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Capillary electrophoretic studies on the migration behavior of cationic
solutes and the influence of interactions of cationic solutes
with sodium dodecyl sulfate on the formation of micelles

and critical micelle concentration
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Abstract

The migration behavior of cationic solutes and influences of the interactions of cationic solutes with sodium dodecyl sulfate (SDS) on the
formation of micelles and its critical micelle concentration (CMC) were investigated by capillary electrophoresis at neutral pH. Catecholamines
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nd structurally related compounds, including epinephrine, norepinephrine, dopamine, norephedrine, and tyramine, which involv
xtents of hydrophobic, ionic and hydrogen-bonding interactions with SDS surfactant, are selected as cationic solutes. The depen
ffective electrophoretic mobility of cationic solutes on the concentration of surfactant monomers in the premicellar region provi
vidence of the formation of ion-pairs between cationic solutes and anionic dodecyl sulfate monomers. Three different approache
he variations of either the effective electrophoretic mobility or the retention factor as a function of surfactant concentration in the pr
nd micellar regions, and the linear relationship between the retention factor and the product of a distribution coefficient and the p
ere considered to determine the CMC value of SDS micelles. The suitability of the methods used for the determination of the CM
ith these cationic solutes was discussed. Depending on the structures of cationic solutes and electrophoretic conditions, the
f SDS determined varies in a wide concentration range. The results indicate that, in addition to hydrophobic interaction, both
ydrogen-bonding interactions have pronounced effects on the formation of SDS micelles. Ionic interaction between cationic solute
urfactant stabilizes the SDS micelles, whereas hydrogen-bonding interactions weakens the solubilization of the attractive ionic
he elevation of the CMC of SDS depends heavily on hydrogen-bonding interactions between cationic solutes and SDS surfactan
MC value of SDS is remarkably elevated with catecholamines, such as epinephrine and norepinephrine, as compared with nore
ddition, the effect of methanol content in the sample solution of these cationic solutes on the CMC of SDS was also examined.
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. Introduction

Capillary electrophoresis (CE) is a powerful technique for
he separation of a variety of analytes owing to the advantages
f high efficiency, high resolution, rapid analysis, and very
mall volume of sample[1–3]. Capillary zone electrophore-
is (CZE) and micellar electrokinetic chromatography
MEKC) are the two most widely used separation modes of
his technique. The separation principle of CZE is based on
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the difference of the electrophoretic mobility of analy
whereas that of MEKC is based on the differential partit
ing of analytes between the micellar and aqueous ph
Ionic analytes can be separated by both CZE and ME
while MEKC is commonly employed for the separation
non-ionic compounds. However, the separation of non-i
compounds can occasionally be achieved by CZE when
a background electrolyte (BGE) containing an ionic sur
tant at concentrations below the critical micelle concentra
(CMC), provided that the selective interactions betw
neutral analytes and ionic surfactant monomers o
[4,5].
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Depending on the structures of analytes, various inter-
actions, such as hydrophobic, ionic, and hydrogen-bonding
interactions, may occur between the analytes and micelles.
In the separation of non-ionic hydrophobic compounds by
MEKC, hydrophobic interaction between the analytes and
micelles is the predominant factor to govern the partitioning
of analytes between the micellar and aqueous phases,
whereas in the separation of ionic compounds, ionic interac-
tion between the analytes and micelles becomes important,
together with hydrophobic interactions, because ionic
interaction can enhance the dissolution of cationic solutes
into the anionic micelles drastically[6–8]. In the separation
of ionic compounds with hydrophilic functional groups, such
as cationic hydrogen-donating solutes, hydrogen-bonding
interaction between the cationic hydrogen-donating solutes
and anionic micelles may also affect the partitioning of
cationic solutes into the micelles. It has been demonstrated
that hydrogen-bonding interaction between the cationic so-
lutes and mixed micelles composed of SDS and a non-ionic
surfactant possessing polyether moieties, such as Tween
20 (polyoxyethylene sorbitan monolaurate)[6,9] or Brij 35
(polyoxyethylene (23) lauryl ether)[9], reduces the ionic
interaction between the cationic analytes and SDS micelles
considerably. Consequently, the selectivity and resolution of
MEKC separations, can be optimized by varying the molar
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of an electrophoretic system[25–36]. So far, three differ-
ent approaches based on CE techniques have been proposed.
The first method is based on the linear relationship of the
retention factor of a solute with micelle concentration, using
MEKC [25,26]. The second method is based on the vari-
ation of the effective electrophoretic mobility of a marker
compound as a function of surfactant concentration in the
premicellar and micellar regions. By plotting the effective
electrophoretic mobility of a marker compound against sur-
factant concentration, a sharp change in slope can be observed
at the CMC[27–32,34–36]. The third method is based on the
measurements of the electric current of micellar electrolyte
solutions as a function of surfactant concentration, using CE
instrumentation at a given applied voltage[33]. This approach
essentially consists of a CE version of the traditional method
of measuring the CMC value by conductivity.

