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The results of an extensive study of percolation in order to verify some theoretical predictions about
percolation critical indices for changes in static and dynamic dielectric properties of a microemulsion as
a function of temperature and frequency are presented in this paper. The dynamic behavior of the mi-
croemulsions was also studied in order to reveal the mechanisms that are responsible for dielectric polar-
ization of the system. The measurements were made by means of the time domain dielectric spectrosco-
py method in the frequency range 10°~10'° Hz and at temperatures from 10°C to 40°C. It was shown in
our study that critical indices for conductivity and dielectric permittivity have the values s =~ 1.2 below
and ¢ =~ 1.9 above the percolation threshold. The value for the critical index s is in agreement with a dy-
namic percolation picture. This confirms the idea that the mechanism responsible for the temperature
dependence of conductivity and permittivity has the same origin. The numerical value of ¢ indicates a
percolation picture above the threshold; however, it does not provide information about the nature of
percolation. The data treatment for the dynamic behavior of the microemulsions was carried out in the
time domain in terms of dipole correlation functions. It was found that the correlation functions exhibit
complex nonexponential relaxation behavior in the percolation region and must be deconvoluted into
normal modes and represented as the sum of the simple exponential exp(—?/7) and nonexponential
terms exp[ —(¢/7)?]. The frequency scaling parameters m, p, and u, as well as the stretched parameters
in the time window f3, provide information about the microstructure and dynamics of the system. The
analysis of their temperature dependence shows the existence of spatial, temporal, and energetic disorder
associated with anomalous diffusion of charge carriers in the percolation clusters. On the basis of a de-
tailed analysis of the time relaxation data spectrum, the molecular dynamic mechanism of dielectric po-
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larization in the percolation region was suggested.

PACS number(s): 82.70.—y, 77.22.Gm, 05.40.+j

I. INTRODUCTION

Microemulsions are systems that have been very widely
studied during recent years because of their fundamental
importance and their numerous practical applications.
These systems are macroscopically single-phase, thermo-
dynamically stable systems containing oil and water, sta-
bilized by molecules of surfactant [1-3]. In the case of
an oil-continuous (W-O) microemulsion, one possible
structure is that of spherical water droplets surrounded
by a monomolecular layer of surfactant molecules whose
hydrophobic tails are oriented toward the continuous oil
phase. There are also microemulsions in which the minor
component forms disks, sheets, or rods, as well as mix-
tures that are bicontinuous [2-5]. When the molar ratio
of water to surfactant W =[water]/[surfactant] is kept
constant, the water core has a permanent average radius
[6,7] and the one-phase microemulsion shows a large
variety of important physical phenomena when the tem-
perature and volume fraction of the dispersed phase is
varied.

If the surfactant is anionic, its molecules can dissociate
into negatively charged head groups of hydrophilic na-
ture and positive counterions. Under the influence of an
electric field, these charges can accumulate on the inner
surfaces of the micelles, giving rise to polarization pro-
cesses and affecting the conductivity of the system.
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A percolation phenomenon was found in a W-O mi-
croemulsion when the water fraction, the temperature, or
the ratio of water to the surfactant was varied [8-25].
The occurrence of percolation reveals that droplet size,
attractive interactions, and the rate of exchange of ma-
terial between droplets through collisions increase. The
percolation threshold corresponds to the formation of the
first infinite cluster of droplets. The number of such clus-
ters increases very rapidly above the percolation thresh-
old, giving rise to the observed changes of the physical
and chemical properties of the system.

Percolation can be manifested by a rapid increase in
the dielectric constant and the conductivity of the mi-
croemulsion when the volume fraction ¢ of the dispersed
phase (water plus surfactant) reaches a critical value ¢, at
a constant temperature. A similar transition will occur
when the temperature T reaches a value T, at a constant
¢ or when the molar ratio of water to surfactant increases
[9-15]. This rapid variation can be represented for con-
ductivity by two separate asymptotic scaling power laws
with exponents that are different above and below the
percolation threshold [10-16].

From a theoretical point of view, two approaches have
been proposed for the mechanism leading to percolation
in microemulsions. The first approach, the static percola-
tion model, attributes this phenomenon to the appearance
of bicontinuous oil and water structures [S]. Based on
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this model, the sharp increase of the electrical conduc-
tivity o in such a microemulsion can be explained by a
connected water path in the system. The second ap-
proach, the dynamic percolation model, considers the at-
tractive interactions between water droplets as responsi-
ble for the formation of percolation clusters [9]. This
model takes into account the effect of cluster rearrange-
ments due to Brownian motion. In this dynamic picture,
charge transport is ensured by the hopping or diffusing of
charge carriers through clusters which rearrange with
time.

It has been conjectured that below the percolation
threshold, dynamic percolation takes place, which relates
the observed effect to hopping of surfactant molecules
(anions) or counterions (cations) within transient clusters
formed by microemulsion droplets [9,10]. The electrical
conductivity above the percolation threshold volume
fraction or temperature has been attributed to two possi-
bilities: the “hopping” of surfactant ions from droplet to
droplet within droplet clusters or the transfer of coun-
terions from one droplet to another through water chan-
nels formed in droplet clusters. These channels are
formed when surfactant layers separating adjacent water
cores open up during collisions or through the transient
merging of droplets [26—-29].

The interdroplet interaction accounts for the thermal
phase separation in microemulsions. Xu and Stell [30]
calculated the locus of the percolation threshold using a
model hard-sphere system with an attractive Yukawa tail
in the mean spherical approximation. They introduced a
pair-correlation function that is proportional to the prob-
ability of finding two particles at a distance r apart in the
same cluster. They constructed and solved in a mean
spherical approximation the Ornstein-Zernike equation
for this function. By solving this equation one can calcu-
late the percolation threshold, the average cluster size,
and the cluster size distribution. The percolation transi-
tion threshold is the state at which the average cluster
size becomes divergent. The general study of correlated
site-bond percolation in microemulsions on the micro-
scopic lattice models was developed by Skaf and Stell
[31,32]. The formalism presented in these papers is a mi-
croscopic one, which within a mean-field approximation
enables one to study the effect of structure, composition,
interparticle interaction, salinity, etc., on the clustering
properties of microemulsions.

