
Journal of Chromatography A, 1068 (2005) 31–57

Review

Chiral separations by capillary electromigration techniques
in nonaqueous media

II. Enantioselective nonaqueous capillary
electrochromatography

Michael Lämmerhofer∗

Christian Doppler Laboratory for Molecular Recognition Materials, Institute of Analytical Chemistry,
University of Vienna, W¨ahringerstrasse 38, A-1090 Vienna, Austria

Available online 21 December 2004

Abstract

A review on the advantages, peculiarities, and the potential of enantioselective capillary electrochromatography (CEC) in nonaqueous media
is presented. Some fundamentals on CEC with particular focus on enantioselective CEC are discussed. The strategies, concepts, preferentially
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1. Introduction

Capillary electrochromatography (CEC)[1] is usually
characterized as a hybrid technology obtained by mixing of
chromatographic and electrophoretic principles. In enantios-
elective CEC, the capillary accommodates the (chiral) sta-
tionary and mobile phase as well as analytes are transported
through the capillary column by virtue of electroosmotic flow
(EOF) that is generated on the surface of the (chiral) station-
ary phase. If the solutes are ionized, electrophoretic migra-
tion, which may either take place in a co- or counterdirec-
tional way, will contribute to the overall migration velocity.
Sometimes an additional pressure gradient is externally ap-
plied, a CEC mode that is termed pressure-assisted CEC and
has the aim to speed the analysis and stabilize the flow, but
partially leads to loss of the favorably flat EOF profile[1].
Accordingly, the observed migration velocity,vCEC, of the
analytes in CEC depends on the EOF velocity,veo, their ef-
fective electrophoretic migration velocity,vep, in pressure-
assisted CEC also on the pressurized flow velocityvpress, and
the purely chromatographic retention factor,kLC, as given by
Eq.(1).

vCEC = veo + vep + vpress

1 + kLC
(1)
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k1 = φ(qIbI + q1,IIb1,II ) = φ(aI + a1,II ) (2)

αtrue = a2,II

a1,II
(3a)

and

αapp = aI + a2,II

aI + a1,II
(3b)

wherein the subscript 1 and 2 indicate the first and second
eluted enantiomer, the sumaI +aII represents the equilib-
rium constant andφ the phase ratio. From this discussion it
becomes evident that minimization of non-enantioselective
(often also termed non-specific) interactions is likewise
important and successful for optimization of enantiomer
separations as the maximization of the difference of binding
strengths of the both enantiomers at the enantioselective sites
[4]. The primary aqueous CEC mode to which researchers
in enantioselective CEC adhered initially appears to im-
pose some restrictions upon the flexibility in this respect,
and extension of the mobile phase mode to nonaqueous
conditions in CEC certainly expanded the opportunities to
succeed in both optimization of intrinsic enantioselectivities
and minimization of non-enantioselective interactions
being, e.g. of importance for cationic solutes on silica-
based CSPs or for lipophilic organic polymer materials
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he solute transport, is equal for both enantiomers and
as influence merely on the speed of analysis, the den
ator affects both speed of analysis by the magnitude o
hromatographic retention factor and is the only sourc
nantioselectivity through differences of the retention

ors of the both enantiomers. In other words, electropho
obilities are non-selective contributions in view of gene

ng chiral separation[2,3]. However, if a pair of enantiome
eed to be resolved from other components in the mix

oo, they may positively contribute to the achiral selecti
f the system. In this context, it is noted that the chrom
raphic retention factorkLC itself may be composed of ena

ioselective and non-enantioselective contributions to e
iomer separation, as was outlined by a theory develope
uiochon and co-workers for HPLC enantiomer separa

4]. The former contributions stems from interaction at
ctive site of the chiral selector (site II) and the latter m
riginate from adsorption to achiral sites, e.g. at the
ort (site I). Thus, under linear conditions i.e. infinite d

ion the retention factorkLC is obtained as a linear comb
ation of binding affinities at enantioselective sites II (bij ,II )
nd non-enantioselective sites I (bI ) (equal for both enan

iomers) weighted by their respective saturation capac
I andqij ,II (Eq. (2) [4]). A maximum of enantioselectivit
amely the intrinsic enantioselectivity of the selector (αtrue),
ill be just attainable if the non-enantioselective contribu

s zero (Eq.(3a)), while with increasing non-enantioselect
dsorption that is identical for both enantiomers, the ap
nt chromatographic enantioselectivity (αapp) will decrease
Eq.(3b)).
-

-

(see below).
Like CEC in general, also enantioselective CEC[2,5,6]

has gained tremendous popularity in the mid-to-end o
1990s, due to its potential advantages like (i) higher efficie
than LC (see below), (ii) removal of the selector from
BGE, as opposed to CE, associated with beneficial effe
detection (less interferences, better sensitivity, less prob
with MS coupling and ionization suppression), (iii) improv
sample loading capacity compared to CE which is supp
to facilitate the analysis of minor enantiomeric impurit
through exploitation of high sample loads, and so forth. W
it is normally performed with buffered hydroorganic elue
containing a high percentage of ACN, in order to achie
fast flow, also CEC in nonaqueous media (NACEC) attra
considerable interest in particular for enantiomer separa
because of a few attractive advantages, feasibilities, an
culiarities:

(i) A variety of chiral stationary phases and column pa
ings develop their limiting maximally accessible intr
sic enantioselectivity due to the governing role of
lar hydrogen bond and dipole–dipole interactions
analyte–selector association in nonaqueous media
the typical normal-phase packings such as Pirkle
CSPs[7]. They usually lose enantioselectivity wh
they are operated with hydroorganic buffer-acetoni
mixtures typical for conventional CEC. This argum
largely applies even to the polysaccharide type CSP
have in principle two modes of operation: the revers
phase (RP) and normal-phase (NP) mode. Howeve
NP mode is normally the more enantioselective o
which was later also proven for NACEC by Zou and
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workers[8], and thus a reduction of enantiomer separa-
tion has to be accepted upon switching from NP to RP
mode. The NACEC mode with polar organic solvents
(polar organic mode, PO), in particular ACN based elu-
ents, might be a fairly good substitute for the NP mode.
To a certain degree, this may also hold for macrocyclic
antibiotic CSPs for which it has been shown by HPLC to
reach higher enantioselectivities in the nonaqueous po-
lar organic mode and/or complementary enantiorecog-
nition abilities with the distinct mobile phase modes, i.e.
RP, PO, and NP mode.

(ii) The system stability may be improved in the NACEC
mode as compared to corresponding aqueous condi-
tions. It is well documented in the literature that bubble
formation at the end frit (at the transition of the fritted
packing and the open capillary segment) is a severe lim-
itation for the robustness of any CEC method. Using the
NACEC mode, we experienced less problems with out-
gassing and bubble formation which may be attributed
to the lower solvation capacity of organic solvents for
air on the one hand and the generation of lower currents
due to the decreased conductivity creating less thermal
stress to the system on the other hand.

(iii) In several instances, shorter elution times and faster
analysis may be accomplished, as has been reported by,
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trophoretic mobilityµep as given by Eq.(4) [12]

kCEC = te − t0

t0
= kLC − µrkLC − µr (4)

with te and t0 being the elution time of the solute and neu-
tral non-retained flow marker, respectively, and wherein the
reduced mobilityµr, which is identical for both enantiomers
and describes the relative contribution of electrophoretic mo-
bility to the sum of both driving forcesµep andµeo, is ac-
cording to Schwer and Kenndler[13] defined as

µr = µep

µep + µeo
(5)

Thereby,kCEC has the meaning of a peak locator only
which specifies the position of the solute peak relative to the
EOF marker. The retention window for the separation in CEC
involving electrophoretic migration is thus spanned by

−1 < kCEC < ∞ (6)

Separation factorsαCEC are then expressed as the ratio of
the retention factors of the second and first eluted enantiomers
(Eq.(7)).

αCEC = kLC,2 − µrkLC,2 − µr

kLC,1 − µrkLC,1 − µr
(7)

bil-
i ude
e
T retic
m of
g have
b -
d on
v

c s two
d
l e
p t
f den-
t ns
f
a riefly
s bil-
i
i tri-
b EOF
i
α des
(
s se
o
f i-
t ro-
m
m tivity.
( .g.
e.g.[9,10].

Hence, NACEC can be regarded as a really valuable
lement to enantioselective CEC and capillary electrom

ion technologies in general. Along this line, the importa
f enantioselective NACEC related to all the enantiosele
EC reports is even more significant than corresponding
res for NACE. The percentage of enantioselective NAC
n all the enantioselective CEC contributions cited in
ciFinder Scholar database is typically found in the 4–

ange[11].

. The meaning of separation factors (α values) in
nantioselective capillary electrochromatography

In enantioselective CEC, researchers borrow term
gy either from HPLC or CE to characterize the qu

ty of the selectivity of enantiomer separations. The
er is meaningful for the separation of neutrals, h

ver, is biased by electrophoretic migration contribut
or ionized solutes. This raises the question of the m
ng of α-values for ionized compounds, if calculated
hromatographic formalism despite the electrophoretic
uence, and under which constraints and conditions
rovide a reasonable measure for the chromatogra
electivity.

If ionic solutes are present,kCEC, calculated by commo
hromatographic formulas, depends on chromatograph
ention factorkLC, electroosmotic mobilityµeo and elec
They contain the influence of the electrophoretic mo
ty contribution, which depending on its relative magnit
xerts an alteration on the calculated separation factorαCEC.
hough, it is emphasized once more that the electropho
obilities are non-enantioselective contributions in view
enerating chiral separation. Four distinct scenarios
een simulated and the results are shown inFig. 1. The depen
encies ofαCEC on the electrophoretic velocity contributi
ep is plotted for three different EOF strengthsveo for both
o- and counterdirectional separation modes as well a
istinct levels of chromatographic retention factorskLC, i.e.

ow k (k1 = 1,k2 = 2) and highk (k1 = 10,k2 = 20). Hence th
urely chromatographic selectivityαLC which would resul

rom a pressure-driven HPLC experiment is in all cases i
ical (αLC = 2). Fig. 1a and b shows the selectivity variatio
or a codirectional separation process andFig. 1c and d for

counterdirectional separation. The findings can be b
ummarized as follows: (i) when the electrophoretic mo
ty is in opposite direction to the EOF,αCEC declines with
ncreasing importance of the electrophoretic mobility con
ution and the slope for the decrease is steeper, if the

s weak (Fig. 1c and d). (ii) Minor deviations ofαCEC from
LC will be obtained for the highly retentive separation mo
k1 = 10,k2 = 20) when the EOF is moderate (veo= 1 mm/s) to
trong EOF (veo= 2 mm/s). This deviation is negative in ca
f the counterdirectional mode (Fig. 1d) and slightly positive

or the codirectional separation (Fig. 1b). For such cond
ions,αCECprovides a fairly good measure of the liquid ch
atographic separation factor. In all other instances,kCEC is
eaningless to characterize the chromatographic selec

iii) If the electroosmotic mobility of the system is low, e



34 M. Lämmerhofer / J. Chromatogr. A 1068 (2005) 31–57

Fig. 1. Simulation of alterations of CEC separation factorsαCEC as function of the magnitude of the electrophoretic migration contribution (vep) (mm/s) of
the analyte for three distinct EOF velocities (veo) (mm/s), i.e. fast, intermediate and slow EOF velocity. (a) Codirectional separation and low retention. (b)
Codirectional separation and high retention. (c) Counterdirectional separation and low retention. (d) Counterdirectional separation and high retention. The
negative sign ofvep indicates the opposite electrophoretic migration direction of the solute relative to the EOF.

veo= 0.2 mm/s, and/or the magnitude of the chromatographic
retention factors is low, a dramatic decrease ofαCEC will be
observed in the counterdirectional modes (Fig. 1c and d). (iv)
An exceptional increase ofαCECwill result from increasingly
accelerated electrophoretic migration of the solute in a codi-
rectional separation with low EOF speed (veo= 0.2 mm/s) and
high retention factors (Fig. 1b). (v) In case of low retention
and codirectional separation, relatively meaningful values of
αCECwill solely be obtained at high EOF speed and low elec-
trophoretic contributions. Otherwise, obscure numbers may
be attained andαCEC may adopt even negative values if one
enantiomer is eluted before and the other after the neutral
marker.

Thus, if the solutes elute very close to or even before the
EOF marker the chromatographic terminology to calculate
separation factors is meaningless and inappropriate, and the
electrophoretic terminology, whereαCE is calculated as the
ratio of the mobilities or linear velocities or simply elution
times seems to be preferred.

αCE = vCEC,1

vCEC,2
= 1 + kLC,2

1 + kLC,1
(8)

According to Eq.(8)this terminology suggests to be free of
electrophoretic bias. The separation factors calculated by this
way are therefore independent of electrophoretic mobility
a ato-
g wer
t de-
g
r ion
f first

and second eluted enantiomerαCE andαLC becomes small.
For example,αCE values of 1.50 (Fig. 1a and c) and 1.91
(Fig. 1b and d) have been calculated by Eq.(8) for low and
high k scenarios, respectively, regardless of the magnitudes
of electroosmotic and electrophoretic mobility contributions,
while the chromatographic separation factorαLC value would
always be 2.0, as mentioned above.

