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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• We studied a ternary system water – 
surfactant – oil with a surfactant that is 
not able to change curvature 
completely.

• Instead of a bicontinuous micro
emulsion, a thermodynamically stable 
oil-in-water biliquid nanofoam is 
formed.

• Such an oil-in-water biliquid nanofoam 
was detected for the first time.

• This nanofoam may be used as a multi
tude of nanocontainers, e.g., for chemi
cal reactions in a pseudo-aqueous 
environment.

• We also detected an “Onuki-like” 
monophasic mesoscopic turbid region in 
this phase diagram.
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A B S T R A C T

Hypothesis: Due to its huge polar headgroup, octaoxyethylene octyl ether carboxylic acid (C8E8CH2COOH =
Akypo LF2™) is supposed not to be able to change its curvature sufficiently to form bicontinuous micro
emulsions. Instead, upon adding an oil to the binary water – surfactant system, excess oil could be squeezed out 
or a biliquid foam could form.
Experiments: An auto-dilution setup was used to record small-angle X-ray scattering data along six dilution lines 
in the newly established phase diagram of the ternary system 2-ethylhexanol – C8E8CH2COOH – water.
Results: Evaluation of the data in combination with the recorded phase diagram revealed that the ternary 
microemulsions with a slightly amphiphilic oil indeed do not show a classical structural inversion via a bicon
tinuous structure with increasing oil content, but instead the sequence: O/W micelles – O/W biliquid nanofoam – 
molecular co-solubilization in the oil phase. The biliquid nanofoam structure with 102–104 oil molecules 
enclosed by locally flat layers of interdigitated hydrated headgroups exists in the middle of the phase diagram. 
We may speculate that this phase can be used as a multitude of nanocontainers, e.g., for chemical reactions in an 
aqueous environment, but with negligible water chemical potential. In the vicinity of the critical point, 
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spontaneous formation of stable mesoscale droplets (an “Onuki-like” structure, as known with antagonistic salts) 
is detected in a region showing a pronounced Tyndall effect.

1. Introduction

We have shown in previous studies [1,2] that the binary system 
octaoxyethylene octyl ether carboxylic acid (C8E8CH2COOH) – water 
has very specific properties. No liquid crystalline phases are formed, and 
only spherical micelles are found throughout the entire binary phase 
diagram. Classical core–shell micelles in an aqueous bulk medium (L1 
phase) are formed at high water contents and direct spherical micelles 
with interdigitated headgroups are formed at low water contents (L1′ 
phase). The latter can be viewed as a dispersion of hydrocarbon cores in 
a medium of interdigitated hydrated headgroups. This means that direct 
micelles without external bulk water exist above 60 wt% of surfactant, 
where the hydrated headgroups, not the alkyl chains, interdigitate. 
These observations are a consequence of the surfactant resisting any 
shape transition for steric reasons. The molecular volume of the head
group (Vhead = 0.606 nm3) is 2.5 times larger than the molecular volume 
of the tail (Vtail = 0.243 nm3) and becomes effectively even larger when 
the ethylene oxide units are hydrated by water molecules. Even when 
dehydrated by increasing temperature, the area per molecule imposed 
by the bulky headgroup remains too large for a decrease of the 
surfactant-film curvature to occur. The only exception in the C8E8CH2

COOH – water system is a semi-crystalline lamellar Lβ phase at low 
temperatures and very high surfactant concentrations (≥ 90 wt%), 
where the area per molecule is significantly reduced by crystallization of 
the headgroups. The existence of such a lamellar phase with crystalline 
headgroups and fluid alkyl chains (or the reverse) was predicted by O. 
Mouritsen [3] in the case of lipids. Instead of only two possible states of 
the surfactant film, crystalline or fluid, there is the possibility in between 
two melting points to observe an intermediary state with ordered 
headgroups and fluid chains named liquid-ordered (Lo), or the reverse.

In ternary systems of oil – C8E8CH2COOH – water, where the oil is 
purely hydrophobic, e.g., n-hexane or n-dodecane, there is only a narrow 
isotropic single-phase domain on the oil-poor side of the phase triangle, 
while the rest of the phase diagram is covered by a large biphasic 
domain [4]. This indicates that only a certain amount of oil is incor
porated into the micellar cores until a maximum swelling of the micelles 
is reached, and that any excess oil separates as an oil phase, demon
strating that a structural inversion, or even a shape transition to locally 
lamellar (bicontinuous) structures, is impossible in these cases. So, we 
investigate here the system with 2-ethylhexanol, also known as iso
octanol, resembling a slightly amphiphilic oil that can act as a co- 
surfactant. 2-ethylhexanol may also be referred to as a “solvo-surfac
tant” [5], emphasizing that it combines properties of a hydrophobic 
solvent and a co-surfactant, though the term is usually used if the 
volatility of the compound is high [6]. Due to its co-surfactant-like na
ture, 2-ethylhexanol is expected to weaken the steric packing constraint 
of the surfactant, making shape transitions possible. As will be shown in 
this work, one obtains a phase diagram that looks similar to phase dia
grams typically found for ternary surfactant or hydrotrope systems 
forming ultra-flexible microemulsions. A biphasic miscibility gap is 
observed, no liquid crystalline phases are formed, and a strange region 
with turbid appearance, which becomes blueish-transparent when 
adding even more water, is found near the critical point on the oil-rich 
side of the phase diagram.

The aim of this work is to answer the question: Does a structural 
inversion from oil-in-water to water-in-oil microemulsions in ternary 
systems of oil – C8E8CH2COOH – water occur with a surfactant film that 
cannot revert the curvature for steric reasons, and if not, what are the 
phenomena linked to the conflicting amount of water and oil associated 
to a spontaneous packing parameter always close to 1/3?

2. Material and methods

2.1. Materials

The surfactant octaoxyethylene octyl ether carboxylic acid, 
C8E8CH2COOH (M ≈ 541 g⋅mol− 1), commercialized under the trade
name Akypo® LF2 (90.0 wt% active matter, 0.9 wt% NaCl, 9.1 wt% 
water) was a generous gift by Kao Chemicals GmbH (Emmerich am 
Rhein, Germany). The surfactant is a technical product with a broad 
distribution of the degree of ethoxylation, typically containing small 
amounts of glycolic acid, formic acid, diglycolic acid, polyethylene 
glycols, and carboxymethylated polyethylene glycols, as well as a few wt 
% of nonionic polyoxyethylene alkyl ethers and less than 1.5 wt% of 
various esters of the type C8ExCH2COOEyC8, as impurities. Hydrophilic 
non-surfactant impurities and NaCl were removed by cloud point 
extraction and water was removed by subsequent vacuum drying, for 
details the reader is referred to ref. [7]. No differences in the binary 
aqueous phase behavior between different batches of the surfactant 
were observed.

It is also important to note that the removal of the ester and nonionic 
surfactant impurities by ion exchange, see refs. [7,8], only has a mar
ginal effect on the binary aqueous phase behavior of the surfactant. In 
this work, the surfactant was not further purified by ion exchange.

2-ethyl-1-hexanol (≥99.6 %), also known as 2-ethylhexanol or iso
octanol, was purchased from Sigma-Aldrich (St. louis, Missouri, USA). n- 
dodecane (≥95 %) was purchased from Carl Roth (Karlsruhe, Germany). 
The water used for all experiments had a resistivity > 18 MΩ⋅cm and was 
obtained from previously distilled water using a Millipore purification 
system.

2.2. Phase diagram determination

The ternary phase diagram of the system 2-ethylhexanol – 
C8E8CH2COOH – water was determined by preparing multiple binary 
mixtures of C8E8CH2COOH and water or C8E8CH2COOH and 2-ethylhex
anol and subsequently adding 2-ethylhexanol or water. During the 
stepwise addition, the macroscopic appearance of the samples was 
checked by visual observation and samples were checked for optical 
anisotropy between crossed polarizers. The temperature was controlled 
and kept constant at 25 ◦C using a Julabo (Seelbach, Germany) F32-HD 
refrigerated and heating circulator. The critical point was determined by 
letting the samples completely phase separate when reaching the 
biphasic regime, identifying the sample where both phases are equal in 
volume. Only two phases were observed in equilibrium, even well inside 
the biphasic domain.

2.3. Density measurements

Physical densities were measured using a density meter DMA 5000 M 
from Anton Paar (Graz, Austria), which operates with the oscillating U- 
tube method. A prerequisite for each measurement was temperature 
stability with a maximum deviation of ± 0.002 ◦C.

2.4. Molecular volumes and scattering length densities

Molecular volumes and X-ray scattering length densities (SLDs) of 
the surfactant, also split into a hydrophobic tail and a hydrophilic 
headgroup, water (H2O), and 2-ethylhexanol are given in Note S1, 
which includes details on their calculation.
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2.5. Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) data were recorded on the ID02 
[9], TRUSAXS, beamline at the ESRF in Grenoble, France during granted 
beamtime with the proposal number SC-5453. Samples were measured 
in a flow-through quartz capillary (inner diameter of 2 mm, 50 μm 
quartz thickness, Hilgenberg GmbH, Malsfeld, Germany). The detector 
was an Eiger2 Si 4 M pixel array detector from Dectris (Baden-Daettwil, 
Switzerland), and the sample transmission was measured simulta
neously. 2D SAXS patterns were measured at a sample-to-detector dis
tance of 1 m, covering a total q range of 0.076–7.6 nm− 1, where q is the 
magnitude of the wavevector: q = 4π⋅λ–1⋅sin(θ/2), θ being the scattering 
angle. A fixed wavelength of 0.099 nm was chosen (ΔE/E ≈ 10–4). The 
flow-through capillary was connected to an auto-dilution setup to allow 
for convenient recording of dilution lines in the phase diagram. The 
capillary temperature was kept constant at 25 ◦C using a Peltier stage 
LFI-3751 from Wavelength Electronics (Bozeman, Montana, USA). 
However, the whole auto-dilution apparatus was not temperature 
controlled but exposed to the room temperature slightly below 25 ◦C. 
The auto-dilution setup and procedure are described in section 2.5.1. 
(Fig. 1). An average over 20 scans with an exposure time of 0.1 s per scan 
provides the standard deviation and corresponding error-bars (not 
shown in the figures for clarity). An empty capillary was used as a 
background subtracted from all data files. Data were corrected for flat 
field, spatial distortion, electronic and dark noise, and transmitted flux. 
If not stated otherwise, 1D data are radially averaged. 1D data were 
normalized using the level of water as a standard (dσ/dΩ = 0.0163 
cm− 1) and dividing by the corresponding path length (2 mm).