There are several physical methods that can provide
precise information about the structure and dynamic pro-
cesses that occur in complicated multiphase systems such
as microemulsions. Among others, we can mention light,
x-ray, and neutron scattering, NMR, electron spin reso-
nance, calorimetric techniques, ultrasound, and dielectric
spectroscopy [10-29, 33-37]. The latter is a direct tool
for the investigation of different kinds of microstructures
and depends on charged or polar interfaces. Both time
domain dielectric spectroscopy (usually called TDDS)
[37] as well as frequency domain methods [15] can be
used to determine significant characteristics of such sys-
tems, microemulsions in particular, over a wide tempera-
ture and frequency range.

The times proved by the TDDS method (107°-1071°

s) are located between those of mechanical measurements
(lower than 1072 s) and those of Brillouin light, neutrons,
and Raman scattering (107°-10"!* 5). This time win-
dow covers a broad region, which includes some charac-
teristic relaxation times representing the polarization of
microdroplets and clusters, interdroplet exchange of
matter, and aggregation processes in microemulsions.

The dynamic aspects of percolation are taken into ac-
count by introducing a time or frequency scale. It was
suggested [10-15] that relaxation process connected with
percolation might only be characterized using a complex
spectrum of relaxation times. The frequency dependence
of the dielectric constant is found to deviate from the De-
bye relaxation [8,10] and the time correlation function of
the droplet density fluctuation deviates from an exponen-
tial decay. The density correlation function follows a
stretched law of the Kohlrausch-Williams-Watts [33,34]
type, which is related to the existence of a constrained
diffusion of matter in the percolation cluster of the mi-
croemulsion.

The percolation clusters are self-similar [38] and they
can be modeled by fractal structures. The theory of dy-
namics in fractal systems and on percolation clusters has
been treated many times in literature [38-40], but only a
few experimental studies have been undertaken to investi-
gate the theoretical predictions concluded from those pa-
pers. The verification and check of the specific features
of molecular dynamics and transport processes expected
for self-similar structures such as microemulsions in the
percolation region still remains to be done, as well as to
obtain information about their polarization and dielectric
relaxation properties.

It is the purpose of this paper to present a comprehen-
sive study of the dielectric properties of sodium bis(2-
ethylhexyl)sulfosuccinate (AOT)-water—decane micro-
emulsions near the percolation temperature threshold by
the time domain dielectric spectroscopy method. The
presented experimental results, covering the broad time
window (107°-1071° ) and temperature range
(10°C-40°C), allow us to gain further physical informa-
tion on the mechanisms of polarization and dielectric re-
laxation in the percolation region.

II. EXPERIMENT

A. Sample preparation

We have studied an AOT-water-decane microemulsion
with a composition of 17.5 vol% sodium bis(2-
ethylhexyl)sulfosuccinate, 21.3 vol % water, and 61.2
vol % decane. The molar ratio of water to surfactant has
the value of W =[water]/[AOT]=26.3. AOT and de-
cane were purchased from Sigma and were used without
further purificatoin. Deionized and bidistilled water was
used throughout the experiments.

B. Experimental techniques

The general principles of TDDS and a detailed descrip-
tion of the setup used in our measurements have been de-
scribed elsewhere [37]. The system utilizes the difference
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method of measurement, with a unique registration of
primary signals in a nonuniform time scale. This system
permits five orders of frequency (10°-10'° Hz) to overlap
in one single measurement. The results can be presented
both in frequency [in terms of complex dielectric permit-
tivity e*(w)=¢'(w)—¢''(w)] and in time [in terms of the
dielectric response function ¢(¢)] domains. The complex
relative permittivity e*(w) is related to the negative time
derivative of the response function ¢(z) via the Fourier-
Laplace transform

_de(t)

e*(w)=(e,—e,) [ o

e iotgy | (1)

where the real and imaginary parts of the complex dielec-
tric permittivity are responsible for frequency-dependent
polarization and energy losses, respectively. In time
domain, by solving an integral equation (Eq. 4,
Ref. [37]) one can obtain the results in terms
of a dielectric response function @(z)=®(¢)+¢€,
(®(t)=(g,—e,,)[1—y(2)], where €, is the static dielec-
tric permittivity, €, is the high-frequency limit, and ¥(¢)
is the decay function of the dielectric polarization of the
system). Within the framework of linear response theory
it is possible to associate the decay function ¥(¢) with the
macroscopic dipole correlation function I'(2),

(M(0)-M(¢))

Y=T(="310)M(0))

(2)

where M(¢) is the macroscopic fluctuation dipole moment
of the sample volume unit, which is equal to the vectorial
sum of all the molecular dipoles, and the angular brack-
ets denote averaging of the ensemble. The velocity and
laws governing the correlation function I'(z) are directly
related to the structural and kinetic properties of the
sample and characterize the macroscopic properties of
the system studied.

The whole procedure of measurement and data treat-
ment in the TDDS experiment is carried out automatical-
ly. The process of control is realized in the dialog be-
tween the user and the system. The sample holders used
in this experiment can be thermostabilized and the tem-
perature can be computer controlled over the tempera-
ture range —30°C to +100°C.

The TDDS measurements were carried out in a time
domain window with a total time interval of T'=750 ns.
The nonuniform sampling of the signal uses the following
parameters: T;=15 ns (§;=0.05 ns), T,=75 ns
(6,=0.25 ns), and T; =750 ns (§;=2.5 ns), where T; and
8; (i=1,2,3) are the time intervals used and the sam-
pling time steps, respectively. The temperature was con-
trolled in a thermostabilized sample holder by a cooling
thermostat (Haake), accurate to £0.2°C. All samples
were measured in a temperature range 2°C-40°C. The
low-frequency electrical conductivity was measured in the
temperature range 12°C-45°C using a conductometer
manufactured by Radiometer, Copenhagen.

III. RESULTS AND DISCUSSION

A. Analysis of conductivity

The temperature dependence of the conductivity o for
AOT-water-decane microemulsions at a constant volume
fraction ¢ is presented in Fig. 1. The value of the con-
ductivity increases markedly as T is increased toward
T,.

The behavior of the electrical conductivity over a stud-
ied temperature interval can be explained as follows: Far
below the percolation threshold, the conductivity of the
microemulsion can be described by the charge fluctuation
model [41]. In this model the conductivity is explained
by the migration of charged aqueous droplets in the elec-
tric field. The droplets acquire charges owing to the fluc-
tuating exchange of charged surfactant heads at the drop-
let interface and the oppositely charged counterions in
the droplet interior.

