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1 Introduction

In this first introductory chapter, I will give the underlaying motivation to my research studies,
which resulted in the published articles.

1.1 Background

Since many years, the standard tool for studying electrostatic interactions in electrolyte so-
lutions is the Poisson-Boltzmann approximation. However, this approximation neglects the
size of the ions and ion-ion correlations, which seems to be important in real systems, e.g.
including multivalent counterions [1]. The aforementioned approximation cannot explain the
experimentally observed ion specific effects [2, 3]. Some investigations of electrolyte solutions
at liquid-air [4] and liquid-liquid interface [5] indicated the ion-solvent coupling as responsible
for the observed ion specificity.

The importance of ion-solvent coupling becomes even more evident in the case of binary
mixed solvents. Adding ions to the critical binary solvents leads to range of fascinating phe-
nomena. For instance, adding a simple inorganic salt may give rise to anomalous interactions
between colloidal particles suspended in critical aqueous binary mixtures [6, 7]. On the other
hand, the presence of the so-called antagonistic salt causes a weak assembly behavior in such
mixtures [8, 9]. The antagonistic salt can be simply understood as a salt built of inorganic
and organic ions, e.g. sodium tetraphenylborate (NaBPh4). The case with antagonistic salt is
also in contrast to the behavior of mixtures with simple salts, where the latter do not induce
the mesoscale ordering. Lately, the antagonistic salt has been applied to stabilize a colloidal
suspension [10].

1.2 Electrostatics in binary solvents

Let’s imagine the binary liquid mixture containing immersed colloidal particles upon approach-
ing the critical point of solvent’s demixing. Due to confinement of diverging concentration
fluctuations, an effective force arises between solid surfaces. This force, the critical Casimir
force, has been observed indirectly through the thickness of wetting films [11] and later used
in studies of capillary bridge formation in binary mixtures [12]. Already some years prior
to direct measurements of critical Casimir forces [13], a reversible aggregation of polystyrene
spheres in binary solvent at its critical composition has been noticed [14]. This critical Casimir
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1.3. AIM OF THIS THESIS WORK

force [7, 13, 15] is strongly temperature-dependent, since its spatial extent is determined by
the diverging bulk correlation length ξ(T ) of the mixture’s critical fluctuations. As a conse-
quence, critical Casimir forces are being applied e.g. for reversible control of colloidal aggre-
gation [16, 17] or in precise control of the aggregates morphology [18] using temperature as
a tuning parameter. While these critical forces are well understood in neat binary solvents,
this is not the case upon the addition of salt. In the presence of hydrophilic salt these forces
have been observed to appear several degrees farther from the critical point [6]. Moreover, the
coupling between critical fluctuations and ion distributions in binary solvents has been found
to induce an attraction between suspended hydrophilic and hydrophobic surfaces, despite the
electrical double layer and critical Casimir forces are expected to be mutually repulsive. For
the successful application of critical Casimir forces in colloidal systems, the surprising behav-
ior in the presence of simple ions must be understood. A possible explanation is given by an
unequal partitioning of hydrophilic ions due to their asymmetric solvation preferences [19–22].
Accordingly, the cations would accumulate near the suspended hydrophobic surface, driven
by their weaker hydrophilicity compared to the anions [23]. However, the above mentioned
unequal partitioning of hydrophilic ions has not yet been observed directly in an experiment.

The case of the antagonistic salt inducing mesoscale ordering, brought a significant interest
within soft matter field [8, 9, 24]. Even a small concentration of these types of salts leads to
emergence of structuring in the sample, which evolves in a salt content-dependent manner [8,
25, 26]. Initially, the underlaying mechanism was attributed to the ion partitioning based
on hydrophilicity or hydrophobicity of cations and anions respectively. The antagonistic salt
would behave as a surfactant [27, 28]. However, the aforementioned interpretation is still
under debate. A theoretical model with equal-sized ions does not show the effect of mesoscale
ordering [20] and an alternative prediction suggests the asymmetry of the ions’ size as the
governing mechanism [29]. Unfortunately, no system has been available for experimental
verification. Previous experiments were conducted on systems exhibiting always a significant
size asymmetry between the ions [8, 24, 26,30].

1.3 Aim of this thesis work

In order to address the aforementioned phenomena in binary aqueous solvents containing
either simple inorganic salt or antagonistic salt I make use of advanced synchrotron-based
techniques. First, I probed the distribution of hydrophilic ions at the liquid-vapor interface
of a critical binary mixture by using grazing-incidence x-ray fluorescence (GIXF). The main
objective in this study (paper I) was to verify the theoretically suggested preferential solvation
of hydrophilic ions, in a direct measurement. Further developing this idea, the goal was
to quantify the unequal ion partitioning (paper II). For this purpose, I propose a method
for determining ion relative surface excess at the binary liquid-vapor interface. I follow the
previous idea [4] of binding the GIXF intensity with the surface excess Γ. Second, by choosing
a new experimental system I performed small-angle x-ray scattering (SAXS) measurements
to investigate the ion size asymmetry as a possible leading factor to the mesoscale ordering of
the binary solvent (paper III). Such a new system had to be built of salt series with evolving
cation-to-anion size ratio, allowing for systematic study of the ion size asymmetry effects.
Additionally, I demonstrate the application of my critical binary liquid mixture as a system to
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CHAPTER 1. INTRODUCTION

determine the x-ray beam-induced heating up of a liquid sample in a standard glass capillary
(paper IV).

This thesis work will contribute to the clarification of the salt-induced effects in critical
aqueous binary solvents.

In the following chapters I will describe: the experimental systems, used techniques, sum-
marize the results and give future outlook. The four articles contributing to this work are
included at the end (papers I – IV).
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2 Experimental system

In this thesis work the studied system was a binary critical mixture containing salt. Here,
I will describe the part of the work done in laboratory in order to verify the effects of added
ions on the mixture’s phase behavior.

2.1 Water and 2,6-dimethylpyridine mixture

A binary liquid mixture is a two-component system prepared by mixing two liquids. Some
binary mixtures are miscible only under certain conditions and become phase separated when
e.g. temperature is changed. Indeed, this is the case of the binary solvent used in this study.
This mixture is fully miscible at room temperature, although heating causes reaching the lower
critical point after which the two separated liquid phases are observed. Further increase of
the temperature eventually results in reaching the upper critical point, after which the system
becomes miscible again [15]. A schematic phase diagram for binary liquid mixture with a
lower critical temperature is shown in Fig. 2.1. My experimental liquid mixture exhibits both
critical points, however I only worked close to the lower TC .
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2.1. WATER AND 2,6-DIMETHYLPYRIDINE MIXTURE

Figure 2.1: A schematic representation of the phase diagram of a binary liquid mixture, with
a focus on a lower critical point (marked TC as red). The phase behavior is presented as
temperature versus composition. The observation of TC yields the critical composition of the
mixture.

