
Introduction

Micelles composed of mixtures of di�erent surfactants
(mixed micelles) are of interest from both theoretical and
industrial points of view [1, 2]. In practical applications,
such as detergents and cosmetics, mixtures of surfactants
are used widely. Properties of mixed micelles depend on
various factors, such as combination, relative composi-
tion and charge of surfactants, etc. Theories have been
developed to analyze mixed micelle formation [1±10].
For ionic/nonionic mixed micelles, the change in the
electrostatic free energy with micelle composition has
received much attention [7±10]. It is desirable to
determine experimentally the activity of, at least, one
of the components. Surfactant-selective electrodes have
been used to determine the activity of surfactant ions
[2, 9, 11, 12]. The electrode can measure the activity of
surfactant ions not only below the critical micelle
concentration (cmc) but also above it. The electrode

has been used to study the interactions of ionic
surfactants with polymers [13].

Ionic/nonionic mixed micelles have been studied
mainly in the presence of salts. In the absence of added
salts, SepuÂ lveda and Cabrera [14] investigated the mixed
micelles formed by polyoxyethylene 23-lauryl ether
(Brij 35) and hexadecyltrimethlyammonium bromide
with surfactant-selective electrodes and the results were
analyzed on the basis of the pseudophase separation
model with the assumption that the chemical potential
of the nonionic species is constant in the concentration
range above the cmc.

In the present work, we study the mixed micelle
formation of dodeyldimethylamine oxide (DDAO) in
the absence of added salts. In the case of DDAO, the
cationic and the nonionic species are not independent of
each other because of the protonation equilibrium
between them. We can estimate the activities of the
nonionic species from those of the cationic species. We
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propose a di�erent thermodynamic relation for the
present system from that for the mixed micelles consist-
ing of independent components.

Experimental

DDAO solution was purchased from Fluka. NaCl and
standard HCl solutions were from Nacalai Tesque. In
order to adjust the pH values of DDAO solutions within
a narrow range (�0.02), di�erent but proper amounts of
HCl solution were added to a series of DDAO solutions
of di�erent concentrations. The pH values examined in
the present study were 2.00, 4.00, and 5.00.

The cationic surfactant-selective electrode was made
according to the method of Takisawa et al. [12] The
response of the electrode was good. Calibration of the
electrode was performed using a series of DDAO
solutions of the same pH in a concentration range
below the cmc. The relationships between the electro-
motive forces obtained and the logarithm of DDAO
concentrations were linear. At pH 2.00 the slope was
55.0 � 0.5 mV and close to the Nernstian slope. In
addition, it was con®rmed that the electrode did not
respond to the nonionic species. The cell used was

Ag=AgCl j KCl �3:3 M� j DDAO �3 mM; pH 2� jj
DDAO test solution j KCl (3.3 M) j Ag/AgCl :

The activities of Cl) ions in DDAO solutions were
measured by a Ag/AgCl electrode. The cell used was

Ag/AgCl j KCl (3.3 M) jKNO3 �1 M� j
DDAO test solution j Ag/AgCl :

The electrodes were calibrated using NaCl solutions.

Results and discussion

Consider the following mixed micelle formation of
DDAO with an aggregation number m,

m�1ÿ aM�D� maM DH� maMmClÿ $ micelle�m; aM� ;
�1�

where D and DH denote the nonionic and the cationic
species, respectively. The degree of ionization of DDAO
in the micelle is denoted as aM. This is equivalent to the
mole fraction of the cationic species in the mixed
micelles. The apparent degree of counterion binding of
the micelle is denoted as m. In terms of the chemical
potentials l of the components, we have

�1ÿ aM�lD � aMlDH � aMmlCl � lmicelle=m : �2�
In terms of the activities a and the mole fraction of the
micelle xm, we have

�1ÿ aM� ln aD � aM ln aDH � aMm ln aCl

� DG�=RT � �1=m� ln xm : �3�
Here DG� denotes the standard free-energy change per
monomer for reaction (1).