In this theory, the conductivity is proportional to the
volume fraction ¢ and temperature T’

goek
= 7B 33 Té , (3)
2mr
where 7 is the droplet radius and 7 is the viscosity of the
solvent. Our numerical calculations of the temperature
dependence of the conductivity confirm the validity of
this relationship up to 16 °C.

As the temperature increases above 16°C, the charge
fluctuation theory fails and the system begins to show
electrical percolation behavior. On approaching the per-
colation threshold T, a power-law divergence above and
below T, can be observed:

(T,—T)™°, T<T,

O
(T—T,)", T>T,.

o~
The percolation threshold is observed near the tempera-
ture T, =25 °C and critical indices have the values s =1.2
and ¢t =1.86 [Fig. 2(a)].

From a theoretical point of view, static and dynamic
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FIG. 1. Temperature dependence of the low-frequency con-
ductivity o for the AOT-water-decane microemulsion.
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models have been proposed for the mechanism of per-
colation in microemulsions. The static percolation model
attributes this phenomenon to the appearance of bicon-
tinuous oil and water structures [5]. Based on this model,
the sharp increase of the electrical conductivity o in such
a microemulsion can be explained by the formation of a
connected water path in the system.

According to the static theory of percolation, the
values of the critical exponents in the regions above and
below threshold should be t =1.9 and s =0.6, respective-
ly. Despite the fact that these numerical values for s and
t are valid for some composite materials, powders, thin
films, and other materials [39,40], it was found that for
microemulsions there is a disagreement of the s exponent
value with the static theory value. Experimental data of
critical exponents obtained by locating the percolation
threshold as a function of temperature or volume frac-
tion, for AOT-water-oil microemulsions with different
types of oil (cyclohexane, dodecane, undecane, isooctane,
etc.) [10-18], showed the values to be 1.1 <5 =<1.6 and
1.6<t=<2.2. Our own data concur with the above
values.

The dynamic percolation model was proposed [9] in or-
der to resolve the difficulties with the disagreement of the
critical index s between the experimental data and the
static percolation theory, where the theoretical value of
the parameter s is equal to the experimental one (s =1.2).
This model takes into account the effect of cluster rear-
rangements due to Brownian motion. The value of this
critical index s =1.21, obtained in our remeasurements
for the AOT-water-decane microemulsion, indicates that
dynamic percolation takes place. The value of the criti-
cal index above percolation threshold (¢t =1.86) can be
interpreted according to the static as well as dynamic
percolation model [8].

In a dense microemulsion system, in accordance with
the dynamic percolation model, transient clusters are
formed in the percolation region because of attractive in-
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FIG. 2. Scaling behavior of
(a) the conductivity and (b) the
permittivity for the AOT-water-
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T,,=25°C (for the conductivity
threshold) and 7,.=28.5°C (for
the permittivity threshold).

0.80 1.20 1.60

log 40 (Tp-T)

teractions between droplets [42,43]. Surfactant molecules
(anions) or counterions (cations) can migrate from droplet
to droplet within a cluster. The correlated clusters of
droplets evolve and rearrange themselves with time. It
can be conjectured that two different mechanisms of tran-
sition of the charge carriers in this temperature region
may take place. The first mechanism appears when drop-
lets begin to approach or collide with each other and this
mechanism is connected with the charge carriers hopping
across the surfactant layers. It is presumably the main
process in the scaling region below threshold 7.

Meanwhile, in the close vicinity of the percolation
threshold Tp and above, the second mechanism can also
appear. It occurs when direct contacts between two or
more droplets become the preferred state and droplets
start to merge, so that a continuous water phase is creat-
ed, forming transient water channels which charges move
through.

B. Analysis of the dielectric properties

Dielectric polarization of microemulsions is a complex
phenomena dependent on many factors and parameters.

Figures 3 and 4 show dielectric permittivity &'(w,T)
and dielectric loss €''(w, T) dependences versus frequency
and temperature. One can see that the dielectric disper-
sion behavior depends essentially on the temperature. In
the high-frequency and low-temperature regions, the
maximum of the dielectric loss has a very wide distribu-
tion. The cutoff frequency, which is defined by the begin-
ning of the dispersion phenomenon, has much greater
values in the low-temperature region than in the region
near the percolation threshold.

We note that €'(w,T) increases sharply as T ap-
proaches the percolation threshold T,=28.5°C, where
the permittivity reaches a ridge that is essentially eminent
in the low-frequency region. In the temperature region
above 35 °C, on the surface of dielectric losses £''(w, T), it
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FIG. 3. Three-dimensional plots of the frequency and the
temperature dependence of the dielectric permittivity €’ for the
AOT-water-decane microemulsion.

is possible to discern the appearance of a second peak.
This peak is more prominent in the low-frequency region
and on the frequency scale in this temperature region two
distributed relaxation processes can be distinguished.

For detailed analyses of the frequency and the temper-
ature behavior of dielectric permittivity and losses, let us
cut a cross section of the €'(w,T) and € (w, T) surfaces.
The €'(w,T) cut at a constant low-frequency plane
represent the temperature dependence of the low-
frequency (static) dielectric permittivity versus tempera-
ture (Fig. 5). The corresponding cross sections of the
€(w,T) and €'(w,T) reliefs at constant temperature
planes for the different temperatures represent the fre-
quency dependence of the dielectric permittivity and
losses for the microemulsion. Figures 6 and 7 depict the
frequency dependences of dielectric permittivity and
losses of the microemulsion in the percolation region
(T,=28.5°C).

In order to interpret the dielectric properties of the
system being studied, let us start by analyzing the static

Drelectric losses

FIG. 4. Three-dimensional plots of the frequency and the
temperature dependence of the dielectric losses € for the
AOT-water-decane microemulsion.
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FIG. 5. The temperature dependence of the static dielectric
permittivity for the AOT-water-decane microemulsion.

dielectric behavior. The static dielectric permittivity (&)
behavior over the measured temperature region can be
analyzed for three intervals: below the percolation
threshold, in the vicinity of the percolation threshold,
and above the percolation threshold.

