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ABSTRACT

Thermodiffusion or thermophoresis occurs when a fluid mixture is exposed to a temperature
gradient, leading to partial separation of the different components. It is still an unresolved
non-equilibrium problem in physical chemistry. Thermodiffusion can be used for large scale
separation and polymer characterization and furthermore it has been related to the origin of
life occurring at deep sea regions with strong temperature gradients caused by hot vents or
other volcano activities. The basic parameter is referred to as the Soret coefficient which is
defined as the ratio of the thermal diffusion coefficient Dt and the mass diffusion coefficient
D .

Despite a long time of research there is still a lack of a microscopic understanding of ther-
modiffusion. In order to study the origin of thermodiffusion, it is required to use well suited
model systems and reliable methods. The model systems need to be accessible with the-
oretical concepts and show simplified geometries such as spheres. Additionally the model
system must allow a systematic variation of properties such as size, mass or charge. The
requirements for experimental methods are a small sample volume to be able to use rare
materials and a well shaped experimental geometry to be accessible by theoretical models,
for example well characterized walls, edges and interfaces. Furthermore measurements need
to be contact free in order to minimize artificial distortions like the sample-removal geometry
through an outlet. This work contains both aspects, the development of a new experimental
method and the systematic investigation of microemulsion droplets, which can be regarded
as a tunable colloidal model system.

A well suited experimental method employs the classical so-called thermogravitational
columns (TGs), which were one of the first devices using thermodiffusion for separation,
and which rely on sample extraction and additional measurements to determine the concen-

tration and thereby the thermodiffusion properties. One main aspect of this work was the
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development of a classical TG combined with an optical detection method which requires
only very small sample volumes. This project was accomplished in cooperation with the
group of M. M. Bou-Ali at the Mondragon-University. The thermogravitational micro col-
umn (U-TG) was constructed with a small sample volume of 50 uL for investigation of very
rare or expensive samples such as biological samples. The dimensions are chosen to achieve
a parabolic, laminar flow field inside the column, which is required for theoretical modeling.
We chose a gap width of only around 500 ym and a height of 3 cm. The u-TG is operated
contact free by using an interferometrical detection method to determine the concentration
differences at two different heights of the column. This optical method allows sensitive and
time resolved measurements of the concentration difference. Although, the analysis of the
time dependent concentration profile was not yet possible with existing theoretical models
which assume infinite short rising times of the temperature gradient. We used an active
phase tracking procedure using a piezo actuator at one of the mirrors, which changes the
mirror position, leading to the phase difference. This robust method is independent of the
intensity and contrast fluctuations. The u-TG has been validated by measuring three bi-
nary benchmark mixtures and by investigating the mixture of toluene and n-hexane. The
obtained results agree within 5% with literature results.

Additionally, measurements of a microemulsion system were performed, which allow a sys-
tematic investigation of the thermal diffusion behavior as function of the microemulsion
droplet size and their interfacial tension. The size dependence of the thermodiffusion is con-
troversially discussed. Theoretical studies propose the Soret coefficient a linear, quadratic
and power laws of higher order. Experimentally a linear and quadratic size dependence of the
Soret coefficient for hard and soft colloids has been found. Two different studies on the same
sample system led to a linear and a quadratic dependence. One reason for this discrepancy
might be the surface properties of the studied colloidal systems. Although hard spheres with
different sizes can be synthesized, the grafting density or charge may differ substantially.
A phase transition temperature of colloidal systems stemming from different batches differ
often by several 10 K. To overcome this drawback, we have chosen microemulsion droplets
as model system, which can be tuned in size, shape and their interfacial tension over a wide
range. They consist of a polar liquid such as water, a non-polar liquid such as an oil and a
surfactant. By adjusting the appropriate concentration and temperature, a microemulsion
(LE) forms discrete water/oil or oil/water aggregates, which are thermodynamically stable
and can be used as a colloidal model system. In this study we avoid complications due to

surface charge effects and use a non ionic surfactant.



We chose a system of water, n-alkanes and the non-ionic surfactant Ci,E5 at the water-rich
side of the phase diagram. All measurements have been performed in the one-phase region
between the upper near critical boundary (ncb) and the lower emulsification failure bound-
ary (efb). The droplets have been characterized by Dynamic Light Scattering (DLS) and
Small Angle Neutron Scattering (SANS). The results show that the shape varies strongly
with temperature, from network like (close to the ncb) to elongated to spherical droplets at
lower temperature close to the efb. The thermal diffusion behavior of the pE-droplets has
been investigated by the Infrared Thermal Diffusion Forced Rayleigh Scattering technique.
With this method we obtain the mass diffusion coefficient D, the thermal diffusion coefficient
Dt and the Soret coefficient §1. In a first study we used only n-decane as oil and investigated
the behavior along three different paths. We varied the temperature between the ncb and
the efb and could relate the results to the influence of the shape of the droplets. Close to the
efb the results for low temperatures and thus spherical droplets are compared for different
volume fractions of droplets and different oil content and thereby size. We found only a very
small influence of the volume fraction below 10% on the thermodiffusion coefficients. The
comparison of different sizes showed an increase of the Soret coefficient with radius but the
measurement range was too small to differentiate between a linear and quadratic behavior.
Additionally we compared our results with a model of Parola and Piazza, who proposed that
the Soret coefficient depends linearly on the radius and on the temperature derivative of the
product of the interfacial tension and some characteristic length /. This length is a measure
for thickness of the interfacial layer, which is influenced by the temperature gradient. The
interfacial tension measurements were conducted by the group of Strey at the University of
Cologne. The results of the thermodiffusion measurements and the calculated values show
fairly good agreement for spherical droplets. The drawback of this study was a shift in the
efb temperature accompanied by increasing the oil content and thereby the size.

To access a wider parameter space for size and interfacial tension, we used different n-alkanes,
so it was possible to measure different droplet sizes at the same temperature. Also, as be-
fore the micro emulsions were characterized by DLS and SANS measurements to obtain the
structure and size close to the efb. The Soret coefficient increases linearly with the droplet
radius for spherical particles. Furthermore we were able to extend the investigation of the
thermodiffusion behavior in relation with interfacial tension. We determined the character-
istic length [ between 1 and 2 A. Although we used different oils in our studies, we assumed
that the droplets core does not influence the thermodiffusion behavior but only the shell

and the interface interact with the surrounding. We found that for our sample system, the
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interfacial tension dependence is dominated by the particle size due to a small derivative of
the interfacial tension by temperature, which was proposed in the theory. Thereby we gave

a first insight into this model applied to soft colloidal particles.



KURZZUSAMMENFASSUNG

Thermodiffusion oder Thermophorese tritt auf, wenn eine fliilssige Mischung einem Tempe-
raturgradienten ausgesetzt wird. Dies fiithrt zur teilweisen Trennung der verschiedenen Kom-
ponenten. Es ist ein noch immer ungel6stes Nicht-Gleichgewichtsproblem in der physikalis-
chen Chemie. Thermodiffusion kann fiir Stofftrennung in grolem Mafistab und zur Polymer-
charakterisierung eingesetzt werden. Dariiber hinaus wird das Phdnomen mit dem Ursprung
des Lebens in Tiefseeregionen in Verbindung gebracht, da dort starke Temperaturgradienten
z.B. an heiflen Quellen oder anderen vulkanischen Aktivitidten auftreten. Ein grundlegender
Paramter ist der Soret Koeffizient, der als Quotient vom thermischen Diffusionskoeffizienten
Dt und dem Massendiffusionskoeffizienten D definiert wird.

Trotz intensiver Forschung existiert immer noch kein mikroskopisches Versténdnis der Ther-
modiffusion. Um den Ursprung der Thermodiffusion addquat untersuchen zu kénnen, ist es

erforderlich, geeignete Modellsysteme und zuverldssige Methoden zu verwenden.

Die Modellsysteme miissen mit theoretischen Konzepten zugénglich sein und vereinfachte
Geometrien wie Kugeln aufweisen. Zusétzlich sollte das Modell eine systematische Variation
von Parametern wie Grofle, Masse oder Ladung ermoglichen. Um auch seltene Materialien
untersuchen zu konnen, ist ein kleines Probenvolumen wiinschenswert. Ausserdem ist eine
einfache Geometrie erforderlich, um diese theoretisch modellieren zu kénnen. Dariiber hin-
aus sollten Messungen beriihrungslos sein, um das Messsystem nicht zu stéren, wie durch
eine Probenentnahme. Diese Arbeit enthélt beide Aspekte, die Entwicklung einer neuen ex-
perimentellen Methode und die systematischen Untersuchung von Mikroemulsionstropfchen,
die als abstimmbare kolloidale Modellsysteme betrachtet werden konnen. Eine klassische
experimentelle Methode ist die sogenannte Thermogravitationssiule ( TG ). Sie wurde als

eine der ersten Apparaturen zur Materialtrennung mit Thermodiffusion genutzt. Ein mit
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einer TG durchgefiihrtes Experiment beruht auf der Probenentnahme und deren Konzen-
trationsbestimmung zur Bestimmung des Thermodiffusionskoeffizienten. Ein Hauptaspekt
dieser Arbeit war die Entwicklung einer neuartigen TG, um sie mit einem optischen Detek-
tionsverfahren kombinieren zu koénnen. Dieses Projekt wurde in Zusammenarbeit mit der
Gruppe von M. M. Bou- Ali an der Mondragon-Universitdt durchgefithrt. Die Mikrother-
mogravitationssiule (u-TG ) wurde fiir ein sehr kleines Probenvolumen zur Untersuchung
sehr seltener oder teurer Proben, wie biologischen Systemen, konstruiert. Die Dimensio-
nen sind so gewdhlt, dass sich ein parabolisches, laminares Stromungsfeld ausbildet, das
eine groBe Auftrennung erreicht wird und um sicherzustellen, dass die Voraussetzungen fiir
die theoretische Modellierung erfiillt sind. Die Saule besitzt eine Spaltbreite von nur rund
500 pum und einer Hohe von 3 cm. Die Konzentrationsunterschiede zwischen zwei Punkten
innerhalb der Probe werden beriihrungslos mithilfe einer interferometrischen Nachweismeth-
ode bestimmt. Diese optische Methode ermdoglicht sehr hochaufgelost und zeitaufgelost zu
Messen. Die Analyse des zeitabhéngigen Konzentrationsprofils war noch nicht moglich, da
die vorhandenen theoretischen Modelle eine unendlich kurze Schaltzeit des Temperaturgra-
dienten annehmen, welche experimentell nicht erreicht werden kann. Die interferometrische
Messmethode wurde im Vergleich zu einer kontinuierlichen Intensitétserfassungs durch eine
aktive Phasenkontrolle verbessert. Einer der Spiegel sitzt auf einem Piezoaktuator. Durch
das Anlegen einer sinusférmigen Spannung verdndert sich die Position des Spiegels, was
zu einer bekannten Phasendifferenz fithrt. Dies ermoglicht eine zuverlédssige Phasenbestim-
mung unabhéngig Intensitdt des Lasers oder dem Kontrast des Interferenzmusters. Das
System wurde durch Messungen der drei bindren Benchmark-Mischungen und durch die
Untersuchung der Mischung von Toluol und n-Hexan validiert. Die erhaltenen Ergebnisse

stimmen innerhalb von 5% mit den Literaturwerten iiberein.

Zusétzlich wurden Messungen an Mikroemulsionen durchgefiihrt. Die Grofle der Tropfchen
kann systematisch variiert werden und die Grenzflichenspannung lasst sich bestimmen. Die
Groflenabhéingigkeit des Soret Koeffizienten wird kontrovers diskutiert. Theoretische Modelle
kommen zu einer linearen, quadratischen oder sogar kubischen Abhéngigkeit des Soret Koef-
fizienten vom Radius. Experimentell wurden sowohl lineare als auch quadratische Groéflenab-
héngigkeiten des Soret Koeffizienten fiir harte und weiche Kolloide gefunden. Zwei Studien
an demselben kolloidalen System fiihrten zu unterschiedlichen Ergebnissen. Ein Grund fiir
diese Diskrepanz konnten die Oberflacheneigenschaften der untersuchten kolloidalen Systeme

sein. Obwohl harte Kugeln mit verschiedenem Radius synthetisiert werden konnen, kann die
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Oberflachenbeschaffenheit oder Ladungsdichte stark variieren. Die Phaseniibergangstem-
peraturen fiir harte kolloidale Systeme aus verschiedenen Chargen konnen im Bereich von
mehreren 10 K schwanken. Um diesen Nachteil zu umgehen, haben wir uns fiir Mikroemul-
sionstropfchen als Modellsystem entschieden, da die Tropfchen in Gréfle, Form und deren
Grenzflichenspannung iiber einen grofien Bereich angepasst werden konnen. Sie bestehen
aus einer polaren Fliissigkeit wie Wasser, einer nicht-polaren Fliissigkeit wie einem Ol und
einem Tensid. Durch das Einstellen der geeigneten Konzentration und Temperatur bildet
cine Mikroemulsion (uE ) diskrete Wasser / Ol oder Ol / Wasser- Aggregate, die thermody-
namisch stabil sind. In dieser Studie haben wir Komplikationen aufgrund von Oberfléichen-
ladungseffekten vermieden und verwenden dazu ein nicht-ionisches Tensid.

Wir haben ein System von Wasser, n-Alkanen und dem Tensid Cj;Es an der wasserre-
ichen Seite des Phasendiagramms untersucht. Zwischen der oberen Grenze in der Niahe der
kritischen-(ncb) und der unteren Emulgationsgrenze (efb), findet sich ein Ein-Phasen-Bereich
mit diskreten Aggregaten, die mit dynamischer Lichtstreuung (DLS) und Kleinwinkelneu-
tronenstreuung (SANS) charakterisiert wurden. Die Ergebnisse zeigen, dass die Form stark
mit der Temperatur variiert, vom Netzwerk ( in der N#he der ncb ), iiber lingliche, bis
zu kugelformigen Tropfchen bei niedriger Temperatur in der Néhe der efb. Das Thermod-
iffusionsverhalten der uE-Tropfchen wurde mithilfe der Infrared-Thermal Diffusion Forced
Rayleigh-Scattering Methode untersucht. Mit dieser Methode erhalten wir den Massendiffu-
sionskoeffizienten D, den thermischen Diffusionskoeffizienten Dt und den Soret Koeffizienten
St. In einer ersten Studie verwendeten wir nur n-Dekan als Ol und untersuchten das Ver-
halten entlang von drei unterschiedlichen Pfaden. Wir variierten die Temperatur zwischen
der ncb und dem efb und konnten den Soret Koeffizienten mit der Form der Tropfchen in
Verbindung bringen. Die Messungen bei niedrigen Temperaturen in der Nédhe der efb an
kugelformigen Tropfchen wurden fiir verschiedene Volumenanteile der Tropfen und dem Ol-
gehalt und damit der GréBe verglichen. Wir fanden nur einen sehr geringen Einfluss des
Volumenanteils unter 10% auf die Thermodiffusion. Der Vergleich der verschiedenen Grofien
zeigte einen Anstieg des Soret Koeffizienten mit dem Radius, aber der Mefbereich war zu
klein um zwischen einem linearen und einem quadratischen Verhalten zu unterscheiden.
Zusétzlich haben wir unsere Ergebnisse mit einem Modell von Parola und Piazza verglichen,
die vorschlagen, dass die Soret Koeffizienten linear vom Radius und der Temperaturableitung
des Produkts aus der Grenzflachenspannung und einer charakteristischen Lénge [ abhéngen.
Diese Lange ist ein Ma# fiir die Dicke der Grenzflachenschicht, die durch den Temperaturgra-

dienten beeinflusst wird. Die Messungen der Grenzflichenspannung wurden in der Gruppe



von Strey an der Universitdt zu Koln durchgefiihrt. Die Ergebnisse der Thermodiffusions-
messungen und die berechneten Werte zeigen recht gute Ubereinstimmung fiir kugelformige
Tropfchen. Der Nachteil dieser Studie war eine Verschiebung der efb Temperatur begleitet
durch die Erhohung des Olgehaltes und damit der Gréfe der Tropfchen.

Um einen grofleren Parameterraum fiir die Grofle und Grenzflichenspannung zu erdffnen,
haben wir das System mit verschiedenen n-Alkanen untersucht. Dadurch war es moglich,
verschiedene Tropfchengréfien bei der gleichen Temperatur zu messen. Auch hierbei wurden
die Mikroemulsionen durch DLS und SANS Messungen charakterisiert um die Struktur und
Grofen in der Nahe der efb zu bestimmen. Wir fanden dass der Soret Koeffizient linear
mit dem Tropfenradius der sphérischen Teilchen ansteigt. Auflerdem waren wir in der Lage,
die Untersuchung des Thermodiffusionsverhaltens in Bezug auf die Grenzflichenspannung
zu erweitern. Wir bestimmten die charakteristische Léange / im Bereich zwischen 1 und 2 A.
Obwohl wir in unseren Studien verschiedene Ole nutzten, haben wir angenommen, dass der
Kern der Tropfchen nicht das Thermodiffusionsverhalten beeinflusst, sondern nur die Hiille
in Wechselwirkung mit der Umgebung steht. Wir fanden heraus, dass die Abhéngigkeit von
der Grenzflachenspannung fiir unsere Beispielsysteme durch die Tropfchengrofie dominiert
wird, da die in der Theorie vorgeschlagene Ableitung der Grenzflichenspannung nach der
Temperatur sehr klein ist. Dadurch haben wir einen ersten Einblick erhalten und dieses

theoretische Modell erstmals auf weiche kolloidale Partikel angewendet.
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CHAPTER

ONE

INTRODUCTION

1.1 Thermal diffusion

Thermal diffusion occurs in many transport processes in liquid mixtures of two or more
components exposed to a temperature gradient. The result is a separation between the
different species within the mixture. Discovered by Carl Ludwig [72] and later systematically
investigated by Charles Soret [129-131], thermal diffusion is also known as Soret effect.
The mass flow J in a binary fluid mixture in a temperature gradient along one axis can be
described by:

J=—pDVc—pc(l—c)DrVT (1.1)

with the density p, the concentration of one species ¢, temperature 7T, the mass diffusion
coefficient D, and the thermal diffusion coefficient, Dy. The first term describes Fick’s law
of diffusion, the second represents the thermal diffusion. The two processes oppose each
other, while the thermal diffusion generates a concentration gradient, the Fickian diffusion
homogenizes the mixture. For the stationary state with J/ =0 and thus the Fickian diffusion

just compensate the thermal diffusion, the Soret-coefficient is defined by Sy = Dr/D.



2 Chapter 1: Introduction

1.2 Application of thermal diffusion

Application of thermal diffusion can be found in many areas, such as separation techniques,

analytical measurements or biological phenomena.

One of the first applications of thermal diffusion in history was the Manhattan Project by the
US government. Already in 1939, the german scientists Clusius and Dickel [30] introduced
a new method for isotope separation in gases, which was then used for the enrichment of
the uranium isotope U-235 in uranium hexafluoride gas in the Manhattan Project. A large
facility was build, using thermogravitational columns, containing an inner pipe of nickel
and an outer, surrounding pipe of iron running vertically. The inner pipe contained hot
steam, while the outer pipe was surrounded by water and the gap in between contained the
uranium hexafluoride. These column had an impressive height or around 15 m and were

able to enrich the preprocessed gas from 0.71 % to 0.89%.

In the last years, thermal diffusion was used for characterization of polymers and colloids in
solution, for example in the so called Thermal-Field-Flow-Fractionation (TFFF) [28]. The

.

basic setup consists of a thin “flow” channel with a laminar flow from an inlet to the outlet
end. Over the length of this channel the separation is achieved by different basic phenomena:
in a TFFF, a the temperature gradient causes one or more species to leave the center of the
flow channel and thus the region of large velocity and wander to either the warm or the cold
wall, depending of the thermal behavior of the components. The species with the strongest
reaction to the temperature gradient will accumulate on a wall and slow down, while an
only weak responding species will flow through the channel faster and is detected earlier at
the outlet. By adjusting the channel properties like length and width and the flow speed, it
was possible to analyze the samples, mainly polymer and colloidal solutions [71] [123] [28].

For low molecular weight mixtures, a hight temperature gradient is required.

Nowadays, thermal diffusion is used in technologies for investigation of DNA [39], nu-
cleotides [6], quantification of biomolecular binding reactions [7] and the transport of
biomolecules in water, enriching or depleting in warm or cold regions. Studies of DNA and
nucleotides also were used to argue for thermal diffusion playing a role in the origin of life,
such as accumulating the basic building blocks of DNA in regions of temperature gradients

in the early stage of earth, such as hydrothermal vents at the bottom of the ocean [6,81].
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The next step to the first life forms would be the formation of biological cell like structures
containing DNA. Even if the formation of fatty acids and amphiphiles is occurring within or
near hot vents or regions at the bottom of the ocean, [120] the accumulated concentration
within a small volume would not be sufficient to create vesicles. Budin et al. [20] showed
that the critical aggregate concentration can be achieved with a thermogravitational setup

of micro capillaries, being similar to thin channels within the wall of a hot smoker.

Starting in the earth’s core and crust, there are several works proposing a rather large
influence of thermal diffusion on the formation of different solid structures. Lundstrom [76]
uses thermal diffusion as an important factor in his hypothesis on the origin of granitoid, a
widespread formation within the earths structure and the preferred distribution of minerals
within. Also a work of Huang et al. [50] discusses the role of thermal diffusion for the isotope
fractionation in silicate melts, finding a Soret-coefficient unequal to zero and independent of

composition and temperature.

Ascending further, through the deep sea regions and the origin of life scenario, to the oceans
surface one encounters a very widespread large temperature gradient. The sunlight heats up
the upper layers of the sea while deeper regions are much cooler, producing a vertical temper-
ature gradient, like in a Soret-cell. A concentration gradient evolves with an accumulation
of salt ions in deeper regions. This concentration imbalance should be reduced by Fickian
diffusion. When the salt concentration is large enough, so called brines are formed, sheets
of high salt amount. Between these brines and the sea water with depleted salt content, a
jump in the density profile occurs. This jump hinders backdiffusion and thus remixing. Also
the brines absorb more sunlight leading to larger temperatures below the surface [19] [23].
Making use of this phenomenon with Solar ponds, heat energy can be stored properly and

used for heating or energy production [4,116,135].

