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SUMMARY 

A computational procedure is given for the qualitative analysis of isotacho- 
phoretic equilibria of metal ions forming labile multi-coordinated complexes with 
counter ions. For the zinc-cl-hydroxyisobutyrate system, the qualitative index RE of 
Zn*+ was simulated at pH = 4.4 by varying the coordination numbers (l-3) and the 
stability constants of the complexes and the concentration of the leading ion, Ct. 
Different dependences of the RE values on CL were obtained for the differently coor- 
dinated complexes, suggesting that the coordination numbers and the stability con- 
stants of complexes can be evaluated from the observed RE values by the least squares 
method. The present method is applicable to the analysis of mixed complexes with 
different coordination numbers. 

INTRODUCTION 

In isotachophoresis, the interaction of sample ions with the counter ions to 
form kinetically labile complexes results in a decrease in the effective mobility of the 
sample and an increase in the observable qualitative index, RE, in comparison with 
a non-complex-forming system. The increase in RE is closely related to the stability 
constants of the formed complexes, therefore the stability constants can be evaluated 
by analysing the observed RE values. In Part II’ a computational procedure was 
applied to the equation? describing the isotachophoretic equilibria involved in the 
formation of one-coordinated complexes. However, it is well known that many metal 
ions form multi-coordinated complexes and it is of interest to determine how the RE 
values of the metal ions are affected by the formation of these complexes. 

In this study, the previously reported simulation procedure* was modified to 
deal with mixed complexes with different coordination numbers. The RE values of 
complexes of Zn*+ with a-hydroxyisobutyrate ion were simulated for different co- 
ordination numbers and stability constants to estimate the effect of multi-coordinated 
complexes on the RE values and to assess the utility of the simulation for the sim- 

0021-9673/83/$03.00 0 1983 Elsevier Science Publishers B.V. 



220 T. HIROKAWA, H. TAKEMI, Y. KISO 

Leading zone Sample zone Terminating zone 

- L+ L- M2’ + 6B-- - T+ 
4r 

B-- - MB+ + MB2 B- - 
c=l 0 

- L+ + MB; - - T+ 
_ 

B-- HB z= B- + H+ B- 

Fig. 1. Isotachophoretically separated zone of M 2 + forming M-B complexes; the dissociation equilibria 
of the ligand ion, B-, are omitted in the leading (L) and terminating (T) zones. 

ultaneous determination of the stability constants and the coordination numbers of 
the formed complexes. 

COMPUTATIONAL PROCEDURE 

Fig. 1 shows a schematic model of the isotachophoretically separated zones. 
The leading, sample and terminating ions are denoted by L+, M2+ and T+, respec- 
tively. A complexing agent with buffer action is denoted by HB, and B- is the corre- 
sponding deprotonated anion. Although HB and B- are present only in the leading 
zone at the initial stage of migration, at a steady state the original counter ions of 
M2+ are completely replaced by B-, forming kinetically labile complexes MB+, MB2, 
etc., as shown in Fig. 1. The establishment of the equilibria may be rapid enough to 
enable a homogeneous migration of the formed complexes together with the non- 
complexed (free) M 2+ In the steady state, the complex-forming equilibria are . 
achieved at a certain pH of the sample zone, pHs, which is generally different from 
the pH of the leading electrolyte, pHL. The pHs, the concentrations of the zone 
constituents and their effective mobilities are regulated isotachophoretically under 
the particular leading electrolyte conditions. 

