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Abstract

Isotachophoretic focusing of weak and strong electrolytes on the background with combined pH and conductivity
gradients generated by the stacking of synthetic polyampholytes was studied. The simple theoretica model for the
calculation of the position and separation of analyte zones was suggested. The model was experimentally verified by
focusing of derivatized poly(ethylene glycols), poly(tetrahydrofurans) and nitrophenols. The influence of pH of the leading
electrolyte and the effective charge of analyte on the separation of derivatives of weak acids with different pK, values and
ionic mobilities was examined. [ 1999 Elsevier Science BV. All rights reserved.
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1. Introduction

Isotachophoretic focusing (ITF) is an electromi-
gration analytical method with a unique possibility to
focus and separate into the Gaussian shaped zones
severa kinds of electrolytes including weak, strong
and amphoteric ones. This method was introduced as
isotachophoresis (ITP, [1,2]) with carrier ampholytes
[3-7]. A similar electrophoretic mode also occurs for
the mobilization of focused analytes in isoelectric
focusing (IEF) known as isoelectric focusing with
electrophoretic mobilization [8-12]. ITF was used
mainly for separation of proteins [1,13-15].

The design of the experiment is similar to that of
ITP and can be done in the following way, see Fig.
1. The sample and the carrier ampholytes are in-
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jected between the leading (LE) and terminating
electrolytes (TE). When the electric current is
switched on, all charged compounds start to move in
one direction. After sufficient time, the system
reaches the steady state; then the carrier ampholytes
and analytes are ordered according to their effective
mobilities according to the isotachophoretic rules,
see Fig. 1a and 1b. Further, the continual con-
ductivity gradient [3,4] is formed from the great
number of individual ampholytes with different
effective mobilities present in the carrier ampholytes
[16,17], Fig. 1c. The pH gradient is established
simultaneously according to the differences in pH of
ordered zones of ampholytes [8-11,18], Fig. 1c. Asa
result of the equilibrium between the self sharpening
effect and the diffusion and since the maximum
concentrations of the zones of analytes are too low to
form sguare shaped zones typical for ITP, the
analytes form Gaussian shape zones similar to |EF,
Fig. 1b. In other words, the ionic anaytes are
separated and focused on the background of the
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Fig. 1. lllustration of the separation principle of IEF. (8) Schema
of the electrolytes in the steady state; (b) concentration profiles of
focused analytes marked 1, 2 and 3; (c) scheme of the course of
the mobility and pH gradients. The pH,, u, and d, are properties
of the analyte No. 1 zone. X is an axis in coordinate system
moving together with the peak of analyte so that the zero of the
coordinate system is aways at the peak maximum. LE=Leading
electrolyte, TE=terminating electrolyte, CA =carrier ampholytes,
symbols with indexes L and T are related to leading and
terminating electrolytes, respectively.

continual pH and conductivity gradients generated by
the carriers.

In most of the references [1,3,19,20], an approxi-
mately linear pH gradient was considered and the
separation mechanism was supposed to be similar to
that of IEF. Nevertheless, as stated above, the
conductivity gradient occurs in the isotachophoreti-
cally moving stack of carrier ampholytes [1,3,4,21].
This was proven by separation of strong electrolytes
which should not be influenced by pH gradient [3,4].
Charlionet and co-workers [21,22] tried to suggest a
model of separation of electrolytes in mobility

gradient without considering the pH gradient. The
model of behaviour of strong and weak €electrolytes
in a combined pH and conductivity gradient was
suggested [23] and experimentally verified for strong
electrolytes recently [24].

In the present contribution, the previous model
[23] was modified and applied to the focusing and
separation of both weak and strong electrolytes in a
combined pH and conductivity gradient. Further,
under the assumption of linearity of both mobility
and pH gradients, the positions of strong and weak
electrolytes in the gradients were calculated. The
model was experimentally verified by focusing of
derivatized poly(ethylene glycols) (PEGSs), poly-
(tetrahydrofurans) and nitrophenols on the back-
ground of synthetic polyampholytes. The influence
of pH of the leading electrolyte on the separation of
derivatives of weak acids with different pK values
and ionic mobilities was examined.

