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bstract

Two vesicle-forming single-tailed amino acid derivatized surfactants sodium N-[4-n-dodecyloxybenzoyl]-l-leucinate (SDLL) and sodium N-[4-n-
odecyloxybenzoyl]-l-isoleucinate (SDLIL) have been synthesized and used as pseudo-stationary phase in micellar electrokinetic chromatography
o evaluate the role of steric factor of amino acid headgroup and hydrophobic/hydrophilic interactions for enantiomeric separations. The aggregation
ehavior of the surfactants has been studied in aqueous buffered solution using surface tension and fluorescence probe techniques. Results of these
tudies have suggested formation of vesicles in aqueous solutions. Microenvironment of the vesicle, which determines the depth of penetration
f the analytes into vesicle was determined by fluorescence probe technique using pyrene, N-phenyl-1-naphthylamine (NPN), and 1,6-diphenyl-
,3,5-hexatriene (DPH) as probe molecules. Atropisomeric compounds (±)-1,1′-bi-2-naphthol (BOH), (±)-1,1′-binaphthyl-2,2′-diamine (BDA),

′ ′
±)-1,1 -binaphthyl-2,2 -diylhydrogen phosphate (BNP) and Tröger’s base (TB) and chiral compound benzoin (BZN) has been enantioseparated.
he separations were optimized with respect to surfactant concentration, pH, and borate buffer concentration. SDLL was found to provide better

esolution for BOH, BNP, and BZN. On the other hand, SDLIL offers better resolution for BDA. The chromatographic results have been discussed
n the light of the aggregation behavior of the surfactants and the interaction of the solutes with the vesicles.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Micellar electrokinetic chromatography (MEKC), intro-
uced by Terabe et al. [1] has been proven to be a powerful tool
or separation of a variety of analytes including pharmaceutical
ompounds, derivatized aminoacids, water and fat-soluble
itamins and herbicides [2–4]. However, due to electrophoretic
obility of the pseudo-stationary phase, MEKC is characterized

y a limited migration time range. This creates a problem
or separation of hydrophobic compounds as they have high
artition coefficients and tend to have migration times close to
he micellar migration time (tmc) with high retention factors.

n order to obtain optimum resolutions, the retention factors of
he analytes have to be adjusted within the limited migration
ime range by changing the analytical parameters. For example,
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ddition of organic solvents can alter the retention factors.
owever, it is not always possible to alter the retention factors
y changing the analytical parameters due to the limitations
n micelles themselves. This has led many researchers to seek
lternative pseudo-stationary phases in MEKC. As discussed by
almer [5], the pseudo-stationary phase in MEKC should have
ome characteristics to provide optimum resolution. They are:
i) it should be stable in the analytical conditions range to allow
djustment of retention factors, (ii) to minimize joule heating
t should have low critical micellar concentration (cmc), (iii)
t should have high electrophoretic mobility to provide a wide

igration time range, (iv) should be monodisperse to provide
igh plate numbers, (v) should allow fast mass transfer for
nalytes between pseudo-stationary phase and aqueous phase,
nd (vi) phases with a wide variety of chemical structures

hould be available to provide chromatographic selectivity for
range of analytes. Clearly, due to the dynamic nature of the
icelles, micellar phase cannot meet all the criteria. So, several

lternative pseudo-stationary phases, such as cyclodextrin

mailto:joydey@chem.iitkgp.ernet.in
dx.doi.org/10.1016/j.chroma.2006.06.036
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olymers [6], polyvinyl pyrrolidone [7], proteins [8], charged
yclodextrins [9], calixarenes [10], dendrimers [5,11] and poly-
erized micelle [5,12] have been employed to overcome the

imitation of micellar phase. Recently, synthetic polymerized
onic surfactants with amino acid headgroups have been used
s pseudo-stationary phase for enantiomeric separation of wide
ange of chiral compounds [13]. The use of polymeric surfac-
ants overcome the limitation of dynamic nature of the micelles
nd provides reasonably wide migration range and better
esolution [14,15]. More recently, vesicles have been used as
n alternative pseudo-stationary phase in CE for achiral as well
s chiral separations [16–24]. Vesicles are bilayer or multilayer
ggregates bigger in size compared to the micelles and have
igher surface charge density. Due to high electrophoretic
obility, vesicles provide wider migration window [16] and

