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Abstract: In the present review the percolative phenomena has been analyzed. Percolation is related to transport
phenomena in microemulsions, in particular the electric charge transport. The influence of different additives upon
electric percolation has been commented. The effects of the additives considered upon the microemulsion properties
appear to come about through their association with the surfactant interface. The effects of these agents on the ease
with which interdroplet channels allowing transfer of droplet contents are formed are not only responsible for their effects
on percolation temperature, but also have serious implications for the rates of fast chemical reactions performed in

microemulsions.
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INTRODUCTION

Colloid science has been the subject of a
revolutionary change, from a simple collection of
qualitative observations on the macroscopic behavior
of some complex systems to a discipline with a very
solid theoretical background. Almost all the
experimental techniques and theoretical procedures -
both physical and chemical- have been gradually
applied to the study of colloids. These facts give us a
general idea of how complex these systems can be.

One of the most important colloidal systems is
represented by those substances that, under certain
circumstances, can associate in solution and form
aggregates of a high number of units. These systems
are characterized by the fact that the contact area
between the aggregates that can be formed and the
medium that contains them is relatively large. These
aggregates may appear in various forms -according to
the conditions in which they were formed- such as
micelles, vesicles, bilayers, microemulsions, etc. All of
them present a high interest in practically all the fields
of scientific and technological development [1-6].

In particular, the characteristics that these systems
present are used to reproduce in vitro certain biological
aspects, such as chemical reactions taking place in the
cellular area, matter movements in the organism and
organic and inorganic transport phenomena within the
human body.
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Specifically, the study of micellar systems and
synthetic vesicles has experienced a strong rise over
the last years. Such was the impetus of these studies
and their development that nowadays this area of
knowledge has acquired its own name, being known as
'‘Biomimetic Chemistry' [7-8].

Additionally, it is important to point out that the great
chemical interest that these systems present derives
from their capacity of solubilizing a great quantity of
compounds with well-differentiated hydrophobic and
hydrophilic properties [9-11]. Therefore, catalysis in
these media constitutes an alternative to the phase-
transfer catalysis and other techniques for reactions of
water-insoluble organic substrates with water-soluble
reagents. We must emphasize the great kinetic interest
that these systems present either as scalable reactors
that may act as catalysts concentrating the reagents in
the colloidal core, or as inhibitors separating the
reagents into different domains of these systems [12-
18].

The aim of this paper is to review the behavior of a
type of colloidal system aggregates, microemulsions,
and the electrical percolation that occurs in them, a
phenomenon related with transport of matter or charge
that can be influenced by the presence of additives.

MICROEMULSIONS

Definition and Types of Microemulsions

Microemulsions or inverse micelles are colloidal
aggregates formed by the self-association of
substances called tensioactives [19] (organic
compounds with a long hydrocarbon chain and a
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hydrophilic head Scheme 1) in solutions whose major
solvent is either organic or apolar. This makes the
tensioactive molecules form associations that can
present different forms depending on the tensioactive
type. The hydrophilic heads of the tensioactive
molecules would be at the center of the aggregate,
while the hydrophobic carbon chains would be left in
direct contact with the organic solvent [20].

Hydrophilic Hydrophobic ‘
/-(——) /4 ;/y

\(—) - :.\
Polar . Apolar
Head Tail

Scheme 1: Organic compounds of long hydrocarbon chain
and hydrophilic head.

The most used tensioactive is AOT (sodium bis(2-
ethylhexyl) sulfosuccinate Scheme 2). This branched-
chain tensioactive has the particularity of forming
microemulsions with empty volumes in their interior
[21]; this empty space can be filled by water alone. The
existence of a certain quantity of water in the
microemulsion provides a great stability and favors the
formation of colloidal aggregates. Therefore, it is
advisable the presence of a certain quantity of water in
the organic solution in order to obtain stable
microemulsions.

0
Na 0,8

Scheme 2: AOT (sodium bis(2-ethylhexyl)sulfosuccinate).

The most common microemulsions (Scheme 3) are
those formed by three phases (organic solvent, water
and tensioactive -in some cases it might be necessary
the presence of a cotensioactive-) and can adopt
various forms and structures depending on the
composition of the solution.

Using the Winsor classification system [22 a], we
can organize microemulsions in four major groups

according to the proportion of their components (see
Figure 1 [22 b]):

Surfactant

O/W W/0
(oil in water) (water in oil)
& ? ?& 50 50 {Q’z C{f.'/
? oil ~\—§ ;-gw;w g:—
Ao 3

Microemulsion

Emulsion

Water I Oil

Scheme 3: Phase diagram of ternary system surfactant/
water/oil.

Figure 1: Winsor Classification: A) Winsor |, B) Winsor Ill, C)
Winsor Il, D) Homogeneous emulsion, y E) Winsor IV
(Microemulsion).

. Winsor I: In this microemulsion the quantity of
water is much higher than that of the organic
solvent; as a result, the formation of these
structures will be limited to microdroplets of
organic solvent dispersed in an aqueous medium
surrounding the tensioactive molecules. This
microemulsion is also known as lower-phase
microemulsion.
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. Winsor IlI: Represents the opposite case: a
solution with an organic solvent as its major
component. Therefore, there will be water
microdroplets in equilibrium with the organic
solvent. This microemulsion is also known as
upper-phase microemulsion.

. Winsor lll: Consists on the so-called middle-
phase microemulsion that coexists with two
phases, an organic and an aqueous one,
respectively.

. Winsor IV: Its main characteristic is the fact that
the solution components coexist in a sole
isotropic phase.

Geometry of Microemulsions

A series of energetic aspects [23-33] intervene in
the formation of microemulsions that will adopt one
aspect or another. The result is the same in all cases:
finding a geometry in which the sum of all the factors
involved in the microemulsion energy is as small as
possible.

Among the interactions that take place between the
tensioactive molecules and the medium where they are
located, there are two main groups: i) hydrophilic
interactions between the polar head and water and ij)
hydrophobic interactions between the hydrocarbon
chain and water [21]. The first tends to increase the
area of the polar head and the second to decrease it.
The equilibrium between both takes place when the
energy of the microemulsion for the ideal area (ay) is
minimum.

Besides the optimum area, two other important
concepts in the geometry of microemulsions must be
taken into account: volume (v) and critical length of the
hydrocarbon chain of the tensioactive (/) [34]. These
three important factors can be calculated by means of
empirical equations. The utility of these three aspects
resides in a geometry model created by Ninham et al.
[35-36] where it is suggested that the result of the
previously mentioned interactions can be interpreted by
taking into account only geometric concepts. Ninham
proposes a model according to which the geometry of
the aggregates depends on the value of an expression
called packing ratio (Equation 1, being v the molecular

Table 1: Colloidal Aggregate Structure According to the Surfactant Geometry and §

Tensioactive

Packing Critical Form Structure

Simple Chain and large headgroups <0.3 Spherical micelles
Cone
-
Simple chain and small headgroups 0.3-0.5 Cylindrical micelles
Truncated cone
-
Double chain and large headgroups 0.5-1 | | Flexible bilayers
u i u .5- |
g group '- Vesicles
Truncated cone
Double chain and small headgroups D Flat bilayers
Cylinder
) o i Reverse micelles
Double chain tensioactives and small headgroups r . .
'-r Microemulsions

Inverted truncated cone
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volume of the tensioactive, a, the area of the polar
headgroup of the tensioactive, and /; the critical length
of the carbon chain of the tensioactive).

c= (1)

\%
a,l
According to this model, the curvature [37-39] is
related to the micelle radius (R); thus, the micelle
radius must be shorter than the maximum length of the
hydrocarbon chain. The empiric calculations lead to an
expression that can only be valid within the principles
of this theory if the mentioned above packing ratio is
not higher than 1/3. Otherwise, it would be theoretically
impossible to form spherical micelles. If the value of
this ratio exceeded 1/3, tensioactive molecules would
adopt different forms. Using this equation, we can find
the conditions that relate the curvature parameter of
the tensioactive and the type and structure of the
resulting aggregate.

