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Abstract

Enantioseparations of racemic hydrobenzoin and structurally related compounds, including benzoin and benzoin methyl ether, in capillary
zone electrophoresis (CZE) with dual cyclodextrin (CD) systems consisting of S-�-CD (mixed isomers) and a neutral CD, including�-CD and
hydroxypropyl-�-CD (HP-�-CD), as chiral selectors in the presence of borate complexation at pH 9.0 were investigated. Effective enantiosepa-
rations of hydrobenzoin were achieved with addition of dual CD systems and also with neutral CDs in a borate buffer. The enantioseparation and
migration behavior of hydrobenzoin in such an electrophoretic system are primarily governed by the interaction of the borate complex of hy-
drobenzoin with�-CDs. The CD complexations of both hydrobenzoin and the borate complexes of hydrobenzoin with�-CDs increase in the or-
der S-�-CD < HP-�-CD < �-CD. As a result, enantioseparations of hydrobenzoin with the use of dual CD systems consisting of S-�-CD/�-CD
and S-�-CD/HP-�-CD as chiral selectors are more advantageous than that with the use of S-�-CD alone. With these dual CD systems in the pres-
ence of borate complexation, the enantiomer migration reversal was observed for hydrobenzoin. The interactions of hydrobenzoin with neutral
CDs and with S-�-CD exhibit the same chiral recognition pattern, but opposite effect on the mobility of the enantiomers. The (S,S)-enantiomer of
hydrobenzoin was found to interact more strongly than the (R,R)-enantiomer with neutral CDs. For comparison, enantioseparation of hydroben-
zoin, together with benzoin and benzoin methyl ether, with dual CD systems in a phosphate background electrolyte at pH 9.0 was also examined.
The migration order and enantioselectivity of these three benzoins depend on the degree of CD complexations between benzoins and both
S-�-CD and neutral CD in a phosphate background electrolyte. In addition, effective enantioseparations of hydrobenzoin were also achievable
with addition of either�-CD at concentrations greater than 1.0 mM or HP-�-CD at concentrations exceeding 2.0 mM in a borate buffer at pH 9.0.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In capillary electrophoresis (CE), effective separation of
neutral compounds with diol structures can often be achieved
using a borate buffer at pH greater than 7 because nega-
tively charged complexes are formed due to borate com-
plexation[1–5]. Cyclodextrins (CDs) are frequently used as
electrolyte modifiers to affect the separation and selectivity
of analytes with closely related structures[6–8]. Thus, the
combination of CD complexation and borate complexation
is a useful approach for separation of vicinal diol compounds
[4,5,9–11]. Also, CDs are the most commonly used selec-
tors for enantioseparation[6,7,12,13]. Effective enantiosep-
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aration of neutral analytes in capillary zone electrophoresis
(CZE) can be achieved with charged CDs[14–21] or with
dual CD systems consisting of a charged CD and a neutral
CD [22–33]or two charged CDs[34].

Most of the works on the enantioseparation of hydroben-
zoin, which is a typical diol compound, and structurally
related benzoin compounds have been scatteringly re-
ported using a phosphate background electrolyte contain-
ing charged CDs alone or mixed with neutral CDs. The
enantiomers of benzoin were resolved using heptakis(2,3-
dimethyl-6-sulfato)-�-CD as a chiral resolving agent in
a phosphate buffer containing methanol up to 50%[35].
Enantioseparation of benzoin and benzoin methyl ether
was attempted with the use of a dual CD system consist-
ing of mono(6-amino-6-deoxy)-�-CD (�-CD-NH2) and
trimethyl-�-CD in a phosphate buffer at low pH, but with
little success[21]. Enantioseparation of hydrobenzoin and
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benzoin could effectively be achieved with both sulfated
�-CD (S-�-CD) and a mixture of S-�-CD and a surfactant
derived from an amino acid in a phosphate–borate buffer
at pH 8.8[36]; the enantiomers of hydrobenzoin were re-
solved using S-�-CD as a chiral selector in a phosphate
buffer at pH 3.8[16]. However, no detailed information
on the enantioseparation of hydrobenzoin with the use of
S-�-CD was provided.

