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Influence of additives on the structure of
surfactant-free microemulsions†

J. Marcus,a D. Touraud,a S. Prévost,b O. Diat,c T. Zembc and W. Kunz*a

We study the addition of electrolytes to surfactant-free microemulsions in the domain where polydisperse

pre-Ouzo aggregates are present. As in previous studies, the microemulsion is the ternary system water/

ethanol/1-octanol, where ethanol acts as co-solvent. Addition of electrolytes modifies the static X-ray and

neutron scattering, and dynamic light scattering patterns, as well as the position of the miscibility gap, where

spontaneous emulsification occurs upon dilution with water. All observations can be rationalized considering

that electrolytes are either ‘‘salting out’’ the ethanol, which is the main component of the interface stabilizing

the aggregates, or producing charge separation via the antagonistic ion effect discovered by Onuki et al.

Amphiphilic electrolytes, such as sodium dodecylsulfate or sodium dietheylhexylphosphate, induce a gradual

transition towards monodisperse ionic micelles with their characteristic broad scattering ‘‘peak’’. In these

micelles the ethanol plays then the role of a cosurfactant. Dynamic light scattering can only be understood

by combination of fluctuations of aggregate concentration due to the vicinity of a critical point and in-out

fluctuations of ethanol.

1. Introduction

The so-called Ouzo effect is characterized by the formation
of remarkably fine and time-stable emulsions when water is
added in appropriate amounts to a mixture of ethanol and a
hydrophobic component.1 The name comes from the Greek
drink Ouzo, in which the hydrophobic molecule trans-anethole
is dissolved in the water-miscible solvent ethanol. The necessary
condition for the Ouzo effect to occur is the addition of a solvent
A (e.g. water) to a second solvent B, which is highly or entirely
miscible with solvent A (e.g. ethanol), and a third component,
which is highly soluble in solvent B, but not in solvent A
(e.g. trans-anethole).2 The Ouzo effect allows producing nano-
capsules loaded with active components or to functionalize
a hydrophobic surface with polymeric nano-lenses.3 Whereas
the Ouzo effect had been known for a long time, the fact that
well-defined aggregates of typical size similar to small surfactant-
based micelles occur in the pre-Ouzo region has been demon-
strated only recently, via detailed contrast variation neutron
scattering experiments.4 All other scattering techniques may be
ambiguous since there is always a critical point at compositions
close to such systems and the presence of well-defined aggregates

with defined size is difficult to distinguish from the occurrence of
critical fluctuations. The important point is that, in a defined
region close to the phase boundary, ethanol plays the role of the
surfactant, an effect independent of critical fluctuations.5 For the
sake of comprehension, we call the pre-Ouzo region this domain
in the monophasic and clear phase, close to the phase separation
border. In other words, the pre-Ouzo effect occurs before enough
water is added to reach the Ouzo region, where the visible Ouzo
effect takes place. Conductivity experiments help identifying
three types of structures: pre-Ouzo aggregates, bicontinuous
phases, and reverse micelles morphology. To all these structures
correspond characteristic scattering patterns.6

The presence of a nano-ordering was also observed by
Klossek et al. with dynamic (DLS) combined to static light
scattering (SLS) in the system water/ethanol/1-octanol, which
fulfills the conditions of the Ouzo effect, as explained before.2

They proved the existence of well-defined domains composed
of swollen micellar aggregates, which can be called surfactant-free
microemulsions. Similar results were also found for the systems
water/benzyl alcohol/ethanol or ethyl lactate or g-valerolactone as
oil phase.7 It is worth pointing out that surfactant-free micro-
emulsions seem to occur always in the pre-Ouzo region as long as
the studied system does exhibit an Ouzo region. This pre-Ouzo
effect was then investigated in more details. Using molecular
dynamics simulations, Schöttl et al. characterized the system
water/ethanol/1-octanol.8 The first experimental observations
were confirmed and micelle-like structures were indeed found
for compositions in the pre-Ouzo region. Further, the authors
showed that ethanol is distributed over both pseudo-phases
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and gave a clear molecular view of the system: according to
their work, 1-octanol forms aggregates that are swollen by
ethanol. A slight accumulation of ethanol is observed at the
interface. Ethanol is also present in the water pseudo-phase. As
expected, the surfactant-free aggregates disappear progressively
when more and more ethanol is added. Diat et al. also studied
the system water/ethanol/1-octanol by combining contrast-variation
small-angle neutron scattering (SANS) and small- and wide-angle
X-ray scattering (SWAXS).4 Their results are in agreement with the
previously described work. They proved the existence of oil-rich
aggregates of well defined size around 2 nm in radius. Ternary
solutions in the pre-Ouzo region already showed their capability to
be excellent solubilizers in the field of formulation. Zoumpanioti
et al. showed that lipases from Rhizomucor miehei and Candida
antartica could be entrapped in surfactant-free microemulsions
and still have catalytic activities at 30 1C.9 The stability of
enzymes is also higher than that observed in surfactant-based
microemulsions. Introducing the term ‘‘lipotrope’’, Bauduin
et al. showed that polar compounds could be solubilize in
dodecane by adding alcohols.10 Marcus et al. investigated
mosquito repellent formulations using natural and synthetic
mosquito repellent molecules used on the market.11 They
demonstrated that nano-structures with generally an organic
continuum were present in such surfactant-free formulations.
This nano-ordering may have an impact on the behavior of the
mosquito repellent on the skin, and the outer pseudo-phase
can play a role on the mosquito receptors. The same authors
also found that such fluctuations can be predicted in Eau de
Toilette, Eau de Parfum, and possibly in perfumes with very
hydrophobic fragrance molecules.12 The nano-ordering may
have a significant influence on the vapour pressures of the
different components. Tchakalova et al. proved these assumptions
with the evaporation of ethanol-containing fragrance solutions,
which reveals that the liquid and thus the vapour composition
transformed from an unstructured ethanol-rich solution to a
structured water-rich solution, affecting the fragrance perfor-
mance.13 The fragrance evaporation was also accelerated in the
pre-Ouzo region. Hankel et al. also investigated the possibility
to dissolve hydrophobic compounds in surfactant-free micro-
emulsions using a gas. They studied the dissolution of ibuprofen
in presence of large amounts of water in the pressurized system
water/acetone/CO2.14

The aim of this work is now to understand how additives
influence the weakly associated surfactant-free microemulsions. To
this purpose, we study here the effect of salts and surfactants on it.