It has been demonstrated that, for some neutral and
anionic hydrophobic solutes, the plots ofk versus surfactant
concentration can give straight lines almost passing through
the same intercept with the slope increasing with the hy-
drophobicity of the solutes. The CMC value of a surfactant
can be determined from the slope and the intercept of the line
[25,26]. It has been known that a stronger hydrophobic inter-
action between the solute and micelles may yield a smaller
error in the determination of the CMC value[25]. However,
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atio of mixed micelles. As SDS micelles possess hydro
ond donating characteristics, in addition to the predom
ydrophobic characteristics, it is thought that catio
olutes possessing hydrogen bond accepting characte
re accessible to SDS micelles[8].

The effects of adding surfactants in a BGE in CZE are m
iple. Surfactant monomers can interact with the wall sur
f the capillary, and thus, alter the magnitude and the

arity of the electroosmotic flow (EOF)[10–15]; they can
electively interact with sample analytes and/or BGE c
onents so that the selectivity and separation can be imp

16–23]; they may also change the viscosity of the BGE,
ffecting the magnitude of the EOF. On the other hand
peration of MEKC separation requires a BGE solution

aining one or more surfactants as micelle forming ag
t concentrations above the CMC[24,25]. Consequently, th
electivity of analytes can be controlled and optimized
he use of various surfactants or mixed surfactants. As th
ellization of a surfactant and the modification of the mice
hase can be reflected from the effective electrophoretic
ility of some appropriately selected solutes as a functio
urfactant concentration, CE is a very useful tool to stud
igration behavior of solutes and the interactions of so
ith both surfactant monomers and the micelles. In view
f many advantageous applications of CE and the mice

ion process being a key parameter in the optimizatio
nalytical conditions in CE, particularly in MEKC, a go
nderstanding of the micellization of a surfactant is of
amental importance.

CE has been proven to be a convenient technique to d
ine the CMC of a surfactant under the operating condi
or solutes involving more complicated interactions,
MC value determined by this method is not very relia

8,25,37]. The drawback of the third method is that the slo
f the straight lines corresponding to the premicellar
icellar states of a surfactant in the two concentration ra
ay not differ significantly so that the CMC value can
e unambiguously determined[33]. Moreover, as the curre
ariation detected by a CE instrument is usually very sm
he precision of this method is not very good[33]. Therefore
he method based on the mobility model is the metho
hoice for the determination of the CMC of a surfactant u
he operating conditions of an electrophoretic system b
echnique.

The CMC value of a surfactant is not only affected
he operating conditions of an electrophoretic system
he nature of the micellar buffer electrolyte[34], including
he nature of the surfactant, the type and the compositi
he electrolyte solution, the presence of organic modifier
lectrolyte modifiers, but also affected by the nature an
tructures of solutes[31–34]. It is worthy to note that th
MC value of a surfactant may vary considerably from
olute to the other when the interactions between the so
nd micelles are very different[31].

It was previously reported that the CMC values of S
etermined by the linear retention model with ephed
orephedrine, epinephrine and norepinephrine as m
ompounds, were 1.3, 3.1, 5.1, and 9.2 mM, respectively
hosphate buffer (50 mM) at pH 7.0 and 40◦C [8]. The CMC
alues determined with these cationic solutes varied gr
rom one solute to the other. However, the reasons behin
henomenon have never been discussed. Besides, the
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imental data near the CMC provided by the authors were
insufficient. Therefore, further study is certainly needed in
order to find out the accuracy of these values and the suitabil-
ity of the method used.

