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Dielectric relaxation and percolation phenomena in ternary microemnlsions
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Dielectric relaxation of water/AOT/oil (iso-octane, undecane, dodecane, cyclohexane) mi-

croemulsions was studied by means of time-domain spectroscopy. [Here AOT is an abbreviation for
sodium bis{2-ethylhexyl)sulfosuccinate. ] The experiments were carried out for several values of the
volume fraction P {water + AOT) and of the molar ratio n = [water]I[AOT]. They showed the
presence of a maximum of static permittivity e, associated with a minimum of the relaxation fre-

quency vz and a maximum of the frequency-spread parameter a. The influence of the salt content
was also considered. The results are discussed with reference to the theory of percolation, and were
found to be in close agreement with the theoretical predictions. By analogy with previous results on
conductivity [M. Moha-Ouchane, J. Peyrelasse, and C. Boned, Phys. Rev. A 35, 3027 {1987)],the
influence of temperature is discussed. The important part played by interactions and the

phenomenon of "hopping" are demonstrated in connection with an already existing model (an off-

lattice simulation). Finally, the results show the importance of the notion of "percolation threshold
lines" introduced previously (Moha-Ouchane, Peyrelasse, and Boned).

I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

In a previous article' we studied the conductivity of
the water-AOT-undecane system [AOT is an abbrevia-
tion for sodium bis(2-ethylhexyl) sulfosuccinate]. We
showed that it obeyed the percolation laws

o ~(P —{()„)"if P&{()„,
cr ~({(„—{t) ' if P&P„,

where cr is conductivity, P the volume fraction
(water+AOT), and P„ the percolation threshold value.
We used p = 1.94 and s =1.2 which expresses the dynam-
ic aspect of the phenomenon. We carried out a sys-
tematic study as a function of molar ratio
n =[water]I[AOT], of temperature, and of the water/salt
content. The results plotted in the ternary diagram show
a line of percolation thresholds. Figure 1 displays the re-
sults obtained. At a given temperature the threshold line
divides the realm of existence of the microemulsion into
two area: (C) where P&P„and where the system is
therefore highly conducting, and (NC) where {{)&P„and
the system is then a poor conductor. Similarly, at fixed
temperature and molar ratio, the threshold value in-
creases with salt content.

The phenomenon of percolation, very clearly observed
for conductivity, must also be involved for other physical
properties. When we made conductivity measurements
on the water/AOT/undecane system we sometimes also
measured dielectric relaxation, at the same time and for
the same samples. In this paper we will present both
these results, and those obtained later on for other sys-
tems: water/AOT/cyclohexane, water/AOT/dodecane,
and water/AOT/iso-octane.

Techniques for measuring dielectric properties by
time-domain spectroscopy have been recently developed
and present several advantages compared with conven-
tional measurements in the frequency domain. Firstly,
the method is fast; a complete dielectric relaxation spec-
trum can be obtained in only a few minutes. Secondly,
the large number of experimental values obtained enables
the relaxation domain to be plotted with an excellent
definition.

The development of our experimental apparatus has al-
ready been reported in two technical articles. ' It is a
compact Tektronic WP 1200 unit with a reAectometer
and a digital processing oscilloscope monitored by a cal-
culator. Precise determination of the complex permittivi-
ty e* is possible as long as u &10 Sm '. Studying al-
cohols with well-known properties, we verified that the
relative uncertainty on e' and e" (e'=e' je";j = —1)—
is about 3%. A low-frequency study of static permittivi-
ty was carried out with a Hewlett-Packard 4192A im-
pedance meter monitored by the calculator. Using a
Wayne-Kerr B331 autobalance precision bridge and Mul-
lard platinated cells (Philips), determination of low-
frequency electrical conductivity was carred out at 1.592
kHz.