3. Solvent effects

Like in any CEC method, a high EOF is of utmost im-
portance also in enantioselective NACEC from the view-
point of a fast analysis and a stable system. Since the di-
electric/viscosity ratio is supposed to be the governing fac-
tor of the medium for a strong EOF,N-methylformamide
(NMF) and acetonitrile (ACN) would be the solvents of first
choice. In fact, however, in most enantioselective NACEC
studies mixtures of solvents in particular of ACN and MeOH
have been employed. NMF has practically no importance in
NACEC yet and also other solvents were due to lack of high
EOF employed seldom. In practice it turned out that the EOF
behavior cannot be predicted firmly from theε/η ratio. The
theory of electroosmotic flow in CEC is much more complex
[14]. The complexity arises mainly from the presence of the
p cked
a etero-
g
p va-
r ible
f eri-
nd electroosmotic flow and depend solely on the chrom
raphic retention factors. However, they are always lo

han the liquid chromatographic separation factors. The
ree being lower thanαLC depends on the magnitude ofkLC
elative to unity. AtkLC > 10 the deviation between separat
actors calculated by the ratio of migration velocities of
acking and the duplex geometry of the columns with pa
nd open segments, inhomogeneities of the packing, h
eneities of theζ-potential, e.g. mismatch ofζ-potential of
ackings and FS wall, and so forth. Thus, the effect of a
iety of factors is difficult to forecast and may be respons
or deviations from the expected behavior in NACEC exp
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ments. Such hardly forseeable effects imposed upon a solvent
exchange include, for example:

(i) Variations of the ionic compositions of the eluent (even
when the same amount of electrolyte is added) originat-
ing from different dissociation and protonation, respec-
tively, and conjugation or association of ionic species.

(ii) Changes of the stationary phase surface in particular
of the ζ-potential (see Eq.(9)) caused by the solvent
exchange. Theζ-potential itself depends on the medium
[13].

ζ = σδ

ε0εr
and δ =

√
ε0εrRT

2F2I
(9)

whereinσ is the surface charge of the chiral stationary
phase,δ the double layer thickness,R the gas constant,
T the absolute temperature,F the Faraday constant, and
I is the ionic strength of the eluent.
Moreover, distinct solvents may influence adsorption of
ionic species to a different degree. Altered protonation
equilibria in distinct media (pKand pH* shifts) may vary
the actual surface charge andζ-potential, respectively.
Ion-pairing between oppositely charged ionic groups of
the stationary phase and the eluent thereby also reduc-
ing the actualζ-potential may occur to different extent

any
ibit
tc.).

( and
par-
ith
ent
eso-
OF

( an-
city
fer-

ors
i yond
t ore
w be-
h eral
a um
E ),
w , as
w

o-
n nan-
t EC
a mith
[ for
e 1).
S 5%

Fig. 2. Chromatograms showing the separation of the chiral analyte benzoin
by CEC, pressure (P), and pressure-assisted CEC (CEC +P). Mobile phase:
hexane–2-PrOH (1:1, v/v) +5% (v/v) water. CSP: Whelk O-1. Reprinted
with permission from ref.[7].

(v/v) water was considered instead to achieve sufficient con-
ductivity and EOF. Clearly with higher water content in the
hexane-2-propanol (2-PrOH) (1:1, v/v) mixture, the EOF ve-
locity increased, but showed a leveling effect already at a
water content of about 3% (v/v). EOF velocities of about
0.1 mm/s only without supporting hydrodynamic flow could
be reached. The application of an additional pressurized flow
favorably supported the speed of elution, while with 5% (v/v)
water there was still NP character maintained. A number of
solutes could be resolved into individual enantiomers and
it was clearly demonstrated (i) thatRS was higher with 5%
(v/v) water and faster with this percentage and (ii) the mode
with CEC and external pressure (CEC +P) outperformed ei-
ther of the parent technologies alone (Fig. 2). As mentioned
above an NP-like mode was also evaluated by Chen et al.[8]
who used the hexane-based eluent together with alcohols,
THF and acetic acid–triethylamine as electrolytes, e.g. a typ-
ical mobile phase consisted of hexane–MeOH–2-PrOH–THF
(50:35:10:5, v/v/v/v) and 5 mM acetic acid–triethylamine.

EOF is inherently connected to the intrinsic systems pa-
rameters mobile phase, stationary phase and column pack-
ing. On the other hand, achieving satisfactory enantioselec-
tivity is extremely critical and strongly solvent depending in
enantiomer separation. As a consequence, EOF speed is thus
mostly regarded of secondary relevance and importance and
m se-
l ally
owing to the dielectric constant of the medium (m
of the electrolyte components used in NACEC exh
ion-pair properties, e.g. acetic acid, triethylamine, e

iii) Changes of the porous properties of the packing
chromatographic bed, respectively. This applies in
ticular, for example, to organic polymer monoliths w
low crosslinking. Swelling and shrinkage upon solv
exchange may alter the effective macropore and m
pore diameters[15], and it has been shown that the E
velocity depends on the macropore diameter[16].

iv) Double layer overlaps in the intraparticulate pore ch
nels, which lead to decrease of the overall flow velo
and loss of favorable flow profile, may emerge to dif
ent extent in distinct media.

Due to a still limited understanding of all these fact
n nonaqueous solvents at present experimentation be
he common with the goal of EOF optimization is theref
orthwhile in NACEC. For example, unexpected EOF
avior in enantioselective NACEC was reported by sev
uthors[10,17]. For example, Tobler et al. found a maxim
OF velocity with a mixture of MeOH–ACN (60:40, v/v
hile both mixtures with higher MeOH and ACN content
ell, yielded lower flow rates.
As electrolytes, acetic acid, formic acid, MES, amm

ia, triethylamine have been commonly employed in e
ioselective NACEC, but also the electrolyte-free NAC
pproach was reported recently, e.g. by Vickers and S

7]. In this study, the normal-phase mode was tested
nantiomer separation by a Pirkle-type CSP (Whelk-O
ince electrolytes lack solubility, the addition of 1 or
ay often be sacrificed in favor of enantioselectivity, if the
ectivity tuning does require. Hence, EOF velocity is typic
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a compromise in enantiomer separation. Indeed, for example,
polysaccharide CSPs are run in NACEC typically with purely
methanolic eluents and, e.g. also macrocyclic antibiotics are
operated with suboptimal solvents in terms of EOF speed.

Solvent effects on electrophoretic mobilities and selector–
analyte interactions are governed by the same principles as
described for NACE (part 1 of this review[11]).

4. Modes of enantioselective nonaqueous capillary
electrochromatography and column technologies

Enantioselective CEC has been carried out either in
the ‘additive mode’ or the ‘CSP approach’. For the lat-
ter, three different column technologies have been proposed
[2Lämmerhofer, 2000 #167, 5, 6]: (i) open-tubular columns
(with dynamically adsorbed selectors, coated polymeric se-
lectors, or covalently linked brush-like selectors), (ii) packed
columns (densely filled with conventional silica-based mi-
croparticulate CSPs), (iii) organic polymer or silica monolith
columns (with selectors either incorporated by in situ copoly-
merization of a chiral monomer or attached by derivatiza-
tion of the reactive monolithic support). The advantages and
drawbacks of each of these column technologies have been
described in detail in various reviews and monographs on
C EC
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segment,µeo,packed, are to be derived from a CEC run, this
has to be considered and actual voltage drop and the length of
the tortuous flow channel have to be used for the calculations
[14].

The columns packed with microparticulate chiral station-
ary phase are extremely vulnerable and susceptible for sev-
eral problems. The retaining frits that keep the packing in
place during the run are usually directly sintered on the CSPs.
The chiral organic surface modification of the functional-
ized silica particles disfavor the fusion of the silica spheres,
which therefore requires sometimes harsh conditions. Such
conditions of course destroy both the organic chiral surface
modification and the external protective polyimide layer of
the capillary where the capillary thus becomes fragile. The
fritted region represents another discontinuity and inhomo-
geneity (in addition to the open bed) where theζ-potential,
the conductivity and (electrokinetic) permeability are altered.
Altogether may have a detrimental effect on the chromato-
graphic efficiencies that can be achieved. Moreover, the end
frit is fragile and is the place, where onset of bubble formation
typically occurs, which severely hampers the system stability
and robustness of CEC with packed columns.

The theoretical plate numbers that can be obtained by CEC
are typically in the range between HPLC (low end) and CE
(high end). The enhanced efficiency in CEC as compared to
H of
E ller
p
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EC[1]. Of practical relevance for enantioselective NAC
re solely the both latter technologies, while no reports
pen-tubular capillary columns in the NACEC mode h
een published up to now. This may be related to the
hase ratio of open-tubular columns and a low saturatio
acity of enantioselective sites originating from a small

ace area of the FS wall. Both together with the weakenin
he strength of many interactions like hydrophobic inte
ions, in nonaqueous solvents make the adsorption too
ith polar organic eluents. Also other disfavorable pro

ies of the open-tubular column approach such as ea
verloading, susceptibility for clogging in the course of th
ynthesis, need for very narrow capillary diameters to ach
easonable efficiency which is then accompanied by dete
nsensitivity, all may have contributed that this approach
ot become accepted in the field of NACEC. The enant

ective NACEC studies that have been reported using e
acked or monolithic columns are summarized inTable 1and
ill be discussed in the following chapters. However, a
eneral aspects are already outlined beforehand.

Most CEC columns, packed and monolithic as well, p
ess a duplex geometry with a packed and an open seg
ince the conductivities in the open and packed segmen
ifferent, the electric field does not drop uniformly throu

he column, but different electric field strengths are impo
n the two distinct sections[14]. Owing to tortuous flow
hannels through the packed or monolithic bed, analyte
obile phase must travel a longer path than the effe

ength of the capillary (from injector to detector). When
ameters with physicochemical meaning such as the a
lectroosmotic mobility of the neutral marker in the pac
.

PLC stems mainly from three factors: (i) flatter profile
OF compared to parabolic hydrodynamic flow, (ii) sma
article diameters typically 3 or 3.5�m rather than 5�m (or
quivalent smaller sphere diameter of the polymer glob
nd skeletons, respectively, in monolithic columns) pro
horter path lengths for diffusive intraparticle mass tran
nd less flow dispersion which both translate into sm
-term (flow maldistribution) and lower C-term (resistan

o mass transfer) contributions to band spreading. In a
ion, the independence from pressure drop allows the u
onger packed columns (typically 25 cm) with small dia
ter particles, which is associated with an aliquot impr
ent of the plate number. (iii) Since the EOF is gener
irectly on the surface of the stationary phase anywhe

he chromatographic bed, mobile phase propulsion withi
ntraparticle pore channels can be accomplished in wide

aterials and the resulting intraparticulate convective m
ransfer reduces inequalities of inter- and intra-particle
atterns[18]. Wide pore materials have been shown to

avorable for the generation of a strong perfusive intrap
le flow that enhances mass transfer[19]. In contrast, exces
ive double layer overlap in narrow pores (e.g. if the do
ayer thickness is large relative to the diameter of the
hannel, e.g.dchannel/� < 10) may lead to partial loss of t
ntraparticle pore flow velocity and also of the favorable
rofile.