The formation of ion-pairs between cationic solutes and
anionic surfactant monomers is a controversial issue. The
formation of ion-pairs was suggested[8]. However, the inde-
pendence of the electrophoretic mobility of epinephrine and
its precursors on the SDS concentration in the premicellar
region was previously reported[6]. As these cationic solutes
involve different extents of ionic and hydrogen-bonding in-
teractions with the SDS monomers, it seems that the ion-pair
formation between the cationic solutes and SDS monomers
may not be ruled out.

Catecholamines and the structurally related com-
pounds, including norepinephrine, epinephrine, dopamine,
norephedrine, and tyramine are selected as cationic solutes.
The structures of these cationic solutes are shown inFig. 1. In
this study, the dependence of the migration of these cationic
solutes on the concentration of SDS in the premicellar and
micellar regions is examined. Moreover, the CMC values of
SDS micelles solubilized by the selected cationic solutes are
determined by CE and the influence of the interactions be-
tween cationic solutes and SDS surfactant on the formation of
micelles and the CMC are studied. Furthermore, the suitabil-
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Fig. 1. The structures of the five cationic solutes studied.

Standard solutions of epinephrine, norepinephrine and
tyramine at a concentration of 20�g/mL and that of
norephedrine at concentrations of 80�g/mL were prepared
by dissolving analytes in an aqueous solution containing
2–10% (v/v) methanol. The pH of a phosphate buffer was
adjusted to the desired pH value by monitoring the pH of
the electrolyte solution with a pH meter while mixing vari-
ous proportions of 50 mM disodiumhydrogenphosphate so-
lution with the same concentration of phosphoric acid. All
buffer solutions, freshly prepared weekly and stored in a re-
frigerator before use, were filtered through a membrane filter
(0.22�m).

2.3. Electrophoretic procedure

When a new capillary was used, the capillary was
washed 30 min with 1.0 M NaOH solution, followed by
30 min with deionized water at 25◦C. Before each in-
jection, the capillary was prewashed for 3 min with run-
ning buffer. After each injection, the capillary was post-
washed for 3 min with deionized water, 3 min with 0.1 M
NaOH, and 5 min with deionized water to maintain proper
reproducibility of run-to-run injections. Sample injections
were done in a hydrodynamic mode over 5 s under a pres-
sure of 1.0 psi at 25◦C. Each sample analyte was injected
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ty of the method based on the linear retention model fo
etermination of the CMC value of SDS with these catio
olutes is discussed.

. Experimental

.1. Apparatus

All CE separations were performed on a Beckman P/A
ystem MDQ equipped with a photodiode array dete

or absorbance measurements at 214 nm (Beckman Co
ullerton, CA, USA). Uncoated fused-silica capillaries p
hased from Polymicro Technologies (Phoenix, AZ, U
ere used. The dimensions of the capillary were 57 c×
0�m i.d. The effective length of the capillary was 50

rom the injection end of the capillary. The CE system
nterfaced with a microcomputer and a laser printer. Sy
old software of Beckman was used for data acquisi
or pH measurements, a pH meter (Suntex Model SP
aipei, Taiwan) was employed with a precision of±0.01 pH
nit.

.2. Chemicals and reagents

Epinephrine, norepinephrine, dopamine, and tyram
ere obtained from Sigma (St. Louis, MO, US
orephedrine hydrochloride was purchased from Aldr
igma (St. Louis, MO, USA). All other chemicals were
nalytical grade. Deionized water was prepared with a M
system (Millipore, Bedford, MA. USA).
ndividually. The measurements were run at leas
riplicate to ensure reproducibility. A voltage of 20 kV w
pplied to keep the total current less than 70�A. The de-

ection wavelength was set at 214 nm. Peak identifica
as conducted by spiking with the analyte to be ide
ed. Methanol was used as a neutral marker. The rel
tandard deviation of migration time is less than 0.6%n =
).
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2.4. Mobility calculations

The effective electrophoretic mobility of analytes was cal-
culated from the observed migration times with the equation:

µep = µ − µeo = LdLt

V

(
1

tm
− 1

teo

)
(1)

whereµepis the electrophoretic mobility of the analyte tested,
µ is the apparent mobility,µeo is the electroosmotic mobility,
tm is the migration time measured directly from the electro-
pherogram,teo is the migration time for an uncharged solute,
Lt is the total length of capillary,Ld is the length of capillary
between injection and detection, andV is the applied voltage.

