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We address the structure of homogeneous mixtures of equal volumes of water and oil rendered
miscible by the addition of amphiphilic molecules. Specifically, we study the pathway from regular
ternary solutions to structured microemulsions with increasing amphiphilic chain length, i.e., increasing i
and j for alkyl polyglycol ether surfactants (CiE;) from CzEq (ie., propanol) to CsE,, using contrast
variation small angle neutron scattering (SANS). The bulk-contrast SANS pattern of the symmetric system
water—cyclohexane—(2-propanol/1-propanol) with nearly horizontal tie-lines matches Ornstein—Zernike
behavior with characteristic g2 decay, implying critical composition fluctuations occurring predominantly
in the water—oil ratio. Weak scattering signals were detected in film-contrast SANS possibly due to the
existence of the nearby tricritical point (TCP). After passing the TCP, the increasing amphiphilic strength
leads to the gradual build-up of well-defined amphiphilic interfaces stabilizing water- and oil-rich domains

Received 28th October 2024, of colloidal dimensions, as evidenced by the well-known g~* behavior observed in bulk-contrast SANS

Accepted 13th April 2025 pattern at large g. The amphiphilicity factor f, ranging from +1.15 to —0.60 reveals the crossing of the
DOI: 10.1039/d4sm01258¢e disorder line, the Lifshitz line, and the wetting to non-wetting transition. Precursors of structuring in those

mixtures with compositions, where the lamellar phase appears for even longer-chain amphiphiles, are also
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Introduction

It is well known that water and oil do not mix. However, equal
volumes of water and oil may form a homogeneous stable
single phase upon the addition of a third component, being
miscible with both the water and the oil, a fact that has been
known for over a hundred years. A classic example of such a
third component, having the capability of mixing water and oil,
is the simple short chain alcohol ethanol, which was also used
in the pioneering studies of the ternary phase diagram of water,
benzene, and ethanol by Bancroft and Taylor."” Such ternary
systems are typically governed by short range (nearest neigh-
bour) intermolecular interactions, and can thus to a good
approximation be described using the concepts of regular
solution theory.® At sufficiently large concentrations of the
third component, it becomes the solvent for water and oil, with
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water and oil molecules being mainly surrounded by solvent
molecules.

The solubilization mechanism described above requires
relatively large amounts of the third component. A more efficient
additive is a surfactant that has a strong affinity for the water-oil
interface.”® In these systems, termed microemulsions,””® water
and oil do not mix on the molecular length scale but form different
domains of colloidal dimensions separated by a dense surfactant
film, stabilizing the water-oil interface.” The microemulsion
structure may be water or oil continuous, or bicontinuous."*'!
In the latter case both water and oil form sample spanning
domains, again separated by a dense surfactant film.">* With
focus on the surfactant-rich dividing surface between water and
oil, microemulsions have been identified as interesting experi-
mental model systems to study the thermodynamics of flexible
two-dimensional fluid surfaces in three-dimensional space.’>™*”
With a fluid surface we here mean a surface that is flexible with a
low bending rigidity, and has the ability to undergo topology
transformations.”'>™®

Kahlweit and Strey have in a number of publications
addressed the pathway from ternary molecular mixtures to
microemulsions.>'*?* They clearly described how the three-
phase body, a signature of microemulsions, is born in a tricri-
tical point (TCP) with increasing amphiphilicity (increasing i and

j in a balanced fashion) of nonionic alkyl polyglycol ether

surfactants, CHj(CH,);_1(OCH,CH,)OH (C.E).*>*" They also
demonstrated that the regular solution as a simple model is
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sufficient to generate the TCP even without imposing any structur-
ing by increasing the enthalpic interactions compared to the ideal
entropy of mixing."® The gradual build-up of water- and oil-rich
domains was demonstrated by bulk-contrast small angle neutron
scattering (SANS) that showed a gradual transition from Lorent-
zian Ornstein—Zernike (OZ) scattering® to a scattering curve
exhibiting a well-defined structure factor peak.”*** The ¢~* Porod
regime observed at higher g-values confirmed the presence of a
dense surfactant film separating water- and oil-rich domains. It
was also concluded that structured solutions, as defined by the
first sign of deviation from simple OZ scattering in bulk-contrast
SANS, appear approximately at the wetting to non-wetting transi-
tion of the middle-phase microemulsion at the water-oil
interface.>>*® This is also suggested by theory.>”*® The transition
occurs as the spreading coefficient, S = g, — (04c + 0bc), changes its
sign from positive to negative with increasing amphiphilicity.
Here, o, is the interfacial tension between the water- (a) and oil-
rich (b) phase in the presence of the middle-phase (c), while o,
and oy, are the water/middle-phase and oil/middle-phase inter-
facial tensions, respectively. The wetting to non-wetting transition
implies the formation of a stable water-oil interface with a low gp,.
With high amphiphilicity surfactants, ¢,, even becomes ultra-
low,**! which has attracted significant attention from e.g., the
field of enhanced oil recovery.**** Fig. 1 illustrates the evolution of
the isothermal ternary phase behavior when increasing the amphi-
philicity of the “third component”. We identify three regimes and
refer to them as regular solution, intermediate solution and
microemulsion, respectively, where the intermediate solution
regime refers to the region between the tricritical point and the
wetting to non-wetting transition.

