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Abstract 

The suitability of capillary zone electrophoresis for the determination of stability constants of metal complexes 
was investigated. Three variants were tested viz., the frontal analysis, the Hurnmel-Dreyer method and the vacancy 
peak method, in the step-wise complexation between copper(U) and l,lO-phenanthroline as well as 2,2’-bipyridyl. 
The investigation reveals that CZE has attractive features for the quantitative study of complex formation with 
neutral ligands. However, the full exploitation requires more sensitive detection systems and application of an 
automated CZE system. 
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1. Introduction 

Metal complexation in solution plays an im- 
portant role in various areas. In order to under- 
stand its role in these areas information about 
the formation constants of the complexes in solu- 
tion is indispensable. During the last century 
numerous analytical techniques have been devel- 
oped to study metal complexation [l]. Of all these 
techniques potentiometry and spectrophotometry 
are by far most applied. Generally the stability 
constants are calculated from direct or indirect 
measurement of the concentration of the free or 
bound ligand in the mixture. For inert, i.e., slowly 

* Corresponding author. F.B. Erim, Technical University of 
Istanbul, Department of Chemistry, Maslak 80626, Istanbul, 
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decomposing complexes, in principle separation 
techniques like liquid chromatography can be ap- 
plied to distinguish the free ligand from the com- 
plex without significantly influencing the equilib- 
rium [2]. Size exclusion chromatography is fre- 
quently applied to determine protein-drug bind- 
ing constants [3] but not for studying metal com- 
plexation in aqueous solutions. This is due to fact 
that the ligand and complex cannot be separated 
on basis of their difference in size. In that respect 
capillary zone electrophoresis (CZE) offers better 
perspectives [4]. With this recently rediscovered 
separation technique charged species can be sep- 
arated, under the influence of an electrical field, 
according to the differences in the elec- 
trophoretic mobilities. The separation is per- 
formed in a fused silica capillary and can be 
considered as a one phase separation system. 

0003-2670/94/$07.00 8 1994 Elsevier Science B.V. All rights reserved 
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Since CZE has been successfully used by us for 
studying protein-drug binding [5], we found it 
worthwhile to investigate the applicability of this 
technique for the determination of stability con- 
stants of metal complexes. For that purpose three 
different methods to determine the free or bound 
ligand concentration without disturbing the equi- 
librium were tested e.g., the Hummel-Dreyer 
method, the vacancy peak method and the frontal 
analysis. As model system the stepwise complexa- 
tion of copper with l,lO-phenanthroline and 
2,2’-bipyridyl was selected. The determined stabil- 
ity constants will be compared with values re- 
ported in literature and the perspectives of the 
CZE technique will be discussed. 

2, Theory 

The extent of complexation is described by the 
average number of ligands bound to the metal, Ti, 
which is the ratio of the concentration of the 
bound ligand and total metal concentration. The 
relationship between n and the free ligand con- 
centration according to the theory of successive 
complex formation is: 

5 iPj[Ll' 

;= 

j-1 

N 

l+ CB,fLl' 
j=l 

All methods to determine stability constants are 
based on the direct or indirect measurement of 
the free ligand concentration, calculation of n, 
and extraction of the B values from Eq. 1. 

The present CZE method exploits the differ- 
ence in electrophoretic mobility of the ligand and 
complex to determine the total free and/or bound 
ligand. The total free ligand is the sum of the 
protonated ligand, [HL+] and free ligand [Ll. 
From the total free ligand concentration and the 
pK, of the ligand, the free ligand concentration 
can be calculated. 

From computer simulations it appeared that 
the three applied CZE methods are only applica- 
ble when the electrophoretic mobilities of the 

metal and metal complex are close together and 
differ from that of the ligand. If this is not the 
case than the equilibrium during the elec- 
trophoresis is not preserved. This restricts the 
application of the described methods to com- 
plexes with neutral ligands because the charge of 
the metal and complex are the same and their 
mobilities will differ only slightly. 

Therefore in the present study we selected the 
complexation of copper with l,lO-phenanthroline 
and 2,2’-bipyridyl. The selection was also done on 
basis of the following considerations: (i) the com- 
plexation of copper and these ligands have been 
extensively studied and values of stability con- 
stants are available in literature; .(ii) the pK, 
values of the ligands are known; (iii) the molar 
absorptivities of both ligands are high enough to 
detect them by on-column W detection; (iv) 
both are neutral ligands and protonated forms 
dissolve in aqueous solutions. 

