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Abstract: The typical phase behavior of microemulsion systems undergoing
phase inversion is briefly reviewed. As a model system H,O-n-octane-C, ,Es is
studied with various experimental techniques. The occurring microstructures
are visualized by freeze fracture electron microscopy and the corresponding
domain sizes are quantified by small-angle neutron scattering. From the vari-
ations of the domain sizes the mean and Gaussian curvatures of the interfacial
film with temperature are determined. It is found that the mean interfacial
curvature H changes gradually and nearly linearly with temperature from
positive (Winsor I) to negative (Winsor II), passing through zero for bicontinu-
ous microemulsions where these contain exactly equal volume fractions of
water and oil. There the interfacial tension between bulk water- and oil-rich
phases passes through an extreme minimum. Quantitative knowledge of the
curvatures permits the measurements of interfacial tensions between the bulk
phases to be discussed in terms of the relative contributions of bending energy
and entropy of dispersion.
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Introduction

Microemulsions are macroscopically homo-
geneous mixtures of water, oil, and surfactant. On
a microscopic level, however, the mixtures are
structured into water-rich and oil-rich domains
separated by an amphiphilic film. The nature of
the microscopic amphiphilic film has been a sub-
ject of intensive research, as its properties are
essential for microemulsions as a whole. Already
in early works Schulman [17], Winsor [2], Prince
[3], and others have discussed the various ten-
sions inside the film, an issue discussed in theoret-
ical studies of the interfacial stress profile and
bending energy [4-20]. The negative stress
component of the water/oil interfacial tension
is compensated by positive stresses in both the
head and tail regions of the amphiphilic molecules
in the film. It has been shown that interfacial
tension and bending elastic moduli are related
to the various moments of the interfacial stress
profile. For applying such theories, the state of
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curvature of the film and its bending moduli are
needed.

In this paper, we characterize experimentally
the interfacial curvature of the film, as it expresses
itself in a systematic metamorphosis of the micro-
structures if a suitable tuning parameter is varied.
As such, temperature, pressure, fourth and fifth
components can be applied. Since the pioneering
work of Winsor [2], it is well-known that the
general phase behavior proceeds as shown sche-
matically in Fig. 1: A mixture containing a suffi-
cient amount of surfactant and equal amounts of
water and oil may separate into a water-rich
microemulsion in equilibrium with an excess oil
phase {Winsor I, 2), an oil-rich microemulsion
in equilibrium with an excess water phase
(Winsor 11, 2), or into three phases with a middle-
phase microemulsion in simultaneous equilibrium
with excess oil and water phases (Winsor I11, 3).

Winsor discussed the progression as being driven
by a change in the curvature of the amphiphilic
film. Winsor worked at constant temperature
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Fig. 1. Schematic phase prism illustrating Winsor I, I, 11
behavior, denoted here by 2, 3,2 respectively. Note that the
phase behavior for ternary systems is driven by the conveni-
ent parameter temperature.

using five-component systems including salt and
an ionic surfactant/cosurfactant mixture. Accord-
ingly, he tuned the curvature of the films by the
salt concentration and/or the surfactant/co-sur-
factant ratio.

This kind of formulating microemulsion is still
broadly used and has dominated the conception of
microemulsions [21-307. If one does not have the
choice of optimal surfactants, it is easier to make
microemulsions with five components. However,
quantitative measurements and interpretation, in
particular of interfacial film properties, are more
difficult and inherently uncertain. Interpretation
would be facilitated, if one could restrict oneself to
the three components really needed: a polar, a non-
polar, and an amphiphilic substance. Applying
water, oil, and a nonionic surfactant, Shinoda
showed in 1967, that the 2,3,2 phase inversion
behavior can also be observed in much simpler
ternary systems [31,32]. As tuning method, he and
his collaborators successfully utilized the advant-
ages of temperature changes [31-36]. In the past
decade, Kahlweit et al. [38—43] have systematically
studied the phase behavior of such systems as
it depends on the nature of the oil and the

