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ABSTRACT

This paper will summarize several new findings obtained in our
laboratory on the use of micellar mobile phases in liquid chro-
matography. The topics to be addressed include (i) stationary
phase modification by the mobile phase surfactant in micellar
liquid chromatography, (ii) investigation of the retention mech-
anism in micellar liquid chromatography (MLC) using an alkyl-
benzene homologous series, (iii) evaluation of the effects of
organic additives upon retention and efficiency in MLC, and (iv)
preliminary characterization of several new classes of surfac-
tant molecules for use in MLC. The information gained from
these studies provides new insights into the dynamics of MLC and
demonstrates their potential usefulness in several new separa-
tion applications including the resolution of optical isomers.

INTRODUCTION

During the past 10 years, the utilization of aqueous micellar

solutions (i.e. solutions containing a surfactant at a concen-
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tration above its critical micelle concentration (CMC)) as the
mobile phase in liquid chromatography (1,2) has generated con-
siderable attention and been the focus of numerous studies.

This general topic has been the subject of several fine reviews
(3-10)., The purpose of this article is to briefly summarize the
results of our recent investigations which shed light on the
nature of micellar liquid chromatography (MLC) separation pro-
cess. Research discussed includes: the study of stationary
phase modification by the mobile phase surfactant, elucidation
of the MLC retention mechanism operative in nonionic MLC, char-
acterization of the effects of different organic additives as
MLC mobile phase modifiers, definition of the origins of poor
chromatographic efficiency consistently observed in MLC, and
application of unconventional micellar-forming molecules in MLC.
It is hoped that this discussion will spark renewed interest in

MLC and its unique capabilities,

EXPERIMENTAL

Apparatus

A Perkin-Elmer 240-C Elemental Analyzer equipped with an
autosampler, AD-6 autobalance, and data station was used for the
determination of % carbon. Surface area and pore volume measure-
ments were made with a Micrometrics Digisorb 2600 (11,12).

The HPLC system employed for the homologous series work was
constructed of Waters components and consisted of a M6000A pump,
Waters Intelligent Sample Processor, Model 441 fixed UV detector,
and Model 720 controller, Data acquisition and integration were
performed with Computer Automated Laboratory Systems software and
HP 1000 hardware, All data on this system were acquired at a
flow rate of 1.0 mL/min and a detector wavelength of 254 nm using
a Waters Resolve 5 micron C-18 spherical packing stainless steel
3.9 m x 15 cm column (11,13).

All other chromatographic work reported was obtained using

another Waters system consisting of an automated Model 680 con-



11: 00 25 January 2011

Downl oaded At:

NEW PERSPECTIVES IN MLC 1369

troller, Model 510 pumps, UK-6 injector, and Model 481 LC spec-
trophotometric detector, The columns utilized in this phase of
the work were 100 x 4.6 mm stainless steel packed with 5 micron
C-18 spherical particles and were obtained from Advanced Separa-

tion Technologies, Inc. (14,15).
Materials

The surfactants, Brij-35 (polyoxyethylene(23)dodecanol),
Brij-22 (polyoxyethylene (10)dodecanol), NaLS (sodium dodecylsul-
fate), CTAC (hexadecyltrimethylammonium chloride), and NaDC
(sodium deoxycholate) were used as received from Fisher Scienti-
fic Co., Sigma Chemical Co., Bio-Rad or Boehringer Mannheim Bio-
chemicals, Eastman Kodak Co., and Kodak or Sigma, respectively.
All test solutes employed were obtained from Kodak or Aldrich and
had stated purities of 967% or greater and were used as received.
The HPLC water utilized was either Fisher HPLC grade or in-house
prepared distilled and de-ionized with a Barnstead NANOpure sys-
tem. The column packing used in the stationary phase character-
ization work was Resolve C-18 which was purchased by special

agreement from Waters Associates,
Me thods

Surfactant Isotherms. Surfactant adsorption isotherms were
constructed by measuring the carbon content of Resolve C-18 pack-
ing material after exposure to various amounts of the different
surfactants examined and converting this data to the amount (mg)
of surfactant sorbed per gram of Resolve C-18. To prepare the
samples, the Resolve C-18 was equilibrated with aqueous surfact-
ant test solutions at a ratio of 1 gram of C-18 packing per 25
mL of test solution. All samples were agitated for approximately
3 hours on a wrist action shaker with a total surfactant exposure
period of 1 day. Next, each sample was vacuum filtered onto a
nylon 66 membrane filter, transferred to a sample vial, and dried
in a vacuum oven at 60° C for at least 48 hours. After drying,

the carbon content of each sample was determined according to
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standard procedures and the amount of surfactant sorbed per gram
of Resolve C-18 calculated (11,12).

Nitrogen Porosimetric Determination of Stationary Phase Sur-
face Areas and Pore Distributions. The surface area and pore
volume distribution measurements were made using the Digisorb
2600, with sample preparation as described above., Standard ad-
sorption and desorption procedures were performed under computer
control to develop the nitrogen adsorption isotherm at 77 K. The
surface areas, SBET’ were calculated using the BET equation from
adsorption isotherm data between relative pressures of 0,05 and
0.21 (11,12), Pore volume distributions and the cumulative pore
volume, CPV, were also calculated from the adsorption isotherm
data for pore diameters between 20 and 600 X, assuming cylindri-
cally shaped pores, using the method of Barrett et al (17).

Other Procedures. The chromatographic phase ratio, ¥, i.e,
ratio of the stationary phase volume, Vs’ to that of the mobile
phase, Vm, was calculated from equation 1,

W[CPVs - CPVb]

0 = e
v (eq. 1)
m

where: W is the weight of the packing material in the column,
CPVs is the cumulative pore volume of unbonded Resolve silica,
and CPVb is the cumulative pore volume of the bonded C-18 Resolve
packing material before or after exposure to the surfactant (13).
The samples were prepared as described in the previous section,
No significant differences were observed between cumulative pore
volumes calculated from the adsorption isotherm and from the de-
sorption isotherm (11,13).

The capacity fator, k', was calculated in the usual manner
using either uracil, nitrite ion, or tetramethylammonium ion as
void markers. The chromatographic efficiency was calculated
using the manual procedure of Foley and Dorsey (18), equation 2,
41.7(e My 4 0)?