Next, I will describe the solvent in more detail. The binary mixture was composed of water
(dielectric constant ε ≈ 80) and 2,6-dimethylpyridine (IUPAC systematic name, C7H9N see
Fig. 2.2, further denoted here as 2,6-DMP; ε ≈ 7), also known as 2,6-lutidine. The choice of
the solvent is dictated by its well-studied physico-chemical properties [31–33] and TC close to
room temperature. The mixture’s critical point is found at TC ≈ 307 K and 2,6-DMP volume
fraction of φ ≈ 0.302. However, addition of ions is believed to modify hydrogen bonding and
affect the bulk properties [34]. In order to gain a deeper understanding of the effects caused
by different types of ions, I determined phase diagrams for the solvent with added either
potassium chloride (KCl) or quaternary ammonium bromides ([CnH2n+1]NBr, n = 2 . . . 7).

Figure 2.2: Molecular structure of 2,6-dimethylpyridine.

Criticality of the solvent

For critical solvents, i.e. solvents at the critical composition φC near TC , approaching the
critical temperature gives rise to the emergence of critical fluctuations. The closer to the
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CHAPTER 2. EXPERIMENTAL SYSTEM

critical point, the larger those spatial fluctuations become [35]. The extent of the density
fluctuations close to the critical point is described by the bulk correlation length ξ, which
diverges at the critical point. Thus, ξ is strongly temperature dependent and close to the
TC follows the three-dimensional Ising universality class as ξ = ξ0(∆T/TC)−ν [15, 36]. Here,
ν ≈ 0.63 is the critical exponent and ∆T = TC −T . ξ0 is a sample-dependent constant, which
has been found to be ξ0 = 0.20± 0.02 nm for the water and 2,6-DMP mixture [6, 31].

2.2 Choice of salts

Potassium chloride

For experiments with hydrophilic salt, I chose potassium chloride (KCl) for two reasons.
First, according to Ref. 23, chloride is strongly hydrophilic, whereas potassium has a weaker
preference for water over the organic component (2,6-DMP). Second, from the technical point
of view of the applied grazing-incidence x-ray fluorescence, it is crucial to be able to monitor
both ions’ signals simultaneously. Indeed, this is possible as characteristic fluorescence lines for
both ions are relatively close spaced in energy. The experimental techniques will be introduced
in Chapter 3.

Tetra-n-alkylammonium bromides

In the part of the investigation on mesoscale ordering, I used a salt series containing sym-
metrical quaternary ammonium bromides. The reason of choice is as follows. Since the first
in the series, tetraethylammonium bromide consists of small cation and anion, the successive
elongation of side-chains up to seven carbon atoms in tetraheptylammonium bromide will re-
sult in salt built of significantly larger cation than anion. Also, the short hydrocarbon-chained
compound (Et4NBr) is still hydrophilic, while the longer hydrocarbon-chained (Hep4NBr) will
exhibit increased cation’s hydrophobicity [23]. I expect the quaternary ammonium cations’
data to depend on the length of attached alkyls [37]. For simplicity, I further denote these
sample sets as C2 . . . C7, based of the number of carbon atoms in side-chains. Fig. 2.3 displays
the schematic size difference between the Et4N

+ and the Hep4N
+ cations.

2.3 Phase behavior of the solvent

Let’s now focus on the experimental procedure of determining the phase diagram for (i) the
pure binary solvent, (ii) with the addition of inorganic simple salt, potassium chloride (papers
I, II), and (iii) with addition of symmetrical quaternary ammonium bromides (paper III).

Phase diagram determination

First, I prepared the solvent containing water and 2,6-DMP at 2,6-DMP volume fractions to
be within φ = 0.15 . . . 0.60. I chose to vary the 2,6-DMP volume fractions by ∆φ = 0.05 in
order to capture the expected location of φC [31]. Furthermore, this span of volume fractions
should capture the eventual deviation in the critical point upon the addition of salt. Next,
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2.4. SALT EFFECT ON THE PHASE BEHAVIOR

(a) Et4N
+ (b) Hep4N

+

Figure 2.3: Structure of cations: (a) tetraethylammonium and (b) tetraheptylammonium.

I transferred all samples into 75 × 10 mm glass test tubes, which were sealed (see Fig. 2.4)
and placed in a temperature-controlled water bath (Grant Instruments). I increased the
temperature from 293 to about 317 K in steps of 0.1 K (the temperature stability was ≈ 0.1 K).
I allowed the samples to equilibrate for ≈ 15 minutes. Finally, I determined the coexistence
points shown in Fig. 2.5 visually, based on the onset of critical opalescence.

Determining the phase diagram of the neat binary mixture was a first crucial step as
a reference for those samples containing salt. After ensured reproducibility of the data for
the neat mixture, I turned to verify the cases with different salts. For potassium chloride
(KCl), I followed the same experimental procedure as described above. The studied samples
contained different concentrations of added salt: 10, 20, 50 and 100 mM. The phase diagram
of the water and 2,6-DMP mixture containing quaternary ammonium compound was yet to
be determined experimentally. Thus, I determined the coexistence points in this system, in
order to obtain deeper insight of eventual effects of those ions. For this experimental set, I
followed the described method for the pure solvent. I began with mixing water and 2,6-DMP
at a few of the 2,6-DMP volume fractions φ = 0.10 . . . 0.60, varied by ∆φ = 0.10. I prepared
six sample sets, one for each of the quaternary ammonium bromide C2 . . . C7. I increased
the temperature by 0.5 K (giving the experimental error of 0.5 K) and allowed ≈ 20 minutes
for equilibration.

I will now discuss shortly the effects of salts on the phase diagram of my experimental
system.

2.4 Salt effect on the phase behavior

The phase diagram for the solvent containing inorganic simple salt, potassium chloride, is
shown in Fig. 2.5. I found it to be in line with previous studies [31, 33]. The addition of
hydrophilic potassium chloride has two effects on the coexistence line. First, I observe a
decreasing of the critical temperature, for example 10 mM KCl lowers TC by about 2 K [38].
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CHAPTER 2. EXPERIMENTAL SYSTEM

(a) Experimental set-up. (b) Samples in the water bath.