3. Results and discussion

3.1. Methodological approaches of CMC determination

3.1.1. Method based on the mobility model
As in the case of a negative charged solute interacting with

cationic surfactant monomers reported previously[30,31],
the effective electrophoretic mobility of a positively charged
solute (A+) interacting with anionic surfactant monomers
in the premicellar concentration region and partitioning in
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ticular surfactant concentration where a dramatic change in
slope can be observed in the negative mobility region. This
particular concentration is a good indication of the CMC of
a surfactant. Alternately, the CMC of a surfactant can be pre-
cisely determined from the simulation of the mobility curve
according toEq. (4).

3.1.2. Method based on the retention model
In MEKC, the effective electrophoretic mobility of a neu-

tral solute (µeff ) can be described as:

µeff = µmc
k

(1 + k)
(5)

wherek is the retention factor of the solute,µmc the mobil-
ity of the micellar phase, andk/(1 + k) represents the mole
fraction of the solute in the micellar phase.Eq. (5) can be
rearranged and expressed as[26]:

k = µeff

(µmc − µeff)
(6)

In CE, the effective electrophoretic mobility of a solute
is related to the migration times byEq. (1). For a cationic
solute with an anionic surfactant, an equilibrium is involved
due to ion-pairing interaction between the cationic solute and
s tion,
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nionic micelles in the micellar region can be described
pectively, by the following equations:

eff = µA+ + KA+S[S]µA+S

1 + KA+S[S]
(below the CMC) (2

nd

µeff = µA+ + KA+S(CMC)µA+S + KA+M[M]µmc

1 + KA+S(CMC) + KA+M[M]

(above the CMC) (3

hereµA+ is the electrophoretic mobility of a cationic solu

A+S andµA+S are the binding constant and electrophor
obility, respectively, of the ion-pair adducts,KA+M is the
inding constant of a charged solute to the micelles, [S] the
oncentration of surfactant monomers, [M] the micelle con
entration which is equal to (CT − CMC)/n, wheren is the
ggregation number of the micelles andCT is the total sur

actant concentration.
In the case of complete complexation,KA+S is extremely

arge. Thus,KA+S[S] � 1 andµeff in Eq. (2) is essentially
qual to zero when the concentration of surfactant mon

s close to or equal to the CMC. Consequently,Eq. (3)can be
implified to,

eff = KA+M[M]µmc

1 + KA+S(CMC) + KA+M[M]
(above the CMC)

(4)

The CMC of the anionic surfactant can then be determ
rom the plot ofµeff versus surfactant concentration at a
urfactant monomers. In the case of complete complexa
can be given byEq. (6) [6]. Hence, the variation ofk as a

unction of surfactant concentration is expected and the C
f a surfactant can be determined from the plot ofk versus
urfactant concentration when micelle concentration is e
o zero.

.1.3. Method based on the linear retention model
On the other hand,kcan be linearly releated to the partiti

oefficient of a solute between the micellar and aqueous p
Pmw) and the phase ratio which can be expressed asṽ (CT −
MC) with surfactant molecules at concentrations nea
MC [25]:

= Pmvṽ(CT − CMC) (7)

here ṽ is the molar volume of SDS micelles, which
.2483 M−1 [38]. By plotting k againstCT, the CMC of a
urfactant can be determined from the slope and interce
he straight line.

.2. Migration behavior of cationic solutes

Despite that the formation of ion-pairs between ani
urfactant monomer and cationic solutes, such as
inephrine and epinephrine was suggested[8], the formation
f ion-pairs was ruled out by Esaka et al.[6] because th
ependence of the electrophoretic mobility on SDS con

ration was not observed. We are curious to find out whe
he migration of the cationic solutes studied depends o
DS concentration or not.
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Fig. 2. Electropherograms of epinephrine obtained with a sample solution
containing 2% (v/v) methanol and with addition of SDS surfactant at con-
centrations of: (A) 4.0; (B) 6.0; (C) 8.0; (D) 10.0; (E) 12.0; (F) 14.0; (G) 18.0;
(H) 25.0 mM, in a phosphate buffer (50 mM) at pH 7.0. Capillary, 57 cm×
50�m, i.d.; sample concentration, 20�g/mL; detection wavelength, 214 nm.
Other operating conditions, 20 kV, 25◦C.

