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Abstract

Due to their unique properties, ionic liquids are promising candidates for various applications.
The possibility to combine cations and anions almost arbitrarily leads to a virtually infinite
number of different ionic liquids. The hope is that one could tailor an ionic liquid for a specific
need in this way. However, to achieve a particular property, it would be essential to understand
the ionic liquids on a microscopy level and not rely on trial and error. One crucial point is the
dynamics of the ions, for example, concerning reaction media or electrolytes. However, the
ion dynamics are quite complex due to the balanced interplay between Coulomb, hydrogen-
bonding, and van der Waals interactions. Furthermore, in cases where cations are equipped
with long, non-polar chains, it was found that nanosized aggregates form in neat ionic liquids.
In this way, rotational and translational motions of cations and anions together with motions
of aggregates possibly show up in the spectra of dynamical measurements. This has led to
dynamic processes in the spectra being interpreted differently in the literature with respect to
their microscopic origin.

Therefore, this work aims to combine dielectric spectroscopy and depolarized light scattering
to disentangle the rotational and translational contributions found in the relaxation spectra of
ionic liquids. This is done for various neat ionic liquids, where the cations are equipped with
non-polar chains of different lengths, thus varying the size ratio between cations and anions.
Measurements are performed from far above room temperature down to the glass transition. In
the case of dielectric spectroscopy, also pressures up to 550 MPa are applied. In this way, it could
be shown that the dynamics of cations and anions separate in the case of a large size difference
between the two ion species. Rotational motions of the cations are revealed to be the origin of a
slow dielectric relaxation process, which was formerly often ascribed to motions of aggregates.
It could be shown that such aggregates show up only in rare cases in the light scattering spectra
at low frequencies, not accessible by dielectric spectroscopy. Furthermore, mixtures of an ionic
liquid with water or 1-propanol are considered. The rotational contribution of the admixtures
is discriminated from the ion dynamics and from signatures of hydrogen-bonding mediated
orientational cross-correlations. Additionally, an ionic gel is prepared by mixing an ionic liquid
with water and gelatin, and it is shown that the rotational and translational dynamics of the
ions are hardly affected by the presence of the gelatin, although macroscopically, mechanical
rigidity is introduced. More fundamental questions regarding the intensity of the scattered
light and the shape of the rotational spectra, which have arisen during this work, are also
addressed based on non-ionic systems.




Zusammenfassung

Aufgrund ihrer einzigartigen Eigenschaften sind ionische Fliissigkeiten vielversprechende Kan-
didaten fiir verschiedene Anwendungen. Die Moglichkeit, Kationen und Anionen fast beliebig
zu kombinieren, fiihrt zu einer praktisch unendlichen Anzahl verschiedener ionischer Fliissigkei-
ten. Die Hoffnung ist, dass man auf diese Weise eine ionische Fliissigkeit fiir einen bestimmten
Bedarf mal3schneidern kann. Um eine bestimmte Eigenschaft zu erreichen, ware es jedoch
wichtig, die ionischen Fliissigkeiten auf mikroskopischer Ebene zu verstehen und sich nicht auf
Versuch und Irrtum zu verlassen. Ein wichtiger Punkt ist die Dynamik der Ionen, zum Beispiel in
Bezug auf Reaktionsmedien oder Elektrolyte. Aufgrund des ausgewogenen Zusammenspiels von
Coulomb-, Wasserstoffbriicken- und van-der-Waals-Wechselwirkungen ist die lonendynamik
jedoch recht komplex. Dariiber hinaus wurde festgestellt, dass sich in Fillen, in denen Kationen
mit langen, unpolaren Ketten ausgestattet sind, in reinen ionischen Fliissigkeiten nanoskalige
Aggregate bilden. Auf diese Weise zeigen sich in den Spektren der dynamischen Messungen
moglicherweise sowohl Rotations- als auch Translationsbewegungen von Kationen und Anio-
nen sowie Bewegungen von Aggregaten. Dies hat dazu gefiihrt, dass dynamische Prozesse
in den Spektren der Literatur hinsichtlich ihres mikroskopischen Ursprungs unterschiedlich
interpretiert werden.

Ziel dieser Arbeit ist es daher, dielektrische Spektroskopie und depolarisierte Lichtstreuung zu
kombinieren, um die Rotations- und Translationsbeitrage in den Relaxationsspektren ionischer
Fliissigkeiten zu entflechten. Dies geschieht fiir verschiedene pure ionische Fliissigkeiten, bei
denen die Kationen mit unpolaren Ketten unterschiedlicher Linge ausgestattet sind, wodurch
das Grollenverhéltnis zwischen Kationen und Anionen variiert. Die Messungen werden von weit
oberhalb der Raumtemperatur bis hin zum Glastibergang durchgefiihrt. Bei der dielektrischen
Spektroskopie werden auch Driicke bis zu 550 MPa angewendet. Auf diese Weise kann gezeigt
werden, dass sich die Dynamik von Kationen und Anionen im Spektrum trennt, wenn der Gro-
Benunterschied zwischen den beiden Ionenspezies ausreichend grof3 ist. Rotationsbewegungen
der Kationen erweisen sich als Ursache fiir einen langsamen dielektrischen Relaxationsbeitrag,
der in der Literatur hdufig auf Bewegungen von Aggregaten zuriickgefiihrt wurde. Es wird
gezeigt, dass solche Aggregate nur in seltenen Fillen in den Lichtstreuungsspektren bei niedri-
gen Frequenzen zu sehen sind, die jedoch fiir die dielektrische Spektroskopie nicht zugéanglich
sind. Auf3erdem werden Mischungen einer ionischen Fliissigkeit mit Wasser oder 1-Propanol
betrachtet. Der Rotationsbeitrag der Beimischungen wird von der Ionendynamik und von
Signaturen wasserstoffbriickenvermittelter Orientierungskreuzkorrelationen abgegrenzt. Es
wird anhand eines ionischen Gels gezeigt, dass die Rotations- und Translationsdynamik der
Ionen durch das Vorhandensein von Gelatine kaum beeintrachtigt wird, obwohl makroskopisch
eine mechanische Steifigkeit hervorgerufen wird. Grundlegendere Fragen zur Intensitat des
gestreuten Lichts und zur Form der Rotationsspektren, die sich im Laufe dieser Arbeit ergeben
haben, werden ebenfalls anhand von nicht-ionischen Systemen behandelt.
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1. Introduction

