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The dissociation kinetics and the complexation equilibrium of a ZnII complex with 1,5-bis(2-hydroxy-5-sulfophen-
yl)-3-cyanoformazan (hscf: H5L) during capillary electrophoretic (CE) separation process were studied. The solvolytic
dissociation reaction rate constants of the ZnII–hscf complex ([ZnL]3�) (kd) in the pH range of 6.4 to 8.0 were deter-
mined with a CE-based dissociation kinetic analysis method. Small kd values on the order of 10�5 s�1 showed the
remarkable kinetic inertness of [ZnL]3�, which was detectable in the CE system. The stability constant of [ZnL]3�

(KZnL) at 293K and I ¼ 0:10 was estimated to be [ZnL3�]/{[Zn2þ][L5�]} = 1024:2�0:3 through the spectrophotometric
titration. The thermodynamic stability of [ZnL]3� in the pre-capillary complexation stage was thus demonstrated. In con-
trast, it was shown that the CE separation environment is thermodynamically unsuitable for the metal complexes based
on the conditional stability constant of [ZnL]3�, which was determined under CE separation conditions, and the concen-
tration of free HSCF in the complex band in the capillary. Thus, the ‘‘stability’’ of metal complex in the CE system
strongly depends on kinetic inertness rather than thermodynamic stability, though their thermodynamic stability is nec-
essary for the pre-capillary derivatization step.

Today, capillary electrophoresis (CE) is an universally ac-
cepted technique for the separation and determination of metal
ions.1,2 The pre-capillary chelation CE system employing an
electrophoretic buffer solution without chelating reagent,
known as kinetically differentiation mode (KD-) CE, has about
two attractive features: (1) kinetically controlled selective de-
tection of metal chelates, and (2) extremely high sensitivity
with minimized background fluctuations due to base-line reso-
lution with an excess.3,4 Therefore, specific detection of a few
metal ions at femto mol level have been achieved without any
concentration technique.5–8

In KD-CE separation process, because of the absence of the
free chelating reagent in the electrophoretic buffer solution,
metal complexes, which migrate in their isolated bands along
a capillary from those of free ligand and metal ions, are ex-
posed to an overwhelming force causing dissociation upon
CE resolution.9,10 Therefore, only ‘‘stable’’ metal complexes
are detectable. Furthermore, the stability of the metal com-
plexes in a pre-capillary chelation CE system is important be-
cause it affects the sensitivity or resolution of the system.11

However, there has been, to the best of our knowledge, no
work that clarifies details concerning the stability of metal
complexes during the CE separation process. In regards to
the discussion on the stability of metal complexes, kinetic sta-
bility (lability or inertness) is sometimes confused with ther-
modynamic stability. Additionally, not all metal complexes
with a large equilibrium constant are kinetically inert.12 In this
work, we attempted to study the dissociation kinetics and the

complexation equilibrium of a metal complex migrating in
an electrophoretic buffer solution without a complexation re-
agent in order to identify the origin of the ‘‘stability’’ in the
CE separation process.

The coordination environment provided by 3-cyanoform-
azan analogues, which behave as a nearly planar tetradentate
ligand, have been thought to be usable in KD-CE system,
because of a strong ‘‘chelate-effect.’’13,14 In this report, 1,5-
bis(2-hydroxy-5-sulfophenyl)-3-cyanoformazan (hscf: H5L)
(Chart 1) was examined as a pre-capillary chelation reagent
for KD-CE simultaneous separation and determination of
metal ions. Surprisingly, although ZnII ion has been generally
thought to form labile complexes, the ZnII complex with hscf
([ZnL]3�) has been detected. The dissociation kinetics and
complexation equilibrium of [ZnL]3� were, therefore, studied
to clarify whether the ‘‘stability’’ of [ZnL]3� during CE sepa-
ration process is kinetic or thermodynamic. The dissocia-
tion kinetics and the complexation equilibrium parameters of
[ZnL]3� were obtained by the CE-based dissociation kinetic
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analysis method9,10 and the analysis of the spectrophotometric
titration data, respectively. The key factor for determining the
detection selectivity for the metal complexes in KD-CE is also
discussed. Furthermore, from this work, we could acquire im-
portant knowledge for designing new derivatization reagents
for KD-CE system for other ‘‘labile’’ metal ions.

