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SUMMARY

The migration behaviour of zones of strong and weak bases in cationic iso-
tachophoresis is considered. Based on the protolytic effects on the effective mobilities,
the criteria decisive for the migration mode and zone order are formulated and the
concept of the zone existence diagram is introduced, where zone pH vs. effective
mobility is plotted for ugy and Kgy as parameters. From such a diagram (for a given
leading electrolyte—terminator system) one may predict whether a given base will or
will not migrate in stack and what the migration mode and zone order of a given pair
of bases are. Based on this diagram, a general discussion is given of possible mi-
gration modes of a pair of bases, distinguishing (i) classical isotachophoretic mi-
gration, (ii) migration with inversion of effective mobilities or pH, (iii) steady-state
mixed zone migration and (iv) enforced migration. Further, a new view of the forma-
tion and migration of the steady-state mixed zones is introduced and discussed. It is
shown that if a steady-state mixed zone may be formed in the system then the charac-
ter of the isotachopherogram is strongly affected by the ratio of the substances sam-
pled. Based on the above-mentioned knowledge, a detailed classification is given of
zone patterns potentially formed by a two-component sample of cathodically migrat-
ing bases in an isotachophoretic electrolyte system. It is shown that the elaborated
principles may also be used in multi-component cationic analysis and the necessary
criteria are given in the form of explicit mathematical equations.

INTRODUCTION

The basic qualitative information obtained from an electrophoretic analysis is
data on relative effective mobilities. In classical zone electrophoresis (e.g., ref. 1),
these data can be obtained in a simple way by comparing the migration paths of a
given species with that of a suitable internal standard.

In isotachophoresis, the step heights on the record (expressing the magnitudes
of the useful detection signal) are obtained as the primary qualitative information.
Qualitative isotachophoretic analysis is therefore based on the comparison of the step
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heights of sample substances with those of standard substances; thermocouple?, con-
ductivity® and potential-gradient* detection records are currently evaluated in this
way. As the magnitude of the detection signal is closely related to the effective mo-
bility of the sample substance in all the above cases, mobilities may be determined as
qualitative parameters from the record of the analysis. Using, e.g., potential-gradient
detection®, the relative effective mobility is calculated as the reciprocal ratio of the
detection signals in the zones of the sample substance and the standard.

In addition to the effective mobilities, the migration order of zones represents a
general qualitative parameter in electrophoresis. Frequently in practice, a knowledge
of the migration order of the zones under given conditions is of key importance for
qualitative analysis in zone electrophoresis, although the migration order of zones
always correlates with the respective sequence of effective mobilities.

In isotachophoresis, the classical view (see, e.g., ref. 6) that zones arrange
themselves in order of effective mobilities is not valid in every instance, as dem-
onstrated in a number of experimentally observed cases’'4. Therefore, in isotacho-
phoresis the order of migrating zones represents (in addition to effective mobilities) a
further important parameter necessary for qualitative analysis.

Both of the mentioned qualitative parameters can be used successfully only if
complete separation and steady-state migration of all zones are achieved at the time
of detection. This assumption is, however, not always fulfilled owing to the possible
formation of steady-state mixed zones'>'® and, moreover, the existence of a steady-
state is not equivalent to the condition of one zone not influencing another (see ref. 17
for enforced migration).

The aim of this paper is to show how protolytic equilibria influence the mi-
gration behaviour of weak bases in cationic isotachophoresis and how migrating
strong and weak bases may mutually influence each other as far as the zone order and
migration mode are concerned.

THEORETICAL

Single-component sample

The simplest case of cationic isotachophoresis of bases may be represented by
the system where between the zone of the leading ion L™ (strong base) and the
terminating zone of H * (ref. 11) migrates a single zone of an ion constituent B involving
a monohydric base B and its protonated form BH*. Anion A~ of a weak acid HA
serves as the counter ion. Base B migrates in an isotachophoretic configuration if both
the front and rear boundary of its zone are self-sharpening. This condition holds if the
effective mobility of the leading ion L in the zone of base B, #_g, is higher than the
effective mobility of base B in its own zone, i p:

g > g (1)

and, simultaneously, the effective mobility of base B in the terminating zone, i y, is
higher than the effective mobility of H*, &  (ref. 18):

gy > g (2)
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(the first and second subscripts designate the substance and the zone, respectively).
The effective mobility of a strong base L is equal to its ionic mobility, # ; = i p =
Uy

For a numerical solution of this problem, the values of i ; may be obtained
from the equation

= [H];

Ug; = Upy [H], + Kon 3)
where Ky = [H] [B]/[BH] is the dissociation constant of the protonated form BH™.
The necessary values of pHy, and # y are calculated by means of relationships given
in ref. 18; for the calculation of pHy see Experimental.