Another biological reaction can be investigated with Nano Temper, a device based on thermal
diffusion which can determine binding/reaction parameters of proteins/biomolecules and lig-
ands. NanoTemper ® uses the different thermal diffusion behavior of unbound proteins and
proteins with a ligand attached to it, since the ligand changes the chemical/physical prop-
erties. Thereby, the thermal diffusion properties are changed and by measuring for different
times or ligand concentrations, the binding parameters can be obtained. The biomolecules
in aqueous solution are fluorescently labeled and inserted into a small capillary. An IR-laser
illuminates the region of interest in the capillary and heats up the water. The biomolecules

react to the temperature gradient from the center of the IR-spot and accumulate in or diffuse
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away from the heated area. Thereby the fluorescence intensity changes with the concentra-

tion of the labeled molecules and can be analyzed to determine the transport coefficients.

1.3 Theoretical description of thermal diffusion

To understand the phenomenon and to be able to make predictions it is necessary to build

a solid theoretical background.

1.3.1 Introduction to theoretical concepts

The theory by Chapman and Enskog [25,41] is able to describe the thermodiffusion phe-
nomenon for gaseous systems but failed to be expanded for liquid mixtures [108]. Only some
basic principles such as the moment of inertia, mass and size of the particles can be used for
many, but not all systems. The heavier and the larger particle in mixtures of species with
similar masses are more likely to wander to the cold side.

Different approaches like lattice model calculations [74, 75|, focussing on particle-particle
and particle-solvent interactions and molecular dynamics (MD) simulations are used to un-
derstand the background behind thermal diffusion. The MD simulation includes equilibrium
MD [124] simulations and synthetic/homogeneous non-equilibrium MD [77,94, 96] simula-
tions. Other attempts were done trying to connect thermal diffusion to a local pressure
gradient at the particle solvent interface induced by the temperature gradient finding rather
good agreement for a sample system of benzene cyclohexane mixtures [85] and toluene/n-

hexane mixtures [125].

Many MD simulations of binary organic mixtures, like of two different alkanes, treat them
as Lennard-Jones fluids with short range van-der-Waals interactions. Simulations describing
molecules as single Lennard-Jones atom were able to give a correct trend but no qualitative
description of the thermal diffusion behavior [117] [128]. The model was improved by using
the united atom model to represent the chemical groups CH; and CHsz by molecular atoms
with a soft pair interaction term. [97]. With this approach and in combination with exper-
iments it was possible to find the general trend mentioned above: The heavier, larger and

stronger interacting species generally tend to accumulate at the cold side inside a temperature
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gradient. The size effect on the other hand is still an open critical question in the community.

Molecular dynamics simulations for aqueous systems show an important role to the cross
interaction between the different species [88]. By increasing the concentration of one strongly
pair-interacting species at either the warm or cold region may lead to a lower total energy
of the system, similar of cohesion forces, where surrounding particles act as a good solvent.
Similar results are found for two-chamber lattice calculation by Luettner-Strathmann [74]
and de Gans [32]. As one of these pair wise interactions works the formation and break up
of hydrogen bonds. These bonds and their strength influences the energy landscape. Since
these bonds are sensitive to temperature, ions and more, this leads to a complex behavior

for different compositions and temperatures.

An even more complex situation occurs for mixtures of three different species. These mix-
tures can contain water and different salts or ions like NaCl solutions with charge effects
dominating. Also ternary mixtures of water, surfactant and oils are of interest for thermod-

iffusion studies, where the formation of aggregates has large effect on the physical behavior.

1.3.2 Theoretical concepts regarding Colloids

In order to understand the thermodiffusive behavior of colloids, particles much larger than
the surrounding small solvent molecules, the effect of a flow field around the particles and the
interaction between the surface and the surrounding solvent need to be considered [34] [35].
In aqueous systems the electric-double-layer and dispersion forces play an important role.
The electric-double-layer around a colloid is affected strongly by temperature and thus a
temperature gradient over the particle dimension. Thermal diffusion of these ions around
the particle leads to an excess hydrostatic pressure pushing the colloid.

The presence of another compound, such as polymers around a colloid will also affect and
alter the thermal diffusion behavior due to depletion forces. After applying the temperature
gradient, the concentration of polymers around the colloid will change, leading to a relative
increase on the one side and a relative decrease on the other. This depletion force will act on
the colloid, the region with increased polymer concentration acts with a larger pressure on
the particle, while the region with less polymers acts with a smaller pressure on the particle.

This effect is able to increase the thermal diffusion behavior or even to change the sign for
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very strong depletion forces.

Obviously considering flow fields around a colloid as source of thermal diffusion, the shape
or symmetry of the particle plays a great role. Looking at an asymmetric particle, like a
stretched sphere, the strength of a thermally induced flow around the particle may differ
due to different curvatures of the interface. Additionally, a nonuniform particle may feel a
stronger or weaker temperature gradient depending if the long or short axis in parallel to
the temperature gradient. For example, rod like aggregates like the fd-virus can be oriented
parallel or vertical to the temperature gradient. This will cause different flow fields for
each configuration. If the particles are arranged along one axis, like for concentrations high
enough, this will alter the thermodiffusion behavior. Additionally the interaction length can
be tuned by adjusting the ion concentration of the solvent and thereby the Debye length of
the viruses. An experimental study by Wang [149] showed a sign change and an increase of
the Soret coefficient for increasing Debye length, leading to particles with a smaller length

to width ratio.

Temperature and a flow field around or close to the particle interface influence the particle
differently depending if the shell is hard or soft. For hard shells, the particle shape will
not change due to temperature or surrounding. Soft shells on the other hand, for exam-
ple microemulsion droplets, are able to be deformed and thus alter the flow field around
them. If the shell is made up of surfactant molecules for example, a flow field around the
particle will induce a motion of these molecules and generate a second flow field inside the
particle [158]. Soft particles also may react on the temperature gradient by deforming even
without external flow fields but due to a change of the interfacial tension difference between
the hot and the cold side. This effect forces the particle to the region of smaller interfacial

tension [95].

1.4 Experimental thermal diffusion studies

In the last years, many thermodiffusive studies on a variety of sample systems with many
different methods have been performed. In principle, the measurement principles used can be
devided into two classes, with and without convection taking part in the separation process.

To investigate the thermodiffusion behavior systematically, different sample systems with a
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variety of interactions, charge, size, and mass have been used and will be described in the
following. Due to the importance of the characterization of crude oil reservoirs, especially

alkanes, organic one and two ring compounds have been investigated.

1.4.1 Organic systems

Organic compounds are used as model systems to search for correlations of the Soret-
coefficient with physical properties like mass, size and so on. A fairly good working principle
is the connection of the Soret-coefficient with the solubility which can be obtained with the
Hildebrandt parameter &, which is defined as § = \/(p(AH, —RT))/M [151] [159] with the

density p, the gas constant R, enthalpy of vaporization H,, temperature T and the molar

mass M. This approach works well for liquids containing compounds which can be described
with a Lennard-Jones fluid.

The Hildebrandt approach results in the crude rule of thumb stating the heavier and denser
species wanders to the cold, which works fine for binary mixtures containing Cis-decalin, Cy-
clohexane and 2-methylbutane. Polyakov et al. [107] studied the thermodiffusion of binary
mixtures containing the spherical molecules carbontetrachloride in addition of carbontetra-
bromide and the silanes tetraethylsilane and di-tert-butylsilane. He was able to achieve
similar results for the experiment and MD simulations within a deviation of 10 —20%. Also,
the most asymmetric molecule di-tert-butylsilane accumulated stronger at the cold side,
which was in agreement with the simulations. Another try to connect the thermodiffusive
behavior with the moment of inertia was not able to give a clear statement but it seemed

that the moment of inertia has to be split up into different contributions to fulfill the theory.

Sample systems which are still non-polar and without specific interactions but can not be
mapped into a Lennard-Jones sphere already show deviations from this rule. Results for
binary mixtures of Toluene, n-hexane and n-pentane show the largest value of St for the

system with the largest difference of M and not §.

Even increasing the asymmetry of the molecules as for 1,2,3,4-tetrahydronaphtalene, n-
dodecane and Isobutylbenzene leads to a failure of the solubility approach, with the density
as governing parameter. Blanco et al. [12] found a quantitative correlation of the ther-
modiffusion with the molecular weight, the viscosity and the thermal expansion coefficient

investigating equimolar mixtures of linear alkanes and proposed the possibility to estimate
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the thermal diffusion behavior of n-alkane mixtures with knowledge of these three parame-

ters.

Investigation of the mass effect on thermal diffusion was carried out by measuring binary
isotopic mixtures of the same species chlorbenzene, brombenzene and benzene [121]. The
results lead to two contributions on the Soret effect, the normalized difference in mass M =
(M) —My) /(M) +M,) and the difference in inertia 61 = (I} — L) /(I} + ) as:

St = ay oM +b;dl. (1.2)

Studies with benzene/cyclohexane mixtures [33] expanded the result with an finite Soret
effect S7° for different species, assuming same mass and moment of inertia for both. Therefore

it may be called the chemical contribution.

1.4.2 Hard and soft colloids in aqueous systems

As already mentioned, the thermal diffusion behavior for organic systems with small in-
teractions could be described and predicted in rather good agreement with experimental
results [107]. In a strong contrast to the small and short interactions of organic mixtures
are molecules and colloids within an aqueous surrounding. Colloidal hard spheres are usu-
ally charge stabilized to avoid aggregation into clusters. Due to the complex behavior of
water with hydrogen bonds, dissociation into free ions and the generally polar molecule, the
thermal diffusion behavior consists of several competing mechanisms. Tuning them individ-
ually, for example adding salt or changing the temperature, may lead to strong variations in
the amplitude and even invert the sign of S7. A strong influence was found for the Debye
length [99] [39], pH [150], concentration [89], temperature [89] [61] and molecular weight.
Putnam and Cahill [110] observed a sign change of Sy for charged latex beads in aqueous
solution on adding salt at high pH values. Piazza and coworkers found the trend that nega-
tive sign of St for low temperatures in systems of polypeptides, SDS micelles [52] and DNA.
For high polymers, D shows to be independent of molecular weight, but changes drastically
by going to very short polymers and even become negative [24] [114] [136]. The temperature
influences the solvent-solvent and solvent-solute interaction due to the hydrogen bonds of
the water molecules. At low temperatures, more hydrogen bonds with stronger force are
present while a higher temperatures these bonds break up and are less present.

The influence of the colloidal radius to its thermal diffusion behavior is yet still discussed.

Although, the trends show an increase of Sy with the radius, the question for a linear or
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quadratic dependence is still open. Duhr and Braun [38] found a quadratic size dependence
for carboxyl-modified polystyrene beads (radius from 20 nm to 1000 nm) in 1 mM TRIS
buffer. Vigolo et al [146] investigated the size dependence of Sy with a sample system of
AOT /isooctane/water microemulsion droplets with a radius between 1.8 nm and 16 nm and
they found a linear relation, lacking proof of the shape of the droplets at the measurement
temperature. Also Putnam and Cahill [111] found a linear relation for charged nanopar-
ticles, carboxyl functionalized polystyrene (PS) spheres and proteins of T4 bacteriophage
lysozyme with radii between 13 and 46 nm. Repeating measurements with a similar system
of the one used by Duhr and Braun, the results of Braibanti et al. showed a linear relation
instead of the quadratic. They assumed the difference originates in the fact that they used
density matched samples to avoid sedimentation and this altered the sample. A reason for
these discrepancies could be the modification of the surface charge density by synthesizing
particles of different sizes. Increasing the radius leads to a smaller charge density, changing

the electrostatic contributions to thermal diffusion.

1.4.3 Microemulsions

To understand how different parameters like surface charge, size and interfacial tension
influence the thermal diffusion properties of colloids, systematic experiments need to be
performed. Considering hard colloidal particles, this becomes very difficult, since the charge
density at the surface will vary for different batches. Therefore it is unlikely to have the
same surface charge density for colloids of different diameter. In the case of hard colloids
the interfacial tension is constant and can not be varied. To overcome these problems, soft
colloidal micelles or microemulsion droplets can be used. In ternary mixtures consisting of
two liquids, aqueous and organic (polar and nonpolar) and surfactant, an interfacial layer
composed out of the amphiphilic surfactant molecules is formed around a core of the organic
or aqueous liquid (non polar or polar). For example, the polar head group of the surfactant
faces the polar water on the outside while solving oil in the core between the surfactant tails.
Within a given temperature range, chemically and thermodynamically stable aggregates are
formed. These aggregates are reproducible and self assemble, reducing the synthesis effort
drastically. Thereby, no additional steric stabilization is needed. By variation of composition
and temperature, one can tune the shape and size of these droplets, accessing a rather large
parameter space [137] [56] [53] [134].

The role the interfacial tension plays for thermal diffusion is emphasized in different works
in the literature [100] [98] [51]. For solid particles, the interfacial tension is difficult to
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obtain. For soft, self assembled particles like microemulsion droplets however the interfacial
tension is an rather easy accessible parameter and can even be tuned by temperature and
composition. [134] [58] [133]. The particle would favor the region where it has a lower
interfacial tension, thus the systems energy could be decreased. For a particle within a
temperature gradient and thus with a change of the interfacial tension over the diameter,
the so called Marangoni effect is assumed, inducing a flow of the solvent around the particle
to compensate for the interfacial tension difference. Also the size and the shape of the
droplets plays a large role for the interfacial tension, since the curvature varies strongly with

the two parameters and the curvature is directly connected with the interfacial tension. [54]
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TWO

SAMPLE SYSTEM

2.1 Molecular solutions

As mentioned above to some extent, the thermal diffusion of some non polar molecular bi-
nary mixtures can be described by empirical correlations and some predictions based on
the mass, moment of inertia and heats of transport can be made. For evaluation and com-
parison of different methods it is necessary to have reliable data for the chosen system,
therefore a benchmark was initiated to compare different experimental methods by study-
ing the same mixtures. It was agreed on the investigation of the three binary mixtures of
1,2,3,4-tetrahydronaphtalene, isobutylbenzene and n-dodecane. Five different groups using
different techniques measured the thermal diffusion properties of these binary mixtures at
50%wt [101] [15] [31] [107]. All new developed methods need to be validated for these three
benchmark mixtures. Additionally the thermal diffusion data of the mixture of toluene and

n-hexane are often used as reference.

2.2 Characterization of the studied microemulsions

2.2.0.1 lonic/Nonionic

Before the thermal diffusion of ternary microemulsion systems was studied, binary wa-

ter/surfactant mixtures were investigated. Early studies concentrated on ionic [98] [99] [68]

11
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[141] and mixtures of ionic surfactants and nonionic surfactants [52] in a wide concentration
range. The basic results stated that in the lower concentration range the Debye — Hckel
theory plays a governing role and for larger concentrations the electrostatic inter particle

interactions dominate the behavior.

Nonionic surfactant mixtures were only barely investigated [92] [93]. One reason might have
been the difficulty of a smaller surfactant density than water, leading to strong convection
effects. Therefore a non convective measurement method is necessary, like the TDFRS-Setup,
described later on. Ning et al. performed measurements of non-ionic surfactant in water and
added a dye to the sample to gain enough energy conversion of the blue laser (480nm) which
was used in previous studies on organic solvents. This dye however seemed to change the
chemical properties and thus alter the thermal diffusion behavior [90]. Recently, Arlt et al. [5]
used a modified setup [154] with an infrared laser being absorbed by the water in sufficient

quantity to measure aqueous solutions without dye.

2.2.0.2 Phase behavior

As already mentioned, microemulsions consist of a ternary mixture of for example water (A),
oil (B) and surfactant (C). The two species A and B are generally immiscible and form a flat
interface with the oil on top of the water. Adding a surfactant yields a rich phase behavior
of the ternary system with a large variety of micro structures and strong dependency on
temperature. The phase behavior of the ternary system water-oil-nonionic surfactant is
related to the interplay of the different binary systems water-oil, water-surfactant and oil-
surfactant. Many studies on the phase behavior of nonionic microemulsions have been carried
out in the past [56] [134] [133] [138]. The phase behavior must be investigated in the whole
parameter space defined by the content of water, oil, surfactant and by the temperature.
The resulting phase diagram can be illustrated in the so called phase prism.

The phase prism can be cut in directions of constant values of A, B and C giving individual
sections. For example the T(wg) section, with constant surfactant mass fraction ¥, or the
isothermal cut horizontally through the face prism. The terms wg and 7y, are defined as
follows with indices A referring to water, B referring to oil and C referring to surfactant:

ngc mp

and wp= ——— (2.1)

Ya = _mA-I—mB+mC

mc +my

The one phase region with stable aggregates is of special interest for thermal diffusion studies.
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This region is defined by two phase boundaries at lower (emulsification failure boundary

(efb)) and higher temperatures (near critical boundary (ncb)).

Surfactant (C)

Ya=const —

Qil (B)
Water (A)

Figure 2.1: A cut through the phase prism along a fized surfactant concentration y,. The
two lines represent the phase transition temperatures along the axis of oil content wg. With
increasing temperature, the aggregates change from spherical droplets at the efb to elongated
structures for intermediate temperatures and end up in network like structures at the ncb
before phase separation occurs. The numbers indicate the phase regions with the upper and
lower two phase regions marked with over and underlined numbers.

Since the studied non ionic microemulsions show a broad phase behavior and their size,
shape, concentration and even interfacial tension can be varied, it is necessary to charac-
terize the shape and size of the microemulsion droplets. As mentioned before we study
the microemulsion droplets in the so-called one-phase region. To determine the size of the
droplets, Dynamic Light Scattering (DLS) is used which measures the temporal fluctuations
of the scattering intensity. The analysis of the intensity auto correlation function is in the
simplest case monoexponential and gives the diffusion constant. Under the assumption of
a spherical particle a hydrodynamic radius can be determined. DLS measurements of the
microemulsion system show the following trend: Close to the efb, the radius changes only
slightly with temperature. Increasing the temperature, an exponential increase of the radius
close to the ncb is found. To verify the shape of the droplets, Small Angle Neutron Scat-

tering (SANS) experiments are performed. In the SANS experiments we used deuterated
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alkanes to change the contrast so that the thickness of the interfacial surfactant layer could
be determined.

It is necessary to use an appropriate fitting model to analyze the data, which is briefly de-
scribed in chapter 7. Further details can be obtained in ref. [43]. The determination of
the phase transition borders was conducted by shining bright light through the samples in
glass tubes within a thermostated water bath. To keep the samples homogeneous, a stirring
bar was placed in the glass tube. The phase transitions could be identified by probing the
turbidity of the sample. While the system is phase separated, the oil is forming rather large
droplets which can not be solved anymore by the surfactant molecules. These oil droplets
cause the sample to be turbid. On approaching the phase borders, the oil can be emulsified by
the surfactant molecules, forming very small aggregates, leading to a clear sample. This pro-
cess happens rather instantly in both directions for the upper phase boundary, crossing the
ncb temperature from below or above. Approaching the lower phase transition temperature
at the efb from below, the emulsification process finishes within minutes. By approaching
and crossing the efb slowly from above, the system is meta stable for minutes up to a few
hours, depending on the composition. That is because the phase boundary is kinetically
hindered, meaning that the oil within microemulsion droplets is deprived on collision of dif-
ferent droplets. Thereby the systems could be investigated for temperatures even below the
efb in further measurements.

To measure the interfacial tensions of the different systems, the so called "spinning-drop”
method is used. The spinning-drop tension meter consists of a horizontally placed glass
capillary rotating around its long axis. Based on a theory of B. Vonnegut [148], the shape
of the drop formed inside the capillary at high angular velocities can be related to the inter-
facial tension. In the special case, the glass capillary had to be thermostated to avoid phase

separation. Further details about the method can be found in ref. [133].
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METHODS

3.1 Measurement schemes

Thermal diffusion can be studied with different setups generating a temperature gradient,
which must not cause nonlinearities in convection and being able to detect a resulting change

In concentration.

The experimental configurations can be divided in four groups, as sketched in Fig.:3.1: A
small, vertical temperature gradient without convection (a), a radial temperature gradient
without convection (b), a small horizontal temperature gradient without convection and a

larger horizontal temperature gradient with convection coupling (c).

3.2 Introduction of methods

3.2.1 Comparison of other methods with TDFRS

The Soret-cell is a setup of the first type. Two thermostated walls at the top and the
bottom generate the temperature gradient while the side walls are made of material with
low heat conductivity to minimize the heat transfer with the surrounding. To avoid free

convection, the upper wall is heated and the lower wall is cooled. To measure the separation,

15
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Figure 3.1: Different basic principles of thermodiffusion measurements. Type a) is the basis
of a beam deflection or also called Soret-cell. It is heated from above to avoid convection.
The concentration gradient (grey arrow marked with c¢) due to thermodiffusion occurs parallel
to the temperature gradients (colored arrow marked T) azis. Type b) shows the principle of
a thermal lens. This temperature profile is created by irradiating a thin transparent cell
with a gaussian laser beam being absorbed by the sample. Due to the gaussian intensity
profile of the beam, the center is heated stronger than the outer regions, leading to a radial
temperature gradient which is followed by a radial concentration gradient. This concentration
gradient can be probed by investigating the strength of refraction similar to a thin or thick
glass lens. Type c) shows the principle where thermodiffusion is coupled with convection. The
horizontal temperature gradient causes a mizture to separate horizontally. The buoyancy due
to thermal expansion at the warm/cold side causes the individual species to ascend/descend,
respectively. This principle relies on the lighter species going to the warm side. For the
opposite case, instabilities are generated leading to complex separation profiles. This type is
used 1n thermogravitational columns

sample volume is extracted at different heights and analyzed separately. Another version of
a Soret-cell is used for the so called Beam Deflection method (BD). Here, two opposite
sidewalls are made of transparent material with good optical properties, such as low surface
roughness and good flatness. Through these walls, a laser beam passes the sample at a
defined height. Without a concentration gradient corresponding to a homogeneous refractive
index, the laser will pass the sample without being deflected. For a vertical temperature and
concentration gradient, the laser beam will be deflected to the region with higher refractive
index. The deflection angle depends on the length of the sample cell and the changes in index
of refraction with temperature and concentration. The deflection can be analyzed using a

position detector at a fixed distance. The so called refractive index contrast factors with
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temperature (dn/dT), . and concentration (dn/dc), r have to be measured independently.