hydrophilic and hydrophobic parts of the surfac-
tant molecules. The basic features were described
already in 1985 in an introductory article [38],
which we recommend to newcomers to the field as
an entry lecture. The subsequent investigation of
the chain length dependence [39] demonstrated
that long and short chain surfactants behaved
similarly and that there were common properties of
the three-phase bodies [40]. It was also shown how
the behavior of ionic surfactants differed from
nonionic surfactants by the reverse temperature
dependence [41,42]. In a qualitative thermodyn-
amic description the essential features of the phase
behavior of microemulsion systems were sum-
marized [43]. One interesting aspect was the
empirical finding [40,43] that the macroscopic
interfacial tension between water- and oil-rich bulk
phases times the lengthscale in the microemulsion
squared always equalled about k7, that is
ouc? ~ kT. Below, we will offer a simple explana-
tion of this fact considering the occurring micro-
structures and lengthscales. We will argue that
interfacial tensions measurements are in fact macro-
scopic manifestations of the microscopic interfacial
stress profile. From the above-mentioned phase
diagram studies, we were able to select a suitable
ternary system [44] that shows all the interesting
features of a microemulsion system, in particular,
the microstructure [45,46] and the striking min-
imum in interfacial tension between water- and
oil-rich phases as one tunes the system through
the phase inversion by changing the temperature.
In this paper, we present the most interesting
features of recently compiled work [47], discuss
and document the observed structures, and the
associated variations of the curvature of the inter-
facial film, in order to then interpret measured
interfacial tensions in terms of its bending elastic
properties. We concentrate mainly on H,O-n-
octane-C,,Es (C;,Es: n-dodecyl-pentaethylene
glycolether). The techniques which have been pre-
viously described in more detail, are small-angle
neutron scattering (SANS), freeze fracture elec-
tron microscopy (FFEM), electrical conductivity,
and spinning drop interfacial tensiometry.

Phase behavior

In studying the phase behavior it has proven
useful [48,38] to perform sections through the
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Fig. 2. Section through the phase prism of the H,O-
n-octane—C,,Es (top). The trajectory of the middle phase
{denoted by (c} in Fig. 1) is demonstrated by the projections
on the bottom (center) and the front face of the phase prism
{bottom), respectively.

phase prism at constant water-to-oil ratio ex-
pressed by the weight percentage of oil in the
mixture of the two and denoted by the symbol o.
In Fig. 2 top, we show the section at o = 40 wt%
which corresponds to about equal volume frac-
tions of water and octane. The most striking fea-
ture of such diagrams is the one-phase region
(denoted by 1) which, close to the three-phase
body, requires the lowest concentration of surfac-
tant (denoted by y). The point where the three-
phase body and the one-phase region meet
demarks the composition of the middlephase
microemulsion (with surfactant concentration )
at that temperature. Also, in this temperature
range the lamellar phase extends to very low sur-
factant concentrations, indicating by its stability

that a locally planar amphiphilic film is the most
stable configuration, that is, H =0, where the
mean curvature H is determined by

H= %(Cl + Cz) s (1)

with ¢y and ¢, being the principal curvatures.
Note that ¢; is counted as positive if it tends to
enclose the oil and negative if it tends to enclose
the water, the latter case corresponding to inverse
micelles. For spherical droplet structures,
H = 1/r, where r is the radius of the droplets. As
the temperature is tuned away from the balanced
state the microemulsions take up either more oil if
temperature is increased, or more water as tem-
perature is decreased. This trend is evident from
Fig. 2 center and bottom, which show the trajec-
tories of the middlephase as function of the
water/oil ratio or temperature projected onto the
bottom plate and front face of the phase prism,
respectively. Accordingly, using surfactant con-
centrations slightly higher than the minimum
amount y one-phase microemulsions can be pre-
pared and studied by various techniques (e.g.,
FFEM [44-47,49, 50]).

Freeze fracture electron microscopy (FFEM)

Rapid freezing of the microemulsions, followed
by fracture and replication of the fracture face
yields images of the local structure of the micro-
emulsions. Such images should be considered with
care in order not to be misled by artefacts. How-
ever, as we have shown first [44—-46] (and as has
been reproduced [50] by others), images of bicon-
tinuous microemulsions can be obtained in agree-
ment with knowledge on these systems from other
techniques. In Fig. 3 center the image of a bicon-
tinuous microemulsion at equal volumes of water
and octane is shown. The fracture face of water
(amorphously frozen) appears plainly gray, while
the fracture face of oils displays a textured appear-
ance. Due to the softer nature of frozen oil, the
fracture through the oil is not as planar as
through the water domains which fracture glass-
like. In some places of the image, one discovers
the replication of the hydrocarbon side of the
amphiphilic layer. It can be distinguished by a
finer texture than that of the oil. From those
portions it is evident that the local curvature of
the film is a flat one, often with the two principal
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Fig. 3. FFEM images of bicontinuous microemulsions dem-
onstrating the systematic change in microstructure and asso-
ciated mean curvature of the amphiphilic film. In the center
a balanced microemulsion is shown displaying saddle-shaped
structures of the film (arrows 1 and 2). As the composition is
changed towards more water-rich (top), tubular structures
are of oil in water (arrow 3), whereas for more oil-rich micro-
emulsions branched water tubes in oil (arrow 4) can be seen.

radii of curvature of opposite sign; that is, one
observes saddle-shaped structures with K <0,
where