On the other hand, so far only one article on the enan-
tioseparation of hydrobenzoin using a borate buffer appeared
in the literature. The enantiomers of hydrobenzoin were re-
solved using a borate buffer containing relatively high con-
centration of�-CD (1.8% (w/v)) or succinyl-�-CD (2.0%
(w/v)) at pH 9.3[11]. As the use of dual CD systems con-
sisting of two charged CDs or a charged CD and a neutral
CD can offer possibilities for an enhancement of selectiv-
ity and resolution for some analytes in chiral CE[22–34],
the use of a dual CD system as chiral selectors offers one
additional approach to the study of enantioseparations and
migration behavior of hydrobenzoin and structurally related
benzoin compounds in the presence and absence of borate
complexation.

The migration reversal of the enantiomers of analytes in
CE has attracted the attention of a number of researchers
[12,37–59]. In chiral CE, the reversal of the migration order
of enantiomers is an important issue. This is particularly true
when one enantiomer is considered as an impurity which
has to be detected and the mobility difference between the
enantiomeric impurity and the major component is small.
For avoiding the minute peak of the impurity to be obscured
by the tail of the peak of major enantiomeric component and
lowering the detection limit of the enantiomeric impurity, it
is desirable to change the migration order so that the mi-
nor enantiomeric impurity migrates ahead of the principal
enantiomeric component in the electropherogram. Experi-
mentally, several approaches have been used to achieve the
enantiomer migration reversal. The simplest way for reversal
of the migration order of enantiomers is to reverse the elec-
troosmotic flow (EOF) by using a cationic surfactant[60],
or a cationic CD[41] or even a neutral CD[43] as an elec-
trolyte modifier in the buffer electrolyte and reverse the po-
larity of the electrodes. The migration orders of enantiomers
can also be reversed by employing chiral micelles with op-
posite configuration[61], or using different CDs with oppo-
site chiral recognition[38,42–50]. Moreover, with the use
of charged CDs or even with neutral CDs where the charge
of CD–analyte complexes can be altered by varying buffer
pH the migration reversal of the enantiomers may also oc-
cur [38,45,51,52,54–58]. Furthermore, the occurrence of the
reversal of the migration order of the enantiomers of ana-
lytes by simply varying CD concentration has been reported
[37,39–41,52,62]. Therefore, with the use of dual CD sys-
tems consisting of two types of CDs with opposite chiral
recognition, the migration order of the enantiomers can be
reversed by varying the concentration of one type of CD in
the presence of the other type of CD at a fixed concentration.

The present investigation is aimed to develop a CZE
method for simultaneous enantioseparation of hydrobenzoin
and its structurally related compounds in CZE using dual
CD systems consisting of S-�-CD and a neutral CD as chi-
ral selectors in a borate buffer and a phosphate background
electrolyte at pH 9.0 and to study the influences of dual CD
complexation on the enantioseparation and migration be-
havior of hydrobenzoin in CZE in the presence and absence
of borate complexation. Furthermore, enantiomer migration
reversal of hydrobenzoin in CZE with dual CD systems in
the presence of borate complexation is studied.

2. Experimental

2.1. Apparatus

All CE separations were performed on a Beckman P/ACE
5500 equipped with a UV detector for absorbance measure-
ments at 214 nm (Beckman Coulter, Fullerton, CA, USA).
Uncoated fused-silica capillaries purchased from Polymicro
Technologies (Phoenix, AZ, USA) were used. The dimen-
sions of the capillary were 57 cm×50�m i.d. The effective
length of the capillary was 50 cm from the injection end of
the capillary. The CE system was interfaced with a micro-
computer. 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 preci-
sion of±0.01 pH unit.

2.2. Chemicals and reagents

Three benzoins studied, (R,R)-(+)-hydrobenzoin, HP-�-
CD, and S-�-CD were obtained from Sigma–Aldrich (St.
Louis, MO, USA).�-CD was purchased from Merck (Darm-
stadt, Germany). All other chemicals were of analytical
grade. Deionized water was prepared with a Milli-Q system
(Millipore, Bedford, MA. USA).

Standard solutions of benzoins at a concentration of
20�g ml−1 were prepared by dissolving analytes in a mix-
ture of a phosphate buffer solution containing 10% (v/v)
methanol. The pH of a phosphate background electrolyte
was adjusted to the desired pH value by mixing various
proportions of 50 mM trisodiumphosphate solution with the
same concentration of phosphoric acid. Similarly, the pH
of a borate buffer was adjusted to the desired pH value by
mixing various proportions of 50 mM sodium tetraborate
solution with the same concentration of boric acid. All
buffer solutions, freshly prepared weekly and stored in a
refrigerator before use, were filtered through a membrane
filter (0.22�m).