By using conditions 1 and 2, it is possible for an electrolyte system of the above
type to demarcate the bases which are able to give isotachophoretic zones, i.e., which
can be analysed in this system.

More information can be obtained from a graphical treatment by plotting the
values of it g versus pHy with upy and Kgy as parameters; it can be called the “zone
existence diagram” (see below). Fig. 1 shows an example of such a diagram for the
system of 0.01 M potassium acetate (leading electrolyte) and H* (terminator). The
main area of the diagram is marked off by four distinct contour curves:

3 4 5 6 7 8 pH

Fig. 1. Zone existence diagram [effective mobilities i7( x 10~% cm?/V - sec) vs. pH of zones of bases] for the
system 0.01 M potassium acetate (leading electrolyte), H (terminator). Curves 3, 3.5, 4, 5, 6, 8, 10, 11, 12
represent the dependence # 5 vs. pHjy for the given pKyy as a constant and uyy as the variable parameter;
curves 20, 30, 40, 50, 70 represent this dependence for the given constant uy;, and variable pKgy. The points
designated TRIS, PA, ANI and ALA correspond to zoges of tris(hydroxymethyl)aminomethane, papav-
erine, aniline and $-alanine, respectively. For points D, L, C and H and for further explanation, see text.
Constants used for calculation: uy = 362.5-107%, ugy = 202.5- 1073, typene = 4241075,y = 0y, =
76.2 107, g, = 519 - 10 5, gy, = 202 1075, wpy, = 26.5 - 1075, up, = 16.5 -1075, Uppa = uANI- =
301072 cm?/V -sec; pKy,: acetic acid 4.76, ammonium 9.25, Tris 8.1, papaverine 6.4, aniline 4.78, §-
alanine 3.55.
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(1) The line CL, parallel to the x-axis, represents the limiting case of condition
l,ilgp = uy.

(2) The descending curve LD shows the « versus pH dependence for zones of
strong (fully .protonated) bases BH™ or cations of strong electrolytes M™*. For such
bases, condition 2 has the form u; > ity 1, and therefore curve LD ends in the point D
(coordinates pH,, u; = iy 4). The point L corresponds to the values pH, and u,.

(3) The curve DH represents the limiting case (equality) in condition 2 for
weak bases. It can be seen that the permitted values of i, , are even lower than Ty 13-
This corresponds to the inversion of effective mobilities (the so-called enforced mi-
gration™®) of zones of weak bases migrating in front of the H* zone'!. The coordi-
nates of the point H correspond to the parameters of the terminating zone.

(4) The line HC parallel to the y-axis represents the limiting case pHy = pH,,.
It implies that the pH of an isotachophoretically migrating zone is always higher than
that of the terminating H* zone (pHy, represents the lowest attainable pH in the given
system).

Within the area CLDH there are the points (pHp, # 5) = f(pKgy, 4gy) corre-
sponding to the existence of zones of bases migrating in the given system in an
isotachophoretic configuration. The screen in the diagram is formed by curves rep-
resenting the dependence in question for constant ugy and pKyy with pKgy and gy,
respectively, as the parameters. This screen allows the direct evaluation of pHy and
the effective mobility iy 5 of the zone of a base with given ugy and Kgy. For illu-
stration, there are depicted points corresponding to zones of ammonium, potassium
sodium, tetrabutylammonium (TBA), tris(hydroxymethyl)aminomethane (TRIS),
papaverine (PA), aniline (ANI) and f-alanine (ALA) cations. It is obvious that points
lying on the left of line HC and on the right of curve LD do not correspond to real
zones. Some points lying over line CL and below curve DH (see the dashed elongation
of the pKgy curves of the screen) may correspond to real zones migrating, however,
in an enforced configuration with another zone of a suitable base (see below).

