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Abstract

The influence of four kinds of cationic polymers on electrophoretic mobilities of V(V), Co(II), Ni(Il), and Fe(Il)-4-(2-
pyridylazo)resorcinolato chelates was investigated in kinetic differentiation mode capillary electrophoresis (CE). It was
shown that the addition of cationic polymers strongly changes selectivity of such a type of separation. Four parameters of
carrier electrolyte (pH, counter-ion, polymer and acetonitrile concentrations) were changed to examine the elution order of
the complexes. The behaviour of the chelates can be described in terms of ion-exchange separation. Fast separation of the
four chelates with efficiency of more than 450 000 theoretical plates per meter in CE with reversed polarity power supply

was easily performed.
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1. Introduction

The behaviour of metal complexes in HPLC (CE)
systems depends on their kinetic properties. Only
kinetically stable chelates can be separated and
detected in the absence of ligand in the eluent
(carrier electrolyte solution). This separation manner
—kinetic differentiation (KD) mode capillary elec-
trophoresis— is the most attractive technique for CE
analysis of metal ions. First, the sensitivity of direct
spectrophotometric detection is greater than in in-
direct UV and non-KD modes of metal chelate
detection [1]. Secondly, it is possible to vary selec-
tivity both by precolumn complexation conditions
and by carrier electrolyte compositions. Precolumn
complexation permits to eliminate interferences from
complex sample matrix [2]. Metal—4-(2-pyridyl-
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azo)resorcinolato (PAR) chelates were separated in
both the KD and non-KD mode CE. Different
parameters of carrier electrolyte —sodium dodecyl
sulfate (SDS) concentration [1], type of counterion
[3] and pH [1,4]— were used for selectivity control.

Traditionally, the separation of metal chelates by
CE has been performed with a positive polarity
power supply. Nevertheless, more convenient (from
the viewpoint of an increase in analysis speed) is
reversed polarity, because PAR chelates exist as
anions under alkaline conditions. A wide range of
cationic surfactants has been used for reversing the
electroosmotic flow and changing in the separation
selectivity of small anionic species [5,6]. High-mo-
lecular-mass cationic polymers have also been used
for this purpose. Successful separation of small
organic and inorganic anions using cationic polymers
for electroosmotic flow and selectivity control was
demonstrated in the past decade [7-11}. Polymeric
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capillary modifiers provide stable electroosmotic
flow and high separation efficiencies for inorganic
anions [10]. These systems have many analogies
with ion chromatographic (IC) separation of anions
(the term ‘ion-exchange electrokinetic chromatog-
raphy‘ was introduced by Terabe and Isemura [7]),
except one evident advantage: high solubility of
cationic polymers allows separation media with a
wide range of capacities to be obtained, in com-
parison with the complex (micelle forming) systems
of cationic surfactants.

The separation of metal chelates has been made
using differences in the mobility of complexes
[4,12], in their affinity to SDS micelles [1,3], and in
ion-association constants with short chain quaternary
ammonium ions [13]. This investigation is the first
attempt to use the interaction between metal com-
plexes and cationic polymers for this purpose. The
aim of this work is to examine the possibility of the
metal-PAR chelate separation with reversed polarity
power supply using four kinds of cationic polymers
for selectivity variation. As a test mixture metal—
PAR complexes of V(V), Co(Il), Ni(Il), and Fe(Il)
were chosen. The effect of pH, concentration of
counterion, polymeric additive, and acetonitrile con-
tent were examined for control of the separation
selectivity.

2. Experimental
2. 1. Instrumentation

Two types of CE instrument were used. The first
consisted of a high-voltage power supply (Mat-
susada, Japan) and a variable wavelength UV—Vis
detector for capillary electrophoresis (Jasco-CE 970,
Japan). Fused-silica capillaries (GL Science, Japan)
were 60 cm long (46 cm to detector)X375 pm
0.D.X50 pm LD. Zones of metal-PAR complexes
were detected in capillary mode (490 nm). A sample
solution was introduced manually by hydrostatic
injection (13 cm, 15 s). A Chromatopac-CR5A
(Shimadzu, Japan) was used for electropherograms
recording. The second instrument was a Bio-Focus
3000 (Bio-Rad, USA). The same type of capillary
(51 cm, 46.4 cm to detector) was used with a User
Assembled Cartridge Kit. Detection wavelength was

490 nm. All the pH measurements were performed
with a Horiba, M-13 pH meter (Horiba, Japan).