K= C1C, (2)

is called the Gaussian curvature. Upon changing
the water-to-oil ratio to « = 30 wt%, one moves
towards the water-rich side. The one-phase micro-
emulsion at y is located at somewhat lower tem-
perature (see Fig. 2 bottom). The image obtained
is shown in Fig. 3 top. Compared to the zero-
mean curvature image in Fig. 3 center discussed
before, now the preferred curvature is towards the
oil (H > 0), as can be recognized by the frequent
occurrence of tubular structures with circular
cross-sections. Yet, the oil domains still appear to
be connected throughout the solution. Making
the corresponding change in composition towards
the oil-rich side, that is, going to o = 60 wt%
with the associated increase in temperature, one
finds the image shown in Fig. 3 bottom. Here, the
tubular structure is one of interconnected water
domains. They can be recognized because they do
not break easily, when the oil fracture proceeds
around them. One recognizes tubular structures
with Y-junctions connecting the cylindrical units.
Again circular cross-sections are observed when
the fracture occurs normal to the tubule axes.
Accordingly, here the mean curvature is H < 0.
From the sequence of images shown in Fig. 3, we
find support for the notion that the mean curva-
ture changes gradually as function of temperature
from being positive at low to negative at high
temperature. The associated structural change
leaves the structures connected. In other words,
the structures are bicontinuous, in agreement with
NMR- self-diffusion measurements on the same
system [44]. The increasing absolute value of the
curvature can be traced towards the aqueous and
the oleic corners of the phase diagrams along the
trajectory of the middle phase. There the struc-
tures become increasingly thinner, until at tem-
peratures below T; and above T, (defined in
Fig. 1) microemulsion droplets of oil in water and
water in oil, respectively, are formed.

In order to obtain images of oil in water droplet
dispersions, we have developed a technique where
water is replaced by water/glycerol mixtures [47].
The equivalent phase sequence as with temper-
ature in the ternary mixtures discussed above
can be obtained. Figure 4 demonstrates the phase
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Fig. 4. Phase behavior of pseudo-ternary  system

(H,O/glycerol}—n-octane-C,,E¢ at T = 20.0°C for volume
ratio of polar/nonpolar solvents of unity. Note that the
tuning parameter is here the glycerol content ¥ in the
water/glycerol mixture.

behavior comparable to Fig. 2 top, but here the
glycerol weight percentage in the mixture of the
two 1s used to tune the phase behavior of this
quaternary system at 20°C. Using the more
 hydrophilic C;,Eg, one can add up to ¥ = 60 wt%
of glycerol, making the aqueous subphase a factor
of 10 more viscous and preventing the sensitive
droplets from being displaced or destroyed during
the freezing process. Figure 5 shows the images of
two oil-in-water microemulsions obtained by
phase separation of samples of o = 40 wt% at
y = 3 wt% into aqueous microemulsions in equi-
librium with excess oil. In Fig. 5 top, we show the
result for ¥ = 45 wt%, and in Fig. 5 bottom for
Y =40 wt%. As can be seen, the droplets become
smaller as one moves away from the three-phase
regime. It can also be seen that the droplets are
quite monodisperse and are randomly distributed
throughout the solution.

A schematic representation of the microstruc-
ture at equal volume fractions of water and oil as
it evolves as function of surfactant concentration
is shown in Fig. 6. Figure 6 is based on obser-
vations by SANS [52], SAXS [53, 54], NMR-self-
diffusion [44,49,55] and FFEM [44-46] inves-
tigations, and it has recently been applied to and
confirmed by a five-component ionic microemul-
sion system [51]. As the surfactant concentration
increases the structures become smaller, because
the total area of the internal interface increases,

Fig. 5. Microemulsion droplets of the o/w type in the
(H,O/glycerol)—n-octane~C | ,E4 system. Top, ¥ = 45 wt%;
bottom, = 40 wt%. Note the random distribution and
small polydispersity.

consistent with the observation that with decreas-
ing droplet size one moves temperaturewise fur-
ther away from the three-phase regime. At high
surfactant concentrations the lamellar phase is
observed with a zero-curvature structure
(CH) =0, (K =0), whereas near the three-phase
region the bicontinuous structure with zero-mean
curvature is observed ((H) =0, (K> < 0). Ac-
cordingly, a gradual change in the mean and
Gaussian interfacial curvature with temperature
and composition is the overall observation.

