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ABSTRACT

In this work the thermal diffusion behavior of micellar systems and microemulsions is stud-
ied. These model systems are used to investigate two open questions. The first question
focuses on the influence of the micelle formation around the critical micelle concentration
(eme) on the thermal diffusion behavior. In order to answer this, we studied the ther-
mal diffusion behavior of the nonionic surfactant n—Octyl f—D-glucopyranoside (CsGy)
in water, which shows a fairly high c¢cme at 0.65 wt% for different concentrations between
w = 0.25 wt% and w = 2.0 wt% in a temperature range from T = 15 °C to 60 °C using
the classical and infrared thermal diffusion forced Rayleigh scattering (TDFRS) setup.
The cmc is independently determined by surface tension measurements. In classical TD-
FRS experiments, the surfactant solutions show, in the presence of a light-absorbing dye,
a pronounced change of the thermal diffusion coefficient, Dt, and the Soret coefficient, St,
at the eme. This result agrees with a recent thermal lens study [Santos et al., Phys. Rev. E
2008, 77, 011403], which showed, also in the presence of dye, a pronounced change of
the matter part of the thermal lens signal around the ¢me. We found that the change in
the thermal diffusion properties becomes less pronounced if the dye is absent or a light
source is used which is not absorbed by the dye. At higher concentrations, we observed a
temperature-dependent sign inversion of St as has also been found for solutions of hard
spheres at higher concentrations. We also studied the sugar surfactants n—Heptyl B—
D—glucopyranoside (C7G) and n—Octyl f—D-maltopyranoside (CgGy), to investigate the
influence of the number of head groups and the length of the alkyl chain on the thermal
diffusion behavior. In the low concentration regime around the cme, the abrupt change of
St was confirmed for C7G; and CgG,. Further, the sign change in the high concentration
regime was confirmed. The second question is the radial dependence of the Soret coef-

ficient. It is controversially discussed whether the radial dependence of St is quadratic
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or linear. We shed some light on this discussion by investigating microemulsions which
are used as a model system of spherical particles. This thermodynamically stable and
nanostructured ternary system of water, oil, and surfactant forms in the one phase (1¢)
region of the phase diagram oil-in-water (o/w) at the water-rich side or water-in-oil (w/o)
microemulsion droplets at the oil-rich side, respectively. Size and shape of these droplets
can be tuned by varying temperature or concentration without changing the chemistry of
the droplet. We studied the microemulsion HyO/n-alkane/pentaethylene glycol monodo-
decyl ether close to the emulsification failure boundary (efb) to ensure a spherical shape
of the microemulsion droplets. Due to the temperature dependence of the efb, not only
the size but simultaneously the temperature changes if one considers the microemulsion
droplets along the efb. Therefore, the n-alkane was varied in order to make sure that the
temperature is the same for all droplets of different sizes. The hydrodynamic radius of the
investigated samples varied between 4.72 nm (n-tetradecane) and 15.20 nm (n-octane).
Simultaneously also the droplet volume fraction changed from 4.76 vol% (n-tetradecane)
t0 10.50 vol% (n-octane). For all n-alkane systems, small angle neutron scattering (SANS)
experiments were performed to verify the spherical structure of the droplets. The analysis
of the Soret coefficient of these different microemulsion systems leads to a rather linear
size dependence of the droplets on the water-rich side. Preliminary measurements show

the same trend for the oil-rich side.



KURZZUSAMMENFASSUNG

In dieser Arbeit haben wir das Thermodiffusionsverhalten von mizellaren Systemen und
Mikroemulsionen untersucht. Beide Systeme werden als Modellsysteme genutzt um zwei
Fragestellungen zu beantworten. Die erste Fragestellung bezieht sich auf den Einfluss der
Mizellenbildung nahe der kritischen Mizellenkonzentration (emc) auf das Thermodiffu-
sionsverhalten. Dazu untersuchen wir das Thermodiffusionsverhalten des nichtionischen
Tensides n-Octyl B-D-glucopyranoside (CgG1) in Wasser, welches eine relativ hohe cme
bei 0.65 wt% besitzt, im Konzentrationsbereich zwischen w = 0.25 wt% und w = 2.0 wt%
und im Temperaturbereich von T = 15 °C bis 60 °C in der klassischen und infraroten
thermal diffusion forced Rayleigh scattering (TDFRS) Anlage. Zudem haben wir unab-
héngig von den TDFRS Messungen die kritische Mizellenkonzentration durch Oberflé-
chenspannungsmessungen bestimmt. In der klassischen TDFRS Anlage zeigt das Tensid-
system unter Einfluss eines lichtabsorbierenden Farbstoffes eine ausgepréigte Verdnderung
des Thermodiffusionskoeffizienten, D, und des Soret Koeffizienten, St, in der Nihe der
cme. Dieses Ergebnis weist in die gleiche Richtung wie eine kiirzlich veroffentlichte Ar-
beit von Santos et al. [Phys. Rev. E 2008, 77, 011403], in der unter Farbstoffeinfluss
ebenfalls eine deutliche Anderung des Messsignals in einem thermischen Linsenexperi-
ment bei der eme beobachtet wurde. Wir fanden zudem heraus, dass die Anderung des
Thermodiffusionskoeffizienten, sowohl ohne Farbstoff als auch wenn die Laserwellenldnge
des Schreiblasers nicht durch den Farbstoff absorbiert wird, weniger stark ausgeprigt ist.
Bei hoheren Konzentrationen konnten wir einen temperaturabhéngigen Vorzeichenwech-
sel des Soret Koeffizienten beobachten. Desweiteren haben wir untersucht, ob strukturelle
Anderungen, wie die Zahl der Kopfgruppen oder die Linge der Alkylketten einen Einfluss
auf das Thermodiffusionsverhalten haben. Messungen an n—Heptyl f—D-glucopyranoside

(C7Gj) und an n—Octyl f—D-maltopyranoside (CgGy) zeigten ebenfalls eine signifikante
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Anderung der Thermodiffusionskoeffizienten an der emec. Im héheren Konzentrationsbe-
reich konnten wir nicht nur den St-Vorzeichenwechsel bestétigten, sondern durch Ska-
lierung der Konzentration und des Soret Koeffizienten eine Masterkurve erhalten. Die
zweite Fragestellung dieser Arbeit betrifft die Bestimmung der radialen Abhéngigkeit des
Soret Koeffizienten fiir den bislang experimentell sowohl eine lineare als auch eine quadra-
tische Groflenabhéngigkeit gefunden wurde. Wir haben diese Fragestellung mithilfe von
Mikroemulsionen untersucht, die wir als Modellsystem fiir sphérische Teilchen benutzt ha-
ben. Mikroemulsionen sind thermodynamisch stabile, nanoskopisch strukturierte, ternére
Systeme aus Wasser, Ol und Tensid. Mikroemulsionen formen in den 1¢-Regionen des
Phasendiagramms auf der wasser- bzw. olreichen Seite o/w bzw. w/o Tropfchen. Grifle
und Form dieser Tropfchen lassen sich iiber Temperatur-, Konzentrationsvariationen oder
Zusammensetzung der Komponenten einstellen ohne dass sich die Chemie der Mikroemul-
sionstrépfchen dndert. Wir untersuchen H,O/n-Alkan/Pentaethylene glycol monododecyl
ether Mikroemulsionen nahe der unteren Entmischungsgrenze des Einphasengebietes auf
der wasserreichen Seite, der sogenannten emulsification failure boundary (efb), an der die
Mikroemulsionstrépfchen kugelférmig sind. Wenn man die Gréfie der Tropfchen éndert
indem man sich entlang der efb bewegt, verdndert sich gleichzeitig auch die Temperatur.
Deswegen wurde die Kettenldnge des n-Alkanes variiert um Tropfchen unterschiedlicher
Grofe bei gleicher Temperatur zu studieren. Die untersuchten Mikroemulsionen decken
einen Tropfchenradius von 4.72 nm (n-Tetradecan) bis 15.20 nm (n-Octan) ab. Allerdings
dndert sich dabei der Volumenbruch der Tropfchen zwischen 4.76 vol% (n-Tetradecan)
und 10.50 vol% (n-Octan). Fiir alle untersuchten Mikroemulsionen wurden Form, Grifle
und Wechselwirkungseffekte der Tropfchen mit Neutronenstreuung charakterisiert. Die
Messungen auf der wasserreichen Seite ergaben eine lineare Abhéngigkeit des Soret Koef-
fizienten vom Radius der Tropfchen. Erste Messungen auf der dlreichen Seite bestétigen

dieses Ergebnis.
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CHAPTER

ONE

INTRODUCTION

The effect of thermodiffusion describes mass separation in a mixture due to a temperature
gradient. This effect is also called Ludwig-Soret-Effect denoted after the discoverers Carl
Ludwig [1] and Charles Soret [2-4]. Thermodiffusion became not only important for the
separation of crude oils [5] and isotopes [6-8] but plays also a role in biological systems
or terrestrial cycles [9-11]. Since its discovery, many experimental methods have been
developed. In those early days a quantitative determination of the thermal diffusion
coeflicient was often not possible due to interference with convection. First systematic
studies have been performed in a thermal diffusion column [12] for gaseous systems and
also for liquid mixtures [13]. Several experimental techniques have been developed, for
instance the Soret cell [14,15], the laser beam deflection technique [16,17], the thermal
lens method [18], the thermal flow field fractionation [19,20], a fluorescence method [21]
or the thermal diffusion forced Rayleigh scattering technique [22-25].

The strength of the concentration gradient caused by a temperature gradient due to
thermal diffusion in the steady state is described by the Soret coefficient, St:
1 Aw DT
G Aw_Or 1.1
T w(l—w) AT D (1.1)
with the resulting difference in concentration, Aw, due to an applied temperature differ-
ence, AT. Eq.1.1 also introduces the Soret coefficient as the ratio of the mass diffusion

coefficient, D, and the thermal diffusion coefficient, Dr.

The first theory, which predicted the thermal diffusion effect for gas mixtures, was the



2 Chapter 1: Introduction

kinetic gas theory by Chapman and Enskog [26,27]. All attempts to expand their theory
for dense and interacting systems, such as liquids, failed. Although theoretical approaches
are able to describe the thermal diffusion behavior of selected systems [28-32], a general

description of the Soret effect on a molecular level is still lacking.

Experimentally, many systematic measurements of the thermal diffusion properties of low-
molecular weight mixtures, micellar systems of ionic [33-37] and nonionic amphiphiles [38—
41], polymers and colloidal suspensions have been performed [21,42-50] in order to build
a reliable database to evaluate theories and simulations. The advantage of low-molecular
weight mixtures is that they are accessible by molecular dynamic simulations [51-54].
For polymeric systems power laws as function of the chain length can be derived [31,32].
The advantage of colloidal model systems is that they can be used as large atomic model
systems for which interaction strength and size can be tuned [30,55-57] and which can

be described by analytical theories.

Although there is no full microscopic understanding for the thermal diffusion process, some
correlations between certain physical and chemical properties and the Soret or thermal
diffusion coefficient can be found. Often, the heavier molecules, the larger molecules, the
molecules with the higher symmetry tend to accumulate in the cold region. But there
are also exceptions from the rule of thumb which are often related with specific chemical

interactions such as hydrogen bonds or changes in the solvent quality [31,32,42,51,58-62].

In this work we want to use micellar and microemulsions as model systems to shed some
light on two open questions. The first question is related to the influence of the micelle
formation on the thermal diffusion behavior around the critical micelle concentration,
while the second question points to the radial dependence of the Soret coefficient, which

should be investigated using microemulsions.

Monomerically dissolved amphiphilic surfactant molecules are regarded as a self-
assembling system as they form micelles at a critical micelle concentration (emc). Santos
et al. [34] recently investigated the thermal diffusion behavior of potassium laurate in
water in the vicinity of the ¢mec and found an abrupt change of the matter part of a
thermal lens signal at the cmc. Unfortunately, an evaluation of St was not possible due
to the presence of a dye which complicated the analysis. Therefore, it remained unclear
to which extend the cmc is also visible in the thermal diffusion or Soret coefficient. To
clarify these observations, the thermal diffusion behavior of micellar systems with a high

cme needs to be investigated without the addition of dye. Among the wide range of



surfactants, we chose a nonionic sugar surfactant with a fairly high c¢mc such as n—Octyl

B-D—glucopyranoside.

For a system consisting of amphiphilic surfactants, unfavored solvent-solute interactions
cause the formation of micelles and are thereon the reason for the existence of the cme.
Additionally, these interactions and in general changes in the solvent quality induce also a
sign change of the Soret coefficient. This sign change behavior is a common observation,
which has already been found for many different organic [59,62,63], aqueous [48, 64] or
charged [33] mixtures. It is one topic of this work to investigate the occurrence of a
sign change behavior of the Soret coefficient in sugar surfactant solutions. Beside the
concentration dependence also the temperature dependence, which has been described by

an empirical equation suggested by Iacopini et al. [64], can be studied.

Recent studies have been performed in a thermal diffusion forced Rayleigh scattering
(TDFRS) setup. With this experimental method, only small temperature gradients in
the order of 20 — 100 uK are applied, so that for instance microemulsion systems will
not undergo a phase transition. Another advantage of the experimental method is that
the fringe spacing between the warm and the cold is in the order of only 20 pm, which
allows short equilibration times of only a few seconds and avoids convection. In some
TDFRS setups, this temperature gradient can only be induced in the presence of dye.
Unfortunately, studies with the classical TDFRS setup in the presence of a light absorbing
dye showed a pronounced change of the thermal diffusion and the Soret coefficient [38].
But this change is less distinct, if the dye is absent or a light source is used, which is not
absorbed by the dye [58].

The radial dependence of the Soret coefficient is an open question. Some experimen-
tal studies found a quadratic [65], others a linear [35, 66, 67] relation. While Duhr and
Braun [65] observed an unambiguous quadratic radial dependence of St for carboxyl modi-
fied 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 [67]
of carboxyl functionalized PS spheres in a size range from 26 nm to 92 nm in diameter
gave some indication that the behavior could also be linear. Additionally, Vigolo et al. [35]
obtained a linear dependence investigating AOT /isooctane /water microemulsion droplets
with a radius between 1.8 nm and 16 nm. Unfortunately, the shape of these microemulsion
droplets has not yet systematically been characterized by neutron scattering methods, so
that it is not sure that the microemulsion droplets are spherical in the investigated range.

Another complication of this system is, that simultaneously with a radial change also the
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surface charge density will decrease with increasing radius. This will alter the electrostatic
contribution to the thermal diffusion properties, so that the obtained radial dependence
is not solely determined by a size change. Recently, Braibanti et al. [66] repeated the
experiment of Duhr and Braun [65] and studied also the thermal diffusion behavior of
highly diluted carboxyl modified PS spheres under the same conditions except that they
used a 1:1 mixture of HyO + D0 to minimize sedimentation effects which can occur for
larger colloids. In the investigated radial range between 11 nm and 253 nm they found
a linear radial dependence of St. This experimentally observed behavior is in accordance
with the theoretical prediction for solid particles. In contrast for soft particles a quadratic

radial dependence of St is expected [68].

For the investigation of the radial dependence of St, the particle size has to be tuned.
In the case that the particle density is kept constant, an increase in the particle vol-
ume fraction is implied so that particle-particle and particle-solvent interactions have to
be considered [29,69-74]. By keeping the volume fraction constant, the particle density
will decrease if the particle size increases. It was shown for colloidal dispersions that in
diluted systems particle-particle interactions can be neglected, while in the high concen-
tration regime above approximately 10 vol%, particle-particle interactions dominate the
concentration dependence of Dt [42]. An additional requirement for the model system
is that the surface properties such as grafting density or charge density of the particles
of different sizes should be the same. This prerequisite is difficult to fulfill for colloids,
because for each particle size a separate synthesis has to be carried out, which leads in

general to different surface properties.

Microemulsions are adaptable model systems, and their microstructure can be varied in
size and shape without changing the chemistry of the constituents. They are thermody-
namic stable systems of at least three components which are water (polar), oil (nonpolar)
and surfactant (amphiphilic). In contrast to colloidal systems, they self-assemble spon-
taneously and can be regarded as thermodynamically stable but dynamic aggregates. In
the isotropic phase, networks of bicontinuous phases are formed in the surfactant-rich
region of the phase diagram. Additionally, in the water-rich or oil-rich region, oil-in-water
(o/w) or water-in-oil (w/o) droplets are formed, respectively, which can be tuned in size
and shape by varying the concentration and temperature. The surface characteristics of a
microemulsion droplet do not change. In this work, nonionic microemulsions will be used
as a model system for spherical droplets. The droplets surface structure, droplet-droplet

interaction effects and their shape can be characterized by small angle neutron scattering
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experiments. To our best knowledge the thermal diffusion behavior of microemulsions is

rarely investigated [35].

1.1. Motivation and Objectives

This work results from a collaboration between the groups of Prof. R. Strey and PD Dr.
T. Sottmann at the Universitéit zu Koln and Prof. J.K.G. Dhont and PD Dr. S. Wiegand
(Forschungszentrum Jiilich). The strength of this collaboration is the combination of the
experimental expertise in microemulsions and amphiphilic systems in K6ln with the ther-
mal diffusion knowledge in Jiilich. Amphiphilic systems have been selected, characterized
and used as model systems to determine the thermal diffusion behavior of nanostructured

fluids. The project was supported by the German Research Society (DFG).

First of all, nonionic sugar surfactants in water are studied below and above the criti-
cal micelle concentration (emc). To our best knowledge, this is the first time, that the
Soret coefficient will be systematically investigated in the vicinity of the cmec. Micelles
are formed above the cmec. They coexist with single surfactant molecules. By means
of surface tension measurements the ¢me of three sugar surfactants with a fairly high
cme is determined at different temperatures. The surfactants differ in the number of
hydrophilic and hydrophobic units. As the diffusion constant of the micelles is lower
than of single molecules, it is expected that the Soret coefficient shows a distinct change
at the ¢cme [34]. Furthermore it is expected, that at even higher surfactant concentra-
tions the Soret coefficient shows a sign change from positive to negative with increasing
concentration. The sign change behavior will also be investigated in a temperature de-
pendence. Thermal diffusion experiments will be performed using the infrared thermal
diffusion forced Rayleigh scattering (IR-TDFRS) setup. This method is optimized for
aqueous mixtures [75]. For the determination of the dye influence, also measurements in
the classical TDFRS setup [22,75] are performed.

In the second part we will investigate the thermal diffusion behavior of microemulsions.
These ternary mixtures of a polar, a nonpolar and an amphiphilic component [76] form
w/o-droplets in an oil-rich 1¢ region, o/w-droplets in a water-rich 1¢ region, and net-
works of bicontinuous phases in the surfactant-rich region of the phase diagram. Within
the 1¢ regimes on the water- or oil-rich side of the phase diagram, these microemulsion
droplets can be varied in size and shape by temperature or composition. The respective

phase diagrams of HyO/n-alkane/pentaethylene glycol monododecyl ether (Cj2Es) mi-
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croemulsions are determined. The measurements will focus on the emulsification failure
boundary (efb) which confines the 1¢ region to the lower 2¢ region on the water-rich
side. Along this boundary one finds spherical microemulsion droplets, and for a constant
surfactant-to-water ratio, their size is tuned by a variation of the weight fraction of the
oil component. Small angle neutron scattering (SANS) experiments provide information
about the droplet shape, size and interaction effects. SANS measurements are performed
to ensure the spherical shape of these investigated droplets. The first microemulsion under
investigation, which serves as a model system to determine the radial dependence of the
Soret coefficient, is the water/n-octane/CoEs system. Measurements in the IR-TDFRS
are performed along the efb to ensure a spherical shape of the microemulsion droplets.
Simultaneously with an increasing radius also the temperature had to be raised to ensure
measurements close to the efb within the 1¢ region. In order to separate the temperature
influence on the Soret coefficient from the radial dependence we will perform systematic
measurements by changing the n-alkane from n-octane to n-tetradecane. With this ap-
proach the same temperature can be achieved for different droplet sizes, but we have to
accept a slight increase in the volume fraction of the droplets with decreasing chain length
of the n-alkane. On the contrary we know from other studies [42] that the concentration
dependence of the Soret coefficient is below 1 % and can be neglected if the concentration

of the investigated aggregates in solution is below 10 vol%.

This work is structured as follows. The reader will be introduced into the field of ther-
modiffusion by discussing applications, theories and experiments. The used experimental
setups are described. For completeness, also those setups are briefly mentioned which are
used by the group in Koln, but the main focus will be set on the IR-TDFRS setup and an
improved Michelson interferometer. We will introduce in the field of nonionic surfactants,
especially the nonionic sugar surfactants. Additionally, a brief summary will be given into

microemulsion systems and their phase behavior.

In the experimental part, the thermal diffusion properties of the binary system n—Octyl
B-D-glucopyranoside (CgGy)/water is investigated in the vicinity of the eme which is
determined by surface tension measurements in Kéln. The influence of an ionic dye
is studied. Higher concentrations are investigated due to the sign change behavior of
the Soret coefficient. These findings are confirmed by n—Heptyl B—D—glucopyranoside
(C7Gy) /water and n—Octyl f—D-maltopyranoside (CgG,)/water.

The thermal diffusion behavior of further H,O/n-alkane/C1,E5 microemulsions is inves-

tigated. The phase boundaries of interest are determined in Koln, while the thermal
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diffusion properties of the microemulsion droplets are studied in Jiilich. SANS measure-

ments are performed.

At the end of this thesis, the essential results of the experimental chapters will be con-

cluded in a summary and an outlook will be given.






CHAPTER

TWO

FUNDAMENTALS

In thermal equilibrium the components of a mixture are homogeneously distributed. If a
temperature gradient is applied the components start to diffuse and separate due to the
applied thermal grating and one component enriches at the warm side and the other at
the cold side. This effect is called thermodiffusion or Ludwig-Soret-Effect named after
the discoverers Carl Ludwig (1816-1895) [1] and Charles Soret (1854-1904) [2-4]. Ludwig
published his observations in 1856 under the title "Diffusion zwischen ungleich erwédrmten
Orten gleich zusammengesetzter Losungen” [diffusion between unequally thermostated
places of equally composed miztures]. Since that time, the experimental methods and
theoretical concepts have been developed, but there ia still no microscopic description for

liquids. In contrast the thermal diffusion process is fully understood.

In the following three sections the basic principles of thermal diffusion, micellar solutions

an microemulsions will be introduced.

2.1. General Remarks on Thermodiffusion

This section summarizes recent theoretical and experimental developments and will give
examples, where thermodiffusion plays a role in nature or industrial applications. In
Sec.2.1.2 the framework of irreversible thermodynamics is introduced in which heat and

mass flux are coupled by the so-called Onsager coefficients. The expression for the Soret
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coefficient and the diffusion coefficients are derived. Sec.2.1.3 gives an overview of recent
theoretical approaches to describe this separation process in a temperature gradient. Some
theoretical models are conform with experimental findings, although a general theoretical
description for thermodiffusion is still an open question. Although a microscopic model is
missing, some rules of thumb are known to predict the direction of the thermal diffusion.
These rules relate to the physical and chemical properties of the system (Sec.2.1.4). An
effect which cannot be explained by these rules is the sign change of the Soret coefficient

with temperature or concentration which was observed for several systems (Sec.2.1.5).

Several experimental setups have been developed to measure the concentration separa-
tion in an applied thermal gradient. There are very different methods of applying the
temperature gradient and detecting the separation effect. It will be focused on setups
which are applicable to liquid systems. Selected setups are compared in Sec.2.1.6 and

main advantages or disadvantages will be explained.

The goal of this work is the investigation of the influence of micelle formation around the
critical micelle concentration on the thermal diffusion behavior and secondly the radial
dependence of the Soret coefficient. Therefore, micellar systems and microemulsions are

used as model systems and will be introduced in the end of this chapter.

2.1.1. Practical Applications and Processes in Nature

First important applications is the isotope separation which was developed and de-
scribed [6,12,77,78] in the early 1940ies. During that time, the enrichment of uranium
became an important factor in the Manhattan Engineer District (Manhattan-project) [7,8]
in 1942 during 2" world war. The enrichment was necessary as the natural concentration
of usable uranium-235 for nuclear fission is approximately 0.7 %. Liquid UFg is sepa-
rated in thermogravitational columns by cooling the inner column and heating the outer
walls. As in more detailed explained in Sec.2.1.6, the thermogravitational column uses
a combination of thermal diffusion and convection to separate components. The heavier
U238 tends to enrich at the cold side and U?3 at the warmer side. Convection transports
the U238 to the bottom while U is transported on the top side of the column. Several
columns are connected in a line to enhance the separation. In Oak Ridge, Tennessee,
2100 of these columns increased the concentration of U2 to 1 %. Thus, this method was

simple but energy expansive. Later, this technique was replace by gas centrifuges [79].
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The enriched material of 132 lbs (= 60 kg) from this plant in Oak Ridge was used for the
first nuclear bomb in 1945 [80].

In plants such as water lilies and alders, thermodiffusion ensures the availability of oxy-
gen in the roots and rhizomes. Contrarily to the overground organs of the plant, where
stored oxygen is produced and liberated by photosynthetically active plastids into the
intercellular system, the roots require an external supply of oxygen to keep the oxygen
concentration constant between 1-3 % for normal requirements of mitochondrial respira-
tion. A temperature gradient between the leaves and roots induces the transport of oxygen
through the intercellular system of the plant. The release of oxygen from the roots to the
surrounding soil along a temperature gradient through the cell membranes is caused by
thermoosmosis, which is actually thermodiffusion through a membrane [11]. This effect
causes a mass flow from the low to the high temperature side and increases linearly with
the temperature difference and with the mean temperature [81,82]. Thermoosmosis also

works in single-component systems [83].

In oceans, thermal gradients occur due to the heating of the sun. This causes a vertical
concentration grating, for instance of dissolved ions. In sea water of high salt content
sulfate-depleted brines of extremely high salinity up to 25.7 % and high temperatures
up to 56.5 °C at the bottom exist while above the salt concentration is halved [84] and
the temperature is reduced to 44.3 °C. This contrast in salt concentration should be
balanced by the Fickian diffusion but the thermal gradient causes an additional mass
transport and the ions migrate to the brines [9]. This effect is used in Solar Ponds to
store solar thermal energy. A Solar pond is a pool with salt water of three layers: a low-
salinity top layer, a layer with a salt gradient from low salt concentration (low density)
at the top to high salt concentration (high density) at the bottom, and a bottom layer
of high-salinity. The pond’s bottom material absorbs most of the solar thermal energy
and heats the high salinity layer. This induces a temperature gradient from the warm
(bottom) layer to the cold (top) layer so that the water density decreases with depth.
This would imply a heat exchange. However, the salt gradient induces a density gradient
which prevents heat transport from the bottom to the top layer. Temperatures of 90 °C
can be reached in the bottom layer of a solar pond while at the top layer one measures
temperatures of approximately 30 °C. The stored heat can be used for energy production
or for heating [85-88].

The thermal flow field fractionation (ThFFF) is an established separation method for

synthetic polymers and colloids [89] of different sizes of almost three to four orders of
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magnitude [90-92] in organic and aqueous solvents. ThFFF offers shorter separation
times and a better resolution of mass distribution for high molar weight solutions [93,94],
which are difficult to characterize by methods working with a stationary phase, such as
size exclusion chromatography [95,96]. A recent review by Colfen and Antonietti [97]
compares the ThFFF and other FFF methods with size exclusion chromatography.

2.1.2. Theory

There is no complete microscopic theory to explain the thermal diffusion effect. Only a
few contributions such as collective effects in colloids or single particle effects of charged
colloids have been analyzed on a microscopic level [29,68,71,72,98-103]. In the following,

an approach in the framework of irreversible thermodynamics will be drafted.

Two reservoirs are considered of two different temperatures T} and T, which are energet-
ically insulated from the environment. Both baths are coupled and allow the exchange of
particles and heat energy. This exchange parameters are referred to as mass flux, Ji, and
heat flux Jo. The fluxes are taken relative to a center-of-mass system. In the following,

the variables characterizing both baths, are denoted by 1 and 2, respectively.

Energy production due to a heat flux. First, the heat flux is considered. The driving
force of the heat flux is a temperature gradient AT. In the case of small changes, the
relaxation of the system from nonequilibrium to an equilibrium state is a linear function
and the entropy is increased by spontaneous processes [104]. The difference in entropy
due to a temperature gradient is
00> 60
dS=08,—08=—7—— 2.1

> = T (2.1)

with the heat Q1 = Q> = Q, the temperatures and entropies of both baths, 71, and S .

Thus, the change in entropy is given by

dsS =80 (1—1) (2.2)

L T

and the time derivative of Eq.2.2 is given as the product of heat flow, Jy, and the gradient

of the inverse temperature, V1/T,

s do (1 1\ 1
& dr (Tz‘n) =Jo¥ (7) (23)
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with Jo = Q/dt. dS/dt is the entropy production of the heat conduction process.

Energy production due to a mass flux. Also the mass transport can lead to an
increase of the entropy. If a local thermal equilibrium is assumed, the Gibbs relation gives
the total differential of the entropy [105]:

TdS =dU + pdV — Y u;dN; (2.4)
i

with the internal energy change, dU = 0, the work on the system, pdV =0, and the
chemical potential and number of particles of the i component, y; and N;. It remains for

the two baths system
dN)
*T(NZ*IJ«I) (2.5)

wherein the deficit of particles in system 1 is equal to the gain in system 2: dN, = —dNj.

dS =

The difference in chemical potential is defined as Vu = up — 1y The time derivative
follows as s :

i —JITVu (2.6)
with the mass transport from system 1 to 2, J; = dN; /dt, and the thermodynamic force of
the mass flux, X; = Vu. The entropy production depends on the difference in the chemical
potentials. It is assumed, that no chemical reaction nor viscous flow or external forces

occur [105]. According to Perronace [106] it follows:

ds 1 1
D1V (=) —navu. 2.7
ar (T) Tk 2.7)

In the following, the equality [102,105] for the thermodynamic force of the heat flux, Xp,
is used: | |

In the linear approximation of irreversible thermodynamics, the flux J; is factorized by
a composition of thermodynamic forces, X;, contributing to the entropy production and

phenomenological coefficients, Ly,

=Y LiX;. (2.9)
j=1.0

with the expressions for the heat (Eq.2.3) and mass fluxes (Eq.2.6) denoted as Q and 1.
Following, the heat flux is Lpp and the Fick’s diffusion is Li;. Two additional irreversible
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fluxes Ly and Lip are described as linear functions of the thermodynamic forces X;.
Thus, a temperature gradient can induce a mass transport (Lo;) which is described as
the Soret effect [106], and the reverse Dufour [107] effect describes a heat flow due to a
concentration gradient (Lip). According to Onsager relations, L;; is a symmetric matrix
which couples both transport processes, the heat and mass. L;; satisfies the conditions
Log, L1 > 0 and LogLi1 —L2Q1 =0 using Ljg = Lg; [104]. It follows

1 1

JQ = JQQ—WVT—L@?VM, (2.10)
1 1

J] = JlQ_ﬁVT_LIITV“- (2.11)

Eqs.2.10 and 2.11 are valid for an isotropic system in which, in equilibrium state, all
appearing thermodynamic forces have the same magnitude in all directions. The chemi-
cal gradient is replaced using the Gibbs-Duhem-relation [108,109] under isothermal and

isobaric conditions:
~ HVwy

w2

Vu

(2.12)

with the concentrations wyo of the concentrations of component 1 and 2, respectively.

