6 
- 15.5 
- 20.0 
_ 24.4 

4.36 8.18 
6.12 10.4 
9.30 15.2 

12.1 
14.7 

_ 
- 
- 

- 
- 
- 

- 
_ 
- 

_ 
- 
- 

- 
_ 
- 
- 

- 
- 
_ 
_ 

19.5 
23.8 

17.5 7.10 
16.5 9.02 
14.3 12.4 
13.0 15.4 
12.0 18.2 

12.5 21.3 13.2 
18.2 20.4 19.3 
24.1 19.6 25.6 

11.4 16.8 11.0 
16.4 15.3 15.6 
21.6 14.1 20.3 

10.9 14.6 9.94 
15.7 13.1 11.6 
20.6 11.6 18.2 

12.1 21.6 13.5 
17.8 21.2 20.0 
23.5 20.7 26.6 
29.3 20.3 33.1 

11.8 20.9 13.0 
17.3 20.2 19.2 
22.8 19.6 25.2 
28.3 19.1 31.2 

11.8 20.6 12.9 
17.3 19.9 19.0 
22.7 19.2 24.9 
28.1 18.6 30.8 

24.8 9.56 
24.3 12.5 
22.6 18.2 
21.6 23.5 
20.8 28.7 

19.1 7.79 
18.2 10.1 
16.2 14.2 
15.1 18.2 
14.2 22.0 

I 
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TABLE III (continuedJ 

Metal Sysfem RE 
ion 

Ohs. Calc. 
- -- 

&jj%r: a-hydrox_ybutyric acid 

13 1.39 
ff 1.52 I .46 

16 I .s7 
17 1.61 

13 1.66 
14 1.57 
15 2.00 
I6 2.10 
1J 2.23 

13 1.85 
14 2.07 
IS 2.26 
16 2.46 
17 2.63 

1.379 
1.458 
1.519 
I.571 
1.616 

1.683 
1.870 
2.004 
2.109 
2.197 

1.818 
2.081 
2.286 
2.461 
2.615 

%@er: a-hydroxyisobutyri~ acid 
3a 18 1.38 1.383 

19 1.47 1.461 
20 1.52 1.523 
21 1.57 1.576 
22 1.63 1.626 

TO 18 1.72 1.692 
19 1.86 1.890 
20 2.03 2.042 
21 2.17 2.169 
22 2.31 2.288 

‘.n 18 1.83 1.817 
19 2.11 2.104 

20 2.32 2.346 
21 2.56 2.559 
22 2.78 2.768 

0.81 52.54 
0.15 48.87 

0.06 46.33 
-O.Ol 44.37 
-0.36 42.77 

- 1.35 43.05 
II.04 38.11 

-0.15 35.13 
-0.41 33.05 

1.51 31.46 

1.75 39.85 
-0.52 34.24 
-1.15 30.79 
-0.01 28.33 

0.57 26.43 

-0.19 52.39 4.254 2.35 9.25 
0.61 48.80 4.287 4.65 14.9 

-0.23 46.24 4.253 7.01 19.3 
-0.39 44.26 4.25% 9.38 22.9 

0.22 42.49 4.213 12.0 26.2 

1.62 42.81 4.157 2.27 27.9 
- 1.59 37.73 4.183 4.44 39.2 
-0.58 34.50 4.138 7.02 45.8 

0.07 32.17 4.131 9.48 50.2 
0.95 30.20 4.077 12.2 53.6 

0.71 39.86 4.092 2.18 26.4 
0.28 33.88 4.079 4.44 34.8 

- 1.09 30.03 4.003 6.74 38.5 
0.06 27.26 3.968 9.07 40.4 
0.45 24.91 3.894 11.6 41.4 

4.256 2.35 5.76 6.76 
4.289 4.76 14.4 - 12.8 
4.214 7.17 18.7 18.8 
4.270 9.59 22.2 _ 24.6 
4.275 12.0 25.2 30.1 

4.168 2.28 28.4 
4.205 4.74 40.8 
4.t90 7.24 48.4 
4.186 9.77 53.8 
4.192 12.3 57.8 

- 6.36 
11.7 

- 17.0 
22.1 
26.9 

4.111 2.21 30.3 2.23 6.28 
4.122 4.62 41.0 5.37 11.4 
4.081 7.06 46.3 8.29 16.4 
4.052 9.52 49.3 10.9 21.6 
4.033 12.0 51.1 13.3 26.2 