(B/A) + 1.25

where: tr is the solute retention time, W

N = (eq. 2)

0.10 is the peak width

measured at 10% peak height, and B/A is the peak asymmetry factor,
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The different pseudophase partition coefficients in MLC, B
Py,» and Psm which represent the solute partition coefficients
between the micellar phase and water, stationary phase and water,
and micellar phase and stationary phase, respectively, were de-
termined using a modified form of the Armstrong-Nome treatment

(4,19), equation 3:

|' P -1]C

1 S § vl mw m 1

kl CP P + P (eq‘ 3)
sw sw

where ¢ is the chromatographic phase ratio, ¥ is the molar volume
of the surfactant, and Cm is the concentration of micellized sur-
factant. The intercept of a plot of 1/k' vs. C, yields Psw while
the slope/intercept ratio equals P_, The ratio of P to P
mw 8w mw

gives Psm 19).

More extensive information on the experimental procedures
and systems mentioned in this section is presented elsewhere (11-
16).

RESULTS AND DISCUSSTION

Micellar Systems Examined.

Table 1 lists the different micelle-forming surfactants ex-
amined in this work, Our studies have included examination of
nonionic (Brij's), anionic (NalS), and cationic (CTAC) surfact-
ant micellar systems. These were selected due to their previous
utilization in MLC (3-10). The bile salt sodium deoxycholate
(NaDC), an anionic micelle-forming surfactant, has not been pre-
viously employed in micellar liquid chromatography. However, it
is a chiral surfactant and can form therefore chiral micelles.
Consequently, the possibility of separating optical isomers with
this chiral micellar mobile phase exists,

In addition, the micellar parameters, i.e. CMC and aggrega-
tion number, N, for some of these micellar systems in water alone
and in some aqueous-alcoholic solutions are presented in Table 1.
It is important to note the fact that the presence of additives

in aqueous surfactant solutions can alter both of these two mi-
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cellar parameters. Also, the dynamics and properties of such
additive-modified micellar aggregates can be significantly al-
tered compared to that of the regular normal aqueous micelles
(10,14).

Stationary Phase Modification in Micellar Liquid Chromatography.

Although mobile phase phenomenon such as pseudophase parti-
tioning and many different surfactant mobile phase compositions
have been extensively studied (3-10), investigations of the po-
tential for significant stationary phase modification by the
mobile phase surfactant have been limited (10-12,16,20-23), The
extent and nature of potential stationary phase modification in
MLC are important for several reasons: (1) stationary phase
modification may be constant above the CMC (6,7), (2) reduced
chromatographic efficiency typically observed in MLC may be re-
lated to the extent of surfactant sorption (10-12,16,20,23), and
(3) the adsorbed surfactant on the stationary phase may alter
the chemical nature of the stationary phase, hence solute reten-
tion (14,21).

Figure 1 shows the adsorption isotherms for nonionic Brij-
35 and anionic NalS on C-18 Resolve packing. As can be seen,
the amount of adsorbed surfactant initially increases very rap-
idly, followed by a more gradual increase at higher equilibrium
surfactant concentrations. Although it is not easily discerned
from the Figure, adsorption continues well beyond the CMC for
both surfactants with 1 u,mol/m2 Brij-35 or NalS sorbed on the
C-18 bonded phase. Berthod and co-workers have also reported
adsorption isotherms of ionic surfactants on various stationary
phases and noted that in many instances additional surfactant
adsorption occurred above the CMC (20-23). Thus, the assumption
often quoted in the literature that adsorption is constant above
the CMC because the amount of free surfactant monomer is con-
stant (6,7) is clearly not correct for all surfactant micelle -
stationary phase combinations (12,16,20). In fact, Sasaki et al

have reported in the micellar literature that the free monomer
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FIGURE 1, Adsorption isotherms for nonionic Brij-35 (A) and
anionic NalS (@) surfactants on Resolve C-18 packing
material.

concentration of nonionic surfactants continues to increase well
above the CMC (24). Consequently, the reported ability to per-
form gradient elution in MLC (by increasing the surfactant mi~-
celle concentration) without re-equilibration of the chromatogr-
aphic column (6,7) does not appear to be applicable to all
charge-type surfactant micellar systems (11).

A decrease in the C~18 column packing material surface area
was observed concomitant with the observed increase in adsorbed
surfactant, The BET surface area was found to decrease about 60%
for both the nonionic and anionic surfactant examined, which
raises a question as to the altered nature of the pore shape in
surfactant modified stationary phases, The pore shape of the
surfactant modified stationary phase was investigated by com-
parison of hysteresis loops constructed from the sorption/de-
sorption isotherms for untreated and surfactant modified Resolve

C-18 material to hysteresis loops previously reported by de Boer
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FIGURE 2, Plot showing the effect of surfactant sorption on
Resolve C-18 pore volume as a function of average
pore diameter: (@) untreated Resolve C-18; (W)
equilibrated with 6% Brij-35; and () equilibrated
with 6% NalS.

and others (25,26). The hysteresis loops for both materials (un-
treated and surfactant modified) were strikingly similar to loops
previously reported for silica, with the loop shape indicative of
a structure formed by compressing spheres together (11,12). Thus,
it appears that the general pore shape of the parent C-18 packing
is retained in the surfactant-modified material. That is, the
surfactant coats out as a thick film on the interior capillary
walls rather than completely filling the pores (11,12).

Figure 2 shows the pore volume as a function of average pore
diameter for the unmodified Resolve C-18 reference material and
for Resolve C«18 which had been equilibrated with solutions of 6%
Brij-35 and 6% NalS. These curves show that the curve shapes are
all similar, with maximal contribution to the pore volume from

o
pores with an average diameter of about 100 A, Similar curve
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shapes were obtained for the other surfactant/concentration com-
binations examined (11,12), The fact that the surfactant-modi-
fied phases exhibit decreased pore volumes yet retain their gen-
eral pore sgsize distribution profile supports the previous con-
clusion that the surfactant is adsorbed onto the C-18 packing as
a thick continuous film, with the general pore structure and pore
shapes of the original material retained (12).