Unfortunately, 3�m particles were until recently on
vailable with typical mesopore size of 100Å so that a stron
onvective intraparticle flow and mass transfer was ha
o exploit with such materials. However, 3�m particles
eem to become now available as 200Å material, e.g. from
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Table 1
NACEC enantiomer separations using chiral stationary phases (CSPs)

Selector/CSP Column type Solvent/eluent Electrolytes Compounds N/m (×103) Referennce

Coated polymeric selectors
Poly(diphenyl-2-pyridylmethylmethacrylate) coated on

aminopropylsilica (APS) 5�m (1000Å)
Packed (100�m i.d.) MeOH 2.5 mM ammonium acetate

(NH4Ac) pH* 4.5
Benzoin derivatives,
1,1′-binaphthyl-2,2′-diol,
trans-stilbene oxide

Up to 27 [17,27]

Chiralpak AD (16%, w/w) and Chiralcel OD (4%, w/w)
(coated on wide bore APS)

Packed (100�m i.d.) MeOH–EtOH (75:25, v/v) 2.5 mM ammonium acetate Thalidomide and its
hydroxylated metabolites

[28]

Chiralpak AD, Chiralcel OD, Chiralcel OJ coated on
APS (3 and 5�m) (60–2000̊A)

Packed (100�m i.d.) MeOH, EtOH 2.5–10 mM ammonium acetate Piprozolin, trans-stilbene
oxide, gluthethimide,
indapamide,
aminoglutethimide, Troeger
base, thalidomide, nifurtimox

Up to 176 [29–31]

Cellulose tris(3,5-dichlorophenylcarbamate) coated on
silica 1000Å, 5 �m

Packed (100�m i.d.) MeOH 15 mM ammonium acetate Ambucetamide, benzyl
2-(benzylsulfinyl)benzoate,
etozolin, norgestrel,
omeprazole, piprozolin,
thalidomide

240 [32]

Cellulose tris(3,5-dichlorophenylcarbamate) coated on
APS 2000Å, 5 �m

Packed (100�m i.d.) MeOH 2.5 mM ammonium acetate Benzyl
2-(benzylsulfinyl)benzoate,
2-(benzylsulfinyl)benzamide,
etozolin, piprozolin

215 [33]

Cellulose tris(3,5-dichlorophenylcarbamate) coated on
APS 60–2000̊A, 5 �m

Packed (100�m i.d.) MeOH 2.5 mM ammonium acetate Piprozolin 400 [34,35]

Covalently bonded polymeric selectors
Cellulose 2,3-O,O-bis(phenylcarbamate) immobilized

in 6-O-position via 4,4′-diphenylmethane
diisocyanate spacer to APS 5�m, 300Å

Packed (100�m i.d.) Hexane–MeOH–2–PrOH–THF
(60:25:10:5, v/v)

5 mM acetic
acid–triethylamine

Warfarin, praziquantel Up to 80 [8]

Cellulose 2,3-O,O-bis(phenylcarbamate) and cellulose
2,3-O,O-bis(3,5-dimethylphenylcarbamate)
immobilized in 6-O-position via
toluene-2,4-diisocyanate spacer to
diethylenetriaminopropylsilica 5�m, 200Å

Packed (100�m i.d.) EtOH or
Hexane–MeOH–EtOH
(35:25:8, v/v)

14.2 mM acetic acid, 1.4 mM
DEA

Troeger base, praziquantel,
benzoin, trans-stilbene oxide

Up to 35 [36]
–
5
7

37

Cellulose
2,3-O,O-bis(phenylcarbamate)-6-O-methacryloyl
copolymerized with methacryloyl-modified
diethylenetriaminopropylsilica 5�m, 200Å

Packed (100�m i.d.) 35–50% (v/v) EtOH in hexane 14.2 mM Acetic acid, 1.4 mM
DEA

Troeger base, praziquantel,
benzoin, warfarin, propranolol,
metoprolol, ranolazine

20 [37]

Macrocyclic selectors with inclusion complexation abilities
�-CD, �-CD attached to silica via carbamate linker

(ChiraDex-beta 3�m, ChiraDex-gamma 5�m)
Packed (100�m i.d.) MeOH, 30–70% (v/v) ACN in

MeOH
10 mM MES Dns-amino acids 70–125 [9]

Vancomycin, immobilized to pre-packed diol silica
(5�m) columns via three-step procedure

Packed (75�m i.d.) MeOH–ACN AcOH–TEA (0.1–0.6% each,
v/v)

Thalidomide,�-blockers 45–120 [38]

Vancomycin (5�m Chirobiotic V) Packed (75�m i.d.) 15–20% (v/v) ACN in MeOH AcOH–TEA (0.1:0.1, v/v) Thalidomide,�-blockers,
terbutaline

30–190 [39]

Vancomycin-CSP Fully packed (50, 75�m i.d.) with
three segments (diol-silica in frit
and detection segments)

MeOH, MeOH–ACN (var.%),
EtOH,n-PrOH, 2-PrOH

13 mM ammonium acetate Basic compounds including
�-blockers,
�-sympathomimetics,
antidepressants

50–80 [40]

Teicoplanin (5�m Chirobiotic T) Packed (75�m i.d.) 5–20% (v/v) ACN in MeOH Acetic acid–TEA (0.05–0.3%
each, v/v)

Basic drugs (amino alcohols) 30–137 [41]

Teicoplanin (5 and 3�m Chirobiotic T) Packed (75�m i.d.) 5% (v/v) ACN in MeOH AcOH–TEA (0.05:0.05, v/v) Metoprolol, alprenolol and
other�-blockers

80 and 260,
respectively

[42]
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Table 1 (Continued)

Selector/CSP Column type Solvent/eluent Electrolytes Compounds N/m (×103) Referennce

Teicoplanin (3.5 and 5�m) and teicoplanin:silica (3:1,
w/w)

Fully packed (75�m i.d.) with
three segments (diol-silica in frit
and detection segments)

40% (v/v) ACN in MeOH 0.05% (w/v) ammonium
acetate

Basic compounds viz. amino
alcohols (�-blockers,
�-sympathomimetics) and
antidepressants

35–210 [20]

Teicoplanin aglycone (Chirobiotic TAG) (on 3.5�m
silica)

Packed (100�m i.d.) 10–20% (v/v) ACN in MeOH AcOH–TEA (0.2:0.2, v/v) amino alcohols (�-blockers,
�-sympathomimetics) and few
other drugs

Up to 65 [43]

Chiral anion exchangers
O-tert-butylcarbamoyl quinine (tBuCQN) covalently

bonded to 3-mercaptopropylsilica (TPS) (3.5�m,
100Å)

Packed (100�m i.d.) MeOH, MeOH–ACN (var.
ratios)

AcOH–TEA (var. conc.) FMOC, DNZ, Z, Bz, Ac,
DNP-amino acids,
dichlorprop, etodolac

100 [10]

tBuCQN-TPS (3.5�m, 100Å) Packed (100�m i.d.) MeOH–ACN (20:80, v/v) 400 mM AcOH, 4 mM TEA Atropisomeric 2′-dodecyloxy-
6-nitrobiphenyl-2-carboxylic
acid

150 [44]

Poly{O-[2-(methacryloyloxy)ethylcarbamoyl]-10,11-
dihydroquinidine-co-HEMA-co-EDMA}

In situ monolithic (100�m i.d.) MeOH, MeOH–ACN (var.
ratios)

AcOH–TEA (var. conc.) DNB, FMOC, DNZ, Z, Bz,
Ac, DNP-amino acids,
mecoprop, fenoprop

240 [45–47]

Poly{O-9-tert-butylcarbamoyl)-11-[2-
(methacryloyloxy)ethylthio]-10,11-dihydroquinine-
co-HEMA-co-EDMA}

In situ monolithic (100�m i.d.) MeOH–ACN (20:80, v/v) 400 mM AcOH, 4 mM TEA DNB, DNZ, FMOC, CC, DNS,
DBD-amino acids

200 [48]

Poly(GMA-co-EDMA) derivatized with tBuCQN Post-mod. monolithic (100�m
i.d.)

MeOH–ACN (20:80, v/v) 400 mM AcOH, 4 mM TEA DNB-Leu 57 [49]

Chiral cation exchangers
N-(4-Allyloxy-3,5-dichlorobenzoyl)-1-amino-3-

methylbutanephosphonic acid and
N-(3,5-dichlorobenzoyl)-O-allyl-tyrosine bonded to
TPS (3.5�m, 100Å)

Packed (100�m i.d.) MeOH, MeOH–ACN (var.
ratios)

AcOH–TEA (var. conc.) Amino alcohols (�-blockers,
�-sympathomimetics,
antimalaria agents),
oxyphencyclimine, etidocaine,
promethazine

50–360 [50]

N-(4-Allyloxy-DCB)-2-amino-3,3-
dimethylbutanesulfonic, phosphonic acid and
corresp. carboxylic acid bonded to TPS (3.5�m,
100Å)

Packed (100�m i.d.) MeOH–ACN 2-Aminobutanol, formic acid Amino alcohols (�-blockers, Up to 300 [51]

N-(4-Allyloxy-DCB)-cysteic acid, penicillamine
sulfonic acid,tert-butylamido penicillamine sulfonic
acid, CySO3H-Leu bonded to TPS (3.5�m, 100Å)

Packed (100�m i.d.)

N-(4-Allyloxy-DCB)-tert-butylamido penicillamine
sulfonic acid bonded to TPS (3.5�m, 100Å)

Packed (100�m i.d.)

N-(4-Allyloxy-DCB)-sulfodipeptides bonded to TPS
(3.5�m, 100Å) (DCB = 3,5-dichlorobenzoyl)
3
1
–
5
7

�-sympathomimetics,
antimalaria agents),
phenmetrazine, benzetimide,
omeprazole

MeOH–ACN (20:80, v/v) 2-Aminobutanol, formic acid Amino alcohols (�-blockers,
�-sympathomimetics,
antimalaria agents), flecainide,
benzetimide

Up to 300 [52]

MeOH–ACN (20:80, v/v) 25 mM 2-aminobutanol,
50 mM formic acid

Ephedrine 320 [53]

MeOH–ACN (20:80, v/v) 25 mM 2-aminobutanol,
50 mM formic acid

Amino alcohols (�-blockers,
�-sympathomimetics,
antimalaria agents), flecainide,
benzetimide, omeprazole

[54]
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Kromasil, which could provide even better flow and perfor-
mance characteristics. Due to independence from the pres-
sure drop it could be shown that 3�m particles could afford
even a higher EOF velocity than a corresponding 5�m par-
ticulate material[20,21]. This behavior might result from the
higher surface-to-volume ratio of the former at a comparable
surface density of ionic groups.

In enantioselective NACEC solely organic polymer based
monoliths have been utilized, while silica monoliths were
not yet explored by this technique. This general discussion
is therefore restricted to the organic polymer monolithic
columns. The simple column fabrication from (acrylamide or
methacrylate) monomer solutions that are filled into the cap-
illary, which usually has prior been vinyl-modified to allow a
crosslinking and immobilization of the monolithic structure
to the capillary wall, makes this column technology attrac-
tive compared to the packed columns. Hence, columns with
a fritless design are obtained, which of course overcome frit-
related problems such as strong propensity for bubble forma-
tion and poor column stability. Chemistry and pore properties
can be flexibly tailored. The former allows the copolymeriza-
tion of an ionizable monomer for EOF generation and a chi-
ral monomer for the chromatographic partitioning. The latter
can be adjusted by an appropriate choice of porogens (rigid
polymethacrylate monoliths) or concentration of salt (poly-
a
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The additive mode is a simple option to achieve enan-
tiomer separations using commercially available capillary
columns with achiral packings (e.g. reversed-phase columns).
In this case, selector–selectand association takes place in the
mobile phase and/or on the stationary phase, if the chiral se-
lector molecules get adsorbed onto the stationary phase, thus
generating, controlled by secondary equilibria, a dynamic
coating. The capillary format makes this technique attractive
and affordable, since selector consumption is low due to the
small internal volume of the capillary column. Advantages of
CEC using the CSP approach in comparison to CE (‘additive
mode’) like elimination of the selector from the BGE, the de-
tector cell, and the effluent are lost when the additive mode
is utilized and no other real advantages become apparent.
Hence this technique possesses no real practical relevance.

While this approach is very simple from the practical
viewpoint, the separation mechanism in this technique may
be rather complex. The separation selectivity between enan-
tiomers arises as a result of: (i) the difference in the equilib-
rium constants of complex formation of (R) and (S) enan-
tiomers with the chiral selector (intrinsic selectivity); (ii) the
mobility difference of the diastereomeric selector–analyte as-
sociates formed in the mobile phase; (iii) the concentration of
the selector in the BGE and/or adsorbed onto the stationary
phase; (iv) the mobility difference of the free and complexed
solute; (v) the differential partitioning of the diastereomeric
selector–analyte associates; (vi) the differential partitioning
of free and complexed enantiomers onto the stationary phase.

Overall, this CEC methodology in the additive mode is
very similar to CE from both the practical viewpoint, but also
mechanistically (cf. reversal of elution orders as response of a
change of the relative magnitude of EOF and electrophoretic
migration[24–26]), and a benefit over CE is hard to reason.

In the following, the various reported ‘CSP approaches’
that have utilized nonaqueous conditions including both
packed as well as monolithic columns will be discussed to-
gether with their specifics in NACEC. Mainly, three distinct
classes of selectors and corresponding CSPs gained impor-
tance for enantioselective NACEC: (i) synthetic or semisyn-
thetic polymeric selectors, in particular polysaccharide based
CSPs, (ii) macrocyclic selectors including cyclodextrins and
antibiotics phases, and (iii) chiral ion exchangers including
both anion as well as cation exchangers.

