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Research Article

Enantioselectivity of basic analytes in CZE
enantioseparation under reversed-polarity
mode using sulfated �-cyclodextrins as chiral
selectors: An unusual temperature effect

Temperature effects on the enantioselectivity of basic analytes in CZE enantiosepara-
tion were studied under reversed-polarity mode using randomly sulfate-substituted
b-CDs (MI-S-b-CD) as chiral seletors. Two catecholamines (epinephrine and iso-
proterenol) and two structurally related compounds (octopamine and norephedrine)
were selected as test compounds in an electrophoretic system at low pH. The mobility
differences between the (1)-enantiomers and the (2)-enantiomers of the two cate-
cholamines and dopamine at 407C are greater than those at 257C with MI-S-b-CD,
even at a concentration as low as 0.3% w/v. Thus the enantioselectivity of these three
basic analytes increases with increasing temperature. This phenomenon results from
the inequality of the temperature effect on the mobility of the two enantiomers. In
contrast, norephedrine behaves differently. The (1)-enantiomers of these basic ana-
lytes were found to migrate faster than the (2)-enantiomers. Consequently, the unusual
temperature effect on the enantioselectivity can be observed when the mobility differ-
ence of the (1)-enantiomer between 40 and 257C is greater than that of the (2)-enan-
tiomer using MI-S-b-CD at a concentration greater than about 0.7% w/v for enantio-
separation of isoproterenol, 0.4% w/v for epinephrine, and 0.3% w/v for octopamine.
This unusual temperature effect offers the advantages to enhance enantioselectivity, to
improve enantioseparation, and to reduce migration times.
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1 Introduction

It has been reported that the enantioselectivity in capillary
electrophoretic separation decreases by raising the cap-
illary temperature [1–10]. Very recently, an unusual tem-
perature effect on the enantioselectivity of terbutaline and
wafarin was reported in which the enantioselectivity was
found to increase with increasing temperature [11]. It was
suggested that the use of highly sulfated b-CDs at con-
centrations greater than the optimum concentration for
enantioseparation of basic and neutral analytes should be
employed in order to observe this unusual temperature
effect [11].

In the course of the study of enantioseparation of cate-
cholamines and structurally related compounds by CZE
using randomly sulfate-substituted b-CDs (MI-S-b-CD) as
chiral selectors, the enantioseparation of catecholamines
using MI-S-b-CD at 2.0% w/v under reversed-polarity
mode at low pH was significantly improved by raising the
capillary temperature [12]. This is because the enantio-
selectivity of some basic analytes increases with increas-
ing temperature. In this study, the influences of tempera-
ture on the enantioselectivity of some basic analytes
using sulfated b-CD at various concentrations at low pH
under reversed-polarity mode were further investigated
systematically. Here we present the results to demon-
strate that the unusual temperature effect on the enan-
tioselectivity resulting from the inequality of the tempera-
ture effects on the mobility of the two enantiomers can
occur even at relatively low concentrations of MI-S-b-CD.
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2 Materials and methods

2.1 Apparatus

All CE separations were performed on a Beckman P/ACE
System MDQ, equipped with a photodiode arry detector
for absorbance measurements at 200 nm (Beckman
Coulter, Fullerton, CA, USA). Uncoated fused-silica capil-
laries purchased from Polymicro Technologies (Phoenix,
AZ, USA) were used. The dimensions of the capillary were
60.2 cm650 mm id. The effective length of the capillary
was 50 cm from the injection end of the capillary. The CE
system was interfaced with a microcomputer. System
Gold software of Beckman was used for data acquisition.
For pH measurements, a pH meter (Suntex Model SP-
701, Taipei, Taiwan) was employed with a precision of
60.01 pH unit.

2.2 Chemicals and reagents

Epinephrine, octopamine, and (6)- and (2)-isoproterenol
hydrocholoride were obtained from Sigma (St. Louis, MO,
USA). Norephedrine hydrochloride and MI-S-b-CD were
obtained from Sigma-Aldrich. The single isomer heptakis
(2,3-dihydroxy-6-O-sulfo)-b-CD (SI-S-b-CD) was pur-
chased from Antek Instruments (Houston, TX, USA). All
other chemicals were of analytical grade. Deionized water
was prepared with a Milli-Q system (Millipore, Bedford,
MA. USA).

Standard solutions of the analytes, with the exception of
norephedrine, at a concentration of 20 mg/mL were pre-
pared by dissolving analytes in an aqueous solution. The
sample solution of norephedrine at a concentration of
50 mg/mL was employed. The pH of a phosphate buffer
was adjusted to the desired pH value by mixing various
proportions of a certain concentration of sodium dihy-
drogenphosphate solution with the same concentration
of phosphoric acid. All buffer solutions, freshly prepared
weekly and stored in a refrigerator before use, were fil-
tered through a membrane filter (0.22 mm).