2.5.1. Auto-dilution setup
To elucidate the microstructures, SAXS data were recorded at the 

beamline ID02 [9] along six dilution lines throughout the phase dia
gram, as indicated in Fig. 2. This was achieved using an auto-dilution 
setup, schematically depicted in Fig. 1, comprising a mixing chamber 
with a magnetic stirrer with four in-/outlets, a flow-through 2 mm 
quartz capillary, one larger peristaltic pump for continuous flow, two 
smaller peristaltic pumps for controlled addition of a selected compo
nent to the system and withdrawal of mixture from the system. To 
reduce the required amount of material, the dilution was performed at 
(more or less) constant total volume, i.e., after addition of a certain 
volume and subsequent mixing, the same volume of mixture was 
removed from the system.

The following experimental procedure was generally followed: 

1. Measurement of the initial composition under continuous flow (20 
scans of 0.1 s exposure time each).

2. Addition of a certain volume V (of either H2O or 2-ethylhexanol) via 
a peristaltic pump.

3. Equilibration for at least 1 min and subsequent measurement with 20 
scans of 0.1 s exposure time each. Mixing was achieved by contin
uous flow and a magnetic stirrer, and the appearance of the mixture 
was observed live with a camera.

4. Withdrawal of the volume V with a second peristaltic pump.

… (Repeat steps 2.–4.)
Due to changes in density and viscosity, the actual compositions 

cannot be calculated from a calibrated pumped volume. Instead, the 
transmissions were used to calculate the compositions at each mea
surement in volume fractions using the Beer-Lambert law. To convert 
the initial sample composition known in weight fractions into volume 
fractions, ideal mixing, i.e., no volume contraction, was assumed. The 

Fig. 1. Schematic drawing of the used auto-dilution setup.

Fig. 2. Phase diagram of the ternary system 2-ethylhexanol – C8E8CH2COOH – 
H2O at 25 ◦C. Points measured by SAXS along six dilution lines (titrations A1, 
A2, A3, B1, B2, and B3) are indicated as colored symbols. Short black dotted 
lines indicate the onset of phase transitions observed during the titration. 1ϕ: 
Monophasic mixture. 2ϕ: Two phases in equilibrium. CP: Critical point.
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physical densities of the pure components are given in Note S1. To 
convert the volume fractions of the obtained mixtures along the dilution 
lines back to weight fractions, ideal mixing was assumed likewise. 
Therefore, it should be noted that the positions of the measured com
positions along the dilution lines, as given in Fig. 2, are not exact, but 
typically the error does not exceed ± 1 wt%. It should also be noted that 
the first measurement of a given titration, before starting the titration, is 
not necessarily identical to the initial mixture, as a small amount of the 
added component can leak out of the respective tube.

The (calculated) compositions of the measured samples during the 
six titrations, labelled as A1, A2, A3, B1, B2, and B3, are given in 
Tables S1, S2, S3, S4, S5, and S6, respectively.

2.5.2. Strategy of data evaluation

2.5.2.1. Scattering invariants. The experimental invariant Q, also known 
as Porod invariant, is given as 

Q =

∫ ∞

0
I(q)⋅q2dq (1) 

and is therefore obtained from the experimental data by integration of I 
(q)⋅q2 as a function of q. Before plotting I(q)⋅q2 as a function of q and 
calculating the invariant, a flat background, typically equal to the lowest 
measured intensity, was subtracted from the data. To extrapolate I(q)⋅q2 

to q = 0, the simplest approximation of a virtual point at I(q)⋅q2 = 0 and 
q = 0, i.e., linear approximation between this point and the point 
measured at the lowest q value, was used. In the case of an increasing 
scattering intensity at high q values due to molecular scattering, the 
high-q range above the local minimum was omitted because only the 
mesoscale structuring is of interest here. Exemplarily for titration A1, 
the process is graphically depicted in Fig. S1.

The experimental invariant is equal to the square of scattering length 
density (SLD)-weighted spatial fluctuations, known as the theoretical 
invariant 

Qth = π2
∑

ij
ϕiϕjΔSLDi|j

2, (2) 

where ϕi is the volume fraction of domain i with the scattering length 
density SLDi and ΔSLDi|j

2 = (SLDi – SLDj)2 is the contrast between do
mains i and j. The invariant is independent of shape, size, and size dis
tribution of scatterers and independent of interactions between 
scatterers, and only requires well-defined domains with sharp interfaces. 
In the case of two domains, i.e., homogeneous scatterers in a matrix, Qth 
is given by 

Qth = 2π2ϕ1(1 − ϕ1)ΔSLD1|2
2. (3) 

In the case of three domains, e.g., two liquid domains separated by a 
homogeneous film, Qth is given by 

Qth = 2π2[ϕ1ϕ2ΔSLD1|2
2 +ϕ2ϕ3ΔSLD2|3

2 +ϕ3ϕ1ΔSLD3|1
2]. (4) 

The (monophasic) mixtures in this study consist of at least two domains 
and a maximum of four domains. Two domains are present for example 
in the surfactant-rich corner of the phase diagram, where 2-ethylhexanol 
is incorporated into the surfactant film of the micelles and water is 
bound to the headgroups as hydration water (L1′ phase). Three domains 
are found for example in the (swollen) core–shell micellar regime (L1 
phase). Four domains exist, whenever a 2-ethylhexanol-rich pseudo- 
phase coexists with a water-rich pseudo-phase separated by a surfac
tant film: 1) A water-rich domain, 2) a 2-ethylhexanol-rich domain, 3) 
the hydrophilic part of the surfactant film (headgroups + water), and 4) 
the hydrophobic part of the surfactant film (tails + 2-ethylhexanol). As 
can be inferred from the SLDs and contrasts given in Note S1, the 
contrast between the hydrophilic part of the surfactant film and 2-ethyl
hexanol is typically around 1.8 times higher than the contrast between 

water and 2-ethylhexanol, while the contrast between the hydrophobic 
part of the surfactant film and water is around 1.2 times larger than the 
contrast between 2-ethylhexanol and water. Further, the contrast be
tween the hydrophobic part and the hydrophilic part of the surfactant 
film is typically around 2.1 times larger than the contrast between 2-eth
ylhexanol and water, meaning that the contribution of the internal 
contrast of the surfactant film is not negligible. However, the contrast 
between the hydrophobic part and the hydrophilic part of the surfactant 
film is typically around 1.7 times higher than the contrast between the 
hydrophobic part and water, and only around 1.2 times higher than the 
contrast between the hydrophilic part and 2-ethylhexanol. As the 
contrast contribution of the hydrophilic part of the surfactant film is 
dominant over the contribution of its hydrophobic part, in a first 
approximation one can neglect the hydrophobic part of the surfactant 
film and consider it as part of the 2-ethylhexanol phase. Then only three 
instead of four domains need be considered theoretically.

2.5.2.2. Fitting to the Teubner-Strey expression. The Teubner-Strey 
model [10], described by the following equation and frequently 
employed for fitting scattering curves of microemulsions, was tested for 
all scattering curves of monophasic samples. 

I(q) = scale⋅
8⋅π⋅〈η2〉⋅c2

ξ

a2 + c1⋅q2 + c2⋅q4 + background, (5) 

where scale is a simple scaling factor, typically fixed to scale = 1, back
ground is a constant “flat” background scattering contribution, 〈η2〉 is the 
mean square of the scattering length density fluctuation, and ξ is the 
correlation length. The parameters a2, c1, and c2 are defined in terms of 
the correlation length ξ and the periodicity d. 

a2 =

[

1 +

(
2⋅π⋅ξ

d

)2
]2

(6) 

c1 = − 2⋅ξ2⋅
(

2⋅π⋅ξ
d

)2

+2⋅ξ2 (7) 

c2 = ξ4 (8) 

It is useful to factor out the parameter c2 in eq. (5) and to define a set of 
two parameters, a and b, instead of the previous three parameters (a2, c1, 
and c2), see ref. [11]. 

a2 =
a2

c2
=

[
1
ξ2 +

(
2⋅π
d

)2
]2

(9) 

− 2⋅b =
c1

c2
= − 2⋅

[(
2⋅π
d

)2

−
1
ξ2

]

(10) 

In the case of a two-(pseudo-)phase system of two (pseudo-)phases A and 
B with sharp interfaces, 〈η2〉 is given by 

〈η2〉 = ϕA⋅(1 − ϕA)⋅(SLDA − SLDB)
2
. (11) 

If thermodynamically stable monophasic mixtures are considered, A and 
B are pseudo-phases. Let A be the polar pseudo-phase and B be the 
apolar pseudo-phase. If a water-rich pseudo-phase coexists with an oil- 
rich pseudo-phase, naturally the water-rich pseudo-phase is part of A 
and the oil-rich pseudo-phase is part of B. In an approximation, the 
surfactant film in between these two pseudo-phases can be split into the 
apolar tails as part of B and the polar headgroups as part of A. This 
approximation is excellent if the SLD of the surfactant tail layer is 
(almost) equal to the SLD of the oil, in this case 2-ethylhexanol, and if 
the SLD of the (hydrated) headgroup layer is (almost) equal to the SLD of 
water, so that there is only one dominant contrast between oil and 
water. In the present system, see Note S1, the (internal) contrast of the 
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surfactant film is not negligible, i.e., the internal contrast of the sur
factant film is typically twice as large as the contrast between water and 
2-ethylhexanol. Therefore, the approximation of two pseudo-phases in 
the Teubner-Strey model is not good in the q range where scattering of 
the surfactant film is dominant. Thus, typically only the low-q scattering 
and the peak onset of microemulsion samples in this work are repro
duced well. Since the contrast between 2-ethylhexanol and the hydro
phobic portion of the surfactant film is very low, the approximation of 
two pseudo-components holds if A consists only of hydrated head
groups, i.e., if there is no bulk water phase.