Beyond ‘‘simple’’ electrolytes, we consider in the same
methodology amphiphilic molecules, i.e. sodium dodecyl-
sulfate (SDS) and diethylhexylphosphate, as well in its acidic as
in the sodium balanced form (HDEHP and NaDEHP, respectively).
SDS and NaDEHP are water-soluble surfactants, while HDEHP is
only soluble in non-polar solvents. These are the most used
surfactants industrially for detergency and selective extraction.
Finally, we consider also a so-called antagonistic salt, namely
sodium tetraphenylborate (NaBPh4).

Usually, the addition of a simple salt to a binary mixture
of water and an organic solvent changes the phase behavior

of this mixture. Cations and anions of simple salts are some-
times labeled as hydrophilic: this means that their water
hydration enthalpy as well as entropy are much larger than
kT or respectively kT/K and the corresponding values are
tabulated for pure water.15 To our knowledge, enthalpy and
its entropic compensation16 are not available in water/ethanol
binary mixtures. However, it is known that the solubility of salts
decreases when adding ethanol, an effect used in organic
synthesis.17 By attracting water molecules for their solvation
shell, some salts decrease the miscibility of water and the
organic solvent when the salt concentration is high. The two-
phase region is then enhanced. But this is not the case for all
salts. Sadakane et al. observed the opposite behavior when
adding a salt formed by antagonistic ions such as NaBPh4 to the
binary mixture of deuterated water (D2O) and 3-methylpyridine
(3MP).18,19 NaBPh4 is called an antagonistic salt, because it is
composed of a chaotropic anion and a kosmotropic cation. The
chaotropic ion is adsorbed to the water/oil (w/o) interface in all
emulsions or micellar systems investigated so far. Is this local
charge separation also true in the case of pre-Ouzo aggregates?
Using SANS, Sadakane et al. showed even the emergence of
surfactant-free lamellar lyotropic phases upon addition of
NaBPh4. They also observed for the first time an ordered
lamellar structure as a consequence of the local charge separa-
tion due to preferential solvation of an antagonistic salt.20 With
the binary system D2O/3MP, they also investigated the effects of
an inversely antagonistic salt, tetraphenylphosphonium chloride.
The solvation effects were the same as the normally antagonistic
salt NaBPh4, i.e. the presence of a long-range periodic structure
and a shrinking of the two-phase region were observed. These
behaviors and the preferential solvation phenomenon have been
quantified and explained by Onuki et al.21 Chaotropic anions
have a higher tendency to adsorb onto the interface between
water and the organic solvent, thus forming an electric double
layer without initial charge of the interface. Thus, electrostatic
forces can drive to a minimum in free energy if a lamellar phase
is formed. In other words, chaotropic ions act as ‘‘sticky’’
disrupting ions at soft interfaces and kosmotropic ions form a
diffuse layer.22 As a consequence, it is most interesting to test the
effect of the antagonistic electrolytes NaBPh4 on surfactant-free
microemulsions.

Our reference system is the ternary mixture water/ethanol/
1-octanol in the pre-Ouzo region, i.e. in the region where initially
polydisperse pre-Ouzo aggregates of correlation length around
2 nm are observed. Further, the partition coefficient of ethanol
between octanol-rich aggregates and the water-rich external
medium, a water/ethanol mixture that constitutes the solvent,
is close to one. Since the sample is in the single-phase region,
both pseudo-phases are in dynamic equilibrium.23

2. Experimental
2.1. Materials

Ethanol (purity Z99.8%), NaSCN (purity Z98%), and dietheyl-
hexylphophoric acid (HDEHP, purity Z97%) were purchased
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from Sigma-Aldrich Chemie GmbH (Steinheim, Germany).
1-Octanol (purity Z99%), LiCl (purity Z99%), KCl (purity
Z99.5%), NaBr (purity Z99%), NaNO3 (purity Z99%), and
NaOH (purity Z99%) were purchased from Merck Schuchardt
OHG (Hohenbrunn, Germany). CH3COONa (purity Z99%),
CaCl2 (purity Z96%), and NH4Cl (purity Z99.8%) were purchased
from Merck (Darmstadt, Germany). NaCl (purity Z99.6%) was
purchased from VWR (Leuven, Belgium). CsCl (purity Z99%) and
NaBPh4 (purity Z99.5%) were purchased from Alfa Aesar GmbH &
CoKG (Karlsruhe, Germany). NaClO4 (purity Z88%) was from
Fluka AG (Buchs, Switzerland). Sodium dodecylsulfate (SDS,
ultrapure) was from AppliChem GmbH (Darmstadt, Germany).
All solutions were prepared using deionized water with a
resistivity of 18.2 MO cm. All other chemicals were used without
further purification.

2.2. Dynamic light scattering

Solutions were prepared by mixing the adequate amounts
of each constituent in a test tube. The prepared solution was
then filtered with a 0.2 mm PTFE membrane filter into a
cylindrical light-scattering cell of 10 mm outer diameter. The
cell was placed in a temperature controlled bath of toluene,
at 25 1C. The measurements were carried out with a CGS-3
goniometer system from ALV (Langen, Germany) equipped with
an ALV-7004/FAST Multiple Tau digital correlator and a vertical-
polarized 22 mW HeNe laser (wavelength l = 632.8 nm). The
homodyne correlation functions hI(0)I(t)i (or G1(t), t being the
correlator delay time) were recorded for 300 s at an angle of 901.

As discussed elsewhere, the correlation functions reflect
fluctuations of nano-clusters and not molecular critical fluctua-
tions near a critical point.2,8,11,12 However, in ternary systems,
dynamic light scattering is the time-convolution of two different
possible fluctuations, with two (dn/dc) and constant chemical
potential of pseudo-component 1 and of pseudo-component 2.24

It is the choice of the experimentalist to choose convenient
pseudo-components. In the study here, we choose as for classical
micelles the pseudo-component to be an aggregate with its typical
diffusion time.

