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Model disordered media provided by ternary microemulsions
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Variation of component ratios in a class of ternary microemulsions is shown to give model media of
prescribed microstructure. Observed structural changes are analyzed in the context of a percolative
phenomenon. The effective medium approximation predicts measured transport properties. Near per-
colation, transport properties are consistent with scaling characteristic of a static percolation transition.
The system therefore allows independent measurement of transport and mechanical properties in a well-

characterized disordered medium.

PACS number(s): 61.25.—f, 05.70.Jk, 82.70.Kj, 64.70.—p

The prediction of transport and mechanical properties
in a disordered medium requires an accurate characteri-
zation of the microstructure. While a large body of work
exists on theories and simulations to predict geometric
and transport properties of disordered media [1], no
well-characterized three-dimensional experimental system
has so far been available to test these predictions. More-
over, no system studied allowed the independent mea-
surement of transport and mechanical properties. We
show that ternary microemulsions formed from double-
chain quarternary ammonium surfactants with oil and
water provides such a system [2-6]. The system most
studied comprises didodecyl dimethyl ammonium
bromide (DDAB), water, and a C¢—C,;, alkane. DDAB is
essentially insoluble in both alkanes and in water, and is
therefore constrained to reside at the oil-water interface
[7]. This circumstance allows determination of micro-
structure relatively easily. The microemulsion is bicon-
tinuous through most of the single phase region as in-
ferred from conductivity [2,3,8], diffusivity [5], and
small-angle scattering [9] studies. At high water content
the system undergoes a structural transition to discon-
nected water droplets in oil.

An explicit random geometric model, the disordered-
open-connected cylinders (DOC) model [8] gives a
parameter-free interpretation of the microstructure. The
DOC model is an analytic approximation to a surface of
constant curvature. The topology of the interface is not
fixed. The microstructure exhibited by the interface can
vary from random monodisperse spheres to highly inter-
connected structures. The approximation to the actual
surface is a network of droplets connected (on average) to
Z nearest neighbors by cylindrical segments. The ap-
proximation leads to analytic expressions for the surface
area and volume of the internal phase enclosed by the in-
terface [8]. The model yields a unique density of sphere
centers n and coordination number Z characterizing the
liquid structure for a known water volume fraction, inter-
nal surface area, and effective surfactant parameter [10].
Small-angle x-ray scattering (SAXS) and small-angle neu-
tron scattering (SANS) spectra as well as conductivity,
viscosity, and diffusivity data are quantitatively con-
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sistent with the predicted structure [9].

We analyze the microstructural transition of the mi-
croemulsion system in the context of percolative phenom-
ena. The DOC model is used to predict the transition
from bicontinuous oil-water to a disconnected water-in-
oil phase. The percolation transition point is in agree-
ment with that deduced from conductivity and diffusivity
data. The experimental conductivity and diffusivity mea-
surements are compared with a theoretical treatment
based on effective medium theory. The microemulsion
exhibits behavior consistent with static percolation. The
scaling behavior of the transport and mechanical proper-
ties near the microstructural transition is consistent with
a static percolative system.

Microemulsion structure is uniquely constrained by the
local and global packing constraints of a surfactant mole-
cule at the oil-water interface. This shape is character-
ized by an effective packing parameter [10] of the surfac-
tant molecule which includes absorbed oil in the surfac-
tant tails. If v is the surfactant molecular volume (includ-
ing oil uptake), a is the area of the head group, and [ is
the tail length, the packing parameter is defined as
(v/al).4 The effective parameter is determined by ener-
getics and can be inferred from the phase diagram [6].
The values used in this study are given in Table I. The
packing parameter (v/al);y is assumed constant
throughout the L, phase. As the oil swollen volume of
the surfactant and extended chain length are fixed, the
only possible variable is the area per molecule. SAXS
data confirm that this is also constant across the entire
microemulsion phase region. We calculate the variation
of the coordination number Z and density of sphere
centers, n, with water content for all the oils listed in

TABLE 1. Values of the effective surfactant parameter [6] in
the presence of different oils used in this study. (These values
predict the phase boundaries of the microemulsion.)

