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Abstract

Microscopic Investigation of Self-Organizing
Water-Monoalcohol Mixtures for the Design of Green
Solvents

Abstract

Surfactant-free microemulsions (SFME) are an emerging class of self-organized
ternary systems that exhibit mesoscale structuration despite the absence of conven-
tional surfactants. Understanding their phase behavior and dynamics is essential for
applications in drug delivery, extraction, and chemical engineering. In this work, we
aim to clarify key aspects such as origins of macroscopic properties and boundaries of
the so-called pre-Ouzo region, the impact of temperature on phase structuring, and the
universality of Lifshitz line predictions.

We investigate the ternary systems octanol, ethanol & water and 2-ethyl hexanol,
ethanol &water using small-angle X-ray scattering (SAXS) to resolve their structural
organization upon dilution and temperature variation. Additionally, pulsed-field gradi-
ent NMR (PFG-NMR), neutron spin echo (NSE), and viscosity measurements are em-
ployed to analyze the dynamical changes associated with structural evolution. Our goal
is to characterize structural and dynamic transitions in these systems, with a particular
focus on pre-Ouzo mesostructuration.

We identify distinct regions of the ternary diagram, delineating the pre-Ouzo re-
gions on one side, and chain like structures driven by the long hydrophobic tail of the
I-octanol on the other side. SAXS data reveal the frontier of the pre-Ouzo organization
delimited by a curved Lifshitz line. The binodal line varies with temperature, but pre-
Ouzo aggregates are shown to persist in response to variable thermodynamic conditions.
A detailed analysis of the diffusion coefficients provides insight into the underlying dy-
namics, revealing a transition in the measured correlation times. The lifetime of the
diffusing entities shifts across the Lifshitz line, from 20 ns when pre-Ouzo structures
dominate to less than 70 ps in the presence of a water-in-oil dynamically connected
network. This transition highlights the influence of mesoscale structuration on molec-
ular mobility. Eventually, viscosity measurements confirm macroscopic effects related
to pre-Ouzo aggregates, far from ideal solution behaviour. These findings advance the
understanding of SFME ternary systems and will help refining theoretical descriptions

in order to expand their potential applications.



Abstract

Etudes microscopique de mélanges auto-organisés d’eau et de

monoalcools pour la conception de solvants verts

Résumé

Les microémulsions sans surfactants (SFME) sont une classe émergente de systémes
ternaires auto-organisés qui présentent une structuration a 1’échelle mésoscopique mal-
gré I’absence de tensioactifs conventionnels. La compréhension de leurs diagrammes
de phase et des dynamiques est essentielle pour les applications dans les domaines de la
délivrance de médicaments, de I’extraction ou encore de I’ingénierie chimique. Dans ce
travail, nous visons a clarifier des aspects essentiels tels que les origines des propriétés
macroscopiques et les limites de la région dite pré-Ouzo, I’impact de la température sur
la nano ou méso-structuration et 1’universalité des prédictions théoriques telles que la
ligne de Lifshitz.

Nous étudions les systemes ternaires octanol, éthanol & eau et 2-éthyl hexanol,
éthanol & eau en utilisant la diffusion des rayons X aux petits angles (SAXS) pour
caractériser leur organisation structurale lors de la dilution et de la variation de la tem-
pérature. De plus, la RMN a gradient de champ pulsé (RMN-PFG), I’écho de spin
de neutrons (NSE) et les mesures de viscosité sont utilisés pour analyser les change-
ments dynamiques associés a 1’évolution structurale. Notre objectif est de caractériser
les transitions structurales et dynamiques dans ces systemes, en mettant I’accent sur la
mésostructuration de la zone pré-Ouzo.

Nous identifions des régions distinctes du diagramme ternaire, délimitant les ré-
gions pré-Ouzo d’un cOté, et des structures en chaine formées par la longue queue
hydrophobe du 1-octanol, de I’autre coté. Les données SAXS révelent la frontiere de
I’organisation pré-Ouzo délimitée par une ligne de Lifshitz courbée. La binodale varie
avec la température, et nous montrons que les agrégats pré-Ouzo persistent en réponse
a des conditions thermodynamiques variables. Une analyse détaillée des coefficients
de diffusion fournit un apercu des dynamiques sous-jacentes, révélant une transition
dans les temps de corrélation mesurés. La durée de vie des entités diffusantes évolue a
travers la ligne de Lifshitz, passant de 20 ns lorsque les structures pré-Ouzo dominent a
moins de 70 ps en présence d’un réseau dynamique d’eau dans I’huile. Cette transition
met en évidence I'influence de la structuration a 1’échelle mésoscopique sur la mobil-
ité moléculaire. Enfin, les mesures de viscosité confirment les effets macroscopiques
liés aux agrégats pré-Ouzo, loin du comportement idéal de la solution. Ces résultats
font progresser la compréhension des systémes ternaires auto-organisés et permettront

d’affiner les descriptions théoriques afin d’élargir leurs applications potentielles.
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(zeneral Introduction

Nanoscale self-organization in surfactant-based systems has captivated scientific
research for decades, with foundational contributions laying the groundwork for
our understanding of these complex structures. Early milestones include the dis-
covery of lyotropic liquid crystals in the late 19th century and the pioneering work
of JW McBain and HE Martin in the 1930s, where they introduced the concept
of micelles [1]. Micelles, aggregates of surfactant molecules that form above a
critical micelle concentration (CMC), represent a strategy to minimize the unfa-
vorable interactions between hydrophobic tails and water. These closed structures,
consisting of a hydrophobic core and a hydrated shell, provided a crucial frame-
work for the development of surfactant-based systems and have been central to
advancing the field of colloidal science [2].

The study of emulsions (size range from a few pm to tens of pum), which in-
volves the dispersion of one immiscible liquid phase within another, shares some
similarities with the study of micelles. While micelles are self-organized aggregates
of surfactant molecules, emulsions consist of two liquid phases—such as oil and
water—that are stabilized by emulsifiers or surfactants. In an emulsion, the dis-
persed liquid phase forms droplets within the continuous liquid phase. Emulsions
are categorized based on the relationship between these phases: oil-in-water (o/w)
emulsions, like milk, mayonnaise, and vinaigrette, and typically thicker water-in-
oil (w/0) emulsions, such as butter, sunscreen, and other skincare products.

Emulsions are inherently unstable due to the thermodynamic incompatibility
between the two liquid phases. This instability drives the droplets to merge and
eventually separate into different phases. To prevent phase separation, surfactants
or emulsifiers—amphiphilic molecules that form protective barriers around the
dispersed droplets—are employed |3, 4].

Microemulsions, isotropic mixtures of oil, water, and surfactants, differ from
emulsions due to their self-assembled equilibrium state, resistance to phase sepa-
ration, small droplet sizes (< 20 nm), and thermodynamic stability. These unique
properties have led to various applications, including pharmaceuticals for targeted
drug delivery, solubilizing poorly soluble drugs, and enhancing pharmacokinetic

properties through self-emulsifying drug delivery systems (SEDDS) [5-10]. They
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General Introduction

also serve as colloidal drug carriers, improving skin drug delivery [11]. In the
food industry, microemulsions aid in solubilizing nutrients in non-polar solvents
[12], and in industrial applications, they enhance oil solubilization for cleaning,
wastewater treatment, and soil remediation [13-15].

Building on these discoveries, the concept of surfactant-free microemulsions
(SFME) emerged, offering a fresh perspective that challenged traditional views
on micelles and emulsions. SFME is a homogeneous system composed of oil and
water, two immiscible liquids, along with an ’amphi-solvent’ or "hydrotrope’ that
is soluble in both. The potential for understanding SFME emerged from systems
like Pastis (France), Sambuca (Italy), and Ouzo (Greece), alcoholic beverages
made by soaking plants in an ethanol solution containing water-insoluble compo-
nents. Scattering studies utilizing light, X-rays, and neutrons [16, 17| provided
experimental evidence confirming the existence of structures similar to classical
microemulsions in hydrotrope-based systems, while also demonstrating their ther-
modynamic stability.

A key question arises: why switch to a surfactant-free model when established
surfactant-based systems are already performing well in fields like extraction, re-
covery, and pharmaceutics? The answer lies in the drawbacks of surfactants: they
are foaming by nature, have a strong affinity for adsorption at interfaces, and pose
challenges in recovery. Moreover, many surfactants are poorly biodegradable, and
some can even form liquid crystalline phases, which can hinder the process. In con-
trast, hydrotropes, which generally do not exhibit these issues, present a viable al-
ternative. Hydrotrope-based systems, such as those utilizing short-chain aliphatic
alcohols, can achieve phase separation relatively easily, for instance, by adding
water or adjusting the temperature. Thus, a significant advantage of surfactant-
free microemulsions (SFMEs) over conventional surfactant-based microemulsions
(SBMEs) is their simpler purification and separation processes. Furthermore,
SFMEs are increasingly being used in green solubilization and extraction tech-
niques as an alternative to pure organic solvents [18-20].

The transition from emulsions and micelles to spontaneously forming microemul-
sions marks a significant advance in understanding nanoscale self-assembly. These
developments have enhanced theoretical knowledge and opened new possibilities
in fields like drug delivery and food science, where precise control over nanoscale
structures is essential. This manuscript presents findings on two SFME ternary
systems, focusing on their molecular-scale structure and dynamics. It offers a
quantitative analysis of these microscopic properties and establishes a connection
between composition, organization, and dynamics across different regions of the

phase diagram.
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Chapter 1

Introduction to Ternary Systems
and SFME

1.1 Solutions and Phase Separation

The ability of liquids to dissolve solids, other liquids, or gases is a fundamental
natural phenomenon that plays a crucial role in both everyday life and industrial
processes. From the simple demixing of oil and water to sophisticated liquid
extraction techniques in chemical engineering, phase separation and multiphase
coexistence are widely observed and harnessed for practical applications.

At the heart of these processes is the concept of solutions—homogeneous mix-
tures where the composition remains uniform on a molecular scale. This contrasts
with suspensions, where discrete particles remain dispersed in a continuous fluid.
The extent to which a substance dissolves, known as solubility, depends on its
chemical nature and is often influenced by temperature and, in some cases, pres-
sure. Understanding these factors is key to optimizing dissolution and separation
techniques.

One of the most important applications of solubility control is in separation
processes, particularly extraction, where a dissolved substance is selectively trans-
ferred between liquids. A common example is the removal of phenolic pollutants
from industrial aqueous waste streams, which pose environmental risks. By treat-
ing the waste with a water-insoluble solvent, such as a high-boiling hydrocarbon,
phenolic compounds can be effectively extracted [21]. The efficiency of this process
is determined by the distribution coefficient—the ratio of the pollutant’s solubil-
ity in the solvent to that in water—with higher values indicating more effective
removal.

Building on the principles of selective solute transfer, liquid-liquid extraction

(LLE) is a key technique used to separate solutes between immiscible liquids,
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facilitating applications across multiple industries. In addition to waste-water
treatment, where LLE effectively removes heavy metals and pollutants, it is em-
ployed in pharmaceutical purification, environmental waste remediation, and food
safety. Advanced LLE methods, including solvent extraction and miniaturized
techniques like dispersive liquid-liquid microextraction (DLLME), offer enhanced
efficiency while supporting green chemistry principles. For example, DLLME min-
imizes the use of organic solvents by dispersing them into fine droplets, enabling
the effective extraction of pharmaceuticals and environmental pollutants [22-30].

The growing emphasis on sustainability has spurred innovations in eco-friendly
extraction methods. LLE focuses on reducing solvent consumption and toxic-
ity while maintaining high efficiency, aligning with green chemistry goals. In
food safety, it ensures the detection of contaminants like antibiotics in dairy and
seafood, while in environmental monitoring, it tracks pollutants in water, soil,
and air. Additionally, LLE supports resource recovery, such as extracting valu-
able compounds like oleuropein from olive oil processing wastewater. By inte-
grating green chemistry principles and automation, LLE continues to evolve as
a vital tool across healthcare, environmental, and industrial domains, advancing

innovation with minimal environmental impact [31-33].

1.2 Ternary Phase Diagram

A ternary phase diagram, or phase triangle, is a useful tool for analyzing the phase
behavior of three-component mixtures. It provides a visual representation of phase
boundaries, distinguishing between single-phase (homogeneous) and multi-phase
(heterogeneous) regions. The diagram also indicates several key points, helping
to identify key transitions such as phase separation or self-organization. When
additional factors like temperature are considered, the diagram extends into a 3D
phase prism, typically visualized as 2D slices for clarity.

Figure 1.1 illustrates a ternary plot comprising a solubilizing agent (e.g., solute,
surfactant, or hydrotrope), oil, and water. It highlights several characteristic cuts:
the fish cut (red), which maintains a constant water-to-oil ratio while varying the
surfactant concentration; the Lund cut (orange), where the surfactant-to-oil ratio
remains constant, and water content varies; the Shinoda cut (green), with a fixed
surfactant concentration and a varying water-to-oil ratio; and the formulator’s cut
(blue), where the water concentration is held constant while the oil-to-surfactant
ratio changes [34].

In a ternary plot, each vertex corresponds to 100% of a specific component,
while the side opposite to it represents 0% of that component. The composition

percentages are indicated along the sides, starting from 100% at the vertex and
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Figure 1.1: Introduction to a basic ternary plot representing a three-component
system (oil, water, and a solubilizing agent). The binodal line (also known as the
coexistence line) and the spinodal line (stability line) serve as boundaries separating
different phases. Various standard lines or cuts are displayed, including the critical
point (red circle). (Adapted from [34])

decreasing to 0% along the edge. Each side of the triangle represents a binary
mixture of two components, where moving towards a vertex increases the propor-
tion of one component while decreasing the other. To determine the composition
at a specific point, such as the red star in Figure 1.1, draw lines parallel to the
opposite sides of the vertices passing through the point. These lines indicate the
proportion of each component: 50% solubilizing agent, 40% water, and 10% oil.

Further, in a phase triangle, the binodal line, also known as the coexistence
curve, represents the thermodynamic solubility limit, marking the boundary be-
tween the region where the system exists as a single homogeneous phase and the
region where it separates into two or more distinct phases. In many systems, this
transition can be observed visually when phase separation occurs, manifesting as
turbidity or distinct phase boundaries. The binodal curve defines the equilibrium
compositions of coexisting phases, determined using the common tangent con-
struction of the Gibbs free energy. In a ternary system, it encloses the miscibility
gap, the area where two phases coexist. The shape and position of the binodal
curve depend on the interactions among the components, as well as temperature
and pressure conditions.

Inside the binodal curve lies the spinodal curve, which defines the absolute
stability limit against phase separation. This curve corresponds to compositions

where the second derivative of the Gibbs free energy with respect to composition
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is zero, marking an inflection point in the free energy-composition curve. Within
the spinodal region, the system is inherently unstable, and even infinitesimally
small fluctuations in composition or density can lead to phase separation through
spinodal decomposition. In contrast, the region between the binodal and spinodal
curves is metastable, meaning that the system can remain in a single-phase state
unless disturbed by larger fluctuations [35].

The binodal and spinodal curves converge at a critical point, where the differ-
ences between mixing entropy and mixing enthalpy vanish, resulting in a single
critical composition and temperature. This critical point is of great significance
in many systems, marking the transition zone where microemulsions and emulsion
structures form. The emulsion region lies below the binodal curve near the crit-
ical point, where cloudy oil droplets in an aqueous medium begin to develop. In
contrast, the microemulsion region represents an earlier stage, with smaller, trans-
parent microemulsions forming upon dilution, as will be explained in the following
sections.

Beyond this, other ternary systems may exhibit different structural arrange-
ments, leading to variations in the phase diagram. The previously discussed case,
where a single homogeneous phase, one critical point (CP), and a single bipha-
sic region are present, is categorized as a Type 1 ternary system. In contrast, a
Type 2 ternary system, such as the ethyl acetate-butanol-water system, contains
two distinct homogeneous phases separated by a biphasic region. Meanwhile, a
Type 0 system, like the water—dimethylsulfoxide-tetrahydrofuran system, features

a biphasic region enclosed within a homogeneous phase [36].

1.3 Introduction to Emulsions

An emulsion is a mixture of two or more immiscible liquids, where one liquid (the
dispersed phase) forms droplets within the other (the continuous phase). While
emulsions can form without emulsifiers, the presence of emulsifiers stabilizes the
droplets, preventing them from merging. Droplet sizes typically range from 1 to
20pm, and emulsions are generally turbid and thermodynamically unstable. This
instability arises due to the incompatibility between the oil and water phases,
which naturally tend to separate. To stabilize emulsions, energy input and emul-
sifying agents are required to reduce the interfacial tension and prevent coalescence
of the droplets [3, 4, 37, 38|.

Emulsions can be classified based on the arrangement of their phases into oil-
in-water (O/W), water-in-oil (W/O), or more complex systems such as multiple
emulsions and nanoemulsions. Most food systems, such as milk, soup, and salad

dressing, are oil-in-water emulsions, while water-in-oil emulsions are found in prod-
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Figure 1.2: The emulsification process: Initially, oil and water are mixed, leading
to phase separation. Through agitation and the addition of an appropriate emulsifier
and/or surfactants, the mixture forms a stable oil-in-water emulsion.

ucts like margarine and butter |39, 40]. Multiple emulsions, such as oil-in-water-
in-oil (O/W/O) and water-in-oil-in-water (W/O/W), contain larger droplets that
encapsulate another phase and offer potential for controlled ingredient release and
protection of sensitive compounds like probiotics [41].

The stability of an emulsion is largely governed by the choice of emulsifiers or
surfactants. Surfactants are substances that lower the surface tension between two
liquids or between a liquid and a solid. They are amphiphilic, comprising a hy-
drophilic (water-loving) head and a hydrophobic (water-repelling or oil-attracting)
tail. This unique structure enables them to adsorb at interfaces, such as oil-water
boundaries, effectively reducing surface tension. When their concentration in a
solvent exceeds the critical micelle concentration (CMC), surfactants can sponta-
neously form micelles. As a broad category, surfactants encompass emulsifiers and
detergents.

Emulsifiers are a subset of surfactants that facilitate emulsion formation [42].
The hydrophilic-lipophilic balance (HLB) of a surfactant provides a useful quan-
titative measure to classify emulsifiers based on their affinity for water and oil.
Depending on the overall HLB value—determined by the contributions of various
hydrophilic and lipophilic groups—a surfactant can function as a w/o emulsifier
(HLB number: 3-6), wetting agent (HLB: 7-9), o/w emulsifier (HLB: 8-14), de-
tergent (HLB: 9-13), solubilizer (HLB: 10-13), or dispersant (HLB: 12-17) [43].
Additional stabilizing agents include lecithin and pectin, commonly used in food
products, as well as proteins like S-lactoglobulin, which provide long-term stability
by reinforcing the interface and preventing droplet coalescence [44].

However, emulsions are not immune to destabilization, a process known as age-
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Figure 1.3: Destabilization processes in emulsions: Creaming (separation of
phases due to density differences), Flocculation (aggregation of droplets without
fusion), Coalescence (merging of droplets into larger ones), and Ostwald ripening
(growth of larger droplets as smaller ones dissolve).

ing [45]. Emulsions are inherently unstable due to the unfavorable thermodynamic
interaction between oil and water phases. This instability drives the droplets to
merge and separate, a process that can be influenced by factors such as droplet
size, type of emulsion, and the concentration of fat or water [38]. The destabiliza-
tion of emulsions can occur in several ways, each with distinct characteristics. The
simplest form involves creaming in o/w emulsions, where lighter oil droplets rise
to the surface, or sedimentation in w/o emulsions, where heavier water droplets
settle at the bottom. These phenomena arise from the density difference between
the water and oil phases, and importantly, they do not alter the original droplet
size distribution [46, 47]. A more complex form of destabilization is flocculation,
which is a seemingly straightforward extension of creaming or sedimentation. In
flocculation, droplets associate with each other, forming a weakly bound floc of
larger average size, thus creating larger clusters without merging [48]. When con-
sidering the breakdown of individual droplets, two main mechanisms are widely
discussed. First, in the case of coalescence, the interfacial film ruptures when two
droplets collide, forming one larger droplet. This leads to the continuous merging
of droplets, resulting in larger droplets and the eventual separation of the emulsion
into distinct phases [48-50]. The second mechanism is Ostwald ripening, where
the bigger droplets grow at the expense of smaller droplets, with the dispersed
phase being transported through the continuous phase [51].
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Figure 1.4: (a) Surfactants, with hydrophilic heads and hydrophobic tails, can
form micelles when the Critical Micelle Concentration (CMC) is reached. (b)
Under appropriate conditions, including the correct surfactant concentration,
oil-to-water ratio, and temperature, surfactants, oil, and water self-assemble
into droplets, forming a microemulsion.

1.4 Microemulsions

Microemulsions (MEs) are unique systems composed of water, oil, and surfactants,
defined by their thermodynamic stability, transparency, and homogeneity. First
introduced by P.A. Winsor in 1948 [52|, these three components can form one
of four types of equilibrium systems: Type I refers to a two-phase system where
an organic phase floats on an oil-in-water phase, with the surfactant predomi-
nantly dissolved in water. Type II describes another two-phase system, where a
water-in-oil phase containing the surfactant floats on an aqueous phase, with the
surfactant primarily dissolved in the organic phase. Type III is a three-phase sys-
tem in which a surfactant-rich intermediate layer forms between the aqueous and
organic phases. Type IV represents a single-phase system without excess aqueous
or organic phases, consisting entirely of microemulsions.

Unlike conventional emulsions that require external energy, microemulsions
form spontaneously through surfactant self-assembly at the oil-water interface, re-
ducing interfacial tension and enhancing stability (figure 1.4). Traditional surfactant-
based microemulsions (SBMEs) rely on surfactants with polar head(s) and apolar tail(s)
to stabilize immiscible mixtures. With droplet sizes typically spanning from around 20
nm down to just a few nanometers, SBMEs exhibit remarkable solubilization capacity
and structural adaptability, including swollen micelles and bicontinuous phases, making

them valuable in pharmaceuticals, cosmetics, and chemical industries [53].
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Microemulsions play a crucial role in liquid-liquid extraction (LLE) by solubilizing
and transporting a wide variety of hydrophobic and hydrophilic substances. Their small
droplet size provides a significantly larger interfacial area between the dispersed and con-
tinuous phases, which enhances mass transfer efficiency. The high surface-to-volume ra-
tio accelerates the dissolution and transport of solutes. Additionally, microemulsions are
thermodynamically stable, maintaining a uniform dispersion of extractants and prevent-
ing phase separation, thus ensuring consistent efficiency [54-56]. By adjusting parame-
ters like temperature or dilution, microemulsions can efficiently extract and concentrate
specific compounds. In addition to their use in LLE, microemulsions are increasingly
being utilized as carriers for drug delivery, as they allow the encapsulation of drugs in
oily droplets, improving drug solubilization, minimizing toxicity, and reducing clearance
rates. This makes them particularly valuable for enhancing the oral bioavailability and
topical permeation of drugs. For instance, in a water-in-oil microemulsions, water acts
as miniature reactors that exert control over the growth and formation of substances
within the system by constraining the available space and resources [57]. This unique
characteristic enables the production of nanoparticles.

Moreover, MEs are used in various extraction processes, accelerating the extraction
of aqueous metal ions [58, 59| and in oil recovery through microemulsion flooding in the
oil and gas sector, where they reduce interfacial tension in reservoirs [60]. Additionally,
microemulsions contribute to solar energy production by facilitating hydrogen generation
via UV-induced water decomposition [61]. These systems can exist in different structures,
such as droplet-like swollen micelles and bicontinuous phases, offering versatility for
applications in cosmetics, chemicals, and even the preservation of cultural artifacts like
frescoes and monuments. Their phase behavior, viscosity, and solubilizing power can be
adjusted by dilution or the evaporation of volatile components, further enhancing their
utility [62].

Microemulsions are used for the controlled formation of nanoparticles and other
materials in various scientific and industrial applications. The tunable properties of
microemulsions, influenced by factors such as surfactant type and system composition,
underscore their growing importance in modern technological advancements [63-67].

Phase Behavior in Surfactant-Based Ternary Systems: In oil-surfactant-
water ternary systems, surfactants induce phase behaviors that go beyond what is seen
in binary oil/water systems, which typically show only a two-phase region. Surfactants
facilitate the formation of various phase regions, including one-phase, two-phase, and
three-phase regions, which may involve isotropic or liquid crystalline phases (figure 1.5).
Near the phase boundary, these systems are commonly classified into oil-in-water, water-
in-oil, and bicontinuous (BC) structures. In bicontinuous microemulsions, oil and water
domains are interconnected, exhibiting zero average curvature when the volumes of hy-
drophobic and hydrophilic phases are balanced. At higher surfactant concentrations,
liquid crystalline phases can form near the microemulsion regions.

It is important to note that no clear-cut boundary exists between swollen micelles
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Figure 1.5: Ternary phase diagram illustrating a typical system consisting
of oil, surfactant, and water. The behavior of the system depends on the ra-
tio of these components, resulting in either a monophasic (1¢) or multipha-
sic (2¢ or 3¢) structure, i.e., phase separation. While the single-phase region
appears macroscopically homogeneous, it may contain microscopically struc-
tured arrangements of the components, leading to the formation of micelles,
microemulsions, or bicontinuous phases. Additionally, the depiction of micelles
and reverse micelles on the same phase diagram is for reference only, as it is
uncommon for a single system to form both micelles (in water) and reverse mi-
celles (Hl 01]) (Inspired by the figure drawn in [34])

and microemulsions. In O/W systems with a surfactant-to-oil ratio exceeding seven, the
system behaves more like swollen micelles rather than a true microemulsion. Similarly,
in W/O systems, reverse micelles gradually transition into nanodroplets as the water

content increases [68].

1.5 Hydrotropy

Hydrotropy, first introduced by Carl A. Neuberg in 1916 [70], refers to the molecular phe-
nomenon where a hydrotropic agent—a non-toxic, water-soluble compound—enhances
the aqueous solubility of poorly soluble solutes. Poor drug solubility in water is a sig-
nificant challenge in pharmaceutical design, as nearly 70% of newly discovered drug
candidates suffer from poor aqueous solubility [71-74]. This solubility issue directly
impacts bioavailability and therapeutic effectiveness, making it one of the most critical
factors in achieving the desired pharmacological response. While various formulation
technologies exist to enhance solubility and improve oral bioavailability, one particularly
promising technique is hydrotropy.

Hydrotropes are amphiphilic molecules that increase the solubility of hydrophobic
substances in water through mechanisms distinct from micellar solubilization. Unlike
surfactants, hydrotropes do not form micelles because their small hydrophobic region

is inadequate for spontaneous aggregation [75, 76]. These include simple amphiphiles
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Figure 1.6: Various applications of hydrotropy in the fragrance industry: the ex-
ample above illustrates how the hydrotrope ethanol is used to solubilize fragrance in
different commercial applications. (adapted from [69])

like ethanol, n-propanol, iso-propanol, and tetrahydrofuran, which primarily interact
with solutes via weak Van der Waals forces to enhance solubility |77-79|. Surfactants
aggregate at millimolar concentrations (critical micellar concentration, CMC), whereas
hydrotropes require molar concentrations (minimum hydrotrope concentration, MHC) to
reduce surface tension [80]. However, certain hydrotropes, like those containing benzene
rings, may gradually aggregate in a stepwise fashion [80], with the process involving less
free energy. An example that illustrates the influence of chain length on hydrotropes
is the case of alkyl chain benzoates and sulfonates. Short alkyl chain versions act as
hydrotropes, while longer alkyl chain alkylbenzoates are classified as regular surfactants.
This shows how the transition from hydrotropes to surfactants occurs as the chain length
increases [81].

The efficiency of hydrotropic solubilization depends on the balance between the hy-
drophobic and hydrophilic portions of the hydrotrope molecule. A larger hydrophobic
fraction typically enhances solubilization, while the charge on the hydrophilic portion
is less influential. Hydrotropes can be organic or inorganic, ionic or neutral, and may
exist in liquid or solid forms. By leveraging these unique properties, hydrotropes have
proven highly effective in addressing solubility challenges in drug design, with solubility
enhancements reported up to several orders of magnitude [82].

Despite their practical utility, the mechanism of hydrotropy has long been debated
due to the lack of a reliable connection between solubility and the molecular interactions
in aqueous solutions. Recent advances in Fluctuation Solution Theory (FST) have pro-
vided a rigorous, model-free framework derived from statistical thermodynamics, offering

a deeper understanding of hydrotropy [83].
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1.6 Ouzo Emulsions

The Ouzo effect, closely related to common emulsions and microemulsions, describes the
formation of metastable droplets when water is added to specific mixtures, such as the
anise-flavored liqueurs Ouzo or Pastis. This process leads to turbidity, marking emulsi-
fication as water dilutes the mixture beyond the phase boundary (see figure 3.1). Ouzo
emulsions form rapidly when water addition moves the solution into the metastable re-
gion between the binodal and spinodal curves of the phase diagram. Supersaturation
arises when solubility decreases non-linearly with increasing water, triggering homoge-
neous nucleation where nuclei spontaneously form due to local fluctuations in solute
concentration.

These nuclei, enriched in solute, deplete nearby regions, halting nucleation in areas of
reduced supersaturation. Droplet dispersion occurs uniformly on millisecond timescales,
followed by slower growth via Ostwald ripening. During this process, smaller droplets
dissolve while larger ones grow, governed by differences in their saturation levels [84].
This mechanism is exemplified in systems like ethanol-anethole diluted with water, where
phase separation occurs spontaneously, creating stable emulsions without surfactants,
stabilizers, or mechanical agitation. By fine-tuning the proportions of components, their
densities, solubility, and temperature, control over droplet size, distribution, and number
density can be achieved.

Certain polymer nanoparticles are synthesized via emulsion-solvent evaporation, where
polymers dissolved in a good solvent precipitate as the solvent evaporates. This tech-
nique, leveraging the Ouzo effect, is widely used for encapsulating drugs in biodegradable
polymers and preparing nanoparticles in nanoemulsions [85, 86].

Spontaneous emulsification via the Ouzo effect is a versatile method for producing
emulsions, enhancing the stability and bioavailability of hydrophobic compounds like
essential oils. This capability enables applications in food formulations, active packaging,
and pharmaceuticals, optimizing activity, controlled release, and stability. Furthermore,

sequential solvent transitions allow fine-tuning for higher oil content emulsions [87-90].

1.7 Surfactant Free MicroEmulsions

Surfactant-free microemulsions (SFMEs) have emerged as a promising alternative to
SBME:s, replacing traditional surfactants with amphi-solvents or hydrotropes. An amphi-
solvent, partially miscible with both oil and water, does not form micelles or ordered
interfacial films. The first reported SEFME, with a W/O structure, was discovered in a
ternary system of hexane, water, and iso-propanol [94]. Subsequent research has con-
firmed that SFMEs can form structural analogs to SBMEs, including O/W and BC
configurations (figure 1.7).