Fig. 2 shows the zone existence diagram for the system of 0.01 M potassium
acetate + 0.01 M acetic acid (leading electrolyte) and H* (terminator). It can be seen
that if free acid is present in the leading electrolyte the effective mobilities of bases and
the H* ion become higher and the range of attainable pH values of zones becomes
narrower. :

Two-component sample
For the investigation of the mutual behaviour of base B and any other base X,

their migration order is of decisive importance. In order to determine it, the Eﬁ"ective
mobilities of these bases must be known not only in their own zones, i and ##y x, but
also in the other zones, #% x and i g. The criteria of the migration order can be

formulated as follows: ‘
(a) The zone of base X migrates in front of the zone of base B if

Ugp > Ugp 8’3
g x < g x

i.e., the boundary of the zones X and B shows self-sharpening in both directions.
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Fig. 2. Zone existence diagram [effective mobilities if ( x 10~% cm?/V - sec) vs. pH of zones of bases] for the
system 0.01 M potassium acetate + 0.01 M acetic acid (leading electrolyte), H* (terminator). Curves 2,
3, 3.5, 4, 5 represent constant pKgy, and variable ugy; curves 25, 40, 70, 120, 200, 362.5 represent constant
gy and variable pKyy. For points D, L, C and H and for further explanation, see text.

(b) The zone of base X migrates behind the zone of base B if

uxp < Upp (5a)
Ugx > ik x (5b)

i.e., the boundary of the zones B and X again shows self-sharpening in both direc-
tions.

Moreover, as isotachophoretic migration is assumed, conditions 1 and 2 must
hold for both bases. This means that the corresponding points pHy, i 5 and pHy,
tiy x must lie inside the existence area CLDH in their respective common zone ex-
istence diagram.

Fig. 3 shows the outline of the diagram from Fig. 1 where a point B is depicted
corresponding to the zone of a model base B (ugy = 30- 1073 cm?/V - sec, pKyy = 5)
migrating between the leading zone of 0.01 M potassium acetate and the terminating
zone of H. Curve 1 in Fig. 3 represents the limiting case in conditions 4a and 5a, ik ,
= iy p. Eqn. 3 served for its construction, where the required values of uyy and KX’H
were calculated from the known values of it  and pHg; uyy = iy g(1 + Kyy/[Hlp).
The values obtained were then used for the calculation of # y and pHy. It holds that
in the region above curve 1 condition 4a is fulfilled and in the region below it con-
dition 5a is fulfilled. Curve 2 in Fig. 3 corresponds to limiting cases in conditions 4b
and 5b, #; x = i@t x. Their values were calculated by means of eqn. 3 in the form i x
= ug i Hlx/((Hlx + Kgy)- It holds for curve 2 that in the region above it condition 4b
is fulfilled and below it condition 5b is fulfilled.

It can be said that condition 4 holds only for bases X whose points lie above
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Fig. 3. Zone existence diagram from Fig. 1. Point B corresponds to a zone of base B (ugy = 30-107°
cm?/V - sec, pKgy = 5). For curves 1-4, regions (a)-(h} and further explanation, see text.

curve 1 and condition 5 holds only for bases whose points lie below curve 2. As the
diagram is constructed in the coordinates pHy—ik yx and lines 3 and 4 represent the
equations i x = ify g and pHy = pHp, respectively, it is clear that the classical® idea
of an isotachophoretic monotonous stepwise sequence of effective mobilities and pH
values is valid only for bases from regions (b) and (f).

For bases X from regions (a), (c), (¢) and (g), the correct isotachophoretic
migration of the pair of zones B and X is accompanied by two types of inversion:

(i) Inversion of effective mobilities. For the zone of base X with parameters in
region (a) in Fig. 3, ity x < #hy y, .., the zone migrates in front of the zone of base B.
An analogous case with an inverted migration order of the bases represents the region
(e) in Fig. 3.

(ii) Inversion of pH. In the region (c) in Fig. 3, pHy < pHg, i.e., the zone of a
lower pH migrates in front of the zone of a higher pH. Region (g) below curve 2 may
be discussed analogously.

Further, from Fig. 3 it can be seen that in addition to the regions of co-
existence of separate zones of bases B and X, either above curve 1 (fulfillment of
condition 4, the zone of base X migrates in front of the zone of base B) or below curve
2 (fulfillment of condition 3, the zone of base X migrates behind the zone of base B),
there are also regions (d) and (h) on the zone existence diagram. From their position
with respect to curves 1 and 2 it follows that for the corresponding bases X conditions

4b and 5a are valid, i.e.,
2 oe o i 6
Uy p < Ugps Mx < Uxx (6)
The physico-chemical meaning of expression 6 is that in the zone of base B (or X) the
other base X (or B) is retarded. As both B and X cannot penetrate into the leading or
terminating zone, the fulfillment of condition 6 can be explained only by the forma-
tion of a steady-state mixed zone of bases B and X. This zone behaves as a zone of a
single species with a certain effective mobility.
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It is known that two bases B and X form a steady-state mixed zone only if their
effective mobilities in this zone are equal, Uy mix = Uk mix- This holds only at one
particular value of the pH of the mixed zone, pH,,;,. From the application of eqn. 3
for ity i, and @iy ;. the following relationship'® was obtained:

_1 — (uxuKxu/usnKpn)
txu/tpy — 1

[Hlmix = Kxn (N

mix

It is evident that the value of pH,;, corresponds to fixed concentrations of both bases
in the mixed zone, ¢g i, and cx ;. their values may be calculated by combining the
equations of electroneutrality, constant current density and definitions of Ky and
Ky

This theoretical conclusion is significant in practice. If we imagine the zones of
bases B and X as if they were in the system alone, in the migration order B in front of
X, then (with respect to condition 6) base B starts to penetrate through the rear
boundary of its zone into the zone of base X, from which a mixed zone is then formed.
This process continues until the parameters of the mixed zone reach the values pH,,;,
{eqn. 7}, ¢x mix and cg 4, and

uX,B < uB,B; uB,mix = ﬁX,mix (8)

(cf., condition 6). The penetration of base B into the mixed zone stops; otherwise, the
parameters of the mixed zone would change and #ig,mix > #x mix (¢f., condition 5), and
the excess of base B would return into its own zone again. This means that at a
sampling ratio ¢ = ng/ny > Cp mix/Cx.mix @ Mixed zone is formed in the system contain-
ing nyx moles of base X and nycy yix/Cx.mix Mmoles of base B. In front of this zone
migrates a zone of pure base B containing ny — nxCp mix/Cx mix Moles of base B. It is
evident that the same considerations apply to the case with the inverted initial mi-
gration order of both zones; the same steady-state system is obtained as a result. Ata
sampling ratio ¢ = ng/nx < Cp mix/Cx.mix the mixed zone is also formed, accompanied
in this instance by a zone containing the excess of base X migrating again in front of
the mixed zone.

All the above modes of migration of a pair of bases B and X are listed in
tabular form in Fig. 4, together with conditions and a schematic potential-gradient
record. The letters a-h correspond to the respective regions in Fig, 3.

So far, we have discussed cases of natural migration only, where either the
point corresponding to the zone of a base lies within the existence region CLDH on
the zone existence diagram and the base (in a single-component sample arrangement)
gives an isotachophoretic zone, or the respective point lies outside the existence
region and the base does not migrate isotachophoretically in the given system. How-
ever, as will be shown below, points outside the existence region may also correspond
to real zones, the migration of which is enforced owing to the presence of a neigh-
bouring zone of a suitable base. Fig. 5 shows an enlarged cut-out of the existence
diagram for the system 0.01 M potassium acetate 4 0.01 M acetic acid (leading
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condition

U inversion

pHX > pHB

Ux,s < Yg.B Yx,s > Ya,s
migration mode Ya,x > My x DE,x < Gx,x

P _

x,x < Ugg e.

normal mode

¥, X
oM

Y8,
pH, < pHg

c1
v
[=4

steady-state

mixed zone (M}

X, X B,B 9+ Y,x < “B,B
pHX < pHB pH > pHB
pH inversion
B x
X B

condition UX,B < uB,B

migration mode UB,X < \.\X')<
Ux,x > Ys,B holyx < Ygp

PRy > pHB

Fig. 4. Possible modes of cationic isotachophoretic migration of two bases.

electrolyte), H* (terminator) (see Fig. 2). Within its contours there are (with the same
meaning of the symbols as in Figs. 2 and 3) plotted curves 1-4 for a model base B (it
= 35.107% em?/V-sec, pKgy = 3.5). It can be seen that base B migrates with a
mobility inversion towards the terminator, iz 3 < #yy. In addition to the already
known regions (a)-(h) it is possible to designate two additional regions (i) and (j),
demarcated by curve DH on the left, by the prolongation of curves LD and 1,
respectively, on the right and by curve 3.

Region (i) corresponds to the values of ily x and pHy of bases X that cannot be
terminated directly by the H™ ion. However, as condition 4a is valid, base X gives an
isotachophoretic zone when migrating in front of the zone of base B. Hence the
speciality of region (i) is that although the migration of X alone (in front of H) is not
realizable, base X migrates in an enforced manner in front of base B. At the same
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Fig. 5. Part of the zone existence diagram from Fig. 2. Point B corresponds to a zone of base B (upy =
35-1075 ecm?/V - sec, pKyy = 3.5). For curves 1-4, regions (a)-(j) and further explanation, see text.

time, base B migrates in front of the terminating H* naturally, but with an effective
mobility inversion. Analogous conclusions can be drawn for region (j) in Fig. 5,
where, additionally, bases B and X migrate in a configuration with inversion of
effective mobilities (c¢f., a in Fig. 4).