2.3. Electrophoretic procedure

When a new capillary was used, the capillary was washed
30 min with 1.0 M NaOH solution, followed by 30 min
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with deionized water at 25◦C. Before each injection, 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 in-
jections were done in a hydrodynamic mode over 5 s under
a pressure of 1.0 p.s.i at 25◦C (1 psi = 6894.76 Pa). The
measurements were run at least in triplicate to ensure repro-
ducibility. An applied voltage of 20 kV for phosphate buffer
was selected to keep the total current less than 90�A. The
detection wavelength was set at 214 nm. Peak identification
was conducted by spiking with the analyte to be identified.
Methanol was used as neutral marker. The relative standard
deviation of migration time is less than 0.6% (n= 5).

2.4. Mobility calculations

The electrophoretic mobility of analytes was calculated
from the observed migration times with the equation:

µep = µ − µeo = LdLt

V

(
1

tm
− 1

teo

)
(1)

where µep is the electrophoretic mobility of the analyte
tested,µ the apparent mobility,µeo the electroosmotic mo-
bility, tm the migration time measured directly from the elec-
tropherogram,teo the migration time for an unchanged so-
lute,Lt the total length of capillary,Ld the length of capillary
between injection and detection, andV is the applied voltage.

3. Results and discussion

3.1. Enantioseparation with dual CD systems involving
S-β-CD and a neutral CD in the absence of borate
complexation

3.1.1. S-β-CD/β-CD system
Fig. 1 shows the structures of the three benzoins studied.

Fig. 2 shows the variation of the electrophoretic mobility
of benzoins as a function of�-CD concentration in the
range 0–3.0 mM in the presence of 3.5% (w/v) S-�-CD
using a phosphate background electrolyte (50 mM) at pH
9.0. As S-�-CD is composed of a number of randomly
sulfated-substituted�-CD (typically with substitution
7–11 mol/mol �-CD), thus the concentration of S-�-CD
is given in % (w/v), instead of mM. As can be seen, at a
given concentration of S-�-CD, the electrophoretic mobil-
ity of benzoin methyl ether and that of benzoin decrease
considerably (toward the anode) with increasing�-CD
concentration, whereas the electrophoretic mobility of hy-
drobenzoin decreases to a much less extent. It should be
noted that the ionic strength of the background electrolyte
increases with increasing the concentration of S-�-CD. The
increased ionic strength of the background electrolyte de-
presses the mobility of the complexes, thus resulted in the
lowering of the effective mobility to some extents in the
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Fig. 1. The structures of the three benzoins studied (chiral centers denoted
by asterisk).

presence of S-�-CD [63,64]. Nevertheless, the order of the
electrophoretic mobility of the enantiomers of these three
analytes should remain the same as shown inFig. 2.

It is noted that the extents of the variation in the elec-
trophoretic mobility of these three analytes increases in
the order hydrobenzoin< benzoin < benzoin methyl
ether. As the interactions of benzoins with�-CD can be
reflected from the extents of the variation of the elec-
trophoretic mobility, the results shown inFig. 2 clearly
indicate that the binding strength of these three benzoins to
�-CD in a phosphate background electrolyte is in the order
hydrobenzoin< benzoin< benzoin methyl ether. This is
consistent with the result obtained as in the case of S-�-CD
[65]. The results also reveal that entantioseparation of ben-
zoins with this dual CD system in a phosphate background
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Fig. 2. Variations of the electrophoretic mobility of benzoins as a function
of �-CD concentration in the range 0–3.0 mM in the presence of 3.5%
(w/v) S-�-CD using 50 mM phosphate background electrolyte at pH
9.0. Capillary: 57 cm× 50�m i.d.; sample concentration: 20�g ml−1;
detection wavelength: 214 nm; other operating conditions: 20 kV, 25◦C.
Curve identification: 1= hydrobenzoin (�, �); 2 = benzoin (�, �); 3
= benzoin methyl ether (�, �).



230 C.-E. Lin et al. / J. Chromatogr. A 1032 (2004) 227–235

electrolyte containing 3.5% (w/v) S-�-CD becomes not
favorable with addition of�-CD at concentrations greater
than 1.5 mM because mobility of benzoin methyl ether and
benzoin decreases quite drastically and the enantioselectiv-
ity (�), which is defined as the ratio of the electrophoretic
mobility of the two enantiomers, decreases also with in-
creasing�-CD concentration. For instance, theα value of
benzoin decreases from 1.15 to 1.09 when�-CD concen-
tration increases from 0 to 1.5 mM. In fact, the enantiomers
of benzoin cannot be effectively resolved with this dual CD
system when�-CD concentration exceeds 1.5 mM.

