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An extensive set of measurements of low-frequency conductivity a of a three-component microemul-
sion system, AOT-water-decane, as a function of temperature and volume fraction of the dispersed phase
has been made. o can be calculated at low p by means of a charge-fluctuation model, while it can be in-

terpreted for higher values of p in terms of power-law behavior. The percolation locus in the p-T plane
has been determined starting from the vicinity of the lower consolute point up to p 0.65. This line can
be successfully interpreted in terms of a modified version of the analytical theory of percolation given by
Xu and Stell,

PACS numbers: 82.70.Kj

The AOT(surfactant)-water-decane(oil) three-com-
ponent microemulsion (AOT denotes sodium di-2-ethyl-
hexylsulfosuccinate) is an ideal system for studying
electrical-conductivity percolation phenomena since
throughout the isotropic one-phase region it forms a
water-in-oil microemulsion. A water-in-oil microemul-
sion can be effectively considered as a heterogeneous
two-component system made up of conducting spherical
droplets of water, coated by a monolayer of surfactant
molecules, immersed in a continuous nonconducting oil
medium. From a liquid-state-physics point of view a
water-in-oil microemulsion, can be considered as a col-
lection of conducting hard spheres interacting among
themselves via an attractive potential. There has been a
number of experimental ' and theoretical ' studies of
electrical-permittivity and -conductivity percolation phe-
nomena in the literature in this AOT-based model mi-
croemulsion system over the last few years. In particu-
lar, we have recently experimentally established the va-

lidity of dynamic scaling for the dielectric relaxation
phenomena. As far as the static conductivity percola-
tion is concerned, the picture that emerges from the ex-
periments is as follows: The low-frequency conductivity
cr (below 100 kHz) has a power-law behavior with ex-
ponents which are difl'erent below and above the percola-
tion threshold. At a given volume fraction of the mi-
croemulsion droplets p, a temperature threshold T~ ex-
ists above which there is a dramatic increase in the con-
ductivity. On the other hand, at a given temperature,
there exists a volume-fraction threshold p~ above which
the system has high conductivity. Kim and Huang
showed that p~ and T~ are uniquely related to each oth-
er. The locus of percolation points in the T-p plane,
which we shall simply call the percolation line, seems to
originate from the vicinity of the cloud-point curve (the
critical temperature is about 40 C and the critical

volume fraction about 0.1) and extends to the lower tem-
peratures as the volume fraction increases. " The ex-
ponent below the threshold has a value s' —1.2 and
above the threshold a value t =1.94(6). s' is called the
dynamic percolation exponent which was predicted by
Grest et al. ' based on the theory of dynamic percolation
and was later confirmed by Kim and Huang. On the
other hand, t is called a static percolation index and was
calculated by Derrida et al. ' using renormalization-
group methods and was also experimentally confirmed by
many authors.

Bug, Safran, and Grest, ' in an attempt to understand
the existence of the percolation line, performed Monte
Carlo simulations on square-well fluids. By adjusting the
depth and the width of the square-well potential, they
were able to produce the percolation line in the vicinity
of and below the spinodal curve. Seaton and Glandt'
performed a Monte Carlo simulation on a slightly pol-

ydisperse adhesive-sphere system and showed the ex-
istence of the percolation line. Very recently, Xu and
Stell' solved analytically for the locus of the percolation
threshold, using a model hard-sphere system with an at-
tractive Yukawa tail in the mean spherical approxima-
tion. They introduced a pair-connectedness function and
constructed and solved the Ornstein-Zernike equation for
this function. By integrating the pair-connectedness
function one can calculate the average cluster size S.
The condition for percolation comes from requiring S to
become divergent. The thermal part of this theory al-

ways produces an upper consolute point and the associat-
ed spinodal curve, since it is a theory for simple fluids
with a fixed potential function. However, the AOT-
based microemulsion system is known to show a lower-
consolute-point phenomenon. ' For this to happen, the
strength of the attractive Yukawa potential needs to
be a temperature-dependent quantity. Chen and co-
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workers ". have previously obtained the temperature
dependence of the strength parameter for the AOT mi-

croemulsion system and have also obtained the spinodal
curve corresponding to the lower consolute point.

In this paper we report first an extended set of mea-
surements of low-frequency conductivity of the AOT-
water-decane system at a molar ratio [water]/[AOT]
=40.8, in the one-phase region, for the whole range of
temperatures from 10'C to 50'C and volume fractions
from 0.098 to 0.65. We analyzed the dc conductivity as
a function of temperature, for all volume fractions, using
the charge-fluctuation model of Eicke, Borkovec, and
Das-Gupta' for data much below the percolation
threshold. In the vicinity of the threshold we analyzed
the data using power laws. Finally, we applied a
modified version of the theory of Xu and Stell, ' taking
into account the temperature-dependent interaction po-
tential, and have successfully accounted for the experi-
mentally measured percolation line.