The total gradient of the refractive index n is given by:

on on
Vn=VT- (—) +Ve- (—) (3.1)
oT e dc o

Vn is extracted from the beam deflection and with known contrast factors and tempera-
ture gradient, Vc can be calculated. Afterwards, the thermal diffusion coefficient can be
obtained [65].

Another setup scheme works with a radial temperature gradient without convection, if the
cell is thin enough and if the gravity field is perpendicular to the temperature gradient,
which is called the Thermal Lens method. Like the Beam Deflection, this method makes use
of the change in refractive index by changes in temperature and concentration. Usually, the
generation of the thermal gradient and the optical measurement are done by only one laser
beam. Choosing the wavelength to gain a sufficient absorption within the sample will lead
to local heating by the laser light. Due to the gaussian laser intensity profile the highest
temperature is reached in the center of the beam and decays radially. Due to a negative
(dn/dT ), factor, a concave thermal lens is formed [119] [106]. The following concentration
gradient based on the thermal diffusion will either enhance or decrease this effect. Thereby
the focussing effect of the sample will change over time and can be evaluated to achieve the
concentration profile for known contrast factors and thereby the thermal diffusion coefficient
can be calculated. Compared with the Beam Deflection method, the thermal lens usually
achieves much shorter equilibration times due to the small dimensions of a strongly focused
laser in contrast to the rather thick cells of the BD. Some results though showed significant
deviation for benchmark systems in the Thermal lens systems. Luo et al. and Tabiryan et
al. [37] [140] investigated strongly absorbing ferrofluids, observing a bleaching effect. This
bleaching was connected with the depletion of absorbing particles due to the Soret motion,
leading to a temporal change in the temperature profile. Hoffmann and Kohler developed
an analytical expression to correct for this effect, bringing the results in better agreement

with results of the same sample system in a thermogravitational column [147].

A horizontal temperature gradient is applied within the so called Thermal diffusion forced
Rayleigh scattering (TDFRS) method sketched in Fig. 3.2. Two laser beams are crossed

and thereby brought to interference within the sample volume. The interference generates



18 Chapter 3: Methods

an intensity grating in the vertical plane with periodic regions of high and low intensity.
Similar to the Thermal Lens method, the laser wavelength is chosen to be absorbed by
the sample, generating a horizontally periodic temperature gradient. This temperature
difference is chosen so small, that convection is avoided during the measurement. The tem-
perature grating leads to a refractive index grating and when thermal diffusion occurs it also
leads to a concentration grating which enhances or decreases the refractive index grating.
This refractive index grating is probed by a read out beam with a different wavelength to
avoid absorbtion. The beam is diffracted, proportional to the strength of the refractive
index gradients. By the analysis of the diffracted light and known contrast factors, the
thermal diffusion properties can be obtained. The measurement times vary between a few
milliseconds up to 30 seconds. The laser wavelength and the intersection angle between the

two writing beams is chosen such as the fringe spacing is around 20 pm.

The thermogravitational column is a method which combines the thermal diffusion due to
a horizontal temperature gradient and convection. The temperature gradient leads to a
horizontal concentration gradient. For mixtures where the denser species wanders to the
cold side, it will sink down due to gravity and when the lighter species wanders to the
warm side the buoyancy will drive it upwards, generating a vertical concentration gradient.
Partially the convection leads also to remixing. It is very difficult to measure negative Soret
coefficients, where the denser species wanders to the warm side. In that case, the two pro-
cesses of convection and thermal diffusion work against each other. Under the assumption of
linear velocity profiles, the separation process can be described by the Furry-Jones-Onsager
theory [45]. Like for all the other methods, the separation due to the Soret effect is counter-
balanced by regular diffusion until an equilibrium is reached. To measure the concentration
profile and determine the thermal diffusion coefficient, samples at different heights are
extracted and analyzed separately. By combination of thermal diffusion and convection,
the total separation can be increased compared to a Soret cell, though an important draw-
back of this method is the lack of time resolved measurements. Extracting sample volume

during the separation process will influence the results due to disturbances of the flow profile.

An improvement of the thermogravitational column (TG) are time resolved high precision
measurements of the vertical concentration difference and thereby the thermal diffusion co-
efficient Dr. The aim was to combine the proven principle of the TG with an optical mea-
surement similar to other methods relying on the contrast factor (dn/dc), r. One approach

is an interferometrical measurement of the optical properties of the sample inside the TG.
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Table 3.1: Overview of different measurement setups used in thermal diffusion studies
Method Measured Sample Equil. time Auxiliary Operational

quantities Amount /ml Teq/s quantities effort /costs
Beam St, Dt 0.5 1000 (dn/dc), r low
deflection D (dn/dc), .
Thermal St, D 0.3 100 (dn/dc), r low
lens D (dn/dc), .
TDFRS St, Dt 0.06 0.03 (9n/dc), 1 high
IR-TDFRS D (dnfdc),. high
determination = medium
TG-column Dy 10 10° of conc.
1 TG-column Dt 0.05 1800 (dn/dc), low

Taking the basic theory for TGs by Furry, Jones and Onsager into account and to keep the
sensitivity to fluctuations of an interferometric device small, a compact size of the TG was
chosen. To achieve short equilibration times, the gap width was with 500 gm thinner than
regular columns but could still be produced in a machine shop with good manufacturing
tolerance of 5 um. For optical access the cold and the warm walls have to be transparent
for the laser. In a first experimental study [87], the chosen gap width of 500 um lead to the
name Thermogravitational micro column’ or u-TG. The measurement principle relies on
the phase difference between two laser beams, which pass the cell at different heights. This

procedure is described in further detail in chapter 5.

A comparison of different methods is shown in Table 3.1.

3.2.2 Set-up TDFRS

For most studies in this work, an infrared thermal diffusion forced Rayleigh scattering (IR-
TDFRS) setup is used. The basic principle of a TDFRS is to generate a vertical intensity
and thereby temperature grating inside the sample volume by interference of two laser
beams. This is technically realized by splitting up one laser beam up into two beams which
intersect inside the sample cell. Fig. 3.2 shows a sketch of the setup used. Two different
lasers are used, a writing laser for the grating and a read out laser for the signal detection.
The writing lasers wavelength has to be absorbed by the sample and as we use aqueous
systems, we chose an infrared laser with a wavelength of 980 nm. The dashed line in the
picture marks a thermally insulated box. A beam splitter cube separates the beam into two

beams of similar intensity. One beam i reflected by a mirror mounted on a piezo, passes a
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Figure 3.2: This picture shows a sketch of the (IR)TDFRS setup used in this work. The
dotted line represents a thermally insulating box to reduce thermal fluctuations of the optical
parts.

Glan-Thompson polarizer which polarizes the light vertically. Note that the beam should
be vertically polarized leaving the laser or the polarization has to be rotated to achieve
sufficient transmission intensity. Afterwards, the beam is reflected by a prism and directed

to the sample cell.

The other beam is going through a A /2 plate, which rotates its polarization by 90°. After-
wards it passes a double Pockels cell (Leysop, England) which is connected to a high voltage
driver operating at around 1.5 kV, controlled by a measurement software. This Pockels cell
rotates the polarization of the beam by plus and minus 90° so that it is vertically polarized
at +180° or —180°, so that the phase of the two states is shifted by /2. After the Pockels
cell the beam is repolarized by a Glan-Thompson prism and then reflected by another prism
into the sample cell where the two beams interfere. Because of the limited coherence length
of the writing laser, the paths of both beams have to be adjusted to be the same optical
path length. The infrared light trespassing the sample cell is then blocked by a special filter.
The wavelength of the read out beam can be any arbitrary but sufficiently different from the
writing beam so that it is not absorbed by the sample. In this setup we use a Helium-Neon
laser with a wavelength of 633 nm. The beam is lead through a spatial filter and is reflected
into the sample by another prism. The incident angle in respect to the writing beams has
to be adjusted to fulfill the Bragg condition. The transmitted beam is blocked after the cell
and only the diffracted light is collected by a collimator and an optical fiber guides the light
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to a photo diode.

In order to determine the grating vector and the finite switching times of the Pockels cell, the
so called Ezcitation function is measured by reflecting a small fraction (< 10%) of the light
by mirror (M2), positioned in front of the sample cell. The two reflected beams interfere at a
reticle in front of a microscope objective. The reticle is placed exactly at the same distance
from the mirror as the sample cell. The interference grating gets optically magnified and the
light field is almost made parallel at the exit of the objective. The magnified light grating
and the magnified reticle are mapped by the camera. Another partially reflecting mirror
(M3) is placed behind the objective which reflects approximately 10% of the light to a fiber
coupler connected with another avalanche diode. In the setup we use a grey filter for M3,

which avoids ghost images on the camera due to internal reflections within the glass.

The sample cell is fixed in a custom built cell-holder which is thermostated with a stability of
0.1 K by an external thermostat. The temperature is measured inside the holder by a PT100

temperature sensor and the thermostat can be controlled by the measurement software.

3.2.3 Working principle

The basic principle of the system is to measure the heterodyne diffraction intensity of the

read out beam. The two writing beams form an intensity grating with a grating vector g, of

Gw = %sin% (3.2)
with the writing lasers wavelength A,, and the angle ®,, in between the two beams. The
bisecting line of the angle should be perpendicular to the cell surface.

This intensity grating is converted into a temperature grating by absorption in the sample
volume. Due to a change in refractive index by temperature dn/dT > 0, a refractive index
grating with the same ¢ is generated. The read out beam is diffracted by this grating. To
achieve the maximal diffraction intensity the read out laser beam must fulfill the Bragg

condition in the way that

dr = O
qW = qr = l_rSlnTr (33)
holds. The index r refers to the read-out beam. For the He-Ne laser with a smaller wave-

length than the IR-Laser the angle ®, is smaller than 0,,, therefore the beam passes between
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the two deflecting prisms. The detector is positioned at the diffraction angle of the first

maximum to obtain only the diffracted but not the transmitted light.

The absorbed laser light induces a temperature grating. This leads to a periodic change
in refractive index proportional to (dn/dT) which forms a refractive index grating. The
temperature grating also induces thermal diffusion, which leads to another change in the

periodic refractive index grating.

When thermal diffusion occurs, the different components diffuse either to the cold or to the
warm side, altering the refractive index distribution. The refractive index contrast factor
(dn/dc) measures the change in refractive index with concentration. For samples where the
component with the higher refractive index diffuses to the cold side, the amplitude of the
diffraction grating increases and for samples with the opposite trend, the amplitude of the
grating decreases. Accordingly, the diffraction intensity increases or decreases, respectively.
The two processes, the temperature and concentration grating, follow two significant differ-
ent time regimes, with a very short equilibration time of around a few hundred ps for the
temperature and usually a few ms for the concentration grating. Thus, the two resulting

diffraction signals can be differentiated very well.

The intensity I at the detector consists of different contributions of electric fields, the

diffracted Ey, the coherent E, and the incoherent Ej,.. They sum up to
I = |E.+E;e|? + Ein.> = E;* +2E.Eqcos(¢) + E + E2. (3.4)

containing the homodyne intensity Inome = E42, the heterodyne intensity I, = 2E.Egcos(¢)
with the phase shift ¢ and the background intensity I, = E.> +El%,w. The coherent background
intensity is generated by fixed inhomogeneities in the sample cell or scratches or dust sitting

at the windows of the sample cell.

In order to obtain the heterodyne signal, which is less susceptible to distortions, one has to
differentiate it from the homodyne part. This can be done by applying a phase shift of @
with the Pockels cell to one of the two beams and by recording the intensities for both states,

Iy and Iy 5, we get

Lotz = ’Edei(¢+ﬂ) —i—Ec’z + Eine* Iy = ’Edei(p ‘|‘EC‘2 + Einc” (3.5)
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This can be split up into the homodyne part &y, and the heterodyne part &, as
1 1
ghomo = §(I¢ +I¢+7‘C) —1 éhet = 5(105 +I¢+7C) (36)

To improve the stability of the coherent background, the piezo mounted mirror is used to
correct the phase and keep it constant. For very long measurement times of above 10 s, with
slow drifts of the phase, this drift has to be measured by the camera and then it is corrected

by the piezo mirror.

To evaluate the measured signal properly, one needs to measure also the excitation function
which records the finite switching time of the Pockels cell. This is done by projecting the

optical grating on an avalanche diode before it passes the sample cell.
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Figure 3.3: The normalized heterodyne intensity signal in the IR-TDFRS setup versus
time. The sample is C7G1/HyO with w = 0.069 wt at 20°C (circles) and 60°C (squares).
The horizontal dotted line is a guide to the eyes and marks the normalized thermal plateau.
The excitation function (solid line) reaches the plateau after 8 ms (vertical dotted line).
(Picture taken from B. Arlt.)

A typical result of a measurement is shown in Fig. 3.3, with the heterodyne intensity plotted
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versus time on a logarithmic scale. The intensity reaches fast the thermal plateau and after
some time it increases further until it reaches the concentration plateau. This is the case
for a sample where the optically denser component accumulates in the cold regions. In the
other case, the optical contrast of the grating decreases so that the concentration plateau
lies below the thermal plateau. The Soret, thermal and mass diffusion coefficient can be

determined from the normalized heterodyne diffraction signal.

A t _t
T (1—e t@ —13(1— Ith 3.7
Tc—Tth[ (l—e m(l—e ) (3.7)

Ener (1) = (1 —efi) _

The thermal relaxation time of the grating is denoted as 7, the concentration relaxation
time with 7, and ¢ is the concentration of one species in equilibrium. The amplitude A of

the concentration signal can be described by

a2 on _lc(l —)Sr (3.8)
(5),.(57)

pic
and allows the calculation of the Soret coefficient when contrast factors and concentration
are known.
The mass diffusion coefficient can be easily calculated from the relaxation time of the con-

centration signal and the grating vector.

3.2.4 Contrast factors

The contrast factors are required in most optical measurement systems and even for sample
analysis in regard to concentration as mentioned for thermogravitational columns. These
contrast factors, the refractive index increments by concentration and temperature need to

be determined additionally for each sample and probing wavelength.

3.2.4.1 Refractive index increment by concentration, (dn/dc), ;

The underlying effect of thermodiffusion is the separation of mixtures or the accumulation
of particles in a solvent. This separation or accumulation leads to a local change in the

optical properties of the probed sample. The refractive index will influence the optical path
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length /phase through a sample, important for interferometrical methods, as described in
chapter 5, or will generate diffraction in the TDFRS. From measuring the optical path/phase
or the diffracted intensities, one can conclude to the local change in refractive index. Gen-
erally, this change comes from a local change in temperature and concentration. Due to
the different time scales, one can distinguish these processes in most cases. The obtained
change in refractive index due to concentration can then be processed with the refractive
index increment by concentration (dn/dc), r to calculate the change in concentration, which
usually is the parameter of interest. To measure these refractive index increments, we use
an Abbe-refractometer, which uses total internal reflection as working principle. A flat glass
window is illuminated from the bottom with light of a known wavelength. This light will
be totally reflected at the window-air interface for the critical angle ®, which is defined as
O, = arcsin(ny/ny) with the refractive indices nj of the glass and ny of the medium on top
of the glass. The device is programmed to change the incident angle of the light source to
achieve total reflection at the glass-medium interface. On applying a medium on the glass,
the critical angle changes and by internal alignment inside the refractometer, the refractive
index of the applied medium can be determined. By preparing samples of different concen-
trations in a range around the concentration of interest and measuring the refractive indices,

we can determine the refractive index increment by concentration.

sample

lenses detector

‘ light source f’

Figure 3.4: Working principle of the Abbe refractometer. The sample volume is applied
onto the prism, leading to a change in the angle of total internal reflection. The light source
and the lenses are adjusted to find the maximum intensity measured at the detector which
also records the position of the detected light. This change of position is used to calculate the
refractive index of the sample on top of the prism.
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3.2.4.2 Refractive index increment by temperature, (dn/dT), .

For different measurement techniques and also the (IR-)TDFRS the knowledge of the tem-
perature effect on the refractive index in necessary. In the IR-TDFRS setup, the intensity
grating leads to a temperature grating by absorption. This temperature grating is diffracting
the light due to the different refractive indices between warm and cold regions, the larger
the difference, the more light is diffracted. For signal evaluation and determination of the

Soret coefficient it is required to know the increment of refractive index by temperature.

. WV Jaser
pinhole

I beam
= N\splitter
detector I .

interference front window
pattern
sample
rear window

Figure 3.5: Schematic setup of the interferometer used to determine the refractive index
increment by temperature. A laser beam is passing a beam splitter, where the reflected light
is blocked by a wall. The passing light hits the sample cell, where part of the light is reflected
at the front window and part is penetrating the sample volume and being reflected by the rear
window. The light passing through the window s again blocked by a wall. The two reflections
hit the beam splitter and are guided onto a pinhole. Due to interference of the two reflected
beams, a fringe pattern can be observed. By adjusting the pinholes size to one fringe spacing,
the detector achieves a large contrast. The temperature of the sample is ramped linearly,
leading to a change in refractive index of the sample which causes a phase shift of the beam
penetrating the sample. This phase shift can be recorded by analyzing the time dependent
interference pattern.

To measure this increment, we use an interferometrical method relying on the change of
the optical path due to a change in refractive index. A laser beam passes a beam splitter

where a part of the beam is reflected into a wall and the other part is passing through to
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the measurement cell made of glass. It is reflected from the front window and from the
back window after passing the sample volume twice. These two beams hit the beam splitter
and are reflected onto a pinhole after which the photodiode is positioned. The light of the
two beams interferes and forms Newtons’s Rings. The pinhole is positioned in such a way
that the opening lies in one of these rings and the size is also adjusted that one ring covers
the whole opening. The phase of the beam reflected by the front window and the beam
passing the cell differ by a fixed value for a steady state. For measurement, the sample
temperature is changed linearly over time in the temperature range of interest. The change
in temperature causes a change of refractive index in the sample and also thermal expansion
leads to a change of thickness in the window. Thereby the phase of the beam passing the
sample cell is changing with temperature which cause the Newtons’s Rings to wander. The
intensity at the detector is recorded simultaneously with the temperature measured inside
the cell holder. For each ring passing the pinhole, the intensity goes to a minimum and
maximum sinusoidally representing a phase shift of 2. This phase shift can be related with
the change in refractive index of the sample and to determine the refractive index increment
by temperature we compare the phase shift with temperature. In this process, one has to
subtract the phase change due to expansion of the front window and consider that the sample

beam passes the cell volume twice.
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FOUR

OBJECTIVES OF THE WORK - MOTIVATION

As mentioned in the introduction a deeper microscopic understanding of the thermophoresis
requires careful experiments and theoretical models. Often it is necessary to design special
experiments, which fulfill the assumptions used in the theoretical models. Additionally it
is also useful to tailor model systems which can be easily described within a theoretical
framework. On the experimental side, thermogravitational columns have a long history in
thermodiffusion processes. Yet it was not possible to achieve time resolved measurements
of the separation/concentration profile. To overcome this drawback a new type of thermo-
gravitational column was designed and built. Classical columns used to be rather large to
achieve a sufficient separation for the analysis of the sample. Therefore it was necessary to
extract sample volume after the separation, which could lead to deviations from the actual
sample composition of interest inside the column. The new thermogravitational column was
planned and constructed to only need a small sample volume to access biological or other rare
materials and to fit into an interferometric detection system to achieve high resolution and
time resolved measurements of the concentration inside the column. This work was done
in collaboration with the group of Bou-Ali at the Mondragon university, which carries a
large wealth of experience in the design and manufacturing of thermogravitational columns,

combined with our experience in design and optical detection methods.

Considering the model systems, several studies on thermodiffusion have been carried out
using hard colloidal spheres. These experiments suffered from the problem of homogeneous
interface properties of the particles and the reproducibility of those. The important question

for the size dependence of the Soret coefficient is still open, especially for soft colloids.
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The process of thermodiffusion for soft colloids is assumed to be much more complex than
for hard colloids due to deformations of the soft interface and induced fluxes inside the
particles. Microemulsions offered a wide range of size and shape and the possibility to
precisely tune these parameters with very good reproducibility opposite to hard colloidal
systems. Furthermore it is possible to avoid charge effects by using nonionic surfactant
molecules. Thereby we are able to investigate different parameters systematically by fixing
the surrounding. We chose a microemulsion containing n-decane, forming spherical droplets
of nanometer size in proximity of room temperature, making them easy to handle. Also,
the possibility to study the interfacial tension and how it is affecting the thermodiffusion

properties was an important question in the field.