Figure 2.4: Phase diagram determination. (a) View of sample sets in water bath; (b) enlarged
view over few samples reaching phase separation.

Second, I observed a shift in the critical composition towards larger φ values. All these changes
are salt-concentration dependent causing enlargement of the two-phase region [34].

In papers I – II I focused on the solvent with φ = 0.3 of 2,6-DMP and 10 mM KCl, as the
bulk correlation length ξ is known to not be affected by this salt concentration [6].
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Figure 2.5: Determined coexistence points as a function of 2,6-DMP volume fraction φ. Ex-
perimental data for the neat mixture of water and 2,6-DMP (black circles) and containing
potassium chloride (color symbols) with different concentrations.

In Fig. 2.6 the coexistence points for the mixture with added 10 mM of the symmetri-
cal quaternary ammonium salts is presented. This bromide salt series is built of tetraalkyl
homologues compounds differing by having one more -CH2 group, i.e. from C2 up to C7. In-
terestingly, I do not observe any significant changes in the phase behavior of the system. This
is opposite to the simple hydrophilic salts and to previously investigated compounds contain-
ing hydrophilic and hydrophobic ions. The binary mixtures with surfactants and antagonistic
salts have already been known [8, 39] to exhibit concentration-dependent diminishing of the
two-phase region. Additionally, the shift of critical composition and increase of TC has been
found. None of these is observed in my experimental data for C2. . .C7 salts.

In fact, this finding facilitated further experimental studies that I conducted at a SAXS
beamline (paper III). In this research project, the binary solvent at unchanged φC was pre-
pared with added C2. . .C7 in a concentration of 10 mM.
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Figure 2.6: Phase diagram for the system of water and 2,6-DMP with added quaternary
ammonium salt. The measured phase separation temperature vs. varied volume fraction of
2,6-DMP. Black circles show the data for the pure solvent, while other-shaped symbols depict
samples with 10 mM salt. Figure taken from paper III.

It is worth to mention that one of the samples, C7 at low 2,6-DMP fraction of φ = 0.1,
became turbid directly after mixing all chemicals at room temperature. Thus, it was impossible
to determine the phase separation point. C7 is the only compound of all series which does
not dissolve in water. At the same time, it is soluble in all water-2,6-DMP mixtures with
φ ≥ 0.2 and φ ≤ 0.6. The reason of such turbid appearance might origin from a spontaneous
formation of the 2,6-DMP in water emulsions [40].

2.5 Surface activity of tetra-n-alkylammonium

bromides

It is clear that in the case of tetra-n-alkylammonium bromides, elongation of the hydrocarbon
side chains gives rise to hydrophobicity of (CnH2n+1)N

+ ions. The tetraethylammonium ion is
still hydrophilic [23] while the long homologues acquire a preference to organic phases. This
feature can be identified with the surface activity of the studied salt series. Surface tension
(γ) data have been reported previously for only the first four homologues of the compounds
in focus here [41, 42]. Therefore, I conducted verification surface tension measurements on
aqueous solutions of 10 mM ammonium salts using the ring method (Sigma 70 Tensiometer,
Crelab Instruments).

In table 2.1, I show the surface tension data for the C2. . .C7 series. The first three
homologues have a negligible effect on changing the surface tension of water (≈ 70 mN/m).
The compounds with further elongated side hydrocarbon chains, show gradual decreasing of γ.
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More specifically, 10 mM of C5 and C6 decreases the surface tension of water by ≈ 10 and
≈ 25 mN/m, respectively.

Also, these types of compounds manifest their effecting surfactant-like behavior by assem-
bling into micelles. Even for short-chained ammonium cations, critical micelle concentration
has been detected previously in concentrated solutions [42,43].

Compound C2 C3 C4 C5 C6
γ [mN/m] ≈ 70 ≈ 70 ≈ 70 ≈ 60 ≈ 45

Table 2.1: The determined surface tension for the series of the 10 mM symmetrical quaternary
ammonium bromides (C2 - C6) aqueous solutions. C7, the last one in the series, does not
dissolve in water.
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3 Synchrotron-based experimental techniques

In the experimental work, I utilized two synchrotron-based techniques: grazing-incidence x-ray
fluorescence (GIXF) and small-angle x-ray scattering (SAXS). Next, I will briefly introduce
synchrotron radiation, GIXF, SAXS, and the instruments used.

3.1 X-rays and synchrotron radiation

X-rays are part of electromagnetic radiation [44, 45], with wavelengths comparable to the
atomic scale.

Interaction of the x-ray radiation with matter underlay the many available synchrotron-
based techniques. To this interaction, the following processes are included: photoelectric
absorption, elastic and inelastic scattering. If the sample is irradiated with x-rays, part of
the radiation will pass through unchanged. However, the other part will be absorbed and
this process obeys the Lambert-Beer law for linear absorption, I = I0 exp(−µz). Here I0 is
the intensity of the incoming beam, I is the transmitted one and µ is the linear absorption
coefficient. The length over which the radiation passes is given by z and can be understood as
the sample thickness. Thus, the transmitted radiation decays exponentially with the travelled
length z. What happens if an atom in the sample absorbs x-ray radiation? First, high energy
x-rays may cause expelling of a core electron after which two paths are possible: fluorescence
or Auger electron emission. Fluorescence occurs when the core vacancy is filled with an
outer-shell electron via a relaxation process leading to the emission of fluorescent radiation.
The resulting characteristic x-ray emission lines are specific for each element. In contrast,
Auger emission is a non-radiative process. The vacant hole is filled by an outer electron
and additionally a second (Auger) electron is emitted. Second, besides the photoabsorption
processes, some of the x-rays will be scattered by the sample. The scattering is elastic, if the
scattered wave has the same energy as the incident one. This is opposite to inelastic scattering
with the scattered photon having changed energy. The small-angle x-ray scattering technique
rely on the elastic scattering of x-rays by the sample.