Experimental

Apparatus. A DKK-TOA (Tokyo, Japan) HM-30V pH meter
was used. Electrophoresis were performed on a Photal (Hirakata,
Japan) CAPI-3200Q capillary electrophoresis system with con-
stant voltage operation mode at 20 kV, and using a GL Science
(Tokyo, Japan) fused silica capillary (51 cm� 50mm id., length
to detector 39 cm). Absorption spectra and absorbance were re-
corded on a Shimadzu (Kyoto, Japan) Model UV-1600PC spectro-
photometer.

Reagent and Solutions. Metal ion standard solutions (each
0.01M) were prepared by dissolving the chlorides or the nitrates
in ca. 0.01M hydrochloric acid solution. A solution of 0.01M
ZnII was prepared by dissolving metal Zn in 0.01M hydrochloric
acid solution. A solution of VV (0.01M) was prepared by dissolv-
ing ammonium metavanadate in 0.01M nitric acid solution. Accu-
rate concentrations of the metal ion standard solutions were
checked via edta titrations.15 The pre-capillary derivatization re-
agent hscf was prepared the same as described13 and purified by
repeated precipitation from ethanol. A solution of hscf was pre-
pared by dissolving hscf into doubly distilled water. The concen-
tration of hscf solution was 0.01M. A solution of 0.1M edta was
prepared by dissolving a commercially available edta (disodium
salt, Dojindo, Kumamoto, Japan) in doubly distilled water.

Procedures. Procedure for KD-CE Separation of the Metal
hscf Complexes: To an acidic metal ion solution containing
AlIII, CoII, CuII, GaIII, MnII, NiII, VV, and ZnII ions, a hscf solution
and 3-morpholinopropanesulfonic acid (MOPS)/NaOH pH buffer
solution (pH 7.0) were added. The mixture was heated at 60 �C for
10min, and the volume of the solution was adjusted to the speci-
fied volume after cooling. Before every run, the capillary were
conditioned with 0.1M NaOH, followed by doubly distilled water
and electrophoretic buffer. The electrophoretic buffer solutions
containing 0.01M phosphate/borate buffer (pH 8.8) was used.
Sample injection was performed hydrostatically by elevating the
sample at 25mm for 60 s (5 nL) at anodic side of the capillary.
Direct photometric detection at 600 nm was used.

Procedure for CE-Based Dissociation Kinetic Analysis of
the ZnII–hscf Complex: A sample solution containing ZnII ion
(6:30� 10�5 M), HSCF (6� 10�4 M), phosphate buffer (5mM,
pH 6.9), and bromphenol blue (BPB) (4� 10�5 M) as internal
standard for peak height standardization was used. Electrophoretic
buffer solutions containing 5mM phosphate (pH 6.4–8.0) were
used. The capillary was conditioned before each run as described
above. Several CE experiments with a variety of migration times
while controlling the applied voltage from 5 to 20 kV were per-
formed. Then, the migration times and the peak height of [ZnL]3�

and BPB for each of electropherograms were recorded. The disso-
ciation degree-time profile of [ZnL]3� was obtained by plotting
the normalized peak height signals of [ZnL]3� with that of BPB
against migration time. The solvolytic dissociation rate constant
of [ZnL]3� (kd) was obtained by fitting the plot with the equation
obeying a first-order rate raw.9,10 kd’s at various pH (6.4 to 8) were
obtained.

Procedure for Equilibrium Study of the ZnII–hscf Complex:

The complexation equilibrium was examined spectrophotometri-
cally under the conditions of I ¼ 0:10 and 293K. The absorption
spectra were recorded for an aqueous solution containing 0.1M
of HCl, 2:0� 10�5 M of ZnII ion, and 2:0� 10�5 M of HSCF
at appropriate pH intervals, which was adjusted by adding KOH
solution.