5. Selectors and chiral stationary phases in
nonaqueous capillary electrochromatography

5.1. Polymeric selectors

One of the first studies on enantioselective NACEC ex-
plored a CSP obtained by coating synthetic helically chiral
poly(diphenyl-2-pyridylmethyl methacrylate) (Fig. 3) as se-
lector onto unmodified and aminopropyl-modified wide-pore
silica (5�m) materials[17,27]. This selector, which is synthe-
crylamide monoliths) in the polymerization mixture[16,22].
ypically, there is a trend that macroporous organic poly
onoliths with larger through-pore diameters (wider fl

hannels) are accompanied by larger-sized polymer
les. Yet, in sharp distinction to the above described

ionship between EOF velocities and particle diamete
acked columns, the electroosmotic mobility of organic p
er monolith columns, in particular of the rigid organic po
ethacrylate type monoliths, increases with the diamet

he flow-through pores. This behavior is somehow in con
iction to the common perception of CEC theory that the e

roosmotic mobility is independent of the flow channels. T
nexpected behavior was explained by Svec and co-wo

o originate from microscopic variations in field strength,
uosity, and conductance in small and large diameter m
ith columns. In such monoliths it is common understand
hat the flow through the macropores is largely convec

hether meso and micropores are available and to wha
ent convective and/or diffusive mass transfer in these
ower pores contribute to the dynamics of low molecular
lytes in CEC is not very well studied yet[23]. In any case, th
orphology of the monoliths determines both flow prope
nd efficiency strongly and requires a careful adjustmen
rder to achieve highly efficient separations. More detai
onolith fabrication and properties can be found elsew

16,22].
Besides ‘CSP approaches’ also the ‘additive mode’

elector (tert-butylcarbamoylquinine) added to the no
queous mobile phase and the use of an achiral sta
ry phase (Hypersil C18-3�m) was successfully realize

24].
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Fig. 3. Polymeric poly(diphenyl-2-pyridylmethylmethacrylate) CSP used in
enantioselective NACEC and its EOF behavior upon coating of the selector
(25%, w/w) onto silica and aminopropylsilica 1000Å, 5 �m. EOF marker,
thiourea. Eluent, 2.5 mM ammonium acetate in MeOH. Reprinted with per-
mission from ref.[17].

sized from achiral monomers and adopts its chirality through
ordered superstructure and helical arrangement of the poly-
mer chain, was known to resolve enantiomers in pure MeOH
and therefore selected for these pioneering works. A variety
of parameters have been studied systematically. For exam-
ple, the type of silica used for coating of the selector was
investigated as function of pH* with regards to EOF gener-
ation [17]. It was found that the aminopropylsilica particles
showed a higher EOF with the employed methanolic eluent
(2.5 mM ammonium acetate) than the corresponding native
1000Å wide-pore silica at almost any pH* , but in particular
at acidic conditions. Suppression of silanol ionization at low
pH with the silica material and a high amino group density of
the aminopropylsilica, positively charged at such conditions,
conveniently explain this comparative behavior. Moreover,
the flow of the 3-aminopropylsilica (APS) particles was due to
the dominance of the amino groups over the residual silanols
anodic and reached a maximal mobility at pH* 6. The elec-

troosmotic mobilities ranged between−8× 10−5 V−1 s−1

and−15× 10−5 V−1 s−1. The lower EOF at higher pH* may
readily be explained by the dissociation characteristics of the
primary amine and the counteracting effect of the silanols
which are increasingly deprotonated and become an impor-
tant contribution to net charge and EOF generation. In con-
trast, the decrease of EOF at pH* < 6 most likely originated
from the addition of acetic acid for pH* adjustment and con-
comitant increase of the ionic strength of the medium which
slowed down the EOF.

A densely coated layer of neutral polymer onto the sur-
face of ionizable particles may function like an insulator for
the charges beneath the surface. This way, through coating of
25% (w/w) of the polymeric selector onto the surface of the
wide-pore materials the EOF was dramatically diminished in
both cases, unmodified silica and aminopropylsilica as well.
The relative decrease was found to be even higher for the
APS material (4.7-fold compared to 2.6-fold for silica) (see
Fig. 3). Indirectly, it was concluded that the pyridyl groups do
not serve as source for EOF generation. This adverse shield-
ing effect and ensuing EOF reduction of the coated layer
is specific and intrinsic for the adsorptively coated polymer
CSPs.

As already mentionend above, unexpected solvent depen-
dence of the EOF was observed in this study. In contradiction
t an
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o theε/η ratio, a faster EOF was delivered by MeOH th
CN, and even the ACN–water (90:10, v/v) mixture revea
nly slightly higher EOF velocity than MeOH. Chiral co
ounds such as benzoin derivatives and trans-stilbene
ould be resolved in methanolic BGE and the additio
ater had a favorable influence on the resolution, but si

cantly impaired separation speed.
Overall this type of selector that is certainly of high sc

ific interest due to its intriguing structure has only a limi
cope of application in enantioselective NACEC and mo
te relevance. Moreover, problems such as partial loss
elical structure may occur if inappropriately operated.

Besides this CSP based on entirely synthetic polym
elector, particulate materials modified with semisynth
olysaccharide derivatives have been thoroughly studi
nantioselective NACEC[8,28–37,55]. This is not furthe
urprising, because polysaccharide derivatives represe
ost broadly applicable class of chiral selectors in HP
nantiomer separation. A thorough review describing
haracteristics and peculiarities of these CSPs in ena
lective NACEC has been published recently[56].

Of the variety of different variants of polysaccharide C
he NACEC potential of the most common ones, i.e. cellu
ris(3,5-dimethylphenylcarbamate) (known as Chiralcel
28–31], amylose tris(3,5-dimethylphenylcarbamate) (C
alpak AD) [28–30], cellulose tris(4-methylbenzoate) (C
alcel OJ)[29] and the more uncommon cellulose tris(3
ichlorophenylcarbamate)[32,34,35] has so far been el
idated (for structures seeFig. 4). Type of polysaccharid
i.e. cellulose or amylose), distinct substitution pattern,
upramolecular structure of the coated polymer layer, w
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Fig. 4. Structures of the polysaccharide derivatives utilized as selectors in NACEC. Reprinted with permission from ref.[29].

critically depends on the employed protocol for the prepara-
tion, all have a profound effect on the enantiomer distinction
ability of the CSP. The dipolar carbamate and ester groups,
respectively, are located in close proximity to the core of the
polymeric strand, and are supposed to drive the intermolecu-
lar interaction into cleft-like binding pockets or grooves that
are formed by the pending aromatic moieties or by pock-
ets embedded in the ordered supramolecular assemblies. The
geometries of the clefts are largely determined by the type
of derivative, i.e. carbamate or ester, and the hyperstructure
itself, which in turn depends on the employed synthesis pro-
tocol and polysaccharide (cellulose or amylose) used as core
structure. In addition, the differently substituted aromatic
residues possess distinct�–� interaction nature and strength.
Hence, it is easily understandable that by such a small num-
ber of relatively closely structurally related selectors a very
broad spectrum of chiral solutes can be resolved into indi-
vidual enantiomers. In fact, they are complementary in terms
of enantioselectivity and reversal of elution order has been
reported upon variation of the derivative as well as a change
of the synthesis protocol (that altered the hyperstructure).
Although the nonaqueous polar organic mode does actually
not represent preferential conditions as mentioned above, its
principal applicability for enantioselective NACEC has been
demonstrated for a reasonably broad spectrum of chiral so-

lutes, which includes a variety of differently structured chiral
drugs (seeTable 1). More studies, however, will be necessary
to explore the full spectrum of applicability.

It was anticipated by Chankvetadze and Blaschke that for
CEC with its specifics and characteristics and in particular
its distinct mode of eluent driving force a dedicated CSP de-
sign will be demanded, in order to be able to fully exploit
its potential and achieve highly efficient separations that are
prompted by theory. Along this line, a number of stationary
phase parameters needed to be re-evaluated and were opti-
mized systematically. The main results of these studies can
be summarized as follows.

(i) Chemical nature of support: The same problems re-
garding EOF generation as discussed above for the
poly(diphenyl-2-pyridyl methacrylate) CSP are perti-
nent for coated polysaccharide CSPs. The coating of the
neutral selectors in a dense layer onto wide-pore par-
ticles covers the active ionized functional groups and
surface charge, and thus exerts a shielding effect which
reduces the EOF velocity. Silica and aminopropyl-silica
particles, for which the EOF is a bulk property of the
net charge of cationic amino groups and anionic resid-
ual silanols, have been tested as supports[35]. Both
were found to be principally useful for NACEC with
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methanolic BGE, as they generated an EOF strong
enough even after coating of the selector. It was ca-
thodic for silica and anodic for aminopropyl-silica, as
expected. No clear preference, though, could be de-
rived from the comparative study with coated cellu-
lose tris(3,5-dimethylphenylcarbamate). However, over-
all the aminopropyl-silica seems to be favorable as sup-
port with regards to EOF velocities in particular under
acidic conditions, as already pointed out above[17], and
with regards to avoiding non-specific interactions in case
of basic solutes. In fact, in the majority of studies (see
Table 1) aminopropyl-silica was utilized as carrier ma-
terial for the coating. The typical electroosmotic mobil-
ity obtained, e.g. with 20% (w/w) Chiralcel OD coated
onto aminopropyl-silica and use of 10 mM ammonium
acetate in MeOH at various pH* (adjusted by addition of
acetic acid), was in the range of−5× 10−5 cm2 V−1 s−1

to−8.5× 10−5 cm2 V−1 s−1, with the maximum around
pH* 5) [29].

(ii) Selector loading[29,31–33,55]: The most important fac-
tor of the polysaccharide CSPs turned out to be the
amount of selector coated onto the surface. It is of central
importance for EOF velocity, retention factors, enantios-
electivity and efficiencies likewise. The above described
shielding of ionizable moieties at the support surface

r was
e of

bout
%

(w/w) for cellulose tris(3,5-dimethylphenylcarbamate)
CSP based on 5�m 2000Å silica and 10 mM ammo-
nium acetate as eluent[31]. The thicker coating offers
more adsorption places and therefore retention factors
increased as expected, while the optimum of separation
factors was typically found at 5% (w/w) in this study
[31]. On the other hand, striking differences between
nonaqueous capillary liquid chromatography (CLC) and
CEC regarding the dependencies of efficiencies on selec-
tor loading were noticed[31,32]. In nonaqueous CLC,
the lower theoretical plate height was typically attained
when the selector loading was increased from 2 over 5
to 10% (w/w). The gain of efficiency thereby resulted
mainly from flatter Van Deemter plots (H/u curves) and
is indicative for a better mass transfer in the CSPs with
a thicker coating. In contrast, in NACEC the CSPs with
thinner coatings (5%, w/w or less) revealed higher ef-
ficiencies and very flatH/u curves with the optimum
typically at the highest achievable flow rate. For exam-
ple, theoretical plate heightsHof less than 5�m were re-
ported for a CSP with 5% (w/w) selector, i.e. the reduced
plate heights reached unity, which is remarkable for
enantiomer separation. Hence, according to Chankve-
tadze et al., to succeed in highly efficient enantiomer
separation, it is advised to utilize coated polysaccha-

sity
may

um-

F (3,5-d the ach
s
a

more and more decreased the EOF, the more selecto
coated onto the surface. For example, the elution tim
the EOF-marker thiourea steadily increased from a
4 min at 5% (w/w) selector loading to 10 min at 20

ig. 5. Enantiomer separation of Troeger’s base using cellulose tris

eparations. (a) Nonaqueous CLC, and (b) NACEC. Conditions: 5�m, 2000Å sili
mmonium acetate in MeOH. Reprinted with permission from ref.[31].
ride CSPs in the NACEC mode with a coating den
as thin as possible. Fast enantiomer separations
be accomplished and very high theoretical plate n
bers have been reported, e.g. 177,000 m−1 for Troeger’s

imethylphenylcarbamate based CSP: effect of selector loading onieved

ca particles coated with 5, 10, and 20% (w/w) of the selector. The 10 mM
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base (Fig. 5). The loading capacity of such a material of
course is lower and care has to be taken not to overload
the column[33].

(iii) Pore size[30,35]: In principle, EOF originates anywhere
at the surface of the stationary phase and support, re-
spectively, i.e. also on the intraparticle surface. This
may generate intraparticle pore flow that may favorably
contribute to the flow characteristics and dynamics in
CEC and lead to an enhancement of relative EOF veloc-
ities and mass transfer through convection in intraparti-
cle pores. Such a perfusive intraparticle flow, however,
may be diminished by excessive double layer overlap
which may occur in narrow pores in particular at the low
ionic strength BGEs that are normally employed in CEC.
Hence, wide pore silica particles were supposed to show
better performance in terms of EOF velocities and peak
efficiencies. To verify this, comparative experiments
with particles differing in the nominal pore diameter in
the range between 60 and 2000Å all coated with 20%
(w/w) cellulose tris(3,5-dimethylphenylcarbamate)[30]
were carried out. Indeed, electroosmotic mobility was by
a factor of about 3 higher on the 1000Å wide-pore par-
ticles than on the 60̊A material, presumably due to the
detrimental effect of double layer overlap in the latter
material. This was confirmed when the ionic strength of
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Fig. 6. Van Deemter plots for (a) thiourea (flow marker) and (b) second peak
of trans-stilbene oxide using CSPs prepared by coating of cellulose tris(3,5-
dimethylphenylcarbamate) (20%, w/w) on silica of varying pore size. Eluent,
2.5 mM ammonium acetate in MeOH (pH* 7.7). Reprinted with permission
from ref. [30].

when 5�m particles (120̊A) were substituted by 3�m
beads (120̊A) [30]. Both favorable effects, small par-
ticle diameter (3�m) and macropores (>500̊A), could
unfortunately not be combined due to lack of availabil-
ity of such silica materials. As the gain of efficiency was
proportionally larger with the wide-pore materials and
also their flow characteristics was better, 5�m 1000Å
or 2000Å silica particles turned out to be the preferred
choice as support.