2.3 Electrophoretic procedure

When a new capillary was used, the capillary was washed
for 30 min with 1.0 M NaOH solution followed by 30 min
washing with deionized water at 257C. Before each injec-
tion, the capillary was prewashed for 3 min with running
buffer and postwashed for 3 min with deionized water,
3 min with 0.1 M NaOH, and 5 min with deionized water
to maintain proper reproducibility of run-to-run injections.
Sample injections were done in a hydrodynamic mode
over 5 s under a pressure of 1.0 psi at 257C. The meas-

urements were run at least in triplicate to ensure repro-
ducibility. An applied voltage of either 120 kV (in the nor-
mal polarity mode) or 220 kV (in the reversed-polarity
mode) for phosphate buffer was selected to keep the total
current less than 100 mA. The detection wavelength was
set at 200 nm (pH 3.0). Peak identification was conducted
by spiking with the analyte to be identified. Mesityl oxide
was used as neutral marker.

2.4 Mobility calculations

The apparent mobility of analytes was calculated from the
observed migration times using the equation

m ¼ LdLt

Vtm
(1)

where m is the apparent mobility, tm is the migration time
measured directly from the electropherogram, Lt is the
total length of capillary, Ld is the length of capillary be-
tween injection and detection, and V is the applied volt-
age.

The enantioselectivity (a) of basic analytes was calculated
with the equation

a ¼ mðþÞ

mð�Þ
(2)

where the superscripts (1) and (2) refer to the (1)- and
(2)-enantiomers, respectively.

3 Results and discussion

The structures of two catecholamines and two structu-
rally related compounds, together with their pKa values,
are given in Table 1. At low pH, these compounds are
protonated and thus exist as basic analytes. As sulfated
b-CD used is a mixture composed of a number of MI-S-b-
CD (typically with substitution 7–11 mol/mol b-CD), the
concentration of this type of sulfated b-CD is given in
% w/v instead of mM. Figure 1 shows the electro-
pherograms of isoproterenol obtained at 25 and 407C
using a phosphate buffer (50 mM) containing MI-S-b-CD
at various concentrations at pH 3.0. The second eluted
enantiomer was confirmed as the (2)-enantiomer by
spiking. Thus the (1)-enantiomer migrated faster (toward
the anode) than the (2)-enantiomer. As was observed for
terbutaline [11], the two enantiomers of isoproterenol
migrated more rapidly and the difference in the migration
times between the two enantiomers became lesser when
the concentration of MI-S-b-CD increased from 0.3 to
2.0% w/v. Moreover, the enantiomeric peaks became
broader and the peak shape became more fronted as the
concentration of MI-S-b-CD decreased from 0.5 to
0.3% w/v. With MI-S-b-CD at relatively low concentra-
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Table 1. pKa values and structures of catecholamines
and structurally related compounds studied

Basic analytes pKa
a) R1 R2 R3 R4 R5

Epinephrine 8.58
8.78
10.0

OH OH OH H CH3

Isoproterenol 8.60
10.1
12.0

OH OH OH H CH(CH3)2

Octopamine 8.88
9.53

OH H OH H H

Norephedrine H H OH CH3 H

a) See [15].

Figure 1. Electropherograms of isoproterenol obtained
using MI-S-b-CD at various concentrations at 25 and
407C. (A) 0.3% w/v, 257C; (B) 0.3% w/v, 407C; (C) 0.5% w/
v, 257C; (D) 0.5% w/v, 407C; (E) 1.0% w/v, 257C; (F) 1.0%
w/v, 407C; (G) 2.0% w/v, 257C; (H) 2.0% w/v, 407C.

tions, the (1)- and (2)-enantiomers were found to migrate
more slowly at 40 than at 257C (Figs. 1A and B). However,
using MI-S-b-CD at higher concentrations (.1.0% w/v),
the (1)- and (2)-enantiomers migrated faster at 40 than at
257C (Figs. 1C and D).