Far below the percolation region, where our ionic mi-
croemulsion consists of separated water droplets embed-
ded in the oil medium, the dielectric permittivity of mi-
croemulsion can be represented by the migration polar-
ization theory of [44]. Therefore, for the dilute suspen-
sion, the static permittivity € of a heterogeneous mixture,
containing a volume fraction ¢ of suspended spherical
particles of static permittivity €,, in a medium of permit-
tivity €, (g, >>€,,), is given by

(e, —¢,, Mg, +2¢,)
e=em+—;-¢ - me 7 Lo
P

(5)

For a higher volume fraction ¢ of dispersed droplets, the
relative static permittivity of the system can be better de-
scribed by Hanai’s theory [45]. When ¢, >>¢,,, Hanai’s
theory provides the relationship

e=¢g, /(1—¢), ©6)
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FIG. 6. Log-log plot of the frequency dependence of &’ for
the AOT-water-decane microemulsion at the percolation
threshold. The slopes of the linear parts correspond to
u =0.62.
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FIG. 7. Log-log plot of the frequency dependence of € for
the AOT-water-decane microemulsion at the percolation
threshold. The slopes of the linear parts correspond to
u =0.61, p =0.81, and m =0.948.

where in our case g,, =2 (decane) and ¢=0.388, setting
the value for dielectric permittivity € at 8.7. This value is
close to that of our experimental data in the low-
temperature region.

When the temperature increases above 10°C and
reaches the percolation region, the static (low-frequency)
dielectric permittivity €, increases in accordance with the
following scaling law:

e, ~(T,—T)™*, T<T,. @)

Figure 5 shows the temperature dependence of dielectric
permittivity €, for an AOT-water-decane microemulsion.
From the linear regression of the dependence of log,y¢;
versus log,o(7, —T) [Fig. 2(b)], the critical exponent can
be estimated to be s =1.1. This result is very close to the
numerical value obtained from our conductivity measure-
ments and agrees well with the value predicted by the dy-
namic percolation model [9]. It is pertinent to mention
here that below the percolation threshold the dielectric
permittivity is much more sensitive than conductivity to
structural changes in the system. This is the reason why
the onset of the g, scaling behavior, where the coupling
of the droplets begins to appear, is at =10°C. This also
explains why the onset of percolation on the temperature
scale starts earlier in comparison to the onset of conduc-
tivity, which is =17°C. On the other hand, the tempera-
ture of the conductivity percolation threshold is less than
that of the permittivity threshold (7,.>T,,). This trend
is similar to the case where percolation versus volume
fraction was studied [10,14]. The s value obtained in our
studies when we reached the percolation threshold by
changing the temperature correlates well with the critical
index value obtained from studies of changes in the
volume fraction [10]. These results resolve the problem
mentioned in earlier papers [11-14] of the discrepancies

found between critical index s values for permittivity and
conductivity measurements. This discrepancy was prob-
ably due to the inaccuracy involved in determining the
value of the percolation threshold.

Dielectric polarization in the percolation region is
presumably connected with the electrophoretic move-
ment of charge carriers in an alternating external electric
field and the charge accumulation on the interior droplet
and/or cluster sides (opposite to the electrodes). In this
case, the formation of an apparent fluctuating dipole mo-
ment, depending on the droplet and cluster sizes, could
be responsible for the polarization of the system.

It is known that percolation clusters are self-similar [8,
38-40] and they can be modeled by fractal models. The
cluster size £ increases with the change in temperature
according to the scaling power law £~(7 —T,)" [8],
where v is the critical exponent for the correlation length,
which in the three-dimensional case has the numerical
value v=0.875. The increase in cluster size produces an
increase in the dipole moment which correlates with the
permittivity growth. In the region above the percolation
threshold, when the exchange of ions between droplets
occurs through opened channels, the accumulation of
charges would be restricted. As a result, the dipole mo-
ment of the system decreases and this can be monitored
by the decrease in permittivity.

The incipient critical phenomena may affect the polar-
ization processes. In the temperature range above 34°C
the new increase of permittivity upon increasing tempera-
ture presumably suggests that the system undergoes a
structural modification. Such a change implies a trans-
formation from an L, phase to L,, corresponding to a
lamellar phase [17] or to a bicontinuous one. The change
of droplet shape here can occur in stages from spherical
to ellipsoidal, cylindrical, and lamellar phases. The phase
boundary separating the homogeneous microemulsion L,
phase from L, and bicontinuous phases lies at higher
temperatures, beyond the temperature range of our mea-
surements. Therefore, these transitions will not be dis-
cussed in this paper.

The dynamic aspects of the dielectric polarization may
be taken into account by considering frequency depen-
dences for dielectric permittivity and losses. The dielec-
tric spectrum in Figs. 6 and 7 shows a rather broad
dispersion in the percolation region. Various dielectric
model functions have been considered appropriate to fit
the dielectric spectrum [46]. These fitting functions can
be represented as a sum of several Debye-type
spectra Ag; /(1+iwT;), Cole-Cole Ag;/[1+(iwT;)a] or
Havriliak-Negami (HN) Aeg;/[1+(io7;)*]" terms, or
their combinations, where Ae =€, —¢; are the dielectric
increments. The parameters a and ¥, ranging between 0
and 1, characterize the distribution of the relaxation
times.

On the other hand, it can also be observed that the
curve on the Cole-Cole diagram, which represents values
of €"'(w) versus those of €'(w), is not an arc of a circle
(Fig. 8), something which also characterizes the distribu-

_tion of relaxation times. Such behavior reflects the ex-

istence of short- and long-range interactions in the vicini-
ty of the percolation region and a hierarchy of self-
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FIG. 8. Cole-Cole plot £"(¢’) for the AOT-water-decane mi-
croemulsion at the percolation threshold (7' =28.5°C).

similar processes in the system [9,10].

The scaling concept can be applied to describe the
behavior of the relaxation spectrum. The dynamic-
percolation theory provides the following scaling expres-
sion for the dielectric permittivity near the threshold
with respect to both the temperature and the frequency:

e(T—T,,0)=|T —T,|'f(org,0m,|T =T, 7 *"), (®)

where f(w7g,070,|T —T, |~ *1) is the scaling function
[9,22-24,47] and 74 and 7, are the characteristic times
describing the scaling behavior of system. 7 is the rear-
rangement time of the clusters and 7, represents the
anomalous diffusion time on the percolation cluster. In
other words, 7, is the time needed for a charge carrier to
visit all the micelles in a finite percolation cluster of size
£, where 7o~ &5 11/v [9,48]. Since the percolation clus-
ters have a fractal nature, the rearrangements are con-
sidered to be a slow process when compared with the
time needed to explore the cluster, i.e., 7 >>7.