Small-angle neutron scattering (SANS)

The quantitative determination of droplet sizes
can be done by SANS provided certain provisions
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and their variation with temperature and
concentration.

are taken. As is well-known, the scattering pat-
terns of droplet dispersions are dominated by
inter- and intraparticle structure factors. Working
in dilute solutions the interparticle structure fac-
tor can be made a smoothly varying function, so
that the scattering intensity I{g) mainly reflects
the particle form factor P{g). With respect to the
form factor, SANS offers the useful feature that
scattering from certain portions of the particle can
be enhanced. For microemulsions the amphiphilic
film displays a distinct contrast, if water and oil
scattering length densities are matched. We have
measured an extensive set of spectra [56] in order
to be able to evaluate neutron spin echo experi-
ments on the same system [57, 58]. The existence
of a measuring signal of this dynamic technique
alone suggests that the droplets have to be con-
ceived as fluctuating objects. Figure 7 shows the
static spectra for an oil in water droplet micro-
emulsion in bulk and film contrast (¢, = 0.0506
and ¢, = 0.0759, measured with D17 at ILL in
Grenoble). Evidently, the bulk spectra are less
informative than are the film spectra, so that we
will only discuss the latter here. Film spectra
allow a precise determination of particle radius
and polydispersity. The large g part of the scatter-
ing intensity in film contrast of spherical droplets
can be described by
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Fig. 7. SANS spectra of o/w microemulsion in bulk (top) and
film (bottom) contrast, respectively. Note steep decay at large
q indicating a diffuse scattering length density profile.
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This relation is derived by assuming that the
interfacial film is penetrated by solvent giving rise
to a Gaussian scattering length density profile,
similarly to the film scattering from flat structures
in bicontinuous microemulsions studied before
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[52]. Furthermore, a Gaussian distribution
around the mean radius r, with variance ¢ is
assumed. In the formula (Eq. (3)) the contrast 4p,
the surfactant volume v, its interfacial area per
molecule ag, its volume fraction ¢, are known
quantities from other measurements. Therefore,
Eq. (3) describes the large-g part of I(g) on an
absolute scale, where P(g) = N - P,(g) with P, be-
ing the single particle form factor and the number
density of droplets N is calculated from the
known amount of the components. Considering
for a moment the bulk spectrum in Fig. 7, one
observes that the scattering intensity decays
steeper than expected from Porod’s law (¢~ #). The
analogous expression for the film contrast de-
scribed by Eq. (3) predicts a steeper decay as g~ 2,
in both cases as a result of the diffuseness of the
interface. The diffuseness parameter ¢ turns out to
be about 6-7 A as in the previous study on bicon-
tinuous microemulsions [52]. From Fig. 7 it is
also evident that the low g part is influenced by
the interparticle structure factor S{g), while
S(g)—1 for large ¢. It should be noted that the
scattering spectra from a droplet microemulsion
appear smeared for several reasons. First, there is
broadening by the wave length distribution
(44/2 = 0.1) and resolution limitations due to the
pixel size of the detector and the beam divergence.
Second, one might anticipate a natural polydis-
persity and deformations from the spherical
shape. For all these reasons, which are difficult to
separate from each other, the polydispersity ob-
tained from fitting Eq. (3) to the experimental
curves should be considered as an upper bound.
One finds, however, that the mean radius r, is
much less affected and is easily found from the
characteristic dip in the scattering pattern being
a remnant of the first minimum of the Bessel
function involved. The mean radius can therefore
be used as a rather accurate measure for the mean
curvature {H» = 1/r, which is the quantity we
want to extract from the scattering spectra in the
context of the present paper.

Electrical conductivity

It was earlier noticed that, when microemul-
sions are driven through phase inversion, a char-
acteristic jump in the electrical conductivity of the
stirred emulsions is observed [61]. This is an
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Fig. 8. Electrical conductivity versus temperature of oil-rich
microemulsions. Note the systematic trend of the inflection
{percolation) point towards higher temperature as the drop-
lets become smaller either with increasing surfactant concen-
tration or oil content.

important and technically useful observation for
emulsions being formulated with unknown or dif-
ficult to control ingredients, e.g., as in reaction
vessels. A related phenomenon studied mainly in
ionic microemulsions [62—64] can be observed in
oil-rich one-phase microemulsions as function of
the tuning parameter. It has been discussed in
terms of stirred percolation [65]. In Fig. 8, we
show the effect for the H,O-n-octane—C;,E; sys-
tem studied here. Note that the relatively small
amount of ¢ = 0.6 wt % NaCl added to the water
in order to have a well-defined ionic strength
only negligibly influences the phase behavior.
Without entering a detailed analysis in terms of
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percolation, which is admittedly tempting, we
want to emphasize that within a narrow temper-
ature interval the conductivity drops from very
high values to low ones. This can be understood
as a transition from a connected, water-continu-
ous structure to an isolated droplet structure. The
droplets form at the high-temperature end of the
one-phase region (near the phase boundary 2),
where the characteristic SANS spectra in film
contrast prove their droplet nature. The droplet
radii have quantitatively been determined by
SANS. The branched tubular nature of the con-
nected structure at the low-temperature end has
been verified for the a =80 wt% sample pre-
viously by FFEM [44]. The percolation temper-
ature T, roughly the inflection point, at which the
structures disconnect can be traced as function of
a and y. T, increases with increasing o and increas-
ing y. With both parameters the droplet size de-
creases, that is the curvature of the amphiphilic
film of the water droplets increases. Decreasing
v (further than in Fig. 8 bottom), one can trace the
percolation temperature towards the body of het-
erogeneous phases. There, one observes that the
temperature of intersection is located close to 7.