W /O surfactant-free microemulsions (SFMEs) have demonstrated significant poten-

tial in various applications. They serve as ideal media for chemical reactions. In early
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Figure 1.7: Ternary phase diagram of a typical oil-hydrotrope-water SFME
system, illustrating oil-in-water, bicontinuous and water-in-oil structures. Red
represents oil, green denotes the hydrotrope, and blue corresponds to water. The
hydrotrope forms a shell-like interface between the oil and water phases, albeit
less structured compared to a surfactant. Unlike surfactants, the hydrotrope
exhibits dynamic behavior, intermittently interacting with and detaching from
the drop]et interfaces. (derived from simulation results by [91-93].)

studies on ester hydrolysis and chlorophyll degradation, higher reaction rates were ob-
served in W/O SFMEs compared to surfactant-containing systems [95, 96]. Additionally,
Keiser and Holt [97] reported elevated metalation rates in small aggregate and ternary
solutions. SFMEs provide a cost-effective and straightforward approach for nanoparti-
cle synthesis. For example, CdS nanoparticles synthesized in W/O SFMEs were larger
compared to those formed in SBMEs [98|. Similarly, Mg, Al-Cl layered double hydroxide
nanosheets synthesized in SFMEs were free of organic coatings, unlike those produced
in SBMEs, underscoring their utility in functional material development [99].

SFMEs are also advantageous for enzymatic reactions, overcoming challenges like
catalyst reuse and surfactant separation, which are common in conventional SBMEs
[95, 96]. Enzymes such as laccase and lipase exhibit higher catalytic activity and stability
in W/O SFMEs, with activity patterns varying depending on the SFME composition,
highlighting the medium’s flexibility [100-103|. Enzyme recovery is efficient; by adding
excess solvent, the aqueous phase containing the enzyme can be easily separated and
reused [100]. Moreover, enzyme-containing organogels fabricated using SFMEs have
shown high catalytic activity and stability in processes like esterification [103]. Finally,
SFMEs have been explored for innovative applications like developing long-lasting insect
repellent formulations, showcasing their versatility and potential [104].

SFMESs have also found applications driven by necessity, such as the solubilization of
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electrolytes, which forms the basis for metal recycling—a critical component of the ex-
panding circular economy. Additionally, the push to reduce reliance on fossil fuel-based
products in formulations has gained momentum in recent years. This has spurred efforts
to minimize or replace surfactants, which are often challenging to remove and recycle
after industrial processes. Over the past two decades, these efforts have resulted in nu-
merous studies focusing on developing innovative solubilization and separation techniques
that eliminate the need for traditional surfactants, further advancing the principles of
green chemistry [105-107]. Moreover, in oil recovery, the use of surfactant-co-surfactant
mixtures (e.g., short-chain alcohols) is often undesirable, as the porous rock formations
act like an extended chromatography column, causing the surfactant and co-surfactant
to separate along the way. This challenge presents an opportunity for the application of
SFMEs, which offer a more stable alternative [43, 54].

SFMEs offer considerable potential for applications similar to SBMEs, with the
added benefits of cost efficiency and the ability to produce larger nanoparticles, thanks
to the greater volume available within these systems [98]. For example, SFMEs have
been used to create unique products such as biodegradable nanocapsules. Additionally,
green SFMEs, made entirely of food-approved components, present significant industrial
prospects, particularly within the food industry. Zhang et al. [108| investigated replacing
traditional petroleum-based extraction solvents with SFMEs consisting of 1-octen-3-ol,
ethanol (EtOH), and water.

Pre-Ouzo microemulsion refers to SFMEs, named in reference to the Ouzo effect.
Within a conventional phase triangle absent of surfactants, the area where microemul-
sions form is designated as the pre-Ouzo region. In the pre-Ouzo region the system is
macroscopically homogeneous, stable, and transparent, with a structured organization
revealed, for example in the case of the octanol-ethanol-water mixtures, by O. Diat et
al. [17, 109]. This region is characterized by sufficiently low water content to main-
tain a single-phase system, yet it exhibits an unanticipated structuring phenomenon.
Drawing a parallel with the Ouzo effect—where metastable fine emulsions form without
surfactants—the term "pre-Ouzo" describes the organization occurring prior to phase
separation caused by water dilution.

This emergence of a pseudo-phase within a macroscopically homogeneous phase,
driven by mesoscopic inhomogeneities, is known as mesoscopic solubilization [75, 110,
111].  Unlike the Ouzo effect, which occurs between the binodal and spinodal lines,
mesoscopic solubilization takes place within a single-phase region.

This unique structuring is observed in ternary systems comprising two immiscible
liquids and a third component, typically short-chain alcohols. Unlike surfactants, these
alcohols do not form micelles but act as hydrotropes, enabling the dissolution of otherwise
immiscible liquids.

Forces Stabilizing the Pre-Ouzo Structures: Zemb et al. [109] describe how the
stability of pre-Ouzo structures emerges from a balance between entropy-driven disper-

sion, hydration forces, and other effects, which collectively stabilize dynamic aggregates
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in the absence of surfactants. The entropy of dispersion promotes smaller, polydisperse
domains, preventing large-scale phase separation and maintaining the coexistence of
microdomains in dynamic equilibrium, thereby minimizing the system’s free energy. Hy-
dration energy, or more generally solvation energy for non-water species, plays a crucial
role in interactions between octanol-rich domains, originating from the structured ar-
rangement of water molecules at the high-density OH interfaces of octanol. These forces
create a repulsive barrier that prevents the coalescence of microdomains. The role of hy-
dration is highly system-specific, as evidenced by the absence of pre-Ouzo structuration
in octane, which lacks sufficient OH group density to support hydration forces.

Van der Waals forces, while traditionally significant in other systems, are negligible
here compared to the dominant hydration and entropy contributions due to their weaker
interaction strength. Additionally, the bending energy associated with the curvature of
the domains is minimal.

In summary, the stabilization of pre-Ouzo structures is primarily governed by the
entropy-hydration balance, further influenced by solvation effects (see Table A.3). This
mechanism is generalizable across various ternary systems where a hydrotrope mediates
the compatibility of immiscible liquids, exemplifying a universal principle in soft matter
systems [52, 73, 112-114].

Furthermore, when measuring the size of pre-Ouzo aggregates, critical fluctuations
play a significant role. Near a critical point, two distinct mesoscopic length scales emerge:
the size of the pre-Ouzo aggregates and the correlation length of critical fluctuations.
Distinguishing between these can be challenging, especially in light scattering experi-
ments like DLS, where critical opalescence dominates the signal, masking mesoscopic
structures. Moreover, the correlation length of critical fluctuations in these mesoscopic
systems can extend to 20-30 nm, further complicating the detection of smaller struc-
tures. Since DLS measurements are often taken at lower ¢ values, large-scale critical
fluctuations can overshadow contributions from smaller pre-Ouzo aggregates. In con-
trast, Small-Angle Scattering methods, by typically operating at higher ¢ values, can
mitigate this issue, ensuring a clearer distinction between different length scales. For in-
stance, Robertson et al. [115] used deuterated solvents in SANS experiments, effectively
reducing the overlap between critical fluctuations and pre-Ouzo structuration, thereby

improving the accuracy of size measurements.

Lifshitz line

The Lifshitz line is a boundary in phase transition theory that originates from the
Lifshitz point, where a system transitions from a uniform phase to a modulated phase.
While the Lifshitz point is a singular critical point on the phase diagram, the Lifshitz
line extends as a continuous boundary within a specific phase, marking the onset of
modulation and structural changes in the system [116].

In the context of binary mixtures, such as those of water and surfactants, the Lif-

shitz line defines regions with distinct structural properties. For instance, in mixtures
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Hydrotrope

Figure 1.8: Ternary phase diagram of an oil-hydrotrope-water system, il-
lustrating the Lifshitz line (LL) proposed by Prevost et al. [120], which dis-
tinguishes between oil-in-water and water-in-oil emulsions. The diagram also
highlights the Minimum Hydrotrope Concentration (MHC), which denotes the
lowest hydrotrope concentration needed to solubilize oil and water in the sys-
tem. The tie line from the MHC intersects with the LL, and eventually the tie
lines converge at the critical point (red dot).

like water/CyE1, it separates areas where the microstructures vary, influencing phe-
nomena such as surfactant-less microemulsion formation and cluster behavior [117]. In
ternary systems like homopolymer/diblock copolymer blends, the Lifshitz line exhibits
non-monotonic behavior with respect to temperature, a result of fluctuational correc-
tions influenced by wave vectors and studied through re-normalization group methods
[118, 119].

The Lifshitz line is also associated with the structure factor S(q), which is used to
describe the periodicity of the system. As the system approaches the Lifshitz line, a peak
in S(q) shifts from zero wave vector to a nonzero value, indicating the onset of periodic
structures [119]. This transition is characterized by the shift from a uniform phase to a
modulated phase.

In addition to its definition in binary and ternary mixtures, the Lifshitz line is also
helpful in characterizing self-assembly in amphiphilic systems. In these systems, the
Lifshitz line demarcates regions where the microstructure transitions, often revealing in-
tricate patterns of self-organization [116]. This line’s position can be predicted theoreti-
cally using approaches like the Landau-Ginzburg theory, which accounts for fluctuational
corrections and interactions in the system [119].

In the context of surfactant-free microemulsions in simple monoalcohol-water ternary
systems, as explored in this project, the Lifshitz line represents a critical transition in the
phase diagram. It defines the maximum swelling of alcohol-based reverse aggregates be-

fore the formation of a different pseudo-phase, namely the pre-Ouzo, where water is the
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Figure 1.9: Ternary phase diagram of an octanol-ethanol-water system illus-
trating various samples with different compositions. Sample A appears macro-
scopically homogeneous. Samples B and C correspond to Ouzo emulsions, while
Sample D shows phase separation into two distinct phases.

continuous phase. Initially stabilized in the oil-rich region, these reverse aggregates have
a segregation of aliphatic and polar domains. As water hydrates the hydroxyl groups,
the polar domains expand until reaching a limit—the Lifshitz line—beyond which the
system undergoes a structural shift. This transition delineates the point where the re-
verse aggregates dissolve into a water-rich phase, representing a fundamental change in
self-assembly. The Lifshitz line proposed tangential to the two-phase domain at low hy-
drotrope concentration, with its deviation from the binodal line is linked to the Minimum
Hydrotrope Concentration (MHC) via a tie-line (see Figure 1.8).[117, 121, 122].

In summary, for a surfactant-free system, the Lifshitz line marks the transition from
one pseudo phase to another. Starting with an oil-rich phase containing reverse aggre-
gates with water cores, adding water causes these aggregates to swell. Beyond a certain
point, the system shifts, with water becoming the continuous pseudo-phase, indicating

a fundamental change in its microstructure [121].

Octanol-Ethanol-Water SFME

The octanol-ethanol-water ternary system, previously discussed, has been widely stud-
ied for its well-defined structural transitions, including pre-Ouzo phases characterized by
mesoscopic organization at the nanometer scale, as well as Ouzo phases. Its straightfor-
ward preparation and safe handling make it an ideal model for exploring pre-Ouzo struc-
turation. Figure 1.9 illustrates four samples with varying compositions of this ternary

system. Sample A resides in the macroscopically homogeneous single-phase region, while

33



Chapter 1. Introduction to Ternary Systems and SFME

Hydrotrope

Water 0Oil

Figure 1.10: Pictorial representation of the change in structural organization
of a hydrotrope-based ternary system as it transitions from the single-phase
region to the biphasic region. Sample A lies in the homogeneous region of the
phase diagram, where SFME structures are observed. Samples B, C, and D
are located in the two-phase region, where the upper oil-rich phase begins to
form. Point C corresponds to a sample with a composition near the Minimum
Hydrotrope Concentration (MHC), indicating the minimum concentration of
hydrotrope required to start solubilizing the oil and water phases. The red
dashed line in the phase triangle depicts autodilution line followed for SAXS
and blue line with red circles corresponds to the SANS study (Adapted from [120]).

A& J

samples B and C are in the metastable region, where Ouzo emulsions form. Finally, sam-
ple D represents a fully phase-separated state, with an oil-rich phase atop a water-rich
phase, both containing ethanol.

The octanol-ethanol-water ternary system was studied by Prévost et al. [120], who
employed in situ SAXS along a single dilution line, starting with a 5:95 w/w% octanol—
ethanol mixture and progressively diluting the sample. They also carried out SANS
experiments on four samples along a vertical line in the ternary phase diagram, as
shown in Figure 1.10. Their study revealed the presence of spontaneous metastable
Ouzo emulsions coexisting with pre-Ouzo aggregates in dynamic equilibrium within the
bulk. They also found that the size of these emulsions depended on the amount of wa-
ter added, highlighting a balance between molecular diffusion, interfacial diffusion, and
coalescence-driven ripening |90, 123|.

Additionally, the system was shown to be sensitive to temperature, which influences
the phase boundary of the pre-Ouzo state. Importantly, the amount of water in the Ouzo
droplet and octanol in the bulk plays a critical role in maintaining dynamic equilibrium
and metastability. Below the Minimum Hydrotrope Concentration (MHC), metastability
ceases. The MHC serves as a critical threshold, marking the point where emulsification
stops or where the hydrotrope concentration becomes sufficient to solubilize oil and water
(see Figure 1.8).

SANS and SAXS studies have provided insights into the structure of pre-Ouzo ag-

gregates, which consist of globular domains enriched in octanol within the water-rich
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Figure 1.11: Snapshots from molecular dynamics simulations illustrating the
(Left) pre-Ouzo structuration in the water-rich side and (Right) reverse aggre-
gates in the oil-rich side of phase triangle, of the octanol-ethanol-water ternary
system. The images show (a) octanol molecules, (b) strongly interacting ethanol
and octanol molecules, (c¢) ethanol molecules interacting with water and (d) wa-
ter molecules (from [93]).

(. J

phase. Ethanol is distributed between the two phases, with a slight excess forming a
nanometer-thick layer at the interface [124-126]. Additionally, molecular dynamics sim-
ulations of the octanol-ethanol-water ternary system by Schottl et al. [127] confirmed
this structuration pattern. As illustrated in Figure 1.11, pre-Ouzo aggregates on the
water-rich side exhibit a distinct arrangement, with octanol molecules forming the inner
core, surrounded by a region enriched with strongly interacting ethanol molecules, all
embedded within a continuous phase of water mixed with some ethanol. In contrast,
on the oil-rich side, the reverse aggregate structures feature a smaller polar, water-rich
domain enclosed within a network of octanol-ethanol chains.

In this thesis, we investigate surfactant-free monoalcohol-water systems, emphasizing
mesoscale structuration and the formation of pre-Ouzo aggregates. Our study explores
mixtures where one of the alcohols acts as a hydrotrope, promoting miscibility between
water and a second, oil-like alcohol. By systematically varying component ratios, we ex-
amine how molecular organization evolves within the system. Utilizing Small-Angle X-
ray Scattering, Neutron Spin Echo, and PFG-NMR, we probe the microscopic structural
and dynamic properties of these mixtures, aiming to establish a quantitative framework
for distinguishing the pre-Ouzo region from other pseudo-phases. Furthermore, we ana-
lyze the effect of temperature, contributing to a deeper understanding of water-alcohol

systems and their potential applications in designing novel solvents.
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Chapter 2

Experimental Techniques and

Sample Preparation

2.1 Scattering Theory

Scattering of X-rays or neutrons involves the transfer of momentum (AP) and energy
(AE) from the incident beam upon interaction with the sample. An incoming wave
with energy F; and wave vector k; scatters off the sample, resulting in a scattered wave
characterized by Ey and ky. This scattering event encodes structural and dynamical

information about the sample.

Momentum transfer: AP = hk; — hks = hq (2.1)
Energy transfer: AF =FE; — Ey = hAw (2.2)

where ¢ = k; — ky is the momentum transfer vector, and Aw = w; —wy is the angular
frequency change.

The scattering process is described by the scattering law, S(AP, AFE), which defines
the transfer of energy and momentum. It is commonly represented as S(q, E) or S(q,w)
and is known as the dynamic structure factor, an experimentally accessible quantity.

The dynamic structure factor is the Fourier transform of the space-time correlation

function, given by:

R

I(irEi

\ 4

Figure 2.1: Scattering of a wave (e.g., visible light, X-rays, neutrons, electrons) from
a sample occurs with an incident energy E; and wave number k;. After interaction
with the sample, the scattered wave exits at an angle 0 relative to the initial wave
direction, possessing energy Ey and wave number ky.
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Figure 2.2: Schematic illustration of different scattering phenomena and their
associated energy transfer values (in eV), based on a hypothetical scatterer,
S(Qo,w) integrated over (). (Adapted from [129])
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S(q, E) = Fr {{exp[—iq(r(t) = r(0))])} = Fr{l(q, 1)} (2.3)

S(q, B) = Fsr{G(r, 1)} (2.4)
where:

e [(q,t) is the intermediate scattering function; its Fourier transform in time yields

the dynamic structure factor.

e G(r,t) is the correlation function; its Fourier transform in both space and time

gives the dynamic scattering function [128].

Elastic scattering occurs when particles interact with a sample without exchanging
energy, preserving both their wavelength and energy. This process provides insights into
the static structure of a material. In elastic scattering, the energy transfer (E' = 0) in the
scattering function S(q, E) implies that there are no temporal variations in the scattered
signal. As a result, the magnitudes of the initial and final wavevectors (k; and kf) are

equal, as there is no energy exchange between the scatterer and the scattering particle:

27
il = lky| = = (25)
Thus, the magnitude momentum transfer ¢ is given by:
47 sin 0
= 2.6
q 5 (2.6)
Additionally, there is a reciprocal relationship between w and ¢, expressed as:
1 h
~ . — _ 2.7
" Aw AE 2.7)

38



Chapter 2. Experimental Techniques and Sample Preparation

In the case of elastic scattering, low-resolution energy data is sufficient to obtain
information about rapid motions within the system. Small Angle Scattering (SAS) tech-
niques can be employed to analyze this phenomenon.

Quasi-elastic Scattering: Building on the elastic scattering case, where no en-
ergy exchange occurs, quasi-elastic scattering arises when there are small fluctuations
in energy. These fluctuations lead to peaks at £wyqg, corresponding to oscillations at a
frequency wg. Random changes over a characteristic time scale 7 cause a broadening of

the elastic peak, creating a new peak centered at w = 0 with a width determined by

quasi-elastic.

1/7. This is illustrated in the broadening of the elastic peak in figure 2.2, marked as
2

1

= (2.8)

/0 © e W+ (1/7)?

where, in the Lorentzian term, the case of T'— 0o corresponds to the elastic case.

For quasi-elastic scattering, which reveals information about diffusive translational
and reorientational motions within the sample (where energy transfer is minimal), higher
resolution is needed (eq. 2.7). This can be achieved using the Neutron Spin-Echo (NSE)
technique.

Further, In contrast to elastic scattering, inelastic scattering involves interactions
with dynamic processes such as phonon or magnon, where neutrons exchange energy

with oscillatory motions, resulting in a finite energy transfer [130].

Scattering of X-ray Photons and Neutrons

The fundamental difference between X-ray and neutron scattering arises from their in-
teraction mechanisms with matter.

The scattering length density (SLD) characterizes how a material interacts with
incident radiation, whether X-rays or neutrons. In X-ray scattering, the SLD is directly
proportional to the electron density p.(r), as X-rays interact with the electron cloud of

atoms. This relationship is expressed as:

fX-ray(r) = pa(r) (29)

In contrast, neutron scattering is governed by interactions with atomic nuclei.
The neutron SLD depends on the distribution of nuclear scattering lengths b;, which

vary based on atomic species and isotope. It is given by:

fneutron(r) = Z bz(S(I‘ - ri) (210)

where b; is the scattering length of the i-th nucleus, and the summation extends
over all nuclei in the sample. As a result, X-ray scattering primarily probes the electron
distribution, whereas neutron scattering provides information on nuclear positions and

isotope-dependent contrast.
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Coherent and Incoherent Scattering: In the specific case of neutron scattering,
which differs fundamentally from X-ray and electron scattering, the elastically scattered
neutron intensity consists of two main contributions: coherent and incoherent scat-

tering. The total elastic scattering intensity is given by:

Laastic(@) < (|F(a) +6F (a)]*) (2.11)

where F(q) is the Fourier transform of the SLD function f(r). Expanding this

expression leads to the decomposition:

Ielastic(Q) — 4dcoherent (Q) + Iincoherent (q) (212)

Coherent scattering, or ’in-phase’ scattering, arises from the ordered arrangement of
scattering centers within a sample, resulting in interference effects that provide insights

into collective phenomena. The corresponding scattered intensity is given by:

2

Tconerent (q) X (213)

/ f(r)e' T Br
\%4

where f(r) represents the SLD as a function of position, and q is the scattering
vector. This formulation essentially describes the scattering of a single neutron from all
nuclei in the sample, incorporating their spatial correlations, with interference effects
arising between different nuclei (i # j) in the case of coherent scattering.

Incoherent scattering arises from random variations in the scattering lengths of in-
dividual nuclei, without any long-range order. It involves interference only from the
same nucleus (i = j) at different times, meaning it carries no spatial information. The

intensity of incoherent scattering is given by:

Iincoherent(q) X <(Ab)2> (214)

Incoherent scattering provides insight into temporal fluctuations of individual parti-

cles but does not contribute to structural information.

Diffusion

Diffusion is one of the simplest forms of quasielastic scattering. It refers to the stochastic
motion of particles driven by thermal energy, which leads to their redistribution over time
and plays a fundamental role in transport phenomena across gases, liquids, and complex
fluids. The diffusion of particles is often described by Fick’s First Law, which relates the

flux J of a substance to its concentration gradient:

D@C

T="D5y

(2.15)

where D is the diffusion coefficient, and % represents the concentration gradient.

The negative sign indicates that diffusion occurs from regions of higher to lower concen-
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tration.
In an isotropic medium, the probability density function for the displacement of a
diffusing particle follows a Gaussian distribution. The mean square displacement (MSD)

(r?) of a molecule over time ¢ is given by:

(r?) = 6Dt (2.16)

For a Brownian particle undergoing free diffusion, the intermediate scattering func-

tion (ISF) S(g,t) exhibits an exponential decay:

S(q,t) = S(g, 0)e~ D7t (2.17)

where ¢ is the scattering vector. This ¢? dependence is characteristic of purely
diffusive behavior and is observed in many systems under dilute or weakly interacting
conditions.

A key theoretical framework connecting diffusion to molecular properties is the
Stokes-Einstein equation, which relates D to the hydrodynamic radius R of the diffusing
species:

kT

D= 2.18
6mnR ( )

where kp is the Boltzmann constant, T' is the temperature, and 7 is the viscosity of
the medium.

As mentioned above, in systems exhibiting simple Brownian motion, the decay of
S(q,t) typically follows the expected ¢? dependence. However, deviations from this be-
havior can indicate additional dynamic contributions. For instance, viscoelastic effects in
complex fluids often cause the relaxation function to deviate from a simple exponential
form, resulting in stretched or compressed exponential. Similarly, collective dynamics
arising from intermolecular interactions or transient network formations can lead to non-
Fickian diffusion, where S(g,t) follows a power-law dependence different from e~ Dt
Confinement effects in microemulsions and structured fluids may also lead to deviations,
often manifesting as subdiffusive or oscillatory behavior in S(g,t). As indicated above,
these deviations provide crucial insights into mesoscale organization and dynamical het-
erogeneity in systems such as pre-Ouzo microemulsions, where competing interactions
shape transport properties. Neutron spin echo (NSE) spectroscopy is particularly useful
in such cases, as it enables the direct measurement of intermediate scattering functions
over nanosecond to microsecond timescales, making it well-suited for probing slow col-

lective and confined dynamics in soft matter systems.

2.2 Small-Angle Scattering

Small-angle scattering (SAS) provides a versatile method for characterizing structures

indirectly, particularly in systems where direct visualization using microscopy poses
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challenges. Microscopy, while effective for obtaining localized structural images, of-
ten requires sample conditions that deviate from their natural states, such as freezing,
desiccating, or immobilizing liquid samples. Additionally, microscopy techniques are con-
strained by their limited field of view. Moreover, scattering experiments yield reliable
and meaningful averages, offering a representative picture of the entire system. Small
angle scattering is one of the methods which is used to indirectly characterize a sample.

A SAS experiment closely resembles a diffraction experiment, but the key difference
is that SAS focuses on much smaller angles. In X-ray diffraction (XRD), the angles
are typically much larger, as described by Bragg’s law, which governs the diffraction of

X-rays by periodic atomic planes. Bragg’s law is expressed as:

nA = 2dsin 6 (2.19)

This relationship indicates that larger angles are required to satisfy the diffraction
condition for smaller interatomic distances (on the order of Angstréms), making XRD
ideal for studying crystals with well-defined periodic structures. In contrast, SAS is used
to probe larger structures, such as polymers, colloidal solutions, or micelles—ranging
from hundreds of Angstroms to a few hundred nanometers—where smaller scattering
angles are required to capture the scattering information from these larger systems [131].

Small-Angle Scattering (SAS), which includes well-established techniques like Small-
Angle X-ray Scattering (SAXS) and Small-Angle Neutron Scattering (SANS), is a pow-
erful method for probing the structural properties of materials at the nanoscale. There is
also Small-Angle Light Scattering (SALS), a less frequently used technique compared to
SAXS and SANS, which employs visible lasers as the scattering source. In typical SAS
experiments, a monochromatic beam of either X-rays or neutrons, with a wavelength A, is
directed at a sample. The scattered intensity at low angles provides detailed information
about the size, shape, and spatial arrangement of particles and macromolecules, making
SAS invaluable for studying soft matter, biological materials, polymers, and colloidal
systems.

The scattered intensity, 1(q), is governed by the differential scattering cross-section,
3—6, which describes the probability of scattered particles appearing within a solid angle
dQ. For isotropic systems, I(q) depends on the contrast in scattering length density
(SLD) between different components of the sample and its surrounding medium.

A typical SAS instrument consists of several key components that work together to
enable precise measurements (see Figure 2.3). The source emits a beam of X-rays or neu-
trons, which is then tuned to a specific wavelength essential for determining scattering
angles and extracting structural information. A collimation system, composed of slits
or apertures, ensures the beam remains parallel or collimated, producing a well-defined
and uniform profile necessary for accurate scattering measurements. The sample holder
positions the sample in the beam path and can be adjusted for various angles or orien-
tations. Depending on the experiment, it may also incorporate temperature control or a

rotating stage for enhanced precision. Finally, the detector captures the scattered beam,
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Figure 2.3: Schematic diagram of a basic SAS instrumentation setup
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while a beamstop blocks the direct beam, allowing for accurate measurement of scat-
tered photons at low angles. SAS can probe structural information across a wide range
of scales using different angular ranges and geometries, with applications in studying
aggregation, dispersion, and hierarchical organization of materials

While SAXS and SANS share many similarities in their data interpretation and ap-
plications, their primary distinction arises from contrast mechanisms. SAXS is sensitive
to electron density differences, whereas SANS relies on nuclear contrast variations. This
fundamental difference dictates their respective advantages in different experimental sce-
narios, making them complementary tools for nanoscale structural investigations.

SAXS utilizes X-rays to probe electron density variations within the sample, making
it highly effective for studying amphiphiles, micelles, emulsions, and other nanoscale
assemblies. It is particularly useful in pharmaceutical research, food science, and battery
development [132]. The technique can be applied to different sample forms (liquid, solid,
or powder) with minimal preparation and offers insights into both bulk and surface
structures.

SANS, on the other hand, leverages the interaction of neutrons with atomic nuclei
to probe scattering length density contrasts. This allows for enhanced contrast manipu-
lation through isotopic substitution (e.g., deuteration), making it especially valuable in
polymer science, biology, and soft matter physics. Overall, SAS is capable of extracting
a broad range of structural information, such as size, shape, volume, mass, radius of

gyration (Ry), and fractal dimensions of objects. [133-135].

2.2.1 Data interpretation for SAS

In a hypothetical perfectly homogeneous medium, no scattering would occur in direc-
tions other than the incident one. Scattering fluctuations in the medium are necessary to
generate a scattering signal. This signal arises from the contrast between the scatterer
and the surrounding medium, such as the contrast between a scattering particle and
the solvent, or between different phases in the absence of distinct particles, as seen in a
bicontinuous phase. In SAXS, this contrast is determined by the difference in electronic
density (Ap = |pscatterer — Psolvent|) between the scattering phase and the surrounding
medium. Since X-rays interact with the electron cloud of atoms, the scattering intensity
depends on variations in electron density. As a result, SAXS is particularly effective

for studying systems containing heavier elements or components with significant elec-
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26

Figure 2.4: Scattering vector q in terms of incident and scattered wave vectors.

tron density contrast. However, SAXS struggles to differentiate between materials with
similar electron densities, such as light hydrocarbons and biological macromolecules in
aqueous solutions, due to minimal contrast.

SANS, on the other hand, involves the scattering of neutrons by atomic nuclei, and
the scattering length density for neutrons, py, arises from nuclear interactions rather
than electron clouds. Unlike SAXS, py is not directly correlated with the atomic number
and varies irregularly between isotopes. For example, hydrogen (‘H) and deuterium (2H)
exhibit vastly different neutron scattering lengths, making SANS particularly powerful
for contrast variation experiments. By selectively substituting hydrogen with deuterium
in specific components, researchers can tailor the contrast to highlight or suppress specific
features in a sample. This flexibility is a unique advantage of SANS that SAXS cannot
achieve.

SANS is inherently non-destructive because the neutrons typically used for studying
these systems have lower energy (in the meV range), compared to X-rays, which possess
much higher energies (on the order of keV). This makes SANS ideal for investigating
delicate systems like biological samples or soft matter.

When represented as I versus ¢, the scattering vector ¢ defines the spatial range
of the experiment, corresponding to the inverse length scale of the probed structures.
For elastic scattering, it is given by ¢ = 47” sinf. The shape of the scattering curve
reflects the spatial organization of the sample, resolving structural features across mul-
tiple length scales—from atomic or molecular arrangements (e.g., crystalline regions) to
larger assemblies (e.g., micelles, clusters, or networks). The characteristics of the I(q)
curve, such as slope and oscillations, depend on the size, shape, and distribution of the
structures within the sample.