2.2. Reagents and procedures

The polymer solutions: Polybrene, poly-
(diallyldimethylammonium chloride) (PDADMACI,
Aldrich, Milwaukee, W1, USA), polyethyleneimine
(PEI, Wako, Japan) and poly-(N-ethyl-4-vinyl-
pyridinium bromide) (PVPyBr, High-molecular-
mass compound division of Moscow State Universi-
ty) were prepared by dilution (dissolving) of the
initial products. All the polymers were used as
received and not converted to other ionic form.
Sodium sulfate, hydrogen- and dihydrogenphos-
phates, Na,EDTA, and acetonitrile (all reagent
grade) were used for electrolyte solution prepara-
tions. Carrier electrolytes were filtered through a
0.45 pwm membrane filter (Advantec, Tokyo, Japan)
and degassed. Non-modified capillaries were purged
with: water (5 min), 0.1 M NaOH (10 min), water
(10 min) and a carrier electrolyte solution (30 min).
Between each run the capillary was washed with the
electrolyte solution (1 min). Sample solutions were
prepared in the following manner: the samples of
metal stock solutions were added to 1 mM PAR in a
slightly alkaline solution and heated at 60°C for 15
min. Doubly distilled water (Still-N2, Iwaki, Japan)
was used to prepare all the solutions.

2.3. Calculations

The electroosmotic flow (EOF) was determined
from the equation u, ,=w,,/E, where v is a
migration speed of the bulk electrolyte solution
(acetone added to sample, cm/s) and E is a field
strength (kV/cm). Electroosmotic mobility was arbi-
trary chosen as positive when EOF reversed. The
electrophoretic mobilities (u,,) of analytes were
calculated from the expression g, =(#,/E) ™ Meoss
where ;. is a migration speed of an analyte. The
separation efficiency (theoretical plate per meter)
was calculated as: n=l6(tmig/W)2(100/l), where
!mig> W, and [ are component migration time (min),
peak width on a baseline (min), and working length

of capillary (cm), respectively.
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3. Results and discussion
3.1. The choice of carrier electrolyte composition

The use of cationic polymers can be useful for
metal-PAR chelate separation in the KD mode,
because the reversed electroosmotic flow might
provide a high speed of analysis. We supposed
initially that the behaviour of complexes will obey
the laws of ion-exchange separation. In this case, the
separation selectivity will be mainly determined by
an affinity of analytes to polymeric chains and a
choice of a counterion (eluting anion in IC transcrip-
tion) is most important. The requirements for eluting
anion in IC are as follows: it must easily displace
analytes on ion-exchange sites and provide a possi-
bility for a high detection sensitivity [14]. The
metal-PAR chelates exist as singly and doubly
charged anions under slightly alkaline conditions [4].
Large aromatic moiety of these ions must provide a
strong hydrophobic interaction with polymers. Con-
sequently, these anions can be referred to the
strongly-retained type. In IC methods for strongly
retained anions determination has two different
approaches. The first one uses concentrated eluents
or doubly/triply charged hydrophobic anions as
eluent components [15]. The second approach em-
ploys special ion-exchange resins with low affinity to
hydrophobic anions [16]. Direct detection of metal—
PAR chelates does not provide particular restrictions
for spectral characteristics of eluting anions. Sulfate
ion was chosen because of its high elution strength
and absence of specific absorbance in a visible range.

Fig. 1 shows the structure of polyelectrolytes used
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Fig. 1. The chemical structure of used polymers.

as modifiers. It was supposed that the presence of
slightly retained anions (Cl , Br ) in the carrier
electrolyte will not influence on the selectivity of
chelates separation. The test carrier electrolyte sys-
tem was chosen as follows: 20 mM Na, S04, a 4 mM
phosphate buffer (for pH adjustment) pH 8.0, 5.35
mM (functional group) of polymers, 0% acetonitrile,
and 1 mM Na,EDTA. The latter is usually added to
carrier electrolytes (eluent) during CE (HPLC) sepa-
rations of metal chelates, for the elimination of
heavy metals impurities influence [17]. The possible
elution orders for HL'~, VO,L'", CoL}~, FeLl™,
NiL;ﬂ, and reversed electroosmotic flow shown in
Fig. 2A-C. Fig. 2A is a case of absence of polymer—
analyte interaction (elution order determined by own
chelates mobilities), or very high elution power of
the carrier electrolyte; Fig. 2B shows strong poly-
mer—chelate interaction (low elution strength). In
this case, analytes will migrate to anode with the rate
of the electroosmotic flow (if we suppose that the
own mobility of large polymeric molecule is close to
zero). The most interesting case is Fig. 2C, with

PAR
Ni Fe v Co
EOF
A
EOF PAR
Co
Ni
Fe
A%
B
PAR
V Ni Co Fe
EOF
C
0 Migration time

Fig. 2. Possible elution order for the systems with polymer—
chelate interactions and reversed electroosmotic flow. A, without
chelate-polymer interaction; B, very strong interactions; C,
medium conditions.
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intermediate affinities, which will allow us to man-
ipulate separation selectivity.

