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ABSTRACT

The impact of the two essential parameters, the complexation constant and the mobility of the formed
diastereomeric complex, on stereoisomer separation in presence of a neutral chiral selector was assessed
by computer simulation for an electrokinetic chromatography configuration with a uniform background
electrolyte and one with a cationic discontinues buffer system of isotachophoretic nature. With two enan-
tiomers of norpseudoephedrine as model analytes, data for seven cases featuring complexation in free
solution with various combinations of input values, complexation with an immobilized selector and no
complexation were analyzed in a hitherto unexplored way. For the uniform buffer study, the determined
differences of the effective mobilities and separation selectivities of the stereoisomers were found to be
equal to those calculated with the well-known algebraic equations. For the isotachophoretic system with
its Kohlrausch adjusted zones, separation is also based on differences in effective mobilities, but the mo-
bility differences cannot be predicted with the same algebraic equation. In both techniques, chiral sep-
arations occur due to the presence of the selector and if there is inequality between the mobilities of
the transient diastereomeric complexes and the mobility of the free, uncomplexed analyte. Separation
of the stereoisomers is possible when complexation constants, complex mobilities or both of these pa-
rameters differ. In the isotachophoretic separation a migrating steady-state is formed in which analytes
either establish consecutive zones with plateau concentrations or, if present in an insufficient amount, as
a peak-like distribution that migrates within a moving steady-state boundary. Simulation data illustrate
for the first time the use of a spacer compound that establishes an isotachophoretic zone between enan-
tiomers and thereby provides complete separation of the enantiomers and the possibility of individual
detection in peak-mode isotachophoresis. They demonstrate that such an approach could be employed to
assess the enantiomeric purity of a chiral compound.
© 2022 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

tively referred to as electrokinetic chromatography (EKC). Further-
more, chiral selectors can also be incorporated into a gel matrix,

Stereospecific analyte monitoring is widely accomplished via
use of chromatographic and electromigration methods and is im-
portant in pharmaceutical, pharmacological, forensic, biomedical,
agrochemical, environmental and food analysis. For enantiomeric
separation under electrokinetic conditions, a chiral selector or a
mixture of selectors, proper buffer conditions (pH, ionic strength,
micelles, additives etc.) and an ideal temperature are required. In
most capillary electrophoresis (CE) approaches, chiral selectors are
buffer additives and separations take place in free solution in pres-
ence of uniform or discontinuous buffer systems and are collec-
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bound to a packing material (referred to as capillary electrochro-
matography (CEC)) or attached to the inner wall of a capillary (re-
ferred to as open tubular CEC) [1-12].

Selectors used in electrokinetic separations include various cy-
clodextrins (CDs), polysaccharides, proteins, macrocyclic antibi-
otics, chiral crown ethers, bile acids, chiral surfactants, chiral im-
printed polymers and chiral ion-pairing reagents. CDs are the
mostly used selectors. They are cyclic oligosaccharides with 6 (-
CD), 7 (B-CD) or 8 (y-CD) glucose units that differ in the magni-
tudes of the cavity and are all chiral, water soluble and UV trans-
parent [13-15]. The three native CDs feature 18, 21 and 24 hy-
droxy groups, respectively, and have pKa values of 12.33, 12.20
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and 12.08, respectively [15]. Hydrophilic and hydrophobic regions
in these molecules make them extremely versatile as complexing
host. Furthermore, CDs can be derivatized randomly or selectively
on the hydroxy groups of the CD rims to form neutral CDs with
other properties (via alkylation) or charged CDs (via carboxylation,
sulfation or other reactions). CDs are able to form intermolecular
complexes stereoselectively and these complexes typically exhibit
different mobilities compared to the uncomplexed molecules. Thus,
native and substituted CDs are widely used as chiral selectors in CE
enantioseparations [13-15].

Most interactions between CDs and analytes can be described
with a 1:1 (analyte:selector) complexation stoichiometry that are
sufficiently fast such that they can be considered instantaneous
in comparison to the time scale of electrokinetic movement in
electrokinetic capillary setups [7,16-26]. Two one dimensional dy-
namic simulators for electrophoresis, SIMUL5complex [27,28] and
GENTRANS [29], comprise algorithms that include such equilibria
in addition to protolysis. These models are based on the princi-
ples of electroneutrality and conservation of mass and charge and
solve equations that are derived from the transport concepts in
solution under the influence of a d.c. electric field together with
user-inputted conditions. They can be applied to any initial buffer
configuration, including those with buffer discontinuities, and have
been used to characterize the migration and separation of enan-
tiomers in EKC [27-30], isotachophoresis (ITP) [29,31-33] and CEC
[34], to investigate electromigration dispersion effects caused by
complexation [35-38], to study the impact of complex mobilities
and complexation constants on migration order [37-39], to eluci-
date the impact of the complexation of buffer constituents [40,41],
to provide insight into the sweeping process of a drug in presence
of a neutral CD [42], to study affinity capillary electrophoresis and
vacancy affinity capillary electrophoresis methods that are used
for the determination of complexation constants [43], to validate
the applicability of a new theoretical formula derived from partial-
filling affinity capillary electrophoresis for the determination of ap-
parent stability constants of analyte-ligand complexes [44], and to
investigate systems with multiply charged CDs [33,45,46,47]. The
disadvantage of these simulators is the long execution time in-
terval when configurations mimicking real CE experiments are in-
volved. Alternatively, for the case of systems in which the buffer
components are uniformly distributed along the capillary and are
present in much higher concentrations than the sample compo-
nents, a generalized model of the linear theory of electromigra-
tion with any equilibria was developed that enables the calcula-
tion of positions and shapes of analyte and system peaks in EKC
without restrictions on type and number of selectors and their in-
teractions with analyte and buffer components. This model is re-
ferred to as PeakMaster 6 [48,49] and enables fast calculations for
realistic configurations [30]. These mathematical models require
physico-chemical input data for the free and complexed analyte
and buffer compounds. Typically, these data have to be determined
experimentally or estimated [27-30]. Selected stability constants
are also available from the literature (for a compilation of values
see [50]).