It feels like the introduction to most studies on ionic liquids starts with a sentence such as "ionic
liquids are salts which are liquid below 100 °C". Therefore, and because this temperature is
chosen arbitrarily, such an opening should be avoided here. In fact, when heating, for example,
table salt, i.e., sodium chloride, to about 800 °C, it melts, and one ends up with a liquid entirely
composed of ions, namely [Na] cations and [Cl] anions. Thus, it can be justifiably called an
ionic liquid (IL). However, it is more common to talk about a molten salt in this case, while what
is usually understood by the term ionic liquid is a substance composed of an organic cation
and mostly an inorganic anion. Such organic cations are usually larger and have markedly
lower symmetry than the [Na] cation, sticking with this example. This results in a significantly
reduced melting point, which happens to be commonly below 100 °C, often even below room
temperature; thus, the name room temperature ionic liquid (RTIL) can also be found. These
organic ILs are the subject of this work, and two common sorts of cations are shown in figure 1.1
to illustrate their chemical structure.
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Figure 1.1.: Schematic representation of an imidazolium-based cation [C,;C,Im] on the left
hand side and an ammonium based cation [N, ,, ,,,] in the middle. On the right
hand side the most complex anion of this study is shown, namely [NTf;]

An imidazolium-based cation is shown on the left-hand side, which could be equipped with an
alkyl-chain of n carbon atoms; thus, these cations are written as [C;C,Im]. In the middle, an
ammonium-based cation is shown, which is written as [N, ,, ,»]. Anions in this work range
from small ones such as [Cl] to complex ones like [NTf,],! which is shown on the right hand
side of figure 1.1.

It seems that the first report of an IL with a melting point below room temperature was already
made in 1914 by Paul Walden [1], but it took until the 1990s that air and moisture stable ILs
were synthesized, which fueled the interest in this research area. Finally, around the turn of the

LA synonym for [NTf,] is [TFSI].




millennium, ILs became commercially available, which opened the possibility for researchers
not familiar with the synthesis of ILs to take part in this field. From then on, the interest in
ILs exploded, which can be seen for example by the increasing number of papers with "ionic
liquid(s)" in the title that appeared after that time, which is shown in figure 1.2.

4500 T
4000 ~ m u =
3500 m
3000 =
2500 - |
2000 - m =
1500 - " :
1000 - [ | .
500 m =
o LM \ \ \ \
2000 2005 2010 2015 2020

Number of papers
[ |

year

Figure 1.2.: Number of papers with "ionic liquid" or "ionic liquids" in the title depending on
the year of publication.

This was also because high hopes were placed in ILs for several kinds of application due to their
unique properties [2]. For example, ILs were found to be good solvents, and together with
their negligible vapor pressure caused by the strong Coulomb interaction, they are regarded
as reusable and thus as "green" solvents. Because of the high conductivity of ILs combined
with the low flammability, they seem very well suited for replacing other electrolyte materials,
for example, in batteries. But also the possibility to include ILs in a gel matrix, so-called
ionogels, are promising in this respect, since in this way additionally the problem of leakage is
prevented, which might lead to a new type of solid-state battery. It seems that most large-scale
applications of IL can be found today in the chemical industry. However, also fancy applications
were proposed, like a metal coated IL to be used as a mirror in a large telescope on the moon
[3]. Moreover, the first lady of Finland once wore a dress made from cellulose, which was
extracted from wood pulp by an IL [4].

But also, the scientific interest in the structure and dynamics of the ILs from a microscopic
perspective arose, fueled by the discovery that nanostructuration occurs in some neat ILs. This
happens when the alkyl chains of the cations are long enough, resulting in their segregation
into non-polar domains. Such observations led to an increasing number of studies that were
concerned with the balanced interplay of Coulombic, van der Waals, and hydrogen-bonding
interactions, which leads to such aggregation behavior. Due to the asymmetry of many cations,
it is often possible to supercool ILs, i.e., to avoid crystallization at temperatures below the
melting point. This is useful for dynamic investigations since different motional processes of the
ions, which are highly merged in experimental spectra at high temperatures, start to separate




on lowering the temperature, simplifying the assignment of their different microscopic origins.
If crystallization is prevented at all temperatures, the supercooled liquid eventually becomes a
glass, upon further cooling. Since, despite decades of research in this area, the glass transition
is still an open problem in condensed matter physics, one has naturally to deal with this topic
when investigating ILs at low temperatures. The glass transition can not be classified as a
first or second-order phase transition since its position, i.e., the glass transition temperature
T, depends on the thermal history, often defined by the cooling rate. The glass is an out of
equilibrium state, and the glass transition is usually regarded as a dynamic phenomenon. A
dramatic increase of the time constants characterizing the structural rearrangement of the
molecules from the picosecond regime at high temperatures to some hundred seconds near 7},
can be seen. This behavior is directly mirrored in the increase of the viscosity of the liquid.
It is important to note that no discontinuity of the viscosity or the correlation time occurs
at the glass transition, and both quantities steadily increase for temperatures below 7, this
temperature regime, however, is experimentally challenging to access, since measuring times
would easily exceed weeks or months, even only few Kelvin below T,. Also, structurally nothing
happens at the glass transition. The lack of long-range order as present in the liquid state
persists unaltered below 7,. But how is the glass transition temperature defined? There are
several definitions, but one is based on calorimetric data, i.e., temperature-dependent heat
capacity C,(7") measurements. A step in C, is observed when the correlation time of the liquid
exceeds the one imposed by the experimental cooling rate. This is because the dynamic degrees
of freedom freeze in and no longer contribute to the heat capacity. Thus, the temperature at
which such a step appears can be used as a definition of 7, but, as mentioned above, it still
depends on the cooling rate.

Monitoring the molecular dynamics over the whole temperature range, i.e., over 14 orders of
magnitude in time, is experimentally challenging. Two experimental methods are used in this
work, which are suited for this task. The first one is broadband dielectric spectroscopy (BDS),
which is sensitive to the rotational motions of molecules with a permanent dipole moment.
In the case of ILs, also translational motions of the ions, i.e., conductivity, can be monitored.
On the other hand, depolarized light scattering (DLS) measurements give access to rotational
motions of optical anisotropic molecules. Thus, the combination of both methods is well suited
to disentangle translational and rotational dynamics in the spectra. Although both methods
have been used before to study the dynamics of ILs, there is no consistent interpretation of the
relaxation spectra regarding the molecular origin of the different dynamic features. Therefore,
the main goal of this work is to resolve these controversies and understand the relaxation
spectra of ILs from a microscopic point of view.

This work is organized as follows: In chapter 2, at first, the basics of molecular dynamics
in liquids are described. The features expected for neat, simple supercooled liquids and for
mixtures of non-ionic liquids are discussed. Basic equations, used later to describe experimental
data, are also explained. Then, a literature survey on dynamic measurements of ionic liquids is
given. The focus is on the spectra from experimental methods used in this work and extends
slightly beyond them.