hus may have potential for separation of compounds with simi-
ar hydrophobicity. In the literature, there are only few reports of
hiral separations using vesicles. We have recently reported the
nantiomeric separation of atropisomeric binaphthyl derivatives
nd chiral compounds using spontaneously formed anionic
esicles of sodium N-[4-n-dodecyloxybenzoyl]-l-valinate
SDLV) as pseudo-stationary phase [20,21]. In another report,
e have shown enantiomeric separation of some non-steroidal

nti-inflammatory drugs using vesicles of a cationic surfactant
1R, 2S)-(−)-N-dodecyl-N-methylephedrinium bromide as
seudo-stationary phase [22].

Some well-known factors that govern the chiral recognition
bility of a chiral selector are hydrophobic/hydrophilic, hydro-
en bonding and electrostatic interactions, steric factors, and
umber of stereogenic centers. Although the effect of hydro-
en bonding, hydrophobic interactions, and steric factor on
nantioselectivity has been extensively studied for micelle-
orming monomeric and polymeric surfactants [25–35], there
s no such report in the literature for vesicle-forming sur-
actants. We report here the role of steric factor, hydropho-
ic interaction and the number of stereogenic center on chi-
al selectivity of vesicle-forming surfactants. In this work,
wo single-tailed N-acylamino acid surfactants, sodium N-[4-
-dodecyloxybenzoyl]-l-leucinate (SDLL) and sodium N-[4-
-dodecyloxybenzoyl]-l-isoleucinate (SDLIL) (see Fig. 1 for
olecular structure) having increasing steric factors near the

tereogenic center were synthesized. These surfactants differ
rom the previously reported valine analog SDLV in that SDLL
as an isobutyl group instead of an isopropyl group at the stere-
genic center of the surfactant. SDLIL on the other hand is
someric to SDLL and has a sec-butyl group with two stere-
genic centers near the polar head group. The difference in
ulkiness of the amino acid side chain is expected to impart
ifferent steric effects, which can modulate the degree of ana-
yte interaction with the polar groups around the stereogenic
enter. Studies on the aggregation behavior of the surfactants in
queous solution have suggested that the surfactant molecules
elf-assemble to form vesicular structures. The enantioselectiv-

ty for each of the above vesicle-forming surfactants has been
ptimized and compared for atropisomeric compounds (±)-1,1′-
i-2-naphthol (BOH), (±)-1,1′-binaphthyl-2,2′-diamine (BDA),
±)-1,1′-binaphthyl-2,2′-diylhydrogen phosphate (BNP), and

p
2
T
f

Fig. 1. Molecular structure of the surfactants and analytes.

röger’s base (TB) and chiral compound benzoin (BZN) (see
ig. 1 for molecular structures).

. Experimental

.1. Materials

Fused silica capillaries were obtained from Polymi-
ro Technologies (Phoenix, AZ, USA). The racemates and

′ ′
ure isomers of (±)-1,1 -bi-2-naphthol, (±)-1,1 -binaphthyl-
,2′-diamine, (±)-1,1′-binaphthyl-2,2′-diylhydrogenphosphate,
röger’s base, benzoin and dodecanophenone were purchased
rom Sigma (St. Louis, MO, USA) and Aldrich (Milwaukee,
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I, USA). The fluorescence probes, pyrene, 1,6-diphenyl-1,3,5-
exatriene (DPH), and N-phenyl-1-naphthylamine (NPN) were
btained from Aldrich and recrystallized several times from
cetone–ethanol mixture before use. Sodium tetraborate, sodium
ydrogenphosphate, disodium hydrogenphosphate were pur-
hased from SRL (Mumbai, India) and were used as received.
he surfactants SDLL and SDLIL were synthesized and purified

ollowing the procedure reported earlier by us [20,21,36].