This classification can be seen in Table 1 as an
schematic representation, along with the possible
favorable structures that would be spontaneously
formed in the presence of water or apolar organic
solvent [40-41].

The curvature of the tensioactive film, Cy, will be
taken positive in the case of micelles, and negative in
the case of microemulsions. When it reaches a
noticeable value, one of the two phases -the organic or
the aqueous- forms a continuous medium that presents

Scheme 4: Charge distribution within microdroplet of
microemulsion system according to “microdroplet model”

microdroplets of the other component; when dealing
with a null value of C, the phases of the continuous
medium do not differ from one another [42-43].

As already seen, the length and form of the carbon
chain have a direct influence on the packing ratio of the
tensioactive. Therefore, a short carbon chain
tensioactive and a large polar head, as SDS (sodium
dodecyl sulphate) Scheme 5a will adopt a conical
structure whose & is <1/3, while AOT Scheme 5b with a
large branched carbon chain and a more reduced polar
head will adopt the form of a truncated cone whose &
is >1.

a b

Scheme 5: a. SDS geometry (§ <1/3). b. AOT geometry
(&>1).

The structure and properties of microemulsions can
be modified by means of system variations (such as
temperature, salinity, presence of unsaturations, etc.)
in which the microemulsion is located [11,44-57]. First,
the increase of a physical property such as
temperature produces noticeable changes in the
microemulsion due to the fact that an increase of the
carbon chain mobility is generated, originating a
decrease of its efficient length and therefore producing
an enhancement of the packing ratio. If salts are
added, their effect will depend on the salt concentration
in such a way that the tensioactive solubility in water
will increase at low salt concentrations, while at
moderately high salt concentrations its solubility will
increase in an apolar organic solvent. Although the
behavior is similar, the explanation differs according to
the type of used tensioactive. For example, in the case
of ionic tensioactives, the increase of the solubility will
produce a screening repulsion between the polar
heads [58-59] that generates a decrease of the
effective area that produces an increase of the
curvature parameter-giving rise to microemulsions.
However, in the case of non-ionic tensioactives, the
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result can be explained by the fact that the high salinity
of the medium stores much of the quantity of water
molecules, decreasing the solubility in water of these
compounds. Finally, the packing ratio can be modified
by varying the number of unsaturations of the carbon
chains in such a way that their enhancement
(especially if they are cis-type chains) will produce a
decrease in the chain length, increasing the curvature
parameter that gives rise to the formation of
microemulsions of considerable sizes.

Structure of Microemulsions

Several models have been proposed in order to
explain the internal structure of microemulsions; none
of which explains their behavior in all situations, as it
has been experimentally verified. The most accepted
theoretical model is the 'droplet model' [61] which
perfectly explains the results obtained experimentally at
low concentrations. However, when the compounds
concentrations at two phases are similar, other models
must be taken into account [61-62]. The droplet model,
though not perfect and not valid for all cases, is very
useful because it can be easily interpreted. This model
considers the dispersed phase to be formed by
spherical droplets surrounded by tensioactive
molecules; this assumption has been experimentally
verified [63-70] when the concentration of the
dispersed phase is low.

We assume a microemulsion whose continuous
phase is an alkane (organic). If the ratio between water
and tensioactive concentrations (W=[H,O)/[AOT]) is
constant, the composition of the disperse phase also is.
If we keep W constant, the size of the droplets will not
vary either (though we change the tensioactive
composition) since the area of each tensioactive
molecule does not vary [71]. As an application of the
droplet model and taking into account this reasoning, if
we dilute a microemulsion the size of the droplets will
remain constant, varying their volume fraction. If we
assume that the droplets are spherical and we use the
standard volume values of the water molecule [21] and
the surface of the polar heads, we obtain a ratio
between the droplet radius and the W parameter

(r=1.5W).

When the water and surfactant concentrations
increase, the droplet model is not useful anymore since
it cannot satisfactorily explain the separation of the
microemulsion into two isotropic phases, in order to
form either a w/o microemulsion in equilibrium with
water (or an o/w in equilibrium with alkane) or two

microemulsions (o/w or w/0). In the first case, a dilution
takes place along the phase separation line; the
droplets keep the size constant, which will be the
largest size possible [72]. In the second case, when
two microemulsions are formed in equilibrium, the
phase separation occurs via interactions within the
dispersed phase. In the case of the droplets, if
important attracting interactions take place, the sphere
interaction models require phases and therefore, the
dispersion separates into two with different sphere
concentrations, while the droplet size is the same for
the two systems.

The formation of microemulsions often requires a
cotensioactive (usually a short-chain alcohol) that is
distributed between the droplet interfaces and the
continuous phase. At the interface, the tensioactive
molecules increase the film density decreasing the
interfacial energy [60] so that it becomes more fluid.
Considering that the alcohol is also distributed
throughout the continuous phase, the phase will mainly
contain alkane and alcohol, the water and tensioactive
quantities being very reduced [73]. The droplet core will
contain pure water, while the rest of the tensioactive
and alcohol forms an interfacial film.

If the droplet model is valid, the function whereby
the phase separation at a constant size droplet occurs
must be linear. It has been experimentally confirmed
[42] that for high alkane concentrations straight lines
are found, whereas for systems with lower alkane
concentrations curves are observed. This fact implies
that there is a change in the droplet size in this curved
fragment and hence, the droplet model will only be
valid for the linear zone. When the water concentration
is high, the Talmon and Prager model [61] adjusts
better to the experimental results; in this model, the
alkane and water play a similar role so that, on
changing the quantity of the continuous phase, the
area of the interfacial film also varies. Finally, from the
measures performed for this type of systems, it can be
observed that the droplet size depends on the ratio
between the alkane/tensioactive or water/tensioactive,
depending on the microemulsion type and increasing
the droplet sizes on increasing this relation. It can also
be said that the droplet size increases on decreasing
the cotensioactive chain [72].