More recently, microemulsions, referred to as ‘“‘surfactant-
free microemulsions”, or ‘“highly flexible microemulsions”
have been proposed to exist also in the regular solution

Regular solution
C
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regime®*™*? (see also references therein). Arguments for being
microemulsions mainly come from small angle X-ray or neutron
scattering data, showing scattering length density (SLD) fluctua-
tions on the nanometer length scale. However, these SLD fluctua-
tions are generally found in the vicinity of critical plait points,
pointing to the likelihood that the scattering rather are conse-
quences of critical composition fluctuations.

It is in principle possible to determine whether the observed
scattering pattern, I(g), reports mainly on critical composition
fluctuations or non-critical solution (ie., microemulsion)
structure.”® The observation of a Lorentzian OZ scattering
pattern, characterized by a forward (g = 0) scattering intensity,
Iy, and a real space correlation length of the fluctuations, ¢, is
indicative of critical fluctuations.** But more importantly, if
critical composition fluctuations represent the dominating
contribution to the scattered intensity, one expects both para-
meters to diverge at the critical plait point.** This is something
that can be easily verified experimentally, and something that is
not expected for a microemulsion structure.”*

Another way to address the question of critical composition
fluctuation versus microemulsion structure is offered by con-
trast variation SANS.** Using selectively deuterium labelled
components allows for highlighting individual components in
the mixture. In the vicinity of a critical plait point, composition
fluctuations mainly occur in the direction of the critical tie-
line.*® For a ternary system, critical fluctuations generally occur
in both composition variables,*® which complicates the con-
trast variation analysis. In this paper we define these two
variables as ¢ = ¢p/(Pa + ¢p) and ¢c, respectively, where ¢;
denotes the volume fraction of component I. The exception
being the symmetric system, which is schematically illustrated
on the left side of Fig. 1. When the third component (C) has the
same affinity for the two immiscible components A and B, the

Microemulsion
C

BlA
Tricritical point
(TCP)

Wetting to Non-wetting
transition

increasing amphiphilicity

Fig. 1 Schematic phase diagrams illustrating the evolution in phase behavior from regular solutions, via intermediate solutions, to microemulsions, with
increasing amphiphilicity of the “third component”. Here, A represents water, B the oil, and C the "third component”. 1 refers to a one phase region, while
2 and 3 refer to regions with two or three coexisting phases, respectively. 2 refers to a coexistence of phases rich in water and in the “third component”.
In the 2 phase region, phases rich in oil and in the “"third component” coexist. Dashed lines illustrate tie-lines, and critical plait points are indicated by
filled circles.
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critical point is located at equal volumes of A and B and the tie-
lines are horizontal, i.e., defined by a constant ¢¢. In this case,
critical composition fluctuations are limited to fluctuations in
¢.*” Then, by contrast matching A and B in a SANS experiment
these fluctuations will not be visible and only a low scattering
intensity is expected in the absence of a microemulsion struc-
ture. With strong contrast between A and B, on the other hand,
(critical) fluctuations in ¢ can be evaluated. This is an impor-
tant approach of the present study.

Non-ionic C;E; surfactants are particularly useful model
surfactants for systematic studies of microemulsion structure
and phase behavior.>*”*® They do not require co-surfactants,
and the amphiphilicity can be tuned by i and j. Moreover, it is
also possible to tune the spontaneous curvature, Hy, of surfac-
tant monolayer films by varying the temperature.>*”*° In this
paper we particularly address the question of microemulsion
structure versus critical composition fluctuations, by comparing
three different systems having a different amphiphilicity of the
“third component”. The first system is in the regular solution
regime close to the TCP, while the two other systems are located
on the opposite side of the TCP.

Results and discussion

We have investigated three different experimental systems, in
which the degree of amphiphilicity of the “third component”
(C) was varied from C3E,, via C4E; to CsE,. All three systems
being in the vicinity of the TCP, with the C3E, system is located
on the regular solution side, while the other two are on the
microemulsion side. Below we will present and discuss results
from the different systems, starting with the C;E, system. For
this particular system, we also address the question of
“surfactant-free microemulsions”.

Regular solutions - finding the balanced model system

Finding a suitable balanced ternary system in which the “third
component” (C) has equal solubility in the A-rich and B-rich
phases of the miscibility gap so that the critical composition
fluctuations will predominantly involve fluctuations in the
A/B-ratio® with only minor fluctuations in ¢ is difficult. Our
compromise has been to tune a quasi-ternary system having a
mixture of a weakly hydrophilic and a weakly hydrophobic
alcohol as the third component. Here, a mixture of 2-prop-
anol (2-C3E,) and 1-propanol (1-C3;E,) was used. Other compo-
nents (A and B) being water and cyclohexane, respectively.
Temperature was kept at T = 25.0 °C. At this temperature the
ternary system H,O-cyclohexane-2-C;E, exhibits the critical
plait point on the oil-rich side of the miscibility gap, at ¢ =
0.84. The corresponding system with 1-C3E,, on the other hand,
has the critical plait point located on the water-rich side, at ¢ ~
0.08. Thus, by using a mixture of 2-C3E, and 1-C3E, it is
possible to obtain a near-balanced quasi-ternary system for
which the critical point is located at ¢ = 0.50 and the critical tie-
line has an approximately constant ¢¢. The two purely ternary
phase diagrams with the two different alcohols are presented in