_ 6.70 19.3 6.67 
12.4 18.4 12.6 

- 18.5 17.0 18.4 
24.1 16.3 23.9 

_ 31.1 15.1 29.8 

0.75 6.31 15.4 5.56 
1.86 11.3 13.6 10.0 
3.03 16.8 11.9 14.1 
4.17 21.6 10.9 17.8 
5.37 27.9 9.79 21.6 

4.35 6.26 14.6 5.19 
9.76 11.2 12.6 9.01 

14.5 16.5 10.7 12.2 
18.5 21.2 9.59 14.9 
22.3 27.4 8.40 17.6 

19.3 6.70 
18.4 13.0 
17.3 18.9 
16.4 24.6 
15.9 30.1 

15.5 5.61 
13.7 IO.4 
12.2 14.8 
11.2 18.9 
10.5 22.8 

t4.4 5.22 
12.4 9.41 
10.8 13.0 
9.74 16.2 
8.98 19.1 

Fig. 9 shows the dependence on CL of the RE values for the zinc- and 
nickel-glycolate systems. In the zinc system the stability constants for the one- to 
four-coordinated complexes have been reported (log /& = 2.32, log flz = 3.52, log 
/I3 = 4.06 and log 84 = 3.39; the successive stability constants obtained by pola- 
rography6 were converted into overall stability constants). For the nickel system 
values of log Pi = 2.02, log pz = 3.30 and fog & = 3.65 were obtained by spectro- 
photometry6. In the present method however the existence of three- and four-coor- 
dinated complexes in these systems could not be confnmed, since the observed RE 
values could be explained in terms of the coexistence model as shown in Fig. 9. The 
mean errors were 0.17 and 0.27% respectively. The coordination numbers and sta- 
bihtv constants were estimated for the other complexes in a similar manner. 
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TABLE IV 

ESTIMATED MOBILITIES AND STABILITY CONSTANTS OF METALGLYCOLATE, -LAC- 
TATE, +HYDROXYBUTYRATE, -(x-HYDROXYBUTYRATE AND -a-HYDROXYISOBUTYR- 
ATE COMPLEXES (25°C) 

log B (IP) = Evaluated thermodynamic stability constant; (5 = dispersion; log /l (corr.) = corrected 
thermodynamic stability constant (I = 0). In the “method” column the following abbreviations have been 
used: H = electromotive force (emt) measurement with electrode of Hz, sol = solubility, cond = con- 
ductivity, pol = polarography, qh = quinhydrone electrode, sp = spectrophotometry, ix = ion ex- 
change, gl = glass electrode, 0th = other methods. 

Ba(Glyc) + 21.6 0.935 0.017 

Sr(Glyc) T 24.8 1.019 0.012 
Ca(Glyc) * 29.7 1.612 0.01 I 

Mg(Glyc)’ 32.0 1.441 0.021 
Cd(Glyc) + 23.0 1.841 0.085 

Cd(Glyc), 0 

Co(Glyc) + 21.4 2.216 0.012 

Co(Glyc)z 0 

Ni(Glyc) ’ 27.5 
Ni(Glyc) + 27.5 

Ni(Glyc)a 0 
Zn(Glyc)’ 26.8 
Zn(Glyc)’ 268 

Zn(Glyc)z 0 

Ba(Lac) l 20.9 

2.430* 0.044 
2.230 0.016 

3.544 0.026 
2.456* 0.062 
2.286 0.012 

3.684 0.018 

0.540 0.091 

Sr(Lac)+ 23.7 0.777 

Ca(Lac) + 28.0 1.381 

Mg(Lac) + 29.9 1.255 

Cd(Lac)+ 22.2 1.662 
Co(Lac) + 26.1 2.021 

0.091 

0.021 

0.025 

0.015 
0.014 

u log p (iii.) (mHhod6) I log P 
(corr.) 

