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Abstract

Generaly, the transfer ratio (TR) is defined as the number of molecules of the background electrolyte (BGE) with UV
absorbing properties, displaced by each analyte molecule, and this concept plays an important part in the choice of the BGE
in capillary zone electrophoresis (CZE) in the indirect UV mode. Less transparent is this concept and its importance,
applying BGEs with more than one co-ions, in the application of UV absorbing counterions and for the use of BGEs at low
or high pH values. In this paper, the concept of the TR is discussed for these cases and applying a mathematical model, with
which al parameters in the sample zones can be calculated, the TR values are calculated for several BGEs. Hereby, different
values are obtained for anionic and cationic TR values for al ionic species of the BGE. Discontinuities in the relationships of
the calculated TR values versus the mobilities of the sample components indicate that system peaks are present in the
electropherograms applying BGEs with two co-ions and also applying BGEs with a single co-ion at both high and low pH
values. This means that in the latter cases OH™ and H" ions act as a second co-ion, whereby the mobilities of the system
peaks generally increase for higher and lower pH values, respectively. If the mobilities of the analytes approach the mobility
of a system peak, the TR values increase considerably. These phenomena are confirmed experimentally. O 1999 Elsevier
Science BYV. All rights reserved.

Keywords: Transfer ratio; Background electrolyte composition; Mathematical modelling; Inorganic cations; Organic acids;
Imidazole; Histidine; Ethanolamine

1. Introduction

In order to detect UV transparent anaytes in
capillary zone electrophoresis (CZE), the indirect
UV mode is often applied. In the indirect UV mode,
generally a background electrolyte (BGE) is chosen,
whereby the co-ion — having a similar charge as the
analytes — has UV absorbing properties and an
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optimal tuning of the indirect UV signa can be
obtained if the mobilities of the analytes match that
of the co-ion [1]. A concept playing an important
part in the indirect UV mode is the so-called transfer
ratio (TR) sometimes called the displacement ratio
(Dg) or response factor (RF).

Originally, the indirect UV mode has been applied
in ion-chromatography where negative peaks are
created in the UV detector signal, by the ion-ex-
change mechanism, resulting in a one-to-one dis-
placement of the eluent UV absorbing ions of the
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same charge [2]. Afterwards the indirect UV mode
was applied in electrophoresis [3,4], where generally
not a one-to-one displacement will occur. From
Kohlrausch regulation function (KRF) [5] an expres-
sion for the TR, with relation to the displacement of
the co-ions, can be derived for strong ionic species
and neglecting the presence of H" and OH ™ ions
[6-8]:

Aca| _ Jex™

Cg Cz Ms

s
B CA| _ m, mg + Mg (1)
m, +mg

TR

In this formula m refers to the absolute values of the
mohilities, the superscripts S and BGE refer to the
sample zones and BGE respectively, and the
subscripts S, A and C refer to the sample ionic
species S, the co-ions A and the counterions C. The
value of TR depends on the mohilities of all ions and
clearly can be seen that only a one-to-one displace-
ment occurs if the mobilities of the anaytes are
equal to that of the co-ions (TR=1). In that case the
electrodispersion is minimal resulting in a minimal
peak broadening and large plate numbers. If mg>m,
the TR values are smaller than unity and for mg<<m,
this value is larger than unity. For large differences
between the mobilities of analytes and co-ions the
electrodispersion strongly increases. Therefore better
separations can often be obtained applying two co-
ions whereby a selective displacement occurs [9].
The concept of the TR is more complicated
applying BGEs with more co-ions or applying BGES
containing UV absorbing counterions. In these cases
UV transparent analytes can be present in the
electropherograms both as dips and peaks, depending
on the TRs of all ionic species of the BGE [10,11]. A
lot of experimental work has been done studying the
influence of the use of two co-ions, the use of
counterions and for the verification for expressions
for TR, derived from the KRF [12—14]. In al these
treatments the effects of extreme pHs are not consid-
ered, however. With a model based on a repeated
application of a steady-state model, all parameters in
a sample zone can be calculated and they can be
visualised in a so-caled SystChart [15]. This model
is not based on the KRF, the effects of H* and OH ™
are taken into account and corrections are made
according to Debye—Huckel—Onsager. If all parame-
ters in the sample zones can be obtained applying

such a mathematical model, all TR values can be
calculated. In this paper the concept of the TR will
be discussed and TR values will be calculated for
several cases, such as BGEs with more co-ions,
BGEs at low and high pH values and the application
of UV absorbing counterions. Experiments are car-
ried out to verify the calculated values.