This journal is © The Royal Society of Chemistry 2025
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the ESI} (Fig. S1), together with a schematic illustration of the
quaternary phase tetrahedron with the line of critical points.
For SANS experiments performed in the vicinity of the critical
point, we are here focusing on two different scattering contrasts.
One corresponding to the maximum contrast between water and
oil, which is obtained by simply using heavy water (D,O) and
normal cyclohexane. This contrast highlights the fluctuations in
¢. We refer to this as A/B-contrast. In the second contrast we
match the scattering length densities of water and oil by using
D,O and deuterated cyclohexane containing a small amount
of protonated cyclohexane. This contrast highlights possible
fluctuations in ¢¢, and we refer to this as C-contrast. In both

2-C,E/1-C,E,
(a) 5=0.24

0.2

A\
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\0.1
0.0

DZO 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 C6H12

2-C,E/1-C,E,
§=0.18
0.0
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(b)
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9% / 4

Fig. 2 Gibbs triangles (volume fraction) of the quasi-ternary systems (a)
D,O-cyclohexane—2-propanol-OD/1-propanol-OD at § = 0.24 and (b)
D,O-cyclohexane-Dj,/cyclohexane (96/4)-2-propanol-OD/1-propanol-
ODat ¢ =0.18,and T = 25.0 °C showing almost symmetric miscibility gaps,
which can be described quantitively (red line) by eqn (1) taken from
Guggenheim'’s equation using the predicted critical exponent f = 1/3.
The critical points are located at ¢* = 0.50 + 0.01 (red filled circles), which
are the end points of the lines (red) passing through the center of each tie-
line (red open circles) determined from NMR. The SANS measurements
were later performed as a function of the total alcohol volume fraction ¢¢
as well as varying the water/oil ratio ¢ (black crosses).
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cases the alcohols had their hydrogen exchanged for deuterium,
being 2-propanol-OD and 1-propanol-OD, respectively, in order
to avoid the hydrogen exchange with D,O.

Phase diagram studies were performed (see Methods section
and Fig. S2, ESI}) to find the particular 1-C3E, fraction o, for
which the critical point is located at ¢ = 0.50. § was found to be
slightly different for the two contrasts, with the values ¢ = 0.24
for the A/B-contrast and J = 0.18 for the C-contrast. The two
corresponding quasi-ternary phase diagrams are presented in
Fig. 2.

The critical points, located at ¢* = 0.50 £ 0.01, are marked
by red filled circles. The critical C concentrations, ¢ are 0.559 +
0.003 and 0.565 4 0.003 for the A/B-contrast and the C-contrast,
respectively. With the help of "H NMR we determined how the
two alcohols distribute between the oil-rich phase and water-rich
phase and thus the slope of the tie line (ESLi Section S4).
Together with the composition of the respective NMR sample
and the phase boundary, this gives the tie lines, which are shown
as black lines with open red circles marking the middle points
where the two coexisting phases have equal volumes. According
to the rectilinear diameter method,® the line of open red circles
shows the path to the critical point, which can be extrapolated by
the intersection with the experimental binodal curve. Note that
¢c is close to, but not completely constant along the tie-lines.
The experimentally determined binodal data (open circles) are
well described by

dc = (alp— o) +oc ()
shown as red lines. Eqn (1) is derived®* > from Guggenheim’s
empirical formula

P = Pec < (1 - T/Tc)ﬁ (2)

for the phase transition.” The critical exponent f§ = 0.33 agrees
with the predicted value of 1/3, however the determined value
of ¢* = 0.42 + 0.01 deviates somewhat from 0.5 due to the slight
asymmetry of the miscibility gaps.

View Article Online
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Regular solutions - small-angle neutron scattering

The two contrast systems were investigated by SANS. The sample
compositions measured are indicated as black crosses in Fig. 2(a)
and (b). In both systems ¢¢ was varied at constant ¢ = 0.50
approaching the critical point. In the A/B-contrast system we also
varied ¢ at constant ¢¢ = 0.565, passing near the critical point.

Fig. 3(a) shows the SANS patterns obtained when varying ¢¢
at constant ¢ = 0.50. As can be seen, the scattered intensity, 1(g),
increases strongly with decreasing ¢c while approaching the
critical point. In the studied interval ¢ = 0.563-0.645, the low g
intensity varies by approximately three orders of magnitude.
All curves are well described by the Ornstein-Zernike (OZ)
relation**

1(q) = Io/(1 + £¢%) + Iines (3)

which implies that critical fluctuations are dominating the
scattering. Here I, is the forward scattering intensity (at g =
0), ¢ is the correlation length and I, the incoherent back-
ground mainly coming from protons.

Best fits of eqn (3) to the data are shown as solid lines. The
fitting parameters I, and ¢ are summarized in the ESIE (Table
S2). Both parameters diverge at the same critical pc-value (¢¢),
confirming the presence of the critical point and the fact that
the scattering is dominated by critical composition fluctua-
tions. This can be seen in Fig. 3(b) where we have plotted 1/,
and 1/¢ versus ¢¢. Both 1/, and 1/ go to zero at ¢ = 0.56.