Figure 2.5-left illustrates an example of a SAXS scattering curve plotted on an I
vs. q scale. The intensity at a given g-value represents the contribution of scatterers
in the sample at a corresponding real-space length scale (see Figure 2.5-right). For
instance, a specific g-value, such as ¢s, corresponds in real space to a green circle with a

diameter Dy = i—’;. Whenever this "window" (circle) encompasses a region with non-zero
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Figure 2.5: (Left) Example scattering curve from a SAS experiment. (Right)
Illustration of the g-range in real space for a sample. The red circle corresponds
to a lower ¢, value, indicating a larger real-space region, while the green circle
represents a higher ¢, value, indicating a smaller real-space region. Lower ¢
values provide insights into interactions between system components, whereas
higher q values offer details about individual components or interface of the
structures.

contrast—i.e., where the difference in scattering density is non-zero—a corresponding
scattering intensity is observed. As the g-value decreases from g2 to ¢q; (where g2 > 1),
the diameter increases, providing a broader view of the sample volume.

As we progressively move from lower to higher ¢ values, the information obtained
from the scattering intensity varies, depending on the relative size of the scatterers and
the distances between them. At relatively low ¢ values, where the "real-space window"
is large, the intensity provides insights into the interactions and arrangements between
different particles in the sample, captured by the structure factor S(g). As we increase g,
making the real-space window smaller, the intensity begins to reveal information about
the individual scatterers, described by the form factor P(g). At even higher g values,
with much smaller real-space windows, the scattering intensity provides details about

the interface between the scatterers and the surrounding medium.

Form Factor and Structure Factor

The form factor (P(q)) characterizes the scattering intensity of an individual scat-
terer—whether it be a micelle, colloidal particle, polymer molecule, or any entity with
similar scattering properties—while accounting for its shape, size, and internal struc-
ture. Mathematically, it is derived from the Fourier transform of the particle’s density
distribution, offering insights into the geometry and dimensions of individual scatterers.
However, extracting a well-defined form factor from experimental data is only feasible
when discrete scatterers can be clearly identified. In highly polydisperse or dynamic
systems, where particles exhibit significant size fluctuations or lack a well-defined shape,
separating the form factor from the total scattered intensity may become ambiguous.

Experimentally, form factors can only be measured in the dilute regime, where par-
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ticles are considered independent scatterers with negligible interactions. For a system of
N identical particles, each with an inhomogeneous scattering length density (SLD) p(r),
located at different positions, the total scattered intensity I(g) is given by the sum of
the intensity contributions from individual scatterers.

The normalized amplitude scattered by a single particle is given by:

a(q) = /V p(r)e™"aT dr (2.20)

particle

resulting in the intensity:

Iparticle(Q) = a’(q) ( ) Vpartlcle (CI) (221)

where P(q) is the form factor, and Vjaricle represents the volume of the particle. The

form factor is given by:

P(q) = / / (v)e V) qu dv (2.22)

partlcle

partlcle
Thus, the intensity per unit volume for a suspension containing N particles is:

N
IV( ) VVpartlcle ( ): (Z)VparticleP(Q) (223)

where ¢ = NVparticle/V is the volume fraction of the particles in the suspension.
The structure factor (S(q)) describes the spatial arrangement of particles in a system, in-
corporating inter-particle interactions and ordering. It quantifies interference effects aris-
ing from the organization of scatterers within the material, providing insights into particle
spacing, correlations, and interaction effects. In complex systems, inter-particle inter-
actions—whether attractive, repulsive, electrostatic, or non-electrostatic—contribute to
the formation of S(g). Additionally, factors such as temperature, salt concentration, and
pressure influence the equilibrium structure, leading to variations in the structure factor.

When measuring the scattering intensity I(q) for a system of centrosymmetric iden-
tical particles in solution, the total intensity reflects both the scattering from individual
particles and the interference effects due to inter-particle correlations. In the absence
of multiple scattering, the total intensity can be expressed as the product of the form
factor P(q) and the structure factor S(q):

I(Q) = ¢VparticleP(Q)S(Q) (2.24)

Further, for a system of particles with homogeneous scattering length density p, the

form factor P(q) can be expressed as:

P(q) = (Ap)*Po(q) (2.25)

where Py(0) = 1. Consequently, the scattering intensity simplifies to:
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I(q) = ¢Vparticle(Ap)2P0(Q)S(Q) (2.26)

Experimentally, the structure factor can be extracted by dividing the measured in-
tensity I(q) by the form factor P(q). For instance, by applying a model that considers
both electrostatic repulsion and Van der Waals attraction, it is possible to fit the exper-
imental data to quantify the interaction potential. The limit S(¢ = 0) corresponds to
the osmotic compressibility of the sample, which is accessible only if absolute intensities
are measured.

However, in many complex liquid systems, especially those lacking well-defined dis-
crete scatterers (e.g., bicontinuous phases or highly dynamic emulsions), the separa-
tion of scattering intensity into distinct P(q) and S(g) components becomes ambiguous.
In such cases, the direct interpretation of scattering data may require alternative ap-
proaches, such as correlation function analysis or simulations, rather than relying on the
traditional I(q) < P(q)S(q) factorization [131].

2.2.2 Porod Invariant

The invariant, also known as the Porod invariant, is a fundamental scattering property
derived by integrating the scattering intensity across the entire range of the scattering
vector ¢. It represents a fixed quantity independent of ¢ and is directly related to the

total contrast within a system. The invariant J; is mathematically expressed as:

Qr = /OOO ¢*1(q) dg, (2.27)

where I(q) is the scattered intensity as a function of ¢. This integral corresponds to
the area under the Kratky curve, which is obtained by plotting I(q) - ¢ versus gq.
For a two-phase system, the invariant can also be related to the scattering length

density (SLD) contrast and the volume fractions of the phases as:

Qr = 27%(Ap)’ P12, (2.28)

where Ap = (p1 — p2) is the SLD contrast, and ¢; and ¢2 are the volume fractions of
the phases (¢1 + ¢2 = 1).

The invariant has extensive applications in small-angle scattering experiments and
serves multiple purposes. It is used to calculate the volume fractions of phases in a
system when the contrast is known. By comparing experimental results with theoretical
predictions, the invariant helps validate the contrast between phases. Additionally, it
can cross-validate scattering patterns from different instruments, ensuring consistency
across measurements. The invariant is also valuable for studying bulk properties, such
as porosity, density fluctuations, and aggregation states.

The calculation of the invariant is closely related to Kratky analysis, which involves

plotting I(q) - ¢> versus ¢. This representation highlights specific features of the scat-
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Figure 2.6: Schematic diagram of the ID02 instrument at ESRF. The X-ray beam
passes through a series of slits and a monochromator before reaching the sample. After
interacting with the sample in transmission mode, the scattered X-ray photons travel
through the detector tube and are detected by the detector. (Redrawn from [136])

tering data that are not apparent in standard plots of I(gq) versus q. Kratky plots are
particularly useful for studying polymer solutions, where the curve’s shape reveals the
polymer chain’s conformation. A rise to a plateau indicates an unfolded chain (random
coil), while a distinct peak suggests a compact or folded conformation, such as a folded
protein. A pseudo-linear rise is characteristic of a rod-like conformation, and a high-q
upturn from the plateau implies a worm-like chain. In polymer gels, a peak may indicate
inhomogeneities, such as clustering.

In practice, the invariant is challenging to compute directly because experimental
data rarely spans the entire range 0 < ¢ < co. As such, extrapolation is required. For
the low-¢ region, the Guinier function I eXp(—qufJ /3) or a power law is typically used.
For the high-g region, a power law of the form A/¢™ is employed, with m typically

ranging between 3 and 4, depending on interface sharpness.

2.2.3 SAXS: ESRF IDO02 Instrument

The Small-Angle X-ray Scattering (SAXS) experiment was conducted at the ID02 beam-
line at the ESRF, France, using a setup detailed in Figure 2.6. The incident X-ray
beam from the synchrotron source is first passed through a monochromator, ensuring
a monochromatic beam that then strikes the sample. The sample is held in a quartz
capillary tube, and the measurement is performed in transmission mode. In this mode,
scattering data from the empty capillary holder is subtracted from the scattering data
of the sample to isolate the relevant information.

The SAXS setup consists of several key components: the synchrotron source, monochro-
mator, sample holder (quartz capillary), and detector. The sample-to-detector distance
can be varied from 0.8 m to 31 m, allowing the detector to cover a g-range from 10~2 nm—!
to 60nm~'. This adaptability enables fine-tuning of the measurements, providing flexi-
bility in probing different length scales in the sample.

In this configuration, the detector system plays a crucial role in capturing the scat-
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Figure 2.7: Schematics of the pump flow setup used for the autodilution experiment
at ID02

tering data. By moving the detectors inside the detector tube, the experimental setup
allows for a precise range of scattering angles and an enhanced understanding of the
sample’s structure at various scales [136, 137].

The instrument has an energy range of 8-20 keV out of which we used 12.46keV
corresponding to a wavelength of 0.0995 nm. The detector employed was a Rayonix
MX170-HS CCD camera, and The samples to detector distance was set to 1.5m which
allowed us to scan the @ range from 1.077 x 10~! to 1.086 x 10" nm~!

2.2.4 Pump Flow Setup for Autodilution Experiments

For the in situ Small-Angle X-ray Scattering (SAXS) autodilution experiments, a flow
setup was implemented, as illustrated in the schematic (Figure 2.7) and the photograph
(Figure 2.8). The binary stock solution, prepared in a 20 mL glass vial, contained oil
(octanol or 2-ethyl hexanol) and ethanol in a specific ratio. This vial was placed on
a magnetic stirrer, while a water reservoir was connected as an inlet to the vial. The
outlet of the vial was linked to a quartz capillary tube (approximately 2 mm in thickness),
which was further connected to a micro-peristaltic pump operating at a constant flow
rate. The pump, a WMC model rated at 9-30V DC and capable of operating at 7600
rpm at 12V (controlled via a 2.5A DC motor electronic box), was used to drive the flow
of the sample.

Once the pump was activated and set to an appropriate voltage to achieve optimal
flow, water from the reservoir was gradually pumped into the stock solution vial. Inside
the vial, the water mixed with the binary oil-ethanol solution under the agitation of the
magnetic stirrer, resulting in a ternary mixture. This autodilution method allowed for

continuous monitoring as the composition of the ternary mixture changed. The resulting
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Figure 2.8: Image of the auto-dilution experimental setup for in situ SAXS at
ID02, ESRF, France. The X-ray beam passes through the capillary containing
the flowing sample. The peristaltic pump and its controller are also shown.

mixture was then passed through the quartz capillary, where X-ray photons interacted
with the sample, providing in situ SAXS measurements. Finally, the mixture exited into
a waste container.

This process continued until the entire ternary sample mix passed through the capil-
lary, leaving only pure water flowing through the system, marking the end of the exper-
iment for that particular oil-ethanol dilution line. A total of 20 such autodilution lines
were selected, each corresponding to a different initial oil-to-ethanol ratio. The sample
vial was then replaced with a new vial containing a binary mixture with a different

oil-to-ethanol ratio, and the process was repeated.

2.2.5 Experimental Setup: Temperature Dependant SAXS

Temperature-dependent SAXS measurements were conducted using a Peltier sample cell
(see figure 2.9-left) comprising a capillary housed within a frame, allowing the tempera-
ture to be controlled within a range of 5°C to 80°C. The cell’s temperature was regulated
using a Wavelength Electronics temperature controller (Model: LFI3751, see figure 2.9-
right). The X-ray beam passed through the capillary tube, and the scattered radiation
was detected by a detector positioned 1.5 meters from the sample. This configuration

enabled the measurement of scattering data over a g-range from 0.1 to 10 nm ™!
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Figure 2.9: (Left) Peltier cell used for temperature dependent SAXS experiment.
(Right) Wavelength electronics LFI3751 temperature controller.

2.3 Neutron Spin Echo

2.3.1 Principle of Neutron Spin Echo

Neutron Spin Echo (NSE) is a powerful technique used to investigate the dynamics of ma-
terials, particularly at very small energy transfers and long time scales. NSE measures
the intermediate scattering function, operating in the time domain. It is particularly
suited for studying quasielastic scattering, where the energy change due to sample in-
teraction is close to elastic rather than purely inelastic. The NSE method relies on the
principle of Larmor precession of neutrons in magnetic fields to encode and measure

energy changes during neutron scattering.
1
2
behave like tiny classical magnetic dipoles. When neutrons enter a magnetic field B per-

Neutrons are particles with spin S = 5 and a magnetic moment g, which makes them

pendicular to their magnetic moment, they undergo Larmor precession. The precession

frequency, also known as the Larmor frequency, is given by:

wr =~B (2.29)

where wy, is the Larmor precession frequency, - is the gyromagnetic ratio of the neu-
tron (v = 2.916 kHz/Oe), and B is the strength of the magnetic field. The gyromagnetic
ratio relates the neutron’s magnetic moment to its angular momentum, and the preces-
sion causes the neutron’s spin orientation to rotate about the direction of the magnetic
field.

Now consider a polarized neutron beam entering a magnetic field region B of length
[. The total precession angle ¢ of the neutron spin depends on the neutron’s velocity v

and is given by:

¢ =wpt=-"— (2.30)

Here, v represents the velocity of the neutron. This equation indicates that the pre-
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cession angle depends on the magnetic field integral and the neutron’s velocity. The
velocity influences the amount of time the neutron spends in the magnetic field, which
in turn affects the precession angle. If the neutron beam has a finite velocity distribu-
tion, the neutrons will accumulate different precession angles as they pass through the
magnetic field, leading to an apparent depolarization of the neutron beam.

To recover the polarization in NSE, the neutron beam passes through a second mag-
netic field region (Bsg) of length l5. Before entering Bs, the neutron spins are flipped by
180°, and since the field direction in B is the same as in Bj, this second field restores

the polarization. The total precession angle after passing through both regions is:

vBili  vBalp
U1 V2

(btotal = (231)

In the case of elastic scattering, where the neutron velocity remains unchanged (v; =
vg), and if the magnetic field strengths and lengths satisfy Bily = Bsls, the precession

angles cancel out:

¢t0tal =0 (232)

Thus, the neutron beam regains its initial spin state, creating a spin echo. This
recovery of polarization forms the foundation of the NSE technique.
If a neutron scatters with a small energy transfer hiw between the B; and Bs regions,

the total precession angle becomes:

yhBlw

e (2.33)

¢tota1 =

where m is the mass of the neutron. Placing an analyzer after the second magnetic
field region allows measurement of the angle ¢ between the neutron’s polarization and
the analyzer direction. The transmission probability of a neutron is proportional to cos ¢
and the polarization (P), the average of this quantity, is related to S(q,w) ( the dynamic
structure factor at momentum transfer q):
[ cos(wt)S(Q,w)dw

P = (cos ¢) = (cos(wt)) = TS0, w)ds (2.34)

The Fourier transform of S(g,w) gives the intermediate scattering function S(q,t),

which is directly measured in NSE:

S(g,t) = /ei“’tS(q,w) dw (2.35)

Here, the time t is related to the neutron’s wavelength A by:

t_¢_m2~ny.1
w  27h?

The resolution in time ¢ increases rapidly with the neutron wavelength A, as:

A3, (2.36)
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toc A3 (2.37)

This strong dependence on A allows NSE to achieve extremely high time resolution,
making it an ideal tool for studying slow dynamics in materials. [138, 139]

The primary advantage of Neutron Spin Echo (NSE) lies in its ability to mea-
sure the intermediate scattering function S(Q,t) directly in Fourier time, decoupling
instrumental resolution from the measured signal. Unlike conventional neutron spec-
troscopy techniques that analyze S(Q,w) in the energy domain—where the signal is con-
voluted with the resolution and requires complex deconvolution to extract meaningful
results—NSE provides a direct measurement of the normalized intermediate scattering
law S(Q,t)/S(Q). While resolution effects are still present in NSE, the convolution in
S(Q,w) transforms into a simple multiplication in S(Q,t), allowing it to be easily di-
vided out. This Fourier time-based approach significantly improves energy resolution
without being constrained by the energy distribution of incident neutrons, making NSE
particularly well-suited for studying slow dynamics in soft matter, polymers, and com-
plex fluids. The observed spin echo amplitude, Pysg(Q,t), is corrected for instrumental

resolution broadening through a simple and model-independent operation:

PNSE(Qut)
PE<Q7 t) ’

where Pg(Q,t) is the experimentally measured resolution function.

Pisp(Q,t) = (2.38)

In summary, an NSE experiment begins with neutron monochromatization and po-
larization, followed by controlled spin precession in a magnetic field. Spin flippers and
precession coils manipulate neutron spins, encoding dynamical information about the
sample (see Figure 2.10). Elastically scattered neutrons fully rephase, while quasielasti-
cally scattered ones do not. By detecting fully rephased neutrons, NSE provides high-
resolution insights into microscopic dynamics. This direct approach, combining excep-
tional resolution with simplified analysis, minimizes interpretative bias and makes NSE

particularly well-suited for studying slow dynamical processes in complex systems.

2.3.2 Spin-Flip Phenomenon and Its Impact on NSE

The difference in NSE measurements arises from the fact that, unlike most experimental
setups where the sum of coherent and incoherent signals is measured, NSE specifically
separates these contributions by measuring the coherent signal minus one-third of the
incoherent signal.

Spin-incoherent scattering, a subset of incoherent scattering, arises from interactions
with the random orientations of nuclear spins. This type of scattering flips the neutron
spin with a probability of 2, converting a significant portion of the scattered intensity into
"non-polarized" background [139, 140]. The remaining é contributes to the measurable
signal but is associated with a factor of —% in the cosine Fourier integral. This reduces

the observable NSE signal and introduces a subtractive component to the coherent echo
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Figure 2.10: A schematic representation of a typical Neutron Spin Echo (NSE)
instrument, illustrating all major components. The instrument includes a velocity
selector for monochromatizing the beam, a polarizer for aligning neutron spins, and
a series of spin flippers (m/2 and ) to manipulate the neutron spin orientation. The
precession coils generate strong magnetic fields that enable spin precession. The sam-
ple region, analyzer, and detector are also depicted.

signal. The spin-flip (SF') and non-spin-flip (NSF) scattering intensities can be expressed

as:

1
INSF = Icoh + Iifinc + glsfinm (239)
2
ISF = gls—inc- (240)

The total intensity, Iiota1, and the separation of non-spin flip and spin flip contribu-

tions are given by:

Itotal - Icoh + Iz'—inc + Is—inc = INSF + ISF7 (241)
1
Icoh + Iifinc = INSF - gISFa (242)
3
Is—inc = §ISF (243)

where Ingr is the non-spin-flip (NSF) intensity, Isp is the spin-flip (SF) intensity, Iop is
the coherent scattering intensity, I;_i,. is the isotope-incoherent intensity, Is_j, is the
spin-incoherent intensity, and Iiota1 is the total intensity.

The spin-flip process has significant implications for NSE measurements. Samples
often exhibit both coherent and incoherent scattering, with the incoherent component be-
coming more prominent at higher momentum transfers (¢). Hydrogen, in particular, has
a larger incoherent scattering cross section compared to its coherent scattering and com-
pared to other elements, making it a significant contributor to the incoherent scattering
in samples. Despite the challenges posed by incoherent scattering, NSE remains effec-
tive in measuring coherent dynamics, particularly at low g, where the coherent contrast

outweighs the incoherent background. Thus, while the spin-flip phenomenon introduces
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Figure 2.11: Schematic diagram of the IN15 Neutron Spin Echo instrument at ILL
(1142])

challenges in separating coherent and incoherent contributions, it also underscores the
precision and versatility of NSE in probing a wide range of materials, from structured

systems to dynamically disordered ensembles [141].

2.3.3 NSE Instruments: IN15 and WASP

The IN15 neutron spin-echo spectrometer at ILL is designed to study slow dynamics,
covering relaxation times from 0.005 to 1000 ns and spatial scales from 1 to 500 A. Tt
utilizes long-wavelength neutrons (6 A<x<or A) to achieve high energy resolution and
access small g values. This makes it suitable for investigating collective motions, polymer
reptation, molecular diffusion in confined environments, and magnetic excitations.

The WASP (Wide Angle Spin-Echo) spectrometer extends the accessible g-range
to 0.05A7"3.6A7" and offers a higher signal rate. Its coil geometry, centered on the
sample, generates a symmetrical field for all incoming and scattered neutrons, supporting
large detector coverage (150° x 2.5°). WASP is suited for studying confined molecular
motion, fast diffusion, and glassy dynamics within the timescale range of 0.6 ps to 18 ns,

complementing the capabilities of IN15.

2.4 Pulse Field Gradient NMR

2.4.1 Nuclear Magnetic Resonance (NMR) Theory

Nuclear magnetic resonance (NMR) spectroscopy is based on the manipulation of nuclear

spins in a magnetic field to probe molecular structure and dynamics. Initially, the net
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Figure 2.12: Schematic diagram of the WASP Neutron Spin Echo instrument at
ILL ([143])

magnetization of the sample is aligned along the z-axis (parallel to the external magnetic
field, Bp). When a 90° radio frequency (RF) pulse is applied, it tips the magnetization
into the xy-plane. However, due to variations in the local magnetic field, such as chemical
shift differences and inhomogeneities, the spins start to dephase, leading to a loss of
coherence.

To refocus this dephasing and measure the relaxation times, the Hahn echo technique
is used. A 180° RF pulse is applied at a time 7 after the initial pulse, which inverts the
phase of each spin. This inversion causes the spins to reconverge at a time 27, forming
an echo. By analyzing the decay of the echo amplitude as a function of 27, the Tb
relaxation time—representing the decay of transverse magnetization due to spin-spin
interactions—can be determined [144].

Additionally, NMR, makes use of chemical shifts to probe molecular composition.
These shifts arise due to the variation in the local magnetic field experienced by a nucleus
as influenced by surrounding electrons. This variation alters the effective field at the

nucleus and provides insights into the molecular structure [145-149.

2.4.2 Theory of Pulsed Field gradient NMR

Pulsed-field gradient (PFG) NMR is a powerful extension of traditional NMR spec-
troscopy, designed to probe molecular diffusion. Similar to neutron spin echo (NSE)
experiments, the principle of spin manipulation is fundamental to PFG NMR. While
NSE relies on neutrons traveling along a flight path where their spin precession evolves
and is later rephased, PFG NMR induces dephasing using magnetic field gradients. Af-

ter a specific delay, the spins are rephased, allowing for the recovery of the signal and
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Figure 2.13: Schematic of the PFG NMR experiment. Magnetic field gradient
pulses (red) of duration § and strength g are applied, with a diffusion time A between
them. The 90° and 180° RF pulses (green) are separated by a time interval T, and the
spin echo occurs at 27. The dephasing gradient pulse is applied immediately after the
90° RF pulse, while the rephasing gradient pulse is applied after the 180° RF pulse.

enabling molecular dynamics measurements.

In a typical PFG NMR experiment, a magnetic field gradient is applied along the
static field By, which causes the spins to precess at different rates depending on their
position. The relationship between the precession frequency and the spatial position of

the spins is given by the Larmor frequency:

w=~(By+ Gz) (2.44)

where w is the Larmor frequency, v is the gyromagnetic ratio, By is the static mag-
netic field, G is the gradient strength, and z is the spatial coordinate along the gradient
direction. This spatial coordinate z encodes the position information of the spins, which
is crucial for determining the diffusion properties of the sample. By manipulating this
gradient, PFG NMR measures the rate at which the spins (and thus the molecules they
represent) diffuse through the material.

The experiment involves two gradient pulses. The first gradient pulse causes dephas-
ing, and spins at different positions within the sample precess at different rates. After a
180° RF pulse, a second rephasing gradient pulse is applied, which causes the spins to re-
align, effectively refocusing the magnetization. This process encodes spatial information
in the NMR signal, allowing for the measurement of molecular diffusion.

The total spin echo attenuation signal, S, arising from all spins, is expressed as:

S = exp (—¢*teaD), (2.45)

where ¢ = V0G, teg = A — g denotes the effective diffusion time, and D is the
diffusion coefficient. Here, ¢ is the duration of the gradient pulse application, while A
corresponds to the time delay between the two pulses during which diffusion occurs.

In comparison to NSE, PFG NMR operates at much lower wave vectors (¢), making
it more suitable for probing larger length scales and slower diffusion processes. This

capability allows PFG NMR to effectively measure self-diffusion at the micrometer and
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millisecond scale, whereas NSE is more sensitive to collective diffusion at shorter length
scales, probing faster dynamics.

This technique has widespread applications across fields such as polymer science,
biology, materials science, and food science, offering valuable insights into molecular
dynamics, transport properties, and structural characteristics [150, 151].

Further, to enhance spectral resolution and suppress solvent interference, deuterated
compounds (e.g., D20, CDCl3) are often used in NMR. Since ?H has a distinct Larmor
frequency compared to 'H, its substitution minimizes unwanted background signals,

allowing better isolation of target molecular dynamics.

2.4.3 Experimental Setup: PFG NMR

We conducted NMR, experiments for the octanol-ethanol-water and 2-ethyl hexanol-
ethanol-water ternary at 25°C'. The experiment was performed using a Bruker Minispec
mq20, which was equipped with a pulsed gradient unit capable of generating gradients
up to 4 T/m. A standard Hahn Echo sequence was utilized, with a delay time (A) of
7.5 ms between the 90° and 180° pulses, and a gradient pulse length (§) of 0.6 ms. The

relationship between echo amplitudes and the field gradient can be described by a single

y=a-exp <—D-q<A—§>> (2.46)

where a is the amplitude, ¢ = (v6G)?, with v = 26.7 x 107 rad/T/s, and G ranging
from 0 to 3.2 T/m. D is the diffusion coefficient. Further details on the use of deuterated

components to isolate the signal of individual species, as well as the calculation procedure,

exponential function:

are provided in Appendix A.4.

2.5 Experimental Setup: Rheology

Viscosity measurements were performed using a rheometer (Anton Paar, Physica MCR
301) equipped with a Couette or concentric cylinder geometry, featuring inner and outer
radii of 23.82 mm and 24.65 mm, respectively. The samples used were Newtonian lig-
uids, and the rheometer’s stage temperature was maintained at 298 K using a Peltier
temperature control system. The variable shear-rate method was employed, where the
shear rate was logarithmically increased from 10 s~! to 200 s~! across 20 measurement
points, each lasting 20 seconds. The resulting shear rate vs. viscosity curve was analyzed
to determine the average viscosity. A schematic representation of the viscosity behavior

for Newtonian and non-Newtonian fluids is shown in Figure 2.14.
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Figure 2.14: Viscosity vs shear rate for Newtonian and non-Newtonian fluids.
For Newtonian fluids (e.g., water), viscosity remains constant with shear rate,
while non-Newtonian fluids, such as pseudoplastics (e.g., paint, emulsions) and
dilatant fluids (e.g., clay sludge, corn starch in water), show shear-rate depen-
dent viscosity—decreasing for pseudoplastics and increasing for dilatants.

2.6 Sample Preparation

SAXS Autodilution: Octanol and 2-ethyl hexanol, both purchased from Sigma Aldrich,
had densities of 0.827 g/mL and 0.833 g/mL at 25°C, respectively. Ethanol, acting as
a hydrotrope, was also obtained from Sigma Aldrich. The experiments utilized Milli-Q
water with a resistivity of 18.2 MQ-cm. A total of 40 samples were prepared as initial
binary mixtures: 20 containing octanol and 20 containing 2-ethyl hexanol. These mix-
tures were stored in 20 mL glass vials, referred to as stock solutions, each consisting of
oil (either octanol or 2-ethyl hexanol) and ethanol in varying proportions, starting from
5% oil and 95% ethanol, with incremental steps up to 95% oil and 5% ethanol.

NMR and Viscosity: Samples of the octanol-ethanol-water ternary system were
prepared by weighing the components and mixing them thoroughly. Octanol, sourced
from Sigma Aldrich, had a density of 0.827 g/mL at 25°C. Ethanol, used as a hydrotrope,
was also obtained from Sigma Aldrich. The water used in these experiments was Milli-Q
water, with a resistivity of 18.2 MQ-cm. The corresponding deuterated compounds were
used as received.

NSE: Samples of octanol and 2-ethyl hexanol ternary systems were prepared by
simple mixing. The 2-ethyl hexanol (Sigma Aldrich) had a density of 0.833 g/mL at
25°C. For the ethyl acetate+sodium salicylate+water system, hydrogenated compounds
were used as received. While ethyl acetate-D8 is commercially available, deuterated

sodium salicylate was synthesized in-house using hydrogenated salicylic acid and NaOD.
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Chapter 3

Investigation of SFME Ternary
Using Autodilution In-Situ SAXS

3.1 Introduction

This study aimed to investigate key structural parameters within octanol-based and 2-
ethyl hexanol (EH)-based ternary systems, focusing on three primary objectives: (a)
understanding the overall structural transitions as the system shifts from a low-water
regime to a high-water regime, (b) exploring the presence of pre-Ouzo structures, which
represent intermediate mesoscale organizations, and (c) identifying and mapping the tra-
jectory of the Lifshitz line, which marks the boundary between different pseudo-phases.
To achieve these goals, an in situ Small-Angle X-ray Scattering (SAXS) experiment
was performed using the ID02 beamline at the European Synchrotron Radiation Facility
(ESRF). The experiment, conducted over three days, involved twenty dilution lines for
each of octanol and 2-ethyl hexanol based ternary (Figure 3.1). Each line began with
different oil-to-hydrotrope ratios, allowing for a thorough mapping of the ternary phase
diagram and an in-depth analysis of the structural transitions within these systems.
Furthermore, the composition corresponding to each individual SAXS scan was deter-
mined using transmission values directly obtained from the experiment. This approach
simplified the in situ measurement setup, eliminating the need for separate real-time cal-
culations of the volumes of added components, as the transmission values were inherently

recorded alongside the scattering data (as detailed in Appendix A.1.2).

3.1.1 Pre-peak and Mean-Peak: Characteristics of Alcohol

Scattering Curves

The scattering curves of pure alcohols, like octanol or ethanol (see Figure 3.2), exhibit
a distinct feature: a mean-peak centered around g = 10-15nm~'. This peak, studied
through diffraction methods [152], has a characteristic bell shape. In case of bulk alcohol,

the mean-peak is the center of mass distance between the molecules.
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Figure 3.1: Sketch of a ternary phase diagram showing the critical point (red
dot) on the binodal line, which separates the biphasic and monophasic regions,
with the Ouzo and pre-Ouzo regions nearby. The Lifshitz line (green dashed)
marks the transition between ordered and disordered states. Autodilution lines
(gray), along which in-situ SAXS experiments were conducted, extend from the
octanol-ethanol edge toward the water vertex.
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Figure 3.2: Scattering curves of pure alcohols (octanol, butanol, and ethanol) high-
lighting the mean-peak and pre-peak features. (Adapted from Ref. [152])
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In addition to the mean-peak, a pre-peak (often referred to as a broad-peak) is
observed in the range of ¢ = 4-8nm~!. This feature arises due to pair correlations
between hydroxyl groups separated by the aliphatic chains [152, 153]. Such peaks are
consistently present not only in pure or bulk alcohols but also in mixtures of alcohol
and water. The pre-peak specifically stems from hydrogen bonding interactions between
the alcohol molecules, leading to the formation of a shell-like structure where water
occupies the core of the alcohol-based assembly. As these systems are further diluted,
these 'reverse’ structure undergoes swelling due to the incorporation of additional water
into the polar domains [92, 109].