.2. Apparatus

The instrument used was a Prince CE system (Prince Tech-
ologies, The Netherlands) equipped with an autosampler, a
ambda 1010 variable wavelength UV–vis absorbance detec-

or (Bischoff, Leonberg, Germany), and a temperature control
ystem. An uncoated fused-silica capillary tube having 50 �m
nternal diameter and 87 cm total length (effective length of
1.5 cm from inlet to detector) was used for separations. The
nstrument control and data acquisition were performed using

personal computer in conjunction with Dax 7.0 data acqui-
ition and analysis software. The pH measurements were done
ith a digital pH meter, Orion 710A+ (Thermo Orion, USA). A
u Nüoy ring tensiometer (S.D. Hudson & Co., Kolkata, India)
as used for surface tension measurements. The measurement
f specific rotation was performed with a Jasco P-1020 digital
olarimeter. The steady-state fluorescence spectra were mea-
ured on a Spex Fluorolog model FL3-11 spectrofluorometer.
luorescence anisotropy measurements were performed accord-

ng to the procedure described in reference [36] on a Perkin
lmer LS-55 luminescence spectrometer equipped with polar-

zer and thermostated cell holder. Temperature was controlled
y use of Thermo Neslab RTE-7 water circulating bath.

.3. Methods

The untreated capillary was activated by first purging with
M NaOH for 60 min and then 0.1 M NaOH for additional
0 min. Running buffer solutions were prepared by dissolving
he surfactant in desired concentrations (30–70 mM) of borate
uffer. The pH was then adjusted with either dilute sodium
ydroxide or dilute HCl. The surfactant concentration range
nvestigated was 0.5–6 mM. All the running buffers were filtered
hrough a membrane filter of 0.22-�m pore size (Millipore, Bed-
old, MA, USA) and degassed in a Bandelin Sonorex, model RK
00 H ultrasonic bath (Bandelin Electronic, Berlin, Germany)
or 5 min prior to use. For MEKC separations, the capillary was
reated successively with 0.1 M NaOH, water and running buffer
or 5 min each before sample injection. Between two successive
uns the capillary was rinsed with water and buffer for 5 min
ach. UV detection was performed at wavelength of 230 nm. The
urfactants have absorption maximum at 255 nm. At 230 nm,
he molar absorptivity is relatively low (4500 L mol−1 cm−1) in
omparison to the samples (1,05,000 L mol−1 cm−1 for BOH).

o no detection problem was observed at 230 nm while using
p to 7 mM of surfactants. Injection was performed by pressure
ethod (20 mbar, 0.02 min). Stock solutions of the racemic sam-

les were prepared in methanol at a concentration of 2 mg/ml.
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he final sample solution for enantiomeric separation was pre-
ared by diluting the stock solutions to 0.2 mg/ml with borate
uffer. The final sample also contained 10% (v/v) methanol for
OH, BNP and 40% for BDA, BZN and TB. The vesicle mobil-

ty was measured using the procedure reported by Williams
nd Vigh [37] with slight modifications. The observed vesicle
obility (µvs,obs) can be measured using the reported proce-

ure [37] without measuring µeo (mobility of electroosmotic
ow (EOF)) in the same run. The procedure was slightly modi-
ed to measure µvs,eff (effective vesicle mobility) and µeo in
single run. This was necessary because, it was found that

he values of µvs,eff and µeo are very close. A slight varia-
ion in µeo (which is possible between two successive runs)
ould affect the observed mobility of the vesicles. The detail
rocedure is described under “supplementary materials”. Two
ifferent hydrophobic compounds dodecanophenone and 2-n-
odecyloxynaphthalene were used as the vesicle markers to
onfirm the vesicle migration time. The separations were car-
ied out at ambient temperature (∼25 ◦C).

.4. Calculations

Chiral resolution (Rs) was calculated using the method
nvolving peak width at half-height [21,34,38].

s = (2.35/2)(tr2 − tr1)

W50(1) + W50(2)
(1)

here tr1 and tr2 are the migration time and W50(1) and W50(2) are
he peak widths at 50% height of the 1st and 2nd isomer, respec-
ively. The retention factor, k for charged and neutral analytes
as calculated using the equation [39]:

= tr(1 + µr) − to

to(1 − tr/tvs)
(2)

here to and tvs are the migration time of EOF marker (methanol)
nd vesicle marker, respectively, and µr = µep/µeo is the relative
lectrophoretic mobility, i.e., the electrophoretic mobility (µep)
f the analyte (positive, zero, or negative) relative to the coef-
cient of electroosmotic flow (µeo). For the neutral analytes,
r = 0 and for negatively charged analytes, µr < 0. The µep for

he charged analytes was measured in the separation buffer sys-
em under CZE conditions (buffer with no vesicles). The vesicles
ave high electrophoretic moblility in the direction of anode and
herefore have very high tvs values. Hence, the tvs values were