As already mentioned, the general question for the size dependence of the Soret coefficient
in colloidal systems is not answered and still under discussion. The possibility to precisely
tune the systems parameters by composition of the samples made it possible to investigate
the radial dependency of the Soret coefficient by using different n-alkanes. This method
offers an isothermal state with spherical particles of different radius with similar interfacial
properties. All different n-alkane based microemulsions show a wide variety of structures,
spherical, elongated and network like. Additionally, the different microemulsions inherit dif-
ferent interfacial tension properties, making it possible to explore the influence of interfacial

effects in thermodiffusion.
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MICRO-THERMOGRAVITATIONAL COLUMN

We present a new type of thermogravitational (TG) column, a so-called TG
micro-column with transparent windows and a very small sample volume of less
than 50 uL. The TG micro-column has a planar geometry with a thickness of
0.523 +0.004 mm, a height of 30 mm and a width of 3 mm. The concentration
difference between two points at different heights is measured with an interfer-
ometer using active phase control. From the concentration difference we can
determine the thermal diffusion coefficient, Dy, using the refractive index varia-
tion with concentration, which has to be determined independently. We studied
the three binary mixtures of dodecane (DD), isobutylbenzene (IBB) and 1,2,3,4-
tetrahydronaphthalene (THN) with a concentration of 50 wt% at a temperature
of 298 K. The thermal diffusion coefficients agree within a few percent with the
proposed benchmark values. In addition we investigated also the binary mixture
toluene/n-hexane and compare the results with literature values. For the inves-
tigated mixtures the typical measurement times were between 30 minutes and 2

hours with an applied temperature difference of AT =6 K. *

*The work described in this chapter is based on J. Chem. Phys. B 116, pp.13889-13897 (2012)
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5.1 Introduction

One classical method to study the thermal diffusion or thermodiffusion behavior of binary
and multicomponent mixtures is the use of a thermogravitational column (TG) [15]. Here, a
vertical concentration profile develops due to a combination of thermal diffusion and convec-
tion. By combining these two effects, the separation ratio increases compared to a method
only relying on the thermal diffusion process [102]. In order to make a precise measurement
possible, the experiment needs to be designed carefully to avoid turbulence. The basic prin-
ciple was first introduced by Clusius and Dickel [29] and has been evolved into different types
of columns. Several designs of TG columns, such as annular TGs [15] and vertical paral-
lelepipedic columns with velocity amplitude determination by laser Doppler velocimetry [103]
have been successfully validated in a benchmark with other groups and methods. Nowadays,
in conventional TGs a fairly large sample volume of 25 mL and more is required [11] and
small samples of the mixture, typically 1.5mL, are extracted at different heights from the
column after the steady state is reached [40]. These samples are analyzed to determine the
composition and thus the separation ratio. For ternary mixtures, two additional proper-
ties should be determined (such as density and refractive index) in order to specify thermal
diffusion coefficients [16,67]. With classical TGs an investigation of expensive substances
such as biological systems is often not possible due to the relatively large sample volume
which is required to measure the refractive index and density from extracted samples with
sufficient accuracy. Therefore, we developed a TG micro-column with a contactless optical
detection system, which works as Mach-Zehnder interferometer. The sample volume is less
than 50 pL, so that the investigation of expensive substances or substances which cannot be
obtained in large quantities is feasible. Another advantage of the method is the continuous
analysis of the concentration profile by measuring the phase difference between two different
heights. The possibility to determine the gap width of the micro-column experimentally
once it is mounted is one of the big advantages of our new micro-column, because the precise
knowledge of the width is crucial as the determined thermal diffusion coefficient is propor-
tional to the fourth power of the gap width (5.5) when calculated from the concentration
difference. Using our optical method, Dt can directly be determined from the phase dif-
ference A¢ instead of the measured concentration differences as in conventional TG setups.
In the resulting working equation for Dr, the exponent of the gap width reduces to three
(5.6). Therefore, we are less dependent on the precision of fabrication. To validate the new
setup, we investigated three binary mixtures of dodecane (DD), isobutylbenzene (IBB) and

1,2,3,4-tetrahydronaphthalene (THN) for a concentration of 50 wt% at a mean temperature
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of 298 K, which had been used in a benchmark [101] [65] [84] . Beside the benchmark sys-
tems we investigated also the mixture toluene(TOL)/n-hexane(HEX) at 298 K and 50 wt%.
This organic mixture has been studied by various groups [14, 62, 160] with convective and
convective-free methods. In the following we discuss the design, construction and operation
of the micro-column and the interferometer plus its stability. In the appendix we look into
some technical details such as the instant when the temperature gradient is applied and the

interferometer is disturbed by temperature inhomogeneities within and close to the column.

5.2 Experimental Setup

5.2.1 Materials

We investigated the three binary mixtures consisting of dodecane (Aldrich, purity 99%),
isobutylbenzene (Aldrich, purity 99%) and 1,2,3,4-tetrahydronaphthalene (Aldrich, purity
99%) at a mean temperature of 298 K. Additionally, we studied also the binary mixture
toluene (Aldrich, purity 99%) and n-hexane (Aldrich, purity 99%). All chemicals were used
without further purification. The investigated mixtures contained 50 wt% of each component.
Each sample has been investigated at least five times.

HOT WATER MIXTURE ~ COLD
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Figure 5.1: A sketch of the composed micro-column with a cut in the upper part.
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5.2.2 Design and construction of the TG micro-column

The TG micro-column is composed of two sapphire windows, which are transparent in the
visible range of light and have a high thermal conductivity of 34 W/mK at room temperature
[22]. The transparency makes it possible to check the cell by eye for defects such as bubbles
or dirt. In order to avoid a distortion of the phase front the material has been cut in the
c-plane (0001). As thermally insulating gap material we used an advanced polymer material,
polyetheretherketone (PEEK), with a very low thermal conductivity of (0.25W /mK) [26],
with good chemical resistance and a very low thermal expansion coefficient (50-107°K™1)
[27]. 5.1 shows a sketch of the cell. It consists of two outer parts made of stainless steel with
channels for the thermostated water. For better temperature homogeneity two copper plates

in good thermal contact with the two sapphire windows are inserted.

The prepared solutions were slowly inserted from below into the TG micro-column through
two bores in the PEEK-Part by means of a syringe carefully avoiding bubbles. Once the cell

was filled, it was closed by Teflon stoppers to avoid evaporation of the mixture.

On each side a thin channel with a length of 14.5 mm and a width of 250 um is used to
fill the gap. These inlets form dead volumes, which influence the concentration difference
between the top and the bottom of the gravitational column and will be discussed in the
numerical simulation section. The dimensions of the TG micro-column have been mainly
determined by the limits of validity of the Furry-Jones-Onsager theory [45], the limitations
on the machining process and experimental conditions such as a sufficient separation ratio
and equilibration times in the order of several hours for the systems under investigation [80].
These considerations led to a gap width L, =500 um, a cell height Liym = 30 mm and a
width of Ly =3 mm, so that the aspect ratio is Liotar/Lx = 60.

5.2.3 Design and construction of the interferometer

5.2 shows a sketch of the interferometer built around the TG micro-column. The micro-
column is mounted inside the interferometer which is build up vertically, splitting the source
beam in two parallel beams which probe the TG micro-column at different heights. The
positioning of the cell and the beams is done in a way that one beam passes at the lower end
of the window, the other at the upper end. Typically the vertical distance of the two beams
is adjusted to 22 mm. In order to measure at other height differences the vertical position
of one of the probing beams can be shifted by moving the two opposing optical elements up-

or downwards. A He-Ne laser (Melles Griot) with a nominal power of 1 mW and a beam
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Figure 5.2: Schematic sketch of the interferometer probing the concentration difference at
two different heights of the TG micro-column with a horizontal temperature gradient. The
concentration difference results in a phase shift AQ of the intensity signal determined by a
271 scan of the prism mounted on the piezo stack.

width of 1 mm, operating at 543 nm is used as beam source. The typical power at the
photodiode (Hamamatsu S2386-8K, active dia. 5.8 mm) is 0.25 mW. Thermostated water
from two thermostats (Lauda RE-306) flows through two stainless steel plates mounted at
the two sides of the TG micro-column. To achieve homogeneous starting conditions and to
determine the initial phase, the water of both thermostats is mixed and both sides are kept
at the same temperature. At time fy the temperature gradient is applied by separating the
flow from both thermostats.

We use a mirror mounted on a piezo stack (PI P-840-10) to control the phase position while
measuring. The piezo is ramped with a step rate of 10 kHz so that we determine the phase
from a full 27 scan 2 times per second. This will yield precise knowledge of the initial
and final phase positions, making the determination of the absolute phase shift more exact
than measuring only the intensity. The piezo and the recording of the phase shifts () are
controlled by a computer equipped with an interface card (NI PCI-6014).

The beam width of 1 mm is quite broad compared to the distance between the two probing
beams and the question is whether this will influence the measurements. We can do the
following Gedankenezxperiment by splitting artifically an arbitrary narrow laser beam in one
center beam and two edge beams, one below and one above the center beam. The vertical

concentration profile in the cell is linear, so that the phases of the edge beams are shifted by
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the same amount but in different directions. The resulting interfering beams show equal phase
shifts stemming from the center and the edges. The relative large area of the photodiode
averages over the beams recording the same phase as the center beam with a slightly lower
contrast. Due to the fact that we determine the concentration change by measuring the phase
difference, the influence on the measurement should be small as long as the concentration
profile is linear over the beam width. In our case the concentration profile is even linear over

the entire cell height so there is no influence on the measured phase.

5.2.3.1 Interferometric measurement

In an interferometer the intensity varies when the relative phase between the two beams
changes. In a simple analysis the phase change can be measured by counting the number
of minima and maxima of the varying intensity. To achieve a higher resolution than & the
current intensity can be compared to the intensity extrema. This simple method relies on
the intensity stability. Therefore, we added an active phase control to our interferometer to
achieve a higher precision and reliability. We change the optical path length of one of the
beams with a mirror mounted on a piezo and record the modulated intensity (c.f. 5.3). The
resulting intensity is fitted to a sinusoidal function which gives a phase value. The curves
shown in 5.3 correspond to the starting time #y and a later time ¢;. Due to a relative phase
shift between the two beams, the signal at #; is shifted by A¢ to the right. This full 27-
scan takes less than 1 second and is therefore much faster than the expected concentration
changes in the micro-column. We can analyze the phase change by using the forward and
the backward movement of the piezo. Both scans give the same phase behavior except for a
constant offset caused by the known hysteresis effect of piezos. The interferometer with active
phase control is less sensitive to intensity fluctuations caused by mechanical disturbances and
we do not need the reference information about the actual intensity extrema to be measured

in advance.
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Figure 5.3: Sketch of the active phase control mechanism. Two intensity scans recorded at
two different times ty and ty (squares and circles) and the fitted sinusoidal curves. The phase
shift A@ is caused by concentration changes.

5.2.3.2 Characterization of the cell

The gap width of the micro-column has been determined with a microscope setup, focusing
a probing beam onto the surface and detecting the reflected signal. The objective used (10X
Mitutoyo) has a long working distance of 33.8 mm and a very small focus depth of 3.58 pum.
A principle sketch of the setup is shown in 5.4 (a). When the beam is focused on an interface,
the reflected beam forms a sharp focused spot and the intensity is on its local maximum. We
record the focus shift from the first window-cell interface to the second via an elevator stage.
The precision of the height reading is better than 0.5um. With this method we determined
the average cell thickness to be 523 pum with an uncertainty of 4 yum. The roughness of the

inner walls is smaller than the uncertainty.

5.3 Theoretical approaches

5.3.1 Determination of the phase shift due to concentration

As sketched in 5.2 we are probing the relative phase difference along the TG micro-column
at two different heights. The phase ¢ between the two beams corresponds to their optical

path lengths sip and spoom inside the column gap via

0=k (Stop - Sbottom) (5.1)
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Figure 5.4: Optical tweezers setup to determine the position of the sapphire surfaces. The
cell can be moved in z- and z-direction on a micrometer stage. (b) Position of the different
surfaces along the cell. (c) The calculated gap width and the width of the (d) sapphire windows
as function of the cell height.

with the wave vector k = (2)/A and A, the wavelength of the laser, assuming a perfectly
frequency stable laser. A change in the optical path lengths, Asyp and Aspoom at the top
and bottom, respectively, leads to a change in the phase A¢:

Ap =k (Astop - ASbottom) (5.2)

We assume here that the change in refractive index along the column in vertical direction
depends only on the concentration difference between top and bottom beam positions. Sup-
ported by the simulations we suppose that the temperature changes linearly over the gap
(c.f. 5.7 (a)). Therefore, the mean temperature is in the middle of the gap and it is a con-
stant as function of the height. Looking at the horizontal variation of the refractive index
we have on the warm side a slightly lower refractive index compared to the middle and at
the cold side a slightly higher refractive index compared to the middle. Due to the linearity
of the temperature the averaged refractive index probed by the laser beam corresponds to
the value in the middle, which is constant over the height of the cell. Therefore we consider

that all observed changes in the refractive index are due to concentration changes. Since the
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change of the optical path results from the change in refractive indices, Anyp and Anpoom at

the top and bottom, respectively, one can write:

AQ = kLy(Anop — Anpoyom) = kLyAn (5.3)
& An=A¢(kL,) ™!

with the gap width Ly and the refractive index difference An between top and bottom.
Additionally, we neglect the phase changes between the top and bottom beam caused by
refractive index change and thermal expansion of the sapphire windows (c.f. 5.1) and the
air around the cell due to the temperature gradient, since both beams are affected in the
same way. Dividing both sides of 5.4 by Ac and replacing An/Ac by (dn/dc), r, we obtain

an expression for Ac:

1 /on\"!
Ac:k—Lx(%) A§. (5.4)

p,T

The refractive index increment (dn/dc),r can be determined independently. Furthermore,
we would like to point out that due to continuous observation of A¢ also phase differences

larger than 27 can be detected.

5.3.2 Determination of the concentration change

We use the Furry-Jones-Onsager (FJO) theory [45,79] to calculate the concentration differ-

ence at the steady state at two points separated by L, to

Ac =504~ Dy eo(1 - co) (5.5)
ag

LZ
L_fg’
where ¢ is the initial mass fraction concentration of the reference component, v is the
kinematic viscosity, a is the thermal expansion coefficient, L, is the vertical distance between
the probing laser beams (22 mm), Dt the thermal diffusion coefficient, and g the gravity
acceleration. In the derivation it is used that the initial concentration ¢y changes only
slightly, so that Dt and also D can still be treated as a constant. This assumption might
break down, if large concentration changes occur. Combining 5.4 and 5.5 gives the thermal

diffusion coefficient
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Due to fact that we do have a method which measures the phase continuously, we might
also look at the temporal behavior of the transient concentration difference. This is given
by [145]

Ac = Acw (1 - ae*f/’r) , (5.7)

It needs to be pointed out that 5.7 is only satisfied for times ¢ larger than one third of the
relaxation time ¢,, because it corresponds only to the first term of an infinite series. Another
shortcoming of 5.7 is that an ideal infinitely sharp switching of the temperature gradient is
assumed, which practically cannot be achieved. In the future we will develop an experimental

procedure to obtain the molecular diffusion coefficient from the transient signal.

5.4 Numerical Simulations

5.4.1 Numerical validation of the TG micro-column

In order to validate the proposed geometry for the thermogravitational micro-column, a
numerical study using ANSYS-Fluent software [1] is made. The simulations are performed
using a finite volume (illustrated in 5.5) method in 3D (FVM) based on fluid flow solutions

under the assumption of an incompressible fluid and laminar flow under atmospheric pressure.

—~Z

e

7

Figure 5.5: A sketch of the cell volume including the considered dead volumes, which are
used for filling the micro-column.
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Figure 5.6: Numerical simulation results of the toluene mass fraction profile in the binary
mizture TOL/HEX. The left figure shows the profile over the entire height of the micro-
column. The right figure is a plot of the concentration profile at a height of 15 mm at the
stationary state.

The model covers the Fickian mass, the thermal diffusion and the Navier-Stokes equation,
whereas the density changes in the fluid with concentration and temperature are covered by

the Boussinesq approximation [104]:

p = po(1—o(T —Tp) +B(c—co)) (5:8)

Where p is the local density of the mixture, pg is the density of the homogenous mixture,
Ty is the mean temperature, ot = —(1/p)(dp/dT), . is the thermal expansion coefficient
and B =+4(1/p)(dp/dc)pr is the mass expansion coefficient. The value of the mass and
thermal expansion coefficient are experimentally determined [12]. We used no-slip boundary

conditions and applied a constant temperature gradient of 5 K perpendicular to the gravity

field.

Table 5.1: Ezperimental density, po, dynamic viscosity, L, mass expansion coefficient, B,
and the thermal diffusion coefficient, Dy, for the mizture TOL/HEX with a mass fraction of
0.5167 at T=298 K used in the numerical simulation.

Po / u/ o/ B Dt / D/

kg /m? Pa - s K-! 10~ 2m? /sK 10~%m? /s

748.19 3.861 1.23 0.275 13.7 [Ref. 160] 2.78 [Ref. 160]
13.2 [Ref. 14] 2.85 [Ref. 62]
14.0 [Ref. 62]

The governing equations are solved using a pressure-based implicit simple velocity-pressure

coupling scheme with a double-precision module. The second order numerical discretiza-
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tion scheme is used for pressure, density, momentum and mass flux to avoid numerical
instabilities. The iterative convergence criteria is set to 107 for all solution variables.
For the preprocessing of the geometry Gambit [2] is used, where the geometry of the gap
(523 um x 3 mm x 30 mm) was defined. This 3D computational domain consists of non-
uniformly spaced hexahedral mesh cells. A very fine mesh resolution was used with 720000

hexahedral cells to have a realistic representation of the concentration gradients.

Table 5.2: Comparison between experimental and numerical simulation results of the sta-
tionary separation under the thermogravitational effect for the new design of the micro-
column for the mixture TOL/HEX with a mass fraction of 0.5167. Dy is the average of the
indwvidual literature values listed in 5.1.

L, / Acs s Acfiyent dev. / DTexg / Drfiyent / dev. /
mm % 10~ 12m?/sK 107 2m? /sK %
30 0.0295 0.0297 <1 13.63 13.74 <1
22 0.0216 0.0218 <1 13.63 13.76 <1

5.4.1.1 Simulation results

For the numerical validation of the micro-column, the thermogravitational effect in the steady
state is analyzed using a reference mixture TOL/HEX at a mass fraction of 0.5167 and at
T =298 K. 5.1 lists the parameters for the TOL/HEX mixture. Kohler and Miiller measured
only at T =296 K and higher temperatures so that Dt and D at T =298 K have been obtained
by linear interpolation [62].

For the TOL/HEX mixture with cg = 0.5167 the steady state temperature, velocity and
concentration profiles obtained from numeric simulations are shown in 5.6 and 5.7. 5.7(a)
show the temperature profile within the gap which decays linearly from the warm to the cold
side. 5.6 and 5.7(b) show the velocity and the toluene concentration profiles inside the gap
at the mid-height of the micro-column at 15 mm. The velocity (c.f. 5.7(b)) has a cubical
profile while the concentration profile (c.f. 5.6) has to be described by a polynomial of fifth
order. 5.7(c) show the distribution of the concentration referring to the densest component
(TOL) in the stationary state. Along the micro-column the results show an increase in the
concentration of the densest component (TOL) in the lower and of the lightest component
(HEX) in the upper parts of the column. The profiles obtained in the micro-column are
those predicted by the thermogravitational theory [144] [78] .

5.2 summarizes the results of numerical simulation and compares the concentration difference

and the thermal diffusion coefficient in the steady state with the experimental values. The
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simulation results agree within a few percent with the experimental values and the mean
experimental value agrees within 1%. The excellent agreement between the simulation results

and the experimental values shows that the design fulfills the conditions of the FJO theory.

Additionally, we analyzed numerically the effect on the concentration difference probably
caused by dead volumes at the inlet and outlet. The considered dead volumes are in the
order of 3.625 uL stemming from two channels with a diameter of 250um and 14.5 mm in
length. 5.5 shows the model used. As shown in 5.3, the obtained concentration difference
from the simulation Acquen: agrees within 1% with the calculated concentration difference
Acss. The determined thermal diffusion coefficients for TOL/HEX, THN/IBB |, IBB/DD
and THN/DD mixtures at a mass fraction of 50% at T=298 K agree also within a few percent

with the simulation results obtained for a gap of 523 um including the dead volume effect.

Table 5.3: Experimental and numerical results for the investigated binary miztures at
T=298 K and a mass fraction of c¢=0.5. In all simulations the dead volume caused by
the inlet and the outlet have been considered.

Mixture Acs s AcCquent dev. / Drexp/ Drgm dev. /

L,=22mm L,=22mm % 107 2m?/sK  107?m?/sK %
TOL-HEX 0.0213 0.0214 0.47 13.6 [ave] 13.56 —0.29
THN-DD 0.0451 0.0453 0.44 5.90 [Ref. 101] 5.93 0.50
THN-IBB  0.0180 0.0177 —1.66  2.80 [Ref. 101] 278 —0.71
IBB-DD 0.0207 0.0206 —0.48  3.70 [Ref. 101] 3.68 —0.54

5.5 Results and discussion

5.8 shows a typical time development of the phase for the system TOL/HEX and THN/DD
at an average temperature of T =298 K and a temperature difference of AT = 6K over the
gap of the cell. At time ¢ = 0 the temperature gradient is applied while at earlier times both
sides of the cell are kept at an average mixing temperature, Tp,ix, which leads to a constant
phase after some settling time of the order of an hour. Once the temperature gradient is
applied, the phase shows an exponential increase until it reaches a plateau value. The phase
difference is determined by the difference of the plateau value in the steady state and the
phase at the baseline before switching on the temperature gradient. In all our experiments
this phase change in the jump was of the order of 0.2 7 and its origin will be discussed in
the appendix. The so determined phase difference is used in 5.6 to calculate the thermal

diffusion coefficient, Dt. The obtained values for the four systems are listed in 5.4 and shown
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in 5.9 in comparison with literature values. For most of the systems the deviations are below
or around 6%. The absolute uncertainty was below 0.6- 10~ ?m?s~'K~!. With this new TG
micro-column design in combination with the interferometric detection with one wavelength
we surrender a strong point of the TGs, namely the investigation of ternary mixtures. In
addition we employ very small sample volume of less than 50 uL, with similar measurement
times compared to the conventional TGs of 30 minutes up to 2 hours for the investigated
mixtures. Both the design and the measurement system developed in this work for the new
TG micro-column installation is well suited for biological systems. The transparent windows
of the TG micro-column have several advantages. First, a precise determination of the gap
width over the entire height of the T'G micro-column is possible. This is especially important,
because the thermal diffusion coefficient, Dt depends on the gap width to the power of three
(c.f. 5.6) for our optical system.

Table 5.4: Thermal diffusion coefficients determined for four binary miztures with 50 wt%.
All measurements have been performed at 298 K. The error is variance of the mean from
five individual measurements.

Mixture Dy / (this work) Dr / (literature) dev./
10~ "?m?s~'K™! 102 m?s~'K™! %
Tol-Hex 13.0£0.35 13.6 [ave] -0.44
THN-DD 5.87+£0.23 5.9 [Ref.101] -0.50
THN-IBB 2.63+0.01 2.8 [Ref.101] -6.07
IBB-DD 3.91+0.15 3.7 [Ref.101] +5.68

So far we have only studied organic mixtures, but the setup should also work for aqueous
solutions. Due to the higher surface tension of water, special care needs to be taken in order
to avoid air bubbles in the cell. Another nice feature of the TG micro-column is that we can
monitor the concentration change as function of time. In principle it should therefore also
be possible to determine the diffusion constant D in the same setup. In the present design,
however, we were not able to obtain sufficiently accurate values for D. The largest problem
is the uncertainty in AT, which needs to be obtained at the inside of the sapphire windows.
We hope that we can analyze in the near future the time dependence of the concentration to
obtain also the Soret coefficient, ST, but this might also require a more sophisticated model

for the data analysis.