The ¢ range in our experiments extends up to 10 nm~!, which leads to some residual
influence from the mean peak (located at a higher ¢ than our current window). In our
case, the broad peak (BP) sometimes appears on the tail shoulder of the mean peak,
making the fitting process more challenging. To mitigate this, we trimmed the data
to focus exclusively on the key features associated with the pre-Ouzo aggregates and
the BP. Additionally, these peaks can be effectively described using a simple Lorentzian

function:
Ipp

= 1+ ((g —qBp)? - €3p)

where Igp is the intensity of the pre-peak, ggp is the corresponding ¢ value for the

(3.1)

peak, and &pp is related to the peak width.

3.1.2 Ornstein-Zernike function

The Ornstein-Zernike (OZ) function is a fundamental concept in statistical mechanics
that characterizes particle interactions in fluids. The OZ equation establishes a rela-
tionship between two key correlation functions: the direct correlation function, which is
short-ranged, and the total correlation function, which captures long-range interactions.
These functions play a crucial role in determining various experimental properties, includ-
ing partial molar volume, excess Helmholtz free energy, chemical potential, isothermal
compressibility, pressure, and the structure factor [154, 155].

In the context of SAS data, the Ornstein-Zernike term is often applied to describe
composition fluctuations within a system, offering information about the size of pseudo-
phase domains. Mesoscale aggregation within the system leads to an increase in scat-
tering intensity at specific g-values, which can be described using a Lorentzian function
derived from the OZ term. This Lorentzian is centered at ¢ = 0. Such a peak at low
g-values is indicative of structural correlations arising from mesoscale organizations like

pre-Ouzo aggregates, expressed mathematically as:

;o doz
1+ (q-802z)*

where Ipz represents the scattering intensity at ¢ = 0, ¢ is the scattering vector,

(3.2)

and £pz is the correlation length that quantifies the extent of structural correlations.
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The characteristic length parameter £oz can be further simplified to estimate the cluster
size, as derived by Schottl et al. [93|. Interpreting £ as the diameter D of an equivalent

sphere, the OZ function can be expanded as:

Iozy (1 —*¢* +...) (3.3)

and compared with the Guinier approximation of the McLaurin series:

1(0) (1 - ¢*Rg /3 +...) (3.4)
This leads to the relation:

§oz = % (3.5)

For a homogeneous sphere, where R = \/%Rg, we get the diameter:

D ~ 4.5¢0y (3.6)

Thus, for the pre-Ouzo clusters, the size of the domains is of the order of 4{pz, and

the volume is proportional to:

4

D\? 5

3.2 Result and Discussion

3.2.1 Preliminary Interpretation of Reduced Scattering Curve

Among the various autodilution lines analyzed, Figure 3.3-Top displays a single sample
point from two distinct autodilution lines. The blue line in the phase triangle, starting
from a 80% ethanol to 20% octanol ratio (by weight), gradually enters the pre-Ouzo
region with dilution. The corresponding reduced scattering curve (Figure 3.3-Bottom
Left) from SAXS, taken at point A on the blue line within the pre-Ouzo region, exhibits
the characteristic Ornstein-Zernike (OZ) feature at lower g values (~ 0.1nm™1).
Similarly, the scattering curve corresponding to point B on the red dilution line
(with an initial octanol-to-ethanol ratio of 35:65) (Figure 3.3-Bottom Right) prominently
displays a pre-peak (or broad peak, as explained in the previous section). These pre-

peaks appear at relatively higher ¢ values (~ 3 — 4nm~!) compared to the OZ feature.

In contrast, Figure 3.4 presents reduced scattering curves for three distinct points
along the same dilution line, highlighting the progression of I-¢ behavior as the system
undergoes continuous dilution. The experiment begins with a binary mixture of 25%

octanol and 75% ethanol by weight. As water is added, the initial scattering curve
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Figure 3.3: (Top) The octanol-ethanol-water phase triangle illustrates the pre-
Ouzo region and the zone where reverse aggregates are formed. The critical point is
marked (red dot) on the binodal line (from [156]). Two sample points: sample point
A (blue diamond), located on the 20:80 octanol:ethanol dilution line within the pre-
Ouzo region, and sample point B (blue circle), situated on the 35:65 dilution line in
the reverse aggregate region. (Bottom) Scattering curves corresponding to the two
points on the ternary phase diagram. Left: The scattering curve for the sample A (pre-
Ouzo region) shows high intensity at lower q values, indicating pre-Ouzo aggregation.
Right: The scattering curve for sample B (reverse aggregate region) features a peak

at higher q values, reflecting oil-hydrotrope clusters in the form of reverse aggregates.
. J
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Figure 3.4: I vs. ¢ curve for three points along the 25:75 octanol-to-ethanol ra-
tio line. The inset displays the ternary plot highlighting these points on the 25:75
autodilution line. The green curve shows pre-Ouzo structuration at low q, which is
absent in the blue and orange curves. The blue curve features a broad pre-peak near

4nm~'. The legend provides the point number on the dilution line and the corre-

sponding transmission coefficient (T).

(blue) shows a pre-peak at higher ¢ (~ 4nm™!), indicating octanol-ethanol hydroxyl
interactions that form inverse structures with water molecules interspersed.

As dilution continues, indicated by the orange curve, the intensity at higher ¢ de-
creases while the intensity at lower ¢ rises slightly, leading to an overall flatter curve.
This change results from the increase in distance of the inverse aggregates as more water
becomes incorporated within them, leading to a shift of the pre-peak to lower g values.

With further dilution, the system enters the pre-Ouzo region, where the scattering
curves start to resemble the green line. This curve exhibits a notable increase in intensity
at lower ¢ values (~ 0.1nm~!), signaling the formation of pre-Ouzo aggregates. These
aggregates emerge as the inverse structures disintegrate, resulting in oil droplets dispersed
within a continuous water phase, with hydrotrope present in both major phases. The
pre-Ouzo droplets, encased by a loosely defined hydrotrope interface (ethanol in this

case), typically measure a few nanometers in size (~ 2 — 4nm).

3.2.2 Structural Insights from Data Fitting

Based on the model proposed by Prevost et al. [120], each data point was fitted using
a combination of appropriate functions derived from the four-term function (Eq. 3.8),
which can be classified into Ik, (Background intensity), OZ (Ornstein-Zernike), BP
(Broad-peak or pre-peak), and Porod (I oc ¢~%) terms (Eq. 3.9).
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Ethanol Primarily BP
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Featureless

Figure 3.5: Ternary phase diagram showing points corresponding to data acquired
for different sample compositions, in terms of mass fraction, from the in situ SAXS
autodilution experiment. Points are color-coded by fit type: light blue for no distinct
features, green for OZ features (pre-Ouzo aggregates), blue for pre-peak features (oil
structuration), and brown for a mix of OZ and Porod, typically in water-rich regions
where larger structures form (details in Appendix A.1.3).

Ioy, Igp 4
I = Ly + + + aq 3.8
. 14 (¢¢0z)*  1+1(q— gsp)énp)? (38)
I = Iy + OZ + BP + Porod (3.9)

After the initial fit was completed, the data points were categorized into specific
types to facilitate understanding of the overall features in the ternary system. This
classification was based on certain criteria: for instance, if the signal contribution from
OZ at qpp exceeds the intensity of BP, the point is designated as an OZ point; otherwise,
it is assigned as a BP point (further details in Appendix A.1.3). This classification
process resulted in Figure 3.5. This figure provides a concise representation of the ternary
phase diagram of octanol-based system, categorizing it into distinct regions, which are

described as follows:

1. Featureless (within the g-range): Within the examined data range, certain
initial points on the ternary phase diagram exhibit no distinct features or structures

that could be associated with a pre-peak Lorentzian or an OZ function. During
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Figure 3.6: Ternary phase diagram showing the fit parameters related to the pre-
peak: (Left) Igp: Intensity of the pre-peak (Right) qpp: Parameter related to
peak position. The dashed blue line acts as a guide for the eye to mark the line of
constant water concentration, along which the pre-peak position shifts to a lower q
with increasing octanol content.
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Figure 3.7: Ternary phase diagram with points indicating £gp, a parameter asso-
ciated with the width of the pre-peak. A larger Egp corresponds to a sharper peak.

the data fitting process, these points are modeled using the fit function: (BP +
Ivkg), which combines a pre-peak term with a background. However, the pre-peak
position for these points falls outside the g-range of our analysis and is therefore

referred to as featureless, based solely on the limitations of our g-window.

2. BP (pre-peak or broad-peak): In the lower water content region, most of the
points display a pre-peak in the scattering curve. This pre-peak is characterized
by a Lorentzian with qgp representing the peak position and &gp representing
the peak sharpness, indicating the presence of octanol-ethanol clusters swollen by
water molecules.

In Figure 3.6 (Right), where ¢pp represents the spacing between these structures
in inverse space (nm~!), we observe two key trends. First, along a constant water
line, the value of qgp decreases with increasing octanol. This indicates that the size

of the oil-ethanol cluster increases as more oil is added. In contrast, higher ethanol
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Figure 3.8: Ternary phase diagram showing the fit parameters related to pre-Ouzo
droplets: (Left) Ioz: Intensity of Ornstein-Zernike term (Right) {oz: Length scale
of the pre-Ouzo aggregates (in nm)

content enhances the solubility and results in smaller and fewer well-defined reverse

aggregates. This manifests as a decrease in &gp (Figure 3.7).

Additionally, for a constant octanol-ethanol ratio, as the water content increases,
the spacing between the aggregates also increases due to the additional water now
residing in the core. This swelling of the aggregate results in them occupying more
space, causing the centers of the cores to move farther apart. Due to the contrast
difference between the hydroxyl group and alkyl part, when the water-rich center

moves apart it manifests as the position of the pre-peak shifting to lower ¢ [157].

3. OZ (Ornstein-Zernike): Figure 3.8 illustrates the points on the ternary phase
diagram where the scattering curves are modeled by a Lorentzian function, specif-
ically the OZ term, centered at ¢ = 0. These points predominantly correspond to

the formation of pre-Ouzo structures, which emerge near the critical point.

Pre-Ouzo droplets are thermodynamically stable microemulsions, typically a few
nanometers in size. As the system approaches the biphasic region within the pre-
Ouzo domain, the size of these droplets (represented by oz in Figure 3.8- Right)
continues to grow (upto ~ 2.5 —4nm). However, after a certain point (at the
binodal line), there is a gradual reduction in droplet size. This decrease occurs
when some pre-Ouzo droplets, which had been expanding due to the addition of
water, exceed a thermodynamic threshold and transition into much larger Ouzo
emulsions. This transformation is not captured by the OZ term but is instead
characterized by a ¢4 Porod relaxation term at relatively lower ¢ values, leading

to a reduction in the intensity of the OZ term.

As shown in Figure 3.8 (Left), the intensity of the OZ term increases as the sys-
tem approaches the critical point. Pre-Ouzo droplets extend beyond the binodal
line into the biphasic region, indicating a coexistence of pre-Ouzo microemulsions
and Ouzo emulsions [120]. Notably, a pre-Ouzo signature persists well within

the biphasic region, suggesting that while some droplets coalesce into larger Ouzo
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emulsions, others remain, gradually merging as dilution progresses to form increas-

ingly structured Ouzo droplets.

4. Porod Region (aq*4): For certain points on the phase diagram, the I vs. ¢
scattering curve exhibits a ¢~* dependence, indicative of Porod scattering due to
the large interface of the Ouzo emulsions. This function is most relevant in the
biphasic region, where Ouzo droplets are present. Although these droplets are not
always the dominant feature in the I vs ¢ curve within our available ¢-range due
to the lack of lower ¢ values, their presence becomes evident once the binodal line

is crossed.

Maxima of Iy, and Phase Separation

In the octanol-based ternary system, a distinct characteristic is observed in the intensity
of the OZ Lorentzian term across multiple dilution lines. By analyzing the curves of
Ioz as a function of water mass fraction along individual dilution lines—where each
point represents a specific sample composition with a fixed octanol-to-ethanol ratio—a
consistent maximum value of this parameter is noted. This behavior is similar to the
findings of Prevost et al. [120] in their study of the 5:95 octanol:ethanol dilution line.
For example, Figure 3.9 (Left) illustrates two dilution lines (for example) with initial
octanol-to-ethanol ratios of 20:80 and 40:60, respectively. In these cases, Ipz increases
until it peaks at 56.57% and 38.28% water (by mass), respectively. This maximum
represents a key point on the ternary phase diagram, appearing along autodilution lines
where the oil concentration is relatively low.

These maxima indicate a phase transition in the ternary system, shifting from a single
homogeneous phase to a biphasic state characterized by turbidity and non-homogeneity.
This can be intuitively understood: the decrease in OZ intensity suggests that pre-Ouzo
aggregates are disintegrating and forming a new structure—larger Ouzo emulsions. As

2 relation of

previously discussed, these larger Ouzo droplets are not modeled by the ¢~
the OZ term, leading to a reduction in OZ intensity after the phase transition. The peak
in Ipyz serves as a clear marker of this transition, and when plotted on the ternary phase

diagram, these points align with the binodal line (see Figure 3.9, right).

Jump in Izp and the Lifshitz line

In Figure 3.10 (Left), the fit parameter Igp, which represents the intensity of the pre-
peak, is plotted against the mass fraction of water in the ternary system for two distinct
dilution lines, each with a fixed octanol-to-ethanol ratio. This figure shows that, at a
certain stage of dilution, the octanol-based ternary system undergoes a sudden drop
in pre-peak intensity (I/pp). This decrease occurs at different points depending on the
dilution line. The simplest explanation for this behavior is a structural reorganization
within the ternary system, transitioning from a pre-peak-dominated arrangement to a

different structural form. When these drop points are mapped onto the ternary phase
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Figure 3.9: (Left) OZ intensity plotted against the water mass fraction for
two dilution lines, with initial octanol-to-ethanol ratio of 20:80 and 40:60, re-
spectively. (Right) The red dots represent all the maxima of OZ plotted on
the ternary phase diagram, tracing the binodal line. These points, known as
phase separation points, signify a transition from a macroscopically homoge-
neous phase to a non-homogeneous phase.

diagram, they form a line that closely resembles the proposed Lifshitz line (see Figure
3.10 Right) and thus we refer to it here as the "experimental LL".

In previous work by Prevost et al. [120], a Lifshitz line was proposed, marking the
onset of pre-Ouzo aggregate formation as the octanol-ethanol binary is diluted. From
the perspective of scattering curves and fitting models, this Lifshitz line represents the
point beyond which the characteristic pre-peak pattern is no longer the only observed
feature. At this stage, other patterns, such as the Ornstein-Zernike behavior, begin to
appear in the SAXS data as the system approaches the pre-Ouzo domain. However,
the experimental Lifshitz line does not align perfectly with the proposed one; instead,
it exhibits a slight curvature in regions with lower octanol concentrations and higher
ethanol content.

In this octanol-based ternary system, the Lifshitz line can be divided into two parts.
In the lower region of the phase triangle, where the hydrotrope concentration is low and
the binodal coincides with the LL, the system transitions during dilution from a state
of structured inverse aggregates (water-in-oil) to a phase-separated state upon crossing
the binodal. Beyond this point, phase separation occurs as the system moves toward a
thermodynamically favorable state, minimizing free energy by forming coexisting macro-
scopic phases. Meanwhile, in the upper region, where the hydrotrope concentration is
higher, the Lifshitz line marks the transition point indicating the onset of an organiza-

tional shift as the system undergoes dilution. Overall, this leads to defining the Lifshitz
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Figure 3.10: (Left) Variation of the intensity of the pre-peak as a function of
water mass fraction for two auto-dilution lines, with initial octanol-to-ethanol
ratios of 20:80 and 40:60, respectively. These figures show a jump in Igp as the
system is diluted. (Right) Mapping these jumps onto the ternary phase dia-
gram approximately retraces the Lifshitz line suggested by Prevost et al. [120)],
with a slight curvature at lower octanol concentrations in this experimental Lif-

shitz line.
HO
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Figure 3.11: Octanol and 2-ethyl hexanol

line in this context as the transition point where the system shifts from one ordered

phase to another ordered phase.

3.2.3 2-Ethyl Hexanol Substitution

The next phase of the experimental study involved substituting octanol with 2-ethyl
hexanol in the ternary system. Octanol, due to its linear structure, forms worm-like ag-
gregates in bulk through hydrogen bonding. When water is introduced, these molecules
initially arrange themselves into a prolate ellipsoid core, which becomes more spherical
as dilution progresses [157]. In contrast, 2-ethyl hexanol, with its branched structure
(Figure 3.11), behaves differently in bulk, as the branching prevents the formation of
extended structures typically seen with linear molecules. This structural difference is
further reflected in their solubilization capacities, as evidenced by the binodal lines for

their respective ternary systems at 25°C (see Figure 3.12). Octanol has a smaller bipha-
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Figure 3.12: (Left) OZ intensity as a function of water mass fraction for two
dilution lines, starting with EH-to-ethanol ratios of 20:80 and 40:60. (Right)
Binodal lines for octanol- and 2-ethylhexanol-based ternary systems at 25°C.
The phase separation points, marked by the maxima of OZ intensity, are shown
along the binodal line for both ternary system (green square for EH and blue
dots for octanol).

sic region, suggesting its capacity to incorporate higher amounts of water into stable
arrangements before phase separation occurs. In contrast, 2-ethylhexanol exhibits a
larger biphasic region.

Qualitatively, the trend of the Ornstein-Zernike (OZ) features associated with pre-
Ouzo aggregates is similar in both systems along any dilution line. The intensity of the
OZ term increases with dilution, reaching a maximum near the binodal line as the system
approaches the pre-Ouzo region, after which Ipz decreases. When mapping the maxima
of Ipz for different dilution lines over the phase triangle, the pattern for 2-ethyl hexanol
retraces the binodal line, similar to the behavior observed in the octanol-based ternary
system (see Figure 3.12).

However, when quantitatively comparing the OZ length parameter, {nz, for the EH
and octanol-based ternary systems, subtle differences become apparent:

Difference la: For similar compositions in both octanol and EH ternary systems,
the £pz values are generally higher in the EH ternary system when the ethanol content
is relatively high. For instance, at approximately 10% oil, 41% ethanol, and 49% water,
the £oz value in the EH system is 2.08 nm, while in the octanol system, it is around 1
nm (see Table A.4 for more comparisons). This emphasizes the contrasting behavior of
oil droplets in a water-rich environment, where they act as pre-Ouzo structures. In the
case of the 2-ethyl hexanol ternary system, when EH molecules are present in the water-
rich phase forming pre-ouzo aggregates, their branching structure occupies more space

compared to the octanol ternary system. Consequently, even with similar compositions,
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Figure 3.13: Comparison of the £n; parameter for the (Left) 2-ethyl hexanol
and (Right) octanol-based ternary systems. The octanol-based system exhibits
a slightly larger area (~ 12%) of bigger pre-Ouzo droplets (greater than ~ 2.5
nm) mixed within the Ouzo emulsions, compared to the 2-ethyl hexanol system.

the EH pre-ouzo droplets take up a larger volume.

Difference 1b: Conversely, when the ethanol content is lower, for comparable com-
positions in both systems, the £pz value is higher in the octanol-based system. For
instance, at approximately 10% oil, 29% ethanol, and 61% water, the {pz value in the
EH system is 1.62 nm, while in the octanol system, it is around 2.39 nm (see Table
A.5 for more comparisons). This may be because, within the biphasic region, pre-Ouzo
aggregates formed in the EH system tend to break apart more easily compared to those
formed with octanol, resulting in smaller droplets in the EH system.

Difference 2: In the EH ternary system, {oz values exceeding 2.5 nm are restricted
to a narrow region near the binodal curve. Conversely, in the octanol-based system,
these larger values extend slightly deeper into the metastable Ouzo region below the
binodal curve (see Figure 3.13). This difference arises because EH pre-Ouzo aggregates
are more unstable and tend to break more easily within the biphasic region compared
to their octanol-based counterparts.

Further, once the system crosses the binodal line and enters the metastable state, the
formation of Ouzo emulsions begins. In terms of scattering intensity, while the smaller
pre-Ouzo aggregates are characterized by the ¢~2 dependence observed in the OZ term
at ¢ ~ 0.1 nm~', the larger Ouzo emulsions, however, display a ¢~* dependence at even
lower ¢ values (< 0.1 nm~!). Thus, during dilution process the OZ intensity increases up
to a certain point, at which the system crosses the binodal line and Ouzo emulsification
begins. After this, Ouzo emulsions become the dominant species, replacing the smaller
pre-Ouzo aggregates. As the size of the species increases, it eventually falls outside the
experimental g-range, causing Ipz to decrease. Consequently, the pre-Ouzo aggregates
shrink, leading to a decrease in the {pz parameter as well.

The larger area of higher £p 7 values in the octanol-based system, compared to the EH
system, suggests that octanol-based pre-Ouzo aggregates are more resistant to breakdown
and transition into Ouzo emulsions. This indicates that a greater amount of water is

needed to break down most of the pre-Ouzo aggregates and form the Ouzo emulsions in
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Figure 3.14: Scattering curves for the octanol (Left: a and b) and 2-ethyl
hexanol-based (Right: c and d) ternary systems, where a higher point number
corresponds to a more diluted sample. Figures a and c show lower initial oil
ratios, while figures b and d represent higher oil content. Although the center
of the broad peak shifts to lower q values in all cases, its intensity decreases
in the 2-ethyl hexanol system but increases in the octanol system.

the octanol system.

When comparing the pre-peak between the octanol-based and EH-based ternary
systems, two key differences emerge: the first concerns the shift in pre-peak position
(¢gBp) on the g-scale, while the second relates to variations in pre-peak intensity (Ipp).

Examining the scattering curves in Figure 3.14 for the octanol-based ternary system,
the pre-peak shifts to a lower ¢ value as the water content increases, indicating the
evolution of reverse aggregates with dilution. In the octanol system, the peak position

L and

moves between 5nm~! and 2.5nm ™! for lower octanol ratios and between 4.5 nm™
3nm~! for higher octanol content. A similar trend is observed in the 2-ethyl hexanol-
based ternary system, where the peak shifts from 8Snm~! to 5.5nm~! for lower EH
content and from 6 nm~! to 4.5nm~"! for higher EH content. In comparison, although
dilution leads to the expansion of reverse aggregates in both oil-based ternary systems,
the octanol-based aggregates are initially larger, as indicated by their smaller ¢ values,
compared to those in the EH-based system.

Another variation between the two systems lies in the behavior of the pre-peak inten-
sity (Ipp): while its magnitude increases with dilution in the octanol system, it decreases
in the EH system. This reflects differences in their reverse structures—octanol-based ag-
gregates are more well-defined due to the linear structure of octanol molecules, which
pack more efficiently per unit volume and exhibit stronger hydroxyl group interactions,

allowing them to incorporate more water. The increasing intensity suggests that these
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Figure 3.15: Examples of intensity changes in the pre-peak for the 2-ethyl hexanol-
based ternary system, displaying a gradual decrease rather than the sharp drop ob-
served in the octanol-based ternary system.

structured aggregates remain stable even as water is added to their cores. In contrast,
EH-based (branched oil) aggregates start smaller and incorporate less water upon dilu-
tion before eventually breaking apart due to weaker hydroxyl group interactions.
Furthermore, Figure 3.15 shows that, unlike the octanol-based ternary system, the
2-ethyl hexanol system does not exhibit a sudden jump in pre-peak intensity. Instead,
it displays a gradual decline. As a result, identifying the so-called ’experimental Lifshitz
line’ in the 2-ethyl hexanol ternary system based on the same criterion—a jump in Igp as
observed in the octanol system—was not possible. However, the transition from reverse
aggregates to the pre-ouzo domain still occurs, and it can be described as a broader

Lifshitz zone rather than a clear-cut line.

3.2.4 Invariant of OZ and BP

A more quantitative approach to delineating the pseudo-phases of OZ and BP on the
ternary diagram is through the calculation of the Porod invariant, introduced in Chapter
2. Since the Porod invariant depends on the volume fraction rather than the particle
size, it eliminates direct size effects while still retaining information about contrast,
volume fraction, and overall morphology. This makes it a robust tool for distinguishing
structural transitions without complications from size polydispersity. Additionally, as
long as the scattering contrast remains unchanged, the Porod invariant allows for a
consistent comparison of different phase regions, making it particularly useful in mapping
phase boundaries in complex ternary systems.

For octanol ternary, the absolute invariant, computed separately for the OZ and BP
terms, provides a clear quantitative distinction between the two regions dominated by
each structural feature. The OZ-invariant (Figure 3.16) distinctly marks the pre-Ouzo
region, making its boundaries more apparent. In contrast, the BP-invariant (Figure
3.17) highlights the region of reverse aggregates, where higher values indicate a stronger

presence of these structures. The ratio of these two invariants is shown in Figure 3.18,
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Figure 3.16: Absolute invariant values for the OZ term in the octanol ternary sys-
tem. The OZ invariant reveals a distinct boundary for the pre-ouzo domain, marking
the region where a significant increase in OZ intensity is observed.

Invariant BP (abs.)
Ethanol

Figure 3.17: Absolute invariant values for the BP term in the octanol ternary
system. The BP invariant highlights the region in the lower part of the phase triangle
where the pre-peak intensity is more pronounced, indicating stronger hydroxyl group
interactions among the alcohols. In the upper portion of the ternary diagram, the
pre-peak gradually shifts out of the experimental q-window, indicated by lower values
of the corresponding invariant.
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Figure 3.18: Ratio of invariant OZ to invariant BP, indicating the regions
where either OZ or BP dominates.

highlighting the dominant contribution of either BP or OZ across the phase triangle.

In Figure 3.19, the boundary of the pre-ouzo domain is marked by identifying points
where the OZ invariant becomes nonzero. When compared to the previously established
experimental Lifshitz line (LL), both boundaries exhibit a similar curvature, albeit at
different compositions. By analyzing these two newly identified lines alongside the previ-
ously highlighted fit parameter values, an inference can be made about an organizational
transition occurring as one moves across the phase triangle from right to left.

At point A, on the right side, the system is in a pseudo-phase rich in oil, favoring the
reverse aggregate structures (as discussed in the chapter on dynamics). As the system
nears point B, positioned between the LL and the boundary marked as the ’onset of
OZ, it progressively shifts from an oil-continuous to a water-continuous phase. This
region serves as a transitional zone, where residual alcohol-based structures persist while
the early stages of pre-Ouzo aggregation emerge, though well-defined aggregates have
yet to form. Finally, moving from point B to point C, within the pre-Ouzo boundary,
well-defined pre-Ouzo aggregates become apparent.

An analysis of both the invariant (see Figure 3.20) along with the results of fitted
data parameters of the EH ternary, reveals a fundamental difference in the structuring
of reverse aggregates between the two ternary systems. On the oil-rich side, octanol-
based reverse aggregates are larger, well-defined, and can incorporate more water into
their cores, whereas EH-based reverse aggregates are smaller and less structured due
to the branched nature of the molecules. Consequently, defining a clear Lifshitz line
(the boundary between w/o and o/w regions) and a pre-ouzo boundary (the mesoscale

structure domain upon dilution) is more challenging in the EH-ethanol-water ternary
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Figure 3.19: Top: Ternary plot depicting the experimental LL, identified
by a jump in pre-peak intensity (Igp), and the pre-ouzo boundary, marked
by the onset of invariant OZ values. Bottom: Schematic representation of
three highlighted points on the ternary: A (located in the oil-rich phase, where
reverse aggregates form), B (a transitional state with weakly defined mesoscale
structures), and C (the pre-ouzo region, consisting of oil-ethanol clusters in a
water-rich environment).
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Figure 3.20: Left: Condensed representation of the fit functions used to define
the main contributions from the OZ (pre-Ouzo) and BP (pre-peak) terms (note:
"featureless" refers to the region where the pre-peak is outside the analyzed g-
window for our case). Right: The ratio of the OZ to BP invariant for the
EH-based ternary system.
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Figure 3.21: Total free energy computed for a pre-Ouzo droplet containing
12% oil, 35% ethanol, and 53% water. Left: Octanol-based ternary system
(¢ ~ 2.51 nm). Right: EH-based ternary system (§ ~ 2.95 nm). The value of
¢ is determined from experimental data (see Table A.6 for parameter values).

system.

Free Energy Calculation for SFME

An attempt was made to calculate the free energy for pre-Ouzo structures following the
approach of Zemb et al. [109]. In Figure 3.21, the total free energy for the octanol- and
EH-based ternary systems are shown, based on SAXS experimental results from this
work.

The total free energy includes contributions from solvation (or hydration) energy,
entropy, and bending (or curvature) energy, as outlined in Chapter 1. The equilibrium
of these factors stabilizes the pre-Ouzo aggregate, resulting in a free energy minimum.

Here, entropy depends solely on the correlation length, &£, while hydration energy is

determined by:

Phydration = —Poe_u/’\ (310)

where Py, the contact pressure, is influenced by the binding and arrangement of
water and ethanol molecules at the interface. The parameter A represents the decay
length associated with hydration and u is linked to the thickness of water-rich domains
(see Appendix A.3 for details on the calculation).

To compare the forces involved in EH and octanol pre-Ouzo aggregates, we examine
cases with similar compositions in both ternary systems (Figure 3.21). Using the param-
eters from Zemb et al. [109] for the octanol ternary system, we found that the calculated
¢ value at the free energy minimum closely matches the experimental {pz, ., from SAXS
at a given composition. To match the SAXS-derived {pz,, value for EH, we adjusted
the Py parameter while keeping all other parameters fixed. The results show that EH
has a contact pressure 1.4 times higher than octanol at this composition, when its OZ
length parameter is 1.18 times larger than that of octanol.

This preliminary exploration of free energy parameters provides insight into the rela-
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tionship between the pre-Ouzo domain size (proportional to ~4¢) and the hydration pres-
sure (which keeps the pre-Ouzo domains separated). The result aligns with expectations,
as hydration pressure acts as a repulsive force that prevents domain collapse—larger do-
main sizes correspond to higher contact pressures. However, this remains a preliminary
calculation, and a more thorough analysis of both systems is necessary to establish a
generalized trend linking free energy and domain size in pre-Ouzo SFME for 2-ethyl

hexanol ternary systems.