The values of SLDA and SLDB of course depend on the compositions of 
the pseudo-phases A and B, including for example the fraction of sur
factant dissolved in B (2-ethylhexanol) as an unknown parameter. 
Because of that, the fits can be used to obtain an estimate of the fraction 
of surfactant dissolved in the 2-ethylhexanol-rich domain. More detailed 
information on the used model is given in Note S2.

2.5.2.3. Fitting to a weak aggregation Ornstein-Zernike + Lorentzian Broad 
peak model. A more general model, best suited for all cases of weak 
aggregation studied until now, was also tested. The scattering is 
approximated as the sum of an Ornstein-Zernike contribution and a 
(Lorentzian) Broad Peak contribution [11–13]. 

I(q) =
IOZ(0)

1 + (ξOZ⋅q)2 +
IBP

[
1 +

(
ξBP⋅

(
q − qp

))m ]n + background, (12) 

Where background accounts for a flat scattering background. The scat
tering due to fluctuations of concentrations, i.e., due to fluctuations in 
electron density, is described by the Ornstein-Zernike equation [14]

IOZ(q) =
IOZ(0)

1 + (ξOZ⋅q)2, (13) 

where ξOZ is the correlation length and IOZ(0) is the scattering intensity 
at q = 0. The Ornstein-Zernike model is purely statistical and applies to 
fluctuations of concentrations in general, making the determination of 
its origin a delicate point. In ternary systems with weak aggregation, the 
Ornstein-Zernike term may result either from the presence of a critical 
point, or from the polydispersity of the aggregates [13]. The latter is 
typically observed in surfactant-free microemulsions (SFMEs), also 
known as ultra-flexible microemulsions (UFMEs) [15]. If the used “oil” is 
not purely hydrophobic, like alkanes or benzene, but slightly amphi
philic, like for example alcohols, the fluid present in the oil-rich corner 
of the phase diagram is structured and produces scattering close to a 
Lorentzian peak. A generalized Lorentzian can be analyzed using a 
Broad Peak contribution, described by the equation [16]

IBP(q) =
IBP

[
1 +

(
ξBP⋅

(
q − qp

))m ]n, (14) 

where qp corresponds to the peak position, IBP is the intensity of the 
peak, and ξBP is the correlation length. If the exponents are fixed to m = 2 
and n = 1, as in this work, the equation describes a Lorentzian peak. It is 
important to note that the two correlation lengths are not the same but 
differ. The only exception is when qP = 0, in which case the Lorentzian 
equation is identical to the Ornstein-Zernike equation and the two cor
relation lengths are physically identical.

Since this model is closer to the five-parameter expression estab
lished by Coi and Chen [17], used when three length scales are involved, 
it yields fits closer to the data than the Teubner-Strey model for 
microemulsion samples, not only fitting well the low-q part and the peak 
onset, but the complete scattering, though not exactly reproducing the 
scattering intensity decline as well. As is to be expected, the model 
cannot fit well data obtained in a swollen micellar regime, since the 
interfacial film thickness is more than half of the typical granularity D* 
derived from the peak position. For any model, a well-defined peak 

position, corresponding to a typical distance in real space, can be 
extracted from the fits. Any predictive theory of packing should be able 
to predict the peak position as a function of the composition using 
analytical expressions [18].

3. Results

The phase diagram established at 25 ◦C of the ternary system 2-ethyl
hexanol – C8E8CH2COOH – H2O, including the points measured by SAXS 
along six dilution lines, is shown in Fig. 2. The variable compositions 
during the titrations were calculated using the X-ray transmissions (see 
methods section 2.5.1.). These are obtained in volume fractions, which 
were transformed to weight fractions assuming absence of density 
anomalies. The precision is typically better than ± 1 wt%. The phase 
transitions observed during the titrations are indicated between the two 
respective points of the titrations by a short, dotted line. These transi
tions match well the transitions expected from the phase diagram. The 
only exception is titration B1, where a phase separation was observed 
that should not exist along this dilution line. Due to a lack of additional 
data, the exact origin of the experimental error remains unclear, but 
most likely mixing was inhomogeneous at some point(s) during the 
titration, and during the process of removing a portion of the mixture 
after each step of the titration, 2-ethylhexanol was slightly enriched in 
the sample. This would mean that the titration line of B1 would not be 
straight (as indicated) but curved towards the biphasic regime. Never
theless, the deviations from the supposed compositions are still expected 
to be small enough to leave the conclusions drawn from the scattering 
data unaltered.

Macroscopically, only one isotropic liquid single-phase region and 
one biphasic region with two isotropic liquid phases in equilibrium are 
detected, since the surfactant is fully miscible with water as well as with 
the oil/solvent used.

A strange phenomenon occurs in the middle of the single-phase re
gion in the oil-rich corner near the critical point: A small turbid domain 
occurs when water is added to a mixture of 2-ethylhexanol and surfac
tant. When even more water is added, the turbidity vanishes and the 
sample appears transparent and slightly blueish, i.e., an initially strong 
Tyndall effect becomes weaker when adding more water. Despite its 
turbidity, this domain is thermodynamically monophasic, i.e., there is 
no macroscopic phase separation. This domain will be called “Onuki 
region” in this work, as the underlying mechanism was first explained by 
A. Onuki in the case of antagonistic salts [19,20] and later by Okamoto 
and Onuki in the case of nonionic hydrophobic solutes [21]. The strong 
scattering observed is not directly diverging at the critical point but is 
more reminiscent and may also be linked to a “Widom line” described in 
near-critical fluids [22]. In this Onuki region, a microemulsion with 
mesoscale droplets up to several hundreds of nm is formed. A more 
detailed description of the phenomenon occurring in the Onuki region 
will be given in section 4.

The SAXS data recorded along the six dilution lines, indicated in 
Fig. 2, are shown in Fig. 3. Apart from a few exceptions, only spectra of 
monophasic samples are shown. Before any further data evaluation, a 
few important conclusions can already be drawn by simply looking at 
the data presented in Fig. 3. In titrations A1–A3, starting from the binary 
mixtures of surfactant and water, i.e., from core-shell micelles (L1 phase) 
or from slightly headgroup-interdigitated core–shell micelles with 
mainly hydration water (L1/L1′ phase), a continuous intensity increase 
associated to a shift of the scattering pattern towards lower q is 
observed, indicating swelling of the micelles, whatever the morphology 
may be. Swelling of micelles with a spontaneous packing parameter 
close to 1/3 induces free energy related to bending away from the 
preferred curvature.

Within the dilution lines A1–A3, the scattering intensity increases by 
three orders of magnitude when 2-ethylhexanol is added. Only growing 
O/W aggregates are detected. Notably the last two samples of titration 
A1, i.e., A1-12 and A1-13, exhibit scattering curves that are very similar 
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Fig. 3. SAXS spectra recorded at 25 ◦C along the six dilution lines indicated in the phase diagram in Fig. 2. Mainly the spectra taken in the monophasic region (1ϕ) 
are shown. Titration A1: Initial mixture of 63.5 wt% C8E8CH2COOH – 36.5 wt% H2O titrated with 2–ethylhexanol. Titration A2: Initial mixture of 30 wt% 
C8E8CH2COOH – 70 wt% H2O titrated with 2-ethylhexanol. Titration A3: Initial mixture of 15 wt% C8E8CH2COOH – 85 wt% H2O titrated with 2-ethylhexanol. 
Titration B1: Initial mixture of 63.5 wt% C8E8CH2COOH – 36.5 wt% 2-ethylhexanol titrated with H2O. Titration B2: Initial mixture of 30 wt% C8E8CH2COOH – 
70 wt% 2–ethylhexanol titrated with H2O. Titration B3: Initial mixture of 15 wt% C8E8CH2COOH – 85 wt% 2–ethylhexanol titrated with H2O.
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in shape to those observed in the Onuki region during titration B2 
(samples B2-8 and B2-9), showing that samples A1-12 and A1-13, 
exhibiting only a slightly blueish appearance, are within the Onuki re
gion (as indicated in Fig. 2).

The dilutions of the oil-rich samples reveal a very different behavior. 
Instead of a bump expected for surfactant aggregates, there is hardly any 
scattering in titration B3. The solution is close to a regular solution, i.e., 
water is soluble in concentrated solutions of the surfactant in the oil. 
Instead of the classical inversion of O/W to W/O when moving from the 
left side to the right side of the triangle, we detect molecular weakly 
structured solutions that can be characterized more quantitatively using 
the scattering invariant (see below).

The first five points of titration B2 and titration B3 show a broad peak 
in the high-q range, around q ≈ 5 nm− 1, reflecting the (polydisperse) 
weak W/O aggregation of 2-ethylhexanol –OH groups and surfactant 
headgroups. As seen in Fig. S2, where the scattering of 2-ethylhexanol 
saturated with water is compared to the spectra of titration B3, this 
broad peak is close to what is observed in absence of any surfactant. The 
peak shifts to lower q as water is added to hydrate the headgroups: The 
mesh size that characterizes this network increases with the number of 
water molecules [23]. At the same time, there is no distinct peak in the 
mid-q range, showing that the mixture of 2-ethylhexanol and surfactant 
is a molecular solution with only weak aggregation and no micelle for
mation. In titration B1, the broad peak is shifted to lower q, with a 
maximum around q = 2 nm− 1, as the mixture contains more surfactant 
than 2-ethylhexanol.

The initial mixtures were also measured as individual samples, i.e., 
independently of the auto-dilution setup. In the auto-dilution setup, 
minute amounts of either water or 2-ethylhexanol can leak from the tube 
containing the titrant. Only subtle differences between the first mea
surement of a titration, taken prior to any addition of titrant, and the 
independently measured initial mixture are detected. This is exemplary 
shown in Fig. S3 for titrations A2 (Fig. S3A) and B2 (Fig. S3B). Even 
traces of the respective titrant led to an intensity increase in the low-q 
range, suggesting attraction between aggregates. This is especially seen 
when adding water to the binary mixture of surfactant and 2-ethylhex
anol, see Fig. S3B.