Results and Discussion

KD-CE Separation of Metal hscf Complexes. Figure 1
shows the electropherograms from the KD-CE separation of
a sample solution containing eight different metal ions [AlIII,
CoII, CuII, GaIII, MnII, NiII, VV, and ZnII] using four kinds
of electrophoretic buffer solutions with different pH values.
The pH values were varied in the range of 5.1 to 9.4, in which
all of the metal ions tested formed 1:1 complexes with hscf in
the pre-capillary derivatization step. However, as shown in
Figs. 1b and 1c, only complexes of AlIII, CuII, GaIII, MnII,
VV, and ZnII were detected at pH 7.2 and 8.8. In addition,
MnII and ZnII complexes were not detected at pH 9.4 and
5.1, respectively (Figs. 1a and 1d). CoII and NiII complexes
were not detected at any pH. The reason why these two com-
plexes were not detected is not clear. However, these com-
plexes might not be stable, though both CoII and NiII ion form
the complexes in pre-capillary chelation stage; stabilization by
chelation may not occur, because hscf might function as a tri-
dentate ligand to these metal ions. In addition, hscf with a O,
O, N, N donor set is classified as kind of a ‘‘hard’’ ligand,16

which may have contribute above detection selectivity. As
seen in Fig. 1c, 0.01M phosphate/borate buffer (pH 8.8)
was the most suitable for the simultaneous determination of
6 metal ions, i.e., AlIII, CuII, GaIII, MnII, VV, and ZnII since
well shaped and well resolved peaks are acquired. In other
word, it should be possible to use hscf as a pre-capillary che-
lating reagent for the KD-CE determination system for these
metal ions. The detection limits, defined as 3 times of the
standard deviation of base-line noise were 5:58� 10�7 M for
CuII and 2:30� 10�6 M for ZnII, or on an absolute amount
basis, 2.79 femto mol and 11.5 femto mol in a 5 nL sample,
respectively.

In KD-CE, because of employing the electrophoretic buffer
solution without a derivatization reagent, the metal complexes
during the CE separation process would be exposed to a non-
equilibrium environment, in which there are no free ligands
and metal ions in the vicinity of the metal complexes. There-
fore, kinetically unstable, i.e., labile, complexes will decom-
pose in the capillary before arriving at the detector and thus
will not be detectable. It is noteworthy that a ZnII complex
was observed in the electropherograms because ZnII ion is
thought to form kinetically labile complexes in general. This
unusual kinetic stability [ZnL]3� during the CE separation
process is exemplified in the discussion below. The importance
of the kinetic inertness as the attributes of the detectable spe-
cies in the KD-CE system is discussed later.

Determination of the Solvolytic Dissociation Rate Con-
stant of ZnII–hscf with CE-Based Dissociation Kinetic
Analysis Method. To estimate the kinetic inertness of
[ZnL]3� during the CE separation process, its kd values in
the pH range from 6.4 to 8.0 were determined with the CE-
based dissociation kinetic analysis method.9,10 Figure 2 shows
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the typical electropherograms of [ZnL]3� at pH 6.45 at differ-
ent applied voltages. Leading in the peak for [ZnL]3� in both
electropherograms showed [ZnL]3� partially dissociated in the
CE separation process. The peak height of [ZnL]3� was small-
er than that of hscf in the electropherogram of Fig. 2b, while it
is larger than that of hscf in Fig. 2a. In other words, the con-
centration of [ZnL]3� decreased with an increase in the migra-
tion time.

The solvolytic dissociation reaction of ML during CE sepa-
ration follows the first-order kinetics and the reaction given as
follows:

½ML� ! Mþ L; ð1Þ

where solvent molecules are omitted, and [ML], M, and L de-
note metal complex, metal ion, and free ligand, respectively.
The basic idea of CE-based dissociation kinetic analysis meth-
od is to measure the residue of the metal complex with increas-
ing migration time (tm) in order to obtain a first-order decay
curve for the dissociation. For the kinetic analysis of [ZnL]3�,
the peak height signals were employed because the peak area
data can give unreliable results due to asymmetric peak pro-
files arising from the dissociation reaction. To estimate the dis-
sociation degree of metal complexes, the decrease in the peak
height absorbance of metal complex as a function of reaction
time and its first-order decay profile were obtained from sever-
al CE experiments with different migration times. The dissoci-
ation degree–time profile for the complex can be quantitatively
described using internal standards, BPB, for the peak signal
standardization. When the ratio of the initial concentrations
(subscript 0) of [ZnL]3� and BPB is taken as A, we obtain,