Interfacial curvature

From the evidence given above and from the
references mentioned, we arrive at the notion that
the mean interfacial curvature of the nonionic
microemulsions studied decreases steadily with
increasing temperature. Accordingly, one might
assume that to first order the mean curvature
H starts from zero for T and varies as shown
schematically in Fig. 9 top. Here, we also note
that for very high and low temperatures the
microemulsion droplets should approach the sizes
expected for reversed and normal micelles, respec-
tively. That is, H should level off at both high and
low temperatures towards H,, = 0.06. Indications
for this might be seen for the highest and lowest
points in Fig. 10. From the non-zero value and the
opposite sign of ¢, and ¢, near T and the nearly
equal positive value of the ¢; for low, and the
nearly equal and negative value for high temper-
atures, one might expect that H is composed of ¢,
and ¢, having the same slope as H, but being
displaced by a certain margin towards high and
low temperature, such that ¢, passes through zero

<H>
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Fig. 9. Principal trends in microemulsion curvatures with
temperature. Mean curvature (top), mean curvature (dashed
line) decomposed into the two principal curvatures (center)
and Gaussian curvature (bottom).

near T, while ¢, passes through zero near 7,. Note
that for cylindrical structures one of the principal
curvatures vanishes. The former trend is supported
by the tubular, that is, locally cylindrical water
domains close to T, observed by FFEM and
concluded from conductivity. Whereas the latter
is supported by NMR-self-diffusion studies on
the aqueous side on this [44] and related systems
[55]. The principal trends in the ¢; are
shown schematically in Fig. 9 center, which then
add to yield the mean curvature shown as
a dashed line. Figure 9 bottom shows the resulting
Gaussian curvature K = c¢,c, being positive for
the droplet regimes and being negative in the
intermediate range where bicontinuous micro-
emulsions occur.

Figure 10 shows the quantitative evaluation of
the mean curvature as it is obtained from SANS
and FFEM observations. While from SANS we
obtain (H) = 1/{r) for droplets and {(H) =
1/2¢{r> for cylindrical structures, we know from
FFEM that (H> =0 for T. Slight deviations in
temperature or from an exactly spherical shape

f
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Fig. 10. Mean curvature as obtained from SANS and FFEM
for the H,O-n-octane—C,E; system. Note the nearly linear
variation around T = 32.6 °C and change of sign there.

are unimportant for the overall trends. The full
line in Fig. 10 is calculated from

(Hy=122-1003T—-T)A™!, (4a)
where T = 32.6°C and, approximately,

¢, =122-107%T, - T)A™*, (4b)
and

¢ =122-10"3(T,— T)A~*. (4c)

Obviously, the linear relation (Eq. (4a)) approx-
imates the experimental data over a wide temper-
ature range sufficiently well. The linear response
of the observed interfacial curvature to the tuning
of the parameter temperature suggests that a bend-
ing energy dictating the state of curvature has to
be operative. Qualitatively, two well-known ef-
fects support the observed curving tendency of the
surfactant film. Firstly, the hydration of the head
groups decreases and, secondly, the oil penetra-
tion into the tails of the surfactant increases with
increasing temperature. Both effects therefore
would explain the inversion from oil-in-water to
water-in-oil structures.

Mean domain size
The mean curvature, defined by the principal

curvatures, goes through zero at 7. The mean
domain size reaches its maximum there, but does

1000 T T T T

10 1 | i | 1 L L
0 10 20 30 40 50 60 70

—= T[°C]

Fig. 11. Variation of characteristic length scale with temper-
ature. Full line from Eq. (5).

not diverge. Thus, simply assuming ¢ = 1/{H)
does not suffice. Rather, one could define a mean
characteristic length ¢ in the system empirically
as

"2 =4lef+ 3] 5

Interestingly, Eq. (5) fits equally well the droplet
regime where ¢ = 1/H and the bicontinuous re-
gime where ¢ = 6;”;;5‘% is a sufficient description
[53]. Several experimental scattering investiga-
tions seem to indicate that ¢ may be approx-
imated by ¢~ § with d being the periodicity
obtained from the maximum of ubiquitous scat-
tering peak [54]. In Fig. 11, we show how well the
experimental data points agree with the theoret-
ical curve calculated from Eq. (5) where the open
symbols stem from bicontinuous peaks. The full
points correspond to the droplet radii except for
the two highest ones which stem from tubular
structures (¢ = 1/2{H ) investigated in film con-
trast near T; and T, respectively.