Figure 2 shows the variations of the apparent mobility as
a function of MI-S-b-CD concentration for the two enan-
tiomers of isoproterenol at 25 and 407C. It is interesting to
note that the mobility differences between the (1)-enan-
tiomers and the (2)-enantiomers of the two catechol-
amines and octopamine at 407C are greater than those at
257C with MI-S-b-CD, even at a concentration as low as
0.3% w/v. With the use of MI-S-b-CD at a concentration
greater than about 0.7% w/v, the mobility difference of
the (1)-enantiomer between 40 and 257C was found to be
greater than that of the (2)-enantiomer. On the other
hand, with the use of MI-S-b-CD at a concentration less
than about 0.7% w/v, the mobility difference of the (2)-
enantiomer between 40 and 257C was found to be greater
than that of the (1)-enantiomer. Consequently, the enan-
tioselectivity increases with increasing temperature. It is
noted that this unusual temperature effect on the enan-
tioselectivity can be observed even at a concentration as
low as 0.3% w/v, which is approximately the lowest
detection concentration within a reasonable analysis time
for enantioseparation of isoproterenol with MI-S-b-CD
under reversed-polarity mode. Obviously, the tempera-
ture effects on the mobility of the two enantiomers are not

Figure 2. Variations of the apparent mobility of the two
enantiomers of isoproterenol as a function of MI-S-b-CD
concentration in the range 0.3–2.0% w/v: (1)-enantiomer
at 257C (d); (2)-enantiomer at 257C (j); (1)-enantiomer at
407C (s); (2)-enantiomer at 407C (u).
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equal. As the binding constants of basic analytes to MI-S-
b-CD decrease with increasing temperature [13, 14], the
results of the unusual temperature effect may reveal that
the limiting electrophoretic mobility of the (1)-enantio-
mers at higher temperatures increases to a greater extent
than that of the (2)-enantiomers. In other words, the
inequality of the temperature effects on the mobility of the
two enantiomers determines whether the enantioselec-
tivity of basic analytes increases or decreases with
increasing temperature.

Figure 3 shows the variations of the enantioselectivity of
isoproterenol as a function of MI-S-b-CD concentration at
25 and 407C. The results clearly demonstrate that the
enantioselectivity of isoproterenol increases with
increasing temperature using MI-S-b-CD in the con-
centration range 0.3–2.0% w/v under reversed-polarity
mode. As shown in Fig. 3, no crossing of the two enan-
tioselectivity curves at 25 and 407C occurs in this con-
centration range. As this unusual temperature effect on
the enantioselectivity can be observed even at relatively
low concentrations of MI-S-b-CD, the suggestion given
by Westall et al. [11] that the use of MI-S-b-CD at con-
centrations above the optimum concentration for enan-
tioseparation is not necessary to observe the unusual
temperature effect on enantioselectivity.

In order to add more support, epinephrine and two struc-
turally related compounds (octopamine and norephe-
drine) are also included in this study. Figures 4, 5 show

Figure 3. Variations of the enantioselectivity of iso-
proterenol as a function of MI-S-b-CD concentration at
257C (d) and at 407C (u).

Figure 4. Electropherograms of epinephrine obtained
using MI-S-b-CD at various concentrations at 25 and
407C. (A) 0.3% w/v, 257C; (B) 0.3% w/v, 407C; (C) 1.0% w/
v, 257C; (D) 1.0% w/v, 407C; (E) 2.0% w/v, 257C; (F) 2.0%
w/v, 407C.

Figure 5. Electropherograms of octopamine obtained
using MI-S-b-CD at various concentrations at 25 and
407C. (A) 0.3% w/v, 257C; (B) 0.3% w/v, 407C; (C) 1.0% w/
v, 257C; (D) 1.0% w/v, 407C; (E) 2.0% w/v, 257C; (F) 2.0%
w/v, 407C.
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Figure 6. Electropherograms of norephedrine obtained
using MI-S-b-CD at various concentrations at 25 and
407C. (A) 0.6% w/v, 257C; (B) 0.6% w/v, 407C; (C) 1.5% w/
v, 257C; (D) 1.5% w/v, 407C; (E) 2.0% w/v, 257C; (F) 2.0%
w/v, 407C.

some electropherograms of epinephrine and octopamine
obtained, respectively, using MI-S-b-CD at 0.3, 1.0, and
2.0% w/v at 25 and 407C. The trends in the variations of
the apparent mobility of the two enantiomers of both epi-
nephrine and octopamine as a function of MI-S-b-CD
concentration at 25 and 407C are similar to those of iso-
proterenol shown in Fig. 2. The variations of the enan-
tioselectivity of both epinephrine and octopamine as a

function of MI-S-b-CD concentration at 257 and 407C are
also similar to those of isoproterenol shown in Fig. 3, but
to a less extent. Figure 6 shows some electropherograms
of norephedrine obtained using MI-S-b-CD at 0.6, 1.5,
and 2.0% w/v at 25 and 407C. On the contrary, norephe-
drine exhibits normal temperature effect on enantios-
electivity when capillary temperature is raised from 25 to
407C.

