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Sulfonated cellulose tris(3,5-dimethylphenylcarbamate) (SCDMPC)-coated zirconia monolith (ZM) was used
as the chiral stationary phase in capillary electrochromatography for separation of enantiomers of ten chiral
compounds in acetonitrile (ACN)-phosphate buffer mixtures as the eluent. Influences of the ACN content,
buffer concentration and pH on chiral separation have been investigated. Separation data on SCDMPC-ZM
have been compared with those on CDMPC-ZM. Resolution factors were better on SCDMPC-ZM than
CDMPC-ZM while retention factors were in general shorter on the former than the latter. Best chiral
resolutions on SCDMPC-ZM were obtained with the eluent of 50% ACN containing 50 mM phosphate at pH
around 4.
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Introduction
Capillary electrochromatography (CEC) is a hybrid technique of HPLC and CE, and has been increasingly utilized in
studies on the development and evaluation of separation
methods including chiral separations.1-3 It provides high
efficiency because of the flat profile of electroosmotic flow
(EOF) to pump the mobile phase and ability to separate
charged as well as uncharged compounds through electrophoresis and chromatographic separation.3 Several reviews
have been reported on enantioseparations using CEC as a
separation technique.1-4 Three types of columns including,
open-tubular, particulate-packed and monolithic capillaries
are used for CEC.5 Monolithic columns are becoming attractive alternative to particle-packed columns in HPLC and
electrochromatography.6-8 Monolithic columns are devoid of
problems and difficulties associated with packed capillary
columns, including burdensome packing of stationary phase
particles in a capillary and frits that cause formation of air
bubbles during the analysis which results in reduction of
separation efficiency, and tend to break easily.9-12 The monolithic columns allow fast mass transfer at lower pressure
drops, enabling much faster separations. The continuous
monolithic bed in the capillary column also allows high
linear velocities that enable high throughput screening and
fast separations of enantiomers.6-8,13
Among various classes of chiral selectors14,15 polysaccharides have been widely used as the chiral stationary
phase (CSP). A great number of polysaccharide derivatives
including cellulose, amylose, chitin, chitosan, galactosamine,
curdlan, dextran, xylan, and inulin have been in use for
chiral separations.16 The derivatives of cellulose and amylose
usually exhibit higher chiral recognition ability than the
other type polysaccharides. A number of HPLC separations