The electrical conductivity of the water-in-oil mi-

croemulsions was measured at a frequency of 10 kHz by
means of a HP4192A impedance analyzer in connection
with a temperature-controlled parallel-plane capacitance
cell. The cell constants were obtained using solutions of
known conductivity and permittivity. The electrodes
were plated with platinum black in order to reduce the
electrode polarization. The microemulsions were pre-
pared by mixing appropriate fractions of deionized, low-

conductivity water (cr & 10 0 'cm ' at 20'C) and

reagent-grade decane, using surfactant AOT from Sigma
Co. without further purification. According to our ex-

perience the purity of the surfactant will shift the cloud-

point curve and the percolation line, at a given volume

fraction, in the same direction without changing the rela-
tive temperature distance. At the molar ratio 40.8 the
microemulsion-droplet water core has a size distribution
of the Schultz type with an average size of 50 A and a
polydispersity of 30%, as determined by previous small-

angle neutron-scattering experiments. ' The hydro-
dynamic radius of the microemulsion droplets has also
been determined by a dynamic light-scattering experi-
ment, and is of the order of 85 A. The average size
and the size distribution do not change, at a given tem-

perature, as a function of volume fraction.
Figure I shows a log-linear plot of the ratio cr/p as a

function of temperature for all the volume fractions we

studied. One immediately sees that the conductivity fol-
lows a sigmoidal curve with the lower portion of the
curves converging to a common straight line, nearly hor-
izontal. This is precisely the prediction of the charge-
Auctuation model of Eicke et al. ' As the temperature
increases, at a given volume fraction, the percolation
phenomenon sets in and the conductivity increases by
more than 4 orders of magnitude. Finally, the conduc-
tivity saturates for all values of the volume fractions,
reaching a value corresponding to the infinite-cluster
limit of the static percolation.

1462

I —2'
10

I

10

Nt% @gB qpP'o qg

0 ooo o o oo oo o0 oo o 0 oo o o0 oo 0 0 00 0 o 0o oooo ooo o o
o 0 oo 0 0= .65 0 o o 0 0

0 o o o
0 o 1 0 o0 o o 0o 0

0 0 0 0 0 0
0 0 o 00 o 0oooo oo 0

0 0 0 0 0 0 0 ooo
0 o 0 o o g

o oo o o o ooo
0 0

oo 0 0 0 0 0 0 oo 0 0 0

ggy ~~IF

g $=.098

10
20 30 40 50

T('C)
FIG. 1. The measured conductivity o'/p as a function of

temperature for the following volume fractions (from right to
left): p 0.098, 0.125, 0.150, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45,
0.50, 0.55, 0.60, 0.65. The solid line represents the locus of Eq.
(I).

The charge-fluctuation model we are referring to' ex-
plains the excess conductivity of the microemulsion over
that expected for the nonpolar solvents, decane in our
case, up to 10 orders of magnitude, in the regime of very
dilute microemulsions. The average charge of a mi-

croemulsion droplet is zero, since the number of negative
ions of the surfactant molecule is on the average bal-
anced by the positive counterions in the water core. The
charge Auctuations may be due to the transient migra-
tion of the sodium counterions or the surfactant anions

away from the droplet, which causes a net charge z to be
produced. The conductivity is then equal to cr

=ne (z2)/6ngr, which assumes that the charge transport
is mediated by Stokes-Einstein diffusion of the charged
sphere of net charge ze and number density n, in a sol-

vent of shear viscosity rl. The mean-square charge fluc-

tuation ((ze) 2) is then evaluated from the thermodynam-
ic fluctuation theory in conjunction with Born's theory of
ionic solvation to obtain (z ) erkeT/e, where e is the
permittivity of decane. In this model the conductivity is

independent of r, but its ratio to the volume fraction, the
specific conductivity, is given by

g eke T (I)
8n gr

All the quantities appearing in Eq. (I) are accurately
known from other experiments and allow a precise evalu-
ation of o. Since free difl'usion of the droplets is as-
sumed, we expect this theory to be valid only in the low-

volume-fraction limit. The solid line in Fig. 1 refers to
an evaluation of Eq. (I) with the values of e and q for
pure decane ' and the radius of the droplets equal to 100
A. The agreement between the fluctuating-charge model
and our data is quite good for the measurement taken at
low volume fraction over more than 15 in temperature.
The range of validity of the theory reduces as p in-

creases, even though the low-temperature limit of the
conductivity seems to approach the theoretical value.
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For a polydisperse system of spheres the r in Eq. (1)
should be replaced by (r ). For a Schultz distribution of
sizes, &r ) =1.3(r), leading to an effective hydrodynamic
radius of 91 A. This value is very close to the result of
dynamic light scattering, which is approximately 85 A.