According to the general theory of Aniansson et al.,25 the
in-out fluctuation of the most labile component induces one type
of refractive index increment (dn/dc). The ‘‘rapid component’’ is
in our case the ethanol molecules fluctuating with a short time-
scale between octanol-rich aggregates and water-rich ‘‘solvent’’.
The chemical potential of ethanol is equal in both pseudo-
phases and the transfer energy of ethanol between those phases
remains much smaller than kT. The contribution of ethanol
convolutes with the slower one, which is attributed to the
fluctuations of aggregates in the solvent with constant partition
of the cosolvent. These two orthogonal fluctuations are shown in
Fig. 1 and induce two distinct contributions in the correlation.26

In our case, slow and rapid components can be considered as
independent and therefore additive in intensity. These two con-
tributions combine also in binary systems without existence of a
well-defined interface.27 In the case of binary solutions near a
critical point, the intense light scattering has also to be decom-
posed in monomer-micelle and micelle-micelle fluctuations, with

all the consequences: DLS and SLS near a phase separation line is
always observed, and is not the proof of existence of surfactant-
free microemulsions in a given sample. One consequence is that
the correlation sizes deduced from light scattering are typical of
slowly fluctuating aggregates or quickly fluctuating cosolvent
molecules. The apparent exponents measured in the situation
of two combined fluctuations between pseudo-phases, as defined
by C. Tanford, are distinct from exponents measured in binary
solutions, when only one type of fluctuations can occur. To our
knowledge, this has been proved experimentally for the first time
by adding traces of electrolytes, quenching one of the fluctuations
to a solution of non-ionic micelles.

2.3. Small-angle X-ray scattering (SAXS)

2.3.1. Apparatus. A bench built by Xenocs and an X-ray
radiation generated by a sealed molybdenum tube (wavelength
l = 0.71 Å) were used to carry out the SAXS measurements. The
large on-line detector (MAR 345, MAR Research, diameter =
345 mm) was located at 750 mm from the sample stage. Off-
centre detection allowed small and wide angles to be measured
simultaneously. The scattering vector q has a magnitude of:

q ¼ 4p
l
sin

W
2

(1)

W being the scattering angle. The attainable q-region was 0.2–
30 nm�1 with an experimental resolution of Dq/q = 0.05. Collima-
tion was applied using a 12: N multilayer Xenocs mirror coupled
to two sets of Forvis scatterless slits providing a 0.8 � 0.8 mm2

X-ray beam at the sample position. Absolute intensities were
obtained by using a 2.36 mm thick high-density polyethylene
sample (from Goodfellow) as a calibration standard. The software
FIT2D was used to integrate the two-dimensional spectra. The
electronic background of the detector, transmission measure-
ments and empty cell subtraction were taken into account during
the integration. The acquisition time was 3600 s per sample.

2.3.2. Fits of the experimental data. The scattering
by fluctuations with no defined interface can be generally

Fig. 1 (a) Ternary phase diagram in weight fractions of the system water/
ethanol/1-octanol, at 25 1C; (b) ternary phase diagram in mole fractions of
the same system, at 25 1C. The clear and homogeneous phase is repre-
sented in white, the multiphasic domain in gray. Positions corresponding
to the octanol-rich and water-rich pseudo-phases are shown as points
respectively labeled O and W. Direction of fluctuations considered in
dynamic studies are shown with the arrows: the black arrows represent
the local fluctuation of aggregates concentration, the gray arrows repre-
sent the in-out fluctuation of ethanol between both pseudo-phases.
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expressed as an Ornstein–Zernike-type inverse quadratic
function (OZ):

IðqÞ ¼ ðDrÞ2Fð1� FÞ xX3

1þ q2xX2
(2)

where xX is the correlation length in Å. We set I(0) = (Dr)2 F
(1 � F), where Dr is the difference of electronic densities
between the oil-rich and water-rich domains in Å�2, F the
volume fraction of the oil-rich phase including the volume
fractions of ethanol and additive which may be found in that
phase. The electronic densities used can be found in the ESI,†
Section A.

As the addition of salts into the surfactant-free microemulsion
has an influence on its structure, we propose an empirical
function to fit the data showing the phenomenon known as
‘‘correlation hole’’ for charged polymers and that cannot be
fitted with an Ornstein–Zernike function:

IðqÞ ¼ ðDrÞ2Fð1� FÞ Vobject

1

xX2
þ q� q0ð Þ2

(3)

Vobject is the volume of the scattered object in Å3, and is
equal to:

Vobject ¼
4

3
pRmv

3 (4)

where Rmv is the mean radius of an object in Å, i.e. the
hypothetical radius that would have the fluctuations or nano-
droplets if their geometry were a sphere. Vobject and F can be used
to calculate the object density in a micelle volume nd expressed
in Å�3 (see eqn (5)).

nd ¼
F

Vobject
(5)

In eqn (3), (1 � F) is introduced to account to a first-order for
repulsive interactions lowering the intensity (decrease of the
compressibility). The physical meaning of q0 is the scattering
vector corresponding to the most probable distance between
centres of scattering objects D*. In the case of repulsive objects,
the number of objects can be deduced from the position of the
maximum of the structure factor S(q), that is usually very close
to the maximum of the intensity:

D� ¼ 2p
q0
¼ 1:22� nd

0�1=3 (6)

It is very important to notice that nd
0 and nd, determined by two

independent measurements, may differ. When both values are
close, this is a proof of self-consistency.28 If these two densities
differ, this may come from anisotropy of the object or attraction
of the objects instead of repulsion.

2.4. Small-angle neutron scattering (SANS)

Small-angle neutron scattering (SANS) experiments were per-
formed at the Institut Laue Langevin (ILL, France) on the D16
spectrometer. The neutron wavelength was fixed at 4.51 Å using
a monochromator. A 2D gas-filled detector settled at 953 mm
from the sample position (1 mm pathway quartz cell) was moved

at two different angles (g) on a goniometer arm in order to cover
a q-vector range respectively between 0.025 o q (Å�1) o 0.3
(position 1, g = 01) and 0.06 o q (Å�1) o 0.6 (position 2, g = 161)
with a reasonable overlap that allows a good concatena-
tion of the scattering data. A standard H2O normalization,
detector noise, empty cell and incoherent scattering corrections
were applied to display the scattering intensity I(q) in absolute
units, the cm�1.

In a first approximation, the data were also fitted using an
OZ function, as described by eqn (2). The correlation length
obtained from these fits is noted xN. The neutron scattering
length densities used can be found in the ESI,† Section A.

