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Quinine (QN) is a weak anion-exchange type chiral selector and QN-based silica stationary phases have been widely
used for enantioseparation of acidic chiral analytes in HPLC and recently in CEC. In this work we report enantio-
separation of non-acidic chiral analytes on a quinine carbamate-immobilized zirconia (QNZ) in reversed-phase (RP)
CEC. Influences of pH, composition of the buffer, acetonitrile content and the applied voltage on enantioseparation
were examined. Enantiomers of the analytes investigated are well separated in acetonitrile/phosphate buffer mobile
phases. Separation data on QNZ were compared to those on QN-bonded silica (QNS). Retention was longer but better
enantioselectivity and resolution were obtained on QNZ than QNS.
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Introduction

Capillary electrochromatography (CEC) is a hybrid technique
that combines the useful features of capillary electrophoresis
and high performance liquid chromatography (HPLC), and its
high efficiency and fast analysis make the technique an attractive
tool for chiral separation.l’2 Three types of stationary phase col-
umns, open tubular capillary, monolithic capillary and packed
capillary, are used for CEC. Despite such problems as bubble
formation and zone broadening dueto end-frits in the packed
capillaries, packed capillary columns are a widely used type of
capillary format for CEC since existing HPLC stationary phases
can be conveniently utilized.

Quinine (QN) has been used widely for enantiomer separation
in HPLC as a chiral ion-pairing agent in the mobile phases and
as a chiral stationary phase (CSP) ligand.”® CSPs based on the
use of carbamoylated derivatives of QN and quinidine as anion-
exchange type selectors were found to be highly stereoselective
for the direct resolution of chiral acids in reversed-phase Lc™
and CEC.*"*’ Chiral recognition mechanism on carbamoyl QN-
immobilized stationary phases in organic-aqueous buffer mobile
phases involves simultaneously ion pairing, and differential hy-
drogen bonding (HB), n-n and van der Waals interactions bet-
ween carbamoyl QN and enantiomers of the chiral alnalyte.g’28
Ion pairing interaction is much stronger than the remaining ste-
reoselective interactions and is essential in the chiral recognition
processes.&zs’27 An example from an earlier work shows that an
acidic chiral analyte (N-3,5-dinitrobenzoyltryptophn) that is pre-
sent in the form of anions at the pH of the mobile phase is more
retained (k; = 19.13) and well separated (o= 5.17) while its non-
acidic derivative (N-3,5-dinitrobenzoyltryptophn methyl ester)
is much less retained (k; = 9.47) and not enantioseparated at all
(0= 1.00)."

On the 18-crown-6-2,3,11,12-tetracarboxylic acid-bonded
CSPs, which have been widely used for the separation of pri-
mary amino compounds and the chiral recognition mechanism
on it is known to require complexation interactions between pri-

mary ammonium ions and crown oxygens, successful enantio-
separations were obtained for secondary amines that do not
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1-phenyl-1-propanol 4-phenyl-1,3-dioxane
strongly bind to crown ether oxygens,” and for the analytes with
no primary or secondary amino groups that can be protonated
and undergo complexation interactions with the crown moiety.30
We thought it interesting to see if nonionic chiral compounds
can be resolved on the QN-based CSP, in a similar vein to the
enantioseparation of nonionic analytes on the crown ether CSPs.
In this work we report enantioseparation of two neutral com-
pounds, 1-phenyl-1-propanol and 4-phenyl-1,3-dioxane, on a
carbamoyl QN-immobilized zirconia (QNZ) CSP in reversed-
phase CEC (RP-CEC). Although both compounds are not Bron-
sted acidic, 1-phenyl-1-propanol is HB acidic but 4-phenyl-1,3-
dioxane isnot.”' Itis interesting to see if the HB acidity may play
arole in chiral resolution of the non-Bronsted acidic analytes
on QNZ.

Zirconia as stationary phase support has received consider-
able attention over the last decade.””™* Zirconia particles are
very robust material; they show no detectable signs of dissolu-
tion over the pH range from 1 to 14 and have been used for pro-
longed periods at temperatures up to 200 °C in chromatographic
separation. Zirconia-based stationary phases have been increa-
singly used in CEC separations recently.”™* To our knowledge
enantioseparation of non-acidic, neutral compounds on QNZ
by RP-CEC has not been reported while QNZ was used for enan-
tioseparation of acidic chiral compounds by RPLC.** Influen-
ces of pH, acetonitrile content, composition of the buffer and
applied voltage on enantioseparation were examined. Enantio-
separation data on QNZ were also compared to thoseon carba-
moyl QN-bonded silica (QNS) to see if there are any differences
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in enantioseparation performance depending on the type of
support material.