easured using the method described by Williams and Vigh
37]. The mobility of EOF and effective vesicle mobility (µeff,vs)
ere measured in a single run. The µeo, µeff,vs, and tvs values

hus obtained for SDLL and SDLIL in 50 mM borate buffer, pH
.7 using dodecanophenone are tabulated in Table 1. In order
o compare the results with micelle-forming surfactant systems,
he mobility of EOF and effective mobility of micelles of anionic
urfactant sodium dodecylsulfate (SDS) was also determined in
he same buffer system. The results are included in Table 1. The

ata in Table 1 clearly show that the vesicles have very high elec-
rophoretic mobility compared to the SDS micelles and hence the
esicular system provides wider migration window compared to
he micellar system. Since the value of tvs is very large compared
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Table 1
Mobility of EOF (µeo), effective mobility of pseudo-stationary phase (µeff,psp),
and migration time of the pseudo-stationary phase (tpsp) for SDLL, SDLIL, and
SDS surfactants

Aggregate µeo

(10−4 cm2 V−1 s−1)
µeff,psp

(10−4 cm2 V−1 s−1)
tpsp (h)

SDLL vesicles 3.52 −3.50 25.3
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DLIL vesicles 3.513 −3.49 22.0
DS micelles 3.37 −1.92 0.35

o tr, the term tr/tvs is negligible. The Eq. (2) for retention factor
hen becomes:

= tr(1 + µr) − to

to
(3)

The selectivity (α) was calculated from the ratio of retention
actors.

. Results and discussion

.1. Aggregation behavior

In our previous reports [20,21], we have shown that SDLV
urfactant produces vesicular structures in aqueous solution.
ince SDLL and SDLIL are structurally similar, they are also
xpected to form bilayer vesicles in water. The aggregation
ehavior of SDLL and SDLIL were studied in 50 mM borate
uffer, pH 9.7. The critical vesicle concentration (cvc) was
etermined by surface tension and fluorescence probe methods.
n surface tension studies, the break point of the surface tension
ersus log (concentration) plot gives the cvc value. On the
ther hand, NPN was used as the extrinsic fluorescence probe
olecule to determine the cvc by fluorescence probe method.
he shift in emission maximum (�λ) of the fluorescence
mission spectrum of NPN in presence of the surfactants
ith respect to that in water was plotted against the surfactant

oncentration. The inflection point of the plot gave cvc value.
he cvc values along with other physicochemical properties
f the surfactants are tabulated in Table 2. The corresponding
alues for SDLV are also included in the table for comparison
urposes. The cvc values obtained by surface tension and flu-

rescence probe methods are closely similar to each other. The
vc values of the surfactants are almost two orders of magnitude
ower than other N-acylamino acid surfactants reported so far
40]. It is important to note that the cvc values of SDLL and

able 2
ritical vesicle concentration (cvc), surface area per surfactant molecule (Am),

hift of emission maximum (�λ) of NPN, polarity ratio (I1/I3), and fluorescence
nisotropy (r) of DPH of SDLL, SDLIL, and SDLV vesicles in 50 mM borate
uffer, pH 9.7

urfactant cvc × 105 (M) Am

(nm2/molecule)
�λ (nm) I1/I3 r

DLL 0.92 (1.5) 0.75 36.0 1.01 0.115
DLIL 1.0 (1.7) 0.58 36.0 1.03 0.093
DLV 2.0 (2.7) 0.62 32.0 1.06 0.112

alues within the bracket are obtained by fluorescence probe method.
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DLIL surfactants are lower than that of SDLV. This is due to
he bulky headgroup of the former surfactants, which reduces
onic repulsion and thereby facilitates aggregate formation.
he minimum surface area per surfactant head group (Am),
alculated from the slope of the linear part of the surface tension
ersus log (concentration) plot by use of Gibbs adsorption
quation [41] are less than 1.0 nm2/molecule. This means that
he hydrophobic chains of the surfactant molecules are tightly
acked in the bilayer self-assembly. The lower values of cvc
nd Am are indicative of vesicle formation in buffered solution.
t should be noted that the Am values of the surfactants are in the
rder SDLL > SDLIL. This may suggest that the amino acid side
hain of the headgroup of SDLIL surfactant being longer folds
ack into the hydrocarbon core of the bilayer assembly. This is
ubstantiated by the results of fluorescence probe studies.