3.3 Conclusion from SAXS Study

We identified distinct regions characterized by pseudo-phases: the pre-ouzo aggregates
in the water-rich region, primarily described by the Ornstein-Zernike (OZ) term, and the
oil-rich region defined by a pre-peak, where aggregates form through octanol-ethanol hy-
droxyl group interactions, with water residing inside. Further insights into their structure
are revealed through dynamic studies in the following chapters.

An experimentally determined Lifshitz line was identified for the octanol-ethanol-
water ternary, closely resembling the proposed LL but with a slight curvature. In this
system, the well-defined wormlike reverse aggregates in the oil-rich region contribute to
a high pre-peak intensity (Igp). Upon dilution, at certain compositions, these structures
break apart abruptly as a new pseudo-phase emerges, causing a sharp decrease in Igp,
which signifies the transition. However, such a distinct transition was not observed in
the EH-based ternary. While reverse aggregates were present, they were comparatively
shorter than those in the octanol system due to the branching ethyl group in EH, which
limits hydroxyl interactions. As dilution progresses, these structures gradually disas-
semble, initiating the formation of the next pseudo-phase in a more continuous manner.
This leads to a gradual decrease in Igp, emphasizing the influence of EH’s branching
on structuration and phase transitions. Further molecular dynamics simulations of the
EH-based ternary system could provide deeper insights into its structural organization.

The calculation of the invariant quantity offers a quantitative approach to identifying
the pre-Ouzo boundary within the phase triangle. Additionally, the maxima of the Ipz
fit parameter, when mapped onto the ternary diagram, closely follow the binodal line
reported in the literature from tie-line measurements, reinforcing the accuracy of the
composition calculations, which are embedded in the transmission values obtained from
the in situ measurements.

Furthermore, although critical fluctuations (CF) are expected in ternary systems near
the critical point (CP), they were not observed in the SAXS experiments. The pre-Ouzo
organization remained unaffected by these fluctuations, as indicated by the reasonable
length scale parameter of the OZ term ({pz). This demonstrates the advantage of
SAXS over light scattering techniques. In DLS, measurements are often taken at lower ¢
values, where signals from large-scale critical fluctuations can dominate and potentially

obscure contributions from smaller pre-Ouzo aggregates. SAXS, by contrast, operates at
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higher ¢ values, avoiding this issue and ensuring a clearer distinction between different
length scales. This enables a more reliable characterization of the nanoscale structural

organization within the pre-Ouzo regime.
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Chapter 4

Temperature-Dependent Behavior

of Pre-Ouzo

4.1 Introduction

The temperature of a solution is critical in determining the formation and stability of
a system, making the understanding of thermal responses in SFME systems essential
for optimizing their performance. Temperature variations enable the solubilization and
desolubilization of components into different phases, facilitating the extraction of de-
sired components. Temperature-dependent studies on SFMEs have revealed significant
advancements in extraction processes. For instance, Zhang et al. [105] explored a novel
SFME system with DMSO as an amphiphilic solvent, n-butanol as the non-polar phase,
and water as the polar phase. Their findings showed that minor temperature changes
near the boundary line triggered dramatic transitions from single-phase microemulsion
(at high temperatures) to complete phase separation (at low temperatures), enabling
complete demulsification. Unlike redox- or CO2-induced transitions in other systems,
this temperature-induced transition in SFME was not confined to a specific sub-region
(W/0O, BC or O/W). When used as a nano-reactor, Ag NPs spontaneously separated
into the lower phase upon cooling, simplifying collection. Additionally, Ag NPs from
SFME exhibited higher catalytic activity compared to those from SBME, likely due to
the absence of surfactant adsorption on their surface.

The study by Mingbo et al. [158] on the trans-anethol-ethanol-water system re-
vealed that increasing the temperature expands the monophasic region, while both the
refractive index and viscosity decrease monotonically. Notably, viscosity shows a signifi-
cant exponential decay. Higher temperatures disrupt macroscopic stability, leading to an
exponential reduction in scattering light intensity due to the disappearance of mesoscopic
droplets ( 100 nm in size). These droplets, which contain minimal trans-anethol, demon-
strate rapid nucleation and size recovery upon cooling, highlighting excellent reversibility.
While droplet size remains relatively stable with temperature, their concentration de-

creases exponentially. These findings underscore the crucial role of mesoscopic structures
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Figure 4.1: Schematic representation of temperature-dependent variations in
the biphasic region of an ethanol-based oil-water ternary system. With increas-
ing temperature, the homogeneous (1¢) region expands as the binodal line shifts
downward, while the critical point (green circles) moves slightly toward the oil-
rich side. As a result, any given point X within the phase triangle may lie in
either the single-phase (1¢) or biphasic (2¢) region, depending on the system’s

temperature. (This figure is derived from the findings for the 2-ethyl hexanol-ethanol-water ternary
system presented in Figure 5.22.)
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Figure 4.2: Ternary plot showing the points for which temperature-dependent
SAXS experiment was performed. Point 1 is the critical point, while the others
are progressively positioned away from the critical point in terms of composition.
(Note: the colored pentagon symbols are the actual points while the numbers
in circle are there to help identify them.)
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in thermal responses within ternary surfactant-free systems. Further, understanding the
temperature range of stability for SFMEs is crucial for their effectiveness in extraction
applications. These results emphasize the importance of studying temperature behavior
in SFMEs to fully harness their potential for various applications.

Each point on a phase triangle corresponds to a sample with a fixed composition;
however, the features of the phase triangle, such as the binodal line and critical point, are
temperature-dependent due to variations in the solubility of the ternary components (see
Figure 4.1). For instance, in a ternary mixture of octanol, ethanol, and water, increasing
temperature causes the binodal line to shift downward, expanding the homogeneous
region in the phase diagram [158]. Similarly, in the octanol-ethanol-water ternary system,
the critical point shifts closer to the oil phase with increasing temperature [159].

We conducted temperature-dependent SAXS measurements to investigate how the
behavior of the ternary samples changes near the critical point. This study focused on
examining the intensity of the Ornstein-Zernike (OZ) term as a function of temperature,
which is characteristic of pre-Ouzo aggregation and its temperature dependence. This
experiment builds upon the SAXS autodilution study discussed in the previous chapter,
but in this case, we analyzed the ternary samples without any autodilution.

For the temperature-dependent investigation of the phase behavior in octanol-ethanol-
water and 2-ethyl hexanol-ethanol-water ternary mixtures, a total of 20 samples were
examined, with ten unique compositions prepared for each system. Details of the octanol-
based samples are provided in Table A.7, and those of the ethyl hexanol-based samples
in Table A.8. Each experiment began at 15°C, with the capillary gradually heated to
55°C while three SAXS measurements were taken at each temperature point. Afterward,
the capillary was gradually cooled back to 15°C, with measurements taken during the

cooling process in the same manner.

4.2 Results and Discussions

Figure 4.1 illustrates the downward shift of the binodal line with increasing temperature.
Depending on the temperature, any point X could fall within the two-phase region or rep-
resent a single-phase sample. The temperature at which the sample point transitions into
the two-phase region upon cooling is referred to as the Phase Separation Temperature
(PST). As expected, the PST will vary for each point on the phase triangle, indicating
the temperature at which it will intersect the binodal line.

Based on their temperature-dependent behavior, the samples can be divided into two
groups: those positioned near the binodal line at room temperature and those farther
away from it. Considering that 25°C is a reasonable approximation of room temperature
and there is well-established literature data on the critical point and binodal line for the
octanol-ethanol-water ternary system, we use this temperature as our reference point.

The Ornstein—Zernike (OZ) intensity reflects the presence of pre-Ouzo aggregates.

A decrease in Ioyz with increasing temperature indicates improved solubilization, which
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Figure 4.3: 1oy vs Temperature plots for octanol-based ternary samples as shown
in Figure 4.2. (Top Left) For sample WO __1, representing the critical point, a hys-
teresis is observed in Ipy during heating and cooling. (Top Right) and (Bottom
Left) For samples WO _5 and WO _ 7, which are farther from the critical point in the
vertical direction, no hysteresis is observed. (Bottom Right) Sample WO _8 exhibits
a similar hysteresis pattern as WO __ 1 but shows higher 1oz values, indicating stronger
pre-Ouzo aggregation. The phase separation temperature (PST) and equalizing tem-
perature (ET) are indicated on the figures.

prevents spontaneous mesoscale structuring. Figure 4.3 illustrates the Ipz vs temper-
ature data obtained through OZ fitting for four different samples. These samples are
named in the same order as listed in the phase triangle shown in Figure 4.2.

Samples with compositions closer to the binodal line (at 25°C) exhibit dis-
tinctive behavior during temperature changes. For example, the Ioyz vs. temperature
curves for samples closer to the critical point and, consequently, the binodal line (such as
WO 2 and WO_ 8 in Figure 4.3) in the octanol-based ternary system exhibit hysteresis.
For these samples, the Ioz typically starts at an intermediate value and decreases gradu-
ally as the temperature increases. During cooling process, the Ioz value rises gradually,
reaches a maximum at a specific temperature (PST), and then suddenly drops to a lower
value below this temperature. Additionally, at a certain higher temperature (referred to
here as ET for "Equalizing Temperature"), the Ioz values for the heating and cooling
paths converge and remain identical at higher temperatures.

The hysteresis observed in the Ipz curve—where 1oy follows different paths during
heating and cooling—can be attributed to the shifting position of the system’s binodal
line, which moves upward as the temperature decreases. Since the samples were initially
prepared according to the homogeneous phase at 25°C, a temperature drop below their
PST during the experiment’s initial phase causes the upward shift of the binodal line,
moving these samples into the biphasic region, as their Phase Separation Temperature
(PST) surpasses the current experimental temperature.

During heating, as the temperature increases and exceeds the PST, Ipz is expected

to show a sudden rise followed by a decline, corresponding to the formation of pre-
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Ouzo aggregates and their subsequent breakdown with increasing temperature. However,
incomplete mixing within the capillary can delay the aggregation process, causing Ipyz
to decrease monotonously as the binodal line shifts away from the sample point.

Upon cooling, Ipz increases at a different rate, likely due to improved sample ho-
mogeneity from better solubilization at higher temperatures. As indicated by the ET,
this enhanced solubilization results in similar values at higher temperatures for both the
heating and cooling paths.

During the cooling phase, the sample may re-enter the biphasic region upon reaching
the binodal line, or its PST, as observed for sample WO _ 8 around 21.15°C and for WO 1
at 21.18°C. Additionally, the small variation in PST for samples close to the binodal line
at 25°C hints to the curvature of the binodal line and underscores the differences in
the proximity of the sample to the critical point (CP). For samples far from the CP or
binodal line, however, this trend is not observed because the experimental temperature
does not drop below their respective PSTs.

Furthermore, the magnitude of Ipz is higher for samples positioned closer to the
critical point (CP) in the pre-Ouzo region compared to those farther from CP. This
trend reflects the extent of mesoscale aggregation and its dependence on temperature.
Among the samples near 25°C-CP (WO _1, WO 2, WO _5, and WO _8), a noticeable
variation in Ipz values is observed. At 25°C, WO _8, located on the pre-Ouzo side,
exhibits the highest Ipz value (~ 1), followed by WO _2 on the right side of CP (~ 0.5).
In contrast, WO 5 shows a significantly lower Iz value (~ 0.25), while WO 1 has the
lowest (~ 0.05). The reduced Ipz of WO 5 can be explained by its higher hydrotrope
content, which increases its vertical distance from CP. However, WO 1 presents a more
intriguing case. Despite having the lowest hydrotrope content among all samples, its
behavior differs significantly due to its close proximity to CP at 25°C.

Samples positioned farther from the binodal line at 25 °C generally do not
exhibit hysteresis, as they remain outside the biphasic region throughout the temperature
cycle of the experiment. However, as the distance from the critical point increases in the
upward direction, the overall Ornstein-Zernike intensity decreases. This is because the
increased presence of hydrotrope facilitates solubilization, thereby hindering pre-Ouzo
aggregation.

Similar trends are observed for the length scale parameter related to the Ornstein-
Zernike intensity. In Figure 4.4, the £nz vs temperature plots are shown. For a sample
closer to the binodal line at 25 °C (e.g., WO _8), hysteresis behavior is observed, where
the length scale of the aggregates initially starts from an intermediate value at low
temperatures and gradually decreases with heating. During cooling, the sample follows
a different path, with higher {nz values below the ET. After reaching the PST, the size
parameter drops to a lower value, returning to its original state before the experiment
began.

In contrast, for a sample such as WO 7, which was never near the critical point (CP)

and whose PST was never crossed during the experiment, both the heating and cooling
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Figure 4.4: Length scale parameter (£) extracted from the OZ fitting of SAXS
data for the octanol-ethanol-water ternary system. The parameter shows a
trend similar to the intensity of the OZ function: for samples relatively far
from the critical point (CP) (e.g., Left: WO __7), the curve follows the same
path during heating and cooling. However, for samples closer to the CP (e.g.,
Right: WO _8), a hysteresis effect is observed. Overall, parameter (§) decreases
significantly with increasing temperature due to the enhanced solubilization of
the components within the sample.

paths show the same length scale parameter values, which continuously decrease with
increasing temperature. In general, it can be assumed that the values obtained during
the cooling path provide a better estimation of pre-ouzo formation, as aggregates form
after the components are fully solubilized.

The sudden decrease in both the intensity and length scale of the OZ signal upon
crossing the PST during cooling can be explained as follows: The OZ contribution origi-
nates from the smaller pre-Ouzo aggregates that predominantly exist in the homogeneous
phase, as discussed earlier. However, once the system crosses the PST and enters the
metastable region, spontaneous formation of Ouzo emulsion droplets occurs. These Ouzo
emulsions, being significantly larger in size, do not contribute to the ¢~2-dependent OZ
term. Additionally, the formation of Ouzo droplets happens at the expense of the pre-
Ouzo microemulsions, leading to a reduction in the OZ intensity. It is also noteworthy
that trace amounts of pre-Ouzo aggregates remain present even within the Ouzo region,
as highlighted in the previous chapter.

Figure 4.5 shows the oz values for all 10 samples at both 21°C and 51°C, high-
lighting clear differences in Ipz and {pz values when comparing the samples at the two
temperatures.

At 21°C (lower temperature), {oz values differ between the cooling and heating
paths, with higher values observed during the cooling path. This indicates enhanced
aggregation during cooling. In contrast, at 51°C (higher temperature), the {oz values
are similar for both the cooling and heating paths. Overall, the oz values at 21°C are
notably higher, ranging from approximately 1 to 10 nm, compared to the smaller range
of 0.7 to 1.5 nm observed at 51°C. This difference is likely due to enhanced aggregation
possibilities at lower temperatures.

For samples along the same dilution line (e.g., ethanol), increasing the distance from

CP generally results in better solubilization and, consequently, poorer mesoscale struc-
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Figure 4.5: Figure showing oz values for 10 samples of the octanol-ethanol-
water ternary at 51°C' (star) and 21°C (circle). Three SAXS readings were taken
during heating and cooling for each sample. The gray arrows indicate changes
in £ relative to the critical point (CP), with the dotted lines separating the
water, ethanol, and octanol dilution categories. At higher temperatures, £ val-
ues remain consistent across heating and cooling, while at lower temperatures,
discrepancies (denoted by A) occur between the heating and cooling paths.
Additionally, variations in £ values (denoted by ¢) are observed for the same
temperature and cooling path across the three SAXS readings.

turation at both temperatures. However, at 21°C, a distinct trend is observed: samples
along the ethanol dilution line exhibit relatively lower {pz values compared to those
along the octanol and water dilution lines. This difference is attributed to the curvature
of the binodal line. Near CP, the binodal line has a flatter curvature, causing samples
like WO_ 2 and WO _ 8 to be closer to the binodal line, while WO _5 is vertically farther
from CP compared to the other two.

Similar observations were made for the 2-ethyl hexanol-ethanol-water ternary system,
with the only difference being the magnitude of £nz. For example, comparing the samples
near the 25°C-CP for both EH and octanol ternaries (WEH 1 and WO _1): the length
scale for WEH 1 is around 5 nm at 25°C, while for WO 1, £pz is about 1.5 nm at its
PST of 21.18°C, which is approximately 3.3 times smaller.

4.3 Conclusion from Temperature analysis

Overall, the SAXS analysis of SFME across varying temperatures provides insight into
how pre-ouzo structuration evolves in relation to the temperature-driven binodal line and
CP. When the sample becomes biphasic during heating or cooling, the size parameter
sharply decreases due to the formation of ouzo emulsions at the expense of pre-ouzo
microemulsions, as indicated by a sudden drop in the OZ intensity. Notably, the pre-

ouzo region is not a static or well-defined area within the phase triangle; instead, it can be
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Figure 4.6: Schematic representation of the pre-Ouzo microemulsions being
resolubilized into the solution as smaller O/W droplets with increasing temper-
ature.

considered a thermodynamically responsive region of the phase diagram, with its extent
changing based on temperature. From the perspective of a fixed sample composition,
the degree of solubilization—and consequently the formation of pre-ouzo droplets—is

temperature-dependent. This temperature sensitivity is illustrated in Figure 4.6.
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Chapter 5
Dynamics of SFME Ternary System

The microscopic arrangement of molecules in liquid mixtures significantly influences their
bulk properties, such as solubility, viscosity, and transport behavior. In this section, we
aim to unravel the connection between molecular dynamics and macroscopic properties.
To explore the dynamics and the effects of pre-Ouzo structuration in the ternary system,
we utilized PFG-NMR, Neutron Spin Echo (NSE), and rheology, and compared our
findings with classical molecular dynamics (MD) simulations conducted by D. Horinek
(Univ. Regensburg). NSE and NMR provide complementary insights by measuring
diffusion coefficients at different scales: NSE captures both individual and collective
dynamics within small spatial domains over short timescales, while PFG-NMR focuses
on self-diffusion dynamics at larger length scales over longer timescales.

We begin by exploring the dynamics of binary ethanol-water and ethanol-octanol
mixtures to better understand the molecular interactions and diffusion processes that
drive these systems [160]. Using a combination of NMR and NSE techniques, we inves-
tigate diffusion across a wide range of length scales, from nanometers to microns. This
enables a detailed analysis of how dynamics evolve across different scales in complex
mixtures. NMR reveals a well-known trend in complex systems, where dynamics slow
down as the length scale increases [161].

Building on this, we extended our analysis to the octanol-ethanol-water ternary sys-
tem, which is central to this study. To complement this, we performed rheology ex-
periments to examine viscosity variations. For NSE, we expanded our investigation to
include both octanol- and 2-ethyl hexanol (EH)-based ternary systems, allowing us to
compare dynamics for these two types of hydrophobic components. This comparison
enabled us to assess how substituting linear octanol with its branched counterpart in-
fluences the dynamics. NSE measurements were carried out using the IN15, IN11C and
WASP instruments at ILL, which span different g-ranges and provide a comprehensive
view across multiple length scales.

For the octanol-ethanol-water ternary system, we analyzed samples along three dis-
tinct dilution lines (see Figure 5.1). These lines were carefully chosen to encompass both

samples within and outside the pre-Ouzo region, offering a thorough perspective on the
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Figure 5.1: Ternary phase diagram of the octanol-ethanol-water mixture,
showing the different lines used for NMR analysis: the horizontal line (HL)
with 8 samples, the diagonal line along the water vertex (D Lqter) With 6 sam-
ples, and the diagonal line along the octanol vertex (D Loctanor) With 5 samples.
All samples represent fully hydrogenated components, with compositions ex-
pressed as mass percentages.

dynamic changes associated with pre-Ouzo aggregation: (a) Horizontal Line: This line
includes 8 samples with a constant ethanol mass fraction and varying water-to-octanol ra-
tios (details on compositions and calculations are provided in the Appendix section A.4).
Moving from left to right across the phase triangle, the system transitions from a binary
ethanol-water mixture to a ternary mixture with increasing octanol content, and finally
to a binary octanol-ethanol mixture. (b) Water Diagonal Line: This line starts with a
binary octanol-ethanol mixture, followed by successive dilution with water while main-
taining a constant octanol-to-ethanol ratio. A total of 6 samples were analyzed along
this line. (c) Octanol Diagonal Line: Along this line, the ethanol-to-water ratio remains
constant, and samples with varying octanol content were prepared.

To isolate the dynamical signatures of individual components, we used deuterated
compounds. For this purpose, we prepared three sets of each sample along the horizontal
and water diagonal lines, where one component in each set was hydrogenated while the
other two were deuterated. For example, in the first set, octanol was in its hydrogenated
form (CgH130), while ethanol and water were replaced with their deuterated forms
(C2DgO and D20, respectively).

To gain further insights, we compared the octanol/EH-ethanol-based ternary system
to the ethyl acetate-sodium salicylate-water system. In the latter, which is based on an
electrolytic hydrotrope, there is no evidence of pre-Ouzo structuration or spontaneous

emulsification (Ouzo effect) [162]. This comparison highlights the differences in dynamics
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Figure 5.2: Self-diffusion coefficients obtained from NSE and NMR measure-
ments for pure compounds and binary mixtures at 298 K. In binary mixtures,
the component being analyzed is highlighted in bold within the legend. The
lines serve as visual guides. Notably, unlike the other components, the ethanol
diffusion coefficient shows an increase between NSE and NMR measurements in
the ethanol-octanol mixture.

arising specifically from pre-Ouzo structuration in the former systems.

5.1 Pulse Field Gradient NMR Analysis of Oc-
tanol and EH Ternary Systems

Binary Ethanol-water and ethanol-octanol Mixture

For water, ethanol, and octanol in their pure, unmixed state, diffusion behavior varies sig-
nificantly. Pure water maintains a consistent diffusion coefficient across different length
scales due to its strong 3D hydrogen-bond network [163, 164|. In contrast, pure ethanol
and pure octanol exhibit a noticeable slowing of diffusion as the length scale increases,
driven by molecular clustering and hydrophobic interactions. These differences highlight
how molecular structure and interactions influence diffusion dynamics.

In the ethanol-water binary mixture, ethanol’s diffusivity is lower than that observed
in pure ethanol, consistent with the solution’s increased viscosity. At smaller length
scales, corresponding to a few molecules probed by NSE, ethanol exhibits diffusion similar
to that measured at larger distances by NMR. However, in the NSE data, there is a subtle
dependence of diffusion on ¢, as indicated by the error bars in figure 5.2. In contrast,
NMR results show that ethanol’s diffusion stabilizes, influenced by the three-dimensional
hydrogen-bond network of water, emphasizing the dominance of water’s structure over
macroscopic distances.

In the ethanol-octanol mixture, a contrasting behavior is observed. Octanol diffusion
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slows at larger distances, consistent with the behavior of pure octanol. However, ethanol
displays a surprising trend: its diffusion tends to increase at larger scales, behaving in a
more bulk-like manner. This unexpected observation suggests that ethanol’s dynamics
at long distances are less hindered by the surrounding octanol molecules, which locally
disrupt ethanol clusters. Meanwhile, octanol appears to be fluidized by the presence of
ethanol, which disturbs the structural organization of octanol over short distances but
preserves its effect at larger scales.

The dynamics in binary mixtures like ethanol-octanol reveal remarkable complex-
ity and strong length-scale dependence, as evidenced by the significant disparity—over
60%—in diffusion coefficients measured using PFG-NMR and NSE. This contrast, span-
ning several orders of magnitude, highlights the subtle, long-range structuration in mono-
alcohol systems, corroborated by dielectric spectroscopy observations of a pronounced
Debye peak [165, 166]. These findings underline the intricate interplay between molecular
structuring and dynamic behavior in these systems, paving the way for deeper insights

into self-organization at varying scales.

Ternary System: Octanol-Ethanol-Water

We then extended the methodology to ternary mixtures. By examining the horizontal
dilution line at 43 wt.% ethanol (see Figure 5.1, green line with circles), the composition
of the octanol-ethanol-water ternary mixture spans the phase diagram from low octanol
content on the left, characterized by mesoscale organization in the pre-Ouzo zone, to
octanol-rich reverse aggregate mixtures on the right.

Unlike binary systems, the translational diffusion coefficients of individual species
measured using NSE and NMR in the ternary mixtures were observed to show a notable
degree of consistency. This agreement allowed the incoherent NSE data to be constrained
by NMR diffusion coefficients. This initial analysis demonstrates that mesoscale organi-
zation in ternary systems prevents the formation of extended-range structures, allowing
translational dynamics to be probed consistently at both nanoscale and microscale res-
olutions.

Figure 5.3 displays the diffusion coefficients measured by PFG-NMR along the hor-
izontal line. Although the overall diffusion coefficient (derived from all hydrogenated
samples) decreases by a substantial factor along this line, the diffusion behavior of in-
dividual species shows significant variation. Ethanol’s self-diffusion coefficient remains
constant throughout the range. In contrast, water’s diffusion coefficient decreases as
the composition of octanol increases i.e. shifts from the binary water-ethanol mixture
(on the left side of the phase triangle) toward the ethanol-octanol binary (on the right).
Conversely, octanol’s diffusion coefficient exhibits an opposite trend, increasing as the
octanol fraction in the ternary mixture rises. At the point where water and octanol reach
equal mass fractions, water’s diffusion coefficient drops further and stabilizes on the side
where octanol is in excess. Meanwhile, octanol’s diffusion coefficient remains relatively

steady before this equal mass fraction point and then begins to increase on the other

96



Chapter 5. Dynamics of SFME Ternary System

100 — 77 v v
y
| I:)Lhorizonta/ |
v | . B allH
A v
—~ 750 [ .| @ octH i
& v | . eth H
_E | ] 0 *| W waterH| |
‘T \\ L] v
g n- . | . . v
Ind 50 |- : \!,,l i
S ~ R-g... . .m
2, [ b el
D | __a".-- ——.‘—
25| i"'. . -
***** ®--@--@--—--- ,
" 1 " 1 N 1 N 1 " 1 "

0.0 0.1 0.2 0.3 04 0.5 0.6
Octanol mass fraction

Figure 5.3: Diffusion coefficients extracted from PFG-NMR (*H) measure-
ments along the horizontal dilution line. The legend refers to the hydrogenated
species in the mixture: n-octanol, ethanol, or water, with the other two compo-
nents deuterated. The vertical dotted line indicates the Lifshitz line proposed
by Prevost et al. [120]; the dashed line indicates a mass ratio of octanol/water
= 1. Error bars are smaller than the symbols. Dashed transversal lines are
guides for the eye.

side.

We also observe that when the ethanol mass fraction remains constant, its diffusion
coefficient does not change during the transition between the oil-rich and water-rich
regions, suggesting the presence of meso-structuration, where most of the ethanol exhibits
dynamic behavior and is not strongly bound to other components. The behavior of the
octanol diffusion coefficient differs as the system transitions from a pre-Ouzo domain to a
reverse aggregate domain, leading to a reversal in the organization of octanol molecules.
Notably, there is evidence of pre-Ouzo structuration, with oil molecules being trapped
and exhibiting lower diffusion, as well as evidence of reverse structures where water is
trapped. However, no signs of a transition to a bi-continuous phase are observed, where
the dynamics of both major phases would typically become similar.

Classical molecular dynamics (MD) simulations along the same horizontal
line showed excellent agreement with experimental diffusion coefficients, capturing both
absolute values and trends (Figure 5.4). Minor discrepancies were observed for octanol
diffusion, where (i) the slight inconsistent transition occurred for MD at a lower octanol
fraction than in experiments, and (ii) the increase in diffusion coefficient of octanol
was less linear at higher octanol ratio. The distinction between pre-Ouzo and non-
Ouzo regions was particularly evident in the mean square displacement (MSD) slopes for
octanol molecules (Figure 5.5). Additionally, log-log plots of MSD (Figure 5.6) highlight

that octanol reaches a Fickian regime later than ethanol and water, especially at low
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Figure 5.4: Diffusion coefficients (solid symbols) of octanol, ethanol, and wa-
ter from MD simulations along the horizontal line at a constant ethanol mass
fraction (wgp = 0.4). Experimental values (empty symbols) from NMR mea-
surements are shown for comparison. The black lines are guides for the eye.

octanol content.

Additionally, PFG-NMR was used to examine two diagonal dilution lines (as shown
in Figure 5.1). The water diagonal line (DLyater) corresponds to samples where an
octanol-ethanol binary mixture is progressively diluted with water to create new ternary
compositions; five such samples with varying water ratios were selected. The second
line, the octanol diagonal line (DLoctanol), starts with a binary ethanol-water mixture, to
which octanol is gradually added to form new ternary compositions. The corresponding
diffusion coefficients are presented in Figure 5.7.

For the water dilution line (D Lyaqter), which traverses the pre-Ouzo aggregation
region at lower octanol concentrations, ethanol and octanol maintain relatively stable
diffusion dynamics, whereas water’s diffusion coefficient decreases with increasing octanol
content. Beyond the Lifshitz line (LL), as octanol content rises, the diffusivity of both
ethanol and octanol gradually increases, whereas water continues to diffuse more slowly.

Unlike the horizontal dilution line, where the mass ratio of octanol to ethanol in-
creases, the ethanol-to-octanol ratio remains constant along (D Lyqgter). As one moves
from left to right in the phase triangle (increasing octanol content), ethanol content also
rises. However, since only a limited fraction of ethanol strongly interacts with octanol,
the presence of excess ethanol allows more free ethanol molecules to diffuse, leading to
a subtle increase in its diffusivity, similar to octanol. This shift in ethanol’s behavior, in
contrast to the horizontal line where its diffusivity remains nearly constant, highlights
the fraction of ethanol that strongly interacts with octanol.

For the second diagonal line (D Lyetanot), analyzed using fully hydrogenated samples
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Figure 5.7: Diffusion coefficient extracted from PFG-NMR (* H) measurements
on the two diagonals D Lyier and D Loeane, (left and right respectively). The
black squares represent the all-hydrogenated samples, while the other symbols
correspond to individual species: hydrogenated n-octanol (red circles), ethanol
(green upward triangles), or water (blue downward triangles), with the other two
components being deuterated. The vertical dotted line represents the Lifshitz
line (LL) proposed by Prevost et al. [120], while the dashed line corresponds
to a mass ratio of octanol to water equal to 1. Both lines nearly coincide for
DL, uer and fall outside the range for D Lgcano- Error bars are smaller than
the symbols.

only, the overall diffusivity gradually decreases with increasing octanol content, which
aligns with the expected rise in viscosity along this path. Since most samples along
this line fall within a similar composition range as the horizontal line and D Lgter,
individual characterization using deuterated mixtures of the three components was not
deemed necessary.

To summarize, in the case of ethanol-water binary mixture, the dynamics are domi-
nated by water’s robust hydrogen-bond network, whereas the ethanol-octanol binary fea-
tures weaker hydrogen bonding, resulting in enhanced ethanol diffusion at larger scales
and fluidized dynamics for octanol.