Transport Phenomena in Microemulsions

Among the physical processes that take place in
microemulsions there are two of great interest, which
are believed to be able to affect the rate of chemical
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Table 2: Aggregation Numbers of AOT Microemulsions and Radii of the Water Droplets in Different Alkanes and at

Different Temperatures. [AOT]=0.182 M; W=26.3

n-Hexane n-Heptane n-H%)::annee+ n- Isooctane n-Octane n-Decane n-Dodecane
TrC N R/A N R/A N R/A N R/A N R/A N R/A N R/A
10 - - - - - - - - - - 450 43.9 450 43.9
15 - - - - - - 426 43.1 440 43.6 - - 510 45.8
18 - - - - - - - - - - - - 535 46.5
20 - - 409 42.6 417 42.8 431 43.3 - - 53 46.4 - -
25 402 423 405 42.4 - - 467 44.5 475 447 590 48.1 - -
30 - - - - - - - - - - 850 54.3 - -
35 - - 420 42.9 486 45.1 521 46.5 556 471 740 51.8 - -
40 426 43.1 - - - - - - - - 580 54.3 - -
45 - - 465 44.4 568 47.5 628 49.1 670 50.2 955 56.4 - -
47.5 - - - - - - - - - - 1050 58.3 - -
50 476 44.8 492 453 - - - - - - - - -
55 - - 526 46.3 - - - - - - - - - -
60 531 46.4 554 471 - - 784 52.9 930 56.0 - - - -

processes close to the diffusion control. These that this alcohol is located in the water-alkane interface

processes are the matter transport and the electric
charge transport.

Matter Transport

The first studies carried out on the subject date
back in 1976; these studies confirmed the existence of
a mechanism through which a substance exchange
takes place between the droplets that form the
microemulsions. According to the study, this exchange
takes place due to a collision between similar droplets.
The studies on matter exchange were carried out by
using quenching techniques of fluorescence resolved in
time or by kinetic stopped-flow measurements.
According to the first technique, Atik and Thomas [74]
studied the reagent exchange between droplets by
using the quenching of the fluorescence of pyrene
sulphates by Fermi’s salts or Cu** ions. They obtained
similar results when using both Fermi’s salt and cu®
salt. In order to explain the exchange process, they
considered that a collision takes place between
droplets, the ion transport occurring when mixing their
content. In Table 2 it can be seen the effect of different
additives on the bimolecular rate constant for the
exchange process.

It has been confirmed that the most effective
additive in favoring the matter exchange between
droplets is the benzylic alcohol that increases the
exchange rate approximately 30 times. It is supposed

causing a disorganization of the tensioactive
headgroups. This has repercussions on the rate of
matter exchange between droplets once they come into
contact with each other.

In the case of other molecules that exert a similar
effect on the interface, it has been found an analogous
behavior, although the rate enhancement is lower.
However, tetramethylammonium and Na,SO, decrease
the exchange rate because they increase the cation
bond to the tensioactive headgroups causing a higher
rigidity of the surfactant film.

Another more comprehensive study has been
carried out by Robinson et al. [75] by means of the
stopped-flow spectrophotometric technique in which
they used ionic substances to ensure they would be
dissolved in water droplets. In order to explain the
exchange of these ionic substances between water
droplets two possible mechanisms were proposed
(Scheme 6a and 6b).

In the scheme (Scheme 6a and 6b) Kiem is the
second order rate constant of the reagent exchange
between droplets, and K is the rate constant of the
dissociation of the dimer droplet.

In order to guarantee that the process of reagent
exchange between the droplets is rate-limiting, these
authors chose reactions in which the chemical process
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Scheme 6: a,b.

was close to the diffusion control, operating at low
droplet concentrations. Under these considerations, it
has been supposed that the scheme of the operating
reaction must be the 6b.

It has been observed that the values of the
exchange constant, K,, are independent of the nature
of the reaction, the reagent, AOT concentrations,
temperature and W constants. These results are
concordant with the fact that Kgem is not rate-limiting.

The exchange between the solubilized products
could be explained via two mechanisms. The first one
involves a joint diffusion of the droplets in order to
create an encounter pair, in such a way that the
dissolved particles would spread across the
tensioactive film in the junction point of the droplets,
while these are in contact with each other. Finally, the
droplets would separate without having joined together.
Due to the fact that the exchange constant is
independent of the nature of the exchanging species,
this mechanism cannot be valid since, on dealing with
a process of permeability through the membrane, the
transfer rate would greatly depend on the nature of the
substrates.

Another mechanistic possibility would involve the
fusion of two droplets, in such a way that the unstable

-

k('/wm

—>
k(lis ke\
Q-9

ktli.\'
— @9
==

ke.\‘

lk(’/wm

dimmer species lived sufficient enough to allow a
random distribution of the droplet content. An
intermediate  explanation between the previous
mechanism and this one could be proposed where the
water channels among the droplets could be formed
during the life span of the encounter pair. However,
these channels should be sufficiently large so that the
charged interface could not exert any noticeable effect
on the ion migration, reaching the extreme case that
postulates the union between droplets. If all the
encounters between droplets caused a matter
exchange, K¢ would have to be equal to the collision
rate. However, the experimental results show that this
occurs only in 10° or 10" of the collisions, which
suggests the existence of an energetic barrier for the
exchange process. The exchange constant will be
considered a result of two stages: the association of
two droplets in order to generate an encounter pair
(prior equilibrium, Kg,), and the fusion -representing
the slow stage- so that Kgy:=Kenc Kius, @s it can be seen
in Scheme 6b.

The fusion of two droplets in contact with each other
to create a dimmer involves some distribution in the
alkane-water interfacial area. The contraction of the
area could generate either the tensioactive desorption
in the continuous phase (existing evidences of the



Effects of Additives upon Percolation Temperature in AOT-Based

Journal of Applied Solution Chemistry and Modeling, 2014, Volume 3, No. 2 113

Scheme 7: Proposed mechanism for channels formation between droplets, that eases matter and electronic charge exchange.

presence of small AOT aggregates in the alkane) or the
compression of the tensioactive film with the
corresponding decrease of the interfacial area
occupied by the AOT.

It would be normal to expect that some correlation
might exist between the matter exchange and the
thermodynamic stability. In fact, the results show that
the exchange constant increases with the number of
carbon atoms of the alkane, increasing the exchange
rate with temperature, which agrees with the fact that
the droplets are more stable in the low-temperature
zone, where the curvature of the tensioactive film is
equal to the natural curvature.

In Scheme 7 possible transition state for the matter
exchange can be observed. As shown, there is a highly
positive local curvature, i.e., a region where the
headgroups have increased their separation at
expenses of the separation decrease between the
surfactant  hydrocarbon tails. On increasing
temperature, the enhancement of the positive natural
curvature is favored and therefore the exchange is
favored. Thus, the effect of temperature on the
exchange constant may be rationalized by considering
a situation in which it decreases the energetic barrier
for the fusion of the droplets, instead of a situation

where there is a higher quantity of species with enough
thermal energy to exceed the energetic barrier of the
reaction. By using the curvature factor, it is possible to
carry out a simple interpretation of the effect of
additives on K,. Thus, the cholesterol and toluene
decrease the exchange rate, since they favor the
enhancement of the negative curvature at the interface.
For the same reasons, when D,0 is replaced by H,0, it
can be also observed a decrease of K.