3. Principle of the CZE methods 

The various species in the mixture are sepa- 
rated in a fused silica capillary, under the influ- 
ence of a high electrical field, and detected by 
using on-column UV detection. Fig. 1 depicts 
schematically the experimental set-up for the 
measurements. Two different sample introduc- 
tion techniques were tested: pressure and electro- 
migration. No significant differences were found 
between the two techniques but electromigration 
was selected in this study because of its simplic- 

1 
Fig. 1. Schematic representation of the experimental CZE 
set-up. 
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ity. With the experimental set-up three different distance. However, when the metal is present in 
variants to measure the total free or bound ligand excess then the distance will be significantly 
were investigated, e.g., the frontal analysis, the larger. In the injected plug the total ligand con- 
Hummel-Dreyer method and the vacancy peak centration is similar to the ligand concentration 
method. These are now briefly discussed, where in the buffer but part of the ligand is bound to 
for the sake of simplicity only a 1:l complex is the metal. When the migration proceeds the com- 
considered, although in the actual research higher plex migrates from the sample zone and leaves a 
complexes were also included. A more extensive local deficiency in ligand concentration. This de- 
description of the methods can be found in Ref. ficiency causes a negative peak which moves with 
5. the mobility of the ligand (see Fig. 2B). The area 

3.1. Frontal analysis 

In the frontal analysis, the buffer vials and the 
capillary are filled with the buffer. Then a large 
sample plug (60 s, 10 kV), containing buffer + 
metal + ligand, is injected into the capillary and 
the voltage applied. Due to the difference in 
electrophoretic mobilities of the species (in our 

case pM =P~>F~) at the front edge of the 
sample zone free metal is leaving the sample plug 
while at the rear edge of the sample zone the free 
ligand leaks out of the sample zone. This finally 
results in three plateaus in the electropherogram: 
the first is related to the free metal, the second to 
the metal complex and the third to the total free 
ligand. Due to the selected wavelength, the free 
metal plateau is not visible in the electrophero- 
gram and only two plateaus will be found (see 
Fig. 2A). The height of the third plateau reflects 
the total free ligand concentration and thus the 
free ligand concentration can be calculated from 
the known pK, value of the ligand and pH of the 
buffer solution. 

1 

A 2 l_-lL 
1 

B 

‘“1; 
2 

3.2. Hummel-Dreyer method 

In the Hummel-Dreyer method, the buffer vials 
and the capillary are filled with a solution con- 
taining buffer + ligand. The presence of the lig- 
and in this solution causes a large background 
detector signal. Then a small amount of a solu- 
tion of buffer + metal is injected (2.4 s, 10 kV) 
and the voltage applied. Due to the difference in 
mobility of the metal and ligand, both species are 
mixed in the beginning of the capillary and com- 
plexation occurs. When the ligand is present in 
excess the equilibrium is reached after a short 

i 

b”“““’ 5 min 

Fig. 2. Typical electropherograms of the copper(l,lO- 
phenantbroline complex obtained with the CZE methods. (A) 
Frontal analysis method, 20 kV, inj. 60 s, 10 kV, plateau 1: 
complex; plateau 2 total free Iigand. (B) Hummel-Dreyer 
method, 12 kV, iqi. 24 s, 10 kV, peek 1: mmplwr; peek 2: 
deficiepcy in l+d. (C) Vacancy peak method, 12 kV, inj. 2.4 
s, 10 kV, peek 1: deficiency in complex; peak 2: deficiency in 
ligand. 
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reflects the amount of ligand bound to metal. 
The complex moves in the buffer + ligand and is 
thus always in equilibrium with the ligand. The 
presence of the complex causes a positive peak 
on the background. 

3.3. Vacancy peak method 

The vacancy peak method shows some similar- 
ities to the frontal analysis. The buffer vials and 
the capillary are filled with a solution containing 
buffer + ligand + metal. This results in a large 
background detector signal. Then a small volume 
of only buffer is injected (2.4 s, 10 kV) and the 
voltage applied. 

As a whole the vacancy will move to the cath- 
ode since all mobilities are of the same sign. 
However, at the front edge, ligand is penetrating 
the vacancy, as its mobility is lowest. At the rear 
edge metal and complex moves into the vacancy, 
as its mobility is higher. After some time, depen- 
dent on the width of the injected zone, these 
disturbances will meet, and the complex will be 
reconstituted according to the equilibrium. From 
then on the equilibrium is restored but the intro- 
duced deficiencies in the total free ligand and 
complex will be intact during further migration 
and this will cause two negative peaks in the 
electropherogram (see Fig. 2C). The first peak is 
caused by the deficiency of the complex and the 
area is a measure of the bound ligand. The sec- 
ond negative peak originates from the deficiency 
of the total free ligand. 