3.2.1. Epinephrine
Fig. 2 shows some of the electropherograms of

epinephrine obtained with a sample solution containing
2% (v/v) methanol, using a phosphate buffer (50 mM)
containing SDS surfactant at varied concentrations at pH
7.0. Fig. 3A shows the variations of the electrophoretic
mobility of epinephrine obtained. In the presence of SDS
surfactant at concentrations less than 2 mM, epinephrine
migrated as a cationic solute under the operating conditions
and exhibited only little complexation with anionic dodecyl
sulfate monomers. Thus, the analyte peak appeared before
a neutral electroosmotic flow (EOF) marker in the elec-
tropherogram. In the presence of surfactant monomers at
concentrations greater than 2 mM, the analyte peak appeared
in the electropherogram at a position closer and closer to the
EOF marker as the concentration of surfactant monomers

F e as
a phate
b
1 .
O

increased (Fig. 2A–D). As shown inFig. 3A, the effective
electrophoretic mobility of epinephrine decreased markedly
from 1.26 × 10−4 cm2 V−1 s−1 to zero with increasing
SDS concentration from 2 to 10 mM and the dependence
of the effective electrophoretic mobility of epinephrine as a
function of SDS concentration in this region was observed.
This phenomenon provides direct evidence of the formation
of ion-pairs between cationic epinephrine and anionic
dodecyl sulfate monomers. Interestingly, with addition of
SDS surfactant at about 10–11 mM, a sharper peak could be
observed in the electropherogram when sample analyte was
detected at 214 nm (Fig. 2D) as compared with the one shown
in Fig. 2C. This sharp peak is attributed to the formation of
ion-pairs between the cationic solute and anionic dodecyl
sulfate monomers because the electrophoretic mobility of
this species is nearly equal to zero. The appearance of
this peak also indicates that the concentration of surfactant
monomers is close to the CMC. Upon addition of SDS
at 12 mM, the SDS micelles were formed and the analyte
which was solubilized into the SDS micelles could be
affirmatively detected (Fig. 2E) and the analyte solubilized
in the SDS micelles migrated as an anion. Thus, the analyte
peak appeared after the EOF marker (Fig. 2F–H) and
the electrophoretic mobility of epinephrine (migrating
toward the anode) increased with further increasing the
c
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ig. 3. Variations of the effective electrophoretic mobility of epinephrin
function of SDS concentration in the range 2–30 mM, using a phos

uffer (50 mM) at pH 7.0 with a sample solution containing: (A) 2% (�) and
0% (©) (v/v) methanol and (B) 2% (�) and 10% (©) (v/v) acetonitrile
ther operating conditions are the same as forFig. 2.
oncentration of SDS micelles from 12 to 30 mM (Fig. 3A).
The variation of the electrophoretic mobility

pinephrine obtained with the analyte dissolved in a s
le solution containing 10% (v/v) methanol is also sho

n Fig. 3A. As methanol interacts with epinephrine throu
ydrogen bonding, consequently, the methanol conte

he sample solution may affect the formation of SDS
elles. When using a sample solution containing 10%
ethanol, the sharp peak attributed to the formation of
airs appeared in the electropherogram at about 10–13

hus an elevation of the CMC of SDS is expected. The re
f the present study suggest that hydrogen-bonding int

ion between epinephrine and methanol in the sample
ion may compete with the interaction between epineph
nd SDS monomers in the buffer solution, thus reducing

nteractions of the analyte with SDS monomers.
In order to add further support, capillary electrophor

xperiments were performed with epinephrine dissolve
sample solution containing acetonitrile under the s

lectrophoretic conditions. As the migration behavio
pinephrine dissolved in a sample solution containing

onitrile is similar to that of epinephrine dissolved in a sa
le solution containing methanol. The sharp peaks attrib

o the ion-pair adduct formed between epinephrine and
onomers appeared in the electropherograms in a n
DS concentration range (9–10 mM). For comparison
ariations of the electrophoretic mobility of epinephrine
unction of SDS concentration with a sample solution c
aining acetonitrile were shown inFig. 3B. No significan
ifference in the electrophoretic mobility of epinephrine

ained with the analyte dissolved in 2 and 10% (v/v) acet
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Fig. 4. Variations of the effective electrophoretic mobility of norepinephrine
as a function of SDS concentration in the range 2–50 mM with the analyte dis-
solved in a sample solution containing 2% (�) and 10% (©) (v/v) methanol,
using a phosphate buffer (50 mM) at pH 7.0. Other operating conditions are
the same as forFig. 2.

trile solutions was observed. Presumably, this is due to the ab-
sence of hydrogen-bonding interaction between epinephrine
and acetonitrile in the sample solution.