The fluorescence probe studies were performed in order to
nderstand the nature of the microenvironment of the aggregates.
e measured the fluorescence spectra of pyrene and NPN in

resence of the surfactants at concentrations above their respec-
ive cvc values to determine micropolarity. The intensity ratio
f the first and third vibronic bands (I1/I3) of pyrene fluores-
ence is strongly dependent on the polarity of the environment
n which it is solubilized [42]. Low value of I1/I3 relative to that
n water (1.71) indicates less polar environment. The polarity
atio, I1/I3 of pyrene was therefore measured in 2 mM buffered
queous solutions of SDLL and SDLIL. The data are included in
able 2. It can be observed that the polarity of the solubilization
ite of pyrene is slightly more in SDLV compared to that of SDLL
nd SDLIL surfactant self-assemblies. This might be due to the
ifference in hydrophobicity of the amino acid side chain of the
urfactant molecules. We have also used NPN as probe molecule
o determine micropolarity since they are known to be soluble
n the interfacial region of the aggregates. NPN has been used as
olarity probe by many researchers because it is poorly soluble
n water and its fluorescence emission spectrum exhibits a large
lue shift with a concomitant rise in intensity in going from a
olar to nonpolar environment [43]. We have measured the fluo-
escence spectra of NPN in presence of all the three surfactants
DLV, SDLL, and SDLIL. The spectral shifts (�λ) relative to

hat in pure water are included in Table 2. It can be seen that
λ values are in the order SDLIL ≈ SDLL > SDLV. This means

hat the local polarity of the vesicle-water interface increases
n the order SDLIL ≈ SDLL < SDLV. This supports our conclu-
ion that the amino acid side chain of the surfactant headgroup in
DLL and SDLIL folds back into the hydrocarbon core, which
esults in a tighter packing of the hydrocarbon chains through
nhanced hydrophobic attractions. Consequently, the degree of
ater penetration is decreased and thus polarity at the interface

s reduced. The steady-state fluorescence anisotropy (r) values
Table 2) of the DPH probe in the self-assemblies of the surfac-
ants also support this. The relatively large values of r indicate
hat the microenvironment of DPH is more viscous compared to
ulk water. In fact, the values of r are comparable to that of lipo-

omes formed by lecithin (0.098) [44]. Such highly non-polar
nd viscous microenvironment can therefore be attributed to the
ormation of bilayer membrane structures by these surfactants.
n fact, in our earlier publications [20,21] we have shown that the
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icroscopic images of aqueous SDLV solution exhibit spherical
esicles.

.2. Enantiomeric separations

.2.1. Optimization of separation parameters
Three analytical parameters, i.e., buffer pH, buffer concen-

ration, and surfactant concentration were optimized for the
nantiomeric separation of the test analytes. Based on our pre-
ious experience, borate buffer was found to be a suitable BGE
or the optimizations. The systematic procedure for optimiza-
ion of pH for the enantiomeric separation involved use of either
mM (for BOH, BDA and TB) or 4 mM (for BNP and BZN)
f SDLL or SDLIL in 50 mM borate buffer in the alkaline pH
ange of 8.5–10.3. The applied voltage was 15 kV. From the pH
ptimization study, it was found that the enantiomers of BOH
nd BDA were best resolved at pH 9.7 and BNP, BZN, and TB
ere best resolved at pH 10.3. Further optimization experiments
ere carried out under these optimum pH conditions by varying

he borate buffer concentration. The optimum borate buffer con-
entration for BOH, BNP and TB was 50 mM and for BZN it
as 60 mM. For BDA though 50 mM borate buffer offered better

esolution, the migration time was too long (55 min). Therefore,
0 mM borate buffer was used for further studies. These opti-
ized conditions are same as found by us for these analytes using
DLV as chiral selector [21]. The above-optimized conditions
f pH and buffer concentration were used to study the effect
f surfactant concentration for the enantiomeric separation of
ach individual analyte. Surfactant concentrations in the range
f 0.5–6.0 mM were used. The effect of SDLL concentration on
esolution (Rs) for different analytes is shown in Fig. 2. Since
here was no major change in the structure of the aggregates
ormed in the studied surfactant concentration range, the selec-
ivity (α) practically remains unaltered. From the figure it can be
ound that for binaphthyl derivatives, resolution increases with
DLL concentration, reaches a maximum and then decreases.
n the other hand, resolution increases with increase of surfac-

