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Abstract

Micellar electrokinetic chromatography was examined using mixed surfactant systems consisting of Brij 35 or
Tween 20, non-ionic surfactants with a polyether structure, together with sodium dodecyl sulfate (SDS). Addition
cf the non-ionic surfactant to a SDS micellar system provides a selective increase in the relative capacity factors of
some substituted benzenes having hydrogen-donating substituents such as a hydroxyl, amino and amide groups.
This effect can be ascribed to hydrogen bond formation between these solutes and the polyether segments of the
ron-ionic surfactant. The hydrogen-bonding interaction appears to work additively against the hydrophobic
iateraction. The separation selectivity can be well controlled by adjusting the mixing ratio of the two surfactants.
The thermodynamic aspects of the mixed micellar system are discussed in detail.
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1. Introduction

Micellar electrokinetic chromatography
(MEKC) using ionic surfactant micelles as pseu-
do-stationary phases and carriers has been de-
veloped as one of the separation modes in
capillary electrophoresis and is applicable to the
separation of neutral and charged analytes [1,2].
The separation mechanism in MEKC is fun-
damentally based on the distribution of analytes
between the pseudo- and aqueous phases. A
variety of ionic surfactants have been examined
to realize novel selectivity in MEKC. Sodium
dodecyl sulfate (SDS) is most frequently used in
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MEKC, where the distribution is predominantly
governed by the hydrophobic interaction be-
tween analytes and the hydrocarbon chain of
SDS. Several “functional” moieties in other
surfactant molecules can offer additional or co-
operative interaction fields. Chiral surfactants
such as sodium N-dodecanol-L-valinate [3—6], N-
dodecanol-L-glutamate [7] and various bile salts
[8~11] have been utilized for chiral separation.
Anionic surfactants having polar moieties
besides the charged head group exhibit unique
separation selectivity, which is clearly different
from that of SDS [12].

Such additional and/or specific interactions
can be directly incorporated into the MEKC
mode by utilization of mixed surfactant systems.
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For example, the anionic chiral surfactants men-
tioned above are coupled together with “‘achiral”
SDS to improve separation efficiency and also
peak shapes [6,8]. Mixed micelles composed of
SDS and non-ionic chiral surfactants such as
digitonin have been reported to provide
*“charged and chiral-selective” pseudo-stationary
phases for chiral separation [5,7]. Incorporation
of sodium 1-octane sulfate (SOS) into the SDS
micelle produces a novel mixed micelle for the
separation of catechols [13], in which SOS is
different from SDS simply in the hydrocarbon
chain length. A zwitterionic surfactant, N-
dodecyl-N,N-dimethylammonium-3-propane-1-
sulfonic acid, was used with SDS to improve
column efficiency and separation selectivity [14].
A mixed micelle composed of SDS and Brij 35, a
popular non-ionic surfactant, has been reported
to improve separation selectivity [15-18]. This
mixed surfactant system is also useful for increas-
ing the elution range in MEKC [19].

In previous papers [20,21], a hydrogen-bond-
ing mode capillary zone electrophoresis (CZE)
using polyethylene glycol (PEG) as a matrix was
reported. The polyether oxygen atoms of PEG
appear to serve as hydrogen acceptors to form
hydrogen-bonding complexes with analytes hav-
ing hydrogen-donating activities during migra-
tion. The net strength of the interaction and the
separation characteristics can be controlled by
the PEG concentration. The hydrogen-bonding
interaction would be enhanced in hydrophobic
circumstances such as a micelle core compared
with an aqueous core. With this in mind, we have
attempted to effect hydrogen-bonding interac-
tions to assist in MEKC separations using mixed
micelle composed of SDS and non-ionic surfac-
tants, such as Brij 35 and Tween 20, having
polyether moieties.

2. Experimental

Brij 35 [polyoxyethylene(23) lauryl ether],
Tween 20 (polyoxyethylene sorbitan monolaur-
ate) and SDS were purchased from Wako
(Osaka, Japan), Kishida Chemical (Osaka,
Japan) and Nacalai Tesque (Kyoto, Japan), re-

spectively, and used as received. Aniline (NH,-
Ph), phenol (HO-Ph), acetanilide (CH,CONH-
Ph), benzaldehyde (CHO-Ph), phenyl acetate
(CH,COO-Ph), p-toluidine (4NH,-To), p-cresol
(4HO-To), p-acetotoluidine (4CH,COHN-To),
p-tolualdehyde (4CHO-To) and p-cresol acetate
(4CH,;COO-To) as model analytes were ob-
tained from Wako, Tokyo Kasei Kogyo (Tokyo,
Japan) and Nacalai Tesque. Oil Yellow AB (1-
phenylazo-2-naphthylamine) (Nacalai Tesque)
was used as a marker of the micelle migration.
All other chemicals were of analytical-reagent
grade.