2. Experimental
2.1. Chemicals

Chemicals were all of analytical-reagent grade and
purchased from Merck (Darmstadt, Germany). For
the preparation of all solutions, ultra-pure water was
used.

2.2. Instrumentation

For all CZE experiments a P/ACE system 2200
HPCE system (Beckman, Fullerton, CA, USA) was
used. All experiments were carried out with Beck-
man eCAP capillary tubing (75 pm 1.D.) with atotal
length of 47.2 cm and a distance between injection
and detection of 40.6 cm. The wavelength of the UV
detector was set at 214 nm. All experiments were
carried out in the cationic mode applying a constant
voltage, and the operating temperature was 25°C.
Sample introduction was performed by applying
pressure injection. Data analysis was performed
using the laboratory-written data analysis program
CAESAR.

3. Results and discussion
3.1. The concept of the transfer ratio

If in capillary zone electrophoresis a BGE is
applied containing just one co-ion, aways co-ions
are displaced by sample ions, i.e. that the con-
centration of the co-ions in the sample zone is
aways lower than that in the BGE, although the
so-called transfer ratio, TR, varies and is only unity
if the mobilities of sample ions and co-ions are
equal. The situation is more complicated if BGEs are
applied containing more co-ions. Sometimes both the
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co-ions are displaced in a degree, but often one of
the co-ions is displaced, i.e. that its concentration in
the sample zone is lower than that in the BGE,
whereas the concentration of the second co-ion
increases (see Section 3.3). So the second co-ion is
not displaced, although the change in its concen-
tration is connected to the presence of the sample
ions. Even the concentration of the counterions in the
sample zone differs from that in the BGE. All the
changes in concentrations of all ionic species of the
BGE, in combination with their molar absorption
coefficients, determines the UV signal. For a discus-
sion about the UV signal applying the indirect UV
mode, the transfer ratio is important and in the
following we will use for the transfer ratio, TR, the
expression:

¢’ —cP°F

TR =

= 2
With the symbol c, the total concentration of an ionic
species is meant, the subscript i refers to a specific
ionic species of the BGE (this can be both a co-ionic
species and a counterionic species) and the subscript
S refers to the sample ionic species. The superscripts
S and BGE refer to the sample zone and pure BGE.
This means that if the concentration of an ionic
species i of the BGE in a sample zone is lower than
that in the BGE, a negative TR is obtained which
corresponds with a dip in the electropherogram if
that ionic species is UV absorbing. An increased
concentration of ionic species i in a sample zone
results in a positive TR and a peak will be present in
the electropherogram for a UV absorbing ionic
species i. This is true for both co-ions and counter-
ions. Applying a specific BGE, there exists two TR,
values for each ionic constituents i, because the TR,
values are different for anionic or cationic analytesin
that BGE. We will distinguish between these TR
values by using the terms anionic TR, and cationic
TR,, respectively. These TR, values will be consid-
ered for several BGE-compositions. The TR, values
are calculated applying a mathematical model as
mentioned before [15,16]. In Table 1 the ionic
mobilities and pK values for all ionic species, used in
the calculations are given. For the calculation of the
TR values a sample concentration of 0.0005 M is
assumed in the sample peak. In fact this parameter is

Table 1
lonic mobilities at infinite dilution and pK values for al ionic
congtituents used in the calculations

lonic species® mx 10° pK
(m?IV 9
Acetic acid —-42.4 4.756
Benzoic acid —-33.6 4.203
Ethanolamine 44.3 9.458
Formic acid —56.6 3.752
Histidine 29.7 6.03
Imidazole 50.4 6.953
Lithium 40.1 >14
Monochloroacetic acid —43.7 2.865
Potassium 76.2 >14
Sodium 51.9 >14
TBA 25.0 >9
TEA 325 >9
TMA 43.4 >9

* TBA =tetrabutylammonium;
TMA = tetramethylammonium.

TEA =tetragthylammonium;

not important as generally the TR values are in-
dependent to the sample concentrations in the sample
zone.