0Oil Hexane Octane Decane Dodecane 1-Decene
L 1.28 1.18 1.15 1.12 1.18
al |er
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Table I at various surfactant-to-oil (S/0) ratios. The
values for n derived by the model are in agreement with
small-angle scattering data [9]. In all cases, the connec-
tivity of the interface varies smoothly throughout the L,
region. Figure 1 shows the experimentally measured
specific conductance [2,3] and the theoretically predicted
coordination number as a function of water content for
typical sets of experimental data.

Voronoi cells for random hard-sphere packings have
an average number of bonds about each vertex of 13.4.
In the DOC model an average number Z of these bonds
radiating from each vertex is sheathed with cylinders,
and is open to transport and conduction. If Z is large,
the network is well connected. At some well-defined
value of Z defined as Z_, the percolation threshold, there
is a transition in the topological structure of the random
network from a well-connected structure to a disconnect-
ed one. The bond percolation threshold for the Voronoi
tesselation with average coordination of 14 is p, =0.0956
[11]. We approximate the percolation threshold of the
DOC network by Z_.=13.4p,~1.3.

Consider the observed conductivity variation as a per-
colation transition. The DOC model predicts that the
coordination of the three-dimensional (3D) random net-
works decreases upon water dilution (see Table II and
Fig. 1). The initial decrease in coordination leads to a
slow drop in the conductivity, followed by an abrupt de-
crease in the conductivity at high water content due to
the loss of continuous paths through the water region of
the microemulsion. The model prediction for the
conducting-nonconducting transition point (Z =1.3) is in
excellent agreement with the experimentally observed
transition from a conducting to a nonconducting medium
(cf. Fig. 1 and Table II). The quantitative prediction of
the structural transition point illustrates the efficacy of
this sample parameter-free characterization of the mi-
croemulsion structure.
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FIG. 1. Experimentally measured [2,3] conductance data and
theoretically predicted coordination number Z as a function of
water content. The solid curve passes through the conductance
data. The dashed lines give the model prediction for the coordi-
nation number. The threshold Z. =~ 1.3 is shown along with the
prediction for the conduction transition point. (X) Octane
[(S/0)yeigne=0.176]; (A) 1-Hexene [(S/0)yeigh =0.667].
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TABLE II. Experimental quantities [2] and model prediction
for the system DDAB-octane-water with a surfactant-to-oil ra-
tio equal to 0.176 and an effective surfactant parameter
(v/al)g=1.18. Compositions and measured quantities for the
sample are given in the first through fourth columns. The fifth
and sixth columns give the parameters resulting from a fit to the
DOC model, where r, is the sphere radius and Z the coordina-
tion number.

2z —In(o) r,
¢Watcr ¢im (A ‘]) (Qilcm“ l) (;\} V4
0.12 0.106 0.008 67 7.75 44 8.1
0.13 0.113 0.008 60 8.0 46 7.5
0.14 0.121 0.008 53 8.5 49 6.45
0.15 0.129 0.008 45 9.0 50 3.7
0.16 0.137 0.008 37 10.4 52 29
0.17 0.145 0.008 30 12.2 54 1.9
0.178 0.152 0.008 23 14.8 57 1.4
0.185 0.157 0.008 18 16.3 58 1.1
0.19 0.161 0.008 14 16.5 60 1.05
0.20 0.169 0.008 06 16.6 63 0.5
0.21 0.177 0.00798 16.6 67 0.25

A careful study of NMR self-diffusion has been carried
out on the ternary microemulsion DDAB-dodecane-
water at various surfactant-to-oil (S /O) ratios [4,5]. Re-
sults of these studies mirror the conductivity studies—
the water self-diffusion coefficients are found to be highly
concentration dependent and to exhibit regions where
water molecules are confined to small domains, the water
self-diffusion constant varying by up to two orders of
magnitude upon dilution. The predicted variation of the
coordination number Z with water content is shown in
Fig. 2 along with the measured diffusivity. The self-
diffusion constant reduces significantly as the coordina-
tion number decreases.