Electrophoretic separations were performed
using a Jasco (Tokyo, Japan) CE-800 system
coupled to a Jasco 807-IT integrator. A 500 X
0.05 mm I.D. capillary was supplied by Jasco; the
effective length for separation was 300 mm. As
electrolytic solutions, 10 mM phosphate buffer
(pH 7.8) or 100 mM Tris-100 mM borate (pH
8.2) were used. Prior to electrophoresis, the
capillary was rinsed with 0.1 M sodium hydrox-
ide for 10 min, water for 5 min and then with the
electrolysis solution for 5 min using an aspirator.
Between repeated analysis, the capillary was
washed with the electrolysis solution for 5 min.
Samples were introduced by siphoning at a
height of 15 cm for 5-10 s. The detection of the
analytes was performed by UV spectrophotom-
etry at 210 nm.

A series of '"H NMR measurements of the
mixed surfactant micellar systems were carried
out in D,0O (Euriso-top CEA Group, Saint
Aubin, Cedex, France) with a JEOL (Tokyo,
Japan) GX-270 instrument operating at 270 MHz
using 3-(trimethylsilyl)-1-propanesulfonic acid
sodium salt (Nacalai Tesque) as a reference.

3. Results and discussion
3.1. Electropherograms in mixed micellar EKC

Fig. 1A, shows an electropherogram of the ten
mono- and disubstituted benzenes in the SDS-
MEKC mode in the absence of non-ionic surfac-
tant in phosphate buffer ([SDS] =50 mM). The
elution order essentially reflects the hydropho-
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Fig. 1. Micellar EKC separation of ten mono- and disubsti-
tuted benzenes in (A) the absence and (B) the presence of
3.5mM Tween 20 in electrolyte solution containing 50 mM
SDS. Conditions: applied voltage, 10 kV: operating current,
10 p.A; capillary length, 50 cm (effective length 30 cm); elec-
trolvte solution 10 mM phosphate buffer containing surfac-
tants (pH 7.8). Peaks: 0 =methanol (a marker of electro-
osmotic flow); 1=NH,-Ph; 2 =HO-Ph; 3 = CH,CONH-Ph;
4= CHO-Ph; 5=4HO-To; 6 =CH,COO-Ph; 7=4NH,-To;
8=4CH,CONH-To; 9=4CHO-To; 10=4CH,COO-To:
11 ="0Oil Yellow AB (a marker of micelle migration).

bicity of the analytes. Under these conditions,
the separations between NH,-Ph (peak 1) and
HO-Ph (peak 2) and that between 4HO-To

(peak 5), CH,COO-Ph (peak 6) and 4NH,-To
(peak 7) were not complete. Among these in-
completely separated analytes, HO-Ph, 4HO-To,
NH,-Ph, and 4NH,-To can inherently act as
hydrogen-bonding donors.

Based on our previous CZE experiments using
polyethers [20,21], these hydrogen-donating ana-
lytes are expected to interact attractively with
polyether segments. Thus, Tween 20 or Brij 35
was added at concentrations ranging from 1 to 50
mM to the electrolyte solution containing 50 mM
of SDS, where the non-ionic surfactants and SDS
are considered to form a mixed micelle (see
later). The addition of Tween 20 provides a
significant change in the electrophoretic behav-
iour. Fig. 1B shows an electropherogram of the
model analytes in the MEKC mode in the
presence of 3.5 mM Tween 20 and 50 mM SDS.
Under these conditions, almost complete
baseline separation was achieved. The greatest
effect of the addition of Tween 20 is a relative
increase in the migration time of the phenolic
compounds (HO-Ph and 4HO-To) compared
with those of the other analytes, resulting from
the specific enhancement of the transfer of the
phenolic compounds into the negatively charged
mixed micelle. This is reasonably considered to
occur through electrostatic interaction, probably
hydrogen-bonding interaction, between the hy-
droxyl groups of the two analytes and the poly-
ether segments of the non-ionic surfactant in the
mixed micelle.

