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The complex permittivity of sodium bis-2-ethyl-hexylsulfosuccinate (AOT)—H,0—CCl, microemulsions has
been measured by a frequency domain coaxial technique in the range 0.02—3 GHz as a function of molar ratio
W=[H,0)[AOT], for small amounts of water (0.2<W<10). A relaxation process has been observed, whose
behavior as a function of W has been interpreted in terms of an increasing mobility of AOT ion pairs connected

with the hydration process of the micellar aggregates.

PACS number(s): 82.70.—y, 77.22.Gm

Microemulsions are multicomponent supramolecular lig-
uid systems that currently constitute a very interesting and
attractive field of research. Their structural and dynamical
properties are the subject of many theoretical and experimen-
tal investigations. These systems consist of small surfactant-
coated water droplets dispersed in an oil and interacting by
means of a repulsive potential with a weak attractive tail.
The size of the droplets can be varied by changing the molar
ratio of water to surfactant (W). The aggregates containing a
small amount of water are usually called reverse micelles,
whereas microemulsions correspond to droplets containing a
large amount of water molecules. By changing the concen-
tration of the droplets these systems show a large variety of
interesting physical phenomena, such as electrical conductiv-
ity percolation [1,2], glasslike behaviors [3,4], and phase
transitions [5-7].

In recent years, many studies have focused on the three-
component system sodium bis-2-ethyl-hexylsulfosuccinate
(AOT)—water—oil, which forms a microemulsion phase over
wide ranges of composition and temperature. The heteroge-
neous water confined in AOT reversed micelles has been
investigated by many techniques [8—10]. These studies indi-
cate that the properties of surfactant-trapped water pools dif-
fer from those of pure water and change strongly with water
content if W is smaller than 6—10. The anomalous behavior
of water at low W has been attributed to local interactions of
water molecules with the Na™ counterions and the strong
dipole of AOT polar groups. A similar reasoning has been
invoked to account for the behavior of the water close to
biological membranes or proteins.

Information on the change of structure and dynamics of
both the AOT shell and the water confined in the reverse
micelles can be obtained from dielectric relaxation measure-
ments. Most of the dielectric studies on reverse micelles are,
however, performed at high volume fractions of the dis-
persed phase and the description of the data is usually related
to dynamical percolation phenomena [1,2,11] accompanied
by a sharp increase in the conductivity and a corresponding
giant relaxation effect in the low-frequency region. Most of
the studies on dielectric properties of microemulsions have
therefore been conducted at relatively low (0.1-100 MHz)
frequencies and little attention has been paid to the possible
existence of a subsequent high-frequency dispersion. To the
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best of our knowledge there is only one previous investiga-
tion [11] of the dielectric properties of very dilute samples of
AOT reverse micelles in n-decane extending up to micro-
wave frequencies (0.001-1 GHz). In that study, concerning a
sample at a molar ratio W=40.8, the occurrence was ob-
served of a high-frequency dispersion characterized by a re-
laxation time of the order of 10™° s and a dielectric incre-
ment of few units. This high-frequency dispersion seems to
reflect some properties inherent in single particle dynamics
and has been tentatively attributed [11] to motion of the sur-
factant polar anionic groups within the single droplets. In
this respect it seems to be particularly appropriate to perform
a series of dielectric measurements by varying W in the di-
lute region of the system, since the properties of the single
microaggregate depend strongly on W, especially for the
lowest values of W (<10).

In this paper the complex dielectric permittivity of AOT—
water—carbon tetrachloride reverse micelles has been mea-
sured in the range 0.02—3 GHz at a fixed volume fraction of
the dispersed phase (¢=0.1) and a varying value of W in
the region of small amounts of water (0.2<W<10). Carbon
tetrachloride was chosen as the dispersing medium in order
to reduce attractive interparticle interactions. In fact, it
should be noted that, although the origin of attractive forces
in microemulsions is still not clear [9], surfactant—solvent-oil
interactions are thought to be a major factor [12]; the
strength of this attractive interaction increases with the
length of the solvent molecule and so it is expected to be less
significant in carbon tetrachloride than in n-decane. Consis-
tent with this, the behavior of both the diffusion coefficient
and the viscosity of the AOT—water—carbon tetrachloride
system is appropriately described in terms of a dispersion of
independent spherical particles (the hard sphere approxima-
tion) for a volume fraction ¢ of the dispersed phase less than
0.1 [13,14].