Following,
1 1[J]1VW1
1 1 11VW1
5 = JlQ—ﬁVT—L“?‘u mt (2.14)

From experimental point of view, the Soret coefficient is a measure of concentration sep-
aration due to a temperature gradient in a steady state where the mass flow J; is zero.

Thus, it depends on the concentrations wy and wy,

1 |Vw|
S =— —_— 2.15
M=o wiwy |VT]| (2.15)
If Eq.2.14 is now transposed to an expression of the gradient ratio
\Y L
Vwl _Lig_w (2.16)

IVT| Ly 2wy

it is inserted in Eq.2.15 and thus yield an expression of St as function of the phenomeno-
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logical coefficients:
L 1 1

=2 — 2.17
Ly T?pyy wi (2.17)
for J; = 0.
Fick’s law relates the mass flux J; with a concentration gradient Vw,
Ji= —pDVWl (2.18)

with the density, p, and the diffusion coefficient, D. In the absence of a temperature
gradient, the first part in Eq.2.14 vanishes and the mass flow expressions given by Eq.2.18

and Eq.2.14, lead to:
1 i Vwy

DVw; =L 2.19
pLOVwW] e o (2.19)
Hence, the diffusion coefficient is a function of the phenomenological coefficient
D—p, LA (2.20)
T wap

Finally, the thermal diffusion coefficient is the product of Soret and diffusion coefficient,
and using Eqs.2.17 and 2.20, it is obtained

1
Dy :LlQﬁ

) 2.21
wiwzp ( )

If wo =1—w; is used, Eq.2.15 can be modified to

1 |VW| DT
| —_ _or 2.22
M=o~ “wil=w)|VT| D (222)
Eq.2.22 can be applied in the case that w ~ wg with the initial concentration in equilibrium,
wp, and the concentration in the steady state in the presence of a temperature gradient,

w, as the separation ratio is small compared to the initial concentration.

2.1.3. Theoretical Approaches

Several methods have been used to describe the effect of thermodiffusion, like the
Chapman-Enskog theory which describes the thermal diffusion effect in gaseous mix-
tures [26,27,110,111]. This theory is limited and fails for denser systems like fluids. To

a certain extend, the framework of irreversible thermodynamics [112,113] is used and the
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transport coefficients are derived by the Onsager coefficients. Regarding the single-particle
and particle-particle interactions in fluids, kinetic theories [100,114,115] can be used to
express these interactions in terms of potentials. These potentials consider temperature,
concentration or charge effects. Molecular dynamic simulations [51,102,116-119] allow to
study the thermal diffusion properties of a microscopic system. Especially low-molecular
weight mixtures have been studied to investigate systematically mass and moment of in-
ertia effects [120]. Force fields are assumed, which define the particle interactions. The
method of Monte Carlo simulations [121] is a widely used approach for the investigation
of lattice gas dynamics. A potential is introduced to describe the nearest neighbor inter-
actions of a N-particle system. A stochastic formalism is used to calculate the probability

of a particle to move in the lattice.

Some of the theoretical approaches yield comparable results to experimental findings under
certain restrictions on the investigated model system but a general description of the Soret
effect on a molecular level is still lacking. In the following, theoretical approaches will
be introduced which describe the radial dependence of the Soret coefficient or predict a
sign change of the thermophoretic motion in fluids. As most of the theoretical approaches

assume charged particles, this section also sheds some light on charged systems.

Radial dependence of the Soret coefficient. Wiirger [30, 68] calculated a linear
radial dependence of St for spherical macromolecules with neglecting particle-particle in-
teractions. This linearity stems from the boundary layer approximation that the particle-
solvent forces are short-ranged. Then, Dt becomes independent from the particle ra-
dius [122-124]. This approximation is not valid for semidilute systems where Dt depends
on the molecular weight [125] or volume fraction [126]. Morozov considered a theoreti-
cal approach for single-particle interactions in ionic ferrocolloids. By the assumption of
a force balance of electrical and viscous forces he found a linear radial dependence of
St [101,103].

A quadratic radial dependence of the Soret coefficient is derived for soft particle interfaces.
In this case the sticky boundary condition of short-ranged interaction forces fails [99].
Charged colloids with a thin double layer have been investigated by Ruckenstein [57]. He
suggested, that the free energy reduction is responsible for the thermophoretic motion.
The thermophoretic motion of colloidal particles is assumed to be driven by an interfacial
tension gradient. This gradient is induced by a temperature gradient since the Debye-

Hiickel screening length depends on the temperature. This approach was recently used
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by Piazza and Guarino [37] to express the Soret coefficient as a quadratic function of the

Debye-Hiickel screening length.

The approach introduced by Ruckenstein turned out to be wrong [127]. Dhont [127]
suggested, that it is only the reversible work that determines St and not the reduction
of free energy. Consequently, Dhont and Briels [29] expressed the Soret coefficient as a

linear function of the Debye-Hiickel screening length.

Fayolle et al. [128,129] gave an equation for the thermal diffusion coefficient using the
Stokes equation with a force term arising from the electric stress in the diffuse double
layer of charged colloids. They predict for highly diluted colloids of small valencies, that
St scales with the squared of the particle radius and depends linearly on the Debye-Hiickel

screening length.

Sign change behavior. A sign change of the thermophoretic motion originates from
changes in the particle-solvent interfaces or from interparticle interaction effects. Thus,
theoretical approaches have introduced several contributions to the Soret coefficient which
describe these effects. Bringuier and Bourdon [100] expressed the Soret coefficient as a
function of the derivative of the total internal energy with temperature. In the case that
the internal energy becomes temperature dependent, the contributions to the internal
energy determine if the Soret coefficient is increased, decreased or changes the sign. Con-
tributions to the internal energy can be single-particle and particle-particle interaction

effects or terms describing charge effects.

Dhont [71,72] assumed a temperature dependent interaction potential between colloidal
spheres to derive the transport coefficients. If the interaction between the colloidal sur-
face and the solvent is known, the thermal diffusion coefficient can be calculated. The
temperature dependence of the potential turns out to induce a sign change of the thermal
diffusion coefficient with changing temperature or concentration in a certain parameter

range.

Reverse non-equilibrium molecular dynamics simulations have been performed by Zhang
and Miiller-Plathe [116] to derive the thermal diffusion properties of dilute polymer solu-
tions. They have shown that at constant temperature and concentration, a better solvent
quality causes a higher affinity for the polymer to the cold region. The Soret coefficient
changes sign from negative to positive when the solvent quality becomes bad. A recent
theoretical approach by Luettmer-Strathmann et al. [31,32] has indicated a similar trend

for polymers in water-ethanol solutions. By changing the solvent composition a sign
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change of the Soret coefficient was induced. St turned from negative to positive as the

water concentration of the solvent was increased.

2.1.4. To the Warm or to the Cold?

There are a few rules of thumb which help to predict which component enriches in the

cold or in the warm.

Considering the size or weight distribution, the larger or heavier molecules tend to go
to the cold region [130]. Almost all polymers accumulate in the cold. This is not a
general feature but depends on specific interactions and the solvent quality. Exceptions
are polyvinyl alcohol in water [17] and poly(ethylene oxide) in mixtures of ethanol/water
with a high ethanol content [130,131]. As long as the mixtures consist of almost spherical
nonpolar molecules the heavier component enriches in the cold region [132]. But even for
the nonpolar n-heptane/benzene mixture this simple rule of thumb fails [133]. Only if
the highly branched and more symmetric heptane isomer 2,3,3-trimethylbutane is used
instead of n-heptane the heavier component goes to the cold. These results indicate that

the more symmetric molecules have a stronger tendency to accumulate in the cold.

Investigating the three structural isomers of the aromatic hydrocarbon dimethylbenzene,
it was shown that the para-form moves to the warm region, the meta-form stays between

both regions, and the ortho-form moves to the cold region [134].

For polymers and colloids also changes at the interface between the solute particle and the
solvent need to be considered. In some cases structural variations of the solvent due to
concentration changes of a solvent mixture [47,130,131] or temperature effects [61] lead to
a sign change in St. For charged colloids also the double-layer contributes to the thermal
diffusion properties [29] so that due to the complex chemical and electrostatic interactions

simple rules of thumb can not be derived.

2.1.5. Sign Inversion of the Soret Coefficient

A sign change of the Soret coefficient is a special case of thermodiffusion which cannot
be explained by the rules of thumb in Sec.2.1.4. If a sign change is observed, mainly
by a variation in temperature or concentration, the component enriches at the opposite
region. This effect has been observed in many gaseous mixtures [135-139] and fluid
systems [58,62,117,125,131,140]. In the following, only liquids will be discussed.
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The assumption by Grew [137] defined three contributions to the thermal diffusion factor
(ar = St-T): the difference in mass and in the diameter of the molecules and a contri-
bution which refers to the interaction forces between the molecules. The first and the
second contributions are suggested to be independent from a variation of concentration.
The third contribution depends on concentration and relates to the collision diameter of
the molecules which differs from the mean diameter due to interaction forces [138] and
which causes the sign change with concentration. Later, a similar approach by Debusche-
witz and Kohler [141] defined three contributions to the Soret coefficient which are the
mass, the moment of inertia and a chemical contribution. This chemical contribution will

be discussed in the following.

Wittko and Kohler [63] studied mixtures containing protonated and deuterated cyclohex-
ane. At equal mole fractions the Soret coefficient turns from negative to positive values
if the difference in molecular mass, AM, between solvent and solute increases and a con-
stant slope for dSt/dAM is derived [142]. The same slope was derived for the isotopically
substituted cyclohexane [141]. As isotopic substitution is a powerful method to change
the mass of a molecule by keeping the chemical properties of the solute and leaving the

intermolecular potential almost unaffected.

The investigation of the thermal diffusion properties of the systems di- and tri-glycols in
ethanol [143] indicated a sign change behavior of St with increasing chain length of the

glycols. This is reasonable as ethanol becomes a bad solvent for the long-chained glycols.

Experimental studies [59, 62, 75, 144-148], calculations [31] and simulations [51, 149] of
low-molecular water-ethanol mixtures have indicated a sign change of the Soret coeffi-
cient from positive to negative with increasing water content. Polyakov and Wiegand [59]
investigated mixtures of associated solvents. A sign change was observed at a certain con-
centration at which the Soret coefficient is independent from temperature for solutes which
show pronounced hydrophilic interaction effects with the solvent due to their polarizabil-
ity [150]. Prigogine [151] claimed that the investigated mixtures are non-ideal solutions.
Otherwise, no concentration dependence of St should be observed. Some papers indicate,
that the sign change of St occurs when the hydrogen bond network breaks [62,152,153].
Rousseau et al. [51,149] discussed the St sign change by means of changes in the particle-
particle interactions. Therefore, the strength of solute-solute or solvent-solvent inter-
actions, denoted as intra-species interactions, the strength of solute-solvent interactions
(inter-species interactions) are considered. In the case that the inter-species interaction

are larger than the intra-species interactions, a sign change of the thermophoretic mo-
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tion is observed. This can be achieved experimentally by variation of the composition,

concentration or temperature.

Recently, Vigolo [33] reported a sign change of St influenced by charges in micellar SDS
solutions by adding sodium hydroxide (NaOH). The highly mobile OH™-ions in a thermal
gradient induce a stationary electric field which is responsible for electrophoretic transport
phenomena of the SDS micelles. By increasing the ion concentration, the Soret coefficient

turns from positive to negative.

A temperature induced sign change of St was observed for lysozyme solutions [48,64, 154]
where St goes from negative to positive values with increasing temperature. It was shown
that this effect results from thermally induced gradients of the interfacial tension. The

sign change temperature is shifted with increasing salt concentration.

Also in colloidal suspension a sign change has been investigated. Ning et al. [42] studied
the thermal diffusion behavior of octadecyl coated silica particles with a radius of 27 nm
in toluene for low and high concentrations. At high dilution, the Soret coefficient is inde-
pendent from concentration and only differs for different temperatures. Low temperatures
cause a negative Soret coeflicient which turns to positive values for higher temperatures.
Above a concentrations of 10 vol%, colloid-colloid interactions affect the thermal diffusion
behavior and St decreases with increasing concentration and a sign change occurs. This
decreasing behavior has also been observed for polystyrene in toluene [155-157] and was

interpreted as an increase of the local viscosity approaching the glass transition [158].

For ferromagnetic colloids, Morozov [103] shows that the sign of St is a function of the
ratio of double layer thickness and radius, and of the electric potential. It was found that
the colloids tend to move to the cold for low electric potentials and an infinitely small
double layer thickness. If the double layer thickness increases, and the electric potential

reaches a certain strength, the colloids enrich at the warm region.

For a polymer solution of Poly(N-isopropylacrylamide) (PNiPAM) in alcohols a variation
of the molecular structure of the solvent can cause a sign change of the Soret coefficient.
Kita and Wiegand [140] observed that the Soret coefficient changes from positive to neg-
ative with increasing number of carbon atoms of the alcohol. On the other hand, the
sign change temperature decreases with increasing carbon atom numbers. For the sys-
tem PNiPAM-ethanol, a sign change occurs with increasing temperature from positive to
negative St. The sign change temperature is close to the coil-globule transition temper-
ature of PNiPAM in water at which PNiPAM goes from a swollen hydrated state into

a shrunken dehydrated state. Thus, above the phase transition temperature, the former
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CHARLES SOR

1854-190
Figure 2.1.: Charles Soret (28" Sept 185/ - 4™ Apr 1904) [159].

hydrated water molecules lower the local solvent quality around the polymer and St be-
comes negative. A Soret sign change due to a change in the solvent quality has also been
observed for PEO in a mixed solvent of water and ethanol [31,32,46,47,62] from a positive
to a negative Soret coefficient for increasing water concentration. The sign change occurs

at a solvent composition where large structural changes take place.

2.1.6. Experimental Setups to study Thermal Diffusion

Several experimental methods have been used to study the thermal diffusion behavior of
liquid mixtures. The methods differ in the way how a thermal gradient is applied and
the separation effect is detected. Some of the methods are convection-free, others not.
In the last two decades different optical methods have been developed which work only
analytically and cannot be used to separate different components. In the following, an

overview of the methods is given.

Charles Soret (Fig.2.1) was the first scientist who performed systematic measurements
of the mass separation in a thermal gradient. He used different kind of tubes which
are cooled from the bottom and heated from the top. The hot side was 78 °C and the
lower temperature was between 18 °C and 15 °C [2]. The tube length was 0.3 m, so that
the temperature gradient was in the order of 200 K/m. The separation effect of ionic
components was analyzed after a measuring time of up to 56 days [4]. He obtained a

separation ratio of 1.1 % and the ionic component got enriched at the cold end.

A vertical thermogravitational column as sketched in reference [160] was introduced by

Clusius and Dickel [77] in 1939 to measure mass separation in a vertical narrow gap with
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a height-to-width ratio of larger than 100. The gap is heated or cooled from the side walls
and the Soret effect causes a mass transport to the warmer or colder wall. Convection
implies, that an additional mass transport parallel to the walls occurs, such that due
to the density change at the warmer wall, the convection directs to the top and at the
cold wall to the bottom. This induces a vertical concentration gradient if the denser
component diffuses to the cold. This setup is a so-called 2-point measurement setup and
the concentration ratio of the top or bottom is measured. Nowadays multi-point setups
are used [145]. The thermogravitational column allows only the determination of the
thermal diffusion coefficient. The diffusion or Soret coefficient cannot be obtained. Thus,
it is more applicable for quantitative mass separation analysis, like isotope [12] or gas
separation [161-165], and competes with HPLC techniques. Main disadvantages are the
build-up of a sufficient strong thermal gradient of 1000 K/m [160], the long equilibration
time of more than 90 hours in the case of organic low molar weight mixtures and the fairly

large sample volume in the order of 3-27 ml [13, 166].

Recently, the thermogravitational column was used to investigate ternary systems [167—
169]. Following the approach by Larre et al. [170], the behavior of a ternary system can
be estimated by considering the corresponding binary systems of the three containing
components. A comparison of the experimental results by Kéniger et al. [171] and Blanco
et al. [169] revealed pronounced differences in the determined thermal diffusion coefficients

of the ternary system.

One of the weaknesses of the thermogravitational columns is, that it only measures the
thermal diffusion coefficient and not the mass diffusion coefficient which is required to
calculate the Soret coefficient. The mass diffusion coefficient can be obtained by coupling
the thermogravitational column with Laser Doppler velocimetry (LDV') which measures
the vertical flow velocity amplitude [145]. Light of crossed laser beams is scattered at
flowing particles. Due to the Doppler effect, the scattered frequencies are shifted to the
reference beam frequencies which results in a beat frequency at the detector. The flow
velocity is calculated with a high accuracy from the crossing angle, the wavelength of the

lasers beams and the frequency shift. This allows the determination of D.

In the thermal lens setup [18] a laser with a Gaussian intensity profile is used to write a
temperature profile in a sample. An absorption in the order of 1-2 cm™! of the sample
at the laser wavelength is sufficient. The temperature profile induces a refractive index
profile in the sample, such that the refractive index is low in the center of the beam, so

that the sample acts like a diverging lens. The additional mass transport in a two com-
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ponent mixture induces additionally a concentration lens (Soret lens), which amplifies or
diminishes the refractive index profile [48] induced by the thermal effect. The transmitted
intensity, in some cases of an additional read-out laser [172,173], is measured versus time.
A steady state is attained within some seconds for low-molecular weight solutions but also
high molar weight solutions of proteins or polypeptide solutions can be measured. The
investigation of large colloids with a radius of 100 nm and more is not possible, because
then convection influences the experiment. If the natural absorption of the solvent is
insufficient, a photostable dye is added which has to be inert and should not alter the
chemical or physical properties of the sample under investigation [174,175]. A very strong
absorption should be avoided due to nonlinear effects and a low excitation power reduces
convection effects. The thermal lens technique is applicable to probe mixtures with a high

optical contrast [175].

Giglio and Vendramini [16,17] described a laser beam deflection technique which probes
the build-up of a concentration gradient in a Soret-cell with a laser beam. A similar
setup is still used by Piazza et al. [37,146] and the group of Kohler et al. [144,171]. The
sample cell with an optical length of a few centimeters is confined between two horizontal
metal plates with a gap width between 0.5 mm and 1 mm. Between these plates a
temperature gradient is built up. This temperature gradient (= 14 K/cm [157]) induces
a concentration gradient due to the effect of thermodiffusion. Both gradients cause a
refractive index gradient at which a horizontally aligned laser beam is deflected. The
position of the laser beam is monitored with time by a position-sensitive detector with
a resolution of a few um. A steady state is reached within less than one hour for a
dodecane/isobutylbenzene/1,2,3 4-tetrahydronaphthalene (nC,-IBB-THN) system [144].
Putnam and Cahill [176,177] recently developed a new micron scale beam deflection setup
where an oscillating temperature gradient is induced. The beam deflection technique
is applicable for molecular and polymer solutions as well. Also the measuring volume
is reduced to approximately 1/10 ml. Recently, the normal beam deflection method
was extended by a second read-out laser at a different wavelength to measure ternary
systems [171] following the approach of Haugen et al. [178] that a system of n components

requires deflections from (n— 1) beams of different wavelengths.

The thermal flow field fractionation (ThFFF) was employed in 1975 by Giddings [19, 20]
for polymer separation. Modifications of this technique are still used [93,179-182] to ana-
lyze or separate biomolecules or to characterize the molecular weight and composition of
polymer components [183]. This technique is sensitive to surface effects [89,184] and thus

allows colloidal surface analysis. In ThFFF, a temperature gradient of up to 4-10° K/m
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for polymer solutions (M,, ~ 10° g/mol) is vertically applied to a thin channel of 0.1 mm in
width [185] and a volume of approximately 1 ml [186]. In a parabolic-like velocity profile
the test sample is transported through a channel. In a perpendicular thermal gradient
one component accumulates at the cold wall of the channel into regions of a slower flow
velocity. Thus, this component enriches in slower flow regimes and elute last from the
channel while other components which do not enrich in the cold region elute first. The
overall measuring time is in the range of minutes to hours [45]. The ThFFF technique can
be used to determine the thermal diffusion coefficient of different polymer solutions and
colloidal suspensions which show a large distribution of molecular weights [185] from 103
to 107 g/mol [90-92]. Only small amounts of sample material of some nano-gram to micro-
gram are required. The thermal diffusion coefficient of a retained solute is obtained from
the retention time ratio to an unretained solute and the temperature difference between
the channel walls [97].

Braun and Libchaber [21] employed in 2002 a fluorescence method to investigate the
separation of DNA strains (M,, ~ 1.6-107 g/mol) in an aqueous buffer solution. In this
method an IR-laser at 1480 nm heats an aqueous sample so that a temperature gradient
of approximately 1-2 K is induced in a thin chamber of 10-25 pum. Thus, temperature
gradients of 1-10® K/m can be realized [49]. The chamber volume is 2 ul. In this
setup, two measurements need to be performed to measure the temperature and the
concentration profile. In a first measurement the temperature gradient applied to the
solvent is determined. Therefore, a temperature sensitive fluorescent dye is added to
the solvent. Differences in the temperature profile are monitored by differences in the
fluorescence intensity. The addition of a fluorescent dye can lead to deviations of the
measured temperature profile as the fluorescent dye also obeys thermodiffusion principles
and is not homogeneously distributed in the sample if a temperature profile is applied.
In a second measurement, dye-labeled solutes accumulates in the temperature gradient
at the cold or at the warm. The time dependent fluorescence intensity is monitored with
a camera. A steady state is attained within 300 s (for DNA strains). Convection inside
the chamber is opposed to the thermophoretic repulsion and increases with the chamber
thickness. Above a certain convection strength particles get trapped. Both diffusion
coefficients can be evaluated from the time dependence of the fluorescence intensity signals

in the cold region. The probed solute size is in the nano- to micrometer range [65,125].

In the thermal diffusion forced Rayleigh scattering ( TDFRS) technique [22] a holographic
interference grating [187] is written in the sample. Due to absorption which is achieved by

the addition of an inert dye, the intensity grating is converted into a sinusoidal temperature
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gradient. The fringe spacing of the temperature grating is approximately 20 ym and a
temperature difference of 20-100 uK can be achieved [24,25]. Due to thermodiffusion a
sinusoidal concentration grating builds up. These sinusoidal changes of temperature and
concentration are accompanied by a refractive index modulation which is read out by a
HeNe-laser which is not absorbed by the sample and does not alter the temperature. This
technique was recently modified for aqueous samples [39,40], such that the wavelength of
the writing laser is chosen at a weak absorption band of water at 980 nm [75]. Thus, in
the IR-TDFRS setup the addition of dye is not required in aqueous mixtures. Depending
on the used sample cells, sample volumes of less than 0.5 ml are possible. The thin cell
geometry avoids convection effects and short measurement times are achieved for low-
molecular systems due to a narrow fringe spacing. The measurable size ranges from low-
molecular systems up to polymer solutions of 107 g/mol [188,189]. The main disadvantage
is the restriction to binary systems. Ternary mixtures could be studied, if another read-
out laser with a different wavelength is used, and if the components show a sufficient

dispersion in their refractive index increments.

2.2. Binary Micellar systems

Amphiphilic molecules can form micelles in solution in order to minimize the free energy of
the system. Micellization occurs as function of concentration or temperature where above
a certain concentration or below a certain temperature, micelles will form and coexist
with surfactant monomers in the bulk phase. This specific concentration or temperature
is called critical micelle concentration (cmce) or critical micelle temperature (cmt), respec-
tively. Accordingly, micellar systems can be tuned slightly in size or shape by varying the

concentration or temperature.

So far the thermal diffusion behavior of sugar surfactants has not been studied although
the properties this class of surfactants are defined by amphiphilic properties of the sur-
factant, which will be discussed in Sec.2.2.1. Micelles in water are formed in that way,
that the hydrophilic part of the surfactant molecule aligns in the micelle-solvent interface
and the hydrophobic forms the core of the micelle. The micellization in aqueous sugar
surfactant systems starts at a fairly high concentration compared to other surfactants.
This allows a precise investigation of the thermal diffusion properties close to the cmec,
which are ruled my monomers below the ¢cme and by micelles above the e¢me, respectively.

Results will be shown in chapters 4 and 5.
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2.2.1. Nonionic Sugar Surfactants

Nonionic sugar surfactants show an amphiphilic behavior due to a hydrophilic sugar head
group and a hydrophobic carbon chain. Compared to other surfactant classes, i.e. nonionic
alkyl polyglycolether (C;E;) surfactants [190], they are completely biodegradable and can
be produced from renewable resources [191,192]. In the following, the general expression
CiG;j is frequently used, where C; denotes the number of CHy-units in the hydrophobic
chain and the head group units are denoted as G; with j being the number of sugar units

in the hydrophilic head.

Over the years sugar surfactant systems have been investigated experimentally and the-
oretically [193-195]. These biocompatible surfactants have frequently been used to study
the dissolution and formation of biological membranes and the stabilization of pro-
teins [196-200]. In a clinical context, these surfactants cause marginal skin irritation [201].
Alkyl-monoglucoside surfactants have been used in the formulation of microemulsions for
the emulsification of mineral oils [202] and it turned out, that these surfactants are effec-

tive amphiphiles [203].

For a systematic study of the amphiphilic properties of the sugar surfactants, the number
of head group units j and alkyl groups i can be varied. We will concentrate on three
sugar surfactants: n—Octyl f—D—glucopyranoside (CgGy), n—Heptyl B—D—glucopyranoside
(C7Gy) and n—Octyl B—D-maltopyranoside (CgG,). All surfactants are studied in water.

Many groups investigated the micellar structure of sugar surfactants using different meth-
ods. Most studies were performed on water/n—Octyl f—D-glucopyranoside systems. The
concentration dependence of the micellar size and shape of CgG; was studied theoreti-
cally [54] and experimentally [204-213]. A compact and spherical shape of micelles with
a radius of 2.29 nm to 2.35 nm was found which is almost independent from surfactant
concentration above to the eme. The measured radii are confirmed by a theoretical ap-
proach which compares the maximum micelle radius with the maximum length of the
surfactant molecule [207]. The theoretical approach calculates the radius to 2.16 nm [214]
including a hydration layer of water molecules. At higher concentrations (w2 - c¢mc),
the shape turns to rod-like and more heterodisperse micelles due to a maximum accessible
micellar diameter which is defined by the length of the surfactant monomers. The micelles
grow in length, because both hemispherical ends of the rod are energetically unfavored
constellations [205]. Thus, larger rod-like micelles are preferred instead of an increase
of spherical micellar number density. At low concentrations slightly above the cmc, at-

tractive interaction forces govern the micellar behavior while at higher concentrations,
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repulsive steric interactions between the micelles are dominant (for w = 30 - cmc) [206].
Contrarily, D’Aprano et al. [208] found that the CgGj-micelles are already at the ¢cmc of
rod-like shape and do not change their structure at higher concentrations. These findings
for CgG have also been confirmed for other glucoside micelles (C;Gy, i = 7 .. 10) by Zhang
et al. [205].

For the CgGy-micelles a spherical shape has been determined [215,216] which is indepen-
dent of temperature or concentration. Hydrophilic forces between the head groups play
an important role in the micellar shape [215] while the hydrophobic alkyl chain favors
the formation of micelles to reduce the free energy [217]. This effect becomes stronger for
longer carbon chain length (by 0.825 kcal/mol per CHp-group [214] assuming a constant
number of head group units). Due to the strong influence of the hydrophilic forces on
the micellar structure, polyglucosides like CgG; prefer spherical micelles to increase the
volume per head group in the micellar layer, while monoglucosides like CgG; tend to form
rod-like structures to reduce unfavorable hemispherical end caps where water is in contact

with the carbon chains.

Another aspect in this work will be the determination of the temperature dependence
of the e¢me. Generally, the eme decreases with increasing temperature [212,218,219] for
nonionic surfactants, while for ionic surfactants the cmc increases with increasing tempera-
ture. On the other side, experiments on nonionic polyoxyethylenated and sugar surfactant
systems [220-222] indicated a decrease of the emc for increasing temperature which turns
into an increase at higher temperatures. A minimum cmc has been determined between
40 °C and 50 °C. First theoretical predictions were made by Israelachvili [213], stating
that the temperature dependence of c¢mc is more pronounced with increasing carbon chain
length. Accordingly, for the short chained CgGy, the spherical micelles does not show any
remarkable temperature dependence of their size [223]. The solubility of the nonionic sur-
factant molecule decreases with increasing temperature and the surfactant becomes less
hydrophilic due to an increase of hydrophobic forces [215,224]. Hence, the growth of mi-
celles which is favored by the hydrophobic carbon chains becomes minor, and the micellar
size reaches a maximum size at a certain temperature. Aoudia et al. and Kameyama et al.
determined the aggregation number of CgG in water for several temperatures and found
a maximum aggregation number at T = 35 °C [220] or T = 36 °C [212], respectively.
The temperature agrees nearly with the temperature of the minimum cmc value. Sugar
surfactants exhibit a comparable high aggregation number due to the strong hydrophilic-
ity of the head group units [194,202,212]. Literature results vary between 70 and 87 for

CsG. The first number was determined in sedimentation equilibrium studies at 20 °C by
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Figure 2.2.: The measured critical micelle concentrations in this work (red symbols) and
from literature (black symbols) versus the carbon chain length are compared. Literature
data are taken from references given in Tab.2.1. The dashed line is a linear fit with
respect to the logarithmic scaling of the concentration axis. Aqueous miztures of maltosides
(solid symbols) and of glucosides (open symbols) are shown. The lower filled red triangle
represents the cmc of a CgGy batch, which was contaminated. This batch was not used
for further measurements.

Roxby and Mills [211], and the latter one was measured at 22 °C by Kameyama et al. [212]

using light scattering methods.

A general overview on recent cme measurements for glucosides and for maltosides at room
temperature is given in Fig.2.2. The plotted data refer to Tab.2.1 for glucosides, and to
Tab.2.2 for the maltosides, respectively. In a log-linear plot of the c¢mc versus the alkyl

chain length of the surfactant a linear dependence is found (dashed line in Fig.2.2).

