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Use of poly(sodium oleyl-L-leucylvalinate)
surfactant for the separation of chiral compounds
in micellar electrokinetic chromatography

A chiral amino acid-based monomeric and polymeric surfactant, sodium oleyl-L-leu-
cylvalinate) (L-SOLV) and poly(sodium oleyl-L-leucylvalinate) (poly-L-SOLV) were
synthesized and used for chiral separations in micellar electrokinetic chromatography
(MEKC). Poly-L-SOLV was used successfully in the separation of various enantiomers
of neutral, acidic, and basic analytes such as 1,1’-bi-2-napthol, 1,1’-binaphthyl-2,2’-
diamine, benzoin, hydrobenzoin, benzoin methylether, warfarin, and coumachlor ob-
taining well-resolved peaks but with only partial separation of temazepam. In addi-
tion, the atropisomer 1,1’-binaphthyl-2, 2’-dihydrogen phosphate was chosen to
study the applicability of the polymeric surfactant over a wide range of parameters
such as concentration, temperature, voltage, and pH. The most striking characteris-
tic of this new surfactant is its high hydrophobicity. It is favorable to interactions with
hydrophobic chiral analytes, and thus may provide better chiral recognition for the
compounds.

Keywords: Chiral separation / Micellar electrokinetic chromatography / Poly(sodium oleyl-L-leu-
cylvalinate) DOI 10.1002/elps.200305521

1 Introduction

Capillary electrophoresis (CE) is a modern analytical tech-
nique which has been developed in recent years and has
been applied to a wide range of application areas. Thou-
sands of instruments are now in use for the analysis of
pharmaceuticals, DNA, proteins, peptides, clinical and
forensic samples, agrochemicals, fine chemicals, and nat-
ural products. Over the past decade, CE has also become
a powerful technique for the separation of enantiomers.
The enantioselectivity of chiral compounds is important
to the environment and biological fields, as well as to
synthetic chemists and the pharmaceutical industry. In
CE, various types of chiral selectors have been employed
for enantiomeric separations. For example, one type of
chiral selector, cyclodextrin (natural and derivatized), has
been successfully used for enantiomeric separations [1–
4]. Other interesting chiral selectors that have been used

in other investigations include polysaccharides [5, 6], pro-
teins [7, 8], macrocyclic antibiotics [9, 10], crown ethers
[11, 12], calixarenes [13], and micelles [14–16].

In recent years, an emerging technique known as micellar
electrokinetic chromatography (MEKC), has been em-
ployed for chiral separation of various analytes. The main
advantage of MEKC as compared to other CE methods, is
the ability to separate neutral and charged species in a
single run thus, MEKC is a more cost efficient analytical
technique. Terabe et al. [17, 18] first introduced this tech-
nique in 1984 while Cohen et al. [19] performed the first
successful chiral separation using the MEKC method. In
their studies, N,N-dodecyl-L-alanine and sodium dodecyl
sulfate (SDS) along with a metal ion (Cu2�) was used to
form a mixed-micelle chiral ligand. There are many sur-
factants available for use in separation science but few
are chiral [21]. The use of chiral surfactants for enantio-
meric separations has recently shown much promise in
MEKC [14, 21–32].

In our laboratory, an 11-carbon undecylinic acid chain has
primarily been used for the synthesis of amino acid-based
surfactants forchiralseparation [21–32].Thefirstpolymeric
amino acid-based surfactant we synthesized for chiral
separation in MEKC was reported in the literature in 1994
[22]. The surfactant synthesized was poly(sodium N-unde-
cylenyl- L-valinate) (poly-L-SUV) and used in the separation
of the optical isomersof (�)-1,1’-bi-2-napththoland laudo-
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nosine. Elsewhere, Hara and Dobashi [33] have also re-
ported the use of polymeric chiral surfactants for enantio-
meric separations using MEKC. In subsequent papers, the
use of poly-L-SUV for the chiral separation of several other
racemic compounds was investigated [24, 25, 33]. Other
studiesfromourgroupfocusedongainingabettermechan-
istic understanding of chiral interactions with polymeric
dipeptide chiral surfactants [20, 26, 27].

Recently, we successfully used 18 monomeric and poly-
meric chiral surfactants for the MEKC separation of a vari-
ety of chiral analytes [31, 32]. The goal of this study was to
gain deeper insight into factors governing the enantio-
selectivity of polymeric amino acid-based surfactants [31].
Among the many polymeric single and dipeptide amino
acid surfactants synthesized in our laboratory, poly(sodium
N-undecylenyl-L-leucylvalinate) (poly-L-SULV) has been
found to provide a large number of enantiomeric separa-
tions for neutral, acidic, and basic compounds by variation
of the background electrolyte (BGE), the pH, concentra-
tion, temperature, and voltage [34].