In the octanol-ethanol-water ternary system, PEFG-NMR data reveal distinct dynamic
behavior in pre-Ouzo aggregates compared to non-pre-Ouzo ones. Water transitions from
continuous to trapped dynamics, while octanol exhibits the opposite trend. Molecular
dynamics simulations support this observation, emphasizing the role of mesoscale struc-
turing in influencing system dynamics. The subtle transitions near the Lifshitz line
further reinforce the direct link between mesoscopic structuration and dynamic prop-
erties, as demonstrated by the correlation between SAXS structural data and NMR
measurements.

Characterizing specific interactions in ternary systems is challenging due to the cou-
pled variations in composition. However, within the pre-Ouzo droplet region, which is

believed to terminate at the Lifshitz line (LL), subtle dynamic changes at the molecular
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Figure 5.8: Ternary phase diagram illustrating the intersection of the pre-Ouzo
boundary with the NMR lines—the horizontal line (HL) and the water diagonal
line (D Lyater)—which corresponds to the jumps in the diffusion coefficient shown
in Figures 5.3 and 5.7.

scale can be observed. Figure 5.8 shows the experimental LL position and the boundary
of the pre-Ouzo region (as determined in the previous chapter from SAXS autodilu-
tion experiments), along with the locations of NMR samples along the horizontal line
(HL) and the water diagonal line (D Lyater). Notably, as the samples cross the pre-Ouzo
boundary, distinct transitions in dynamics are revealed by NMR data, as indicated by
changes in the diffusion coefficient (Figures 5.3 and 5.7). This shift marks the transition
between pseudo-phases, a consistent trend observed across various samples. It suggests
that at the onset of the pre-Ouzo region and the Lifshitz line, structural changes within

the system influence the dynamics of the components.
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5.2 Neutron Spin Echo Analysis

While PFG-NMR offers a reliable assessment of diffusion dynamics at larger length
scales, Neutron Spin Echo (NSE) serves as an effective tool for probing dynamics at
much shorter scales. Coherent neutron scattering results from the interference of waves
scattered by different particles at distinct times, providing direct insights into transla-
tional dynamics relative to the structure, commonly referred to as collective motions. At
small distances (high ¢ values, corresponding to scales close to or smaller than molecular
dimensions), the collective diffusion coefficient aligns with the self-diffusion coefficient.
However, at larger distances, collective diffusion reflects the motion of groups of molecules
and becomes influenced by characteristic correlation lengths. This distinction leads to
differences between self and collective diffusion within aggregates. For a size distribution
of aggregates, the corresponding distribution of collective diffusion coefficients, D., can
be described using the Stokes-Einstein relation:
kgT

D, = . 5.1
6mnR (5:1)

In the mesoscale structured region, the droplet size significantly impacts collective
diffusion, with smaller droplets exhibiting faster diffusion. Additionally, the intensity of
coherent scattering is affected by the particle’s form factor. For aggregates characterized
by a wide size distribution, described by the Ornstein-Zernike (OZ) distribution with
a mean value of 2-3 nm, the contribution to scattered intensity is dominated by larger
aggregates probed at small g. As a result, these larger aggregates reduce the measured
diffusion coefficient due to their slower motion.

To explore the effects of pre-Ouzo structuring at this scale, we conducted NSE mea-
surements on the octanol-ethanol-water ternary systems. In the NSE fitting procedure,
we use self-diffusion data from NMR to constrain incoherent diffusion, simplifying the fit
function and improving the accuracy of the coherent diffusion data extracted from the
fits.

Additionally, we use a combination of hydrogenated and deuterated compounds to

enhance the contrast and isolate the diffusion dynamics more effectively.

5.2.1 NSE of Octanol-Ethanol-Water Ternary System

For the octanol-ethanol-water ternary system, Figure 5.9 shows the diffusion coefficient
measured by NSE over the g-range of 0.02-0.5 A=, corresponding to distances between
30 and 1 nm. Two points in the phase diagram were characterized: one in the pre-Ouzo
region (left side), where large fluctuations occur, and one in the octanol-rich region,
beyond the boundaries of the pre-Ouzo region (right side). The diffusion coefficients of
all three components (water, ethanol, and octanol) at the point in the octanol-rich region
are shown in the right plot of Figure 5.9, along with the intensity at zero time, which is

directly proportional to S(g). While the diffusion coefficients vary over ¢, the amplitude
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Figure 5.9: Collective diffusion coefficient (Top) and corresponding intensity
at zero time, S(q) (Bottom), measured by NSE as a function of momentum
transfer for different contrasts. The measurements correspond to points on two
sides of the phase diagram, each representing a different organizational state of
the mixtures: Left - near the critical point in the pre-Ouzo domain; Right -
outside the pre-Ouzo region. Data were collected on IN15 (empty symbols) and
WASP (filled symbols) at the ILL, France. The same y-scales are used for both
samples to facilitate direct comparison.

of these variations is limited.
In colloidal solutions, the scale-dependent collective diffusion constant and the struc-

ture factor are typically related as:

Do
S(q)’

Where Dy is the self-diffusion coefficient. A relationship known as de Gennes narrow-

De(q) = (5:2)

ing, stemming from de Gennes’ research on quasi-elastic neutron scattering in liquids.
For the point in the oil-rich side, a dip is observed at 0.3 A~!, indicating a slowdown
in dynamics before the value rises again. This dip coincides with the broad peak in the
structure factor S(q), which reflects the de Gennes narrowing effect in the dynamics. In
this context, the diffusion coefficient is expected to exhibit an inverse relationship with
the intensity of the correlation peak in S(gq), as demonstrated in the lower part of figure
5.9.

In the left region, near the critical point/pre-Ouzo organization, we observe distinct
behaviors among the three components. Water and octanol exhibit similar behaviors,
which can be attributed to their contrast. Since octanol and water do not mix, the
contrasts between hydrogen and deuterium (H/D or D/H) lead to similar signals. The
diffusion coefficient varies by almost an order of magnitude across the probed ¢ range.
In the high-g limit, the plateau value differs, as the measured diffusion coefficient cor-
responds to the individual behavior of water and octanol. On the other hand, ethanol,
which is distributed over both phases (inside and outside the droplets, although in dif-

ferent proportions), exhibits the de Gennes narrowing phenomenon only around 0.2-0.3
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Figure 5.10: S(q,t) for different values of q of a sample in the pre-Ouzo region
(sample on the left side of figure 5.9). The data deviates from single exponential
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Lifetime of the aggregates: The diffusion coefficient is determined by fitting an
exponential decay to the data Sgop(q,t) for various values of q. Well-chosen examples
are presented in Figure 5.10. As noted by Roosen-Runge et al. [167], diffusion in
heterogeneous media can be modeled in two extreme cases, corresponding to aggregates
with either short or long lifetimes. If the aggregates have a short lifetime compared to
the diffusion time, the measured diffusion coefficient, D, represents an average of the
individual diffusion coefficients D; across different media. In this case, the signal follows

a single exponential decay, expressed as:

N
Stast(q,t) = exp (— Z ciDiq2t> = exp (—Dth) (5.3)

=0
This equation represents the sum of all intra-domain correlation functions, where each
term is weighted by the equilibrium fraction ¢; of particles within a given domain. This
is typically the case for the low g-range in our experiments, where the observation time
is long due to the large distances involved. For our case, this holds true up to a wave

vector of ¢ = 0.09 A~!, where the characteristic diffusion time is about 30 ns.

On the other hand, if the lifetime of the aggregates is Ionger than the probed diffusion

time, the signal is a sum of exponential terms originating from diffusion in different media.

M
Setow(q,t) = Y _ ciexp (—~Dig’t) (5.4)
=0

This results in a non-exponential signal, as observed in the high g-range (in Figure 5.10),
ie., above ~ 0.1 A~! with the diffusion characteristic time being approximately 10
nanoseconds at this distance. Based on these two limits, we can estimate the lifetime of

the pre-Ouzo aggregates to be around 20 ns.

This timescale can be compared to cases involving stronger aggregation, such as the
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lifetime of surfactant micelles. Pioneering work by Aniansson et al. [168] described
the dynamics of surfactant micelles with two timescales: a ’fast’ one associated with
the exchange of molecules between adjacent aggregates and a ’slow’ one related to the
micellization /dissolution process. These timescales differ by two orders of magnitude,
with the fast timescale in the microsecond range.

Close to the critical point, a timescale linked to critical fluctuations can also be
defined, which is directly related to exchange and dissolution in a critical region where
the two phases coexist. This timescale has been characterized in solutions similar to
our study, such as the ternary mixture of dodecane/N,N’-dimethyl, N,N’-dibutyl tetra
decyl malonamide (DMDBTDMA) and aqueous Ce(NOs3)3 [169], where it is found to be
in the microsecond range. Only one time constant is extracted, suggesting that critical
fluctuations dominate the dynamics at this composition, encompassing all dynamical
processes. In this context, our ultrasoft aggregates, composed of much smaller molecules,
exhibit dynamics that are two orders of magnitude faster than those of classical surfactant
micelles or metal-extractant complexes in oil.

While the pre-Ouzo aggregates exhibit a varying coherent diffusion across the ¢ scale,
the diffusion rates remain nearly constant on the right side of the phase triangle (see
Figure 5.9), where W/O reverse aggregates dominate the system. The timescale of these
diffusing entities can be estimated at relatively high ¢ (~ 0.7 A_l) using the relation
T~ D%JQ, where the diffusion coefficient D ~ 30 x 10~ m? /s corresponds to a lifetime
of less than 70 ps.

Dynamics of Hydrotrope (Ethanol) in Octanol-based Ternary System:

In the pre-Ouzo region, where the water content is higher than octanol, ethanol engages
in stronger hydrogen bonding with water molecules. This interaction leads to similar
diffusion behavior at smaller length scales (around ¢ = 0.6 A-1; Figure 5.9, Top Left).
However, at larger length scales (¢ = 0.1 A‘l), ethanol diffuses more rapidly than both
water and octanol. The flatter diffusion curve across length scales suggests that ethanol
experiences fewer constraints from the oil phase, allowing relatively free movement. This
behavior highlights ethanol’s transient role as a dynamic interface between the oil core
and the surrounding water medium, continuously moving in and out of the core.

In the oil-rich region, ethanol aligns with the behavior of octanol molecules within
reverse aggregates. The hydroxyl group interactions between linear octanol and ethanol
promote the formation of worm-like chains, compelling ethanol molecules to move in
sync with octanol. Across both regions, ethanol diffuses faster than octanol due to
its smaller size and less restricted motion. Further, in both the pre-Ouzo and oil-rich

regions, ethanol consistently exhibits a higher diffusion coefficient than octanol.
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Overall, the NSE experiment reveals distinct diffusion behaviors in ternary systems.
For samples on the left side of the phase triangle and close to the critical point (CP) in
octanol-based ternary system, the oil component exhibits a diffusivity trend similar to
that of the trapped component i.e. the diffusion coefficient increases with ¢, indicating
the presence of pre-Ouzo aggregates. On the right side of the phase triangle, outside
the pre-Ouzo region, this trend is not observed. The overall magnitude of the diffusion
coefficient is higher for non-pre-Ouzo samples, as the oil in the oil-rich region moves
freely, in contrast to the constrained motion of oil molecules trapped and forming the

pre-Ouzo droplets.
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Figure 5.11: Excess viscosity for the three binary mixtures in ethanol or
octanol mole fraction in their miscibility range. Data for the water-ethanol and
ethanol-octanol are taken from references [170] and [171] respectively.

5.3 Investigation of Viscosity Behavior of SFME

To understand the macroscopic effects of SEFME organization, we performed viscosity
measurements for the octanol-ethanol-water system. Viscosity is a property directly
related to the molecular dynamics and, consequently, the structural organization of the
system components.

To visualize this, we calculate the excess viscosity (07), which provides a good esti-
mate of the deviation of viscosity in the mixture compared to its ideal value. The ideal

viscosity, Mideal, 1S given by:

Thideal = Y Tl (5.5)

where x; represents the mole fraction of component i, n; is the viscosity of the pure
component ¢, and the sum runs over all components in the mixture. The excess viscosity

on is then calculated as:
57] = Tmeasured — Tideal (56)

5.3.1 Results and Discussions
Binary Ethanol-Water/Octanol Mixture

At 20°C, octanol is much more viscous (7.36 mPa.s) compared to water and ethanol,
which have viscosities of 1.0 and 1.2 mPa.s, respectively. In mixtures, the excess viscos-
ity—a measure of how much the mixture’s behavior deviates from ideal case—is similar
in magnitude to the viscosities of the pure substances.

In the octanol-ethanol mixture, ethanol acts as a fluidizer, lowering the viscosity and

resulting in negative excess viscosity. Conversely, the ethanol-water mixture exhibits pos-
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Figure 5.12: Shear viscosity (black squares), ideal viscosity (orange circles)
calculated as the weighted average of pure solvent viscosities, and the excess
viscosity (violet triangles) showing deviations from the ideal values for the hor-
izontal dilution line D Lj,yizonta for the octanol-ethanol-water ternary.

itive excess viscosity, likely due to water’s strong hydrogen-bond network. These binary
systems provide key insights into the nanoscale structure and dynamics of the ternary

water-ethanol-octanol system, driven by the interactions between these components.

Rheology of the Ternary System

The shear viscosities of the octanol-ethanol-water ternary system are plotted against the
octanol mass fraction in Figure 5.12. Along the horizontal line of the ternary diagram
(corresponding to the green line in the phase triangle shown in Figure 5.1), the viscosity
exhibits non-monotonic behavior as the octanol content changes. Specifically, moving
from right to left along this line (as water content increases and octanol content de-
creases), the viscosity rises and reaches a maximum value more than twice that of an
ideal solution.

Similarly, we measured the viscosity of the octanol ternary system along a different
direction to validate our findings. The two selected diagonal lines follow a composition
pattern similar to that described in the NMR section (Figure 5.1), where a binary mix-
ture—either octanol-ethanol or water-ethanol—is progressively enriched with the third
component to create new sample compositions. As observed for the samples along the
horizontal line, viscosity increases near the pre-Ouzo region and close to the critical
point, exhibiting a significant positive excess viscosity (Figure 5.13).

Positive excess viscosities are common in water-organic mixtures, such as water-

alcohol or water-DMSO systems. For example, in water-ethanol mixtures, viscosity is
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Figure 5.13: Top: Shear viscosity measurements for the horizontal dilution line
DLporizontal (squares), water dilution line D Ly,qter (circles), and octanol dilution line
DLctanol (triangles). Vertical dotted lines mark the estimated position of the dynam-
ical Lifshitz line, with the critical point also highlighted. Dashed lines indicate the
location where the octanol-to-water mass ratio equals 1. Bottom: Ideal viscosity,
calculated as the weighted average of the pure solvent viscosities, and the excess vis-
cosity, showing deviations from the ideal values.

inversely proportional to the diffusion coefficient, as predicted by the Stokes-Einstein
relation, D = %, where R is the molecular size and 7 is the viscosity [172]. However,
this relationship does not hold in the current system.

The observed viscosity increase can be compared to the effect of adding hard spheres
to a solvent. According to Einstein’s prediction, viscosity increases with the volume frac-
tion, following the relation n = n9(1+2.5¢), where ¢ is the volume fraction. For droplets
composed of 20% octanol and 20% ethanol, this predicts a viscosity approximately twice
that of the ethanol-water mixture (1 ~ 2.0 mPa.s). While this estimate is likely high due
to the transient and soft nature of the droplets, it is slightly larger than the measured
value.

We propose that the positive viscosity excess, which reverses trend at the boundary
between the pre-Ouzo and inverse aggregate region, arises from the structural organiza-
tion of the solution. This suggests that viscosity in this system is not governed solely by

the dynamics of individual molecules.
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Figure 5.14: NSE sample points for the EH-based ternary system plotted on
the phase triangle. The samples are in mass fractions and correspond to fully
hydrogenated compositions.

5.4 Additional Investigations on Complementary
Systems

In this section, we extend the investigation to two additional ternary systems to assess
the universality of the pre-Ouzo phenomenon. This includes substituting the oil in the
octanol-based ternary system to examine its influence and exploring a distinct ionic
hydrotrope-based ternary system. While these preliminary explorations provide insight
into broader trends, a more comprehensive analysis is necessary to fully establish the

generality of the observed behavior.

5.4.1 NSE study of 2-Ethyl Hexanol-Ethanol-Water Ternary

After characterizing the dynamical properties of the octanol-ethanol-water ternary sys-
tem, the next step involved replacing the oil component with 2-ethyl hexanol in the
ternary mixture. This analysis aimed to explore how substituting a linear-chained oil
with a branched counterpart affects dynamics, particularly due to pre-Ouzo structura-
tion. This choice was driven by the same rationale that led to the use of 2-ethyl hexanol
for SAXS structural analysis, as discussed in the previous chapter. NSE measurements
for the 2-ethyl hexanol-ethanol-water ternary system were performed on the samples
shown in Figure 5.14, all of which correspond to a constant ethanol volume fraction. For
contrast-based studies in NSE, a combination of hydrogenated and deuterated samples

was used. Samples S4 and S7 were analyzed on IN15 for both oil and hydrotrope con-
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Figure 5.15: Collective diffusion coefficient from IN15 analysis of the 2-ethyl
hexanol-ethanol-water ternary system. The contrast naming format is oil-
ethanol-water: HDD indicates hydrogenated oil with deuterated ethanol and wa-
ter, while DHD represents deuterated oil and water with hydrogenated ethanol.
For sample S4 (pre-Ouzo region), the diffusion increases with increasing q (de-
creasing length scale), suggesting faster dynamics at smaller length scales and
trapped molecule dynamics at larger scales. In contrast, for sample S7 (oil-rich
region), the diffusion coefficient of oil remains constant across all q, indicating
a continuous oil medium.

trasts, while the WASP analysis covered samples S2 to S8 in the oil contrast and samples
S3, S5, and S7 in the ethanol contrast (composition details are provided in Table A.15).

Since the NSE data for 2-ethyl hexanol is fitted using a model with a free parameter,
without incorporating the corresponding self-diffusion data from NMR analysis to con-
strain the incoherent diffusion coefficient, the interpretation should be considered with
caution.

Samples inside the pre-Ouzo region: From Figures 5.15 and 5.16, it is evident
that all samples near the critical point, i.e., those in the pre-Ouzo region (S2-S4), show
an increase in the diffusion coeflicient as ¢ increases. This suggests that at larger length
scales, the oil (EH) dynamics are slower, corresponding to the formation of pre-Ouzo
droplets. As the length scale decreases, the molecular dynamics of the oil, which are
faster, come into play. Furthermore, comparing the trends from IN15 to WASP, which
cover a g-range from 0.019 A~'t00.180 A~!and 1.04 A~!t05.07 A~! respectively,
we observe similar trends in the diffusion coefficient. In the lower g-range (up to 0.15
A‘l), the diffusion coefficient spans from approximately 5 x 107! to 10 x 107 m?/s.
From ¢ = 0.15 A~ to 0.5 A=, D reaches a plateau value of 20 x 10711 m?/s. This
behavior mirrors the dynamics of trapped molecules within droplets, indicating that the
oil’s dynamics are governed by the structuration within the ternary system.

Samples outside the pre-Ouzo region: For ternary samples that lie outside the

pre-Ouzo region (S5-S7, Figure 5.16), the dynamics transition gradually from those of
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Figure 5.16: Coherent diffusion coefficient from WASP analysis of the 2-
ethylhexanol-ethanol-water ternary system. The contrast naming follows the
oil-ethanol-water format, where ’h-" and ’d-’ denote hydrogenated and deuter-
ated species, respectively. For the oil contrast, diffusion increases slightly with
q in the pre-Ouzo region, while S7 in the oil-rich region remains stable. il
diffuses faster in the binary system (S8) than in ternary samples, indicating
greater restriction in the ternary system. For the hydrotrope contrast, diffusion
increases slightly with q across all samples. The sample near the critical point
(S5) has a lower diffusion coefficient than those in the oil-rich (S7) or pre-Ouzo
(S3) regions.

a trapped oil molecule to those of a free and continuous oil medium. Specifically, for
sample S7, located in the oil-rich region of the phase triangle, the oil dynamics remain
relatively flat, indicating the continuous nature of the oil.

Behaviour of Hydrotrope in EH-Based Ternary: From Figure 5.15, at larger
length scales (up to ¢ = 0.18 Afl), the dynamics of ethanol molecules resemble those
of EH molecules for sample S5 (near the critical point but slightly outside the pre-Ouzo
region) and S7 (on the oil-rich side). However, for sample S3 (within the pre-Ouzo
region), ethanol exhibits slightly higher diffusivity than EH even at lower g values.

From Figure 5.16, at smaller length scales (¢ = 0.2 A1tog=05 A‘l), ethanol’s
diffusivity shows a slight increase with ¢, and its overall magnitude remains consistently
higher than that of EH molecules across all samples, whether within the pre-Ouzo region

or on the oil-rich side.

Overall, comparing the dynamics observed for oil, 2-ethyl hexanol ternary, and oc-
tanol, they follow a pattern similar to droplet formation for samples within the pre-Ouzo
region. In contrast, samples outside this region exhibit more continuous dynamics, re-
sembling a more oil-rich organization. The case of the hydrotrope, ethanol, is somewhat
ambiguous for the EH system, and further NMR analysis of the components would help

clarify the interpretation of the coherent dynamics.
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Figure 5.17: Skeletal representation of sodium salicylate and ethyl acetate
molecules

10 50 Ethyl acetate

Figure 5.18: Ternary phase diagram of the ethyl acetate-sodium salicylate-
water system, where sodium salicylate functions as the hydrotrope, illustrating
the five samples analyzed using NSE. The diagram highlights two distinct bipha-
sic (2¢) regions separated by a homogeneous single-phase (1¢) region.

5.4.2 Comparative Study: Ethyl Acetate-Sodium Salicylate-
Water Ternary System

To broaden the scope of the research and provide a comparative framework for SFME-
based ternary systems, we examined an alternative ternary system: ethyl acetate-sodium
salicylate-water, where, Sodium salicylate (SoSa) acts as the hydrotrope. Unlike SEFME
systems, this system does not exhibit pre-Ouzo structuration near its critical point (CP),
offering insights into the influence of hydrotropic interactions on phase behavior [162].
The ionic nature of sodium salicylate inhibits spontaneous emulsification (Ouzo ef-
fect) and pre-Ouzo aggregation, resulting in a distinct phase behavior compared to sys-
tems containing uncharged hydrotropes. When a water-SoSa mixture with sodium salicy-
late concentrations exceeding 1M is saturated with ethyl acetate, micellar-like structures
form, resembling those observed in solutions of medium-chain surfactants such as sodium
octanoate. Interestingly, this structural behavior is comparable to that observed when

hydrotropic salts are introduced into classical ternary systems like octanol-ethanol-water

173].
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Figure 5.19: Coherent diffusion coefficients obtained from WASP NSE analy-
sis for both HDD and DHD contrast conditions. In the HDD contrast, ’h-EA’
denotes hydrogenated ethyl acetate (EA), while Sodium salicylate (SoSa) and
water are deuterated. Sample T2 exhibits a decreasing diffusion coefficient with
increasing q, whereas T3 and T4 (the latter near the critical point) show an
overall increasing trend with a sudden peak at intermediate q, followed by a
return to initial values. In the DHD contrast, ’h-SoSa’ represents hydrogenated
Sodium salicylate, while EA and water are deuterated. Here, all samples dis-
play relatively flat diffusion coefficient distributions across the q-range, with no
monotonic trend, indicating no trapped hydrotrope behavior. Sample T4 shows
the largest deviation, likely due to critical fluctuations.

Figure 5.19 presents diffusion data from WASP NSE analysis over a broader g-range.
For the EA contrast, samples T3, T4, and T5 (closer to CP) show an abrupt doubling
of the coherent diffusion coefficient (D,,p,) at intermediate ¢, before returning to initial
values. This behavior contrasts with sample T2, where D, decreases monotonically. In
the hydrotrope contrast, samples farther from CP (T1, T2) exhibit monotonic trends,
whereas closer to CP, a non-monotonic behavior suggests a freely diffusing hydrotrope.
These findings confirm that, unlike SFME systems, the EA-SoSa-water ternary lacks
pre-Ouzo aggregation near CP.

When comparing the NSE results from IN15 (Figure 5.20) for the ethyl acetate-based,
octanol-based, and 2-ethyl hexanol (EH) based ternary systems: The diffusion coefficient
vs ¢ pattern of the ethyl acetate ternary sample (T4) resembles that of a non-pre-Ouzo
sample in the octanol and EH-based ternary systems (i.e., sample S7), showing relatively
constant diffusion rates across the given ¢ range. In contrast, the pre-Ouzo samples (S2
and S4) from the octanol/EH ternary systems display a ¢g-dependent diffusion pattern,
which increases with ¢, resembling the dynamics of a confined oil droplet.

As alluded to earlier, near the critical point of a system, hydrotrope-based systems
may exhibit two major factors contributing to an Ornstein-Zernike-type intensity profile.
One arises from the correlation lengths associated with aggregate formation (pre-Ouzo),
while the other stems from critical fluctuations.

Interestingly, the ethyl acetate-based ternary system shows an OZ intensity in the
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Figure 5.20: Diffusion coefficients for the ethyl acetate -sodium salicylate-
water ternary system, as determined from IN15. The sample near the critical
point (T4: Ethyl acetate) of the ethyl acetate ternary shows a nearly constant
diffusion rate with ¢, indicating its free, untrapped nature. This contrasts with
the pre-Ouzo sample (S2: Octanol and S4: Ethyl hexanol) of the ethanol-based
ternary system. All samples shown here correspond to the oil contrast of their
respective ternary systems (ethyl acetate, octanol and 2-ethyl hexanol, respec-
tively).

SAXS data for sample T4, near its critical point, as studied by Asmae et al. [162].
These OZ intensity are results of critical fluctuations near the critical point rather than
pre-Ouzo aggregates. Further, from the dynamics study, we observe that sample T4 does
not exhibit pre-Ouzo structuring, as explained earlier. By comparing the dynamics of
the ethyl acetate ternary with the octanol/EH-based ternary systems, we can reaffirm
that the OZ intensity observed in the SAXS data for the octanol/EH ternary is indeed

due to pre-Ouzo aggregation, not critical fluctuations.

While additional studies, such as NMR analysis, could offer more detailed insights
into the role of ionic interactions in this ternary system, this investigation primarily
served as a comparative study of the SFME pre-Ouzo system. The findings emphasize
the crucial role of pre-Ouzo structuration in SFME-based ternary systems and under-
score the impact of charged hydrotropes in influencing phase behavior. Furthermore,
the differences in dynamics highlight the importance of microstructural organization in

molecular diffusion within these systems.
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Conclusion

In this thesis, we explored the structural and dynamical characteristics of octanol- and 2-
ethyl hexanol-based ternary systems. These systems are capable of forming self-organized
structures, including surfactant-free microemulsions (SFME), often referred to as pre-
Ouzo aggregates, a term inspired by Ouzo emulsions. Structural analysis was conducted
using in situ autodilution Small Angle X-ray Scattering (SAXS), while the dynamical
properties were investigated across different length scales: Neutron Spin Echo (NSE) and
Pulsed-Field Gradient NMR (PFG-NMR) provided insights at the microscopic level, and
rheological measurements were used to probe the macroscopic dynamic behavior.

Several studies in the literature have explored ternary systems with a focus on the
SFME structures. However, most research has either examined Ouzo emulsions in the
biphasic region or characterized SFMEs in these systems using microscopy, Dynamic
Light Scattering (DLS) and particle tracking methods [158, 174-176]. While DLS is
a straightforward technique for identifying such structures, it becomes less reliable for
pre-Ouzo mesoscopic structures, as even trace amounts of micron-sized impurities can
complicate measurements. However, a comprehensive study of the different phases, par-
ticularly with a focus on mesostructuration, has been relatively unexplored in the litera-
ture. Prevost et al. [120] investigated an octanol-hydrotrope-based ternary system along
a single dilution line using Small-Angle Scattering techniques, revealing that pre-ouzo
droplets coexist with Ouzo emulsions within the metastable region of the phase triangle.
Building on their work, this study mapped the complete phase triangle of a surfactant-
free ternary system, providing a deeper understanding of the various pseudo-regions
formed by the oil-water mixture with a hydrotrope.

Small-Angle X-ray Scattering (SAXS) proved to be an invaluable tool for investigat-
ing the structural organization of the octanol-ethanol-water ternary system, allowing us
to map out distinct regions within the phase diagram. We identified the pre-Ouzo region
on the water-rich side and the predominantly reverse aggregate region on the oil-rich
side. Using the intensity maxima of the Ornstein-Zernike term, we were able to pinpoint
the phase separation points along the binodal line. Additionally, our experimental anal-
ysis enabled the determination of the Lifshitz line (LL), which, interestingly, deviates
from the previously proposed straight path and instead takes on a bent shape (see Figure
5.21).

Prevost et al. [120] previously proposed that the LL follows a straight path, assuming

that the polar/unpolar partitions of the two coexisting microphases can be determined
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Figure 5.21: Ternary phase diagram of octanol, ethanol, and water, summa-
rizing key findings from the SAXS autodilution experiment: phase separation
points (i.e., maxima of OZ intensity), the experimental Lifshitz line (i.e., jump
points in pre-peak intensity), and the boundary of the pre-Ouzo region (marked
by the onset of invariant values for the OZ term). The diagram also highlights
the pre-Ouzo region and the reverse aggregate region, as observed in the dy-
namics study of the ternary system.

by extending a tangential line to the binodal curve, starting from no hydrotrope point. In
their framework, the LL acts as a transition boundary between a water-swollen, oil-rich
domain (W/O), where the mixture retains characteristics of the binary alcohol solution,
and a water-rich domain (O/W), where aggregates form without an amphiphilic film
[121].

Our findings, however, indicate that the LL is not a straight line extending to the
water-hydrotrope binary. Instead, it follows a curved trajectory, suggesting that the
transition from W/O to O/W does not occur along a straight path. This deviation
arises from the complex interplay between oil and water in the presence of a hydrotrope,
which influences the structural organization of the system. Beyond the LL, the pre-
Ouzo boundary—characterized by the onset of the OZ invariant quantity—marks the
region where pre-Ouzo aggregates begin to form. Between these two lines, there exists a
transition zone where the dominant reverse aggregate signature from alcohol molecules
diminishes, but mesoscale aggregation is not yet sufficient to identify pre-Ouzo aggre-
gates.

Furthermore, we observed subtle yet distinct structural differences arising from the
presence of a branched oil molecule (2-ethyl hexanol). Unlike the octanol-based ternary
system, which exhibits a sharp transition from reverse aggregates to the pre-Ouzo struc-
ture, this transition occurs more gradually in the 2-ethyl hexanol system. This behavior

suggests that the emergence of the pre-Ouzo phase is influenced by a delicate balance
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between the mesoscopic and nanoscopic organization of the oil, with molecular branching
playing a key role in altering the system’s structural evolution.