32 A BGE consisting of a single cationic and
anionic species

A BGE, consisting of a single cationic and anionic
species at a pH where the effects of H™ and OH ™~
ions can be neglected, is a mixture of 0.01 M
imidazole and 0.02 M acetic acid (pH=4.7). For this
BGE, four TR values can be calculated, viz. the
cationic and anionic TR of both imidazole and acetic
acid. In Fig. 1A the relationships between the anionic
TR values of imidazole (Im) and acetic acid (Ac) are
given versus the mobilities, mg, at infinite dilution of
the sample anions (absolute values). From Fig. 1A it
can be seen that a one-to-one displacement of acetic
acid tekes place if the mg eguals the mobility of
acetate (vertical dashed ling), i.e. the TR, is —1 and
a that point the TR,,, is zero. For higher values of
the mg, the absolute values of TR, are smaller than
1, i.e. the ionic strength increases and also the
concentration of imidazole increases (positive value
of the TR,,,,). These sample ions can be detected in
the indirect mode with UV absorbing counterions
imidazole and are then present in the electropherog-
rams as peaks. For lower values of the mg, the ionic
strength decreases and by this also the imidazole
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Fig. 1. Calculated relationships between (A) anionic and (B)
cationic TR values for imidazole (Im) and acetic acid (Ac) versus
the absolute values of the mobilities mg at infinite dilution of
respectively the anionic and cationic analytes. A one-to-one
displacement occurs if mg equals the mobility of the co-ion. For
further information see text.

concentration in the sample zone resulting in nega-
tive values for TR,,,. These sample ions are always
dips in the electropherograms for UV absorbing
counterions. An optimal UV signal would be ob-
tained for sample anions with mg<<m, . and applying
both UV absorbing counterions and UV absorbing
co-ions. In Fig. 1B the relationships between the
cationic TR values of imidazole (Im) and acetic acid
(Ac) are given versus the mobilities mg at infinite
dilution of the sample cations. All phenomena ob-
served in Fig. 1A are aso valid for Fig. 1B. The
one-to-one displacement takes place if mg equals m,,,,
(vertical dashed ling). All these conclusions agree
with the results of the calculations applying Eq. (1).

3.3 A BGE with two cationic and a single anionic
species

A mixture of 0.005 M histidine, 0.005 M potas-
sium and 0.02 M acetic acid was chosen as a BGE
with two cationic and a single anionic species (pH
4.7). For this BGE, six TR values can be calculated,
viz. the cationic and anionic TR values of histidine,
potassium and acetic acid. In Fig. 2A the relation-
ships between the anionic TR values of histidine
(Hist), potassium (K) and acetic acid (Ac) are given
against the mobilities mg at infinite dilution of the
sample anions (absolute values). This BGE contains
only a single co-ion for anionic analytes and because
there are no discontinuities visible in the calculated
relationships, no system peaks will be present in the
electropherograms [15]. The anionic TR, . values are
practically identical with these in Fig. 1A. The
anionic TR values for histidine and potassium are
nearly equal and therefore about half the values of
imidazole in Fig. 1A, athough the TR values of
potassium are alittle bit larger than those of histidine
(absolute values). A totally different pattern is ob-
tained for the cationic TR vaues in Fig. 2B. For
cationic analytes this BGE contains two co-ions. In
al cationic TR relationships there exists a discon-
tinuity, indicating that a system peak (SP) will be
present in the electropherograms. With a mathemati-
cal model described earlier [16] the mobility at
infinite dilution of this SP is calculated as to be ca
46.3x10° m®/Vs and this value is indicated by a
dashed vertical line in Fig. 2B. This value fits the
place of the discontinuities. If the mobility of the
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Fig. 2. Calculated relationships between (A) anionic and (B)
cationic TR values for a BGE consisting of two cationic species
potassium (K) and histidine (Hist) and a single anion acetic acid
(Ac) versus the absolute values of the mobilities mg at infinite
dilution of, respectively, the anionic and cationic analytes. In the
relationships of the cationic TR values, discontinuities are present
indicating the presence of system peaks in the electropherograms.
For further information see text.

analyte equals one of the mohilities of the co-ions, a
selective displacement occurs, i.e. that the cationic
TRy« is —1 and the TR, value is zero if the sample
mobility equals m,,,, and v.v for m,. As already
mentioned in Section 3.1, the TR, strongly de-
creases just below the mg, i.e. that a UV transparent
cationic species will appear in the electropherogram
as a huge dip and at the same time the TR, strongly
increases. Just above the mg, a reversed behaviour
can be seen. For a cationic separation, applying this
BGE (histidine is the chromophore), sample analytes
are always dips if their mobilities are smaller than
the mg,, pesks if mg,<mg<<m, and dips again for
mg>m,.