The experimental scattering invariants obtained for titrations A1, 
A2, and A3 are plotted as a function of the volume ratio V(2-ethyl
hexanol)/V(tail) in Fig. 4A, where V(2-ethylhexanol) and V(tail) are the 
volumes of 2-ethylhexanol and surfactant tails in the mixture, 
respectively.

In the case of titration A1, where 2-ethylhexanol is added to an initial 
mixture of 63.5 wt% C8E8CH2COOH and water, a clear change of slope 

in the increase of the invariant with the ratio V(2-ethylhexanol)/V(tail) 
is observed around V(2-ethylhexanol)/V(tail) = 2. Therefore, we can 
deduce that up to V(2-ethylhexanol)/V(tail) = 2, corresponding to a mole 
ratio s = n(2-ethylhexanol)/n(tail) = 1.9, 2-ethylhexanol is incorporated 
into the micellar cores, swelling the micelles. Since 2-ethylhexanol is 
slightly amphiphilic, the hydroxyl group can protrude into the hydro
philic micellar shell, effectively increasing the interfacial area per sur
factant molecule. At higher volume ratios, the invariant remains 
constant, which is a consequence of the dissolution of surfactant in a 2- 
ethylhexanol-rich pseudo-phase. The mole ratio s = 1.9 can therefore be 
identified as a “saturation mole ratio” of the micellar cores limited by the 
interfacial surfactant film. Note that a similar, but much weaker, change 
of slope is also seen for titration A2. A plateau, however, is not reached 
before macroscopic phase separation occurs.

In analogy, the experimental invariants obtained for titrations B1, 
B2, and B3 are given as a function of the volume ratio V(H2O)/V(head) 
in Fig. 4B, where V(H2O) and V(head) are the volumes of H2O and 
surfactant headgroups in the mixture, respectively. For the titrations B1 
and B2, a clear change of slope is observed around V(H2O)/V(head) =
0.24, corresponding to a mole ratio of water and ethylene oxide (EO) 
groups of w = n(H2O)/n(EO) = 0.6. From this we can deduce that up to 
0.6 water molecules per ethylene oxide group, water is only hydrating 
the headgroups. As a consequence, the fraction of non-hydrated sur
factant monomers dissolved in the oil pseudo-phase decreases. Addi
tional water molecules are still further hydrating the EO headgroups (at 
least up to w ≈ 1.5) [24–28]. Added water is continuously incorporated 
into the hydrophilic headgroup layer, gradually decreasing the fraction 
of dissolved surfactant monomers. The value w = 0.6 is the threshold, 
below which the solubility of surfactant monomers in the oil phase 
strongly increases. As already seen in the SAXS data in Fig. 3, all sur
factant is dissolved in the oil throughout the monophasic domain of 
titration B3. The same is true for titration B2 until the Onuki region is 
approached.

We attempt to fit the spectra with a Teubner-Strey three-parameter 
expression, as shown for titration A1 in Fig. 5. The Teubner-Strey model 
fits for the other titrations are given in Figs. S4 (titration A2), S5 
(titration A3), S6 (titration B1), S7 (titration B2), and S8 (titration B3). 
The corresponding model parameters are given in Tables S7A, S7B 
(titration A1), S8A, S8B (titration A2), S9A, S9B (titration A3), S10A, 
S10B (titration B1), S11A, S11B (titration B2), S12A, and S12B (titra
tion B3). As already mentioned in section 2.5.2.2., the internal struc
turing and contrast of the surfactant film cannot be neglected. It 
produces a slope of q-2 in the mid-q range, which is not described by the 
Teubner-Strey model. Inherent to the Teubner-Strey model is the 

Fig. 4. Experimental scattering invariants Q obtained from the SAXS data of the monophasic samples of the six titrations indicated in the phase diagram, see Fig. 2. 
(A) Experimental invariants of titrations A1, A2, and A3 as a function of the volume ratio V(2–ethylhexanol)/V(tail). The respective mole ratio is s = n(2-ethyl
hexanol)/n(tail). (B) Experimental invariants of titrations B1, B2, and B3 as a function of the volume ratio V(H2O)/V(head). The mole ratio of water and ethylene 
oxide (EO) groups is given as w = n(H2O)/n(EO).
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classical q-4 decay found in mixtures with sharp interfaces. Here, the 
interface thickness is around 2 nm with a typical domain size of 3 nm, in 
which case neglecting the film thickness is inconsistent [29]. Conse
quently, the mid-q range following the peak-onset of the presented data 
is impossible to fit to the Teubner-Strey model, even if the low-q range 
and the peak onset are reproduced excellently, see Figs. 5, S4, and S6. As 
the same contrast dominates the whole scattering curve in the case of 
(swollen) core–shell micelles, whether they are flocculated (L1/L1′ 
phase) or not (L1 phase), the Teubner-Strey model is not suited to 
describe the scattering in such cases, see samples A1-0 to A1-4 in Fig. 5, 
samples A2-0 to A2-10 in Fig. S4, and all samples in Fig. S5 (titration 
A3).

The model cannot account for the observed low-q upturn due to 
inter-micellar attraction, i.e., micellar flocculation, as observed in Figs. 5
and S4, or the “flocculation” of any other aggregates, as seen in Figs. S6
(titration B1), S7 (titration B2), and S8 (titration B3). Due to the 
mesoscale of the pseudo-phases in the Onuki region, the Teubner-Strey 
model is not suited to describe the scattering produced by the two 
different contributions in this region, see samples B2-6 to B2-9 in Fig. S7
and samples A1-12 and A1-13 in Fig. 5.

An important (approximate) result obtained from the Teubner-Strey 
model fits is the fraction of surfactant dissolved in the hydrophobic 
pseudo-phase B, which otherwise consists of surfactant tails and 2-ethyl
hexanol. The fraction of surfactant dissolved in B, xsurfactant,B = ϕsurfactant, 

B/ϕ(C8E8CH2COOH), where ϕsurfactant,B is the volume fraction of sur
factant dissolved in B and ϕ(C8E8CH2COOH) is the total volume fraction 
of surfactant in the sample, obtained for the fitted samples is graphically 
presented in Fig. S9. The qualitative trends are in agreement with 
expectation.

Since the Teubner-Strey model cannot describe well most of the 
obtained SAXS data, we now turn to a more refined model. Any scat
tering pattern is decomposed into an Ornstein-Zernike contribution and 
a Lorentzian Broad Peak contribution, with the possibility of a low-q 
divergence near the phase boundary [30].

As shown by Prévost et al. [11–13], this Ornstein-Zernike + Broad 
Peak decomposition allows good numerical fits in most situations of 
weak aggregation observed in ultra-flexible microemulsions (alias 
surfactant-free microemulsions or pre-ouzo aggregates). Ornstein-Zer
nike + Broad Peak model fits to the SAXS data are shown for titration A1 
in Fig. 6. The respective fits to the data of the other titrations are shown 
in Figs. S10 (titration A2), S11 (titration A3), S12 (titration B1), S13 
(titration B2), and S14 (titration B3). The obtained model parameters 
are given in Tables S13 (titration A1), S14 (titration A2), S15 (titration 
A3), S16 (titration B1), S17 (titration B2), and S18 (titration B3).

Generally, the Ornstein-Zernike + Broad Peak model catches most of 
the features of the scattering curves of microemulsion samples, e.g., 
samples A1-6 to A1-11 in Fig. 6. The Ornstein-Zernike + Broad Peak 
model captures the whole peak, not just the onset, and the decline after 
the peak is fitted much better than with the Teubner-Strey model. This is 
not a surprise, since there is one parameter more. Nevertheless, the 
decline in the scattering data can deviate slightly from the scattering 
curve described by the model due to the in-plane scattering of the sur
factant film. This can be seen well in titration A2, see Fig. S10, where the 
decline is reproduced rather well for the microemulsion samples closer 
to the biphasic domain (A2-17 to A2-22), but rather poorly closer to the 
swollen micellar region (A2-11 to A2-16) since the contribution of the 
surfactant film to the scattering is more significant in this region.

If the scattering of a microemulsion additionally exhibits a weak 

Fig. 5. Teubner-Strey model fits to the SAXS data obtained in the monophasic region along dilution line A1. Solid lines: Fitted curves. Symbols: SAXS data. The 
model parameters are given in Tables S7A and S7B. The model works well for the low-q range and the peak onset of microemulsion samples. The decline after the 
peak is not described by the model, as the model produces a q–4 decay and the scattering data typically exhibit a q-2 decay. A low-q upturn is found for the first few 
samples. The first few samples, comprising swollen “flocculated” micelles in water, are not described well by the model. Also, in the region around 2–3 nm− 1, failure 
of the Teubner-Strey model at least by a factor of 2 is evident, even when plotted in logarithmic scale.
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peak at high-q due to the weak aggregation of the hydroxyl groups of a 
2-ethylhexanol-rich pseudo-phase, e.g., samples A1-10 and A1-11 in 
Fig. 6, the model cannot reproduce this peak. An additional Broad Peak 
contribution would be required. The Ornstein-Zernike + Broad Peak 
model cannot describe the scattering produced by (“flocculated”) cor
e–shell micelles due to the contribution of the core–shell form factor, as 
seen for the first few samples of titrations A1 (Fig. 6) and A2 (Fig. S10), 
and especially for titration A3 (Fig. S11), where the form factor domi
nates the scattering.