ant concentration up to 4 mM and then remains almost constant
or BZN. The optimum SDLL concentration for BOH and BDA
s 2 mM whereas for BNP and BZN it is 4 mM. TB could not
e baseline separated using SDLL. The best separation could
e obtained using 4 mM SDLL and the resolution obtained was
.96 (α = 1.02). The applied voltage was 15 kV for all the exper-
ments except for TB for which it was 20 kV. It is to be noted that
pplication of higher voltage (25–30 kV) reduces the migration
ime of the analytes. However, this often resulted in distortion
f the baseline due to the joule heating. Therefore, all the sep-
rations were carried out using applied voltage of 15–20 kV.
he optimized electropherograms for different analytes using
DLL is shown in Fig. 3. Similar concentration optimization
tudies for SDLIL were also carried out for each individual ana-
yte. The data are presented in Fig. 4. Unlike SDLL, 1 mM of
DLIL was needed for the optimum separation of BOH. Also
n the working concentration range (0.5–7.0 mM) of SDLIL,
he resolution for BNP and BZN increases continuously with
ncrease of surfactant concentration. As in the case of SDLL,
he selectivity values, within the experimental error limit, remain

s
o
(

ig. 2. Effect of SDLL concentration on resolution of different chiral analytes.
eparation conditions: 30 and 50 mM borate buffer pH 9.7 for BDA and BOH,
0 and 60 mM borate buffer pH 10.3 for BNP and BZN. Applied voltage 15 kV.

nchanged. It can be noted that the minimum SDLIL concentra-
ion required for enantiomeric separation of BNP and BZN are

and 3 mM, respectively. The optimum SDLIL concentration
or BDA is same as that of SDLL. TB was better enantiosep-
rated using SDLIL than SDLL. The resolution obtained for
B using 4 mM of SDLIL was 1.11 (α = 1.03). The electro-
herograms for the optimized enantiomeric separation of the
acemates using SDLIL are shown in Fig. 5. The optimum selec-
ivity obtained for BOH (1.15 & 1.09), BDA (1.13 & 1.15)
nd BNP (1.09 &1.10) using these vesicle-forming surfactants
DLL and SDLIL, respectively, are higher than the reported val-
es obtained by Rizvi et al. [34] and Thibodeaux et al. [35] using
orresponding polymeric alkenoxy amino acid derivatized and
olymeric N-undecenoyl-l-amino acid derivatized surfactants,
espectively. Also, SDLL is a better chiral selector for BOH
nd BNP compared to the micelle-forming polymeric dipeptide
urfactants, in which l-leucine is in the outer side (C-terminal
osition) of the dipeptide linkage [28,32,33]. However, Billiot et
l. have reported higher resolution values for BDA using those
olymeric dipeptide surfactants [33].

.2.2. Role of surfactant headgroup structure on
nantioselectivity
In an attempt to identify the factors which influence the chiral
electivity of the vesicle-forming surfactants, the α and Rs values
btained for different analytes using a particular chiral selector
SDLL or SDLIL) and the results obtained for a particular ana-



264 A. Mohanty, J. Dey / J. Chromatogr. A 1128 (2006) 259–266

Fig. 3. Electropherograms for optimized enantiomeric separation of (A) BOH,
(B) BDA, (C) BNP, (D) BZN and (E) TB using SDLL. MEKC condition: 30
and 50 mM borate buffer pH 9.7 with 2 mM SDLL for BDA and BOH, 50 mM
b
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orate buffer pH 10.3 with 4 mM SDLL for BNP and TB, and 60 mM borate
uffer pH 10.3 with 4 mM SDLL for BZN. Applied voltage 15 kV for all except
B (20 kV). Separation capillary: total length 87 cm, effective length 31.5 cm

50 �m ID); detection wavelength 230 nm, temperature ∼25 ◦C.
yte using different chiral selectors were compared. The results
btained for the analytes employed in this study are summa-
ized in Table 3. The values (except those obtained with SDLV
urfactant) presented in the table are the mean value of three

a
r
b
o

able 3
etention factor (k), selectivity (α) and resolution (Rs) values for various analytes wi

urfactant BDA BOH

DLL k1 4.55 ± 0.05 1.96 ± 0.13
α 1.13 ± 0.015 1.15 ± 0.015
Rs 2.23 ± 0.02 4.30 ± 0.66