We used cyclohexane (Fluka AG), iso-octane (Fluka
AG puriss}, undecane (Fluka AG purum), dodecane (Flu-
ka AG purum), and AOT (Fluka AG purum). In some
cases we used solutions of sodium chloride (Prolabo Nor-
ma pur). All samples are characterized by the volume
fraction P (water and AOT} and by the molar ratio
n = [water]I[AOT]. All the experiments were carried out
at 25.0+0. 1 'C, unless otherwise indicated.
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AOT volume fraction, the molar ratio, and the salt content. So
one can write

ez is the permittivity when co~ ~, v„ is the frequency of
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FIG. 1. (From Ref. 1.) (a) Water/AOT/undecane system.
Percolation threshold lines. ~, T=15'C; A, T=25'C; ~,
T=35 'C. (b) Water/AOT/undecane system. Percolation
threshold lines at T =25'C.
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III. EXPERIMENTAL RESULTS

A. General observations

For all the samples studied we noted that all the mi-
croemulsions present not only overall conductivity but
also a dielectric relaxation. Consequently, the complex
permittivity e'(co) (co=2~v, where v is frequency) can be
exPressed as e*(co)=ez (cu) —jo /coco, where ec is the Per-
mittivity of a vacuum and ez(~)=e'(~) —jez(~)
represents the relaxation term. When o. (10 Sm
our apparatus can measure e*(co), but beyond this value
it can only determine the static permittivity e, . For all
the microemulsions we were able to study, the curve
ez(cu)= f[a'(cu)] is a semicircle centered under the e'

axis. Furthermore, the distribution of relaxation times
shows that the relaxation observed satisfies the Cole-Cole
empirical equation whatever the nature of the oil, the

log (v)

FIG. 2. Water/AOT/undecane system {P =0.20, n = 12,
T=25 C). (a) e&(e') curve. Frequencies are in MHz. (b) Vari-
ations of e' vs frequency (Hz). (c) Variations of e& vs frequency(Hz);, curves calculated using Eq. (3) with e, =10.77,
ei, ——2.65, v„=53.42 MHz, and +=0.365.
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FIG. 3. Water/AOT/cyclohexane system (T=25'C). Varia-
tions of e, vs tII for different values of n V,. 2; 0, 5; A, 8; 0, 13;
~, 16.
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the maximum absorption, and a is the frequency spread
parameter. Figure 2 is a characteristic example. One can
observe the excellent agreement between the experimen-
tal values and the values calculated from the Eq. (3). The
reader can also refer to a previous paper concerning the
water/AOT/dodecane system, and a more recent paper
concerning other systems.

l

IO

FIG. 5. Water/AOT/cyclohexane system l P =0.50,
T =25'C). Variations of v„(MHz) vs n.

B. Influence of the volume fraction and the molar ratio

1. W'ates /AOT/cyclohexane system

Figure 3 shows that e, =f(P) is always increasing.
The e, =f (n ) curve goes through a maximum for n close
to 5 when P is high (Fig. 4). Figure 5 shows the varia-
tions of v~ as a function of n.

2. Water/AOT/dodecane system (Ref. 5)

Figure 6 represents the e, =f(P) curves at n =C". If
n )6 the curves go through a maximum which moves to-
wards small values of P when n increases. Figure 7 shows
the variations of vent as a function of P at n =C". If n & 6
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FIG. 4. Water/AOT/cyclohexane system (T=25'C). Varia-
tions of e, vs n for different values of P.

FIG. 6. Water/AOT/dodecane system (T=25 C). Varia-
tions of e, vs P for different values of n. 6, 0; ~, 2; X, 3.6; ~,
4.4; o, 6;+, 7; A, 10.
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FIG. 16. Water(+ NaCl)/AOT/iso-octane system (n =8,
T=25'C). VT=2 ' !. ariations of a vs P for different values of . o
1%' 6, 2%.

o p, . 0,
FIG. 19. Water( +NaCl)/AOT/iso-octane system ( n = 8,

P =0.3, T=25 'C). Variations of a vs p, (%).
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imum of a (Fig. 16) and a minitnum of v„(Fig. 17).
Studying the system as a function of p, at /=0. 30 and
n =8, we observed that the amplitude of the relaxation
and frequency spread a decreases very rapidly when p,
increases, while vR increases very rapidly (Figs. 18, 19).

e have already reported a similar result for the water
(+NaC1)/AOT/dodecane system (Fig. 20).

IV. ANALYSIS OF THE RESULTS

A. Theoretical background

0.2
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O.6

FIG. 17. Water( +NaCl)/AOT/iso-octane system ( n =8,
T= 25'C). Variations of vs (Hz) vs P for different values of p, .

A, 1%; 0, 2%;03%.

Thee determination of the complex permittivity of
eterogeneous systems is a well-known problem which
as attracted many research workers for some time now.