34. Concentration dependence of TR values

For a BGE with a single co-ion and counterion, at
intermediate pH values, the TR, values are practical-
ly constant and do not vary for different concen-
trations of the components of the BGE. For BGEs
with a more complex composition it is more compli-
cated. The application of more co-ions and/or coun-
terions leads to selective displacement and often SPs
are present, which can influence migration times and
peak areas and it is of interest to know whether and
how TR, values depend on the concentrations of the
ionic species of the BGE. Although several authors
aready presented both experimentally obtained re-
sults and ssimulated el ectropherograms, no TR values
are given. To study the concentration dependence of
TR values, the TR values are calculated for BGEs
consisting of mixtures of histidine, potassium and
acetic acid, whereby the sum of the concentrations of
histidine and potassium was aways 0.01 M and the
concentration of acetic acid was always 0.02 M. The
pH of all BGEs was ca. 4.7. The anionic TR values
show a behaviour similar to that of Figs. 1A and 2B,
viz. the TR, values are practically identical and the
anionic TR,;, and TR, values follow a curve as Fig.
2A, with the understanding that the ‘displacement’ is
larger for a higher concentration of that cationic
species in the BGE. The cationic TR values show a
complex behaviour. In Fig. 3A and B relationships
between the cationic TR, and TR, values versus
the mobilities mg of the cationic analytes are given
for different compositions of the BGEs. In Fig. 3A
the numbers refer to the concentration of histidine in
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Fig. 3. Calculated relationships between cationic TR values of (A) histidine and (B) potassium versus the mobilities mg at infinite dilution
of cationic analytes applying BGEs consisting of varying concentrations of potassium, histidine and acetic acid at pH values of 4.7. The sum
of the concentrations of potassium and histidine is always 0.01 M and the concentration of acetic acid is aways 0.02 M. The numbersin (A)
refer to the concentration of histidine in the BGEs and the numbers in (B) to the concentration of potassium. The numbered arrows in (A)
refer to mobilities of the analytes separated in the electropherogram of Fig. 4. For further information see text.

the BGEs and the numbered arrows refer to the
mobilities of the analytes applied in the elec-
tropherogram of Fig. 4. If the concentration of
histidine in the BGE is 0.01 M (then the con-
centration of potassium in the BGE is zero, thus a
BGE with a single co-ion) al TR values are nega-
tive, i.e. al cations are dips. If the concentration of
histidine is zero, al TR, values are zero. For dl
other cases there is a discontinuity in the relationship
indicating that applying these BGESs, system peaks
are present in the electropherogram. For higher
concentrations of histidine, the mobility of the SP
approaches that of potassium (vertica dashed line),
whereas for decreasing concentrations of histidine
the mg, approaches the value of m,,. In Table 2
calculated and measured values are given for several
applied electrolyte systems. If the mobility of the
sample cations equals that of histidine there is a
selective displacement of histidine and this means
that all relationships intersect each other near the
mobility of histidine at a TR value of —1. If the mg

equals the mobility of potassium, there is a selective
displacement of potassium and all relationships of
TRy, intersect each other at the m, with a TR value
of zero. At the mobility of the system peak the
relationships show a discontinuity and for cationic
mobilities near the mg,, extremely large TR values
are obtained. For a mg<mg, the TR values are very
negative (huge dips) and for mg>mg, the TR values
are very positive. In Fig. 3B the cationic TR, values
are shown and in this figure the numbers refer to the
concentrations of the potassium ion in the BGEs.
Similar phenomena as visible in Fig. 3A can be
observed. For the relationship with 0.01 M K" (the
concentration of histidine in the BGE is then zero,
i.e. a single co-ion K™) all TR values are negative
and for a concentration of K" of zero this TR value
is zero, as a matter of course. If mg is just smaller
than mg, the TR values are very positive and if they
are just larger than mg, they are very negative. All
the relationships intersect each other at the my;q
(TR=0) and a m, (TR=—1) due to a selective
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Fig. 4. Measured electropherograms for 5-s pressure injections of
equimolar sample solutions of 5X10°* M of (1) potassium, (2)
sodium, (3) TMA, (4) TEA and (5) TBA ions applying BGEs at
pH 4.7 consisting of potassium, histidine and acetic acid at
concentrations of (g) 0.0, 0.01 and 0.02 M, (b) 0.002, 0.008 and
0.02 M and (c) 0.008, 0.002 and 0.02 M, respectively.