The refractive index of a material can be written n = 1 − δ + iβ for x-rays. δ describes
refraction being usually in order of ≈ 10−6 and β is the absorption index being the imaginary
part of the total index of refraction (β is much smaller than δ). Because of n in materials is less
than unity, the x-ray radiation passing an air-material interface is refracted to small angles. For
incidence angles θ < θC the total external reflection occurs [44–46] and an evanescent standing
wave penetrates the material’s surface in a few nm depth. This is exactly what happens in
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a grazing-incidence experiment when x-rays travel from less dense medium (vacuum) to more
dense medium (e.g. liquid sample). Numerical value of the critical angle for the total external
reflection can be obtained from θC ≈

√
2δ.

Due to the need of using beams with high intensity, all experiments were carried out at
synchrotron facilities. A synchrotron is an electron accelerator with a circular storage ring,
which delivers x-ray beam to end stations designed for a variety of experiments. I now turn
to describing the experiments: principles and beamlines.

3.2 Grazing-incidence x-ray fluorescence

GIXF is an element specific and surface-sensitive spectroscopic technique. The incident x-rays
hit the liquid-vapor interface of the sample at very shallow angles, leading to an evanescent
wave propagation (at θ < θC). This evanescent wave penetrates the surface and excites the
chemical species present in the sample. Consequently, the excited elements emit fluorescence
according to their characteristic fluorescence lines. This is shown in Fig. 3.1a as a simplified
schematic picture explaining the idea behind the GIXF experiment. The emitted fluorescence
is recorded by an energy-dispersive detector. By changing the incidence angle the depth
sensitivity is tuned. For angles below θC the sample is probed up to a depth of about five
nm, thus providing access to interfacial ion distributions, whereas above θC the bulk sample
is probed. In Fig. 3.1b the x-ray penetration depth (Λ) is plotted versus the incidence angle,
visualizing the probing depth.

(a) GIXF experiment idea: schematic layout.
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(b) Penetration depth into sample.

Figure 3.1: (a) The schematic layout of the sample. The black arrows represent the x-rays
hitting the vapor-liquid interface under grazing angle θ (left arrow) and the reflected x-rays
(right arrow). An evanescent wave propagates under the sample’s surface and excites chemical
species. Next, these species emit fluorescent radiation (green arrow), which is measured by
the detector placed above the surface. (b) Penetration depth Λ plotted vs. incidence angle θ.
By varying θ, the probing depth into the liquid sample is tuned: for θ < θC sensitivity to few
nm is obtained, whereas for θ > θC the bulk is probed. Figure (a) is taken from paper II.

The GIXF technique has been described elsewhere [47–49] and recently reviewed [50].
GIXF has been applied to studies of oxidation in phospholipid monolayers with presence of
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CHAPTER 3. SYNCHROTRON-BASED EXPERIMENTAL TECHNIQUES

ionic buffer [51] or to determination of ion profiles in bacterial lipid surfaces [52]. Moreover,
this experimental method has provided resolved surface excesses of ions in simple aqueous
electrolytes [4]. I further develop the later approach for application to binary mixtures in
paper II.

GIXF data analysis and calculation of the fluorescence intensities

The collected GIXF data are exemplified in Fig. 3.2a. Clearly, the characteristic K+ and Cl−

Kα, Kβ lines are identified, based on tabulated energy values [53]. I will now briefly describe
the raw data processing. First, a linear background was subtracted followed by fitting of
Gaussians to the fluorescence peaks. This can be understood from Fig. 3.2a demonstrating
the fitting routine. At the last step the data are corrected by the monitor and filters foil
values, leading to GIXF curves as shown in Fig. 3.2b.
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Figure 3.2: (a) A measured fluorescence spectrum (red circles) including potassium and chlo-
ride characteristic Kα (respective 3.3 keV and 2.6 keV) and Kβ (respective 3.6 keV and 2.8
keV) lines, measured at θ = 0.17◦. After background subtraction (blue stars), Gaussians are
fitted (black lines). (b) Normalized GIXF K+ (blue) and Cl− (red dashed) curves after data
processing. This figure is taken from paper II.

After the data processing procedure, the fluorescence collected as a function of incidence
angle for each ionic specie, I±(θ), is described by the integral

I±(θ) = C±(θ)

∫ ∞
0

I0(z, θ)n±(z) exp(−µ±z)dz. (3.1)

In order to obtain I±(θ), I defined the depth-dependence via the z−axis and set the liquid-
vapor interface of the sample to be at z = 0 with the liquid phase found at z ≥ 0. I
determined the illumination profile I0(z, θ), by making use of the so-called matrix method [54].
After obtaining the I0(z, θ) together with the ion number density n±(z) [20], I was able to
determine the I±(θ) using µ±, the tabulated linear absorption coefficient [55] for respective
ion fluorescence line. The prefactor C± includes other terms such as quantum efficiency and
acceptance angle of the detector, which do not depend on ion concentrations.
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3.2. GRAZING-INCIDENCE X-RAY FLUORESCENCE

Matrix method

In order to model GIXF curves based on theoretically calculated ion profiles (paper I), I deter-
mined in the first place the illumination profile I0(z, θ). For this purpose, I solved Maxwell’s
equations for a stratified medium using the matrix formalism [54] with tabulated optical con-
stants [56] as input. In this approach, I imagine the sample to be built as layered medium
in a following manner. The vapor phase is the upper phase j = 0, next the liquid medium
is sliced into thin layers starting from j and followed by (j + 1) . . . up to the total N + 1
layers. The last one is simply the bulk liquid. Additionally, the coordination system is set
such that the x−axis is parallel to the sample’s surface, with the z−axis being perpendicular
and taking positive values into the depth of the sample. Therefore, at zj I find the interface
between layers j and j + 1.