Lastly, the effect of different primary alcohol additives in
the micellar solution upon the amount of surfactant sorbed, SBET’
and cumulative pore volume of the C-18 material was determined.
The results are summarized in Table 2, As can be seen, exposure
of the C-18 packing material to 0.285 M NalS alone resulted in
approximately 150 mg of sorbed surfactant per gram of Resolve C-
18. The addition of 5% methanol, ethanol, propanol, butancl,
or pentanol to the 0,285 M NalS resulted in a progressive de-

crease in the amount of sorbed surfactant as the alkyl group of

TABLE 2
Effects of Alcohol Modifiers on Stationary Phase Modification®

0.285 M Nals NaLS BET Surface Cumulative
Micellar Solution Sorbed Area 0n2/ Pore Volume
plus Indicated (mg/gram gram Resolve (cc/gram)
Alcohol Modifier Resolve C-18)
Cc-18)

None 146 59 0.135

5% MeOH 132 63 0.146

5% EtOH 128 68 0.153

5% 1-PrOH 104 80 0.176

5% 1-BuOH 101 88 0.198

5% 1-PeOH 83 97 0.213
Unmodified Resolve C-18 0 121 0.279

qpata adapted from References 11,12,
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the alcohol modifier increased (11,12). The addition of l-penta-
nol reduced the amount of sorbed NalS by ca. 45%. Additionally,
the BET surface area and cumulative pore volume increased sig-
nificantly approaching the limiting values observed for the orig-
inal unmodified C-18 material (Table 2). Thus, the addition of
alcohol modifiers to micellar solutions clearly alters the char-
acteristics of the surfactant modified stationary phase and de-
creases the amount of sorbed surfactant compared to that possible
in their absence. Several other recent reports have concluded
that other organic solvents gsuch as THF and acetonitrile also
seem to compete with the surfactant for adsorption on C-18 sta-
tionary phase materials (22,23)., Taken together, these results
indicate that the presence of appropriate organic additives can
significantly decrease the amount of surfactant sorbed onto the
stationary phase, The amount of surfactant desorbed by such ad-
ditives is proportional to the additive concentration and in-
creases as the hydrophobicity of the additive increases (12,23).
The fact that appreciable amounts of surfactant are adsorb-
ed onto the C-18 stationary phase material and that additives can
alter the extent of this coverage has important implications with
respect to efficiency in MLC. We and others have previously
noted that the origins of the generally poor chromatographic ef-
ficiency observed in MLC may be traced to the nature of the sur-
factant-coated stationary phase (10-16,20-23,27). Namely, the
surfactant-modified C-18 stationary phase is quite different
from the unmodified C-18 phase in terms of its carbon load, ef-
fective film thickness, viscosity, and fluidity of the ligand-
surfactant modified surface, all of which adversely impact MLC
efficiency (12,14). These altered stationary phase properties
are expected to predominantly affect the last term of equation
4, which shows the various factors contributing to the theoreti-

cal plate height, H:

1 d'm sm p s £

H =
(L/ed) + (1/(Cmdm2u/Dm)) n s
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where: Ce, Cm, Cd’ Csm, and Cs are the plate height coefficients
due to Eddy diffusion, mobile-phase mass transfer, longitudinal
diffusion, stagnant mobile-phase mass transfer, and stationary-
phase mass transfer, respectively, with the other variables being
the particle diameter, dp; mobile phase velocity, uj; solute dif-
fusion coefficient in the mobile and stationary phases, Dm and
Ds’ respectively; and stationary phase film thickness, df (28).
In MLC, the nature of the surfactant-modified stationary phase is
such that the effective film thickness is increased and the sol-
ute diffusion coefficient in the modified phase significantly dim-
inished, both of which lead to reduced efficiency (11,12,16,23).
All of the alcohol and other additive effects observed in MLC
using C-18 stationary phases can be rationalized in terms of
their effect upon the surfactant-modified stationary phase and
the last term in eq. 4 (14) vide infra.

Investigation of the Retention Mechanism in MLC using a Homo-
logous Series.

The use of linear free energy relationships to study the
retention mechanism in reversed-phase liquid chromatography has
been reported by a number of workers. It can be shown that the
retention of a homologous series of solutes is related to the
carbon number for each solute in the series by the following

relationship:

log k' = n, loga + log B (eq. 5)
where n, is the number of carbon atoms in the homolog, a is the
non-specific selectivity of a methylene group, and B 1is the
retention contribution from the functional group common to the
series (29). In contrast to the typical linear relationship
between log k' and n, observed in RPLC using traditional hydro-
organic mobile phases, we and others have noted that a linear
relationship between k' and n, seems to exist in MLC (11,13,30).
This has been observed for Brij-35, Brij-22, NalS, NaDC, CTAB,
and CTAC as the micelle-forming surfactants using C-18 and C-8
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stationary phases and n-alkylbenzenes, 2-alkylanthraquinones, or
n-alkylphenones as the homologous series (11,13,15,30). One
practical advantage to be gained from this linear k' vs. n, re-
lationship is that a greater number of solutes of the homologous
series will be eluted per unit time in the isocratic mode in MLC
compared to that of conventional RPLC (13).

Our investigations of the origins of this linear k' vs. n,
relationship in MLC have led to a better understanding of MLC in
general, and of retention phenomena in particular (13). Our
first objective was to apply the Armstrong-Nome approach to the
determination of the different partition coefficients unique to
the MLC separation of members of a homologous series and to ex-
amine the relationship between these respective partition coef-
ficients and solute homolog number, 1In the context of that work,
we had to develop a more accurate procedure for determining the
chromatographic phase ratio, which is required in a plot of the
MLC retention data according to eq. 3. Previously, the station-
ary phase volume, Vs’ was taken to be the difference between the
empty column volume and the packed column void volume (3,19,21,
31). This difference is clearly a poor estimate of Vs since it
includes the entire volume occupied by the silica support rather
than just the true stationary phase and hence gives an inflated
value for Vs' Although use of this Vs for calculation of the
phase ratio required in eq. 3 for determination of the MLC par-
tition coefficients results in accurate values for me 3,19),
the values obtained for the Psw and Psm coefficients will be
significantly in error.

The new procedure for determination of Vs and hence phase
ratio which we have developed (eq. 1) requires measurement of
the total weight of the packing in the column and the cumulative
pore volumes (cma/gram) of the unbonded silica support material,
CPVB, and the bonded C-18 Resolve packing material, CPVb, before
or after exposure to the micelle-forming surfactant (13). This
approach completely excludes any volumes associated with the

base silica material since the stationary phase volume is assumed
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to be that portion of the silica pore volume filled upon bonding
the octadecylsilane (or other alkyl ligand) chains and, in the
presence of micelles, by sorption of the surfactant to the C-18
chains. It is thought that the calculation of the phase ratio
by this approach will be much more accurate and thus result in
more meaningful quantitative determination of the Psw and Psm
partition coefficients in MLC, In addition, this procedure
should prove useful in conventional RPLC, in general, given that
the same problems are encountered in such estimation of Vs as
has been recently discussed (31).