Compared to other optical detection methods such as Thermal diffusion forced Rayleigh
scattering (TDFRS) [63,155] or Beam Deflection (BD) [64,65] the sample volume of 50 pL
is very small. The equilibration times are comparable with BD, but much slower than in the

TDFRS experiments. One drawback of the method is that we are not capable to determine
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also the diffusion coefficient D using 5.7, because the experimental data show systematic
deviations from a simple exponential function. The operating expenses are much lower than
in the case of the TDFRS and comparable with the BD. This method might open up other
possibilities by combining it with a microscope and fluorescent detection methods. This
new method will also be useful for further benchmark campaigns as a convective method in
combination with optical detection.

In conclusion we can state that the TG micro-column is a nice compact device which allows
reliable, contactless measurements of the thermal diffusion coefficient, Dr. The typical devi-
ations from the literature values found are in the order of 5% (c.f. 5.4), which is comparable
with the deviation found in the benchmark [101].

5.6 Appendix

As mentioned in the results and discussion section we observe always a fast phase jump
shortly after switching on the temperature gradient. In the following section we will discuss
this issue and will relate it to a slight asymmetry in the formation of the temperature

gradient.

5.6.1 Characterization of the temperature switching

Before the measurement starts, we mix the water of the two thermostats, which are kept
at different temperatures Teoq and Tyarm. We adjust the flows of the two thermostats so
that the temperature of the mixed water corresponds to the average of the two temperatures
Tmean = 0.5 (Teo1a + Twarm ) Practically, small deviation of the order of AT = 0.1K are detected.
This leads to a small temperature difference to the mean temperature, Tiean, of the cell
prior the temperature gradient and causes a small horizontal asymmetry in the (dn/dT), r-
contributions. If the thickness of the gap and the windows between top and bottom are
equal, this affects top and bottom in the same way, so that changes in the phases should

cancel.

5.10 shows the temperatures on the cold and the warm side as function of time after the
temperature gradient has been switched on. The temperatures have been measured with an
infrared camera (FLIR T400) at the surface of the sapphire windows, which has been covered
with a 100 um teflon foil to avoid reflections. Due to the insulation of the teflon foil the

temperature reading will be a bit lower compared to the temperature at the outside of the
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sapphire window, but this will affect both sides in the same way. Also the surrounding metal
parts have been taped to prevent reflections at the metal surfaces, which could influence the
temperature reading. 5.10 shows the time development of the temperatures on the warm
and cold side, which can be described by an exponential increase and decrease, respectively.
Typical time constants of an exponential fit to reach the final values T.oq and Tyarm are 27 s
and 25 s, respectively, indicating that heating is slightly faster than cooling. This leads as
in the upper graph of 5.10 shown to a slight overshot of the average temperature, Tiyean-
But this effect will also influence the top and the bottom in the same way so that those

contributions cancel.

Performing a thermal analysis with the infrared camera, we have seen that during the initial
state of applying the temperature gradient the temperature propagates from the bottom to
the top, which means that the final temperature at the bottom is reached earlier compared
to the top. The lower graph of 5.10 shows the temperature at the top and bottom measured
at the metal surface of the cell. Due to the small window of a width of 3 mm we were
not able to obtain reliable measurements at two different height positions directly at the
sapphire windows. As seen in the figure the time constants between top and bottom differ
substantially. Typical exponential time constants at the bottom and at the top of the cell
are 16 s and 27 s, respectively. This is indeed a problem of the present setup and leads to
phase shift between the bottom and the top present in the beginning of the experimental
phase curves. This difficulty can be solved by using a cross-flow in the micro-column similar
to the circulating water loops used by Zhang et al. [160] or by imaging the phase profile over
the entire height.

5.6.2 Stability and response of the interferometer

The precision of the setup depends strongly on the stability of the interferometer. The drift
should be very small over the measurement time. A typical measurement time is of the
order of 30 minutes to 2 hours depending on the system. A small drift has little influence
and can be subtracted from the measured signal. To achieve a very small drift, we have to
insulate the laser beam paths from temperature changes by insulating the cell and the tubes.
This will reduce the effect but not cancel it out completely. The interferometer mirrors are
mounted on vertical pillars. Care needs to be taken to have stable temperature conditions

taking into account heat sources and fluctuations.

A typical example for the time dependence of pure THN is shown in 5.11(b). At short
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times when no temperature gradient is applied, we observe a constant drift of the phase.
After 10 minutes a temperature gradient is applied and the phase changes rapidly within
a minute and approaches then a constant drift rate. When the temperature gradient is
switched off, we observe the reverse behavior. A similar jump occurs also in the empty
cell and during the regular measurements and is always in the order of 0.2 w. Therefore,
we assume that it is related to an asymmetry in the setup, but the reason is not fully
understood. In the last section we discussed a small vertical temperature gradient and the
temporal change of the mean temperature in 5.11(b) and 5.10 (top graph), respectively. The
maximal temperature difference between top an bottom is of the order of 0.2-0.3 K, with a
typical (dn/dT),.=5-10"*K~! we obtain a phase shift of the order of 0.2 7-0.3 &, which
corresponds to the typical observed values of 0.27x. On the other hand it is also possible
that the two beams are slightly deflected leading to a shift of the interference pattern, which
results then into an intensity change. We want to clarify this issue in the future by comparing

different micro-columns.
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Figure 5.7: Numerical simulation results for the binary mizture TOL/HEX at the station-
ary state (a) Temperature profile within the micro-column gap. The upper part shows the
deviations from a linear fit. (b) Velocity profile within de micro-column gap at a height of
15mm. (c) The vertical concentration distribution profile of the TOL mass fraction in the

middle of the gap along the micro-column. The upper part shows again the deviations from
a linear fit.
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Figure 5.8: (a) Typical experimental results for phase shift between top and bottom for
the mizture TOL/HEX and (b) THN/DD with a mass weight fraction of 50% as function
of time. The time base has been chosen in such a way that at time zero the temperature
gradient has been enabled. The inset shows the phase close to the turn-on time. The origin
of the fast jump in the signal will be discussed in detail in the appendix.
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Figure 5.9: The thermal diffusion coefficient, Dy, for the four studied systems in com-
parison with literature values. The largest absolute deviations are found for the system
TOL/HEX, while the largest relative deviation of around 6% is found for the system THN-
IBB.
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Figure 5.10: Top graph: temperature at the outside of the sapphire windows at the two sides
(warm side - filled diamonds; cold side - open circles) of the TG micro-column filled with
toluene as function of time measured by means of an infrared camera. The upper graph shows
that due to different time constants for the warm and the cold side there is a small overshot
in the mean temperature (small dots) as function of time. Bottom graph: development of the
temperature at the bottom and at the top of the cell measured at the covered metal surface.
The temperature equilibrates at the bottom of the cell much faster than at the top, so that
for a short time a vertical temperature gradient in the order of 0.2-0.3 K is established. The
solid lines are exponential fits with time constants given in the graph.
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Figure 5.11: (a) Phase drift as function of time. After equilibration within the first hour,
the phase drifts with a rate 0.0064 m/h. This corresponds to a drift of less than 0.02 & for
a measurement time of 8 hours, which results for IBB/THN, the system with the weakest
measurement signal, in a relative error of 1%. (b) Phase response in pure THN, when the
temperature gradient is switched on and off, respectively.
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SIX

SORET COEFFICIENT IN NONIONIC MICROEMULSIONS:
CONCENTRATION AND STRUCTURE DEPENDENCE

Here we investigate the thermal diffusion behavior of the nonionic microemulsion
water/n-decane/pentaethylene glycol monododecyl ether (C1pEs). We study the
dependence of the Soret coefficient on the structure and composition by infrared
thermal diffusion Rayleigh scattering. The form and size of the microemulsion
structure is characterized by dynamic light scattering and small angle neutron
scattering. The system was examined in the one-phase region between the near
critical boundary and the emulsification failure boundary, where oil swollen nano-
structures stabilized by an amphiphilic surfactant film are dispersed in a continu-
ous water phase. The size and shape of these structures as well as the interfacial
properties of microemulsions can be varied by changing temperature and compo-
sition, which allows systematic study of their influence on the thermal diffusion
properties. In addition, we analyze the relationship between the Soret coefficient
and the temperature dependence of the interfacial tension as proposed by A.
Parola and R. Piazza [Eur. Phys. J. E 15, 2004, 255-263] and find reasonable

agreement for spherical microemulsion droplets. *

*The work described in this chapter is based on J. Chem. Phys. B117, pp. 5614-5622 (2013)

93
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6.1 Introduction

If mixtures or suspensions are exposed to a temperature gradient, thermal diffusion, the
migration of the molecules either to the warm or the cold side, occurs. This process results
in a concentration gradient that is opposed by ordinary diffusion and reaches a steady state
described by:

DVc = —Drc(1—¢)VT (6.1)

with the ordinary diffusion coefficient D, the thermodiffusion coefficient Dr, the concen-
tration ¢ and temperature T. The Soret coefficient St is the ratio Dt/D of the thermal
diffusion coefficient Dt and the collective diffusion coefficient D. The separation of different
components in a temperature gradient can be exploited in the enrichment and characteriza-
tion of polymers and colloids, [18,156] and also plays an important role in many biological

systems [152].

Even though this phenomenon has been known for more than 150 years, [30,72] there exists
no microscopic theory to describe thermal diffusion in liquid mixtures. There are some em-
pirical correlations between thermal diffusion and material properties: The Soret coefficient
seems to increase for large differences in mass and size, and typically the heavier species
migrates to the cold side [|. Besides the parameters noted above, the Soret coefficient has
been associated with Marangoni forces [3], which show the relationship between the thermal
gradient and the asymmetry in the interfacial forces acting on a colloidal droplet or particle.
To get a better understanding of the thermal diffusion behavior, it would be desirable to
vary parameters such as temperature, concentration, size and mass of the particles system-
atically and independently from each other. In this work, microemulsions are used as model
systems where methodical shape, size and concentration variations of the microemulsion
droplets as function of composition and temperature are possible [134]. Microemulsions are
thermodynamically stable mixtures that are macroscopically isotropic but structured on the
nano-scale. They consist of at least three components: (A) polar (e.g. water), (B) non-polar
(e.g. n-decane) and amphiphilic (e.g. pentaethylene glycol monododecyl ether (C12Es)) (C).
A and B are in general immiscible with each other. The amphiphile will preferentially ad-
sorb at the interface between the polar (A) and non-polar (B) components which leads to
the formation of an amphiphilic interfacial film. As a consequence, the solubilization of A

in B and vice versa are facilitated by the amphiphile.

Depending upon composition and temperature, aggregates of different size and shape, net-

works, bicontinous or lamellar structures are formed [137]. Water-rich microemulsions and
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Figure 6.1: Schematic phase behavior of water-rich non-ionic microemulsion systems to-
gether with the occurring microstructures. The left figure shows a isothermal cut through the
phase prism (red plane). Increasing the amount of oil and surfactant at a constant oil-to-
surfactant ratio leads to an increasing number of droplets. The red line indicates the binodal.
The right figure shows a wvertical cut through the phase prism at constant Y, (blue plane).
The one phase region is limited by the so-called emulsification failure boundary (efb) and
the near critical boundary (nch). Spherical droplets are formed along the efb, which increase
in size with increasing oil content. Moving away from the efb leads to an elongation of the
aggregates. At temperatures close to the ncb network-like structures are often found.

their temperature dependence are appropriately studied by the stepwise addition of oil to a
mixture of water and non-ionic surfactant [82]. The temperature dependent phase behavior
of such mixtures is sketched on the right hand side of Figure 6.1 and corresponds to a ver-
tical section (see blue section in inset) through the phase prism at a constant mass fraction
Ya = mc/(mc+mp). In general a phase inversion from the 2 (Winsor I) state (oil-in-water
microemulsion + excess oil) to the 2 (Winsor I1) state (water-in-oil microemulsion + excess
water) can be observed in nonionic microemulsions with increasing temperature. As can
be seen, a one-phase region is formed at intermediate temperatures, i.e. between the emul-
sification failure boundary (efb) and the near critical boundary (ncb) which narrows with

increasing mass fraction of oil wg = mg/(ma +mp +mc).

Temperature and composition exert not only a large influence on the phase behavior, but also
on the shape and size of the aggregates formed [10,47,58]. Systematic studies in the last two
decades revealed that upon increasing the temperature away from the efb, the droplets change
from spherical to elongated to network like structures [10,47,82,143]. Following the efb while

increasing both temperature and the oil fraction wg, the radius of the spherical droplets rise.
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The concentration dependence of the Soret coefficient can be studied isothermally along the

straight line binodal, i.e. keeping the oil-to-surfactant ratio constant (c.f. Figure 6.1 left).

In study of the thermal diffusion behavior of microemulsions contributions by water, mi-
croemulsion droplets and free surfactant molecules need to be considered. The influence of
the oil can be neglected due to its low solubility. Conceptually, due to the different size
of free surfactant and microemulsion droplets, we assume a ten times smaller Soret coeffi-
cient for the free surfactant molecules. As the number densities of surfactant molecules and
microemulsion droplets are comparable, we would expect a 10% contribution by the free
surfactant molecules. Due the fact that the concentration of the free surfactant molecules
is in the order of the critical micelle concentration of 0.005 wt% [126], which is three orders
of magnitude smaller than the droplet concentration, the contribution of the free surfac-
tant molecules will not be observable in the measurement signal. Therefore we treat the
microemulsion in the one-phase region as pseudo-binary system consisting of microemulsion

droplets in water.

So far, there are only a few experimental studies on the thermal diffusion behavior of
microemulsions and surfactant systems. Some studies [5,122] emphasized the influence of
the critical micelle concentration and others [146] focused on the size dependence of the
thermal diffusion behavior. For instance Vigolo et al. found a linear dependence of the
Soret, coefficient on the radius which is in agreement with some experimental and theoretical
findings [17] but contradicts other findings. [36,39] So far there have only been concen-
tration dependent measurements for surfactant systems [5] and hard colloids [89], but not
for microemulsions. These measurements show a weak dependence of the Soret coefficient
on the concentration below 10 vol% and a steep decrease of St at higher concentrations.
Another interesting aspect is the interplay of the interfacial tension and the thermal diffu-
sion behavior. Based upon an old physical picture by Ruckenstein [118], who argues that
the force generated is caused by a gradient in interfacial tension similar to the Marangoni
effect. Parola and Piazza [100] proposed a linear dependence of the Soret coefficient on
the derivative of the product of the interfacial tension and some characteristic length with
respect to temperature, which has been so far not experimentally investigated. Also in
this respect it appears that microemulsions are excellent model systems, because they allow
the experimental determination of the interfacial tension and a allow comparison with this
model.

As mentioned above, a microemulsion is a dynamic system with adjustable properties, which
allows study of the influence of various parameters on the thermal diffusion process. In our

study we investigated three different experimental paths, which will be introduced briefly in
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the following and are sketched schematically in Figure 6.1.

First, we used the pathy to study the influence of structural changes by increasing the
temperature starting close to the efb in the one-phase region and finishing close to the
nch at a fixed composition. Here we have to keep in mind that the temperature changes
simultaneously. Second, along the path,,,, i.e. close to the efb, the radius of the spherical
microemulsion droplets grows with increasing oil content wg. Also note that this path is not
an isothermal one, i.e. here the temperature increases slightly. Along the third path, pathy,
we study the dependence of the thermal diffusion on the volume fraction of droplets at the
efb temperature, i.e. at isothermal conditions. Therefore, we increase the amount of oil and
surfactant at a constant oil-to-surfactant ratio. Also these measurements are performed close
to the efb in order to ensure that the microemulsion droplets are spherical. Furthermore,
measurements of the temperature dependence of the interfacial tension allow us to discuss

the Soret coefficient in the framework of the model proposed by Parola and Piazza. [95]

6.2 Experimental details and characterization

In this section we introduce the sample preparation and the experimental methods used.
Furthermore we present the phase diagram of the chosen microemulsion system and the
methods used to characterize their microstructure, i.e. dynamic light scattering (DLS) and

small angle neutron scattering (SANS).

6.2.1 Experimental details
6.2.1.1 Sample preparation

The surfactant pentaethylene glycol monododecyl ether (C;Es, purity > 99%) and n-decane
(purity >99%) were both purchased by Sigma-Aldrich and used without further purification.
The water was obtained from a Milli—Q® dispenser. The samples were prepared by weighting
the appropriate amount of water, ma (usually around 2 g) and then adding the required
amount of surfactant (mc) and afterwards the corresponding amount of oil (mp). The target
composition was achieved within an accuracy of 2 mg. The sample was then inserted into a
bath of thermostated water to determine the phase behavior, i.e. the location of the phase

boundaries on the temperature scale. In preparation for both DLS and thermal diffusion
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measurements, the sample in the one-phase state was filtered with a Pall-Acrodisc® syringe
filter with pore sizes of 0.8/0.2 um. For the thermal diffusion measurements, the sample
was filled into a quartz cell (Hellma®) with a thickness of 0.2 mm which was sealed by
Teflon stoppers. Note that during the filling, the sample was in the single phase state and
the sample cell was also kept at the sample temperature to avoid phase transitions. Finally,
the cell was placed into a thermostated holder inside an infrared-thermal diffusion forced
Rayleigh scattering (IR-TDFRS) setup [154].

6.2.1.2 Refractive index increments

To determine the refractive index increment with concentration (dn/dc)r,p, we used an
Abbé refractometer. Samples of different concentrations were repeatedly inserted into the
refractometer at different temperatures over the necessary temperature range. Each refrac-
tive index value was determined at least five times. We measured the increment each in
the vicinity around the sample concentration probed in thermal diffusion measurements.
Typical values of (dn/dc)r, spread from 0.110 to 0.116 with a deviation of 5-107. The
refractive index increment with temperature (dn/dT). , was obtained in an interferometric
setup, upon measurement of the phase shift between the sample and the reference beam
while the temperature of the sample was increased or decreased linearly over the typical
measurement range. The range of (dn/dT)., goes from 1.20-107* to 1.50- 10~ with a
typical deviation of 5-107°. The measurements were only conducted at the concentrations

probed in the thermal diffusion measurements.

6.2.1.3 Dynamic light scattering

In dynamic light scattering (DLS) the intensity fluctuations were measured at a detec-
tor at a certain scattering angle 6 which corresponds to a scattering wave vector g =
(4mn/A)sin(0/2), with the refractive index, n, and the wavelength, A and are analyzed by
a correlator (ALV-5000). We used a commercially available instrument (ALV/SP-86#4059)
with a Helium-Neon laser at a wavelength A = 633 nm. The sample was prepared in a
cylindrical sample tube, which was located in a thermostated toluene bath with AT £0.05K
temperature stability. The scattering intensity 1(g,7) was detected with a photomultiplier
at angles 30° < 6 < 150° and was analyzed by the correlator card (ALV3000). Further pro-

cessing was performed using the program package BATCON, which contains as an essential
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feature the program package CONTIN [109] in order to extract the intensity autocorrelation

function as well as the distribution function A(T") of the inverse relaxation times I

6.2.1.4 Small angle neutron scattering

SANS measurements were carried out using the instrument KWS' 1 at the Jilich Centre for
Neutron Science (JCNS), hosted at the Research Neutron Source Heinz Maier-Leibnitz (FRM
II) in Garching, Germany. The samples were filled in Hellma®Quartz cells with an optical
path length of 1 mm which were equilibrated to the desired temperature in a home-built cell
holder with an accuracy of 4+ 0.05 K. The data were collected at wavelengths of A = 4.8
and 12.0 A with a wavelength distribution of the velocity selector of AL/A = 0.2 (full width
at half maximum). Measurements were performed at sample-to-detector distances of 2 and
8 m, thereby covering a range of the scattering wave vector ¢ = (47 /A)sin(6/2) from 0.0036
to 0.33 A~!. The collimation and aperture settings were chosen in order to optimize the
neutron flux without exceeding the detector capacity. The raw data were radially averaged
and normalized according to standard procedures using the program QtKWS ! provided

by the JCNS. Plexiglas of 1.5 mm path length was used as absolute calibration standard.

6.2.1.5 Infrared-Thermal Diffusion Forced Rayleigh Scattering

The IR-TDFRS has been described in detail elsewhere [154]. Two infrared laser beams are
crossed and create a sinusoidal inference grating. Due to absorption of the IR light by the
aqueous sample, the intensity grating is transformed into a temperature grating. Within
this grating, thermal diffusion forces the microemulsion droplets towards the cold side. The
temperature and concentration changes lead to a modulation of the refractive index, which
is probed by an additional readout laser. The alteration in the refractive index grating lead
to a change of the intensity of this diffracted beam. The intensity changes as function of
time were monitored by an avalanche diode. Note that the local heating of the sample cell
due to the IR laser must be taken into account in order to compare the results with DLS,

SANS and phase diagram measurements.
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Figure 6.2: Phase diagrams of water/n-decane/Ciy Es at different ya as function of the oil
content wg. The chosen experimental paths are illustrated by the blue arrows pathr, pathy,,
and pathy. The inset shows the pathy. The pathy,, denotes the path along the efb and the
stars connected by the dashed line mark the isothermal measurement of path.

6.2.2 Characterization of the microemulsion system
6.2.2.1 Phase behavior

Figure 6.2 shows the phase diagram of the microemulsion system water/n-decane/CpEs for
five different surfactant fractions ¥4 as function of the oil content wg. Transition temper-
atures between the two-phase and the one-phase regions, i.e. the efb and ncb have been
measured for each composition. The number and kind of phases is determined by visual
inspection in both transmitted and scattered light at a constant composition as a function
of temperature [55]. For illustration purposes, the diagram includes also the experimental
paths pathr, path,, and pathy. The system water/n-decane/pentaethylene glycol monodo-
decyl ether (H,0/C19/C12Es) was chosen to obtain uncharged aggregates, which exist close
to room temperature. Note that due to the neutrality of the droplets, no electrostatic inter-
actions need be considered. The size of the aggregates is expected to vary in a range from
around five to up to ten nanometer. At low temperatures, a n-decane-in-water microemulsion
coexists with a n-decane excess-phase (2), while at high temperatures a water-in-n-decane
microemulsion coexists with a water excess phase (2). Between these two states, a one
phase region (1) is found at intermediate temperatures. At a given temperature the maxi-
mum amount of n-decane that can be solubilized in the water-surfactant mixture is given by

the (2— 1) emulsification failure boundary (efb). Upon comparison of the phase diagrams
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recorded at different mass fraction y, of surfactant in the water/surfactant mixture, it be-
comes evident that an increase in 7y, allows solubilizing increasing amounts of n-decane wg.
Furthermore, with increasing ¥, the minimum in the near critical boundary (ncb, 1— 2) be-
comes wider. Note, that this minimum in the ncb is a consequence of an additional two-phase
region in the form of a closed lobe appearing at temperatures below the three-phase region
in the Gibbs triangle [57, 58,60, 143]. Furthermore the efb-transition (1 — 2) is kinetically
hindered i.e. the sample stays in the one phase state for hours or up to days. We will come

back to this point in the section describing thermal diffusion measurements below.