In chapter 3, the theoretical background for the different experimental techniques is described
as well as the different setups. Some basics of quantum chemical calculations are also given,
which are used in this work to calculate molecular properties.




Chapter 4 deals with fundamental questions which the author encountered during the work on
ionic liquids. On the one hand, this is the question of whether information about the intensity
of the light scattering spectrum can be used to disentangle different dynamic contributions,
which would be useful for the case of ILs, where always two molecular species are present.
In dielectric spectroscopy, the dielectric strength of the spectra is not only recorded routinely
but also evaluated by comparison with the magnitude of the permanent dipole moments of
the molecules. In analogy, the intensity of the light scattering spectrum should be connected
to the optical anisotropy of the molecules under study. However, it seems that the intensity
information was so far not connected with dynamic spectra. The other question discussed in this
chapter is the different appearances of the relaxation spectra in BDS and DLS measurements.
Almost all measurements in this chapter were performed on van der Waals liquids to discuss
all effects in the most simple cases.

In chapter 5, the results from measurements on neat ionic liquids are discussed. By using
temperatures from far above room temperature down to the glass transition and high pressure
measurements, the different dynamic contributions to the BDS and DLS spectra are carefully
disentangled. This leads to a consistent picture of the molecular origin of the various relaxation
processes in neat ILs.

Measurements on an ionic gel are shown in chapter 6, which is prepared by mixing an ionic
liquid with water and gelatin. In order to understand the complex dynamics of such a system,
at first a mixture of water and ionic liquid is addressed. Since at high water concentrations this
system crystallizes upon supercooling, water is replaced by 1-propanol to be able to explore
the regime of low ionic liquid concentrations. In this way it is possible to disentangle the ion
dynamics from the dynamics of the admixture.

All substances under study are listed with full names in the appendix, where also some
additional data can be found.




2. Background

2.1. Dynamics in (supercooled) liquids

The dynamics of molecules comprising a liquid could be roughly categorized in vibrational,
translational, and rotational motions. Vibrational motions are only considered peripherally
in this work. The main focus is on the translational and rotational motions of the molecules.
What is meant by rotational dynamics is the reorientation of a molecule when it leaves its cage
of surrounding molecules. This process is commonly termed «- or structural relaxation, where
the term a-process refers to the fact that this relaxation is in most cases the slowest and most
prominent one. The term structural relaxation emphasizes that a structural rearrangement
occurs during this process, and both terms are commonly used interchangeably.

Naturally, when a molecule leaves its cage of surrounding molecules, a translational displace-
ment of the molecule is involved, leading to macroscopic diffusion of the molecule through
the liquid via consecutive translational steps. When considering the molecule as spherical, the
translational and rotational diffusion coefficients can be determined with the Stokes-Einstein
equation [5, 6]

kgT kgT

Drot =

Do —
T G 8mnr3

(2.1)

where r is the radius of the molecule, T" the temperature, kp the Boltzmann constant and 7
the viscosity. When introducing the rotational correlation time 7., from the Debye model as
Trot = 1/(6Dyor) [6] , one ends up with the so called Debye-Stokes-Einstein (DSE) equation:

2

DtransTrot = 2% (22)
This means that the translational and rotational motions are coupled, as expected in the simple
"escaping the cage" picture, and have the same temperature dependence. This is confirmed
experimentally for temperatures above 1.2 7, where T}, denotes the glass transition temperature
[7].
The translational diffusion is commonly measured using nuclear magnetic resonance (NMR)
spectroscopy on lengthscales of approximately 1 pum [8], or on intermolecular distances with
quasielastic neutron scattering. Rotational dynamics can also be monitored with NMR tech-
niques, but also with dielectric spectroscopy probing the reorientation of permanent dipole
moments or with depolarized dynamic light scattering probing the reorientation of optical
anisotropic molecules. A sketch of typical relaxation spectra, as could be obtained by the latter
two methods, is shown in figure 2.1. In the upper row, the data at a high temperature far
above T}, is presented and at a temperature near 7, the data is shown in the lower row. On the




left-hand side, the data is presented in the susceptibility representation in the frequency domain
and on the right-hand side in the time domain as correlation decays, the interconnection of
which is detailed in chapter 3. In each case, the orange shaded area is the a-relaxation, and the
blue shaded area is intermolecular vibrations, which are subsumed under the term microscopic
dynamics in the following. Intramolecular vibrations appear at even higher frequencies, as
Raman or infrared absorption lines are not shown in this figure.
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Figure 2.1.: Visualization of typical spectra of molecular dynamics. On the left hand side
in susceptibility representation in the frequency domain and on the right hand
side in the time domain as correlation decays. In the upper row, typical high
temperature data is shown and in the lower row a low temperature near the glass
transition temperature. Dashed line symbolizes the so called high frequency wing.

As can be seen at the high temperature, the a-process and the microscopic dynamics are
merged, making it hard to separate them by eye, and the correlation decay appears almost
as a single step. This picture is typical for the liquid state. Since the microscopic dynamics
is hardly temperature-dependent, the a-relaxation separates from it upon cooling by several
orders of magnitude in frequency or time until the glass transition temperature is reached.
Thus, the shape of the a-relaxation at low temperatures can be examined best since no or
only little overlap with other dynamic processes interferes. It is found experimentally that the
correlation decay is not mono-exponential or, equivalently, when Fourier transformed to the




frequency domain, not Lorentzian. When first addressing dielectric relaxation, Peter Debye
predicted a Lorentzian shape of the dielectric loss peak, which is why it is also called Debye-peak
in the field of dielectric spectroscopy. However, the experimental spectra are broadened as
compared to an exponential decay or a Debye-peak and are therefore often modeled with a
Kohlrausch-Williams-Watts (KWW) function or a Cole-Davidson (CD) function, respectively,
which are both empirical functions:

Ct) = exp <— (TK;WYKWW) 2.3)

1
*) = ) 2.4

The stretching exponents [ take values between 0 and 1, and 7 denotes the correlation time.
The non-exponentiality is one of the three "Nons" of the glass transition [9], which are three
experimental facts found in glass-forming liquids, which are not fully understood up to date.
The probably most common explanation attempt for the non-exponentiality is the concept of
dynamic heterogeneity, which is sketched in figure 2.2.
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Figure 2.2.: Sketch of the common picture explaining the reason for non-exponential relaxation
functions. In different regions of the sample, shown in different colors, the
relaxation rate is different, leading to a superposition of Debye-processes, which
together end up as a broadened peak (shown in black). Adapted from [10].