Itis evident that the given theoretical approach based on relationships of type 4
or § and on zone existence diagrams allows one to make a general selection of a weak
base as the leading or terminating ion. Base L may serve as the leading ion for all
bases X migrating in a binary configuration behind the zone of base L {¢f., ¢, f and g
in Fig. 4). Similarly, base T may serve as a terminator of all bases X migrating in front
of the zone of this base T (¢f., a, b and ¢ in Fig. 4). Base X thus gives an iso-
tachophoretic zone migrating between the zones of the leading base L and the ter-
minating base T if

Uy x < i x (%a)
Ugr > Uy (9b)

In addition, for the pair L, T condition 4 must be fulfilled and for base T the condition
of the sharp boundary with the H* zone must be valid!!.

As an example, Fig. 6 shows the zone existence diagram for a system where
base L (4 y = 40-107° cm?/V -sec, pK y = 8) with a concentration equal to its
concentration adjusted behind the zone of 0.01 M potassium acetate (Fig. 1) serves as
the leading electrolyte (the counter ion is acetate) and base T (up; = 30-107°
cm?/V -sec, pKyy = 5; ¢f., Fig. 3) is the terminator. The upper demarcating curve
corresponds to equality in condition 9a and the lower demarcating curve corresponds
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Fig. 6. A cut-out from the zone existence diagram in Fig. 1. Point L corresponds to a zone of base L
(leading zone) (uy i = 40-107° cm?/V - sec, pKyy = 8) with the concentration adjusted behind the zone of
0.01 M potassium acetate; point T corresponds to a zone of base T (terminating zone) (uyy = 30-107°
em?/V -sec, pKyy = 5). For curves 5, 6, 8, 10, 20, 30, 40, 50 and 70, see Fig. 1; for explanation, see text.

to equality in condition 9b (this curve is identical with curve 1 in Fig. 3). On the right,
the diagram is outlined by a part of the curve corresponding to the migration of
strong bases (cf., LD in Fig. 1). The screen in the figure has the same meaning as in
Fig. 1. It can be seen that the use of common weak bases as leading and/or terminat-
ing ions is possible. However, it permits the analysis of fewer bases than the system
with a strong base and H™ as the leading and terminating ion, respectively. From Fig.
6 it is further seen that in the given system L-T two types of migration of a base X
with inversion of effective mobilities can be realized:

(1) Inversion towards the leading zone. Here, condition 9 is valid and iy x >
i 1, i.e., the potential gradient in zone X is lower than in the leading zone L (¢f., e in
Fig. 4). In the given system, bases with corresponding points lying inside the permit-
ted region and higher than point L migrate in this way.

(ii) Inversion towards the terminator. Here again condition 9 is valid and #
< #r 7 (¢f., a in Fig. 4). Bases with corresponding points lying inside the permitted
region and lower than point T migrate in this way in the given system.

A further important conclusion follows from Fig. 6; a base with the correspond-
ing point lying on the left out of the permitted existence region CLDH and higher
than point T gives no isotachophoretic zone, although il x > i 1. The point of the
base lies (with respect to zone T) in region (d) (¢f., Fig. 4) and condition 8 of the
steady-state mixed zone of X and T holds.

Multi-component sample

Two main questions must be answered for a given system and sample: is a
steady-state mixed zone formed and what is the migration order of all zones? The
answer to both questions is based on relationships of the type &;; 2 #;; testing the
direction of migration of substance i in zone j {for numerical purposes in the form sign
(i, ; — #; ;)], where all possible combinations of bases are considered. Therefore, the
pH; values of all zones of the substances in question (including the leading and
terminating zones) and then the & ; values from eqn. 3 must be calculated.