1 .oo 04 
1.04 @ol) 
0.66 WI 
- 
1.59 
1.59 
1.11 

(H) 0 
(sol) 0 
0-u 0.2 

- 
1.866 
1.41 
1.51 
1.84 
2.11 
1.915 
1.48 
1.30 
2.29 
2.08 

(cond) 0 
(pal) 2.0 
(qh) 2.0 
(qh) 2.0 
@ol) 2.0 
(cond) 0 
(qh) 2.0 
(ssp) 2.0 
(qh) 2.0 
(SP) 2.0 

- 
1.62 
1.69 
2.70 

(sp) 2,o 2.02 
(oh) 2,o 2.09 
(sp,qh) 2.0 3.30 

1.93 
1.72 
2.94 
2.88 
0.11 
0.64 
0.55 
0.98 
0.70 
0.50 
1.07 
0.8 
0.82 
1.370 
0.93 
1.695 
1.896 
1.28 
1.38 
1.39 

(Pal) 
(qh) 

$i) 
(sol) 
(H) 
(H) 
(H) 
tH) 
(ix) 
(H) 
(ix) 
(emf) 
(H) 
(H) 
(con) 
(con) 
(sp) 
(0th) 
tkl) 

8 
0.2 

2.0 
2.0 
2.0 
2.0 
0 
0 
0.2 
0 
0.2 
0.16 
0.2 
0.16 
0.15 
0 
0.2 
0 
0 
2.0 
2.0 
2.0 

1.21 

1.66 

1.80 
1.91 
2.44 
2.69 

1.88 
1.70 
2.89 
2.68 

2.32 
2.12 
3.52 
3.48 

1.10 

1.23 
1.21 
1.62 
1.32 
1.33 

1.48 

1.68 
1.77 
1.78 
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Complex m log P iIP) fl log fi (lit.) (metho@) I log p (corr.) 

Co(Lac), 0 

Fe(Lac) l 26.3 1.877 0.012 
Ni(Lac)+ 26.1 2.191 0.011 

Ni(Lac)z 0 
Zn( Lac) + 25.5 2.242 0.017 

Ba(P-HB)+ 20.2 0.512 0.193 
Sr(B-HB)+ 22.8 0.819 0.158 
Ca(B-HB)* 26.5 1.235 0.122 

Mg(fi-HB)+ 28.2 0.491 0.143 
Ni(B-HB)’ 24.9 1.038 0.053 
Zn(/?-HB)+ 24.3 1.163 0.032 

Zn(&HB)t 0 
Ba(u-HB)’ 20.2 
Sr(a-HB) + 22.8 
Ca(r-HE)+ 26.5 
Mg(;z-HB)+ 28.2 
Cd(a-HB) + 21.4 

0.357 0.058 
0.723 0.023 
1.471 0.010 
1.297 0.019 
1.800 0.042 

Cd(a-HB)z 0 
Co+HB)+ 24.8 
Ni(a-HB)* 24.9 
Ni(a-HB)l 0 
Zn(or-HB)’ 24.3 
Zn(a-HB) l 24.3 
Zn(a-HB)z 0 

Ba(HIB)’ 20.2 
Sr(HIB)+ 22.8 
Ca(HIB)’ 26.5 
Mg(HIB)+ 28.2 
Mg(HIB)+ 28.2 
WHIB)z 0 
Cd(HIB)- 21.4 
Cd(HIB) - 21.4 
Cd(HIB)z 0 
Co(HIB)- 24.8 
Co(HIB)’ 24.8 
CO(HIB)~ 0 
Ni(HIB)+ 24.9 
Ni(HIB)2 0 
Zn(HIB)+ 24.3 
Zn(HIB)Z 0 

2.131 0.013 
2.155 0.040 
3.426 0.093 
2.383* 0.035 
2.209 0.048 
3.572 0.096 
0.414 0.310 
0.666 0.072 
1.495 0.089 
1.556* 0.035 
1.350 0.078 
2.733 0.124 
1.776* 0.03 1 
1.581 0.089 
3.110 0.158 
2.198* 0.022 
2.130 0.051 
3.033 0.287 
2.008 0.163 
3.865 0.122 
2.145 0.037 
3.862 0.038 

2.53 (SP) 
2.30 (0th) 
2.36 (gl) 

2.216 
1.57 
2.94 
2.239 
1.860 
0.43 
0.47 
0.82 
0.60 
0.60 
- 
1.06 
0.99 
1.71 
- 

(con) 
(SP) 
(SP) 
(H) 
(H) 
(H) 

gj 
(H) 
(H) 

(H) 
(qh) 
(qh) 

- 
- 

1.27 
1.23 
2.13 
1.95 
1.72 
2.91 
2.05 
1.72 
3.02 
_ 

(gl) 
(pal) 
(Pal) 
(gl) 
(SP) 
(SP) 
(gl) 
(qh) 
(qh) 