2. Theory

As stated in Section 1, the design of ITF is
formally very similar to that of ITP. Firstly, let us
consider only the injection of carrier ampholytes
without the sample. The separation of zones of
carriers leads to the generation of two gradients:
mobility and pH gradients. The span of the pH and
mobility is in the range of the mobilities and pH
values of LE and TE, respectively. However, the pH
and mobility of TE are governed both by com-
position of TE and by the composition of the LE and
that is why it is not possible to change the span of
pH and conductivity gradients independently. Due to
the ITP migration of whole stack, the ampholytes are
focused out of their isoelectric point (pl) and respec-
tive deviations are inversely proportional to their
steepness of titration curve close to their pl, (dz/
dpH),,, see, eg., Refs. [19,25].

The gradient of mobility in the isotachophoretical -
ly moving stack of carrier ampholytes can be ex-
pressed in terms of conductivity. Under the steady
state, we can write

vkA
*= (1)

where v is isotachophoretic velocity, « is conduc-
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tivity, A is a cross section and | is electric current.
Since the », A and | terms are constant, the con-
ductivity of the background at particular position in
the gradient is linearly related to the effective
mobility of components focused at the respective
place. Thus, mobility and conductivity gradients of
the background are parallel, but the term ‘‘gradient
of conductivity” better expresses the physical vari-
able of the background which is responsible for the
focusing of analytes. Further, the conductivity can be
written as resistivity p=1/k as used previously
[23,24].

To show the basic role of the combined con-
ductivity and pH gradient in ITF and to simplify the
calculations, let us assume the linearity of mobility
and pH gradients between LE and TE, see Fig. 1c.
Then, it is possible to express the gradients as
functions of position in the carrier ampholyte stack,
d

pHy =(pH; —pH, )d + pH_ (2
My :(|:U'T| _|ML|)d +|ML| (©)]

Here, d is dimensionless distance between the LE
and TE. For the boundary between the LE and stack
of ampholytes, LE/CA, it is d=0 and for the
boundary between stack of ampholytes and the TE,
CAJ/TE, it is d=1. When the stack moves with
constant velocity then we can derive the time of
detection, t,,, of position d as follows

dL,
tde’r = T +k (4)

where K is a system constant and L, is the length of
the gradients.

Now, let us assume that the analyte consists of
weak electrolyte, i, with its pK,; and u,; values
within the range of the mobilities and pH values set
by LE and TE and that the concentration of the
analyte is so low in comparison with concentration
of carrier ampholytes forming the background that
the presence of sample cannot influence the shape of
the gradients. Under steady state, when the analyte
velocity reaches the isotachophoretic velocity of the
stack, the analyte is focused at such a place of the
combined gradient, where pH of analyte zone pH,
equals local pH of the gradient, pH,=pH,, and

effective mobility of analyte zone equals loca
effective mobility of the stack, w, = u,. Thisrelations
follow directly from the assumption of low con-
centrations of analyte in comparison with the back-
ground concentration.

It holds for the weak electrolyte with effective
mobility,

_ Kal,i
W= i IR ®

According to the above assumption of linear
gradients described by Egs. (2) and (3) we can write
implicit function for the position of the analyte peak
as

_ Ka,i
(] =) + || = pto, K_ + 10 LOHT—PAOATPHL]
a,l

(6)

This equation can be solved and the position of the
analyte can be calculated. Further, it is possible to
caculated analyte effective mobility, pH and the
degree of dissociation.

Peak variance of the focused peak can be ex-
pressed according to Ref. [23] as follows

5 D
7= T Wl ()
where D is a analyte diffusion coefficient and dw/dx
is the gradient of the migration velocity along the
analyte zone, x is the length coordinate along the
moving carrier ampholytes stack with x=0 at the
peak maximum, see Fig. 1b.