½ZnL3��0 ¼ A½BPB�0: ð2Þ

Also, assuming that [BPB] does not decompose during electro-
phoresis,

½BPB�t ¼ ½BPB�0; ð3Þ

therefore,

½ZnL3��0 ¼ A½BPB�t: ð4Þ

The rate law is given by,
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Fig. 2. Typical electropherograms of the ZnII–hscf com-
plex with varying the applying voltage. Applying volt-
age; a: 20 kV; b; 5 kV. Sample: [ZnII] = 6:30� 10�5 M,
[hscf] = 6� 10�4 M, [BPB] = 4� 10�5 M, [Na2HPO4] =
5mM. Electrophoretic buffer solution: [Na2HPO4] = 5
mM (pH 6.4).
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Fig. 1. Typical electropherograms of hscf chelates. Sample:
[M] = 3� 10�5 M (M = AlIII, CoII, CuII, GaIII, MnII,
NiII, VV, and ZnII), [hscf] = 1� 10�3 M, [MOPS] = 0.05
M (pH 7.0). Electrophoretic buffer solutions; a: 0.01M
acetate buffer (pH 5.1); b: 0.01M Na2HPO4 (pH 7.2);
c: 0.01M phosphate/borate buffer (pH 8.8); d: 0.01M
borate buffer (pH 9.4). The allow in electropherogram c
shows the position being apart at ca. 6� from the HSCF
peak. Where, � is the standard deviation of hscf peak mea-
sured in min.
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d½ZnL3��
dt

¼ kd½ZnL3��: ð5Þ

Integrating Eq. 3 from t ¼ 0 to tm yields Eqs. 4 and 5.

lnð½ZnL3��=½ZnL3��0Þ ¼ �kdtm; ð6Þ
½ZnL3��=½ZnL3��0 ¼ expð�kdtmÞ: ð7Þ

Thus, kd was obtained by analyzing the dissociation degree-
time profile of [ZnL]3� as a plot of the normalized peak height
signals of [ZnL]3� with that of BPB against the migration
time, as shown in Fig. 3.9,10 A simple first-order decay profile
for [ZnL]3� was observed, and plots fitted well to Eq. 5. The
values of kd obtained in the pH range of 6.4 to 8.0 are shown
in Fig. 4. We could not obtained the value of kd above pH 8.0,
because the dissociation reaction of [ZnL]3� was too slow to
determine the kd by the CE-based approach. As shown in
Fig. 4, as the proton concentration increased (the value of
pH decreases), the value of kd increased. This showed that
the dissociation reaction of [ZnL]3� is accelerated with an in-
crease in the proton concentration of the electrophoretic buffer
solution. It is thus suggested that [ZnL]3� is more kinetically
inert under the optimal CE conditions (pH 8.8), as shown in
Fig. 1c, than in the pH range of 6.4 to 8.0. Small kd values
on the order of 10�5 s�1 obtained showed that [ZnL]3� is ki-
netically innert. This remarkable kinetic ‘‘stability’’ of ZnII–
hscf complex originates from the relatively rigid coordination
environment created by hscf.13,14

Using the kd value at pH 8.0 (3:2� 10�5 s�1), the half-life
period of [ZnL]3� was estimated to be about 6 h. Furthermore,
less than 7% of [ZnL]3� dissociated during KD-CE separation
period, if the migration time of the complex was 10–30min.
This means that [ZnL]3� is kinetically inert enough to be de-
tected in the KD-CE system; the dissociation reaction of
[ZnL]3� is slow enough for [ZnL]3� to be detected before it dis-
sociates completely in the capillary. In addition, the key factor
for the detection selectivity in KD-CE is kinetic inertness.