SANS data were also collected along the line of constant ¢ =
0.565 + 0.003 varying ¢, passing near the critical point. The
collected scattering patterns at selected values of ¢ are presented
in Fig. 3(c). Also, along this line, the SANS patterns are well
described by the OZ relation (eqn (3)). The values of I, and ¢ are
also presented in the ESIi (Table S2). Both parameters show a
maximum at the critical ¢* =~ 0.50, again consistent with the
scattering being dominated by critical composition fluctuations.

Furthermore, SANS measurements in C-contrast were applied
to probe any possible solution structure beneath the critical
fluctuations. The phase diagram shown in Fig. 2(b) shows that
the concentration of the alcohol mixture in the water-rich phase

1000 ; ‘ b ‘ , : ¢ ‘ ‘
@) ) $=0.50,5=0.24 ( )L4’¢=05m8=024 © ¢ ¢ = 0.565, 5 =0.24
. |
12} |
100 1 I 10} ]
- s o
g = 08Ff 1/1, ] §
= - = |
S 1 E osf = 1S
<
= 04f 1
i
0.2 | " R 1 i
1
. . 0.0 : - ; : :
0.001 0.01 o1 0.50 0.55 0.60 0.65 0.70 0.001 0.01 Lot 1
q/ At b q/A

Fig. 3

(a) A/B-contrast SANS curves obtained at ¢ = 0.50 and T = 25.0 °C, along a line varying ¢c. (b) 1// and 1/&, obtained from the fits, plotted versus

¢c. Both 1/lg and 1/& go to zero at ¢¢ ~ 0.56. (c) A/B-contrast SANS curves obtained at ¢c = 0.565 & 0.003, along a line varying ¢. Solid lines are best fits
of egn (3) to the data shown in (a) and (c).
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was slightly larger than in the oil-rich phase. Thus, to obtain an
exact film contrast, contrast variation experiments (see Fig. S3,
ESIf) were performed to determine the cyclohexane-D;,/cyclo-
hexane ratio, at which the total scattering length density of
water- and oil-rich domains are fully matched. The obtained
85/15 ratio was used in the C-contrast SANS measurements.

SANS patterns measured in the quasi-ternary system D,O-
cyclohexane-D;,/cyclohexane (85/15)-2-propanol-OD/1-propanol-
OD (6 = 0.18) at ¢ = 0.50, varying the total alcohol volume fraction
¢¢ are shown in Fig. 4(a). As can be seen, the scattered intensities
for this contrast are very low, approximately of the same low
magnitude as for the quasi-binary alcohol-D,O (¢ = 0) sample
(Fig. 3(c)). I, is of the order of 1 cm ™, to be compared with A/B-
contrast where intensities are three orders of magnitude higher.
The question then arises, what is the origin of the weak scattering
that increases when ¢¢ decreases towards the critical point? A
plausible explanation is that there are small critical fluctuations
also in ¢c, due to being close to the TCP. As will be further
addressed below and in the ESIL% the present mixture is in fact
close to the TCP, that marks the “birth” of the three-phase
triangle, when approaching it from the regular solution side.
The three-phase triangle represents an area in the quasi-ternary
phase diagram, with variations both in the water-oil ratio ¢a/¢s
and ¢¢. Hence, we expect to see fluctuations also in ¢, near the
TCP. The observed scattering is weak, and at present we are
unable to completely rule out contributions from tie-lines deviat-
ing slightly from constant ¢, (Fig. 2(b)). The SANS patterns in
Fig. 4(a) do not follow the OZ prediction. Instead of an asymptotic
1/¢> dependence, I(q) ~ 1/q at large g-values. A reasonable
description of the data is provided by

I(Q) = 10/(1 + §Q) + Iincy (4)

where ¢ has the dimension of length. However, its true mean-
ing is at present not clear.

Best fits using eqn (4) are presented in Fig. 4(a) by solid
lines. Parameter values are listed in the ESIf (Table S3). This
unusual functional form of I(g) is further confirmed in Fig. 4(b)
where the data are plotted as [Io/(I(q) — Iinc)] — 1 versus q. The
straight lines confirm the functional form of eqn (4). The data
set here is limited, but we note that a very similar functional
form for I(q) was derived for a model with two coupled
fluctuating order parameters,’® that also can be traced back
to a four-point correlation function.’”