Calculation of Vs by this new method revealed that the phase
ratio is logarithmically related to the micellized surfactant
concentration and mimics the surfactant - Resolve C-18 packing
material adsorption profiles (11,13). Thus, strictly speaking,
one cannot correctly assume that Vs and thus ¢ are constant over
the entire surfactant range and use only one phase ratio value
in the treatment of MLC data according to eq. 3, without risking
significant error. This margin of error may be large for MLC
experiments conducted at relatively low surfactant concentrations.
In addition, it may not always be appropriate to consider the en-
tire sorbed surfactant volume as part of the 'active' stationary
phase in MLC and hence corrections taking into account actual
solute solubilization sites may be required, particularly in the
calculation of the me values (13).

The plots of 1/k' vs, C, according to equation 3 for mem-
bers of an alkylbenzene homologous series eluted from the Resolve
C-18 column with micellar Brij-35 were linear (correlation coef-
ficient = 0,998) (12,15). However, for all of the micellar mo-
bile phases examined, such plots yielded apparent 'negative'
intercepts for homolog members with n > 3 (Table 3). After ex-
pending considerable effort to determine whether or not this was
attributable to procedural artifacts, it was concluded that,
within experimental error, these negative intercepts are really
approximately zero rather than actually negative. This merely

reflects the great solute affinity for the micellar or surfact-
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TABLE 3

Summary of Results of Regression Analyses for Elution of Alkyl-
benzenes with Micellar Brij-35 Mobile Phases®

Test Solute P:w

Benzene 34.2

Toluene 95.9
Ethylbenzene 291
n-Propylbenzene 934
n-Butylbenzene c (-0.00004)
Amylbenzene ¢ (-0.00016)
Phenylhexane ¢ (-0.00016)
Phenylheptane ¢ (-0.00006)

8Data taken from References 11,13, bPartition coefficient for

distribution of the solute between the micelle pseudophase and
bulk water of the mobile phase. Determined from the slope/
intercept ratio of plots of the data according to eq. 3.

°P _ could not be determined due to 'negative' intercepts (which

are given in parenthesis), The standard error was 4 0.000075 (13).

ant coated (micellar-like) stationary phase compared to that of
the bulk aqueous component of the mobile phase. That is, if Psw
for a solute is very large, then l/Psw, which is the intercept
of the plot of equation 3, would be expected to approach zero
(13). As expected, solubility data indicated that these higher
molecular weight homologs are virtually insoluble in water.
This finding implies that in MLC, such very hydrophobic solutes
can only be transported between the micelles in the mobile phase
and the surfactant-modified stationary phase by a direct trans-
fer process (Psm) (Figure 3) (13).

In addition, it was observed that the plots of chromatogr-
aphic selectivity as a function of homolog number exhibited a
discontinuity with micellar mobile phases. That is, the selec-

tivity factors were found to decrease with homolog number down
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FIGURE 3. Artistic representation of the direct transfer process
for distribution of a solute between the micelle
pseudophase and the surfactant-modified (hemimicellar)
C-18 stationary phase., (Reprinted with permission
from Reference 13, American Chemical Society.)

to about n = 4 after which they leveled off to an approximate
constant value at the solute water solubility limit of butyl-
benzene. In contrast, elution with a traditional hydroorganic
mobile phase resulted in essentially constant selectivity fac-
tors for the alkylbenzene homologs studied (13). The observed
discontinuity in such plots of methylene group selectivity vs.
n, for solutes eluted with the micellar mobile phases also
argues for a possible subtle difference in the MLC retention
process for water soluble as opposed to water insoluble members
of the homologous series examined (11,13).

Although mentioned in theories of pseudophase liquid
chromatography (3,19), the possibility of a direct transfer of a
solute from the micelle in the mobile phase to the surfactant-
coated stationary phase has been largely ignored. Our work in-
dicates that the retention of insoluble or sparingly water sol-
uble solutes is governed by the partition coefficient associated

with such direct transport process. A modified form of the
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Armstrong-Nome equation (eq. 6) can be derived which successful-
ly accounts for the dependence between k' and Cm observed for
elution of such solutes in MLC (13):

k' = Psm(w/GCm) (eq. 6)

In fact, by use of eq. 6, Psm values determined at any given
micellar mobile phase composition can be employed to predict
solute retention for other mobile phase concentrations with 1little

error over the entire alkylbenzene homologous series ramge (13).

Effect of Organic Modifiers in Micellar Liquid Chromatography.

The effect of different organic additives (i.e. alcohols,
alkane diols, alkanes, alkylnitriles, and dipolar aprotic sol-
vents) upon the solute retention, eluent strength, and chromato-
graphic efficiency observed for elution of two neutral test
solutes, benzene and 2-ethylanthraquinone, from a C-18 station-
ary phase with micellar NaLS, CTAC, NaDC, and Brij-35 mobile
phases was determined. These results were contrasted to separ-
ations obtained using conventional methanol:water mobile phases
(14,15). The test solutes were chosen in part due to the fact
that benzene 1s relatively water soluble and 2-EtAQ is virtually
water insoluble. Thus, these solutes represent two extremes
with respect to the process by which the solute partitions bet-
ween the micelle in the mobile phase and the surfactant-modified
stationary phase, as just described. It should again be noted
that the presence of additives can alter the micellar parameters
as previously mentioned (Table 1) as well as the nature and
properties of the micellar aggregate (14,15).

Additive Effects upon MLC Retention. Previously, the use
of organic additives in MLC has been mentioned as a means to
improve efficiency (32,33). However, little has been published
concerning the use of organic modifiers to control solute reten-
tion in MLC (10). In general, our results indicate that the
presence of alcohol, diol, dipolar aprotic solvents (DMSO, dio-
xane), and the alkylnitrile organic additives in either the Nal$S
or CTAC micellar mobile phases resulted in a diminution of the
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capacity factor for the two test solutes (14,15). In contrast,
the presence of alkane additives (i.e. pentane, hexane, cyclo-
hexane) did not greatly alter the retention compared to that
observed in their absence. Figure 4 illustrates the dependence
of k' for 2-EtAQ as a function of the carbon homolog number of
the added l-alkanol modifier at several NalS surfactant and al-
cohol concentration levels. The capacity factor was found to
decrease as the carbon number (hydrophobicity) of the alcohol
modifier was increased. The reduction in k' is more pronounced
for micellar solutions containing greater amounts of the additive
(compare the curves for 5 and 10% added alcohol modifier in NaLS$
in Figure 4). The alcohol modifier effects upon retention are
attenuated as the surfactant concentration is increased (compare
the 5% added alcohol curves in the presence of 0.285 and 0.475 M
NalS, Figure 4). In addition, the effect of the organic modifier
upon the capacity factor of a solute is more dramatic the greater
the hydrophobicity of the test solute (14). Thus, the reduction
in k' observed upon addition of organic modifiers to micellar mo-
bile phases depends not only upon the identity and concentration
of the organic modifier, but also upon the surfactant concentra-
tion and the hydrophobicity of the test solute (14,15).