Details of the computational procedure have already been reported2. Therefore 
in this paper the equations used to analyse the isotachophoretic equilibria are limited 
to those corresponding to a sample zone in which multi-coordinated complexes are 
formed. Divalent cations (M2+) are employed as samples and the monovalent anion 
B- as the complexing agent. Assuming the coexistence of multi-coordinated complexes 
(coordination number 1 - n), the complex-forming equilibria in the sample zone can 
be written as 

HB Z$ B- + H+ kg 
M2+ + Hz0 + MOH+ + H+ kl 
MOH+ + Hz0 G M(OH)2 + H+ kz 
M2+ + B- Z$ MB+ (1) 

M2+ + 2B- s MB2 5: 

M2+ + nB- 2 MB;-” a 

where kB is the acid dissociation constant of HB, kl and k2 are those of M and PI 
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to /I,, are the overall stability constants of complexes of MB* to MB: -n. The effective 
mobility of M2+, @zM, coexisting with B- at a steady state can be expressed using the 
mobilities, m, and the concentrations, C, of the metal species in the zone 

mM = 
- ( i mM2-’ c,z-i + i mMBj-j CMB~-~ 

i=O j=l > 
/(CL + GB) (2) 

where C’, and C$, are the total concentrations of free metal species, C,z+ i- 
C MOH+ + CM(OH),, and the complexes 
expressed using the stability constants of 
M2+ and the ligand B- as follows: 

formed respectively. The CL, can be 
the complexes and the concentrations of 

(3) 

Inserting eqn. 3 into eqn. 2, using the dissociation constants to express the concen- 
trations of metal species and eliminating &z+, gives the following equation for &+,: 

n 

mM2+ + kl/c~ mMOH+ + c mMB?-j fljci3 
J 

rnM = 
j=l 

1 + kl/CH + klkZ/Ci + i BjC6- 
j=l 

Similarly, the effective mobility of the ligand ion can be expressed as follows 

n 

mB- - 1 m+.i PjcM" c&=l 
j=l = 

1 + CH/kB + i pj CM’+ CA=’ 
j=l 

(4) 

(5) 

where Ch is the total concentration of free B, CHB + C,- . 
To calculate &,, and GiB using eqns. 4 and 5, Cu, CB- and CM2+ are necessary. 

The exact values of them at the steady state can be obtained after iterative calculation 
to satisfy isobchophoretic conditions 2,3 however, approximate initial values of tiM , 
and tiB are necessary to advance the iteration. As a first step, Cg- can be obtained 
using CH and CL of the leading zone: 

CB- = (1 + CH/kB)C:, (6) 
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calculated using CL. The value of C,z+ so obtained is different from the initially used 
value of Ci/2. Using this value the concentrations of the complexes can be obtained. 

The specific conductivity of the sample zone, K#, can be obtained using the 
evaluated concentrations of the zone constituents 

1 

KM = Cnmn + Conmon + C (2 - i)C&+n&i + Ca-m,- + 
i=O 

n (11) + 1 12 -j 1 CM$-jm&-j 
J 

j=l 1 x F/l000 

where F is the Faraday constant. At the isotachophoretically steady state, the values 
of the current density, J, for the leading and the sample zone, and of the velocity, 
should be equal 

J = ELuL = EMUM (12) 

v= ELrFiL = E,ti, (13) 

where EL and EM denote the potential gradients of the leading and sample zones 
respectively and rcL is the specific conductivity of the leading zone. Combining eqns. 
12 and 13, RFQ2,3 can be obtained, 

RFQ = JL/JM - 1 = tiM~L/(#iL~M) - 1 (14) 

which can be used for the assessment of the isotachophoretically steady state2s3. 
When the isotachophoretic conditions are fulfilled, the value of RFQ is zero. In the 
first iteration stage the value of RFQ is never zero since several assumptions are 
included as discussed above. To simulate the steady state at which the zone constitu- 
ents are equilibrated, the pH value of the sample zone, pHs, should be changed and 
the above calculations should be repeated until RFQ < ea. 10P4. Usually, in cationic 
analysis, the simulated pHs is lower than pHL. It should be noted that the establish- 
ment of isotachophoretic equilibria is limited to the range pHL ea. 3-l 1. In cationic 
analysis this establishment is sometimes critical below ca. pHL = 4. At the steady 
state, the qualitative index, RE, can be obtained from: 

RE = EM/EL = rcLIuM = tiL/iiiM (13 

SIMULATION OF ISOTACHOPHORETIC EQUILIBRIA 

Using the above computational procedure, the effective mobilities, RE values, 
concentrations and pH shifts of pHs from pHL were simulated for Zn2+ coexisting 
with a-hydroxyisobutyric acid (HIB). The physico-chemical constants used in the 
simulations are listed in Table I. For the simulation a SORD microcomnuter M223 
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TABLE I 

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

The values were taken from refs. 5 and 6. m0 = Absolute mobility (cm” VP1 set-I) x 105; pK, = ther- 
modynamic acid dissociation constant. 