Regular solutions - analysis of critical fluctuations

Having established above that the scattered intensity in A/B-
contrast is governed by critical composition fluctuations, we
now proceed and investigate the scaling laws for the correlation
length ¢ and the forward scattering intensity I,. As the total
alcohol volume fraction ¢ is the main tuning parameter used
to approach the critical point at a constant temperature and
water/oil ratio, we use the chemical potential difference ug —
Ue x In ¢ —In ¢ to define the scaling variable

e= (Inge —Inge)/In P, (5)

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) C-contrast SANS curves plotted on a double logarithm scale and
(b) llo/ll@ — lind]l — 1 plotted versus g for the quasi-ternary system D,O—

cyclohexane—Dj,/cyclohexane (85/15)-2-propanol-OD/1-propanol-OD mea-
sured as a function of the total alcohol volume fraction ¢c at 6 = 0.18, ¢» = 0.50,
and T = 25.0 °C. ¢-Values were obtained from the slope of the plot.

equivalently to the reduced temperature®® with ¢¢. representing
the critical alcohol volume fraction. In Fig. 5(a), ¢ and I, are
plotted versus ¢ on a double logarithmic scale. Both parameters
appear to follow power laws

t=& (6)
and
I, =17, (7)

with v and y being the critical exponents, and ¢ and  the critical
amplitudes.*®

The best fits of eqn (6) and (7) to the ¢- and Iy-data are
obtained when the critical volume fraction was set to ¢ = 0.560,
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which quantitatively agrees with the value determined from the
phase behavior within the measurement error. For ¢, the corres-
ponding parameter values are ¢ = 1.25 + 0.04 A and the critical
exponent v = 1.22 £ 0.04. The latter is noticeably larger than the
exponents predicted by the mean-field theory and the 3D Ising
model, i.e., v = 0.50 and v = 0.63, respectively.*>*°** For I,, the
best fit of eqn (7) to the data yields I = 0.025 + 0.008 cm™ ' and y =
2.38 £ 0.08. Again, the determined value for the critical exponent
y is larger than the predicted values from the mean-field theory
and the 3D Ising model, .e., y = 1 and y = 1.24, respectively.*®>®
Nevertheless, the crucial scaling law®?

y
i 2—n (8)
is fulfilled within the experimental error using # = 0.04 and the
experimental values, i.e. 2.38/1.22 = 1.95.

In Fig. 5(b) we also analyze the variation of ¢ and I, along the
line of constant ¢¢c = 0.565 = 0.003, varying ¢, adapting the
approach of Kortan et al.*®

E=bie|@ -9V Heldc— 60 /o] T O
and

I = by [(¢— &V +e(de — ) /b (10)
with the constant by ¢, b, ¢, by 5, and b, .

For the correlation length, the best fit with eqn (9) yields b, ; =
0.60 A, b, - = 0.03, ¢p* = 0.47 £ 0.01, ¢~ = 0.559, and v=1.22 + 0.01.
For the forward scattering we obtain by; = 0.007 cm™ ", b,; = 0.03,
¢* =0.47 £ 0.01, ¢ = 0.559, and y = 2.38 + 0.02 using eqn (10).

To sum up, the obtained values of the critical volume
fraction of total alcohol ¢ and oil ¢* in the water/oil mixture
are consistent with the values found in the phase behavior
(Fig. 2(a)) and in the 1/¢ versus ¢¢c plot (Fig. 3(b)). Most
importantly, same values of the critical exponents v and y were
found approaching the critical point by keeping either ¢ or ¢¢
constant. A doubling of the exponents was found, but still
keeping the scaling law y/v =2 — n.

The critical exponents obtained here are about two times larger
than the values generally found in the literature of microemulsion and
micelle systems.***® This exponent doubling phenomenon has been
explained with the model of Leung-Griffiths,”® in which the observed
behavior was attributed to approaching the line of critical points that
bounds the closedloop coexistence in a direction that becomes
tangential to this line.*” Sorensen® also explained the exponent
doubling observed in microemulsion systems®”® with the same
argument. Likewise, the exponent doubling observed here might be
related to the fact that the critical point of the quasi-ternary system
studied is part of the critical line connecting two critical points of the
two ternary side systems. However, it should be noted that the critical
point is not approached tangentially to the critical line here.

Regular solutions - searching for the tricritical point (TCP)

The weak g~ '-scattering observed in the C-contrast SANS data
suggested searching for a nearby tricritical point. To prove that
a TCP is indeed present in the studied quasi-ternary system by
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Fig. 5 (a) ¢ (black circles) and Iy (red squares) plotted as a function

of the reduced logarithm volume fraction of alcohol mixture ¢=
(Ing¢ —Inge) /Inp¢ of the quasi-ternary system D,O-cyclohexane-2-
propanol-OD/1-propanol-OD at § = 0.24, ¢ = 050, and T = 25.0 °C.
Critical exponents were determined to be v = 1.22 and y = 2.38, which
indicates a doubling of the exponents. (b) ¢ and /g along the line of constant
¢c = 0.565 + 0.003, plotted as a function of ¢. Both parameters show a
maximum in the vicinity of the critical point at ¢ = 0.50. Solid lines are
calculated using eqn (9) and (10).°

examining the volumes of the water-rich (a) and oil-rich (b)
phases with increasing volume fraction ¢ of 1-propanol in the
2-propanol/1-propanol mixture at ¢ = 0.50, ¢c = 0.40. As shown in
ESIi (Fig. S4), the “bending stress” (as Kahlweit put it) of the
sigmoidal curve describing the change in phase volumes with ¢
increases towards the inflection point when the temperature is
lowered from T'=25.0 °C to T'= 5.0 °C, in analogy to the concept of
Kahlweit et al., according to which the shape of the critical line is
an essential measure of the distance to a TCP.>'*' By then
increasing the hydrophobicity of the alcohol mixture using a larger
1-C;E, fraction J, we were able to convert the unbroken critical line
into a broken line and thus pass the TCP. Thus, three phases were
observed at T = 1.5 °C, confirming that the quasi-ternary system is
now located on the other side of the TCP (Fig. 1, center).