Now, the Maxwell’s equations for the layered medium can be written in terms of forward
and backward propagating waves,

E+(z) = E+
j (z) exp(ikzj(z −

j−1∑
i=1

di)) (3.2)

and

E−(z) = E−j (z) exp(−ikzj(z −
j−1∑
i=1

di)). (3.3)

Here E+
j and E−j denote the amplitudes at the jth layer’s interface and kzj the z-component

of the wave vector at that interface. The electric field intensity in the sample at depth z is
then

|E+(z) + E−(z)|2. (3.4)

The electric field is determined by successive multiplication of the so-called propagation
matrices Cj, which describe the field propagation through the layer j, while ensuring continuity
of the electric and magnetic fields. The propagation matrix, when the electromagnetic wave
travels from layer j to j + 1 is given by

Cj =

(
exp(−ikz,jdj) rj exp(−ikz,jdj)
rj exp(ikz,jdj) exp(−ikz,jdj)

)
1

tj
, (3.5)

with rj and tj being the Fresnel coefficients defined as

rj =
kz,j − kz,j+1

kz,j + kz,j+1

(3.6)

and

tj =
2kz,j

kz,j + kz,j+1

. (3.7)

The incident and reflected waves are E+
0 and E−0 (vapor) respectively, which after N layers

can be described as E+
N and E−N . This can be given in a form of matrix equation(

E+
0

E−0

)
=
C1C2 · · ·CN+1

t1t2 · · · tN+1

(
E+
N+1

E−N+1

)
. (3.8)
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CHAPTER 3. SYNCHROTRON-BASED EXPERIMENTAL TECHNIQUES

Now, we denote D0 as the product of all propagation matrices

D0 = C1C2 · · ·CN+1 =

(
a b
c d

)
. (3.9)

Note that due to lack of reflections from the bulk phase, we get E−N+1 = 0 and CN+1, will be a
unit matrix. The total reflection and transmission coefficients are related to E+

0 and E−0 , and
can be expressed with the help of the D0 matrix elements as

r =
E−0
E+

0

=
c

a
(3.10)

and

t =
E+
N+1

E+
0

=
t1t2 · · · tN+1

a
. (3.11)

For finding the E±j , we can split Eq. (3.8) into two,(
E+

0

E−0

)
=
C1C2 · · ·Cj−1
t1t2 · · · tj−1

(
E+
j

E−j

)
(3.12)

and (
E+
j

E−j

)
=
CjCj+1 · · ·CN+1

tjtj+1 · · · tN+1

(
E+
N+1

E−N+1

)
. (3.13)

Next, using the definition of Dj matrix, similar to previous D0,

Dj = CjCj+1 · · ·CN+1 =

(
aj bj
cj dj

)
, (3.14)

we get the following expressions

E+
j =

aj
tjtj+1 · · · tN+1

E+
N+1 (3.15)

E−j =
cj

tjtj+1 · · · tN+1

E+
N+1. (3.16)

By substituting Eq. (3.11) in Eqs. (3.15) and (3.16), we obtain expressions binding E+
j and

E−j with E+
0

E+
j = t1t2 · · · tj−1

aj
a
E+

0 (3.17)

E−j = t1t2 · · · tj−1
cj
a
E+

0 . (3.18)

Finally, the electric field intensities at position zj are obtained by making use of Eq. (3.2), (3.3)
and Eq. (3.4) together with Eqs. (3.17) and (3.18). The calculated illumination profile I0(z, θ)
is presented for a few chosen angles in Fig. 3.3.
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Figure 3.3: The illumination profile plotted as a function of the sample’s depth z (in nm),
calculated utilizing the matrix approach. Three different angles are chosen: smaller than θC
(blue line), close to θC (green line) and larger than θC (red line). At z = 0 we placed the
vapor-liquid interface, vapor is found at z < 0 (white area) whereas liquid is found at z > 0
(light blue-colored area). This plot further visualizes the fact that angle variation during the
experiment provides the depth sensitivity.

The same results can be obtained with Parratt’s recursive method [44,46,57]. This fact was
helpful during the script writing work, where I could check the calculation result by plotting
the angle-dependent reflectivity curve. I show in Fig. 3.4 the reflectivity calculated by these
two approaches.
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Figure 3.4: Calculated reflectivity curve vs. incidence angle using Parratt’s recursive method
(green dashed line) and the matrix method (red line). It is easily seen that both approaches
provide the same result.
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CHAPTER 3. SYNCHROTRON-BASED EXPERIMENTAL TECHNIQUES

Beamline ID10: GIXF at ESRF

The GIXF experiments (papers I, II) were carried out at the beamline ID10 of the European
Synchrotron Radiation Facility (ESRF, France) [58]. This particular beamline offers a wide
range of techniques that can be applied for interface studies [59]. A schematic layout of the
beamline is shown in Fig. 3.5, where I focused on the experimental hutch 1 (EH1). In fact, the
GIXF experiments are performed with EH1 being in operation only, as only one experimental
hutch is designed to be in operations mode at time [59].

Figure 3.5: A very simplified scheme of the ID10 beamline layout including two optic hutches
and the experimental hutch. Starting from the right, x-ray radiation passing the shutter enters
first optic hutch (OH1), which contains a system of slits, mirrors and monochromator. Next,
the radiation passes through the second optic hutch (OH2) and is directed by mirrors and slits
to the experimental hutch (last box on the left). Here, a schematic position of sample (S) and
detectors (D) available at the beamline are shown. For creating this schematic picture, I used
the ID10’s layout [59].

I used an incident energy of 8 keV, which allowed for simultaneous recording of potassium
and chloride characteristic Kα lines (∼ 3.3 keV and respectively ∼ 2.6 keV). The fluorescence
spectra were recorded using the energy-dispersive detector Vortex (SII NanoTechnology) [60].
The liquid sample was kept in a custom-made steel sample cell (with a diameter of 97.5 mm
and depth of 2 mm) with Kapton foil windows (0.0127 mm thick). During measurements, a
helium atmosphere was kept inside the cell in order to minimize a potential parasitic argon
fluorescence. In Fig. 3.6a I present a photograph of the experimental set-up including sample
container and Fig. 3.6b displays enlargement of the same set-up.

I collected the data at several temperatures (T ≈ 295 . . . 301 K with a temperature stability
about ≈ 0.1 K).

3.3 Small-angle x-ray scattering

SAXS experiments were conducted in transmission geometry. In practice the sample was
irradiated with x-ray beam and the scattered radiation was recorded at the detector as 2D
pattern. Here, the scattered angles are very small (about 0.1◦ . . . 10◦), providing information
about nanoscale structures in the sample. The inhomogenous features in the mesoscale fluid
sample can be probed based on electron density contrast [44,61,62].

The scattered intensity is detected as a function of scattering vector q, which can be under-
stood as a propagation difference between incident and scattered waves [61,62]. The scattering
vector is related to the scattering angle (2θ) and to the wavelength (λ) as q = (4π/λ) sin θ.

Importantly, the small-angle scattering intensity can be written I(q) =
∣∣∫
V
ρsce

iq·rdV
∣∣2. Here,
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3.3. SMALL-ANGLE X-RAY SCATTERING

(a) GIXF: view on sample table. (b) GIXF experimental set-up at ID10.