2.2.2. Consequences for ongoing Measurements

For the three surfactants under investigation it is expected, that (i) the increase in the
alkyl chain causes approximately a three higher cmc of C7G| compared to CgG; and CgG,
in water which show approximately the same cmec. The determined cmc in a tempera-
ture range between 15 °C and 40 °C should decrease with increasing temperature for all
investigated surfactant systems. (i) In the low concentration regime close to the cme,
we expect the maltoside micelles to be spherical in shape due to strong repulsive forces
of the head group units. (iii) Glucoside micelles are also assumed to be spherical if the
concentration is slightly above the cmc, while at higher concentrations, ellipsoidal glu-

coside micelles are expected. (iv) In the investigated concentration range the surfactant
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surfactant cme Temperature | reference

mol/1 °C
C;Gy 0.07 - Anatrace, USA
C;,G; 0.079 - Cammack [225]
CgG 0.018 - 0.026 | 22 Lorber [226]
CsGy 0.0232 £ 0.5 | 25 De Grip [227]
CsGy 0.022 25 Giordano [206]
CsGy 0.025 25 Shinoda [228,229]
CsGy 0.018 25 Nickel [195]
CsG 0.0204 25 Kakehashi [230]
CgGy 0.0254 25 Kameyama [231]
CgG 0.022 22 Kjellin [232]
CsGy 0.00172 22 El-Sukkary [233,234]
CoGy 0.006 40 Ericsson [235]
CoGy 0.0065 - De Grip [227]
CoGy 0.00126 25 El-Sukkary [233,234]
C10Gy 7.812-107* 25 El-Sukkary [233,234]
C10Gy 0.00185 25 Kakehashi [230]
C10Gy 0.00195 22 Rosen [236]
C10G; 0.0022 25 Shinoda [229]
C10G; 0.002 25 Aveyard [237]
C10Gq 0.00219 25 Mukerjee [238]
C12Gy 2.873 - 1074 25 El-Sukkary [234]
C12G 2973 -107% | 25 El-Sukkary [233]
C1Gy 1.9-1074 25 Shinoda [194,229]
C12Gy 1.92-1074 25 Mukerjee [238]
C14G 1.67 - 1073 - Mukerjee [238]
C14Gy 2.65 - 107 50 El-Sukkary [234]
C14G 1.7-107% 25 Nickel [195]
C16G1 1.45-107° - Mukerjee [238]

Table 2.1.: Summary of measured critical micelle concentrations of sugar glucoside sur-
factants in water from literature.
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surfactant cme Temperature | reference

mol/1 °C
C3Gy 19.1- 1073 25 Boyd [239]
Ci10Ga 1.99 - 1073 25 Boyd [239]
C10Ga 2.11- 1073 40 Majhi [240]
C12Gy 0.13 - 1073 25 Boyd [239]
C12G, 0.18 - 1073 25 Zhang [241]
C12Gy 0.16 - 1073 - de Grip [227]
C12G, 0.15 - 1073 25 Drummond [242]
C12G, 0.20 - 1073 25 Dupuy [243]
C14Gy 1.299.107 10 Ericsson [244]
C11Gy 1.392-107° 20 Ericsson [244]
C14Gy 1.392-107° 20 Ericsson [244] in D,0
C14Go 1.764-1073 40 Ericsson [244]

Table 2.2.: Summary of measured critical micelle concentrations of sugar maltoside
surfactants in water from literature.

micelles grow with increasing surfactant concentration while at constant concentration, a

variation in temperature should leave the micellar size unaffected.

2.3. Microemulsion Systems

Schulman et al. [245] firstly introduced the definition of a microemulsion to describe dis-
persions consisting of uniform spherical droplets of oil or water in a continuous phase
which are stabilized by an amphiphilic component. Microemulsions are thermodynamic
stable and nanoscopic structured systems of at least three components. These components

are polar (A), non-polar (B) and amphiphilic (C).

The interplay of the three components results in a complicated phase behavior [76, 246
249], wherein several states occur (see Sec.2.3.1). In some phases, microemulsion droplets
are formed. Two types of droplets are known: o/w and w/o droplets. These droplets are
similar to micellar aggregates but the additional component is enclosed in the droplet.
For o/w droplets, oil is embedded, while for w/o ones, it is water. Microemulsions are
thermodynamically stable systems. In a dynamic equilibrium, the exchange of molecules
with the environment is possible which is in the order of microseconds but the stability

of droplets is found in timescales of several seconds for typical low molecular weight sur-
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factants. In good approximation the interactions between the droplets can be described
with a hard sphere potential. Contrarily to synthesized colloids, the interfacial properties
of these droplets are reproducible and well defined. The size and shape can be system-
atically varied by changing the composition, temperature or concentration. For systems
containing long chained surfactants, in the 1¢ region the microemulsion forms spherical
droplets at the efb. On the water-rich side of the respective phase diagram, the droplets
turn to ellipsoidal aggregates and finally to network-like structures at the ncb with in-
creasing temperature. At the efb, the droplets grow with increasing oil concentration,
while an increase in the surfactant-to-water ratio increases the droplet density. Therefore,

microemulsions can be regarded as easily adjustable model systems.

2.3.1. Phase Behavior

A variation in temperature, pressure and concentration yields several states of the ternary
system whereas the pressure dependence is not considered in this work. The interested
reader is referred to a review article by Schneider [250]. A phase prism [251] shows
the different phases (see Fig.2.3). The corners of the phase prism represent the three
components A, B and C, and the height is the temperature axis. White areas indicate 1¢
regions, 2¢ regions are indicated by tie lines and grey areas represent the 3¢ region. The

purple colored area characterizes a 1¢ region wherein equal amounts of water and oil are
solubilized [248].

The phase behavior of the ternary system is mainly determined by the three individual

binary systems [252] which are represented by the side planes of the prism.

The oil-water system shows nearly for all mixing ratios a 2¢ region and only in the high
concentration regimes on the water- or on the oil-rich side, the low solubility of water in
oil and vice versa allows small 1¢ regions. The solubilities are slightly enhanced at higher
temperatures but this is less important for the overall phase behavior of the ternary

system.

An upper miscibility gap is found in the water-surfactant system with a lower critical point
(cpg) at the temperatue Tg [253]. Below this critical point, a 1¢ region is observed due to
the high miscibility of water and surfactant at low temperatures. The upper miscibility
gap can be explained by a break of the hydrogen bonds. This upper loop shrinks with
increasing hydrophilicity of the surfactant. A further lower miscibility gap of the binary
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water-surfactant system is not considered in this work since it lies below the melting
point [76].

In the binary oil-surfactant system, the miscibility of surfactant and oil is poor at low
temperatures. A lower miscibility gap is found with an upper critical point (cpg) at the
temperature Ty. At higher temperatures above Ty, a 1¢ region exists due to the increasing
hydrophobicity of the surfactant. Ty is usually below zero for ternary H,O/oil/nonionic

amphiphile systems [76].

In the ternary system, the critical points cpg and cpg are start points of the critical
lines clg and clg in the phase prism (see Fig.2.3). The line clg starting from the water-
surfactant plane decreases in temperature and ends at the lower temperature 7; at the
critical endpoint cepg. At 7; the surfactant-rich water phase separates into two phases,
which are a microemulsion water phase and an oil excess phase. The cly-line starting
at the oil-surfactant plane develops towards higher temperatures and ends at an upper
critical end point (cepy) at T, where the surfactant oil-rich phase separates into two
phases: a microemulsion oil phase and a water excess phase. Thus, between 7; and T, a
3¢ region is formed which has the shape of a triangle (see grey colored area in Fig.2.3).
Due to the increased hydrophobicity of the surfactant at higher temperatures at isothermal
conditions, the surfactant is mainly dissolved in the oil phase at high temperatures. At
lower temperatures, the surfactant becomes more hydrophilic and is mainly dissolved
in the water phase. The shape of the 3¢ triangle is then defined by the temperature
dependence of the surfactant: At temperatures slightly above T;, the composition of the
middle microemulsion phase is shifted towards the water side and turns over to the oil
side at higher temperatures. At 7; and T, the 3¢ triangle ends up in two critical tielines

and merges into a 2 and 2 phase, respectively.
The individual concentrations are generally given in mass ratios, where

mc

Y= (2.23)

N mc +mp
gives the mass fraction of component C (mass the of amphiphile, mc) in component A
(mass of water, ma) and C. The mass fraction of component B (oil) is then given as ratio

to the total mass of the system

mp

wp = (2.24)

ma +mp +mc

with the mass of the oil, mg. In this work, we use n-alkanes as oil component and Cj;E5



2.3 Microemulsion Systems 33

surfactant (C)

Py
Tp
T, I\\
cly — N
\\E
=
N £\
SN
; —<
H,0 (A)

Figure 2.3.: Typical phase prism of a microemulsion system consisting of water (A),
oil (B) and surfactant (C). The temperature dependence is presented by the vertical of
the prism. On the right side, different states are sketched: The lower 2¢ region at low
temperatures where the surfactant is dissolved in water with an coexisting oil excess phase,
the middle 3¢ region (grey) and the upper 2¢ region where the surfactant is dissolved in
the oil phase. The 1¢ regime is colored in purple. The figure was redrawn from Strey [251].

as the amphiphile. At low surfactant concentrations and at certain temperatures, we find
all three components dissolved in one phase (1¢). This 1¢ equilibrium is classified as
Winsor IV [254] and exists on the water-rich side and on the oil-rich side in the phase
diagram [248] for low concentrations of oil and water, respectively. In this work we focus
mainly on the investigation of the water-rich side of the phase prism (see Fig.2.4). Because

the surfactant assembles at the water-oil interface, the surfactant film is curved around
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Figure 2.4.: Left: Cut through the phase diagram of a ternary microemulsion system.
Regions of constant v, are colored purple. Therein, temperature range and oil fraction
span an area (light purple) in which we find a 1¢ region, surrounded by an upper 2¢ and
a lower 20 region. At higher oil concentrations, a 3¢ region is observed. Right: On
the water-rich side of a water/n-octane/C12Es, this 1¢ region is observed close to room
temperature. In the green area spherical microemulsion droplets are expected.

the oil and the system forms oil-swollen aggregates at low temperatures which are in the

following referred to as oil-in-water (o/w) microemulsion droplets.

This region of o/w-droplets can be characterized by a cut through the phase prism in that
way, that a temperature-oil mass fraction (T (wg)) dependence at constant ¥, is achieved
(see Fig.2.4). The right part of Fig.2.4 sketches a 1¢ region of the HyO/Cg/C2Es sys-
tem at constant ¥, =0.022 wt. The 1¢ funnel is confined by two boundaries. The phase
boundary at low temperatures is called emulsification failure boundary (efb), and at high
temperatures the near critical boundary (ncb), respectively. The microemulsion aggre-
gates form spherical droplets close to the efb [251,255] while with increasing temperature
their shape changes to elongated aggregates and at the ncb, the aggregates form network-
like structures [256-258] in the case of systems which contain long chain surfactants. The

size of the microemulsion droplets at the efb increases with increasing oil concentration.

The goal of this work is the investigation of the thermal diffusion behavior of spherical
microemulsion droplets of different sizes to determine the radial dependence of the Soret
coefficient. Thus, the measurements are restricted to a temperature range close to the

efb where these droplets remain spherical. Changes in the droplet shape with increasing
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temperature limit the temperature range which is marked by the green colored area in
Fig.2.4.






CHAPTER

THREE

EXPERIMENTAL SETUPS

This chapter describes the experimental setups which are used for the investigation of
the binary sugar surfactant solutions and microemulsions and is structured as follows:
The TDFRS technique is introduced and the setup is described by means of the IR-
TDFRS setup in Sec.3.1.2. Recent improvements are discussed. In Sec.3.3, a report on
the determination of the refractive index increment with concentration or temperature is
given. For the latter one, a new setup was designed due to experimental difficulties caused
by the high turbidity and strong scattering of the microemulsions. The advantages of this
setup are outlined and a comparison to the ordinary (dn/dT) pw Setup is given in Sec.3.3.4.
Finally, the dynamic light scattering and the neutron scattering setup are introduced in
Sec.3.2 and Sec.3.5, respectively. The latter setups are not in focus of this work but

provide necessary information which complete findings obtained by TDFRS setups.

3.1. Thermal Diffusion Forced Rayleigh Scattering

The Thermal Diffusion Forced Rayleigh Scattering (TDFRS) setup is a technique in which
a small temperature gradient is created by an interference of two laser beams. The tem-
perature difference is approximately 20-100 uK and the fringe spacing is approximately
20 pum which results in a thermal gradient of 1-5 K/m. This very small fringe spacing leads
to measuring times in the range of milliseconds for low-molecular weight solutions [133]

up to a few seconds for polymeric systems or macromolecules [259, 260].

37
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Two setups are available: one setup, called classical TDFRS setup, uses a writing laser at
488 nm (Ar-laser, Innova 300C, Coherent, USA), and a second setup is working with an
infrared laser at 980 nm (TA 100, Toptica Photonics AG, Germany), which is called IR-
TDFRS setup. The latter setup is predestinated for aqueous systems while the classical
TDFRS setup requires the addition of dye which leads to a sufficient absorption at the
wavelength of the writing laser beams. The selected dye needs to be inert, so that it does
not contribute to the signal or alters the system properties. This is in general easy to
fulfill for organic systems, but in polar systems the dye changes its absorption properties

with pH and can also change the phase behavior of complex systems [38].

In the following, the TDFRS technique will be explained on the basis of the IR-TDFRS
setup. The signal detection will be described in Sec.3.1.4. In the last two sections 3.1.5

and 3.1.6, the signal interpretation and analysis are discussed.

3.1.1. Absorption of Light in the IR-TDFRS Setup

In this work we used mainly the IR-TDFRS setup to determine the thermal diffusion
behavior of aqueous samples. The absorption of water at the writing laser wavelength is
sufficiently high in the IR-TDFRS setup that the addition of dye is not needed. The wave-
length dependent absorption of water was already determined by Hale and Querry [261],
Palmer and Williams [262], Kou et al. [263] and Pope [264]. All groups determined an
absorption between 0.43 and 0.52 cm™! at 980 nm. We perform absorption measurements
using a Cary 50 spectrometer and find an absorption at this wavelength of 0.18 cm™!.
Fig.3.1 shows the comparison of absorption spectra results and literature values. Inde-
pendent from the differences in absorption values, the IR-laser provides sufficiently high

power to write a thermal grating into aqueous samples.

3.1.2. Experimental Setup

The IR-TDFRS setup is sketched schematically in Fig.3.2. A vertically polarized laser
beam at 980 nm is split into two beams of equal intensity by a beam splitter. One beam,
in Fig.3.2 the lower one, passes a A/2-plate which rotates the beam polarization from
vertical to horizontal. A double Pockels cell is used to rotate the light polarization from
horizontal to positive or negative vertical polarization by +90° or —90°, respectively. The

Pockels cell is controlled by a high voltage amplifier (Leysop, England). The switching
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Figure 3.1.: The absorption of water in the wavelength range of visible light and near in-
frared. Absorption curves by Hale and Querry [261] (squares), Palmer and Williams [262]
(circles), Kou et al. [265] (triangles up) and Pope [264] (triangles down) are compared
with measurements performed for this thesis (solid line). The dotted lines are guides to
the eyes and mark the absorption at 980 nm which is used in the IR-TDFRS to convert
the intensity grating of the writing beams into a thermal grating.
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Figure 3.2.: The IR-TDFRS setup is working at a wavelength of 980 nm (writing laser).
A thermal grating is created by the absorption of the interfering IR-laser beams in the
aqueous sample. The analysis of the time dependence of the diffracted red laser beam
intensity yields the thermal diffusion parameters.

time is about 10 pus and thus by a factor of ten faster than the fastest time process to be

measured in this setup.
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Figure 3.3.: The laser path ways in the IR-TDFRS setup. The dotted horizontal line
is the symmetry azis, the solid lines are the IR-laser (black) and the HeNe-laser (red).
The dashed line is the diffracted read-out beam. Inset: sinusoidal temperature (A) and
refractive index (B) grating in the sample. In the warm regions (red), the refractive index
is lower (white).

The upper beam in Fig.3.2, is reflected by a mirror which is mounted on a piezo crystal.
By applying a voltage to the piezo, the position of the mirror can be changed. Thus,
the path length of the beam is controlled and the phase difference to the first beam can
be adjusted. Due to the limited coherence length of the laser, the optical path lengths
of both writing beams are chosen to be equal. Glan-Thompson polarizers improve the
quality of vertical polarization of both beams which interfere afterwards in the sample
cell. The light intensity of the interference pattern is converted by absorption into a
thermal grating. Due to the temperature dependence of the refractive index of liquids,
the thermal grating induces a refractive index grating. Since the derivative of refractive
index with temperature is always negative for liquids, the refractive index is higher in the
colder regions of the temperature pattern, and lower in the warmer regions, respectively.
A third read-out HeNe-laser beam at 632.8 nm (IR-TDFRS: Linos, Germany, Model HeNe
633-30P, 31 mW; class. TDFRS: Research Electro-Optics, Inc., USA, Model-No. 32413,
35 mW) is spatially filtered. The HeNe-laser probes the grating under the Bragg angle.

The relative alignment to the writing laser beams satisfies the Bragg condition:

4—ﬂsin& = g, (3.1)

Ar 2
. . 6,

= qw=oosin— (3.2)

where the indices r and w mark the read-out and writing beams with the wavelengths A,
and A, respectively. g is the scattering vector and 6,/2 and 6,,/2 are the angles to the

symmetry axis (see Fig.3.3).

Behind the sample an IR-filter blocks the IR-laser beams, while the intensity of the
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diffracted HeNe-laser is detected by an avalanche diode (Model SPCM-AQRH-13-FC,
PerkinElmer, Canada). The laser intensity, is adjusted by grey filters to match the op-
timal count rate range of the diode which is between 1 to 3 MHz. A typical normalized
intensity signal in the IR-TDFRS setup versus time is shown in Fig.3.4. A detailed ex-

planation of the signal curve is given in section 3.1.5.

The brass cell holder is temperature controlled by a water bath (E300, Lauda) with a
stability of 0.1 K. The typical temperature range in the experiment is between 15 °C
and 60 °C. A Pt100 sensor is mounted in the cell holder underneath the sample cell to
measure the actual temperature. Apart from the front and back holes for the incoming
and outgoing laser beams, the cell holder is completely closed to minimize heat loss to the
environment. Flow cells by Hellma are used as sample cells with an optical path length
of 0.2 mm. The front and back windows are made of quartz glass and are transparent for

all laser beams.

Before the light beams pass the cell holder, a semitransparent mirror reflects approxi-
mately 1-2 % of the IR-laser beams through a microscope objective onto a camera to
determine the fringe spacing of the interference pattern and therefore the g-vector. Be-
tween the semitransparent mirror and the camera a grey filter with an optical density of
2.0 em™! is mounted to reflect 1-2 % of the intensity onto a second avalanche diode. The
grey filter is used to minimize ghost images due to internal reflections. The avalanche
diode records the time dependence of the interference pattern (excitation function, see

Sec.3.1.3).

The advantage of this setup, working with semitransparent mirrors to split the beam
intensity onto both diodes and the camera, is the simultaneous determination of the
excitation function and the diffracted signal from the sample. This feature was included
into the setup recently. Beforehand the excitation function had to be measured separately
which caused a longer overall measurement time. As the excitation functions had been
measured at an earlier or later time, the experimental conditions changed slightly in the

mean time.

3.1.3. Excitation Function

The mathematical derivation of the working equation (see Eq.3.8) assumes a step function
as excitation function. In reality the build up of the high voltage is not infinitely steep

but has a finite rising time of 10 us. In order to compensate for the delay and to account



42 Chapter 3: Experimental Setups

for a slow change of the grating at long times, the build up of the pure intensity grating is
recorded and its function is used to correct the measurement signal following a procedure
by Wittko and Kohler [265]. A typical time dependence of the excitation function is shown
in Fig.3.4 (dashed line), which is already normalized to the plateau value. The intensity
signal starts at zero intensity and increases steeply within microseconds towards a plateau
value which is reached after 10 us. This is a direct measure of the ability of the Pockels cell
to shift the relative phase of the writing beams by 180°. The excitation function reaches
the plateau when the phase shift is completed. For longer times, the intensity ideally
remains constant in the plateau if voltage and phase are stable. Otherwise a decrease
in the detected intensity is observed which is the case for long measuring times of slow
diffusing systems (7. > 5 s) mainly due to temperature fluctuations along the separated

optical paths of the two writing beams.

3.1.4. Heterodyne Signal Detection

Due to the interference of the writing laser beams a sinusoidal intensity grating is written
in the sample, which is converted into a thermal grating by absorption. This grating causes
a concentration grating due to thermodiffusion. Thermal and concentration grating induce
a refractive index grating which is probed by a third read-out laser beam which does not
alter the thermal grating. The intensity, which is detected by the avalanche diode (IR~
TDFRS) or photomultiplier (classical TDFRS), can be described by the electrical field
vectors of the diffracted beam, E;, the coherent, E., and incoherent beam, Ej,, as [188]
I=|E.+Eq > +E}, = E5+2E.E cos ¢ +E2 +Epf,. (3.3)
whereas the homodyne intensity is Ihomo = Ed2 and the heterodyne intensity is Iy, =
2E4E.cos¢. The background intensity is [, = Ecz—l—EiZm, and ¢ is the phase shift be-
tween the diffracted beam and the coherent background. Dust particles or scratches on
the window of the sample cell generate the coherent background signal. Under standard
conditions, we cannot distinguish between the heterodyne and homodyne signal contri-
butions which is essential for the signal interpretation. One way to differentiate between
both contributions is a phase modulation by 7. Therefore, the Pockels cell shifts the phase

of one of the writing beams by 7. Thus, we obtain two intensities at the detector, Iy
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and Iy, for the 7-shifted and the non-shifted beam, respectively,

Ipin = |Eq@ O™ 4 EP+E2, 3.4)
Iy = |Eqe® +E)*+Ep,. (3.5)
The homodyne part of the intensity signal can be written as
1
Chomo = E (I(j) +1¢+ﬂ:) ) (36)
and the heterodyne part as
1
Chet == 5 (I¢ 71¢+7{') . (37)

We measure the heterodyne intensity signal, because it is more robust than the homodyne
signal [24]. Thereby, a maximization of the heterodyne signal contribution is achieved if
the phase shift between coherent background and diffracted beam is zero. As we cannot
control the phase of the coherent background, we control and stabilize the phase of the
diffracted beam with the piezo mirror. A typical timing diagram is shown in reference [24].
For systems with equilibration times below 10 s the phase control with the piezo mirror
is sufficient, but for slow diffusing systems, long term effects occur due to thermal fluc-
tuations and diminish the contrast of the refractive index grating with time. Hence, the
phase needs to be adjusted during the measurement. For this real-time phase tracking
we analyze the interference grating with the camera, and vary the voltage applied to the

piezo to achieve maximum contrast of the grating.

To improve the signal-to-noise ratio, Iy and Iy 5 are averaged over time using several
repetitions of the measurement (later referred to as runs). The phase is controlled every

two or three minutes which is sufficient.

3.1.5. Signal Interpretation

Fig.3.4 sketches the time dependent normalized heterodyne signal which is measured
through the sample (open symbols) and the corresponding signal of the excitation func-
tion (dashed line). All curves are normalized to the thermal plateau (horizontal dotted
line). The excitation function reaches the plateau after 10 ps and usually stays constant
if no external disturbance declines the intensity grating and the voltage of the ampli-
fier is stable. The intensity signal from the sample approaches the thermal plateau after

approximately 80 ps (vertical dotted line in Fig.3.4). During this time, the light inten-
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Figure 3.4.: The normalized heterodyne intensity signal in the IR-TDFRS setup versus
time. The sample is C7G1/H, O 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 us (vertical dotted line).

sity grating is converted into a thermal grating by light absorption of the sample. The
thermal grating causes a refractive index grating. For liquids in general, the refractive
index decreases with increasing temperature. This dependence is described by the partial
derivative (dn/dT),,, at constant concentration and pressure. Thus, the refractive index
shows a minimum at warmer regions and a maximum at colder regions, respectively. The
read-out laser probes this grating. The detector measures the intensity of this diffraction

peak.

Once, the thermal grating is established, it leads to a mass flux due to thermal diffusion.
This second process is one or two orders of magnitudes slower than the first thermal
process. This makes it possible to separate both processes. The mass flux causes an
additional local change in refractive index. One has to distinguish between two cases: In
one case, the component with the higher refractive index moves to the cold regions of the
thermal profile. This amplifies the refractive index profile in the sample and the detected
intensity increases with time. Otherwise, the component with the higher refractive moves
to the warm regions and the amplitude of the refractive index profile is lowered. Hence,
the detected intensity decreases with time and the concentration plateau is found at lower
intensities compared to the thermal plateau. Fig.3.4 shows both situations where the
amplitude of the refractive index profile is amplified (squares) or diminished (circles)

during the concentration process.
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3.1.6. Signal Analysis

The time dependent heterodyne intensity signal, Cpe(f), of the diffracted beam is de-
scribed by an exponential fit function expressing the fast thermal process and the slow

concentration process with the thermal time 7y, and the equilibration time 7, respectively,

Gl =B{ (1-¢ %) - A [n (1= 8) ~m(1-e )]} @9

with the scaling factor, B, and the amplitude of the second plateau, A, which relates to

pw

as

the Soret coefficient as

with the concentration of the referring component of the mixture in equilibrium, w, the
Soret coefficient, St, and the refractive index increment with temperature at constant

pressure and concentration, (dn/dT), , or with concentration at constant pressure and

pw?

temperature, (dn/dw) respectively. The derivatives of the refractive index have to be

pT
determined in separate experiments (see Secs.3.3.1, 3.3.3 and 3.3.4). The refractive index
increments are a measure to which extend the refractive index varies with temperature or

concentration. These values are known as contrast factors.

We obtain the mass diffusion coefficient
—1
D= (tq") (3.10)

from the equilibration time of the concentration process, 7., and the scattering vector,
qg. The thermal diffusion coefficient is calculated by Eq.2.22. Traditionally Dt can also
be determined from the initial slope of the concentration part of the heterodyne intensity
signal. We derive Dt by expressing Eq.3.8 as a Taylor expansion (see Appendix A).
Hereby, the thermal diffusion coefficient is found as a linear factor in the first order term.

Higher terms do not improve the expansion accuracy and are neglected.

3.2. Dynamic Light Scattering

Dynamic light scattering (DLS) is a well established method to determine the collective

diffusion in a liquid mixture, solution or dispersion [266-271]. DLS is suitable to investi-
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thermostated cell holder

detector

Figure 3.5.: Sketch of the dynamic light scattering setup. Incident light from a coherent
laser is focused on the scattering volume. The inner sample (grey) is in thermal equi-
librium with the surrounding toluene bath (blue) which is temperature controlled. The
scattered light intensity is recorded by a detector which can be moved to measure at differ-
ent angles. Due to Brownian motion, the scattered light intensity varies with time.

gate monodisperse particles or to determine the size distribution of polydisperse samples.
The detectable particle size is in the range of some nanometers up to a micron in diameter.
The lower range is limited due to the operating speed of the correlator and detectors. For
larger particles the DLS technique is not feasible due to the sedimentation of the particles

unless they are density matched.

One of the main disadvantages of the DLS method is the determination of the hydrody-
namic radius which is the equivalent of a sphere with the same radius. This is not always
directly related to the shape or rigidity of the measured solute particles, but also influ-
enced by interactions with the solvent and between the particles. Later investigations of
microemulsion droplets (chapter 6) requires the knowledge of the radius of gyration, which
is a better measure of the shape of the solute particles. For that purpose, we additionally

employ neutron scattering experiments as briefly described in Sec. 3.5.

In the following, the experimental setup is explained and the data analysis is described un-
der the assumption of monodisperse samples. Later, we will also discuss the polydispersity

of systems, which have been investigated in this work.

3.2.1. Principle

A cylindric sample cell is mounted in a thermostated toluene bath. On the one hand, the
toluene bath provides a precise temperature control with a stability of 0.1 K (Lauda E300

thermostat) and on the other hand it reduces scattering from the sample cell surfaces.
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The time dependent intensity of scattered light from a monochromatic and coherent light
source (HeNe-laser at 632.8 nm) of the dissolved particles in the scattering volume is
detected. The scattering intensity depends on the size of the particles and the scattering
angle. The latter one is varied in a range from 30°, which is close to forward scattering, to
150° close to backscattering. The incident light is scattered by particles or concentration
fluctuations. Destructive and constructive interference leads to a fluctuating intensity.
The time-intensity-correlation function, g»(7), is a measure for the similarity of two scat-
tering states at different times and is described as the averaged sum of the products of
the intensities I(¢) and I(t 4 7) at times 7 and ¢ + 7, respectively, at different delay times

T,
1

toral

(1) = {I(1) 11+ 7)) =

/0 @)1+ 7). (3.11)

g2(t) can be expressed with the normalized field-time correlation function, g;(7), (see

Fig.3.6) by the Siegert-relation
£(7) =B+ B (g1(7))° (3.12)
where By and B are dimensionless instrument factors. g;(t) can be expressed with to
gi(t)=e T = 00" (3.13)

with the decay rate, I', and the translational diffusion coefficient, D. The decay rate is
calculated from the correlation function which is in turn fitted by a single exponential
function for monodisperse suspensions. Another fit function is a stretched exponential
function, the so called Kohlrausch-Williams-Watts (KWW):

Prww(1) = ¢~ (Do (3.14)

with the fit parameter Bgww. A fit of Eq.3.14 on one of the correlation functions, which
was measured at a scattering angle of 30°, is drawn as a dashed line in Fig.3.6. This
general writing of the KWW function is used in a wide scientific range working with
relaxation dynamics or exponential stress decay processes [272,273]. The translational
diffusion coefficient is the linear slope of the I'(g?)-plot. A typical dependence of the
decay rate on the squared scattering angle is shown in Fig.3.7 for an aqueous surfactant
solution containing 0.021 wt CgG; at 20 °C and 30 °C and scattering angles between 30°
and 150°.
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Figure 3.6.: Correlation signal of a 0.021 wt C3G/HyO mizture at T = 20 °C. A
single exponential KWW-function (dashed line) was fitted to the data points (open circles).
The vertical dotted line marks the correlation time obtained by KW W-fit.

The Stokes-Einstein-Equation is used to calculate the hydrodynamic radius ry,

 keT
~ 6nnD

ry (3.15)
with the Boltzmann constant, kg, the temperature, T, and 7 is the viscosity of the
solvent which is approximately equal to the viscosity of the pure solvent at the respective
temperature and concentration. Eq.3.15 can only be used, if the mixture is sufficiently
high diluted and far away from critical points (rg-0 << 1). At higher concentrations the
collective diffusion coefficient is measured and not the self-diffusion coefficient and the

Brownian theory cannot be applied for the calculation of the hydrodynamic radius [274].