Although only briefly examined for a limited number of or-
ganic modifiers (i.e. propanol, butanols, pentamols), our results
suggest that a linear relationship exists between the reciprocal
of the capacity factor and the molar concentration of the additive
for micellar mobile phases containing a fixed surfactant concen-
tration (14). A replot of some literature data (6) (see Figure
5) for the elution of benzene from an ODS column using a 0.05 M
NaLS micellar mobile phase with propanol as the modifier serves
to illustrate this 1/k' vs. [modifier] relationship. Previously,
Khaledi et al had reported a linear dependence between log k' and
the volume fraction of 2-propanol in micellar mobile phases for
elution of a homologous series of solutes (30). The relative
effectiveness of an organic modifier in MLC appears to be direct-
ly related to its own ability to partition and bind to the mi-
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CAPACITY FACTOR
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FIGURE 4.

1 & 0.0%

CARBON NUMBER

Dependence of the capacity factor of 2-ethylanthra-
quinone upon carbon number of the added l-alkanol
present at 5% (v/v) (©) and 10% (v/v) (A) in a
0.285 M NaLS micellar mobile phase or 5% (v/v) (@)
in a 0.475 M NalLS micellar mobile phase., For 1-PeOH
(carbon # = 5), the capacity factor as a function of
added percentage 1-PeOH (v/v) in 0.285 M NaLS is also
presented (O). Conditions: 10 cm 54 C-18 column;
temperature 23.5° C; and 1.00 mL/min flow rate except
for the runs utilizing 5% l-hexanol and 10% l-pentanol
which were run at a flow rate of 0.50 mL/min. (Re-
printed with permission from Reference 14, American
Chemical Society.)
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0.07

1/’

[ProH), M

FIGURE 5. Linear relationship between retention and propanol
modifier concentration in a 0.05 M NalS micellar
mobile phase for benzene as the test solute, Con-
ditions: 4.6 x 250 mm Ultrasphere ODS column, 40°
C. Data taken from Reference 6 (Table 3).

cellar pseudophase (14). That is, the better the organic modi-
fier binds to the micellar assembly, the greater is its ability
to alter the retention of neutral solutes in MLC on C-~18 phases.

The organic additive effects upon MLC retention can be ra-
tionalized in terms of the change in the nature of the surfact-
ant-modified stationary phase occuring in the presence of the ad-
ditive and in terms of the enhanced solute solubility in the or-
ganic modified micellar assembly. In terms of the PSw and me
pseudophase partition coefficients, a limited study indicates
that the addition of alcohol or diol modifiers to the micellar
system results in a shift in the distribution of the solute from
both the micellar and surfactant-modified stationary phase to
the bulk solvent in the mobile phase (14).

In terms of practical consequences, micellar mobile phases

allow for the use of organic additives in an aqueous solution at
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molar concentrations well above their normal solubility limit in
water alone. For example, the water solubilities of pentanol
and pentane are ca. 0.30 and 0.00053 M, respectively; however, in
0.285 M NgLS micellar media, their solubility increases to ca.
0.94 and 0.096 M, respectively. More importantly, the use of
organic modifiers in MLC can result in dramatic reductions in
the elution times of solutes compared to that observed with the
pure aqueous micellar mobile phase alone (14). For instance,
the capacity factor of 2-EtAQ is reduced 54% and 57% by the
presence of 5% l-pentanol in micellar 0.15 M CTAC and 6% Brij-35
mobile phases, respectively, compared to that in the absence of
the modifier (15). 1In addition, as can be seen from the right-
hand line in Figure 4, the capacity factor for 2-EtAQ eluted with
a 0.285 M NalS mobile phase using a C-18 stationary phase was ca.
42 while that obtained for the same micellar mobile phase con-
taining 5% l-pentanol was 7.4. Thus, relatively small amounts of
an organic modifier can greatly affect the eluent strength of mi-
cellar mobile phases and solute retention in MLC. This is parti-
cularly important when attempting to separate very hydrophobic
components, as polycyclic aromatic hydrocarbons, in MLC (34).
Additionally, our work suggests that organic modifier gradients
can be successfully employed in MLC, However, in gradient elu~
tion MLC work, column re-equilibration would be required in view
of the fact that the amount of surfactant coverage is altered by
the organic additive present (Table 2).

Organic Modifier Effects upon Chromatographic Efficiency in

MLC. A major problem of MLC is the reduced chromatographic ef-
ficiency observed compared to that possible with traditional hydro-
organic mobile phase systems in RPLC (6,10,14,32-34). The magni-
tude of the problem becomes quite evident if one compares the ef-
ficiency data for elution of the test solutes with aqueous NaL$
micelles in the absence of any organic modifiers (Table 4) to that
of a reference aqueous methanolic mobile phase system. For ex-

ample, comparison of the efficiency data for benzene at comparable
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k' values reveals that there is a 75% reduction in the chromato-
graphic efficiency on going from a mobile phase consisting of
50:50 MeOH:H20 (N=6010) to 0.285 M NaLS (N=1530). The effect is
even more dramatic for the more hydrophobic test solute, 2-EtAQ.
For this solute, a 99% reduction in efficiency is observed upon
changing from 60:40 Me0H=H20 (N=7040) to 0.285 M NaLS (N=50) (14).
Thus, this data illustrates the main drawback with MLC and shows
that this chromatographic efficiency problem becomes progressively
worse as the hydrophobicity of the test solute increases (14,32).
The effect of the presence of 25 organic additives to a NalS$
micellar mobile phase on the chromatographic efficiency of the two
selected test solutes was determined (14). The presence of all
additives examined resulted in improved efficiency for elution of
benzene. Concomitant with the enhanced chromatographic efficiency
was an improvement in the peak symmetry. Some of the data for
alcohol and alkane modifiers are summarized in Table 4. These re-
sults show that maximum efficiency can be obtained by adding small
amounts of C-4 or C-5 alcohols or pentane as the organic modifier.
This is especially true for elution of 'water-soluble' solutes
using ionic micellar mobile phases (such as NalLS or CTAC) in MLC,
With these additives, one can obtain 60-80% of the efficiency that
is observed with a conventional 50% methanol hydroorganic mobile
phase for this test solute. Thus, use of butanol, pentanol, or
pentane as modifiers in MLC should be considered in lieu of 1-
propanol which had previously been recommended as 'best' (33).
Except for alkane modifiers, the same trends as mentioned
above concerning the effect of organic additives in MLC, were
reached based upon examination of the more hydrophobic, water-
insoluble test solute, 2-EtAQ. The use of C-4 to C-6 alcohol
additives with NalLS resulted in a 24-to 28-fold improvement in
the efficiency for the 2-EtAQ peak compared to that in their
absence. In CTAC, the improvement ranged from 3-to 5-fold. How-
ever, even with these improvements, the plate counts observed