By spiking the (R,R)-enantiomer of hydrobenzoin, the
first enantiomeric peak of hydrobenzoin was experimen-
tally confirmed to be the (R,R)-enantiomer in a phosphate
background electrolytes. Evidently, the binding strength
of the (R,R)-enantiomer of hydrobenzoin with S-�-CD is
weaker than that of the (S,S)-enantiomer. This is consistent
with the results obtained by HPLC using�-CD as a chiral
additive in the mobile phase made of a borate buffer at pH
8.3 [66]. Based on the structural similarity, it is reason-
able to assign the first enantiomeric peaks of benzoin and
benzoin methyl ether to theR-enantiomers in a phosphate
background electrolyte.

3.1.2. S-β-CD/HP-β-CD system
Fig. 3 shows the variations of the electrophoretic mobil-

ity of benzoins as a function of HP-�-CD concentration in
the range 0–3.0 mM in the presence of 3.5% (w/v) S-�-CD
using a phosphate background electrolyte (50 mM) at pH
9.0. The trends in the variations of the electrophoretic
mobility of the enantiomers of benzoins as a function of
HP-�-CD concentration in a phosphate background elec-
trolyte at pH 9.0 are similar to those observed as in the case
of S-�-CD/�-CD system, but the electrophoretic mobility
varies to a less extent. This is because the binding strength
of benzoins to HP-�-CD is weaker than that of benzoins to
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Fig. 3. Variations of the electrophoretic mobility of benzoins as a function
of HP-�-CD concentration in the range 0–3.0 mM in the presence of 3.5%
(w/v) S-�-CD using 50 mM phosphate background electrolyte at pH 9.0.
Other operating conditions and curve identification as forFig. 2.

�-CD. Similarly, the mobility of benzoin methyl ester and
benzoin decreases considerably and the enantioselectivity
of the two enantiomers of these two analytes decreases also
with increasing HP-�-CD concentration. Theα value of
benzoin decreases from 1.15 to 1.06 when HP-�-CD con-
centration increases from 0 to 3.0 mM. Thus with this dual
CD system, the separation window becomes narrow and
the enantiomers of benzoin cannot be effectively resolved
when HP-�-CD concentration exceeds 3.0 mM.

3.2. Enantioseparation with dual CD systems in the
presence of borate complexation and enantiomer migration
reversal of hydrobenzoin

3.2.1. S-β-CD/β-CD system
Fig. 4shows the variations of the electrophoretic mobility

of benzoins as a function of�-CD concentration in the range
0–1.5 mM using a borate buffer (50 mM) containing 3.5%
(w/v) S-�-CD and�-CD at pH 9.0. The trends in the vari-
ations of the electrophoretic mobility of the enantiomers of
benzoin methyl ether and benzoin are similar to those shown
in Fig. 2. As in the case of S-�-CD [65], no significant
differences in the variations of the electrophoretic mobility
were observed for both benzoin and benzoin methyl ether in
a borate buffer, as compared with those observed in a phos-
phate background electrolyte, because borate complexation
between these two analytes and borate ions is very weak.

As shown in a previous paper[65], depending on the
concentration of S-�-CD and the degree of relatively
strong borate complexation, the electrophoretic mobility
of the enantiomers of hydrobenzoin decreases to about
−1.48 × 10−4 cm2 V−1 s−1. It is of interest to note that
the measured effective mobility of the two enantiomers of
hydrobenzoin decreased from−1.48× 10−4 cm2 V−1 s−1