Hence, the hydrodynamic radii of the exemplary investigated surfactant micelles in
Figs.3.6 and 3.7, are calculated to rg = (3.19£0.33) nm at 20 °C and to rg = (3.35+
0.15) nm at 30 °C. A more detailed discussion of the concentration and temperature
dependence of the micellar systems is given in Sec.2.2.1. Due to the small size of the
micelles, it is not possible to obtain further details about the shape. This would require

SANS measurements.

Up to this point, the latter discussion was based on the assumption of monodisperse
samples. However, for polydisperse particles, Eq.3.13 is not usable, as multiple decay
times occur in the correlation function. In that case, g1(7) is expressed as a sum of several
weighted decay terms, or as a continuous distribution function which is often determined
with the (CONTIN) program [275,276]. For microemulsions close to the emulsification
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Figure 3.7.: The decay rate versus the squared wave vector for different scattering angles
at 20 °C (circles) and 30 °C (squares). The diffusion coefficient is given as the linear slope
(dashed line). The sample is CgGy/H, O with a weight fraction of 0.021 wt.

failure boundary, CONTIN yields a narrow size distribution while at higher temperatures,
CONTIN predicts a wider size distribution [277]. In this case, the most probable size is

taken for further calculations.

3.3. Refractive Index

As discussed in Eqs.3.9 the determination of the thermal diffusion coefficient and the Soret
coefficient requires the measurement of the refractive index increments. In the following,
the experimental setups are introduced which determine the absolute refractive index by
critical angle determination in Sec.3.3.1 or the increment of the refractive index with
temperature using the change of optical path length in a medium due to temperature
changes in Sec.3.3.3 and Sec.3.3.4.

3.3.1. Refractometer

We use a refractometer from Anton Paar (Abbemat RXA 156), working with a synthetical
sapphire prism at a wavelength of 589.1 nm (Na-D line) as it is shown in Fig.3.8. In this
machine, a 2048 pixel array is used to measure the intensity of refracted light. The critical

angle, where the intensity curve shows a pronounced bend, is determined automatically
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) R
light source detector®

Figure 3.8.: Sketch of the Abbe refractometer: At the interface between the solution
(green) and the prism (blue) light from a diode (dark grey) is refracted. Beforehand, the
emitted light is filtered (yellow) and focused (red lens). A pizel array (light grey) detects
the angle-dependent light intensity. B is the angle of refraction at the critical point where
total internal reflection occurs.

by the instrument. The prism is temperature controlled by a Peltier thermostat with a
temperature stability of 0.03 K in a range between 10 °C and 70 °C. A high-power LED
is used as light source and the Na-D line is selected by an interference filter yielding a

wavelength error of 0.1 nm. The error of the refractive index value is 2-1075.

3.3.2. (dn/dw), -Determination at Phase Transition Boundaries

The determination of the refractive index derivative with concentration is in general a
fast and precise method. We use the refractometer from Anton Paar (see Sec.3.3.1) and
measure the refractive index at constant temperature for different concentrations which
are slightly lower or higher than the actual concentration (4 10%). By that, we determine
the slope of the refractive index with respect to concentration for constant pressure and
temperature at the desired concentration. The measurement of the refractive index re-
quires homogeneous samples. Therefore, special care needs to be taken if microemulsions
are investigated, because due to evaporation the concentration can change, which might
lead to a phase separation. Also a change in temperature might bring the system from the
1¢ region into a 2¢ region as it is sketched in Fig.3.9. The main problem in 2¢ is that the
composition of the microemulsion changes locally if a second phase occurs (see Sec.2.3.1).
This leads also to an inhomogeneous refractive index, which makes a measurement of the
refractive index increment unreliable. The refractive indices of the lower concentrations
can be directly measured, because they lie in the 1¢ region (solid stars in Fig.3.9). In
order to obtain the refractive index increments of a specific concentration, the refractive

indices at higher concentrations need to be extrapolated from the 1¢ region (pentagons in
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Figure 3.9.: Determination of the refractive index derivative with concentration for
microemulsion systems in the 1¢ phase (grey area). The solid circle marks the desired
concentration at which the refractive index increment with concentration is determined.
Therefore, the directly measurable concentrations (filled stars) and the extrapolated data
points (white pentagons) are used. The pentagons are determined by extrapolating from
higher temperatures in 1¢.

Fig.3.9). The directly measured and extrapolated refractive indices are used to determine

the (dn/dw), r-value at the desired concentration (circle in Fig.3.9).

The extrapolation to the data points in 2¢ region needs a sufficient large temperature
range in 1¢ region. At least three different temperatures are measured. Generally tem-
peratures in the lower third of the 1¢ funnel close to the efb are taken, because network-like
structures are formed above. The phase diagrams of nonionic microemulsions show that
the funnel shrinks in temperature with increasing oil concentration (Sec.2.3.1). If the
temperature range becomes too narrow to perform reliable refractive index measurements
in the 1¢ region, we do not measure at higher concentrations and only take refractive

index values from lower concentrations into consideration to determine the slope.

3.3.3. Michelson Interferometer

In this section, the main principle of the (dn/dT), ,, determination is discussed. For this
purpose we use a Michelson interferometer [265] as shown in Fig.3.10. Later, an improved

interferometric setup will be introduced in section 3.3.4.

A HeNe-laser (5 mW at 632.8 nm, Type 25-LHP-151-230, Melles Griot, USA) beam,

which intensity is controlled by two polarizers (P 2), passes a beam splitter and is partially
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reflected at the surfaces of the sample cell (Hellma, Germany, optical path length: 10 mm).
The sample cell is in thermal equilibrium with a brass cell holder (77) which is thermally
insulated from the environment and temperature controlled by a thermal bath (Lauda
E300) with a temperature stability of 0.1 K. The thermal fluctuations inside the sample
holder are sufficient low and the temperature is determined by a Pt100 sensor which is
connected with a computer. The computer sets the bath temperature and records data

during the measurement.

There are four reflections when the laser beam passes the sample cell at the air-glass
interfaces and the glass-sample interfaces at the front and at the back side of the cell. The
major part of the beam intensity is reflected at the interfaces of higher refractive index
difference, which are the air-glass interfaces. Hence, mainly those two reflected beams
interfere at the detector, because the front and the back windows are never perfectly
parallel. In front of the detector a pinhole of less than 1 mm in diameter detects only
a small area of the interference pattern. As the reflected beam from the back window
passes the sample twice its intensity will be for a turbid sample much lower than the
intensity of the beam reflected at the front window. The optical path length through the
sample depends on the refractive index which changes due to a temperature change. A
variation in temperature causes a phase modulation of the beam which passes through the
sample. Meanwhile the phase remains nearly constant for the primarily reflected beam.
The relative phase shift between both beams in turn causes a shift of the interference
pattern. By changing the temperature continuously, the interference pattern moves which
induces a sinusoidal intensity at the photo diode. With an applied temperature gradient
of 0.5 K/s, the detected intensity versus time or temperature, respectively, is shown as a
black line in Fig.3.11.

We start the measurement at a temperature Ty, and wait for one hour for thermal equi-
libration of the sample. Special attention has to be paid to the microemulsion samples,
for which the cell, the cell holder, and the microemulsion have to be thermostated before
filling to ensure that the sample is in the 1¢ region and stays there during the measure-
ment. Afterwards, we vary the temperature continuously with time until we reach the
end temperature Ty,p. The applied temperature gradient is in the range of 0.5 mK/s to
1 mK/s and small enough to have the system all time thermally equilibrated. During the
measurement, the refractive index is decreasing (TS,OP > Tgare) OF increasing (Tsmp < Tyart)
as the derivative of refractive index with temperature is negative for liquids. Fig.3.11
shows the time dependence of the recorded intensity. The results have been obtained for
a microemulsion of HyO/Cj9/C2Es, (12 =0.03 wt, wg = 0.029 wt).
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Figure 3.10.: Sketch of the Michelson interferometer. Pia are polarizers, 11 is the
thermostated brass cell holder. The computer records data from the photo diode (D) and
controls the temperature of the cell holder.
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Figure 3.11.: The detected intensity in the Michelson interferometer versus tempera-
ture. The temperature gradient is 0.5 K/s. A microemulsion is used (HyO/Cy9/Ci2Es,
Y. =0.03 wt, wg =0.029 wt). The periodicity in terms of T/2 versus temperature (open
circles) is fitted linearly (dashed line) and the vertically dotted lines are guides to the eyes
and mark the m-steps of the intensity function. The slope d@ /T (dashed line) is required
i Fq.3.16.

The refractive index increment can be calculated with [265]

() “A (%) (%) ah(Z) n (2
o),  4m\JT),, i \or),, ~“i\or),, “1\or),,
~—1.86-10~7 =-2.45.10" ~1.13-10-¢
(3.16)

The first term accounts to the phase change with temperature in the sample cell, the

second term accounts for the thermal expansion of the cell windows, the third term is
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deduced from the changes of the refractive index of the cell windows due to temperature
changes and term four relates to the length expansion of the sample cell with temperature.
Parameters are the refractive index of the window, n,, = 1.457, the thermal expansion
coefficient of the front and back windows, ¢, =5.1-1077, the thermal expansion coefficient
of the cell surfaces parallel to the beam, o = 7.5-1077, the wavelength of the HeNe-laser,
A, the optical length of the absorption cell, I, the optical window thickness, [, and the
periodicity of the intensity function, ¢. Typical values for the characteristic terms of the

material properties are given below the equation.

3.3.4. Improvements of the Michelson Interferometer

The advantages of the previously described Michelson interferometer are clear. The setup
is compact and thermal fluctuations of the phases are small. One beam passes the ab-
sorption cell twice which doubles the investigated optical path length through the sample

volume, but this leads to problems for turbid samples.

Technical difficulties arises from the geometry of the cell. The angle of the front and back
windows to the laser beam have to be within a tolerance to permit interference. In the
standard setup also the number of interfaces for both beams is different. The reflected
beam from the back window has to pass seven interfaces while the reflected beam from
the front window only passes one interface. The intensity of the laser beam which passes
the sample twice, can be reduced by an order of magnitude and more, if the turbidity
of the sample is high. This leads to a very weak intensity modulation which can not be

analyzed.

We constructed a new Michelson interferometer for the measurement of strong scattering
and turbid samples. Additionally, the new setup does not suffer from of the sample cell
geometry. At the same time, the main advantages of the previous setup are kept. A
sketch is shown in Fig.3.12. The whole setup is aligned on an optical breadboard to avoid
mechanical vibrations. The laser beam (HeNe-laser, Polytec, Type PL-750P, 5 mW at
632.8 nm) is split by a beamsplitter cube in two beams of equal intensity. The reference
beam is directed through a continuous grey filter wheel (F) onto a photodiode (D), while
the measuring beam passes the temperature controlled sample cell and is superimposed
to the reference beam by a semi-transparent mirror (Mj,) with a transmission of 50 %.

The sample cell and the cell holder are identical to the standard interferometric setup.

The main problem of the construction is that the total path length of the separate beams is
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Figure 3.12.: Sketch of the improved Michelson interferometer, optimized for strong
scattering or turbid samples. P) are polarizers, D is the photo diode and CBS is the
beamsplitter cube, T is the temperature controlled brass cell holder and Ty is the thermally
insulating box surrounding the interferometer. The mirrors are My, My (no transparency)
and Myy (50% transparency). F is the continuous grey filter wheel to match the intensities
of both beams. D is the photo diode. The computer records the data from the diode and
controls the temperature of the cell holder.

about 40 cm. Perturbing effects such as temperature fluctuaions have to be minimized as
they disturb the optical path length measurement. Therefore, the cell holder is thermally
insulated in a box T; and the entire setup is surrounded by a box T,, whereas the
laboratory is air conditioned and the room temperature is kept constant with a stability
of £1 K. The mechanical effects due to vibrations of the building are sufficiently blocked
by the optical breadboard. It should be mentioned, that the path length difference of
both beams is less than 1 cm and smaller than the coherence length of the HeNe-laser so

that we satisfy the conditions for interference.

The interference pattern is optimized by adjusting the intensity of the reference beam
to the same intensity level as the measuring beam (which passes the sample cell) with
the continuous grey filter. Additionally, both intensities are reduced by the polarizers
to a level that the photodiode responses linearly. A power meter (fieldmaster, Coherent,
USA, discrepancy of 2% at 632.8 nm) is used to adjust the beam intensities. Finally, the
semitransparent mirror M2 and the mirror M; are used to align both beams onto the
photodiode.

Thermal as well as mechanical fluctuations can never be suppressed completely. To de-
termine the strength of present fluctuations, we perform test measurements with pure

water in a temperature range between 37 °C and 43 °C to determine the contrast of the
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Figure 3.13.: Intensity (filled symbols) and temperature (open symbols) versus time of
water. The dotted lines mark the range used for the error calculation.

measurement. The inset of Fig.3.14 shows the recorded sinusoidal intensity versus tem-
perature. The full amplitude of the signal is 6.57 in arbitrary units. Then in a second
measurement, the temperature was kept constant at 40.00 °C in the water bath. Due
to a loss of heat in the water cycle, the real temperature was approximately 39.41 °C.
After an equilibration time of 60 minutes, the intensity and temperature were recorded
for four hours (Fig.3.13). Assuming a perfect measurement, no change in temperature
should occur, but an increase in the detected intensity indicates that the temperature was

not constant. It is assumed that the room temperature changed.

The distribution of data points versus intensity is fitted by a Gaussian distribution using

2
y(1) =yo+c%/27re () (3.17)
with the standard deviation, o, the expectation, u, and the offset, yo. It is assumed,
that yg = 0. The Gaussian fit is plotted as a dashed line in Fig.3.14. Deviations occur
at higher intensities (I > 2.9) due to the influence of the room temperature. The Gauss
distribution shows a main peak at 2.57 (vertical dotted line) and the full width at half
maximum is calculated to AT =0.20 (horizontal dotted line) or 3.0 % regarding the pre-
viously determined intensity range of 6.57. This value is taken as a statistic error of the

setup.
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Figure 3.14.: The intensity distribution (solid line) is fitted with a Gaussian function
(dashed line). The full width at half mazimum is given as a dotted line. The systematic
error is approximately 3.0%. Inset: (an/c?T)p?w-measurement of pure water in tempera-
ture variation from 37 °C to 43 °C to determine the achievable minimum and mazimum
intensities (horizontal dotted lines). The circle marks the temperature at which data from
F19.83.13 were recorded.

3.4. Surface Tension Measurements

One goal of this work was the determination of the thermal diffusion behavior of aque-
ous surfactant solutions close to the c¢me. For the determination of the cme, surface
tension measurements have been performed in Koln. Concentration series at different
temperatures have been measured for each surfactant. Then, the cmc is determined as
the concentration, where the surface tension turns from a concentration dependence to

an independent behavior.

In general, surface tension is a property of a fluid surface to resist against external forces.
It is caused by molecular attraction forces between molecules in the interface to a fluid
or gas phase. In the liquid phase, intermolecular cohesion forces are homogeneously
distributed and each molecule attracts neighbor molecules. Hence, the total force on a
molecule in the liquid phase is zero. Contrarily, in the interface the attraction forces
between the molecules are spatial inhomogeneously distributed since there are no more
neighbor molecules in the gas phase and the total force points perpendicular to the surface
into the bulk (Fig.3.15). Thus, the driving forces push surface molecules into the liquid

phase to minimize binding energy. On the other hand, energy is needed to bring a molecule
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gas phase

() liquid phase

Figure 3.15.: Intermolecular attraction forces are sketched in the fluid phase (blue) and
in the surface layer to the gas phase (grey). The circles sketch water molecules. The
total force is zero for molecules in the liquid phase (black arrows), while it is directed
perpendicular to the surface area for molecules in the surface layer.

into the interface as bonds to surrounding molecules have to be broken. Accordingly, a

reduction of surface area comes along with a gain in energy.

Then, the surface tension, o, is given as the ratio of required energy (or work), AW, which

is needed to enlarge the surface area by AA:

AW

This work is equal to the change of the Gibbs free energy and the surface tension is defined

by
G
o = (ﬂ) - (319)

with the Gibbs free energy, G, the area, A, and d/dA is the partial derivative with the

area at constant temperature and pressure.

The surface tension can be decreased by increasing the temperature or by adding a sur-
face active component. We used nonionic sugar surfactants. The surfactants have a
hydrophobic carbon chain of different length and one or several hydrophilic sugar rings as
head group. These amphiphilic molecules prefer to go into the air-liquid interface. The
surface tension decreases with increasing surfactant concentration. At a certain concentra-
tion, the surface is saturated with surfactant molecules. This concentration is called the
critical micelle concentration (¢mc). Above this concentration, the surfactant molecules
will aggregate in the liquid. It is energetically favorable to screen the carbon chains from
water: micelles are formed, wherein the hydrophobic chain is found in the inner micellar

core and the hydrophilic surfactant head group is in contact with the aqueous solvent
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in the micellar shell. Also single surfactant molecules are dissolved in the solvent and
molecular exchange occurs between the micelles and the free surfactant molecules in the
liquid or in the surface layer, respectively. The micellar shape and structure depend on
the hydrophilicity of the surfactant head group whereas the cmc strongly depends on the
hydrophobicity of the surfactant carbon chain which generally initiates the formation of

micelles (see Sec. 2.2.1).

In the following, the concentration dependence of the surface tension is used to determine
the ¢me (see Sec.3.4.1). As a variation in temperature can also induce the formation
of micelles, the respective temperature is called critical micelle temperature (¢mt). In
the following, the experimental method is briefly discussed and the working equations to

determine the critical micelle concentration are introduced.

3.4.1. Setup

Several methods are known to measure the surface tension of a liquid-gas [278] or liquid-
solid interface [279-281]. We perform the measurements in Koln with a Kriiss digital
tensiometer K10T using the Du-Noiiy ring method [282-284]. A ring, dipped in the liquid
phase, is pulled out of the phase. The surface tension causes the liquid film to stick to
the ring. By pulling the ring out of the liquid phase, this film is stretched. The maximum

force, which is required to stretch the film before the ring looses contact, is measured.

The temperature in the tensiometer is kept constant with a stability of 40.1 K within the
measuring range between 15 °C and 40 °C. We perform concentration series starting at
highest concentration and dilute the mixture stepwise. Before each measurement, we wait
until the mixture is in equilibrium and the surface tension is constant for 90 minutes. This
equilibration time was also used by Inoue et al. [285] for aqueous solutions of polyoxyethy-
lene oleyl and polyoxyethylene stearyl. The concentration series is measured at constant

temperature. The surface tension of pure water is taken as the lowest concentration value.

3.4.2. Theory

The experimentally determined surface tension o“? has to be corrected for finite wall
effects [286] by
o =1.076“"F (3.20)
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Figure 3.16.: The surface tension of C7G/H O at temperatures: 15 °C (squares), 20 °C
(circles), 30 °C (triangles up), and 40 °C (triangles down). For T = 40 °C (triangles
down), the dashed lines represent the fits: FEq.8.22 is applied in the low concentration
regime while a linear fit was used to fit higher concentrations.

where F is the correction factor [287]

exp
F=0.725+ \/0.4036- 107> +0.0128 (3.21)

mix ~ Fair

with the macroscopic densities pz?ir and pr?n-x of air and the mixture, respectively. The
corrected surface tension values from Eq.3.20 versus concentration are fitted using a linear

regression for w > eme, and the Langmuir-Szyszkowski equation [288] for w < cmc:
oc=o0p—aln(bw+1) (3.22)

with the surfactant concentration, w, and the fit parameters a and b. At the lowest
concentration, the Langmuir-Szyszkowski equation deviates but close to the intersection
point, Eq.3.22 describes the data at 40 °C accurately and the intersection of both fits
provides the cmc. Fig.3.16 shows the surface tension versus the logarithmic concentration
for the aqueous C7Gy system at several temperatures. The surface tension decreases with

increasing temperature.

It was already discussed in Sec. 2.2.1 that the hydrophobic chain of the surfactant plays an
important role for micelle formation: By increasing the chain length, the ¢mc decreases.
This behavior is depicted in Fig.2.2 which shows the surface tension versus the concen-

tration for a few C;G;/H,0 systems. The c¢cme of CgGy is a factor of three smaller than
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the e¢me of C7Gy. The determined critical micelle concentrations of C7G; and CgG; are
in good agreement with data given in Tab.2.1, while the e¢mc of CgGy is four times lower
than comparable data in Tab.2.2. In Appendix E it is suggested that impurities decrease
the e¢mc. Detailed information on the surface tension measurements of all investigated
sugar surfactants are given in reference [277]. In this work, we use the determined cmc

values to estimate the concentration range for the thermal diffusion measurements.
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3.5. Small Angle Neutron Scattering (SANS)

3.5.1. Introduction

Small angle neutron scattering (SANS) is a method to determine the size and shape of
nanostructured matter by analyzing the time averaged intensity distribution of scattered
neutrons as function of the scattering vector g. An advantage of SANS, and hence of
neutrons, is the use of uncharged scattered particles. Contrarily to electrons, which are
used as scattered particles in small angle x-ray scattering (SAXS) [289-291] or electron
diffraction techniques, neutrons are not influenced by the electric field contribution of the
scattering particle. Thus, neutrons are able to penetrate deeply into the atomic structure.
As neutrons are scattered at the atomic structure and not at the electron cloud in the
shell, SANS is sensitive to isotope effects [292]. Due to a nuclear magnetic moment [293],
neutrons are greatly used to investigate magnetic materials [294,295] as neutrons interact
with unpaired spins and orbital moments of the particles. The main disadvantage of

neutron sources is the low flux density compared to other scattering techniques.

We perform SANS measurements to determine the size and shape of microemulsion
droplets at the efb. In the following, the SANS technique is briefly introduced.

3.5.2. Experimental Setup

We performed SANS experiments using the KWS-1 instrument at FRM2 (Garching, Ger-
many) [296] which is sketched in Fig.3.17. The available neutron flux at the reactor is
approximately 10 s=! (only thermal neutrons) [297,298]. At the sample position, the
flux is reduced to 10 s~ to 10® s~! and depends on the apperture settings and the col-
limation length. For SANS, thermal neutrons are used with a kinetic energy of less than
100 meV which corresponds to typical wavelengths of 3 —30 A. The neutron guide collects
the reactor neutrons not directly at the source but in a distance of a few centimeters, where
the neutrons are slowed down by collisions with the moderator in the reactor containment
(D,0) to thermal energies at 300 K. The enormous energy distribution of neutrons is pre-
selected by a Dornier velocity selector and a chopper. Behind the monochromators, the
wavelength distribution is approximately AA/A & 0.2 [299]. With the de Broglie relation

the wavelength, A, is given by the velocity, v, and mass of a neutron, m:

A= - (3.23)
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Figure 3.17.: Sketch of the setup for small angle neutron scattering. Neutrons from the
reactor are filtered by the monochromator and are focused through the collimator on the
sample in the thermostated cell holder. The distribution of scattered neutrons is measured
at the detector in an evacuated tube. The detector can be moved to vary the sample-detector
distance.

with the Planck constant, . For our experiments we used wavelengths of 7 A and 12 A.

The neutron beam is focused on the sample position by a collimator. In the KWS-1
instrument, the collimator consists of several apertures with a distance to the sample
between 2 m and 20 m. Due to the improved brilliance of the collimated neutron beam,

the neutron flux is reduced by several orders of magnitude.

Scattered neutrons are detected on a panel matrix of 128 x 128 channels of ®Li glass
(max pulse rate of 1 MHz and a detection probability of 95 % for 7 A neutrons) which

is mounted on an area of 60 x 60 cm?

. Unscattered neutrons of the primary beam are
blocked. The detector is mounted in the evacuated tube on a slide to tune the distance to

the sample between 1.35 m (large scattering angles) and 18 m (small scattering angles).

3.5.3. Contrast Factor

Similar to other neutron scattering methods, i.e. neutron reflectivity (NR), SANS takes
advantage from different scattering length densities of nulcei of different elements. Hereby,
the scattering length density is a measure of the interaction strength of a neutron and a
nucleus. Another important advantage of SANS is, that the scattering length density of
hydrogen and deuterium have opposite signs [300]. Thus, a variation of scattering length

densities can help to achieve a good contrast easily.

The contrast is generally tuned by the exchange of protonated with deuterated solute or
solvent molecules [301-304]. The scattering length density of hydrogen is negative, which
means that a neutron scattered at a hydrogen nucleus is 180° out of phase relative to

those neutrons scattered by the other elements’ nuclei. On the other hand, the scattering
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length density is positive and in absolute values two times higher for deuterium [291,305].
For the investigation of the shell contrast of the microemulsion droplets, we deuterated
the n-alkane. Therefore, the scattering length density of the alkane is matched to the scat-
tering length density of the surrounding bulk phase by mixing deuterated and protonated
alkanes. The determined particle radius by SANS then refers approximately to the point
between the surfactant head group and the chain. The effective radius of a droplet is
obtained by adding 6 A which is approximately the half length of the surfactant molecule
in the interface. The composition of the deuterated mixtures was chosen to achieve the
same volume fraction as the protonated mixtures which leads to slightly different mass
fractions. The deuteration of the solvent also leads to lower temperatures of the phase
boundaries [306, 307].

3.5.4. Data Analysis

The fundamental variable in SANS measurements is the g-vector, which is defined by the
— —
incident wave vector, k;, and the scattered wave vector, k:

1T =%y~ %l (3.24)

Its magnitude is given as a function of the scattering angle, 6:
=|q|=——sin= 3.25
a=171=" (325)

with the neutron wavelength, A, and the refractive index, n.

In SANS measurements, the scattered intensity distribution is recorded at the detector
plane. Edge effects of the detector and distracting pixels are removed with a software
and the intensity distribution is radially averaged, denoted as Lample- fsample Deeds to be
corrected due to the background intensity and contributions from the cell. Then, the
measured intensity is calibrated to a standard to obtain the absolute intensity. Plexiglas
of 1.5 mm optical path length was used as the calibration standard for which the absolute
incoherent scattering intensity is known. It can be used as a reference to determine the

detector sensitivity. The absolute intensity of the sample is then calculated by

nam ©
Lsample — Iog — Tecpl (lec — [bg) Thiexidplexi  dX
I(q) = Torexi ' '

Iplexi — Ibg — pchan (Iec — Ibg) Tsa.mpledsamp]e dQ plexi

(3.26)
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with the transmission of the sample, Tiample, the background intensity at the detector, Iyg,
the scattered intensity and transmission of the empty cell, I and T¢¢, respectively, and the
intensity and transmission of the calibration standard, Iyexi and Tpexi, respectively. d is
the optical length of the cell and dZ/dQ|plexi is the absolute cross section of the standard.

The absolute intensity as a function of ¢ (Eq.3.26) is proportional to the form factor,
P(gq), and the structure factor, S(g). By the assumption of monodisperse and spherically

symmetric particles it can be written as [308]

1(q) = N (Ap)*V*S(q)P(q) , (3.27)

with the number density of particles, n, the difference in the scattering length density
between the particles and the solvent, Ap, and the volume of the particles, V. The form
factor provides information about the structure of the particles while the structure factor
provides information about the particle interaction. In the case of highly diluted systems
where particle-particle interactions vanish, the structure factor is equal to one and the

absolute intensity only depends on the form factor [309].

Several scattering models have been developed to describe the particle geometries and in-
teraction effects. The form factor for spherical micelles of a homogeneous sphere [310] with
an extension for diffuse interface has been proposed by Strey et al. [307]. For microemul-
sion droplets, the scattering contribution of the droplet core was taken into account by
Foster et al. [311] using a model for a polydisperse spherical Gaussian shells with a dif-
fuse interface [312]. Most simple the structure factor can be analytically derived with
the Percus-Yevick approximation [313]. A model for the structure factor was introduced
by Baxter [314]. A sticky hard-sphere potential is assumed which describes the particles
as hard spheres with an attractive delta function potential at the surface. An overview
about the various mathematical expressions regarding the form factor and the structure

factor which are used in this work can be found in the thesis of Sascha Datta [277].
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SORET EFFECT OF CsG; IN WATER AROUND THE CMC

We studied the thermal diffusion behavior of the nonionic surfactant CgG (n—Octyl f—D—
glucopyranoside) in water for different concentrations between w=0.25 wt% and 2.0 wt%
in a temperature range from 15 °C to 60 °C using the classical and infrared thermal
diffusion forced Rayleigh scattering (TDFRS) setup.

The purpose of this chapter is the investigation of the thermal diffusion behavior of sur-
factant systems around the critical micelle concentration (c¢mc), which is independently

determined by surface tension measurements.

4.1. Introduction

Several experimental techniques have been used to study the thermal diffusion behavior
of surfactant systems. Piazza et al. investigated an ionic surfactant, sodium dodecyl
sulphate (SDS), in water using a beam deflection and a thermal lens setup [37,48]. They
found that St increases with increasing salt concentration due to the strong influence
of intermicellar interactions. They investigated also the nonionic surfactant B-dodecyl
maltoside (C12Gy), which has the same hydrophobic tail as SDS and two glucose rings
as head group. CjGy-micelles showed a strong tendency to move to the cold region
(St > 0), which might be caused by the interaction of the surface of micelles with the

solvent via hydrogen bonds. Ning et al. studied a series of nonionic surfactants in water

67
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Figure 4.1.: Molecular structure of B-CgG.

in a wide temperature and concentration range using the thermal diffusion forced Rayleigh
scattering (TDFRS) technique [39,40]. For their measurements a small amount of an ionic
dye (Basantol™~ Yellow) is added in order to create a sufficient temperature gradient. The
measurements show that the addition of the dye influences the thermal diffusion behavior
considerably. Therefore the IR-TDFRS setup has been developed to avoid the addition

of dye for aqueous systems [75].

Santos et al. investigated the Soret coefficient of potassium laurate in water and found
an abrupt change of the matter lens signal at the c¢me [34]. Unfortunately, an evaluation
of St was not possible due to the presence of the dye which complicated the analysis.
Therefore, it remained unclear to which extend the c¢mc is also visible in the thermal
diffusion, diffusion and Soret coefficient. To clarify these observations the thermal diffusion
behavior of micellar systems with a high ¢me needs to be investigated without the addition

of dye.

Among the wide range of surfactants we found nonionic sugar surfactants with a fairly high
cme, such as n—Octyl B—D—glucopyranoside, in the following referred to as CgG; [315].
The B—form has a linear molecular structure which is shown in Fig.4.1. Additionally,
an a—L—form exists, which differs in the linkage between the hydrophilic head and the
hydrophobic chain of the alkyl glucoside [207,316], but this less common a-form will not

be considered here.