A similar effect was observed using the SDS-
Brij 35 system in Tris-borate buffer and the
reproducibility of the migration was superior to
that of the SDS—-Tween 20 system in phosphate
buffer. However, the use of Tris-borate buffer
for the SDS-Brij 35 system resulted in a decline
of the peak resolution even in the absence of Brij
35. In phosphate buffer, the SDS—Brij 35 system
was not acceptable probably owing to the ad-
sorption of Brij 35 on the inner wall of the
capillary. Such adsorption of Brij 35 has been
reported and discussed previously [19,22].

It should be noted that enhancement of sepa-
ration efficiencies would occur in the SDS-
Tween 20 system in comparison with the SDS
system, as reported for some mixed micelle
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systems [14,19], and contribute to the improve-
ment of separations as seen in Fig. 1B.

3.2. Thermodynamic aspects of mixed micellar
EKC

We then attempted to quantify the energetic
effects of the addition of a non-ionic surfactant
on the migration behavior. In MEKC, solutes
(analytes) are reasonably considered to be dis-
solved in equilibrium between aqueous (Aq) and
micellar phases (M). The chemical potential of
the analyte in the aqueous phase (u,,) is ex-
pressed as

MAqZMOAq+RTlnXAq (1)

where X, is the concentration of the solute in
mole fraction units and u7,, the standard chemi-
cal potential on the unitary scale [23]. Assuming
that the solute within the micelle constitutes an
ideal solution, one can use the analogue of Eq. 1
for the micellar phase:

g = 4oy + RT In X,, (2)

Hence the standard free energy of the transfer of
the solute to the micellar interior from the
aqueous phase (that is, the difference between
the free energy of the interaction with the
solvents; Au®= uy — u3,) is given by

Au®=—~RT In(Xy /X ,,) (3)

Under the conditions where X\, and X, <<1,
X\u/X 4, can be related to the distribution con-
stant (K) of the analyte by

XM /XA = K(Cwaler,Aq /Csf.M) (4)

where C, ., aq and C;,, are the molar con-
centrations of water in the aqueous phase and of
the surfactant in micelles, respectively. At low
micellar concentrations, the capacity factor (k')
in MEKC can be expressed by

k, = KUM(Csf - Ccmc) (5)

where vy, C; and C_  represent, respectively,
the partial specific volume of the micelle, the
analytical concentration of the surfactant and the
critical micellization concentration (CMC) of the

surfactant system [2]. Combining Egs. 3-5, the
transfer free energy can be related to k' as
follows:

Ap®=—RT In(k'®) (6)

where @ [ = (Cwaler.Aq/Csf.M)/vM(Csf - Ccmc)] iS
a parameter characteristic of the micellar system
alone and independent of solutes.

The transfer free energy of (neutral) solutes in
the pure SDS micellar system (Au° in Eq. 6) is
predominantly ascribed to the hydrophobic inter-
action between the analytes and the hydrophobic
alkyl chain of SDS and denoted by Ay, A
thermodynamic model for the mixed micellar
system consisting of SDS and non-ionic surfac-
tant is proposed as follows. The hydrogen-bond-
ing interaction is considered to work additively
with the hydrophobic interaction. At low mixing
ratios of non-ionic surfactant, it is assumed that
the hydrophobic interaction is virtually indepen-
dent of the analytical concentration of the non-
ionic surfactant (C,) and that the additional
stabilization energy caused by the incorporation
of the non-ionic surfactant is proportional to the
concentration of the non-ionic surfactant mole-
cules in the mixed micelle (C, ,,). Therefore, the
transfer free energy in the mixed micellar system
(Aury) can be expressed by

Ao = Aty — KFC, (7)

where k is a constant representing the stabiliza-
tion energy per unit concentration of the non-
ionic surfactants in the mixed micelle and f is a
condensation factor given by f=C_ ,,/C_. Sub-
stitution of Auy,, in Eq. 7 into Ax® of Eq. 6
yitelds the following equation describing the rela-
tionship between k' and C.:

RT Ink’ = kfC, — Ap’,p — RT In & (8)

In this equation, @ is also a function of C,. In
order to eliminate the C, dependence of @, a
relative value of k' of a given analyte against that
of a certain reference compound (k,) will be
introduced, since @ is independent of solutes as
described above. This yields
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RT In(k'/kg) = (k = ko)fC, — (Buyip — Aptyip,)
9)

where ky and Ay, denote the corresponding
values of the reference compound.