It is assumed that in supercooled liquids, distinct regions exist in which the molecules have
different mobilities, i.e., the molecules in certain regions relax faster than in others. Each
region contributes with a Debye shape to the total spectrum, leading to an overall broadening
of the peak. Over time, the slow regions become fast and vice versa. This exchange is supposed
to happen on the time scale of the slowest time scale contributing to the spectrum [10]. This
concept could be contrasted by the homogeneous scenario, where an intrinsic broadening of
the relaxation function of each molecule is assumed. However, it seems that most experimental
and computer simulation data points into the direction of the heterogeneous scenario [11,




12]. Nevertheless, it is surprising that mono-exponentiality is often not recovered at high
temperatures, as the dynamic heterogeneity is thought to be a feature of the supercooled
state. But instead, stretching exponents below unity are found in the liquid state by dielectric
spectroscopy [13, 14, 15] and by depolarized dynamic light scattering [16, 17]. Even more,
for some liquids, it was shown that the shape of the a-relaxation does not change at all from
the glass transition temperature to near the boiling point [18, 19]. This might be a hint in the
direction that although dynamic heterogeneity exists in supercooled liquids, its influence on
the broadening of dielectric or light scattering spectra is not as straightforward as implied by
figure 2.2, or other effects may affect the shape as well. In Section 4.2 this topic is addressed
in detail.

The region between the a-relaxation and the microscopic dynamics developing upon cooling is
filled with what is usually called secondary relaxations, which might show up either as a broad
p-relaxation peak or as a high-frequency wing of the a-process (dashed line in figure 2.1) [20].
The microscopic origin of secondary relaxations is still debated in the literature. Besides the
trivial case of movements of some side groups, for example, in polymers, it was found by Johari
and Goldstein that -relaxations show up also in rigid molecules [21]. Such relaxations are
named in their honor, which they explained with the concept of islands of mobility, meaning
that molecules in some regions of the sample are more mobile than in other regions, thus
performing the -relaxation. Contrary, it was later found by NMR measurements that basically
all molecules participate in the 5-process via small-angle reorientations [22]. It is observed
experimentally that the S-process is usually not only broadened at the high-frequency side but
also at low frequencies. In order to model such peaks, it is convenient to use a Havriliak-Negami
(HN) function (equation 2.5) or a Cole-Cole (CC) function, which is a special case thereof

where Yy = 1.
1

) = T Timmemym (25
This results in the case of the CC function in a symmetrically broadened peak and in the case
of the HN function in an asymmetric broadened peak. Besides the fitting of S-processes with
such functions in some substances of this work, no deeper discussion of secondary relaxations
will be performed. In order to compare time constants obtained by different fitting functions,
in this work only correlation times at the peak maximum are considered, i.e., 7 = 1/wmax-
The origin of the high-frequency wing (dashed line in figure 2.1), which is present in some
liquids instead of a (5-peak, was very recently tackled by computer simulations, and it was
found that a model combining dynamic heterogeneity and kinetic facilitation is able to produce
a high-frequency wing [23, 24]. In this view, the excess wing is intimately connected to the
a-relaxation. The concept of facilitation describes a scenario where the relaxation of a molecule
triggers the relaxation of neighboring molecules [12]. Experimentally, a peak underlying the
excess wing is discussed, which could be made visible under certain circumstances [25, 26]. In
order to model a high-frequency wing, for example, a so-called extended gamma distribution
can be used as described in detail in reference [20]. However, no modeling of excess wings
will be performed in this work.

When it comes to visualizing the correlation times 7 from the different dynamic processes, it is




most common to display them in a so-called Arrhenius plot. There, the correlation times are
plotted logarithmically versus the inverse temperature, as shown exemplified in figure 2.3. As
mentioned before, the microscopic dynamics is hardly temperature-dependent, with a very
slight shift to shorter correlation times for lower temperatures [27]. The g-relaxation usually

follows the Arrhenius law 5
To = To€XP —— (2.6)

kp
where E, is the activation energy and the value of the pre-exponential factor 7, is often in the
range of the microscopic correlation times. This gives a straight line in the Arrhenius plot,

which explains its name.
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Figure 2.3.: Schematic representation of the temperature dependence of the relaxation times
for the a- and [-relaxation as well as for the microscopic dynamics.

However, the correlation times of the a-relaxation might be described with an Arrhenius law at
very high temperatures only. At low temperatures, a more or less strong bending is observed for
all glass formers, leading to a dramatic increase of the correlation times over a rather limited
temperature range. This super- or non-Arrhenius behavior is the second unresolved "Non"
of the glass transition, and it is probably the most striking one. Empirically, the temperature
dependence of 7, is commonly described by the Vogel-Fulcher-Tammann (VFT) equation

B
T —"1Tp

where B is a material-dependent parameter, and 7j is the Vogel temperature at which the
correlation times diverge and which is usually located some tens of Kelvin below the glass
transition temperature. It is debated whether such a divergence actually exists, with experi-
mental hints into the direction that this might not be the case [28]. However, the VFT equation
usually describes experimental data above 7, rather well, if not too large a temperature range
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is considered. The concept of cooperative dynamics is probably the most common picture
to rationalize the non-Arrhenius behavior of the a-relaxation times. In this view, at high
temperatures, i.e., low densities, the molecules have enough room to move without the need for
neighboring molecules to make way. At low temperature, i.e., higher densities, however, for a
molecule to move, it is necessary that surrounding molecules also move, i.e., the dynamics gets
cooperative. The correlation length, which is the distance over which molecular movements
are correlated, is assumed to increase with decreasing temperature and eventually diverges at
a temperature well below 7, [29, 30].

It should be noted in passing that it is not only possible to obtain a glass by cooling a liquid but
also by isothermal compression, thus by solely increasing its density. Since upon decreasing
temperature, the density of a liquid increases as well, the comparison of temperature and
pressure-induced glass transitions can be used to disentangle the influence of both variables.
However, it is also possible to produce a glass isochorically, indicating that neither temper-
ature nor density alone is responsible for the glass transition [31]. In fact, it is possible to
scale dynamic quantities of the substance under study, measured at different thermodynamic
conditions, using a single material constant v [31, 32, 33, 34, 35]. Thus, one can write for
the relaxation times 7 = f(7'V"), where f is a function and V the specific volume. It has
been shown that the scaling exponent ~ can be related to the steepness of the intermolecular
potential [33, 36, 37] and moreover that its value corresponds in the case of a dominating
repulsive part to an exponent n = 12 in the Lennard-Jones potential, which is the value most
commonly employed [38].