Enantiomeric separation is based upon differential interaction
between analytes and the selector or selectors and/or differences
in the migration of the formed diastereomeric complexes. It is
worth mentioning that enantioseparation of two stereoisomers in
the absence of the binding constant difference with a chiral selec-
tor is a unique feature and not seen in chromatographic methods
[3,6,8-10,15,26,51,52]. In the present work, the possible impact of
the two essential parameters, complexation constant and complex
mobility, on stereoisomer separation in presence of a neutral chiral
selector was assessed by computer simulation for configurations
with (i) a uniform background electrolyte and (ii) a discontinuous
buffer system of isotachophoretic nature. The two stereoisomers
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of the basic drug norpseudoephedrine (NPE) for which input con-
stants for complexation were determined previously in presence of
heptakis(2,6-di-O-methyl)-B-cyclodextrin (DIMEB) [30] were used
as model analytes, simulations were performed with PeakMaster
6 (for separations in a uniform buffer only), SIMUL5complex and
GENTRANS, and the thereby determined differences of the effec-
tive mobilities and separation selectivities of the stereoisomers
were compared to those calculated with the well-known algebraic
equations. Data for seven cases were generated, namely those (i)
without complexation, (ii) with input values determined experi-
mentally, (iii) with an immobilized selector, (iv) with equal com-
plex mobilities, (v) with equal complexation constants, (vi) with
equal complex mobilities and complexation constants, and (vii)
with both complex mobilities equal to the ionic mobility of NPE.

Discussions about enantiomeric separability in EKC are not new
[3,6,7,8,9,10,15-26,51,52]. The simulation data presented in this
paper visualize in a hitherto unexplored manner the impact of
the complexation constants and complex mobilities on enantiomer
separability and the distributions of all zone properties, including
the deviation of the neutral selector across the migrating sample
zones. They validate the algebraic mobility difference and selectiv-
ity equations for the case of uniform buffers, illustrate similarities
and differences of chiral separations in EKC and isotachophoretic
systems, and represent the first study about the comparability of
enantiomer separations in EKC and ITP. Furthermore, configura-
tions with a spacer that establishes an ITP zone between two enan-
tiomers were simulated for the first time and employed to describe
peak mode ITP of a minor amount of a stereoisomer, the transition
between peak and plateau mode ITP of an enantiomer and the use
of this spacer technique to determine the enantiomeric excess of a
chiral substance. These new data extend our previous efforts that
focused on the separability of the stereoisomers and formation of
system peaks in EKC [30] and the isotachophoretic separation pro-
cess [32].

2. Materials and methods
2.1. Chemicals and samples

All chemicals used were of analytical or research grade.
(1S,2S)-(+)-norpseudoephedrine  ((+)-NPE) and (1R, 2R)-(-)-
norpseudoephedrine ((-)-NPE), both as hydrochloride salts, were
from Fluka (Buchs, Switzerland). Heptakis(2,6-di-O-methyl)-S-
cyclodextrin (DIMEB) was from Cyclolab (Budapest, Hungary).

2.2. Electrophoretic instrumentation and running conditions

The capillary electrophoresis setup comprised an autosampler
PrinCE-C 560 2-Lift (Prince Technologies, Emmen, The Netherland)
together with a linear polyacrylamide (LPA) coated fused-silica
capillary (Polymicro Technologies, Phoenix, AZ, USA) of 50 yum LD.
and 83 cm total length, a UVIS 206 PHD absorbance detector (Lin-
ear Instruments, Reno, NV, USA) operated at 200 nm and placed
at 50.5 cm (60.8% of column length) and a TraceDec conductiv-
ity detector (Innovative Sensor Technologies, Strasshof, Austria) at
61.4 cm (74.0% of column length). For EKC with a uniform back-
ground electrolyte, the sample was applied at the anodic end via
application of pressure (70 mbar for 0.1 min) and runs were exe-
cuted at ambient temperature (about 25 °C) with application of a
constant 20 kV and a concomitant constant coflow with 40 mbar
pressure (386.0 pm/s) as described in detail elsewhere [30]. For ITP,
the capillary was rinsed with leading electrolyte, the sample was
applied at the anodic end via application of pressure (80 mbar for
0.3 min), and the anodic end of the capillary was dipped into the
anolyte. A constant current of 2.0 pA was applied as described in
[32].
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Table 1

Physico-chemical input parameters used for simulation.
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Compound  pK, Mobility (10~ m?/Vs)  Complexation constant (L/mol) ~ Complex mobility (10-° m?/Vs)  Ref.
Sodium 13.8 51.9 - - b
Acetic acid ~ 4.76 424 - - b
Chloride -2.00 79.1 - - b
DIMEB - 10.0 - - ¢
(-)-NPE 890 265 44,72 4.4 [30,32]
(+)-NPE 890 265 66.5° 5542 [30,32]

@ Complex constants and complex mobilities are those for complexation of the protonated bases. Because of the buffer pH used,
complexation of the neutral drug species did not have to be considered.

b From database of mobilities and pKa values of SIMULS.

¢ PeakMaster 6 does not require a mobility value for a neutral compound.

2.3. Simulation tools and data evaluation

PeakMaster 6 (version 6.0f8, downloaded as freeware from
https://echmet.natur.cuni.cz), SIMUL5complex (downloaded as
freeware from https://echmet.natur.cuni.cz) and GENTRANS (avail-
able from the author upon request) were executed on Windows
10 based 64bit PC's featuring Intel Core i5 or i7 processors.
The component’s input data for simulations and calculations are
summarized in Table 1. For making plots, data were imported
into SigmaPlot Scientific Graphing Software version 12.5 (Systat
Software, San Jose, CA, USA).