with these modifiers were only ca. 22% of that observed for
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elution of this test solute with a conventional 70-80% methanol
hydroorganic mobile phase reference system., Whereas alkane
additives enhanced the efficiency of the benzene peak, their
presence as modifiers in ionic NalS or CTAC micellar mobile phases
essentially had no effect on the efficiency compared to that
achieved in their absence (refer to pentane data, Table 4). Con-
sequently, the use of alkane additives in MLC is recommended only
for the elution of relatively water soluble test components, For
very hydrophobic, sparingly water soluble solutes, the use of amyl
alcohol as the modifier is recommended. In addition, as previous-
ly recommended by Dorsey et al (6,33), the use of elevated temper-
ature (40o C) in MLC along with the l-pentanol modifier is required
in order to achieve MLC efficiencies comparable to those of con-
ventiénal RPLC for the separation of very hydrophobic solutes (14).
We had previously noted that the addition of alcohol modi~-
fiers did not improve the efficiency observed in MLC when using
nonionic surfactant mobile phase systems (16). As can be seen
from the HETP vs. linear velocity curves obtained for elution of
benzene with 15:85 EtOH:HZO, 6% Brij-35 micellar, and 6% Brij-35
containing 15% EtOH modifier mobile phase systems (Figure 6), the
addition of the alcohol modifier actually slightly decreased the
the efficiency (16). The efficiency data presented in Table 4
for elution of the two test solutes using nonionic Brij-35, with
and without modifiers, reveals that the presence of these dif-
ferent alcohol modifiers does not appreciably alter the efficiency
compared to that observed in their absence (15). Thus, in con-
trast to some literature reports (6,7,32,35) which imply that
addition of alcohol modifiers significantly improves efficiency
in nonionic micellar LC, our data (Table 4) show that in fact no
meaningful improvements occur. The problem with the previous
work was that the temperature effect was not separated from the
alecohol modifier effect (refer to Table III, reference 35). That
is, it was the increased temperature which cgused the improved

efficiency with the Brij~35 micellar mobile phase and not the
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FIGURE 6. Relationship of the theoretical plate height, HETP, to
mobile phase linear velocity, a, for benzene as test
solute on a Radical-PAK C-18 column using either (x)
15:85 (v/v) EtOH:H,0; (@) aqueous 6% Brij-35; or (@)
6% Brij-35 in a 15%85 (v/v) EtOH:H_O mixture as the
mobile phase. The capacity factors for benzene in
these three mobile phase systems were 52, 27.4, and
20, respectively. (Reprinted with permission from
Reference 16, American Chemical Society.)

presence of the 1-PrOH modifier., Thus, unless one wants to uti-
lize alcohol modifiers for retention control as discussed in the
previous section, it is not necessary to use such additives in
nonionic MLC as no meaningful efficiency effects occur (15).

It should also be noted that the use of alkane additives
(pentane, hexane) in nonionic micellar mobile phases does slightly

improve chromatographic efficiency as was previously noted for
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the ionic NalS and CTAC micellar mobile phases (Table 4) for the
elution of water 'soluble' components from C-18 stationary phases.
Also, examination of the data in the Table suggests that the use
of nonionic micellar mobile phased in the MLC separation of very
hydrophobic solutes results in better inherent chromatographic
efficiency compared to the use of charged, ionic micelles. In
terms of the additive effects, it appears that the use of alkane
modifiers results in improved MLC efficiency for elution of rel-
atively water soluble components in both nonionic and ionic
micellar mobile phase systems. For sparingly soluble solutes,
the use of medium chain length alcohol modifiers (such as pentan-
0l) appear most useful if ionic micellar mobile phases are util-
ized in MLC while such additives do not alter the efficiency
observed when using nonionic micellar phases. It should be
stressed that the above general guidelines apply only to the
separation of neutral test solutes on a C-18 stationary phase
with the micellar systems mentioned.

Chromatographic efficiency studies were also conducted in
which additive concentrations were varied at a fixed surfactant
concentration and in which the surfactant concentration was
varied at a fixed modifier concentration. Table 5 presents
some representative data for acetonitrile as modifier and CTAC
as the micellar mobile phase on a C-18 stationary phase. As can
be seen, increases in CTAC surfactant concentration at a fixed
acetonitrile modifier concentration in the micellar mobile phase
resulted in a progressive decrease in efficiency for both test
solutes. This is the same trend as had been noted in the liter-
ature using micellar mobile phases in the absence of any addi-
tives (32). On the other hand, increases in the organic modi-
fier concentration at a fixed CTAC concentration (Table 5) re-
sulted in an increase in efficiency for both test solutes (15).
These results are perhaps best illustrated by plotting the data
as plate counts vs. the organic modifier to surfactant concen-

tration ratio in the micellar mobile phase (Figure 7). When
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FIGURE 7.

4.0 8.0 12.0 16.0
[Acetonitrile}/[CTAC)

Plot of the plate counts vs. the ratio of acetonitrile
modifier to CTAC concentration in the micellar mobile
phase for elution of 2-EtAQ as the test solute. This
graph is composed of data obtained from two types of
experiments; i.e. variation of the acetonitrile con-
centration at a fixed 0.15 M CTAC concentration (o)
and variation of the CTAC concentration at a fixed
4.,0% acetonitrile concentration (@). Conditions: 10
cm Sou C-18 column, flow rate 1.0 mL/min, temperature
23.5° C,
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viewed in this manner, it becomes abundantly clear that it is
this modifier/surfactant concentration ratio which controls the
efficiency observed in MLC with ionic micellar mobile phases.
The higher this ratio, the better is the obgerved MLC efficiency
and solute peak shape (14,15). This same general type of be-
havior was also observed for these two test solutes with other
combinations of organic modifiers in the charged anionic NalS or
cationic CTAC micellar mobile phase systems examined (15). Of
course, there is a practical limit as to how much modifier can
be added to a given surfactant micellar solution since increases
in the solution viscosity can occur as well as eventual formation
of microemulsion systems with the continued addition of such
organic modifiers to aqueous micellar media (10,14,36).