From the most general point of view the complex permit-
tivity e* of a heterogeneous binary system must be ac-
counted for by a relation of the form e'=G( "

&i ~&2»Pk
where e, and ez are the complex permittivities of com-
ponents 1 and 2, P is the volume fraction of constituent 1,
and pk represents parameters which enable the function
6 to contain all the information on the geometry of the
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FIG. 18.18. Water/AOT/iso-octane system (n =8, P =0.3,
T=25'C). Variations of e, and vz (MHz) vs p, (%).

FIG. 20. Water(+ NaCl)/AOT/dodecane system (n =4.4,
/=0. 308, T=25'C). Variations of e, and v„(MHz) vs p (%)
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dispersion and on the interactions taking place within the
system. The models by which the function G can be ob-
tained are most often based on the effective medium or
mean-field theories. They generally yield good results
when the interactions in the mixture are weak, which is
often the case at low volume fractions of one of the com-
ponents, and as long as the dispersion can be considered
as macroscopically homogeneous. On the other hand,
when the dispersed particles can no longer be considered
as isolated; in other words, when clusters of varying sizes
form, the conventional models no longer apply and the
concept or percoIation can successfully be used.

We have already indicated in Sec. I that for systems of
the water/AOT/oil type, percolation played a part in the
description of conductivity. Relations 1 and 2 concern-
ing percolation for conductivity are particular cases of a
more general relation concerning complex permittivity: '

(4)

then

0'2/cr )

I

(P+~)

(J~ )
—S/(/l+S ) (5)

When ()I) =()), we are still in a situation in which
I
z

I
»1,

whatever the value of co. Finally, following a suggestion
made by Bergman, the following was proposed ' for the
relaxation frequency:

o = c)cr (( i()
—P, )" .

(c) For
I
z

I
»1, we obtain

[s/(p+s)]~a [p/(p+s)]—C6]

and in these conditions e' is independent of P. Let us as-
sume that the constituent 2 is a perfect insulator (o 2=0).
If co is such that e„«o, /(e()co ) we obtain

where the exponents p and s are identical to those in-
volved in Eqs. (1) and (2). The function f (z) where z is a
complex variable satisfies the following asymptotic forms:

Iz I
«1, f(z)=c, +c',z,

I
z

I
«1, f(z)=c2z,

I
z

I
»1, )(fP, f(z)=cz"~("+" .

If one assumes that the two constituents are dielectric
conductors of permittivity e], and e2, and of conductivity
0.

] and 02, we have

Op Op
] =~]s J, 62 =62s

6'pter)

GpN

The system presents a real permittivity e, and a con-
ductivity cr. We will determine these two quantities for
the following particular cases.

(a) For P & P„ I
z

I
« 1 we obtain

valid only when P is near P, .

B. Dielectric percolation in microemulsions

1. Threshold of dielectric percolation

The above relations show that if P~P„e,
This relation is not valid for

=P, (
I

z
I
»1), and in fact the curve e, =f(P) must go

through a maximum for (I) =()), which can be observed in
Figs. 6, 9, and 15. We will use ()(,d to refer to the value of
the percolation threshold determined from the e, =f(P)
curves at n=C". In Fig. 21 we have represented the
variations of P,d as a function of n for the

+c
0.60-

e, =c2ez, (P, —P) ', o =c2c 2(P, —P)

(b) For P & P„ I
z

I
« 1 we obtain

T

C] ~]s
e, =cI ez, (P P, )

' 1+ —(P —(I), )'"+'
C ] 62s

0.40-

I

o =c(o )(P—()(), )" 1+ (P P, ) '"+'— 0.20-

As p, +s is positive and e], /e2, does not go to infinity,
when P is close to P, we obtain

e, =c', ez, (P —P, )
I

10
I

20
I

30

Thus, when close to P„e, varies according to
' to either side of P, . Moreover, if o 2/cr ) « 1

(for example, with a perfect insulator cr2 ——0), close to the
percolation threshold one can still find