for a large number of chiral compounds in different classes
on polysaccharide-immobilized silica17-20 and polymer
columns.21 The polysaccharide-based columns can be used
in normal phase, polar organic and reversed-phase mode.22
While silica-based stationary phases have received wide
acceptance due to their well-studied surface chemistry,
drawbacks of silica-based stationary phases are also well
experienced, which includes restricted use in eluents of a
limited pH range of 2-8 due to unstable nature of Si-O-Si
bond in acidic as well as basic eluents23,24 and applicability
only in limited temperature range.25 Zirconia is a viable
alternative to silica as the support, due to its unique and
extraordinary chemical, mechanical and thermal stability.26-28
Zirconia particles are stable over the entire pH range and
have been used for prolonged periods at temperatures up to
200 oC. The specific surface area and pore volume of
zirconia are smaller in comparison with silica, but due to its
higher density the surface area of zirconia is comparable to
that of silica in terms of surface area per unit volume. The
unique surface chemistry of zirconia extends different applications for its use in chromatography.26,29 A number of
zirconia-based CSPs have been evaluated in HPLC30-34 and
CEC.35-37 Recently zirconia-based CSPs coated with cellulose
derivatives have been used in HPLC30,31,38,39 and CEC in
particle-packed35 and monolithic columns.37 We recently
reported chiral separation of basic compounds by CEC on
cellulose 3,5-dimethylphenylcarbamate (CDMPC)-coated
zirconia monolith (ZM) column in mobile phases of acidic37,40
and basic pH.41
In this work, we report enantiomer separation by CEC on
zirconia monolithic column modified with sulfonated CDMPC
(SCDMPC).42 The augmented EOF generated by the negative
charges of the sulfonate groups and dissociated zirconol
groups of the ZM surface as well will provide much
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faster separation than native CDMPC. It is expected that the
better chiral resolution in the shorter analysis time is
obtained on SCDMPC. We have investigated chiral
separation of a set of ten neutral and basic chiral compounds
on the SCDMPC-ZM column in aqueous organic eluents of
varying pH, organic and electrolyte compositions to evaluate
the performance of the column and compared them with
those on CDMPC-ZM.
Experimental
Materials. Fused silica capillaries (75 µm I.D., 365 µm
O.D.) were obtained from Polymicro Technologies (Phoenix,
AZ, USA). Zirconium butoxide, acetic acid, potassium dihydrogen phosphate and sodium hydroxide were purchased
from Aldrich (Milwaukee, WI, USA). Cellulose (Avicel)
was obtained from Merck (Darmstadt, Germany). Triphenylmethyl chloride and 4,4'-diphenylmethane diisocyanate of
reagent grade were received from TCI (Tokyo, Japan). Polyethylene glycol (PEG) (MW = 10,000 g mol−1), 3,5-dimethylphenyl isocyanate, tetrahydrofuran (THF) and pyridine were
supplied by Aldrich (Milwaukee, WI, USA). All reagents
used were reagent grade or better having higher than 99%
purity. HPLC-grade acetonitrile (ACN) was obtained from
J.T. Baker (Phillipsburg, NJ, USA). Water was purified with
an Elgastat UHQ water purification system (Bucks, UK).
Chiral compounds including Tröger’s base (TB), 2,2,2-trifluoro-1-(9-anthryl)ethanol (TFAE), trans-stilbene oxide
(TSO), 1-(1-naphthyl)ethanol (NE), 4-phenyl-1,3-dioxane
(PD), α-methylbenzyl cyanide (MBC), α-(trifluoromethyl)benzyl alcohol (TFMB), epoxiconazole (EPO), benalaxyl
(BEN) and tetramethrin (TM) were of the highest-purity
available from Aldrich (Milwaukee, WI, USA) or TCI
(Tokyo, Japan) and structures are shown in Figure 1.
Instrumentation. An Agilent HP 3DCE System (Palo
Alto, CA, USA) equipped with a diode-array UV detector, a
± 30 kV high voltage power supply and an external nitrogen
pressure was used for the CEC separations. Instrument
control and data collection were performed with the ChemStation software. The morphology of the zirconia monoliths
was examined by a field emission scanning electron microscope (FE-SEM S-4100, Hitachi, Japan). A syringe pump
from Cole-Parmer (Vernon Hills IL, USA) was used to inject
the SCDMPC solution into the zirconia monolithic capillary.
Column Preparation. Zirconia monolithic capillary column
was prepared according to the method reported earlier.37
Briefly, to a homogeneous hydrolysis solution consisted of
PEG, water, acetic acid and 1-butanol at suitable concentrations, a required amount of zirconium butoxide was added.
The resulting mixture was injected into the activated fused
silica capillary up to the required length and allowed to react
overnight at 35 oC. Then, the column was heated at 150 oC
for 6 h. After completion of heating, the capillaries were
cooled to room temperature and then characterized by SEM.
CDMPC was prepared as per the reported method43 and
SCDMPC was prepared as per the reported method42 and
characterized by elemental analyses, IR and NMR spectro-

Figure 1. Structures of chiral compounds.

scopy. To perform the CDMPC and SCDMPC coatings on
the surface of ZM bed, the ZM capillaries were initially
washed with ethanol and then with THF. Then, a polymer
solution of 8% by weight in THF was passed through the
capillaries at a flow rate of 5 µL min−1 using a syringe pump
to coat the entire zirconia monolithic bed of the capillary
column. The capillary was finally rinsed with methanol and
mobile phase, respectively.
Chromatography. CEC separations were carried out at
25 oC with an applied voltage of 5 kV and monitored at 214,
254 and 280 nm. An external pressure of 10 bars was
applied to both buffer reservoirs. The mobile phases were
mixtures of ACN and phosphate buffer of varying pH in
different compositions. These mobile phases were filtered
through a nylon membrane filter of 0.2-µm pore size and
degassed prior to use. The monolithic capillary columns
were equilibrated for 8-10 h in order to reduce baseline noise
before CEC runs. Samples dissolved in the mobile phase
were injected electro-kinetically at 10 kV for 1 s. Separations
were done at the applied voltage of 10 kV. Migration times
of two consecutive injections were in agreement within 3%.
Fresh mobile phase was replenished after each run of sample.
The capillaries with total length of 35 cm and monolithic
bed length of 25 cm were used for separation. The dead time
was measured by injecting acetone.
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Figure 3. Effect of ACN content. Conditions: column, SCDMPCZM; eluent, ACN/phosphate buffer (50 mM, pH 4.4); detection,
254 nm. Other conditions are the same as in Fig. 2.

Figure 2. Variation of electroosmotic mobility, µeo, on bare and
coated ZM columns. Conditions: column, length 35 cm (monolith
bed 25 cm) × i.d. 50 µm; eluent, 50/50 (v/v) ACN/phosphate
buffer (50 mM); marker, acetone; voltage, 5 kV; injection, 10 kV
for 1 s; detection, 280 nm; temperature, 25 oC.