Interfacial tension and bending elasticity

The most striking feature of systems driven
through phase inversion is the extreme minimum
of interfacial tension either between the micro-
emulsion and the excess phase or, in the three-
phase regime, the tension between water- and
oil-rich excess phase, where it can be measured by
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Fig. 12. Schematic illustration of interfacial tension experi-
ment: Upon an increase of the bulk interfacial area A by dA,
the area is filled in by interfacial film supplied by the micro-
emulsion droplets, which have to be unbent. As a result,
interfacial tension experiments, at least in part, measure
“bending energy”.

A+dA

removing the middle phase. Interestingly, the
characteristic functional form appears to be
similar irrespective of the particular system
[59,66-72]. Depending on the strength of the
surfactant the interfacial tension is reduced by
several orders of magnitude near the three-phase
state. The minimum is always observed when the
bicontinuous microemulsion takes up equal vol-
umes of water and oil. Sometimes interfacial ten-
sions as low as 10™* mN/m have been reported.
For this reason the tensions are often referred to
as ultra-low [59]. We will argue that from the
definition of interfacial tension it follows that in-
terfacial tension measurements are actually ex-
periments sensitive to the bending properties of
the interfacial films involved. For that purpose,
consider Fig. 12, a schematic diagram illustrating
the principal argument. Interfacial tension

oF
Oab = [ﬂ:ln,-, T.V ' (6)

is the change in free energy F of the closed system
upon an infinitesimal increase of the contact area
A of the two bulk phases. Considering, for
example, the closed system in Fig. 12, correspond-
ing to a water-rich microemulsion in contact with
excess oil (that is, 2 in Fig. 1) as we change the
shape of the container maintaining its volume
constant, the macroscopic amphiphile loaden in-
terface will increase by dA. In order to prevent
direct water/oil contact, microemulsion droplets

will supply interfacial film, while their oil content
at the same time becomes part of the bulk oil
excess phase. The monomer concentration of am-
phiphilic molecules in the bulk phases will remain
constant because they are saturated. Accordingly,
in this process amphiphilic film becomes part of
the macroscopic interface, having there a different
curvature than in the microemulsion. There it has
become flat on average, while it was bent before
shaping the microemulsion droplet interface. Part
of the free energy price to be paid is therefore the
difference in bending energy before and after the
tension experiment. In spinning drop experi-
ments, one routinely carries out such an area
increase of the bulk drop injected while the system
is maintained at constant temperature and vol-
ume. The free energy per unit area associated with
curvature deformations is accounted for by the
Helfrich form [19]

f=2x(H — co)* + Kcycq (7)

where ¢, is the spontaneous curvature. Safran
[60] has shown that for spheres (where
H = ¢; = ¢,), minimizing the bending free energy
in Eq. (7) (df/dH = 0), one obtains the equilibrium
sphere size. This permits to express the spontan-
eous curvature by the experimentally observable
curvature H

co =H<1 +§’%> )

Equation (8) predicts that the bending energy of
a droplet microemulsion is minimized by a trade-
off between the two stress components in Eq. (7)
stemming from curvature and saddle-splay defor-
mations, respectively. In deriving Eq. (8) entropy
of dispersion or fluctuations and interactions of
the droplets have been neglected. These effects are
discussed in the Appendix. The bending energy in
the two occurring states reads for the bent state in
the microemulsion denoted by index (m),

fim=2k(H* — 2Hco + ¢3) + Keqgey s 9)

and for the flat one in the macroscopic interface
(o0), where ¢; = ¢, =H =0,
fe=2xc . (10)

In order to investigate which part of the free
energy change stems from the bending energy, we
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now assume the free energy of the system to be
determined solely by the bending energy of the
film

F=A4,f7 +Axf5 - (11

We further assume that the number of surfactant
molecules which are dissolved as monomers in the
bulk phases remains constant during the inter-
facial tension experiment. The residual surfactant
molecules then shape the interfacial film either in
the microemulsion with area A4, or in the flat
macroscopic interface with area A4,,. For the free
energy difference monitored in the interfacial ten-
sion experiments, we obtain

dF = F® — FO = (4D — ADf T
+(AY - AD)

Observing that the microemulsion interfacial area
decreases by the same amount by which the mac-
roscopic interface increases, we have

dA = (AP — AP) =AY — 4D,

(12)