3. Experimental

3.1. Equipment

An automated miniaturized instrument, which has
been described previously [19,20,25], was used
throughout the separations. It consists of liquid
handling device controlled by microprocessor and a
separation compartment. To reduce the overall ap-
plied voltage for the separation, the taper shaped
capillary channel was used [19,20,25-27]. The over-
all volume of the separation compartment is approxi-
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mately 9.5 pl. The inlet diameter of the tapered
plastic channel is 0.8 mm and it decreases to 0.4 mm
then follows a 5-cm long fused-silica capillary with
inner diameter 0.32 mm and then follows a 5-cm
long fused-silica capillary 0.25 mm [|.D. with de-
tection window. A UV-Vis detector LCD 2082
(Ecom, Prague, Czech Republic) was connected by
0.2-mm optical fibers [28] to the detection window.
The analytical signal was collected by a personal
computer equipped with data handling software
(DataApex, Prague, Czech Republic). A high-power
supplier from Spellman CZE 1000R (New York,
USA) was used.

32 Chemicals

All chemical were analytical grade. PEG M, =200
g mol ~*, poly(tetrahydrofuran) M, =250 g mol *,
4-hydroxy-3-nitrobenzoic acid, 3-chloro-4-hydroxy-
benzoic acid hemihydrate, 2-nitrophenol (2-NP) and
3-nitrophenol (3-NP) were obtained from Aldrich
(Milwaukee, Wi, USA); tris(hydroxy-
methyl)aminomethane (Tris), 2-sulfobenzoic acid
cyclic anhydride, sodium hydroxide and sulfuric acid
from Lachema (Brno, Czech Republic), 2-hydroxy-
isobutyric acid (HIBA) from Fluka (Buchs, Switzer-
land), 2-(cyclohexylamino) ethanesulfonic acid
(CHES) from Merck (Darmstadt, Germany), 4-
methyl-2-nitrophenol and hydroxypropylmethyl cel-
lulose (HPMC) from Sigma (St. Louis, MO, USA)
and polyethylenimine (PEI) from Serva (Heidelberg,
Germany) The solution of synthetic carrier am-
pholytes pH 3.5-10 was purchased from Pharmacia
(Uppsala, Sweden).

3.3. Electrolyte system

A solution of 10 mM HIBA (leader) and Tris
buffer was used as a leading electrolyte for al of the
analysis. The pH of the leading electrolyte (pH,)
was varied in two ranges. The first one was from 6.6
to 9.0 where the Tris/Tris" served as buffering
system and the second one was around pH=4.7
where HIBA/HIBA™ behaved as a buffering system.
A mixture of 50 mM CHES and 5 mM NaOH was
used as the terminating electrolyte. All of the experi-
ments were carried out in the closed mode of ITP
and which is why the control of endoosmotic flow

was necessary. The dynamic coating [29-31] of the
separation compartment by adding 0.06% (w/v)
HPMC and 2.5 ng ml~* PEI [32] was chosen. The
pH, was measured before PElI was added into the
leading electrolyte to avoid the contamination of the
pH electrode by surface active compound. A solution
of 4% (v/v) ampholine served as carrier ampholyte.

3.4. Preparation of model analytes

For preparation of model strong anaytes the
esterification reaction [24] was used. 1.0 g of poly-
ethylene glycol 200 was mixed with 0.1 g of 2-
sulfobenzoic acid cyclic anhydride and heated for 7 h
at 100°C. Similarly, the derivatized poly(tetrahydro-
furans) were prepared. For preparation of weak
electrolyte model analytes the following procedure
was used. Twenty mg of 4-hydroxy-3-nitrobenzoic
acid (or 3-chloro-4-hydroxybenzoic acid
hemihydrate) was mixed with 1.0 ml poly(tetrahy-
drofuran) and with one droplet of concentrated
sulfuric acid. This mixture was then heated for 20
min at 120°C. For analysis approximately hundred-
fold diluted solutions were injected.

The values of pK, and ionic mobilities of analytes
used for calculations of their zone positions in
combined pH and mobility gradients are summarized
in Table 1.