This journal is © The Royal Society of Chemistry 2025
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To locate the position of the TCP, the point U, characterized
by the intersection of the lower (at 77) and upper (at T,,) critical
lines when projected onto the base of a phase prism,>?° was
determined for different 6 through variation of both the volume
fraction (¢) of cyclohexane in the water/cyclohexane mixture
and of the two propanol’s in the overall mixture (¢¢). Note that,
at the point U, two critical lower phases coexist with an oil-rich
excess phase at T}, while at T, two critical upper phases coexist
with a water-rich excess phase, as shown by the photos of the
sample closest to the TCP in Fig. 6. It was found that at J = 0.45,
only T, could be determined, while T} was below 0 °C. By
decreasing 0 to 6 = 0.435, both 7} = 9.5 °C and T, = 11.9 °C
and could be detected, with three phases forming at tempera-
tures in between. Thus, a phase sequence 2 — 3 — 2, as
observed in classical non-ionic microemulsions, was found.
Accordingly, the T(¢) section taken through the phase prism at
this 0 and ¢ shown in the ESI} (Fig. S5) demonstrates a fish-like
phase diagram with a three-phase and a one-phase region.

The TCP of the quasi-ternary system water—cyclohexane-2-
propanol/1-propanol was then successfully determined at ¢ =
0.406 £ 0.005 and T = 15.2 £+ 0.1 °C via the intersection of the
trajectories Ty(d) and Ty(0) at the point U(9).

In conclusion, this study shows clearly that the studied
quasi-ternary system is located close to a TCP, which is indeed
passed when the temperature and the composition are adjusted
accordingly. This proximity of a TCP therefore supports our

LR L B B B BN
- phase volume scanat 7'=25.0°C 1
25 - ————— |
| \ 4
20 - b
O | |
(o)
= I ]
I T. |
15 - .
10 - b
030 035 040 045 050 055 0.60
)

Fig. 6 Lower (T, (blue)), mean (T (green)) and upper (T, (red)) temperature
of the three-phase body as a function of the 1-propanol volume fraction ¢
in the 2-propanol/1-propanol mixture, obtained by varying the volume
fractions ¢ and ¢c, i.e., of cyclohexane in the water/cyclohexane mixture
and of the two propanol’s in the overall mixture, respectively. The inter-
section of the T, and T, trajectories gives the tricritical point (TCP) at ¢ =
0.63 + 0.01, ¢pc = 0.545+0.002, 6 = 0.406 + 0.005and T=152+0.1°C.
Photos of the sample located the closest to the TCP were taken at T, =
14.3°C, T, = 13.9 °C, and T = 14.1 °C to show the critical scattering of the
phases by green laser light.
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hypothesis that the weak fluctuations detected in the C-contrast
SANS measurements originate from fluctuations in ¢c.

Microemulsions

To prove the formation of the amphiphilic film in systems after
passing the TCP, two systems water-n-octane-C;E; were studied
with SANS measurements in bulk (A/B) - contrast. In the
balanced state, there is now a three-phase triangle where the
middle phase contains equal amounts of water and oil in the
system. With increasing amphiphilicity (7, ), the evolution from
weakly to strongly structured microemulsions with a three-
phase triangle is expected.>'*>*

Microemulsions - phase behavior

The isothermal ternary phase diagram (Gibbs triangle) of the
system water-n-octane-C,E,, determined at the phase inversion
temperature T = 19.5 °C, is shown in Fig. 7(a). Within this
system, the monomeric solubility y, of C4E; in water and oil is
0.152 and the minimum mass fraction 7 of C,E; to solubilize
water and oil into each other is 0.533, which is also known from
a previous study."®

After passing the wetting-nonwetting transition, a more
amphiphilic CsE, was used in the system water-n-octane-CsE,
to characterize microemulsions dominated by the properties of the
amphiphilic surfactant film. The ternary phase diagram measured
at T = 33.7 °C in Fig. 7(b) shows a larger three-phase triangle
compared to the C,E; microemulsion system. It is already known
that the three-phase body evolves from the tricritical point upon
increasing amphiphilicity (7, j) of CE; and reaches a maximum in
the range of rather short medium chain amphiphiles.'® However,
with stronger amphiphilicity, a more efficient solubilization of
water and n-octane, ie., smaller } as 0.474, with a much smaller
monomeric solubility y, compared to C4E; was observed here.