Fig. 2 shows the dependence of RT In(k'/k;)
on the analytical concentration of Brij 35 ([Brij
35]), where CHO-Ph was selected as a reference
compound because the interaction of CHO
group with PEG appears to be negligible in CZE
mode [20,21]. The capacity factors were evalu-
ated according to the relationship

k' = (0 = 1) lto(1 = I /1,)] (10)

where f4, t, and ¢ are the migration time of the
analyte, water and the micelle, respectively [1,2].
The values of RT In(k'/k;) varies linearly with
[Bri: 35] at [Brij 35] <5mM (correlation coeffi-
cients r° =0.993-0.958). The linear relationship
is well described by Eq. 9. The slope gives the
(k — k,)f value, which reflects a relative mag-
nitude of the additional interaction with Brij 35

35
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Fig. . Dependence of RT In(k’'/k/) of the substituted ben-
zenes on the concentration. Conditions: voltage, 10 kV: oper-
ating current, <23 pA; capillary length, 50cm (effective
length 30 cm); electrolyte solution, 100 mM borate-100 mM
Tris tuffer containing surfactants (pH 8.2). ® = HO-Ph; B =
4HO-To; ¢ =NH,-Ph; €4=4NH,-To; A = CH,CONH-Ph;
¥ =4CH,CONH-To; A = CH,COO-Ph; C = 4CH,COO-To;
[0 =4CHO-To; + = CHO-Ph (as a reference compound).

compared with CHO-Ph, while the intercept
represents the difference in the hydrophobic
stabilization energy in the pure SDS micellar
system between a given analyte and CHO-Ph
(Apgipo — Apgpp). Table 1 summarizes the (k —
k,)f values thus evaluated for the ten substituted
benzenes. The phenolic compounds (HO-Ph and
4HO-To) with strong hydrogen-donating activity
yielded the largest values of (k ~ k,)f over 200
kJ 1 mol %, indicating the strong attractive inter-
action with Brij 35. The other hydrogen-donating
active analytes with the amino or amide group
(NH,-Ph, 4NH,-To, CH,CONH-Ph,
4CH;CONH-To) also gave positive values of
(k — k,)f. In contrast, the (k — k,)f values of the
hydrogen-donating inactive analytes (CH,COO-
Ph, 4CH,;COO-To and 4CHO-To) were nega-
tive. These results are fundamentally described
in terms of the hydrogen-bonding interaction.
The best separation was achieved at [Brij 35] =2
mM as judged from Fig. 2. In the case of the
SDS-Tween 20 system also, similar relationships
between RT In(k'/k,) and [Tween 20] were ob-
tained, in which the best resolution was observed
at [Tween 20] = 3.5 mM (Fig. 1).

Now consider the energetic contribution of the
methyl substituent to the hydrophobic and hy-
drogen-bonding interactions. The intercepts in
Fig. 2 (at [Brij 35] = 0) of the toluene derivatives
(HO-To, NH,-To, CH,CONH-To, CHO-To and
CH,COO-To) are larger than those of the corre-
sponding monosubstituted benzenes (HO-Ph,

Table 1
Slopes of RT In(k'/k;) vs. [Brij 35] plots at 293K

Compound Siope (kJ 1 mol %)
HO-Ph (phenol) 218
4HO-To ( p-cresol) 210
NH,-Ph (aniline) 124
4NH,-To ( p-toluidine) 93
CH,CONH-Ph (acetanilide) 52
4CH,CONH-To ( p-acetotoluidine) 42
CHO-Ph (benzaldehyde) 0
4CHO-To ( p-tolualdehyde) -24
CH,COO-Ph (phenyl acetate) -47
4CH,COO-To ( p-cresol acetate) -54

Conditions as in Fig. 2.
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NH,-Ph, CH,CONH-Ph, CHO-Ph  and
CH,COO-Ph) by about 2.4 kJ mol ', which
corresponds to the hydrophobic stabilization
energy associated with the transfer of the methyl
group from aqueous to the SDS micelle
(—Apgp e )- This stabilization energy is smaller
than that of the methyl group of linear hydro-
carbons in SDS micellar system (ca. 4 kJ mol ')
[23]. The discrepancy might be ascribed to the
difference in the environments of the methyl
groups attached to the aromatic carbon and the
linear aliphatic carbon.