3. Results and discussion
3.1. Stereoisomer separability in presence of a neutral CD

The separability of the cationic stereoisomers (+)-NPE and (-)-
NPE in presence of DIMEB in a uniform buffer and a discontin-
uous buffer was investigated. The uniform system studied com-
prised a pH 4.10 background electrolyte composed of 47 mM acetic
acid, 8.5 mM NaOH and 16 mM DIMEB as chiral selector. Experi-
mental data with a sample composed of 0.1425 mM of each an-
alyte, 0.285 mM chloride and two-fold diluted background elec-
trolyte without DIMEB are presented in Fig. 1A (for details see Ref.
[30]). Alternatively, the NPE stereoisomers could be separated iso-
tachophoretically with the same selector using a leading electrolyte
(catholyte) composed of 10 mM NaOH, 24.6 mM acetic acid (pH
4.60) and 10 mM DIMEB together with an anolyte composed of
10 mM acetic acid (pH 3.39) with 10 mM DIMEB (Fig. 1B) [32].
The sample was composed of 2.85 mM of each NPE base and did
not contain other components. In both cases, the stereoisomers of
NPE were nicely separated and detected via absorbance monitoring
(lower graphs) and with the conductivity detector (upper graphs).
In absence of DIMED, no separation of (-)-NPE and (+)-NPE was
observed (inserts of conductivity data in both panels of Fig. 1).

With the configuration of Fig. 1A, the effective electrophoretic
mobilities of the stereoisomers (-)-NPE and (+)-NPE were deter-
mined as function of the selector concentration (0 to 64 mM
DIMEB) such that the mobilities of the analyte-DIMEB complexes
and the apparent complexation constants could be elucidated [30].
The obtained values are listed in Table 1. The mobility difference
of the two stereoisomers as function of the DIMEB concentration
can be calculated with the expression [3,6,7,8,16,26]

Ap = w1 = pa = (15 + paki[Cl)/(1+ K [C])
—((15 + 1kelCT)/(1+ K[C)) (1)

where @1 and p, are the effective mobilities of the stereoisomers
1 and 2, respectively. K; and K, are the binding constants between
1 and 2 and the chiral selector, respectively, u¢ and w. are the
mobilities of the free and complexed analyte, respectively, and [C]
is the concentration of the chiral selector. This equation reveals
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Fig. 1. Experimental data for the cationic separation of (+)-NPE and (-)-NPE in (A) a
uniform pH 4.10 buffer composed of 47 mM acetic acid, 8.5 mM NaOH and 16 mM
DIMEB and (B) an isotachophoretic system with a leader (catholyte) composed of
10 mM NaOH, 24.6 mM acetic acid (pH 4.60) and 10 mM DIMEB, and a termina-
tor (anolyte) with 10 mM acetic acid (pH 3.39) and 10 mM DIMEB. A setup with a
50 um ID capillary of 83 cm total length with UV (lower graphs) and conductivity
(upper graphs) detection at 50.5 cm and 61.4 cm, respectively, was employed. Data
of panel A were measured with application of a constant 20 kV and a concomitant
constant buffer coflow of 386.0 pm/s (see Ref. [30] for details) whereas those in
panel B at a constant current of 2.0 pA (see Ref. [32] for details). The inserts depict
conductivity data without DIMEB. -NPE and +NPE represent (-)-NPE and (+)-NPE,
respectively. L and T* in panel B refer to leading and adjusted terminating elec-
trolytes, respectively.

the important role of the mobilities in EKC-based enantiosepara-
tions. For the NPE stereoisomers, Eq. 1 was plotted with the input
data of Table 1 (graph B in Fig. 2A). The largest mobility differ-
ence Ap = Hnpg - Mynpe iS 1.607 x 107 m?/Vs and corresponds
to a DIMEB concentration of 14.0 mM. The data compare well
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Fig. 2. Graphs of (A) effective mobility difference according to Eq. 1 and (B) sep-
aration selectivity according to Eq. 2 for the cationic EKC separation of (+)-NPE
and (-)-NPE as function of the DIMEB concentration for cases without complexa-
tion (graphs A), with the complexation data listed in Table 1 (graphs B), with im-
mobilized DIMEB (graphs C), with equal complex mobilities of 4.98 x 10~° m?2/Vs
(graphs D), with equal complexation constants of 55.60 L/mol (graphs E), with
equal complex mobilities of 498 x 10~° m?/Vs and equal complexation constants
of 55.60 L/mol (graphs F), and with both complex mobilities equal to the mobility
of NPE (26.5 x 10~9 m?/Vs; graphs G). The dashed vertical lines at 10 and 16 mM
DIMEB represent the chiral selector used in the leader of the isotachophoretic sys-
tem of Fig. 1B and in the buffer of the EKC system of Fig. 1A, respectively. The black
dots represent (A) the mobility difference and (B) the separation selectivity of the
experimental data and the red dots those of the nonlinear regression fits presented
in Ref. [30]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

with those obtained via nonlinear regression analysis to the exper-
imental data (fit and experimental values are depicted as red and
black dots in Fig. 2A). The graphs for an immobilized selector with
i = e = 0 (graph C of Fig. 2A), with 4.98 x 10~° m?/Vs for
both complex mobilities (graph D of Fig. 2A), with 55.60 L/mol for
both complexation constants (graph E of Fig. 2A), with equal com-
plex mobilities and complexation constants (graph F of Fig. 2A),
and with the two complex mobilities equal to the ionic mobility
of NPE (26.5 x 1072 m?/Vs, graph G of Fig. 2A) are also presented.
With no complexation, equal complex mobilities and complexation
constants, and the two complex mobilities equal to the ionic mo-
bility of NPE (graphs A, F and G of Fig. 2A, respectively) the mobil-
ity difference is zero (no separation of the two stereoisomers) and
with equal complexation constants the migration order becomes
reversed (graph E in Fig. 2A).
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The separation selectivity « is defined as the ratio of the effec-
tive mobilities of the two stereoisomers [3,7,9,19,37,39] and, based
on Eq. (1), it can be expressed as

@ = /s = (15 + naki[Cl)/(1+ K [CD)/
(15 + 1eke[C) /(1 + K2[CD) (2)

Using the values given in Table 1 for NPE provided the graphs
in Fig. 2B. The graphs represent the calculated separation selec-
tivity of the NPE stereoisomers for the 0 to 64 mM DIMEB con-
centration range. According to Eq. 2 (graph B in Fig. 2B), the -NPE
stereoisomer is predicted to have a higher effective mobility than
+NPE within the entire DIMEB concentration range. These predic-
tions agree well with those observed experimentally (Fig. 1A, red
dot graph in Fig. 2B and [30]). Highest separation selectivity is pre-
dicted for a DIMEB concentration of 23.5 mM. The graph for an
immobilized selector with puc; = ucy = 0 shows a higher selec-
tivity (graph C of Fig. 2B) and that with 4.98 x 109 m?2/Vs for
both complex mobilities and otherwise identical conditions as for
graph B a selectivity that is between the two (graph D of Fig. 2B).
With 55.60 L/mol for both complexation constants results in a se-
lectivity lower than one (graph E of Fig. 2B), a case in which the
migration order becomes reversed and is based on the difference
of complex mobilities. The selectivity becomes unity for the cases
with no complexation, equal complex mobilities and complexation
constants, and the two complex mobilities equal to the ionic mo-
bility of NPE (graphs A, F and G of Fig. 2B, respectively).