Viscosity data for octane and decane microemulsions
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FIG. 2. Experimentally measured diffusivity [5] and viscosity
[2] data, and theoretically predicted coordination number Z as a
function of water content. (+) Dodecane diffusivity
[($/0)yeigne=0.185]; (x) Octane viscosity [(S/O)ueign
=0.293]. The solid curve passes through the experimental
data. The dashed line gives the average coordination number.
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was obtained along water dilution lines in the L, region
[2]. The microemulsions exhibit a high viscosity in the
bicontinuous low-water content region, which decreases
steadily as water is added. The minimum in the viscosity
curve coincides with the conductivity transition [12].
The variation of the coordination number Z as a function
of water content is summarized in Fig. 2. A general
trend of reduced viscosity as the coordination number de-
creases is evident.

Model predictions based on an effective medium ap-
proximation (EMA) for the conductance and diffusive
properties of the microemulsions are now compared with
experiment. Kirkpatrick [13] showed that for a network
of coordination number Z, the EMA predicts that
f(gg—o,)/(g+ Ao, )dg=0 where A=Z/2—1. The
pore conductance distribution f(g) is given by
f(g)=p,8(g —g,)—p;6(g —g;), where p; is the fraction
of bonds in the internal phase defined by p;=Z/13.4, Z
is given by the solution to the DOC model, and
P, =1—p;. The brine conductivity g; and the oil conduc-
tivity g, are taken to be asymptotic values (see Fig. 1) of
the conductivities of the microemulsion at Z=Z_, and
Z =0.0, respectively. In Fig. 3, the prediction of the
effective medium theory is compared with the experimen-
tal data across the full range of the conductivity measure-
ments. The agreement is good in all cases.

The effective medium theory for resistor network can
also be used to find the effective diffusivity of a random
medium [14]. Replacing g; by the asymptotic diffusivity
measured at high coordination number and setting g, =0
allows a prediction of the effective water self-diffusivity
D, in the microemulsion phase. This prediction of the
EMA is also compared with experiment in Fig. 3. The
quantitative prediction of the transport (conductive and
diffusive) properties near the microstructural transition is
a further indication of the accuracy of the DOC descrip-
tion of ternary microemulsion structure.

Of particular interest in the study of transport in, and
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FIG. 3. Comparison of the experimental conductance and
diffusive data (solid curve) with the EMA prediction (dashed
curve): Conductivity: (X) Octane [(S/0)y.eigne=0.176]; () De-
cane  [(S/0)yegn=0.250]; (+) 1-Hexene [(S/0)yeign:
=0.667]. Diffusivity: (*) Dodecane [(S/0)qeighe =0.333]; (+)
Dodecane [(S/0)yeigne =0.441].
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mechanical properties of, disordered media, is the
behavior of properties in the vicinity of the percolation
threshold [15]. For example, the behavior of the effective
conductivity of the percolative medium near
p.(=Z,/13.4) is described (for p >p,) by 0, =(p —p,)'E
where py is a critical exponent. Theoretically, the ex-
ponent uy is presumed to depend only on the dimen-
sionality of the medium. Numerous theoretical studies
and numerical calculations provide a currently accepted
value of the conductivity exponent, puz=2.0 [15]. From
the coordination number Z given by the DOC model and
the experimental conductivity data, we can evaluate ug
for the microemulsion. The values of the critical ex-
ponents derived from the data are given in Table III.
The experimental data are indeed in agreement with the
predicted values for static percolation; pp=~2.0. The
behavior of the effective diffusivity D, of the microemul-
sion near p, is also of interest. Since D, is proportional
to o,, D, has the same power law dependence on p near
p.- The value of the exponent derived from the
diffusivity data is given in Table III. The behavior is
again consistent with a static percolative system.