2.5. The formulation investigated

The ternary phase diagram water/ethanol/1-octanol was already
published in another study2 and is reproduced here for the sake
of clarity, see Fig. 1. The investigated formulation corresponds
to point a on the phase diagrams. Its composition as well as the
compositions of both octanol-rich and water-rich pseudo-
phases are summed up in Table 1 in weight and mole fractions.

As already mentioned before and explained in details in
previous papers, the fluctuations found in that surfactant-free
microemulsion can be interpreted as nano-structuring or fluctu-
ating nano-clusters. How to distinguish them from bicontinuous
structures will be discussed in another paper in preparation.

Different amounts of salts were added to the formulation a
and SAXS, SANS, and DLS were measured. In the case of NaDEHP,
the same amount of sodium hydroxide was also added to the
investigated formulations to ensure the ionisation of HDEHP.

3. Results
3.1. Influence of the addition of different anions on the nano-
structures of the ternary composition a

In order to investigate the influence of anions on the structures
of the surfactant-free microemulsion, SAXS were performed
with increasing amounts of sodium salts. In the following,
molarities (mol of solute per kg of solution) are used. The
investigated formulation corresponded to formulation a, whose
composition can be found in Fig. 1. As it can be seen in Fig. 2,
the curves of the absolute intensity against the scattering vector
q obtained for the anions CH3COO�, Cl�, and NO3

� exhibit the
same behaviours, i.e. the absolute intensity at low q-values
increases with increasing concentration of the different salts.
The increase of the intensity at q - 0 is a bit more pronounced
for NO3

� than for the two other salts. The obtained curves for

Table 1 Composition of the reference formulation a and the water-rich
and octanol-rich pseudo-phases in weight and mole fraction, the latter
being inferred from the scattering experiments

Point

Weight fraction Mole fraction

Water Ethanol 1-Octanol Water Ethanol 1-Octanol

a 0.375 0.4375 0.1875 0.6558 0.2989 0.0453
W 0.606 0.391 0.002 0.798 0.202 0
O 0.098 0.493 0.409 0.283 0.555 0.163
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those three salts were all fitted using an Ornstein–Zernike
function. The correlation lengths xX obtained from these fits
increase and are equal to 40.6 Å for 1.50 mol kg�1 CH3COO�,
27.7 Å for 0.68 mol kg�1 Cl�, and 46.2 Å for 1.17 mol kg�1 NO3

�

(see Fig. 3a).
For SCN�, the absolute intensity decreases at low q-values

when the concentration increases from 0 to 1.23 mol kg�1, see
Fig. 2b. Further, a peak is observed at medium q-values, whose
intensity increases with increasing SCN� concentrations. It
should be also mentioned that the peak is shifted to higher
q-values with increasing concentrations. The first two concen-
trations, i.e. 0.13 and 0.49 mol kg�1 of NaSCN, were fitted using
an Ornstein–Zernike function, whereas the last two ones, i.e.
0.86 and 1.23 mol kg�1 of NaSCN, were fitted using the model
developed for this work (see the Experimental section, eqn (3)).
A jump in the correlation length values is observed due to the
use of two different models. However, it can be clearly seen that
the correlation length tends to decrease, as shown in Fig. 3a.

SANS measurements were also carried out on the reference
system without additives and with 0.35 mol kg�1 of NaCl and
0.46 mol kg�1 of NaClO4, see Fig. 4. Three different contrasts
were measured for each sample and the correlation lengths
were obtained from the OZ fits. The octanol-rich contrast
allows us to visualize the octanol-rich micro-domains, and the

water-rich contrast allows us to visualize the water-rich micro-
domains ‘‘containing’’ the organic-rich aggregates. It is consistent
that the correlation lengths obtained from both fits differ only
slightly. On the contrary, the ethanol-rich contrast allows us to
directly visualize the typical size of aggregates. Ethanol is distrib-
uted in both phases, with an accumulation at the emerging
interface. If there were no accumulation at the interface, i.e. as
critical fluctuations in a ternary fluid only, the three contrasts
would give the same size. Here, it is clear that the ethanol-rich
contrast gives a smaller apparent size: this is a direct proof of
the existence of an interface, rich in cosolvent. Another proof is
the fact that in all samples measured by SANS, the correlation
length obtained from the water-rich domain is higher than the
one for the octanol-rich domain. This shows that the octanol-
rich domains do not ‘‘fit’’ perfectly in the holes present in the
water-rich domain and, thus, a diffuse interface must be present.
The micro-structure in the pre-Ouzo region corresponds to two
immiscible fluids separated by an interface: this corresponds
to the definition of a microemulsion where the ethanol plays
the role of a ‘‘weak’’ surfactant. High absolute intensities are
observed for the octanol-rich and water-rich contrasts for the
reference system (see Fig. 4). This observation is valid for the
reference sample and remains true in the case of added salt.29

In presence of Cl�, the intensities of the curves at low
q-values for the octanol-rich and water-rich contrasts are higher
and the curvature changes accordingly (see Fig. 4a). The
correlation length values xN found for the octanol-rich and
water-rich contrasts are higher than xN of the reference. For
ClO4

�, the absolute intensities at low q-values are smaller than the
reference and a saturation of the signal is observed more rapidly,
as represented in Fig. 4b. xN also decreases with 0.46 mol kg�1

NaClO4. However, no significant change is observed regarding the
ethanol-rich contrast for Cl� and ClO4

�. All correlation lengths,
sizes, and other useful data can be found in the ESI,† Section B
and Table S1.

DLS was also measured for the composition a with increas-
ing salt concentrations. The autocorrelation functions for each
salt can be found in the ESI,† Section C. The characteristic
dynamic sizes xD as obtained from DLS are plotted against the
anion concentrations, see Fig. 3b. xD increases and diverges at a

Fig. 2 SAXS spectra on a log–log scale and in absolute units for the
system water/ethanol/1-octanol in presence of (a) CH3COONa; (b) NaSCN;
(c) NaCl; and (d) NaNO3. The dotted lines are the fits done with the
Ornstein–Zernike equation or with eqn (3) in the case of NaSCN.

Fig. 3 (a) Correlation lengths xX in Å obtained from SAXS; and (b) char-
acteristic dynamic size xD in Å obtained from DLS plotted against the anion
concentration in mol kg�1.