4. Experimental 

4.1. Apparatus 

The measurements were performed on a com- 
mercial CZE injection system (Prince, Lauer Labs, 
Emmen, Netherlands) in combination with on- 
column W detection (linear 200, Linear Inst., 
Fremont, CA). The wavelength was set at 273 or 
302 nm depending on the ligand. Platinum wire 
electrodes were inserted into the buffer vials for 
connection to the electrical circuit. Sample injec- 
tion was carried by 

* 2H ,O were purchased from Merck (Darmstadt). 
2,2’-Bipyridyl was AnalaR grade (BDH, Poole) 
and recrystallized several times from methanol 
before use. All ligand solutions were prepared 
from doubly distilled water and kept in the dark. 

4.3. Procedures 

solutions 
Chloroacetic acid was chosen as buffer be- 

cause of its negligible complexation strength with 
copper and its acid strength. The ionic strength 
of all buffers was kept at 0.025 M. The pH of the 
buffer was adjusted with a solution of 0.1 M 
sodium hydroxide. On the basis of the complexa- 
tion strength and pK, value of the ligand, the pH 
values of the copper-l,lO-phenanthroline and 
copper-2,2’-bipyridyl system were set to 1.96 and 
2.85, respectively. At these pH values no 
copper(H) hydroxide complex is formed. 

In all experiments 5 x 10m5 M copper(B) was 
used except with the frontal analysis of the cop- 
per-l,lO-phenanthroline system. In this experi- 
ment three different copper(B) concentrations, 
i.e. 4 X lo-‘, 5 X lo-‘, 6 X 10m5 M, were used to 
study the effect of metal concentration on the 
determination of the complex formation con- 
stants. 

The ligand concentrations used range gener- 
ally between 3 X lo-’ and 1.5 X 10T3 M. 
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Calculations 
For the calculation of the stability constants 

the relation between of ;I, the ratio of the con- 
centration of the bound ligand and total metal, 
and the free ligand concentration has to be 
known. The free ligand concentration can be 
calculated from the total free ligand concentra- 
tion, pH of the buffer and the pK, value of the 
ligand. For l,lO-phenanthroline and 2,2’-bipyridyl 
the pK, values are 4.98 and 4.47, respectively [61. 
The bound ligand concentration is either directly 
known, as is the case in the Hummel-Dreyer 
method, or can be derived from the total free 
ligand concentration. 

In the frontal analysis method the total free 
ligand concentration was determined from the 
height of the sample plateau and the height of 
the plateau obtained when injecting the same 
total ligand concentration in the buffer as used in 
the sample. The total free ligand is then calcu- 
lated according to: 

sample height 
CL = 

( ligand height 1 
CL 

where CL is the total ligand concentration and 
CL the total free ligand concentration in the 
complex solution. The difference between CL and 
CL is the bound ligand concentration. 

In the Hummel-Dreyer method, the bound 
ligand concentration is determined from two sep- 
arate injections: the sample, and the buffer only. 
From the areas of both negative peaks the bound 
metal concentration, C,, can be calculated ac- 
cording to: 

4 -A2 
c,= 7 CL ( I 2 

where A, is the area of the sample peak and A, 
the area of the buffer peak. CL is the total ligand 
concentration in the solution put in the capillary. 
Since the ligand is present in a large excess, the 
free ligand concentration can be directly calcu- 
lated from CL. 

In the vacancy peak method, the total free 
ligand concentration was determined by internal 
calibration. For that purpose increasing concen- 
trations of ligand in the buffer were injected. 

Depending on the concentration, the peaks can 
be negative or positive. By plotting the area of 
the peaks versus the added ligand concentration, 
the total free ligand concentration can be deter- 
mined from the intersection on the ligand axis. At 
this point the added ligand concentration cancels 
the area of the sample peak. From the total free 
ligand concentration the free ligand and bound 
ligand concentration can be calculated. 