Results and Discussion
EOF Behavior of SCDMPC-ZM. Zirconol groups on
the zirconia monolith (ZM) surface can undergo Brönsted
acid-base reactions (ZrOH F ZrO− + H+ (1); ZrOH2+ F
ZrOH + H+ (2)) and either positive or negative surface
charge can develop depending on the pH of the mobile
phase. Point of zero charge on zirconia occurs at pH between
5 and 6,28 and thus the direction of EOF can be either
cathodic above this pH or anodic below this pH.44 In
organic-phosphate buffer mixtures cathodic EOF was
invariably observed for both native and modified zirconia
regardless of pH.37,44 Phosphate ions as Lewis bases are able
to bind strongly to the Lewis acid sites of zirconia surface26
to provide extra negative charges and hence cathodic EOF,
regardless of the mobile phase pH. Figure 2 shows variation
of electroosmotic mobility (μeo) measured by acetone on bare,
CDMPC- and SCDMPC-ZM with pH. The magnitude of
EOF increases with pH as more zirconol groups dissociate
according to Eq. (1) to increase negative surface charges,
resulting in increasing EOF. The magnitude of EOF on
CDMPC-ZM is smaller than that on bare ZM since the
number of exposed dissociable zirconol groups on CDMPCZM is decreased as the surface is covered by adsorbed
polymer.37 The magnitude of EOF on SCDMPC-ZM is even
greater than on bare ZM due to additional negative charges
of the sulfonate groups of SCDMPC.
Influence of the ACN Content. The effect of organic

content in the eluent on chiral separation was examined by
varying the ACN content from 40 to 70 v% for two typical
analytes, EPO and TFAE, and resulting chromatograms are
shown in Figure 3 along with selectivity factor (α), resolution factor (Rs) and the number of the theoretical plate for
the early eluting enantiomer (N1). ACN was chosen as the
organic modifier as it provides the better separation efficiency.35,45 Migration times for both analytes were decreased
as the ACN content was increased. Enantioselectivity factors
were increased when the ACN content was increased from
40 to 50% and then decreased upon further increase of the
ACN content, showing a maximum at 50%. Resolution
factors and theoretical plate counts showed similar trends to
that for enantioselectivity. While variation of the selectivity
factor is marginal that for resolution factor is much greater.
The much greater variation of resolution factors with ACN
composition is likely due to the much bigger changes in the
plate counts, according to the equation, Rs = 1/4·N1/2·(α-1).46
It is thought that ACN composition of 50 v% is optimal
when migration time and resolution are taken into consi-

Figure 4. Effect of phosphate concentration. Conditions: eluent,
50/50 (v/v) ACN/phosphate buffer (pH 4.4). Other conditions are
the same as in Fig. 2. Note that chromatograms were shifted
vertically for viewing feasibility.
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deration together.
Influence of the Phosphate Concentration. SCDMPCZM is likely to show cation-exchange behavior. The enantioseparations of EPO and TFAE as the representative analyte
were studied by varying the concentration of phosphate from
30 mM to 100 mM, and resulting chromatograms are shown
in Figure 4 along with selectivity, resolution and the plate
count for the early eluting enantiomer. As the phosphate
concentration was increased, the magnitude of EOF was
decreased due to the reduced double-layer thickness (2.06,
1.87, 1.79 and 1.72 [× 10−4 cm2s−1V−1] at 30, 50, 70 and 100
mM, respectively). The shorter migration time of the
positively charged EPO than neutral TFAE is an indication
of cation-exchange effect. The migration of the cationic
EPO is further augmented by the cathodic electrophoretic
flow, which is co-directional with the EOF. The plate counts

Figure 5. Effect of pH. Conditions: analyte, EPO; eluent, 50/50
(v/v) ACN/phosphate buffer (50 mM). Other conditions are the
same as in Fig. 2.

and resolutions were the highest at 50 mM and decreased
with a further increase in the electrolyte concentration,
which is most likely due to the increased Joule heating that
causes molecular diffusion to increase. Enantioselectivity
did not change significantly with the phosphate concentration. Phosphate concentration of 50 mM was thus chosen
for further separations.
Influence of pH. The pH of the mobile phase will affect
the electromigration behavior of a basic analyte as it determines the degree of ionization of the analyte and hence the
electrophoretic migration behavior. Migration of nonioniz-

Figure 6. Comparison of resolution and selectivity of SCDMPCZM vs. CDMPC-ZM.