Both, the data presented in panels A and B of Fig. 2 indicate
that a separation of the two NPE stereoisomers is only possible in
presence of the chiral selector and if the mobilities of the tran-
sient diastereomeric complexes are different than the mobility of
free, uncomplexed NPE. With these conditions, separation of the
stereoisomers is possible when complexation constants, complex
mobilities or both of these parameters differ. The case in which
separation is based on the difference in complex mobilities only
(graphs E of Fig. 2) is unique and not possible in chromatographic
techniques [3,6,8-10,15,26,51,52].

3.2. Separability in uniform buffer assessed by simulation

In previous work it was shown that data calculated with Peak-
Master 6 for systems with a uniform background electrolyte are in
agreement with those of the dynamic simulators SIMUL5complex
and GENTRANS [30]. Because the calculations with PeakMaster are
executed much faster, PeakMaster 6 was employed to investigate
the EKC system of Fig. 1A using a capillary of 83 cm total length,
the input data listed in Table 1, a sample composed of 0.285 mM
(+)-NPE, 0.1425 mM (-)-NPE, 23.5 mM acetic acid and 4.25 mM
NaOH and an applied voltage of 20 kV. The pH 4.10 background
electrolyte was composed of 47 mM acetic acid, 8.5 mM NaOH and
16 mM DIMEB. Electropherograms obtained with PeakMaster 6 in
absence and presence of 16 mM DIMEB are presented in Fig. 3A
and 3B, respectively. No corrections for viscosity differences and
the impact of ionic strength on mobility and pKa values were ap-
plied for the calculations, and the buffer components (acetic acid
and sodium) were assumed not to interact with DIMEB [40,41].
Data presented include the electropherograms based on the con-
centrations of the NPE stereoisomers and DIMEB (bottom panels in
Fig. 3), the concentrations of acetic acid and sodium (center panels
of Fig. 3), and conductivity and pH (top panels of Fig. 3). The pre-
dicted data are for a detector located at 61.4 cm, for a flow peak
detected at 22.625 min (both are for the conductivity detector in
the experimental data [30]) and are time-based as obtained in the
experiments (Fig. 1A). Without complexation (Fig. 3A), (-)-NPE and
(+)-NPE are comigrating and, except for DIMEB, there are small
deviations of the background electrolyte properties at the location
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Fig. 3. Electropherograms for (+)-NPE and (-)-NPE in a background electrolyte composed of 47 mM acetic acid, 8.5 mM NaOH and 16 mM DIMEB calculated with PeakMaster
6 for a capillary of 83 cm total length and application of 20 kV. (A) without complexation, (B) with the complexation data listed in Table 1, (C) with immobilized DIMEB,
(D) with equal complex mobilities (4.98 x 10~2 m?/Vs), (E) with equal complexation constants (55.60 L/mol), (F) with equal complex mobilities of 4.98 x 10~ m2/Vs and
equal complexation constants of 55.60 L/mol, and (G) with both complex mobilities equal to the mobility of NPE (26.5 x 10~ m?/Vs). Data presented include the profiles of
the two stereoisomers ((+)-NPE in pink, (-)-NPE in blue, y-scale on the left side) and DIMEB (y-scale on the right side) in the bottom panels, acetic acid (y-scale on the left
side) and NaOH (y-scale on the right side) in the center panels, and conductivity (y-scale on the left side) and pH (y-scale on the right side) in the top panels. The insert
in the bottom panel of case F depict comparable detector data for the two stereocisomers simulated by SIMUL5complex. -NPE and +NPE represent (-)-NPE and (+)-NPE,
respectively. For explanations refer to text. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of the migrating stereoisomers. For the conductivity signal, this is
in agreement with the experimental observation. With complex-
ation (Fig. 3B), the stereoisomers become separated and retarded
compared to the migration without complexation. (-)-NPE with the
lower complexation constant is detected ahead of (+)-NPE. This
is in agreement with the experimental results. It is important to
note that the predicted analyte profiles are not exactly represent-
ing the electropherogram monitored by the UV absorbance detec-
tor. The absorbance contributions from the buffer changes at the
locations of the analytes are not represented by the depicted pro-
files. Furthermore, zone dispersion under the experimental condi-
tions is larger than in the calculated data because the additional
diffusivity caused by the applied flow (Taylor-Aris dispersion [53])
and other dispersing effects are not considered in the calculations
of PeakMaster 6. Increased dispersion is observed in the conduc-
tivity and the absorbance data presented in Fig. 1A.

Data for analyte mobility calculated with PeakMaster 6, mobil-
ity difference and separation selectivity are presented in Table 2.
The obtained values of the latter two parameters are the same
as those obtained with Eqgs. 1 and 2, respectively. It is important
to mention that the mobilities provided by PeakMaster 6 are the
same as those predicted by SIMUL5complex (data not shown). In
addition to the cases A and B of Fig. 3, five other situations were
evaluated. CDs can be bound and thus immobilized at the inner
wall of a capillary, at the surface of particles used as capillary pack-
ing material, or at a monolith present in the capillary. The im-
pact of the 1:1 interaction between NPE and immobilized DIMEB
was simulated by setting the complex mobilities to zero or close

to zero (0.0001 x 102 m?2/Vs) in case of PeakMaster 6. All other
input parameters listed in Table 1, including the complexation con-
stants, were assumed to be identical to those in free solution. This
provides data that mimic migration and separation with the chiral
selector being immobilized to the capillary wall or support mate-
rial and without unspecific interactions between analytes and the
chiral stationary phase. For the studied case, the mobility differ-
ence is larger compared to that observed in free solution (compare
graphs B and C of Fig. 2A). Data predicted for the NPE system of
Fig. 1 with immobilized 16 mM DIMEB are presented in Fig. 3C. For
the investigated case, the migration rate is lower and, as predicted
by Eq. 1, the mobility difference of the NPE stereoisomers is larger
compared with complexation in free solution. The same is true for
the separation selectivity o expressed by Eq. 2. Data obtained by
PeakMaster 6 are identical to those calculated with the analytical
equations (Table 2) and those simulated by SIMUL5complex (data
not shown).