Many properties such as the phase and structural behavior, the influence of salt,
but also the solute-solvent interactions have been studied for aqueous solutions of
CsGj [207,223,317]. From previous studies on aqueous systems [62,140] we know that the
solute-solvent interaction and the capability to form hydrogen bonds often influence the
thermal diffusion behavior. Pastor et al. [317] determined the number of water molecules
(hydration number), surrounding the CsG molecules. They found a hydration number of
16 for monomers below the c¢me, which is decaying exponentially above the c¢cme to 8 for

concentrations around 1.5 wt%, while at the same time the aggregation number increases
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Figure 4.2.: Phase diagram of CgGy, redrawn from Nilsson et al. [207].

from 5445 to 10445 when increasing the concentration from 0.85 to 1.5 wt%. They also

observed a slight shift of the c¢me to lower concentrations when adding salt.

In the following, we determine the cmc of CgGy in water in a temperature range between
15 °C and 40 °C by surface tension measurements and study the thermal diffusion behav-
ior of the system using both, the classical TDFRS as well as the IR-TDFRS. The classical
TDFRS has been used to study the system in the presence of dye as it was also done in
the work by Santos et al. [34]. Therefore, we had also to investigate to which extend the
cme is shifted in the presence of the trivalent dye Basantol® Yellow. In order to gain a
better understanding of the influence of the dye on the transport properties we performed
experiments with the IR-TDFRS without and also in the presence of dye.

4.2. Experiment and Data Analysis

4.2.1. Sample Preparation and Characterization

n—Octyl B~D-glucopyranoside was purchased from Glycon Biochemicals (Germany) with
a purity of 99.5 %. The molecular structure is depicted in Fig.4.1. A phase diagram of the
aqueous surfactant system CgG;/H,O (without dye) was recorded by Nilsson et al. [207]
and is shown in Fig.4.2.

All samples were prepared by weighting with the accuracy of the balance (40.0001 g).
Deionized Milli-QQ water was used as solvent. In the classical TDFRS setup we used
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for all measurements a tiny amount of 1.5 x 107* M of the ionic dye Basantol® Yellow
(BASF) [40]. The optical density was adjusted to 2 cm~! at a wavelength of 2 = 488 nm
using a Carry 50 spectrometer. For the absorption measurements we use cells with a
thickness of 1 mm. For the IR-TDFRS and classical TDFRS measurements, the surfactant
solutions were directly filtered into the sample cell by a PTFE (Roth) filter with a mesh
size of 5 um. The Hellma flow cells, used for both TDFRS experiments, have an optical

thickness of 0.2 mm.

For all experiments, the sample cell in the TDFRS setups was thermostated in a brass or
copper holder for at least half an hour. The selected material of the sample holder has a
high thermal conductivity and thus allows a fast equilibration and homogeneous profile
of the temperature in the sample holder. The temperature of the holder was controlled
by a circulating water bath (Lauda E300 thermostat) with a stability of + 0.02 K. The
classical TDFRS and IR-TDFRS measurements were performed in a concentration range
between 0.25-2.0 wt% and in a temperature between 15 °C and 40 °C, and for chosen

samples in a temperature range up to 60 °C.

4.2.2. Determination of the Critical Micelle Concentration

The critical micelle concentration was determined by surface tension measurements, which
were performed with a Kriiss digital tensiometer K10T. Concentration series of the
CgGy /water mixture at 15 °C, 20 °C, 30 °C and 40 °C were measured. The dye-containing
mixtures were studied at 23 °C and 30 °C, respectively. The temperature was controlled

with an accuracy of £0.1 K.

The trend of the surface tension versus the logarithm of the concentration was analyzed
using the Langmuir-Szyszkowski-equation [288] in eq. 3.22 below the cme (see Fig.4.3).
Above the c¢me, the surface tension is almost constant, thus this range was fitted linearly.
The intersection of both curves marks the c¢mec. Detailed information on the measuring

method are given in section 3.4.

4.2.3. Influence of the Dye on the cmc

The classical TDFRS setup suffers from the addition of dye to convert the intensity grating
of the Ar-laser into a thermal grating. Especially for aqueous mixtures, it has turned

out that it is difficult to find an inert dye, which does not influence the experiment.
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Figure 4.3.: The surface tension as function of the concentration of the binary system
CsG1/H, 0 at 30 °C. The continuous line marks the fit with the Langmuir-Szyszkowski-
equation (see Eq. 8.22) at low concentrations, the linear fit (dashed line) was obtained
from fitting for the seven highest measured concentrations. The intersection point marks
the cmc. Inset: The same data plotted in a logarithmic scale of the concentration.
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Figure 4.4.: Temperature dependence of the cmt for the CsGi/Hy O system. The cmt
scales linearly with the inverse temperature.

Water soluble dyes often change their absorption behavior with pH or temperature [318,
319]. In complex systems the addition of dye can also influence the phase behavior and

microstructure of the micellar system and also its thermal diffusion behavior [38].

To investigate the influence of the ionic dye on the c¢mec we performed measurements

with the same dye concentrations (full circles and full rectangles in 4.6), corresponding
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Figure 4.5.: The critical micelle concentrations at several temperatures for the
CsG1/H, O system. The cmce of the dye-infected system (triangles up) is compared with
the dye-free surfactant system (circles). The effect of the dye on the cmc is negligible.

to the dye-concentration in the TDFRS experiments. Two critical micelle concentrations
of C3G;/H,0O with dye at 23 °C and 30 °C were determined and compared with dye-free
mixtures. The results are shown in Fig.4.5. At this rather low concentration we did
not see a significant influence of the dye and the dye infected mixture showed nearly the
same cmc values as the surfactant mixture which was measured in the absence of dye.
Deviations only occurred in the order of the error bars. Pastor et al. found a change of
the emc of CgGy in water of 10-15 % adding 0.05 M CaCl, or ZnCl, [317]. Since the dye
concentration in our experiments was about two orders of magnitude smaller we would
expect only a change of the ¢mc in the sub-percent range, which is in agreement with our

results.

4.2.4. Data Analysis

The normalized diffraction signal, ey, is described and analyzed by Eq.3.8. The incre-
ment of the refractive index with concentration, (dn/dw) 17> ab constant pressure and
temperature was measured with a refractometer (Anton Paar). Five measurements were

performed for each concentration to reduce the error.

For the determination of (dn/dT), ,, at constant pressure and surfactant concentration an

Michelson interferometer was used. In general, the (dn/dT), ,, measurements of CsGj so-
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lutions as function of the surfactant weight fraction were done between 15 °C and 40 °C.

For a few weight fractions we performed measurements up to 60 °C.

According to Rosen [320] and Preston [321] it should also be possible to determine the
critical micelle concentration from the variation of the refractive index with concentration.
However, by measuring the refractive index as function of concentration we found an
almost perfect linear concentration dependence, which makes it impossible to determine
the eme. To our knowledge, the refractive index measurements are not favored for the cmc
determination of CgG; in HpO. Instead, Strop and Brunger [322] used refractive index
measurements for the determination of the surfactant concentration in solution for aqueous
systems with low e¢me values, namely nonaethylene glycol monododecyl ether (Ci;Eo,
eme = 100uM [323]) and n—dodecyl-B-D-maltopyranoside (C12Gz, cme =230uM [324]).
They found a linear relationship between the change of the refractive index and the
surfactant concentration in the investigated low concentration range. They expect that
this relationship can be used for methods to determine the surfactant concentration my
measuring the refractive index also for high c¢mec systems, if lower-sensitivity detectors are

used.

4.3. Results and Discussion

4.3.1. Surface Tension Measurements

As already described we determined the critical micelle concentration by surface tension
measurements. The temperature dependence of the c¢mc is shown in Fig.4.6. We studied
two different batches of CgGy: an old batch (rectangles) (Glycon, 2005) and a new one
(circles) (Glycon, 2008). We found systematically larger ¢mc values for the new batch,
however this difference could be explained with a changed workup method in the produc-
tion process (notice by manufacturer). Anyway, the temperature dependence of the cmc
is qualitatively the same for both batches. To avoid misunderstanding, we performed all
TDFRS measurements with the new CgGy batch.

The cmc was determined at several temperatures in a range from 15 °C to 40 °C. The cmc
decreases with increasing temperature and describes a parabolic shape in a temperature
dependence (not shown in Fig.4.5). The polynomial 2" order fit of this curve shows a
minimum point at 42 °C. This is a typical behavior of nonionic systems as the hydrogen

bonds break at higher temperatures which is discussed in Sec.2.2.1. It is shown in Fig.4.4,
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Figure 4.6.: The cmc for CgGy/H, O was determined by surface tension measurements
without (O, O) and with dye (@, M) for the old (T, M) and the new surfactant batch (O,
®), and compared with literature values by Aoudia and Zana [220] (3%). The error bars
are in the order of the symbol size. Inset: The cmc as function of the inverse temperature
in Celsius. The dashed line is a linear fit to the data points.

that plotting the logarithmic e¢mc versus the inverse temperature gives a linear dependence
(dotted line). Below this line the surfactant monomers are dissolved in water, while above

a dynamic equilibrium of monomers and micelles exists.

For both batches we observed a decay of the ¢mc with increasing temperature. This can
be explained with a decreasing hydrophilicity of the surfactant molecules with increasing
temperature due to the decreasing ability to form hydrogen bonds. Typically the cmc
of nonionic surfactants passes through a minimum and increases at higher temperatures
again [220,221]. In the investigated temperature range up to 40 °C we did not observe the
minimum and the final increase, but Aoudia and Zana [220] observed a shallow minimum
around 42 °C for the same surfactant system. A polynomial 2 order fit of our data
(dashed line in 4.6) shows, that we can expect a similar minimum temperature at 42 °C
for the minimum cme. The position of the minimum is determined by the size of the
head group, which is fairly large in the case of the sugar surfactant. Also for different
polyoxyethylene glycol monododecyl ethers Ci;E; with oxyethlyene chain units of j =
4, 6 and 8 a shift of the minimum from 40 °C to 50 °C has been observed [221].
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4.3.2. Thermal Diffusion Behavior around the cmc

Below the c¢mc, the surfactant molecules in solution are in equilibrium with those adsorbed
at the water-air interface. Above the c¢mc also micelles are formed in the solution. There-
fore, we will observe the thermal diffusion behavior of the individual surfactant molecules
below the ¢mc, while above the ¢mc we have additionally a thermophoretic motion of the
micelles. This might also lead to a pronounced change of the thermal diffusion or Soret

coefficient.

For the surfactant system under study the determined Soret coefficients correspond to an
averaged value. We can not differentiate between the contribution stemming from the
CsG; molecules and micelles, as it can be done for a polymer in a solvent mixture [62]. In
the latter case the diffusion process of the solvent mixture and the polymer can be differ-
entiated, because the time constants of the two processes differ by more than one order of
magnitude. For the micellar solution the time constants of the single molecules and the
micelles are so close that we can not separate the two processes in the experimental signal.
Therefore, we observed only an averaged value, which describes the thermal diffusion mo-
tion of CgGy in water. Depending on the location in the phase diagram the signal can be a
superposition of different contributions. A detailed analysis of the different contributions

in a phenomenological approach suggested by Santos et al. is not possible [34].

In the following we compare the results of both TDFRS setups in order to determine
the influence of the dye. In Fig.4.7 we show the temperature dependence of the Soret
coefficient, the thermal diffusion coefficient and diffusion coefficient for a sample with a
surfactant concentration of w=0.6 wt% where we found the cmc at 23 °C. In the plot we
display data obtained by IR-TDFRS and classical TDFRS. In the latter case the samples
contained Basantol® Yellow as dye. Additionally, we performed measurements with the
IR-TDFRS in the presence of dye.

The diffusion coefficient, D, and the thermal diffusion coefficient, Dr, increased contin-
uously with temperature. None of the diffusion coefficients showed a noticeable change
at the cme. The difference of D obtained with the different setups is almost negligible
although D obtained with the classical setup was systematically larger, which might indi-
cate smaller micelles or attractive interactions. In our case the addition of the dye led to
charged micelles, which repelled each other and which should have led to slower dynam-
ics [325,326]. Surprisingly, in our case the diffusion became faster, when the micelles were
charged (middle chart in Fig.4.7). This might be explained by an inhomogeneous heating

of the dye-containing micelles, which leads to a faster movement.
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Figure 4.7.: Comparison of St, Dt and D as function of the temperature for w=0.6 wt%
in IR-TDFRS (A (without dye), A (with dye)) and classical TDFRS (@). Bottom: Above
the cmt we observe larger St-values in classical TDFRS than in IR-TDFRS. Independent
of the method or the presence of the dye we find the same Soret coefficients below the cmt
at 23 °C within the error bars of approzimately 10 %.

The temperature dependent slope of Dy measured with the classical TDFRS is larger
than the one measured without dye in the IR-TDFRS. We assume that the dye was
incorporated into the micelles and the interfacial energy of the micelles changes. This
assumption is supported by the fact that the molar fraction of the dye molecules and
micelles is in the same order of 1.5 x 10~* mol/l, if we take into account the aggregation
numbers determined by Pastor et al. [317]. The incorporation of the dye into the micelles

influences also the diffusion coefficient. The reason could be either that the interaction
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Figure 4.8.: The Soret coefficient St as function of temperature determined with the
IR-TDFRS without dye. Concentrations: 0.6 wt% (squares), 0.65 wt% (circles), 0.7 wt%
(triangles up), 0.75 wt% (triangles down) and 1.0 wt% (diamonds).

energy changes due to a modified interfacial energy or that the shape is modified. The

latter we will have to confirm by neutron scattering experiments.

Below the cmc all Soret coefficients agree within their error bars and St is temperature
independent (cf. Fig.4.7). For temperatures above the cmc we observed, that the Soret
coefficient for the classical setup was larger compared to the IR setup. In the classical
TDFRS the incorporation of the dye in the micelles probably induced a stronger local
heating, which modified the thermal diffusion behavior strongly. This was probably also
the reason leading to the abrupt change of the thermal lens signal of the aqueous potassium
laurate solution with Congo red [34]. We suspect that it is really necessary to create the
thermal grating with the absorbing wavelength, because recent experiments on a nonionic
surfactant with Basantol® Yellow as dye [38] showed that homogeneous illumination with
a blue laser in the IR-TDFRS does not have the same effect.

In Fig.4.8 the temperature dependence of the Soret coefficient is plotted for different
concentrations above and below the ¢mc. Those concentrations above 0.65 wt% indicated
an increase of St with temperature, others below 0.65 wt% not. As we already found,
the Soret coefficient is independent from temperature in the molecular regime and only
the contribution of micelles cause a change of Sy. Thus, it is expected that the cmc is

determined in this plot approximately at 0.65 wt%.

We were also able to determine the c¢mc by plotting the Soret coefficient as a function of

the sugar surfactant concentration as shown in Fig.4.9. For both temperatures the slope
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Figure 4.9.: The Soret coefficient versus the surfactant concentration at constant tem-
peratures of 20 °C (O) and 40 °C (A) using IR-TDFRS without dye. The vertical lines
mark the cme at 20 °C (dashed) and 40 °C (dotted). The solid lines are guides to the eye.

of the Soret coefficient changed clearly at the ¢me. While the slope at 20 °C changed from
zero to negative, the positive slope at 40 °C (dotted vertical line) became more pronounced
above the c¢mc. For both temperatures below the ¢mc the concentration dependence of
St was less pronounced. The measurements with the classical TDFRS setup did not give
a better indication of the ¢mec. For clarity the data are not displayed. The obtained cmc

values are in good agreement with the results from the surface tension measurements.

4.3.3. Results for higher concentrated Solutions

We also investigated the thermal diffusion behavior for higher surfactant concentrations.
Fig.4.10 shows the thermal diffusion Dr, the diffusion D and the Soret coefficient St as

function of concentration at different temperatures.

For all temperatures the thermal diffusion coefficient decreased with increasing surfactant
concentration and with decreasing temperature (cf. top of Fig.4.10). For the three lower
temperatures of T = 15 °C, 20 °C and 25 °C a sign change occurred at a concentration
of 0.9 wt%, 1.0 wt% and 1.6 wt%, while Dt stayed positive at higher temperatures. The
decay of Dt became weaker for higher concentrations. As can be seen in the middle part
of Fig.4.10 the diffusion coefficient D decreased for lower concentrations, while above the

cme the diffusion was almost independent of the concentration.

In the bottom part of Fig.4.10 the concentration dependence of the Soret coefficient is
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Figure 4.10.: The thermal diffusion D, the diffusion D and the Soret coefficient St
versus the concentration at different temperatures: 15 °C (O), 20 °C (0), 25 °C (<),
30 °C (A), 40 °C (v ).

shown for different temperatures. St passed through a maximum for T = 20 °C and
40 °C before it was decaying almost linearly above a concentration of 1.0 wt%. By de-
creasing the temperature this decay became steeper. For the two highest temperatures
at 30 °C and 40 °C we did not observe a sign change in the investigated concentration

range, but it is expected that it will occur at higher concentrations.

The decay of the Soret coefficient at high concentrations seems to be a typical phenomena
and has also been found for polymer solutions [327] and colloidal dispersions [42]. In the

semidilute concentration range the Soret coefficient of the polymeric system showed an

065

asymptotic scaling law with concentration St = Cy , whereas the exponent changed
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Figure 4.11.: Dy, D and St versus temperature in the IR-TDFRS. Concentrations:
0.5 wt% (O), 1.0 wt% (O), 1.5 wt% (<) and 2.0 wt%(V ).

from -0.65 to -1 approaching the concentrated regime. For the colloidal system an asymp-
totic power law for the Soret coefficient in dependence of the volume fraction ¢ of the form
St = o - 299 has been found. For the investigated sugar surfactant system the ex-
ponent is not temperature independent but decreases from -0.42 to -1.44 with decreasing

temperature.

Fig.4.11 shows the temperature dependence of Dr, D and St up to a concentration of
2.0 wt%. The temperature dependence of St was negligible small for concentrations below
the cme, for instance 0.5 wt%, and became more pronounced for higher concentrations
(2.0 wt%). For sufficiently high concentrations we observed a sign change of St from
negative to positive with increasing temperature. The sign change temperature as well as

the slope of the temperature dependence of St increased with increasing concentration.
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The sign change from negative to positive St-values is a typical behavior of aqueous
polymer and colloidal systems [48,328]. Sugaya et al. [328] found for aqueous dextran so-
lutions that the temperature dependence was concentration independent. They were able
to shift the sign change temperature towards lower temperatures by adding urea, which
functioned as a hydrogen bond breaker so the system becomes more "thermophobic” and
dextran moves to the cold side. We observe the same trend with increasing temperature
when the hydrogen bond formation is weakened. An increase of the sugar surfactant con-
centration leads to more surface groups interacting via hydrogen bonds and results in a

more “thermophilic behavior”.

4.4. Conclusion

We measured the diffusion coefficients and the Soret coefficient of the nonionic sugar
surfactant CgG for different concentrations and temperatures. Special attention has been
payed to the region around the critical micelle concentration, which has been determined

independently by surface tension measurements.

As expected we find a slower diffusion for the micelles compared to the single sugar
surfactant molecules. Although the surface tension measurements indicate that the cmc
is not influenced by the presence of the dye, we find a pronounced influence of the dye in the
thermal diffusion measurements. Below the cmc the results for all methods give identical
results indicating that the dye diffuses as the sugar surfactant molecules freely in the
water. Above the ¢mc we find a much larger value of the Soret coefficient with the classical
TDFRS setup compared to the IR-TDFRS. This effect might be explained by local heating
of the dye infected micelles. A similar mechanism might also have led to an abrupt change
of the matter lens signal in the work by Santos et al. [34]. Nevertheless, we find also a
change in the slope of the concentration dependence of the Soret coefficient determined
with the IR-TDFRS without the dye below and above the critical micelle concentration
(cf. Fig.4.9). One hypothesis in understanding the change of the thermodiffusion behavior
near the e¢mc is that the thermal diffusion motion arises from unbalanced stresses localized
in a thin layer close to the molecule-particle surface, which is primarily determined by the
nature and strength of particle-solvent interactions. Following this concept, it seems to
be natural to expect a change in the Soret coefficient once micelles are formed, because
part of the surfactant molecules are hidden in the inside of the micelles, so that the direct

interaction with the solvent is screened.
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At higher surfactant concentrations above 1.0 wt% a sign change has been observed. With
increasing temperatures the sign change shifts towards higher concentrations and with
increasing concentration the sign change occurs at higher temperatures. The behavior is
in analogy with results for concentrated polymeric and colloidal systems and part of the
behavior can be explained by the balance of the hydrogen bond formation. We expect

that a similar behavior can also be observed for other surfactant systems.



CHAPTER

FIVE

INVESTIGATION OF SUGAR SURFACTANT MICELLES
USING IR-TDFRS

In chapter 4 aqueous n—Octyl B—D—glucopyranoside solutions were used as a model system
to investigate the thermal diffusion behavior in the vicinity of the critical micelle concen-
tration. It was shown that the cme is detectable in TDFRS measurements. Additionally,

a sign inversion of the Soret coefficient was observed at higher concentrations.

In this chapter, we describe the same measurements in the concentration regime close
to the cme for other sugar surfactants to investigate, if the previous findings are general
features of this surfactant class. We also wanted to investigate how structural changes
such as the number of head groups or the length of the alkyl chain influence the ther-
mal diffusion properties. Therefore, we selected n—Heptyl f—D-glucopyranoside (C7Gy)
and n—Octyl B—D-maltopyranoside (CgG;). As it was introduced in Sec.2.2.1, the cmce
of CgG; and CgG; is almost equal but the two head group units of the maltoside (see
Fig.5.1-c) cause changes in the micellar shape. In contrast, the shorter carbon chain
of C;G; (Fig.5.1-a) decreases the hydrophobicity and thus raises the eme. The emce of
C7G; and CgG; was precisely determined by surface tension measurements for several
temperatures. Although a few literature values of the cmc are available (see Tabs.2.1 and
2.2), the temperature dependence of the cmc is rarely investigated. A second point was
the investigation of the St sign inversion at higher surfactant concentrations. It was sug-
gested that the sign inversion could be related with the ¢mc, as both effects originate from

changes in the solute-solvent interactions. In the last part of this chapter, the obtained

83
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GGy CsG, CsG,
formula C13H260¢ C14H280¢ CooH38011
M [g/Mol] 278.34 292.37 454.51
estimated 79 [225] 20.4 [230] 19.1 [239]
cme [mM]

Table 5.1.: Characterization of the sugar surfactants under investigation. Refs. [230]
and [239] were measured at 25 °C, the temperature of Ref. [225] is unknown.

data were correlated with literature results, i.e. the hydration number or the second virial

coefficient.

5.1. Sample Preparation and Characterization

The sugar surfactants were bought from Glycon (Germany) and a second batch of CgG,
was purchased from Sigma-Aldrich (Germany). All products were used without further
purification. It is emphasized that each order of surfactants contains only surfactants
from one batch. This is pointed out because the e¢mc of different batches for CgG; (see
Fig.4.5) differ because Glycon had modified the synthesis.

Tab.5.1 lists the chemical properties of all investigated surfactants. Millipore water was
used as solvent. Hellma flow cells with an optical path length of 0.2 mm were used for the
measurements in the IR-TDFRS setup. The aqueous surfactant solutions were directly
filtered into the sample cell through a PTFE-filter (Roth) with a pore size of 0.2 gm which
was two orders of magnitude larger than the estimated size of micelles. The refractive
index increments with temperature were determined in a temperature range from 12 °C

to 63 °C using Hellma absorption cells with an optical path length of 10 mm.

v t
' / //\IY/ — / B i )
(a) C7Gy (b) CsG (c) CsGa

Figure 5.1.: Molecular structure of the alkyl-polyglucosides under investigation with the
sketched hydrogen (white), carbon (grey) and oxygen atoms (red).
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Figure 5.2.: The cmc for CiGj/H,O wversus temperature. The cmc was determined
by surface tension measurements (squares) for C7Gy (open squares), C3Gy (half-filled
squares) and CgGy (filled squares). The circles indicate the cme found by IR-TDFRS.
The star is a literature value [239]. Dashed lines are quadratic fits.

5.2. Determination of the cmc

The critical micelle concentration was determined by the group in Kéln performing surface
tension measurements using the ring-method in a temperature range from 15 °C to 40 °C
for C7G; and CgG,, and from 17.5 °C to 35 °C for CgG;. Fig.5.2 summarizes the cmc
values. For all surfactants, a continuous decrease of the cmc with increasing temperature
was observed and a quadratic dependence could be assumed which is typical for nonionic
surfactants (see Sec.2.2.1). The highest c¢me was determined for C;G; (0.02025 wt at
20 °C), followed by CgGi (0.00643 wt at 20 °C) and CgGy had the lowest cme (0.00207
wt at 20 °C). The cme values of C7Gy and CgG; were comparable to literature values
which are listed in Tab.2.1. In contrast, the determined c¢mc of CsG, was by a factor of
four lower than expected. We repeated the determination of the c¢mc for another batch
from another manufacturer but found a similar low value. With HPLC-MS we detected
some impurities in CgGy, which were probably enriched in the interface and led to the
much too low cme. A detailed discussion can be found in Appendix E. More details
of the surface tension measurements were given by Datta [277]. In this work, the c¢me
values were only used as references to choose the concentration range which had to be

investigated in thermal diffusion measurements.

We also calculated the area per surfactant head group in the micelle-solvent interface,
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Amin, to check whether the number of head group units of the surfactant takes influence
on that property. Therefore, we used Eq.5.1 to calculate the maximum surface excess

concentration, I'max, at the air-solvent interface

1 dy
o 1
M2 303nRT (8log wcmc>r oy

with the particle density, n, the universal gas constant, R, and (dy/d1ogweme)y is the

slope of the surface tension with concentration at constant temperature below the cmc.
Then, Ay is derived by
-1
Amin = (FmaxNA) (5.2)

with the Avogadro constant, Na. We found that A, increases linearly with increasing
temperature. It was indicated that the area per surfactant head group was almost inde-
pendent from the alkyl chain length for the different glucoside surfactants with slightly
larger values for C7Gy. Amin of the glucoside micelles is in the range between 0.44 nm?
(15 °C) and 0.48 nm? (40 °C). However, we measured much lower values for the maltoside
surfactant in the range of 0.35 nm? (15 °C) to 0.40 nm? (40 °C). The results of the latter
surfactant system agree with measurements by Boyd et al. [239] who determined an area
of 0.42 nm? at 25 °C.

Assuming spherical micelles at the ¢cmc for all surfactants, we used the determined hydro-
dynamic radii from IR-TDFRS measurements (they are discussed later) and calculated
an aggregation number per micelle of 45 for C7Gy (w = 0.023 wt, 40 °C), 71 for CsG;
(w=0.0075 wt, 40 °C) and 27 for CgG (w = 0.01 wt, 40 °C). The value for CgG; agreed
with literature results [211,226,329], those of CgG, agreed with results by Boyd et al. [239]

and He et al. [215].

5.2.1. The Soret Coefficient of C;G;/H,;0 Mixtures

All thermal diffusion measurements of the aqueous surfactant solutions were performed
in the vicinity of the ¢me using the IR-TDFRS setup in a temperature range from 15 °C
to 60 °C. The concentration range was chosen that it covered the cmc, and at least two
concentrations above and below in an approximate range between 0.5 - cmc and 1.5-cmc

were measured.

In Fig.5.3 the temperature dependence of the Soret and diffusion coefficients is shown.

In the lower temperature regime the Soret coefficient is below 0.01 K~! and almost the
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same for all concentrations within the error bars. A similar behavior was observed for the
mass and thermal diffusion coefficient. This indicated that only the surfactant molecules
contributed to the thermal diffusion behavior, and all investigated concentrations were
below the cmc in this temperature regime. At higher temperatures, St remained nearly
temperature independent for some lower concentrations (0.019 wt and 0.020 wt), while for
higher concentrations St showed a pronounced change in the slope at 28 °C for 0.023 wt or
36 °C for 0.021 wt. At these temperatures, the Soret coefficient started to increase. This
indicated that larger micellar aggregates contributed to the thermal diffusion properties.
Because the formation of micelles is a continuous process, it was assumed that the number
of micelles increased slowly with temperature above the c¢me and the influence on the
thermal diffusion behavior was continuously strengthened. The existence of micelles at
higher temperatures was also observed in the mass diffusion coefficient. Due to a general
decrease in viscosity with increasing temperature, D should increase almost linearly with
temperature [330,331] as it was indicated by the 0.019 wt sample. In contrast, the samples
of higher concentrations showed an almost temperature independent behavior and it was

assumed that the increase of D was suppressed by the presence of micelles.

Fig.5.4 shows the concentration dependence of St, Dt and D. In this plot, the location
of the c¢mec is not so obvious as in Fig.5.3. The Soret coefficient showed a constant and
concentration independent behavior for all temperatures below 0.020 wt. Above this con-
centration, the Soret coefficient, measured at higher temperatures, showed a pronounced
increase. For the 60 °C-curve the Soret coefficient increased by a factor of two while below
40 °C the Soret coefficient remained constant at higher concentrations. The mass diffu-
sion coefficient gave only evidence for the c¢mc for the two highest temperatures at 50 °C
and 60 °C for which D dramatically decreased between 0.018 wt and 0.02 wt. All other
temperature curves indicated equal mass diffusion coefficients which were almost con-
centration independent. The thermal diffusion coefficient showed no clear concentration

dependence behavior.

In Figs.5.5 and 5.6 the hydrodynamic radius is shown in dependence of temperature and
concentration, respectively. It should be mentioned that in the vicinity of the c¢mc the
determined hydrodynamic radius was not a measure of the size of micelles, but it is an
averaged radius of two contributions, which originated from molecules and micelles. At
higher concentrations, the micellar contribution prevailed. The determined radii grew with
increasing temperature and concentration. Again, for concentrations close to the cmc like
0.023 wt, the formation of micelles was indicated by a pronounced increase of the radius at

28 °C from 0.5 nm to 1.3 nm. At higher concentrations above 0.067 wt where the number
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Figure 5.3.: The Soret, thermal diffusion and mass diffusion coefficients of C7Gy/H, O
versus temperature. The concentrations are close to the cme: 0.019 wt (squares), 0.020 wt
(circles), 0.021 wt (triangle up), 0.022 wt (triangles down) and 0.023 wt (triangles left).
The determined critical micelle concentrations are marked by vertical dotted lines.

density of micelles and thus their contribution to the radius was larger, the measured radii
of 2.3 nm agreed with the estimated hydrodynamic radius of spherical micelles calculated
from the length of a surfactant molecule including a hydrogen layer around the micelle
of 0.5 nm. In the higher concentration regime above 0.067 wt, the hydrodynamic radius
became almost independent from temperature and concentration. Thus, it was assumed
that in the higher concentration regime up to a surfactant mass fraction 12 % an increase in
concentration led to an increase in the number density of micelles. Interparticle interaction

effects contributing to the thermal diffusion properties [42] were not observed.
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Figure 5.4.: The Soret, thermal diffusion and mass diffusion coefficients of C7Gy/H O
versus concentration. The temperatures are 15 °C (squares), 20 °C (circles), 25 °C (tri-
angles up), 30 °C (triangles down), 40 °C (diamonds), 50 °C (triangles left) and 60 °C
(triangles right). The shaded area marks the range wherein the cmc is found for temper-
atures between 15 °C and 30 °C.