4. Results and discussion

4.1. Separation and focusing of model mixtures in
combined pH and mobility gradients

The analysis of homologous series of esters of
strong and weak acids in the combined pH and
conductivity gradients were performed. As indicated
in Section 2, the separation is influenced by the
parameters of gradients such as pH and conductivity
ranges and the slopes of the gradients. This influence
was demonstrated by the change in the composition
of the LE. The change in the pH of the LE was
accomplished by varying in the concentration of the
counterion in the LE although the buffer capacity of
such system is changed. Considering very low
concentration of the sample in comparison with the
background, the pH of LE can be varied in the range
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Table 1

Properties of compounds used for the calculation

Compound pK, |Mobility]|
(10°vm’s™)

2-Nitrophenol 7.23% 33.4°

3-Nitrophenol 8.40° 33.4°

4-Methyl-2-nitrophenol 747 324°

First' member of series of

polytetrahydrofuran esters of
4-hydroxy-3-nitrobenzoic acid 57° 25.6°
3-chloro-4-hydroxybenzoic acid 7.0 26.4°

2-sulfobenzoic acid - 24.2°
HIBA 3.97% 33.5%
Tris 8.07% 26.9°
CHES 9.3 22
@ From Ref. [33].
® From Ref. [34].

° Estimation from the values of similar compounds (phenol, 4-
methylphenol and 2-nitrophenol).

“ Determined by potentiometric titration.

®Estimated from equation mobility=1515M; ®"*"* derived for
PEGs according to Ref. [24].

"Values of pK, for second, third and forth members are assumed
to be the same as for monomers. The mobility of second, third and
forth members were calculated according to footnote e.

pK,*£1-+2 in this way. The impact of pH of LE on
parameters of the gradients was estimated by Bec-
ker's procedure [35]. The results of the calculations
are summarized in Table 2. Further explanation is
made in the following paragraph.

The examples of the analysis of homologous series
of esters of weak and strong acids for two pH values
of LE are presented in Fig. 2. In Fig. 2a (i) and Fig.
2b (i), the parallel anaysis of similar derivates of
strong acid with known ionic mobilities is presented.
Since these compounds are not influenced by pH
Table 2

Parameters of the separation window for system LE: 10 mM
HIBA, titrated by Tris buffer to pH, , TE: adjusted zones of CHES

pH. pH.

M Mr
(107°vm?s™) (10°vm®sh

4.75 8.63 28.7 3.9
6.00 8.69 33.2 4.4
6.50 8.70 334 44
7.00 8.72 335 4.6
7.50 8.77 335 5.0
8.00 8.89 335 6.1
8.50 9.09 335 8.4
9.00 9.38 335 12.0

For more details see text.

21 22 23 24 25 26 27
t [min]

r T T T T T 1

24 25 26 27 28 29 30
t [min]

Fig. 2. Analysis of derivatized polymers with different pH of LE
in (& pH=8.50 and in (b) pH=6.92. Other conditions: LE: 10
mM HIBA and appropriate amount of Tris, 0.06% HPMC, 2.5
wg/ml PEl; TE: 50 mM CHES, 5 mM NaOH; background 4%
ampholine pH 3.5-10.0; sample volume 500 nl, background
volume 400 nl; current=15 pA, A=270 nm. n indicates the
number of monomers in poly(ethylene glycol) esters of 2-sul-
fobenzoic acid (records i) and m indicates the number of mono-
mers in poly(tetrahydrofuran) esters of 4-hydroxy-3-nitrobenzoic
acid (records ii).

gradient and the separation is achieved only by the
conductivity gradient, the difference in the records in
Fig. 2a (i) and Fig. 2b (i) is only due to the
differences in the conductivity gradients. It is appar-
ent that the records of weak acid derivatives with LE
of lower pH, Fig. 2b (ii), are delayed in comparison
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with the same analyte in analysis of LE with higher
pH, Fig. 2a (ii). Thus, pH of the LE has larger effect
on weak acid analytes than strong ones, which will
be discussed in terms of theory described in Sections
4.2 and 4.3. The unsymmetrical profile of the peaks
of analytes can probably be explained by non-
linearities of the gradients and will be discussed later
in Section 4.4.