On the contrary, all scattering curves of titration B1, where the initial 
binary mixture of 63.5 wt% C8E8CH2COOH and 36.5 wt% 2-ethylhexa
nol comprises relatively similar polar and apolar volume fractions, can 
be described excellently with this model, see Fig. S12. In titration B2, 
where the initial binary mixture of 30 wt% C8E8CH2COOH and 70 wt% 
2-ethylhexanol is dominated by the oil, more than half of the surfactant 
is dissolved in the oil. The non-dissolved surfactant either participates in 
the weak aggregation of the alcohol or forms other weak surfactant-rich 
aggregates. The weak aggregation of the alcohol, i.e., the hydrogen- 
bonded –OH network, including the participating surfactant head
groups produces a broad peak at high-q. The small fraction of surfactant 
forming other weak surfactant-rich aggregates on the other hand con
tributes to the scattering in the mid-q range. A low-q upturn due to 
random clustering is also observed as soon as water is added to the 
system. As shown in Fig. S13, the four-parameter model cannot describe 
the entire scattering curve simultaneously. One can either model the 
low-q upturn and the mid-q range, but not at all the high-q broad peak 
(samples B2-3 to B2-5), or one can model the high–q broad peak and the 
mid-q range, but not at all the low-q upturn (samples B2-0 to B2-2). The 
same is true for titration B3, where initially (almost) all surfactant is 
dissolved in the oil. In the case of titration B3, the latter approach is 

shown, see Fig. S14.
Of course, the Ornstein-Zernike + Broad Peak model is not suited 

either to describe the scattering curves produced inside the Onuki region 
(samples A1-12 and A1-13 in Fig. 6 and samples B2-6 to B2-9 in 
Fig. S13), as the two mesoscale pseudo-phases in equilibrium are 
themselves structured solutions, and one is not able to account for all the 
contributions with this model.

The peak positions are linked to the average repeat distance D* = 2π/ 
qpeak of the structures producing the peak. In Fig. 7A, D* is given for all 
titrations as a function of the nonpolar volume fraction ϕ(nonpolar), 
which is not simply the combined volume fraction of the surfactant tails 
and 2-ethylhexanol, but includes any species that is dissolved in the 
nonpolar pseudo-phase. ϕ(nonpolar) is equivalent to the volume fraction 
of pseudo-phase B, ϕB = 1-ϕA, as calculated according to eqs. S2.7 or 
S2.11 (see Note S2) when applying the Teubner-Strey model. The only 
unknown parameter significantly influencing ϕ(nonpolar) is the fraction 
of the surfactant volume dissolved in the nonpolar pseudo-phase B, 
xsurfactant,B, which was approximately inferred from the Teubner-Strey 
model fits, as described earlier in this section. The peak positions 
given for titration B3 and the first three samples of titration B2 reflect 
the position of the broad peak produced by the hydrogen-bonded –OH 
network of mainly the alcohol and cannot be directly compared to the 
other peak positions due to their different origin.

From the changes of the typical size D* as a function of ϕ(nonpolar) 
alone, one cannot learn much about the system, except that there is no 
sign of a sudden phase inversion. To learn more, a swelling plot of the 
reduced peak position ΣD* versus ϕ(nonpolar), as shown in Fig. 7B, must 
be determined. ΣD* is unitless, as the peak position D* is multiplied with 
the specific surface area, i.e., the interfacial area per unit volume, Σ. In 
the case of two domains with sharp interfaces, Σ could be determined 

Fig. 6. Ornstein-Zernike + Broad Peak model fits to the SAXS data obtained in the monophasic region along dilution line A1. Solid lines: Fitted curves. Symbols: 
SAXS data. The model parameters are given in Table S13. The model works well for the microemulsion samples. Though the model works better for the decline after 
the peak than the Teubner-Strey model, the decline is not fully captured by the model. The first few samples, comprising swollen “flocculated” micelles in water, are 
not described well by the model.

P. Denk et al.                                                                                                                                                                                                                                    Journal of Colloid And Interface Science 684 (2025) 105–121 

113 



using the Porod limit of the scattering [31]

I(q) =
P
q4 + background, (15) 

where the Porod constant P is given by 

P =
Σ

2πΔSLD1|2
2 + background, (16) 

and the scattering invariant 

Qth = 2π2ϕ1(1 − ϕ1)ΔSLD1|2
2, (17) 

so that 

Σ =
P

Qth
πϕ1(1 − ϕ1). (18) 

If the Porod limit of the data can be fitted to eq. (15) to obtain P, and the 
volume fractions are known, the specific surface Σ can be calculated 
after determining the scattering invariant. If the system contains a sur
factant, the interface has a certain thickness, and the observed slope can 
be smaller than q-4. This can be accounted for, using the Kirste-Porod 
correction, as done for example by Schmidt et al. [32] (shown in their 
Supplementary Information). 

I(q) =
P
q4

(

1+
C
q2

)

+ background, (19) 

where C depends on the local principal curvatures of the surface. To then 
use eq. (18), the contrasts also must be suitable for a two-component 
approximation, i.e., the internal contrast of the surfactant film must be 
negligible compared to the contrast of the two phases separated by the 
surfactant film. In the present system, however, this approach cannot be 
used because the surfactant film is not homogeneous and, as discussed in 
section 2.5.2.2., the internal contrast of the surfactant film is too large. 
The observed slope is around q-2 and a fit to eq. (19) would yield 
unphysical results, as the intrinsic scattering of the surfactant film 
contributes to the scattering in the same q-range, but is not accounted for 
in the model. Further, the intrinsic contrast of the surfactant film is not 

accounted for in the two-component approximation, making eq. (17)
also erroneous. Obtained values of Σ would therefore be wrong.

In the simplest case, where the interfacial film is solely made of all 
available surfactant molecules in the system, Σ = Ns⋅as, where Ns is the 
number density of surfactant and as is the area per surfactant molecule. 
Since 2-ethylhexanol can act as a co-surfactant and be incorporated into 
the surfactant film and the surfactant can dissolve in 2-ethylhexanol, the 
best experimental estimation of the total W/O contact area per unit 
volume Σ is 

Σ =
ϕsurfactant ⋅

(
1 − xsurfactant,B

)
⋅ρsurfactant⋅NA

Msurfactant
⋅as,eff , (20) 

where NA is the Avogadro constant and as,eff is the effective area per 
surfactant molecule accounting for the additional area provided by the 
2-ethylhexanol molecules in the surfactant film. Since xsurfactant,B is 
known approximately from the Teubner-Strey fits (Tables S7A to S12A) 
and all other parameters are known (Tables 1 to 6 and Note S1), the only 
missing parameter is as,eff. In this work, we estimate that as,eff = 1.80 nm2 

(see discussion in Note S3).
The obtained values for ΣD*, shown as a function of ϕ(nonpolar) in 

Fig. 7B, can be compared to several predictive theoretical models for the 
structure of microemulsions, the predicted lines of which are also shown 
in Fig. 7B. For the case of non-coalescing W/O or O/W droplets, the 
expected average repeat distance can be calculated in a good approxi
mation according to [33]

D* =

̅̅̅
2

√

1.225⋅
̅̅̅̅
N3

√ , (21) 

where the number density of droplets N is given by ϕ = N⋅4πR3/3, R 
being the droplet radius. The specific surface area is in this case given by 
Σ = N⋅4πR2. The reduced peak position ΣD* is then given by 

ΣD* = 4.431⋅ϕ
2
3. (22) 

According to the original flexible model [34,35], the product ΣD* in the 
case of a random dispersion of flexible interfaces without any local 
curvature constraint is given as 

Fig. 7. (A) Repeat distance D* = 2π/qpeak of all monophasic samples as a function of the nonpolar volume fraction. The peak position is inferred from the Ornstein- 
Zernike + Broad Peak model fits (Fig. 6 and S10 to S14 and Tables S13 to S18). The nonpolar volume fraction includes surfactant dissolved in the oil pseudo-phase 
and equals the volume fraction of pseudo-phase B in the Teubner-Strey model (Fig. 5 and S4 to S8 and Tables S7A to S12A), where ϕB = 1-ϕA. (B) Swelling plot of the 
reduced peak position ΣD* as a function of the nonpolar volume fraction. D* and ϕ(nonpolar) are the same as in (A). Σ [nm2/nm3] is the surface area of the interface 
per unit volume, obtained using eq. (20). For reference, theoretical curves of repulsive droplets, the original flexible model, and the standard flexible model (with β =
5.87 and β = 6.82) are shown. Points measured inside the Onuki region are also highlighted in magenta. The Onuki effect produces fewer but much larger aggregates 
due to solubilization of quasi-critical fluids at mesoscale by the surface-active component(s). The points indicated by a question mark show extraordinarily high 
values of ΣD*, which is most likely a result of critical fluctuations close to the phase boundary. The swelling plot in reduced units reveals all samples that show a 
biliquid foam structure (4 < ΣD* < 6). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ΣD* = 6⋅ϕ⋅(1 − ϕ). (23) 

Note that the model was proposed by Jouffroy, Levinson, and de Gennes 
[35] using a tessellation of cubic random cells, inspired by the Voronoi 
tessellation used by Talmon and Prager [36] to describe the structure of 
microemulsions. In the original flexible model, the effective repulsion 
between local domains of either pseudo-phase is not taken into account. 
If the alternation of water and oil domains is considered, a factor of 2 is 
introduced in eq. (23). Additionally, the factor of 6 is replaced by a 
numerical factor β, where 5.87 ≤ β ≤ 6.82, to give the standard flexible 
model 

ΣD* = 2⋅β⋅ϕ⋅(1 − ϕ). (24) 

A further refinement of those models was introduced by Zemb et al. [37]
in the form of the DOC (Disordered Open and Connected) model, where 
all possible microstructures can be generated based on the Voronoi 
tessellation. Each Voronoi cell is filled by a direct or a reverse micelle 
(DOC sphere model), by part of a giant cylindrical micelle (DOC cylinder 
model), or by a swollen bilayer (DOC lamellar model). In terms of the 
reduced peak position ΣD*, the predictions of the DOC sphere and cyl
inder models are within the region covered by the standard flexible 
model, and the DOC lamellar model predicts values of ΣD* between 
around 3 and 4, as shown for example in ref. [15]. The DOC lamellar 
model also describes sponge phases.