On the other hand, the slopes in Fig. 2 [i.e., the
(k — ky)f values in Table 1] of the toluene
derivatives (HO-To, NH,-To, CH,CONH-To,
CHO-To and CH,COO-To) are almost the same
as those of the corresponding monosubstituted
benzenes (HO-Ph, NH,-Ph, CH,CONH-Ph,
CHO-Ph and CH,COO-Ph). This result indicates
that the methyl group which is incapable of
hydrogen-bonding complex formation does not
participate in the specific interaction with Brij 35
and also that the hydrophobic interaction re-
mains almost unchanged during the addition of
Brij 35. This is all in agreement with our thermo-
dynamic model described above.

The energetic effect of the hydrogen-bonding
interaction between the phenols and Brij 35 may
be estimated as follows. The volume ratio of the
aqueous and pseudo-stationary phases in our
SDS-MEKC {=[v(C, - C....)] ' in Eq. 5} can
be evaluated as 140 using k' =0.522 for HO-Ph
at [SDS] =50 mM and K =73 for HO-Ph in the
pure SDS micellar system [2]. Assuming that all
of Brij 35 molecules are incorporated into the
mixed micelle (that is, f~ 140), values of k — k|,
for the phenols are evaluated at about 1.5 kJ 1
mol . For an imaginary pure solution of Brij 35,
the molar concentration might be about 0.8 M
(M, 1214, d = 1). Therefore, the hydrogen-bond-
ing interaction energy between the phenols and
Brij 35 would be estimated to be about 1.2 kJ
mol~'. The energy thus evaluated seems to be
smaller than that of the usual hydrogen bonding.
This would be mainly due to the weak hydrogen-
accepting ability of Brij 35. However, the energy
is sufficient to improve the selectivity in MEKC
as described above.

All the behaviour described above appear to

be fundamentally in accord with our thermo-
dynamic model. However, one discrepancy is
that the (k — k,)f values of NH,-Ph and 4NH,-
To are larger than those of CH,;CONH-Ph and
4CH,CONH-To, in spite of the fact that the
amide group is a stronger hydrogen donor than
the amino group. Similar disagreement is ob-
served in the comparison of the (k — k,)f values
between CH,COO-Ph and CHO-Ph, and be-
tween 4CH,COO-To and 4CHO-Ph: neither
acetoxy nor formyl groups act as hydrogen
donors, but the (k — k,,)f values of CH,COO-Ph
and 4CH,COO-To are more negative than those
of CHO-Ph and 4CHO-Ph. These phenomena
are in contrast with those in the CZE mode using
PEG as a matrix, in which the order of the
interaction of the substituents with PEG is OH >
CONH >NH, > CH,COO = CHO [20,21]. The
cause of this discrepancy is not clear. Some other
interaction might be operative in this mixed
micellar EKC mode.

Very recently, Quina et al. [24] reported a liner
solvation free energy relation analysis for the
transfer of non-ionic solutes into various mi-
celles, in which a considerable positive depen-
dence of the transfer energy on the hydrogen-
bonding acidity of solutes was evidenced in the
case of Brij 35 micelles compared with SDS
micelle. This supports well our arguments with
respect to hydrogen-bonding interaction in the
Brij 35-containing mixed micelle.