(13)

The experimentally measured interfacial tension
then becomes

dF
O == — ST HSE (14)
Inserting Eq. (9) and (10) and eliminating c,,
therein using Eq. (8) (also for the narrow inter-
mediate range of bicontinuous structures, where
the exact form for ¢, does not matter, because
H — 0 and ¢, — 0), we obtain

oap = 2H*(ic + K) — Kcycy (15)

for the interfacial tension. In Fig. 13, we show the
interfacial tensions as function of temperature for
the same system for which the domain sizes and
curvatures were determined above. It shows the
characteristic minimum typical for Winsor sys-
tems [59,66-72]. Since the principal curvatures
are known as function of temperature the two
parameters x and x can be determined assuming
them to be temperature independent in order to
not complicate this first analysis. The minimum of
the interfacial tension at 7, where the first term in
Eq. (9) vanishes, determines the absolute value
and, in particular, the positive sign of &, because
K = c¢yc; is negative, but g, is positive. The full

HEO—11—-0(:ta1163—0121-']5

bt

[mN/m]
0.01 ¢

0.001

0.0001 b—+ v v
0 10 20 30 40 50 60 70

T [°C]

Fig. 13. Interfacial tension of interface between bulk oil-rich
(a) and water-rich (b) phase in the H,O-n-octane—C,,E;
system measured with spinning drop (full symbols). The full
line is calculated from Eq. (15) using the elastic moduli given
in the text. For comparison the open symbols measured by
laser light scattering [83] are shown (open symbols). The
dashed line indicates a possible contribution of entropy of
dispersion according to Eq. (A9).

line in Fig. 13 is calculated from Eq. (15) using
Egs. (1) and (4). The only free parameters are the
bending modulus x = 0.6kT and for the saddle-
splay modulus & = 0.3k7. The actual values are
quite precisely fixed. While the functional form of
Eq. (15) exactly reproduces the peculiar shape of
the interfacial tension-temperature curve, the ob-
tained value for x is of the order of k7, a value in
the vicinity of values determined by other tech-
niques for related systems [59]. Furthermore, the
value of K is rather small so that according to
Eq. (8) the radii of curvature experimentally ob-
served and the calculated spontaneous curvature
are close to each other on the phase boundary
that has been termed emulsification failure
boundary [60]. The determination of the bending
moduli in this way is an interesting alternative,
because interfacial tensions and microemulsion
sizes are rather easy to determine experimentally.
However, further quantitative experiments are
needed to carefully check the validity of the as-
sumptions made. In particular, the influence of
entropy of dispersion and renormalization require
consideration.

As discussed in the Appendix, including an
entropy contribution changes the values to
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k = 0.8k7 and ¥ = —0.8kT, respectively. Simply
the inclusion of the ideal entropy of mixing thus
leads to a change of sign for &, negative values
being expected from interfacial stress profile cal-
culations. Also, the condition i/k > — 2 for sta-
bility of Eq. (9) is fulfilled, as discussed by Safran
in [60]. In Fig. 13 we show as dashed line the
entropy contribution (Eq. (A9)). Clearly, examin-
ing interfacial tensions “as if curvature and
bending energy were not a factor”, as Kahlweit
and Reiss [79] put it, is insufficient to explain
the peculiar shape of the interfacial tension
curves. Rather, both bending energy and entropy
contributions (and possibly others) should be
considered.

Furthermore, one might argue that the bending
moduli appearing in Eq. (15) are renormalized
values (see Appendix, [817). Assuming this, the fit
of Eqg. (15) results in values for the bare moduli of
ko = 1.4 and &, = —1.8kT. It is interesting to
note that inclusion of further contributions, that
is, taking, for example, Eq.(A10) instead of
Eq. (15), results in theoretical curves indistin-
guishably close to the full line in Fig. 13. The
changes manifest themselves mainly in the specific
figures for the bending moduli, as discussed. Ex-
periments to further clarify the relative import-
ance of the individual contributions are underway
[83,84].

It is appropriate to mention that the intercon-
nection of bending energy and interfacial tension
has previously been discussed [59,68,18,85,86].
However, here for the first time the application
over the whole temperature range comprising
Winsor I, II, and III has been performed, includ-
ing the characterization of the occurring struc-
tures, domain sizes, and curvatures. The fact that
the functional form of Eq. (15) is capable of de-
scribing the measured interfacial tension so well
over the whole range with the aid of only two
fitting parameters, suggests that the bending
properties of the interfacial films are indeed the
important properties determining the types of
microstructures formed. Therefore, the assign-
ment of importance to the bending properties by
modern theories [73—78] in explaining phase be-
havior and microstructure seems to be justified.
Furthermore, the notion of interfacial curvature
as the determinant of microemulsion structures,
as discussed for ionic microemulsions [82], is sup-
ported by the present study. An interpretation of

the stability of microemulsions on the basis of
macroscopic interfacial tensions alone, presented
as an alternative to the bending energy approach
[79,80], in view of the above results, finds its
natural explanation in the connection of inter-
facial tension measurement and bending energy as
discussed above.