6.2.2.2 Microstructure

The microstructure of the system under study has been characterized before in some re-
gions of the phase (diagram) space [10,47,82,143]. For a quantitative correlation of the
thermal diffusion behavior and microstructure we characterized the size and shape of the

microemulsion structure by DLS and SANS measurements between the efb and ncb.
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Figure 6.3: The hydrodynamic radius, determined by DLS-measurements, plotted against

the temperature for the microemulsion HyO/n —decane/CoEs with ¥, = 0.03 and wg =

0.029. The radius decreases with decreasing temperature until it reaches an almost constant
value at the efb temperature at around 27°C.

Figure 6.3 shows the hydrodynamic radius Ry, which has been derived from the diffusion

coefficient D (with the largest amplitude) using the Stokes-Einstein-relation for the system
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H>0/n— decane/C,Es with 9, = 0.03 and wg = 0.029 at different temperatures. It can be
seen that Ry increases with increasing temperature i.e. approaching the ncb. The analysis of
the data using the Stokes-Einstein-relation, however, is only justified close to the efb, where
the droplets are spherical. At higher temperatures it is known that the droplets elongate

and form network-like structures close to the ncb.

This trend becomes clear upon consideration of the DLS distribution function A(T"), weighted
by the relaxation time I' as function of I' in Figure 6.4. A(T") is shown for 5 different
temperatures between 7T,z, = 27.00 (a) and 32.00 °C (e) for three scattering angles 6 = 30
°(squares), 90°(circles), and 150° (triangles), respectively. It is obvious, that the maximum
of A(T") x T shifts to higher relaxation rates I with increasing scattering angle, corresponding
to a translational mode with I' = 2¢?D. Starting from the efb at T = 27.00 °C (c.f. Figure 6.4
a) and increasing the temperature up to 7'=28.00 °C (c.f. Figure 6.4 b and c¢) the shape and
position of the peaks remain almost unchanged (the dashed line is shown as guide to the eyes).
While increasing the temperature from 28.00 °C to 29.67 °C (c.f. Figure 6.4e), the maximum
of all three peaks shifts to smaller inverse relaxation times indicating a slower diffusion,
which in turn points to the formation of elongated structures [49]. In the temperature
range from 29.67 °C to 32.00 °C, the scattering is a superposition of the scattering from
the formation of network structures and that from critical fluctuations, and the distribution
function A(T") broadens and shows additional modes. Hellweg and von Klitzing interpreted
those additional modes in terms of the Zimm model used for the dynamics of worm-like

polymers in solution [49].

Additionally, we conducted SANS measurements to confirm the spherical shape of the mi-
croemulsion droplets at the efb temperature. The experiment was performed in almost
perfect film contrast for the microemulsion D,O/n-D-decane/Ci;Es with the same molecu-
lar composition as the DLS sample at T = 26.09 °C. The SANS scattering curve obtained
after subtraction of the incoherent background scattering intensity is shown in Figure 6.5.
The curve resemble the typical scattering pattern of spherical shells [48], i.e. the scattering
intensity is almost constant at low values of the scattering vector g. Upon increasing ¢, the
intensity decreases steeply until the first minimum is reached. The position of this minimum,
which is followed by a small maximum, is related to the radius of the shells according to
2.2

) .

g~ Tt/Ry. At large values of ¢ the intensity decreases with a exp(—g*t?)-g~2 dependence as

a result of the diffuse nature of the amphiphilic film with an interface thickness t [48].

We described the experimental data using the form factor for polydisperse spherical Gaus-

sian shells with diffuse interface and additional coherent scattering from the droplet core,
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Figure 6.4: The distribution function A(T") of the inverse relazation time, weighted by T’
as function of I' of the system HpO/n — decane/C2Es with ¥, = 0.03 and wg = 0.029 at
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Figure 6.5: SANS curve of the microemulsion Hp O/n-decane/ClyEs with the same molec-
ular composition as the DLS sample (c.f. Figure 6.3) to determine the size and shape of
the microemulsion aggregates at the efb at T = 26.09°C (marked by the star in the phase
diagram shown in the inset). Note, that the phase boundary is shifted to lower temperatures
by AT ~ —1.5 K due to the replacement of H, O by D, O and CioHig by CioDig. The scattered
intensity 1s plotted versus the scattering vector g on a double-log scale. The almost constant
intensity at small values of g indicate the existence of nearly spherical particles. The line
represents a fit of a model for polydisperse shells. See text for details.

as derived by Foster et al. [43]. To account for excluded volume interactions we applied
the structure factor of hard spheres with surface adhesion (sticky hard spheres) [9,83]. The
resulting curve is plotted in Figure 6.5. It can be seen that this model describes the ex-
perimental data almost quantitatively, which confirms that spherical microemulsion droplets
exist at the efb. Thereby, a mean radius Ry = 8.1 +0.25 nm, a polydispersity ¢ = 1.37 nm
and a thickness of the diffuse amphiphilic film # = 0.65 nm were obtained.

6.3 Results

Having characterized the phase behavior and microstructure of the chosen microemulsion
system, the thermal diffusion properties were determined along three different paths using
IR-TDFRS.
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6.3.1 pathy: structure dependence

We obtained the diffusion, thermal diffusion and the Soret coefficient at the efb temperature
by performing temperature dependent (isoplethal) measurements in the one-phase region, in-
terpolating the determined data to the efb-temperature. As already mentioned, the transition
from the one-phase region to the lower two-phase region is kinetically hindered, therefore we
were also able to measure just within the two-phase region for hours before n-decane started
to separate out. As a typical example, Figure 6.6 shows the temperature dependence of the
diffusion D, the thermal diffusion Dt and the Soret coefficient St for a water/n-decane/Cj,Es
microemulsion with ¥, = 0.0421 and wg = 0.03, where the emulsification failure boundary
(efb) is located at Tep, =~ 23.0°C. Upon approaching the efb, the diffusion coefficient is almost
temperature independent, which is in accordance with the DLS measurements (c.f. Figure
6.3). Starting at the ncb, the collective diffusion coefficient D increases linearly with decreas-
ing temperature and approaches a constant value at the efb temperature. Upon considering
the thermal diffusion coefficient, Dr, it first decreases and reaches a minimum at around 27
°C. A further decrease of the temperature results in a steep increase of the thermal diffusion
coefficient Dt until it reaches almost a plateau at low temperatures. Recall that near the efb
temperature, the microemulsion droplets were found to be spherical and constant in size. The
Soret coefficient St, the quotient of the thermal and collective diffusion coefficient, behaves
similarly to the thermal diffusion coefficient. The decrease down from the ncb is steeper and
St runs into a plateau already at temperatures somewhat above the efb (Tep =~ 23.0 °C). The
characteristic shape of the temperature dependence of the Soret coefficient St is similar for
all microemulsions studied: Starting at the ncb it decreases steeply, runs through a minimum
and reaches a plateau at or somewhat below the efb temperature. In the lower part of the
one-phase region the elongation of the microemulsion droplets via coagulation indicate a
slight weakening of hard sphere interactions, which might be responsible for the decrease of
St(T) has it has been observed for colloidal hard spheres [89]. At higher temperatures the
increasing size of the structures dominates the behavior, so that St(7) rises. Future studies
must be undertaken to show whether the minimum of St(7) and Dr(T) at T =27.0°C can

be correlated with the elongation of rods or the formation of network structures.

6.3.2 path,,: size dependence

In order to study the dependence of the thermal diffusion properties on the radius of the

spherical microemulsion droplets, we varied both the oil content and slightly varied the
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Figure 6.6: The diffusion D, thermal diffusion Dt and Soret coefficient St in the one-phase
region at different temperatures (Y, = 0.0421 and wg =0.03). The chosen experimental path
15 illustrated in the inset. The dashed lines are guides to the eye.

temperature, i.e. following the path,, along the efb. In order to obtain the transport
coefficients close to the efb, we measured the coefficients (as done for the pathr) at different
temperatures and extrapolated the values towards the efb. Figure 6.7 shows D, Dy and St

values at the efb obtained in this way.
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Figure 6.7: Measured diffusion, D, thermal diffusion, Dt and Soret coefficient, St at dif-
ferent mass fractions of oil wg at a fized ¥, = 0.0421 measured along the path,,,. The upper
inset shows the apparent radius, Rrpgrs , as function of the oil fraction. The lower inset
displays St as function of the apparent radius, Rrpprs, calculated from D using the Stokes-
FEinstein-relation. Linear and quadratic fits were performed by weighting the data points with
their uncertainties. The corresponding etb temperatures rise from 23 °C to 28.5 °C with
INCTreasing we.
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The diffusion coefficient, D, decreases with increasing mass fraction of oil, wg, due to the
growth of the microemulsion droplets. The inset illustrates the linear increase of the mi-
croemulsion droplets along the efb, by plotting the apparent radius Rrpgrs as function of
wg, whereas the line corresponds to a linear fit weighted by the uncertainty of the data points.
Note, that the Stokes-Einstein-relation was used to determine the radius, Rrpgrs, which cor-
responds to a apparent radius similar to the one obtained by dynamic light scattering (Ry)
with a slightly different weighting of TDFRS compared to DLS due to the polydispersity of
the microemulsion droplets [59]. The thermal diffusion coefficient, D, is independent of the
mass fraction of oil, while the Soret coefficient is linearly proportional to the oil fraction.
For this rather small size range from 6 to 11 nm, a linear increase of St with Rrpprs is ob-
served. As shown in the inset of Figure 6.7, the data points follow a straight or quadratic line
(weighted fit), which pass through the origin. The systematic deviations of the linear line
are slightly smaller than in the quadratic fit. However, one should keep in mind that the St
values correspond to different temperatures, i.e. the temperature increases from 7' = 23°C to
T = 28.5°C with increasing oil content. Although the variation of the temperature is small,

we cannot separate size and temperature effects.

6.3.3 pathy: volume fraction dependence

In order to study the concentration influence on the thermal diffusion behavior we performed
a series of TDFRS experiments along pathy. As already mentioned in the introduction we
do not expect a strong concentration effect below a volume fraction of 10%. As illustrated
in Figure 6.1, we measured the Soret coefficient at the efb for different volume fractions of
droplets. Along this isothermal path the volume fraction of surfactant and oil is increased
keeping the oil/surfactant ratio and thus the radius constant. Figure 6.8 displays the ex-
trapolated D , Dr and St values at the efb as a function of the volume fraction, ¢, of
microemulsion droplets. D shows a slight increase due to the effect of stronger interactions
and thus shorter relaxation times. The thermal diffusion coefficient also increases slightly,
but one order of magnitude less than D. The observed decay in the apparent radius (shown
in the inset of Figure 6.8) calculated using the Stokes-Einstein-relation is probably related to
stronger interactions at higher concentrations and not necessary due to an actual variation
of the size of the microemulsion droplets [69], because SANS or static light scattering show
that the radius of gyration, R,, remains constant [8]. The Soret coefficient, St, decreases
only slightly with the volume fraction, ¢, of the droplets. This result agrees with results for
colloids [89] and polymer solutions [112].
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Figure 6.8: Diffusion, D, thermal diffusion, Dt, and Soret coefficients, St, measured at
T.pp = 27 °C for different volume fraction, ¢, of the microemulsion droplets keeping the
oil/surfactant ratio constant at 1/1. St decreases slightly with @, which is related to the
slightly different slopes of D(T) and Dy(T). The inset shows the apparent radius Rtprrs as
function of the volume fraction of the droplets. The dashed lines are linear fits, weighted with
the uncertainties of the data points.
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6.4 Discussion and Conclusion

Our main motivation for studying the thermal diffusion behavior of microemulsions is the
chemical uniformity of the microemulsion droplets compared to colloidal particles. In the
latter case, the grafting density of the chains attached to the surface of the colloidal particles
for steric stabilization is usually not reproducible for each new synthesis. As a consequence
the phase behavior of different batches varies often by ten and more degrees. Therefore, a
comparison of the thermal diffusion data of colloids with different sizes becomes ambiguous.
This is especially the case because the thermal diffusion responds strongly to interfacial effects
[127]. Microemulsions allow a systematic variation of shape and size through temperature
and concentration changes. Additionally, a direct measurement of interfacial properties such
as the interfacial tension is possible, so that their influence on the thermal diffusion can
be studied. A drawback of the microemulsions is that the change of one parameter often
influences more than one property. We have chosen three different paths of temperature, oil

amount and droplet volume fraction in order to get a meaningful picture for each scenario.

6.4.1 Structure and shape

Following the pathr, we monitor changes in the thermal diffusion behavior due to structural
changes induced by temperature variation. We saw that the diffusion coefficient, D, reaches
a plateau for temperatures at and below the emulsification failure boundary (c.f. Figure 6.3),
and shows the typical critical slowing down, when the near critical boundary is approached
[73,153]. Note, that the calculation of the hydrodynamic radius using the Stokes-Einstein-
relation is questionable due to network formation. The thermal diffusion coefficient Dt shows
a minimum between the efb and ncb and increases towards the two boundaries. It has been
theoretically predicted [73] and experimentally observed [46] that Dt remains constant upon

approaching a critical point.

Similar to D, St also shows a minimum, but close to the efb St reaches a plateau, while
the increase towards the ncb is rather steep. Theoretically [73] we expect that St diverges at
the critical point. In the vicinity of the efb, the behavior of St coincides with the size of the
droplets, which also becomes constant upon approaching the efb. Although the temperature
changes by 2 K the Soret coefficient remains constant, which is an indication that St is

mainly determined by the structure and not affected by temperature changes.

In order to investigate the size dependence we followed the path,,,. In the investigated range,

the radius changes only by a factor two. In this limited range the linear radial correlation
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Figure 6.9: Soretl coefficient as function of the apparent radius, Rrpprs, measured along
the pathr, path,, and pathy. The pathr-line is a guides to the eye, while the path,,-data
are fitted by a straight line (dashed) and a quadratic function (dotted) through the origin.
Note, that Rrprrs is calculated using the Stokes-FEinstein-relation which assumes spherical
aggregates, while it is known from DLS and SANS that the shape of the structure changes
along pathr as illustrated by the grey pictograms.

of St is slightly better that the quadratic radial dependence (c.f. Figure 6.7). Conceptually
the microemulsion droplets can be softer than colloidal particles. The exchange rate of the
surfactant molecules between amphiphilic film and bulk is high. In such a case the interface
of the microemulsion droplet could become permeable, so that a tangential velocity flow
field intrudes in the microemulsion droplet [158]. This effect would lead to a quadratic
radial dependence of St. To the best of our knowledge there are no experiments in the
literature which measure the exchange kinetics of surfactant molecules for microemulsion
droplets. Only the kinetics of the droplet exchange with typical relaxation times on the
order of milliseconds, have been studied [42]. Also in micellar systems, a slow process has
been observed with similar relaxation times on the order of milliseconds [142]. Additionally,

the fast exchange of single surfactant molecules between micelles and water on the order of
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microseconds has been resolved. However due to the large enthalpy penalty, direct water/oil
contact is prevented by an amphiphilic film (characterized by a surfactant concentration at
the interface, which is constant over time). Thus microemulsion droplets are expected to
be fairly rigid. This picture is also supported by the linear radial dependence of the Soret
coefficient found. Nevertheless, we have to keep in mind that the experimental range is quite
small compared to other studies [17,39,111]. An expansion of the radial range might be
possible by adding amphiphilic blockcopolymers, which leads to microemulsion droplets of
about 100 nm in diameter [44].

Along pathy, the number density and temperature stay constant, but the volume fraction
increases. The Soret coefficient decays by only 10% in the investigated concentration range,
thus we can conclude that the increasing volume fraction along the path,,, will not influence
the radial dependence of St. For higher volume fractions (above 10%) we expect a much
steeper decay of St as it has been observed for micellar systems [5], colloidal suspensions [89]

and polymer solutions [113].

Figure 6.9 summarizes the radial dependence of St measured along pathr, pathy,, and pathy.
While the data obtained along pathy, and path, scatter around a linear line, the data from
pathy deviate from the general trend. In this case the structural changes dominate the
behavior. Especially in the regime, where the shape of the microemulsion droplets changes

from spherical to elongated, we observe a decay of St with the apparent radius, Rtprgs.

6.4.2 Interfacial tension

Our approach to understanding the St dependence is that of Piazza and Parola [95]. They
relate the Soret coefficient of a colloid of radius R to the temperature derivative of the product
of the oil/water interfacial tension oy, and a characteristic length [ [95], which is related to
the width of a fluid layer, where the pressure tensor is asymmetric [100], in the following

way

_ 47R 9(low)
 kgT 0T

The physical picture behind this relationship dates back to Ruckenstein [118], who argues

T (6.2)

that a force is generated due to an interfacial tension gradient similar to the Marangoni
effect. For the microemulsions under investigation the interfacial tension has been measured
by Sottmann and Strey [133] by the so-called spinning drop method [148]. Figure 7.8 shows

the interfacial tension as function of the temperature on a logarithmic scale. Below T,



6.4 Discussion and Conclusion 73

,1— = = = ‘\ : : I I i
I /O Lo
01 5_ / l %.. | : : “_,-0 _5
E / | 0. ; , ".Q
) e _
E oo} - b PR ﬂb
E 020, aj '\ i ]
=z : 0.20 \\0\ I R : a ]
™ .
; 1E-3 L 015 . IR J
o : pN : : E
~ E 0.104 b’.q ! | 3 | 1
~ I o | ! b: ]
2 _4 | 0.05; “ N I o | J
o8 1E4 ¢ o\lgga E
A T I T R T: :T ]
1E_5 . 1 L 1 . 1 . 1 . 1 I|. 11 .u 1 . 1 .
10 15 20 25 30 35 40 45 50

T/°C

Figure 6.10: The oil/water-interfacial tension of the system water / n-decane / CipEs
as a logarithmic function of temperature. The inset shows the interfacial tension over the
temperature range used in the thermal diffusion measurements. In this regions it shows an
almost linear dependence.

the system phase separates into a o/w-microemulsion and an excess oil phase, while at
temperatures above T, w/o-microemulsions coexist with an excess water phase. Between T
and T,, where the oil/water-interfacial tension runs through a pronounced minimum three

phases are formed [132].

The inset of Figure 7.8 shows the relevant interfacial tension data in the investigated tem-
perature range on a linear scale. Over the entire temperature range a parabolic temperature
dependence is expected [57,70,137], but in this limited range the temperature derivative is
almost constant and equals to d6/dT = —0.0195-107>N K~!m~!. Due to the negative slope
we also expect, according to Equation 7.12 a negative Soret coefficient, which is not found

experimentally. For the moment we will use the absolute value of the derivative.

If we assume that the characteristic length [ does not depend on temperature, we can de-
termine [ from the slope of a St versus R-(do,,/dT) plot. The Soret coefficients and radii
applied have been measured along the path,,, at the efb, which corresponds to the interfacial
tension data. The data lie on a straight line (c.f. inset of Figure 6.11, top) and a short char-
acteristic length of only / = 0.3 nm can be extracted. Using Equation 7.12 and the radial
temperature dependence (Rrprrs(T) = —340 nm+ 1.16- T nm/K) as well as the interfacial

tension derivative along the path,,, we can calculate St in dependence of T, which is plotted
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Figure 6.11: The inset in the upper part shows St as function of the product of the ap-
parent radius, Rtpprs and the temperature derivative of interfacial tension, which allows
determination of the characteristic length from the slope of the plot. St, and Rrpprs have
been measured along the pathy,,. The solid line represents the calculated Soret coefficient, St,
according to Fq. 7.12 with temperature. The lower part shows the corresponding St-values
calculated along pathr.

(line) in Figure 6.11, top. In this limited regime with spherical microemulsion structures we

find a reasonable agreement. Additionally, we investigated whether this approach also works
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along the pathy. Analyzing the temperature dependence of the hydrodynamic radius dis-
played in Figure 6.3 (Rg(T) = 10.2nm+0.7 - (1 27=27-5°C))ym) in Equation 7.12 we can also
predict the dependence of St with T along the pathy, which is plotted in Figure 6.11, bottom
over the entire temperature range investigated. At high temperatures, the divergence of St
is in qualitative agreement with the experimental data. However, only a shallow plateau is
reached at lower temperatures. That the model does not provide the minimum (c.f. Figure
6.6) is not surprising upon taking into account that the relationship has been derived for
isolated spherical colloidal particles, while here the structure of the microemulsion changes
from droplets to network-like structures, which are not considered in the model. This shows

that a more sophisticated model is required to follow structural changes in microemulsions.