3.3. Formation of mixed micelles

The CMC values of non-ionic surfactants are
generally much lower than those of ionic surfac-
tants as long as they have the same alkyl chain
length. Therefore, almost all molecules of Tween
20 and Brij 35 would be considered to form
mixed micelles with SDS molecules. That mixed
micelle formation occurs can be supported by the
following experimental results. The first concerns
the EKC behaviour. The k' values of the ana-
lytes with the strong hydrogen-donating activity,
such as HO-Ph and 4HO-To, increased selective-
ly and remarkably with an increase in [Tween 20]
or [Brij 35] up to about 15 mM under our
experimental conditions. Considering the rela-
tively strong attractive interaction between these
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analytes and the polyether moieties of Tween 20
or Brij 35, the non-ionic surfactant-containing
micelles which interact with the analytes should
have negative charges in order to reduce the
relative migration velocities of the analytes com-
pared with the velocities of the other analytes
(note here that the detection was performed at
the negative potential side). This obviously indi-
cates the formation of mixed micelles with SDS.
The second is NMR spectroscopic evidence. The
"H signal on the C-1 and the C-2 carbon atoms of
SDS shifted to a slightly higher magnetic field
with increasing [Tween 20] or [Brij 35] in the
mixed surfactant systems. These shifts were ca.
-0.020 ppm for 'H on C-1 and ca —0.015 ppm
for 'H on C-2 at [SDS] = 50 mM and [Brij 35] or
[Tween 20] = 10 mM. This indicates a change in
the electrostatic environment near the sulfonic
group of SDS, probably owing to the interaction
of the sulfonic group with the polyether moieties
ol the non-ionic surfactants. Since the concen-
tration of free Tween 20 or Brij 35 was kept very
lcw as described above, the "H signal shifts are
reasonably ascribed to the formation of mixed
micelles. In contrast, the 'H signal on the C-12
carbon atom (the methyl group) of SDS re-
mained almost unchanged. This may indicate
that the hydrophobic environment in the micellar
core is scarcely affected by the addition of the
non-ionic surfactants.

It is important to note that the addition of the
non-ionic surfactants provides a significant
change in the electrophoretic velocity of the
mixed micelle (V,,..). In this study, values of
V.pme Wwere estimated on the basis of their
relationship with the net (measured) migration
velocity of the micelle (V. ):

Vmc = Vep.mc + Veo (]])
where V, is the electroosmotic velocity with the
sign (plus) opposite to that of V,, . for the
negatively charged micelles. The value of V_ was
evaluated from the migration time of methanol,
which was co-injected with the samples. Fig. 3
shows V_ . values as a function of [Brij 35] or
[Tween 20]. The absolute values of V, . de-
crease with increasing [Brij 35] or [Tween 20] in
the concentration range 1-15 mAM. This seems to

-3.0
o b
-3.5 o ° °
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- °
‘s -4.0 ¢
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E 454 o
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[Brij 35] or [Tween 20] / mM

Fig. 3. Electrophoretic velocity of the mixed micelles as a
function of the concentration of (O) Brij 35 or (@) Tween 20.
Conditions as in Figs. 1 and 2.

suggest an increase in the hydrodynamic radius
of the micelles with the addition of the non-ionic
surfactants. Such a decrease in V,,,  for the
SDS-Brij 35 system has been reported [19].

At [Brij 35] or [Tween 20] over 15 mM,
however, V,_ . became almost independent of
[Brij 35] or [Tween 20] or decreased very slightly
with increasing [Brij 35] or [Tween 20] (Fig. 3).
Under these conditions, the capacity factor (k')
of all the analytes examined decreased considera-
bly with increase in [Brij 35] or [Tween 20] (data
not shown). These phenomena suggest the occur-
rence of drastic change in structure of the mixed
micelle. Anyway, such a drastic decrease in &’
values of all analytes results in poor separation of
analytes. Hence the practically available con-
centration of Brij 35 and Tween 20 would be less
than 15 mM at least at [SDS] = 50 mM. Interest-
ingly, such phenomena were not observed when
Brij 30 was used instead of Brij 35 in the
concentration range 1-100 mM. Brij 30 has only
four ethylene glycol segments, whereas Brij 35
has 23 such segments. Therefore, the relatively
long polyether chains of Brij 35 or Tween 20
appear to be responsible for the occurrence of
the drastic change in the structure of the mixed
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micelles [25]. Detailed studies of these phenom-
ena are in progress.

In conclusion, the incorporation of non-ionic
surfactants with polyether moieties into the SDS
system to form mixed micelles is found to pro-
vide a psecudo-stationary phase possessing valu-
able selectivity. Hydrogen-bonding interactions
between the analytes and the polyether moieties
appear to work additively with the hydrophobic
interaction in the mixed micellar EKC, resulting
in an improvement of the separation. The hydro-
gen-bonding interaction in MEKC is expected to
be more effective than in the CZE mode, be-
cause hydrogen-bonds will form more strongly in
the hydrophobic micellar core.
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