displacement. For cationic analytes with mobilities
close to that of potassium and histidine the TR
values do not change so much and, although, a large
profit in TR value can be gained choosing a BGE
with such a composition that the mg, is close to the
mobility of the cationic analyte, it must be remem-
bered that in that case the separation can be disturbed
by the presence of the system peak. To demonstrate
some of the described effects, in Fig. 4 the measured
electropherograms are shown for 5-s pressure in-
jections of a sample solution of 0.0005 M of (1)
potassium, (2) sodium, (3) TMA, (4) TEA and (5)
TBA applying BGEs consisting of mixtures of
potassium, histidine and acetic acid at a pH of 4.7
with concentrations of respectively (g) 0.0, 0.01 and
0.02 M (a single co-ion histidine), (b) 0.002, 0.008
and 0.02 M and (c) 0.008, 0.002 and 0.02 M (applied
voltage=10 kV). In Fig. 4a al analytes are dips
according to the relationship 0.01 in Fig. 3A. Ac-
cording to the relationship 0.008 in Fig. 3A, potas-

sium is not visible in Fig. 4b, and a system peak is
visible with a mobility higher than that of sodium
and the analytes are dips. In Fig. 4c potassium is not
visible, sodium and TMA are small peaks and there
is a huge system peak with a mobility close to the
dip of TEA, just according the relationship 0.002 in
Fig. 3A. All these peaks/dips are in agreement with
the relationships of Fig. 3A, where the mobilities of
the analytes used are indicated with the numbered
arrows. A disadvantage in the use of BGEs with
more than one co-ions as can be seen in Fig. 4c, is
the presence of system peaks [16—19], which can
disturb the separation especialy if the mobility of the
analyte mg approach the mobility of the system peak
Mgp, although just in that case larger TR values can
be obtained.

35. TR values for BGEs at low and high pH
values

If BGEs are applied consisting of a single cationic
and anionic species at respectively high or low pH,
the question is whether the OH~ and H™ ions can act
as a second anion or cation respectively, and it is of
interest to know whether the TR values are affected.
In the foregoing Sections 3.3 and 3.4, we saw that
the presence of system peaks [besides the electro-
osmotic flow (EOF) dip] was observable in the TR
versus mg relationships bij the presence of discon-
tinuities. Therefore, calculations are carried out for
BGEs consisting of histidine as a UV absorbing
cation and several acids as counterions at low pHSs,
and for BGEs consisting of ethanolamine as a cation
and benzoic acid at high pHs. In Fig. 5A, the
calculated relationships between cationic TR, val-
ues for the co-ion histidine versus the mobilities mg
at infinite dilution of cationic analytes are given,
applying BGEs consisting of 0.01 M histidine and,
respectively, (O) 0.02 M acetic acid at pH 4.7, (A)
0.02 M formic acid at pH 3.7 and (@) 0.02 M
chloroacetic acid at pH 2.9. The numbered arrows
indicate the mobilities of the analytes separated in
the electropherograms given in Figs. 5B and C. At
the pH of 4.7, the obtained curve is as expected. A
continuous relationship, with al negative TR values
and a TR value of —1 for mg=m,,, (selective
displacement). In fact there is a system peak at pH
4.7, but the mg,, is very small (ca. 1X10°° m?/Vs).
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Table 2

Calculated and experimentally determined mobilities for the system peaks in the diverse BGEs

Composition BGE

Effective mobility mx10°

(m?/Vs)
Calculated Experimentally
determined?®
Fig. 2B
0.005 M histidine+0.005 M potassium + 421 413
0.02 M acetic acid at pH 4.7
Fig. 3A
0.000 M histidine+0.010 M potassium — —
0.002 M histidine+0.008 M potassium 31.0 304
0.004 M histidine+0.006 M potassium 38.0 40.8
0.006 M histidine+0.004 M potassium 46.6 43.9
0.008 M histidine+0.002 M potassium 57.4 55.9
0.010 M histidine+0.000 M potassium — —
al mixed with 0.02 M acetic acid at pH 4.7
Fig. 5A and B
0.01 M histidine+0.02 M acetic acid at pH 4.7 1.16 0.8
0.01 M histidine+0.02 M formic acid at pH 3.7 10.9 12.0
0.01 M histidine+0.02 M monochloroacetic 41.3 440

acid at pH 2.9

®For the experimentally determined values migration times are measured from the diffuse edge of the peaks.