Due to their different temperature dependencies, the «- and [-relaxation times approach each
other at high temperatures and eventually merge, as indicated in figure 2.3, meaning that
at high temperatures, only one process is observed in the spectra, which is the a-process.
A different view, as proposed by Ernst Donth [27], is that the a-and (-process occur below
the merging region where cooperative motions take place, whereas at high temperatures, a
different single process, the "a-process", is present. Since the merging often occurs in the MHz
to GHz range, it is experimentally difficult to monitor the merging with high precision since,
in dielectric spectroscopy, two different experimental setups have to be combined to cover
this frequency range. In the case of depolarized light scattering, there is a gap precisely in
this frequency range between the two commonly employed setups. Nevertheless, there are
indications that the temperature dependence of the -relaxation times differs in the merging
region from the one observed at low frequencies, following approximately the one of the
a-relaxation times [39, 40].

In some substances, mostly monohydroxy-alcohols, it was reported that an additional dynamic
process slower than the a-relaxation is present in dielectric spectra with a mono-exponential
shape, therefore usually called Debye-process. From the dielectric spectrum alone, it is usually
not apparent that two processes are present since the Debye process often has a markedly
higher dielectric strength than the a-relaxation. Only with a combination of other experimental
methods can it be shown that the dielectric Debye process is not the a-relaxation. For example,
the time scale of the Debye-process is not connected to the glass transition step as measured by
differential scanning calorimetry and also disagrees with the timescale of the main process from
light scattering, and rheology [41, 42, 43, 44, 45, 46]. Gainaru and co-workers put forward
the illustrative transient-chain model to explain the Debye-process in monohydroxy-alcohols
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[47]: Chain-like supramolecular structures are formed due to H-bonding between neighboring
molecules. The total dipole moment of such a chain is the sum of the single-molecule dipole
moments along the backbone of this chain. The movement of these supramolecular structures
takes place through successive detaching of molecules on the one end and attaching on the
other end, leading to an overall reorientation of the chain on timescales slower than a single
molecular reorientation. Due to the length of the chain, these movements average over several
heterogeneous regions, thus appearing mono-exponential itself [48]. However, a recent theory
by Pierre-Michel Déjardin can reproduce the temperature-dependent static dielectric constants,
which are dominated by the strength of the Debye-process, of several monohydroxy alcohols by
just considering dipole-dipole interactions without the need for explicitly taking H-bonds into
account [49, 50]. Moreover, this theory predicts a collective dynamic process in addition to the
single molecular reorientation in cases where dipole-dipole interactions lead to a preferred
parallel alignment of neighboring dipole moments. In fact, it will be shown in this work that
the Debye process might be more ubiquitous in dielectric spectra than previously thought and
is not a unique feature of hydrogen-bonding materials.

The third "Non" of the glass transition should also be briefly noted. It is nonlinearity, meaning
that the relaxation is dependent on the departure from equilibrium. For example, a temperature
jump of the same magnitude from below or above to a certain end temperature will result in
a slower relaxation toward equilibrium in the former case [27]. Most measurements in well-
equilibrated systems are considered in this work, except for differential scanning calorimetry
experiments, where the cooling or heating runs can be considered as a series of small successive
temperature jumps.

Up to now, only single-component liquids have been considered. However, since ionic liquids
are naturally comprised of two species of molecules, binary mixtures of non-ionic liquids should
be briefly addressed in the following: When it comes to the appearance of the dynamic spectra
of binary mixtures, one decisive point is the dynamic asymmetry of the two components,
which is given by the difference in the glass temperatures or the molar masses M of the
two species, respectively. Simplified speaking, this means that small molecules have a low
T,, resulting in fast dynamics at a given temperature 7" > 7, compared to a large molecule
with a high 7,. It was shown that 7, and M are correlated by 7,(M) o M* with a ~ 0.5
[51]. The other decisive point for the appearance of the relaxation spectrum is the magnitude
of the contribution of each species to the measured signal. For example, if a mixture of a
polar and a low-polar molecule is investigated by dielectric spectroscopy, the signal from
the low-polar component is usually neglected, and the spectrum is assumed to arise solely
due to the dynamics of the polar molecules [52, 53]. These are, however, influenced by the
presence of the second component. In the case of a small 7}, contrast, the spectrum broadens
upon addition of the second component, but the width decreases again when increasing the
concentration beyond an equimolar composition [54, 53]. This behavior is usually ascribed to
concentration fluctuations leading to a broader distribution of relaxation times [55]. In these
cases, a single glass transition step is found in differential scanning calorimetry, the width of
which also broadens in dependency of the composition in analogy to the dielectric «-peak [55].
However, when a high T -contrast in a mixture of polar and low-polar molecules is present, a
bimodal spectrum can be observed, where the slower peak is ascribed to the dynamics of the
high-T,, component and the faster one to the low-7, component [56]. The first is broadened
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on the high-frequency side and the latter on the low-frequency flank, leading to extremely
heterogeneous dynamics in this system. Two a-processes were also reported for a mixture of
two polar substances with a 7}, difference of only 41 K [57]. However, it was speculated that
this behavior is due to the fact that one component is a monohydroxy alcohol, which segregates
at mesoscopic scales from the second component due to H-bonding, leading to the observed
separation in time scales. Regarding the temperature dependence of the time scales of the
two a-processes in binary mixtures, it is usually found that the high-7, component follows a
VFT law, while the low-T,, component either exhibits a VFT slope or an Arrhenius behavior
depending on its concentration [58]. From the above examples, it becomes clear that mixing
two liquids increases the already high complexity of molecular dynamics even further. However,
in ionic liquids, at least the concentration of cations to anions naturally stays constant at 50:50.
That this does not imply a simple dynamic pattern becomes clear in the next section, where
results from the literature on the dynamics of ionic liquids are compiled.
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2.2. Dynamics in ionic liquids

An ionic liquid in the broader sense, the dynamics of which has been extensively studied since
the 1960s, is calcium potassium nitrate (CKN), investigated most often in the composition
2Ca(NO3)2-3KNO;. Thus, it is an inorganic mixture of ions, which is in the glassy state at
room temperature, with a glass transition temperature of approximately 60 °C [59, 60]. The
dynamics of the ions has been studied by dielectric spectroscopy [61, 59, 60], light scattering
[62, 17], rheology [59, 63] and NMR [63]. The reason why CKN got so much attention is
manifold:

At first, it consists only of spherical or near-spherical ions; still, crystallization is easily cir-
cumvented, and the supercooled liquid or glassy state is accessible. Due to the shape of the
ions, none of them has a permanent dipole moment, and only the nitrate ion has an optical
anisotropy, which is rather low. The former is essential for interpreting dielectric spectra since
no contribution from dipolar reorientation can be expected, as is the case in polar substances.
The latter was exploited mostly in the 1990s in the attempt to experimentally confirm pre-
dictions from mode-coupling theory (MCT) by light scattering measurements. Since MCT is
concerned with density fluctuations, light scattering measurements on molecules with a large
optical anisotropy, where orientation fluctuations are probed, can not be compared to MCT in
a straightforward manner. For molecules with a small optical anisotropy, it was believed that
the scattered light is mainly originating from a dipole-induced-dipole mechanism, which could
be related to density fluctuations and thus be compared to MCT predictions. However, since
the nitrate ion in CKN has a non-vanishing optical anisotropy, this view is challenged by the
findings presented in section 4.1.