Microemulsions - small-angle neutron scattering

The SANS spectra of the ternary system D,O-n-octane-C,E; mea-
sured in bulk (A/B) - contrast varying the volume fraction of
amphiphile ¢c at ¢ = 0.50 and T = 14.8 °C are presented in
Fig. 8(a). One can see that, a decrease in the scattering intensity at
low g and a gradual development of the peak at high g while
increasing ¢¢. There is no obvious peak in samples with low ¢c,
which agrees to the findings in previous works.”>** At high ¢, an
asymptotic Porod regime (I[g) ~ g *) is observed indicating the
birth of a structure of separated water-rich and oil-rich domains with
a sharp interface between them. These curves can be well described
with the Teubner-Strey model for bicontinuous microemulsions”™

(11)

Its(q) = (a2 + ¢14” + 24"

Here a, = 1/Iy, ¢; and c, are the coefficients of the order
parameter expansion defining the periodicity drs, the correla-
tion length &1s, and the amphiphilicity factor f, according to

—1/2
P TZANG
™= 2 (&) 462 ’

(12)
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Fig. 7 Gibbs triangles (volume fraction) of the ternary systems (a) H,O—-n-
octane—C4E; measured at T = 19.5 °C and (b) H,O-n-octane—CsE, measured
at T = 33.7 °C. Black crosses illustrate the SANS study measured as a function
of ¢c¢ in bulk-contrast at equal volumes of water and oll, i.e., ¢ = 0.50.

1/ax\'"? ¢ e
2 gl
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= _ 14
e T, (14)

As can be seen, the Teubner-Strey model allows for a quantita-
tive description of the scattering data. The fitting results are listed
in the ESIi (Table S4). It was found that the periodicity drs
decreases with increasing volume fraction ¢c of amphiphile,
whereas the correlation length &rg slightly increases from 7.24 A
to 10.33 A. Note that, no drg values can be obtained when the f,
values are bigger than 1 in the first two samples with low ¢, which
is already revealed by the monotonically drop in I(g) curves. It is
noteworthy that the amphiphilicity factor f, is an important
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Fig. 8 SANS curves of (a) the ternary system D,O—-n-octane—-C4E; at T =
14.8 °C and (b) the ternary system D,O-n-octane-CsE, at T = 30.3 °C
measured as a function of the volume fraction ¢c of amphiphile in bulk-
contrast at equal volumes of water and oil, i.e., ¢ = 0.50. The insets show
the parameter c; of the Teubner—Strey structure factor (eqn (11)) as a
function of ¢¢ for both ternary systems. Note that we have added a plot of
1/1(q) versus (G — Qmax)® in the ESI (Fig. $6) exemplarily for the system
D,0O-n-octane-CsE,, including the fits with the TS model.

parameter, which changes from positive to negative when c;
becomes negative, to quantify the degree of order in bicontinuous
microemulsions.”>”* For f; > 1 the water-water correlation func-
tion (being the Fourier transform of the structure factor eqn (11)),
decays monotonically. For f, < 1, the correlation function also
contains oscillations, indicative of solution structure. The so-called
disorder line (f, = 1) marks the boundary between these two cases.
As ¢; and f, becomes negative, passing the Lifshitz line (f, = 0), a
structure factor peak gradually appears at g > 0. Accordingly, well-
structured bicontinuous microemulsions show correlation peaks in
the scattering spectra and have negative values of f,.

This journal is © The Royal Society of Chemistry 2025
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The analysis of the SANS spectra of the ternary system D,0-
n-octane-C,E; revealed that f, decreases from 1.15 to —0.60
with increasing ¢ (ESL} Table S4) implies a transition passing
the disorder line and Lifshitz line. Values of ¢, are reported as
insets in Fig. 8(a) and (b). These results agree to the previous
studies of Gompper and Schick’>”? that the disorder line and/
or the Lifshitz line can be passed by increasing the amphiphile
concentration even with weak amphiphiles. Further increasing
amphiphile concentration will lead to more negative f, values
and closer to —1, which implies more structured microemul-
sions or even lamellar phase.

Afterwards, the structure of the D,0O-n-octane-CsE, system
was also studied as a function of ¢ at ¢ = 0.50 and T'= 30.3 °C.
The SANS curves in Fig. 8(b) show that increasing the CsE,
volume fraction leads to a more distinct scattering peak moving
towards higher g-values. In other words, a classical microemul-
sion behavior was presented and can thus be well described
with the TS model. The results of the analysis are listed in the
ESI (Table S4). As one can see, the correlation length £rg in the
mixture D,0O-n-octane—CsE, varies from 16.9 A to 17.7 A while
in the mixture D,O-n-octane-C,E, the &g varies from 7.24 A to
10.3 A. In addition, the decrease of periodicity drs and amphi-
philicity factor f, with increasing amphiphile concentration ¢¢
indicates the evolution of a more defined structure.”*>* The
fact that more negative values of f, at low ¢ also points out that
more defined structures exist in the mixtures with CsE, than
with C,4E;.

Finally, the insets of Fig. 8(a) and (b) show that with
increasing amphiphile concentration ¢, the ¢; value obtained
from the TS model decreases strongly for both systems, ie.,
more structured mixtures are developed with increasing ¢c.
Especially, at low ¢¢, the system formulated with CsE, already
exhibits negative c; values, while the system formulated with
C,E; shows positive ones, indicating a higher structural order-
ing formed with a more amphiphilic CsE,.