Subsequently, Lang et al. [76] studied the structure
and dynamics of AOT microemulsions by means of
fluorescence resolved in time, obtaining values for the
aggregation numbers (N) and the rate constant of the
matter exchange between the droplets, K.. They
studied the influence of temperature, number of carbon
atoms of the alkane, AOT concentration, W and
addition of electrolytes. They observed that both N and
K. increase with temperature and length of the
hydrocarbon chain of the alkane. The increase of the
aggregation number on increasing the length of the oil
chain is interpreted as a consequence of the
penetration of the oil molecules in the AOT film. On
increasing the alkane length, it becomes more difficult
to penetrate in the AOT film, which leads to an increase
of the aggregation number. This is equivalent to
consider that the curvature radius of the microemulsion

Table 3: Micellar Aggregation Numbers and Water Droplet Radii for Different W Values. [AOT]=0.182 M; T= 25°C
n-Decane n-Heptane
w N R/A w N R/A w N R/A
8 95 17.6 26.2 555 47.0 1.4 108 20.7
13 245 28.4 26.3 590 48.1 15 180 26.8
14.6 215 28.2 26.3 670 50.2 18 255 32.0
14.6 277 30.7 26.7 592 48.4 19.5 268 33.5
18 405 37.4 29 675 51.9 21.2 314 36.3
19 425 38.7 29.8 830 56.2 23.6 350 39.0
21.2 424 40.1 - - - 26.3 405 42.4
23 575 45.6 - - - 30. 520 48.3
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decreases. In a similar way, when temperature
increases, the alkane molecules cannot efficiently pack
together at the interface due to the thermal energy and
thus, the aggregation number increases. These results
can be seen in Tables 2 and 3.

It is observed that K., increases as temperature
and number of carbon atoms of the alkane are
increased. This is supposedly due to the strength of the
attractive intermicellar interactions. The extension of
these interactions depends on the relative force of the
interactions between the tails of the AOT micelles and
between those and the alkane molecules. It is known
that the bigger the alkane molecules are, the more
difficult is for them to orient parallelly to the AOT chains
in order to maximize this interaction. So that, on
increasing the size of the alkane, the ‘'tail-tail'
interactions become more important than the ‘tail-
alkane' ones. Thus, on increasing the attractive forces,
it will be easier that collisions exist between the
micelles and Ky would increase. When temperature
increases, the increase of the thermal energy makes
difficult the orientation of the alkane molecules to
maximize the ‘tail-alkane' interaction, and so they
increase the intermicellar forces with the resulting
increase of Kgyc.

When the effect of increasing W is studied by
means of keeping AOT concentration constant, an
increase of the aggregation it is observed (Table 3) as
it would be expected from the mentioned increase of
the micellar size with W.

When salts are added, these authors find a
decrease in both N and K, Despite the high degree of
dissociation of the tensioactive -which involves a high
concentration of Na* in the water droplet- the addition
of a small quantity of salt has an important effect. They
suppose that the electrolyte addition causes that the
micelle become more spherical, so that N decreases
and the v/s ratio increases when the micelle becomes
more spherical, which contrasts with Cabos and Delord
work [77] in AOT/heptene/water in the presence of
NaCl. They interpret these neutron dispersion results
as evidence that salt produces an increase in the size
of the aqueous core of the microemulsion.

Electric Charge Transport

Another phenomenon found in microemulsions is
the sudden increase in conductivity on slightly variation
of their composition or other physical property
(normally temperature). This phenomenon is known as
electric percolation.

The first theories on this phenomenon recovered
the effective medium theory (EMT), initially developed
to explain the properties of metallic dispersions in
adequate media. This theory defends that the system is
formed by conductive spheres of conductivity o4 and
radius r, and by the rest of spheres with conductivity
Om. The effective medium is defined as a medium of
conductivity o. The theory considers a typical element
of the disordered system, which is submerged in an
effective medium, resolving the local field right around
the above-mentioned element, imposing the condition
that the fluctuations of that field around that mean
value should be cancelled out. If the effective medium
condition is imposed, i.e., the net polarization will be
negligible, the following expression for conductivity is
obtained:

6,-0 0,-0C
m

=0 (2)

+ =
o,+20 o, +20
m

where @ is the volume fraction occupied by the
conductive spheres. If o, = 0, as occurs in
microemulsions, where the continuous medium is the
alkane (o = 0), the following expression for conductivity
is obtained:

3 1
G:EGd((D_g] (3)

According to this model, only when the volume
fraction of the disperse phase is ®=1/3, conductivity
begins to increase in such a way that the percolation
threshold is situated in the 33% of the volume occupied
by the disperse phase.

The percolation threshold predicted by the EMT
does not correspond with the experimental
observations, since percolation for volume fractions of
disperse phase <1/3 can be often observed. The theory
has been slightly modified. Kirkpatrick [78-79] for
instance, considers that the system is formed by a
network so that the surrounding nodes are connected
via resistors distributed by means of a statistical
method. These theoretical studies confirm that the
percolation limit of ®,=0.25 will be eventually reached
for a series of resistors randomly distributed on a
simple cubic network.

This problem was solved by Webman and Jortner
[80] in the case of a continuous medium. The former
showed that on increasing the correlation between
metallic bonds, the minimum percolation shifts to 0.15,
while the latter studied the possible percolation in a
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cubic network with correlation positions extended to the
nearest three, obtaining a value of 0.17. These results
seemed to solve the problem of the EMT.

The possibility of these dipole-dipole interactions
will depend on the separation between the conductive
particles: if the separation is big enough, it will not be
necessary to resort to these interactions, but if on the
contrary this does not take place, these interactions will
have to be taken into account (this will normally happen
on increasing the concentration of the conductive
substances). When these substances interact with
each other, they form clusters or dispersion chains.
This approach carried out by Granqvist and Hunderi
[81] is one of the principles of the effective-medium
theory with dipole-dipole interaction, EMTDD. The
formed aggregates may be considered individual non-
spherical entities so that the percolation zone will shift
to concentrations lower than those of the conductive
material. With a medium of null conductivity, this theory
predicts values of 0.271 for structures in chain and
0.156 for clusters.

Other theories that have been developed bring in
modifications on the EMT [82], and consider that these
dispersions are formed by clusters. The following
expression for conductivity is obtained:

0 =1.0504(®-0.157) 4)

Therefore the volume fraction of the disperse phase
in the percolation zone would be given by ®,=0.157.

Comparing the two fundamental theories, it is
observed that when the medium conductivity is null and
the volume fraction of the conductor is 0.7, the EMT
and EMTDD become indistinguishable. Both predict a
linear ratio between relative conductivity and volume
fraction of conductive substances close to the
percolation zone; however, no one satisfies totally the
observed behavior.

In an extensive study about the behavior of 32
microemulsions regarding the percolation
phenomenon, Moulik et al. [83] compared the main
theories. In this study, it is observed that when the
fraction volume in the disperse phase is small, there is
a maximum of conductivity at low percolation
temperatures. This effect of volume variation of the
disperse phase on percolation temperature is tried to
be explained by means of two antagonist effects. It is
believed that on increasing the water content an
enhancement in the hydration of the ionic pair between
the tensioactive and the counterion is produced along

with a conductivity increase. Also, an increase of the
droplet size produces a decrease of the mobility and
concentration of the ionic pair (this effect is important
for high water contents).

An alternative theory to explain these experimental
facts is the charge fluctuation theory proposed by Eicke
et al. [84]. This model is based on the assumption of
spontaneous charge fluctuations caused by the anion
variation of the tensioactive and counterions in each
water droplet. Due to these fluctuations, the droplets
will be able to transport charge (both positive and
negative), which explains why conductivity is
proportional to the volume fraction of the droplets for a
wide range of compositions. The model also allows
expressing these results through an equation that
depends on the droplet radius, reproducing the results
experimentally obtained in diluted microemulsions
(volume fractions in the range of 0.03-0.05 and 0.15-
0.3).

eek T
o=t 9 (5)
2w r
where kg is the Boltzmann’s constant, n the viscosity of
the continuous medium and @ the volume fraction of
the droplets.