Conclusions

The fact that the phase behavior and associated
microstructures of microemulsion systems are
similar irrespective of the nature of the solvents
and the amphiphiles, suggests that common phe-
nomenological parameters govern these systems.
Apparently, they vary systematically and do not
differ very much from system to system. Previous
authors have identified the interfacial curvatures,
the spontaneous curvature, and two bending elas-
tic constants as the relevant parameters (see, ¢.g.,
[59,60]). From molecular theories it is evident
that these parameters are interrelated through the
interfacial stress profile. By clarifying systematic
trends in the microstructures and extracting the
characteristic domain sizes, we showed that ben-
ding energy alone would explain the interfacial
tension measurements with bending moduli of
order kT. Inclusion of entropy of dispersion has
an influence on the specific numerical figures.
Accordingly, further experiments are needed to
clarify the open questions. While the analysis is
not yet entirely rigorous, it constitutes a very
strong plausibility argument that the in-
homogeneous stress profile of the amphiphilic
film simultaneously governs phase behavior,
microstructure, and the ultra-low interfacial
tensions observed.
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Appendix

An estimate of the free energy of dispersion
may be obtained considering the ideal mixing
entropy (for alternative discussions see, e.g., ref.
[85,86])

dFmix = _Td(ASmlx) (Al)
with
ASix = —Nk[xqln(x,) + x,In(x,) + -],

(A2)

where the total number of molecules is N. The mole-
fraction of surfactant monomers and microemul-
sion droplets in the microemulsion phase are x;
and x,,, respectively. Here, we have assumed that
x; < 1 valid for dilute systems. Above the CMC,
X, 18 constant so that

d(4Snix) = —Nkdx,(In(x,) + 1), (A3)
with
dA
dx,, = _ast , (Ad)
and we have
AF i kT
e “asm(ln(xm) + 1). (A5)

Observing that the aggregation number m is given
by

4 2
m= 3T (A6)
A
and that
X=X
X = P (A7)
Eq. (AS) reads
dF . kT X — X
mix - 1 1
A 4n52[n< 4né? “S) * 1] - (A3

That is, in sufficient approximation for the ex-
periments considered, we have
kT &
LA P
+27152 < ¢ ) ’

fmix = (A9)

where ¢ = 0.3 ( 4+ 0.1) A. Adding the entropy con-
tribution from Eq. (A9) to Eq. (15), one has

I kT ¢
Gap = 2H?*(kk +R) —FKcjcy +Tézln <E> .

(A10)

The fit parameters for the bending moduli change
accordingly, k¥ = 0.8kT and k¥ = —0.8kT, where
the sign of k¥ has become negative. The individual
contribution by Eq. (A9) is shown as a dashed
line in Fig. 13. The application of Eq. (A9) over
the whole temperature range includes the narrow
range between 31 © and 34 °C where the bicontinu-
ous structure is present. For bicontinuous struc-
tures the mixing entropy can be estimated in
random mixing approximation [60] leading to
very similar values for the entropy of mixing.
Converting the free energy contribution per unit
volume (Eq. (2) in ref. [78]) into free energy per
unit area, one has

bicont _ kT
o 6¢2¢(1 — ¢)
x(@lng + (1 — P)In(l — ¢)) . (Al))
For water oil symmetry at 7, Eq. (A11) reduces to
. kT
m = 0-46? ;
differing from Eq. (A9) by a factor of 2, which in
view of the open questions and the assumptions
made is a sufficient agreement. Thus it appears,
for the time being and with the possible inaccur-
acy in mind, reasonable to apply Eq. (A9) also for
the intermediate, bicontinuous range.
Further, one might ask for the effect of renor-
malization, that is, to account the lengthscale de-
pendence of the bending moduli. Discussing this

effect, we follow Golubovic and Lubensky [81],
who obtained

(A12)

3kT, (¢
K=o~ In <5> (A13)
and
__  10kr, (&
K=K, + 3 1n<a> . (A14)

Taking the renormalization in addition to the
entropy of mixing into account results in fit
parameters ko = 1.4kT and x = —1.8kT. These
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observations are remarkable

insofar as the

changes in the parameters observed are all of
the order of kT or less, so that precise experiments
are needed to disentangle the individual con-
tributions.
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