Lastly, several paragraphs will be devoted to a discussion
of the potential origins of the efficiency effects noted with
these two test solutes and the different micellar media examined.
Previously, Dorsey et al have attributed the reduced efficiency
in MLC to poor wetting of the stationary phase which slows mass
transfer across the interface of two highly dissimilar phases (6,
7,33). Cline Love and co-workers concluded that the diminished
efficlency was due to mass transfer problems stemming from the
slow solute exit rates from the micelle in the mobile phase and
slow desorption of the solute from the surfactant-modified sta-
tionary phase (32). This is the exact situation that one has for
very hydrophobic solutes which require the direct transfer part-
itioning mode (13,14). As mentioned earlier, we and other have
reported that the poor MLC efficiency predominantly stems from
the nature of the surfactant-modified stationary phase and the
poor mass transfer to, in, or from that phase (10-16,23). In
fact, almost all of the types of additive effects observed upon
chromatographic efficiency in our work can be rationalized in
terms of their impact upon the surfactant-modified stationary
phase and the last term in eq. 4.

Analysis of our data from efficlency studies using various
organic modifiers in MLC has led to several insights as to their
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role in efficiency improvement. First, a comparison of the rel-
ative effect of the different alcohol additives in the NaLS mi-
cellar mobile phase upon efficiency (Table 4) parallels their
ability to desorb NaglS surfactant molecules from the C-18 bonded
stationary phase (Table 2). In addition to reducing the carbon
loading and film thickness, df, the addition of these alcohols
is also expected to influence the fluidity/rigidity of the
surfactant aggregate/C-18 bonded ligand structure on the station-
ary phase just as thelr presence reportedly alters the fluidity
of the micellar aggregate structure (14,23,36). For instance,
upon addition of increasing amounts of amyl alcohol to NaLS mi-
cellar solutions, the microviscosity of the interior of NaLS
micelles, estimated to be 21 cP in the absence of the additive,
was reduced to ca. 5 cP in the presence of 1 M modifier (36).
One might reasonably expect similar alcohol effects upon the
fluidity of the surfactant structure on the stationary phase
which may improve efficiency since the solute diffusion coeff-
icient, Ds, ought to increase as the microviscosity of the phase
decreases.

Similarly, the observation that chromatographic efficiency
improves with increasing organic modifier to surfactant concen-
tration ratios (Figure 7) probably reflects the fact that the
greater the concentration of the organic modifier, the greater
will be the amount of surfactant desorbed from the stationary
phase (lower carbon loading, smaller effective film thickness).
In support of this interpretation, recent reports have demon~
strated that increases in the organic modifier concentration in
micellar solutions resulted in an almost linear decrease in the
amount of surfactant desorbed from C-18 stationary phase materials
(23,37). In addition, the higher level of modifier may also lead
to increased fluidity of the organic additive modified surfact-
ant-coated stationary phase as just described.

At a fixed modifier concentration, the efficiency was ob-

served to decrease as the surfactant concentration in the mobile
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phase was increased (Figure 7). One might be tempted to conclude
that this is the result of the Increased mobile phase viscosity
observed with increased surfactant concentration which would
impede solute mass transfer in the mobile phase. However, this
is probably only a relatively minor factor since it was also
noted that addition of increasing amounts of 1-PeOH (from O to
6%) increased the efficfency of both test solutes eluted with a
0.285 M NalS micellar mobile phase (N increased from 1530 to
3640 and 50 to 1260 for benzene and 2-EtAQ, respectively) in
spite of the fact that the relative microviscosity of the micellar
mobile phase had increased from 1.65 to 2.75 due to the added al-
cohol (14). As stated in the previous paragraphs, it is thought
that the additive to surfactant concentration ratio is the domi-
nant factor influencing chromatographic efficiency since this
ratio dictates the amount of surfactant coverage on the station-
ary phase and fluidity of the modified stationary phase. In
agreement, results from recent diffusion studies also lends
support to this argument (23,27).

Depending upon the test solute monitored, the presence of
alkane additives had different effects on the MLC efficiency
observed with ionic micellar mobile phases. That is, their
presence in the mobile phase improved the efficiency for the
relatively water soluble benzene test solute whereas they had
essentially no effect upon the efficiency for the virtually
water insoluble 2-EtAQ solute compared to that achieved in their
absence (Table 4). It is thought that this dramatic difference
in behavior reflects the fact that these two solutes undergo
different transport modes with respect to their partitioning
between the mobile and stationary phases. As mentioned in the
homologous series study, our results show that water insoluble
solutes, such as 2-EtAQ, can only partition between the micelle
in the mobile phase and the surfactant-coated stationary phase
via a direct tramsfer process (Figure 3). Consequently, for

2-EtAQ to desorb/exit the stationary phase or micelle in the
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mobile phase, both of which it has a great affinity for, re-
quires a merging of the ionic micelle with the surfactant-mod-
ified stationary phase. In the case of ionic micelles, both the
ionic headgroup of the micelle in the mobile phase and the sur-
face of the ionic surfactant-coated stationary phase will be
similarly charged. Thus, an electrostatic repulsive barrier to
the direct merger of the micellar entity with the surfactant-
coated stationary phase will exist and impede solute mass
transfer across this interface. The greater the fraction of
partitioning which must occur via this direct transfer mode,

the poorer will be the observed chromatographic efficiency. 1In
contrast, water soluble solutes which do not have to undergo
such transfer process exhibit enhanced efficilency due to the
fact that alkane additives are even more effective than alcohols
at desorbing surfactant from the surfactant-coated C-18 station-
ary phase (13-15).

In view of the above discussion, it should be noted that
another potential reason that alcohols improve the efficiency in
MLC with ionic surfactant micelles may be due to the fact that
their presence can reduce the net electrical charge density of
the ionic micellar surface (38). Thus for very hydrophobic test
solutes, this would be expected to improve the mass transfer to/
from the stationary phase/micelle since the extent of the electro-
static repulsive barrier to a direct transfer mode would be some-
what diminished. The literature reports that the presence of
alkane additives does not affect the surface charge density,
hence these type additives do not improve efficiency for very
hydrophobic solutes despite the fact that they reduce the extent
of surfactant coverage of the stationary phase (14,15,23). In
addition, it has been reported that alcohol-modified ionic sur-
factant micelles are capable of collisions with one another which
results in intermicellar transfer of solute molecules (36,38).