CHAPTER

SEVEN

[SOTHERMAL BEHAVIOR OF THE SORET EFFECT IN

NONIONIC MICROEMULSIONS: SIZE VARIATION BY USING

DIFFERENT N-ALKANES

In this work we investigate the thermodiffusion behavior of microemulsion
droplets of the type HyO/n — alkane/C,E5 (pentaethylene glycol monododecyl
ether) using the n-alkanes: n-octane, n-decane, n-dodecane and n-tetradecane. In
order to determine the thermodiffusion behavior of these microemulsion droplets,
we apply the infrared thermal diffusion forced Rayleigh scattering (IR-TDFRS)
technique. We measure the Soret coefficient (St) as function of the structure
upon approaching the emulsification failure boundary (efb) and as a function
of the radius of the spherical o/w-microemulsion droplets close to the efb. By
varying the chain length of the n-alkanes we are able to study the thermodit-
fusion behavior of droplets of different sizes at the same temperature. In the
investigated range a linear dependence of the Soret coefficient as function of the
radius was found. Using a proposed relationship between the Soret coefficient
and the temperature dependence of the interfacial tension, the transition layer [
could be determined for the first time. Additionally, small angle neutron scatter-

ing (SANS) experiments are performed to determine the size and to examine in

7
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detail the shape of the microemulsion droplets, as the droplets are known to elon-
gate with increasing temperature. Close to the efb the scattering curves could
be quantitatively described by a combination of a spherical core-shell form factor

and sticky hard sphere structure factor. *

7.1 Introduction

7.1.1 Thermodiffusion

Recently it has been demonstrated that thermal fields can be used to direct colloids and
bio molecules to specific regions without requiring the use of lithographic structuring [152].
The underlying phenomenon is referred to as Soret effect. Thermodiffusion, akin to ther-
mophoresis in colloidal dispersions, describes the mass transport in a mixture in the presence
of a thermal gradient. A comprehensive microscopic description of the Soret coefficient St
and the thermodiffusion coefficient, D, which can be expressed as the product of the mass
diffusion coefficient, D, and, St, for liquids and colloidal dispersions is still not available.
Many aspects such as the charge, mass, moment of inertia, size dependence have been in-
vestigated experimentally and theoretically, and empirical correlations or agreement with
theoretical models have been found for specific systems such as alkanes [12] or charged col-
loids [91] [149] but a general microscopic understanding has not been reached yet. One
of the open questions is the size dependence of St, whether it is linear or quadratic [100].
While Duhr and Braun [38] observed an unambiguous quadratic dependence of St for car-
boxyl modified polystyrene (PS) beads in 1 mM TRIS buffer of different radii in the range
from 20 nm to 1000 nm using a microscopic fluorescence technique, studies by Putnam and
Cahill of carboxyl functionalized PS spheres in a size range from 26 nm to 92 nm (PS) gave
some indication that the behavior could also be linear. Later Vigolo et al. [146] obtained a
linear dependence investigating bis(2-ethylhexyl)sulfosuccinate (AOT) / isooctane / water
microemulsion droplets with a radius between 1.8 nm to 16 nm. Unfortunately the shape
of the microemulsion droplets was not properly characterized, and thus it is not certain
that the microemulsion droplets are spherical in the range of study. Simultaneously the
decreasing surface charge density of the AOT system with increasing radius will change the
electrostatic contribution to the thermodiffusion properties. Recently, Braibanti et al. [17]

repeated the experiment of Duhr and Braun [38] and studied the thermodiffusive behavior

*The work described in this chapter is based on J. Chem. Phys. 118, pp. 3451-3460 (2014)
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of highly diluted carboxyl modified PS spheres under the same conditions except that they
used a 1:1 mixture of HyO+D»O to minimize sedimentation effects which can occur for the
larger colloids. In the investigated radial range between 11 nm and 253 nm they found a
linear size dependence for St. Also in theory the radial dependence is still controversially
discussed. While Wiirger [158] expects a linear dependence for charged and uncharged solid
colloids and only for soft colloids a quadratic size dependence of St, Dhont et al. [36] predict

also for charged solid colloids a quadratic dependence.

Very recently we studied the thermodiffusion behavior of HyO/n—decane/C,Es following
three different paths by changing the temperature, the oil content and the volume fraction
of the microemulsion droplets and investigated the relation between the interfacial tension
and the Soret coefficient [86]. Adjusting the appropriate concentration and temperature, a
microemulsion forms discrete w/o- or o/w-aggregates, which are thermodynamically stable
and can be used as colloidal model systems. Contrarily to synthesized colloidal particles,
radius and interfacial tension can be easily varied by temperature or composition [137]. We
found only very small concentration effects on the thermodiffusion behavior below a volume
fraction of 10 %. By varying the oil content at a constant surfactant to water ratio we were
able to change the size of the microemulsion droplets at the efb, but simultaneously we also
had to vary the temperature slightly, so that the change in the Soret coefficient was not solely
determined by size but also a temperature effect. In order to obtain microemulsions of dif-
ferent radius at isothermal conditions, in this work we studied the thermodiffusion behavior
of microemulsion droplets by using different n-alkanes: n-tetradecane (n-C14), n-dodecane
(n-C12), n-decane (n-C10), n-octane (n-C8) and a mixture (1:1) of n-octane/n-decane (n-
C8/n-C10). Due to the fact that only the chain length of the n-alkane which is located in
the inside of the (o/w)-droplets is changed, the surface properties are assumed to remain
unchanged. Furthermore, we have chosen a nonionic surfactant to avoid charge effects.

We carefully characterized the phase behavior and studied the microstructure of the o/w-
microemulsions by SANS to eliminate perturbing effects which comprise results from ear-
lier publications. The typical phase behavior of the investigated microemulsion systems is
sketched in Figure 7.1. At low temperatures a coexistence of an oil-in-water microemulsion
and an oil excess phase (2) is found. With increasing temperature the so-called emulsi-
fication failure boundary (efb) is traversed and a thermodynamically stable, single phase
microemulsion is formed. This one-phase region (1) closes like a funnel, when the efb, i.e.
the capability of the surfactant to solubilize oil, intersects with the upper phase boundary
(1-2). This phase boundary originates from the cloud point curve of the binary system

H,0/C1E5 and is therefore often denoted as a near critical boundary (ncb) [58].
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Figure 7.1: Schematic phase behavior of a water-rich microemulsion stabilized by a nonionic
surfactant [58]. The phase boundaries are shown as a function of temperature and mass
fraction wg of the oil at a constant mass fraction Y, of the surfactant in the mixture of
water and surfactant. Between the lower emulsification failure boundary (efb) and the near
critical boundary (ncb) a thermodynamically stable microemulsion is formed. Increasing
the temperature results in a structural transformation from spherical droplets at the eftb
over elongated droplets to finally network like structures at the ncb before demixing occurs
[10, 47,82, 143] . Increasing the mass fraction of oil and temperature staying at the efb will
yield larger microemulsion droplets.

In contrast to colloidal dispersions containing hard spheres, microemulsions form a soft
interface between water and oil established by the surfactant layer. The interfacial tension is
strongly dependent on the curvature of the amphiphilic film which is temperature dependent.
Thermodiffusion has already been associated with the so called Marangoni effect [3]. In this
work we are going to investigate the behavior compared to interfacial effects to find to which

extent the interfacial tension influences the thermodiffusive behavior.

7.2 Experimental details and characterization

In this section we introduce the sample preparation and the experimental methods used.
Furthermore we present the methods used to characterize the microstructure, i.e. dynamic

light scattering (DLS) and small angle neutron scattering (SANS).
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7.2.1 Experimental details
7.2.1.1 Sample preparation

The surfactant pentaethylene glycol monododecyl ether (Cj,Es, purity >99%) and the var-
ious n-alkanes (purity > 99%) were each purchased by Sigma-Aldrich and used without
further purification. The water was obtained from a Milli-Q dispenser. D,O (purity > 99%)
and deuterated n-alkanes were acquired from Euriso-top. The samples were prepared by
weighting the appropriate amount of water, my (usually around 2 g) and then adding the
required amount of surfactant (mc) and afterwards the corresponding amount of oil (mp).
The target composition was achieved within an accuracy of 2 mg. Identical compositions of
protonated samples (phase behavior, DLS, TDFRS) and deuterated samples (SANS) were
prepared with respect to molar fractions, i.e. volume fractions which are summarized in
Table 7.1 and were calculated using the respective densities. The sample was then inserted
into a bath of thermostated water to determine the phase behavior, i.e. the location of the
phase boundaries. Both DLS and thermodiffusion samples were filtered in the one-phase
state by a Pall-Acrodisc syringe filter with a pore size of 0.8 / 0.2 um. For the SANS
measurements we used Hellma Quartz cells with an optical path length of 1 mm. For the
IR-TDFRS measurements, the sample was filled into Hellma quartz cells with a thickness of
0.2 mm which was sealed with Teflon stoppers. Note that during the filling, the sample was
in the single phase state and the measurement cell was also kept at the same temperature
to avoid phase separation. Finally, the cell was placed into a thermostated holder inside an
infrared-thermal diffusion forced Rayleigh scattering (IR-TDFRS) setup [154].

7.2.1.2 Refractive index increments

To determine the refractive index increment with concentration (dn/dc)r p, we used an Abbe
refractometer by Anton Paar [150]. Samples of different concentrations were repeatedly
inserted into the refractometer at different temperatures over the necessary temperature
range. Each refractive index value was determined at least five times. We measured the
increment each in the vicinity around the sample concentration probed in thermodiffusion
measurements. Typical values of (dn/dc)r,, spread from 0.110 to 0.116 with an accuracy
of 5-107°. The refractive index increment with temperature (dn/dT). , was obtained in an
interferometric setup [157], upon measurement of the phase shift between the sample and
the reference beam while the temperature of the sample was increased or decreased linearly

over the typical measurement range. The value of (dn/dT),,, varies between 1.20-10~* and
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Table 7.1: Composition of the studied microemulsions. Given are the volume fractions of
the surfactant ®c, the surfactant in the internal interface ®c; and the oil dp.

n-alkane CI)C CI)Q i P B

n-C8 0.028 0.027 0.084
n-C8/n-C10

(1:1) 0.029 0.028 0.060

n-C10  0.029 0.029 0.040

n-C12  0.030 0.029 0.026

n-Cl4  0.030 0.030 0.017

1.50-10~% with a typical accuracy of 5-107°. The measurements were only conducted at

the concentrations probed in the thermodiffusion measurements.

7.2.1.3 Small angle neutron scattering

SANS measurements were carried out using the instrument KWS 1 at the Jilich Centre for
Neutron Science (JOCNS), hosted at the Research Neutron Source Heinz Maier-Leibnitz (FRM
II) in Garching, Germany. Samples were filled in the Quartz cells which were equilibrated to
the desired temperature in a home-built cell holder with an accuracy of + 0.05 K. Data were
collected at wavelengths of A = 4.8 and 12.0 A with a wavelength distribution of the velocity
selector of AL/A = 0.20 (full width at half maximum). Measurements were performed at
sample-to-detector distances of 2 and 8 m, thereby covering a wide range of the scattering
wave vector ¢ = (4m/A)sin(0/2) with scattering angle 6. Collimation and aperture settings
were chosen in order to optimize the neutron flux without exceeding the detector capacity.
The raw data were radially averaged and normalized according to standard procedures using
the program QtiK'WS provided by the JONS. Plexiglas of 1.5 mm path length was used as
absolute calibration standard.

The experimental scattering curves was analyzed assuming a collection of spherical particles
in solution. Applying the decoupling approximation [66] the scattering intensity I(q) as

function of the scattering vector ¢ can be written as

1(q) = n P(q)S(q) +Iincon- (7.1)

Therein the form factor P(g) = [A(g)]? is the square of the scattering amplitude A of the

scattering particles and S(gq) is the structure factor describing the interaction of the particles.
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n is the number density of the particles. Polydispersity is taken into account by convoluting
the form factor with a Gaussian size distribution W (R, Ry, ) with the mean radius Ry and

the standard deviation ¢. The scattering intensity is then given by

Ilg)=nS(q) [ Plg.R)W(R.Ro,0)R

+1 incoh-

(7.2)

In order to describe the experimental scattering data we used the form factor of a Gaussian

shell with diffuse interface and core scattering [43], given by

P(Q) = [A(Q)]Z = Apgore chore Agore(Q) +Ap§1m Vﬁzlm A%ﬂm(‘]) (7 3)
+2 Apcore APsilm Veore Viilm Acore(9) Afilm(q)-
Hereby the scattering amplitude of the core is the well-known (normalized) amplitude of a

homogeneous sphere [115]

T {sin(gR) ~aR cos(aR)}. (7.4

q- Vcore

Acore (Q) =

with Veore being simply the volume of a sphere with radius R. The scattering amplitude of

the surfactant film was given by Gradzielski et al. [48]

4rl, —g*t? }
A = -ex
) = Vi P { 2

{qt* cos(qR) — Rsin(qR)}
with Viim = 27(4Rt? 4 Ic(t* + R?)) being the volume of the surfactant film. Thereby 7 is a
measure for the thickness of the diffuse amphiphilic film and I¢c ~ v¢/ac is the length of a

(7.5)

surfactant molecule, given by the ratio of the volume ve and the head group area ac of the
surfactant molecule. The contrasts are considered by the scattering length density differences
APcore = Poulk — Peore and APfiim = Pruik — Pfilm, respectively. Including the polydispersity
according to eq 7.2, the scattering intensity of the non interacting droplets (S(g) = 1) is
expressed by

I(‘]) = ICOfC(Q) +Iﬁlm(Q) +Icr0ss(Q)- (7.6)
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The three contributions are given in large detail in reference 43. The free parameters of
this model are the mean radius Ry, the thickness of the diffuse amphiphilic film ¢ and the
standard deviation of the polydispersity distribution o.

7.2.1.4 Dynamic light scattering

In dynamic light scattering (DLS) experiments the intensity fluctuations are measured at
a detector at a certain scattering angle 6 which corresponds to a scattering wave vector
g = (4rnn/A)sin(0/2), with the refractive index, n, and the wavelength, A. We used a com-
mercially available instrument (ALV /SP-86#059) with a Helium-Neon laser at a wavelength
A =633 nm. Cylindrical sample cells were chosen, which were placed in a thermostated
toluene bath with a temperature stability of AT = £0.05K. The scattering intensity 1(q,t)
was detected with a photomultiplier at angles 30° < 6 < 150° and was analyzed by the
correlator card (ALV3000). Further processing was performed using the program package
BATCON, which contains as an essential feature the program package CONTIN [109] in
order to extract the intensity autocorrelation function as well as the distribution function

A(T) of the inverse relaxation times I'.

7.2.1.5 Infrared-Thermal Diffusion Forced Rayleigh Scattering

The infrared-thermal diffusion forced Rayleigh scattering (IR-TDFRS) is optimized for aque-
ous systems and utilizes a weak absorption band of water in the infrared to create a tem-
perature gradient. Details can be found elsewhere [13,154]. Two infrared laser beams are
crossed and create a sinusoidal interference grating. Due to absorption of the IR light by
the aqueous sample, the intensity grating is transformed into a temperature grating. For all
investigated microemulsions in this work thermodiffusion forced the microemulsion droplets
towards the cold side. The temperature and concentration changes lead to a modulation
of the refractive index, which is probed by an additional readout laser. The alteration in
the refractive index grating leads to a change of the intensity of this diffracted beam. The
intensity change as function of time were monitored by an avalanche diode. Note that the
local heating of the sample cell due to the IR laser must be taken into account in order to

compare the results with DLS, SANS and phase diagram measurements.
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Figure 7.2: Phase behavior of water-rich microemulsion systems of the type HyO/n-
alkane/Cy2Es at a constant mass fraction of Ci12Es in the HyO/Ci,Es-mizture 7y, = 0.03.
The microstructure and the thermal diffusion behavior has been studied near the efb at
Tepp =27.0£0.5 °C (stars, connected by the dashed dotted line). Increasing the chain
length of the n-alkane the one phase region shifts to higher temperatures. Concomitantly,
the mazimum amount of oil which can be solubilized at T =27.0+0.5 °C decreases strongly.

7.3 Results

7.3.1 Phase behavior

The phase behavior of water-rich microemulsions of the type HO/n-alkane/pentaethylene
glycol monododecyl ether (Ci;Es) is studied as a function of temperature and the overall
weight fraction wp of n-alkane at a constant ratio of y, = m¢/(mc+my) = 0.03. Figure
7.2 shows the T (wp)-sections obtained using n-C8, n-C8/n-C10 (1:1), n-C10, n-C12 and n-
C14, respectively as n-alkanes. In all cases a sequence of phases is found that is typical for
nonionic-microemulsion systems [58]. As can be seen, by decreasing the chain length of the
n-alkane, the intersection point of the efb and ncbh shifts to lower temperatures and larger
weight fractions wg. Comparing the maximum amount of n-alkane which can be solubilized
at a constant temperature of T, 7, = 27.0 £0.5°C, an increase by more than a factor of four
is found as the chain length decreases (c.f. stars in Figure 7.2). Accordingly also the size of

the droplets will increase, when the chain length of the oil is reduced.

7.3.2 Microstructure

The variation of the microstructure in the one-phase region of water-rich microemulsions

has been both experimentally and theoretically studied [10,47,82,143]. In order to ensure
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the spherical shape of the o/w-microemulsion droplets and to determine their radius, small
angle neutron scattering experiments were performed in close vicinity to the efb for each
system at 26.1 +0.4°C. Thereby film contrast conditions were tried to be adjusted by using
adequate mixtures of protonated and deuterated n-alkanes in order to match the scattering
length density of the droplet core with scattering length density of the surrounding D,O
(Pbulk = Peore). However, the quantitative analysis of the scattering data (see below) showed
that Ppulk 7 Peore, 1-€. that the scattering from the droplet core had to be taken into account.
Obvious reasons for this mismatch are the fact that we did not include the monomeric
solubility of the protonated surfactant in the n-alkanes [21] as well as undeuterated impurities
in the deuterated species in the calculation of the scattering length densities p. The inset
in Figure 7.3(a) shows the radial scattering length density profile exemplary by means of
the n-octane microemulsion. As can be seen the scattering length densities of core and
bulk are only slightly different. Furthermore, the parameter ¢ (measure of the thickness of
the diffusive amphiphilic film) which will be later on compared to the thickness I of the
transition layer is schematically depicted. Note that the efb is shifted to T,z, = 26.14:0.4°C
i.e. by 0.9 K to lower temperatures using deuterated instead of protonated solvents which
is in agreement with literature [139]. The scattering curves obtained are shown in Figure
7.3 after subtraction of the incoherent background scattering intensity. All curves resemble
the typical scattering pattern of spherical shells and a small fraction of core scattering [43]
, i.e. the scattering intensity is almost constant at low values of the scattering vector g.
By increasing g the intensity decreases steeply until the first minimum is reached. At large
values of ¢ the intensity decreases with an exp(—g*t?)-¢~2 dependence as a result of the
diffuse nature of the amphiphilic film [48]. Comparing the scattering curves shown in Figure
7.3(b), it is evident that the position of the minimum, which is related to the radius of the
shells (R ~ 1/q) shifts systematically to lower values of ¢ if the chain length of the solubilized

n-alkane is decreased.

In Figure 7.3(a) the scattering curve of the microemulsion containing n-octane (n-C8) is
exemplary shown. As can be seen, the description of the scattering data solely by the form
factor given by eq 7.6 (represented by the dashed line), which neglects the contribution of
any interaction (i.e. assuming S(g) = 1), led to higher scattering intensities at low values
of ¢, which indicates the presence of inter-droplet interactions. These interactions are the
largest for the n-C8 system, and become less significant for the microemulsions containing
longer n-alkanes, i.e. with decreasing droplet volume fraction. In order to account for these
interactions we used the structure factor of hard spheres with surface adhesion (sticky hard
spheres) [9,83]. Note, that the Percus-Yevick model for hard spheres could not describe
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Figure 7.3: SANS measurement performed in film contrast to determine the size and shape
of the microemulsion aggregates at the corresponding efb temperature. The scattered intensity
15 plotted versus the scattering vector gq. The data are described by an appropriate combina-
tion of form- and structure factor. The inset in part (a) shows the radial scattering length
density profile of the system n-octane. See text for details.

the scattering intensity quantitatively. The structure factor for hard spheres with surface

adhesion (sticky hard spheres) [9] as given by Menon et al. [83] writes

S(x) = A 2(x) + B2(x), (7.7)



Chapter 7: Isothermal Behavior of the Soret Effect in Nonionic Microemulsions: Size
88 Variation by Using Different n-Alkanes

Where x = aq with a = 8 + A.0 represents the inner hard core diameter of the particle and
A is the thickness of the attractive well of the potential of depth uy. Using this structure
factor together with the core-shell form factor model (c.f. eq 7.6) A was set equal tot and a
was set to a =2(Ro+1) in order to reduce the number of free parameters. With the relative

thickness of the attractive well € = A/a the so called stickiness parameter 7 of the potential
is defined by

T = (12¢) Lexp(uo /kT). (7.8)

The terms A(x) and B(x) are given by

sin(x) — xcos(x)]

A(x):uun{a{ .
+ﬂ[L0S<X>1 lsin(x)}

x2 12 x

(7.9)

1 sin(x) 1—cos(x)
]

2x x2 x3

+ﬁ{1_sm_§c)] _fl,_zl—c;s(x)}
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with

_ (42n—u) B (=3n+u)

a—mz P a0 (7-10)

and g =An(l—n).

1N = Qdisp a’ / 83 is the effective volume fraction of the spheres and A the smaller solution of

quadratic equation

1 12+6n
A+
l—n) n(l—n)?

2212t ~0. (7.11)
n
Accordingly the only free parameter of this model is the depth of the attractive potential well
up. Using the combination of both, form factor (dashed line) and structure factor (dashed-
dotted line), the experimental scattering intensities could quantitatively be described for all
systems. The parameters obtained are compiled in Table 7.2. As can be seen the radius R
of the microemulsion droplets increases from Ry = 4.7 to Rp = 15.2 nm if the chain length
of the n-alkane is reduced. At the same time the polydispersity index p = /Ry increases
slightly from 0.15 to 0.18. The thickness ¢ of the diffuse amphiphilic film was found to
t =6 A for all microemulsion systems under study, i.e. independent of the chain length of the
solubilized n-alkane. A somewhat smaller value of r =5 A was found for water-in-cyclohexane
microemulsions stabilized by Ci2E¢ [44]. Furthermore the depth of the attractive potential
well uy becomes deeper, indicating that the effect of surface adhesion increases in case the
chain length of the alkane decreases, i.e. the droplet radius is enlarged, via a weakening of

the hydrogen bonds.

In order to monitor the size of the microemulsion droplets as a function of temperature we
performed DLS measurements at different temperatures between the ncb and the efb. Figure
7.4 shows the hydrodynamic radius Ry, which has been derived from the diffusion coefficient
D using the Stokes-Einstein relation for different temperatures. It can be seen that Ry
increases with temperature approaching the ncb and for all temperatures the diffusion of
the microemulsions aggregates becomes faster with increasing chain length of the n-alkanes.
The analysis of the data using the Stokes-Einstein relation, however, is only justified close
to the efb, where the droplets are spherical [49]. At higher temperatures it is known that
the droplets elongate and form network-like structures close to the ncb [10,47,82,143].
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n-alkane Ro o t € n —Uug
nm nm | nm kT

n-C8 152403 | 2.8 | 0.6 |0.021 0.117 1.52
n-C8/n-C10

(1:1) 11.0+03 | 1.9 |[0.6 | 0.029 0.095 1.23
n-C10 8.1+0.2 1.3 0.6 |0.037 0.077 0.91
n-C12 6.0+0.1 09 |06 |0.049 0.064 0.76
n-Cl14 4.7+0.1 0.7 106 | 0.061 0.057 0.67

Table 7.2: Fit parameters of the form and structure factor applied to describe the SANS
curves of the water-rich microemulsions D, O/n-alkane/Ciy Es with the composition given in
Table 7.1 at T,pp =26.14+0.4°C (Note that the temperature in SANS experiments was slightly
lower due to the deuterated solvents). The mean droplet radius Ry, standard deviation of the
polydispersity distribution o, thickness of the diffuse amphiphilic film t, rel. thickness of
the attractive potential well € = AJa =1/(2Ry+1), effective droplet volume fraction N =
Dyisp a8 = Dyisp ((2R0)/2(Ro +1))? and potential depth ug.