In this study, a novel chiral amino acid-based monomeric
surfactant, sodium oleyl-L-leucylvalinate (L-SOLV) and
polymeric surfactant, poly(sodium oleyl-L-leucylvalinate)
(poly-L-SOLV) were synthesized and used for chiral
separations in MEKC. Both the monomer and the polymer
were characterized by various techniques includingproton
nuclear magnetic resonance (1H NMR) and infrared (IR)
spectroscopy for structure elucidation. Surface tension-
metry was used to obtain the CMC, and densitometry and
AUC (analytical ultracentrifuge) were employed for deter-
mining the partial specific volume and molecular weight of
the polymer, respectively. The structural difference be-
tween this new surfactant and others synthesized in our
laboratory, is that its backbone acid chain contains 18 car-
bons with the double bond located at the 9,10-position as
compared to the previously used 11-carbon chain with the
double bond at the 1,2-position. The major advantage of
this new surfactant is the low CMC of the monomer and
high hydrophobicity of the polymer. Thus, the polymer
may be a better chiral selector for some hydrophobic chiral
analytes. This surfactant was used in MEKC for chiral
separation of several chiral analytes. The determination of
molecular weight, applications, and advantages of using
poly-L-SOLV in MEKC are discussed in this manuscript.

2 Materials and methods

2.1 Materials

The analytes (�)-1,1’-bi-2-naphthyl-2,2’-diyl hydrogen
phosphate (BNP), warfarin, coumachlor, benzoin, hydro-
benzoin, benzoin methyl ether, and temazepam were pur-

chased from Sigma (St. Louis, MO, USA). All analytes
were used as received. The structures of the analytes are
provided in Fig. 1. The reagents used for synthesis of the
surfactant were, oleic acid-N-hydroxysuccinimide ester,
sodium hydrogen carbonate, and tetrahydrofuran pur-
chased from Sigma while the dipeptide of leucine valine
was purchased from BaChem Bioscience (King of Prus-
sia, PA, USA) and used as received.

Figure 1. Structure of the chiral analytes separated.

2.2 Synthesis of poly-L-SOLV

The L-SOLV monomer was synthesized using the guide-
lines of the procedure previously reported by Wang
and Warner [22] with some modifications. The synthetic
scheme is shown in Fig. 2. The CMC of the L-SOLV sur-
factant monomer was determined to be 0.8�10�3 M

using a surface tensionmeter from CSC Scientific Com-
pany (Fairfax, VA, USA). A 6�10�3 M aqueous solution of

Figure 2. Synthesis scheme of sodium oleyl-L-leucyl-
valinate monomer.
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L-SOLV was exposed to a 60Co �-ray source (70 krad/h)
for a total of seven days for polymerization. After polym-
erization, the aqueous solution was dialyzed against bulk
water using a regenerated cellulose membrane with a
2000 Da molecular weight cutoff. The purified solution
was lyophilized under vacuum to obtain the dry product
of poly-L-SOLV. 1H NMR spectroscopy was used to follow
the polymerization process.

2.3 Analytical ultracentrifugation

AUC measurements were performed by use of an Optima
XLA analytical ultracentrifuge from Beckman Instruments
(Palo Alto, CA, USA). The instrument has a high-intensity
xenon flash light source and a grating monochromator
that scans continuously from 190 to 800 nm. The detec-
tion system was set to measure the absorbance at
220 nm. A toroidally curved holographic diffraction grat-
ing was used to select the wavelength and to collimate
the beam of light. Four sector cells were used in this
experiment. Three of the cells have a sample and a sol-
vent chamber. The fourth is a counterbalance cell. The
polymer sample concentration was 0.1 g/L in 0.1 M NaCl.
Sample volumes in each cell were 110 �L while the sol-
vent volumes were 125 �L. All data were collected at a
temperature of 25�C and at a speed of 22 000 rpm. The
temperature of the rotor was controlled thermoelectrically
to within �0.5�C. The absorbance versus the distance
from the center of rotation to any position in the sample
was collected at 720 min intervals. Successive scans of
the cell were compared graphically using the XL-A soft-
ware to ensure that the samples reached equilibrium.
These data were acquired every 10 �m in replicates of 10
and were digitized and displayed as a function of radial
distance. Only sedimentation measurements were com-
pleted.

2.4 Densitometry

A high-precision densitometer (model DMA58), pur-
chased from Anton Paar USA (League City, TX, USA),
was used to perform density measurements. Air and
water were used for calibration. The precision of the tem-
perature-controlled system was better than �0.005�C.