Table 1. Separation Data on CDMPC-ZM and SCDMPC-ZM*
CDMPC-ZM
TFAE
TFMB
NE
MBC
TSO
PD
TB
EPO
TM
BEN
*

tR1/tR2a
27.2/30.1
27.8/32.3
27.2/30.9
22.6/24.1
23.4/26.0
25.2/28.5
23.0/26.4
25.9/32.5
28.4/29.6
26.0/26.9

SCDMPC-ZM

α

Rsc

k1/k2d

N1/N2e

tR1/tR2

α

Rs

1.09
1.10
1.12
1.07
1.11
1.06
1.09
1.25
1.04
1.03

1.40
0.78
1.25
0.84
1.06
0.69
1.35
2.46
0.38
0.50

0.35/0.49
0.24/0.39
0.35/0.53
0.12/0.20
0.20/0.31
0.07/0.18
0.09/0.18
0.28/0.61
0.41/0.47
0.29/0.33

3770/2970
2010/2320
2000/1290
2350/2190
1780/1440
1620/1430
3970/3360
4160/3780
2400/1900
4490/3500

25.8/28.9
17.6/18.1
15.6/16.2
17.8/18.3
13.1/14.6
17.1/17.7
21.3/23.1
22.1/27.1
17.4/18.0
20.4/21.3

1.12
1.03
1.04
1.03
1.12
1.04
1.08
1.22
1.03
1.05

2.73(1.95)
0.98(1.26)
1.43(1.14)
0.99(1.18)
1.22(1.15)
1.10(1.67)
2.53(1.87)
4.33(1.76)
0.76(2.00)
1.05(2.10)

b

f

k1/k2

N1/N2

0.52/0.80
0.09/0.13
-0.02/0.01
0.11/0.14
-0.18/-0.09
0.06/0.10
0.27/0.44
0.42/0.69
0.08/0.12
0.27/0.33

10330/8400
16610/14820
21450/18360
15640/15190
18530/17740
17790/14770
7010/5844
8300/6720
11740/8720
7960/6760

Conditions: columns, ID, 50 μm, length, 35 cm, monolith bed, 25 cm; mobile phase, ACN/phosphate buffer (50 mM, pH 4.4); reservoir pressure, 10
bar; voltage, 5 kV; injection, 10 kV, 1 sec; detection; 214 nm, 254 nm; temperature, 25 oC; dead time marker, acetone. aMigration time. bApparent
selectivity factor, α = tR2/tR1. cResolution factor. dRetention factor. ePlate counts for the first- and second-eluting enantiomer. fIn parentheses are the ratios
of Rs on SCDMPC-ZM vs. CDMPC-ZM.
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Conclusions
Zirconia monolith modified with sulfonated cellulose 3,5dimethylphenylcarbamate was used for the separation of
enantiomers of a set of ten chiral compounds by CEC. The
EOF behavior of bare, CDMPC- and SCDMPC-coated ZM
column was studied in ACN/phosphate buffer eluents of pH
ranging from 2 to 12. Increasing cathodic EOF with pH was
observed for all ZM columns, with the highest EOF on
SCDMPC-ZM. The SCDMPC-ZM column was evaluated
by studying the influences of the ACN and phosphate
composition, and pH of the eluent on enantiomer separation.
Better separations in shorter analysis time for the analytes
were obtained on SCDMPC-ZM than CDMPC-ZM. CEC
separations in the mobile phase of 50% ACN containing 50
mM phosphate at pH of around 4 provided the best chiral
resolutions for the analytes studied.
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ing a neutral analyte is determined predominantly by EOF.
The separation of a typical basic analyte, EPO, has been
examined in 50:50 ACN/phosphate mixture of different pH,
and the chromatograms are shown in Figure 5 along with
selectivity, resolution and the plate count for the early
eluting enantiomer. As pH was increased from 2 to 4 the
migration time of EPO was decreased sharply due to
increasing EOF as seen in Figure 2. Further increase of pH
up to 9 produced only marginal decrease in the migration
times. While EOF was increased to a small extent as pH was
changed from 4 to 6 and 9, the increased migration by this
increase in EOF was likely to be cancelled by decreased
electrophoretic migration. With increasing pH the fraction of
protonated form of EPO molecules decreases, which in turn
reduces electrophoretic migration that is co-directional with
EOF, resulting in decreased migration of the analyte. While
selectivity factors did not change appreciably resolution
factors were decreased in general with pH. The best enantioseparations were obtained at pH ~4.
Chiral Separation on SCDMPC-ZM. Enantioseparation
data for ten analytes on SCDMPC-ZM in 50:50 ACN/
phosphate buffer (50 mM, pH 4.4) are listed in Table 1,
along with those on CDMPC-ZM. Bar graphs for resolution
and selectivity factors on the two CSPs are shown in Figure
6 for straightforward comparison. Better resolutions were
obtained for all the analytes in shorter migration times on
SCDMPC-ZM than CDMPC-ZM. Enantiomers of three
compounds were baseline separated on SCDMPC-ZM while
only one compound was baseline separated on CDMPCZM.
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