In Fig. 3, the values of ,,, and x,, of metal-PAR
complexes for the test electrolyte composition are
presented. In each case changes of own analyte
mobilities (100% values were calculated for non-
modified conditions, pH 8.0 [4]) were different.
Thus, PEI provide the weakest decrease in p,, —
only 9.5% (average magnitude for four complexes).
The next follows Polybrene, 62.5%, PDADMACI,
73.4%, and PVPyBr, 82.2%. These data are in
accordance with previous investigation of modified
silica for IC separation of anions [16]. It was found
that 2,5-Ionene (Polybrene type) has a low affinity to
strongly retained on an ion-exchange resins hydro-
phobic anions (I, SCN ", and ClO, ). It is clear that
the differences in affinity of chelates (not only with
PAR) to the polymers can be used for a choice of
suitable modifiers for the definite type of separation.
Thus, for system with a poor selectivity (chelates

not modified
Co VPARFeNi

Polybrene
Ni
Fe CoV PAR EOF
4—8-5-—e—o *PAR
PEI 8 Co
EOF CoV Fe PAR Ni 4 Ni
ootk
a Fe
Ni PDADMACI avV
Fe (Co V  PAR EOF ¢ EOF
PVPyBr
Ni
Fe Co V PAR EOF

0 0.1 02 03 04 0.5
pq(cmzth'lts")

Fig. 3. Electrophoretic mobilities of metal-PAR chelates for four
kinds of polymers under the same carrier electrolyte condition.
Capillary: 60 cm (46 cm effective length) X 50 wm LD.; buffer: 20
mM Na,SO,, 4 mM Sodium phosphate buffer pH 8.0, | mM
EDTA, 535 mM of polymers; sampling: gravity 15 s, 13 cm;
conditions: —20 kV; detection: Vis 490 nm; sample: [PAR]. =1
mM, [M},=0.01 mM. Mobilities arbitrary chosen as positive;
unmodified fused-silica conditions, phosphate—borate buffer, pH
8.0 [4].

with close mobilities) PVPyBr is preferable. And, in
contrary, in the case of good selectivity, the best
selection is Polybrene because it provides the highest
speed of analysis. The order of an polymer—analyte
as affinities increase is as follows: CoL;~ (49.1% of
M., decrease, average for four polymers)<VOle_
(51.1%)<NiL2~ (63.4%)<FeL. (67.4%). It con-
firms our assumption about an ion-exchange mecha-
nism of the separation because the retention of an
analyte in IC increases with their charge number.

The values of EOF decrease in the order
Polybrene>PDADMACI>PVPyBr>PEl.  Cationic
polymers are fixed on silica surface by electrostatic
interaction and provide reversed electroosmotic flow.
A change in EOF rate for different polymers cannot
be explained only in terms of charge density in the
polymeric chain because all the modifiers give
different viscosity of the carrier electrolyte solution.
But it is evident that PEI must provide the smallest
EOF because it is the only weak base among all the
list of modifiers.

3.2. The pH influence

As it can be seen from Table 1 [18], it is
impossible to share out a single cause of analytes u,,
changing under different pH conditions, because it
will influence on the own mobilities and on the
analytes—polymer interactions. Fig. 4 presents the pH
dependences of u., and u,,, for Polybrene-con-
taining carrier electrolyte. A change in migration
times for PDADMACI and PVPyBr is similar and
can be explained by the two different factors. The
first one is decreasing in the analyte charge (g, ) for
Fe—PAR and Ni~PAR complexes with pH decreasing
(PK,, 7.66 and 7.1, respectively). The second is a
decrease in the carrier electrolyte elution strength,
since aH,PO;  (molar fraction of dihydrophosphate

Table 1

Acid dissociation constants for species in separation system [18]
Species Pk, pK,.
PAR, H,L 5.43 12.13
[Co"'(HL),]" 3.64 441
[V¥0,(HL)] 4.40