2.5 Capillary electrophoresis procedure

The MEKC experiments were performed by use of a Hew-
lett-Packard 3D CE instrument (Foster City, CA, USA). A
bare fused-silica capillary (52 cm effective length, 50 �m
ID) was purchased from Polymicro Technologies (Phoe-
nix, AZ, USA). The surfactant was added to the buffer so-

lution and filtered through a 0.45 �m membrane filter.
Separations were performed using a voltage of �30 kV,
with UV detection at 220 nm. All analytes were prepared
in a 50:50 methanol/water mixture with a concentration of
0.1 mg/mL. Samples were injected for 10 s with 10 mbar
of pressure. Prior to use, each new capillary was condi-
tioned for 60 min with 1 M NaOH and then for 30 min with
0.1 M NaOH at a temperature of 40�C. Finally, the capillary
was rinsed for 15 min with triply distilled deionized water.
Prior to each run, the capillary was flushed with the MEKC
buffer for 3 min to condition and fill the capillary.

3 Results and discussion

3.1 Determination of the molecular weight of
poly-L-SOLV

The exact volume of a substance is a difficult quantity to
measure. Therefore, one often uses partial specific vol-
ume V (a.k.a V-bar), which is defined as the increase in
volume when 1 g of dry solute is dissolved in a large vol-
ume of solvent. The V-values are determined by plotting
the inverse of the density (1/�) of the solutions as a func-
tion of the weight fraction (W) of the polymers according
to the following equation [29, 37, 38], i.e.,

1�� � V � W
��1���
�W

(1)

where � is the solution density and W is the solvent weight
fraction. The partial specific volume of poly-L-SOLV is
then obtained as the y-intercept of the (1/�) vs. W plot
(Fig. 3). This value was used in the analysis of the poly-
meric surfactant molecular weight data obtained from
the AUC instrument. Analytical ultracentrifugation allows
us to determine the molecular weight and sedimentation
coefficient of our polymer [36, 37]. Yarabe et al. [29]

Figure 3. Determination of partial specific volume of poly-
L-SOLV. Plot of 1/� (mL/g) as a function of weight fraction
(weight solvent/(weight solvent � weight of solute).
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described the equations relating to the determination of
the molecular weight using the AUC and the same equa-
tions were used for this study. From the analytical ultra-
centrifugation measurements, the weight-average molec-
ular weight for the polymeric surfactant poly-L-SOLV, was
calculated and found to be 36 102�948. Using this weight-
average molecular weight, the aggregation number of the
polymer poly-L-SOLV was determined to be 69 which corre-
lates well with the polymer’s aggregation number obtained
by use of a Spex FluoroMax-3 spectrofluorimeter at room
temperature using the fluorescence quenching method
described by Billiotet al. [39] (data not shown). Figure 4 illus-
trates the equilibrium distribution of poly-L-SOLV at 25�C.
The data points measured around the meniscus and cell
bottom were truncated to give a more representative fit.
The residuals at the top of the plot indicate how well the
data points correlate with the fitting function.

Figure 4. Determination of the molecular weight of poly-
L-SOLV. Plot and residual of absorbance vs. radius of
poly-L-SOLV in 0.1 M NaCl; wavelength, 220 nm; speed,
22 000 rpm; temperature, 25�C; V-bar, 0.76. All data were
truncated to avoid the meniscuses and to improve the fits.

3.2 Separation of BNP

3.2.1 Effect of poly-L-SOLV concentration on the
separation of BNP

Many molecules are chiral even without an asymmetric
carbon center. A good example is the atropisomeric
binaphthyl compounds such as BNP as shown in Fig. 1.

This compound belongs to a class of molecules that are
chiral because they posses an adjacent � system that
cannot adopt a coplanar configuration due to steric hin-
drances and rotational restrictions around a central bond.
The (�)-BNP has been used as a chiral shift reagent
[25, 38] for determining the enantiomeric purity of many
organic compounds [25, 40, 41]. BNP has also been
used as a ligand for dissymmetric catalyst [25, 40] and
as building blocks in the synthesis of macrocyclic com-
pounds [25, 42]. In this study, BNP exists in the anionic
form due to the basic buffer conditions (pH 10.0) used in
our separations. Baseline separation of BNP enantiomers
using 25 mM sodium borate buffer and various concentra-
tions of the polymeric pseudostationary phase poly-L-
SOLV was achieved (Fig. 5A). A similar study was also
completed using the monomer L-SOLV (Fig. 5B). These
results demonstrate the chiral recognition ability of the
polymeric surfactant as compared to the monomer
micelles. The (R)-(�)-BNP enantiomer eluted faster than
the corresponding (S)-form. This suggests that the (S)-