5.2.2. Soret Coefficient of CsG,/H,0 Mixtures

The determination of the cmc of the aqueous CgG, system using surface tension methods
was problematic, so that we investigated the thermal diffusion properties in a concen-
tration range, which we estimated using literature values. The c¢mc is approximately at
0.0087 wt (25 °C) [239]. We also performed thermal diffusion measurements at concen-

trations around 0.002 wt, which corresponds to our determined cmc.

Fig.5.7 shows the Soret coefficient versus temperature for several concentrations in the
vicinity of the eme. For all concentrations, which were expected to lie below the cmc,
no temperature dependence was observed and the Soret coefficient remained constant at
0.01 K~! which is equal to the values determined for the C7G; and CgG; solutions below

the c¢cme in Figs.5.4 and 4.7, respectively. For concentrations above 0.01 wt, St showed
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Figure 5.5.: The hydrodynamic radius versus temperature of C1Gy /H, O. The concentra-
tions close to the cme are: 0.019 wt (squares), 0.020 wt (circles), 0.021 wt (triangle up),
0.022 wt (triangles down) and 0.023 wt (triangles left). Higher concentration: 0.067 wt
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Figure 5.6.: The hydrodynamic radius versus the surfactant mass fraction of CyGy. The
temperatures are 15 °C (squares), 20 °C (circles), 25 °C (triangles up), 30 °C (triangles
down), 40 °C (diamonds), 50 °C (triangles left) and 60 °C (triangles right).

a pronounced temperature dependence: The Soret coefficient increased with increasing

temperature and the slope became steeper with increasing concentration. The two highest
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Figure 5.7.: The Soret coefficient versus temperature of CsGy/H,O. The concentra-
tions are 0.005 wt (open squares), 0.0055 wt (open circles), 0.006 wt (open triangles up),
0.007 wt (open triangles down), 0.008 wt (open diamonds), 0.0085 wt (open triangles left),
0.009 wt (filled squares), 0.0095 wt (filled circles), 0.01 wt (filled triangles up), 0.015 wt
(filled triangles down) and 0.02 wt (filled diamonds). Referring to literature values, the
filled symbols mark concentrations above the cmc while open symbols represent concentra-
tions below the cmc.

concentrations at 0.015 wt and 0.02 wt showed even a sign change of St, which will be

discussed in Sec.5.3.1.

Fig.5.8 shows the concentration dependence of St at different temperatures. Above
0.01 wt, a strong increase of St was observed, if the temperature was higher than 25 °C.
For lower temperatures, St started to decrease. To our best knowledge, this abrupt change
of the Soret coefficient indicated the ¢me. For further increasing concentration, St de-
creased slightly and changed sign from positive to negative for temperatures below 25 °C

in this concentration regime (see Sec.5.3.2).

5.3. Sign Inversion Behavior

All sugar surfactants showed a sign inversion of St and Dt above the cmc at low tem-
peratures. In the following, the temperature and concentration dependence of the sign

inversion will be discussed.
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Figure 5.8.: The Soret coefficient versus the surfactant concentration of CgGy/Hp O. The
temperatures are 15 °C (squares), 20 °C (circles), 25 °C (triangles up), 30 °C (triangles
down), 40 °C (triangles left).

5.3.1. Sign Inversion in a Temperature Dependence

In Fig.5.9 the temperature dependence of the Soret and the diffusion coefficients of C7G; is
shown. For all concentrations the sign inversion from negative to positive with increasing
temperature occurred. The sign inversion temperature is almost the same for the inves-
tigated concentrations and was slightly below 30 °C. The Soret coefficient indicated that
it approaches a constant value at infinite temperatures. A similar result was found for
CgG; (Fig.5.7) and CgG; (Fig.4.11) but in these systems, the sign inversion temperature
spreads over a temperature range of approximately 5 K in the investigated concentration

range.

The comparable thermal diffusion behavior of the three investigated sugar surfactants led
to the question, if these properties could be described using a general expression. lacopini
et al. [33,64] introduced an empirical function to describe the sign inversion temperature

dependence:

So(T) = $1=(T) (1 —exp [TiT_ TD (5.3)

0
where St is the Soret coefficient at high temperatures, T is the sign inversion tempera-
ture and Ty is a measure for the strength of temperature effects. Eq.5.3 was not applicable
for the sugar surfactant systems because at high temperatures deviations from the esti-

mated master curve occurred such that the data points referring to C7G;/H,O were much
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Figure 5.9.: The Soret coefficient of C7Gy/Hy O solutions versus temperature. The con-
centrations are: 0.067 wt (squares), 0.069 wt (triangles up) and 0.12 wt (triangles down,).
Dashes lines are guides to the eye.

larger and data points referring to the CgG|/H,O system lay below the master curve (see
inset of left Fig.5.10). In contrast, the plot of the (non-normalized) Soret coefficient versus
the normalized temperature showed a less pronounced data spreading below 10 % (see
left Fig.5.10).

A different approach was introduced, which considers the product of the Soret coefficient
and the temperature. The product is the thermal diffusion factor oy = TSt. In the
right plot of Fig.5.10 o7 is plotted versus the normalized temperature, T /7%, and a good
correlation among the investigated surfactant solutions was found within the error bars

which are not shown for clarity.
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Figure 5.10.: Left: The Soret coefficient of all investigated sugar surfactant solutions
versus the normalized temperature. Inset: normalization using the empirical Eq.5.3 [48].
Right: The thermal diffusion factor versus the normalized temperature. The dashed line
marks the averaged master curve. The sign change of ar occurs at T/T* = 1.

5.3.2. Sign Inversion in a Concentration Dependence

As already discussed (c.f. Figs.4.3.3 and 5.8) the Soret coefficient decayes generally with
concentration for surfactant mass fractions which were much higher than the c¢me. The
decrease became steeper with decreasing temperature. At a certain concentration, w,
St turned from positive to negative. The sign change concentration shifts to lower con-
centrations if the temperature is decreased. For instance for the C7G; system, wi was
shifted from 0.06 wt (25 °C) to 0.04 wt (15 °C).

It was assumed that to a certain extend the sign inversion should correlate with the cmc
as both effects originate from solute-solvent interactions. Therefore, the Soret coefficient

and concentration were scaled by

ST*(T) = St(T) /St " (T) and w*(T) = w/weme(T) , (5.4)

with the Soret coefficient at infinite concentrations, ST""/, and the critical micelle con-

centration, wey,e. Normalized values are superscripted with a star. Eq.5.4 allowed to
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Figure 5.11.: Left: Comparison of St versus the surfactant concentration. The sur-
factants: C7Gy (open, blue), CsG; (open-filled, red), CsG, (filled, green). Temperatures:
15 °C (squares), 20 °C (circles), 25 °C (triangles up). Right: The normalized Soret
coefficient versus the concentration in scales of the cmc.

express the concentration as a multiple of the critical micelle concentration, and St was

wyinf

normalized with respect to an infinite value at high concentrations. St was obtained

by an exponential fit to the St(w)-curves (dashed line in the left plot of Fig.5.11).

In the left plot of Fig.5.11 the investigated surfactant systems are compared by means of
their Soret coefficient which was measured at concentrations above the cmc. These data
were normalized using Eq.5.4 and are shown in the right plot of Fig.5.11: All measured
Soret coefficients of the surfactant systems lay on isotherms. The normalization forced
these isotherms to start at w* =1 at low values of St*, and to end in the high concentration
regime at St* = 1. Regarding the isotherm at 20 °C or 25 °C, it was observed that the
isotherm of the lower temperature converged faster against St*. This confirmed also
the previous observation that the sign inversion occurred at lower concentrations if the
temperature was lower. For instance by decreasing the temperature by 10 K the sign
inversion concentration was almost halved. The normalization of the concentration also
indicated that the ratio wi/weme is almost equal for the investigated sugar surfactant

systems under isothermal conditions.
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5.4. Dependence on the Ratio of Viscosity and Thermal

Expansion Coefficient

For aqueous solutions of monosaccharides and oligosaccharides, the thermal diffusion co-
efficient depends linearly on the ratio between the thermal expansion and the kinematic
viscosity [60, 332,333]. Also theoretically a linear relation between Dt and oy is ex-
pected [334]. The viscosity, 17, and the thermal expansion coefficient, oy, are parameters

which characterize the solvent [335,336].

The question arose if also the surfactant systems under investigation show a similar be-
havior in the micellar state above the ¢mc. This might be reasonable, as the surfactant
systems are to a certain extend comparable to the sugar systems, because the surfac-
tant micelles interact with the solvent via the glycoside head group units. The viscosity
(using a Anton Paar AMVn viscometer), density (using a Anton Paar DMA 4500 den-
simeter) and thermal expansion coefficient of the C7G;/H,0 system were determined for
several concentrations from 2.1-12 wt%. The IR-TDFRS measurements indicated that
for equimolar concentrations, the hydrodynamic radii of the micelles did not change with
temperature (left plot in Fig.5.12) except at the ¢mt. On the other hand, we know that
with increasing temperature, the hydrogen bonds break. Hence, the temperature was used

as a tool to tune the micelle-solvent interactions.

The right plot in Fig.5.12 shows the thermal diffusion coefficient as a function of the ratio
between the thermal expansion coefficient and the viscosity for several concentrations of
C7G;. A linear dependence of Dt on the ratio of ay /1N was found for the low concentrated
systems above the c¢mc. For the highest measured solution at 12 wt%, deviations from
the linearity are observed. A similar observation has been made for sugar solutions, so

that we assume, that interactions are responsible for the deviations.

5.5. Comparison with Literature Results

The most investigated sugar surfactant is CgGj. Other sugar surfactants were rarely in-
vestigated. Therefore, this section will emphasize on two interesting studies on CsG;/H,O
systems which were assumed to shed some light on the observed sign inversion of the Soret

coefficient. Unfortunately, these studies did not investigate the entire temperature and
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Figure 5.12.: Left: The hydrodynamic radius versus temperature of C7Gy/Hy O for the
concentrations: 2.1 wt% (squares), 2.2 wt% (circles), 2.3 wt% (triangles up) and 12 wt%
(triangles down). The white box marks the cme for the three lowest concentrations. Right:
The thermal diffusion coefficient versus the ratio a/v of C1G1/H, O in a concentration
range between 2.1 wt% and 12 wt%.
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concentration range of this work so that the following discussion needs a to be critical

scrutinized.

Kameyama and Takagi [212] reported a sign change of the second virial coefficient for
CgG, for a concentration slightly above the c¢cmc at 1.2 wt% from negative to positive
with increasing temperature. The sign change temperature was found at 38 °C. The
virial coefficient is directly related to the intermolecular potential [337]. A positive virial
coefficient indicates repulsion and a negative attractive interaction potentials [338], re-
spectively. Thus, a change in the virial coefficient indicates changes in the particle-solvent
interactions. In the case of the investigated surfactant systems, it was assumed that these
are micelle-solvent interactions. To compare our thermodiffusion measurements with the
findings by Kameyama and Takagi, we had to separate the micellar contribution of the

Soret coefficient, ™, from the molecular contribution, St™°', like:
St =St 57" (5.5)

Then, ST™¢ of CgG; was plotted versus the micelle concentration, w — weme, in Fig.5.13.
St™¢ changed sign at a micelle concentration of 1.35 wt% and a temperature of 34 °C
which agreed with the sign change of the virial coefficient at 1.2 wt% (38 °C) within the

error bars.

In a second discussion, we shed some light on the micelle-solvent interface. It was reported
that the hydrophilic head group of the sugar surfactants allows high hydration numbers per
head group. Pastor et al. [317] determined the hydration number, ny, for CgGy solutions at
25 °C in a concentration regime close to the cmc. The bottom plot in Fig.5.14 shows their
results: Below the c¢me, the hydration number per molecule is 16 and independent from
concentration. Above the c¢me, where some surfactant molecules are assimilated into
micelles, the hydration number decreases. This is caused by the preferential hydrogen
bonding of the bonded surfactant molecule in a micelle with its neighboring surfactant
molecules rather than with the water molecules. We compared the hydration number with
the Soret coefficient. In the top plot of Fig.5.14, the concentration dependence of the Soret
coefficient, also measured at 25 °C, is shown. It was observed that St and the hydration
number showed almost the same trend in the investigated concentration regime. A sign
inversion of St was observed at a concentration, where the hydration number had decayed
to the half of the initial value at the ¢me. A parametric plot of ny and St indicated a

quadratic dependence (inset in Fig.5.14).

Finally, this comparison confirmed the assumption that the Soret coefficient changes sign
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Figure 5.13.: Top: The micelle-micelle contribution of the Soret coefficient, St — St
versus the concentration of micelles, w —weme. The sign change is approximately at
34 °C which correlates with the sign change of the second virial coefficient determined
by Kameyama and Takagi [212] for a 1.2 wt% sample at 38 °C (bottom,).

from negative to positive when the solvent quality becomes bad, because a change in
the solvent quality also causes the decrease of hydrated water molecules per surfactant

molecule.

5.6. Conclusion

Surface tension measurements were used to determine the cmc of three sugar surfactants.
The measurements produced reliable results for C7Gy and CgG; but failed for CgGy.
Comparing the ¢mc of C7G| and CgGy, it was indicated that the temperature dependence

of the ¢me is more pronounced with decreasing carbon chain length.

Then it was shown that the determined cmc is visible in TDFRS measurements by an
abrupt change of the Soret coefficient which is caused by the influence of micelles on
the thermal diffusion behavior. In the temperature dependence, a pronounced change
in the slope of St at the e¢mc was observed, while in the concentration dependence St
showed an abrupt change. Below the c¢mc the Soret coefficient was almost independent

from temperature or concentration in the molecular regime. It turned out that the cmec,
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Figure 5.14.: Top: The Soret coefficient versus the concentration determined by IR-
TDFRS. Bottom: The hydration number per surfactant molecule versus the concentration
by Pastor [317]. Inset: The hydration number depends quadratically on the Soret coeffi-
cient. Dashed lines are fits, dotted lines are guides to the eyes.

determined by surface tension measurements, was approximately 20 % lower than the
cme measured in TDFRS. This was reasonable since in TDFRS we measured in the bulk
phase and detected the contribution of the formed micelles, whereas the surface tension
measurements determined the wetting of the surface. Although it was not possible to
determine the cmce of CgGy by surface tension measurements, we observed a pronounced
change in the thermal diffusion behavior at 0.01 wt which was approximately 20 % higher
than the literature value at T = 25 °C. Regarding the impurities in CgGy (see also
App. E), we expected that they were surface-active, rather nonionic than ionic, and did not
alter the thermal diffusion properties in the bulk phase. Unfortunately, the TDFRS data

did only allow to identify a temperature dependence of the c¢me for the C7G; solutions.

Above the c¢me, the concentration dependence of the Soret coefficient was different for
the low temperature and the high temperature measurements. The dramatic increase of
St with increasing concentration was only observed for temperatures above 25 °C, while
below this temperature, St decreased above the c¢mec. This might be reasonable by a
lowered solvent quality at lower temperatures. Also the sign inversion concentration was
shifted to lower concentrations if the temperature was lower. The sign change could be

attributed to a decrease in the solvent quality, which was also indicated by an decrease of
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the hydration number with concentration by Pastor et al. [317]. A comparison with the
second virial coefficient indicated that at the sign inversion the interaction forces turned
from attraction (St < 0) to repulsion (St > 0).

An empirical approach was found, to describe the temperature dependence of the St
sign inversion by a master curve using a dimensionless temperature and the thermal
diffusion factor, ar. Previously introduced empirical approaches by Iacopini et al. were

not successful.

It was also demonstrated that the sign inversion concentration was, to a certain extend,
correlated with the cme. By normalizing of the Soret coefficient and expressing the
concentration in scales of the c¢mec, isotherms were obtained. They indicated that at
constant temperature the ratio between the emc and the sign inversion concentration was

almost the same for the investigated sugar surfactant systems.






CHAPTER

SIX

MICROEMULSIONS AS MODEL SYSTEMS FOR SPHERES

We use microemulsion droplets as hard-sphere particles to investigate the radial depen-
dence of the Soret coefficient. These droplets can be easily varied in size and shape by
concentration and temperature, respectively. Thus, by changing physical parameters, we
tune the droplet style while keeping the surface properties untouched. This is the general
advantage in comparison to synthesized colloidal particles for which it is not possible to
reproduce the same grafting or charge density of the colloidal particle. Therefore, the
behavior of the colloidal particles is not solely influenced by a change in radius, but also
by the surface properties of the colloid. The radial dependence of St of colloidal particles
has already been studied by several authors [65—67,99]. Presently it is discussed whether

the Soret coefficient depends linearly or quadratically on the particle radius.

A quadratic dependence was observed by Duhr and Braun [65], linear scaling properties
are found by Putnam and Cahill [67] for an aqueous solution of carboxyl functionalized
polystyrene (PS) spheres and proteins of T4 lysozyme using a microfluidic beam deflection
technique. Also Vigolo et al. [35] obtained a linear dependence investigating microemul-
sion droplets with ionic dioctyl sodium sulfosuccinate (AOT) as surfactant, as well as
Braibanti et al. [66] for polystyrene spheres in 1 mM Tris-HCI buffer. A review was writ-
ten by Piazza and Parola [99]. Recently, Vigolo et al. [33] observed a linear dependence
of the thermophoretic mobility, Dy, versus the Debye length for sodium dodecyl sulfate
(SDS) solutions. Theoretical approaches are given by Wiirger [339] predicting a linear

radial dependence for solid particles and a quadratic one for soft particles.

103
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Chapter 6: Microemulsions as Model Systems for Spheres

type molecular | refractive boiling freezing
weight index point point
[g/mol] ] °C]
n-octane (Cg) 114.23 1.3974 125.8 -56.8
n-decane (Cjp) 142.28 1.4113 174.1 -29.7
n-dodecane (Cjp) 170.34 1.4212 216 -10
n-tetradecane (Cr4) | 198.39 1.428 254 5.5
water 18.02 1.333 100.0 0
C2Es 406.60 1.4529 202-216% -

Table 6.1.: Characterization of the used chemical products. Values are taken from: (¥)
Binks et al. [342], (°) Bergh et al. [343].

6.1. Experiment and Data Analysis

6.1.1. Sample Characterization

We used ultrapure Milli-Q water (Millipore, USA). The surfactant monododecyl pen-
taethylene glycol (Cj2Es) was purchased from Nikkol with a purity > 98%. As hydropho-
bic component, we chose n-alkanes: n-octane, n-decane, n-dodecane and n-tetradecane.
All n-alkanes are products of Sigma-Aldrich with a purity > 98%. The n-alkanes and the
nonionic surfactant Ci;Es were used without further purification. Before the mixtures
were prepared, the surfactant was tested for contamination by determining the cloud
point. We determined the cloud point of 7, = (31.4040.05) °C which agrees with val-
ues given by Schubert et al. [340] who determined a cloud point temperature of 32.0 °C.

This indicates that impurities are negligible.

The refractive indices, boiling and freezing points of the used substances are given in
Tab.6.1. The refractive index of the n-alkanes and surfactant is higher than the refractive
index of water, which results in a sufficient contrast in the TDFRS experiments if o/w-
microemulsions are investigated. The solubility of the n-alkanes in water is negligible:
n-octane has the highest solubility of 0.7 mg/1 (20 °C [341]). With increasing alkyl chain
length the solubility decreases.

Hellma flow cells with an optical path length of 0.2 mm were used in classical TDFRS
and IR-TDFRS. The microemulsions were directly filled into the cell. The mixtures were
thermostated beforehand in a temperature controlled water bath (AT = 0.1 K) for several

hours under continuous stirring to ensure that the microemulsions are in the 1¢ state.
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system wB wo o Terp Thch

HQO/CX/Cles [Wt] [Wt] [VO]%} [OC] [OC]

Cs 0.0600 0.0882 10.50 27.54 29.43
Cg/10 (75/25) 0.0505 0.0789 9.78 27.85 30.32
Cg/10 (50/50) 0.0444 0.0731 8.98 27.42 30.95
Cio 0.0290 0.0581 6.90 27.31 32.24
Cip 0.0175 0.0470 5.35 27.85 34.78
Cis 0.0131 0.0427 4.76 27.93 35.74

Table 6.2.: Determination of the efb and ncb temperatures for each microemulsion
system for a given oil concentration, wg. The droplet concentration, wy in mass fraction
or ¢ in volume fraction, results from the additional amount of water in the microemulsion.

The water bath temperature was set to a value which corresponds to a temperature in
the 1¢ funnel on the water-rich side of the phase diagram close to the efb. In a controlled
temperature environment, the mixture was transferred into the thermal equilibrated flow
cells. To ensure that the sample was still in the 1¢ regime, we measured the scattered
light intensity in the IR-TDFRS setup which is by magnitudes higher once the sample

has entered the upper or lower 2¢ region.

6.1.2. Determination of the Phase Transition Boundaries

As already illustrated in Fig.2.4 and Fig.6.1 the phase diagram of microemulsions studied
via a T (wp)-section through the phase prism is characterized by a 1¢ funnel which is
confined by the lower efb and the upper ncb. For temperatures below the efb in the 2¢
region a microemulsion phase coexists with an oil excess phase, while at higher tempera-
tures the ncb delimits the 1¢ region. Above this boundary different phases can be found

which are defined here as 2¢ phase.

In order to determine the temperature-oil concentration dependence (T (wg)) of the efb
and ncb we investigated the phase transition from 2¢ to 1¢ as it is described in the
following: In the case of the efb, we kept the sample at T < Tz, in the 2¢ region in a
water bath, whereas the temperature inside the water bath was measured directly at the
sample holder. The sample was equilibrated in the water bath at constant temperature
and continuous stirring for four minutes (long-chained n-alkane solutions: eight minutes)
and then we checked visually if the sample was in 1¢ or 2¢. Was the sample still in

the 2¢ region we increased the temperature further until we reached the 1¢ region. If
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Figure 6.1.: Determination of the 19 regions of the microemulsions under investiga-
tion of the type HyO/Cy/C12Es on the water-rich side with v = 0.03 wt. The tempera-
ture is plotted versus the n-alkane concentration, wg. The points mark measured phase
transition temperatures, the lines are guides to the eyes. The stars represent the con-
centrations at similar efb temperatures which are given in Tab.6.2 and were taken for
the IR-TDFRS measurements. From top to bottom: n-tetradecane (wg = 0.0131 wt), n-
dodecane (wg =0.0191 wt), n-decane (wg =0.029 wt), miztures of n-octane/n-decane in
a 50/50-ratio (wp = 0.0444 wt, lilac) and in a 75/25-ratio (wg = 0.0505 wt, purple), and
n-octane (wg = 0.060 wt), respectively. The mized n-alkane systems had a ratio of 50/50
(lilac) and 75/25 (purple).



6.1 Experiment and Data Analysis 107

e
A
®\
_ 0.04f AN ]
0.02} e ]
S
OOO L L L L

8 9 10 11 12 13 14
ol chain length C_

Figure 6.2.: The k-alkane mass fraction wg s plotted versus the carbon chain length of
the k-alkanes at the determined efb temperature (see Tab.6.2). The data points at Cx =9
and Cx = 8.5 are mized alkane systems with a mass ratio of 50/50 and 75/25 of n-octane
and n-decane. Symbols are used as given in Fig. 6.1.

the last temperature step was larger than AT = 0.1 K, we had to bring the sample back
into 2¢ region and to restart with smaller temperature steps. The sample was quickly
cooled down to 7 = —17 °C and then warmed up to a temperature within the 2¢ region.
Sometimes this freezing procedure had to be repeated several times for the long-chained

n-alkane systems, until the sample entered the 2¢ region.

This way, we approached the efb temperature iteratively and determined the transition
temperature with an accuracy of AT = +0.15 K. The ncb was determined in a similar way

starting in the 2¢ region and lowering the temperature till the ncb was reached.

Fig.6.1 shows the funnels on the water-rich side for four different pure n-alkanes and two n-
alkane mixtures. With deceasing chain length of the n-alkane the funnel become narrower
and the funnel shifts towards a higher oil content. Hence, the accessible temperature range
in the 1¢-region shrinks with decreasing chain length of oil component, which complicates
the measurements for short n-alkanes. For n-octane the funnel width is only 2 K at
wp = 0.060 wt. As can be seen in Fig.6.2 the n-alkane concentration is being reduced by
a factor of two, when chain length is increased by two C-atoms under the condition to

find the efb at the same temperature.
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6.1.3. General Considerations about the Characterization of the

Microemulsion Droplets

In order to study the radial dependence of the microemulsion droplets we need to be sure to
have spherical aggregates. The question is how close do we have to select the temperature
to the efb in order to measure and work with spherical microemulsion droplets. On
the oil-rich side the formation of network like structures leads to a pronounced increase
in the conductivity [344]. Comparing with electric conductivity measurements [344] in
microemulsions it seems to be reasonable to assume that the transition between spheres
and cylindrical networks occurs in the first third of the temperature range between the
efb and ncb.

We define our measurement range in the first third of the temperature range between
the efb and the ncb, in which the spherical microemulsion droplets should dominate the
behavior. Therefore, all measurements have been performed between 1/3 (ZTef;,+Tnc;,)
and Tep, which describes the first third of the 1¢ funnel close to the efb. The data at
the efb are obtained by extrapolation of measurements at different temperatures in the
chosen temperature range. Analyzing the dynamic light and static neutron scattering
experiments, we will later see, that the range depends on the n-alkane or rather on the

distance to the tricritical point (c.f. section 6.3.1 and 6.3.3).

6.1.4. Refractive Index Increments

For the determination of the refractive index increments with temperature, (dn/dT), .
Hellma absorption cells with an optical path length of 10 mm were used in the improved
Michelson interferometer. The change in temperature was approximately 0.5 mK/s such
that the microemulsion during the measurement was in thermal equilibrium. We repeated
the measurements four times for each sample. During the measurement, the microemul-
sion was always in the 1¢ state. A possible phase transition could instantaneously be

observed by a decrease of the transmitted intensity.

The refractive index increment with concentration, (dn/dw) 1+ was calculated from re-
fractive index values, which were determined by an Abbe refractometer (Anton Paar,
Austria). We determined the refractive index for a given concentration wg o at several tem-
peratures within the 1¢ regime. The relevant concentration, w, to determine (dn/dw) T
is the mass fraction of the oil component, wg g, because the surfactant concentration is
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kept constant. As illustrated in Fig.3.9 a direct measurement of the refractive index values
at higher oil mass fractions, wg o1, is not possible, because the system phase separates.
The maximal & is in the order of 0.01 wt, whereas other concentrations are in between
wg, and wp g15. To overcome this problem, measurements of the refractive index values
have to be extrapolated from measurements of the refractive index increments in the 1¢
regime which were measured at higher temperatures at the concentration wg,s. The
concentration below wp o can be measured directly at the desired temperature and do not

need to be extrapolated.

We observed that the thermodynamical inhibition of the microemulsion systems had a pro-
nounced influence on the refractive index measurements: The sample took several minutes
to equilibrate after changing the temperature in the refractometer. On the other hand, we
had to minimize evaporation during the measurements by shortening the waiting time. To
satisfy both demands, we worked with a sealed sample container and selected a minimum
equilibration time until the refractive index was constant. To examine whether the sample
suffers from evaporation during the measurement, we re-measured the first temperature
at the end of a run and corrected the obtained refractive index data proportionally by

this difference, if necessary. Fach series was repeated three times.

To check whether the extrapolation of the refractive indices at higher concentrations
wg 045 yields higher error, we compared the calculated (dn/ aw)p’T—Values with a the-
oretical approach by Kerker [345], which is a prediction for a simple coated sphere of
oil-swollen droplets. This approach is based on the dielectric constant, €, which is con-
nected to the refractive index by & = ”12 where i denotes the components water (A), oil
(B) and surfactant (C). Our experimentally determined values agreed with the theoretical

values within an averaged error of approximately 3.8 %.

6.2. St of the n-octane Microemulsions

We investigated the Soret coefficient of n-octane microemulsion systems at constant sur-
factant to water ratio %, = 0.022 wt in the 1¢ region of the phase diagram as it is shown

in Fig.6.3. The temperature and the oil mass fraction were varied.

IR-TDFRS measurements have been performed in such way, that the measurement started
at a certain temperature where the mircoemulsion is found in the 1¢ state. In a series of
measurements, the temperature was lowered stepwise towards the efb temperature. The

dependence of the measured Soret coefficient on the temperature is shown in Fig.6.4. At
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Figure 6.3.: The 1¢ region on the water-rich side of the phase diagram of the
H,0/Cg/C12Es microemulsion with ¥, = 0.022 wt.

higher temperatures, the Soret coefficient diverged exponentially towards the ncb as the
formation of network-like structures leads to slower diffusion processes. By decreasing the

temperature, the Soret coefficient decreased and approached a plateau value at the efb.

In principle it is possible to study the radial dependence of St of a microemulsion, if one
moves along the efb as depicted in Fig.6.3 for the system HyO/Cg/Ci2Es by varying con-
centration and temperature, respectively. If one moves close to the efb the microemulsion
droplets are assumed to be spherical [346,347] and their radius will increase with increas-
ing oil fraction. But apart from the size change, also the temperature will change. Both
effects will influence the Soret coefficient and it will be difficult to distinguish between
both effects. Fig.6.5 shows the Soret coefficient extrapolated to the efb as function of
the hydrodynamic radius, which was determined from the diffusion coefficient in the IR-
TDFRS experiment using the Stokes-Einstein relation, in doing so interactions between
the droplets are negelcted. The description with a linear fit is rather pure taking into
account the small investigated radial range from 11.6 nm to 33.9 nm, indicating that the

neglect of changes of interactions and interfacial tension might not be justified.

From other studies of aqueous systems [62,153] we know that specific interactions such
as hydrogen-bondings can influence the thermal diffusion properties strongly and even
leads to sign changes of St. Also GiE; in H,O shows dehydration effects with increasing
temperature [348-350], therefore we expect also a temperature effect on Sy, if we study

the radial dependence along the efb. Therefore, if we want to modify the radius, we need
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Figure 6.4.: The Soret coefficient (top) and the hydrodynamic radius (bottom) are plotted
versus the temperature for HyO/Cg/C12Es microemulsions in the 19 region determined by
IR-TDFRS. Concentrations: wg = 0.02 wt (black squares), wg = 0.03 wt (orange circles),
wp = 0.04 wt (red triangles top), wg = 0.05 wt (green triangles down), wg = 0.06 wt (blue
diamonds), and wg = 0.07 wt (purple triangles left). The efb temperatures of the different
microemulsions are sketched as vertical dotted lines in the respective colors.
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Figure 6.5.: The Soret coefficient is plotted versus the hydrodynamic radius which was
also determined from IR-TDFRS measurements. Symbols are used as given in Fig. 6.1.
The dashed line indicates a linear size dependence of St.

to vary the oil component and the concentration of the oil component, so that the efb
temperature is the same for different systems. To overcome the simultaneous temperature
variation, when the radius was changed we used n-tetradecane, n-dodecane, n-decane, n-
octane and mixtures of n-decane and n-octane with a mass ratio of 50/50 and 25/75,
respectively. The corresponding 1¢-funnels for the pure n-alkane mixtures are shown in
Fig.6.1.