Besides the stationary phase variables also the mobile
phase parameters and other experimental conditions have
been thoroughly investigated. While Chiralcel OJ showed
less suitability in polar organic mode and therefore also
in NACEC, Chiralpak AD, Chiralcel OD and in partic-
ular the cellulose tris(3,5-dichlorophenylcarbamate) have
proven their excellent applicability in the polar organic mode
and NACEC. MeOH containing 2–10 mM ammonium ac-
etate appeared to be the standard eluent in the proposed
NACEC studies. However, complementary selectivities have
the methanolic BGE was varied using the modified
ticles with distinct pore diameters[34]. While electroos
motic mobility, as expected, decreased for the wide-
particles when the ionic strength was increased, i
creased for the narrower 120Å modified silica beads
most probably due to reduction of double layer over
The favorable effect of a wider pore diameter on the p
numbers was clearly revealed by very flatH/u curves
of the 1000 and 2000̊A particles conforming with th
perception of a favorable mass transfer owing to c
vective intraparticle flow[30] (Fig. 6). TheH/u curves
with 120Å and in particular 60̊A materials, in contras
showed a very steep slope indicating a strong resis
to mass transfer. The convective pore flow in NAC
not available, for example, in CLC, has led to a prop
tionally higher gain in efficiency with wide-pore par
cles in NACEC compared to CLC. For example, p
count was by a factor of 1.3 higher in NACEC than C
with 200Å pore diameter but even by a factor of
enhanced with 1000̊A particles[35]. While there wa
a trend to lower enantioselectivity when the pore
ameter was larger[30], resolution was significantly im
proved due to the gain of chromatographic performa
The loss of enantioselectivity may be attributed to
reduction of active surface area in the wide-pore m
rials. Overall, the wide-pore materials exhibited be
NACEC characteristics and were preferentially used
further investigations.

iv) Particle diameter[30,31]: The particle size dependen
of efficiencies followed the expected trend; a gain
plate numbers by a factor of about 2 could be achie
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been achieved with distinct solvents or solvent mixtures
[29–32,55]. For example, trans-styrene oxide enantiomers
were better resolved with EtOH than MeOH on amylose
tris(3,5-dimethylphenylcarbamate) based CSP, probably due
to strengthened dipole–dipole interactions[29,30]. Metomi-
date was separated into enantiomers with ACN, while no
separation could be achieved with MeOH, maybe owing to
detrimental strong competitive hydrogen bonding effect of
the latter[32]. On the other hand, if hydrophobic interac-
tions are important for stereodistinction, addition of increas-
ing amounts of water may improve the separation as was
found, e.g. for Troeger’s base[55].

With both optimized mobile phase conditions and 5�m
2000Å silica or aminopropylsilica coated with 5% (w/w) of
the polysaccharide selector (or even less) enantiomer separa-
tions with up to 400,000 N/m have been afforded. However,
such low selector concentrations require a high intrinsic enan-
tiomer recognition ability of the selector, as indicated by the
authors[56]. If this cannot be provided, a higher loading of
the selector can be envisioned, thereby sacrificing a part of
the plate numbers. Overall, the studies by Chankvetadze and
co-workers clearly revealed the potential of polysaccharide
based CSPs and convincingly illustrated the major influen-
tial factors to be optimized in order to achieve highly efficient
enantiomer separations by NACEC.
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Fig. 7. (a) Structures of investigated bonded cellulose carbamate CSPs,
and (b) comparison of EOF behavior of bonded cellulose CSPs based on
aminopropylsilica as support and corresponding CSP with positively charged
spacer based on diethylenetriaminopropylsilica. (b) Conditions: EtOH con-
taining 14.2 mM acetic acid and various amounts of diethylamine (DEA);
voltage,−15 kV. Reprinted with permission from ref.[36].

to a significant extent the EOF force of the amino groups and
thus the mobile phase composition was critical in terms of
EOF strength and direction. For example, the NP-like non-
aqueous eluent composed of hexane–MeOH–2-PrOH–THF
(35:50:10:5, v/v) containing 5 mM acetic acid–triethylamine
allowed a reversal of EOF to the expected anodic direction,
the EOF was cathodic with aqueous ACN–phosphate buffer
(60:40, v/v) (2 mM phosphate, pH 6.9) and by a factor of
about 20 higher than with the nonaqueous eluent. For the re-
versal of EOF, the triethylamine was made responsible that
presumably deactivated the residual silanols by ion-pairing.
However, also with these conditions the EOF was weak. As
a consequence, elution times were relatively high with non-
aqueous conditions and required to be assisted by pressure,
e.g. a pressure of 2 bar applied to the inlet end has led to a
reduction of run times by 50%.

In a subsequent study, a doubly positively charged spacer
was devised to overcome the problem of poor EOF speed
with employed nonpolar conditions[36]. Instead of immobi-
lizing the polysaccharide selector onto aminopropylsilica, di-
ethylenetriaminopropylsilica served as support for the bond-
ing (seeFig. 7a, CSP I). Thereby the nitrogen content of
the amino-modified beads could be raised by 50% (accord-
ing to elemental analysis) and the introduction of the posi-
In all these aforementioned studies, the polysacch
erivatives were immobilized non-covalently by the coa
rocedure. These CSPs are, of course, restricted to so

hat do not dissolve the polysaccharide derivative. Coval
onded polysaccharide phases, in contrast, that posse
ent resistance to any of the organic solvents utilized in
P, and PO enantiomer separation modes, thereby h
roader application spectrum and providing more flexib

n the design of the enantiomer separations, were pre
y Zou and coworkers[8,36,37] (Fig. 7a). These bonde
olysaccharide CSPs were evaluated in NACEC (in NP
ode with hexane-based eluents containing also alc
nd THF) and pressure-assisted NACEC mode in com

son to the analogous aqueous system. For a variety o
utes, the NP mode with an apolar mobile phase comp
f hexane–MeOH–2-PrOH–THF turned out to yield hig
nantioselectivity than more polar eluents. For example
-value of praziquantel as test compound increased wit

ncrease of percentage of hexane, while concomitantly
onstantly decreased. It is noted that the use of THF, w
as found to have a beneficial effect on the enantios

ivity, resolution and efficiencies in several instances[37],
an only be used with the bonded polysaccharide C
ut not with the coated analogs, because it dissolve
olysaccharide derivatives. Initially, the cellulose 2,3-O
is(phenylcarbamate) selector was anchored regioselec
t position 6 of the glucose unit to aminopropylsilica (C

I) leaving a certain portion of the amino groups of the sp
nreacted which were supposed to be the major sourc
OF generation. However, the following problem emer

he residual silanols still present at the surface counter
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tively charged spacer, in fact, amplified the EOF (ca. 50%
increased but still moderate; ca.−9.5× 10−5 cm2 V−1 s−1

at maximum) (seeFig. 7b). A variety of solutes were sepa-
rated on both CSPs including Troeger’s base and praziquan-
tel, but with higher speed on the CSP with the positively
charged spacer. While the aqueous mode provided higher
efficiencies, the nonaqueous mode produced higher enan-
tioselectivities in the majority of cases. A seriously disturb-
ing problem, however, appeared in the course of the mul-
tiply charged polysaccharide CSP with positively charged
spacer: It was reported that it was hard to get good frits on
this CSP due to the poor fusion properties of the positively
charged particles. Since harsh conditions were obviously re-
quired for making the frits, this may have negatively af-
fected the efficiency of the columns. Another analog prepared
later by chemically bonding methacryloyl-modified cellulose
3,5-dimethylphenylcarbamate onto methacryloyldiethylene-
triaminopropylsilica by copolymerization had broader spec-
trum of applicability in NACEC mode using short end injec-
tion [37].

5.2. Macrocyclic selectors

CSPs based on cyclodextrins (CDs) and macrocyclic an-
tibiotics (vancomycin and teicoplanin) have been examined
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Overall, high selectivity and fast separation at same time
seem to be contradictions in this system and the preference
of aqueous conditions reflects the expected behavior that rea-
sonably strong solvophobic interactions are required for ef-
fective enantiomer recognition. On contrary, MeOH–ACN
eluents switch off such interactions.

The success of the polar organic mode in HPLC enan-
tiomer separation with macrocyclic antibiotic phases evi-
dently prompted the use of such conditions in CEC too
and so it is not surprising that several NACEC studies with
macrocylic antibiotics CSPs have been performed by differ-
ent groups in this mode. Vancomycin[38–40], teicoplanin,
and teicoplanin aglycone (TAG) based particulate silica-
supported chiral stationary phases (Fig. 8), either supplied
from commercial sources (Chirobiotic V[39], Chirobiotic
T [41,42], Chirobiotic TAG [43]) or home-made materials
[20,38,40]have been tested after slurry packing into FS cap-
illary of 50–100�m diameter, and their behavior was largely
consistent with regards to achieved results and expectations
from viewpoint of theory and HPLC extrapolations.

Few peculiarities in column technologies deserve to be
mentioned at this point. Typically, the silica particles (3.5
or 5�m with 100Å pore size) modified with the antibiotics
selectors (selector loadings∼130�mol/g or 0.36�mol/m2

[20]) were slurry packed into the capillaries creating columns
w and
a y,
s pre-
p ica
(
T cked
r lde-
h i and
c gth
i on-
t were
p a
s ment
o t as
w the
m phic
b ates
f r it-
s der
a 25%
o diol-
s king
i s of
d s in
t was
c igrants
d mit-
t was
s mns
c were
r had
n NACEC (using polar organic mode). Both type of select
yclodextrins and macrocyclic antibiotics as well, can be c
ified into intermediate oligomeric and macrocyclic selec
hat recognize and bind guest molecules by inclusion c
lexation into their macrocyclic cavities. While CDs do so
olvophobic interactions as major driving force for comp
ormation, inclusion is driven by H-bonding, dipole–dip
nd/or electrostatic interactions in case of the antibiotic c

erparts.
Wistuba et al. prepared packed capillary columns (100�m

.d.) with 3�m ChiraDex-beta and 5�m ChiraDex-gamm
�-CD, �-CD attached to silica via carbamate linker)[9]
nd operated these capillary columns by pressure-as
ACEC with methanolic eluents and MeOH–ACN ba
obile phases, respectively, and for the purpose of c
arison also with aqueous mobile phases. The nonaq
luents contained MES buffer in 5–13.5 mM concentrati
eadily soluble in this concentration range. Obviously M
as adsorbed to the surface of the CSP (presumably b

eraction with the carbamate group and/or spacer), be
nodic flow resulted being favorable for the intended sep

ion of the Dns-amino acid enantiomers. Pressure-assis
tabilized the flow through circumventing the problem
ubble formation (outgassing) at the end frit and accele
he otherwise slow analysis. With the nonaqueous meth
ic conditions it could be taken profit of faster elution tim
ompared to aqueous eluents. While the addition of A
30–70%, v/v) to MeOH gradually enhanced the EOF
owered retention,RS was impaired dramatically with ACN

n contrary, admixing minor amounts of water had a be
ial effect on enantioselectivities and vastly improvedRS.
ith the mentioned duplex nature having a packed
n open segment[39,41–43]. Wikström et al., on contrar
howed that an in situ derivatization procedure of a
acked capillary column with reactive achiral diol-sil
5�m) is a viable route to CEC capillary columns too[38,57].
he vancomycin selector was immobilized onto these pa
eactive particles after oxidation of the diol moieties to a
ydes by reductive amination. On the other hand, Fanal
o-workers fully packed their capillaries over the entire len
nto three distinct segments of which only the middle part c
ained the vancomycin CSP, while the two outer sections
acked with diol-silica each[20,40]. The first short diol-silic
egment accommodated the inlet frit and the longer seg
f diol-silica at the outlet end of the capillary the end fri
ell as the detection window. The vancomycin-CSP in
iddle part was packed into a 23 cm long chromatogra
ed. The cathodic EOF of the vancomycin CSP origin

rom the residual silanols, while the vancomycin selecto
elf that has a pI of ca. 7 exerts a minor opposing effect un
cidic conditions. In order to enhance the cathodic EOF,
f bare silica was admixed to both vancomycin CSP and
ilica as well. Detection was carried out through the pac
n a position which was devoid of vancomycin. The los
etection sensitivity due to presence of the diol particle

he detection cell was obviously minimal and supposedly
ompensated by less peak broadening, because the m
id not need to pass an end frit before detection thus o

ing this major dispersive factor. This specific design
elected for the following reasons: (i) more stable colu
ould be obtained and less problems with outgassing
eported. (ii) The frits can be made on diol-silica which
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ncomycin, teicoplanin and teicoplanin aglycone (TAG), bonded onto silica supports for NACEC use.
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better sintering properties than CSPs. (iii) The frit fabrication
procedure must be optimized only once and can then be used
for different types of packings. Otherwise, the frit is made
of the chromatographic packing and optimization of the frit
fabrication is required for each packing. In a later study, in
which 3.5 and 5�m particles were comparatively evaluated
with the two distinct column designs (duplex nature and fully
packed)[20], Fanali and co-workers suggested to return to the
common column technology. The admixing of bare silica that
generously provides silanols was found to give rise to exces-
sive non-specific interactions with cationic analytes, which
has led to low plate counts in particular for the 3.5�m parti-
cles. Efficiencies, in particular of 3.5�m particles, increased
dramatically by a factor of 2–10 without admixing silica. For
example, a minimal reduced plate heighthred of ∼1.2, which
was favorably located at the highest attainable flow rate, could
be achieved with the 3.5�m plain vancomycin column. Elu-
tion times were only moderately increased (∼10–20%) when
silica was omitted[20].