The existence of a mixed zone of two bases i, j is (¢f., condition 6) indicated
when the equation sign (& ; — #; ;) + sign (i#;; — ;) = 0is not valid. Analogously, it
can be said for a multi-zone system of n zones (including the leading zone and without
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the terminating zone if it is formed by H*") that no pair of its components forms a
steady-state mixed zone if

n—1 "
L I [sign (@, — &, + sign (i#,; — F)] =0 (10)

j=1i=j+1

To determine the migration order N, of the zone of substance #, defined as an
integral number from the interval (1, n), it is necessary to consider the relationships
i; ; zi; ;for all zones j. The sum of the values sign (y; ; — &; ;) for a given species 7 inall
zones j increases two by two from | — # for the first (leading) zone to n — 1 for the last
zone. If condition 10 is valid, then for the migration order of the zone of substance i
we can write

N, = %[n + 1 — 2 sign(@; — aj,ﬂ (11)

i=1

The H* zone is not taken into consideration here as quantities of the type iy ; are not
defined, and eqns. 10 and 11 cannot be used. If, however, condition 10 is valid, the
correct isotachophoretic migration of the system (with respect to the H* ions; ¢f., ref.
11) is guaranteed by the condition i,y > ity .

EXPERIMENTAL

For the calculation of the pH of the zones a Texas Instruments TI-59 calcu-
lator was used with a simple program based on the RFQ method introduced by
Beckers and co-workers”:®. Tabulated values (at 25°C) of dissociation constants!?:*¢
and jonic mobilities?® with no corrections were used for the calculations under
Theoretical; the ionic mobilities of Tris, aniline, papaverine and -alanine were calcu-
lated according to JokI’s equation?! with parameters?? a = 244.2 - 107° cm?/V - sec,
b = 432107 cm?/V - sec.

For the calculation of practical systems (see Results and Discussion), the ionic
mobilities of anilinium and TBA obtained from isotachophoretic measurements®
were used (32.5- 1073 and 19.3- 10~ % cm?/V - sec, respectively). The computing pro-
cedure was modified to include corrections of the pKy, of acetic acid and the ionic
mobilities of acetate, H*, K* and OH ™ to the ionic strength, according to simplified
forms of the Debye—Hiickel and Onsager equations®>.

The experiments were carried out in an isotachophoretic column made of
Perspex with a separation capillary of rectangular cross-section®, The potential-
gradient detector and the high-voltage supply of stabilized current have been de-
scribed earlier®.

All the chemicals used were of analytical-reagent grade (Lachema, Brno,
Czechoslovakia),

RESULTS AND DISCUSSION
For the verification of the theoretical conclusions, experiments with model

cations were carried out in systems where potassium acetate and acetic acid served as
components of the leading electrolyte.
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PA
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6 7 min

Fig. 7. Isotachopherogram of | ul of 0.01 M aniline (ANI) and papaverine (PA) in the system 0.01 A7
potassium acetate (leading electrolyte), acetic acid (terminator). 7 = 120 pA.

The case of the inversion of effective mobilities has been described earlier and
called enforced isotachophoresis; experimental evidence for various pairs of anions
and cations (including H') has been given in a number of papers’ '#. It is illustrated
in Fig. 7 by the pair papaverine (PA)-aniline (ANI). It should be stressed that the
zones of PA and ANI do not affect each other and each of them gives the same zone
when present in the system alone. Therefore, the term enforced migration is inap-
propriate here. This term should be reserved for those cases where a substance forms
an isotachophoretic zone in the given system only owing to the presence of another
zone, and would not form an isotachophoretic zone if it were in the system alone.

~ According to the theory, such cases may exist in the type of systems discussed.
The experimental evidence is given in Fig. §, which shows the results of analyses using
a system with 0.005 M potassium acetate and 0.003 M acetic acid as the leading

a. b. c d.
ALA ALA

TBA TBA
H*

— T T T T T T T T

3 4 5 4 5 4 5 4 5 6mn
Fig. 8. Isotachopherograms in the system 0.005 M potassium acetate + 0.003 M acetic acid (leading
electrolyte), acetic acid (terminator). Sample: 0.3 ul of 0.01 M B-alanine (ALA) (b), 0.7 ul of 0.0l M TBA
(c), 0.3 yl of .01 M B-alanine and 1.0 ul of 0.01 M TBA (d). I = 100 uA.
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electrolyte. Fig. 8b shows the migration of f-alanine (ALA) with a marked inversion
of effective mobilities of ALA-H™*. Fig. 8c shows the migration of TBA: here &, y >
tiyga and the boundary TBA-H™ is not sharp and becomes diffuse in the usual way in
zone migration (¢f., Fig. 3 in ref. 18). Therefore, isotachophoretic migration of TBA
and its isotachophoretic analysis are impossible in the given system. Fig. 8d shows the
results of migration of the zone of TBA in front of the zone of ALA. Here, ily; 4 14 <
trpa > s 4 a (cOndition 4) and, consequently, TBA gives a quantitatively migrat-
ing isotachophoretic zone, the migration of which is enforced by the zone of f-alanine
behind it. The quantitative character of migration is confirmed by the calibration
graph for TBA, which is linear and passes through the origin. From this experiment it
follows that it may be useful in some instances to use a mixture of an acid and a weak
base instead of the acid alone as a terminator, where the'weak base migrates in front
of the H™ zone with a mobility inversion.