6.3. St of n-alkane Microemulsions

6.3.1. SANS Measurements to check spherical Shape at the efb

We determined the size and shape of the microemulsion aggregates at the efb by small
angle neutron scattering (SANS) measurements. For that purpose the group in Kéln
prepared DO/ n-alkane/CEs mixtures. The preparation with D,O lowers the boundary
temperature by approximately 2K [307] compared to the HyO containing mixtures. Keep-
ing the volume fraction constant, the mass fraction changes from ¥, = 0.03 wt for the H,O
systems to ¥ 4 = 0.0272 wt for the D,O-systems (see Tab.6.3). The phase boundaries of

all samples are given in reference [277].

Before each measurement, the microemulsion and the sample cell were thermostated to a
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n-alkane Oc,i 0B @0 TSANS | tdi oG Omonp | def
[nm] | [nm] | [nm] [nm]
Cg 0.0270 | 0.0831 | 0.1115 | 15.20 | 0.68 2.80 0.019 31.76
Cg/lo (50/50) | 0.0281 | 0.0589 | 0.0880 | 11.00 | 0.67 1.90 0.017 23.34
Cyo 0.0291 | 0.0392 | 0.0690 | 8.10 0.65 1.37 0.017 17.50
Cin 0.0298 | 0.0252 | 0.0554 | 6.00 0.65 0.95 0.017 13.30
Ciy 0.0301 | 0.0171 | 0.0475 | 4.72 0.66 0.76 0.015 10.74

Table 6.3.: Results obtained from SANS measurements. The listed data are the surfac-
tant volume fraction in the internal interface, @, the volume fraction of the n-alkanes, ¢p,
the droplet volume fraction, @g, the mean droplet radius, rsans, the thickness parameter
of the diffuse interface, tq;, the standard deviation of the Gaussian function describing the
radius polydispersity around the mean droplet radius, og, the monomeric dissolved Ci,E5
in 0il, Omonp, the effective diameter of the sticky hard spheres, deg.

temperature in the 19 regime. The microemulsion was stirred meanwhile and subsequently
filled into the sample cell. The distance between the microemulsion containing test tube
and the sample cell was as short as possible to avoid temperature effects on the way.
Then, the closed sample cell was left for five minutes in the thermostated water bath to
equilibrate. We confirmed the state of the phase of the sample visually. The cell holder!
in the beam line was thermostated to a temperature which is approximately 0.5 K higher
than the efb temperature of the microemulsion. We measured the temperature precisely in
the cell holder with a calibrated thermometer (Greisinger Electronic, High Precision digital
Thermometer, GMH3710; with: PT100, GTF401, AT = 1/10 DIN between 0— 100 °C)
with an error of £0.044 K in this temperature range. Before transfering the sample cell
to the cell holder we checked the microemulsion phase again. Once, the sample was fixed
in the cell holder and the holder reached its final position for the measurement, we again
checked the state of the phase of the microemulsion. We carefully lowered the temperature
of the cell holder to the efb temperature to avoid phase separation. Finally, the shutter
was opened and each sample was exposed to the neutron beam. The exposure times
and collimator settings were chosen to achieve a sufficient signal to noise ratio and not to
exceed the detector capacity. After data recording, we checked the phase of microemulsion
visually in the cell holder but never found an indication for phase separation during the

measurements.

Fig.6.6 shows the experimental scattering intensities I(q) after substraction of the incoher-

IThe cell holder provides space for four cells. Although only one cell is investigated, this holder provides
a good thermal stability for the microemulsion sample due to its higher heat storage capacity.
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ent background as a function of the scattering vector g for D,O/Cx/C2E5 microemulsions.
The scattering data have been described by a form factor for polydisperse spherical shells
with a diffuse interface and core scattering [311]. The assumption for the structure factor
S(q) being equal to one, leads to a systematically higher intensities than the experimental
data points at low values of ¢, which indicates that interactions between the microemulsion

droplets need to be considered.

These droplet interactions are included in the structure factor using a sticky hard spheres
model [313,314]. The interactions were more pronounced for higher droplet concentrations
which are found for microemulsion systems with the shorter n-alkanes, like m-octane
with a droplet volume fraction of 11.15 vol%. The microemulsion droplets containing n-
tetradecane has the smallest droplet volume fraction of 4.75 vol% and showed the smallest
interaction effect. The strength of the interaction effects also influences the coencentration
dependence of the Soret coefficient, which is weak as long as the concentration is below
10 vol% [42,327]. We determined a moderate polydispersity of (16.9+£0.4) % of the
mean droplet radii for all systems and an attractive region (effective sticky hard sphere
diameter, derr = 2rsans +14;) of about 104 % (Cg) to 114 % (Cis) of the mean droplet
diameter (2rsans), respectively. The ratio of the hydrodynamic radius determined by IR-
TDFRS and the mean droplet radius determined by SANS was for all systems ry/rsays =~
1.35+0.06.

We extrapolated the determined mean droplet radii to zero oil concentration, which cor-
responds to a Li-phase of the binary aqueous surfactant system [351], and find a droplet
radius of 1.91 nm, which agrees with the value given by Menge et al. (see Fig.6.7). The
authors investigated the cross sectional radius of gyration of this binary mixture with a
mass ratio of CipEs to water of 7 mg/ml which is approximately four times lower than
the ratio 7, we worked with. Although, systems with different surfactant concentrations
are being compared, the extrapolation of the droplet size yields a reliable result as the

surfactant content influences the particle density but not the droplet size.

6.3.2. Measurement Procedure and Temperature Correlation

All samples were equilibrated in the lower part of the 1¢ region and the sample holder
in the IR-TDFRS setup was thermostated to the appropriate temperature of each mi-
croemulsion system in the 1¢ region. The measurements started in the 1¢ regime and

ended at the efb or slightly below. Due to the fairly large size of the microemulsion
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Figure 6.6.: SANS measurements were performed to determine the shape of the mi-
croemulsion aggregates at the efb temperature (see Tab.6.2). The scattered intensity is
plotted versus the g-vector. The curves for different samples (Cg: squares, Cs/10 (1:1):
combs, Cyo: circles, Cyp: triangles up, Cia: diamonds) are shifted by a factor of ten on

the logarithmic intensity scale.
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Figure 6.7.: The mean droplet radius by SANS, rsans, s plotted versus the oil mass frac-
tion. Symbols are used as given in Fig. 6.1. The data have been fitted linearly (dashed line)
such that the extrapolation to wg = 0.0 wt gives the corresponding mean droplet radius for
a water/surfactant solution which exactly fits with literature data by Menge et al. [352]

(filled black square).
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droplets in the range of up to rg = 20 nm, the diffusion coefficient was in the order of
20-107'2 m?/s. Thus, the measurements of each sample at different temperatures took
up to five days for the slowest system with n-octane as oil component. During this long
measurement time, the water content decreased slightly with time, so that the sample was
shifted to a higher n-alkane content, which results in a higher efb temperature. To check
for evaporation, a sample of HyO/Cg/19/C12Es (Cs/Cio = 75/25) was measured twice at
28.45 °C. Between both measurements, the cell was thermostated for almost 48 hours.
St differs by 0.00557 K~!, which corresponds to an error of 2 %. The typical uncertainty
of repeated measurements of St is in the order 9 %. Therefore the evaporation effect is

neglible.

Additionally, the temperature in the sample was increased due to absorption of the laser
light. This effect occurred locally and could not be detected by the temperature sensor in
the cell holder. We specified this offset in the IR-TDFRS setup by measuring the intensity
of the diffracted read-out laser in the vicinity of the phase transition boundary from 1¢
to 2¢. Therefore, we used a well known phase behavior of a HyO /n-octane/CjoE4 mi-
croemulsion with a mass ratio of HyO to Cg of 50/50 and a concentration of the surfactant
in water of 7, = 0.154 wt. This system is clear and transparent in the 1¢ region but turns
to be turbid in the 2¢ region where we measured a strong increase of scattering intensity
in the setup (see Appendix C). The determined phase separation temperature by inten-
sity measurements was AT, rrer = 0.3 K lower than the temperature measured with the
reference thermometer during the determination of the phase diagram. This systematic
temperature shift was taken into account in the following. We assumed the same tem-
perature shift for all microemulsions although the water contents varies slightly between
88.3 vol% (n-octane) and 94.3 vol% (n-tetradecane).

6.3.3. Diffusion Coefficients

The mass diffusion coefficient was directly calculated from the equilibration time, 7,
and the characteristic scattering vector, ¢, in the IR-TDFRS setup. Fig.6.8 shows the
temperature dependence of the diffusion coefficient for all investigated microemulsion
systems close to the efb. Starting at the high temperature, the diffusion coefficient first

increased with decreasing temperature and finally reached a plateau value below the efb.

In the plateau below the efb the 1¢ phase coexists with an oil excess phase. This plateau
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Figure 6.8.: The mass diffusion coefficient is plotted versus the temperature in the
vicinity of the efb for several microemulsion systems: n-octane (squares), n-octane /
n-decane (75/25) (hexagon), n-octane / n-decane (50/50) (hexagon), n-decane (circles),
n-dodecane (triangles up) and n-tetradecane (diamonds). The black dashed line is a guide
to the eyes and marks roughly the efb. Data from IR-TDFRS (open symbols) and from
DLS (solid symbols) are compared.

was more pronounced for the long-chained n-alkane microemulsions, while for the n-
octane system we could not identify a plateau. The same behavior was reflected in the
hydrodynamic radius, which was calculated by the Stokes-Einstein-Equation, assuming a
spherical shape of the droplets, using the temperature dependent viscosity of pure water.
This simplification was justified, since the solubility of n-alkanes in water is negligible. In
Fig.6.9 the temperature dependence of the hydrodynamic radius is shown, which decays

with decreasing temperature and reaches a plateau at the efb.

We obtained the diffusion coefficients and hydrodynamic radii at the efb by interpolating
the measured data in the 1¢ region. It turned out that the temperature dependence of the
hydrodynamic radius can be described by a single exponential function, which was used
to obtain the hydrodynamic radius at the efb. We included the data points from the 2¢
region because the phase transition is continuous and spherical droplets are found on both
sides of the boundary as it was observed by Corkill et al. [353] with NMR measurements
in the 2¢ region. In the investigated temperature range, the diffusion coefficients and
accordingly the hydrodynamic radius were almost temperature independent. For the

long-chained n-alkane systems, the addition of the 2¢ data points made the result more
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Figure 6.9.: The hydrodynamic radius is plotted versus the temperature for several mi-
croemulsion systems: n-octane (squares), n-octane / n-decane (75/25) (hexagon), n-
octane / n-decane (50/50) (hexagon), n-decane (circles), n-dodecane (triangles up) and
n-tetradecane(diamonds). The black dashed line is a guide to the eyes and marks roughly
the efb.

certain, but did not change the value significantly, which we obtained, if we used only

values from the 1¢ region and extrapolated to the efb.

6.3.4. Comparison with DLS

Dynamic light scattering (DLS) experiments were performed within the 1¢ region by
the group in Kéln. The obtained intensity correlation function g () was normalized to
one for + =0 and was analyzed using the Kohlrausch-Williams-Watts function (Eq.3.14)
to determine the diffusion coefficient D = (t¢?)~!. The time constant of the diffracted
intensity signal in the IR-TDFRS experiment, 7, is three orders of magnitude smaller
than of the DLS setup, because the g-vector is two orders of magnitude smaller. Fig.6.10
compares the extrapolated diffusion coefficients and the hydrodynamic radii at the efb
obtained by IR-TDFRS and DLS. In the entire concentration range both setups produce
equal diffusion coefficients within the error bars. Usually it is expected that different
statistical weights in DLS and TDFRS lead to a slower diffusion in DLS compared to
TDFRS experiments, but here we observe also the opposite trend, which is not understood

yet.
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Figure 6.10.: The extrapolated diffusion coefficient (left plot, circles) and hydrodynamic
radius (right plot, squares) of all investigated microemulsion systems (Y, =0.03 wt) are
plotted versus the droplet concentration at the efb. Two methods were used to measure
D: the IR-TDFRS (solid symbols) and the DLS setup (open symbols). Symbol colors are
used as given in Fig. 6.1. The dashed lines are guides to the eyes.

6.4. Calculation of St and Dy

The Soret coefficient, being the ratio of the thermal diffusion coefficient and the mutual
diffusion coefficient, was determined within the characteristic 1¢ region in the vicinity
of the efb for each microemulsion system. Fig.6.11 depicts the temperature dependence
of St which is similar for all microemulsion systems: A plateau value was reached for
low temperatures just below or in the vicinity of the efb, while approaching against the
nch, St diverges. In between, a minimum value of St is found. Measurements in the
vicinity of the ncb were not possible because the diffusion coefficient of the microemulsion
structures in the upper part of the 1¢ decays to zero. This characteristic behavior of
the Soret coefficient at the efb is related to the thermal diffusion coefficient which also
shows a plateau at the efb (see Fig.6.12). In contrast, near the ncb the thermal diffusion
coeflicient of the microemulsion systems with long-chained n-alkanes did not indicate to
diverge against the ncb as the Soret coefficient did, but relaxed to a rather constant value
at T = 32.5°CforCipand T = 36.5 °C for Cy4, respectively. This constant behavior of
the thermal diffusion coefficient close to a critical point was also found experimentally by
Giglio and Vendramini for a aniline-cyclohexane mixture [16]. A theoretical approach is

given by Luettmer-Strathmann [354] who investigated the behavior of Dy close to phase
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Figure 6.11.: The Soret coefficient is plotted versus the temperature. A plateau close to
the efb (dotted line) is reached. The Soret coefficient diverges towards the ncb. Symbols
are used as given in Fig. 6.1.

transition boundaries. The typical divergence of St near the ncb is then caused by a

vanishing mutual diffusion coefficient.

The temperature dependence of the Soret and diffusion coefficients was interpolated to

the efb. While the temperature dependent behavior of the mass diffusion coefficient could
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Figure 6.12.: The thermal diffusion coefficient is plotted versus the temperature. A
plateau is observed in the vicinity of the efb. The vertical dotted line sketches the efb
schematically. A divergence in the vicinity of the ncb, as it was indicated by the Soret
coefficient in Fig.6.11, is not indicated. Symbols are used as given in Fig. 6.1.
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Figure 6.13.: The Soret coefficient versus the hydrodynamic radius, ry, (open circles)
and versus the mean droplet radius determined by SANS measurements, rsans, (filled
squares) for T = Toy,. Symbol colors are used as given in Fig. 6.1. The dashed line
indicates a linear radial dependencies. St and rg are interpolated values while the mean
droplet radius was measured.

be described by a linear fit above the efb, we determined the respective values of the Soret

and the thermal diffusion coefficient at the efb manually.

In Fig.6.13, the interpolated values of the Soret coefficient are plotted versus the hydro-
dynamic radius rg and versus the mean droplet radius, rsays. The mean droplet radius
rsANs, as it was determined by SANS, contains also the width of the surfactant layer, since
the measured value of rgqys approximately corresponds to the distance from the center of
the particle to the hydrophilic-hydrophobic intersection of the surfactant in the droplet
interface. The values of the hydrodynamic radius were calculated from the diffusion coef-
ficients at the efb. Neglecting the n-octane system St shows a linear radial dependence.
The n-octane system turned out to be the most difficult system to be measured due to

the narrow temperature range of the 1¢ region.

In Fig.6.15 a comparison of the determined radial dependence of the Soret coefficient
with literature results is given. It is clearly shown, that the results of this work coincide
with the generally obtained linear radial dependence. Performed SANS meausurements
showed, that the microemulsion droplets under investigation can be regarded as dynamic
solid particles. Thus, the theoretical approach by Wiirger [339], claiming a linear radial

dependence of St for solid particles, is also true for the investigated microemulsion systems.
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Figure 6.14.: The thermal diffusion coefficient is plotted versus the hydrodynamic radius.
Both values are interpolated to the efb. Symbols are used as given in Fig. 6.1.
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Figure 6.15.: The determined radial dependence of the Soret coefficient is compared with
literature results as summarized in [99]. The black symbols refer to following literature
results: [65] (filled squares), [66] (filled circles), [35] (open squares), [67] (open circles).
The red symbols refer to measurements of this work: TDFRS (filled triangles) and IR-
TDFRS measurements (open triangles). Dashed lines are guides to the eyes.
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As a consequence of the linear radial St dependence and Eq.2.22; the thermal diffusion
coeflicient should be independent of the radius. Fig.6.14 shows the radial dependence of
Dr. Both, the radius and the diffusion coefficient, are interpolated to the efb. We cannot

give a clear radial dependence of Dt due to large data spreading.

6.4.1. Normalization of the Soret Coefficient

Comparing the temperature dependence of the Soret and diffusion coefficients in the 1¢
regions of the investigated n-alkane microemulsions, certain similarities were observed,
e.g. the divergence of St against the ncb or the asymptotical approach towards a plateau
close to the efb which was found for all systems. For the microemulsion systems under
study, this can be explained by the fact that size and structure of the microemulsion
droplets in the 1¢ region are defined by the upper and lower phase boundaries and the
point, where efb and ncb meet. Thus, it might be possible to describe the temperature
dependence of the Soret coefficient, measured in the 1¢ region of different microemulsions,
with a master curve. Therefore, temperature and St need to be normalized. A normalized
temperature was introduced which considers the upper and lower 1¢ boundaries. The
Soret coefficient was normalized to its corresponding value at the efb. The multiplication
with the hydrodynamic radius considered the size effect of St with increasing concentration

which was determined to be linear. The normalization was:

St

St* o= —>T  and 6.1
STefb TH (6.1)
T—T,
y . L (6.2)
TncbfTefb

with the temperatures of the efb and ncb, T.f, and T, respectively. The normalized
values are denoted with a star. At T = T.f;, the reduced temperature is 7* = 0, while at
T =T,p it is T* = 1. Fig.6.16 shows the normalized Soret coefficient plotted versus the
normalized temperature: All microemulsion systems showed a minimum at 7* ~ 0.4 which
is close to the temperature in the 1¢ region where some microemulsions containing long-
chained n-alkanes show a slightly pronounced discontinuity in the temperature dependence
of the diffusion behavior. Above this temperature, a diverging behavior against the ncb
was observed, and below this temperature the asymptotic approach against a plateau

close to the efb is pictured. We found two different plateau values. The lower plateau was
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Figure 6.16.: The normalized Soret coefficient versus the normalized temperature. De-

Symbols are used as given in Fig. 6.1.

reached for all microemulsion systems containing n-octane, and another higher plateau

was found for the systems Cjg, Cjp and Cq.

6.5. Correlation between St and the Interfacial Tension

In microemulsion systems, the interfacial tension between the microemulsion droplets
and the solvent varies with composition and temperature. Piazza and Parola et al. [99)
correlate the Soret coefficient with the interfacial tension of the microemulsion droplets. It
is stated that the Soret coeflicient can be calculated from the derivative of the interfacial

tension with temperature as
_ 4mr d (lfluidc)
kgT oT

with the droplet radius, r, and the length which measures the range of the colloid-solvent

St (6.3)

interaction, lg,;g. Regarding the microemulsion droplets, we assume that r = rsays +ve/ ag
and that dlgy/dT is constant. Hence, Eq.6.3 reduces to

_ 4nrsansliiia 00

St = kT T (6.4)

In order to apply Eq.6.4 to the microemulsion systems, we use the interfacial tension
data of the microemulsion droplets at the efb determined by Sottmann [355] (Fig.6.17).
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He measured the interfacial tension at different temperatures and concentrations using
the spinning-drop technique [247,356,357] and also determined the mean radius of the
investigated microemulsion droplets by SANS measurements. Thus, if we are able to
combine the results from the spinning-drop technique with the results from TDFRS,
we can investigate, whether Eq.6.4 describes the dependence of the Soret coefficient as
function of the interfacial tension qualitatively. Therefore, we have to prove that both
systems, the investigated system in this work and that by Sottmann, are comparable to
each other. This is the case if the microemulsion structures in both systems have at
least the same curvature at a certain temperature and composition. Assuming spherical
droplets in the investigated temperature and concentration range, the curvature is the
inverse of the droplet radius. In Fig.6.17 the droplet radius is plotted versus the ratio of
the volume fractions of surfactant and oil, ¢¢/¢p. The radius which is given in the work
by Sottmann has been determined by SANS, while in this work the radius refers to the
hydrodynamic radius determined by IR-TDFRS. As we also determined the radii of some
microemulsions by SANS and IR-TDFRS under equal conditions, we use the previously
determined factor rg/rsays = 1.35 to convert the hydrodynamic radii from IR-TDFRS
experiments. Thus, both radii are almost comparable to each other. Fig.6.17 shows that
the microemulsion droplets investigated by Sottmann and in this work have equal sizes

at equal temperature and ratio of volume fractions.

The surface tension is directly correlated with the principal curvatures (ci, ¢3) of the

amphiphilic film [358]. For spherical aggregates, it is ¢; = ¢z = ¢ and hence 6 /¢ ~kT.
phip P ggreg )

Hence, we take the measured interfacial tension from the data by Sottmann and calculate
the temperature derivative of the interfacial tension at certain radii of the microemulsion
droplets at the efb which are determined by TDFRS measurements in this work. We
additionally consider that the hydrodynamic radii determined by TDFRS experiments
are by a factor of 1.35 larger than the mean droplet radii, rsays, which have to be used
instead in Eq. 6.4. For the calculation of I,;,; in Eq. 6.4, also the Soret coefficient of
the microemulsion droplets at the efb (Fig.6.18) is required and is obtained by TDFRS
experiments. Consequently, If,;s is determined as a function of the efb temperature or
mean droplet radius at the efb, respectively: With increasing temperature, lf,;4 increases
in absolute values from 0.17 nm at T = 21.75 °C to 5.94 nm at T = 28.46 °C and is
thus in the order of the standard deviation of the Gaussian function describing the radius
polydispersity around the mean droplet radius of similar microemulsions (see Sec. 6.3).

Tab.6.4 lists important parameters which have been used for Eq.6.4.
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Figure 6.17.: The radius versus the ratio of the volume fractions of surfactant and oil.
The numbers close to the data points give the measurement temperatures. Upper numbers
refer to the data by Sottmann [355] (open circles) and the lower numbers refer to the data
from this work (solid squares). Small symbols represent the hydrodynamic radius, and
large symbols give the calculated mean radius to compare with the radii from Sottmann.
The dotted line marks the radius, above which the droplet size does not scale linearly with
temperature.
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Figure 6.18.: The interfacial tension versus the mean radius (left) and versus temper-
ature (right). Open symbols are given by Sottmann. A fit (dashed line) on these data
allows to interpolate the surface tension values for the systems investigated in this work.
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wg Terp T'SANS c do /dT St lfuia
wt% | [°C] [nm] [0*Nm™'] | 103 Nm™'T-1] | [K™Y] | [nm]
0.02 21.75 7.50 1.82 -8.33 0.37 0.19
0.03 23.40 11.09 0.87 -3.77 0.37 0.29
0.04 25.05 14.11 0.44 -1.71 0.64 0.88
0.05 26.01 16.48 0.31 -1.08 1.02 1.89
0.06 27.40 20.87 0.20 -0.55 1.25 3.58
0.07 28.46 25.09 0.16 -0.33 1.49 5.94

Table 6.4.: The width of the fluid layer, lgyiq, is calculated for the H, O/Cg/C12Es system
(Ya = 0.022 wt, wg-values are given in brackets) at the efb temperature, T, sp, using Eq.6.4.
The calculated mean radius, rsans = ru/1.35, and the interpolated interfacial tension, o,
are shown.
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6.6. Preliminary measurements of the w/o-Droplets

In the previous sections, the Soret coefficient of o/w-microemulsion droplets in the 1¢
region on the water-rich side of the phase diagram has been investigated. For these
systems, a linear radial dependence of St was found. The main question is, if also the
Soret coefficient of w/o-droplets shows a linear radial dependence. These discrete w/o-
droplets are formed in a 1¢ region at the oil-rich side of the phase diagram [359-361] and
can be treated as reverse micelles of a monolayer surfactant film which separates water
from oil [362]. The inner core is formed by water and the hydrophilic surfactant head
group. The hydrophobic surfactant chain is in contact with the surrounding oil phase.
One discriminates between a water core, which is impenetrable for the oil, and a flexible
penetrable shell. The maximum thickness of the shell is given by the extended length of
the surfactant chain and increases with temperature [363]. A sticky hard sphere potential
can be assigned to the w/o-droplet for which the flexible layer thickness is regarded as the
stickiness parameter of the short-ranged attractive potential [363-365]. A comparison with
o/w-droplets shows that attractive interactions between w/o-droplets are less pronounced

than attractive interactions between o/w-droplets [366].

We investigated microemulsion droplets in the 1¢ funnel on the oil-rich side of the
H,0/Cg/C2Es phase diagram. The oil-to-surfactant ratio was constant at %, = 0.04 wt
and the water mass fraction wa has been varied between 0.02 wt and 0.05 wt. The corre-
sponding 1¢-funnel has been measured in Kéln and is shown in the left plot of Fig.6.19.
The efb is the upper phase boundary and the ncb is the lower one. All thermal diffu-
sion measurements (here not shown in detail) have been performed in the 1¢ region. As
the measurement directly at the efb was not possible, we performed the measurements
at different temperatures below the efb and extrapolated the Soret coefficient and the
hydrodynamic radius to the efb. We had to measure carefully because the funnel tem-
perature is approximately 20 °C above room temperature which causes the risk of phase
transitions during or even before the measurements. The main problem is, that the mi-
croemulsions which have been filled in the thin flow cells in a thermostated environment,
cooled down within a few seconds to room temperature while the cells are transferred to
the thermostated cell holder of the classical TDFRS setup.

The hydrodynamic radius was determined from classical TDFRS measurements with the
assumption of spherical droplets at the efb. We also assumed that the viscosity of the
solvent is approximately equal to the viscosity of the pure n-octane because the solubility

of water in n-octane is low and the surfactant assembles in the oil-water interface. In
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Figure 6.19.: Left: Phase diagram of the 1¢ funnel on the oil-rich side with the
efb (squares) and the ncb (circles). Right: The hydrodynamic radius versus the wa-
ter concentration, wa. Mass fractions: wa =0.02 wt (circles), wa =0.03 wt (triangles
up), wa =0.04 wt (triangles down) and wa = 0.05 wt (diamonds). The dashed line is
a linear fit. Inset: The Soret coefficient of HyO/Cs/Ci2Es at the efb wversus the water
concentration at constant ¥, = 0.04 wt.

the inset in the right plot of Fig.6.19 the extrapolated Soret coefficient versus the wa-
ter concentration is shown. St is negative and decreases linearly with increasing water
concentration. Nevertheless, the w/o-droplets move to the cold. This unexpected combi-
nation of a negative Soret coefficient and the motion to the cold is caused by the negative
contrast factor (dn/dw), r as the increase in the water content of the solution will lower

the main refractive index.

The plot of the Soret coefficient versus the hydrodynamic radius shows an almost linear
radial dependence in the investigated concentration range (see Fig.6.20). The investigation
of larger droplets, as they are formed in microemulsions with higher water contents, was
not possible because the 1¢ funnel becomes narrower in temperature at higher water

contents.
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Figure 6.20.: The Soret coefficient versus the hydrodynamic radius at the efb at constant
1 = 0.04 wt for w/o-droplets of the H,O/Cg/C12Es microemulsion. Symbols are used as
given in Fig. 6.19.

6.6.1. w/o-Droplets of a quaternary Microemulsion

Most of the problems during the measurements in the 1¢ region on the oil-rich side of the
H,0/Cs/C2E5 phase diagram stem from the fairly high efb temperatures between 38.5 °C
(wa = 0.05 wt) and 43.3 °C (wa = 0.02 wt). To overcome these temperature problems, an
approach is to add a forth component glycerol, which affects the phase boundaries [367]
by lowering the cloud point [368]. Also the main temperature of the 1¢ region is low-
ered. The hydrophilic glycerol goes into the water phase and a glycerol-to-water ratio
of 0.35 wt/0.65 wt was selected which decreases the temperatures of the efb to 21 °C
(wa =0.05 wt) and 26 °C (wp =0.02 wt). The phase diagram is given in the inset on
the right side of Fig.6.21. Thermal diffusion measurements have been performed in the
1¢ region and the data have been extrapolated to the efb using an exponential function.
The Soret coefficient and the hydrodynamic radius approach a plateau value close to the
efb (for both plots see left Fig.6.21).

Finally, the right Fig.6.21 shows a linear size dependence of the Soret coefficient. Differ-
ences to the w/o-droplets of the glycerol-free microemulsions are the larger absolute values
of the Soret coefficient by a factor of two, and the droplet sizes which are almost halved
for each concentration. The different droplet sizes can be explained as follows: Glycerol

might cause dehydration of the hydrophilic head groups of the surfactant because it is
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Figure 6.21.: Left: The absolute value of St versus temperature. The mass frac-
tions are: wa = 0.02 wt (circles), wa = 0.03 wt (triangles up) and wa = 0.04 wt (triangles
down). Vertical lines mark the emulsification failure boundaries. Inset: The correspond-
ing hydrodynamic radius versus temperature. Right: The Soret coefficient at the efb
versus the hydrodynamic radius in the Hp O/glycerol/Cg /C12Es microemulsion at constant
M = 0.04 wt. Symbols are used as given in Fig. 6.19. The dashed line is a linear fit. Inset:
The phase diagram.

a less effective solvent than water. So, glycerol will not preferentially interact with the
surfactant head group units but competes with them for water molecules. This causes a
dehydration of the hydrophilic surfactant units which in turn causes an increase in the
interactions between the surfactant head groups and leads to a contraction of the inner

droplet core surface. The micelle shrinks [368, 369].

6.6.2. Conclusion

These preliminary measurements on the oil-rich side of the phase diagram of
H,0/Cg/Ci2Es and H,O/glycerol/Cg/Ci2Es have been performed to investigate the
thermal diffusion properties of the w/o-droplets. It was shown that the Soret coefficient
is negative and approaches a constant value at the efb. St and the hydrodynamic radius
at the efb scale almost linearly with the water concentration. A linear radial dependence
of the Soret coefficient was found. The addition of glycerol decreased the funnel temper-
atures which in turn lowered the risk of phase transitions during the measurements. Also
for the glycerol system a linear radial dependence of St has been observed. But there are
still open questions to be answered. To our best knowledge, we assumed spherical droplets
at the efb, but this has to be investigated, e.g. by SANS measurements. Furthermore,

the determined droplet radii do not only include a small layer of n-octane molecules.
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Additionally, also a layer of dissolved surfactant molecules is included, which spatial
distribution is not homogeneous but shows a higher probability for find the surfactants
close to the droplet [370].