Figure 3.6: (a) Photograph of the GIXF set-up, taken inside the experimental hutch. (b)
Enlargement showing the sample container. The fluorescence detector can be seen above the
sample container.

ρsc is the scattering length containing the information about the deviation in the average
electron density in a volume element V and q · r is a phase difference [44].

Figure 3.7: A similar beamline layout as in Fig. 3.5, except for the SAXS experiment based
on MAX-Lab’s I911-4. Starting from the right, x-ray radiation passes the optic hutch, then
the monochromatic beam is lead to the small experimental hutch. Finally, the liquid sample
(S) is irradiated, and the scattering pattern can be recorded on the detector (D).

SAXS data analysis

Initial data reduction took place on-site at each SAXS beamline, by radial integration of
the 2D patterns using the available software. For further data analysis, I subtracted the
background taking into account the volume fractions of water and 2,6-DMP with respective
electron densities. The last stage in data treatment included fitting to the Ornstein-Zernicke
(OZ) model and the generalized OZ model in order to obtain parameters such as the bulk
correlation length ξ or interaction contrast g (paper III). The latter will be discussed briefly
in Chapter 4.

The scattered intensity I(q) (decreasing function of q) is related to the correlation length,
according to the OZ model I(q) ∝ 1/(1 + q2ξ2) [36] and gives good results when applied to
the neat solvent or solvent with simple inorganic salt.
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Beamline X12SA: cSAXS at SLS

In this thesis work, the SAXS experiments were carried out at two different facilities. The
study published in paper IV was conducted at the cSAXS beamline (X12SA) of the Swiss
Light Source. This beamline is dedicated to SAXS of liquid and solid samples [63]. I used the
incident x-ray energy of 12.4 keV, corresponding to a wavelength of λ = 1.00 Å. The x-rays
impinged normal to the symmetry axis of the cylindrical sample container with the scattered
x-rays being detected 7 m behind the sample stage using PILATUS 2M (Dectris) [64]. Also,
the set-up included an evacuated flight tube in order to reduce the parasitic scattering. The
samples prepared for measurements can be seen in Fig. 3.8.

Figure 3.8: Photograph taken at the SLS. The set-up inside the experimental hutch of X12SA.
The filled capillaries inserted in a coper holder can be seen in the center.

I kept the liquid sample in a thin-walled (10 µm-thick) 1.5 mm-diameter borosilicate glass
capillary mounted on a copper-made sample holder. In paper IV, I focused on the measure-
ments at eight different temperatures approaching the TC of the water-2,6-DMP system. The
sample holder provided the temperature stability of ±0.05 K.

Beamline I911-4: SAXS at MAX-Lab

Another SAXS experiment (paper III) was carried out at the MAX-Lab facility’s (Sweden)
beamline I911-4 [65]. Here, I used an x-ray wavelength of λ = 0.91 Å (13.6 keV) and the
scattered x-rays were recorded 1.9 m behind the sample using the PILATUS 1M detector
(Dectris) [66] available at the beamline. Fig. 3.9 displays the view inside the experimental
mini-hutch, especially (Fig. 3.9b) the placement of the capillaries.

During this experiment, I used a quartz glass capillary as the sample container. All mea-
surements were conducted in the same capillary, where the process of sample replacement
included cleaning and drying. Data for each sample were recorded for three different temper-
atures below TC of the system containing quaternary ammonium bromide.
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3.3. SMALL-ANGLE X-RAY SCATTERING

(a) Experimental mini-hutch at I911-4. (b) Enlarged view of (a).

Figure 3.9: (a) View inside the I911-4 yellow mini-hutch with the set-up used during SAXS
measurements. (b) Enlargement showing the capillaries holder.
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4 Summary of the research

In the following chapter, I will summarize the four papers being part of this thesis work.

4.1 Paper I

Microscopic segregation of hydrophilic ions in critical binary aqueous solvents

In paper I [67] I address experimentally the asymmetric solvation of hydrophilic ions in the
critical binary aqueous mixtures. For this purpose, I probed ion distributions at the liquid-
vapor interface of the critical solvent composed of water and 2,6-DMP using grazing-incidence
x-ray fluorescence (GIXF). I collected data for 10 mM of added hydrophilic potassium chloride
(KCl) [23].

The obtained results can be outlined as follows. First, the data provide clear experimental
evidence for microscopic segregation of hydrophilic ions in the aqueous binary solvent. In order
to support this finding, I show in Fig. 4.1 the relative GIXF intensity I+/I− as a function of
incidence angle θ. The relative intensity is simply the potassium cation intensity I+ divided by
the chloride anion intensity I−. It is apparent that for small incidence angles, i.e. θ < θC , this
relative intensity is larger than unity. Therefore, the I+/I− shows that I observed a relative
excess of K+ ions comparing to Cl− at the interface.

Second, the GIXF data indirectly yield interfacial adsorption of one of the two liquid
components. In the binary system, the liquid component with significantly lower surface
tension is expected to adsorb at the mixture’s surface [68, 69]. This is exactly the case of
my binary mixture, where the difference between water and 2,6-DMP surface tensions is
∆γ ≈ 40 mN/m. The preferentially adsorbed 2,6-DMP causes the K+ excess based on it’s
weak preference for water, comparing to the Cl− strong preference for water [23].

Additionally, Fig. 4.1 displays modeled GIXF data using solvation contrasts f±, for each
ion, which is the ion’s free energy of transfer from water to non-aqueous liquid, in this study
2,6-DMP. The applied model calculations, show only qualitative agreement with the cations
excess. There are several possible reasons for this. The cation’s solvation contrast f+ affects
the difference between ion interfacial distribution. In particular, literature data lack infor-
mation about good estimation of f± for the 2,6-DMP, and could be different than adopted
in the theoretical model [20]. For the modeling, I used the mean-filed values for 2,6-DMP
composition, which might affect the calculated profiles. Also, adding ions could influence the
liquid components’ adsorption preferences, although this is indicated as a minor effect [6,20].
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Figure 4.1: Relative GIXF intensity I+/I− plotted as a function of incidence angle θ. Experi-
mental data (blue symbols) for the water-2,6-DMP system, measured 8 K below the TC . The
theoretical modeling has been done based on Ref. 20 using two approaches for cation solvation
contrast: f+ = 2.5 (black solid line) or f+ = 0 (dashed-dotted line). The critical angle, θC is
indicated by the vertical dashed line. Figure taken from paper I [67].