Figure 5. Effect of (A) poly-L-SOLV and (B) SOLV mono-
mer concentration on separation of BNP. Conditions:
electrolyte, 25 mM sodium borate; pH 10; temperature,
12�C; voltage, 30 kV; capillary, 52 cm effective length�
50 �m ID; pressure injection at 10 mbar for 10 s; UV
detection, � = 220 nm. Concentrations: (A) 1, 0.5, 0.25,
0.125, and 0.05%; (B) 10, 5, 2.5, and 1 mM.
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Figure 6. Effect of temperature on separation of BNP
using (A) poly-L-SOLV and (B) L-SOLV. Conditions:
(A) 0.5% polymer, and (B) 10 mM monomer; other condi-
tions same as Fig. 5, except the temperature was varied.

(�)-BNP has a higher affinity for the chiral polymer. The
separation completed using the monomeric form of the
surfactant was not as efficient when compared to the
polymer for various reasons. First, there was a consider-
able amount of noise in the baseline and the resolution
was far lower as compared to the studies with the poly-
mer at the same concentration (10 mM). Peak broadening
was also observed when using the monomeric surfactant
regardless of the concentration. Furthermore, when the
concentration of the monomer was doubled, no separa-
tion was observed. The elution order was the same for
both the monomer and the polymer. BNP was chosen
to investigate the applicability of the poly-L-SOLV surfac-
tant because previous studies in our laboratory have
shown that it is difficult to separate using the 11 carbon
amino-based monomeric and polymeric surfactants
synthesized in our laboratory [32]. The optimum concen-
tration was determined to be 0.5% (w/v) for the polymer
and 10 mM for the monomer and was used to evaluate
the effect of temperature and pH on the separation of
BNP.

3.2.2 Effect of temperature on separation of
BNP

The effect of temperature on the separation of the BNP
enantiomers was investigated to determine the thermal
stability of both the polymer and the monomer in MEKC.
The polymer was found to be more stable and a better
chiral selector even at higher temperatures. Better resolu-
tion values were noted when using the polymer, while
more noise was observed in the baseline when using the
monomer. Also, better peak efficiency was observed
while using the polymer and it increased with an increase
in temperature. Increase in temperature led to shorter
retention times as observed in both Figs. 6A and B. This
was likely due to an enhancement of the electroosmotic
flow. Slightly longer retention times were observed when
the monomer was used. The optimum temperature was
determined to be 25�C.

3.2.3 Effect of pH on separation of BNP

The pH plays a very important role in the separation of
chiral compounds. For the separation of BNP, the pH
was varied between 8.5 and 10.0. A decrease in the buffer
pH led to an increase in the electroosmotic flow and a
shorter retention time for the analyte (Figs. 7A and B).
The resolution was reduced as the pH was decreased in

Figure 7. Effect of pH on separation of BNP using
(A) poly-L-SOLV and (B) L-SOLV. Conditions same as
Figs. 5 and 6, except the pH was varied and the study
was done at 25�C.
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Figure 8. Enantiomeric separation of benzoin derivatives
using 1% poly-L-SOLV. Conditions: electrolyte, 20 mM

monobasic phosphate �30 mM dibasic phosphate; pH
7.2; temperature, 15�C; voltage, 30 kV; capillary, 52 cm
effective length�50 �m ID; UV detection, � = 254 nm;
pressure injection at 10 mbar for 10 s.

both cases. However, there was no enantiomeric separa-
tion when the monomer was used in a buffer solution with
a pH of 8.5.

3.3 Separation of neutral compounds

Benzoin and its derivatives have been used in the devel-
opment of antiseptic, astringent, and anti-inflammatory
drugs such as Tin-Ben. A mixture of three-benzoin deri-
vates benzoin, hydrobenzoin, and benzoin methyl ether
were separated using the synthesized polymeric surfac-
tant poly-L-SOLV. Baseline resolution was achieved for
the separation of benzoin and hydrobenzoin, while only
partial enantiomeric separation was observed for benzoin
methyl ether as shown in Fig. 8. Other neutral compounds
separated were 1,1’-bi-2-napthol, and 1,1’-binaphthyl-
2,2’-diamine with a resolution of 1.7 and 1.9, respectively
(data not shown). The resolution (Rs) was calculated using
the following equation [17]:

Rs � 2
�tr2 � tr1�
w1 � w2

(2)

where tr1 and tr2 are the respective migration times of each
enantiomer, and w1 and w2 are the peak widths at the
baseline of each enantiomer. Separations are still being
conducted in our laboratory with a goal of expanding the
number of analytes that can be separated from this class
of compounds.