The sample preparation and the measuring technique have
been described elsewhere [14,15]. All measurements were
performed at (20.0+0.1) °C.

Figures 1(a) and 1(b) show the dielectric spectrum
(circles) of a sample at W=5 and W= 10, respectively. The
dielectric dispersion here investigated is located at a fre-
quency about two decades higher than the one that has been
widely investigated in the literature and related to the clus-
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FIG. 2. (@), relaxation times 7; vs W for AOT-H,0-CCl,
mixtures. Lines have been calculated assuming for (W) in Eq. (4)
the fraction of AOT ion pairs bound to at least three (—), two (- - -),
0.00 or one (- - -) water molecules.

frequency (s™")

FIG. 1. Real (¢') and imaginary (&”) parts of the dielectric
constant of the AOT-H,0—CCl, mixture vs frequency. (a) W=5,
(b) W=10. (O), experimental points. (—), best-fit curves according
to Eq. (1). Cole-Cole and Debye-type contributions to the best fit of
&"(w) are also shown (- - -).

tering of microaggregates. Such a contribution was not ob-
served at the value of ¢ chosen.

The frequency dependence of the complex dielectric con-
stant [e*(w)=¢'(w)—ie"(w)] can be described in terms of
Cole-Cole and Debye-type relaxation processes according to
the equation
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e*(w)=¢

where €, is the high-frequency dielectric constant, ® is the
angular frequency of the applied field, Ae; and Ag, are the
low- and high-frequency dielectric increments, respectively,
71 and 7, are the relaxation times of the two processes, and
a is a parameter characterizing the width of the relaxation
time distribution around 7.

The interpolation procedure of the experimental data as a
function of frequency was carried out by fitting the values of
both the real and imaginary parts of the dielectric permittiv-
ity by means of the Marquardt algorithm. The best-fit curves
of the experimental spectra are reported in Fig. 1 (solid line)
together with the Cole-Cole and Debye-type contributions to
the best fit of ¢”(w) (dashed lines). The Debye dispersion is
located at higher frequencies in the region of the relaxation
of bulk water; in our experimental frequency range it makes
only a small contribution which increases with increasing
water content in the samples (see Fig. 1). On these grounds,
this relaxation process has been attributed to the reorienta-

tion of water molecules confined within the micellar core.
The present paper refers to the low-frequency relaxation pro-
cess.

Figure 2 shows the values of the relaxation time 7; as a
function of W. This figure shows a marked decrease in 7; up
to W==6; for higher molar ratios, 7; keeps nearly constant.
Similar results were obtained at a lower value of the dis-
persed phase volume fraction (¢ =0.05); this fact, according
to results from diffusion coefficient and viscosity measure-
ments [13,14], confirms that the role played by interactions
between microaggregates in such dilute systems is not im-
portant.

In spite of the strong dependence of 7; on the degree of
hydration of the micelles, the dielectric increment Ae; and
the shape parameter a (about 0.18 and 0.2, respectively, at
W=0.2) keeps approximately constant as water is added to
the solution. The following discussion will thus focus on the
behavior of 7; as a function of the molar ratio W.

At low molar ratio (W=0.2) the micelles exhibit an al-
most rigid structure [16] and, according to previous sugges-
tions [17,18], the observed dielectric dispersion has been at-
tributed to the rotational diffusion of the whole micellar
aggregates. In these conditions a 7; value of
(6.7+0.6)107 s has been obtained. Supposing the micelles
to be approximately of spherical shape, the relaxation time
depends, according to the Debye model, on the viscosity of
the solution 7 and on the radius of the micelles R through
the relation

47mR3 5
= T 2

where kzT is the thermal energy.