to −1.39× 10−4 and −1.44× 10−4 cm2 V−1 s−1 [65].
This result indicates that the mobility of hydrobenzoin is
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Fig. 4. Variations of the electrophoretic mobility of benzoins as a function
of �-CD concentration in the range 0–1.5 mM in the presence of 3.5%
(w/v) S-�-CD using 50 mM borate buffer at pH 9.0. Other operating
conditions and curve identification are the same as forFig. 2.
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not severely depressed by the increased ionic strength in
a borate buffer with addition of 2.5% (w/v) S-�-CD. By
increasing�-CD concentration from 0 to 1.5 mM in the
presence of 3.5% (w/v) S-�-CD, the migration order of the
enantiomers of hydrobenzoin was found to reverse at about
0.3 mM. In the absence of�-CD, the first enantiomeric
peak of hydrobenzoin appeared in the electropherogram
was confirmed to be the (R,R)-enantiomer[65]. However,
it was also confirmed that the (R,R)-enantiomer eluted after
the (S,S)-enantiomer with addition of�-CD at concentra-
tions greater than 0.3 mM in the presence of 3.5% (w/v)
S-�-CD in a borate buffer at pH 9.0. Evidently, the interac-
tions of hydrobenzoin with�-CD and with S-�-CD exhibit
opposite effect on the mobility of the enantiomers. As the
extent of the variation in the electrophoretic mobility of
hydrobenzoin as a function of�-CD concentration in the
presence of S-�-CD (3.5% (w/v)) is greater in comparison
with that as a function of S-�-CD concentration, the results
clearly indicate that the enantiomers of hydrobenzoin in-
teracts more strongly with�-CD than with S-�-CD. Thus,
chiral recognition of the enantiomer of hydrobenzoin with
S-�-CD/�-CD system is predominantly governed by the
interactions of the hydrobenzoin–borate complexes with
�-CD when�-CD concentration is greater than 0.3 mM in
the presence of S-�-CD (3.5% (w/v)). A schematic diagram
illustrating different interactions with a dual CD system in
a borate buffer leading to the separation of the enantiomers
of an analyte is shown inFig. 5.

Fig. 5. A schematic diagram illustrating different interactions with a dual CD system in a borate buffer leading to the separation of the enantiomers of
an analyte.
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Fig. 6. Electropherograms of benzoins obtained with addition of�-CD
at concentrations of (A) 0; (B) 0.3; and (C) 0.9 mM in the presence of
3.5% (w/v) S-�-CD in 50 mM borate buffer at pH 9.0. Other operating
conditions as forFig. 2.

The electropherograms of the enantiomers of hydroben-
zoin, together with benzoin and benzoin methyl ether, ob-
tained with addition of�-CD at concentrations of 0, 0.2,
and 0.9 mM in the presence of 3.5% (w/v) S-�-CD in a
borate buffer (50 mM) at pH 9.0 are shown inFig. 6. As



232 C.-E. Lin et al. / J. Chromatogr. A 1032 (2004) 227–235

illustrated, enantioseparation of hydrobenzoin can be signifi-
cantly enhanced with the use of a dual CD system consisting
of S-�-CD and�-CD in a borate buffer, whereas the enan-
tiomers of benzoin methyl ether and benzoin are also effec-
tively separated. Evidently, due to stronger interaction of the
enantiomers of hydrobenzoin with�-CD than with S-�-CD,
enantioseparation of hydrobenzoin with the use of this dual
CD system in a borate buffer is more advantageous than that
with the use of S-�-CD alone. In fact, effective enantiosepa-
ration of benzoins was achieved with addition of�-CD opti-
mally at concentrations in the range 0.9–1.5 mM in the pres-
ence of 3.5% (w/v) S-�-CD using a borate buffer at pH 9.0.

3.2.2. S-β-CD/HP-β-CD system
To add further support, a dual CD system consisting of

S-�-CD and HP-�-CD is also considered.Fig. 7 show the
variations of the electrophoretic mobility of benzoins as a
function of HP-�-CD concentration in the range 0–3.0 mM
in the presence of 3.5% (w/v) S-�-CD using a borate buffer
(50 mM) at pH 9.0. As expected, the trends in the vari-
ations of the electrophoretic mobility of the enantiomers
of benzoins are similar to those observed as in the case
of S-�-CD/�-CD system, but the electrophoretic mobility
varies to a less extent. This is because the binding strength
of benzoins to HP-�-CD is comparatively weaker than that
of benzoins to�-CD.

By varying HP-�-CD concentration, the enantiomer mi-
gration reversal was also observed for hydrobenzoin with
this dual CD system. As a matter of fact, the migration order
of the enantiomers of hydrobenzoin was reversed with addi-
tion of HP-�-CD at about 0.8 mM in the presence of 3.5%
(w/v) S-�-CD. As in the case of S-�-CD/�-CD, the first
enantiomeric peak of hydrobenzoin appeared in the electro-
pherogram was confirmed to the (R,R)-enantiomer in the ab-
sence of HP-�-CD, but the (R,R)-enantiomer eluted after the
(S,S)-enantiomer when HP-�-CD concentration greater than
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Fig. 7. Variations of the electrophoretic mobility of benzoins as a function
of HP-�-CD concentration in the range 0–3.0 mM in the presence of
3.5% (w/v) S-�-CD using 50 mM borate buffer at pH 9.0. Other operating
conditions as forFig. 2.