However, the model cannot explain the
enhancement in conductivity for high volume fractions
in disperse phase. This could be justified due to the
importance increase of interactions between droplets.

Kallay and Chittofrati [85] carried out an
improvement of this theory, introducing the concept of
Born’s radius and Stokes’ radius, defining the first term
as the radius of the aqueous core and the second as
the radius of the droplet. If it is considered that the
charge is found in the core, we have to use Born’s
radius. With this change, better results are obtained
when the experimental results for the zone prior to
percolation are described.

As explained, the percolation phenomenon takes
place on increasing temperature or volume fraction of
the disperse phase. However, the explanation is not
simple. A first theory is based on the existence of a
bicontinuous layer so that a channel full of water is
formed. Another theory is based on attractive
interactions between droplets which form percolation
clusters, the charge transport taking place through the
tensioactive ions.
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Bhattacharya et al. [86] observed that the
conductivity of the AOT/C,o/water microemulsions
increases on increasing temperature and requires a
frequency higher than 1 kHz. They observed small
conductivity values in comparison with those of water,
which made think that conduction was governed by
interfacial processes. In previous studies on the same
reaction system carried out by Kim and Huang [87], it
was found that the percolation phenomenon does not
depend on frequency for low frequencies (100 Hz, 100
KHz), which would not fit to the idea of a bicontinuous
structure. They calculated the necessary time for the
production of tensioactive 'hopping' between water
droplets at approximately 3x10® seconds. This is the
necessary time for 50A diffusion [88-90].

If these hoppings were responsible of the droplet
conduction, the conduction would only depend on the
frequency in the order of MHz, which has been
checked. The fact that conductivity might be influenced
by temperature variation can be interpreted by
assuming that the tensioactive anion has certain
probability of leaving the droplet in such a way that,
once out of the droplet, might easily suffer a diffusion
process. If two free anions of tensioactive are found in
the medium, a charge transport will take place. Since
the capability of diffusion increases on increasing
temperature, the probability of ionizing the tensioactive
and the mobility of the ions also increase, leading to a
logical enhancement of conductivity.

There is another theory that could explain the
percolation phenomenon on the basis of the changes in
the microemulsion structure, so that the spherical
droplets would transform into cylindrical micelles in the
percolation point. However, structural studies of
microemulsions do not reveal such change in the
percolation zone.

Subsequently, Peyrelasse [91] studied the behavior
of the AOT/C,4/water system finding as a significant
result a delay in percolation on increasing the saline
content of the microemulsion. In 1988, Maitra et al. [92]
studied the AOT/iCg/water microemulsions and the
influence of additives in this system, showing that these
additives change the percolation threshold because
they affect the permeability of the tensioactive film,
which demonstrates that the tensioactive film plays an
essential role in percolation. The species that increase
the permeability of the membrane favor the percolation
process, while those that decrease the permeability of
the membrane slow down the appearance of this
phenomenon.

With this finding, the idea that conduction is due to
the diffusion of monomers between droplets is
dismissed, another option being preferred. According to
this option, the Na’ ions are the real charge carriers,
going from one droplet to another and therefore,
needing an opening of the tensioactive film.

The studies of Lang, Zana et al. [93-94] relate
percolation to the matter transport by means of the rate
constant, finding that values of k. higher than (7-
2)x10°M"s™" are necessary for the percolation to take
place. In their study, they observed that the percolation
zone moves forward on increasing the attractive
interactions between droplets. On the basis of these
results, they dismissed the idea that percolation takes
place through hoppings of the tensioactive molecules
between neighboring droplets in clusters of droplets
that are formed in the percolation zone, since this
mechanism does not explain the relation between
percolation and the rate constant of the matter
transport. It is suggested a percolation mechanism
through which conductivity could be explained by the
counterion movement in the narrow tubes or channels
created inside the droplet clusters present in the zone
previous to percolation by means of the opening of the
tensioactive membrane that surrounds the droplets.
The opening of these membranes must be considered
a formation of a dimmer droplet with the connected
cores. What is needed to happen is an interpenetration
of the tensioactive films in the droplet collisions.
According to this theory, the tensioactive is important
only to the zone prior to percolation, so that percolation
is due mainly to counterions.

Effect of Additives on the Electric Percolation

It is known that some additives, in moderate
concentrations, can affect the percolation threshold
position. Mathew et al. [92] have established that the
additives that provide rigidity to the tensioactive
membrane (such as cholesterol Scheme 8) hinder the
appearance of the electric percolation phenomenon,
while those additives that make the membrane more
flexible (such as gramicine Scheme 9) favor it.

7, e,
.

OH

Scheme 8: Cholesterol.
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Scheme 9: Gramicine.

These results, together with those found by Lang
and Zana [93], indicate that the percolation
phenomenon is not associated to the formation of
bicontinuous structures in the microemulsion, but it
maintains the discrete structure of the droplets.
Probably the number of collisions increases suddenly
in the vicinity of the percolation point with the formation
of clusters of droplets between which, channels are
opened to allow the flow of matter between them (vide
supra). In this sense, addition of additives to
microemulsions will allow modulating the moment of
their electric percolation since the modification of the
properties of the surfactant film will facilitate or make
difficult the opening of the channels that allow the
matter exchange between droplets. This can directly
result in large or small modifications of the percolation
threshold.

Over the last years, comprehensive studies have
been carried out on the effect of different additives on
the internal dynamic of microemulsions, especially on
the effect of additives on the electric percolation
phenomenon. In our laboratory, several works [95-98]
have been performed in order to analyze the effect of
different organic substrates on the electric percolation
of AOT/iCg/H,O microemulsions. Together with these
studies, it is also worth to mention the contributions of
Moulik et al. on the effect exerted by different additives
[99-104] on the electric percolation of AOT/iCs/H,0,
AOT/nC+;/H,0 and AOT/nC4o/H,O microemulsions.

Without a doubt, the effect exerted by electrolytes is
the most studied case [105]. microdroplets due to the
presence of In particular, Cabos and Delord [77] carried
out a study on neutron scattering in AOT/nC;/H,0O
microemulsions in the presence of NaCl, proposing an
increase in the size of the aqueous core of the
electrolyte. However, subsequent studies carried out by
Lang et al. [76] interpreted results of fluorescence

resolved in time, suggesting that the presence of salts
reduced the constant of matter exchange between
droplets, and produced at the same time a decrease in
the value of the aggregation number (i.e., size) of
droplets. Likewise, Rouviere et al. [59] observed that
the addition of NaCl and CaCl, to microemulsions
produced a viscosity decrease that could be related to
the percolative phenomenon. That was attributed to
greater droplet sphericity in the presence of salts,
which would imply a decrease of the polar head area.