Inserting into Eq. (2) the viscosity value of the solution at
¢=0.1 [7=(1.36+0.02)X10"3Ns m~2] [14] a radius
R=(11.7+0.4) A is obtained for the micelles. This result
is consistent with the literature values [19-21].
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FIG. 3. Fraction of bound water molecules vs molar ratio.
(O), calculated from experimental points. (—), calculated assum-
ing the existence of three independent binding sites per AOT mol-
ecule [26].

The Debye extension of the Clausius-Mossotti equation
has been used to estimate the dipole moment of the micelles
at W=0.2. This equation can be written in terms of the mo-
lar fractions of micelles f; and of carbon tetrachloride f, as
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where & is the low-frequency dielectric permittivity of the
solution, Ny; and Ny, the number of micellar microaggre-
gates and solvent molecules per volume unit, respectively,
Mmic the micellar dipole moment, £y the absolute dielectric
constant of free space, and £, the dielectric constant of the

solvent. Using a value of 17 [22,23] for the mean aggrega-
tion number of monomeric surfactant molecules in carbon
tetrachloride, the resulting micellar dipole moment (o) is
close to 14 D. The agreement between this value and that
obtained by Eicke and Shepherd [24] lends further support to
the idea that the relaxation phenomenon considered can be
attributed to the whole micelle rotational diffusion.

It is to be noticed, however, that the experimental behav-
ior of 7; with W does not agree with the Debye model. In
fact, since the micellar radius R increases almost linearly
with W [20], the Debye-Stokes equation predicts 7; to in-
crease approximately as W>. Conversely, the experimental
results show a marked decrease in 7; up to W=6 and no
appreciable changes at the highest W’s. We notice that this
behavior is typical of many other investigated properties of
microemulsions [8,10,25] and it has been explained in terms
of an initial hydration of the surfactant headgroups followed
by formation of a water pool with a continuous equilibrium
between bound and bulk water.

In a previous paper [26] the hydration of reversed mi-
celles in carbon tetrachloride was investigated by means of
IR spectroscopy. The results obtained are shown in Fig. 3,
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where the hydration number Wy,,4 (mean number of bound
water molecules per AOT molecule) is shown versus the mo-
lar ratio W. The values of Wy,,,q increase steeply at low
molar ratio and approach a nearly constant value close to 3
for W higher than 6. We emphasize that the behavior of
Wound in approaching its limiting value at the highest molar
ratios is strikingly similar to that observed for the relaxation
time 7; (Fig. 1). This result suggests a close connection be-
tween the behavior of 7y with W and the progressive hydra-
tion of AOT polar headgroups.

A 13C NMR investigation [16] of AOT microemulsions
has shown that the continuous hydration of the micellar ag-
gregates corresponds to an increase in the mobility of the
AOT carbon atoms which is much more pronounced for car-
bon atoms located closest to the polar headgroup of the sur-
factant molecule; this result agrees well with that obtained
from nanosecond spectroscopy [16], suggesting a decrease in
the stability of the interfacial AOT layer depending on the
amount of water solubilized within the micellar aggregates.
Similar conclusions can be inferred from electric conductiv-
ity [17] and quasielastic neutron scattering [27] data.

One can tentatively suppose that on increasing the amount
of solubilized water, an increasing number of AOT ion pairs
can achieve sufficient mobility to contribute separately to the
relaxation process. The parallel evolution in 7; and Wyy,q as
a function of W suggests that the progressive increase in the
mobility of AOT polar headgroups continues until the hydra-
tion structure around them is almost complete.