Cation rno pK, Anion ml PKO 

K+ 

Zn’+ 

75.8 - 

54.7 9 

cr-Hydroxy- 
isobutyrate 

33.5* 3.971 

l Isotachophoretically evaluated 

mk III was used and a Watanabe x-y plotter Model WX4671 was used for plotting 
figures. The simulation conditions were as follows. The leading ion was K+ and a 
pHL value of 4.4 was selected since when pHL is below 4, isotachophoretic conditions 
are not always fulfilled in cationic analysis. The pHL value may be the upper limit 
for the buffering capacity of HIB (pK, = 3.971). At pHL 4.4 the hydroxy complexes 
of Zn’+ may be negligible, namely all the free zinc ions (pK, = ea. 9) are in the fully 
charged state of Zn ’ + . To assess the effect of the complex-forming equilibria estab- 
lished by different chemical species of Zn*+, HIB, HIB- and Zn-HIB complexes with 
different coordination numbers (l-3), the isotachophoretic equilibria were simulated 
by varying the concentration of ligand (HIB-) in the leading electrolyte. At constant 

0 
I I I , , I 

10 20 30 
C:lmM 

0 

ii HIB 

I n I I t I 
10 20 30 

Fig. 2. Dependence on Cl of the effective mobilities of zinc and a-hydroxyisobutyrate ions (HIB) forming 
one- (l:l), two- (1:2) and three-coordinated complexes (1:3) at the isotachophoretically steady state. The 
broken curves represent the effective mobilities of Zn without any interaction with HIB. The numbers on 
the curves denote the overall stability constants, log 8. 
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pHL this was achieved by varying the total concentration of leading ion, K+ 
(CL), in the range of 4-32 mM. In this range the total concentration of HIB was in 
the range from 5.4 to 42 mM. Since the CL value in the actual leading electrolyte is 
known, several characteristics of the sample zone are discussed in terms of this value. 

The simulation was carried out for a zinc zone containing three complexes 
with coordination numbers of 1, 2 and 3. As a first approximation, three different 
complex-forming models were used, in which one-, two- and three-coordinated com- 
plexes respectively are formed. For the simulation the absolute mobilities of ZnHIB+ 
and Zn(HIB); are necessary. Their values are not available in the literature, therefore 
weused24.3 x lo+ cm*V-’ set-’ forZnHIB+ estimatedfrom therelationship between 
the absolute mobility and the formula weight of monocarboxcylate ions4. The overall 
stability constants of ZnHIB+, Zn(HIB)2 and Zn(HIB); were varied in the ranges 
of log fil = 1.0-3.4, log pz = 2.44.4 and log p3 = 4-6 respectively. Fig. 2 shows 
the dependence on Ct of the effective mobility of Zn, tizn, and HIB ions, SZHIB, 
equilibrated in a zone. The broken curves show the corresponding dependences of 
mzn and fiHIB assuming no interaction between Zn2+ and HIB-; the decrease in the 
effective mobilities is therefore due to the increase in ionic strength, since the 
Debye-Htickel correction was made in the computation2. The solid curves are for 
the complex-forming system. As the stability co 

? 
stants and Cl. increase, both fizn 

and WIHIB decrease. The difference between the b haviours of 6zzn and tiHrB among 
the models used is significant especially at low Ct values and is large for the multi- 
coordination models. 