FIG. 21. Water/AOT/undecane system ( T= 15 'C). Varia-
tious of the percolation threshold vs n 0, values for (.(),z deter-
mined with static permittivity; 6, values for P„determined
with conductivity.
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water/AOT/undecane system at 15 'C. In the same
figure we have plotted the P„=f(n) curve which was ob-
tained from the conductivity curves for the same samples.
As indicated in a previous paper' the values of P„have
been determined by numerical analysis of the data, using
Eqs. (1) and (2). We have checked' that the values of P„
obtained in that way do fit with the maximum of
d(log, oo )/dP versus P. It is apparent that the two curves
P„=f(n) and P« ——f(n) have the same shape and both
present a minimum at approximately n =8. But the
values of P«are for constant values of n higher than
those of P„. We have reported in Fig. 22 the variations
of d(logtoo )/dP and e, as a function of P for the
water/AOT/undecane system at T= 15 'C and n = 8
(which correspond to Fig. 1 of Ref. 1). One may observe
that the locations of the maxima corresponding to P„
and P«values are quite different Th.e curves P„=f (n)
and P« ——f (n) seem to merge together at high values of
n. An identical result is obtained for the
water/AOT/dodecane system. We should point out that
the difference between P«and P„has already been ob-
served by Van Dijk" for the water/AOT/iso-octane sys-
tem.

2. Determination of the critical exponent s

When log)os, =f(logio
l P —P« ~

) is Plotted a straight
line of slope s should be obtained close to the threshold.
For example, Fig. 23 corresponds to the water/
AOT/dodecane system (n =7, T =25'C, P« ——0.20). It
is apparent that on this curve no area of linear variation
immediately around P«can be identified. The curve

e, =f(P) goes through a maximum and the slope tends
towards zero if P~P«. However, there is a linear part if

/&0. 15, with a slope of —s with s=1.65. This value
does not correspond to the value predicted by the per-
colation theories (s =0.7 for static percolation and
s=1.2 for dynamic percolation). The difference with s
(value obtained by conductivity) resides no doubt in the
fact that we determine the slope relatively far from the
threshold and that the development of the function f (z)
is only valid if P is fairly close to P«. It should be point-
ed out that since e, does not change by very much, the
actual scaling regime may be quite small. We observed

that s is fairly constant.
If we now allow that the exponent relatively far from

loge( Cs)

I
-2.5

I

-I.S
1

)o(le I&..-C I

FIG. 23. Water/AOT/dodecane system (n =7, T=25'C).
Variations of log

~ pe vs log~p
~
$ d

—P ~
(P & P,„).

3. Behavior of vR

We have seen that vtt cc
~ P —P, ~

"+"which indicates
that v„~0 if P~P, (on either side of P, ). Such behavior
is observed experimentally at the rnaximurn of the

I

l.65

P« is given by s =1.65, the percolation threshold can be
determined in cases where the maximum of curve
e, =f(P) has not been obtained experimentally. To do
this, e, '~' ' is plotted as a function of P. Figure 24
shows an example for the water (+NaC1)/AOT/iso-
octane system. By this method we were able to complete
the P«(n) curve for the undecane (point n =30 of Fig.
21) and to plot the P« f(n )

——curve for the
water/AOT/iso-octane system (Fig. 25). Once again it
can be observed that P« is higher than P„but that the
minimum of the two quantities corresponds to the same
value of n. Similarly, Fig. 26 represents the variations of

as a function of the salt content for the water
( +NaC1)/AOT/iso-octane system.
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FIG. 22. Water/AOT/undecane system (n =8, T=15 C).
Variations of e, (o) and d(log, po )/dP(b, ) vs P.

FIG. 24. Water(+ NaCl)/AOT/iso-octane system
(T=25'C). Variations ofet, ' ' ' vs P. 6, n =10,p, =0%; 0,
n =8,ps =2%.
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FIG. 25. Water/AOT/iso-octane system (T=25 C). Varia-
tions of the percolation threshold vs n o,.values for 4),q deter-
mined with static permittivity; 6, values for P„determined
with conductivity.

6.5-

e =f(P ) curves, (P =P,d ), vn is at its minimum. Figure
27 represents the curves of variations of log, ave as a
function of log, o1$,d —P 1

for the water/AOT/ dodecane
system (n =7). In Table I we have reported the values of
the slope p which can be compared with the value
p+s=3. 14. Here one can recall the remarks made by
Benguigui. On a metal-insulator system studied in two
and three dimensions, he notes that while the scaling
theory functions perfectly in two dimensions, differences
appear in three dimensions. In particular, the exponent p
of the relaxation frequency vR is different from )M+s (in

this example it was a case of static percolation), though it
remains close (2+0.2 instead of 2.65). He concludes his

paper, by saying that the origin of the differences is un-

clear. However, for the dielectric properties of a perox-
ide cross-linked polyethylene carbon black composite sys-
tem, ' he 6nds p =2.6+0.2, agreeing closely with

p+ s =2.65 for static percolation. Our results seem
therefore to indicate that the relation vita ~ P —P, ~