With respect to rearrangement motions, two regimes of
behavior are expected.

(i) @Tg <<1. The rearrangement occurs at times much
shorter than ™~ !. The low-frequency dielectric permit-
tivity gives the power-law behavior

(e,—e)xe" x™, w<og 9

and the temperature scaling law (7).

(ii) wtg >>1. We expect the dielectric permittivity to
be independent of 7z. This behavior also agrees well
with the dynamic scaling theory.

With respect to the characteristic time 7, there are
also two frequency regimes where dielectric permittivity
has different power-law behaviors. In the very-high-
frequency region (w7y,>1), close to the percolation
threshold, the frequency dependence of the dielectric per-
mittivity follows the scaling behavior described by Eq.
(10),

(e'—e,)xe" (0!, w>w,, (10)

where u is the scaling index. In the intermediate cross-
over region 1/7x << <<1/7,, the frequency behavior of
permittivity will have a more complicated character with
the critical scaling index p (Fig. 7).

The scaling indices for the low- and intermediate-

frequency regions, as well as for the high frequencies
determined from the linear portion of the & and &”
curves, can be used as a tool to compare the degrees of
cooperativity of specific molecular motions in different
temperature regions. Figure 9 shows a distinct tempera-
ture dependence of the low- and high-frequency parame-
ters m and u. The empirical parameter m, determined
from the linear portion of the log;se” curves, markedly
deflects from 1 when the temperature approaches T,.
The region of validity of the dielectric permittivity scal-
ing behavior for our system is narrow, which causes some
difficulty in calculating accurately the temperature
dependence of the parameter p in the crossover region.
The evaluation of the parameter u versus temperature
also shows a minimum near the percolation threshold.
Consequently, the values of the parameter u for the T,
determined from the linear portion of the & and &”
curves is 0.62 and 0.61, which is consistent with the other
experimental studies [10,14]. The value for the parame-
ter u obtained from the loss angle frequency dependences
(Fig. 10), defined by tand(w)=¢""(w)/e'(®), is given by
86=1/2m(1—u). From Fig. 10 we obtain §=0.64; thus
u =0.59 is in agreement with the value obtained above
from the dielectric permittivity frequency dependence. It
would be pertinent to note that the index value obtained
in our experiments is close to the value
u=t/(s+1t)=0.61 of the R-C model of conductor-
dielectric mixtures [8] and to the value ¥ =0.57, derived
theoretically from anomalous diffusion in the percolation
clusters [48].

The temperature behavior of m, p, and u indices can be
interpreted in the framework of the models based on the
existence of two interwoven forms of self-similarity
[49-51], one of which dominates the dielectric response
at high frequencies and corresponds to the internal dy-
namics of clusters. The other form of self-similarity, at
low frequencies, refers to the way in which the response
of the macroscopic system is built up from its cluster
components [49,50]. The analysis of the temperature
dependences of these parameters and their fractal nature
will be discussed later.
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FIG. 9. Temperature dependence of the parameters m(1)
and u (2) for the AOT-water-decane microemulsion.
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C. Analyses of the dipole correlation functions
and the relaxation time behavior

Experience shows that the time behavior of most
nonassociating dipole liquids is controlled by a single ex-
ponential decay function ¢(¢)~exp[ —t /7], with relaxa-
tion time 7. Associated liquids, glasses, polymers, and
other multicomponent systems exhibit complex nonex-
ponential relaxation behavior that must be deconvoluted
into normal modes and represented as a sum of
simple Debye exponential or Kohlrausch-Williams-
Watts (KWW) nonexponential terms, such as
¥(t)~exp[ — (¢ /7)P]. Here the parameter 3 characterizes
the shape of the relaxation function and the cross-
correlation effects, describes the morphology of the sys-
tem, and can be related to different theoretical models
[40, 52-55]. As mentioned elsewhere [56], there should
be a connection between the parameters of the KWW
and the HN functional forms; however, there is no exact
analytical relationship between them.

In order to analyze the time behavior of the correlation
functions, we fit them to three different decay behaviors,
which can be put into the forms

i

P(t)=Aexp[ —(t/7,) ']+ Aexp] —t/7,], (11)

W)= A exp[ —t /m, 1+ Ayexp[ —(t /1), (12)

P2

W)= A exp[— (¢ /7)) 1+ Ayexp[— (2 /72, (13)

where 7; are the relaxation times and A; are the ampli-
tudes of the processes (i =1,2). Equation (13) reduces to
(11) or (12), when 3, or 3, equals 1.

A best fitting of each curve to Egs. (11)-(13) was per-
formed by a least-squares procedure where one found the
corresponding parameters A;,7;,3; (i =1,2) and the
minimum standard deviation 2. The quality of each fit
to Egs. (11)-(13) was established by comparing the ob-
tained y? minimum.

Figure 11 plots the temperature dependences of the re-
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FIG. 11. Dependence of the relaxation times 7, and 7, on the
reciprocal temperature [for the curves fitted using Egs. (11) and
(12)].

laxation times versus the revised temperature for the
curve fitted by Eq. (11). The analysis of the dependence
of the relaxation times 7, and 7, on temperature shows a
similar time behavior for all three fitting decay functions
(11)-(13).

As has been mentioned above, on the frequency scale
(Figs. 3 and 4) a broadly distributed relaxation process
can be discerned in the low-temperature (below the per-
colation region) and high-frequency regions. The corre-
sponding fitting relaxation times 7, and 7, have the values
of a few nanoseconds and are close to each other on the
time scale. We assume that it is just one very broadly dis-
tributed relaxation process.

In the percolation threshold region the relaxation
times exhibit a maximum obtained for the same value of
T corresponding to the maximum of the static permittivi-
ty. The effective activation energy above percolation
threshold, obtained from the curve of the dependence of
relaxation times 7, and 7, on reciprocal temperature,
have the values 160 and 120 kJ/mol, respectively. These
rather large energy values correlate with the activation
energy of the clustering of two droplets [14] and with the
activation energy of the H,O-self-diffusion coefficient of
the water-AOT-hydrocarbon microemulsions [18] in the
percolation region as well.