The RE value increases as the mobility of Zn decreases. Fig. 3 shows the de- 
pendence on CL of the RE values of one-, two- and three-coordinated zinc complexes 

3.0 - 

2.5 - 

RE - 

2.0 - 

1 I I I I I 

1: 3 

Fig. 3. Dependence on CL of the RE values of Zn2+ co-existing with a-hydroxyisobutyrate ion forming 
one- (1: l), two- (1:2) and three-coordinated complexes (1:3). The broken curves represent the RE values 
of Zn’+ without any interaction with HIB. 
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Fig. 4. Dependence on C’, of the abundance of free Zn’+, and of one- (l:l), two- (1:2) and three-coor- 
dinated complexes (1.3) with a-hydroxyisobutyrate ions at the isotachophoretically steady state. 
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Fig. 5. Dependence on Cl of the pH shift, pH ,_ - pHs, of the zinc zone containing one- (l:l), two- (1:2) 
and three-coordinated complexes (1:3) at the isotachophoretically steady state. The broken curves rep- 
resent the pH shift of the zinc zone without any interaction. 
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2.00 - 

1.50 

Fig. 6. Dependence on Ci of the RE values of Zn ‘+ co-existing with a-hydroxyisobutyrate ion forming 
one-, two- and three-coordinated complexes. The stability constants were selected so as to obtain RE = 
2.5 and 2.0 at Cl = 25 mM. The broken curves represent the two-coordinated complexes. 

respectively. For the one-coordjnation model (1: 1) the RE values are affected by the 
values of the stability constants even at low Ct values and gradually approach a 
hyp&h&al & value for ZnHIB+ with increasing stability constant. For the two- 
coordination model (1:2) the increase in RE values is more significant and can be 
attributed to the formation of a non-ionic complex. The most significant increase 
was estimated for the three-coordination model (1:3), but it is suppressed due to the 
decrease in pHs as shown later and therefore to the decrease in the ligand and com- 
plex concentrations. Fig. 4 shows the dependence on CL of the abundance (%) of 
the formed complexes with respect to the total concentration of zinc species in the 
zone. In contrast to the curves for the one-coordinated complex, several curves for 
the two- and three-coordinated complexes have points of inflection, i.e., complex 
formation is suppressed at high CL values. Fig. 5 shows the dependence on CL of the 
pH shift of the sample zone, ApHL = pHL - pHs. Evidently the pH shift is smaller 
for the one-coordinate model forming a positive complex ion than for the other 
models forming non-ionic or negatively charged complexes. The pH shift is noticeable 
especially for the three-coordination model and in the simulation the establishment 
of the isotachophoretic equilibria was hindered by the increase of CH when higher 
values of the stability constants were assumed. 

Thus the observable RE values increase with increasing Ci due to complex 
formation and the differences among the systems are due to complexes with different 
coordination numbers. .This suggests that when a unique kind of complex is formed 
the stability constant and the coordination number can be determined by analysing 
the RE values obtained at different CL. Fig. 6 shows examples of the assessment of 
the coordination number. At Ct = 25 mM two different RE values of 2.50 and 2.00 
were assumed. A best-fitting procedure based on the one-, two- and three-coordi- 
nation models gave log 81 = 2.38, log j& = 3.92 and log p3 = 5.83 for & = 2.5 
and log BI = 1.78, log 82 = 3.37 and log P3 = 5.05 for RE = 2.0. Apparently, since 
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Fig. 7. Dependence on C’, of the RE values of Zn *+ co-existing with a-hydroxyisobutyrate ion forming 
one- and two-coordinated complexes simultaneously. The broken curves represent the RE values of ZnZt 
forming a one-coordinated complex only. 
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Fig. 8. Dependence on CL of the abundance of free Zn2+, and of one- (1: 1) and two-coordinated complexes 
(1:2) with cc-hydroxyisobutyrate ion at the isotachophoretically steady state. The broken curves represent 
the two-coordinated complexes. 
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the simulated & values at low CL are different among the models they can be used 
for the determination of coordination number. In the present system it should be 
noted that the difference between the simulated RE values for the two- and three- 
coordination models is small, suggesting that precise RE measurement would be 
necessary to determine the actual coordination number. The maximum difference in 
the & values between the two models is 0.06, which may be distinguished with 
difficulty, since the accuracy of the observed RE value is ca. 310.02 or less using a 
potential gradient detector and an internal standard to correct the asymmetric PO- 
tential. 