Second, it was found early that the dynamics probed by dielectric spectroscopy decouples from
the shear mechanical time constants at low temperatures, but already above 7, [59]. Due to this
decoupling of structural relaxation and charge transport, dielectric spectroscopy can monitor
ion dynamics even well below 7},. The temperature dependence of the conductivity relaxation
time follows an Arrhenius law, in contrast to a VFT behavior above 7. This can be interpreted
as a movement of some more mobile ions through a solid structure [59]. This fact was exploited
to measure the structural relaxation time of CKN well below 7, by monitoring the change of
conductivity relaxation during physical aging [60]. It was found by NMR measurements that
the molecules taking part in the slow structural relaxation are the nitrate ions [64], while the
mobile ones are the alkali (i.e., potassium in the case of CKN) ions [63].

Many of these findings in the course of CKN research, some of them dating back more than
50 years, are still highly relevant in the field of ionic liquids nowadays, and some of them
are not fully understood yet. For example the decoupling of charge transport from structural
relaxation is found for neat ILs [65, 66, 67] and polymerized ILs [68, 69, 70]. Also, the step in
the real part of the permittivity as observed by dielectric spectroscopy, which is reminiscent of
dipolar relaxation, is commonly found in various ILs, just like in CKN. Its origin is still highly
debated and will thus be the topic of section 5.4.2.

The microscopic structure of molten salts with structural simple ions like CKN is determined by
charge alternation due to the attraction of anions and cations and the repulsion of like-charged
ions [2]. In the case of ionic liquids in the narrower sense, the molecular structures of the ions,
especially of the cations, are much more complex. Therefore the microstructure of these ILs
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might be more diverse due to a balanced interplay of Coulomb and dispersion forces, © — 7
interactions as in imidazolium-based cations or also hydrogen bonds between cations and anions
[71]. In fact, for the case of imidazolium-based ILs, it was shown by an all-atom molecular
dynamics simulation study in 2006 that for cations with alkyl-chains with four or more carbon
atoms, the alkyl chains segregate in nonpolar domains, separated from the polar domains of
imidazolium head groups and anions [72]. This finding was experimentally confirmed a year
later by an X-ray study, where a pre-peak was found in the spectrum of imidazolium-based
ILs with alkyl tails equal or longer than four carbon atoms, indicating structurization on the
nanometer scale [73]. These findings have attracted tremendous attention, as can be seen by
more than 1800 and 1200 citations of the two works by the time of writing, respectively. Indeed,
an increasing slope of the number of published papers with "ionic liquid" in the title after these
years can be seen in figure 1.2. Whether or not this could be traced back to these findings is
unclear. However, they certainly fueled the interest in searching for nanostructures in ILs. After
that, pre-peaks were found with X-ray or neutron scattering in several classes of ionic liquids
with long enough alkyl chains, and sometimes even complex structures like lamellas or micelles
were proposed to rationalize the findings [74, 75]. In contrast, it was emphasized by others
that it is usually sufficient for a pre-peak to appear that the charged groups are spaced by the
alkyl-chains [76]. In each case, the dynamics of such an IL is supposed to be more complex
than that of an ordinary liquid, and a tremendous body of work followed to explore either the
heterogeneous nature of the dynamics or find dynamic signatures of long-lived aggregates.
Since ILs with fairly asymmetric but not too long alkyl chains are often supercoolable, the
whole dynamic range from temperatures near the decomposition temperature down to the
glass transition temperature could be accessed. However, the workhorse in this respect —
dielectric spectroscopy — is faced with serious problems in the case of ILs, since the signal is
dominated by DC-conductivity, which renders the imaginary part of the permittivity, where a
clear peak is seen in polar systems, quite featureless, complicating the interpretation of the
spectra. Moreover, several relaxation processes might be active in dielectric spectroscopy, which
must be appropriately disentangled. This will be done in chapter 5 by combining different
experimental techniques. Here, studies from the literature will be discussed in the following.
In dielectric spectra, there could be up to four relaxational processes detectable, in principle,
stemming from three different motional mechanisms:

* At first, molecular reorientations will be active if the ions are equipped with permanent
dipole moments. In common ILs, the anions are often symmetric; thus, they do not have
a permanent dipole moment. But of course, there are various non-symmetric anions, like
the [NTf,] anion used in this work. Cations are mostly asymmetric, especially in ILs,
which can be supercooled, and equipped with a more or less strong permanent dipole
moment. As it was discussed above for the mixtures of non-ionic liquids, this might lead
to a bimodal spectrum, stemming from the dynamically separated reorientations of cation
and anion, in cases where their sizes are sufficiently different, or due to the dynamical
heterogeneity imposed by the aggregation of the cations, just like it was discussed for
mixtures with monohydroxy alcohols. Such a bimodality of the dielectric spectrum due to
separate cation and anion reorientation is only rarely reported for experimental [77], and
simulation studies [78]. A single reorientational process, on the other hand, was reported
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in several dielectric studies. Around room temperature, i.e. in high frequency dielectric
measurements, dipolar reorientation is usually interpreted as the main contribution to
the spectrum [79, 80, 81, 82, 83, 84]. In contrast, it was shown by comparison of two
similar ILs, one of which containing a symmetric cation and the other one an asymmetric
cation, where in both cases the anion was the same and symmetric, that the spectra
hardly differ, indicating that dipolar reorientation has a negligible effect to the spectrum
[85]. Instead, the relaxation was attributed to translational motions of ions. In simulation
studies, both motional mechanisms are found to contribute to the spectrum [78, 86]. In
some of the works mentioned above, the assignment of dielectric relaxation modes to the
reorientation of the cations has been made by comparison with spin-lattice relaxation
times 7} obtained from !3C or 2H-NMR (nuclear magnetic resonance) [77, 82]. In fact,
different NMR techniques are highly useful for the determination of rotational relaxation
times of ionic liquids since the possibility to probe different nuclei can be exploited to
obtain information only about the cation or anion dynamics selectively [87]. However, it
seems that only very recently correlation functions and susceptibilities of ILs measured
by NMR became available [88, 89], which provides the opportunity of a more direct
comparison of NMR data with dielectric or light scattering spectra that goes beyond that
of comparing mere correlations times. In fact, it has been shown that correlation decays
measured by ?H stimulated-echo experiments compare favorably to correlation decays
measured by depolarized light scattering [8]. However, although it is possible to obtain
correlation times from the combination of different NMR experiments over more than ten
orders of magnitude [89], information about the spectral shape is confined to relatively
narrow frequency/time windows and rely in some cases of field-cycling measurements
on the validity of frequency-temperature superposition. Additionally, the spectra can be
strongly influenced by intramolecular dynamics at high frequencies.