The second peak, which is clearly eminent on the fre-
quency scale at temperatures above 34 °C (Fig. 4), corre-
sponds to the appearance of a new relaxation process.
This relaxation process shows reverse Arrhenius behavior
and depends on the structural changes occurring in the
system. The appearance of this process at high tempera-
tures, as well as the increase in static permittivity men-
tioned above, testifies to the onset of the transition to the
lamellar or the bicontinuous phase.

Given the complexity of the chemical makeup of mi-
croemulsions, a precise interpretation of the dielectric re-
laxation mode is difficult. To understand the dielectric
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spectrum of microemulsions, it is necessary to analyze
dielectric information from the various sources of the re-
laxations. The dynamic processes, depending on their na-
ture, can be classified by two types: The first type charac-
terizes the droplet and percolation cluster behavior and is
connected with their translations, rotations, collisions,
fusion, fission, and shape fluctuations [57] as well. The
second type of relaxation processes reflects some charac-
teristics inherent to the dynamics of the single-particle
components. Since our system is ionic, the dielectric re-
laxation contributions of this type are expected to be re-
lated to the processes connected to the interfacial polar-
ization, counterion polarization resulting from the move-
ment of ions and/or surfactant counterions relative to the
droplets, and their organized clusters and interfaces. The
relaxation can also be related to various components of
the system containing active dipole groups, such as
bound and free water. All these contributions can cause
complex dielectric behavior.

In order to ascertain the origins and mechanisms re-
sponsible for the obtained relaxation times, let us com-
pare the magnitudes of 7, and 7, with the characteristic
times related to various physical processes that occur in
heterogeneous systems.

The droplet collision time, associated with a rearrange-
ment process, can be estimated [58] according to the rela-
tionship

Tcoll~37r77R3/4¢kBT > (14)

where R is the radius of the dispersed particles (in our
case it is a water core plus shell), n is the viscosity of the
medium, ¢ is the volume fraction of the dispersed phase,
and kpT is the thermal energy term. The average radius
R, of the water core is related to W by a semiempirical
relation R, =(1.25W +2.7) A [17]. The radius R of the
surfactant-coated water droplet (the AOT chain length is
12 A) is estimated to be 50 A. For 7=0.8 cP (decane at
20°C), the collisional times are estimated to be about 200
ns.

The relaxation time associated with the translational
and the rotational diffusion of a spherical permanent di-
pole, according to Debye [59,60], is given by

T7o~R?/D~6mR3/kyT , (15)
Tet =4TR>/kpT , (16)

where D is the diffusion coefficient. In our case the dipole
orientation relaxation times are about 300—350 ns, which
exceed, by roughly one and two orders of magnitude, the
7, and 7, derived from experimental data.

A thermal shape fluctuation of the microemulsion drop-
lets, which distorts them from their average spherical
form, can contribute to the relaxation dispersion of the
system [57,61,62]. The lowest dominant mode of bending
elasticity has a relaxation time given by

Tse~MR3/K.~qR3/5ky T , (17)

where K is the elastic curvature module of a spherical
droplet, which was estimated [62] to be 5kz7. The
thermal shape fluctuation mode has a magnitude of 5 ns

and is able to contribute to the relaxation spectrum in the
region below percolation, when droplets are not fused
and their average radius is not changed. In the vicinity
of the percolation threshold, when the droplets form clus-
ters, they change their shape and increase their radius. It
can also lead to the increase of the time magnitude.

For a mixture of two or more components, it is evident
that each phase undergoes its own dielectric relaxation.
However, in addition to this, the accumulation of charges
at the oil/water interface gives rise to polarization and
contributes to relaxation when at least one component is
electrically conductive. This phenomenon is know as in-
terfacial polarization or the Maxwell-Wagner-Sillars
(MWS) effect [63,59]. The MWS equation for the relaxa-
tion time of the interfacial polarization for spherical par-
ticles is given by

2, te, (e, —¢,) (18)
TMWs 20m+ap+¢(0m—0p)80’

where ¢, is the dielectric constant, €€, are dielectric
permittivities, and o p> T aTE the specific electrical con-
ductance of the dispersed phase and the medium, respec-
tively.

To calculate the relaxation time responsible for the
MWS effect we assume a set of parameters as follows:
go=8.85X10"" Fm™', ¢,=78, ¢,=2, 0,=1.23
mho/m, om<10'6 mho/m, and ¢=0.388. Here the
specific conductivity of the dispersed phase o, was es-
timated from the slope of the scaling expression (19) for
conductivity of the system o versus volume fraction of
the dispersed phase ¢ far above the percolation threshold
[20]:

o=30,(¢—3). (19)

We calculated the relaxation time of the MWS effect to
be 0.62 ns, which is smaller than the observed relaxation
times in the percolation region. However, it is very close
to the average relaxation time (~0.5-0.8 ns) in the low-
temperature region 2 °C-13°C.

Since our microemulsion is a three-component system
consisting of a water core surrounded by a monomolecu-
lar surfactant shell dispersed in an oil phase, the dielec-
tric relaxation of this dispersion with shells can be de-
scribed by the triphasic model of interfacial polarization
[63—65] instead of the MWS model. This model predicts
the occurrences of two different dielectric dispersions un-
der the conditions o, <<o, and 0,, <<o,. Assume the
approximate expressions for relaxation times

€

s

T1= € (20)

Os

and
g, +(2d/R,))g
T o, +(4d /R0, 0’

(21)

where R, =36 A is the radius of a water core surrounded
by a shell of thickness d =12 A, specific conductivity
0,~107° mho/m, and dielectric permittivity e,=3.2
[64]. Equations (20) and (21) yield relaxation times of
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about 7, ~28 ns and 7,~0.58 ns.

For the present system, the relaxation time given by
O’Konski’s model, which includes the effect of surface
conductivity [65], is nearly identical to the time given by
the MWS theory and the smaller time of the triphasic
model of interfacial polarization.