There is interest in the rheological behavior of chemi-
cal gels near the sol-gel transition [16]. Experimental
measurements indicate that near the gel transition, the
viscosity 7 diverges with an exponent k [~ (p —p.) ¥].
The value of k can be either in the range 0.6-0.8 [17] or
1.3-1.5 [18] depending upon experimental conditions. In
the former case the behavior of the system can be de-
scribed by a static percolation network [19]. The ex-
ponent k describing the divergence of the octane and de-
cane microemulsion viscosity near the threshold
(Z,~1.3) is k=0.40(+0.2) and k=0.75(£0.2) con-
sistent with a static percolation system.

It should be noted that the rheological properties of a
sol-gel transition are different from the properties of a
ternary microemulsion at the structural transition. In the
gel transition the viscosity diverges as the percolation
threshold is approached from below [~ (p —p,)”* for
p<p.]. In our system k describes the increase in the
viscosity above the transition [~ (p —p.)* for p>p, ].
The percolation model developed to explain the viscosity
divergence in the sol-gel system [19] supposes that the
behavior of 77 below p, is described by a superelastic per-
colation network. In contrast, the DDAB system is
analogous to an ordinary elastic percolation network,
which yields an elastic exponent k in the range 3.5-3.8.
It is not yet clear how to interpret the scaling behavior of
the viscosity of the DDAB system.

In summary, we have discussed the microstructural
transition of the ternary DDA B-alkane-water microemul-
sion in the context of percolative phenomena. The sim-
ple, parameter-free (DOC) interpretation of the micro-
structure is found to predict the percolative transition
point accurately. Experimentally measured transport
properties compare well with a simple effective medium
treatment. The scaling of the transport properties is con-
sistent with a static percolative transition.

Ternary microemulsions have previously been studied
as model percolative media. Several investigations of the
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TABLE III. Values of the conductivity (a) and diffusivity exponents (b) derived from the experimen-
tal data [2,5]. The theoretical prediction for the conductivity and diffusivity exponent is pg=pp=2.0.

Surfactant-to-oil ratio (S /0) is by weight.

(a) Conductivity

Hexane Octane

Decane 1-Decene

1.6+0.3(5/0 =0.253)
1.6+0.5(S/0=0.441)

1.8+0.2(§ /0 =0.176)

1.8+0.2(S /0 =0.250) 2.3£0.2(5/0 =0.250)

2.2+0.2(5/0=0.667)

(b) Diffusivity
Dodecane

1.4£0.4(S/0 =0.185)
1.85+0.4(S /0 =0.333)
1.85+0.4(S /0 =0.441)

ternary water-AOT-oil microemulsion [20-24] appear to
confirm that this system exhibits a dynamic percolation
behavior [25,26]. The characterization of the microstruc-
ture of the AOT microemulsions near the transition is
problematic, however; the behavior of the AOT-oil-water
system is not simply dependent on the volume fraction of
the internal phase, but depends as well on an unknown
interaction range, on the salt content [24], and on the
solubility of AOT in oil [7]. Effective transport proper-
ties in these systems can only be interpreted qualitatively
within the framework of a percolative system [24].
Describing the structural transition observed in DDAB
ternary microemulsions as a static percolative transition
is controversial. Microemulsions are in many cases no-
toriously labile systems. The DDAB system has, howev-
er, been deliberately designed. DDAB is virtually insolu-
ble in water and oil and is therefore constrained to reside
at the oil-water interface. This circumstance allows one
to understand the microstructure relatively easily. The
DDAB-C-C,,-water system exhibits a wide range of mi-

crostructure which can be predicted from elementary
concepts. This allows one to tune experimental variables
to give a specific microstructure and allows the indepen-
dent determination of the conductivity, diffusivity, and
viscosity [12]. The ternary DDAB-(Cy4-C,,)-water sys-
tem is a most appropriate candidate for the experimental
study of transport in disordered media. Recent water
self-diffusion measurements [27] in ternary DDAB mi-
croemulsions exhibit anomalous (time dependent)
behavior in agreement with a static percolative system
[28]. Finally, ternary microemulsion systems monomer-
water-DDAB have been shown to exhibit a predictable
microstructure and have been polymerized to produce a
solid porous material with a well-defined microstructure
[29]. This enables the study of flow, dispersion, and dis-
placement processes.
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