Estimation of the Thermodynamic Stability of ZnII–hscf
Complex during KD-CE Separation Processes. In the

above discussion, it was shown that kinetic inertness is a key
factor for detection in the KD-CE system. To verify that the
thermodynamic stability is also important, the thermodynamic
stability of [ZnL]3� during KD-CE separation processes was
estimated. At first, the complexation equilibrium of [ZnL]3�

was examined by using the spectrophotometric titration. The
pH-absorbance curve for [ZnL]3� is shown in Fig. 5. The
reaction scheme for the formation of a four-coordinated 1:1
complex is presumed to follow:

Zn2þ þ H3L
2�

�

K

ZnL3� þ 3Hþ; ð8Þ

where K is defined as

K ¼
½ZnL3��½Hþ�3

½Zn2þ�½H3L
2��

: ð9Þ

The logarithm of both sides of Eq. 9 is taken and arranged, it
becomes the following:

log
½ZnL3��

½Zn2þ�½H3L
2��

¼ 3pHþ logK: ð10Þ

K was determined to be �10:1 as logK by analyzing the
increase in absorbance in the pH range form 4 to 6 in Fig. 5
with Eq. 10.12 And, the formation constant of [ZnL]3� (KZnL)
defined as
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Zn2þ þ L5�
�

KZnL
ZnL3�; ð11Þ

KZnL ¼
½ZnL3��

½Zn2þ�½L5��
; ð12Þ

was calculated as logKZnL to be 24:2� 0:3, using the above
logK value and the reported values of pKa1 ¼ 7:3, pKa2 ¼
12:3, and pKa3 ¼ 14:6.13 This is much greater than those for
other ZnII complexes with complexan compounds, such as edta
and other polyaminocarboxylates of related structures, that
have a tendency to form 1:1 complexes with ZnII ion.17 The
remarkable thermodynamic stability of [ZnL]3� in pre-capilla-
ry complexation stage appears to originate from the stabiliza-
tion due to chelation.

An attempt to estimate the thermodynamic stability of
[ZnL]3� during KD-CE separation processes was performed
by calculating the concentration profile of free hscf in the
capillary unedr optimal CE conditions (pH 8.8). In the case
of the ZnII–hscf complex, its conditional stability constant
(KZnL

0) can be defined as follows:

KZnL
0 ¼

½ZnL3��
½Zn0�½L0�

; ð13Þ

where [Zn0] and [L0] are the total concentration of ZnII ions in
the side reactions and hscf in all of its forms, respectively. The
side reaction coefficients of ZnII ion, and hscf, �Zn, and �L, are
defined as follows:

�Zn ¼
½Zn0�
½Zn2þ�

; ð14Þ

�L ¼
½L0�
½L3��

: ð15Þ

Therefore, KZnL
0 can be rewritten as

KZnL
0 ¼

KZnL

�Zn�L

: ð16Þ

As the side reactions of ZnII ion, complexation reactions with
hydroxide ions should be considered. [Zn0] is given as

½Zn0� ¼ ½Zn2þ� þ ½Zn(OH)þ� þ ½Zn(OH)2�
þ ½Zn(OH)3�� þ ½Zn(OH)42��: ð17Þ

�Zn is thus defined by using [Zn0] as follows:

�Zn ¼ 1þ �1½OH�� þ �2½OH��2

þ �3½OH��3 þ �4½OH��4; ð18Þ

where �n are the stability constants for the complexation reac-
tions of ZnII ions with hydroxide ions, and given as follows:

�n ¼
½Zn(OH)n2�n�
½Zn2þ�½OH��n

ðn ¼ 1, 2, 3, and 4Þ: ð19Þ

In the same way, as the side reactions of hscf, protonation re-
actions should be considered. [Zn0] is given as

½L0� ¼ ½H3L
2�� þ ½H2L

3�� þ ½HL4�� þ ½L5��: ð20Þ

Therefore, �L is given as follows:

�L ¼ 1þ
½Hþ�
Ka3

þ
½Hþ�2

Ka2Ka3

þ
½Hþ�3

Ka1Ka2Ka3

: ð21Þ

�Zn and �L at pH 8.8 were calculated to be 109:33 and 100:25,

respectively.18,19 Thus, KZnL
0 at pH 8.8 under the CE separa-

tion conditions were calculated to be 1014:6. In the complexa-
tion reaction of ZnII–hscf system, if the equilibrium lies in the
direction of the complexation, [ZnL]3� exists in a large excess
(>103) compared to free ZnII ion. According to above calcu-
lated KZnL

0 value, [L0] should be 10�11:6 M or more at pH 8.8
to be consistent. Then, as a condition for the thermodynamic
stability of the ZnII–hscf complex in KD-CE separation pro-
cess, it is necessary that 10�11:6 M or more of the free ligand
should be present in its isolated band in a capillary. On the oth-
er hand, according to the Gaussian peak profile approxima-
tion,20 the concentration of free ligand (C�z) at �z from its
peak can be calculated by the following equation:

C�z ¼ Cpeak exp
�ð�zÞ2

2�2

� �
; ð22Þ

where Cpeak and � are the reagent concentration at its peak and
the standard deviation of the peak measured in min, respective-
ly. If the concentration of the free hscf in its isolated band is
assumed to be ca. 1� 10�3 M, the distance from the hscf peak
to the point where free ligand concentration should be equal to
10�11:6 M is calculated to be 6:3� by using Eq. 22. However,
as shown in Fig. 1c, [ZnL]3� and hscf are much more than
6:3� apart from each other. From a thermodynamic point-of-
view, [ZnL]3� is inevitably decomposing due to low concen-
tration of ligand in its vicinity, althougt it is thermodynamical-
ly stable in pre-capillary chelation step. It is clear that the KD-
CE separation process environment is not the thermodynami-
cally unsuitable for [ZnL]3�. It is also suggested that [ZnL]3�

is not detectable in KD-CE from above equilibrium estima-
tion. This contradicts the fact that [ZnL]3� is kinetically inert
enough to be detectable in KD-CE system, as shown in the pre-
ceding section. Thus, the ‘‘stability’’ of metal complexes in the
CE system strongly depends on kinetic inertness rather than
thermodynamic stability, though it is necessary in the pre-
capillary derivatization step.

Conclusion

The dissociation kinetic and complexation equilibrium stud-
ies for [ZnL]3� shed light on the chemical basis to elicit the
detection selectivity in KD-CE system. From the estimation
of kd, [ZnL]

3� was obviously inert enough to be detectable
in the KD-CE system. The concentration profile of the free li-
gand in the capillary showed that the KD-CE separation pro-
cess environment is the thermodynamically unsuitable for the
metal complexes. It was concluded that the detection selectiv-
ity for metal complexes in the KD-CE system depends on the
kinetic inertness of the metal complexes rather than their ther-
modynamic stability. However, thermodynamic stability is im-
portant in pre-capillary derivatization stage. In addition, the ki-
netic inertness of [ZnL]3� can be used for designing of kinetic
stable complexes. Interestingly, [ZnL]3� was quite kinetically
stable judging from its kd value, although ZnII ion has been
reported to have a tendency to form labile complexes, because
it has a large rate constant for water exchange on aqua metal
ions, similar to predictions from the Eigen mechanism,21,22

in which the reactivity solely depends on the property of metal
ions.9 This suggests the character of ligand is a primary factor
to determine the kinetic stability of its metal complexes and
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that one can construct other kinetically inert metal complexes
by designing their suitable ligand systems. Furthermore, the re-
markable kinetic ‘‘stability’’ of [ZnL]3� appeared to originate
from the relatively rigid coordination environment made by
hscf. Therefore, KD-CE determination system for ‘‘soft’’ metal
ions, such as CdII and HgII ions, which are much more ‘‘labile’’
than ZnII ion, using other formazan derivatives is now under
investigation.

This work was supported in part by Grant-in-Aid for Scien-
tific Research (C), No. 13650864, from Ministry of Education,
Culture, Sport, Science and Technology, Japan.

Supporting Information

Absorption spectra of hscf and its metal complexes. This mate-
rial is available free of charge on the Web at: http://www.csj.jp/
journals/bcsj/.
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