Fig. 4 SANS curves on a log–log scale and in absolute units of the
formulation corresponding to point a with (a) 0.35 mol kg�1 NaCl, and
(b) 0.46 mol kg�1 NaClO4. For NaCl, the correlation length xN increases
from 16.3 to 18.8 Å for the octanol-rich contrast, from 16.0 to 22.0 Å for
the water-rich contrast, and decreases from 6.3 to 5.1 Å for the ethanol-
rich contrast. For NaClO4, the correlation length xN decreases from 16.3 to
8.6 Å for the octanol-rich contrast, from 16.0 to 9.4 Å for the water-rich
contrast, and from 6.3 to 5.8 Å for the ethanol-rich contrast.
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given concentration for NaCl and NaNO3. Regarding CH3COONa,
xD is constant. It decreases for NaSCN, NaBr, and NaClO4.

3.2. Influence of the addition of different cations on the
nano-structures of the ternary composition a

SAXS measurements were also performed with increasing
concentration of cations, keeping chloride as a common anion.
The investigated formulation corresponded to formulation a,
cf. Fig. 1.

The SAXS curves for all cations exhibit the same behaviour.
As presented in Fig. 5, the absolute intensity increases at low
q-values when increasing the salt concentrations. It can be noted
that the intensity at q - 0 is the highest for Cs+ and the smallest
for Li+. All the curves were fitted using an Ornstein–Zernike
equation. The correlation lengths obtained from these fits increase
for NH4

+, Cs+, K+, and Na+ and are equal to 45.8 Å for 1.47 mol kg�1

NH4
+, 45.9 Å for 0.62 mol kg�1 Cs+, 24.1 Å for 0.53 mol kg�1 K+, and

27.7 Å for 0.68 mol kg�1 Na+ (see Fig. 6a). The trend is less evident
for the most kosmotropic cations Li+ and Ca2+.

SANS measurements were also carried out on the reference
system without additives and with 0.50 mol kg�1 of LiCl (see
Fig. 7). The same three contrasts were measured for each sample.
As already described for the reference, high absolute intensities are
observed for the octanol-rich and water-rich contrasts contrary to
the ethanol-rich contrast which exhibits a lower absolute intensity.
The curvature of the octanol-rich and water-rich contrasts curves is
the same. In presence of Li+, the intensities of those curves at low
q-values are higher and the curvature changes accordingly. This is

in agreement with the slight increase of xN for the octanol-rich and
water-rich contrasts. No significant change is observed regarding
the ethanol-rich contrast.

As for the anions, DLS was also performed for the composi-
tion a with increasing cation concentrations. The autocorrela-
tion functions for each salt can be found in the ESI,† Section D.
The characteristic dynamic size xD was also plotted against the
cation concentration, see Fig. 6b. It increases and diverges at a
given concentration of CsCl, KCl, NaCl and NH4Cl. Note that
NH4Cl diverge at much higher concentration than the other
three salts. For LiCl and CaCl2, xD exhibits a slight increase at
low concentration and stays more or less the same at higher
concentrations.

3.3. Influence of ‘‘special’’ electrolytes on the nano-structures
of the ternary composition a

SAXS experiments were also performed with increasing con-
centrations of NaBPh4, SDS, HDEHP, and NaDEHP in the
composition a. NaBPh4 is a typical antagonistic salt since
sodium is a kosmotropic ion and BPh4

� is extremely chaotropic,
hence expelled from the water-rich domains. As a consequence, it
must be adsorbed on the octanol-rich domain: charge separation
of antagonistic salts should produce a net electrostatic repulsion.
Extreme cases are investigated with anionic surfactants, where the
amphiphilic anion is expected to be mixed with the octanol-rich
aggregate and stabilize them. We use HDEHP, the oil-soluble
acidic form of the diethylhexylphosphoric acid, as a counter-
example, since it should increase the volume of octanol-rich
aggregates without inducing negative charge-stabilization.

The absolute intensity decreases for NaBPh4 and SDS at low
q-values when their concentrations increase respectively from
0 to 0.26 and 0.55 mol kg�1 (see Fig. 8a and b). The decrease of
the intensity at q - 0 is more significant for the surfactant SDS.
Further, the emergence of the classical broad peak associated
to repulsive aggregates30 or disordered-open-connected struc-
tures31 are observed for the two additives at medium q-values.
Its intensity increases with increasing additive concentrations.

Fig. 5 SAXS spectra on a log–log scale and in absolute units for the
system water/ethanol/1-octanol in presence of (a) NH4Cl; (b) CsCl; (c) KCl;
(d) NaCl; (e) LiCl; and (f) CaCl2. The dotted lines are the fits done with the
Ornstein–Zernike equation.

Fig. 6 (a) Correlation length xX in Å obtained from SAXS; (b) characteristic
dynamic size xD in Å obtained from DLS plotted against the cation
concentration in mol kg�1.

Fig. 7 SANS curves on a log–log scale and in absolute units of the
formulation corresponding to point a with 0.5 mol kg�1 LiCl. The correla-
tion length xN stays almost the same for the octanol-rich contrast and is
equal to 16 Å. xN increases from 6.3 to 6.6 Å for the ethanol-rich contrast
and from 16.0 to 19.0 Å for the water-rich contrast.
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The maximal intensity is observed for the highest SDS concen-
tration. It should be also mentioned that the peak is shifted to
higher q-values with increasing concentrations, a direct hint
that distance between the centers of neighboring aggregates
decreases, hence there are more smaller aggregates, consistent
with the general idea of charge distribution. For NaBPh4, the
first four concentrations, i.e. from 0.03 to 0.12 mol kg�1, were
fitted using an Ornstein–Zernike function, whereas the last four
ones, i.e. from 0.15 to 0.23 mol kg�1, were fitted using the
model developed for this work (see the Experimental section,
eqn (3)). It can be seen that the correlation length stays more or
less constant. Regarding SDS, all the curves were fitted using
the model developed for this work (see the Experimental
section, eqn (3)). The correlation length xX obtained from these
fits increases from 3.95 Å for 0.07 mol kg�1 SDS to 12.8 Å for
0.69 mol kg�1 SDS.