The data presented in Fig. 3D were obtained with both complex
mobilities having the same value, namely 4.98 x 109 m?2/Vs that
represents the mean of the two mobilities listed in Table 1 and
otherwise identical input data as for Fig. 3B. This illustrates the
free solution separation of the two stereoisomers according to
the difference of the complexation constants. Resolution is pre-
dicted to be larger compared to the case of free solution and
smaller than that with the immobilized selector. This is in agree-
ment with the mobility difference calculated by Eq. 1 (compare
graph D with graphs B and C of Fig. 2A) and the selectivity ac-
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Table 2

Effective mobilities for the six investigated EKC cases of Fig. 3.
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Case®  EKC example of Fig. 3"
~ ~ Auc Otd
nee [1079 m2/Vs]  ponpe [107° m?/Vs]  Ap (Rnpe - Banee) o (Rnee [ Fienee)

A 26.50 26.50 0 1.00 0 1.00
B 17.29 15.69 1.60 1.10 1.60 1.10
C 15.45 12.84 2.61 1.20 2.61 1.20
D 17.53 15.41 2.12 1.14 2.12 1.14
E 16.10 16.63 -0.53 0.97 -0.53 0.97
F 16.37 16.37 0 1.00 0 1.00
G 26.50 26.50 0 1.00 0 1.00

@ Cases according to Figs. 2 and 3.

b Data calculated with PeakMaster 6 without nonideality corrections.

¢ Calculated with Eq. (1) for 16 mM DIMEB.
d Calculated with Eq. (2) for 16 mM DIMEB.

cording to Eq. 2 (Fig. 2B). The values calculated with both equa-
tions are the same as those obtained by PeakMaster 6 (Table 2)
and SIMUL5complex (data not shown). In analogy, data with equal
complexation constants, 55.60 L/mol (mean of the two values given
in Table 1) are depicted in Fig. 3E and represent conditions with
the separation being based on the difference in the mobilities of
the complexes only. For this case, separation is also possible but
the migration order becomes reversed. The mobility difference pro-
vides negative values that become larger with increasing selector
concentration (graph E in Fig. 2A) and the selectivity is < 1 (graph
E in Fig. 2B). The calculated values for Ap and « are listed in
Table 2 and are equal to those obtained with the PeakMaster 6
data.

With equal input constants for the two stereoisomers, separa-
tion becomes impossible. This is shown with the data of Fig. 3F
and graphs F in Fig. 2A and 2B where complexation constants
and complex mobilities were assumed to be 55.60 L/mol and
4.98 x 10-2 m2/Vs, respectively. The migration rate is smaller com-
pared to the case without complexation depicted in Fig. 3A and is
expressed with the lower effective mobilities of the two stereoiso-
mers (Table 2). It was interesting to find that PeakMaster 6 cal-
culated a distorted analyte distribution for (+)-NPE, whereas all
other profiles were correct. The correct distribution was obtained
with SIMUL5complex (insert in Fig. 3F). Under the given condi-
tions, PeakMaster 6 calculated a fourth system eigenzone with the
same effective mobility as NPE. This problem could be avoided by
a change of the NaOH buffer concentration to a value > 10 mM for
which the expected three system peaks and correct analyte dis-
tributions were predicted. Finally, with the complex mobilities be-
ing equal to the ionic mobility of NPE (26.5 x 102 m?2/Vs) and
otherwise identical conditions as for Fig. 3B, PeakMaster 6 does
not calculate a separation of the NPE stereoisomers. Despite the
occurring complexation, the effective mobilities of the stereoiso-
mers are identical to uncomplexed NPE (Table 2) and the calcu-
lated NPE pattern is equal to that presented in Fig. 3A. As was dis-
cussed previously [26], this behavior is also predicted by Eq. 1 and
2 (Table 2).

In addition to the analyte dynamics, simulation provides insight
into the distributions of all buffer components, pH and conductiv-
ity. The buffer additive responsible for complexation of the ana-
lytes, DIMEB, is predicted to deviate from its initial value of 16 mM
at the locations of the analytes except for the cases without com-
plexation (Fig. 3A) and immobilized selector (Fig. 3C). The devia-
tion depends on the mobilities of the charged complexes and is
highest for the case with the largest mobility (Fig. 3G). This in-
dicates that the migration of the charged complexes produces the
DIMEB peaks as was discussed previously [30]. DIMEB itself is neu-
tral and does not migrate under the influence of the electric field.
Computer simulation also reveals small deviations of acetic acid
and sodium, conductivity and pH across the analyte peaks (Fig. 3).