When comparing the data to the theoretical models in Fig. 7B, it must 
be noted that for titration B3 and the first three points of titration B2, D* 
was taken from the high-q broad peak originating from the hydrogen- 
bonded –OH network of the alcohol (plus surfactant). As this peak is 
not directly linked to the specific surface area of a surfactant film, the 
values of ΣD* in these cases should not be interpreted. Further points 
that should not be interpreted within the framework of the swelling plot, 
shown in Fig. 7B, are those shown in magenta, which represent data 
measured in the Onuki region, as the scattering in these cases is similar 
to that of a biphasic sample.

Since the peak seen in the scattering of the first five samples of 
titration A3 is mainly a form factor, the extracted value of D* is not the 
actual repeat distance (to be extracted from the structure factor). The 
actual value of D* should be slightly higher, which would also increase 
the product ΣD*. For A3-0, the real D* is expected to be around 6.4 nm 
[38], which is by a factor of around 1.75 larger than the (wrong) D* 
given here. As a consequence, ΣD* is in reality also by a factor of 1.75 
larger than shown. This would produce values of ΣD* slightly larger than 
those predicted by the different models. It is known that initially 
spherical core–shell micelles are dispersed in water [2], and the seem
ingly larger reduced peak position compared to the repulsive droplets 
model could originate from a rather attractive nature of the inter
micellar interactions. The reason for the continuous increase of ΣD* in 
titration A3 is most likely an underestimation of the fraction of surfac
tant dissolved in the oil, which is taken to be xsurfactant,B = 0 from the 
Teubner-Strey model fits. Since the model is not adequate to describe the 
scattering of oil-swollen core–shell micelles, this is probably not true, 
and xsurfactant,B is expected to slightly increase, which would in turn 
slightly decrease Σ. The same is true for the increase observed for the 
first few points of titration A2, samples A2-0 to A2-6, which in this case 
is clearly indicated by the apparent “sudden” increase of xsurfactant,B from 
0 to 0.3325 according to the Teubner-Strey fits from sample A2-6 to A2- 
7, see Table S8A. Thus, the observed increase of ΣD*, not conforming to 
any model prediction, is an “artifact” due to a lack of good approxi
mations of xsurfactant,B in these cases. The points indicated by a question 
mark have a very large value of ΣD*, much larger than any model would 
predict, which is most likely a consequence of critical fluctuations close 
to the phase boundary.

If xsurfactant,B would be extrapolated between xsurfactant,B = 0 for 
sample A2-0 and xsurfactant,B = 0.3325 for sample A2-7, the first eight 
points of titration A2 in Fig. 7B would more or less follow the line 

predicted by the repulsive droplets model, as expected for swollen cor
e–shell micelles. The following points of titration A2 are located within 
the region predicted by the standard flexible model until a further in
crease of ΣD* up to around ΣD* = 6 is observed. If adequate approxi
mations of xsurfactant,B were available for titration A3, the points would be 
expected to more or less follow the line predicted by the repulsive 
droplets as well, until critical fluctuations apparently increase ΣD*. The 
points obtained for titration A1 initially also follow the line predicted by 
the repulsive droplets model, as expected for the slightly interdigitated 
core–shell micelles in the L1/L1′ phase. Above sample A1-7, a continuous 
increase of ΣD* up to around 5.3 is observed. The points of titration B1 
initially also seem to follow the theoretical line of repulsive droplets, 
suggesting that the surfactant dominated surfactant – 2-ethylhexanol 
mixture may be described as polar droplets in the apolar phase. Since 
more than half of the surfactant is not participating in aggregation 
(xsurfactant,B > 0.5) and the dehydrated surfactant is miscible with 2-eth
ylhexanol, the aggregation is expected to be weak, somewhat similar to 
the hydrogen bonded networks formed by alcohols [13]. As more water 
is added, ΣD* increases into the range of the standard flexible model as 
the initially (statistically) separated “droplets” start to connect to more 
and more form some sort of “network”, i.e., hydrophilic channels. While 
these structures are in principle reverse (W/O), these structures are only 
weakly aggregated and not stable reverse micelles. Beyond sample B1-6, 
ΣD* sharply increases to 5.6–6.0.

There clearly is a region between 4.7 ≤ ΣD* ≤ 6.0 in the swelling plot 
shown in Fig. 7B, where all points measured in a specific region in the 
middle of the phase diagram extending towards the water-rich corner 
are located. These values of ΣD* are up to twice as large as expected for 
sponge phases (usually ΣD* ≈ 3), meaning there must be up to double 
the interfacial area per unit volume.

4. Discussion

The phase diagram of the ternary system 2-ethylhexanol – 
C8E8CH2COOH – H2O, shown in Fig. 2, is a borderline case between 
ultra-flexible microemulsion systems and flexible microemulsion sys
tems. This can be expected for the C8E8CH2COOH surfactant, which it
self may be viewed as a borderline case between a surfactant and a 
hydrotrope. It does not exhibit a triphasic domain or any liquid crys
talline phases typical of a classical flexible microemulsion system, but in 
contrast to ultra-flexible microemulsion systems there is clear struc
turing with a surfactant film and not just weak pre-clusters as observed 
for ultra-flexible microemulsions, often also called surfactant-free 
microemulsions if the amphiphilic compound is a hydrotrope 
[15,39,40]. The identification of the microstructures was possible 
through analysis of SAXS data along six dilution lines in the phase dia
gram. The scattering invariant, model fits, and the construction of a 
swelling plot of the reduced peak position as a function of the nonpolar 
volume fraction are used. As shown in section 3, the Teubner-Strey 
model fits cannot reproduce the mid-q ranges of the scattering curves 
due to intrinsic scattering contrast of the surfactant film. However, they 
allow us to derive an approximate value for the fraction of surfactant 
dissolved in the oil pseudo-phase, a quantity that is otherwise unknown 
and cannot be measured even by local characterization such as NMR 
relaxation or spin-echo. Ornstein-Zernike + Broad Peak model fits work 
better than the Teubner-Strey fits, but also deviate in the region of the 
Porod limit due to the complex surfactant film contrast.

Apart from the biphasic domain and the large isotropic monophasic 
domain, there is only one small region near the critical point that ap
pears milky or blueish in the “middle” of a single-phase region, not only 
adjacent to phase separation or the critical point. A small portion of this 
Onuki region, furthest from the critical point towards the binary mixture 
of surfactant and 2-ethylhexanol, appears as a turbid mixture. As more 
water is added, the turbidity vanishes and only a blueish appearance due 
to the Tyndall effect remains, indicating that the droplet size decreases. 
Despite the presence of droplets large enough to cause a turbid 
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appearance, this region is not thermodynamically biphasic, but a single 
thermodynamically stable phase. The Onuki region is a thermodynam
ically stable dispersion of one pseudo-phase in another, where both 
pseudo-phase domains are of mesoscale size, i.e., up to several hundreds 
of nanometers in size. Since the domains are mesoscaled and the mixture 
is thermodynamically stable, it may be referred to as “mesoscale solu
bilization”. A. Onuki initially explained this phenomenon in the case of 
water – oil mixtures including antagonistic salts, where one ion is hy
drophilic and the counterion is hydrophobic [19,20]. In this case, the 
antagonistic salt reduces the interfacial tension due to the formation of 
electric double layers around water – oil interfaces, because one ion 
prefers to be solvated in water and one ion is dissolved in the oil. Since 
charge neutrality must be preserved in the bulk, the two ion species 
remain in relatively close proximity to each other around the interface. 
Near solvent criticality this effect makes the interfacial tension theo
retically negative, which results in an increase of the interfacial area and 
to microphase separation, i.e., a thermodynamically stable mesoscale 
phase separation. Often, interfaces are formed also within the dispersed 
pseudo-phase, i.e., one droplet may contain multiple interfaces [20,41]. 
Macroscopic phase separation is not possible, as the charge neutrality 
must be preserved. Okamoto and Onuki [21] later also explained this 
effect in the case of a ternary nonionic system of oil – water – alcohol, 
where the role of the antagonistic salt is taken by the amphiphilic nature 
of the alcohol. In the present system, the nonionic surfactant 

C8E8CH2COOH has a hydrophobic C8 chain covalently bound to the 
hydrophilic headgroup, therefore having a tendency to go to the 2-ethyl
hexanol-water interface. 2–ethylhexanol can dissolve the surfactant in 
its dehydrated state. As water is added, the hydrated headgroups are no 
longer soluble and microphase separation is energetically favored to 
create 2-ethylhexanol-water interfaces.

The dilution line of titration A1 starts in the L1/L1′ phase, known 
from previous work [1,2], formed by the binary mixture of 63.5 wt% 
surfactant and 36.5 wt% water and extends towards the 2-ethylhexanol- 
rich corner. It crosses the blueish part of the Onuki region and enters the 
biphasic domain at the critical point. The first few samples A1-0 to A1-4 
can be clearly identified as a (swollen) L1/L1′ phase, i.e., (swollen) 
densely packed micelles with partial headgroup interdigitation, just by 
comparing the scattering curves in Fig. 3. The following scattering 
curves indicate a continuous transition to another microemulsion 
structure, which is, as will be shown in the following, the biliquid O/W 
nanofoam phase. Inside the Onuki region (samples A1-12 and A1-13), 
two different contributions to the scattering can be identified. In the q 
range up to q ≈ 1 nm− 1, the scattering of the pseudo-phase dispersed as 
droplets is dominant, while at higher q the scattering of the pseudo- 
phase in which the droplets are dispersed dominates. Fits of the lower 
q part to the Ornstein-Zernike + Broad Peak model, suggest correlation 
lengths between around 8 nm and 16 nm. Since the scattering is not fully 
describable with this model, these values should only be taken as a 