'"+"

cd

0.6-

I
—I.5 log io 14'ca 4'I

FIG. 27. Water/AOT/dodecane system (n =7, T=25'C,
P,d ——0.&). Variations of log, ov„(Hz) vs log, o ~ 4,„—t))

~

.

is also valid in the case of dynamic percolation, with
s=1.2. This result confirms the suggestion made by
Bergman.

5. Results obtained at variable molar ratios

4. Variations of e at high frequencies

Equation (3) gives eh —E), (x (jro} "'' if v/vtt is high

enough. Close to the threshold 1en 1
&~e), and as a first

approximation we have en' cc(jro} " '. Close to the
threshold, by comparison with Eq. (5), we have

a~@/(p+s) if P~P,d. If s=s we obtain a~0.54. Ex-
perimentally it is quite clear that a is at a maximum close
to the threshold, and has a value of between 0.46 and
0.50. For the water/AOT/iso-octane system, Van Dijk
et al."'z find a =0.62, agreeing closely with
a~@,/(p+s} if one takes s =s =1.2.

0.4-

Measurements carried out at n variable and P con-
stants (Figs. 4, 5, and 11—14} present maxima or minima
according to the conditions. As for conductivity' the
shape of the different quantities e„v„,a as a function of

0.2

TABLE I. Water/AOT/dodecane system ( T =25 'C).
Values of P,~ and of the slope p versus n

cd

FIG. 26. Water(+ NaC1)/AOT/iso-octane system (n =8,
T=25'C). Variations of P,d with salt content.
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n can be explained by considering the variations of
—P,d(n) ~. Figure 28 (/=0. 3) is characteristic, and

shows clearly that the maximum observed on the e, (n}
curve is linked to the fact that the quantity

~ P,„(n)—P ~

0.6—

0.4-

is then minimal. It can also be noted that when /=0. 2
the maximum of e, is less marked since

~

0.2 —P,d(n)
~

'&
~

0.3 P—,d(n)
~

' (Figs. 11 and 14).
The same considerations explain why vz(n) is at a
minimum there. Furthermore, on approaching the per-,
colation threshold a~@/(p+s ), which allows an under-
standing of the maximum of the a(n ) curve.

Consequently, all these results can be given a highly sa-
tisfactory qualitative interpretation within the theory of
percolation. As for the quantitative interpretation, it is
quite acceptable.

C. Behavior far from the percolation threshold
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Before the notion of dielectric percolation was intro-
duced for microemulsions, " many authors tried to ex-
plain the variations of static permittivity in terms of the
conventional mixture laws. They all came up against the
problem of the large values of e, which are encountered
close to the percolation threshold. In the context of a
spherical dispersion model the maximum value of e, that
can be obtained, for example, by means of Hanai's law, '

is given by e, =@2,/(1 —(()) (obtained when
~

e~
~»

~
e2

~

}. If, for example, we take /=0. 26 and e2, -2
(static permittivity of pure oil) we obtain e, =4.9. For
the same volume fraction, Fig. 9 shows that with the un-
decane ( T= 15 'C and n = 11), the value measured is
equal to 46. Two different approaches have been used in
an attempt to explain this difference.

(a) Introduction of an apparent volume fraction this
leads to results that are difficult to accept. In the previ-
ous example $,=0.65.

(b) Introduction of anisotropic objects ' ' other au-
thors have reported that spherical particles might aggre-
gate to form clusters, which from the dielectric point of
view could be assimilated with revolution ellipsoids. In
the case of the water/AOT/dodecane system the analysis
(by extension of Hanai's law to nonspherical cases) yields
a high axial ratio, of the order of 9, at the maximum of
e, . Furthermore, the ratio is then itself at a maximum.
No other method has been able to confirm anisotropy.