3.3. Separability in isotachophoretic buffer system assessed by
simulation

NPE is a weak base that migrates isotachophoretically as cation
between sodium as leading constituent, H3O" as terminating
ion, acetic acid as counter component, and enantioseparation is
achieved in presence of DIMEB (Fig. 1B, [32]). The GENTRANS sim-
ulation data presented in Fig. 4 were obtained with a leading elec-
trolyte (catholyte) composed of 10 mM NaOH, 24.6 mM acetic
acid (pH 4.60) and 10 mM DIMEB. 10 mM acetic acid (pH 3.39)
with 10 mM DIMEB served as terminating electrolyte (anolyte).
The sample was composed of 2.85 mM of each NPE base and did
not contain other components. Simulations were performed with
a constant current density of 1000 A/m2 and situations analogous
to those of Fig. 3 were assessed. Without complexation, a cationic
migrating mixed zone between sodium and the Kohlrausch ad-
justed acetic acid solution is predicted (Fig. 4A). With the inter-
action between NPE and DIMEB according to the input data of
Table 1, simulation predicts isotachophoretic separation with (-)-
NPE (stereoisomer with the lower complexation constant) migrat-
ing ahead of (+)-NPE (bottom panel of Fig. 4B). Zone conductivities
and pH values of the NPE zones are predicted to be between those
of the adjusted terminating zone (28.3 mS/m; 3.14) and the leader
(92.0 mS/m, 4.60) (top panel in Fig. 4B). The NPE zones are charac-
terized with sharp front and rear boundaries and the rear bound-
ary features a conductivity dip which is comparable to previously
described cationic ITP configurations with H30* as terminating ion
[29,31,32]. Simulation data compare well with those observed ex-
perimentally (Fig. 1B, [32]). For ITP, the effectivity of separation is
focused on mobility difference only (Table 3) because the mobility
difference is the fundamental property for separation. Selectivity
as defined in Eq. (2) is not used in ITP. A relative selectivity for the
transient mixed zone of two analytes was employed to assess opti-
mization in ITP. It represents the relative difference of the effective
mobilities in the mixed zone and expresses the maximum relative
separation volume [54].

The separation of the NPE stereoisomers simulated in pres-
ence of immobilized DIMEB provided the data presented in Fig. 4C.
Compared to ITP in free solution, immobilization resulted in zone
properties, including NPE concentrations, conductivity and pH, that
were somewhat lower (for details refer to Ref. [32]). Furthermore,
as the mobility difference is larger as in free solution (Table 3),
the boundary between the two stereoisomers is predicted to be
sharper (Fig. 4B and 4C). A larger mobility difference was also
observed for the corresponding case in EKC (Table 2, Fig. 3C
in comparison to Fig. 3B). The data presented in Fig. 4D were
obtained with both complex mobilities having the same value
(498 x 102 m?/Vs) together with the complexation constants
listed in Table 1 whereas those of Fig. 4E were generated with
equal complexation constants (55.60 L/mol) and the complex mo-
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Fig. 4. Computer predicted isotachophoretic separation of the NPE stereoisomers utilizing a pH 4.60 leading electrolyte (catholyte) composed of 10.0 mM NaOH, 24.6 mM
acetic acid and 10 mM DIMEB. A mixture of 10.0 mM acetic acid and 10 mM DIMEB served as terminating electrolyte (anolyte) and the sample comprised (+)-NPE and
(-)-NPE as bases (2.85 mM each). The simulations were performed at a constant current density of 1000 A/m?, without EOF and for 2.5 min of current flow in a column of
10 cm length that was divided into 20,000 segments. Data were obtained (A) without complexation, (B) with the complexation data listed in Table 1, (C) with immobilized
DIMEB, (D) with equal complex mobilities (4.98 x 10~2 m2/Vs), (E) with equal complexation constants (55.60 L/mol), (F) with equal complex mobilities of 4.98 x 10~ m?/Vs
and equal complexation constants of 55.60 L/mol, and (G) with both complex mobilities equal to the mobility of NPE (26.5 x 10-° m?/Vs). Data presented include the profiles
of the two stereoisomers ((+)-NPE in pink, (-)-NPE in blue), Na*, DIMEB and acidic acid in the bottom panels. Conductivity (y-scale on the left side) and pH (y-scale on the
right side) profiles are depicted in the top panels. -NPE and +NPE represent (-)-NPE and (+)-NPE, respectively. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Table 3
Effective mobilities for the six investigated isotachophoretic cases of Fig. 4%

Case® Steady-state zones® Transient mixed zones®
Alld
e [107° m?/Vs]  pynpe [107° m2/Vs]  Ap (Rinpe - Manpe) ponee [1079 m?/Vs]  pynpe [107° m2/Vs]  Ap (Honpe - M)

A 26.50 26.50 0 0 - - -

B 20.29 18.86 1.43 1.55 20.32 18.82 1.50

C 19.20 17.11 2.09 2.40 19.28 17.02 2.26

D 20.43 18.68 1.75 1.95 20.48 18.62 1.86

E 19.32 19.66 -0.34 -040 19.32 19.68 -0.36

F 19.50 19.50 0 0 - - -

G 26.50 26.50 0 0 - - -

2 For all mobility entries, the units are 10~° m?/Vs
b Cases according to Fig. 4

¢ Data determined with SIMUL5complex for a system with sodium as leading component (mobility of 51.90 x 10~° m?2/Vs) and H;0* as terminating
component with an effective mobility of 16.70 x 102 m?/Vs (calculated with Eq. 8 of Ref. [58]).

d Calculated with Eq. 1 for 10 mM DIMEB.

bilities of Table 1. The latter data revealed a migration order in-
version as was the case for the EKC system of Fig. 3E. Further-
more, the mobility difference of the two NPE stereoisomers is
much smaller (Table 3) which results in a much broader bound-
ary between the two NPE zones. Simulation with equal com-
plexation constants (55.60 L/mol) and equal complex mobilities
(498 x 1072 m?2/Vs) predicted a migrating steady-state mixed
zone and no separation of the stereoisomers (Fig. 4F). The pre-
dicted mobility is 19.50 x 10~2 m?2/Vs and thus lower compared
to that of the free NPE ion (Table 3). The plateau concentration

of both NPE stereoisomers is lower (2.74 mM, Fig. 4F) compared
to that in absence of complexation (3.42 mM, Fig. 4A). Finally,
with both complex mobilities equal to that of the free NPE ion
(26,50 x 10=9 m?/Vs), there is no separation of the two NPE
stereoisomers despite the occurring differential complexation with
DIMEB (Fig. 4G). They migrate as in absence of complexation with
a mobility of 26.50 x 1072 m?2/Vs.