This study indicates the importance of asymmetric ion solvation when describing the col-
loidal interactions in salt-containing critical solvents [6, 20,22,70].

4.2 Paper II

Relative adsorption excess of ions in binary solvents determined by
grazing-incidence x-ray fluorescence

Paper II [71] is a continuation of the research project in paper I. I focus on presenting an
experimental method for direct determination of the relative surface excess of solute species
in binary solvents. I demonstrate this approach by probing the interfacial ion distributions
using the GIXF technique. As in paper I [67], I obtained the enhancement of positive ions
(K+) at the interface of the binary solvent, with the further intention to quantify this effect.

I follow the previous application of GIXF for determining the ion surface excess Γ± in
electrolyte solutions [4], where authors expanded GIXF intensity as a function of Γ±. In
paper II, I extend this idea for the use to my previously obtained relative intensity I+/I− and
relate it to Γ± for both ions

I+
I−
≈ 1 + αΓ+/n0

1 + αΓ−/n0

. (4.1)

Here, Γ± is the excess adsorption of respective ion, n0 denotes the bulk number density and
α is a function of the normal component of the incident wave vector (α = 2Im(kz)). Next, I
defined the relative surface excess ∆Γ ≡ Γ+ − Γ−, which is simply the difference between the
adsorbed cations and anions at the interface. Such defined ∆Γ is then approximated as

∆Γ ≈ n0

α

(
I+
I−
− 1

)
. (4.2)
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I demonstrate that the ∆Γ gives value of ∆Γ ≈ 5 · 1015 ions/m2, corresponding to one
cation excess per ≈ 200 nm2. The potassium cation excess has been confirmed for several
temperatures, 295 . . . 301 K as shown in Fig. 4.2.
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Figure 4.2: Relative GIXF intensity I+/I− vs. incidence angle θ recorded at several temper-
atures, T = 295, 298 and 301 K (symbols with different colors). The two upper curves are
shifted vertically by a constant (blue squares by 0.3 and red triangles by 0.6). The critical
angle θC is represented by vertical dashed line. Figure taken from paper II [71]

4.3 Paper III

Mesoscale ordering in binary aqueous solvents induced by ion size asymmetry

In this study (paper III) [72], I carried out a small-angle x-ray scattering (SAXS) in order
to investigate the effect of ion size asymmetry on mesoscale ordering of a binary solvent. I
focused on a series of sample sets with water-2,6-DMP mixture containing 10 mM of tetra-n-
alkylammonium bromides, where the cations are ranging from short-chained tetraethylammo-
nium to longer-chained tetraheptylammonium. The choice of these salts gave the possibility
of obtaining results as a function of cation size. Essentially, by adding tetra-n-alkylammonium
cations I obtained similar mesoscale structuring of my binary solvent as observed for the an-
tagonistic salts [26]. I show the first experimental system demonstrating gradual build-up of
mesoscale order with increasing ion size asymmetry in binary aqueous solvent.

This solvent’s structuring behavior upon addition of salt, can be identified via fitting the
data to the generalized OZ model [27–29]

I(q) ∝ 1

1 + [1− g2/(1 + κ−2q2)]q2ξ2
, (4.3)

with g being the interaction contrast and κ−1 ≈ 2.59 nm (for the used concentration and
solvent composition) the Debye screening length. Here, the g represents the contrast be-
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tween cation-solvent and anion-solvent interactions. The I(q), q and ξ denote as usual the
experimental SAXS intensity, scattering vector and bulk correlation length.

Importantly, g is related to the salt-induced mesoscale ordering of the solvent [20, 27, 28].
For increasing g values, the solvent’s ordering evolves and is related to the mesoscale ordering.
Modulus of |g| increases together with ordering of the solvent, when |g| > 1 a shoulder (peak)
occurs [24,39] in structure factor. In Fig. 4.3 I plotted the modulus of interaction contrast |g|
versus the cation size in my salt series C2 . . . C7. I observe the increase of |g| as the cations
become larger. This indicates the systematically evolving order of my solvent. Notably, the
cation-to-anion size difference in antagonistic sodium tetraphenylborate is in similar order to
that in C7, |g| > 1. NaBPh4 is known to induce mesoscale structuring [8,24,26]. Concurrently,
I am not able to exclude the effect of preferential solubilization of large hydrophobic ions in
non-aqueous solvent, which could contribute to |g|.
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Figure 4.3: Interaction contrast |g| vs. the length of side hydrocarbon chains. Obtained by
the fitting procedure of SAXS data to generalized OZ model. The C2 . . . C7 denote different
quaternary ammonium cations (blue circles) with respect to the number of side chains’ carbon
atoms, i.e. 2 . . . 7. For comparison, sodium tetraphenylborate (red triangles) is shown. Figure
taken from paper III.

The data are in quantitative agreement with the prediction based on cation-to-anion size
difference as key ingredient [29].

4.4 Paper IV

In situ small-angle x-ray scattering characterization of x-ray induced local
heating

As an additional experimental result included in this thesis work, I demonstrate a simple
approach for characterizing the x-ray beam-induced local heating. Here, I used again the
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water-2,6-DMP binary solvent close to it’s critical temperature in a SAXS experiment (paper
IV) [73].

The local temperature increase during x-ray exposure of a liquid sample in the glass cap-
illary has not been quantified before. We performed measurements at several different tem-
peratures below the mixture’s TC and monitored the temperature both during and in absence
of x-ray exposure (Tnom). Due to the fact that bulk correlation length ξ follows the 3D
Ising universality class in binary liquid mixtures [15, 36], we could determine the tempera-
ture increase based on the apparent shift of the divergence of ξ, as exemplified in Fig. 4.4.
For the critical water-2,6-DMP solvent, the x-ray induced local temperature was found to be
Tx−ray = 0.45± 0.10 K.

This study demonstrates the application of the binary mixture for characterizing the local
heating up of the liquid sample caused by x-ray beam.
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Figure 4.4: Correlation length ξ plotted versus the temperature, where T = Tx−ray + Tnom.
The black solid line shows the theoretical prediction ξ = ξ0|(TC−T )/TC |−ν , with ξ0 = 0.25 nm
and ν = 0.63. Inset: obtained critical exponent plotted as a function of x-ray induced local
temperature increase Tx−ray. The Tx−ray = 0.45 ± 0.10 K is demonstrated by the gray area.
Figure taken from paper IV.
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5 Conclusions and future outlook

In conclusion, I studied a binary aqueous solvent composed of water and 2,6-dimethylpyridine
with focus on ion solvation effects upon addition of hydrophilic and antagonistic type of salt.
I used advanced synchrotron-based experimental techniques. In addition, I contributed to the
development of the techniques.