Salts effect on the system behavior may be
considered as a result of the effect of the presence of
salts solutions of tensioactives. It is known that salts
reduce the dimensions of the effective polar area of
surfactants acting as a screen of the electrostatic
repulsions [106]. Such reduction causes an increase of
the curvature parameter (or critical packing parameter)
of the surfactant (vide supra) [107]. The decrease in
the effective area of the polar head causes a more
noticeable 'trapezoidal' structure (wedge-shaped) of
AOT, increasing the negative natural curvature of the
tensioactive, i.e., its tendency to give rise to inverse
structures. This explains why the presence of salts
reduces the water solubilizing capacity of
microemulsions [108], since water solubilization -on
increasing the droplet size- reduces the negative
curvature of the interface, which opposes the normal
tendency of the tensioactive. However, focusing on
monophasic systems, as Robinson et al. [75] indicates,
it is important to discriminate between the natural
curvature of the tensioactive and the real one, which is
fundamentally determined by reasons of medium
composition. In the presence of salts, the area of each
headgroup will decrease, but the volume of the
disperse phase will remain constant as long as the
microemulsion does not break. Basically, a decrease of
the area at a constant volume would correspond with a
radius increase, as Cabos and Delord [77] observed.
However, this enhancement takes place due to a
reduction of the tensioactive curvature, which is
opposed to the natural tendency of AOT when the
saline concentration is increased. If a high quantity of
salt is added, the difference between the curvature that
the AOT must take and the natural one, will be so
remarkable that the monophasic system will be
destabilized and will break creating an additional saline
aqueous phase that will be eliminated from the w/o
microemulsion. Until the elimination takes place, the
system will have to keep dimensions similar to those
presented in the absence of additive (or at least, with
slightly bigger droplets in accordance with the smallest
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superficial area of the heads) since the medium
composition is the one, which will limit its geometry
[109-110]. However, it remains to be studied the
reason why Lang et al. [79] -by using fluorescence with
temporal resolution technique- measured lower
aggregation numbers in the presence of salts. This fact
would indicate an enhancement in the surface/volume
relation, and, hence, the superficial area per
headgroup. A possible explanation may reside in the
idea proposed by Rouviere [59] according to which
salts increase the sphericity of the droplets. Even if we
have started from the fact that the droplets of the
microemulsion are initially spherical, there might be
small deformations, with local zones of lower negative
curvature. The addition of salts might generate the
tendency towards a greater sphericity of the
microdroplets and therefore, the same volume of
disperse phase might be situated now in a more
spherical structure, which gives rise to a lower
aggregation number compatible with a smaller surface
per polar head.

In any case, the dichotomy between the natural
curvature and the real curvature helps to understand
the observations regarding the electric percolation
phenomenon. The results obtained by Garcia-Rio et al.
[89,111-112] indicate that the electric charge transport
is due to the transfer of Na* ions between droplets.
This transport would involve a collision between
droplets in order to, at least, give rise to transient
dimmers where the tensioactive films would open and
the inner contents would mix together. As pointed out
by Robinson et al. [73], the opening of the tensioactive
films has appreciable activation energy since it implies
the creation of local regions of positive curvature. The
matter exchange process, and consequently the
electric conduction process, would be more difficult. In
this sense, the efficiency order of cations -when it
comes to hinder this channel opening- corresponds
with Hofmeister’s series [105] i.e., the radius order of
the hydrated cations. The smaller the size of the
hydrated cation, the greater the efficiency to associate
to the interface is. This will produce a decreasing effect
of the area of the mentioned polar headgroup. It is
interesting to indicate that a similar series has been
observed for the sequence that conducts the cation
affinity through the micellar surfaces of 'normal’
micelles in water [111-114]. This has been interpreted
as evidence of the presence of hydrated counterions in
the micellar Stern layer. The results in microemulsions
seem to show a parallel case to the one observed in
micelles. These results would indicate that the

association of cations to the AOT polar heads takes
place (at least at W=22) keeping its hydration water
layers. This seems characteristic of the electrostatic
attraction of weak electric fields such as those caused
by normal ionic micelles. A certain insensitivity of the
electric percolation phenomenon to the nature of the
salt anion is also coherent with this idea. If the
electrostatic repulsion with the AOT headgroups keeps
the anions in aqueous regions away from the
negatively charged AOT headgroups, the effect of the
anion on the tensioactive film (and therefore on its
polar area) must be minimum.

The parallel decrease of viscosity in the presence of
salts [105] is associated to the decrease of attractive
forces between droplets, which is related to their
interpenetration (Figure 2). In fact, different theoretical
calculations in literature suggest [115-116] that the
most important contribution of the attractive interactions
occurs in the overlapping zone. As other authors [117]
indicate, it is expected that this interpenetrability will be
smaller the more rigid the interface is, which seems
likely to be achieved by means of a salinity increase.
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Figure 2: Correlation between T, and relativity viscosity of
AOT/iCg/H2O in presence of different electrolytes (o).
[AOT]=0.5 M, W=22.2, [additive]=0.04 M.

It is interesting and surprising the effect that
produces the presence of relatively low salt
concentrations, taking into account the great ionic
concentration brought by the AOT. For example, in
most of the data obtained in our laboratories [111], the
concentration of added electrolyte is 60 times smaller
to the one already present in the medium and brought
by the AOT counterions, but important alterations are
observed in the internal dynamics of microemulsions.
This fact seems to indicate that such a high ionic
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concentration present in the interior of microemulsions
does not produce a saline 'saturation' of the interface,
which would keep being sensitive to the addition of
salts in salt/AOT molar ratios such as 1/62.5 (this
addition might produce a 7°C decrease in the
percolation point in the case of CsCl). According to this,
the local alteration of a small portion of the polar
headgroups causes important changes on the ability of
microemulsions to open channels between droplets.

It is also important to point out that among the
electrolytes studied in our laboratory, some belong to
the group of 'structure-breaker ions' [118] such as ions
with small polarizing power (Rb*, Cs*, I', CIO,, etc.)
that clearly produce an increase in the disorder of the
water structure. In particular, the influence of the
guanidinium ion has been studied [119] (Scheme 10)
which is frequently used as a protein denaturant and
hydrocarbon solubilizer (salting-in agent). Likewise,
among the list of studied salts, there are also ions
known for their capacity of 'structure-maker ions' that -
on being dissolved in water- increase the level of
water-structuring causing an increase of the energetic
cost for the destruction of such structures. If the role of
added salts on affecting the percolation threshold was
related to the properties of the water trapped inside the
microemulsion (such as viscosity or water fluidity of the
microdroplet) it could be possible to observe opposed
effects between the 'structure-breaker ions' and the
'structure-maker ions'. The lack of experimental
evidences, or data obtained in our laboratory or in
literature about this effect divergence would confirm the
fact that the role played by these salts is mainly related
to their association at the interface.

H,N NH,
\C’“/

NH»

Scheme 10: Guanidinium ion.

In sum, electrolytes increase the negative natural
curvature of the tensioactive, increasing the rigidity of
the surfactant film whose deformation is obstructed,
decreasing the interaction between droplets and
increasing the percolation temperature.

Another important group of additives is the small
organic molecules. Particularly, it is worth mentioning
the results observed for molecules as urea and
thiourea [120]. In contrast to electrolytes, these
substrates cause a sudden advance in the percolation
point so the region of high conductivites may be

obtained at unusually low temperatures. In fact, in
presence of these additives, it has been obtained
electric percolations for a volume fraction of disperse
phase much inferior to the theoretical fractions
proposed by the geometrical models of percolation
(such as the EMT that predicts the percolation for
f>0.33) [81], even when corrections are taken into
account due to the droplet interaction -EMTDD- (that
predicts the percolation for ~0.15) [121].