Materials and Methods

Materials. All reagents used for the preparation of the station-
ary phase were reagent grade or better. Quinine, anhydrous tol-
uene, petroleum ether, N,N-dimethylformamide and anhydrous
tetrahydrofuran were obtained from Aldrich (Milwaukee, USA).
n-Hexane was purchased from EM Sciences (Gibbstown, USA).
Zirconia (pore size, 30 nm; particle diameter, 5 um; specific sur-
face area, 30 m’/ g; density, 2.40 g/mL) was obtained from Zir-
Chrom Separations (Anoka, MN, USA). Silica (pore size, 30
nm; particle diameter, 5 um; specific surface area, 100 m’/g;
density, 0.45 g/mL) was obtained from Macherey-Nagel (Diiren,
Germany). Water was processed with an Elgastat UHQ water
purification system (Bucks, UK). 1-Phenyl-1-propanol and 4-
phenyl-1,3-dioxane were obtained from Aldrich (Milwaukee,
USA).

Preparation of quinine carbamate-immobilized zirconia and
silica. Quinine 3-triethoxysilylpropylcarbamate was synthe-
sized as previously reported8 and characterized by elemental
analysis, IR and NMR spectroscopy. Three hundred mol amount
of quinine 3-triethoxysilylpropylcarbamatewas dissolved in 4
mL of ethanol and the solution was added slowly to the slurry
of 1 g of zirconia in 4 mL of water. The suspension was refluxed
for 1 h and the particles were filtered and washed 2 times with
5 mL of 2/1 (v/v) ethanol/water and once with 3 mL of acetone.
The particles were then dried in vacuum at 80 °C. Surface cove-
rage of quinine 3-triethoxysilylpropylcarbamate adsorbed on
the zirconia surface based on the percent carbon was found to
be 0.58 pmol m™. Quinine 3-triethoxysilylpropylcarbamate was
bonded onto silica as previously reported.® Surface coverage
of'the chiral selector based on the percent carbon was found to
be 0.56 pmol m”.

Columns. QNZ and QNS were slurry-packed in n-hexane by
using Alltech slurry packer (Deerfield, USA) at ca. 5000 psi into
100 pm i.d. x 363 pm o.d. fused silica capillaries (Polymicro
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Figure 1. Variation of electroosmotic mobility (peo) with pH. Condi-
tions: column, length 35 cm (packed bed 20 cm); EOF marker, thiourea;
mobile phase, 5:95 (v/v%) ACN/phosphate buffer (10 mM); applied
voltage, 15 kV; temperature, 25 °C; injection, 10 kV for 3 s; detection,
at 254 nm.
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Technologies, Phoenix, USA) with packed bed length of 200
mm and total length of 350 mm. No attempt was made to opti-
mize the packing procedure. Since it was not possible to sinter
the zirconia particles to make frits, 5-um bare silica were intro-
duced into the capillary for several centimeters both before and
after packing with zirconia particles. Internal frits were made by
sintering the silica particles at a distance of 3 mm from the be-
ginning of the zirconia particle bed while water flowed through
the column under a pressure of 1000 psi. The loose non-sintered
silica particles were flushed away, and a detection window was
made immediately after the outlet frit.*’

Chromatography. CEC measurements were carried at 25 °C
on an Agilent HP’CE system (Palo Alto, USA) with HP’CE
ChemStation software. An external pressure of 10 bars was app-
lied to both buffer reservoirs. The mobile phases were mixtures
of acetonitrile with sodium hydrogen phosphate buffer of vary-
ing composition. They were filtered through a nylon membrane
filter of 0.2-um pore size and degassed prior to use. The columns
were preconditioned with at least 12 h using the mobile phase
before the chromatographic measurement. Samples dissolved
in the mobile phase were injected electro-kinetically at 15 kV
for 5 s and detected at 254 nm. Retention times of two consecu-
tive injections were in agreement within 3%. Dead time was
measured by injecting thiourea.

Results and Discussion

Influence of pH. Zircanol groups on zirconia surface can un-
dergo the following acid-base reactions and either positive or
negative surface charge can develop depending on the pH of
the mobile phase:

ZtOH = 710 + H' (1)
ZrOH,” = ZrOH + H’ )

Zirconia possesses net zero charge at isoelectric point of pH
5 - 6 which can vary depending on the crystalline form and the
material of synthesis. Thus the direction of EOF can be either
cathodic above this pH or anodic below this pH.39’41 Figure 1
shows variation of electroosmotic mobilities (L) measured by
thiourea on bare zirconia, QNZ and QNS with pH in the 5:95
(v/v %) ACN/phosphate buffer. ACN was chosen as the organic
solvent as it usually gives a faster and better separation in
CEC.”*"* Directions of EOF for both bare zirconia and QNZ
are cathodic within the pH range from 4 to 6. Phosphate ions as
Lewis bases are able to bind strongly to the Lewis acid sites on
zirconia surface to provide negative surface charges™ and hence
cathodic EOF, regardless of the mobile phase pH.43 Expression
for p, in CE given by Smoluchowski ([, = €°€,* {/1, where €
is the dielectric constant of the medium, &,is the permittivity of
the vacuum, C is the zeta potential and 7 is the viscosity of the
medium) indicates that p., is only dependent on the £ potential
for a given medium. The { potential is proportional to the surface
charge density. Magnitude of EOF for bare zirconia increases
with pH as more zircanol groups dissociate according to eq (1)
to increase surface charges, resulting in increasing EOF.