3.2.2. Norepinephrine
Fig. 4 illustrates the variations of the electrophoretic

mobility of norepinephrine as a function of SDS concen-
tration, using a phosphate background electrolyte (50 mM)
containing SDS at pH 7.1 with sample solution containing
2 and 10% (v/v) methanol.Fig. 5shows some electrophero-
grams of norepinephrine obtained with a sample solution
containing 2% (v/v) methanol. The migration behavior of
norepinephrine, observed under the same electrophoretic

F SDS
s 0.0;
( ther
o

conditions, is similar to that of epinephrine observed, except
that the electrophoretic mobility of norepinephrine as a
function of SDS concentration varies to a less extent than
that of epinephrine. As the extent of the variation of the elec-
trophoretic mobility reflects the magnitude of the binding
constant of a cationic solute to SDS surfactant, the results
indicate that norepinephrine interacts less strongly than
epinephrine with both SDS monomers and SDS micelles.
This is consistent with the results reported previously[8]. The
distribution coefficients reported were 180 and 110 M−1 for
epinephrine and norepinephrine, respectively[8]. Similarly,
the sharp peak attributed to the ion-pair adduct appeared in
the electropherogram with addition of SDS in the concen-
tration ranges of 16–20 and 16–22 mM for norepinephrine
dissolved in 2 and 10% (v/v) methanol solution at pH 7.1,
respectively. The results reveal that, the formation of SDS
micelles is relatively favorable with norepinephrine than
with epinephrine under the same electrophoretic conditions.
In view of the structural difference between norepinephrine
and epinephrine, the additional hydrophobic contribution of
the methyl group in the protonated secondary amino group
of epinephrine plays a significant role in governing the
migration behavior of epinephrine[8].

3.2.3. Norephedrine
be

d
e igher
c
t rine
o SDS
a 7.0
w
( of
n r zero

F e as
a e dis-
s ,
u s are
t

ig. 5. Electropherograms of norepinephrine obtained with addition of
urfactant at concentrations of: (A) 2.0; (B) 6.0; (C) 12.0; (D) 16.0; (E) 2
F) 30.0; (G) 35.0; (H) 40.0 mM, in a phosphate buffer at pH 7.0. O
perating conditions are the same as forFig. 2.
As the signal of norephedrine was very weak to
etected at sample concentration of 20�g/mL, capillary
lectrophoretic measurements were performed at a h
oncentration (80�g/mL) of norephedrine.Fig. 6 shows
he variation of the electrophoretic mobility of norephed
btained, using a phosphate buffer (50 mM) containing
t varied concentrations in the range 1–12 mM at pH
ith sample solutions containing 2% (�) and 10% (©)

v/v) methanol. The effective electrophoretic mobility
orephedrine decreased very drastically to a value nea

ig. 6. Variations of the effective electrophoretic mobility of norephedrin
function of SDS concentration in the range 1–12 mM with the analyt

olved in a sample solution containing 2% (�) and 10% (©) (v/v) methanol
sing a phosphate buffer (50 mM) at pH 7.0. Other operating condition

he same as forFig. 2.
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with increasing SDS concentration from 1 to 3 mM. This
migration behavior indicates that norephedrine interacts very
strongly with SDS monomers. Apparently, a much stronger
interaction of norephedrine than those of epinephrine and
norepinephrine with SDS monomers occurs.Fig. 7 shows
some of the electropherograms of norephedrine obtained
with a sample solution containing 2% (v/v) methanol.
Again, the dependence of the electrophoretic mobility of
norephedrine as a function of SDS concentration in the
premicellar region was observed. Interestingly, a sharp peak
attributed to the formation of ion-pairs between norephedrine
and SDS monomers was observed (Fig. 7C–D) as in the
case of norepinephrine and epinephrine, despite that a much
broader peak was observed for norephedrine with addition
of SDS monomers at 2.5 mM (Fig. 7B). The reasons behind
this peculiar behavior are not clearly known. The observation
of a sharp peak may probably be resulted from stacking
due to the change in the local electrophoretic mobility of
analyte molecules at the boundary between sample plug
and separation buffer solution because of the formation of
ion-pairs, and/or probably due in part to a decrease in the
ionic interaction due to the zero charge of the ion-pairs,
thus resulting in a reduction of the ionic interaction between
norephedrine and the capillary wall, and consequently, the
minimization of the adsorption of norephedrine onto the
c rrow
S alue
o