Fig. 8. (A) SAXS data recorded during titration B2 in log–log scale. (B) The same data presented in lin-lin scale, cutting off the higher intensities at low-q. The solid 
black line represents data of 2-ethylhexanol saturated with water. (C) The points measured during titration B2 are shown in the phase diagram of the ternary system 
2-ethylhexanol – C8E8CH2COOH – H2O at 25 ◦C. The part of the Onuki region with a turbid appearance is shown in grey, while the part with a slightly blueish 
appearance is shown in blue. (D) The principal method of estimating the “microphase separated” pseudo-phase compositions and volume fractions in the phase 
diagram, see text. A schematic drawing of the biliquid nanofoam (“BF”) dispersed in the 2-ethylhexanol-rich phase containing dissolved, weakly hydrated surfactant 
(surfactant in oil – “SO”) inside the Onuki region is also shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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rough estimate of the order of magnitude of the droplet size. The two 
different contributions are best seen in titration B2, crossing both the 
turbid and the blueish parts of the Onuki region coming from the binary 
mixture of 30 wt% surfactant and 70 wt% 2-ethylhexanol adding water. 
The recorded scattering of the first turbid sample B2-6 shows mainly a 
contribution of the continuous pseudo-phase, but also a Porod asymp
totic behavior of the contribution of the dispersed pseudo-phase at low- 
q, see Fig. 8A and 8B. The dilution line B2 is also shown in the phase 
diagram in Fig. 8C. This means that the droplets in this case must be 
larger than 100 nm. Ornstein-Zernike + Broad Peak model fits suggest 
micron-sized droplets. However, the error of this size approximation 
may be significant. As more water is added, the droplet size decreases 
towards sample B2-9, shifting a larger portion of the droplet pseudo- 
phase contribution into the measured q range. The typical droplet size 
in the blueish region is then much smaller than 100 nm. As seen in the 
scattering curve of samples B2-6 to B2-9, see Fig. 8A and 8B, the 
continuous pseudo-phase in the Onuki region that is in equilibrium with 
large droplets of a ternary water-rich composition exhibits a broad peak 
at high-q, which can be assigned to weak aggregation of the alcohol into 
hydrogen bonded –OH networks with some participation of surfactant 
headgroups and water [13]. Such a broad peak is also seen in almost 
pure 2-ethylhexanol saturated by water, see solid black line in Fig. 8A 
and 8B. The scattering contribution of the continuous phase closely 
resembles the scattering of sample B2-5, where a large fraction of the 
surfactant is dissolved in 2-ethylhexanol. While the oil-rich phase with 
dissolved surfactant is adjacent to the Onuki region on the oil-rich side, 
the O/W biliquid nanofoam region (see next paragraph) is adjacent to 
the Onuki region on the other side towards the middle of the phase 
triangle. Thus, we know that in the Onuki region droplets of the biliquid 
nanofoam (“BF”) phase with sizes up to several hundreds of nanometers 
are dispersed in an oil-rich phase containing dissolved, weakly hydrated 
surfactant (“SO”), as schematically drawn in Fig. 8D. Inside the Onuki 
region, O/W interfaces are created. As described above, a fraction of the 
surfactant (and some 2-ethylhexanol as co-surfactant) is “consumed” to 
form the surfactant films. Therefore, one can estimate the compositions 
of the two separating pseudo-phases using the true two-phase region of 
the phase diagram, as also shown in Fig. 8D. For an “initial” total 
composition inside the Onuki region (“I”) one can draw an arrow in the 
phase triangle towards the first tie-line (solid red line) connecting points 
located outside of the Onuki region. If only surfactant is required to form 
the surfactant film, the arrow would point towards the 2-ethylhexanol 
corner. Since in this case 2-ethylhexanol partially acts as a co- 
surfactant and is also “consumed” to from the interfacial films, the 
arrow points a bit more towards the binary 2-ethylhexanol – water line. 
The tie-lines yield a good estimate of the compositions of the two 
pseudo-phases and with the crossing point of the tie-line and the drawn 
arrow, once could estimate the volume fractions of the two pseudo- 
phases.

For titration A1, the scattering invariant, see Fig. 4A, yields a value 
for the saturation of the surfactant film with 2-ethylhexanol, ssat = nsat(2- 
ethylhexanol)/n(tail) = 1.9, meaning that a maximum of 1.9 2-ethylhex
anol molecules per surfactant are incorporated as co-surfactant into the 
surfactant film. Any additional 2-ethylhexanol then must be incorpo
rated into the micellar core. The Teubner-Strey model is found to 
describe well the low-q part and the peak onset only if s > ssat, i.e., once 
there is an oil-rich phase swelling the micelles. In the case of titration A1 
the condition s > ssat is fulfilled starting with sample A1-7, see Fig. 5. The 
same is true for the Ornstein-Zernike + Broad Peak model, see Fig. 6, 
though it yields better fits than the Teubner-Strey model in general.

This is also reflected in the swelling plot (ΣD* vs. ϕ(nonpolar)), see 
Fig. 7B., where the points start to deviate from the prediction of the 
repulsive sphere model around sample A1-7 (ϕ(nonpolar) ≈ 0.6). 
Interestingly, ΣD* increases continuously up to ΣD* ≈ 5.3, which is 
significantly larger than a value of around 3.0 expected for bicontin
uous, locally flat sponge phases [15]. ΣD* = 6 is expected for an ideal 
biliquid nanofoam, where in the Voronoi tessellation treatment [42] all 

Voronoi cells are completely covered by surfactant bilayers, instead of 
only 50 % in the symmetric sponge phase. This means that deformed 
droplets are fully enclosed and separated by locally flat surfactant bi
layers. Such a structure was first observed by Wolf et al. [43–45] on 
adding small amounts of oil to an oil-free sponge phase (L3 phase), 
which they called “high-internal phase microemulsion” (HIPME). An 
explanation and confirmation of this transition was recently given by 
Menold et al. [46,47]. Such a biliquid nanofoam structure can be viewed 
as a “super-swollen” dispersion of micelles. In the systems of Wolf et al. 
and Menold et al., the surfactant bilayers form hydrophobic films 
separating hydrophilic droplets, i.e., they observed a W/O biliquid 
nanofoam or “super-swollen reverse micellar phase” [46]. A W/O bili
quid nanofoam consists of closely packed polyhedral aqueous nano
droplets (typically < 50 nm in size), i.e., biliquid foam cells, confined by 
surfactant films. The polar headgroups protrude into the aqueous 
pseudo-phase and the apolar chains of neighboring cells form hydro
phobic bilayers swollen by oil. The polar pseudo-phase is therefore 
discontinuous, while the apolar pseudo-phase is continuous. In our 
system, the bilayers must be the reverse, i.e., hydrophobic nanodroplets 
are separated by a hydrated headgroup layer, forming an O/W biliquid 
nanofoam. There is no bulk water, as water is hydrating the headgroups, 
and there is a continuous transition from direct swollen micelles to the 
biliquid nanofoam on addition of oil, without any sign of a phase 
inversion. One can expect around three water molecules to be at least 
weakly bound to the headgroup per EO group. In titration A1, w = n 
(H2O)/n(EO) = 2.16, and even if the surfactant molecules dissolved in 
the hydrophobic pseudo-phase (around 50 % of the surfactant) were 
completely dehydrated, there would only be around four water mole
cules per EO group. In addition, a reverse structure would be highly 
unexpected compared to a direct structure with the very hydrophilic 
C8E8CH2COOH surfactant.

The same observations are made for titration A2, the dilution line of 
which starts in the core–shell micellar L1 phase [1,2] in the binary 
mixture of 30 wt% surfactant and 70 wt% H2O and extends towards the 
2–ethylhexanol corner. In contrast to titration A1, titration A2 does not 
cross the Onuki region. s > ssat is reached around sample A1-11, which 
again is where the model fits start to work much better, see Figs. S4 and 
S10. In this region, the points in the swelling plot (Fig. 7B) deviate from 
the theoretical line of repulsive droplets and are located inside the range 
predicted by the standard flexible model, which may indicate that the 
droplet sizes and shapes become increasingly random. Samples A2-14 to 
A2-16 exhibit ΣD* values around 3, before the next point seemingly 
“jumps” to ΣD* ≈ 4.7. ΣD* then increases up to around ΣD* = 6 at 
samples A2-22, demonstrating that an O/W biliquid nanofoam is 
formed.

It should be noted that the possibility of a biliquid foam structure for 
microemulsions was discussed, to the best of our knowledge for the first 
time, 40 years ago by Chen et al. [48] and Evans et al. [49] in ternary 
systems of n-alkane – didodecyldimethylammonium bromide (DDAB) – 
H2O. Chen et al. measured unexpected conductivity at very low water 
content, meaning that the minority phase is continuous, and discussed 
the possibility of an O/W biliquid nanofoam structure, i.e., a rhombo
dodecahedral packing of polyhedral droplets, based on a high internal 
phase emulsion structure analysis by Lissant [50,51] using purely 
geometrical considerations. However, Chen et al. also stated the possi
bility that both pseudo-phases may be continuous, i.e., that the structure 
is bicontinuous. Two years later, Evans et al. concluded that the 
microemulsions are bicontinuous. It was shown later that the vast ma
jority of stiff microemulsions, “stiff” meaning that the bending constant 
versus the packing parameter is larger than 10 kJ⋅mol− 1 [29], including 
those examined by Chen et al. and Evans et al., are modelled successfully 
with the DOC cylinder model as being close to connected cylinders with 
a variable connectivity Z [52]. Their observation of decreasing con
ductivity on addition of water to the water-poor microemulsion was also 
shown to be an effect with a general explanation within the framework 
of the DOC model, taking into account the constraint of fixed volume, 
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fixed area per molecule, and minimal curvature frustration [42]. Such a 
reduction of the conductivity is absent if tetradecane is used as a non- 
penetrating oil [48,49], in which case the structure consists of DOC 
lamellae [53], i.e., randomly folded oil-swollen bilayers, also known in 
the literature as asymmetric sponge phase [54]. Both DOC cylinder and 
DOC lamellar structures do not exhibit foam-like Plateau borders. Even 
in the DOC lamellar case, the scattering peak position shows that there 
are no closed domains of oil in a structure resembling a nanofoam. To 
the best of our knowledge, the structure described in this paper is the 
first O/W biliquid nanofoam.