Critical composition fluctuations versus ‘“surfactant-free
microemulsions”

Above, we have characterized the transition from regular solutions
to microemulsions by gradually increasing the amphiphilicity of
the “third component”, including the birth of the microemulsion
phase, as a “middle phase” from a tricritical point. In the regular
solution regime, we have paid particular attention to the critical
composition fluctuations that occur not only near the critical plait
point, and characterized these fluctuations quantitatively. The
results from this work suggest that the mixtures containing
propanol as “third component”, showing only a simple miscibility
gap, behave to a good approximation as regular solutions, while
with C4E; and C;E, the SANS data clearly indicate structure on the
colloidal length scale and the presence of relatively sharp water—
oil interfaces. This crucial difference between regular solutions
and microemulsions manifests itself through the different power
law behavior of the bulk contrast SANS at large g. While the
former exhibit I(q) ~ g~> behavior that results from a diverging
correlation function,”® microemulsions show Porod scattering
(Ilg) ~ g ). These results are perfectly in line with the overall
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picture outlined by Kahlweit, Strey and coworkers in their pio-
neering work approximately three decades ago.'* "

Several works have claimed that also solutions in the regular
solution regime can be structured microemulsions, referring
this to “surfactant-free microemulsions”.>**! In the early works
of Barden and coworkers,”*”® the system water-n-hexane-2-
propanol was investigated, and a large part of the one phase
region near the binodal was claimed to be an oil continuous
microemulsion. More recently, the system water-1-octanol-etha-
nol has been extensively studied®*>® in particular using small
angle scattering, interpreting the scattering data in terms of oil-
in-water, bicontinuous and water-in-oil structures.

Obviously, the molecular mixing in these ternary regular
solutions is not completely random, as shown by the presence
of a miscibility gap. However, referring to these solutions as
microemulsions is somewhat misleading and may be a source
of confusion as this term normally is reserved for surfactant
stabilized oil-water solutions, having structure on the colloidal
length scale where essentially pure oil and water domains are
separated by a dense surfactant film. Clearly there is a gradual,
although non-trivial, transition from regular solutions to micro-
emulsions as illustrated in this work, and first demonstrated by
Kahlweit and coworkers."* " There is a vast structural difference
between the solutions situated on the opposite sides of the
tricritical point and the wetting to non-wetting transition. Call-
ing everything microemulsion seems less useful. It is probably
better to stay with the suggestions of Danielsson and Lindman,?
including that the concept of microemulsion does not cover
surfactant-free systems of any kind.

If small angle scattering data in the regular solution regime
essentially show a Lorentzian g-dependence (Ornstein-Zernike),
this should most likely best be interpreted in terms of simple
composition fluctuations. In particular if the forward scattering,
I(0), and the correlation length monotonically increases and
appear to diverge as one approaches the critical plait point.
Claiming microemulsion structure from such data would require
that one first clearly demonstrate that they are not resulting from
critical composition fluctuations.

Conclusions

The present study deals with water-oil mixtures stabilized by a
third component of varying amphiphilicity. Particular focus is on
the transition between essentially disordered molecular mix-
tures, ie., regular solutions, and structured microemulsions
containing distinct water-rich and oil-rich domains of colloidal
dimensions, separated by a surfactant loaded interface. With
C3E, (propanol) as third component, the quasi-ternary system
forms regular solutions. In contrast variation SANS the observed
scattering is dominated by diverging composition fluctuations as
the critical plait point is approached. By carefully tuning a
mixture of 1-propanol and 2-proponol it was possible to obtain
an approximately symmetric system with fluctuations only in the
local water-oil ratio. No signs of any significant solution struc-
ture on the nanometer length scale were observed. In oil-water
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contrast, the SANS patterns, showing the typical g~> decay, are
well described by the classical Ornstein-Zernike scattering func-
tion. The critical fluctuations were quantitatively analyzed in
terms of critical exponents for the correlation length and the
effective compressibility, that showed a doubling of the expo-
nents compared to classical mean-field and 3D Ising models.
Such doubling has been explained by the presence of a line of
critical points®®°®®® that here may be associated with the use of
an alcohol mixture as a quasi third component.

The regular solution regime and microemulsions are essen-
tially separated by a tricritical point (TCP), that thus marks the
birth of the middle phase microemulsions. The propanol
system is close to the TCP and a minor increase in molecular
amphiphilicity to C,E; results in a crossing of the TCP and the
formation of microemulsions. Here, the observation of an
asymptotic Porod regime (I(q) ~ ¢ *) in water-oil contrast
strongly indicates a structure of separate water-rich and oil-
rich domains with a sharp interface in between. Increasing the
amphiphilicity of the third component further to CsE,, results
in a further swelling of the middle phase microemulsion and
an increasingly well-defined structure as seen by the appear-
ance of a peak in the SANS pattern. We conclude from this that
C3E, (propanol) is not sufficiently amphiphilic to form a dense
film at the oil-water interface and stabilize a microemulsion
structure, while C,E; and subsequently CsE, are.

It has been suggested in the literature that also ternary
mixtures in the regular solution regime may be structured into
separate water-rich and oil-rich domains, and have referred to the
solutions as “surfactant-free microemulsions”.>*™*>7*”> The results
of the present study, however, where our propanol system is close to
the TCP, on the contrary suggest that microemulsions, as defined by
being structured into water-rich and oil-rich domains separated by a
surfactant loaded interface, are first formed after the TCP. We note
also that the ability to form microemulsions with surfactant stabi-
lized oil-water interfaces is also manifested by the wetting-to-
nonwetting transition of the middle phase microemulsion.>>?®
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