For the uncharged HDEHP, the absolute intensity slightly
increases when increasing its concentration in the surfactant-
free microemulsion and no peak appears. The correlation
length xX obtained from these fits also increases and reaches
12.9 Å with 0.16 mol kg�1 HDEHP. Regarding the ionized
HDEHP, called NaDEHP, the absolute intensity decreases
at low q-values and a broad peak is obtained when increasing
the concentration. Due to the use of two different models to
fit the curves, the evolution of the correlation length xX is
not clear.

The measured DLS autocorrelation functions for NaBPh4

and SDS can be found in the ESI,† Section E.

4. Discussion

The addition of salt on the structuring of ternary surfactant-free
microemulsions has two main effects:

1. A salting-out effect towards ethanol: ethanol molecules
are driven to the interface or inside the octanol-rich aggregates

upon addition of the electrolyte. Consequently, the size of the
nano-structures increases and xD, xX, and xN increase.

2. Charging of the interface via the antagonistic ion effect
(see Introduction): the chaotropic ion is partly adsorbed onto
the o/w interface and charges it, according to the charge
regulation equilibrium.32 As the electrostatic repulsion between
the structures is enhanced, the compressibility decreases and
I(0) from SAXS decreases. Further, the Ornstein–Zernike beha-
viour should disappear in favour of a correlation peak.

To each of these effects we can infer opposite consequences
on the surfactant-free microemulsion. The consequences 1 and
2 are related respectively to the effects 1 and 2:

1. It leads to an increase of the dynamic scattering, with
effects equivalent to a decrease of the initial ethanol concen-
tration, i.e. the experimental point is getting closer to the
demixing line upon addition of electrolyte.

2. It leads to a decrease of the dynamic scattering, with
effects equivalent to an increase of the initial ethanol concen-
tration, i.e. the experimental point is getting away from the
demixing line upon addition of electrolyte. The pre-Ouzo
aggregates are disappearing. The sample composition crosses
the so-called Lifshitz line33 for which noticeable scattering at
vanishing q-values disappears and the microstructure is better
described as a weakly correlated ternary molecular solution and
the associated transition towards a ternary unstructured fluid.
If a critical point is present in the vicinity, only critical fluctua-
tions are present. In this case, there is no pre-Ouzo region near
the miscibility gap. There is no enrichment of ethanol at the
interface between aggregates and there are no aggregates of
a preferred size.

Regarding the SAXS measurements, the interactions between
the aggregates (‘‘nano-clusters’’) present in the solutions can also
be observed at q-values higher than 0.1 Å�1 by the emergence of a
peak, whereas the Ornstein–Zernike-like fluctuations of weakly
interacting clusters can be observed at low q-values. Concerning
SANS, a saturation of the absolute intensity at low q-values hints at
repulsive interactions between the nano-structures.

4.1. Static scattering

4.1.1. Anions. NaCl, NaNO3, CH3COONa (mechanism 1):
considering the SANS spectrum of the reference formulation,
the correlation length obtained from the fits of the octanol-rich
and water-rich contrasts is almost the same, whereas the
correlation length for the ethanol-rich contrast is much smaller.
As already pointed out, this result proves that the observed
intensity comes from nano-structures inside the surfactant-free
microemulsion and not from critical molecular fluctuations near
a critical point.

Considering now the SANS spectrum of NaCl, the difference
between the correlation length obtained from the fits for the
octanol-rich and water-rich contrasts is more important, indi-
cating a change at the interface or in the aggregates. The
apparent size increases: it can be deduced that the salt has a
salting-out effect and pushes the ethanol molecules inside the
aggregates, thus increasing their size, or at least the interface.
This is seen by the difference in size as seen with octanol and

Fig. 8 SAXS spectra on a log–log scale and in absolute units for the
system water/ethanol/1-octanol in presence of (a) NaBPh4; (b) SDS; (c)
HDEHP; and (d) NaDEHP. The dotted lines are the fits corresponding to the
Ornstein–Zernike equation or to eqn (3).
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ethanol contrast. However, as the SANS curves of the reference
and NaCl overlap for the octanol-rich and water-rich contrasts
at high q-values, the total water-rich to octanol-rich interface
per unit volume remains constant.

From both these results, we suppose that the primary result
is that the presence of salt induces maximum stability of larger
aggregates in the microemulsion. In a first order approximation
of hydration force competing with entropy, the secondary hydra-
tion force comes into play, favouring larger aggregates.34 The
increase of the correlation length xX and the increase of the
absolute intensity in SAXS with increasing salt concentration,
meaning that the compressibility increases and the repulsions
between the nano-structures decrease, are in agreement with an
increase of ethanol concentration in the aggregates. Further,
Schöttl’s and Horinek’s simulations show that the ethanol
concentration inside the aggregates and at the interface is
enhanced upon addition of salts.35 Consequently, this leads to
an apparent decrease of ethanol concentration and the formula-
tion is getting closer to the demixing boundary upon addition of
NaCl: getting closer to the boundary increases the fluctuations
that should be detected with light scattering at lower q-value, as
will be discussed below.

NaNO3 and CH3COONa exhibit the same effect as NaCl. The
same trend is indeed observed in SAXS and xX also increases
when increasing the salt concentration. However, the salting-
out effect of CH3COO� is weaker than that of NO3

�, which is
weaker than Cl� as the correlation length xX starts diverging
at higher concentrations, following the order Cl�, NO3

�, and
CH3COO�. It is also interesting to note that, usually, the
carboxylate ion –COO� is harder than Cl�. However, the acetate
ion is less efficient than NaCl due to the presence of the
hydrotropic group –CH3.

NaSCN, NaBr, NaClO4 (mechanism 2): the thiocyanate anion
SCN� exhibits a very different behaviour, as it is chaotropic;
thus the sodium salt is antagonistic and easily separated. The
decrease of the absolute intensity in SAXS at low q-values means
that the repulsive interactions between the nano-structures
increase. That increase is also confirmed by the presence of a
peak at higher q-values coming from a structure factor. The
Ornstein–Zernike behavior disappears and the spectra have to
be fitted using another equation, as indicated in the methods
and in Section 3.1. The anion SCN� goes onto the interface,
leading to an increase of the repulsions and to a stabilization
of smaller microemulsion domains. The addition of NaSCN
should also increase the monodispersity of the surfactant-free
microemulsion as xX tends to decrease, indicating that smaller
aggregates are formed. It can be noted that both anions and
ethanol participate in forming the interfacial film. The addition
of NaSCN leads to an apparent increase of ethanol concen-
tration and the formulation is moving away from the demixing
boundary.