On the surface of QNZ present are zircanol and amino groups
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Figure 2. Chromatograms showing the enantioseparation of 1-phenyl-
1-propanol on QNZ at different pH. The first-eluting peak is thiourea,
co-injected with the analyte. Conditions are as specified in Fig. 1.
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Figure 3. Influence of pH on observed mobilities (Lobs), retention times
(tr), enantioselectivity (o), resolution (R) and theoretical plate num-
bers (N) for 1-phenyl-1-propanol and 4-phenyl-1,3-dioxane on QNZ.
Conditions are as specified in Fig. 1.

on quinuclidine ring with a pK of around 9.8 and quinoline ring
with a pK of around 3.9. Amino groups on quinuclidine are fully
protonated while those on quinoline are partially protonated in
mobile phases of pH between 4.0 and 6.0. The net charge of
the QNZ surface and thus the direction and magnitude of EOF
will change with the mobile phase pH as opposite charges on
the surface compensate each other and the resulting net charge

Munrak Lee et al.

determines the direction and magnitude of EOF. Cathodic EOF
observed in the pH range studied indicates that the sum of nega-
tive charges from dissociated zircanol and adsorbed phosphate
anions is greater than that of positive charges on protonated ami-
no groups. Magnitude of EOF on QNZ increases monotonically
with pH as more zircanol groups dissociate according to eq (1) to
increase surface charges. The magnitude of EOF on QNZ is
smaller than bare zirconia since the number of exposed disso-
ciable zircanol groups is diminished as the surface is covered
by adsorbed chiral selector.

Direction of EOF on QNS is cathodic in ACN-phosphate buf-
fer mobile phases, which is in contradistinction with an earlier
observation that EOF is anodic at pH values below ca. 6 in
methanol-acetate buffer mobile phases.”>”’ It is very likely that
the phosphate anions adsorb onto silica surface to a greater ex-
tent than acetate anions and the negative charges from adsorbed
phosphate and dissociated silanol groups effectively cancel out
the positive charges on amino groups of quinine moiety, leaving
net negative charge on the surface. EOF on QNZ is greater than
that on QNS. Estimated surface coverage is about the same for
QNZ (0.58 umo]/mz) and QNS (0.56 umo]/mz). The concentra-
tion of surface hydroxyl groups for silica (8 - 9 ;yLmol/m2 for fully
hydroxylated silica49) and zirconia (9.8 Mmol/m2 for maximally
hydroxylated zirconia34) are not very different. It is likely that
the extent of phosphate adsorption is greater on zirconia than on
silica, yielding the greater net negative surface charge and hence
greater EOF on QNZ than QNS.

Chromatogram for enantioseparation of 1-phenyl-1-propanol
on QNZ in ACN/phosphate buffer of different pH is shown as
an example in Fig. 2, and observed mobilities (Lobs), retention
time (tr), separation factor (o), resolution (Rs) and theoretical
plate numbers (N) for 1-phenyl-1-propanol and 4-phenyl-1,3-
dioxane are plotted in Fig. 3. Retention decreases with the mo-
bile phase pH as EOF increaseswith pH. Enantioselectivity
changes only slightly with pH as differential and additional in-
termolecular interactions of enantiomers of the neutral solute
with the CSP are not to be affected strongly by the change in
pH. Resolution decreases with pH in general. The relationship,
R, = 1/4N"2- (o-1 )50 indicates that with o values essentially un-
varying, decreasing plate numbers causes resolution to decrease.