The formed (-)-NPE and (+)-NPE sample zones not only differ
in the plateau concentration, pH, conductivity, and acetic acid con-
centration, but also in the concentration of DIMEB (Fig. 4). DIMEB
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Fig. 5. Isotachophoretic separation process of the NPE stereoisomers for the system of Fig. 4B (input data of Table 1) at (A) 0.1 min, (B) 0.2 min, (C) 0.3 min, and (D) 0.4 min
of application of a constant current density of 1000 A/m?. M refers to the transient mixed zone. Key as for Fig. 4.

is neutral and does not migrate under the influence of the elec-
tric field. The DIMEB increase inside the ITP zones compared to its
10 mM value in the leading and terminating zones is due to the
migration of the charged complexes [31,32]. Highest deviation in
DIMEB was predicted for the case in which the complex mobilities
were assumed to be equal to the ionic mobility of NPE (Fig. 4G).
This is in analogy to the EKC data presented in Fig. 3. The data
further reveal, that the DIMEB deviation is both a function of the
complex mobility (Fig. 4E) and the complexation constant (Fig. 4D).

Separation of two compounds in ITP is based upon differen-
tial migration and proceeds via a migrating transient mixed zone
which is formed according to the regulating principle [54-57]. This
principle also holds for enantiomeric separations [31,32]. For the
example of Fig. 4B, this is illustrated with the simulation data pre-
sented in Fig. 5. The properties of the mixed zone, including its
conductivity, are distinctly different to the properties of the pure
zones of (-)-NPE and (+)-NPE which are gradually formed in front
of and behind the mixed zone, respectively. The mixed zone be-
comes smaller with time and vanishes when the separation of the
two stereoisomers is completed as was discussed in detail previ-
ously [32]. This is illustrated with the data presented in panels A
to D of Fig. 5. After 0.4 min of current flow (Fig. 5D), the separation
is almost completed. The boundary between the two stereoiso-
mers, however, is not yet at steady-state. Its shape is still signif-
icantly broader compared to that shown in Fig. 4B. Once steady-
state is reached, the separated stereoisomers continue to migrate
as a steady-state migrating zone pattern between sodium with an
effective mobility of 51.9 x 10~2 m?/Vs and H3O" as terminating
component with the effective mobility of 16.70 x 10~ m?2/Vs (cal-
culated with Eq. (8) of Ref. [58]). Table 3 lists effective mobility val-

ues of the two NPE stereoisomers at steady-state and during sepa-
ration. For cases B to D of Fig. 4, the effective mobility of (-)-NPE
is larger than that of (+)-NPE at steady-state and during separa-
tion. The opposite is true for case E of Fig. 4. All mobility values
are larger than that of H30" as well as smaller compared to the
mobility of sodium such that the two stereoisomers separate and
migrate isotachophoretically. Values calculated with Eq. (1) for the
mobility difference in presence of 10 mM DIMEB are also listed
in Table 3 and are shown to be higher compared to those estab-
lished with the moving boundary-based regulation principle. Thus,
Eq. (1) cannot be used to predict the mobility difference for the
isotachophoretic separation.

In an isotachophoretic system, separated stereoisomers migrate
as adjacent zones as is illustrated with the data presented in
Figs. 4 and 5. Enantiomer zones can also be separated with a
spacer compound that has an effective mobility between those of
the stereoisomers. This is depicted here for the first time with the
computer simulation data presented in Fig. 6. The example pre-
sented in Fig. 6A corresponds to the case of Fig. 4B. The spacer
used represents a weak base with a pK; value of 8.9 and a mobil-
ity of 19.4 x 1072 m?2/Vs, was added at a concentration of 3 mM
to the sample, and was assumed not to interact with DIMEB. The
spacer is depicted to form an isotachophoretic zone between those
of (-)-NPE and (+)-NPE (Fig. 6A). The use of a spacer is impor-
tant for separation of enantiomers that are not applied in suffi-
cient amounts such that they form a zone with a plateau con-
centration (for general information about the use of spacers in ITP
see [59,60]). This is illustrated with the data presented in Fig. 6B
and 6C. They were obtained with a 10-fold lower sample load
(0.285 mM of each NPE stereoisomer instead of the 2.85 mM em-
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Fig. 6. Isotachophoretic separation of the NPE stereoisomers (input data of Table 1, and for 2.5 min of current flow at a constant current density of 1000 A/m?) having as
sample (A) 2.85 mM of both NPE stereoisomers and 3 mM spacer, (B) 0.285 mM of both stereoisomers, (C) 0.285 mM of both stereoisomers and 3 mM spacer, (D) 2.85 mM
(-)-NPE, 0.285 mM (+)-NPE and 3 mM spacer. Other conditions as for Fig. 4B. S refers to the spacer (dark grey line) with a mobility of 19.4 x 10~ m?/Vs. For explanations
refer to text. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ployed for the patterns in Fig. 4B and 6A). Without spacer, (-)-NPE
and (+)-NPE do not completely separate (Fig. 6B) and cannot be
detected individually. With the spacer, complete separation is ob-
tained (Fig. 6C, both stereoisomers migrate in the isotachophoretic
peak mode) and the two stereoisomers could be monitored via
absorbance or fluorescence detection if the optical properties of
the spacer and buffer components do not interfere with those of
the analytes or possibly also by MS according to the principle
demonstrated recently for non-chiral cationic isotachophoretic sep-
arations [60].

The spacer is also essential for analysis of stereoisomer mix-
tures in which one stereoisomer is present in a quantity to be
able to form a zone with plateau concentration whereas the second
stereoisomer in the sample features a lower concentration and mi-
grates in the peak mode. This is illustrated with the data presented
in Fig. 6D. (-)-NPE and (+)-NPE were sampled at concentrations
of 2.85 and 0.285 mM, respectively. With the aid of the spacer,
the two NPE stereoisomers can be completely separated. Due to
the Kohlrausch adjustment, the analytes become concentrated, (-
)-NPE to the plateau concentration of 5.33 mM (Fig. 6A and 7A,
1.87-fold enrichment compared to the initial sample concentration)
and the minor stereoisomer (+)-NPE to a peak level of 4.73 mM
(16.6-fold concentration) (Figs. 6D and 7B). With (+)-NPE sample
concentrations of 28.5 uM, 2.85 pM and 0.285 pM and otherwise
identical conditions as for Fig. 6D, simulation predicts a concentra-
tion to 1.012, 0.113 and 0.011 mM, respectively (Fig. 7C, 7D and 7E,
respectively, with about 36-fold concentration enhancement). The
1000 A/m? employed for the simulations corresponds to a current
of 2 pA applied to a 50 pm ID capillary (conditions of Fig. 1B) and
represents a realistic value. The thickness of an ITP boundary is
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Fig. 7. Isotachophoretic steady-state concentration distributions of (+)-NPE for
samples composed of 2.85 mM (-)-NPE, 3 mM spacer and (A) 2.85 mM (+)-NPE, (B)
0.285 mM (+)-NPE, (C) 28.5 pM (+)-NPE, (D) 2.85 pM (+)-NPE, and (E) 0.285 pM
(+)-NPE. Simulation conditions were otherwise the same as those used for Fig. 4B
and Fig. 6.