rine
a lack
o ter-
a eatly

F SDS
s 4.5;
( 7.0
s me
a

reduced. As a result, the formation of SDS micelles is much
easier and the CMC value of SDS becomes much smaller.
This is consistent with the results reported previously that
the distribution coefficient of norephedrine is much larger
than that of norepinephrine[8].

3.2.4. Dopamine and tyramine
For a better understanding of the influence of hydrogen-

bonding interaction between the phenolic hydroxyl moiety of
hydrophobic cations and SDS surfactant on the micellization
of SDS, dopamine and tyramine are also selected as cationic
solutes.Fig. 8A and B show the variation of the effective elec-
trophoretic mobility of dopamine and tyramine, respectively,
as a function of SDS concentration in the ranges of 2–30 mM
and 2–20 mM at pH 7.0 with sample solution containing 2 and
10% (v/v) methanol. The dependence of the electrophoretic
mobility of dopamine and tyramine as a function of SDS con-
centration in the premicellar region was observed. The elec-
trophoretic mobility of dopamine decreased more drastically
(migrating toward the cathode) than those of epinephrine and
norepinephrine with increasing SDS concentration in the pre-
micellar region and increased more drastically (migrating to-
ward the anode) than those of epinephrine and norepinephrine
with increasing SDS concentration in the micellar region.
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ig. 7. Electropherograms of norephedrine obtained with addition of
urfactant at concentrations of: (A) 2.0; (B) 2.5; (C) 3.0; (D) 3.5; (E)
F) 6.0; (G) 8.0; (H) 12.0 mM, in a phosphate buffer (50 mM) at pH
ample concentration, 80�g/mL. Other operating conditions are the sa
s forFig. 2.
resent results clearly reveal that hydrogen-bonding int
ion between the hydroxyl group of the alkyl chain of no
inephrine and the SDS surfactant plays an important

n the micellization of SDS. The lack of this hydroxyl gro
n dopamine resulted in a great reduction in the hydro
onding interaction between dopamine and SDS mono
nd micelles. Thus, SDS micelles are greatly stabilized

As tyramine possesses only one phenolic hydroxyl gr
t is expected that the strength of hydrogen-bonding inte
ion of SDS surfactant with tyramine should be stronger
hat with norephedrine, but weaker than that with dopam
ndeed, as shown inFig. 8B, the electrophoretic mobilit
f tyramine (migrating toward the cathode) decreased

ively more drastically than that of dopamine with increas
DS concentration in the premicellar region and incre

ig. 8. Variations of the effective electrophoretic mobility of: (A) dopam
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ethanol. Other operating conditions are the same as forFig. 2.
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relatively more drastically (migrating toward the cathode)
than that of dopamine with increasing SDS concentration
in the micellar region. Thus, the results provide further ev-
idence that hydrogen-bonding interaction between the phe-
nolic hydroxyl group of cationic solutes and SDS surfactant
may weaken the ionic interaction between tyramine and SDS
surfactant and retard the formation of SDS micelles, as com-
pared with norephedrine as a cationic solute.