Two processes are involved in the enantioseparation of chiral
neutral solutes by CEC on a weak anion exchanger type CSP:
EOF and interactions of the solute with the stationary phase.
EOF is solely responsible for the migration of the neutral solute
with no contribution from electrophoretic mobility. Chiral
discrimination is based on the difference in binding strength
of the analyte with CSP. For an acidic compound on QNZ, the
binding is mainly driven by ionic interaction between the posi-
tively charged quinine moiety and the negatively charged an-
alyte, and then van der Waals attractive and/or repulsive interac-
tions including HB and n-w interactions come to set off chiral
discrimination of enantiomers. It is quite notable that neutral
chiral compounds are quite well resolved on QNZ with no help
of ionic interaction-driven binding to CSP. It seems that HB aci-
dity plays a role in chiral resolution of the two non-Bronsted
acidic analytes on QNZ. HB acidic 1-phenyl-1-propanol is long-
er retained and better resolved than HB basic 4-phenyl-1,3-
dioxane.
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Figure 4. Influence of ACN content on electroosmotic mobility (L),
observed mobilities (Lobs), retention times (#r), enantioselectivity (),
resolution (R;) and theoretical plate numbers (&) for 1-phenyl-1-propa-
nol and 4-phenyl-1,3-dioxane on QNZ. Mobile phase, ACN/phosphate
buffer (10 mM, pH 6.0). Other conditions are as specified in Fig. 1.

Influence of acetonitrile content, buffer concentration and
applied voltage. Influence of the composition of ACN in the
mobile phase on enantiomeric resolution of 1-phenyl-1-pro-
panol and 4-phenyl-1,3-dioxane on QNZ was examined by var-
ying volume percent of ACN from 5 to 20 (v/v %) in the ACN/
phosphate buffer (10 mM) and separation data are plotted in Fig.
4. The electroosmotic mobilities increase while the &/n ratio
computed using the ¢ and n52 data in the literature decreases
slightly as ACN content is increased. The EOF is proportional to
the e/m ratio of the medium in CE. This unexpected EOF beha-
vior in CEC was also observed on a polymer-coated silica in
ACN/ammonium acetate buffer solvents,” indicating that the
&/m dependence of EOF in CE is not applicable to CEC without
limitation. The theoryof EOF in CEC is very complex due to a
number of factors including the presence and inhomogeneity of
the packing, duplex geometry of the column with packed and
open segments and heterogeneity of the zeta potential, and thus
the effect of these factors is likely responsible for deviations
from the expected EOF behavior.™ Retention of the analytes
decreases with increasing ACN content. On top of increasing
EOF, the increasing amount of ACN also acts to increase the
solubility of the analyte in the mobile phase and in turn decreases
interaction with the stationary phase, yielding shortened reten-
tion. With increasing ACN content Ry and a also decreases rapi-
dly. 4-Phenyl-1,3-dioxane was not resolved in 15% ACN. 1-
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Figure 5. Chromatograms showing enantioseparation of 1-phenyl-
1-propanol and 4-phenyl-1,3-dioxane on QNZ and QNS. Applied vol-
tage: QNZ, 10kV; QNS, 15 kV. Other conditions are as specified in
Fig. 4.

Phenyl-1-propanol was resolved in 15% ACN, but not resolved
in 20% ACN.

As expected, EOF decreased with increasing buffer concen-
tration as the double layer thickness and zeta potential decrease.
Retention increased in general while enantioselectivity and
resolution for the neutral analytes changed only slightly with
buffer concentration. With increasing applied voltage EOF in-
creased as expected and hence retention of the solutes decreased.
Resolution, plate number and selectivity generally increased
with voltage.

Comparison with QNS. Zirconia and silica particles used pos-
sess identical particle size and pore diameter, and QNZ and
QNS, having about the same surface coverage, were packed
into columns to have identical packed bed length under the
identical packing conditions. Electric field strength was adjusted
so that dead volume marker can be eluted with similar retention
times on the two columns. Figure 5 shows chromatograms for
separations of 1-phenyl-1-propanol and 4-phenyl-1,3-dioxane
on QNZ and QNS in 5:95 (v/v %) ACN/phosphate buffer. Even
with a lower electric filed strength (10 kV) retention is shorter on
QNZ than on QNS with a higher electric filed strength (15 kV).
1-Phenyl-1-propanol is better resolved on QNS than QNZ while
4-phenyl-1,3-dioxane is better resolved on QNZ than QNS.

Conclusions

Two neutral compounds, 1-phenyl-1-propanol and 4-phenyl-
1,3-dioxane, were enantioresolved on QNZ in RP-CEC. Influ-
ences of pH, composition of ACN and buffer, and the applied
voltage on enantioseparation were examined in ACN/phosphate
buffer mobile phases. Enantiomers of the two analytes are well
separated without participation of ion pairing interaction, which
is nonstereoselective but thought to be essential in the chiral
recognition processes. It is noted that HB acidic 1-phenyl-1-
propanol is longer retained and better resolved than HB basic
4-phenyl-1,3-dioxane. Separation data on QNZ were also com-
pared to those on QNS. QNZ showed better enantioresolution
of 4-phenyl-1,3-dioxane while QNS showed better results for
1-phenyl-1-propanol. Under the same electric filed strength
QNZ shows a higher EOF, which reduces run times, and yet
shows comparable separation efficiency to QNS. Work is in
progress to enantioresolve more variegated non-acidic chiral
compounds on QNZ.
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