Fitting of the experimental data 
The experimental data were fitted according to 

Eq. 1, using a non-linear regression curve fitting 
program based on the Levenberg-Marquardt al- 
gorithm [7]. The data were fitted supposing two 
complexation steps. Since any iterative parameter 
estimation method has to start with initial values, 
we used the mean values of & and p2 from 
literature as initial values. In order to test whether 
the selection of the initial values may influence 
the final values of the stability constants, the 
fitting was also performed with different initial 
values (differing a factor 5-50). Varying the ini- 
tial values in that range did not influence the 
final values of the stability constants. Further- 
more a weighting of the data points with the 
measurement error was considered. The weight- 
ing involves a division of the individual data points 
by its standard deviation of the replicates. For the 
frontal analysis and the Hummel-Dreyer method 
no significant difference in the measurement er- 
rors was found and therefore a weighting of the 
data points is not necessary. However, for the 
vacancy peak method the measurement errors 
were different over the pL range and weighting of 
the data points was essential. 

The standard deviations of the calculated sta- 
bility constants were estimated as described in 
Ref. [8]. 

5. Results and discussion 

In order to judge the three different CZE 
methods on their merits, the complexation of 
copper with l,lO-phenanthroline was exten- 
sively investigated. From explorative experiments 
it appeared necessary to do the measurements 
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according a stringent time and washing protocol 
to obtain reproducible data. To get some insight 
in the reliability of the calculated stability con- 
stants, all measurements were replicated at least 
in duplicate. From the experimental data the 
complex formation curves were computed by us- 
ing the non-linear curve fitting program as de- 
scribed in procedures. 

5.1. Experimental ii values 

For the calculation of the three stability con- 
stants, the experimental data points should cover 
the whole n range. Unfortunately ‘with all three 
methods it seemed impossible to attain reliable 
values for high and small n values. The reasons 
for this can be attributed to the limited sensitivity 
of the detection system and the back ground 
noise. 

Since the coordination of the third ligand to 
the metal is considerably sterically hindered, a 
relative high ligand concentration compared to 
the metal concentration has to be used in order 
to realise n values > 2. This means that under 
these conditions only a small change in the total 
free ligand concentration will occur. This change 
is reflected in the difference of the height or the 
area of the peak/plateau and the reference 
peak/plateau. Consequently for the calculation 
of ;I, two large values are subtracted and this 
appears to give an unacceptable large spreading 
in n. Moreover, with the Hummel-Dreyer and the 
vacancy methods there is a high background de- 
tector signal due to the presence of the ligand in 
the capillary and this background signal causes 
noise which increases with increasing ligand con- 
centration. With the Hummel-Dreyer method n 
values up to 2.2 were measured but the spreading 
in replicates was unacceptably large. 

For the measurement of n values < 1, ligand 
concentrations smaller than that of the copper 
have to be used. It can be pointed out that the 
experimental difficulties in the determination of 
small n values is due to the stability of the first 
complex and the relative weak formation of the 
competitive reaction, i.e., the small pK, value of 
the acid. The degree of complexation is apprecia- 
ble even in rather acidic solutions and this makes 

it difficult to detect the very small total free 
ligand concentrations with the used detection sys- 
tem. It can be noticed that in principle lowering 
the pH can circumvent this problem but leads to 
excessive heat production in the capillary. The 
very small total free ligand concentration results 
for the vacancy method in very small peaks and in 
the frontal analysis in low plateaus. With the 
Hummel-Dreyer method measurable peak heights 
were found but the peaks become very broad and 
at very small ligand/metal concentration ratios 
even double peaks were monitored. The defor- 
mation of the peaks when the copper concentra- 
tion is larger than that of the ligand, must be 
attributed to the exhaustion of the amount of 
ligand. In order to attain an equilibrium, the 
copper ions have to migrate a longer distance 
through the ligand zone and this broadens the 
negative deficiency peak considerably. In princi- 
ple the area of the deformed negative peak re- 
flects still the amount of bound ligand but it 
appeared impossible to integrate this area prop- 
erly with the available integrator. 

Due to the absence of ligand in the buffer the 
background noise with the frontal analysis is small 
and n values down to about 0.6 could be mea- 
sured with sufficiently small spreading. On basis 
of the aforementioned limitations to measure ii 
values > 2, the experimental data points were 
fitted assuming only the first two complex forma- 
tion steps. 

5.2. Experimental and computed formation curves 

The experimental data points and the com- 
puted formation curves of the three CZE meth- 
ods are reflected in Figs. 3-5. The calculated 
stability constants, including the standard devia- 
tions and literature values, are tabulated in Table 
1. 