[Fe'(HL),] 6.47 7.66
[Ni'(HL),] 6.2 7.1
H,PO, 2.15 7.2
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Fig. 4. The dependence of electrophoretic mobilities of metal—
PAR chelates vs. pH of carrier electrolyte for Polybrene. 4 mM
Sodium phosphate buffer with different pH, other conditions see
Fig. 3.

anion) also depends on pH. The basic equation of IC
gives the dependence of capacity factors from eluent
concentration:

logk’ = (a/b)log C — (a/b) log E + Constant; (1)

where a, b, C, and E are charges of the analyte,
eluting anions, column capacity, and eluent con-
centration, respectively [14]. In our case, an increase
in capacity factors (chelate—polymer interaction)
leads to a decrease in u,, of complexes. Conse-
quently, the second reason acts on singly and doubly
charged anions in a different manner because of
differences in a/b ratio. In Fig. 4, u,, of VO,L'”
and CoL) decrease more slowly (second reason)
under lowering pH, than mobilities of FeLif and
NiL3™ (both reasons together). The u . does not
change dramatically for all the polymers in pH range
of 6-8.

3.3. The influence of counterion concentration

Sulfate anion provides effective elution of metal—
PAR chelates in these anion-exchange systems. Like
IC eluent concentration dependence, the slope of
analyte mobilities vs. the counterion. concentration
must depend on the charges of the analytes and
eluting anion as mentioned above. Fig. 5 indicates
that this model produces quite a strict description of
the order of SO2™ influence: NiLgf(pKaz=7.1)>

Fel; (pK, =7.66)>VO,L' >CoL, >HL' . The

——PAR
—a—Co
—a—Ni
—&—Fe
—e— EOF
-V

C SO (mM)

Fig. 5. The dependence of electrophoretic mobilities of metal—
PAR chelates vs. SO; concentration in carrier electrolyte for
Polybrene containing carrier electrolyte. x mM Na,SO,, other
conditions see Fig. 3.

character of the dependences for PDADMACI and
PVPyBr is equivalent. However, in the case of PEI a
change in selectivity is minimum due to the weakest
ion-exchange interaction. EOF increases with
Na,SO, concentration for all the polymers as we
expected.

3.4. The polymer concentration influence

The most attractive feature of this system is the
possibility to change capacity of separation media.
Fig. 6 shows the dependences of metal-PAR chelates
mobilities vs. Polybrene concentration in the carrier
electrolyte. According to Eq. (1), the influence of the

—+—PAR
—a—Co
—a—Nj
——Fe
—e—EOF
-0V

0 + + t
0 0.05 01 0.15 02
wiw % Polybrene

Fig. 6. The dependence of electrophoretic mobilities of metal—
PAR chelates vs. Polybrene concentration in carrier electrolyte.
x% (w/w) of Polybrene, other conditions see Fig. 3.



344 OV. Krokhin et al. / J. Chromatogr. A 772 (1997) 339346

system capacity is equivalent to the eluent (counter-
ion) concentration, but with opposite sign. Thus, the
order of mobilities decreasing with the growth of
capacity is: NiL2”>Fel..">VO,L' >CoL, >
HL'". Only EOF has the same sign of changing.

3.5. The influence of organic modifier (acetonitrile)

The addition of acetonitrile to carrier electrolyte
decreases the electroosmotic flow and, as it can be
seen from Fig. 7, does not practically change the
separation selectivity. But it is interesting that for
polymers having relatively weak interaction (PEI,
Polybrene) with the complexes, the mobilities de-
creased by an acetonitrile concentration increase, and
inversely increase for PDADMAC] and PVPyBr.
Unfortunately, we do not have any information about

03
—_ 025 ——PAR
e 02 —u—Co
Z ——Ni
e —&— Fe
L 0l5
g- —e— EQOF
-V
0.1
A
0,05 t t
] 10 20 30
viv % acetonitrile
03
025
~ 1 ——PAR
_'_?' 02 —a—Co
> )
& ols —+—Ni
g —a—Fe
g— 0'1 -V
—o— EOF
0.05
B
0 —+— t
0 10 20 30

v/v % acetonitrile

Fig. 7. The dependence of electrophoretic mobilities of metal—
PAR chelates vs. acetonitrile concentration in carrier electrolyte.
Acetonitrile content of x% (v/v), other conditions see Fig. 3. (A)
Polybrene, (B) PDADMACI.

acetonitrile—chelate association constants; however,
it is a common knowledge that the mobilities must
decrease under the association conditions. This situa-
tion takes place in the case of Polybrene and PEIL
PDADMACI and PVPyBr provide strong interaction
(ion-exchange and hydrophobic); however acetoni-
trile addition disturb it so that mobilities increase. A
PEI containing carrier electrolyte solution forms a
double-phase system under acetonitrile concentration
more than 10% (v/v).