4.2. Dependence of analyte effective mobility on
pH,

The changes of mobilities in model analytes are
visualized by the changes in their migration times as
presented in Fig. 2. When the profile of the gradients
can be considered as reproducible [24] we can assign
migration times in the gradient to their corresponding
effective mobilities as follows from ITP rules. The
dependence of mobility vs. migration time was
approximated by the parallel analysis of the mixture
of strong anions with known mohilities. As standards
served the model mixture of PEGs derivatized by
2-sulfobenzoic acid, which are strong electrolytes
which is why their migration times are not influenced
by pH gradient [24]. This mixture was analyzed for
each pH of LE and the dependence of mohilities vs.
migration times were approximated by linear regres-
sion. The sguares of regression coefficients were
aways higher then 0.996 for al dependencies.
Because of the lack of low mobility standards (|u|<
15-10 °m®V ' s ') it was necessary to expand the
linear regression down to |u|=~5-10"° m* VvV 's 7,
which corresponds to the lowest studied analyte
mobility. The obtained dependence of effective
mobility vs. pH of LE is presented in Fig. 3a. As
expected, we can see no dependence on pH of LEs
for strong electrolytes, see Fig. 3a, curve 1. For
various weak electrolytes, see curves 2—6 obtained
as fits to the respective experimental points, their
effective mobilities under steady state strongly de-
pend on pH of the LE and thus on the parameters of
the gradients. Curves 3 and 2 correspond to 1,4-
butanediol esters of chloro- and nitro-hydroxy-
benzoic acid, respectively and curves 4, 5 and 6
correspond to three nitrophenols. The ionic mobili-
ties and pK, values of these weak anions are
summarized in Table 1.

In Fig. 3b, the dependencies calculated according

a
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Fig. 3. Dependence of analyte effective mobility on pH of leading
electrolyte. (8) Experimental values, (b) values calculated on the
assumption of linearity of mobility and pH gradients. The
parameters of the gradients are shown in Table 2. Analytes:
1=mono(ethylene glycol) ester of 2-sulfobenzoic acid, 3=
mono(tetrahydrofuran) ester of 3-chloro-4-hydroxybenzoic acid,
2=mono(tetrahydrofuran) ester of 4-hydroxy-3-nitrobenzoic acid,
4=2-nitrophenol, 5= 4-methyl-2-nitrophenol, 6= 3-nitrophenol.

to the model with the assumption of linear course of
both conductivity and pH gradients, see Section 2,
are shown. For the calculation of this dependencies,
the analyte ionic mobility and pK, and aso the
parameters of the gradients must be known. The
values of ionic mobilities and pK, were taken from
Table 1. For the calculation of parameters of linear
gradients we have to know at least two points in each
gradient. The mobility and pH corresponding to one
point was calculated from the composition of leading
electrolyte. For the second point, the mobility and
pH of the TE (in al cases CHES) was used. These
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values were calculated by Becker's procedure [35];
results are in Table 2. Although the vaues of
mobilities in Fig. 3b do not exactly agree to the
experimental values in Fig. 3a, the courses of the
corresponding curves are very similar. Indeed, the
shapes of curves in Fig. 3 can be characterized as a
part of sigmoidal dependence according to Eq. (5).
The differences can be caused by inaccuracy of pK,
values and ionic mobilities of the analytes and, of
course, mainly by the simplification of the theory
and the poor estimation of the parameters of the
gradients. However, we can consider that the above
described model is in qualitative agreement with
experimental observations.

Since the analyte effective mobility under steady
state is related to the peak position in the gradient
generated by the stack, the curvesin Fig. 3 illustrate
how the distance between the zones of analytes and
the selectivity can be controlled by choice of leading
electrolyte pH.

4.3 Calculation of the position of analytes in the
gradient, dependence of selectivity on the
parameters of analytes

In above sections, it was demonstrated both on the
suggested model and experimentally, that the posi-
tion of analyte in the gradient is dependent both on
the parameters of gradient and of analyte. Here, the
use of suggested model to predict the selectivity of
separation is shown. In Fig. 4a, the combined linear
pH and linear mobility gradient determined by
mobility window from —3.9to —28.7-10 °m? Vv "
s ' and pH window from 4.8 to 8.5 is shown, the
values are summarized in Table 2.