It is also unclear to which extend the flexible interface of the w/o-droplets influences the
thermal diffusion behavior for different droplet sizes. In the case that the interface can
be regarded as a soft interface, Wiirger [68] predicts a quadratic radial dependence of St.

But this cannot be confirmed by our findings.

Another point is the temperature influence on the thermal diffusion behavior of the
w/o-droplets at the efb. This influence was pronounced in the water-rich 1¢ funnel of
H,0/Cs/C2Es, so that the linear radial dependence of St turned into a quadratic depen-
dence. For the w/o-droplets, the Soret coefficient depends linearly on the droplet radius
even if the variation of the water concentration changed the efb-temperature. In future
projects, we have to determine the Soret coefficient of different droplet radii without

changing the efb temperature to identify the temperature influence.



CHAPTER

SEVEN

CONCLUSION

The goal of this thesis was twofold: First we studied the thermal diffusion behavior below
and above the critical micelle concentration (cmc) of micellar solutions. Second the size
dependence of the Soret coefficient by means of microemulsions as model systems has

been investigated.

In the first part of this work, the micellar systems were investigated. To our best knowl-
edge, the thermal diffusion behavior of a micellar system around the critical micelle con-
centration has not been systematically investigated before. This work was motivated by a
thermal lens study by Santos et al. [34]. They found an abrupt change of the thermal lens
signal at the cme. Unfortunately, they were not able to determine the Soret coefficient due
to the presence of dye. In this work, the surfactant n—Octyl B—D—glucopyranoside, which
has a fairly high e¢mc, was used for comprehensive measurements of the thermal diffusion
properties in the low concentration regime close to the cme. We used IR-TDFRS, which
uses a weak absorption band of water in the near infrared and works without dye. The
cme was determined by surface tension measurements. It was found that the Soret coef-
ficient is almost temperature- and concentration-independent in the concentration regime
below the c¢me, while above the ¢me, micelles influence the thermal and mass diffusion
coefficients. Unfortunately, it was not possible to separate micellar diffusion from molecu-
lar diffusion, as the time constants are too close to each other to resolve with IR-TDFRS.
To tie in with the work of Santos et al., we performed measurements with classical TD-
FRS, which also works with an absorbing dye. Using classical TDFRS we could show

that an ionic dye influences the thermal diffusion behavior above the cmc only if the dye

133
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absorbs at the wavelength of the writing laser. A comparison of the different studies with
and without dye in both forms of TDFRS showed that the abrupt change in the thermal

coefficients also gets enhanced under this conditions.

In the higher concentration regime, corresponding to approximately the twice the cmec,
where the diffusion is dominated by micelles, the hydrodynamic radius of CgG; micelles
determined by TDFRS is equal to the calculated length of the surfactant molecule. It
was determined that the Soret coefficient undergoes a sign inversion from positive to
negative with increasing concentration. Additionally, a temperature dependence of the

sign inversion has been observed.

To check if the concentration and temperature dependencies of the Soret coefficient, deter-
mined for the CgG1/H,0 system, are general features of this class of sugar surfactants, the
measurements were extended to C7G/H,0 and CgG,/H,O. Preliminary measurements
of the critical micelle concentrations indicated a cmc three times higher of C7G; than that
of CgGy due to a reduced hydrophobic chain length. Due to impurities in both batches
of CgG; a reliable determination of the ¢mc with the ring method was not possible. In
contrast, the TDFRS results showed also for CgG; a pronounced change of St at a concen-
tration which is in the same order as the literature value for the ¢mc. This indicates that
the micelle formation in the bulk is less influenced by impurities. All investigated systems
showed a sign inversion at higher concentrations. Some approaches have been introduced

to normalize the Soret coefficient as function of temperature for all investigated solutions.

The second part of this work focused on the investigation of microemulsion systems. Mi-
croemulsions were used as model systems of spherical particles to determine the radial
dependence of the Soret coefficient, which is controversially discussed in the literature.
Whether the Soret coefficient scales linearly or quadratically with the radius, was inves-
tigated. In contrast to recently published works using synthesized colloidal particles or
ionic microemulsion droplets, the approach of this work employs the same chemical sur-
face composition for all sizes and eliminates surface charge effects. The size of the droplets
under investigation is in the range 6.3 nm (n-tetradecane) to 19.7 nm (n-octane) and is

small enough to ensure that sedimentation does not occur.

Microemulsion droplets can be found in the 1¢ region. A microemulsion of type
H,0/Cg/C12Es was selected for study because the 1¢ region is experimentally accessible
close to room temperature. The 1¢ region on the water-rich side of the phase diagram,
surrounded by the emulsification failure boundary (efb) to the lower 2¢ region and by the

near critical boundary (ncb) to the upper 2¢ region, is called 1¢-funnel. In this funnel
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o/w-droplets are found. These droplets have a spherical shape at the efb and grow in size
with increasing n-octane concentration. An increase in temperature leads to ellipsoidal
or network-like structures close to the ncb. The phase diagram of the 1¢ funnel was de-
termined within which thermal diffusion measurements were performed. To calculate the
Soret coefficient, the refractive index increment with temperature is required. As some

microemulsions are turbid, an optimized Michelson interferometer was constructed.

Because of possible phase transitions at the efb from 1¢ to 2¢ during the TDFRS mea-
surements, the samples could not be measured at the efb. Instead, temperature series
were performed in the 1¢ approaching the efb, and the Soret and diffusion coefficients
were extrapolated to the efb. The temperature dependence of the Soret coefficient, at
constant composition, approaches a constant value at the efb, while St diverges in the
vicinity of the ncb. A variation of the n-octane concentration results in a size variation
of the droplets. The determination of the Soret coefficient along the efb yields the radial
dependence. For HyO/Cg/C2Es, a linear radial dependence was determined, but the mea-
surements for the different droplet sizes were not performed at the same temperature. It
therefore remains unclear whether the result was additionally influenced by temperature

changes.

To measure the Soret coefficient of o/w-droplets under isothermal conditions at the efb,
microemulsion systems, which consisted of different n-alkanes, were produced. An increase
of the n-alkane chain length shifts the 1¢ region towards higher temperatures and towards
lower mass fractions of the n-alkane. It is therefore possible that each HyO/Cx/Ci2Es
microemulsion shows the efb at the same temperature, but with a different droplet size and
different n-alkane concentrations. The shortest investigated m-alkane is n-octane, which
exhibits a temperature difference of 2 K between the efb and the ncb at the investigated
concentration. The measurement of a shorter n-alkane such as n-hexane is experimentally
difficult, due to an even narrower funnel and a high evaporation rate. The longest n-alkane
investigated was n-tetradecane, due to solubility problems for longer alkane chains. Thus,
n-alkanes with an even number of carbon units from 8 to 14 were studied. N-alkanes
with an odd number of carbon units were not considered as they show slightly different
physical properties which makes them unsuitable. The investigated samples varied in their
droplet volume fraction from 4.75 vol% (n-tetradecane) to 11.15 vol% (n-octane), and in
the droplet hydrodynamic radius from 6.3 nm (n-tetradecane) to 19.7 nm (n-octane).
For all n-alkane systems, small angle neutron scattering experiments were performed to
confirm the spherical shape at the efb and to determine the droplet-droplet interactions.

A combination of a sticky hard sphere structure factor and a core-shell form factor was
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used to describe the data. As expected, it was found that the interactions are more
pronounced at higher droplet volume fractions. Analyzing the Soret coefficient of these
different microemulsion systems leads to a linear dependence of the Soret coefficient with

droplet size.

An approach by Parola and Piazza [371] gives evidence that the Soret coefficient correlates
with the radius of the solute particle, and with the temperature derivative of the product
of the particle-solvent interfacial tension and the length which measures the range of the
colloid-solvent interaction, d(lg,y0)/dT. Tt is assumed that St scales linearly with the
particle radius and with d6/dT. The main question was if the width of the fluid layer
could be related to the thickness of the diffuse interface of the microemulsion droplets,
ta;- The interfacial tension of a HyO/Cg/C12E5 microemulsion determined by Sottmann
was compared with thermal diffusion and SANS measurements. It was found that the
thickness parameter of the diffuse interface of the sticky hard sphere potential and the

width of the fluid layer are both in the order of a nanometer.

7.1. Outlook

Future projects will be focused on microemulsion systems. In this work, the radial depen-
dence of the Soret coefficient was determined at constant temperature. This system can
also be used to investigate the dependence of the droplet density on the Soret coefficient
at constant droplet radius and temperature. This allows a systematic study to be made of
the thermal diffusion behavior of single-particle and particle-particle interactions, which
can be compared with existing theories for colloids. For these measurements, microemul-
sion systems that have already been characterized, like HyO/C19/C12Es, can be used. A
variation in the droplet density can be achieved by changing the surfactant-to-water ratio,
%a, and the n-alkane concentration, wg. Thereby, the efb-temperature and the droplet size
both are unattached. First measurements of the refractive index increments indicate that
the 1¢ funnel temperatures of these systems are in an experimentally accessible range so

that we are able to measure these systems carefully using IR-TDFRS.

On the oil-rich side of the phase diagram of the investigated system H,O/Cg/Cj2Es w/o-
droplets are formed. They behave like inverse micelles. The investigation of the thermal
diffusion behavior of the w/o-droplet was difficult, due to the high temperatures of the gap
between the efb and the nchb which lays between 35 °C and 43 °C. To lower the temper-

ature regime of the funnel, glycerol can be added. First measurements of this quaternary
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system are promising and a Soret coefficient has been determined which depends linearly
on the radius. But there are still open questions: An alkane soluble dye, Quinizarin, has
been added to convert the intensity grating into a thermal grating. The role of the dye
on the thermal diffusion behavior has to be identified. SANS measurements are required
to determine how far the dye is incorporated in the microemulsion droplets and to get

information about the droplet size and shape, especially if glycerol is added.

Regarding the sample holders in TDFRS, they can be replaced by thermostated toluene
baths. Toluene has almost the same refractive index as the quartz glass windows of the
sample cells. This reduces perturbing scattering close to the measuring volume. Also the

thermal stability of the sample during the measurement will be improved.
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APPENDIX

A

TAYLOR EXPANSION OF THE HETERODYNE
DIFFRACTION SIGNAL

In general the obtained time dependent intensity function from TDFRS experiments was
analyzed using Eq.3.8 to determine the Soret and diffusion coefficients. Sometimes the
analysis of the diffraction signal became difficult, for instance if the thermal plateau was
less apparent due to a pronounced amplitude of the concentration plateau. This case
was often observed for microemulsion systems at temperatures close to the near critical
boundary, near which the amplitude of the diffraction signal diverged. Fig.A.1 shows an
example for a HyO/Cg/1 (75/25)/C12Es (%2 = 0.03 wt, wg = 0.0505 wt, T = 29.05 °C),
where the thermal plateau was rather small, so that the standard fit procedure failed.
Instead, a partial analysis of the measurement signal was used. Here, a Taylor expansion
was used to analyze the slope of the concentration process to determine Dt which is the

slope of that function.

The concentration process of the normalized heterodyne intensity signal is

on
Chet(t) = A 1—Woll))T(Z:)p’W(l—eftc) (A1)
(3),,

ow

with the heterodyne intensity signal, {per, the amplitude of the signal, A, the diffusion co-
eeifficients, Dt and D, the process time for the concentration mode, 7. and the derivatives

of the refractive index by temperature, (dn/dT) and by concentration, (dn/dw)

pw’ p.T
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Figure A.1.: The normalized heterodyne intensity signal versus time (circles). The
dashed line represents the Taylor function. Data points which were used to fit Taylor
are colored black, others grey. Dotted lines are guides to the eyes. The time scale is
logarithmic. The mean square deviation of the fit is less then 1 %. Sample: H, O/Cg/lo
(75/25) /C12Es, v, = 0.03 wt, wg = 0.0505 wt, T = 29.05 °C.

respectively. wq is the mass ratio of the microemulsion droplets to the total mass. We

shorten the expression in Eq.A.1 to

Grat) =C1 [1-C (1-¢7%)] (A.2)

and insert C1 and C; as coefficients for the following comparison with a polynomial Taylor
function P(r)
P(t) = po+ pit + pat® + pst® + ... (A.3)

th

where p;t' are the polynomial terms of the i-order. The approximation of e by Taylor

expansion follows the sum of terms of the derivative functions at the single point a =0

o
P = Y e @ gy (A4)

which is expanded to the first order and given by

t
Pr(t) =C1—C1Cr A.
¢ (t) =C1—C1Cy o (A.5)

The process time 7. will later cancel with a term included in C; as C ~ 7 U If terms of

higher orders were considered, the process time would remain as an additional parameter.
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The Taylor function was also expended to the second order term (not shown here) but it
was indicated that the accuracy was not enhanced. Thus, the comparison of the first to

terms in Eqgs.A.3 and A.5 give the relations

po = Cr=Aand (A.6)
()
1 DT T w 1
= _CiCr— = —Acy— pw AT
P1 121’_c COD(@) Tc (A7)
dw T
with the ratio of both Taylor parameters
)
T

PL_ oDy o (A3)

Po <@>

aw T

. o . -1 . .
where the relation for the mass diffusion coefficient D = (quc) with the wave vector ¢ is
used. Finally, an expression for Dt was achieved which is independent of the concentration

process time, 7., and the amplitude, A. The Taylor expression for Dr is

o 1(%)1””. (A.9)

“po 4o (@)
ow »T

Fig.A.1 shows the heterodyne intensity signal versus time. The dashed black line is the
Taylor function from Eq.A.5. The wave vector in the IR-TDFRS setup was determined
to ¢ = 306010 m~!, and the increment of the refractive index with concentration and
temperautre, (dn/dw), r =0.13 wt~! and (dn/dT),,, =524 107> T~ were determined

in separate experiments.






APPENDIX

B

INFLUENCE OF DYE ON MICROEMULSION SYSTEMS IN
THE TDFRS SETUPS

The effect of ionic dye in a nonionic surfactant solution on the thermal diffusion behavior
was discussed in Chapter 4. For a binary micellar solution it was shown that the dye only
influenced the micellar concentration regime above the cmc. This effect was enhanced if
the dye absorbed at the writing laser wavelength. The question emerged if this behavior

could also be observed for o/w-microemulsion droplets.

First measurements of o/w-microemulsion droplets were performed for HyO/Cg/C1,Es
systems using the classical- and the IR-TDFRS setup, respectively. Basantol™ Yellow

L at

was added to the microemulsion system to achieve an optical density of 2.0 cm™
488 nm (which is equal to a volume fraction of 1.504-10~7 mol/g Basantol® Yellow). In

IR-TDFRS the samples were measured with and without dye.

It is expected that the ionic dye molecules are dissolved in water or attached to the
surfactant layer of the droplet [39] where they are known to affect the molecular diffusion
due to electrostatic interactions. We investigated the dye influence using a HyO/Cg/o
(75/25)/C12Es microemulsion with ¢, = 0.03 wt and wg = 0.0505 wt. All measurements
were performed in the 1¢ region which showed the efb approximately at T = 27.40 °C.
The starting temperature was 29.85 °C and after each measurement, the temperature was

decreased by 0.40 K until the efb temperature was reached.

Fig.B.1 shows the determined Soret and diffusion coefficients and the hydrodynamic radius

versus temperature. The top figure presents the hydrodynamic radius. The exponential
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decay of the radius with decreasing temperature is indicated for the dye-free microemul-
sion. Comparing the results obtained by IR-TDFRS, it is assumed that the dye-containing
sample consist of smaller droplets which are 2-10 times smaller than the aggregates of the
dye-free sample. This difference is constant over a relatively large temperature range close
to the efb and becomes larger above 29 °C. We assumed, that this is the critical temper-
ature where the dye-free microemulsion changed shape. In contrast, this is hindered by
the influence of the dye. The droplet size diverged stronger against the ncb in the absence
of dye. Thus, it is predicted, that the ionic influence of the dye hindered the formation
of aggregates above 20 nm in radius due to electrostatic repulsion. This behavior was
also observed for the dye-containing sample in the classical TDFRS setup. In the clas-
sical setup, the dye absorbs on the wavelength of the writing laser which influenced the
thermal diffusion behavior of the droplets: The thermal diffusion coefficient determined
in IR-TDFRS is equal and almost temperature independent for the dye-containing and

dye-free sample but in the classical setup, Dt increased linearly with temperature.

Consequently the Soret coefficient behaved as follows: St increased with temperature
and diverged against the ncb for the dye-containing microemulsion in classical TDFRS
and the dye-free microemulsion in IR-TDFRS. The increase was less pronounced for the
dye-containing sample in IR-TDFRS. In the investigated temperature range, the Soret
coefficient was the largest for the microemulsion measured in classical TDFRS, followed
by the dye-free sample in IR-TDFRS and St was the smallest for the dye-containing
sample in IR-TDFRS. At the efb the Soret coefficient was equal for all measurements.

The discrepancy in the classical setup is a matter of the laser wavelength. In this setup
a second concentration process was induced due to the local heating of the dye-infected
microemulsion droplets. A similar behavior was observed for nonionic micelles in water by
Ning et al. [38,39]. After the temperature profile was created, the microemulsion aggre-
gates moved to the cold region, which led to a further increase in the heterodyne intensity
signal. Then, induced by a local temperature profile around dye-infected droplets, the dye-
infected droplets migrated to the warm. Assuming that the warm region is colder than
the local temperature around the dye-infected droplets, this motion can be interpreted as
a migration to the cold from the point of view of a droplet. This second concentration
process caused a loss in the contrast of the refractive index profile and the diffraction sig-
nal decreased. After approximately 10 s a steady state was reached (see Fig.B.2). Fig.B.2
also indicates, that the change in the refractive index grating caused by the concentra-
tion process was more pronounced in the IR-TDFRS in the absence of dye which directly

correlates to the difference in hydrodynamic radius (inset in Fig.B.2).
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Figure B.2.: Comparison of TFDRS measurements of the same microemulsion sys-
tem H>O/Cg10/C12Es with ¥, =0.03 wt and wg =0.0505 wt at T = 27.4 °C. Symbols
are filled (classical TDFRS) or open (IR-TDFRS) and the orange color indicates dye-
containing samples while the black symbols represent measurements of dye-free samples.
The sample in the classical TDFRS setup shows a second concentration mode while the
samples in the IR-TDFRS setup indicate a single concentration plateau. Inset: the hy-
drodynamic radius at the efb of the dye-free sample is nearly twice of the radius of the
dye-containing samples.

The measurements from the classical TDFRS setup indicated a second concentration mode
which made the analysis more difficult. To simplify the analysis, the calculated diffusivity,
the process time and the amplitude of the single concentration process from IR-TDFRS
measurements had been copied as initial values for the triple exponential function, which
was used to analyze the classical TDFRS data, which requires two additional parameters:
the amplitude and the equilibration time of the second concentration process. The fit
procedure was repeated for several times. In each single repetition only an arbitrary pair
of the five available parameters was set variable such that after innumerable number of

repetitions, the fit function showed a sufficient correlation to the data points.

Contrarily to the o/w-aggregates, the w/o-aggregates were measured in the classical TD-
FRS (and only there) by adding Quinizarin. The results (not shown here) did not show
a second concentration mode. This indicated that the second mode effect was caused by

charged molecules acting like a cosurfactant [38].



APPENDIX

C

DETERMINATION OF THE TEMPERATURE OFFSET IN
THE IR-TDFRS SETUP

Two interfering laser beams at 980 nm are used in the IR-TDFRS setup to write a ther-
mal grating into the sample. The low absorption of water is used to convert the intensity
grating into a temperature grating. It is suggested that the aqueous samples are locally
heated by the laser. This heating cannot be detected by the temperature sensor under-
neath the sample position in the cell holder. The main problem is that microemulsions
depend strongly on temperature and a small temperature variation can cause a phase
transition. Thus, we have to ensure to which extend the samples are heated by the IR-
laser. First remarks were made by Kohler and Rossmanith [24]. They calculated the
additional sample heating based on the thermal conductivity (1.4-107'Jem™!'s7 1K)
and the thickness of the used cell window (1.25 mm), and the measured specific surface
emissivity (3.5mW 'em2K™!) to be at 0.2 K.

To determine the temperature offset in the investigated microemulsions, we performed
measurements in IR-TDFRS using a microemulsion for which the phase diagram was
precisely investigated. The used microemulsion is a composition of water, n-octane and
tetraethylene glycol monodecyl ether (CjgE4) with a mass fraction of oil to water of 50/50.
The phase diagram was measured in cooperation with the group of Prof. Strey and is
shown in Fig.C.1. Measurements in IR-TDFRS were performed with a mass fraction of
surfactant to water at Y= 0.154 wt to determine the upper phase boundary from 1¢ to 2¢

as a measure of the intensity of the diffracted read-out beam. The boundary temperature
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T = (27.85+0.05) °C

cfb

35+ N
30+ N

0.10 015 0.20
¥/ wt

Figure C.1.: The phase diagram of HyO/Cs/CioEs. The mass fraction of water to n-
octane is 50/50. The temperature is plotted versus the mass fraction of surfactant to water.
At y=0.154 wt (dotted vertical line) the efb was determined at T = (27.854+0.05) °C
in a water bath. The insets sketch the microemulsion in the upper 2¢ region with an
occurring water excess phase (A) and in the 19 region (B).

was previously determined at T = 27.8540.05 °C. It was expected that in the 2¢ region
the light scattering is higher than in 1¢ because the 2¢ region is turbid and the 1¢ region

is clear and transparent.

For our measurements in the IR-TDFRS setup the sample cell and the cell holder are
thermostated to a temperature corresponding to where we find the CgE4 microemulsion
in the 1¢ region. The microemulsion was equilibrated in the 1¢ region under stirring
and filled into the cell. We started the measurements at a temperature in the 1¢ region
below the upper boundary and increased the temperature stepwise by +0.1 K. After each
increase, the system was thermally equilibrated and we measured the intensity of the read-
out beam for several minutes. The time average was taken. In the 1¢ region, we read a
count rate of approximately 190 kHz (at T < 27.50 °C). Additionally, we measured a high
contrast of the heterodyne signal which indicated that the incoherent light scattering was
small. At T >T = 27.60 °C the intensity was strongly increased by a factor of 25 and
reached 4700 kHz. Simultaneously the contrast dropped (see Fig.C.2). The interpretation
is that the scattered light gained in intensity and was more pronounced than the intensity
of the diffracted light. This indicated that the sample was in the upper 2¢ region. We
determined the phase boundary at an average set temperature of T = 27.5540.05 °C.

This values is 0.3 K below the expected temperature and corresponds to a temperature
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Figure C.2.: The temperature dependence of the count rate (open squares, left azis) and
of the contrast (open circles, right axis) is shown for the heterodyne intensity signal in
the IR-TDFRS setup for the investigated Hy O/Cg/C10E4 microemulsion. The determined
phase transition from 1¢ to 2¢ is found at T = 27.55 °C (vertical dotted line). The
horizontal dotted lines are guides to the eyes and mark the average count rates in 1¢ and

73

offset in the IR-TDFRS setup which needs to be considered, if microemulsion systems
are measured in this setup. To our best knowledge, we cannot determine how far the
temperature offset changes with the water content in the microemulsion but we assume

that the temperature offset can be adopted to all microemulsion samples.

We compared the hydrodynamic radius of a Cg/19 (50/50)-microemulsion determined by
IR-TDFRS and DLS to check if the determined temperature offset allows a reliable data
analysis. In Fig.C.3, the grey colored solid symbols present the original data from IR~
TDFRS measurements and the black colored points are shifted in temperature by +0.3 K.
Including this offset, the IR-TDFRS data fits with DLS data in the vicinity of the efb
(dotted vertical line). To exclude systematic deviations in the hydrodynamic radius,
the concentration process in the IR-TDFRS data was additionally analyzed using the
Kohlrausch-Williams-Watts (KWW) method, which was used to analyze the DLS data.
The difference between both, the standard (squares) and the KWW method (circles), is

negligible and in the order of the error bars at low temperatures.
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Figure C.3.: The temperature dependence of the hydrodynamic radius is plotted for a
H,0/Cy19 (50/50)/C12Es microemulsion measured by IR-TDFRS (solid symbols) and
DLS (open symbols). The radius without (grey) and with the temperature offset (black).
The vertical dotted line marks the efb.



APPENDIX

D

INFLUENCE OF WRITING LASER POWER IN THE TDFRS
SETUP

Both TDFRS setups use interfering laser beams to write an optical grating into the sample.
The classical TDFRS setup uses a 488 nm Ar-laser with a light intensity of 300 mW, the
IR-TDFRS setup works with a 980 nm laser with an output of 1000 mW. A higher light
intensity is required for the aqueous samples in the IR-TDFRS setup due to the lower
absorption (& =0.18 cm™!) in comparison to the dye-containing samples in the classical
setup with Ojass = 2.0 cm ™! which is of factor 10 higher. The main question is in how far

the Soret coefficient is affected by the laser intensity.

We investigated the dependence of the thermal diffusion behavior on the light intensity
in the classical TDFRS setup as the Ar-laser was easily to tune. A mixture of CsG;/H,O
with a surfactant mass fraction of 0.02 wt was used to which dye was added such that

! was achieved. We performed measurements at 15 °C and

an optical density of 2.47 cm™
varied the light intensity from I, = 237 mW to 764 mW. The minimum intensity was
slightly higher than the lasing threshold, whereas 764 mW was close to the maximum
achievable output power of the Ar-laser. In Fig.D.1 the Soret and diffusion coefficients
are plotted versus the light intensity. The measurements started at the highest light
intensity. After each measurement, the intensity was stepwise decreased until the lowest
light intensity was reached. Finally, the highest intensity measurement was repeated to

ensure that the sample did not suffer from evaporation meanwhile.

An almost intensity independent behavior was observed for the mass diffusion coefficient,
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Figure D.1.: Influence of the light intensity of the writing laser in the classical TDFRS
setup on the Soret and diffusion coefficients. The sample is a CsGy/H, O solution with
Ya=0.02 wt at 15 °C. The first measurement (labeled as start) at 764 mW was repeated
to check for evaporation effects (labeled as end) after measurements at different laser light
powers were performed.
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while the thermal diffusion and Soret coefficient decreased with decreasing intensity below
300 mW. Above this value, they were independent from changes in the light intensity. This
confirmed that the experimentally used light intensity, which varied between 300 mW and
600 mW as a consequence of the aging process of the laser, did not influence the thermal

diffusion behavior of the investigated samples.






APPENDIX

E

PURITY OF CsG;

The extremely low cmec, which was determined by the group in Koln for CgG,, was
probably a consequence of impurities because the other determined critical micelle con-
centrations agreed with literature values, so that we could assume that the setup was
reliable. In this chapter we want to discuss, why the surfactant is especially sensitive to

impurities.

In the case of the glucosides, traces of n-octanol or further amounts of poly-glucosides
were expected. The manufacturer pointed out that the amount of n-octanol was negligible
as the surfactant was lyophilized. Hence, we focused on the determination of traces of

poly-glucosides or other impurities by HPLC-MS and an absorption method.

HPLC-MS (high performance liquid chromatography with coupled mass spectroscopy)
measurements were performed by Dr. Bjorn Thiele (ZCH, FZ Jiilich), and indicated a
low level of impurities. It was shown by Billian [372] that the alkyl-polyglucosides and
their monomers, which were assumed to be present in the sample, are separable with this
technique. For the preparation of the sample, 10.4 mg of CgG; were dissolved in 10 ml
pure water and diluted up to 230 uM before filling in the column. The applied flow
rate in the columns was between 250 pl/min (column IT) and 700 pl/min (column I). The
required mass-to-charge ratio for the mass spectroscopy was accomplished by electrospray
ionization and set to m/z=472 which related to the solution [M + NHy] without HPLC.
Once the mass spectroscopy parameters were calibrated, MS was connected to the HPLC

eluent flow.
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Appendix E: Purity of CgG;

column I

column II

column type

gradient by

MS method

Nucleodex s-OH, 150 x 3 mm,
5 pm particle size (Macherey-
Nagel)

A: 5 mM NHyAc (pH 4)

B: acetonitrile

Luna 3u C18, 150 x 2 mm,
3 um particle size
(Phenomenex)

A: 5 mM NHyAc (pH 4)

B: methanol

ESI(+) (Electrospray-lonization), Spray Voltage: 4000 V, Sheath
Gas Pressure: 10; Aux Gas Pressure: 5; Capillary Temperature:

270 °C; tube Lens: 110 V.

Table E.1.: Specifications Columns of the HPLC method. HPLC-system: Agilent 1100.

MS-system: Thermo

Electron TSQ Quantum.

Figs.E.1 and E.2 illustrate the relative abundance versus time measured with different

columns. Details about the columns are given in Tab.E.1. The main peak in Fig.E.1
at 13.25 min (Fig.E.2: at 17.17 min) marks the eluting CsG,. Another shorter peak at

smaller times in Fig.E.1 indicates a relatively lighter component, and the presence of two

peaks at later times indicate larger components. The relative intensity of these secondary

peaks is less than 2 % and only the most intense peak in Fig.E.1 at 20.9 min is also
detected with column II in Fig.E.2 at 26.2 min.

The results promised only a low amount of impurities in the CgG;, sample but it could

Relative Abundance
BR 8 ® 8 & 8 &8 8 & 3 3 8 K 8 K

8
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Figure E.1.: The time resolution of the elute from HPLC-MS method using column I
(see Tab.5.1). The main peak at 13.25 min corresponds to n—Octyl B—D-maltopyranoside.
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Figure E.2.: The time resolution of the elute from HPLC-MS method using column II
(see Tab.5.1). The main peak at 17.17 min corresponds to n—Octyl B—-D—-maltopyranoside.

be expected that the impurities went to the interface and caused a change of the cmec.
Depending on the column type, several smaller peaks were observed which could not be

identified to a certain component.
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thermal diffusion coefficient

fit parameter (DLS)

decay rate (DLS)

maximum surface excess concentration
mass ratio of surfactant to the oil (b) or to water (a)
dielectric constant of component x
heterodyne signal in TDFRS

homodyne signal in TDFRS

viscosity

angle of the read-out, writing beams
wavelength

chemical potential

density

density of air

density of the mixture

surface tension

surface tension of pure water

measured surface tension

standard deviation

process time of the concentration mode
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decay time (DLS)

thermal diffusivity

volume fraction of droplets

volume fraction of the alkanes

internal interface

monomeric dissolved Cj»E5 in oil

angle between surfactant chain unit and interface
angle between surfactant head group and interface
Kohlrausch-Williams-Watts function
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