-: /l T T T T T' -
6O_§ n-C8 v |
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Figure 7.4: Hydrodynamic radius, Ry, as function of temperature for microemulsion with

various n-alkanes and n-alkane mixtures determined by DLS. The composition of the samples
s given in Table 7.1.
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7.3.3 Thermodiffusion behavior

We studied the thermodiffusion behavior of the microemulsions with n-C8, n-C8/n-C10 (1:1),
n-C10, n-C12 and n-C14 as function of the temperature in the one-phase region and as
function of wp by changing the oil component at constant temperature. As illustrated in
Figure 7.2 we can compare the measurements for different n-alkane microemulsions at the
same efb temperature, which ensures, as shown by SANS, spherical droplets with different
sizes depending on the chain length of the n-alkane. At this point we assume that the

interactions between the microemulsion droplets are dominated by the surfactant molecules.

7.3.3.1 Temperature dependence

In order to study the temperature dependence we performed measurements within the one-
phase region, above the efb and below the ncb [86]. The transition from the one-phase region
to the lower 2-phase region is kinetically hindered, so that measurements in the 2-phase
region were possible before the phase separation sets in. Figure 7.5 shows the collective
diffusion D, thermodiffusion Dt and Soret coefficient St in the one-phase region for the five
microemulsions under study as function of temperature. The diffusion coefficient D shows
two linear regimes with different slopes. It increases significantly, when the temperature
is lowered, because the droplets become smaller and almost spherical in shape. For n-
tetradecane the thermodiffusion coefficient D first reduces with cooling down from the ncb
and reaches a minimum. Further decrease of temperature results in a steep increase of the
thermodiffusion coefficient Dt until it becomes almost constant for temperatures close to the
efb. To be remembered, in this temperature range, the microemulsion droplets are spherical
and constant in size. The Soret coefficient St, the quotient of the thermal and collective
diffusion coefficient, behaves almost like the thermodiffusion coefficient. Decreasing the
temperature from the ncbh, St decreases steeply going through a minimum and a plateau value
is reached just below or in the vicinity of the efb temperature. Also for the shorter n-alkanes
we would expect a minimum as it was observed for n-C14, but due to the smaller width of
the one-phase region it was difficult to detect. Especially for the microemulsion containing
tetradecane it is obvious that the value of S7 is constant for a rather wide temperature range
of 3-4 Kelvin, because the particle radius does not change. It seems to be likely that the
transition from a network structure to individual droplets corresponds to a minimum in the
thermodiffusion properties.

The measurements of the n-C8 system were complicated due to a very narrow one-phase

region, so that the range in which spherical droplets exist was rather small and additionally
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the volume fraction of the droplet concentration was already 11.7 %. But in the earlier work
we have shown, that interaction effects can still be neglected [86] and the thermodiffusive

behavior is mainly determined by size effects and not by interactions.
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Figure 7.5: The diffusion D, thermodiffusion Dt and Soret coefficient St as function of
temperature. The five microemulsion systems (compositions are given in Table 7.1) are
studied in the one-phase region. We used the same symbols as in Figure 7.2,7.8 and 7.4 and
the dashed lines are guides to the eye.
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7.3.3.2 Size dependence

As mentioned above in this work we study the radial dependence of the thermodiffusion
properties of microemulsion droplets at a constant temperature of T = 27.0°C by varying
the n-alkane chain length from n-tetradecane down to n-octane. To obtain the transport
coefficients close to the efb, we extrapolated the values measured as function of temperature
towards the efb. Figure 7.6 shows the extrapolated D, Dy and St-values for the five mi-
croemulsions with different oil components as function of Rgays = Ry +t which corresponds

to an apparent smaller radius compared to the one obtained by dynamic light scattering
(Ru)-

The diffusion coefficient, D, decreases with increasing radius of the microemulsion droplets.
The thermodiffusion coefficient, D, seems independent of the droplet radius, while the Soret
coefficient is proportional to the radius. For this size range from around 5 to 16 nm, a linear
increase of St with Rgans with a slope of 0.016 K~ 'nm ™! is observed.

Compared to the approach we used for the n-decane system [86] we could avoid a simul-
taneous change of the temperature, while the radius is varied. As seen in Figure 7.2, we
increase the oil fraction and thus the radius but keeping the efb temperature constant. On
the other hand the drawback of this scenario is different oil components, which modify the
core of the microemulsion droplets. But due to the fact that we use only linear n-alkanes,
which vary rather regularly [12] and have similar interactions with the surfactant molecules
we do not expect an influence on the thermodiffusion. This would probably be different if
we would use branched alkane isomers, because for those systems a clear dependence of the

thermodiffusive behavior on the structure has been reported [105].

7.3.4 Interfacial tension

AAlready from the early works by the Giddings group [71] it is known that the surface groups
of colloidal particles change the thermodiffusion behavior substantially, indicating that the
interface between the solute particle and the solvent is an important factor. Later Piazza
and Parola [95] related the Soret coefficient of a colloid with radius R to the temperature
derivative of the product of the interfacial tension o,, and a characteristic length [ [95],
which has been initially related to the interaction range between the colloid and the solvent
and later to the width of a fluid layer, where the pressure tensor is asymmetric [100], in the

following way 47R 3l
o T Oap

 kgT 0T

r (7.12)
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Figure 7.6: The diffusion D, thermodiffusion Dt and Soret coefficient St for the five
microemulsions under study extrapolated to the efb-temperature of 27.0°C as function of
Rsans = Ro+t with the core radius Ry and the thickness of the diffuse amphiphilic film t.
We used the same symbols as before. For D the black line is a 1/Ry fit, for Dt it is a constant
and for St the black line is a linear fit and the red dash dot line is a parabolic fit.

Applied to the systems under study this equation might be understood intuitively with the

help of Figure 7.7, which schematically shows the microemulsion droplet in a temperature
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Figure 7.7: A qualitative illustration of eq 7.12. Exemplarily we show schematically two
macroemulsion droplets solubilizing n-tetradecane and n-dodecane, respectively. The blue cir-
cles represent the hydrophilic headgroups. Due to the larger droplet size for the shorter oil the
temperature difference between both sides of the droplet marked by “x” is also larger. Further
details see in the text.

gradient. Inside it contains the oil and the interface between water and the oil is formed by
a surfactant layer, which is partially penetrated by oil and water from the in- and outside,
respectively. The force acting on the soft colloid depends on the distance 2R between the
two points marked by "x” lying in the warm and cold region. According to eq 7.12 we

expect a larger St in the case of n-octane due to its larger droplet size, which is confirmed in



Chapter 7: Isothermal Behavior of the Soret Effect in Nonionic Microemulsions: Size
96 Variation by Using Different n-Alkanes

Figure 7.6 (bottom). Additionally, the thermophoretic force depends also on the temperature
dependence of the interfacial tension o,, and the thickness [. The change of the interfacial
tension with temperature is indicated in Figure 7.7 by a slight asymmetry of the droplet (c.f.
droplet with n-dodecane). The increasing interfacial tension o, with decreasing temperature
leads to a higher curvature equal to a smaller radius on the cold side. As already mentioned
the definition of / is ambiguous, sometimes [95] it is interpreted as a measure of the range
of the colloid-solvent interaction and otherwise [100] as the width of the fluid layer with
an anisotropic pressure tensor also denoted as transition layer. Regarding the range of
interactions and considering only short range van der Waals interactions we expect [ in a
range of 1-2 A. If we follow the fluid layer argument it might be possible to identify [ with
the thickness of the diffuse amphiphilic film ¢ in the order of 6 A.

Accordingly, we expect a larger St with a growing particle radius, R, and an increasing
temperature sensitivity of the interfacial tension o, and the thickness [. Due to the almost
linear dependence of St on the radius both dependencies almost cancel out.

Based on this approach we compared in a recent study the interfacial tension data of the
n-decane microemulsion with the measured Soret coefficients [86] and found some consis-
tency with this approach. Now we can extend our comparison to microemulsions containing
different n-alkanes. Most of the interfacial tension data have been measured by Sottmann
and Strey [133] by the so-called spinning drop technique [148]. In this study we measured
the interfacial tension of the system n-C8/n-C10 (1:1) in the relevant temperature regime
between 25.49°C and 29.55°C. To validate our data we additionally repeated some of their
data points. Figure 7.8 shows the interfacial tension as function of the temperature on a
logarithmic scale and in the inset on a linear scale. The oil/water-interfacial tension is known
to run through a pronounced minimum at the phase inversion temperature of the respective
system [132].

While over the entire temperature range a parabolic temperature dependence is found [57,
70,137], the temperature derivative stays almost constant in the investigated range. In the
inset it becomes obvious that the temperature derivative of the interfacial tension is negative
and varies with the chain length of the n-alkanes. The absolute value increases with the chain
length of the n-alkane, so that forces generated due to the difference in the interfacial tension
become larger, but simultaneously also the radius of the droplet decreases (c.f. Table 7.3
and 7.2). According to eq 7.12 we expect a negative Soret coefficient, which is not found

experimentally, so that we consider in the following only the absolute value of (dG.,/dT).

If we assume that the thickness of the transition layer [ does not depend on temperature, we
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Figure 7.8: The oil/water-interfacial tension of the system HyO / n-alkane / CiyEs as

function of temperature. The inset shows G4, on a linear scale in the investigated temperature

range. The open symbols refer to Sottmann et al. [133] and the semi-double symbols have been

measured in this work. The shape of the symbols characterizes the system and is identical
with the previous figures.

can determine [ = (kT /(47RsaNs)) - St/(9(0a/dT) from eq 7.12 using the Soret coefficient
St and the radius Rgans measured at the efb. This leads to the [-values listed in Table
7.3. Note that [ is in the same order of magnitude as the thickness of diffuse interfaces in
microemulsion systems for the microemulsions containing n-octane [48,139]. Additionally,

we observe that [ decreases with increasing length of the n-alkane chain length while the

Table 7.3: Interfacial tension derivatives with respect to temperature for microemulsions
containing n-alkanes, the thickness of the transition layer | (neglecting its temperature de-
pendence) derived from eq 7.12 and Rsans = Ro+1 at the efb.

n-alkane \8oab/8T| l RsaANs
/103 N/Km /nm /nm

n-C8 0.0093  0.56 15.9

n-C8/n-C10

(1:1) 0.0125 031 117

n-C10 0.0214 0.29 8.8

n-C12 0.0313 0.15 6.7

n-Cl4 0.0421 0.10 5.3
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Table 7.4: Thickness of the transition layer | and (d1/dT) according to eq 7.13, which
includes the temperature dependence of [.
n-alkane ln—alkane (al/aT)n—alkane
/ nm / 107 Bm K-!

n-C8 0.14+0.06 1.87+0.20
n-C8/n-C10

(1:1) 0.19£0.05 1.20£0.13

n-C10 0.164+0.04 0.52+0.06

n-C12  0.174+0.03 0.35+0.04

n-Cl14 0.114+0.02 0.18+£0.02

thickness of the diffusive interface ¢ determined in the SANS experiments (c.f. Table 7.2)
stays constant.

If we use the data summarized in Table 7.3 and look at the results of the microemulsions with

n—alkane n—alkane
S R

different n-alkanes and analyze the dependence of versus the product of Rg,\g
and |(doy,/dT)| we can in principle determine an averaged thickness of the transition layer
[ using eq 7.12, which describes all microemulsions. Although we find a linear dependence
between Sr’}_alka“e and the product the line does not go through the origin as expected from
eq 7.12. The inconsistent picture is probably a shortcoming of our original assumption that
[ is temperature independent.

Therefore, we included the temperature dependence of [, which leads to

kT . aGab
47'CRSAN5(T)ST(T) a l( 8T )

intercept (7 1 3)
dl
+ (ﬁ) X c7ab(T)

In Figure 7.9 we plot the left side of eq 7.13 versus the temperature dependent interfacial
tension ¢”~ %4 (T) for the different microemulsions. Note that we use the values of St and
Ry measured along the patht. We find a linear dependence for all systems. From the slope we
can determine (91/9T)"~#kane and [r—alkane capn he obtained from the intercept after dividing
by (90 /9T )"~k Following this procedure we determine  to be in the Angstrém range.
Note that the uncertainty of [ is quite high in the range of 20-50%. The variation of [ with
temperature is in the "per thousand” range and shrinks with the droplet size, which is quite
reasonable (c.f. Table 7.4).

We can conclude that for the system under investigation an increase of [ from 0.1 nm to
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Figure 7.9: Plot of the left side of eq 7.13 versus the interfacial tension ng—alkane of the
microemulsions with the different n-alkanes.

0.6 nm with decreasing chain length of the oil is found applying the model neglecting the
temperature dependence of [ (c.f. Table 7.3). On the other hand including the temperature
dependence of [ leads to a constant value between 0.1 and 0.2 nm. Although the physical
origin of the [-parameter is not very well defined, we find in the present analysis rather
small values for [/, which correspond to typical Van der Waals radii and are to small to
be identified with a surfactant film. Further research and other experimental methods are

required to elucidate both the physical meaning as well as the value of [ with greater accuracy.

7.4 Discussion and Conclusion

The goal of this work was the systematic investigation of the size dependence of St under
isothermal conditions. We avoided electrostatic contributions to the thermodiffusion behav-

ior by using the nonionic surfactant Cj;Es and performed measurements close to the efb to
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ensure spherical microemulsion droplets. In order to enable isothermal conditions, we varied
the n-alkane from n-octane to n-tetradecane.

Due to the fact that the efb of the respective systems shifts to higher n-alkane concentrations
with decreasing n-alkane chain length, the particle size can be increased while the tempera-
ture can be kept constant.

This allows a systematic variation of the radius keeping the chemistry of the microemulsion
droplet interface the same. Neutron scattering experiments showed clearly that the radius
of the droplets increases with decreasing n-alkane chain length and that the droplets have a
spherical shape close to the efb. The Soret coefficient of the microemulsions with the differ-
ent n-alkanes as function of the radius can be described by a straight line, but with slightly
larger deviations the data are also compatible with a quadratic dependence on the radius.
Furthermore, we studied the relation between the interfacial tension and the Soret coefficient
(c.f. eq 7.12). Assuming, that the thickness of the transition layer / is temperature indepen-
dent, [ decreases from 5.6 to 1.0 A by increasing the chain length of the n-alkane from 8 to
14. Considering that [ is temperature dependent (c.f. eq 7.13 and Figure 7.9) [ lies between
1-2 A and (91/9T)" ke ig in the order of a per mill relative to / decreasing with increasing
chain length of the n-alkane. The decrease is reasonable, because also the size of the droplets
shrinks. Summarizing we conclude that eq 7.12 is compatible with the thermodiffusion data

of nonionic microemulsions and [ is smaller than the diffuse amphiphilic film determined by

SANS.
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CHAPTER

EIGHT

CONCLURSION

This work is splitted in two parts, first the development of a new technique for the mea-
surement of thermodiffusion properties and second the systematic investigation of the

thermodiffusion behavior in complex systems, microemulsions in particular.

We developed a new type of thermogravitational column, a so called thermogravitational
y-column due to its very small dimensions and a gap width of around 500 pm. This
designed column has transparent sapphire windows so that the concentration difference
between top and bottom can be determined interferometrically. The refractive index change
with concentration causes a phase shift between two laser beams passing the column at
different heights. This phase shift is determined by an active phase control measurement.
Thereby the influence of vibration and random intensity fluctuations could be reduced in
comparison with a pure intensity measurement. We showed the reliability of this new design
by measuring three binary benchmark systems of equal mass fraction mixtures containing
1,2,3,4-tetrahydronaphtalene, isobutylbenzene and dodecane. Additionally we investigated
the system toluene and n-hexane. The results agreed well (deviations around 5%) with the
proposed literature values. The device is compact and robust and has a high precision.
Due to the small sample volume of 50 ul, the investigation of rare, expensive materials is
feasible. One very important benefit of this new design in comparison to the conventional
thermogravitational column is the possibility to analyze the concentration change as a
function of time. The optical detection allows a continuous, contact free measurement of

the concentration difference at two points of variable height so that the separation process

101
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can be analyzed in more detail.

In the second part we used microemulsions as model systems to investigate the thermodiffu-
sive response. While for hard colloid model systems a size variation requires a new synthesis,
the size, shape and interfacial tension of microemulsion droplets can be varied systematically
depending on temperature and concentration. The first investigated system consisted of
water, n-decane and the nonionic surfactant pentaethylene glycol monododecyl ether. The
size and shape has been characterized by DLS and SANS measurements. Close to the
emulsification failure boundary (efb) in the one-phase region we obtain spherical droplets
with very low polydispersity. The size of these droplets could be tuned by variation of the
amount of oil used in the sample preparation. We used this effect to compare the Soret
coefficient with the radius and found a linear trend. However, due to the small accessible
range, we were not able to unambiguously exclude a parabolic behavior. For all investi-
gated concentrations, the Soret and thermodiffusion coefficient show a similar behavior in
the one-phase region as function of temperature. Close to the efb, both coefficients reach a
plateau value, whereas the two coefficients decrease for higher temperatures corresponding to
elongated structures. Approaching the near critical boundary, the Soret coefficient diverges
while the thermodiffusion coefficient increases only slightly when the network structures are
formed. Thermodiffusion measurements of different droplet concentrations of the same size
showed only a very small change which lead to the assumption that below a volume fraction
of around 10%, the concentration effect can be neglected. The interfacial tension of the
microemulsion droplets could be measured. Therefore we could analyze the Soret coefficient
within the framework of an interfacial model, which accounts for the force generated by the
interfacial difference between the warm and the cold side. We determined the characteristic
length [, which is the width of the fluid layer where the pressure tensor is asymmetric, to
be 0.3 nm for microemulsion droplets containing n-decane of a size around 8 nm. In order
to perform the analysis we had to assume that [ is temperature independent. The study of
the n-decane microemulsion was limited by the small accessible parameter space in size and
interfacial tension. Furthermore the efb temperature changed with the amount of oil solved

in the microemulsion droplets, leading to non isothermal measurement conditions.

In the third approach, we varied the oil solved in the microemulsion droplets with n-alkanes
of different length. This allowed us to produce microemulsions with droplets of different
sizes at similar emulsification failure temperatures and this made it possible to study the

size dependence of the Soret coefficient isothermally, in contrast to the measurements of the
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microemulsions only containing n-decane. The sample compositions for each n-alkane have
been chosen in such a way to achieve the same efb temperature with altering the droplets
radius from around 5 nm to 15 nm. As in the case of the n-decane system, the size and
shape of the microemulsion systems were again carefully characterized by DLS and SANS
measurements, confirming spherical droplets at the efb. We conducted measurements of
the mass diffusion, thermal diffusion and the Soret coefficient in the one-phase temperature
region and found the same characteristic behavior as already mentioned for the n-decane
system. We found a linear size dependence for the Soret coefficients which have been
extrapolated to the efb, theoretical models for soft particles predicting a quadratic or even
higher order size dependence are not applicable. Additionally, we investigated the interfacial
tension of the microemulsions with different n-alkanes. The measurements show an almost
linear temperature dependence in the investigated range. We used the radii of the different
droplets, their interfacial tension derivatives with temperature and the Soret coefficients to
determine the length [. The determined [ lies between 1-2 A and therefore one order of
magnitude smaller than the the thickness of the diffusive layer obtained from the SANS

experiments. Generally, we determined / in the sub nanometer range.

With this work we developed a thermogravitational column with contact-free detection which
measures continuously the concentration change as a function of time. Additionally we inves-
tigated the thermodiffusion behavior of nonionic microemulsions in a temperature gradient
and analyzed the data within a model relating the Soret coefficient with the temperature
dependence of the interfacial tension. With the measurement it was for the first time possible

to determine the thickness of the interfacial layer /.

8.1 Outlook

The new thermogravitational column is able to detect very small relative concentration
changes (down to 5-107%). Thereby it is possible to investigate low molecular/weight frac-
tions in order to study diluted biological systems and expand the measurement range of other
sample systems into the very diluted regime. Especially studies of biological systems are
suited for this new type of measurement method in view of the origin of life theories regard-
ing thin capillaries in temperature gradients to be the factory of life building molecules. In
order to be able to investigate ternary mixtures, the interferometric setup can be expanded

with a second laser at a different wavelength to determine the concentration profiles using
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the dispersion relation. Thereby the advantage of thermogravitational columns in the field

of ternary systems can be carried on in this new contactless method.

The role of the interfacial tension for thermodiffusion is still an open field. The use of
microemulsions as model system gave access to measure the interfacial tension and to study
the thermodiffusion behavior. Other microemulsion systems can be used to systematically
study the influence of the interfacial tension to diffusion properties. To systematically in-
vestigate the thermal diffusion behavior compared to the interfacial tension, measurements
with different isomers of the same alkane species can be performed. Thereby it is possible
to achieve similar mass and size of the microemulsion droplets at similar temperatures and

we expect different interfacial tensions for the isomers.

In this work we changed the amount of oil dissolved in the microemulsion droplets to change
the size and the phase transition temperatures. Another way to tune the phase behavior, the
interaction strength and the droplet size at constant temperature is to apply high pressures.
The first step should be to build a sealed high pressure cell to conduct DLS measurements
of known microemulsion to investigate the phase and diffusion behavior under pressure. The
next step should be to use shorter n-alkanes than n-octane which would evaporate too fast
under atmospheric conditions and to compare the behavior with the known n-alkanes. The
radial change of the microemulsion droplets with the n-alkanes chain length implies even
larger droplets for these shorter n-alkanes. Thereby the radial investigation of the Soret
coefficient can be expanded if a proper high pressure cell is constructed which fits into the
TDFRS setup. This would result in an even more sophisticated answer to the question of
the size effect on thermal diffusion. Finally, high pressure experiments of microemulsions
containing alkanes could enhance the understanding of processes in crude oil fields which

usually are exerted to very high pressures.
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