3.6. Separation efficiency

CE separation technique easily provides a high
separation efficiency. For metal-PAR chelates this
value is 240 000-425 000 (55 cm effective length,
free zone electrophoresis) [4] and 105 000-120 000
(60 cm effective length, micellar electrokinetic capil-
lary chromatography with SDS addition) [1]. Proba-
bly, the appearance of additional interaction mecha-
nisms decreases separation efficiency. Table 2 con-
tains theoretical plate number for all the polymers
studied with the test electrolyte composition. For this
experiment, we used the same (6.0 nl) sample
volume as in [1,4], which was determined by the
continuous injection method. The other experimental
sets indicated that separation efficiency slightly
decreased with a polymer and acetonitrile addition
and increased with the increment of SO  con-
centration. The pH conditions have practically no
influence in the range of pH 6-8.

3.7. Migration times, analytical signal
reproducibility

Typical electropherograms of metal-PAR chelates
are shown in Fig. 8. Polybrene-containing carrier
electrolyte was chosen as a test system because of
the minimum separation time with the high ef-

Table 2

Separation efficiency for studied polymers (average magnitude for
four metal-PAR complexes, theoretical plates) in the conditions of
test carrier electrolyte composition

PDADMACI
213 000

Polybrene
n 195 000

PVPyBr PEI
215 000 281 000

Effective capillary length 46 cm, other conditions see Fig. 3
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Fig. 8. The typical examples of metal-PAR chelate separations.
Capillary: 50 cm (45.5 cm effective length) X50 wm L.D.; buffer:
20 mM Na,SO,, 4 mM sodium phosphate buffer pH 8.0, 1 mM
EDTA; condition: —20 kV: detection: Vis 490 nm; sample:
[PAR], =1 mM, [M];=0.01 mM, [V]=0.02 mM. (A) Polybrene
(3.2 mM), sampling: pressure 3 p.s.i.-s, (B) PYPyBr (5.35 mM),
sampling pressure 10 p.s.i. s (1 p.s.i.=6894.76 Pa).

ficiency. The reproducibility data for retention time,
area, and height of Co-PAR chelate peak are summa-
rized in Table 3. Detection limit (at S/N=3) was
found to be 0.6 uM (6 nl injection). The plot of
analytical signal (peak height) vs. Co(Il) concen-
tration indicates linearity in the range 1 to 20 pM (5
points).

Optimization of carrier electrolyte composition

Table 3

The relative standard deviations (S,) of retention time, area and
peak height for COPAR,™ and Polybrene-containing carrier elec-
trolyte (S, n=10)

Retention time Peak area Peak height
(s) (mV-s) (mV)
§ 0.042 0.0089 0.004

r

Conditions see Fig. 3

:, o

| || U |
B

S UUUUL

Migration time (min)

Fig. 9. Fast separation of metal-PAR chelates. Capillary: 50 cm
(45.5 cm effective length) X 50 wm LD.; buffer: 20 mM Na,SO,,
10 mM NaClO,, 4 mM sodium phosphate buffer pH 8.0, 2.7 mM
Polybrene; condition: —30 kV: detection: Vis 490 nm; sample:
[PAR], =1 mM, M],=001 mM, [V]=0.02 mM: sampling:
pressure 3 p.s.i.-s.

allows us to obtain fast (2.6 min) separation of the
test chelates mixture (Fig. 9).

4. Conclusion

An ion-exchange electrokinetic chromatography
mechanism was used for the separation of four
kinetically stable metal-PAR chelates in KD mode
CE. The use of cationic polymers provides stable
reversed electroosmotic flow and makes possible the
highly efficient separation of negatively charged
complexes using negative polarity power supply. The
affinity of the studied polymers to metal-PAR
chelates decreases in the order: poly(N-ethyl-4-vin-
ylpyridinium bromide) > poly(diallyldimethylammo-
nium chloride) > Polybrene > polyethyleneimine.
Such a system allows us to change the selectivity
using a variety of the carrier electrolyte parameters
(pH, counterion, polymer, and organic modifier
concentration) for a definite type of separation.
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