The dielectric dispersion observed at the highest values of
W is located close to a relaxation process observed in con-
centrated electrolyte solutions and attributed to the rotational
diffusion of dipolar solute species (ion pairs) formed as the
electrolyte concentration increases [28,29]. In our samples
the ionic strength in the aqueous droplets is very high (>5
mole 17!) with Na* counterions largely associated with
SO;~ headgroups of AOT [30]. On these grounds we at-
tribute the dielectric dispersion observed at the highest molar
ratios to diffusive motions performed by the surfactant ion
pairs. Further support to this interpretation derives from the
analogies of the present relaxation process with that ob-
served in colloidal solution of zwitterionic phospholipids and
attributed to the zwitterionic part of the molecule [31].

On the basis of the explanations given for this relaxation
phenomenon at the lowest and highest molar ratios (reorien-
tation of the whole micelle and rotational diffusion of “free”
AOT ion pairs, respectively) we have attempted a quantita-
tive description of the whole trend of 7, as a function of W.
With this aim, two different relaxation times have been de-
fined: a micellar Debye relaxation time 7,(W), increasing
with W3, which accounts for the AOT ion pairs reorienting
with the whole aggregate, and a lower relaxation time 7, for
the reorientation of the “free’ ion pairs chosen as the limit-
ing value of 7 at the highest molar ratios. For each interme-
diate value of W we can suppose the existence of two differ-
ent fractions of AOT ijon pairs a(W) and [1—a(W)]
referring to the surfactant ion pairs reorienting with charac-
teristic times 7y and 75(W), respectively. This configuration
is not to be considered as a static scenario: each AOT mol-
ecule, in fact, experiences fluctuations in its local aqueous
environment with a characteristic time comparable to the
mean residence time of a water molecule in the hydration
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layer of an ion. This mean residence time was found to be of
the same order as the characteristic time of water rotational
diffusion [32] (about 6 X102 s in our experiment). The
fluctuation rate of an ion pair hydration layer is thus faster
than the intrinsic rates of the observed relaxation process by
about two orders of magnitude. Under this “‘fast exchange”
condition [33], the experimental time 7; can be expressed in
terms of the two previously defined relaxation times 7,(W)
and 7 according to the equation

i:a(W)+1—a(W) @

1 To (W) -~

In the previously mentioned IR study [26] the data were
explained by assuming the existence of three independent
binding sites per AOT molecule; the fitting curve of the ex-
perimental data of Wy,,,q versus W, according to this model,
is shown as a solid line in Fig. 3. This model gives the
opportunity of evaluating the fraction of AOT molecules cor-
responding to the three possible hydration degrees of AOT
ion pairs. By replacing the fraction of completely hydrated
AOT ion pairs (three water molecules per AOT ion pair) in
a(W) of Eq. (4), the resulting trend of 7; as a function of W
(solid line in Fig. 2) shows a very good reproduction of the
experimental data. We emphasize that, since all the terms in
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Eq. (4) are given, the solid line in Fig. 2 is not the result of
a fitting procedure. On the other hand, supposing that both
the partially and completely hydrated surfactant ion pairs
were able to reorientate separately, a(W) then refers to the
fractions of AOT ion pairs with at least one or two hydration
water molecules, respectively: however, the values of
71(W), calculated in terms of these two fractions, depart
significantly from the experimental points (dotted and dashed
lines in Fig. 2, respectively). From these results it appears
that only the completely hydrated surfactant ion pairs acquire
a sufficient mobility to provide a separate contribution to the
relaxation process.

In conclusion, we report here a detailed investigation of
diluted microemulsions as a function of the molar ratio W in
the microwave region. A relaxation phenomenon has been
observed whose behavior as a function of W is interpreted in
terms of two coexisting diffusions mechanisms: the reorien-
tation of the whole micellar aggregate and the free rotational
diffusion of the completely hydrated AOT ion pairs. From
these results it appears to be of interest to examine the influ-
ence of the interdroplet attractive interactions on the dielec-
tric relaxation observed. Further measurements are presently
in progress changing both the solvent oil in the micelle sys-
tem and the temperature of the experiment.
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