The nature of the phenomenon which leads to the ap-
pearance of a maximum of e, and a minimum of vR is
now known. However, when the system is far from the
percolation threshold one can expect the conventional
theories to apply. We have already made such an obser-
vation for the water/AOT/dodecane system: one could
possibly suggest the involvement of the superficial distri-
bution of charges at the oil/AOT/interface. Figures 18
and 20 show that at very high values of p„Hanai's law
yields an acceptable value. Similarly, Figs. 28, 29, and 30
are characteristic. It can clearly be seen (Fig. 30) that if
one approaches P,d the experimental points move away
from the curve plotted by means of the classical mixture
laws, Hanai's and Maxwell's relations, and Schwarz's
theory' to account for the superficial charge.

D. InAuence of temperature
FIG. 28. Water/AOT/iso-octane system ( T=25 'C). Varia-

tions of e, (O, /=0. 3; 6, /=0. 2), v„(O, ({)=0.3), and a (0,
(()=0.3) compared with variations ofb, d (0) and ({)„(6)vs n

We did not investigate dielectric properties as a func-
tion of temperature. However, a recent paper by Van
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20—

10-

Ine same var&ation shape was also observed for the
water/AOT/decane system' at n =40.8. Similarly, it

can be predicted that the frequency vti(T) will move
through a minimum, corresponding to the maximum of

%e observed this behavior in a previous study for
quaternary type water/hexadecane/potassium oleate/
hexanol microemulsions. But at that time we had no ex-
planation for this unusual result.

V. DISCUSSION

I

0.2
I

0.4

FIG. 29. Water/AOT/iso-octane system ( T=25'C, n =24).
Variations of e, vs P. o, experimental data; —,curve calculat-

ed using the relation e, =e„/( I —Pl' (e„=1.926).

Cs I

O. l

I
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I
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FIG. 30. Water/AOT/cyclohexane system ( T=25 C, n =8).
Variations of e, vs P. o, experimental data; —,curve calculat-
ed using Maxwell's, Schwarz's and Hanai*s relations.

Dijk et al. ' gives a few indications. They studied varia-
tions of static permittivity as a function of temperature
for the water/AOT/iso-octane system at n =27 for
different values of water content, and therefore of P. At
constant n and P the static permittivity passes through a
maximum at a temperature which decreases as P in-

creases. This result can be interpreted with reference to
the theory of percolation by introducing a critical tem-
perature, as has already been done for conductivity. ' At
T = 15 'C let us consider point 8 in Fig. 1(a}. It is located
below the threshold line (NC zone). However, at 25'C it
is located above the threshold (C zone). At a temperature
T, between 15 and 25'C point 8 will be located on a
threshold line. Therefore, a percolation transition can be
observed at constant volume fraction and molar ratio
when temperature varies. Furthermore, Fig. 1(a) clearly
shows that at constant n, T, decreases as P increases. It
is highly likely that the threshold line P,d undergoes de-
formation like the threshold line P„and it will subse-

quently be apparent that the curve e, (T}presents on the
one hand a rnaxirnum, and on the other hand, that at
constant n the maximum is located at a temperature
which decreases as the water content rises.

In the course of this study we have shown that experi-
mental results related to complex permittivity of
water/AOT/oil microemulsions are conditioned by the
phenomenon of percolation, in the same way as results
related to conductivity. The existence of a maximum on
e, =f(P) curves does not enable the determination of the
theoretical exponent which can only be obtained in the
immediate vicinity of the percolation threshold. Our re-
sults lead to a value of the exponent far below the thresh-

old equal to s=1.65, which is slightly higher than the
predicted value of s=1.2. The difference with s is un-
doubtedly due to the fact that, within these conditions,
the development of the function f(z) is invalid. The
theory of percolation enables satisfactory interpretation
of the variation of v„(P) and a(P). Knowing the P,d(n )

curves can also allow us to understand the shape of the
various curves of e, (n), vii(n), and a(n). We also verified
that far from the percolation threshold the conventional
mixture laws account satisfactorily for the dielectric be-
havior of the systems studied.

However two problems still remain to be solved: the
variations of the value of the percolation threshold, as
well as the difference observed between the values of the
conductivity threshold P„and those of the permittivity
threshold P,d .

Percolation in ternary water/AOT/oil systems does
not seem to be due to the appearance of a bicontinuous
structure. For such a structure in the Talmon-Prager
model, ' for example, a single value is obtained for the
percolation threshold ( =0.15) (Ref. 22) which is in con-
tradiction with our experimental results. Another possi-
bility is to consider the percolation of a binary mixture of
hard spheres: in this case the value of P, is close to 0.15.
This value has often been used for microemulsions be-
cause it is close to the experimental results obtained un-
der certain conditions for quaternary systems (P, =0.08
to 0.14). However, it must be stressed that microemul-
sions differ from hard-sphere mixtures in several impor-
tant ways.