Considering the SANS spectrum of NaClO4, the intensity
shows no divergence at low q-values compared with the intensity
of the reference: this is due to low osmotic compressibility,
indicating the presence of repulsive interactions. Like in the case
of SCN�, the anion ClO4

� goes onto the interface and charges it,

leading also to repulsive interactions. The size of the aggregates is
also smaller, as the correlation length xN decreases for the three
contrasts with 0.46 mol kg�1 NaClO4. Further, as the octanol-rich
and water-rich curves of the reference and NaClO4 overlap at high
q-values, the interface per unit volume remains the same. This
means that the presence of antagonistic salt induces smaller and
a larger number of aggregates inside the surfactant-free micro-
emulsion. We are here in a situation very similar to the case first
described by Onuki et al. when concentrated antagonistic salts, by
themselves and without even a co-solute, induce stability of
spontaneous emulsions. Instead of two macroscopically separated
phases, droplets of 100 nm are observed in the system water/
3-methylpentane and NaBr, used as antagonistic salt.36

It is worth stressing the main result here: an antagonistic
salt, such as NaSCN, NaClO4, and probably NaBr (as its behavior
is the same as the perchlorate and thiocyanate ion in DLS)
behaves like a surfactant in presence of ethanol.

4.1.2. Cations. NaCl, KCl, CsCl, NH4Cl, LiCl, CaCl2

(mechanism 1): regarding the SANS spectrum of LiCl and
the correlation lengths obtained from the fits of the three
contrasts, it is again confirmed that the obtained intensities
originate from nano-structures inside the solution and not
from critical fluctuations. Like in the case of NaCl, the facts
that (i) the difference between the sizes of the octanol-rich and
water-rich contrasts is more important than the one for the
reference and (ii) the absolute intensity in SAXS increases,
indicate that LiCl ‘‘pushes’’ the ethanol molecules inside the
octanol-rich aggregates. However, as the correlation length xX

stays almost the same and the increase of xN is smaller than
the increase for NaCl, the salting-out effect of Li+ is much
weaker that the one of Na+. This is also in agreement with the
work of Schöttl and Horinek, who showed that the increase of
the concentration of ethanol inside the organic-rich phase and
at the interface upon addition of LiCl is smaller compared to
CsCl (which behaves like NaCl, see next paragraph).35 Further,
they also showed that the aggregates with LiCl are a bit
broader. Ca2+ should behave like Li+ as they exhibit the same
behavior in DLS.

K+, Cs+, and NH4
+ exhibit a behavior similar to the one of

NaCl in SAXS and thus have a salting-out effect towards
ethanol. When the ethanol content of the water-rich ‘‘solvent’’
decreases from 40% to 0%, the free energy of transfer of
the ethanol molecules inside the aggregates increases from
0.25 kT/mole to 1 kT/mole (2.5 kJ), as can be derived from
measured partition coefficient.4,37 This induces a size increase
as shown by the measured correlation lengths xX. Na+, K+, and
Cs+ behave approximately alike, whereas NH4

+ has a much
weaker salting-out effect when considering the divergence of
the correlation length with increasing salt concentration. The
addition of those salts leads to an apparent decrease of the
ethanol concentration, i.e. the studied formulation comes closer
to the demixing line.

4.1.3. Special sodium salts. NaBPh4 (mechanism 2): the
strong decrease of the SAXS absolute intensity of BPh4

� at low
q-values shows that the electrostatic repulsions between the
nano-structures increase upon addition of the antagonistic salt.
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Further, the emergence of a slight peak at around 0.17 Å�1

corroborates the increased interactions between the clusters.
That can be explained by the strong propensity of the bulky
organic and hydrophobic anion to the interface. The small
sodium ion must follow to ensure local electro-neutrality. Since
the structures are charged and repulsive, the Ornstein–Zernike
fluctuations vanish and a correlation peak appears. As explained
by Sadanake et al. and Onuki et al. (see Introduction), the
antagonistic salt acts as a significant surface active agent, but
due to its bulky structure, it cannot form a well-ordered film or a
sharp interface, as observed by the presence of a small broad
peak in the SAXS spectra. Another type of microemulsions is
observed here. It is neither stabilized by surfactants nor by any
hydration forces due to the ordering of alcohol groups at the
interface. The structuring is mainly (or even purely) due to
electrostatic interactions. Using eqn (5) and (6), one charged
aggregate has a volume of approximately 11 100 Å3. Assuming
that (i) the volume fraction of the octanol-rich phase is 0.4,4 and
(ii) half of the octanol-rich phase is ethanol and the other half is
1-octanol, one aggregate has approximately 21 octanol molecules
and 58 ethanol molecules. In our case, the correlation lengths
and the volume of one aggregate are much smaller than the ones
found by Sadakane et al., who studied a similar system with
other chemicals.19 Like NaSCN or NaClO4, NaBPh4 can play the
role of a surfactant in presence of ethanol. Further, as xX stays
constant, there is no strong variation of the free energy of
transfer of ethanol from water-rich to oil-rich domains and no
changes in the size of aggregates is induced. The latter are now
simply stabilized by the antagonistic salt and ethanol molecules,
which render the interface more ‘‘visible’’.

SDS: the decrease of the absolute intensity observed upon
addition of SDS at low q-values coupled with the apparition of a
peak at medium q-values with increasing SDS concentrations are
proofs that true surfactant micelles appear progressively.30 The
same effect occurs in light scattering when the osmotic com-
pressibility increases when aggregates become charged, see ESI,†
Section E. This effect is known and related to non-electrostatic
effects in ‘‘normal’’ micelles. It cannot be excluded that the
addition of SDS destroys first (meaning upon addition of very
small amounts of SDS) the surfactant-free clusters. Qualitatively,
this would lead to a decrease of intensity at low q-values similar
to the measured one and cannot be distinguished from the
intensity decrease because of increasing repulsions between
charged micelles. But at least at low SDS concentrations, ethanol
might prevent the formation of classical micelles, whereas at
higher SDS concentrations, SDS micelles stabilized by octanol
acting as cosurfactant can be expected.38 At such high SDS
concentrations, the characteristic peak of classical surfactant
micelles is observed. The latter becomes narrower, its intensity
higher with increasing concentrations of SDS, and polydispersity
decreases. The correlation length xX increases, meaning the size
of the micelles also increases. We suppose that ethanol mole-
cules are partitioned between both pseudo-phases and also
participate in the interface, together with the surfactant.39

HDEHP, NaDEHP: HDEHP can be considered as an oil. As
such, the HDEHP molecules go inside the micelles and swell

them, which is in agreement with the increase of the correla-
tion length xX from 6.8 Å without additive to 12.9 Å with
0.16 mol kg�1 HDEHP.