From these figures it can be seen that the 
experimental points with the Hummel-Dreyer 
method fall well on the fitted line but with the 
frontal and vacancy method the experimental 
points scatter significantly around the fitted line. 
The reason for the scattering of the experimental 
points must be partly attributed to the manual 
operation of the measurements and temperature 
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Fig. 3. Experimental datapoints and computed formation curve 
of copper(l,lO-phenanthroline with the frontal analysis 
method. Copper(U) concentration: q = 4 x 10m5 ; l = 5 x 
lo-‘; A =6x10-’ M. 

Fig. 4. Experimental datapoints and computed formation curve 
of coppe&I)_l,lO-phenanthroline with the Hummel-Dreyer 
method. 

fluctuations in the room. Less scattering can be 
expected with a completely automated well ther- 
mostated CZE system. 

From Table 1 it can be seen that the values of 
the stability constants, calculated with the three 
methods, fall well within the range of previously 
reported literature values. The standard devia- 
tion is the smallest with the frontal analysis 
method and is significantly larger with the Hum- 
mel-Dreyer and vacancy method. On basis of the 
good fit of the experimental points with the Hum- 
mel-Dreyer method as shown in Fig. 4, the worse 
standard deviation of the Hummel-Dreyer 

method might be a surprise for the reader but 
can be explained by the lack of ?i values below 1 
(as is also the case with the vacancy method). 
This introduces a larger uncertainty in the calcu- 
lation of the stability constants. It must be no- 
ticed that due to the laborious internal calibra- 
tion, less data points were measured with the 
vacancy peak method. This certainly leads to 
larger standard deviations for the stability con- 
stants. 

In a separate experiment the effect of the 
copper concentration on the complex formation 
was investigated with the frontal analysis method 

Table 1 
Calculated stability constants of the copper(l,lO-phenanthroline and copper(2,2’-bipyridyl complexes and reported litera- 
ture values 

Ligand Frontal Hummel-Dreyer Vacancy peak Reported 
Analysis Method Method values [6] 

l,lO-Phenanthroline log Bl 8.3 f 0.09 8.9 f 0.17 8.4 f 0.20 7.4- 9.1 
1% 82 15.0 f 0.10 15.6 f 0.16 15.0 f 0.19 15.7-16.0 

2,2’-Bipyridyl lol3 B1 7.5 f 0.10 6.3- 8.2 
log /32 13.1 f 0.10 13.6-13.7 

l- 
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Fig. 5. Experimental datapoints and computed formation curve 
of copper(l,lO-phenanthroline with the vacancy peak 
method. 

and the experimental points are included in Fig. 
3. As can be seen all data points fall close to the 
same line, which largely ensures that under the 
selected experimental conditions the complex for- 
mation is independent of the copper concentra- 
tion. 

In order to demonstrate that the CZE method 
also works for other complexes the stepwise com- 
plex formation of copper011 and 2,2’-bipyridyl 
was determined with the frontal analysis. The 
computed formation curve is shown in Fig. 5 and 
the values of the calculated stability constants are 
included in Table 1. The determined values fall 
well in the range reported in literature. 

6. Conclusions 

is sofar only suited for complexation with neutral 
ligands. The main drawback is the lack of concen- 
tration sensitivity of the applied on-column UV 
detection. Improvements in concentration sensi- 
tivity can be expected when using W detection 
cells with a longer lightpath such as a Z- or 
U-shaped [9] cell or a bubble cell from Hewlett- 
Packard (Waldbronn, Germany). Also the appli- 
cation of fluorescence and electrochemical detec- 
tion for certain application looks attractive. 

Of the three investigated CZE methods, viz 
frontal analysis, Hummel-Dreyer and the vacancy 
peak methods, at this moment the frontal analysis 
method appears to be the most reliable method 
because n values < 1 can be determined. 

Since all CZE measurements were performed 
manually it can be expected that more reliable 
results can be obtained with an automated CZE 
system. Research in that direction, including an 
investigation to select the optimal experimental 
points for the fitting via an experimental design 
approach, is now undertaken. 

From the results sofar some preliminary con- 
clusions can be drawn. CZE is in principle an 
attractive and simple technique to determine sta- 
bility constants of metal complexes. The method 

0.0 1 I I I 

4 5 6 7 9 

PL 

Fig. 6. Experimental data points and computed formation 
curve of coppe.r(11)_2,2’-bipyridyl with the frontal analysis. 
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