In addition to these packed capillary column technolo-
gies, Kornysova et al. successfully fabricated hydrophilic
polyacrylamide type monolithic capillary columns by a post-
modification approach. First, monolithic capillaries based
on the acrylamide monomersN-(hydroxymethyl)acrylamide,
N,N′-piperazine diacrylamide, and vinylsulfonic acid (as
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Fig. 9. Comparison of CEC enantiomer separations of thalidomide on van-
comycin CSP and polar organic (a) as well as hydro–organic reversed-phase
mode (b). Conditions: (a) MeOH–ACN–TEA–AcOH (80:20:0.1:0.1, v/v);
voltage, 20 kV;T, 15◦C. (b) Eluent, ACN–0.1% triethylammonium acetate
buffer (pH 4) (30:70, v/v); voltage, 25 kV;T, 15◦C. Reprinted with permis-
sion from ref.[39].

well [43]. In the polar organic mode, however, it had similar
spectrum of application as the parent teicoplanin CSP, which
was mainly comprised of chiral drugs with amino alcohol
structures. In contrast, for the separation of free amino acids
that could not be resolved into enantiomers on teicoplanin
aqueous conditions were required. Because of the slow EOF
under these conditions the additional pressure application of
1.2 MPa which was possible with the internal pressure system
of the employed CEC system helped to slightly accelerate the
analysis and had only a moderately negative effect onRS.

As a common trend, regardless of type of antibiotics se-
lector, the polar organic mode worked better in NACEC with
a low percentage of acetonitrile (typically in the range be-
tween 5 and 40%, v/v). Such eluents tended to outperform
conditions with lower and in particular higher ACN content.
Although a high ACN percentage could yield due to the more
favorableε/η ratio faster electroosmotic flow, the optimum in
terms ofRS was typically observed with high MeOH content
(at least 60%, v/v). This fact was explained by a reduction
of non-stereoselective interactions through competitive H-
bonding stemming from non-specific adsorption of cationic
solutes to acidic silanols, the existence of which has been
inferred from tailing peaks observed despite triethylamine in
the mobile phase[39,57]. Typical plate counts achieved in
the different studies can be derived fromTable 1. Fanali et al.
onic monomer admixed to provide permanently ioni
unctionalities for EOF generation) were copolymeri
orming the continuous bed. Subsequently, the mon
as derivatized with vancomycin by above described
ation/reductive amination reaction scheme. This mono
olumn unfortunately did not exhibit any enantiomer reco
ion abilities in the nonaqueous polar organic mode, cont
ng with expectations, but a few racemates could be reso
n the RP mode[58].

While the RP mode turned out to be preferable in
articular case of polyacrylamide monolith as well as
later performed study on the stereoisomer separati

mino acids and peptides on Chirobiotic TAG[59,60], the
ther CEC studies with macrocylic antibiotics CSPs repo
niformly on a more enantioselective nonaqueous pola
anic mode compared to the hydroorganic RP mode w
olds in particular for the separation of chiral bases on
omycin and TAG[38–40,43]. Vancomycin CSP separat
n NACEC mode thalidomide (Fig. 9), �-blockers and�-
ympathomimetics like terbutaline[57] and in addition som
ther basic drugs[40], while no basic compounds could be
olved in hydroorganic RP mode[39]. Complementary CE
nantiorecognition capabilities of the two distinct mo
hase modes were reported for the teicoplanin CSP[41]. For
xample,�-blockers were not resolved in reversed-phase

n polar organic mode only. However, in RP mode also a
eutral and acidic SAs could be resolved into enantiom
he new Chirobiotic TAG CSP, which has the sugar moie

eicoplanin cleaved, has shown to possess significantly
erent enantiorecognition behavior compared to the pa
lycopeptide CSP. This has been confirmed by NACE
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Fig. 10. Electrochromatograms of the simultaneous separation of venlafaxine and its metabolite (O-de–methyl–venlafaxine) on vancomycin-based CSP using
different ACN–MeOH ratios (13 mM ammonium acetate as electrolyte; applied voltage, 30 kV). Reprinted with permission from ref.[40].

[40] thoroughly investigated solvent effects and found 40%
(v/v) ACN as a good compromise yielding satisfactory res-
olution in short elution times for a wide variety of solutes.
In one example, venlafaxine and its O-desmethyl metabolite
could be baseline separated into enantiomers simultaneously
(seeFig. 10), and ACN affected both the chiral and achiral
selectivity. The substitution of MeOH by other alcohols, viz.
EtOH, 1-PrOH, and 2-PrOH had a deleterious effect onRS,
which decreased in this order, and likewise on EOF.

The principal practical applicability of NACEC with te-
icoplanin based CSP and its suitability for enantiomeric ex-
cess determination in a pharmaceutical quality control labora-
tory was demonstrated by Carlsson et al.[42]. The NACEC
separation of metoprolol was fully validated to assess the
overall performance and suitability for the enantiomeric pu-
rity determination of metoprolol enantiomers. Separations in
the polar organic mode with 5% (v/v) ACN in MeOH yielded
RS of 2.5 for metoprolol enantiomers, which was regarded to
be sufficient for analysis under overload conditions that may
lead to partialRS loss. Repeatability was tested to be less
than 5% R.S.D. for retention times, resolution, and peak area
and less than 10% for the plate numbers. Linearity could
be proven over the concentration range of 0.125–3.0 mg/mL
(r2 > 0.995) as well as at the lower 0.1–3% levels related to the
main enantiomer (r2 > 0.985) (the latter series of experiments
w with
m nsi-
t (R)-
m eric
i ea%
r ncen-

trations between 1.35 and 0.45�g/mL). Spiked samples with
known amounts of enantiomeric impurity yielded accuracies
of 100.4%. Robustness of the method was assessed by use
of an experimental design and also found to be satisfactory.
The results of the validation study were judged to conform
well with demands for application to the enantiomeric impu-
rity determination. The major limitation was regarded to be
the limited capillary column stability and longevity. Another
problem mentioned could arise from the lack of commercial
CEC capillary columns, an important concern for a pharma-
ceutical routine laboratory.

5.3. Low-molecular-mass chiral ion exchangers

Bonded silica gel phases have been shown to exhibit a poor
EOF characteristics (see above). Owing to derivatization of a
significant portion of the silanols of silica beads in the course
of covalently bonding the stationary phase to the surface of
the silica beads, the residual silanol density after efficient
derivatization is low. Since this translates into a weak EOF,
such phases are not optimally designed for CEC. The same
was even found (as outlined above) for coated CSPs. For this
reason, ion exchangers and in particular permanently ionized
mixed-mode ion exchangers, which provide highζ-potentials
and strong EOF, have become the stationary phases of first
c

for
C low-
m
p epa-
r eral
as envisaged to substitute analysis of samples spiked
inor enantiomer at the 0.1–1% level for validation of se

ivity, because available standards of both (S)- as well as
etoprolol contained considerable amounts of enantiom

mpurity). LOD and LOQ were as low as 0.09 and 0.03 ar
elated to the main peak (corresponding to absolute co
hoice in CEC.
To realize such a concept in a similar manner

EC enantiomer separation we suggested the use of
olecular-mass chiral anion exchangers (Fig. 11) that have
reviously been very successful in HPLC enantiomer s
ation of oppositely ionized chiral compounds. The gen
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Fig. 11. Structures of chiral ion exchangers used in NACEC: (a) chiral anion-exchanger based on silica particles, and (b) chiral monomers, comonomerand
crosslinker used for the preparation of chiral anion-exchange type monolithic CSPs.

characteristics of these CSPs can be summarized as follows:
(i) low molecular chiral selectors that carry ionizable groups
are immobilized on a chromatographic support (in case of
the beaded support 3.5�m 100Å silica particles) and due
to the relatively small size and surface extension of the se-
lector it can be grafted in a high concentration onto the sur-
face amounting typically to 0.2–0.4 mmol/g silica. (ii) The
ionic site of the selector fulfills a double role; it represents
the primary ionic interaction site of the selector driving the
solute–selector association by a strong ion-pairing mecha-
nism and it is also the main determinant of theζ-potential and
the electroosmotic behavior due to the high selector concen-
tration (the net charge is only to a minor extent influenced by
the residual silanols). Since the ionic groups are fully accessi-
ble at the surface, a strong EOF with appropriate direction for
a faster co-directional separation process is afforded (note:
the electrophoretic mobility contribution of the oppositely
ionized solutes to overall solute transport needs to be consid-
ered). (iii) While ion exchangers in CEC are often operated in
the non-interactive mode, i.e. taking advantage of repulsive
electrostatic interactions, in the present approach attractive
ionic interactions are established in an ion-pairing mode. A
strong interaction of the oppositely ionized solutes under hy-
droorganic conditions with a low ionic strength buffer, typi-
cally used in CEC to minimize current generation and avoid
t

interaction, hydrogen bonding and hydrophobic interactions
makes it difficult to elute the ionic solutes within reason-
able run time in the aqueous CEC mode (seeFig. 12a). The
increase of counter-ion concentration, to reduce the actual
potential of the ion-exchanger and its ion-exchange capacity,
experiences a natural limitation through the current gener-
ation and Joule heating of the system. Moreover, the EOF
would be reduced at the same time. (iv) Nonaqueous condi-
tions on the other hand allowed to solve this complication:
The lower currents in NACEC tolerated the use of higher
concentrations of effective counter-ions, which are actually
competitive ion-pairing species, and in addition, hydropho-
bic interactions are weakened too. As a result, the elution
times are reasonably fast (seeFig. 12b). As already pointed
out above, nonaqueous conditions have been also favorable
in terms of system stability (compare baseline stabilities in
the both modes inFig. 12a and b).

Chiral anion exchangers, which conceptionally have the
class of chiral acids including various N-derivatives of amino
acids and chiral acidic drugs as application spectrum (see
Table 1), were investigated in NACEC both as particulate
[10,44]and monolithic columns[45–48].

Theζ-potential and EOF characteristics of the silica-based
chiral anion exchangers turned out to be a complicated mat-
ter under aqueous conditions[61]. Residual silanols and
q and
he risk of bubble formation, together with other strong�–�
 uinuclidinium moieties are counter-acting each other
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Fig. 12. Enantiomer separation of FMOC-Leu on particulate chiral anion-exchanger: hydroorganic (a) vs. non-aqueous mode (b and c). (b)µeo>µep, and (c)
µeo<µep. Conditions: CSP: tBuCQN-TPS (Hypersil 120-3�m); capillary dimension: 0.1 mm i.d.,Lpacked= 25 cm,Ltotal = 33.5 cm,Leffective= 25 cm. Mobile
phases: (a) acetonitrile: 0.1 mol/L MES (80:20, v/v), pHa 6.2 (adjusted with triethylamine).T, 20◦C; voltage,−25 kV (9.6�A). (b) 0.2 mol/L acetic acid and
4 mmol/L triethylamine in acetonitrile–methanol (80:20, v/v);T, 20◦C; voltage,−25 kV (3.6�A). (c) Same conditions as in (b), but 10 mmol/L triethylamine.
Reprinted with permission in modified form from ref.[10].

the EOF turned cathodic at about pH > 6. In NACEC with
ACN–MeOH based eluents containing acetic acid and tri-
ethylamine the EOF remained anodic over the entire pH*

range investigated, which is a favorable property and extends
the more suitable pH* range[10]. While the acidic pH* with
excess of acetic acid (e.g. 100-fold molar excess) (Fig. 12b)
provided a strong EOF, e.g.−1.7× 10−4 cm2 V−1 s−1 even
with a high counter-ion concentration, the superimposed elec-
trophoretic migration becomes more and more important as
the acid-excess is reduced and eventually allowed migration
of the anionic solute, e.g. FMOC-Leu before the EOF which
was weak at such conditions (e.g. 10-fold molar excess of
acetic acid compared to triethylamine) (Fig. 12c) [10]. The
exceptional enantioselectivity in this system, in which the
transport was electrophoretically controlled, was still con-
served so that both enantiomers of FMOC-Leu were sepa-
rated withRS of about 8.