At low temperatures, i.e., at frequencies below the MHz-regime, the relaxational processes
observed in the dielectric spectrum are only rarely attributed to dipolar reorientations.
In cases where it is done, the assignment was based on comparisons with depolarized
light scattering measurements, where solely reorientational motions are probed [90,
91]. Instead, the dielectric process is most often attributed to conductivity relaxation in
low-temperature measurements, which leads to the next point:

Due to the diffusive motion of the ions in an electric field, a conductivity relaxation
process can be expected. Its step-like nature in the real part of the permittivity might be
reminiscent of dipolar relaxation. However, it also occurs in cases where none of the ions
has a permanent dipole moment, like in CKN, as discussed above. Therefore, sometimes
a reorientation of ion pairs is used to rationalize the permittivity step [69]. However, the
formation of long-lived ion pairs is doubted in the literature [92, 93], and conductivity
relaxation is also observed when one ion species is immobile like in CKN below 7}, or in
polymerized ILs and also in dilute electrolytes, where the counter-ions are not necessarily
in close proximity [94]. Hence, this view is not adopted in this work. Instead, models
for translational transport of ions are used to describe the conductivity relaxation in
dielectric spectra. This is described in detail in section 5.1. From these models, which
are usually used to describe dielectric data in the conductivity representation, a step
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in the real part of the permittivity emerges very naturally when transformed from the
conductivity representation. Such models have been used in the literature to describe
conductivity relaxation in ILs at low-temperature [95, 96, 69, 97], but also empirical
models usually used to describe dipolar reorientations were employed and ascribed to ion
hopping [98]. Although cations and anions might possess different translational mobility
even for non-polymeric ILs far above 7}, only one conductivity relaxation is expected to
occur, probably dominated by the faster ions, which might facilitate charge transport
even below T}, as seen for example in CKN as discussed above. Of course, several NMR
techniques are routinely used for measuring translational self-diffusion coefficients of
ILs, and a comparison with those calculated from DC-conductivity obtained by dielectric
spectroscopy usually yields relatively good agreement [99, 100, 101, 69]. However,
it has to be kept in mind that NMR measures the mass transport, while in dielectric
spectroscopy, information about the charge transport is obtained. Naturally, each ion
is charged, but nevertheless, for example, through correlated forward and backward
movements, an ion might exhibit mass transport but does not contribute to the overall
charge transport [102]. Therefore, the differences in the diffusion coefficient can be
quite large, and thus it is important to choose the experimental technique depending on
what diffusional mechanism one is interested in. Again, as it was the case for rotational
dynamics, NMR can address the diffusion coefficients separately for cations and anions.
Interesting in this respect are studies on ILs where the alkyl-chain length of the cation is
varied, thus changing the cation and anion size ratio since this is also done in the present
work. However, for example, for the case of imidazolium-based cations with [NTf,] anion,
there seems to be no conclusive picture in the literature. It has been found on the one
hand that the cation diffuses faster than the anion up to a chain length of n = §, even
though the cation is markedly larger than the anion in this case [103]. On the other
hand, almost identical diffusion coefficients for cations and anions have been reported
for n = 6, while cations with even longer alky-chains diffuse slower than the anions [8].
Surprisingly, the difference is small even for chain lengths as large as n = 12, also in the
case of an ammonium-based cation [104].

As an additional relaxational process, the dynamics of aggregates could come into play:
For ILs equipped with long alkyl-tails, where an X-ray scattering pre-peak is observed,
one could speculate that the aggregated cations perform translational and rotational
motions slower than that of single ions. This view might be inspired by the case of
monohydroxy alcohols, where the slow Debye process is often attributed to the movement
of supramolecular structures. And in fact, bimodal spectra were found in dielectric
spectroscopy [105, 98, 95], light scattering [106, 107], rheology [98], and optical
Kerr-effect measurements [108, 79], where in all these cases the slowest relaxation
process was attributed to the dynamics of aggregates. The attribution was performed
upon different reasoning: For example, the hydrodynamic radius associated with the
slow relaxational contribution in light scattering measurements was found to compare
with the structural length corresponding to the X-ray scattering pre-peak [106, 107].
But also, the appearance of the slow dielectric process was reported to be dependent
on the size of the supramolecular structures as probed by the X-ray pre-peak [105].

16



Also, the comparison of the spectra of different experimental methods has proven useful
to assign one of the processes of a double peak spectrum to the a-relaxation, or the
aggregate dynamics, respectively [108, 79, 106]. However, little help comes from NMR
measurements when identifying the aggregates’ relaxation. It seems that there is no
direct observation of a dynamic feature reported in NMR data, which was assigned to
dynamics of supramolecular structures. Only indirect evidence is obtained through the
breakdown of the Stokes-Einstein equation for long-chained cations, which was attributed
to a restriction of the translational dynamics due to the aggregates, while the rotational
motion is unaffected [89].

Thus, it can be seen that the disentanglement of the different dynamic contributions to the
experimental spectra is highly involved. Moreover, the assignment of spectral features to their
microscopic origin is not consistent in the literature and sometimes seems to depend on the
authors’ community. An example is a dielectric relaxation, which is most often attributed
to a dipolar reorientation in the high-frequency community, while it is usually assigned to
conductivity relaxation by the glass community, as discussed above.