The O/W biliquid nanofoam reported in this work is a micro
emulsion, and therefore an equilibrium structure. Metastable O/W 
biliquid foams with a similar foam-like structure but on a much larger 
scale (micron sized droplets) were already reported 25 years ago by 
Sonneville-Aubrun et al. [55], who obtained these “high internal phase 
emulsions (HIPEs)” by centrifugation of emulsions. In contrast to the 
thermodynamically stable O/W biliquid nanofoam reported here, the 
HIPEs are, as already stated by the authors, metastable emulsions.

Along the dilution line of titration A3, starting in the core–shell 
micellar L1 phase [1,2] in the binary mixture of 15 wt% surfactant and 
85 wt% H2O and extending towards the 2–ethylhexanol corner. In this 
case, s > ssat is reached at sample A3-5, where at least the Ornstein- 
Zernike + Broad Peak model starts to give a relatively good fit to the 
data, see Fig. S11. In this case, no transition to a biliquid nanofoam can 
be confirmed.

The dilution line of titration B1 starts at the binary mixture of 63.5 wt 
% surfactant and 36.5 wt% 2–ethylhexanol and extends towards the 
water corner of the phase diagram. Along this dilution line, s is only 
slightly larger than ssat and both models work quite well, see Figs. S6 
and S12. As can be inferred from Table S10A, a significant fraction of 
the dehydrated surfactant is dissolved in the nonpolar pseudo-phase, 
which is a hint that the aggregation is weak. The initial microstructure 
may be described as weak aggregation of surfactant headgroups and 
alcohol –OH groups, possibly similar to the hydrogen-bonded networks 
formed by alcohols [13]. Initially, these fluctuations or weak aggregates 
seem to follow the theoretical line of the repulsive droplets model 
(Fig. 7B), suggesting that the statistically distributed weak aggregates 
could be described as droplets. As more water is added, the points 
increasingly deviate from this predicted line and are located in the range 
predicted by the standard flexible model, as would be expected if the 
extent of weak aggregation increases and leads to the formation of a 
network-like structure of hydrophilic “channels”. The experimental 
scattering invariants of both titrations B1 and B2, see Fig. 4B, show a 
clear change of slope around wsat = 0.6, which is interpreted as the 
maximum hydration, i.e., the maximum number of water molecules per 
EO group, above which the surfactant’s solubility in 2-ethylhexanol 
decreases drastically. Samples B1-5 and B1-6 exhibit ΣD* values 
around 3, before the next points seemingly “jump” to 5.6 ≤ ΣD* ≤ 6.0. 
ΣD* around the same region, where the biliquid nanofoam points of 
titration A2 are located. Since this region in the phase diagram is be
tween the biliquid nanofoam regions formed along dilution lines A1 and 
A2, the biliquid nanofoam formed along dilution line B1 must also be O/ 
W.

The dilution line of titration B3, starting from the binary mixture of 
15 wt% surfactant and 85 wt% 2-ethylhexanol and extending towards 
the water corner of the phase diagram, only exhibits scattering with a 
pronounced broad peak due to the hydrogen-bonded alcohol network at 
high-q and a weak broad bump in the mid-q range due to random weak 
surfactant headgroup clusters, which also produce the low-q upturn, see 
Fig. 3. Almost all the surfactant is dissolved in the oil, which is also 
suggested by Teubner-Strey model fits to the mid-q range, see Fig. S8, 
and by a barely changing scattering invariant, see Fig. 4B. Shortly after 
wsat is reached, there is macroscopic phase separation. No micro
emulsion phase is observed. The same is observed for titration B2 before 
the Onuki region is reached.

All Ornstein-Zernike + Broad Peak model fits of samples inside the 

biliquid nanofoam region, see Tables S13, S14, and S16, yield correla
tion lengths between 3.5 nm to 7.8 nm. The contributions of the 
Ornstein-Zernike term and the Broad Peak term to the fit is illustrated 
exemplary for sample B1-8 in the graphical abstract in lin-lin scale, in 
Fig. S15A in ln[(I(q)-background)⋅q2] versus q2, and in Fig. S15B in 
log–log scale. The obtained average repeat distances, D*, corresponding 
to the average droplet, i.e., nanofoam cell, sizes are in a range of 10.6 nm 
to 32.2 nm. Wolf et al. [43–45] and Menold et al. [46,47] did not give 
systematic average sizes for their W/O biliquid nanofoams, but their 
cryogenic transmission electron microscope and freeze-fracture electron 
microscope images suggest cell sizes in the range of 20–50 nm. Thus, the 
average cell size of their W/O biliquid nanofoam is similar to the upper 
bound of the average cell size found in our O/W biliquid nanofoam (≈
30 nm). It is important to note that in the present system the thickness of 
the hydrophilic headgroup/water layer is expected to vary significantly 
depending on the number of water molecules available per headgroup. 
For a given constant number of water molecules per surfactant head
group, the average cell size is found to increase with increasing oil 
content due to swelling of the hydrophobic interior. When adding water 
at a fixed oil to surfactant ratio, the average cell size also increases due to 
swelling of the hydrophilic bilayer with water. The order of magnitude 
of the number of 2-ethylhexanol per droplet is 102–104, a (significant) 
portion of which acts as a co-surfactant in the surfactant film. The 
calculation is given in Note S4. Since all water is bound as hydration 
water to the headgroups in the surfactant film, the water activity should 
be low.

It should also be noted that the impurities of the technical surfactant 
C8E8CH2COOH are not expected to significantly influence the reported 
phase behavior. Even after further purification by ion exchange, 
C8E8CH2COOH was generally found to behave similarly [7]. The only 
impurities that are potentially relevant to its phase behavior in the 
present system are the esters, see section 2.1., which are also involved in 
an auto-coacervation process observed at low surfactant concentrations 
in binary mixtures with water [2]. However, the small fraction of esters 
(≤ 1.5 wt% of the surfactant) is not expected to change the reported 
phase behavior. Since the esters are more hydrophobic than the sur
factant itself, the esters are expected to be dissolved in the oil-rich 
pseudo-phase first.

5. Conclusion and outlook

The main points established by measuring a large number of small- 
angle X-ray scattering data on absolute scale (some of them scatter 
1000 times more than others), including the values of the scattering 
invariants, allow us to be certain that no O/W to W/O “inversion” occurs 
in this system with increasing oil content. At low water content, water 
hydrates the EO groups of C8E8CH2COOH molecules dissolved in 2-eth
ylhexanol and no commonly found reverse micelles are found. More
over, when oil is added to an aqueous mixture of the surfactant, the 
curvature cannot reverse. Therefore, in the middle of the phase triangle, 
a nanometric biliquid foam exists. In this domain around 102–104 oil 
molecules form domains that are separated by hydrated headgroups 
forming polar lamellae.

The phase diagram shown in Fig. 2, can now be drawn with in
dications of the different structural regions, as shown in Fig. 9. There is 
no true structural inversion and the dehydrated (or only weakly hy
drated) surfactant dissolves in the oil in the 2-ethylhexanol-rich corner. 
An interesting property of the observed biliquid nanofoam, schemati
cally drawn in Fig. 9, is that it exists without any bulk water, with only 
water (weakly) bound to the surfactant headgroups. This means that the 
water activity is low, which might be of interest for certain chemical 
reactions, which could benefit from the oil-rich pseudo-phase as 
“nanoreactors” separated by a self-healing semi-permeable membrane.

To the best of our knowledge, this is also the first report of an O/W 
biliquid nanofoam, only W/O biliquid nanofoams having been reported 
so far [43–47]. In all these systems, e.g., in the water/NaCl – hexyl 
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methacrylate – dioctyl sulfosuccinate sodium salt (AOT) [46] system, 
the reverse biliquid nanofoam with droplet diameters of around 20–50 
nm is formed by addition of small amounts of oil to the oil-free sponge 
phase (L3). In our system, we have not observed a clear sign of a sponge 
phase, but a narrow transition via a sponge phase cannot be excluded, as 
the swelling plot also shows points around ΣD* = 3, which could be a 
sponge phase but does not have to be. It rather seems that the biliquid 
nanofoam in the present system is achieved by actual “super-swelling” of 
direct micelles. To confirm this, additional experiments should be con
ducted in the future, especially conductivity and diffusion-order NMR 
spectroscopy could be helpful to determine if there are any transitions to 
bicontinuous states. Also, if a reverse biliquid foam was formed, the 
conductivity would be expected to be very low, as water-rich, ion con
taining droplets are separated by hydrophobic layers without charge 
carriers [46]. In our case, we therefore expect that there is no significant 
decrease of the conductivity when transitioning from the swollen 
micellar structure to the biliquid nanofoam structure. Another distinc
tion to the biliquid nanofoam reported by Menold et al. [46,47] is that 
they observed a high viscosity in the biliquid nanofoam state, which we 
did not observe in our system. This could be due to the surfactant/co- 
surfactant films being much more flexible in our system compared to 
the double-chain AOT surfactant.

Another important aspect to note is that this biliquid nanofoam can 
only form because the oil acts as a co-surfactant to weaken the steric 
constraint of the very hydrophilic surfactant, which usually remains in 
spherical packing. If a purely hydrophobic oil, such as n-dodecane, is 
used, only a narrow swollen micellar region exists and if the micelles are 
fully loaded, a very n-dodecane-rich phase separates from the swollen 
micellar phase, see Fig. S16, which was semi-quantitatively shown 
using phase separation and physical density measurements. If one seeks 
to achieve a biliquid nanofoam in a system of a purely hydrophobic oil – 
C8E8CH2COOH – H2O, one at least needs to add some co-surfactant to 
the system, otherwise the resistance to shape transitions of the surfac
tant is too strong.

Chemistry performed in the small “nano-reactors” made from about 
102–104 oil/solvent molecules, separated by hydrophilic barriers of 

hydrated headgroups, should give original results, since the reacting 
molecules can be isolated. When needed, the sample could be heated 
shortly to 70–80 ◦C by microwave pulse for instance to dehydrate all 
headgroups, allowing easy collection by phase separation. Upon cooling 
again, the compartmentation of the sample is restored within seconds 
and a synthesis cycle can be restarted. If such an isolation is in fact 
possible for reactants, is still an open question that could be solved by 
spin-echo NMR, as first introduced by Peter Stilbs [56].
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