3.4 Separation of acidic compounds

Warfarin is a coumarin anticoagulant drug frequently used
in the treatment of thrombeolic diseases [43]. Although it is
sold as a racemic mixture, the (S)-(�) enantiomer is more
pharmacologically active than its corresponding (R)-(�)-
form [24, 43]. This drug displays a stereoselective metab-
olism and pharmacokinetics where each enantiomer fol-
lows different metabolic pathways [24, 44]. Coumachor,
an analog of warfarin, has been used in HPLC as an inter-

Figure 9. Enantiomeric separation of coumarin drugs,
warfarin and coumachlor using 1% poly-L-SOLV. Condi-
tions: electrolyte, 275 mM boric acid �20 mM monobasic
phosphate, pH 7.2; other conditions as in Fig. 8, except
UV detection, � = 220 nm and pressure injection at
30 mbar for 3 s.

nal standard. Qualitative and quantitative experiments
using both drugs have been documented by use of
HPLC and GC [24, 45, 46]. These two drugs are structu-
rally related acidic drugs. They are both electronegative
due to their keto-enol groups. The phenolic group on war-
farin has a pka value of 5.1 [24, 47]. Under neutral and
basic pH conditions, both drugs are not expected to com-
plex strongly to the anionic micelle. As noted by Agnew-
Heard et al. [24], an acidic pH range was better for the
separation of these compounds. However, the synthe-
sized poly-L-SOLV tends to precipitate out of solution at a
pH lower than 7 due to a decrease in the ionization of
its carboxylate functionality. Using poly-L-SOLV in the
separation of these two drugs was achieved under basic
pH conditions (Fig. 9). When comparing this surfactant
with others synthesized in our laboratory, the major ad-
vantage has been that lower concentrations of the poly-
mer are required to achieve comparable or better resolu-
tion of chiral analytes. For example, for the separation
warfarin and coumachlor approximately 2% (50 mM) of
poly-L-SULV was needed to achieve a resolution of 1.51
and 3.12, respectively. In contrast, when 1% (20 mM) of
poly-L-SOLV was used a resolution of 1.8 for warfarin
and 5.8 for coumachlor were obtained. Shorter migration
times (less than10 min) were also recorded when poly-L-
SOLV was used compared to (approximately 20 min)
when poly-L-SULV was used for the separation of the
two analytes under similar separating conditions [34]

3.5 Separation of basic compounds

Temazepam belongs to a class of compounds known as
diazepines. These compounds are used as hypotonics,
tranquilizers and anticonvulsants [48]. Although these
compounds possess similar aromatic skeletons, the
difference lies in the number and type of substituents
attached to the aromatic ring. The presence of these sub-
stituents can make the separation of these compounds
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Figure 10. Enantiomeric separation of temazepam using
0.3% poly-L-SOLV. Conditions: electrolyte, 20 mM mono-
basic phosphate �30 mM dibasic phosphate, pH 8.0;
temperature, 12�C; voltage, 30 kV; capillary, 52 cm effec-
tive length�50 �m ID; UV detection, � = 220 nm; pressure
injection at 10 mbar for 10 s.

difficult. Poly-L-SOLV resolves the enantiomers of tema-
zepam with a resolution of 1.2 and a selectivity of 1.06 as
shown in Fig. 10. According to the studies done by Had-
dadian et al. [28], the methyl group of the temazepam may
affect chiral selectivity in two ways, namely, blocking the
hydrogen-binding site of temazepam or by increasing the
steric hindrance.

4 Concluding remarks

Novel monomeric and polymeric surfactants were
synthesized and used for chiral separation in MEKC.
Both the monomer and the polymer were capable of
chiral separation. However, the polymer provided better
separation. In this investigation, the poly-L-SOLV surfac-
tant was preferred over the monomer for the separation of
neutral, acidic, and basic chiral compounds. When com-
paring the monomer of L-SOLV to poly-L-SOLV, several
advantages are noted for polymeric surfactants over
normal micelles in chiral separations. (i) The elimination
of the dynamic equilibrium between the monomers and
the micelles can enhance chiral recognition of the race-
mic mixture. Thus, a better resolution is expected. (ii) The
lack of a CMC in polymeric surfactants makes them more
practical for use in MEKC separations. (iii) The rigidity of
the polymeric surfactant improves the mass transfer rate
and thus reduces peak broadening.

I. M. W. acknowledges the Philip W. West Endowment,
the National Science Foundation and the National Insti-
tutes of Health for their support.
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