- 
- 
- 
- 
- 
- 
_ 
_ 
- 
- 
- 
_ 
- 
- 

2.0 
2.0 
2.0 

0 
2.0 
2.0 
0 
0.2 
0.2 
0.2 

00.2 
0.2 

0.2 
2.0 
2.0 

0.1 
2.0 
2.0 
0.1 
2.0 
2.0 
0.1 
2.0 
2.0 

3.12 
2.88 
2.94 

1.97 
3.54 

2.407 
0.98 
1.02 

1.15 
1.15 

1.61 
1.39 
2.31 

1.73 
1.63 
2.73 
2.41 
2.12 
3.51 
2.51 
2.12 
3.62 

* Evaluated on the basis of the mono-coordination model. 
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Table III shows the observed and best-fitted RE values of Ca2+, Co2+ and 
Zn*+, and the effective mobilities and concentrations of the zone constituents evalu- 
ated by the least-squares method. 

Table IV summarizes the evaluated and previously reported stability constants 
and coordination numbers together with the estimated mobilities of the complex ions. 
The stability constants of the metal ion-HIB systems have not been reported pre- 
viously. In the present method the evaluated constants are the thermodynamic values 

corrected to ionic strength I = 0 M. However, almost all of the previously reported 

values have been obtained using electrolytes with high ionic strengths, for example 

I = 2 hf. TO enable comparison between the reported and the evaluated stability 
constants, the former values were corrected to 1 = 0 using the Davies equationg. The 
stability constants listed are restricted to log p1 and log p2. For several metal ions 
log 83 and log 84 have been reported but they are not cited here; as discussed for the 
Zn-Glyc and Ni-Glyc systems, they are not large enough to affect the &. values 
under the present electrolyte conditions. 

From Table IV, the agreement between the evaluated and the reported values 
of the stability constants and coordination numbers is satisfactory. Values of log 
82 have been reported for several systems, although they could not be determined by 
the present method. In most cases this can be attributed to the fact that the values 
are not large enough to have a significant effect on the RE values: for the metal-Lac 
systems all of the observed RE values can be explained by the one-coordination 
model, although for Co* + and Ni2+ the stability constants of two-coordinated com- 
plexes have been reported. The complex Co(Lac)2 may be overlooked by the present 
method since the reported log p2 is small (2.9-3.1). However, the reported log fi2 
= 3.54 for Ni(Lac)2 is sufficiently large to enable the complex to be identified by the 
present method, as shown for the nickel- and zinc--glycolate systems. However, the 
actual value of log fi2 may be smaller than that reported. In the metal-j$HB systems 
the stability constants were obtained for Ba2+, Sr2+ Ca2+, Mg2+, Ni” and Zn2+. 
The coordination numbers of the complexes formeh under the present electrolyte 
conditions were one except for zinc. The stability constants of the metal-P-HB sys- 
tems were the smallest of the metal-oxycarboxylic acid systems examined, as ex- 
pected. In the metal-a-HB system, two-coordinated complexes have been reported 
for Cd2+, Ni” and Zn’+, and we have confirmed this for Ni2 + and Zn’ +. The 
others were all one-coordinate as found previously. 

Fig. 10 shows the observed and the simulated isotachopherograms of the metal 
ions at CL = 20.74 mM and pHL = 4.4 (HIB buffer). The agreement is satisfactory. 
Once the physico-chemical constants are evaluated, such a simulation can be made 
for any electrolyte condition and utilized to assess the separation conditions and to 
assav obiective samples. 

Thus it seems that this simulation of isotachophoretic equilibria can be applied 
for the estimation of the stability constants and the coordination numbers of kinet- 
ically labile complexes formed between sample ions and counter ions. The minimum 
evaluable log fil by the present system is above ca. 0.5-l and log p2 is above ca. 3- 
3.5, For the precise measurement of stability constants the abundance of the complex 
should be greater than ccs. 5%. It should again be stressed that the evaluated stability 
constants are dependent on the values employed for the mobifities of the complex 
ions. we used values estimated from the formula weights (eqn. 1); this estimation is 
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Observed -P----- 
Simulated 

hli 

Ca 

Time -- 

Fig. 10. Observed and simulated isotachopherograms of Ba’+, Sr2’, CaZ+, Mg2*, Cd’*, Co”, NiZ+ 
and Zn*+. The complexing counter ion is a-hydroxybutyrate, the leading ion is K+ and the terminator 
is .+aminocaproic acid (&-AM(Z). 

valid for the present purpose since the evaluated stability constants agreed satisfac- 
torily with reported values. For barium complexes however the evaluated stability 
constants were always smaller than the reported ones suggesting the value of the 
mobility used might have been an underestimate. 
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