Based on the theory presented here, unusual isotachophoretic patterns may be
obtained. Fig. 9 shows a record of the analysis of a mixture of aniline and e-aminoca-
proic acid in a system with 0.0028 M papaverine acetate as the leading electrolyte. It
can be seen that the leading and terminating (H") ions have the same effective mo-
bility in their own zones; the first sample zone (AN1) shows a @ inversion towards the
leading zone and the second sample zone (EACA) migrates with a mobility inversion
towards the terminator. Fig. 10 shows the analysis of aniline in a system with 0.002 M
papaverine acetate as the leading electrolyte. Here, all three zones in the system show
mutual inversions of effective mobilities. This system shows that even zones arranged
in order of decreasing potential gradient (and increasing effective mobilities) may in
some instances also form a correct isotachophoretic system.

From the theory, it is further seen that steady-state mixed zones may exist in a
defined region of the pH values of the leading electrolyte. At the same time, however,
the pH of the mixed zone is constant within this interval; hence the composition of the
mixed zone is variable where the concentrations of both bases are linear functions of
the concentration of free acid in the leading electrolyte, and the limiting values cor-
respond to zones of pure one and the other base. For a given pH of the leading

EACA
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10- —iu a
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094

% 2 28 30min
Fig. 9. 1sotachopherogram of I ul of 0.01 M aniline (ANI) and e-aminocaproic acid (EACA) in the system
0.0028 M papaverine (PA) acetate (leading electrolyte), acetic acid {terminator). 7 = 30 pA.

Fig. 10. Isotachopherogram of 0.5 ul of 0.01 M aniline (ANI) in the system 0.002 M papaverine (PA)
acetate (leading electrolyte), acetic acid (terminator). I = 120 uA.
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Fig. 11. Calculated curves and experimental values of the dependence of relative (with respect to potassi-
umn) effective mobilities of aniline (ANI) and tetrabutylammonium (TBA) on the concentration of acetic
acid, [HAc],, in the leading electrolyte. The system in question is 0.01 M potassium acetate + acetic acid
(leading electrolyte), H* (terminator).

electrolyte, then, depending on the sampling ratio, the zone of the base being in excess
under the given conditions migrates in front of the mixed zone.

To obtain experimental evidence of these phenomena, aniline and tetrabutyl-
ammonium (TBA) were used. Fig. 11 shows the calculated curves and experimental
points of the dependence of the relative effective mobilities of aniline and TBA on the
concentration of acetic acid, [HAc], in the leading electrolyte of 0.01 M potassium
acetate. It can be seen that the effective mobility of TBA (modelling a strong base) is
constant (the points corresponding to the zone of TBA on the zone existence dia-
grams lie on curve LD; ¢f., Fig. 1). When considering the behaviour of the zone of

a. b. c.
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Fig. 12. Isotachopherograms of a mixture of TBA and aniline (ANI) in the systems 0.01 M potassium
acetate + (a) 0, (b) 0.004 and (c) 0.008 M acetic acid (leading electrolyte), acetic acid (terminator). Sample:
0.50 4l of 0.0 M TBA and 0.75 g of 0.01 M ANL I = (a) 70, (b, €) 75 pA.
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Fig. 13. Isotachopherograms in the system 0.01 M potassium acetate + 0.004 M acetic acid (leading
electrolyte), acetic acid (terminator). Sample: 0.5 ul of 0.01 M TBA and (a) 0, (b) 0.25, (c) 0.5, {(d) 1.0 and
(e} 1.5 pl of 0.01 M aniline. / = 120 pA.

TBA (as base X; ¢f., Theoretical) towards the zone of aniline (as base B), then in the
system with [HAc], = 0 (¢f,, Fig. 1) condition 4 is valid, i.e., ttyga > #anpant and
HaniTRA < Hrpa, and TBA therefore migrates in front of ANI (case b in Fig. 4). An
increase in concentration of acetic acid in the leading electrolyte leads to an increase
in #an;: at a certain value of [HAc],, (see the first arrow in Fig. 11) #ian ani = Urna
and over this value condition 6 of a steady-state mixed zone is valid, i.e., #ypa <
fan,ant and #anntea < urea (¢f, h in Fig. 4). A further increase in [HAc], leads to
urga = Hanitra (s€€ the second arrow in Fig. 11) and at even greater values of [HAc].
condition 5 is valid, u1ga < #anyani and #any,38a > UTeas i-€., ANI migrates in front
of TBA (g in Fig. 4). It can thus be seen that the mixed zone is formed in a relatively
large region of composition (and pH) of the leading electrolyte (in Fig. 11 the interval
between the two arrows).