(a) The globules have much larger radii than those of
oil molecules, and the system cannot therefore be assirni-
lated with a mixture of conducting and nonconducting
hard spheres.

(b) A considerable number of experimental or theoreti-
cal investigations show that interactions between globules
play a fundamental role in the understanding of phase di-
agrams and light or neutron scattering properties.
%'hen the interactions increase they bring about demix-
tion, which occurs as a liquid-gas transition, and there
may be a critical point in the phase diagram. In fact,
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percolation in microemulsions should be treated as the
percolation of a dispersion of spheres interacting in a
continuous medium. Moreover, the problem should be
dealt with in the framework of a dynamic theory '

which is confirmed by the value obtained for the conduc-
tivity exponent below the threshold.

In the simple case in which the spheres are identical
hard spheres, without interaction, dispersed randomly in
an insulating continuous medium, the percolation thresh-
old will be obtained when the spheres come into contact,
in other words, at the close-packing volume fraction
(=0.65). If there is interaction the threshold varies.
Bug et al. and Safran et al. used numerical analysis
to study the variations of P, with intensity of interac-
tions. This model includes the role of Brownian motion.
We will give a brief overview of this model and the essen-
tial results it yields.

Interactions between particles of radius=1 are model-
ized by the potential V(r) with

c'c

0.8—

0.6-

0.4-

0.2—

aa

Q

if r&1
V(r)= —U if 1&r &1+A,

0 if r ~1+A,.
0.5I

The intensity of interactions varies with the parameter U
which represents the well depth, and the distance of in-
teraction corresponds to the parameter A, .

A shell of thickness 5 surrounds each particle, and two
particles are considered as belonging to the same cluster
if their shells overlap. It should be noted that A, and 6 are
two independent parameters and that 5 characterizes the
maximum distance between two spheres for a charge
transfer to take place. In this general definition of 5 it is
not necessary for two spheres to be in contact to belong
to the same cluster if it is accepted that they can ex-
change ions by diffusion through the oil when they are
close enough to each other ("hopping"). Also 5 can have
values higher than the interaction distance A, . If P
represents the volume fraction of hard spheres,
P=P(1+5) refers to an effective volume fraction. If

Figure 31, based on Ref. 29, represents the variations
of P, (the value of P at the percolation threshold) as a
function of 1/(1+5) for U=O and 2.2, A. being fixed at
0.1. One can observe that if 1/(1+5) )0.7, an increase
of U, and therefore of the interaction intensity, will
reduce the value of the percolation threshold, while the
opposite will occur if 1/(1+5) &0.7. If 1/(1+5)=1,
i.e., 6=0, the system is made up of hard spheres, and if
there are no interactions ( U =0), the percolation thresh-
old is obtained at 0.65.

The origin for the differences between the conductivity
percolation threshold P„and the permittivity threshold

P,d probably lies in the existence of a shell 5 refiecting the
distance of diffusion of ions between neighboring mi-
celles. As for conductivity, two micelles are considered
as belonging to the same cluster if the distance between
them is less than 2(1+5), whereas for permittivity, polar-
ization of the cluster is the important factor, through the
intermediary of the constituent with the highest polarity
(water), and in this case the droplets must be in contact to

FIG. 31. Curve of variations of P, vs 1/(1+5) (according to
Ref. 29). 0, U=O; 6, U=2. 2.

be considered as connected. Adopting this hypothesis,

It is therefore possible to estimate the distance of
diffusion since 5=((I),d /P„)' —1. From the experimen-
tal results one can calculate maximum values of 5 of the
order of —,'„ in other words, a few angstroms for the
"shell, " which is a plausible order of magnitude. Furth-
ermore, when n increases, 5(n) is observed to fall and
tend towards zero (cf. Figs. 21 and 25). It can be em-
phasized here that the value of the well depth at the criti-
cal point corresponds, in a mean-field calculation, to the
critical value U„given by