The theory of double-layer polarization [66)], together
with the triphasic model of interfacial polarization where
the shell phase is taken as the electric double layer [59],
consider both the dispersion due to counterion displace-
ment in the double layer and the interfacial polarization.
They are given by the following expressions for the relax-
ation times:

2 2
_ e()pORw
T 2k Th @2
and
2
Ep eORwPO
~—L g+ ——22
T2 Up 80 kBTO'p ? (23)

where e is the charge of one electron, p, is the surface
charge density, and A, is the surface conductivity [65].
For an average water droplet of 36 A radius, there are
approximately 110 anionic surfactant molecules on the
interface. The surface charge density corresponding to
the full ionization of the AOT molecules is estimated to
be 6X10!7 elementary charges per 1 m? and the surface
conductivity =~0.9X 107° mho [64,59]. It is relevant to
emphasize here that the validity of using Eqs. (18) and
(19) is limited to the region below percolation, where
droplets are separated from each other, do not merge,
and their radii remain unchanged. The relaxation times
calculated on the basis of Eqgs. (22) and (23) at T=10°C
are 7;,~29 ns and 7,~ 12 ns.

We can see that the dielectric relaxation time 7, calcu-
lated on the basis of this combined theory as well as on
the triphasic model of interfacial polarization is larger by
a factor of 30 than experimental results. The high-
frequency relaxation time 7,, corresponding to the relaxa-
tion between a droplet with its double layer and the medi-
um, is an order of magnitude higher than the correspond-
ing time calculated from the MWS and the triphasic
model of interfacial polarization, as well as the experi-
mental value.

In order to complete the discussion of models responsi-
ble for the high-frequency dispersion, it is also worth
mentioning in this list the model of dielectric polarization
of bound water, which can contribute to the observed re-
laxation picture, as well as the mechanism proposed by
Cametti, Codastefano, and Tartaglia [64]. Cametti, Co-
dastefano, and Tartaglia associated the high-frequency
dispersion characterized by a relaxation time of the order
of 107 1% 5, and in their case largely independent of tem-
perature, with the collective motions of the anionic head
groups of the surfactant molecules at the interface with
the water phase.

A perusal of the relaxation time values shows that, in
the temperature region below percolation, within the ac-
curacy of the estimations, a widely distributed relaxation

process takes place. The values of corresponding relaxa-
tion time in this temperature region obtained in our
fitting have weak dependence on 7. The values of the re-
laxation time, as well as the values of static dielectric per-
mittivity mentioned above, are in agreement with the
data that the interfacial polarization models provide. All
these models, which describe the polarization process of
the system, show the values of the relaxation times to be
close to each other. Meanwhile, in the close vicinity of
the percolation threshold, the widely distributed relaxa-
tion time splits up at the two separated distributed times.

A long relaxation process involves rearrangements and
movements of the droplets forming the clusters. The ex-
perimental value 7, has a broad distribution and it is
close to the magnitude of the estimated collision time
Teon- A steep increase in the value of the amplitude 4, of
the long relaxation time 7, (see Fig. 12) testifies that this
process becomes more active in the percolation region.
The magnitude of 7, drastically increases when tempera-
ture approaches T, (Fig. 11), which also hints at a depen-
dence of the long relaxation time on the size of the clus-
ters.

In the percolation region a short experimental time 7,
coincides well with the shape fluctuation mode. The
shape fluctuation processes in themselves are not dielec-
trically active; however, they can affect diffusion of the
charge carriers both in the water bulk and at the inter-
face and contribute mainly to the fast relaxation process-
es. When temperature nears the percolation threshold
and droplets approach each other, the effective cluster
size increases and therefore retards the vibration mode.

Temperature variations cause numerous effects and
processes that occur in the system, i.e., changes in the lo-
cal medium viscosity, in the AOT aggregation number, in
the shape and radius of droplets, in the elastic curvature
module of a spherical droplet, etc. In the framework of
existing models, one must be very careful when speculat-
ing quantitatively about the evaluation of relaxation
times versus temperature and attempting to explain the
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time versus temperature dependences, especially in the vi-
cinity of the percolation threshold.

D. Fractal concepts for dielectric relaxation

The frequency scaling parameters (m, p, and u), as well
as stretched parameters in the time window (3, and j3,),
provide information about the microstructure and dy-
namics of the system. An interpretation of these parame-
ters in terms of diffusion or Brownian motion problems
on fractal clusters [48] can suggest a general mechanism
of the relaxation phenomena in the percolation region re-
gardless of the microscopic details of the sample. Thus
the fractional power law of a dielectric permittivity
versus frequency and correlation functions versus time
could be understood as the macroscopic manifestation of
self-similarity on the microscopic level of the system.

Recently, a number of the models have been advanced
[49-52, 67-73] that describe the deviation of the dynam-
ic behavior of the systems from the Debye exponential re-
laxation law. Despite differences in physical details and
nature, the proposed models are based on a hierarchy of
self-similar processes and reflect a scale-invariant distri-
bution of relaxation times. The scale invariance in space
is connected with the temporal and energetic ones, as
spatial, temporal, and energetic correlations cannot exist
independently.

In order to understand the scaling nature of the relaxa-
tion behavior of percolation clusters, the diffusion in a
fractal medium must be considered. The arrangement of
various clusters in the percolation region may be defined
by the fractal dimensionality D,. The magnitude of D,
depends on the degree of disorder present in the system
and shows the scaling mass M dependence on distance L
M(L)~L""].

A dielectric polarization phenomenon in the disor-
dered structure can be related to the diffusion of a ran-
dom walker which, in the case of diffusion in the percola-
tion cluster, does not go on in the same way as in Eu-
clidean space. The mean-square displacement time
behavior (R%(¢)) ~¢“ in this case also does not obey the
Brownian motion (a =1) law [48,67]. A random walk on
model spatial deterministic fractals (e.g., Sierpinski
gaskets) [67], where the temporal aspect is ordered, yields
an anomalous diffusion with a =D, /D <1, where D, is
the spectral dimension of the cluster [8,67].

On the other hand, for a random walker that pauses
for a random time between jumps, if the waiting time
density behaves asymptotically as the inverse power law
t 7177, with 0<y <1 (y is the degree of temporal homo-
geneity, which is also called a fractal dimension D, of the
time process [40,74]), Blumen et al. [52] obtained the ex-
pression for the mean-square displacement time depen-
dence (R2(t)) ~t°?. In this dependence, two parameters
characterizing the spatial and time disorders in the sys-
tem are combined multiplicatively. Such pauses between
the jumps can be, for instance, due to motion in a disor-
dered system with a random distribution of the activation
barriers.