Fig. 12 shows analyses of a mixture of TBA and aniline at three values of
[HAc].. It is seen that in agreement with the theory at [HAc], = 0 (Fig. 12a) the
migration order is TBA, ANI and at [HAc], = 0.008 (Fig. 12¢) the migration order is
inverted, ANI, TBA. At [HAc], = 0.004 (Fig. 12b) both substances form a stable
mixed zone; its apparent effective mobility is given by @, mix = #rpamix = Yrpas» 165
the potential gradient in the mixed zone is equal here to that of the TBA zone. Fig. 13
shows the dependence of the character of the isotachopherogram?® on the sampling
ratio, ¢ = Hani/MTeA, At the concentration (HAc], = 0.004. It can be seen that at low
sampling ratios, ¢ = 0.5 or 1 (Fig. 13b and ¢), § < Canumix/CrBA,mix and the TBA
zone of the same potential gradient occurs in front of the mixed zone. In contrast,
at ¢ = 2 or 3 (Fig. 13d and e), ¢ > canimixCrrA.mix a0d the ANI zone of a lower
potential gradient migrates in front of the mixed zone (¢f., Fig. 11).

CONCLUSIONS

Whether a base B does or does not give an isotachophoretic zone in a given
system of leading electrolyte and terminator depends not only on the values of the
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effective mobilities of the leading ion, base and terminator (parameters of the type
#;), but also on the values of the effective mobilitics of the given base B in the other
zones (parameters of the type % ;). For a simple system of a single zone of base B, see
conditions 1 and 2.

It is advantageous to construct for a given leading electrolyte the zone existence
diagram, in which the values of i i versus pHy are plotted for uyy and Ky as
parameters. This diagram allows one to evaluate simply the paramelers of the zone of
a base with known uyy and Ky and, moreover, to predict whether the base is actually
able to give an isotachophoretic zone in the system in question.

The zone existence diagram also enables one to predict the behaviour of a pair
of bases B and X. In the diagram, the curves corresponding to the equations i x =
Uy x and iy 3 = iz may be constructed for the parametrically given base B, thus
dividing the zone existence area into sections where bases X migrate in front of zone
B, behind zone B, or form a steady-state mixed zone with base B.

The first two cases, where the bases B and X migrate as two separated in-
dividual zones, may be accompanied by two types of inversion. The inversion of
effective mobilities means that a zone of a base with lower effective mobility migrates
in front of a zone of a base with higher effective mobility (so far, this case has been
called enforced isotachophoresis). The inversion of pH means that a zone of a lower
pH migrates in front of a zone of a higher pH. In both cases of inversion, the
monotonous stepwise order of the values of effective mobilities and pH from the
leading electrolyte to the terminator is broken as well as the classical idea about zone
order in isotachophoresis.

The last case, i.e., the formation of mixed zones in cationic isotachophoresis, is
accompanied by a new phenomenon. With respect to the constant composition and
pH of the mixed zone, a zone containing an appropriate excess of one of the bases
may occur in front of the mixed zone, its size being dependent on the sampling ratio.

In addition to the above-described cases of independent migration of zones, the
zone existence diagram enables one to predict and discuss the case of really enforced
migration, where a zone is strongly affected by a neighbouring zone. An example is,
e.g., the enforced migration of a strong and slow base (for which condition 2 of the
sharp boundary between its zone and the H™ zone does not hold) in front of the zone
of a weak and fast base migrating naturally in front of the H* zone with an inversion
of effective mobilities.

The described principle of analysis of the mutual behaviour and migration
order of zones of two bases may be extended to more complicated systems occuring in
multi-component analysis. Here, the testing is based on the use of calculated param-
eters of the type sign(ir;; — #; ;). If no mixed zones are formed in the system (cf.,
eqn. 10), the migration order of a zone may be calculated by eqn. 11.

The precise computer simulation techniques?%:27, when extended to involve
also i ; data, may significantly aid in solving such problems.

Obviously, the principles described above based on the use of i, ; are of general
significance and may be used to describe the migration mode and the zone order in

anionic systems, too.
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