[(1+I,) —1][exp( U„)—1]——",

If X=0.1, we obtain U„-2.2. The theory also pro-
vides a critical volume fraction $„=0.13. It can be seen
in Fig. 31 that the minimum of P, obtained when U=2. 2
(a value very close to U„) corresponds to a value of
P, -P„. In the model proposed by Safran et al. , the crit-
ical volume fraction P„ is a lower limit for the percola-
tion threshold when A, and 5 are small. In the case of the
water/AOT/decane system, a critical point was identified
on the demixtion curve and, according to Honorat et al. ,
$„=0.127 at T, =25.5'C. It should also be pointed out
that in the case of quaternary systems, Cazabat et al.
show that the critical point is obtained for P„-P, for
systems in which strong interactions occur. Searching
for and determining lines of critical points will probably
enhance understanding of the correlations existing be-
tween the critical volume fraction P„and the percolation
threshold value P, .
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The fact that the value of P, depends on both U and 5
(at fixed A, ) shows that any attempt at quantitative inter-
pretation of the variations of the percolation threshold
will require knowledge of the interactions occurring in
the system. It was possible to draw certain general con-
clusions from the light scattering measurements. Interac-
tions increase if (a) the ratio n, and therefore the radius of
the micelles, increases; (b) the length of the alcohol chain
in quaternary systems decreases; (c) salt content de-
creases; or (d) the nature of the oil changes according to
the sequence toluene, cyclohexane, iso-octane, octane,
dodecane.

These observations allow a qualitative explanation for
a certain number of experimental results. We will assume
that charge transfer between droplets can only take place
if the globules are sufficiently close together, and there-
fore if 5 is small. Consequently, I/(1+5) will be fairly
large and in particular &0.7, in agreement with our ex-
perimental determinations of 5(n).

If n is fixed and if salt content is increased, the interac-
tions decrease and it is seen that P, increases in accor-
dance with Fig. 31. When salt content is high we obtain
(Fig. 26) high values of P, (0.6) showing that in this case
5 is close to zero and that the droplets behave like hard
spheres.

If we plot a curve of the variation of the conductivity
percolation threshold (at 25'C and n =8) as a function of
the number of carbon atoms C„of the oil chain, we ob-
tain a decreasing function of C„consistent with an in-

crease of the interactions (Fig. 32).
The curves of variation' of P„with T can also be ex-

plained in the light of the preceding observations. Light
scattering measurements show that like U, the distance
of interaction k increases with T. This brings about a
reduction in the threshold. It can be observed that at low
temperatures the percolation threshold has a high value.
If n =20, T= 15 'C, we obtain P„=0.6 with the unde-

cane, which shows that U and 5 are in that case close to
zero. However, at 35'C, for the same system, we obtain
values of P„close to the critical value P„, independently
of the value of n.

The variations of P„or P,d with n are more difficult to
explain. As the variations of the two thresholds are simi-
lar, in the following discussion we will use the notation P,
where P, will represent P„or P,d indifferently. For small
values of n, P, is observed to decrease as n increases
(Figs. 21 and 25) which is consistent with an increase in
interactions with the radius of micelles. When n in-
creases, the interaction U increases, but we have seen that

+cc

0.4-

0.2-

Cn

FIG. 32. Variations of P„vs C„(T=25'C, n =8).

5(n) seems to tend towards zero. In these conditions Fig.
31 shows that P, can increase. This is because the de-
crease in P, due to the increase in U can be coinpensated
by the increase in P, due to the decrease in 5 (rising por-
tion of the curve). Finally, it would be interesting to find
out to what extent the parameter A, depends on n and
therefore influences the value of P, .

Taking the above observations into account, we have a
good qualitative and quantitative description of the prop-
erties studied for ternary systems of the type, water/
AOT/oil. It seems that in certain conditions the same in-
terpretation can be applied to the partial results pub-
lished on quaternary systems, as we have mentioned.
However, the alcohol remains difficult to locate, which
makes quantitative discussion impossible.

It is clear on the basis of all the results that for any sys-
tem (ternary or quaternary, with or without salt, or wa-
terless), considerable prudence is required in the interpre-
tation of "accidents" observed on conductivity, permit-
tivity, dielectric relaxation, viscosity, etc. Before intro-
ducing a structural change, one should first verify the
nonpercolating character of the system. If the system
presents a percolating character, the position of the "ac-
cidents" should be studied in relation to the percolation
threshold line. If this is not done, there is a risk that false
conclusions might be drawn.
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