In Fig. 2 we report the analysis of our measurements
in terms of the power laws of dynamic and static per-
colation. We plot the scaled conductivities T~(a/A)
and Tp(rr/B) 'i', where A and B are the amplitudes of the
anomalies, as a function of the distance T Tp

—for each
volume fraction. The percolation threshold has been lo-

cated approximately at first from the inflection point of
the curve cr vs T and then successively refined by means
of a nonlinear least-squares analysis which also gives the
exponents s'=1.2+0.1 and t 1.9+0.1. The percola-
tion thresholds as a function of T and p determined in

the two ways agree very well with one another. The
agreement with the static percolation theory above the
threshold is very good for all cases. The deviations from
the dynamic percolation behavior below T~ are more evi-

dent for data at low volume fractions. The deviation
from the power-law behavior shows up at a distance in

temperature from T~ which becomes increasingly small-

er. However, precisely in this region the charge-
fluctuation model fully explains the experimental results.

In Fig. 3 we show, in a T-p plane, with open circles,
the locus of lower cloud points and, with solid circles, the
locus of the percolation threshold determined above.
Below the cloud points the microemulsion exists in an

isotropic one-phase state and to the right of the percola-
tion locus it is in a highly conducting state. The thin
solid line is the locus of spinodal points, corresponding to
the lower cloud points, calculated using an interdroplet
potential consisting of a hard core plus an attractive Yu-
kawa tail. The thick solid line and the dashed line are
the percolation lines calculated using the second and
third models of the theory of percolation introduced by

Xu and Stell. In this theory three models are considered.
The first one is referred to as connectedness with certain-
ty, where two particles are considered to be directly con-
nected if the distance between the centers is within a
given distance. The second and third models are referred
to as connectedness in probability and are defined in

terms of the probability of two particles at a given dis-
tance apart being connected. In transcribing the latter
theory to make it applicable to the lower-consolute-point
phenomena, as in the case of AOT-based microemul-
sions, we explicitly take into account the temperature
dependence of the interaction strength of the Yukawa
potential:

P ()=-Ke '" "/ ( )I) (2)

where P=l/kqT, x is the interdroplet distance divided

by the diameter of the droplet 2r, z is the range of the
potential in units of 2r, and the strength parameter K is
taken as

Ke' Ko+K)T+K2T . (3)

60

We choose the parameters such that z =0.73, Ko
= —0.0329, Ki =0.013, K2 =2.124x10, and T is ex-
pressed in 'C. This is an empirical relation obtained by
Chen and co-workers' in fitting small-angle neutron-
scattering data of the same microemulsion system taken
in the critical region. In using the percolation-in-
probability approach of Xu and Stell we choose the pa-
rameters K+ li, K for the second model, K+
= —exp(XK) for the third model, and z+ =z, with the
parameter X, =0.45. It is amazing that the model of Xu
and Stell, when combined with the empirical relation,
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FIG. 2. The scaled conductivities (defined in the text) for

all volume fractions plotted as a function of T Tp. Solid lines

represent the power laws below and above the threshold.

FIG. 3. The experimentally determined cloud-point curve

(open circles) and percolation line (solid circles) compared to
the computed spinodal line (thin solid line) and percolation
locus for the second (thick solid line) and the third model

(dashed line) of Xu and Stell.
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Eq. (3), produces such a quantitative agreement with the
experimental percolation locus. The first model of Xu
and Stell gives a steep percolation line going from the
theoretical critical point at ts, =0.137 and T, =40.6 'C
to the hard-sphere limit pits=0. 144 at low temperature
for a particle distance equal to 2.2r and z =0.73.

In conclusion, we have shown clear evidence that the
charge-fluctuation model of conductivity is applicable in

ionic microemulsions at low volume fractions, and the
power-law behavior near the percolation point is well

obeyed above the threshold for all volume fractions, but
the range of validity below the threshold is increasingly
limited as the volume fraction decreases. We have ex-
plained the locus of percolation line in the T-tti plane, for
the first time, using the percolation-in-probability models
of Xu and Stell, suitably modified to take into account
the temperature dependence of the interaction strength.
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