The behavior of NaDEHP is comparable with the one of SDS,
as the absolute intensity at low q-values decreases and the
emergence of a broad peak is observed, both results leading to
an increase of the electrostatic repulsions. In that case, a
surfactant is formed in situ by deprotonating the HDEHP oil
with sodium hydroxide.

To sum up, anions have either a salting-out effect where
the ethanol molecules are pushed inside the nano-structures
(the formulation is closer to the demixing boundary), or behave
like a surfactant by stabilizing the interface with electrostatic
effects (the formulation is farther away from the boundary).
Cations mainly induce an increase of the size by salting-out.
All antagonistic salts produce a transformation from pre-Ouzo
aggregates into smaller charged repulsive micelles. We now
examine if this global unified picture is consistent with what is
observed by dynamic light scattering at lower-q.

4.2. Dynamic scattering

We consider here the Rayleigh ratios obtained from DLS to see
if the results obtained with this method are in agreement with
the static methods previously explained.

As it can be seen in Fig. 3b, 6b, 9a and b, the characteristic
dynamic size xD and the Rayleigh ratios of NaCl, NaNO3, KCl,
CsCl, and NH4Cl increase with increasing salt concentration.
The Rayleigh ratios are equal to 2.97, 4.45, 2.93, 3.92, and
2.70 mm�1 with respectively 0.68 mol kg�1 NaCl, 1.17 mol kg�1

NaNO3, 0.53 mol kg�1 KCl, 0.62 mol kg�1 CsCl, and 1.47 mol kg�1

NH4Cl. This, together with the increase of the characteristic time
obtained from DLS (see the ESI,† Section B and Table S1), is in
agreement with the SAXS and SANS results and confirms that the
formulation comes closer to the demixing line. For NaClO4,
NaBr, and NaSCN the Rayleigh ratios decrease to 0.68, 0.49, and
0.52 mm�1 with respectively 1.60 mol kg�1 NaClO4, 2.00 mol kg�1

NaBr, and 1.23 mol kg�1 NaSCN. The fact that xD, the character-
istic time, and the Rayleigh ratios decrease for those three anions
upon increasing the salt concentration is in agreement with the
Onuki’s behavior previously explained: the line of the phase
boundary moves away from the position of the sample, meaning
that critical fluctuations of local density of octanol-rich pre-Ouzo
aggregate (as shown by the black arrows in Fig. 1) and/or the

Fig. 9 (a) Rayleigh ratio in mm�1 obtained from DLS plotted against the
anion concentration in mol kg�1; and (b) Rayleigh ratio in mm�1 obtained
from DLS plotted against the cation concentration in mol kg�1.
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fluctuations of local ethanol concentrations (as shown by the gray
arrows in Fig. 1) decrease. Thus, the amplitude of the correlation
functions obtained by DLS and the Rayleigh ratios decrease.

However, the Rayleigh ratios of CH3COONa, LiCl, and CaCl2

exhibit an opposite behaviour and decrease, although the
formulation gets closer to demixing boundary upon addition
of salt (Fig. 9a and b).

In surfactant-free systems, two different types of fluctuations
occur: (i) the fluctuations of the organic-rich phase in the water-
rich phase and vice versa, and (ii) the fluctuations of the ethanol
distribution between those pseudo-phases. Those fluctuations
are represented in the ternary phase diagram in Fig. 1 by
respectively the black and gray arrows. The scattered intensity
in DLS in such system is caused by the convoluted contribu-
tions of those two fluctuations. In the case of those three salts
made of kosmotropic ions, we may suppose that the ethanol
fluctuation is perturbed and that the exchange dynamics of
ethanol between both pseudo-phases is slowed down upon
addition of salts. This would lead to a decrease of the Rayleigh
ratios. The interactions acetate–ethanol, lithium–ethanol, and
calcium–ethanol may be stronger than the corresponding inter-
actions for the other salts.

5. Conclusions

Pre-Ouzo aggregates are a general type of weak aggregation
that is very sensitive to addition of electrolytes. The pre-Ouzo
domain sizes increase as soon as the presence of salt in the
water-rich pseudo-phase induces a salting-out of the ethanol. In
the case of antagonistic salts containing one chaotropic ion, the
charge separation at the interface produces an electrostatic
stabilization of the aggregates, which gradually transform to
micelles similar to classical surfactant-co-surfactant micelles
with an excess of anionic surfactant. This means that ethanol/
chaotropic ion combinations may serve as an alternative to
surfactants for the formulation of microemulsions.

When true surfactants are added to surfactant-free micro-
emulsions, the main constituent at the interface is ethanol at
low concentrations of additives, moving towards octanol-surfactant
interfaces at higher additive concentrations, where, as expected,
classical mixed micelles are formed. The variations of these
molecular interactions are also at the origin of the variation of
the phase boundary line. The light scattering is more sensitive
to fluctuations, while SAXS/SANS patterns transform from
pure Ornstein–Zernike behavior to a structured pattern with
a broad peak. For the latter, we propose in this work a general
formula for a convenient fitting of the data, introducing two
quantities: the correlation size and a distance between centers
at 2p/q0 (eqn (3)).
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W. Kunz, Proc. Natl. Acad. Sci. U. S. A., 2015, submitted.

30 J. B. Hayter, Langmuir, 1992, 8, 2873–2876.
31 T. Zemb, Colloids Surf., A, 1997, 129–130, 435–454.
32 B. W. Ninham and V. A. Parsegian, J. Theor. Biol., 1971, 31,

405–428.
33 K. V. Schubert and R. Strey, J. Chem. Phys., 1991, 95,

8532–8545; K. V. Schubert, R. Strey, S. R. Kline and
E. W. Kaler, J. Chem. Phys., 1994, 101, 5343–5355.
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