The proton dissociation constant K is written as
follows:

aD aH=aDH � K : �4�
By eliminating aD from Eqs. (3) and (4), we have Eq. (5)
under the pseudophase approximation for the charged
micelles,

ln aDH � aMm ln aCl � DG�=RT ÿ �1ÿ aM� ln�K=aH � :
�5�

Variations of aDH and aCl accompanying a change in
the total surfactant concentration Ct can be described
with Eq. (5). In the no-added-salt system, the change in
the ionic strength of the solution with Ct cannot be
negligible. Strictly speaking, DG� is expected to decrease
with increasing Ct but at the same time aM is expected to
increase with Ct at a constant pH �aH�. If we assume that
both aM and DG� are kept constant at a given pH
irrespective of the total concentration Ct, Eq. (5) can be
written as Eq. (6).

ln aDH � aMm ln aCl � constant : �6�
Plots of log aDH versus log aCl at three pH values for a
change in Ct are shown in Figs. 1 and 2. As we expect
from Eq. (6), log aDH decreases linearly with log aCl at
all pH values examined. The result suggests the validity
of the above analysis.

It is pertinent to discuss brie¯y the implications of
Eq. (6) here. For the solutions with no added salt as

Fig. 1 The relation between the activities of the cationic species aDH

and those of the counterion aCl at pH 2.00
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encountered in the present study, Eq. (6) describes the
e�ect of the total concentration Ct. Any change in aCl is
induced by the corresponding change in Ct. In the
presence of an added salt, for example NaCl, on the other
hand, the constancy of the right-hand side of Eq. (6) is
satis®ed to a better extent. At the same time, however,
both aDH and aM scarcely change with Ct. Instead, we
can change the counterion activity aCl by changing the
salt concentration Cs. In this case, both aDH and maM
change with Cs at a constant pH and Eq. (6) predicts the
nonlinear relation between log aDH and log aCl.

In the solution of pH 2.00 where the DDAO
monomer is completely protonated, the slope of the
plot is )0.64 � 0.01. On the other hand, the slope of
the Corrin±Harkins plot for DDAO at aM � 1 is 0.64
in the low salt concentration range (Cs < 0.5 M) [15].
The Corrin±Harkins relation at aM � 1 describes the
change in the cmc (hence aDH) with the counterion
concentration which is close to aCl. So, this coincidence
clearly indicates the validity of Eq. (6) in the case of
aM � 1.

At pH 4.00 (a1 � 0.86; aM � 0.47), the slope was
)0.24 � 0.01 and m was 0.51 � 0.02. At pH 5.00
(a1 � 0.38; aM � 0.27), the slope was )0.04 � 0.01

and m was 0.15 � 0.05. The decrease in m with decreas-
ing aM can be understood from the standpoint of the
surface charge density of the micelle.

In many ionic/nonionic mixed micelles where the two
components are independent, the equation correspond-
ing to Eq. (6) is

r log aN � p log aI � q log aX � constant ; �7�
where N and I denote the nonionic and the ionic
surfactants, respectively and X denotes the counterions.
If it is assumed that the activity of the nonionic
surfactant is constant in the concentration range higher
than the cmc [14], we have Eq. (8) in terms of m � q=p.

log aI � m log aX � constant ; �8�
As expected from Eq. (8), it was shown that log aI

decreases linearly with log aX [14] with slope m instead of
maM. The activity of the nonionic species does not appear
in Eqs. (6) and (8). However, the underlying mechanisms
are di�erent. In the case of DDAO, Eq. (6), the activity
of the nonionic species is not an independent variable
because of the protonation equilibrium and hence it can
be eliminated. In Eq. (8) the activity of the nonionic
species does not appear simply because it is assumed to
be constant.

The degree of counterion binding h obtained from the
measurement of the counterion activity in the media of
no added salt is evaluated according to Eq. (9).

h � �CCl ÿ aCl�=��Ct ÿ C1�aM� ; �9�
where C1 denotes the monomer concentration of both
the nonionic and the cationic species. When C1 is
approximated by the cmc, the values of h are
0.42 � 0.02 and 0.22 � 0.01 for aM � 0.47 and 0.27,
respectively [16]. The coincidence between m and h is
good for aM � 0.27 but not good for aM � 0.47. This
may be partly caused by the approximation of C1 by the
cmc. If correct C1 values are employed in Eq. (8), h
values will increase. It is found in another system [14]
that the m values obtained from Eq. (8) are larger than
the h values evaluated with Eq. (9).
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Fig. 2 The relations between the activities of the cationic species aDH

and those of the counterion aCl at pH 4.00 (h) and 5.00 (s)
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