6.0 9.0 12.0

(R,R)
1a

(S,S)
1b

(S,S) (R,R)
1a1b

3b3a

(S,S)
(R,R)

1a

2a 2b 3b3a

1b

(C)

(B)

(A)

A
bs

or
ba

nc
e 

at
 2

14
 n

m
 / 

m
A

U

Migration time / min

Fig. 8. Electropherograms of benzoins obtained with addition of HP-�-CD
at concentrations of (A) 0; (B) 0.9; and (C) 2.0 mM in the presence of
3.5% (w/v) S-�-CD in 50 mM borate buffer at pH 9.0. Other operating
conditions as forFig. 2.

0.8 mM was used. To demonstrate the enantiomer migration
reversal of hydrobenzoin,Fig. 8 shows the electrophero-
grams of benzoins obtained with addition of HP-�-CD at
concentrations of 0, 0.9 and 2.0 mM in the presence of 3.5%
(w/v) S-�-CD in a borate buffer (50 mM) at pH 9.0. In fact,
effective enantioseparation of benzoins was achieved with
addition of HP-�-CD optimally at concentrations greater
than 2.0 mM, but less than 3.0 mM, in the presence of 3.5%
(w/v) S-�-CD using a borate buffer at pH 9.0.

3.3. Enantioseparation of hydrobenzoin with neutral CDs
in the presence of borate complexation

3.3.1. Enantioseparation with β-CD
Due to borate complexation, enantioseparation of hy-

drobenzoin is achievable in a borate buffer containing neu-
tral CDs. In this electrophoretic system, the interactions of
hydrobenzoin with a neutral CD in the presence of borate
complexation are still quite complicated because CD com-
plexations between hydrobenzoin and neutral CDs and that
between hydrobenzoin–borate complex and neutral CDs
are involved. For a better understanding on the enantiosep-
arations of hydrobenzoin with dual CD systems involving
S-�-CD and a neutral CD, experiments similar to the ones
conducted by Schmid et al.[11] were performed, but we
focused our attention on the interactions of hydroben-
zoin with �-CD at much lower concentrations (≤3.5 mM).
Fig. 9A shows the variation of the electrophoretic mobility
of hydrobenzoin as a function of�-CD concentration in the
range 0–3.5 mM in a borate buffer at pH 9.0. The results
indicate that baseline enantioseparation of hydrobenzoin
can be achieved with addition of�-CD at a concentration
as low as 1 mM (Fig. 10A). The concentration of�-CD for
effective enantioseparation of hydrobenzoin is much lower
than that reported previously[11].
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Fig. 9. Variations of the electrophoretic mobility of hydrobenzoin as a function of (A)�-CD concentration in the range of 0–3.5 mM and (B) HP-�-CD
concentration in the range 0–3.0 mM using 50 mM borate buffer at pH 9.0. Other operating conditions as forFig. 2.

3.3.2. Enantioseparation with HP-β-CD
Enantioseparation of hydrobenzoin with HP-�-CD as a

chiral selector in a borate buffer at pH 9.0 was also examined.
Fig. 9Bshows the variations of the electrophoretic mobility
of hydrobenzoin as a function of HP-�-CD concentration in
the range 0–3.0 mM in a borate buffer at pH 9.0. Effective
enantioseparation of hydrobenzoin can be achieved with ad-
dition of HP-�-CD at concentrations greater than 2.0 mM
(Fig. 10B).