For a system with spatial and temporal disorder, Blu-
men et al. [52] also obtained the relationship between a

stretched parameter [ of the decay behavior
¥(t)~exp[ —(t /7)P] and an exponent of the power law
for the {R%(¢)) time dependence as follows:

vDra/2, aD;<2

B= Y, an>2. (24)

For anomalous diffusion in a three-dimensional percola-
tion lattice at the percolation threshold, this expression
has [33] a very simple form, B~0.65y, which can be use-
ful for an analysis of values of the experimental stretched
exponents.

Diffusion motion, which is faster than normal Browni-
an motion, can be described in terms of the existence of
energetic disorder and turbulent motions [33,53-55].
The approach is based on the fractal properties of the
free-energy surface, i.e., on the existence of the ul-
trametric space for the energy of barriers. In this case,
depending on the parameters of the ultrametric space of
the energy barriers, diffusion can be inhibited or
enhanced (the corresponding exponent of the mean-
square displacement time dependence and the stretched
exponent of the correlation functions are lesser or greater
than unity). On the other hand, theoretical models that
operate in the frequency window also yield relationships
between frequency scaling parameters and fractal ex-
ponents and combine them multiplicatively. In this case,
at least to a good approximation for the high-frequency
scaling parameter, it has been suggested [40,52] that
1—u=D,D, /2. In their turn, the indices p and m are ex-
pected [40,75] to be connected with D,.

The appearance of temporal disorder in the system in
the close vicinity of the percolation region is manifested
by the deflection of the parameter m from unity
(m ~0.94) (Fig. 9). In its turn, the parameter u reflects
the existence of spatial, temporal, and possibly also ener-
getic disorder in the system. However, it is easier to deli-
berate about such dependences in terms of the parame-
ters B, and f3,.

The variation behaviors of the frequency scaling pa-
rameters m and u (Fig. 9) and stretched exponents 3; and
B, as functions of the temperature (Fig. 13) indicate mor-
phological changes in the system and serve to
differentiate the mechanism underlying the relaxation
among numerous physical processes occurring in the sys-
tem. As mentioned above, at the low-temperature region
( <16°C) a polarization of the system provides one widely
distributed process. The corresponding stretched param-
eter 3, in this case is equal to 0.4, with an error margin of
0.1. This rather low value of the stretched parameter 3,
in the temperature region implies the existence of a few
relaxation mechanisms occurring in the system. These
mechanisms can be associated with interface polarization
and mobility of ions in the interface and water bulk of the
microdroplets.

Figure 13 presents the stretched exponent dependences
on the temperature in the percolation region extracted
from relationships (11)-(13). It is clear from this figure
that when the temperature reaches the percolation
threshold, the stretched exponent of the slow relaxation
process 3; has a maximum magnitude of 0.72+0.03. On
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FIG. 13. Temperature dependence of the stretched exponents
B, [fitted using Eq. (11)] and 3, [fitted using Eq. (12)].

the other hand, the value of the stretched exponent of the
fast relaxation process 3, generally decreases as T in-
creases from unity (at the onset of the percolation region)
and shows a minimum of 0.73£0.03 (at the percolation
threshold T,), i.e., has the same mean value that is
reached by ;.

In terms of the fractal picture, the results of the low
value of f3; at the temperatures corresponding to the be-
ginning of the percolation region can be connected with a
broad size distribution of droplets and seem to indicate
that a rearrangement process with strong cooperative
movement of the droplets is taking place in the system.
In the vicinity of T}, an increase of the stretched parame-
ter 3, can be explained by the appearance of the
enhanced diffusion that predominates over the contribu-
tion of the temporal disorder. For a microemulsion
analogous to ours the fractal time dimension characteriz-
ing the temporal disorder in the system at the percolation
threshold was estimated to be ~0.7 [33]. For this
reason, our relatively large value of the stretched parame-
ter (8,~0.72) at T, in accordance with relationship (24),
can be interpreted as the existence not only of a temporal
disorder, but also of an energetic disorder for the energy
barriers associated with the fusion-fission processes for
the droplet-droplet and droplet-charge bonds within clus-
ters. The decrease of [3; above the percolation threshold
can be related to the changes of morphology of the mi-
croemulsion and the increase of cooperative movements
within it. Such a change of character of the mobility and
dimensionality in the system can be related to the in-
volvement of the rearrangement processes of the large
clusters that appear in the percolation region.

The decrease of the stretched parameter of the fast re-
laxation process 3, can be connected with variation of the
diffusion mechanism that is deviating from normal
behavior at low temperatures (8,~1) to the anomalous
one at T,. The coincidence of the values 3, and 3, to

each other in the percolation threshold means that in this
temperature region the same law of anomalous diffusion
of charge carriers governs the processes of polarization in
the microemulsion on the two time scales. Above the
percolation threshold the system approaches ordinary
diffusion behavior; however, it does not attain it, which is
manifested by the slight increase of j3,.

IV. CONCLUSIONS

The above dielectric relaxation study of the AOT-
water-decane microemulsion near the percolation tem-
perature threshold leads to the following general con-
clusions.

(i) The critical indices for o and € have the values
s~1.2 below and ¢t = 1.9 above the percolation threshold.
The value of critical index s is in agreement with the dy-
namic percolation model. This confirms the idea that the
mechanism responsible for the temperature dependence
of conductivity and permittivity has the same origin.

(ii) In the temperature region below percolation the
values of the distributed relaxation time, which describes
the polarization process of the system, as well as the
values of static dielectric permittivity are in agreement
with the data that the interfacial polarization models pro-
vide.

(iii) In the close vicinity of the percolation threshold,
the distributed relaxation time splits up into two separate
times. In the percolation region, the long relaxation pro-
cess involves rearrangements and movements of the drop-
lets forming the clusters. The short experimental time is
responsible for the shape fluctuation mode.

(iv) The fractional power law of dielectric permittivity
versus frequency and correlation functions versus time
can be understood as the macroscopic manifestation of
self-similarity at the microscopic level of the system.

(v) The frequency scaling parameters m, p, and u, as
well as the stretched 3 parameters in the time window,
provide information about the microstructure and dy-
namics of the system. In addition, they show the ex-
istence of spatial, temporal, and energetic disorders asso-
ciated with anomalous diffusion of charge carriers in the
percolation clusters. The interpretation of these parame-
ters in terms of fractal concepts offers a general mecha-
nism of the relaxation phenomena in the percolation re-
gion regardless of the microscope details of the sample.
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