3.3. Determination of the CMC of SDS

3.3.1. Mobility model
As shown inFigs. 3, 4, 6, and 8, the variations of the

effective electrophoretic mobility of cationic solutes (in the
negative mobility region) as a function of SDS concentration
exhibit a dramatic change in slope above a particular SDS
concentration at which the cationic solute starts to solubilize
in the micelles. This particular concentration is the CMC of
SDS with a particular cationic solute as a marker compound.
For example, the mobility curves shown inFig. 3A illustrate
that the CMC values of SDS with epinephrine dissolved in
2 and 10% (v/v) methanol solution using a phosphate buffer
(50 mM) at pH 7.0 are 12.0 and 14.0 mM, respectively. Sim-
ilarly, the CMC value of SDS with epinephrine dissolved in
both 2 and 10% (v/v) acetonitrile solution at pH 7.0 is 10 mM.
T ined
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C f SDS (mM)

Retention model Linear retention model Literature valueb

N 20.0 15.0 9.2
22.0 16.5

E 12.0 9.6 5.1
14.0 10.0

D 6.3 5.2 3.7
7.9 5.5

T 6.0 4.1 –
7.8 4.3

N 3.7 2.8 3.1
4.3 3.0

nd 25◦C wit

Fig. 9. Variation of the retention factor of epinephrine as a function of SDS
concentration with a sample solution containing: (A) 2% and (B) 10% (v/v)
methanol. Other operating conditions are the same as forFig. 2.

Fig. 10. Variation of the retention factor of norepinephrine as a function of
SDS concentration with a sample solution containing: (A) 2% and (B) 10%
(v/v) methanol. Other operating conditions are the same as forFig. 2.

a straight line indicated by the dashed lines and a dramatic
change in slope of the retention curve can be observed before
and after the occurrence of the solubilization of a selected
cationic solute (or a selected ion-pair adduct) in the SDS
micelles occurs. Again, the CMC value of SDS can unam-
biguously be determined from these plots when the micellar
concentration is equal to zero. For example, the CMC values
of SDS with epinephrine, norepinephrine and norephedrine
(dissolved in 10% (v/v) methanol solution) as marker
he CMC values of SDS can unambiqueously be determ
romFigs. 3A, 4, 6, and 8with these cationic solutes as mar
ompounds and are listed inTable 1.

.3.2. Retention model
Eq. (6)was used to calculate the retention factor of a

ytes.Figs. 9 and 10show the variations of the retention fac
f epinephrine and norepinephrine, respectively, as a fun
f SDS concentration with sample solutions containing 2
0% (v/v) methanol. As illustrated, the retention curve
elected cationic solute as a function of SDS concentr
n the micellar region shown by the solid line deviates fr

able 1
he solute-solubilized CMC values of SDS determineda

ationic solute Methanol content (%) CMC values o

Mobility model

orepinephrine 2 20.0
10 22.0

pinephrine 2 12.0
10 14.0

opamine 2 6.3
10 7.9

yramine 2 6.0
10 7.8

orephedrine 2 3.7
10 4.3

a Electrophoretic conditions: phosphate buffer (50 mM) at pH 7.0 a
b From Ref.[8].
h sample solutions containing 2% or 10% (v/v) methanol solution.
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compounds determined are 14.0, 22.0, and 4.3 mM, respec-
tively. The CMC values of SDS determined with this model,
which are essentially consistent with the values obtained with
mobility model are also given inTable 1.

3.3.3. Linear retention model
It has been known that the retention factor of hydrophobic

neutral solutes can be linearly related to the concentration of
SDS[25]. As the formation of ion-pairs between a cationic
solute and anionic surfactant monomers occurs in a certain
range of surfactant concentration, the linear relationship can
no longer be observed, if sufficient experimental data in the
concentration region near the CMC are obtained. As shown
in Figs. 9 and 10, which illustrate the variations of the reten-
tion factor as a function of SDS concentration, all of the data
points do not fall in a straight line. Thus, a straight line may
falsely be obtained if insufficient experimental data are pro-
vided, especially in the concentration region near the CMC.
For example, by deleting the data point at 12 mM of SDS con-
centration inFig. 9A or the data points at 18 and 20 mM of
SDS concentration inFig. 10A, a straight line can be drawn
in the plot of the retention factor versus SDS concentration,
as observed previously by Strasters and Khaledi[8]. As in-
dicated by the dashed lines inFigs. 9 and 10, the CMC of
SDS estimated by the linear retention model occurred at a
p een
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whereas the increase in hydrogen-bonding interaction desta-
bilized the micelles, thus resulting in the elevation of the CMC
value. The CMC value of SDS can be precisely determined
with the use of the mobility model and the retention model.
However, the linear retention model is not suitable for the
determination of the CMC of SDS with cationic solutes as
marker compounds, particularly, with those possessing strong
hydrogen-bonding interaction with both SDS monomers and
micelles.
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