Some peculiarities, which are typical for this chiral ion-
exchange CEC system, emerged in the course of studies re-
garding the effect of the electrolyte and counter-ion concen-
tration, respectively. In accordance with the ion-exchange
mechanism, the retention could be cut down by an increase
of the counter-ion concentration (e.g. from 100 to 600 mM)
through a stronger competitive or shielding effect exerted by
the acetic acid[10]. Thereby, the effective potential of the ion-
e were

reduced. Although the decreasedζ-potential with such high
counter-ion concentrations diminished the EOF substantially,
the solute enantiomers eluted much faster at essentially iden-
tical enantioselectivity, and the currents were still tolerable.
Favorably, the peak tailing disappeared at higher counter-
ion concentrations, and a nice symmetrical peak shape with
much higher efficiencies could be obtained[10]. Even at a
600 mM counter-ion concentration the EOF marker eluted
within 4.5 min on the 25 cm long column.

An ACN content between 60 and 80% (v/v) in the
ACN–MeOH eluent was found to represent the optimum for
most analytes, and surprisingly the fastest EOF was attained
with the eluent containing 40% MeOH in ACN[10].

To corroborate the practical applicability and demonstrate
the sufficient stability of the packed NACEC approach, the
above described particulate chiral anion exchanger was uti-
lized for the determination of the rotational energy barrier
of the reversible enantiomerization reaction of an atropiso-
meric biphenyl derivative, 2′-dodecyloxy-6-nitrobiphenyl-2-
carboxylic acid[44]. To do so, the interconversion kinet-
ics of atropisomeric biphenyl carboxylic acid enantiomers in
presence of the anion-exchange type quinine carbamate CSP
was studied by a stopped-flow NACEC methodology. After
initial separation of the enantiomers in the first part of the
CEC column at low temperature, to avoid enantiomerization
a ation
xchanger and thus the actual ion-exchange capacity
 nd peak coalescence of the second kind (plateau-form
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between separated enantiomers due to on-column intercon-
version), the flow was stopped and the enantiomers of the
stereolabile atropisomeric solute allowed to convert, due to
their fairly low interconversion barrier, to the opposite enan-
tiomer, i.e. they were allowed to reversibly enantiomerize
on-column at a controlled temperature. Then, the voltage and
EOF was switched on again. After finishing the separation, an
electrochromatogram with a four-peak pattern representing
the two original enantiomer peaks and in-between the well-
resolved new enantiomer pair formed by the enantiomeriza-
tion reaction. The conversion could be determined from the
corresponding enantiomeric ratios. From conversion at vari-
able enantiomerization times kinetic rate constants could be
calculated, which in turn provided apparent activation en-
ergies of enantiomerization of 92.9 and 94.1 kJ mol−1 for
(−) and (+)-enantiomers using the Eyring equation. On the
macroscopic level, such different energy barriers for the both
enantiomers in presence of the CSP resulted in deracemiza-
tion, which would approximate a level of 16% enantiomeric
excess (ee) after infinite enantiomerization time. The high ef-
ficiency of the NACEC method facilitated the complete reso-
lution of the four-peak chromatogram as well as the accurate
integration of the minor peaks.

Although the enantioselective anion-exchange NACEC
could be designed with appealing chromatographic proper-
t y re-
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curves), design considerations could be derived which even-
tually provided enantioselective anion-exchange type mono-
lithic capillaries for highly efficient enantiomer separations
as demonstrated for a number of acidic test compounds (see
Table 1).

The monolith performance was found to be governed
mainly by the following dependencies[45]: (i) with chiral
monomer of about 20% (w/w) (related to total monomers)
optimal enantiomer separation factors were reached for most
tested analytes. While higher amounts just added retention,
lower percentages typically led to both loss of enantiose-
lectivity and efficiency as well. (ii) Of utmost importance
turned out to be the type of co-monomer. A more hydrophilic
surface adjusted through the polar HEMA comonomer, i.e.
its pending 2-hydroxyethyl-moieties had clearly a benefi-
cial effect. In contrast, when the more lipophilic glycidyl-
methacrylate (GMA) was used as co-monomer, it seemed
that non-specific interactions adversely affected the high in-
trinsic enantioselectivity of the chiral monomer[4] as well
as deteriorated the peak performance through a mismatched
adsorption/desorption kinetics on the enantioselective and
non-enantioselective sites[62]. The study essentially con-
firmed the earlier findings of Peters et al.[63]. (iii) The
crosslinking degree of the chiral monolithic materials was
found to be crucial for the flow properties and the dynamics
o asing
t 40
t hro-
m be
d ow
( e sig-
n d by
V that
d size
a nol
r max-
i ons,
f w)
t OF
s ac-
c effi-
c ere
a ted
b y the
a as as-
s mer-
c lain
t that
w ity
i oly-
m o-
m rated
w cies.
( d to
‘ eir
p evi-
ies, several problems described in the literature mostl
ated to frit fabrication, stability and longevity of the pack
apillary columns could not be overcome completely. Mo
ithic columns with the chiral anion-exchange type selec
ncorporated into the polymer matrix obtained through
itu copolymerization process of a chiral monomer (in
pproach)[45–48] or attached to the surface of a reac
onolith in a subsequent derivatization (post-modifica

trategy)[49], both turned out to be viable routes to en
ioselective macroporous monolithic columns devoid of
bove mentioned limitations.

For the in situ approach, quinidine carbamate was m
ed with polymerizable methacrylate group to obtain ch
onomer1, O-[2-(methacryloyloxy)ethylcarbamoyl]-10,1
ihydroquinidine (Fig. 11b). This chiral monomer was
itu copolymerized with 2-hydroxyethyl methacrylate
omonomer2and ethylene dimethacrylate as crosslinker3 in
resence of porogens (cyclohexanol and dodecanol) w
ntreated fused silica capillaries. Initiation of the polymer

ion by either thermal treatment or UV irradition yielded d
erent polymer morphologies, even though starting from
ame reaction mixture, a fact that added to the complexit
lso flexibility of the monolith preparation. Through syste
tic studies of the most important stationary phase param
f the macroporous monoliths such as polymer compos
percentage of chiral monomer, co-monomer type and
ent, degree of crosslinking) and pore size accompanie
heir thorough characterization of physical properties (
ize distributions, surface area), chemical composition
mental analysis) and chromatographic performance (e

ioselectivity tests for test compounds by NACEC andH/u
f the electrochromatographic separations. Upon decre
he EDMA amount and thus the crosslinking degree from
o 20% and 10% (w/w) (related to total monomers) the c
atographic efficiency of the monolithic columns could
ramatically improved. Both the maldistribution of the fl
A-term) as well as the resistance to mass transfer wer
ificantly reduced with the lower crosslinking as reveale
an Deemter curves on three corresponding monoliths
iffered in crosslinking and had all a comparable pore
djusted to 1.1�m (dry state) by the cyclohexanol–dodeca
atio used as porogens. Concomitantly the acquirable
mal EOF velocities dropped, e.g. under given conditi
rom 1.7 mm/s (40%, w/w EDMA) to 1.2 mm/s (20%, w/
o 0.6 mm/s (10%, w/w). This trade-off in terms of E
peed, indicates that the 20% (w/w) crosslinking may be
epted as fair compromise between fast flow and high
iency. The findings in terms of loss of EOF velocity w
ttributed to a swelling effect. The swelling is promo
y the less crosslinked materials and reduced thereb
vailable pore space. Thus the actual pore diameter w
umed to be significantly smaller than measured with
ury porosimetry in the dry state. This would readily exp
he loss of EOF velocity, since it has been figured out
ith organic polymer monolith columns the EOF veloc

s lower the smaller the macropore diameter of the p
er (see above)[46]. Overall, by the swelling a more h
ogeneous gel-type monolithic bed seemed to be gene
hich showed the described desirable effects on efficien
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re-adjust’ in the liquid environment through swelling th
ore diameter to the optimal pore size, which was pr
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ously found for a 40% (w/w) crosslinked analog to be around
0.5�m.

Also the mobile phase parameters and external variables
such as temperature were of prime importance. A few pe-
culiarities found during these studies are emphasized at this
place: (i) the degree of swelling of the polar polymer chains
will depend on the polarity of the employed medium, and
is expected to be higher for MeOH than ACN. It is there-
fore not surprising that the dependency of the MeOH con-
tent in ACN on the EOF rate depicted a different relation-
ship with low crosslinked monoliths[47] compared to afore-
mentioned rigid packed column analogs[10]. In fact, with
the monolithic column the linear flow velocity steadily de-
creased when the MeOH content in the eluent was increased,
while with the packed column the highest flow was afforded
with 40% (v/v) MeOH. Although hard to compare due to
completely different morphologies and selector densities in
the two type of columns, it is a striking indication for the
stronger swelling effect in the MeOH-rich eluents as com-
pared to ACN-rich mobile phases. (ii) A column temperature
of 50◦C turned out to be the optimum with regards to ac-
complished resolution values. This is uncommon, because
with packed column analogs it was usually observed in the
intermediate temperature range, e.g. around 20–25◦C, as re-
sult of two opposing factors, namely decrease ofα-values
( sing
p sing
t

F iffer-
e hiral
m ,
c oly-
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(
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Enantioselectivities similar or close to those obtained with
silica based chiral anion exchanger columns could be ob-
tained on the optimized monoliths for various chiral acids
including N-derivatized amino acids. Efficiencies in many
instances clearly exceeded those of the packed columns and
250,000 theoretical plates/m could be reached, e.g. for the
separation of valine enantiomers derivatized with Sanger’s
reagent[46]. Short monoliths of only 8.5 cm length allowed
fast enantiomer separations in less than 10 min using the
short end injection technique[46,47]. Other advantages of the
proposed monoliths include the fritless design, because the
monolith can be anchored to capillary wall by copolymeriza-
tion with vinylized FS surface. Opposed to the manufacture
of the packed columns, the preparation of such monolithic
capillaries, once optimized, is technically simple and a num-
ber of capillaries can be easily synthesized in parallel.

Later, a modified cinchonan carbamate type chiral
monomer 4, O-9-(tert-butylcarbamoyl)-11-[2-(methacryl-
oyloxy)ethylthio]-10,11-dihydroquinine (Fig. 11b), with a
bulky tert-butyl adjacent to the carbamate and the methacryl-
ate introduced via the quinuclidine moiety, remote from
the active chiral recognition site around the central C9
due to enthalpic control of chiral recognition) and increa
late numbers (due to enhanced diffusivities) with increa

emperature.

ig. 13. NACEC enantiomer separations of serine derivatized with d
nt fluorogenic reagents. Monolithic column: polymerization mixture, c
onomer4 (Fig. 11b) 8% (w/w), HEMA 28% (w/w), EDMA 4% (w/w)

yclohexanol 15% (w/w), and 1-dodecanol 45% (w/w). UV initiated p
erization 16 h at room temperature. Capillary dimension,Ltotal = 45 cm,
monolith= 20 cm,Leffective UV = 36.5 cm, 0.1 mm i.d. Eluent, ACN–MeOH
80:20, v/v) containing 0.4 mol/L acetic acid and 4 mmol/L triethylamine;
pplied voltage,−25 kV;T, 50◦C. Reprinted with permission from ref.[48].
 Fig. 14. Structures of investigated chiral cation-exchange CSPs.
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stereogenic center, was proposed[48]. The above findings
in terms of the optimal design of the cinchonan carbamate
functionalized monoliths were confirmed also in this study.
Knowledge gained by the earlier work allowed to fabri-
cate optimized monoliths with a minimal number of experi-
ments. The new enantioselective anion-exchange type mono-
lithic columns showed enhanced enantioselectivity, due to
the bulkytert-butyl group which acts as a steric barrier, and
a faster EOF. Representative electrochromatograms are de-
picted inFig. 13.

The above described anion-exchange NACEC methods
were conceptionally designed to separate the enantiomers of
chiral acids. Since only a relatively low percentage, far less
than 50% of all racemates that are of importance for phar-
maceutical industry, are chiral acidic compounds, the corre-
sponding chiral cation exchangers were developed to com-
plement the spectrum of resolvable racemates and extend the
scope of applicability of the enantioselective ion-exchange
concept to chiral bases as well.