3.3.3. Evaluation of binding constants
In the presence of borate complexation, the interactions

of hydrobenzoin with a neutral CD become complicated be-
cause, in addition to borate complexation, CD complexa-
tions of hydrobenzoin and hydrobenzoin–borate complexes
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Fig. 10. Electropherograms of hydrobenzoin obtained in 50 mM borate
buffer at pH 9.0 with addition of (A) 1.0 mM�-CD and (B) 2.0 mM
HP-�-CD. Other operating conditions as forFig. 2.

are involved. Thus, the effective electrophoretic mobility of
hydrobenzoin can be described by the following equation

µeff

= KA·B-[B-]µA·B-+KA·B-·CDKA·B-[B-][CD]µA·B-·CD

1+KA·CD[CD]+KA·B-[B-]+KA·B-·CDKA·B-[B-][CD]
(2)

where [B−] and [CD] are the concentrations of borate ions
and CD, respectively, KA·CD, KA·B− and KA·B−·CD are the
binding constants of hydrobenzoin to CD, to borate ions, and
that of hydrobenzoin–borate complexes to CD, respectively,
andµA·B− andµA·B−·CD are the electrophoretic mobility of
hydrobenzoin–borate complexes and the complexes formed
between hydrobenzoin–borate complexes and neutral CD,
respectively. InEq. (2), the limiting mobility (µA·B−·CD) and
binding constants (KA·CD and KA·B−·CD) can be designated
by the upper subscripts, (+) and (−) for the (R,R)- and
(S,S)-enantiomers of hydrobenzoin, respectively.

The binding constants of each enantiomer of hydroben-
zoin to neutral CD are evaluated based on the dependence
of the effective electrophoretic mobility of each enan-
tiomeric hydrobenzoin on the concentration of neutral CD
by curve-fitting the experimental mobility data through the
utilization of Microcal Origin software (version 6.0) accord-
ing to Eq. (2)as described previously[62]. The trial values
of KA·B− and µA·B− , determined from the experimental
mobility data of hydrobenzoin as a function of borate con-
centration, are 550 M−1 and −1.54 × 10−4 cm2 V−1 s−1,
respectively[65]. The trial values of KA·CD, determined
from the experimental mobility data of hydrobenzoin as
a function of�-CD concentration or HP-�-CD concentra-
tion at a given concentration of S-�-CD in a phosphate
background electrolyte at pH 9.0, are 90 and 190 M−1 with
�-CD and 60 and 150 M−1 with HP-�-CD for the (R,R)-
and (S,S)-enantiomers of hydrobenzoin, respectively. The
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trial value ofµA·B−·CD estimated fromµA·B− according to
Offord’s equation[67] is about−5.0 × 10−5 cm2 V−1 s−1.
In addition,µ(+)

A·B−·CD
∼= µ

(− )

A·B−·CD is assumed. The mobil-
ity curve of each enantiomer of an analyte as a function of
�-CD concentration is then simulated by adjusting the val-
ues of KA·B−·CD andµA·B−·CD, together with KA·B− , KA·CD
andµA·B− , as parameters until the predicated mobility curve
is best-fitted to the experimental data. The binding constants
of the enantiomers of hydrobenzoin–borate complexes to
�-CD evaluated are 105 and 280 M−1 for the (R,R)- and
(S,S)-enantiomers, respectively, whereas the binding con-
stants of the enantiomers of hydrobenzoin–borate complexes
to HP-�-CD evaluated are 65 and 140 M−1 for the (R,R)-
and (S,S)-enantiomers, respectively. The results confirm
that the binding strength of hydrobenzoin with HP-�-CD is
about one-half as large as that of hydrobenzoin with�-CD
and the (S,S)-enantiomer of hydrobenzoin interacts more
strongly with neutral CDs than the (R,R)-enantiomer of
hydrobenzoin in a borate buffer.

4. Conclusion

In the presence of borate complexation at pH 9.0, effec-
tive enantionseparations of benzoins in CZE were more ad-
vantageously achieved with dual CD systems consisting of
S-�-CD and a neutral CD than with S-�-CD alone as chi-
ral selector. The enantiomers of hydrobenzoin could also be
baseline separated with addition of a neutral CD in a bo-
rate buffer at pH 9.0. Enantioseparation of hydrobenzoin is
mainly governed by CD–borate complexations in a borate
buffer, whereas enantioseparation of benzoins is primarily
determined by CD complexations in a phosphate background
electrolyte. With dual CD systems, the complexation be-
tween borate complexes of hydrobenzoin and neutral CDs
plays a predominant role in the enantioseparation and migra-
tion behavior of the enantiomers of hydrobenzoin with addi-
tion of neutral CDs at or greater than a certain concentration.
By varying the concentration of neutral CDs, the enantiomer
migration reversal of hydrobenzoin occurs owing to oppo-
site effect on the mobility of the enantiomers with S-�-CD
and neutral CDs in the presence of borate complexation.
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