When the RE value of a sample is measured precisely and it is larger by at least 
~a. 0.04 than the RE value of the sample in the absence of complex formation, the 
evaluated stability constant might be meaningful. Thus for the one-coordinated com- 
plexes the minimum evaluable stability constants may be log PI = cu. 0.8 and for 
the two- and three-coordinated complexes the minimum values may be log p2 = cu. 
2.5 and log 83 = ca. 4 respectively. These limiting values however can be improved 
statistically when a number of precise RE values are treated by the least-squares 
method. 

In practice, the complexes discussed above exist simultaneously and are equi- 
librated in a zone. Then the RE values of multi-coordinated complexes of zinc were 
simulated assuming two models. One is the co-existence of one- and two-coordinated 
complexes and the other is that of one-, two- and three-coordinated complexes. For 
the fomer model, the stability constants of the one-coordinated complex were varied 
in the range 1.5-2.5 and those of the two-coordinated complex were varied in the 

2.5 - 

RE - 

2.0 - 

I , I I , , 
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range of 2.54.5. Fig. 7 shows the dependence on Cl, of the simulated RE values. The 
broken curves are for the simple one-coordination model without the two-coordi- 
nated complex. Comparison of Fig. 7 with Fig. 4 reveals that when a considerable 
amount of two-coordinated complexes coexist there is a remarkable change in profile 
of the dependence of RE on Cl. At CI. = 32 mM the RE value of the one-coordination 
model (log /I1 = 2.0) is 2.25 and that of the co-existence model (log PI = 2.0 and 
log /I2 = 2.5) is 2.30; the difference of 0.05 may be critical to distinguish between 
observed RE values. This suggests that when the difference between log /I1 and log 
p2 is larger than cu. 0.5, one- and two-coordinated complexes are co-existent. The 
estimable value of log fi2 decreases as the value of log /I1 increases. Fig. 8 shows the 
dependence on CE of the abundance (%) of free Zn2+, and of one- and two-coor- 
dinated complexes. Apparently the lower limit of the detectable abundance of the 
two-coordinated complex is a few percent under the present conditions. 

Similarly, the RE values were simulated, for the mixture of one-, two- and 
three-coordinated complexes. The stability constant log /I1 was fixed at 2; log fiz was 
varied in the range of 2.5-3.5 and log & was varied in the range 4-6. Fig. 9 shows 
the simulated RE values; the broken curves represent the co-existence model of one- 
and two-coordinated complexes. The difference in RE values between the solid and 
broken curves is due to the formation of three-coordinated complexes. Apparently, 
the minimum evaluable stability constant of the co-existing three-coordinated com- 
plexes is above ea. 4.5 by the present method. Fig. 10 shows the dependence on CL 
of the abundance of free Zn2 +, and of one-, two- and three-coordinated complexes. 

Thus we can conclude that the coordination numbers and the stability con- 

1001 I I I I , , ] , , , , , , I I t I I , 

80 
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Fig. 10. Dependence on CL of the abundance of free Zn’+, and of one- (l:l), two- (1:2) and three- 
coordinated complexes (1:3) with a-hydroxyisobutyrate ion at the isotachophoretically steady state. The 
broken curves represent the two-coordinated complexes. 
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stants of complexes between metal ions and counter ions can be estimated by analys- 
ing the observed RE values at different total concentrations of the counter ion in the 
leading electrolyte. Applications of the present method to several metal ions forming 
multi-coordinated complexes including ZnHIB complexes will be reported in the 
following paper. 
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