Another aspect of this study focused on exploring the effect of temperature on pre-
Ouzo aggregates using SAXS. The results show that these aggregates tend to dissolve or
shrink in size as the temperature increases, only to reassemble upon cooling. However,
the proximity to the critical point and binodal line significantly influences the aggregation
behavior. When the system is closer to the binodal line, the aggregate size follows a
distinct hysteresis pattern—shrinking further upon heating but expanding beyond its
original size upon cooling. This behavior is attributed to the initial transition of the
sample into the biphasic region, which causes differences in the spontaneous mixing
during heating and cooling cycles.

We then sought to identify the signature of the structuration through dynamics.
Using PFG-NMR, we observed changes in the self-diffusion behavior of the components
as the system crossed the pre-Ouzo boundary line, which had been previously identified
from SAXS data. In the pre-Ouzo region on the water-rich side, octanol molecules
exhibited lower self-diffusion rates than water, indicating their trapped nature. As the
system shifted to the oil-rich side, octanol diffusivity increased slightly, while water
molecules exhibited restricted diffusion, indicating the formation of reverse aggregates.
In both pseudo-phases on either side of the phase triangle, ethanol diffused at a similar
rate.

Neutron Spin Echo (NSE) data was useful in terms of revealing the dynamics of the
system, with the incoherent signal providing insights similar to those observed by NMR.
The coherent signal, on the other hand, highlighted collective behavior associated with
the formation of oil aggregates. In the pre-Ouzo region, where oil molecules aggregate
within the water-rich environment, oil diffusivity decreases as the probed length scale
increases. In contrast, for samples that do not form pre-Ouzo aggregates, this trend is
absent, and a flatter dependence on ¢ is observed, indicating a continuous medium. This
behavior was observed in both octanol- and 2-ethyl hexanol-based ternary systems.

To further complete the dynamics study of the ternary systems, we conducted rheo-
logical measurements. The results revealed an increased viscosity excess for the pre-Ouzo
aggregates, indicating that the observed dynamical behavior is not solely governed by
the individual molecular properties. Instead, the macroscopic organization of the system
plays a significant role in influencing viscosity, a bulk property of the system.

Overall, this study provides valuable insights into the characterization of microemul-
sions formed using hydrotropes. While the findings are specific to water-monoalcohol
ternary systems, they offer a foundational understanding of the diverse pseudo-phases
that can exist within seemingly homogeneous ternary mixtures, paving the way for fur-

ther exploration in similar systems.
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Building on the findings of this thesis, there are several potential directions for further
research into surfactant-free microemulsions (SFME) using hydrotropes, particularly in
water-monoalcohol systems, which could deepen the understanding and broaden the

applications of these systems.

Experimental Approach for Temperature-Dependent Studies, PFG-NMR
analysis and Extraction Efficiency Testing

The figure 5.22 illustrates our simple temperature-based study of ternary sample prepa-
ration and the visual observation of phase transitions. In this experiment, we prepared
hundreds of ternary mixtures of ethyl hexanol (EH), ethanol, and water in various ratios
and observed their behavior at different temperatures using a thermalized water bath.
A transparent homogeneous sample indicated the single-phase region, a turbid sample
represented a metastable ouzo phase, and phase-separated samples corresponded to the
biphasic region. By marking these observations on the ternary plot, we were able to
construct a preliminary binodal line for three temperature cases: 4°C, 25°C, and 55°C.
The reduction in the biphasic area with increasing temperature emphasizes the enhanced
solubility in the system as the diffusion of components increases.

To better understand the dynamics and structural transitions, it would be beneficial
to conduct temperature-dependent SAS studies at fixed temperatures (3-5 points) using
a stopped-flow autodilution setup. This experimental approach could provide valuable
insights into the reversibility of the phase transitions, particularly in relation to the
crossing of the binodal line and the ability of the system to return to its original state
at different temperatures. Such studies would offer a deeper understanding of the ther-
modynamic conditions influencing the formation and stability of pre-Ouzo and related
aggregates.

Another method to examine the samples would be by using PFG NMR, where the
A linked to diffusion times is varied, and the resulting variation in the individual sample
components in the partially deuterated ternary mixture is observed. This would provide
a detailed analysis of the diffusion behavior of each component over different time scales.

Further, testing the extraction efficiency of the octanol and 2-ethyl hexanol systems
using simple temperature-dependent phase separation methods would allow for a direct

comparison of their performance in extraction applications. This would provide practical

120



Perspectives

Ethanol
100

-e- 4°C Binodal Line
25°C Binodal Line
-e- 55°C Binodal Line

Figure 5.22: The binodal line of the EH-based ternary shifts downward as
temperature increases from 4°C to 25°C to 55°C, reflecting increased solubiliza-

tion and a reduction in the biphasic region. (Note: Due to the limited number of samples
studied, the curves for 4°C and 55°C appear less smooth, suggesting the need for further investigation with
samples closer to the binodal lines at these temperatures. Few of the data points for 25°C was taken from
reference [177].)

data to assess the feasibility of using these systems in real-world processes and help

optimize their formulation for specific applications.

Incorporation of a Fourth (Highly) Hydrophobic Component into the
Hydrotrope-Based Ternary System

Incorporating a fourth, highly hydrophobic component, such as decalin, into the ternary
system adds further complexity. This hydrophobic component may influence the phase
behavior, potentially introducing a new critical point (CP) and giving rise to distinct
structural organizations within the system. Understanding these formations and their
impact on the phase diagram could be particularly valuable for extraction and solubi-
lization processes, where the highly hydrophobic component is the one being extracted
from the ternary mixture. To investigate this effect, studying the system’s phase behav-
ior under temperature variations with a trace amount of decalin in the ternary SFME
system is beneficial.

A preliminary experiment was conducted to explore this behavior, examining two sce-
narios: a ternary system with 3% decalin in an octanol-based mixture (see Figure 5.23)
and another with 20% decalin in a 2-ethyl hexanol-based mixture. The addition of
the fourth component, as discussed earlier, is expected to modify the phase diagram,

positioning the selected samples within the biphasic region. However, the precise loca-
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Figure 5.23: Ternary diagram illustrating the samples containing decalin. The
oil phase represents a mixture of the specified percentage of decalin in either
2-ethyl hexanol (EH) or octanol. The binodal line for the 20% decalin in EH
ternary system (green dashed line), from [178], is also shown, highlighting a
deviation from the standard pure EH-based binodal curve (black dashed line).
This deviation places the sample within the biphasic region of this modified
phase triangle.
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Figure 5.24: Left: OZ length scale parameter for the quaternary system com-
prising octanol, decalin, ethanol, and water. The oil phase contains 3% decalin
in an octanol-decalin mixture with a composition (wt%) of 2.00 oil (decalin
+ octanol), 37.62 ethanol, and 60.38 water. The {o; value decreases with in-
creasing temperature. Right: OZ length scale parameter for the quaternary
system comprising decalin, 2-ethyl hexanol, ethanol, and water. The oil phase
contains 5.01% oil (a mixture of 2-ethyl hexanol and decalin), 51.66% ethanol,
and 43.33% water by weight, corresponding to a sample with a total of 20%
decalin in EH.
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Figure 5.25: In-situ SANS centrifuge measurement setup at the D22 instru-
ment, ILL.

tion of the critical point (CP) for this new quaternary system, specifically the octanol-
decalin-based mixture, remains unclear. The results indicate relatively lower values of
the Ornstein-Zernike (OZ) length scale parameter ({pz), suggesting minimal smaller
pre-Ouzo aggregation in the system (see Figure 5.24). However, the {pz trend does
not exhibit the smooth pattern seen in the SFME ternary system, likely due to unstable
aggregation at this point. Even with increasing temperature, the £z values did not rise,
indicating that the samples either remain in the biphasic region or, if they transition to
a monophasic state, the amount of pre-Ouzo aggregation is negligible.

Further investigation of the phase diagram for this quaternary system is required to
better understand the influence of various parameters, such as how the phase triangle
changes with the addition of a specific amount of the same hydrophobic component. It is
also important to determine if sufficient mesoscale stabilization occurs near the system’s

new critical point (CP), and to examine the temperature-related variations.

Phase Aggregation Induced by Centrifugation: Investigation Using In-
situ SANS

The application of external stimuli, such as centrifugal force, can induce phase aggre-
gation, which is crucial for understanding the behavior of complex systems like mi-
croemulsions, where gravitational forces typically drive phase separation. In this con-
text, centrifugal force serves as a mechanical driver that facilitates particle aggregation
by effectively overcoming electrostatic repulsive forces that normally prevent particles

from coming together.
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Figure 5.26: Schematic illustration of a sample cuvette subjected to centrifugal
force while positioned in the neutron beam. Aggregation predominantly occurs
at the bottom end of the cuvette, where the force is strongest.

Ultracentrifugation has been a fundamental analytical technique since its invention
by Jean Perrin and Theodor Svedberg in 1926 [179], especially for the separation of
microparticles and emulsions. However, its impact on microemulsions, particularly in
ternary systems, remains an area of limited exploration. Early studies, such as those
by Smith et al., have documented unexpected phenomena, including spontaneous emul-
sification in ternary solutions subjected to centrifugation [180-182]. Despite these ob-
servations, theoretical models that explain the behavior of ultraflexible microemulsions
(UFME) under centrifugal conditions are still in development. To address this gap,
Stemplinger et al. [183] proposed a unified theoretical framework for predicting centrifu-
gation behavior in ternary systems. Their study, which focused on a ternary mixture of
ethyl acetate, ethanol, and water, integrated both gravitational and thermodynamic gra-
dients, resulting in a sedimentation/centrifugation map (CMap). This map provides an
intuitive guide for understanding the effects of centrifugation in complex mixtures, iden-
tifying key features such as the Maceration point, Critical point, Pre-Ouzo region, and
Meso-structured living network, thereby advancing our understanding of centrifugation
efficiency and phase behavior.

Building on this concept, our study investigates the effect of centrifugal stimuli on
particle aggregation in a system of Ludox silica nanoparticles, using in-situ small-angle
neutron scattering (SANS) measurements (Figure 5.25). While Ludox particles may not
directly resemble the ternary systems we aim to explore, they offer a valuable proof of
concept for understanding aggregation under centrifugal forces.

Ludox silica particles are negatively charged due to the presence of silanol groups

on their surface, which leads to electrostatic repulsion in pure water. This repulsion
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Figure 5.27: Change in the peak position on the q-scale for silica particles
in water observed in the in-situ SANS centrifuge experiment, measured at the
far end of the sample cuvette, where the centrifugal force is maximal. With
each successive iteration, the peak shifts to higher q-values, indicating that
the particles are progressively moving towards the bottom of the cuvette and
undergoing aggregation as the centrifugation cycle advances over time.

prevents aggregation, ensuring stable dispersions of silica. However, introducing ions
from salts such as NaCl or NaOH alters this behavior by screening the electrostatic
repulsion, reducing the particles’ effective charge and allowing them to approach one
another. This reduction in repulsion facilitates aggregation, which is further enhanced
under centrifugal force. In this experiment, we take advantage of these properties to
promote aggregation and observe the process under centrifugation (see Figure 5.26).

In the in-situ SANS centrifugation experiment, a progressive shift in the peak position
on the g-scale was observed (see Figure 5.27). At the far end of the cuvette, where
the centrifugal force is most intense, the peak associated with aggregation shifted to
higher ¢-values over time, indicating that as centrifugation progresses, the particles are
moving towards this region and aggregating. This change in peak position suggests that
centrifugal forces are effectively driving the aggregation of silica particles in the system.

While this study offers valuable insights into the effects of centrifugation on phase
behavior, its applicability to our SFME ternary system is limited. For Ludox particles,
the presence of a structural peak within the SANS range enables the study of silica
particles. However, this approach becomes challenging for the octanol-ethanol-water
ternary system. Additionally, the significant density difference between silica particles (2
g/cm3) and water (1 g/cm?) facilitates aggregation under centrifugal forces. In contrast,
the minimal density difference between octanol (0.824 g/cm?) and ethanol (0.789 g/cm?)
makes phase aggregation during centrifugation more difficult, especially when a pre-Ouzo

droplet of octanol-ethanol in water forms. Despite these challenges, this experiment
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provided valuable insights that can help refine the SFME system and further investigate
its behavior under external stimuli.

By further exploring these directions, we can enhance the fundamental understanding
of SFME systems, enabling the refinement of theoretical models and the expansion of

their applications in various fields, such as green chemistry, energy, and biomedicine.
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Résumé

Dans cette thése, nous explorons les systémes ternaires sans tensioactifs, composés de
monoalcool et d’eau, en nous concentrant sur la structuration & 1’échelle mésoscopique
avec une attention particuliére aux agrégats pré-ouzo. Ces agrégats ressemblent aux
émulsions trouvées dans des boissons comme 1’Ouzo ou le Pastis, mais sont considérable-
ment plus petits (2-10 nm) par rapport aux émulsions d’Ouzo de taille micrométrique,
et sont dans un état thermodynamiquement stable. Notre étude examine les mélanges
d’alcools a longues chaines (comme l'octanol, qui agit comme une huile), d’eau et
d’éthanol, ou I’éthanol est un hydrotrope qui facilite le mélange entre ’eau et 1'huile
autrement immiscibles. En variant les rapports des composants, nous observons la for-
mation de différentes organisations. En utilisant des techniques telles que la Diffraction
des Rayons X a Petit Angle (SAXS), I'Echo de Spin Neutronique (NSE) et la PFG-
NMR, nous analysons les changements microscopiques structuraux et dynamiques dans
ces mélanges. De plus, nous analysons 'effet de la température, contribuant a une com-
préhension approfondie des systémes eau-alcool et de leur potentiel pour la conception

de solvants novateurs.

Chapitre 1

Le Chapitre 1 introduit les concepts fondamentaux, en commencant par I'importance de
I’étude des solutions dans diverses applications. Nous abordons ensuite I'importance des
techniques de séparation et les principes derriére leur mise en ceuvre. Nous explorons
ensuite les systémes ternaires composés d’huile, d’eau et d’un troisiéme agent solubilisant
permettant leur mélange, ce qui conduit & une explication des émulsions et des microé-
mulsions, qui dépendent des tensioactifs pour leur stabilité. Nous introduisons ensuite
I’hydrotropie et une classe unique de systémes appelés microémulsions sans tensioactifs
(SFME), ou la stabilité est atteinte grace & un hydrotrope plutét qu'un tensioactif. Ce
phénomeéne est observé dans des boissons comme ’Ouzo, ott des émulsions d’Ouzo et
des microémulsions pré-Ouzo peuvent se former naturellement lors de la dilution avec
de 'eau. Nous examinons plus en détail les propriétés des systémes ternaires huile-
hydrotrope-eau, mettant en évidence des éléments clés du diagramme de phase tels que
les régions huile-dans-eau et eau-dans-huile, la ligne binodale et la ligne de Lifshitz. En-
fin, nous passons en revue les études précédentes caractérisant les structures pré-Ouzo a

I’aide de techniques telles que la diffusion & petit angle et les simulations de dynamique
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moléculaire.

Chapitre 2

Dans le Chapitre 2, nous présentons un apergu des différentes techniques expérimentales
utilisées, ainsi que des détails sur les dispositifs spécifiques et les méthodes de prépara-
tion des échantillons. Nous commengons par expliquer les principes fondamentaux de la
diffusion de rayonnement, puis plus spécifiquement la diffusion aux petit angle pour dé-
tailler les techniques de SAXS (rayons-X) et la SANS (neutrons). Les éléments essentiels
sur l'interprétation des données dans les expériences de diffusion aux petits angles et la
pertinence des calculs de I'invariant de Porod dans de tels contextes sont aussi exposés.
Nous décrivons l'installation de I'instrument ID02 (ligne de SAXS a I'ESRF) telle qu’elle
s’applique a notre étude.

Nous introduisons ensuite les techniques d’écho de spin neutronique, mettant en avant
les instruments IN15 et WASP a I'ILL a Grenoble, France. Aprés cela, nous présentons
les bases de la RMN a Gradient de Champs Pulsé (PFG-NMR) et l'appareil utilisé.
Enfin, des détails techniques concernant les mesures de rhéologie sont donnés, et nous

concluons par une bréve description du processus de préparation des échantillons.

Chapitre 3

Dans le Chapitre 3, nous explorons les études expérimentales du systéme ternaire octanol,
éthanol et eau en utilisant la diffusion de rayons-X aux petits angles avec autodilution in-
situ. Nous collectons des données sur ’ensemble du diagramme de phase et les analysons
a l'aide de scripts Python adaptés au gros volume de données. Les résultats préliminaires
révélent des structures mésoscopiques distinctes, y compris des agrégats pré-ouzo dans
la région riche en eau prés du point critique et des agrégats inverses du cdté riche en
huile du diagramme de phase.

Une analyse plus approfondie avec le modeéle d’ajustement et les calculs invariants
permet de définir la région pré-ouzo, correspondant principalement a la région du preé-
pic des monoalcool, et identifie expérimentalement la ligne de Lifshitz (LL). La LL
est observée comme étant courbée, contrairement a la ligne droite théorique proposée
précédemment. De plus, nous remarquons une différence lorsqu’on utilise la version
ramifiée de I'octanol, le 2-éthyl hexanol, qui montre un décalage progressif du domaine
des agrégats inverses vers le domaine pré-ouzo, contrairement au systéme ternaire a base

d’octanol ol la transition entre ces régions est plus abrupte et intense.

Chapitre 4

Dans le Chapitre 4, nous présentons les résultats de I’étude SAXS en fonction de la tem-
pérature des systémes ternaires a base d’octanol et de 2-éthyl hexanol. Le changement
d’intensité du terme Ornstein-Zernike (OZ) et le paramétre de longueur d’échelle cor-

respondant indiquent comment la structuration pré-ouzo varie avec la température. A
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température fixe, la taille des agrégats dépend de la distance, en terme de composition,
de I’échantillon par rapport au point critique. Plus sa composition est éloignée, plus
la taille diminue. Globalement, 'augmentation de la température conduit & une réduc-
tion de la taille des agrégats pré-ouzo, reflétant la solubilité du systéme. La position de
la ligne binodale, ou transition vers un état biphasique, change aussi avec la tempéra-
ture. Lorsque I’échantillon devient biphasique lors du chauffage ou du refroidissement, le
paramétre de taille diminue brusquement en raison de la formation d’émulsions d’Ouzo
au détriment des microémulsions pré-ouzo, avec une diminution supplémentaire lors du
chauffage. Cependant, les agrégats se reforment une fois ’échantillon refroidi. Plus

I’échantillon est éloigné du point critique, moins 'effet est marqué.

Chapitre 5

Le Chapitre 5 se concentre sur I'étude des dynamiques moléculaires, principalement
du systéme ternaire a base d’octanol. En utilisant la PFG NMR, nous identifions un
changement de régime dans la diffusion de 'octanol et de ’eau, subtil mais réel, observé
lors du passage de la ligne de Lifshitz. Cette observation est en accord avec les résultats
de I'étude structurale et montre le lien subtil entre la dynamique et la structuration
meésoscopique. Des simulations de dynamique moléculaire corroborent également les
résultats de la RMN.

De plus, les techniques d’écho de spin neutronique fournissent des informations sup-
plémentaires sur la variation des coefficients de diffusion collectifs sur une échelle de
distances allant de quelques diziémes & quelques dizaines de nanométres. Nous obser-
vons un régime de dynamique qui révéle la nature piégée de 'octanol dans les agrégats
pré-ouzo et sa nature continue dans la mélanges riches en huile.

Enfin, les propriétés macroscopiques non idéales des agrégats pré-ouzo sont démon-
trées par des mesures de rhéologie, montrant que I'excés de viscosité des mélanges dans
la zone pré-ouzo est plus élevé qu’ailleurs.

Une étude comparative a été menée sur le systéme ternaire 2-éthylhexanol afin
d’identifier les différences de SFME dues au ramification de I'huile, ainsi que sur un
autre systéme ternaire sans phase Ouzo (acétate d’éthyle-salicylate de sodium—eau) afin

de distinguer la structuration associée au point critique de celle de la région pré-Ouzo.

Conclusions et perspectives

Dans I’ensemble, cette étude fournit des informations précieuses sur la caractérisation des
microémulsions formées & ’aide d’hydrotropes, avec des applications potentielles dans
I’extraction et la solubilisation. Bien que les résultats soient spécifiques aux systémes ter-
naires eau-monoalcool, ils offrent une compréhension fondamentale des diverses pseudo-
phases qui peuvent exister au sein de mélanges ternaires apparemment homogénes, ou-
vrant la voie a de futures explorations dans des systémes similaires.

Plusieurs piste son proposées pour de futures explorations: des mélanges quater-
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naires, dans lesquels I’ajout d’une molécule ultra hydrophobe pourrait porter a la présence
d’un second point critique ; 'utilisation de la centrifugation pour générer des agrégats

pré-ouzo ou séparer les deux phases.
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Appendix A

Supplementary Material

A.1 SAXS Autodilution
A.1.1 Data teatment and analysis

Ioz Igp 4 (A1)

I=1Iokg + 177 @ " T+ (q—asr)iprl?

The raw data were obtained in terms of I vs. q and background subtraction was per-
formed by removing the empty cell background from the initial datasets. For data fitting,
a model proposed by Prevost et al. [120] was employed, as represented by Equation A.1.
This model comprises four distinct terms, each capturing unique physical phenomena
observed in the system.

The first term, Ipig, represents a flat background intensity, providing a baseline
scattering level not attributed to any specific structural features within the sample.
This term isolates the contributions of other components in the fitting function.

The second term, HI(OTZ@Q, corresponds to the Ornstein-Zernike function. This Lorentzian
term, centered at ¢ = 0, captures scattering from critical fluctuations or small pre-Ouzo
droplets within the system. Physically, it reflects the influence of density or composition
fluctuations on scattering intensity, particularly near the phase separation critical point,
where the correlation length £ is crucial.

The third term., H[(q_;iw, represents a Lorentzian peak observed at higher ¢
values, associated with scattering from smaller, well-defined structures, such as droplets
or aggregates. In this system, it reflects octanol-ethanol clusters formed through hydro-
gen bonding interactions. The peak position ggp corresponds to the inverse spacing of
these structures, with {gp related to peak sharpness, where FWHM = 2/{pp.

Lastly, the g™ term accounts for the rapidly decreasing intensity at higher ¢ values,
known as Porod scattering. The ¢~* dependence is characteristic of scattering from large
objects or interfaces, in accordance with the Porod law, observed here for Ouzo emulsions.

Together, these four terms form a comprehensive model describing the scattering

intensity over a broad range of length scales, effectively capturing the various physical
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Figure A.1: Types of I vs. q plot with different oil to ethanol starting ra-
tio. (Left): The pre-peak corresponds to smaller oil structuration at relatively
higher q, indicating a smaller length scale. This occurs at a higher octanol ratio,
making the pre-peak clearly visible. (Right): With reduced octanol content
and sufficient water, we see the emergence of aggregates namely the pre-Ouzo
droplets.

processes and structures within the system, as derived from the works of Prevost et al.
[184].

Fitting Procedure: Given the vast number of points on the ternary phase diagram
for which SAXS data was measured (each point representing a specific ratio of octanol,
ethanol, and water), changes in the component ratios lead to variations in the system.
These variations are reflected in the I vs. ¢ data, resulting in changes to the basic profile
of the curve and complicating the analysis or fitting of the raw data. To address this

complexity, we employed the following procedure using Python:

e Step 1: Each I vs. q plot was fitted with various combinations of the terms from

Eq. A.1, such as the 1% and 2" term or the 1%, 2" and 3"? term and so on.

e Step 2: After fitting the dataset with 10 different combinations independently,
the best fit was selected based on the reduced chi-square value with the minimum
number of terms possible. (The reduced chi-squared (y?) value quantifies how well
the model fits the data per degree of freedom. A value of x2 close to 1 indicates a
good fit, suggesting that the model adequately explains the observed data within
the uncertainty. If x? is significantly greater than 1, it suggests that the model
does not fit the data well, possibly indicating that the model is overly simplistic
or that the uncertainties in the data have been underestimated. Conversely, if x?
is much less than 1, it may indicate overfitting, where the model is too complex
for the available data.)

e Step 3: Further, a list of the data points along with the best-fit function used and
all other fit parameters is generated. This list has all seven parameters from the

fitting function and the corresponding error values.

e Step 4: All the data points were plotted on a ternary phase diagram according to
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{20:80} (file-40) [10.89, 45,98, 43.13]
[FIT= OZ+BP+I_bkg]; {RedChi=9.221}

I|_0Z= 2.5470e-02 "\\
b zi_OZ= 8.6557e-01 S
B 1622 |_bkg= 5.3304e-03 S
- 1 | peak= 5.1571e-04
& zi_peak= 1.1747e+00 L
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Figure A.2: An example of data fitting using a combination of different terms
from the main fit function, including the Ornstein-Zernike term, the pre-peak
Lorentzian term, and a background amplitude, all displayed as separate com-
ponents.

the composition of those points. (Further simplification of the phase diagram was

done as explained in the next section)

A.1.2 Composition Calculation:

The oil-ethanol mixture is treated as a pseudo component with extinction coefficient €12
and volume fraction ¢12. The transmission of the ternary system upon dilution with

water reads:

T, = exp [—{e12¢12 + €3(1 — ¢12) }1] (A.2)

where the extinction coefficient of water €3 is determined from a measurement of pure

water. Eq.A.2 can be solved for ¢12 to obtain the composition of each sample:

In (%) + €3

€3 — €12

b1z = (A3)

In doing so, we assume that the sample ¢12 + ¢3 = 1 and the ratio ¢1/¢2 remains
constant.

Moreover, as shown in Figure A.3, data in the biphasic region is largely absent along
most dilution lines. This absence is due to phase separation within the sample, causing
varying, uncontrolled ratios of oil-ethanol and water to enter the capillary. Consequently,
this leads to fluctuations in the transmission coefficient, making it impossible to assign

a definitive composition to that data.

150



Appendix A. Supplementary Material: SAXS Autodilution

12. aQ~*+BP+I_bkg
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IlO. BP+I bkg
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.0z
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Figure A.3: Initially generated ternary plot depicting different combination
fit functions used for individual points on the autodilution line.

A.1.3 Condensing the fit-functions on octanol ternary plot

Rewriting Eq. A.1 as:
I = Bkg+OZ + BP + Porod (A.4)

The steps used to generate the condensed version of the ternary plot showing fit functions
(Figure 3.5) from the initially generated, raw fit-function ternary plot (Figure A.3) are

as follows:

1. Featureless (Light blue points):

e For points with low oil and water concentrations, no distinct features are
observed within the given ¢ range. These points are initially fitted using a
BP term, but as the peak position (¢pp) reaches the boundary of the fit

range, they are classified as featureless.
2. Primarily pre-peak (Blue points):

e For initial fit functions corresponding to’3. OZ+BP’ or 4. OZ+BP+1 bkg’:
When the OZ intensity at the peak position is less than the pre-peak intensity,

ie.,

( I_OZ. 2> < I BP,
14+ (¢ BP-zi 0OZ)

and the water concentration water conc < 50%, the fit predominantly re-
flects a pre-peak contribution on the oil-rich side, as observed in the scattering

curves.

o Ifthefitis 7. OZ+aq *+BP or 8. OZ+aq~*+BP+1 bkg and the OZ inten-
sity is less than the peak intensity, and water concentration water conc <
50, it is 10. BP+1_bkg (fit = 10).
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o If the fit is 11. ag~* +BP or 12. aq~* +BP+I bkg and water concentration
water _conc < 50, it has negligible Porod effect.

3. Primarily Ornstein-Zernike (Green points):

e For initial fit functions corresponding to’3. OZ+BP’ or’4. OZ+BP+1 bkg’:

When I oz
( = - 2> >1 BP,
14+ (¢ BP-zi 0OZ)

and if water _conc < 50%, The fit primarily exhibits an Ornstein-Zernike

(OZ) contribution with a subtle presence of the pre-peak.

e For initial fit functions corresponding to’3. OZ+BP’ or’4. OZ+BP+I1_bkg’:

If water _conc > 50%, the fit is also classified as primarily Ornstein-Zernike.

e If the fit was previously 5. OZtaq~*’ or 6. OZ+aq *+1 bkg’ and the
following threshold is satisfied at ¢ = 0.05nm ™!, which is a relatively low

value where we can observe remnants of both Porod relaxation and OZ:

< I 07

‘ 2> >a-0.0571
14+ (0.05-2i_0Z)

o If the fit is 7. OZtaq *+BP’ or '8. OZ+aq~*+BP+I1 bkg’ and the OZ
intensity exceeds the peak intensity, and water concentration water conc <

50% where we don’t have any noticeable Porod effect.
4. Porod and OZ (Brown points):

o If the fit was previously ’5. OZ+aq™*’ or 6. OZ+ag~*+I1 bkg’ and the
following threshold is satisfied at ¢ = 0.05nm ™', then the final fit is set to
be ‘6. OZ+aq~*+1 bkg’, representing a mix of Porod and OZ where Porod

relaxation is not very subtle:

< I 0Z

. 2> <a-0.057"
14+ (0.05-2i_0Z)

e If the fit is 7. OZ+aq *+BP’ or '8. OZ+aq~*+BP+I bkg’ and the OZ
intensity exceeds the peak intensity and water concentration exceeds 50%

where the Porod effect is not subtle.
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Table A.1: Components of the fit-function used. Here, OZ: Ornstein-Zernike;
BP: pre-peak; aq~*: Porod relaxation; I bkg: background amplitude

Fit Type

07z

OZ +1 bkg

0z + BP

OZ + BP + 1 _bkg
OZ + aq™

OZ + aqg™™ +1_bkg
OZ + aqg™* + BP
OZ + aqg~* + BP + 1_bkg
BP

BP +1 bkg

ag~® + BP

ag™® + BP + 1 _bkg

— =
m S oo ootk w3k

—_
[\

Table A.2: Refining of Fit Function

Initial Fits

Condition

Final Category

1. BP No distinct features, low oil and water | Featureless
2. BP + 1 bkg concentrations. (Light blue)

Qpeak Teaches the boundary of the fit range
3. OZ+BP I 0Z/(1+(q_BP-zi_0Z)*) <I BP | Primarily pre-
4. OZ+BP+I bkg water _conc < 50% (Dominated by BP on | peak

oil-rich side) (Blue)
7. OZ+aq~* +BP I 0Z/(1+(q_BP-zi_0Z)*) <I BP | Primarily pre-
8. water _conc < 50 (Negligible Porod relax- | peak
OZ+aq~*+BP+1_bkg ation) (Blue)
11. aqg~*+BP water _conc < 50% (negligible Porod ef- | Primarily  pre-
12. aq~*+BP+1_bkg fect) peak

(Blue)

3. OZ+BP I 0Z/(1+(q_BP-zi_0Z)?)>1_ BP | Primarily OZ
4. OZ+BP+I_bkg water _conc > 50% (Dominated by OZ in | (Green)

water-rich region)

5. 0Z+aq™* At ¢ = 0.05nm ™" Primarily OZ
6. OZ+aq *+1_bkg I_OZ/(14(0.05-zi_0Z)?) > «a-0.05* | (Green)
7. 0Z+aq *+BP I_O0Z/(1+(q_BP-zi_0Z)*)>1_BP | Primarily OZ
8. water _conc < 50% (Negligible Porod ef- | (Green)

OZ+aq=*+BP+I_bkg

fect)

5. 0Z+aq™?
6. OZ+aq *+1 bkg

At ¢ = 0.05nm™!:
I 0Z/(14(0.05-zi 0Z)?*) < a-0.057*
Mix of Porod and OZ

Porod and OZ
(Brown)

7. OZ+aq~* +BP
8.
OZ+aq=*+BP+I_bkg

T 0Z/(1+(q BP-zi_02)%) >1 _BP
water _conc > 50% (Porod effect not sub-
tle)
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Table A.3: Summary of Forces Involved in the Stabilization of Pre-Ouzo Struc-

tures
Force Description in context of pre-Ouzo
Entropy-driven  dis- | Favors smaller, polydisperse domains, prevent-
persion ing phase separation and ensuring dynamic equi-
librium.
Hydration forces Arise between octanol-rich domains due to struc-

tured water at high-density OH interfaces, pre-
venting coalescence.