Using the model described in Section 2, Eq. (6)
and ionic mobilities from Table 1, the positions of
series of weak analytes with pK,=7.0 (Fig. 4b, i)
and 5.7 (Fig. 4b, ii) as well as strong analytes (Fig.
4b, iii) were calculated. As expected, the analytes
with higher pK, are shifted toward the basic end of
the stack. What is not so easy to foresee, the
compounds with the similar differences in the ionic
mobilities should be focused closer each other when
their pK, is higher. The calculated positions are
summarized in more detail, in Table 3. The predicted
dependence of analyte peak position on analyte pK,
was verified by ITF of a series of derivatized

poly(tetrahydrofurans), see Fig. 4c, i—iii. It can be
seen that the predicted increase in the selectivity with
decrease in the analyte pK, values is well docu-
mented. The practical issue of this finding is that the
gradient and/or derivatizing reagent should be
chosen so that the dissociation degree of analyte
should be the highest possible. In that way the
selectivity in the separation of homological series
will be high.

4.4. Course of local gradients — gradient waving

In Ref. [24] it was stated that the local steepness
of the gradients in carrier ampholytes strongly
influences not only the position of the analyte zone
but also the shape and width of the analyte zone. For
visualization of this “‘gradient waving’, the prop-
erties of carrier ampholytes can be employed. It is
well known that the carrier ampholytes well absorb
at wavelengths bellow 250 nm and the absorbance is
apparently different for each particular component
[16,17,36]. The optical profile of the focused stack
obtained by monitoring of the absorbance at 230 nm
and injecting the water as the sample is presented in
Fig. 5(i). The record in Fig. 5 (ii) is analysis under
the same conditions the but monitored at 270 nm and
with derivatized PEGs as the sample. Fig. 5 (ii)
shows that the peak widths of analytes are different
at different parts of the focused stack. When compar-
ing these widths with those at corresponding places
in the stack of carrier ampholytes we can see similar
trends in peak widths of both the carrier ampholytes
and analytes. When zones at particular place of the
carrier ampholytes stack are narrower, the analyte
peaks at corresponding place are narrower, too. So it
is possible to conclude that the analyte peak width is
dependent on the separation pattern of carrier am-
pholytes.

5. Conclusions

It was shown that the separation of weak and
strong electrolytes in combined pH and conductivity
gradients is in qualitative agreement with the theory
described in Ref. [23]. Further, the enhancement of
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Fig. 4. Comparison of calculated positions of weak electrolytes in gradients with the experimental values. () Design of the model; (b)
calculated position of the anaytes; (c) experimental position of analytes. pH of leading electrolyte=4.75; other conditions as in Fig. 2.
Records indicated as i, ii, iii correspond to analytes 3, 2 and 1, respectively, in Fig. 3.

this theory for the calculation of position of analyte
zones in the carrier ampholyte stack was made under
the assumption of linear pH and mobility gradient.
The calculated and found positions of the analyte
zones were in a good agreement and that is why it is
well-founded to approximate the gradients with
linear function. However, it was shown that the
gradients have only linear trend but they are waved.

It was found that high effective charge of anayte is
optimal for achieving high selectivity of separation
in ITF. Since the high effective charge of analyte
was found previously [37] to be advantageous for
obtaining of the narrow peaks in CZE, it should be
important also for gain in resolution in ITF. In the
future, the possbility of preparation of more
homogeneous background with possibility to inde-
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Table 3
Theoretical and experimental positions of analyte zones in combined mobility and pH gradients
Derivative of No. of monomer units of d
oligo tetrahydrofurans
Theoretical Experimental
2-Sulfobenzoic acid 1 0.180 0.209
2 0.335 0.291
3 0.442 0.368
4 0.521 0.471
4-Hydroxy-3-nitrobenzoic acid 1 0.374 0.325
2 0.424 0.482
3 0.491 0.529
4 0.545 0.573
3-Chloro-4-hydroxybenzoic acid 1 0.593 0.582
2 0.627 -
3 0.656 -
4 0.682 0.645

pendently set up the pH and conductivity gradients
will be studied.
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Fig. 5. lllustration of gradient waving. n indicates the number of
monomer unites in poly(ethylene glycol) esters of 2-sulfobenzoic
acid. Further explanation in Section 4.4.
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