The analyzed substrates were several ureas and
thioureas whose structures are shown in Scheme 11.
The effect exerted by these compounds on the water
structure is a controverted issue. Traditionally, the
capacity of breaking the water structure of wide range
was attributed to ureas, being classified as 'structure-
breaker' and thus, their properties were explained as
protein denaturant and hydrocarbon solubilizer [106].
However, an important set of experimental data [122-
121] and the result of theoretical simulations [124-125]
indicate a very slight effect of the urea on the water
structure. What seems clear is the fact that the
substituted ureas function as 'structure-maker’,
potentializing the structure of the hydrogen bond of
water [126]. The efficiency order in promoting the
solvent structure seems to increase with the
progressive methylation. These studies also indicate
that thiourea does not have clear tendencies as
'structure-breaker' or 'structure-maker'. Garcia-Rio et
al. [105] have covered all the range of ureas and
thioureas that dissolve in the aqueous zone or in the
interfacial region of the microdroplets. In all cases, the
effect has been qualitatively the same: favoring the
appearance of the percolation phenomenon, which
indicates that its effect is not related to a possible effect
of the additives destroying the organized structure of
water and favoring the ion transport between droplets.
Several aspects strongly suggest that the effect of
additives is more related to their interfacial association.
For example, the fact that thiourea shows a superior
efficiency than urea when speeding up the appearance
of the percolation phenomenon -in spite of the fact that
both have analogous effects on the water structure-
might be related to a greater proportion of thiourea
(less polar) in the interfacial region.

The order that these studies show in the case of
thioureas is analogous to the observed in ureas, except
for the case of tetramethylthiourea, whose effect is
smaller than expected, which is justified by the fact that
no null solubility of tetramethylthiourea in isooctane
causes that part of the additive pass to the 'oil' phase,
decreasing its concentration in the microdroplets.
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Scheme 11:

Additionally or alternatively, the greater size of this
additive might sterically hinder its association to the
interfacial layer with regard to its analogues. In any
case, in view of the results of these authors, it seems
clear that these additives operate by association to the
micellar interface, as suggested also by the studies
carried out on the effect of ureas and substituted urea’s
in normal micelles and vesicles and by the conclusions
drawn by Polito et al. [127] in their studies on urea in
AOT/nC;/water microemulsions. If ureas associate with
the AOT polar heads, they can produce an increase in
the effective area of these heads, originating a
decrease in the curvature parameter of the
tensioactive. This decrease will facilitate -following the
opposite reasoning to the one used in the case of salts-
the fusion between droplets on decreasing the natural
tendency of AOT towards the formation of inverse
structures. In addition, the association of the additive to
the heads might cause a major degree of disorder in
the interfacial zone, decreasing the rigidity of the AOT
film, which would facilitate its deformability. Regarding
this point, it is interesting to question whether the role
of ureas and thioureas in the interfacial region is
substituting the water molecules or not. The study by
Kevan et al. [128] on the effect of various ureas on
frozen vesicles seem to suggest that the addition of
moderate concentrations of urea or dimethylurea
‘opens’ the interface and even facilitates a higher water
penetration into the micellar structure. As in the case of
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electrolytes [89,111-112] a linear relationship between
relative viscosity of microemulsions and percolation
temperature has been found (Figure 3), and the
viscosity behaviour brought about by ureas and
thioureas seems to be due to a greater extent of
interdroplet attraction, which may be related to the
decrease in interfacial rigidity (vide supra).
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Figure 3: Correlation between T, and relativity viscosity of
AOT/iCg/H2O in presence of ureas and thioureas (o).
[AOT]=0.5 M, W=22.2, [additive]=0.2 M.

According to other authors [129] for the case of
alkanol we find that K, Ky and K' are affected by
temperature, and also by the length of the carbon chain
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where n°; is the number of alkanol moles in the oil
phase, and n, is the total number of moles in oil.
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where n, would be the total number of alkanol moles
and the i and o superscripts correspond to the number
of alkanol moles in the interface and the oil phase; we
define a new term n's for the number of surfactant
moles in the oil phase. Thus, we can also define it like:

ni
K’ =KK, ="

(8)
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Nevertheless, at high additive concentrations, it can
replace water molecules of the interface, being directly
involved in the solvation of the headgroups. This
aspect can be elucidated by analyzing the effect of 1,3-
dimethylurea on the signal of 'H-NMR of the water
protons of the microemulsion, a signal that is very
sensitive to the proportions of free water of the
microemulsion. These NMR data indicate that the
chemical movements of water (that strongly change
with W parameter) are however, independent of the
added concentrations of additive. This suggests that on
associating to the interface, the additive does not
cause any remarkable alteration in the relative number
of water molecules present in each different state
within the microemulsion, since it does not produce a
significant movement of the water molecules of the
interface.

/LF%NHQ WNHQ
n n

Analogous results have been obtained for other
organic substrates such as amines [130], alcohols
[131] and amides [88].

The various effects of n-alkylamines on the electric
percolation of AOT/iCg/H,O microemulsions studied by
Garcia-Rio et al. [132-133] are especially relevant for
our study (Scheme 12). These authors confirm that the
presence of alkylamines of linear chain causes an
enhancement in the percolation temperature,
fundamentally attributed to the association of the amine
to the interface, playing a role similar to that of a
cosurfactant. The increase is also attributed to the
different solubility of the amine between the three
pseudophases of the system. In this case, satisfactory
correlations have been found between the percolation
temperature of the different alkylamines and the carbon
number in the alkyl chain, and also with the values of
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Figure 4: Correlation between T, and the carbon number of
the hydrocarbon chain of n-alkylamines (o) and correlation
between T, and the kinetically obtained partition coefficient of
the amines between water and oil [139] (e). [AOT]=0.5 M,
W=22.2, [additive]=0.01 M.
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the distribution constant of the amines between the
aqueous and organic phase (K,") and with their pK,
values. The above-mentioned correlations are
presented in Figures 4 and 5.

40

38

36

T,/ °C

34

32

30 ] | ! | ] [ 1 | 1
9.5 10 10.5 11

pK

3

Figure 5: Correlation between percolation temperature and
pK, of the amines. [AOT]=0.5 M, W=22.2, [additive]=0.01 M.

A more surprising result is the one observed for the
addition of alkylsulphonates and alkylsulfates [134] with
hydrocarbon chains comprised between C3; and Cqg to
AOT/iCg/H,O microemulsions, keeping constant the
ratio between the alkylsulphonate and AOT
concentrations (p=0.01) (Scheme 13). The observed
behaviour corresponds with a bimodal tendency
(Figure 6) where a group of alkylsulphonates delays
the percolation temperature (C;-Cs), so as to later
speed up the process (Cs-C+g). However, the speeding
up of the percolation threshold does not correspond
with the increase in the chain length (does not correlate
with the cmc of these surface agents in aqueous
solution and therefore, does not correlate with the
enhancement of the hydrophobic interactions on
increasing the carbon number in the tail of the
amphiphile) since this decrease reaches a minimum for
Cs, in order to present a behavior analogous to the one
observed in the case of alkylsulphates in the range C1o-
C18.
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Scheme 13: n-alkyl sulfates & n-alkyl sulfonates.
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has been found in the
influence of

A similar behavior
bibliography when analyzing the

alkylsulphonates on the percolation of non-ionic
microemulsions [135-137], and n-alkyl carboxilic acids
[138].
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Figure 6: Change of the percolation temperature for
AOT/iCg/water microemulsions in the presence of
alkylsulphonates depending on the chain length of the
surfactant. W=22.2, p=0.01, [AOT]=0.5M.