The mobilities of the system peaks can be deduced
from the place of the discontinuities but can also be
calculated with the procedure described in [16]. In
Table 2 all given values are mobhilities at the ionic
strength of ca. 0.01. At lower pHs the mobility of the
system peak increases and is about 11X 10~ ° m*/Vs
for the BGE at pH 3.7. Of course the relationships
intersect each other at mg=m,;;,. The TR values at
pH 3.7 are less favourable for mg>m,,, and they
increase, in an absolute way, for mg <m
approaching the mobility of the system peak. The
effect of the presence of high concentrations of H*
is much clearer applying the BGE at pH 2.9 where
the calculated mg, is ca. 46X 10 ° m?/Vs at infinite
dilution, as can be concluded from the position of the
discontinuity in the TR relationship. For a recalcula-
tion of the mobilities of the system peak from values
a infinite dilution to values of finite dilution the
system peak can be considered as to be a monovalent
cationic species. For mg<mg, the analytes are
aways dips in the electropherograms (negative cat-
ionic TR values of histiding), positive for mg, <mg<
ca 65%x 10 ° m?/Vs and dips again for higher values
of mg. The TR value of zero at a mobility of mg of

ca 65X 10~ ° m?/Vs seems to indicate that this is the
mobility of the second co-ion H" (compare Fig. 2B).
To check these relationships and the effect of low pH
values on the values of the transfer ratios elec-
tropherograms are measured for the separation of 5-s
pressure injections of equimolar solutions of 5X
10°* M of potassium nitrate, sodium nitrate and
lithium nitrate applying the BGEs of Fig. 5A. In Fig.
5B, the measured electropherograms are given for
the BGEs (a) histidine acetate at pH 4.7, (b) histidine
formate at pH 3.7 and (c) histidine monochlororace-
tate at pH 2.9. The numbered peaks/dips refer to the
ions of (1) potassium, (2) sodium and (3) lithium.
The system peaks and EOF dips are indicated with
SP and EOF. Clearly it can be seen that the maobility
of the system peak increases with lower pH values,
whereas the mobility of the EOF decreases. The
remark by Lu and Westerlund that they could not
observe two system peaks (including the EOF peak)
as described by Beckers is true, because these peaks
are only observable at low pH values and not at the
pH values of 6.1 and 6.8 applied by them [13]. At
the pH values (8) 4.7 and (b) 3.7, all sample cations
are present as dips in the electropherograms. At a pH
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Fig. 5. (A) Calculated relationships between cationic TR values for the co-ion histidine versus the mobilities mg at infinite dilution of
cationic analytes applying BGEs consisting of 0.01 M histidine and respectively (O) 0.02 M acetic acid at apH 4.7, (A) 0.02 M formic acid
a pH 3.7 and (@) 0.02 M chloroacetic acid at pH 2.9. The numbered arrows indicate the mobilities of the analytes separated in the
electropherogram of (B). For further information see text. (B) Measured electropherograms for 5-s pressure injections of equimolar sample
solutions of 5X10™* M of (1) potassium nitrate, (2) sodium nitrate and (3) lithium nitrate applying the BGEs of (A) at a pH of (a) 4.7, (b)
3.7 and (¢) 2.9. The mobility of the system peak (SP) increases for lower pH values. Applied voltage=10 kV. (C) Measured
electropherograms for 10-s pressure injections of 5X10~° M sample solutions of (g) potassium nitrate, (b) sodium nitrate and (c) lithium
nitrate applying a BGE of histidine monochloroacetate at a pH of 2.9 (applied voltage=5 kV).
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of 2.9, potassium is a small dip, sodium is a small
peak, whereas lithium is a large dip, just in accord-
ance with the calculated relationships given in Fig.
5A. The shape of the system peak SP in elec-
tropherogram (c) is rather confusing. For that reason
the electropherograms for the separation of 10-s
injections of sample solutions of 0.005 M of the
single sample analytes are given in Fig. 5C, mea
sured with an applied voltage of 5 kV. For the
electropherograms of (a) potassium and (b) sodium,
the SP is a dip. For the eectropherogram of (c)
lithium, the SP is a peak. In the electropherogram of
the separation of the mixture the system peak isadip
again, showing the complex behaviour of the SP
depends on the amount and mobility of the sample
analyte.