The mobility and enantioselectivity data obtained for the
test compounds using 0.5 and 2.0% w/v MI-S-b-CD at 25
and 407C, are given in Table 2. The results clearly indicate
that the enantioselectivities of epinephrine, isoproterenol,
and octopamine at 407C are greater than those at 257C,
whereas the enantioselectivity of norephedrine at 407C is
smaller than that at 257C. Table 3 gives the mobility dif-
ferences of the two enantiomers of test compounds be-
tween 40 and 257C using MI-S-b-CD at 0.4, 1.0, and
2.0% w/v. As the (1)-enantiomers of these basic analytes
migrate before the (2)-enantiomers, the fact that the mo-
bilities of the (1)-enantiomers of epinephrine, iso-
proterenol, and octopamine at higher temperatures
increase to a greater extent than those of the corre-
sponding (2)-enantiomers with MI-S-b-CD at 1 and
2% w/v demonstrates affirmatively that the enantio-
selectivity of these three basic analytes increases with
increasing temperature. Moreover, as indicated in Table 3
using MI-S-b-CD at 0.4% w/v, the negative values of the
mobility difference obtained for the two enantiomers of
isoproterenol mean that both (1)- and (2)-enantiomers at
407C migrated more slowly than their corresponding
enantiomers at 257C. As the mobility difference of the
(2)-enantiomer of isoproterenol between 40 and 257C is
greater than that of the (1)-enantiomer, the enantioselec-
tivity of isoproterenol is affirmatively confirmed to
increase with increasing temperature.

Table 2. Apparent mobility and enantioselectivity data of test compounds at 25 and 407C using
MI-S-b-CD at 0.5 and 2.0% w/v

Basic analytes mðþÞ25�C mð�Þ25�C a257C mðþÞ40�C mð�Þ40�C a407C

0.5% w/v MI-S-b-CD 0.5% w/v MI-S-b-CD

Epinephrine 2.95 2.57 1.15 3.14 2.64 1.19
Isoproterenol 2.27 1.62 1.40 2.27 1.50 1.51
Octopamine 2.29 2.24 1.03 2.48 2.38 1.05
Norephedrine 1.05 0.70 1.50 1.20 0.84 1.42

2.0% w/v MI-S-b-CD 2.0% w/v MI-S-b-CD
Epinephrine 3.66 3.42 1.07 4.29 3.95 1.09
Isoproterenol 3.23 2.77 1.17 3.71 3.09 1.20
Octopamine 3.29 3.24 1.01 3.94 3.86 1.02
Norephedrine 2.53 2.25 1.13 3.11 2.83 1.10
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Table 3. Mobility differences of the two enantiomers between 40 and 257C using MI-S-b-CD at various concentrations

Basic analytes 0.4% w/v MI-S-b-CD 1.0% w/v MI-S-b-CD 2.0% w/v MI-S-b-CD Enantio
selectivity

Dm(1) Dm(2) Dm(1) Dm(2) Dm(1) Dm(2)

Epinephrine 10.05 20.37 10.46 10.34 10.63 10.53 Increase
Isoproterenol 20.03 20.34 10.33 10.15 10.48 10.32 Increase
Octopamine 10.06 10.01 10.42 10.37 10.65 10.62 Increase
Norephedrine – – 10.38 10.38 10.58 10.58 Decrease

It is wort to note that the increased enantioselectivity with
increasing temperature cannot be observed for enantio-
separation of isoproterenol, epinephrine, and octopamine
using MI-S-b-CD under normal polarity mode. Also, this
unusual temperature effect on enantioselectivity of cate-
cholamines cannot be observed using the SI-S-b-CD at
moderate to high concentrations under normal polarity
mode because the bindings of catecholamines with SI-S-
b-CD are comparatively much weaker than those with MI-
S-b-CD.

4 Concluding remarks

The results of this study indicate that the enantioselec-
tivity increases upon increasing the temperature on using
MI-S-b-CD as chiral selectors for enantioseparation of
isoproterenol, epinephrine, and octopamine under
reversed-polarity mode. The unusual temperature effect
on the enantioselectivity results from the inequality of the
temperature effects on the mobility of the two enantio-
mers. The mobility differences of the (1)-enantiomers
between 40 and 257C are greater than those of the (2)-
enantiomers using MI-S-b-CD at a concentration greater
than 0.7, 0.4, and 0.3% w/v for enantioseparation of iso-
proterenol, epinephrine, and octopamine, respectively.
Consequently, the enantioselectivity can be enhanced
and enantioseparation can be improved by raising the
capillary temperature.
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