inversely proportional to the current density applied [61]. Appli-
cation of a higher current density would sharpen the boundaries
and result in higher peaks of compounds that migrate in the peak
mode. The application of a larger sample zone would also result
in higher sensitivity. This might, however, require a longer separa-
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tion distance which is the location of the first boundary when the
separation is completed and represents the first column position at
which the state-state zone pattern can be detected [55,56].

The ITP spacer technique could be used to determine the enan-
tiomeric excess (ee) which is a measurement of the purity of chi-
ral substances. It reflects the degree to which a sample contains
one enantiomer in greater amounts than the other. In practice, it is
most often expressed as a percent enantiomeric excess (%ee). For
the examples of Fig. 6D and 7, %ee can be calculated as ((c_npg -
c,ynpe)/(Cnpe + Cynpe))*100 [7]. The racemic mixture has an %ee
of 0%, while the examples with 0.285 mM, 28.5 pM, 2.85 pM and
0.285 uM +NPE have %ee values of 81.82%, 98.02%, 99.80% and
99.98%, respectively. Thus, the sample with the smallest (+)-NPE
concentration corresponds to an almost pure (-)-NPE stereoisomer.
In peak mode ITP, the area under the peak represents a measure
for analyte quantitation (Fig. 7). In the plateau mode, the zone
length is proportional to the sampled amount. This is shown with
the broken line graph in Fig. 7 that was obtained with a (+)-NPE
sample concentration of 1.425 mM.

The determination of the stereoisomeric purity of compounds
is one of the predominant applications of EKC enantioseparations.
EKC-based assays are reported to be suitable for the detection of
the order of 0.1% of an enantiomeric impurity (for reviews see
[9,13,62]). This sensitivity is reached easily in ITP as is demon-
strated for the case shown in Fig. 7D in which the peak concen-
tration is predicted to be 0.113 mM. EKC simulation data for the
studied NPE example of Fig. 1A with a sample comprising 2.85 ptM
of the minor enantiomer reveal that its peak concentration is not
higher than 3 pM (data not shown). Thus, in order to reach the
same peak concentration as in ITP, requires a stacking procedure
that provides a large concentration enhancement. Further work is
required to explore the potential of ITP for that purpose. This in-
cludes the search for real substances that act as spacers and the
demonstration of a possible superiority to EKC.

4. Conclusions

The impact of the two essential parameters, the complexation
constant and the complex mobility, on stereoisomer separation in
presence of a neutral chiral selector was assessed by computer
simulation for a configuration with a uniform background elec-
trolyte and one with a cationic discontinues buffer system of iso-
tachophoretic nature. For two stereoisomers of NPE as model ana-
lytes, data for seven cases were analyzed, namely those (i) without
complexation, (ii) with input values determined experimentally,
(iii) with an immobilized selector, (iv) with equal complex mobil-
ities, (v) with equal complexation constants, (vi) with equal com-
plex mobilities and complexation constants, and (vii) with the two
complex mobilities equal to the ionic mobility of NPE. PeakMaster
6 and SIMUL5complex were employed for the uniform buffer study
and the thereby determined differences of the effective mobilities
and separation selectivities of the stereoisomers were found to be
equal to those calculated with the wellknown algebraic equations.
GENTRANS and SIMUL5complex served as the simulators for the
isotachophoretic system in which separation is also based on dif-
ferences in effective mobilities. Separation criteria are the same in
both systems. This is illustrated here with the analogy of the sim-
ulation data presented in Fig. 3 and Fig. 4. Chiral separations oc-
cur due to the presence of the selector and if the mobilities of the
transient diastereomeric complexes are different than the mobility
of free, uncomplexed NPE. Separation of the stereoisomers is pos-
sible when complexation constants, complex mobilities or both of
these parameters differ.

Chiral EKC separations progress while the stereoisomers mi-
grate through the buffer and they become resolved completely if
the mobility difference is large enough. In an isotachophoretic sep-
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aration a migrating steady-state is formed in which analytes ei-
ther establish consecutive zones with plateau concentrations or,
if present in an insufficient amount, as a peak-like distribution
that migrates within a moving steady-state boundary. In the lat-
ter case, a spacer that establishes an ITP zone between the enan-
tiomers is required for complete separation and individual detec-
tion. Data presented for the NPE system illustrate that behavior
and demonstrate that such an approach could be employed to as-
sess the enantiomeric purity of a chiral compound. This principle
was shown here for the first time.

Simulation continuous to be an invaluable tool to provide in-
sight into electrophoretic processes. A requirement for computer
prediction of chiral separations is the availability of realistic input
data, particularly complexation constants and mobilities of the free
and complexed molecules. If such data are not available from the
literature, they have to be determined experimentally or estimated.
All data presented in this paper were assessed with a uniform dis-
tribution of the selector. The effects of analyte complexation and
migration along a gradient of the neutral selector is not discussed
here, but has been dealt with previously for CEC [34] and isota-
chophoretic [32] systems.

The simulators used in this work are based on 1:1 (ana-
lyte:selector) interactions between analytes and CDs that are suffi-
ciently fast such that they can be considered instantaneous in com-
parison to the time scale of electrokinetic movement. Other com-
plexation stoichiometries and very slow analyte CD complexation
reactions are also possible [63,64]. The simulators would have to
be modified to simulate such systems.
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