In order to rationalize this behavior, the authors
have taken into account the dual nature that the
alkylsulphonates might present. They are sodium salts,
but, on the other hand, they have substances that -on
having a hydrocarbon tail with a polar head- have a
more or less marked behavior as amphiphiles. In this
sense, for short chain lengths, the predominant effect
on observing the addition of these substrates is the
corresponding to an increase in the Na* concentration
within the aqueous microdroplet. Its effect on the
electric percolation would be justified by the decrease
of the effective area of the surfactant head due to the
screening of the electrostatic repulsions between the
charged groups of the tensioactives [139]. Thus, it
could be considered that for short-chain lengths, the
main role of these additives is that of becoming an
extra source of cations in the aqueous microdroplet,
and therefore, their behavior would be the equivalent to
the addition of an electrolyte (vide supra). For long-
chain tensioactives the main effect would be the
inclusion of a different structural unit in the interface
that would modify its packing (Scheme 14). This
packing change would allow regions within the
interface where the formation of positive curvatures
would be more favorable. It is obvious that this
circumstance could be helpful in the formation of
channels for the matter exchange between droplets
and therefore, would facilitate the percolation process.

It is necessary to point out that for the substrates
where their amphiphilic nature seems to dominate, the
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percolation temperature increases up to the value of
Cs, moment when there is no significant effect on the
percolation temperature (range of chain lengths
comprised between 8 and 18). In fact, the authors
observe a difference of 31°C between C; and Csg,
whereas between Cg and Cis the variation of the
percolation temperature is barely 8°C, and the
observed difference between C4s and Cig is barely
0.5°C (a value that could even be attributed to an
experimental error).

Scheme 14: a. Packing parameter favoring inverse
structures. b. Packing parameter favoring direct structures.

The obtaining of a minimum for Cg is attributed by
the authors to the fact that this molecule presents a
chain length similar to the AOT chain, because of
which the latter would be the one that would
incorporate more adequately to the surfactant film. For
longer chain lengths (whose length is greater than the
AOT chain) they do not adapt adequately to the
surfactant film, which causes a process of looping of
the surfactant chain, similar to the one observed for
normal micelles, where there have been found
experimental evidences that suggest that there is a

b

certain degree of contact between the water and the
hydrocarbon tails [140]. In this sense, the differences in
surfactants 'H-NMR, such as LTABr, TTABr and
CTABr, that have 12, 14 and 16 carbon atoms
respectively, show that the most affected protons are
those situated in the headgroup (in o position to the
above mentioned group) and in the terminal carbon
[141]. Therefore, this looping phenomenon in the
surfactant chains would cause the reduction of the
impact of inclusion of the alkylsulphate in the AOT film
(see Scheme 15). Such reduction would increase with
the increase of its hydrocarbon tail, since this increase
in the chain length results in an increase of the
possibility of the looping phenomenon to take place.

The micellization behaviour of cetylammonium
bromide (CTABr), its derivatives, the analogous
trihydroxyethylated headgroups and the formation of
w/o microemulsions has been studied by means of
thermodynamic and structural considerations by
authors like Maitra et al. [92], solving the efficiency of
surfactants with regard to the dispersion into oil and the
level of cosurfactant concentration in the o/w interface.

In the case of n-alkyl carboxylic acids [138], the
effect of the addition of different n-alkyl acids (from 1 to
24 carbons in the hydrocarbon chain Scheme 16) upon
the percolative phenomenon in  AOT/iCg/H,0
microemulsions was studied in our laboratory. In
general, at low organic acid concentrations, the
percolation temperature increases on increasing the
additive concentration. Such a behavior could be
explained considering that the amount of H" in the
aqueous core of the droplet in the microemulsion is
increased by the presence of these additives. The
effect of the anion could be neglected, as occurs in the
literature for similar concentrations of the different

Scheme 15: a. Geometry favoring inverse structures. b. Geometry favoring direct structures. ¢. Geometry favoring inverse

structures.
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sodium halides, where the effect upon percolation
temperature is related to the concentration of cations
and independent of the nature of the anion [105,112].
So, it seems that indeed increasing the presence of
cations in the nearby of the headgroup of the
tensioactive also means an increase in the screening
effect exerted on the electric charge of the headgroup
(vide supra). A similar explanation can be considered
for hydrochloric acid (H" partially replace Na*), where a
linear relationship of the [H'] and the percolation
temperature have been observed (at least with values
of W =222 and [AOT] = 0.5 M [89]), a relationship was
never found for n-alkyl acids. An increase in
concentration for n-alkyl acids increases percolation
temperature until reach a maximum, and then, it begins
to decrease, reaching values even lower than the ones
observed with no additive at all. Such behaviour was
found in the case of the n-alkyl acids of shorter chain
length, but from the valeric acid and more length (Cs-
Cy4), only the initial increase in the percolation
temperature has been reported, and then it levels off
[138].

n OH

Scheme 16: n-alkyl acids.

This stabilization may be caused by the organic
anions influencing the microemulsion. To evaluate this
effect, the influence of increasing quantities of Na’
(added as NaCl) [111] and the influence of increasing
quantities of Na” (added as sodium formate) [138] were
compared. The addition of increasing amounts of NaCl
carries increased percolation threshold, something also
occurs with the addition of sodium formate, which
demonstrated to exert a higher effect on the percolation
than the NaCl, probably because H' is better than Na*
at stabilizing the tensioactive headgroup charge. As it
has been mentioned before, effect of monovalent
positive ions respect Hofmeister's series, so adding an
extra of H" has a deeper effect that an extra amount of
Na'. Also, the presence of notable quantities of
unprotonated organic compounds in the microemulsion
must be considered, as long as they would exert a
similar effect to other organic substances [88, 120,
132]. These compounds solubilize in the tensioactive
film, something that implies the integration in the film of
those molecules with a critical packing parameter lower
than 1/3. This way, critical packing parameter in the
area is reduced and a positive curvature of the film is

facilitated. In other words, percolation threshold and
percolation temperature is decreased.

On the other hand, n-alkyl acids may have a
combination of both antagonistic effects on the
percolation threshold: the increasing caused by the
supply of H*, and the decreasing ought to the organic,
non-dissociated substrates. The influence upon the
electrical percolation of alkyl-acids as additive in AOT
microemulsions yields an evidence of the inclusion of
these molecules in the AOT film (both as protonated
and as unprotonated molecules), and this inclusion will
modify the internal dynamics of the AOT-based
microemulsions. As long as microemulsions are often
utilized as chemical nanoreactors (which is specifically
true for AOT microemulsions) changes in the stiffness
of the tensioactive film may be of importance [142-146].
Also, some applications for these systems have been
reported related to lipase-catalysed processes [147-
149].

In conclusion, it seems that additives affect
properties of AOT-microemulsions because they, or
their related ions, associate with the surfactant
interface and interfere with it. Increase in the
percolation temperature and reduction in viscosity
appear to be due essentially to the decreasing in the
effective area of the polar heads of the surfactant and
increasing the rigidity of the interface; also, decrement
in the percolation temperature, and also in viscosity, is
mainly owed to an increase in the headgroup area of
the tensioactive and a decrease in the stiffness of
interfaces [105]. It must be remarked that these
additives effect not only in the facilitation of the
transport phenomena that allow electric percolation to
happen, but on the reaction rates in processes that
occur within microemulsions.
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