DLIL k1 5.63 ± 0.94 1.82 ± 0.10
α 1.15 ± 0.008 1.09 ± 0.01
Rs 2.96 ± 0.26 2.06 ± 0.05

DLVa k1 4.64 2.97
α 1.09 1.11
Rs 1.98 5.23

eparation conditions: 50 mM borate buffer pH 9.7 with 2 mM surfactant for BDA a
nd BZN; 50 mM borate buffer pH 10.3 with 4 mM surfactant for TB. Applied voltag
a Taken from reference [21].
ig. 4. Effect of SDLIL concentration on resolution of the chiral analytes. Sep-
ration conditions are same as in Fig. 2 except the applied voltage of 25 kV for
OH, 20 kV for BDA and BNP.

ndependent measurements. The corresponding reproducibility
alue has been indicated. The related data for the same analytes
btained using SDLV [21] surfactant have been also included in
he table for comparison purposes. A close look at the Rs values
Table 3) of the racemates one can easily recognize the effect of
urfactant headgroup structure on the enantiomeric separations.
owever, α is preferred over Rs for comparison because the lat-

er parameter is affected by efficiency and retention factors in

ddition to selectivity. It is believed that chiral separation is a
esult of three major factors such as, hydrophobic, hydrogen-
onding, and electrostatic interactions that dictate the degree
f interaction of the analyte with the chiral selector. However,

th SDLL, SDLIL, and SDLV surfactants

BNP TB BZN

0.55 ± 0.03 1.82 ± 0.15 0.53 ± 0.04
1.09 ± 0.005 1.02 ± 0.007 1.11 ± 0.01
1.56 ± 0.22 0.95 ± 0.07 2.30 ± 0.15

0.43 ± 0.12 3.61 ± 0.52 0.43 ± 0.09
1.10 ± 0.005 1.03 ± 0.01 1.08 ± 0.01
1.40 ± 0.03 1.10 ± 0.08 1.12 ± 0.05

0.67 2.02 0.65
1.14 1.04 1.07
2.20 1.07 1.61

nd BOH; 50 and 60 mM borate buffer pH 10.3 with 4 mM surfactant for BNP
e +15 kV.
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Fig. 5. Electropherograms for enantiomeric separation of chiral analytes using
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DLIL. MEKC condition: SDLIL concentration of 1 mM for BOH, 2 mM for
DA, 4 mM for BNP and TB, 7 mM for BZN. Applied voltage 15 kV. All other
onditions are same as in Fig. 3.

he role of steric factor should not be ruled out. To evaluate
he role of hydrophilic/hydrophobic interactions on enantiose-
ectivity, the retention factors, k1, obtained for the binaphthyl
erivatives using a particular surfactant system were consid-
red. The binaphthyl derivatives were chosen for comparison
ecause they are structurally similar but differ from each other
n degree of ionization at a particular pH. Since BDA, BOH,
nd BNP have pKa values close to that of 2-naphthylamine
pKa = 4.1) [45], 2-naphthol (pKa = 9.46) [45], and diphenylhy-
rogenphosphate (pKa = 1.12) [46], respectively, at the working
H of enantiomeric separations (pH 9.7 for BDA, BOH and
0.3 for BNP), BDA is neutral, BOH is partially ionized and
NP is completely ionized [28,34]. So, BDA is expected to

nteract strongly with the hydrophobic bilayer of the vesicles.
ue to negatively charged surface of the vesicles, BOH will

nteract less and the BNP will interact least owing to the electro-
tatic repulsions. Thus, the partition coefficients of the analytes
re in the order BDA > BOH > BNP. This is reflected in the
1 values for the three analytes using any of the chiral selec-

ors (see Table 3). The same explanation also hold true for the
hiral compound BZN. BZN being less hydrophobic compared
o binaphthyl derivatives interact weakly with the vesicles and
ave lowest retention factor. An interesting observation made