Van der Waals forces

Negligible in comparison to hydration and en-
tropy effects due to weaker interaction strength.

Bending energy

Minimal due to high curvature of domains, indi-
cating ultraflexible microemulsions.

Oct:ethanol 30:70 o EH:ethanol 30:70
l —
3 0z 3 oz
—~ max ~ max
S S
g2 S2
N N
o
2, 2,
0
12 le-2 1 2 le=2
— g — lgp
T jump | 3 0.9
06 g0.6
& &
=03 <03
0.0 0.0
le-1 le=1
6.8

Transmission
SIS 6.8

Transmission

Coeff. Coeff.

6.4
£ £ 6.4
60 6.0
56 5.6
0.0 253 445 720 0.0 22.2 37.0 70.0 78.7
water volume fraction water volume fraction

Figure A.4: Comparison of (left) the octanol-based ternary system and
(right) the EH-based ternary system in terms of OZ intensity (loz), pre-peak
intensity (Igp), and the corresponding transmission values from SAXS measure-
ments along the 30:70 oil to ethanol autodilution line.
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Table A.4: Samples where {oz,, > £oz,.,- These samples show a higher oil
and ethanol content, while water content generally correlates inversely with oil
content. Higher oil percentage tends to favor higher oz, values compared to
£0zp.,- The compositions are rounded off to the nearest integer values.

Oll% Eth% Water% goZEH fozoct
10 41 49 2.0826 | 1.0053
17 40 43 4.0000 | 1.0313
13 40 47 3.2552 | 1.1130
10 39 o1 2.7168 | 1.0523
26 39 35 1.9671 | 1.0263
16 38 46 3.1631 | 1.1867
13 38 49 3.3028 | 1.2644
7 38 25 1.9294 | 1.0152
9 37 o4 2.2346 | 1.4347
12 37 o1 3.3606 | 1.5634
16 37 47 2.6880 | 1.8192
6 36 o8 1.8587 | 1.1849
12 35 93 2.9566 | 2.5097
6 35 29 1.5250 | 1.0845
4 33 63 1.3921 | 1.1733
4 32 64 1.1318 | 1.1256
9 27 64 1.4376 | 1.2583

Table A.5: Samples where oz, < £oz,,,- These samples generally have a
lower ethanol content (typically 3%-7%), and the ethanol content spans a wide
range. Water content tends to be higher in this group, particularly when oil
content is lower, and this favors lower {oz,, values compared to {oz,.,-

Oil% | Eth% | Water% | £oz,, | $ozo.
16 36 48 2.6880 | 3.0269
9 34 o7 1.9913 | 2.8222
11 33 o6 1.4029 | 3.4107
6 33 61 1.2489 | 1.6112
14 32 54 1.0767 | 2.9372
D 31 64 1.0686 | 2.5767
8 31 61 1.4607 | 2.9103
3 31 66 1.3184 | 1.4732
8 30 62 1.2621 | 2.5582
D 30 65 1.1059 | 2.3860
3 30 67 1.3104 | 1.4069
10 29 61 1.6282 | 2.3907
7 29 64 1.4987 | 2.3916
7 28 65 1.1595 | 2.4016
9 26 65 1.1070 | 2.0660
7 21 72 1.0008 | 1.6792
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Figure A.5: Left: Intensity of the OZ term (Ipz), Right: OZ invariant for
the 2-ethyl hexanol ternary system, based on the calculation in Equation A.5.
In some oil-rich regions, although the exact Ipy; is very small, the invariant
at the same sample points shows significant values. Since the Porod invariant
depends on density difference and volume fractions rather than aggregate size,
certain reverse aggregates exhibit notable values.

Ethanol

2.5

7
Zo
27,

%
°{§° P N &

Figure A.6: The length scale parameter £ for the EH ternary system, show-
ing pre-Ouzo aggregates near the critical point and the absence of significant
aggregation on the oil-rich side.
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Figure A.7: Comparison of (left) absolute BP invariant (based on equation
A.7) and (right) normalized BP invariant (based on equation A.10) for EH
based ternary.

A.2 Invariant Oct and EH

The following equations describe the calculation of invariants from the scattering in-
tensity, integrating over a defined ¢g-range. These invariants provide a measure of the

contribution from different structural components in the system.

Ornstein-Zernike (OZ) Invariant

Gend IO q2 ( )
Invariantoz = / — __dg A5
Gstart 1 + q2£gz
The associated uncertainty is determined using error propagation:
Olnvariantoy, 2 Olnvariantoy 2
ooz = <AIOZ + | ———— A&, (A.6)
01, oz

Broad Peak (BP) Invariant

Gend IBPq2
Invariantgp = / dg (A.7)
Qstart 1 + (q - qBP)2€%P

The uncertainty considers variations in intensity, peak position, and correlation

length:

Olnvariant 2 Olnvariant 2 Olnvariant 2
OBP = (BP AIBP) + (BP AqBP> + (BP AiBP)
o1, BP aQBP aSBP
(A.8)

For octanol/EH mixtures, integration is carried out over the range gstart = 0 nm™!

t0 Genqd = 30 nm 1.
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Figure A.8: (Left) normalized OZ invariant (from equation A.9) and (right)
normalized BP invariant (from equation A.10) for octanol based ternary.

Normalization

The invariants are normalized to express their relative contributions as percentages,

allowing for a direct comparison between the OZ and BP terms.

I iant
Normalizedoz = _Ivanamoz % 100 (A.9)
Invariantoy + Invariantgp
I iant
Normalizedpp = Hvariante % 100 (A.10)

Invariantoy + Invariantgp
This ensures that the contributions from the different scattering components are

directly comparable.

A.3 Mathematical Formulations of Free Energy Cal-

culations

Entropy:

All formulations presented here are based on the work of [109], with special thanks to
Thomas Z. and Stjepan M. for their invaluable assistance.

Entropy depends on the Ornstein-Zernike (OZ) correlation length (§) because &
determines the spatial correlations in density fluctuations, shaping the disorder of the
system. In a random Gaussian field with the OZ spectrum, a level cut near zero creates a
disordered network of oil- and water-rich domains. Since £ dictates how these fluctuations
decay over distance, it directly influences the entropy of the surface distribution. A
larger £ results in more structured, lower-entropy configurations, while a smaller £ leads
to greater disorder and higher entropy. This relationship holds for both sharp and diffuse
interfaces, as long as the density fluctuations follow the OZ spectrum.

The Ornstein-Zernike (OZ) spectrum is given by the equation:
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o(k, €) = 1;]6252 (A.11)
where k is the wavevector.
To normalize the spectrum, we introduce a normalization constant that depends
on the cut-off wavenumber k. and the correlation length £. The normalized spectrum

vo(k, &) is given by:

272
UO(k7 é.) = 27 ) (A12)
(1+K22) fo" oo dk
Here, the denominator contains an integral that accounts for the cut-off at k. = 2?”,
beyond which fluctuations are not considered.
The entropy function is defined as:
1 [,
Seneons (€) = 53 | K2 10m(ro(h, ) d (A.13)
Free Energy of Hydration (or Solvation Energy):
The free energy of solvation is expressed as:
: 6 S
SOIVatIOHFE(&, P07 )\7 (b) =10 - V(€> : fhydration(P07 )\7 g? (b) (A14)
up-lim
Jhydration(Fo, A, &, @) = / — P du (A.15)

In this expression, the integrand represents the hydration pressure, where Py is
the contact pressure, dependent on the binding and positioning of water and ethanol
molecules at the interface. Additionally, A is the decay length related to the hydration.

The upper limit of the integral corresponds to the surface separation hp, given by:

1-¢
hr(§,¢) = (A.16)
’ A/V(E)

In this expression, ¢ denotes the oil-rich volume fraction, and A/V(§) is a function

that characterizes the surface area per unit volume of the level-cut Gaussian random
field, which contributes to the hydration force. Specifically, A/V (£) is given by:

A2 [E)E)
V(@ = 3 (A.17)
where (k?)(£) is calculated as:
G
(k) () = Jo T O dk (A18)
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Ternary & (nm) ¢ Py (Pa) A (m)
Oct 1.57 036 1x10° 275 x 10710
EH 3.38  0.36 29x10° 2.75x 1071

Table A.6: Parameters for octanol and EH at 12% oil, 37% ethanol, and 51%
water, used to calculate the corresponding combined free energy for the optimal
¢ (OZ correlation length) based on SAXS experiments. This suggests that,
for the given composition in the EH and octanol ternary system, the contact
pressure for EH is 2.9 times higher due to a larger pre-Ouzo aggregate.

Curvature or Bending Free Energy:

The free energy associated with curvature is defined as:

CurvatureFE(k., £, ¢) = k. - 3.31356096 x 10723 . 7 - p(107%, ¢) (A.19)

where the density function is expressed as:

3
p(r, ¢) = 47j3

Here, a conservative upper bound of the bending constant (k.) of 0.1 kBT is used,

(A.20)

because bending constants are close to 1 kBT for C12 chains. The bending constants
scale like the cube of the “film thickness” and are reduced in the presence of short-chain

alcohols; therefore, the real value is certainly below that value.

Total Free Energy

Therefore, the total free energy is expressed as:

TotalFE(§) = Sentropy (§) + solvationFE(&, Py, A, ¢) + CurvatureFE(k., &, ¢)  (A.21)
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Table A.7: Composition of octanol based samples (% Volume fraction) used
for the temperature dependant SAXS study

SAMPLE | Octanol | Ethanol | Water
WO 1 17.29 40.71 42.00
WO _2 17.83 41.97 40.20
WO _3 18.37 43.23 38.40
WO 4 18.70 44.02 37.28
WO 5 16.51 43.36 40.13
WO _6 15.89 46.12 37.99
WO 7 15.28 47.75 36.98
WO _8 15.21 41.84 42.95
WO 9 13.33 42.77 43.90
WO 10 11.24 43.80 44.96

Table A.8: Composition of EH based samples (% Volume fraction) used for
the temperature dependant SAXS study

SAMPLE | Octanol | Ethanol | Water
WEH 1 20.56 45.24 34.19
WEH 2 22.61 49.74 27.65
WEH 3 22.10 48.62 29.28
WEH 4 21.51 47.33 31.16
WEH 5 19.37 48.86 31.77
WEH 6 18.08 51.77 30.15
WEH 7 17.50 54.04 28.46
WEH 8 18.26 46.82 34.92
WEH 9 16.36 4791 35.73
WEH 10| 14.28 49.10 36.62
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Figure A.9: Iy vs. temperature plots for octanol-based ternary samples
(WO_2, WO_3, WO_4, WO_6, WO _9, and WO_10) as shown in Figure
4.2.
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Figure A.10: Figure showing the oz values for all 10 samples analyzed for
the octanol-ethanol-water ternary at 51°C (Top) and 21°C' (Bottom). For
each sample, three SAXS readings are taken during heating and three during
cooling. The gray curved arrows serve as a guideline for the change in & value
with increasing distance of the samples relative to the critical point (CP). The
dotted lines distinguish the three categories of dilution lines for the samples
with respect to CP, namely the water, ethanol, and octanol lines. At higher
temperatures, the £ values remain largely unchanged regardless of whether the
sample follows the heating or cooling path. However, at lower temperatures,
discrepancies in the £ values between heating and cooling paths are observed,
represented by A. Additionally, for the same temperature and cooling path,
there can be variations in the £ values corresponding to the three SAXS readings,
denoted by 9.
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Figure A.11: Iz for 10 samples along the three dilution lines near the critical
point (CP) of the octanol-ethanol-water ternary system. The Iy value for sam-
ple WO __ 1 remains lower than that of the other samples at both temperatures.
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Figure A.12: Iy; (top) and &oz (bottom) as a function of temperature
for several samples of the 2-ethyl hexanol-ethanol-water ternary system. The
samples are numbered in the same order as shown in Figure 4.2 relative to the

critical point (CP) of EH ternary.
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Table A.9: Mass and mole percentage of the components used in the eight
samples corresponding to all-H contrast for PFG-NMR study

Sample | Mass Fraction (%) Mol Fraction (%)

Woet Wein Whoo | Xoat  Xem Xm0
HL1 0.00 43.79 56.21 | 0.00 23.35 76.65
HL2 9.99 43.74 46.26 | 2.14 26.42 71.45
HL3 17.29 43.72 38.99 | 4.09 29.23 66.68
HL4 | 2454 43.68 31.78 | 6.50 32.69 60.82
HL5 3198 43.64 24.38 | 9.64 37.21 53.15
HL6 39.16 43.61 17.23 | 13.65 4296 43.40
HL7 | 46.30 43.58 10.12 | 19.08 50.77 30.15
HL8 | 56.46 43.54 0.00 | 31.45 68.55 0.00

A.4 PFG NMR calculations

A.4.1 Horizontal line

For the NMR experiments, three distinct sets of samples (P1, P2, and P3) were pre-
pared using different combinations of deuterated and protonated components, defined as

follows:

e P1: H-Oct + D-Eth + D20
e P2: D-Oct + H-Eth + D20

e P3: D-Oct + D-Eth + H0O

Table A.9 provides the compositions of the eight all-H samples used for NMR, ar-
ranged along the ’'horizontal line’ (refer to Figure 5.1). These mole fractions serve as
a reference for calculating the corresponding mass fractions, which are used for sample
preparation across the three different contrasts (P1, P2, and P3).

Figure A.13 and Table A.10 present the diffusion coefficients obtained from the NMR
experiments for all eight samples across the three sets (P1, P2 and P3).

Mentioned below are the steps to Calculate Individual Diffusion Coefficients from
Raw NMR Data (demonstrated using set P1):

1. Determine Moles of Labile Species (H/D):

H-Octanol:  Xjapile-Hoct = Moles of octanol in the ternary mixture (A.22)
D-Ethanol:  Xjapile-Deth = Moles of ethanol in the ternary mixture (A.23)
D30 XiabileD20 = 2 X (Moles of D20 in the ternary mixture) (A.24)

2. Calculate the Fraction of Labile H:
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Self-Diffusion Coefficient (Raw)
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Figure A.13: Raw diffusion coefficient of the 8 samples along the horizontal
line for the different contrasts: P1, P2 and P3

Table A.10: Raw data for diffusion coefficients (D,.,,) in m? /s for the 8 samples
corresponding to the 3 contrasts: pl, P2 and P3.

Sample No. DPl—raw DP2—raw DP3—raw
HL1 4.3919 x 10719 | 5.6494 x 10710 | 9.0215 x 10~ 1Y
HL2 2.2522 x 10719 | 5.6554 x 10719 | 7.9586 x 10~1°
HL3 2.1933 x 10719 | 5.5398 x 10719 | 7.4187 x 10~ 1°
HIL4 2.1474 x 10719 | 5.2174 x 10719 | 6.4743 x 10710
HL5 2.9396 x 10719 | 5.1296 x 10710 | 5.0411 x 10719
HL6 3.1323 x 10710 | 5.1840 x 10710 | 5.4159 x 10719
HL7 3.3270 x 10710 | 5.2424 x 1071% | 5.0805 x 10719
HLS8 3.7621 x 1071% | 5.1377 x 10719 -
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Xlabile-Hoct
Xlabile-Hoct + Xlabile-Deth + Xlabile-D20

3. Determine Non-Labile H:

fiabile-n =

H-Octanol: Xnon-labile-Hoct = 17 X Xlabile-Hoct
D-Ethanol: Xnon—labile—Deth =0

D20 : Xyonabile-D20 = 0

4. Calculate Total H for Each Component:

H-Octanol:  Xiotal-Hoct = Xlabile-Hoct X flabile—H + Xhon-labile-Hoct
D-Ethanol: Xtotal—Deth = Xlabile—Deth X flabile—H + Xnon—labile—Deth

D0 : Xiotal-D20 = Xlabile-D20 X flabile-H + Xnon-labile-D20

(A.25)

(A.26)
(A.27)
(A.28)

(A.29)
(A.30)
(A.31)

5. Determine Mole Fractions of H for all the 3 contrasts: The mole fractions

of H (X;Dj_oct JEth) mo0) for all three components are calculated for each sample
(HL1-HLS) in each set (P1, P2, P3). Where i = 1 to 8 (corresponding to the 8

samples) and j= 1,2,3 for each contrast set.

6. Solve for Individual Diffusion Coefficients: Using the mole fractions

(Xf)j—Oct/Eth/HZO) and mean diffusion coefficients (Dpj_raw) from the raw NMR

data for each set, the following equations are solved:

X1Z>1-oct *Ds—0ct + X}gl-Eth “Ds_ptn + Xlgl—Wat ’ DsszO = Dpiraw
X%’Q-Oct . Ds—Oct + XIZDQ_Eth : Ds—Eth + X%’Q_Wat : DS—H2O = DPQ—raw

Xlz33-oct *Ds_0ct + X}Z)3-Eth “Ds_ptn + XIgS—Wat ’ DsszO = Dp3 raw

(A.32)
(A.33)
(A.34)

Solving these equations yields the individual diffusion coefficients (Ds_oet/ g/ Hr20)

of the components along the horizontal line of the ternary phase diagram, as

summarized in Table A.11 and illustrated in Figure A.14.

A.4.2 Diagonal lines

The calculated diffusion coefficients for each of the three components in the ternary

system are presented (Table A.12) for the six samples along the line extending toward

the water vertex in the ternary phase diagram, as determined using the steps outlined

above. Additionally, the diffusion coefficient for the fully hydrogenated sample near the

octanol vertex in the ternary phase diagram is included (Table A.13).
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Figure A.14: Self-Diffusion coefficient of the 3 components calculated as per
above method and the raw diffusion coefficients for the samples with all hydro-
genated species (black squares) along the horizontal line.

Table A.11: Calculated data for diffusion coefficients (in m?/s) of all the
components, in mixed H/D contrast as well as all H case, for the 8 samples
along the horizontal line.

Sample No.

D s-Oct

D s-Eth

D s-Wat

Ds—All H

HL1
HL2
HL3
HL4
HL5
HLG6
HL7
HLS8

1.9163 x 10~
1.8863 x 10~
1.8928 x 10710
2.8164 x 1071
2.9986 x 10717
3.2240 x 10710
3.7045 x 10710

4.9749 x 10710
5.1939 x 10710
5.1618 x 10710
4.9655 x 10710
5.1484 x 10710
5.1392 x 10710
5.2762 x 10710
5.2163 x 10710

9.6372 x 10710
8.5644 x 10710
8.0760 x 10~10
7.1251 x 10710
5.1961 x 1010
5.9166 x 1010
5.4963 x 10710

8.0086 x 10717
6.4811 x 1071
5.6887 x 1010
5.1032 x 1071
4.7486 x 10710
4.5080 x 10710
4.3818 x 10710
4.3335 x 10710

Table A.12: Diffusion coeflicient (m?/s) for Octanol, Ethanol, Water, and all
Hydrogen cases for the water dilution line (D Later)-

Sample No. Dy oct Dg pn Dy wat Dy ann
DLW 1 2.2813E-10 | 5.2046E-10 | 8.1887E-10 | 5.4220E-10
DLW 2 2.0649E-10 | 5.4025E-10 | 7.2462E-10 | 5.3721E-10
DLW 3 2.6019E-10 | 5.4518E-10 | 6.9466E-10 | 5.3703E-10
DLW 4 2.7113E-10 | 5.8435E-10 | 6.6373E-10 | 5.3381E-10
DLW 5 3.4361E-10 | 6.7354E-10 | 5.9060E-10 | 5.6555E-10
DLW 6 4.3315E-10 | 7.6988E-10 | -2.3610E-10 | 6.1669E-10
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Table A.13: Diffusion coefficient (m?/s) for the octanol dilution line
(D Loctanot) with all hydrogenated components.

Sample No. Ds—All H
DLO 1 | 7.18E-10
DLO 2 | 6.31E-10
DLO 3 | 5.25E-10
DLO 4 | 4.86E-10
DLO 5 | 2.16E-10
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Table A.14: Compositions of the simulated systems for the octanol-ethanol-
water ternary. In all systems the mass fraction of ethanol is wg = 0.4.

w_Octanol | N_Octanol | N _Ethanol | N H20
0 0 1401 5374
0.06 74 1401 4836
0.12 148 1401 4299
0.18 223 1401 3761
0.24 297 1401 3224
0.3 371 1401 2687
0.36 446 1401 2149
0.42 520 1401 1612
0.48 594 1401 1074
0.54 669 1401 537
0.6 743 1401 0

A.5 Molecular Simulation Data

We thank Dominik H. for conducting the simulation modeling and acknowledge his
contribution to this work.

Ternary systems with an ethanol mass fraction of wg = 0.4 were studied. The compo-
sition of the simulated systems are shown in Table A.14. All simulations were carried out
using GROMACS 2023.2 [185]. Octanol and ethanol were described by the OPLS/AA
force field [186] with L-OPLS dihedral potential corrections [187] for n-octanol, in con-
junction with TIP4P /2005 water model [188|. Ethanol and n-octanol hydrogen atoms
were represented by virtual interaction sites. The electrostatic interactions were calcu-
lated with the smooth PME method. A cutoff of 1.0 nm was used for the Lennard-Jones
interactions, where the truncation error correction was applied to the energy and pres-
sure.

After equilibration, the ternary systems were simulated for 500 ns and the two binary
systems for 100 ns. The time step was 5 fs. The temperate was set to 300 K using a
stochastic velocity rescaling thermostat, and the pressure was set to 1 bar using stochastic
cell rescaling.

The diffusion coefficients of the three species were determined from Einstein plots
using the "gmx msd" routine of GROMACS. The range from 50 ns to 250 ns was used
for the fitting of the diffusion constants of the ternary systems, for the binary systems
the range from 10 ns to 90 ns. The resulting errors in the diffusion constants are below
2.6 - 107 11m?/s.

For comparison to experimental data, the diffusion coeflicients from MD are corrected

for finite size effects following the approach of Yeh and Hummer. [189)
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Table A.15: NSE Sample Composition Data for the 8 samples on the EH
phase triangle figure 5.14

Sample | EH
S1 0.00
S2 6.58
S3 12.36
S4 18.28
S5 27.40
S6 35.78
ST 45.53
S8 53.35

Ethanol | Water
42.21 57.79
42.76 50.66
43.24 44.40
43.73 37.99
44.49 28.11
45.19 19.03
46.00 8.48
46.65 0.00

Table A.16: Mass fractions (%) of components in Ethyl acetate (EA), Sodium

Salicylate (NaSal) and Water ternary samples.

Sample EA (%) NaSal (%) Water (%)
ENa 1 0.00 49.86 50.14
ENa_ 2 38.14 30.84 31.02
ENa 3 59.17 20.36 20.47
ENa 4 69.26 15.33 15.41
ENa 5 88.93 5.92 5.59
D inc Value vs Sample Name
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Figure A.15: Dj,conerent from WASP analysis of 2-ethyl hexanol (EH) +
ethanol + water ternary. The contrast naming format is oil-ethanol- water,
where HDD refers to hydrogenated oil with deuterated ethanol and water and
DHD refers to hydrogenated ethanol with deuterated oil and water.
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Figure A.16: Intermediate scattering function I(q,t)/I(q,0) versus time plots
from NSE experiments. Here, 8eth refers to the ethyl hexanol ternary, ENa
to the ethyl acetate ternary. HDD indicates a system with hydrogenated oil
and deuterated hydrotrope and water, whereas DHD refers to hydrogenated
hydrotrope with deuterated oil and water.
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Table A.17: Viscosity and Mass Fractions for Samples along the Horizontal

Line (HL)

. . Mass Fraction (%
Sample Name | Viscosity Octanol | Ethanol (V\?'ater
HL1 2.35 0 43.79 56.21
HL2 2.72 9.99 43.74 46.26
HL3 2.93 17.29 43.72 38.99
HL4 3.04 24.54 43.68 31.78
HL5 2.97 31.98 43.64 24.38
HL6 2.89 39.16 43.61 17.23
HL7 2.75 46.3 43.58 10.12
HLS8 2.54 56.46 43.54 0

Table A.18: Viscosity and Mass Fractions for Samples along the Water Diag-

onal Line (DLW)

Mass Fraction (%)

Sample Name | Viscosity Octanol | Ethanol | Water
DLW 1 3.20 16.52 36.65 46.82
DLW 2 3.13 18.04 40.03 41.93
DLW 3 2.93 20.08 44.54 35.38
DLW 4 2.71 22.02 48.85 29.13
DLW 5 2.24 26.06 57.81 16.13
DLW 6 1.75 30.05 66.66 3.29

Table A.19: Viscosity and Mass Fractions for Samples along the Octanol
Diagonal Line (DLO)

. . Mass Fraction (%
Sample Name | Viscosity Octanol | Ethanol (V\zater
DLO 1 2.37 3.07 48.5 48.43
DLO 2 2.65 10.04 45.01 44.95
DLO 3 3.04 17.93 41.06 41.01
DLO 4 3.35 22.35 38.85 38.80
DLO 5 6.64 95.76 2.12 2.12
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Algorithms: Python scripts

B.1 Stepwise Summary of Data Fitting Process for
SAXS Autodilution Experiment

1. Initialization of Parameters and Data Preparation: In the first stage, the

initial parameters for fitting are set up:

e The values for Io,0, 200, Ibke0, BP0, 2BP0, qBPO, and o are initialized using the

set_initial_parameters function.

e The data corresponding to y (intensity) and ye, (error) are extracted from the
dataset.

e A function for model fitting, function_selector, is chosen and applied to the
data.

2. Composition Calculation from Transmission Values:

e Transmission values for the empty capillary (T_emptycap) and the binary system

(T_binary) are used to calculate the scattering cross-sections for water and oil.

e An initial oil ratio is set based on predefined volume fractions of octanol and

ethanol.

e For each transmission measurement, the oil weight fraction (w_oil) is calculated,

and the compositions of octanol, ethanol, and water are derived from it.

3. Model Setup and Fitting: Once the parameters are initialized, the model
fitting begins:

e A combined model function, whole_func_model, is defined to fit the data.

e The Imfit model fitting library is used to perform the fitting process with the

initial values.
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4.

The error in the data is incorporated into the fitting process by applying weights

based on the error values.

Results Processing and Plotting: After the fitting process, the results are

processed:

The parameters obtained from the fit are stored for each plot number.
The error values for each parameter are computed and stored.

The fitting plots are generated, showing the data points and the fitted curve along

with the individual components of the model.

5. Model Updates and Iterations: After each fit, the model parameters are
updated:
e The parameters from the current fit are assigned as initial values for the next fit,

allowing the model to adapt as it progresses through the dataset.

If certain conditions are met, the process iterates through the dataset, adjusting

the initial conditions dynamically.

Sorting and Extracting Best Fit Data:

B.2

The data files for each oil ratio are loaded, and entries are sorted by the second

column (plot identifier).

A sorted file is created with a heading that details the columns (e.g., oil ratio, fit

type, parameters, and their errors).

A new file is generated to store the "best fit" results for each dataset: - The best
fit is determined by identifying the minimum reduced chi-squared (RedChi) value
for similar plot identifiers and the combination of terms from the model with least
free parameters, to avoid overfitting of the data. - The corresponding best-fit

parameters are written to the output file.

The process repeats for all oil ratios, ensuring all results are well-organized and

the best fits are extracted systematically.

. Final Output and Writing to File: Finally, after completing the fits:

The results, including fitting parameters and statistical values (e.g., reduced chi-

squared), are written to an output file.

WASP Data Analysis Algorithm

Input Data: Experimental data is loaded from COMBI_FILE.txt, with key columns

including sample names, g¢;, t, intensities (I, Icon, finc), and errors.
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e Fitting Function: The following custom function models the physical behavior
of the system:
fit_value = Prefak X (Icoh_current X (inel_dyn . e300 Leurrent

+ (1 — inel_dyn) - ((1 — el_bkg) - e~ Deon Gurrent-teurrent

D g? .
+ el_bkg)) - 033 . IinC_current . (a_'mp_inc - e DmC qcurrent tcurrcnt))
e Minimization: The script minimizes residuals using lmfit.minimize, fitting
parameters such as D_inc, D_coh, Prefak, inel_dyn, el_bkg, and amp_inc.

e Parameter Initialization: D _inc parameter are either reused from previous fits

or initialized with values based on NMR diffusion coefficients.
e Outputs:

— Optimized parameters and their errors are saved to optimized_parameters.txt.
— Detailed fit reports are written to Reult_prettyPrint.txt.

— Fitted curves and experimental data for each sample are plotted against t

(log-scale) for different ¢ values, saved in fit_plots.pdf.

B.3 IN15 Data Analysis Algorithm

e The fitting process is based on the equation:
I(t)=a- e~ Dert-a®t

where I(t) is the intensity at time ¢, a is a scaling parameter, Deg is the effective

diffusion coefficient, and ¢ is the scattering vector magnitude.

e The Imfit library is used to perform non-linear least squares fitting to determine

the parameters Deg, a, and q.

e The calculated Deg values and their uncertainties are used to study the diffusion

behavior as a function of q.

e The results are visualized as a plot of Deg vs. ¢, with error bars indicating uncer-

tainties.
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