For a discussion of the TR values for BGEs with a
single (negative) co-ion at high pH values, calcula-
tions are carried out with BGESs consisting of
ethanolamine (pK value ca. 9.5) and benzoic acid as
a chromophore). In Fig. 6 the calculated relationships
between anionic TR values of the co-ion benzoate
versus the mobilities mg at infinite dilution of
anionic analytes (absolute values) are given applying
BGEs consisting of 0.02 M ethanolamine and,
respectively, (O) 0.01 M benzoic acid at pH 9.5, (A)
0.005 M benzoic acid at pH 10.0 and (@) 0.002 M
benzoic acid at pH 10.4. Analogue with the calcu-
lated cationic TR values at low pH values, a continu-
ous relationship is obtained for a pH of 9.5, whereas
at higher pH values a discontinuity appears. To see
whether the mobility of this discontinuity increases
for higher pH values the relationship is calculated for
a BGE consisting of a solution of 0.01 M of a
hypothetical cation with a mobility of 30x10°
m*/Vs and a pK value of 11 (buffering counterion)
and 0.005 M benzoic acid at a pH of 10.9. In Fig. 6
the relationship is given (V) and it clearly can be
seen that the mobility of the discontinuity increases
comparably with the behaviour of hydrogen ions at
low pH values. Experiments carried out at high pH
values showed that indeed system peaks are present
in the electropherograms. At high pH values the base
lines of the UV signals are often not stable due to the
fact that for BGEs at high pH no suitable buffering
ionic species can be found and often reproducible
electrophoretic phenomena can be observed applying
not buffering BGEs.
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Fig. 6. Calculated relationships between anionic TR values of the
co-ion benzoate versus the mobilities mg at infinite dilution of
anionic analytes (absolute values) applying BGEs consisting of
0.02 M ethanolamine and, respectively, (O) 0.01 M benzoic acid
at pH 9.5, (A) 0.005 M benzoic acid at pH 10.0 and (@) 0.002 M
benzoic acid at pH 10.4 and (V) a buffering cation with pK =11
and 0.005 M benzoic acid at pH 10.9. The numbers refer to the pH
of the BGEs. For further information see text.

4. Conclusion

The use of transfer ratios and calculations of the
TR values applying Eq. (1) based on the KRF is not
useful when applying BGEs with more than one
co-ion, applying BGEs with absorbing counterions
and applying BGEs at very low and high pH values.
In these cases it is advisable to use the concept of
Eg. (2) and to calculate the TR values according to a
mathematical model including the effect of H" and
OH" ions. In the calculations values for anionic and
cationic TR values have to be distinguished. Calcu-
lated relationships between the TR values versus the
mobilities at infinite dilution of the sample analytes
indicate, moreover, the existence of system peaks in
the electropherograms by the presence of discon-
tinuities in the relationships. This is the case apply-
ing BGEs with two of more co-ions, but aso
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applying BGEs with a single co-ion at low or high
pH values because the H™ or OH ™ ions act as a
second co-ion. All these phenomena are experimen-
tally verified, although application of UV absorbing
BGEs at high pH values is often troublesome by lack
of buffering ionic species at high pH, whereas the
use of non-buffered BGEs results in unstable base
lines of the UV signals and a lot of often reproduc-
ible electrophoretic phenomena. Some further re-
marks have to be made about the applicability of the
calculated TR values. Although the TR values often
increase if the mobilities of the sample ions differ
much from those of the co-ions of the BGE, the gain
in UV dignal is counteracted by an increasing
electrodispersion. The influence of electrodispersion
is aready described in an elegant way, athough
neglecting the effect of H" and OH  ions, by
Gebauer and Bocek introducing the concept of the
velocity slope S, [20,21]. These effects can aso be
simulated by a recently published simulation pro-
gram in spreadsheet [22]. Although in this paper the
TR values are discussed in relation with the analysis
of UV transparent ionic species (indirect UV mode),
these values are also valid and applicable in case of
UV absorbing analytes, whereby the UV signa is
determined by the concentrations of all ionic species
present in a sample zone and taking into account
their molar absorption coefficients [8].
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