This research project could have interesting continuation. First, I see a need for thermo-
dynamic measurements of solubility, following Ref. 23. It would be of high importance to
determine the free energy of transfer of ions from water to 2,6-dimethylpyridine, at least for
the ions used in this thesis work. This could be then extended to larger amount of different
ions. Second, the SAXS investigation in paper III can be extended by more measurements of
the systems containing quaternary ammonium salts at higher concentrations. Data at higher
concentrations would provide information about the eventual more pronounced weak assem-
bly effects in C7. I would find it fascinating to conduct more phase diagram verifications,
majority with quaternary ammonium compounds. These would be used in order to find out if
e.g. larger concentrations can change the phase behavior or test some compounds with longer
carbon chains. Lastly, I would be interested in obtaining deeper understanding of the turbid
C7 sample at low 2,6-dimethylpyridine composition. The observed sample’s behavior, becom-
ing milky directly after mixing all chemicals, is in line with similar reports in literature [74].
This phenomenon is related to the so-called Ouzo effect associated with spontaneous emulsifi-
cation in ternary mixtures [75] and nano-structuring has been found near the coexistence line.
The latter is referred to as a pre-Ouzo effect [76]. This pre-Ouzo effect together with weak
assembly are highly important in designing surfactant-free microemulsions [77,78].

I believe that the above proposed ideas could contribute to better understanding of binary
liquid systems containing salts.
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[12] C. Gögelein, M. Brinkmann, M. Schröter, and S. Herminghaus, “Controlling the forma-
tion of capillary bridges in binary liquid mixture,” Langmuir, vol. 26, pp. 17184–17189,
2010.

[13] C. Hertlein, L. Helden, A. Gambassi, S. Dietrich, and C. Bechinger, “Direct measurement
of critical Casimir forces,” Nature, vol. 451, pp. 172–175, 2008.

[14] P. D. Gallagher, M. L. Kurnaz, and J. V. Maher, “Aggregation in polystyrene-sphere
suspensions in near-critical binary liquid mixtures,” Phys. Rev. A, vol. 46, pp. 7750–
7755, 1992.

[15] M. Krech, The Casimir effect in critical systems. Singapore: World Scientific, 1 ed., 1994.

[16] X. Lu, S. G. J. Mochrie, S. Narayanan, A. R. Sandy, and M. Sprung, “Temperature-
dependent structural arrest of silica colloids in a water-lutidine binary mixture,” Soft
Matter, vol. 6, pp. 6160–6177, 2010.

[17] V. D. Nguyen, S. Faber, Z. Hu, G. H. Wegdam, and P. Schall, “Controlling colloidal
phase transitions with critical Casimir forces,” Nat. Commun., vol. 4, p. 1584, 2011.

[18] P. B. Shelke, V. D. Nguyen, A. V. Limaye, and P. Schall, “Controlling colloidal mor-
phologies by Critical Casimir Forces,” Adv. Mater., vol. 25, pp. 1499–1503, 2013.

[19] R. Okamoto and A. Onuki, “Charged colloids in an aqueous mixture with a salt,” Phys.
Rev. E, vol. 84, p. 051401, 2011.

[20] M. Bier, A. Gambassi, and S. Dietrich, “Local theory for ions in binary liquid mixtures,”
J. Chem. Phys., vol. 137, p. 034504, 2012.

[21] S. Samin and Y. Tsori, “The interaction between colloids in polar mixtures above TC ,”
J. Chem. Phys., vol. 136, p. 154908, 2012.

[22] F. Pousaneh, A. Ciach, and A. Macio lek, “How ions in solution can change the sign of
the critical Casimir potential,” Soft Matter, vol. 10, pp. 470–483, 2014.

[23] H. D. Inerowicz, W. Li, and I. Persson, “Determination of the transfer thermodynamic
functions for some monovalent ions from water to N,N-dimethylthioformamide, and for
some anions from water to methanol, dimethyl sulfoxide, acetonitrile and pyridine, and
standard electrode potentials of some M+/M(s) couples in N,N-dimethylthioformamide,”
J. Chem. Soc. Faraday Trans., vol. 90, pp. 2223–2234, 1994.

[24] J. Leys, D. Subramanian, E. Rodezno, B. Hammouda, and M. A. Anisimov, “Mesoscale
phenomena in solutions of 3-methylpyridine, heavy water, and an antagonistic salt,” Soft
Matter, vol. 9, pp. 9326–9334, 2013.

32



BIBLIOGRAPHY

[25] K. Sadakane, M. Nagao, H. Endo, and H. Seto, “Membrane formation by preferential
solvation of ions in mixture of water, 3-methylpyridine, and sodium tetraphenylborate,”
J. Chem. Phys., vol. 139, p. 234905, 2013.

[26] K. Sadakane, H. Endo, K. Nishida, and H. Seto, “Lamellar/disorder phase transition in
a mixture of water/2,6-dimethylpyridine/antagonistic salt,” J. Solution Chem., vol. 43,
pp. 1722–1731, 2014.

[27] A. Onuki and H. Kitamura, “Solvation effects in near-critical binary mixtures,” J. Chem.
Phys., vol. 121, pp. 3143–3151, 2004.

[28] F. Pousaneh and A. Ciach, “The effect of antagonistic salt on a confined near-critical
mixture,” Soft Matter, vol. 10, pp. 8188–8201, 2014.

[29] M. Bier and L. Harnau, “The structure of fluids with impurities,” Z. Phys. Chem.,
vol. 226, pp. 807–814, 2012.

[30] K. Sadakane, Y. Horikawa, M. Nagao, and H. Seto, “The effect of tetraphenylphospho-
nium choride on phase behavior and nanoscale structures in a mixtures of D2O and
3-methylpyridine,” Chem. Lett., vol. 41, pp. 1075–1077, 2012.

[31] E. Gülari, A. F. Collings, R. L. Schmidt, and C. J. Pings, “Light scattering and shear
viscosity studies of the binary system 2,6-lutidine-water in the critical region,” J. Chem.
Phys., vol. 56, pp. 6169–6179, 1972.
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