[
o
s
o

gr. A 1128 (2006) 259–266 265

rom the data in Table 3 is that there is no direct relationship
etween the k1 and α values. For example, the k1 value for BDA
s much higher than that of BOH using all the three chiral selec-
ors, but the α value is slightly lower for BDA when SDLV and
DLL are the chiral selectors. Similarly, the k1 values for BNP
nd BZN are very low compared to that of BOH and BDA,
ut the α values are comparable. This indicates that hydropho-
ic/hydrophilic interaction has major influence on the retention
actors but seems to have less pronounced effect on chiral selec-
ivity of the vesicle-forming surfactants. However, Bicchi et al.
47] have emphasized the importance of hydrophobic interac-
ions on chiral recognition in their study involving enantiomeric
eparation of �-lactones and other compounds using derivatized
yclodextrins as chiral selectors. The other major force that could
ffect the enantioselectivity of the chiral surfactants under inves-
igation is the steric interactions near the stereogenic center of
he surfactant headgroup. To evaluate this, the α and Rs values
btained for the analytes using surfactants SDLV, SDLL, and
DLIL having increasing order of bulky groups near the stere-
genic center were also compared. The data in Table 3 indicate
hat α for BDA decreases in the order SDLIL > SDLL > SDLV
nd the order for BNP is SDVL > SDLL ≈ SDLIL. The stere-
genic center is less sterically hindered in SDLV and hence
DA penetrates deeper into the hydrocarbon core of the vesicle,
hich weakens interactions with the stereogenic center. This is

eflected by the lowest α-value. Because of the steric hindrance
f the sec-butyl group in SDLIL, BDA molecule is unable to
enetrate deeper into the bilayer core and as a result its interac-
ion with the stereogenic center is enhanced as manifested by the
arge α-value. In SDLL surfactant, BDA has intermediate selec-
ivity. The effect of steric factor on chiral selectivity can also be
bserved for BNP. The α value for BNP is more in SDLV and less
n SDLL and SDLIL. This means that the selectivity decreases
ue to increase of steric factors. Billiot and Warner [33] have,
owever, reported increase of chiral selectivity for BNP with
ncrease of steric factors near the stereogenic center in their study
sing micelle-forming sodium undecenoyl-l-amino acidate as
ell as corresponding dipeptide surfactants. Rizvi et al. have

lso reported better resolution for BNP using l-leucine derived
urfactant than corresponding l-isoleucine derived surfactant in
heir study using polymeric alkenoxy amino acid surfactant sys-
ems [34]. The contradictory behavior of the vesicular system
or BNP can be attributed to the higher surface charge density
f the vesicles in comparison to the micelles. Strong electro-
tatic repulsions compared to micelles force the BNP molecule
o stay near the vesicle surface. The increase of steric factors
urther retards the penetration into vesicle bilayer that results
n lower enantioselectivity. Among the three chiral selectors,
DLL provides highest α value for BOH and BZN. The slightly

ower value of α for BOH and BZN in SDLIL is perhaps due to
he presence of two stereogenic centers the relative orientation
f which does not favor intercalation of the molecules in the
esicle. This is in contrast to that reported by Thibodeaux et al.

35] who have observed higher enantioselectivity for four out
f five compounds including BDA and BNP using polymeric
odium N-undecenoyl-l-isoleucine surfactant in comparison to
ther amino acid based polymeric surfactants. This may again
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e ascribed to the difference in type of aggregate formed, i.e.,
icellar versus vesicular structures.

. Concluding remarks

In summary, two vesicle-forming surfactants SDLL and
DLIL were used as chiral selectors for enantiomeric separa-

ion of atropisomeric compounds BOH, BNP, BDA, TB and
hiral compound BZN. It has been shown that SDLL is a better
hiral selector for BOH and BZN, where as SDLIL acts as a bet-
er chiral selector for BDA. The selectivity observed for BOH,
NP and BDA with these vesicle-forming surfactants are better

han the reported values using different polymeric l-leucine and
-isoleucine derivatized surfactant systems. Comparison of the
esults of this study with our earlier published results for SDLV
as helped to identify the factors responsible for chiral recog-
ition of the vesicle forming surfactants. The structure of the
urfactant headgroup has been shown to have significant effect
n enantioselectivity of the chiral surfactants. The number of
tereogenic centers seems to decrease enantioselectivity in the
ase of BOH and BZN. Although the chiral recognition mecha-
ism for vesicular system appears to be the same as that of the
olymeric micellar systems, the different trend in the values of
esolutions observed for some analytes (for example BNP) is
ue to the difference in the nature of aggregate formed.
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