A variety of new cation-exchange CSPs (seeFig. 14)
have been devised utilizing the reciprocity principle of chi-
ral recognition[50]. All the cation-exchange type selectors
were constructed of a chiral amino acid, aminosulfonic acid,
or aminophosphonic acid synthon that was acylated by a
linker acid (4-allyloxy-3,5-dichlorobenzoic acid) with a ter-
m yl-
s n.
T in-
c ro-
g

site, and steric or van der Waals interaction sites. Through
the introduction of the allyloxy group, the�-acidity of the
linker acid (which can be characterized by theewithdraw-
ing effect of the substituents using the Hammett constantσ

which is−0.49) becomes significantly lower than, e.g. of the
corresponding 3,5-dichlorobenzoic acid (σ =−0.74) or 3,5-
dinitrobenzoic acid (σ =−1.42). Nevertheless, it possesses
still �–� binding propensity with complementary sites of
the analytes which are in case of chiral bases more often�-
basic than�-acidic. The dichloro substitution instead of nitro
groups was chosen due to its distinct advantage of a cleaner
radical addition reaction, while nitro groups are known to be
incompatible with radicals and were assumed to yield side
products in the course of the immobilization reaction.

It was expected that the strong SCX type materials would
be preferred in terms of EOF characteristics, as they were
supposed to provide a strong EOF over a wider pH* range.
Profound comparative data on the EOF generating behavior
of carboxylic, sulfonic, and phosphonic acid materials in non-
aqueous electrolyte solutions were, however, not available.
Therefore, three analogs varying solely in the acid function-
ality, i.e. carrying either a carboxylic acid, sulfonic acid, or
phosphonic acid (with similar selector loadings between 0.21
and 0.25 mmol/g) were compared with respect to their EOF
behavior in NACEC (Fig. 15a) [51]. The pKa values of the
t al-
c cid,
1 pho-
n dif-
f tic

F ratio: p* pro base-
t acid (1
a ic acid formic acid
( 00 mM rm
f

inating double bond for immobilization onto thiolprop
ilica (3.5�m, 100Å) particles by radical addition reactio
he selectors favorably contain multiple binding sites
luding besides the primary ionic interaction site, hyd
en donor–acceptor groups, the aromatic�–� interaction

ig. 15. Dependence of electroosmotic mobility on the base-to-acid
o-acid ratio adjusted with 2-aminobutanol (10–100 mM) and formic
minobutanol]/[HCOOH]) = 0 corresponds to 2-aminobutanol and form
basic pH* range), and−1 corresponds to 10 mM 2-aminobutanol and 1

rom refs.[51,52].
hree analogs ofFig. 15a in aqueous solution have been c
ulated with ACD software to be 4.24 for the carboxylic a
.34 for the sulfonic acid, and 2.12 and 7.69 for the phos
ic acid. According to distinct dissociation constants a

erent surface charge andζ-potential and thus electroosmo

Hfiles of different chiral cation exchangers. Experimental conditions:
0–100 mM) in acetonitrile-methanol (80:20, v/v); temperature, 20◦C. log ([2-
each 10 mM, 1 corresponds to 100 mM 2-aminobutanol and 10 mM
formic acid (acidic pH* range). Reprinted with permission in a modified fo
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mobility was obtained when the pH* of the eluent (adjusted
through the acid/base ratio) was varied, and clearly indicated
that the selector acidity was the dominant factor for the EOF
characteristics of the particles (Fig. 15a). The weak cation
exchanger (WCX) with the carboxylic acid functionality pro-
vided solely with basic pH* a strong EOF due to suppressed
ionization in the acidic range. On the other hand, the sulfonic
acid analog allowed the generation of a stable and high EOF
over the entire pH* range. In contrast, the phosphonic acid
analog exhibited unexpected behavior. EOF velocity declined
in the acidic pH* range and current and flow were eventually
broken down with excess of aminobutanol (basic range). It
may be argued that with the bis-protic phosphonic acid the
increasing charge density leads finally to excessive double
layer overlap at basic pH* conditions and breakdown of the
EOF. The EOF behavior of a variety of other strong sulfonic
acid-based cation exchange (SCX) CSPs, some of them with
an additional carboxylic acid group, is shown inFig. 15b. It
is seen that the EOF profiles are quite similar, for all of them
basically dominated by the sulfonic acid functionality. Over-
all, the achieved EOF mobilities were quite high (µeo be-
tween 1.5× 10−4 cm2 V−1 s−1 and 2× 10−4 cm2 V−1 s−1)
despite the substantial electrolyte concentrations and strong
ion-pairing properties of the aminobutanol that reduced the
effectiveζ-potential and EOF.

the

tionic

Fig. 16. pH* profiles of retention factors, enantioselectivities, and resolu-
tions of ephedrine. CSPs: (�) sulfonic acid-based CSP 1, (©) phosphonic
acid based CSP 2, and (�) carboxylic acid based CSP 3 (for structures see
Fig. 15). Same conditions as inFig. 15. Reprinted in modified form from
ref. [51].

solutes and the residual silanols of the CSPs were mini-
mized. Noticeably, retention factors increased in the order
of acidities of the CSPs (Fig. 16a) and advantageously also
the separation factors as well as resolutions were enhanced
on the stronger acidic cation-exchange CSPs in particular
in the acidic pH* range (Fig. 16b and c)[51]. As a conse-
quence, the SCX CSPs exhibited a broader application spec-
trum and allowed baseline resolutions of a wide variety of
chiral bases including in particular amino alcohols like�-
sympathomimetics,�-blockers, antimalarial agents, but also

Fig. 17. Representative electrochromatograms of enantiomer separations of eptid
SCX CSPs. (a) Clenbuterol, and (b) O-(tert-butylcarbamoyl)mefloquine. Colum
50 mmol/L formic acid and 25 mmol/L 2-aminobutanol in ACN–MeOH (80:2
permission from refs.[51,54].
chiral basic compounds by NACEC on aminosulfonic acid and sulfodipde base
The favorable EOF characteristics of the SCX CSPs in
acidic range allowed the use of these phases at pH* condi-
tions where non-stereoselective interactions between ca
n dimensions: 250 mm× 0.1 mm i.d. (Leff = 250 mm,Ltot = 335 mm); eluent,
0, v/v); voltage, +15 kV (18.2�A); T, 20◦C. Reprinted in modified form with
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various non-amino alcohol structures as well as amphoteric
compounds, e.g. omeprazole[51].

The various SCX CSPs presented inFig. 14 show to
some extent complementarity in terms of application spec-
trum which was remarkably broad in particular for the CSPs
based on 2-amino-3,3-dimethylbutanesulfonic acid and cor-
responding dipeptides (Fig. 17). For example, the sulfodipep-
tide CSPs based on (S,S) and (R,S)-leucyl-2-amino-3,3-
dimethylbutanesulfonic acid as selector allowed the base-
line separation of about 40% of the 50 tested racemates by
NACEC using a single standard mobile phase[54].

In 1995, Smith and Evans reported on CEC separations
of basic pharmaceuticals using SCX particles and observed
a focussing effect that yielded plate numbers in excess of
a million/m [64]. This work spurred the development of
CEC by attracting the interest of many researchers. Unfor-
tunately, this focussing effect was not reproducible. In some
rare cases, we could also find a similar phenomenon[51], but
improper or non-optimized conditions seemed to be respon-
sible. In order to verify whether the high efficiencies with
up to 350,000 plates/m that have frequently been obtained
with the sulfonic acid based-SCX CSPs, which showed bet-
ter behavior in terms of peak shape and efficiencies than the
phosphonic acid analogs, are artefacts or highly reproducible,
a method validation was carried out for the enantiomeric ex-
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concluded that NACEC represents a distinguished comple-
ment to RP-type enantioselective CEC. Such potential ad-
vantages of NACEC include the feasibility of performing
enantiomer separations of lipophilic compounds that are even
insoluble in hydroorganic eluents using either the polar or-
ganic mode (MeOH-ACN based eluents) or the normal-phase
(like) mode (hexane based systems with substantial amount
of polar modifiers). Further, it was shown by several studies
that complementary application spectra may be achieved in
aqueous and nonaqueous CEC mode and therefore NACEC
widened the scope of CEC. In a few studies, a better system
robustness and improved baseline stability was reported, be-
cause the severe problem of bubble formation in the packed
columns was largely eliminated by use of nonaqueous media.
Last but not least, another striking advantage may arise from a
faster elution and therefore more rapid analyses, in particular
when strong hydrophobic interactions between sorbent and
analytes are involved. In a few examples, it was demonstrated
that NACEC can principally cope with the demands of a val-
idated assay as, e.g. proven for the enantiomeric excess de-
termination of enantiomeric drugs. Its principal applicability
to the analysis of more complicated samples such as biologi-
cal fluids has not yet been shown and its performance in this
respect remains questionable. Moreover, also the coupling of
NACEC to mass spectrometers is an empty spot on the land-
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ess determination of ephedrine[53]. This solute was se
rated on the SCX CSP based on theN-tert-butylamide o
enicillamine sulfonic acid with 320,000 plates/m andRS of
.8. Run-to-run repeatabilities were all below 0.3% R.S.D
OF, retention time, separation factor,RS and peak area rati
he R.S.D. of about 1 was obtained for the plate numbe
icating that the separations are highly reproducible an
ACEC method of principal practical suitability. R.S.D. v
es of absolute peak areas were about 6.5% and hen
elf-internal standard method, which makes use of the
osite enantiomer as internal standard for the quantitati

he main component, was suggested. This of course i
ates that the analyses are run twice, once for the deter
ion of the enantiomeric excess without spiking and onc
he quantitation of the main enantiomer with spiking of
pposite enantiomer at a specified concentration. The

nternal standard method ensured a highly linear calibra
urve (0.03–5 mg/mL;r2 = 0.9998). Also the other validatio
ssues such as LOQ (0.058% at S/N = 3:1), LOQ (0.035
/N = 5:1) for the minor enantiomer complied well with

equirements.
Hence, it may be concluded that this concept has ex

ional potential in NACEC, in particular when the particul
upport can be substituted by more robust monolithic m

. Conclusions

A variety of studies on enantioselective CEC have dem
trated that nonaqueous conditions may offer certain ad
ages over typical reversed-phase mode and hence it m
cape of this intriguing electroseparation technology. C
idering that usually highly volatile solvents and electrol
re used in NACEC it should be at least equally feasib
ith aqueous CEC methods. Overall, a lot remains to be
nd it is hoped that with the emergence of highly enanti

ective and robust monolithic columns many of the curre
xisting problems can be eliminated. Indeed, the mono
olumn technology could pave the way for a brighter fu
f enantioselective (NA)CEC. First steps seem to be do

. Abbreviations

c acetyl
CN acetonitrile
cOH acetic acid
PS 3-aminopropylsilica
GE background electrolyte
z benzoyl
C carbazole-9-carbonyl
D cyclodextrin
E capillary electrophoresis
EC capillary electrochromatography
hiralcel OD cellulose tris(3,5-dimethylphenylcarbama
hiralcel OJ cellulose tris(4-methylbenzoate)
hiralpak AD amylose tris(3,5-dimethylphenylcarbama
LC capillary liquid chromatography
SP chiral stationary phase
ySO3H-Leu cysteic acid-leucine sulfodipeptide
BD 4-(N,N-dimethylaminosulfonyl)-2,1,3-

benzoxadiazole
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DCB 3,5-dichlorobenzoyl
DEA diethylamine
DNB 3,5-dinitrobenzoyl
DNP 2,4-dinitrophenyl
Dns dansyl (5-dimethylaminonaphthalene-1-sulfonyl)
DNZ 3,5-dinitrobenzyloxycarbonyl
EDMA ethylene dimethacrylate
EOF electroosmotic flow
EtOH ethanol
FMOC-Leu N-(9-fluorenylmethoxycarbonyl)-leucine
FS fused silica
GMA glycidyl methacrylate
HEMA 2-hydroxyethylmethacrylate
HPLC high-performance liquid chromatography
LC liquid chromatography
LOD limit of detection
LOQ limit of quantitation
MeOH methanol
MES 2-morpholinoethanesulfonic acid
MS mass spectrometry
NACE nonaqueous capillary electrophoresis
NACEC nonaqueous electrochromatography
NMF N-methylformamide
NP normal-phase mode
P external pressure
P
2
R
R
S
T
T
T
t
T
W
Z

L
a
b
b
d
F
H
I
k mi-

k
L
L
q tes I
q
R
T
t

t0 elution time of a neutral non-retained flow marker
vCEC observed migration velocity in CEC
veo EOF velocity
vep electrophoretic migration velocity
vpress pressurized flow velocity

Greek letters
α separation factor
αapp apparent chromatographic enantioselectivity
αCE separation factor as calculated by electrophoretic

formalism
αCEC separation factor in CEC as calculated by LC termi-

nology fromkCEC
αLC chromatographic selectivity
αtrue intrinsic enantioselectivity of the selector
δ double layer thickness
µeo electroosmotic mobility
µep electrophoretic mobility
µr reduced mobility
σ surface charge of the chiral stationary phase
φ phase ratio
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Söderẗalje, Sweden), Merck KGaA (Darmstadt, Germa
nd piCHEM (Graz, Austria) is gratefully acknowledged

eferences

[1] Z. Deyl, F. Svec (Eds.), Capillary electrochromatography, J. C
matogr. Library, vol. 62, Elsevier, Amsterdam, 2001.
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