Lastly, the arguments employed in the previous paragraphs
can be utilized to rationalize the fact that alcohol additives
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are not effective in enhancing the efficiency in MLC with nonion-
ic micellar mobile phases. Nonionic micellar surfactants are long
chain tensioactive alcohols themselves and our preliminary data in-
dicate that C-1 - C-5 alcohols are not very effective in desorbing
these nonionic surfactants (high molecular weight alcohols) from
the surfactant-modified C-18 stationary phase (15). Such non-
ionic surfactants are also not charged and therefore there is no
electrostatic charge barrier encountered in a direct transfer
process envisioned for water insoluble solutes. The efficiency
achieved in chromatographing very hydrophobic test solutes with
nonionic Brij-35 or Brij-22 micellar mobile phases is thus better
than that which can be obtained with any ionic micelles. It is
thought that alkane additives in nonionic MLC can further improve
the efficiency observed for benzene, the relatively water soluble
solute, because alkanes can desorb nonionic surfactants from the
modified stationary phase (15).

Further work aimed at direct determination of the solute
diffusion coefficient in the stationary phase, effective film
thickness, and degree of surfactant coverage in the presence of
different organic additive/surfactant micellar combinations and
the temperature dependence of these parameters is in progress
and the results should help to shed additional light on the nature
of efficiency effects in MLC (15).

Preliminary Characterization of New Types of Surfactants for Use
in Micellar Liquid Chromatography.

We have evaluated several new types of surfactant molecules,
such as bile salts, ionenes, and ionic alkyltrimethylammonium
halide surfactants which contain a hydroxyl group near the charged
cationic headgroup, as potential micellar mobile phases in MLC.
Bile salts, such as NaDC, are another class of surfactant-like
molecules that can aggregate in aqueous media to form micellar
assemblies. The term bile salt covers the several carboxylate
derivatives of cholic acid which differ in the number and position
of the hydroxy substituents. They differ from the typical long-
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chain alkyl normal micelle-forming surfactants previously employ-
ed in MLC in that they have a rigid cholesterol-like steroidal
ring structure and possess a hydrophobic and hydrophilic face (10).
They also exhibit a different association behavior and aggregate
structure compared to that of conventional normal micelles. That
is, bile salt aggregation is viewed as consisting of the step-wise
formation of small primary bile salt micelles consisting of 2-8
monomers held together by hydrophobic interactions. At higher
bile salt concentrations, larger, secondary bile salt aggregates
are thought to form due to intermolecular hydrogen bonding
between the bile salt's hydroxyl groups. Sodium deoxycholate

is reported to undergo this type of aggregation behavior (10).

In addition, bile salt molecules are chiral and can form chiral
aggregates possessing helical structures. Investigation of such
micellar media in MLC is important in at least two respects.
First, since chiral micelles form, one can potentially utilize
such micellar mobile phases in optical separations. Secondly,
there are many solubilization procedures reported in the clini-
cal and biological literature which utilize bile salts to ex-
tract desired constituents from cells, protein materials, etc.

In such solubilization and extraction procedures, it is often
necessary to remove the bile salt prior to further chromato-
graphic separation and quantitation of the desired analyte.

Thus, if such bile salt molecules could also function as mobile
phases in MLC, then this would obviate the need to remove them
after the solubilization/extraction step and ensure for com~
patibility between the solubilization/extraction 'solvent' and
the chromatographic mobile phase.

Due to these reasons, we have conducted a preliminary
investigation in order to determine if bile salt surfactants,
such as NaDC, can function as effective micellar mobile phases
in MLC. With respect to elution of solutes, such as benzene,
pyrene, and 2-EtAQ, with NaDC micellar mobile phases, we found

that the capacity factors decreased as the NaDC concentration in



11: 00 25 January 2011

Downl oaded At:

NEW PERSPECTIVES IN MLC 1401

the mobile phase increased as expected based on the pseudophase
MLC theory. However, attempts to apply the Armstrong-Nome treat-
ment (i.e. eq. 3) resulted in curved rather than linear plots of
1/k' vs. [NaDC]. This was expected however in view of the fact
that NaDC undergoes a step-wise associlation process (i.e.
changing CMC and N as a function of NaDC concentration) which
means that the Cm term of eq. 3 must take this into account.

The problem with this is that such data is not readily available
in the literature. Consequently, if one does not account for
this type of association, curved rather than linear plots result.
With respect to additive effects upon retention and efficiency,
essentially the same general trends as previously noted for the
anionic surfactant NalS were found to also hold for the anionic
NaDC. Thus, use of l-pentanol, l-hexanol, or l-heptanol as an
organic modifier is recommended for use with NaDC bile salt
micellar mobile phases (15).

In terms of separations achieved, the use of NaDC micellar
mobile phases allowed for the separation of a wide range of dif-
ferent solute test mixes, including polycyclic aromatic hydro-
carbons (34), quinones, vitamin K's, cis/trans isomers, positi-
tional isomeric methylindoles, and steroids among others. Most
important, it appears that use of this mobile phase allows for
the optical resolution of binaphthol and related isomers. For
example, Figure 8 shows the partial separation of the enantio-
mers of S=(+)- and R(-)-1,1'-binaphthyl-2,2'-diyl hydrogen
phosphate with a8 80 mM NaDC micellar mobile phase containing 47
added 1-PeOH (15). Similar separations were possible with this
mobile phase for enantiomers possessing C-2 symmetry. Since such
enantiomeric compounds are now widely employed in organic syn-
thetic schemes for enantioselective synthesis, the use of bile
salt micellar mobile phases may prove very useful for optical
resolutions required in such work.

In addition to bile salts, we are also investigating whether

polymeric ionene surfactants, which can form intramolecular,
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FIGURE 8. Chromatograph trace which shows the partial resolution
of the S-(+)- and R-(-)-1,1'~-binaphthyl=2,2'-diyl
hydrogen phosphate enantiomers with a 0.080 M NaDC
micellar mobile phase containing 4.07% l-pentanol as
modifier on a 25=cm C-18 column (flow rate = 0.4 mL/
min).

micellar-like aggregates (39), can function not only as 'micellar'
mobile phases, but also as immobilized stationary phases in MLC.
The preliminary results have been encouraging and will be pre-
gsented in greater detail elsewhere (15).
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