The situation gets even more complicated when mixtures of non-ionic substances with ILs
are considered since an additional relaxational contribution is expected in the experimental
spectra. However, such mixtures might also help in some instances to separate the conductivity
relaxation from dipolar processes in dielectric spectroscopy when an IL is diluted in a non-ionic
liquid, and thus the conductivity shifts to lower frequencies. The most natural admixture to ILs
is undoubtedly water. ILs are often hydrophilic, so uptake of water from air can lead to not only
a change in physicochemical properties, such as viscosity [109] or glass transition temperature
[110], i.e., it affects the molecular dynamics, but also differences in the crystallization behavior
of the liquid [111]. Therefore, ILs are usually dried in a vacuum oven before characterization
to ensure the absence of water. Conversely, intentionally added water can alter the properties
of the IL in the desired direction, for example, to enhance the diffusion coefficient or the
conductivity [112, 113, 114]. Mixtures of water and ILs have been investigated with dielectric
spectroscopy [115] and especially a combination of dielectric spectroscopy with molecular
dynamics simulation has proven useful for disentangling the dipolar contributions of water
molecules, and ions [116, 78]. Additionally, it was found that in some IL-water mixtures,
nanoscale water clusters form, which are sometimes also called water pocket [117]. They
were experimentally observed by small-angle neutron scattering (SANS) [117, 118], Raman
spectroscopy [119, 120] and NMR measurements [121], but also by molecular dynamics
simulations [122, 123]. However, dynamic information on these systems, especially from light
scattering measurements, are not reported so far. Those experiments might give information
about the diffusion of such water pockets through the IL network. A drawback of IL-water
mixtures is that water crystallizes in an IL-water mixture upon supercooling for too high water
concentrations. This means that not the full concentration range could be investigated at low
temperatures, where different dynamic processes are best separated. This can hinder the full
understanding of such mixtures, which might be overcome by choosing another admixture
structurally similar to water but easily supercoolable. As such, alcohols are suited, and the
dynamics of such mixtures have been addressed in some studies [124, 125, 126].

As a next step, [L-water mixtures can be mixed with gelatin to form a gel often called "Ion
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Jelly" (1J). Such gels have been shown to exhibit similar DC-conductivity as the liquid without
gelatin but are mechanical rigid [127]. This makes them interesting for various applications
such as electrolytes [128], gas sensors [129], fractionation of mixtures [130], electrochromic
windows [131] and biosensing [131]. Among the experimental methods used to investigate the
properties of IJs in the literature is differential scanning calorimetry (DSC), where it was shown
that some 1Js do not crystallize upon cooling despite the considerable amount of contained
water [127]. Naturally, the ionic conductivity of ionogels is among the properties studied the
most. For example, the influence of the gelling agent on ion dynamics was addressed in the
literature [127, 132]. Usually, dielectric spectroscopy is used for such investigations [133],
sometimes also combined with NMR spectroscopy to probe diffusive ionic motion [134, 127].
Structural information was obtained by X-ray scattering[128] and scanning electron microscopy
[135]. However, the complex interplay of microscopic translational and rotational dynamics
with macroscopic dynamics of the gel matrix was not investigated in great detail up to now.
Especially measurements of IJ with dynamic light scattering were not reported so far in the
literature.
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3. Methods

In this chapter, the different experimental and computational methods are addressed. The
theoretical background, which is needed in the course of this work, is outlined, and the
experimental setups are described. The largest part concerns light scattering, as this is the
method used most comprehensively in this work. After that, dielectric spectroscopy and
differential scanning calorimetry are discussed. At last, quantum chemical calculation methods
are addressed, which are used to calculate molecular properties.

3.1. Light scattering

Already about 150 years ago, light scattering attracted the attention of researchers such as
Tyndall or Lord Rayleigh in an effort to explain the blue color of the sky [136]. In honor of his
explanation of the intensity of light scattered by molecules being proportional to the inverse of
the fourth power of its wavelength [137], the elastic scattering by particles much smaller than
the wavelength of light is named Rayleigh scattering.

Later, it was observed by Robert Strutt, who followed his father as the 4th Lord Rayleigh, that
the light scattered by gas at right angles to the direction of the incident unpolarized light is
not fully polarized as it would be expected for spherical particles [138]. The expectation of
full polarization can be easily seen when considering an unpolarized ray traveling from left to
right impinging on a spherical molecule. Since unpolarized light can be thought of being a
superposition of a ray polarized vertically and a ray polarized perpendicular to the drawing
plane, the scattered light observed by the reader will be just the component induced in the
molecule by the vertically polarized ray [136]. The observation of scattered light, which is not
fully polarized, thus implies that the molecule has a preferred direction of polarization [138],
i.e., it is not spherical. This fact has been exploited, for example, by Gans to determine the
shape of gas molecules by measuring the ratio of the intensity of scattered light polarized in
the direction of the incident light and perpendicular to it [139].

Regarding light scattering in liquids, Einstein derived in 1910, based on the ideas of critical
opalescence by Smoluchowski [140], a quantitative equation for the intensity of light scattered
due to density, or equivalently, refractive index fluctuations [141]. The derivation is based
on Boltzmann’s principle and on Maxwell’s equations, and with this, it is not only possible
to describe the scattered light of binary mixtures near demixing (critical opalescence), but
also light scattered by neat liquids due to density fluctuations. For the case of an ideal gas,
Einstein’s equation reduces to the one found by Lord Rayleigh explaining the blue color of the
"Luftmeer" [141].

In addition to this elastic scattering, two different types of inelastic scattering of light were
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reported some years later, one of them being rewarded with the Nobel Prize. The scattering of
light by acoustic waves in the medium was predicted by Brillouin and named after him [142].
It was first observed experimentally for different liquids eight years later by Gross, manifesting
as two symmetrically spaced lines around the elastic line with a very small separation [143].
The experimentally observed separation was in accordance with the one predicted by Brillouin,
where the speed of sound and light in the respective substance and the scattering angle enter
in the calculation. In order to resolve the Brillouin lines, a Fabry-Pérot interferometer is
commonly used today. Thus the term "Brillouin spectroscopy" can be found in the literature
for measurements performed with a Fabry-Pérot interferometer, also in cases where only the
depolarized scattered light is detected, resulting in the suppression of the fully polarized
Brillouin lines. Therefore, this term is not used in this work in order to exclude confusion as
no Brillouin lines are observed here.

The second type of inelastic light scattering was discovered on 28.02.1928 by Raman and
co-workers, after its prediction by Smekal in 1923 [144], when studying the light scattered
from benzene and other liquids [145]. They found lines in the scattered spectrum, markedly
separated from the incident wavelength but strongly polarized, thus excluding fluorescence
as their origin. Although similar observations were made a week earlier by Landsberg and
Mandelstam (but published only later) [146], the new radiation was named after Raman, and
also the Nobel Prize was awarded to him two years later [147]. Today it is well known that
the Raman effect is due to a coupling of the light with the intramolecular vibrational degrees
of freedom in a molecular liquid, and Raman spectroscopy is routinely used, for example, to
identify molecules based on their characteristic inelastic spectrum.

Around that time, another observation was made when spectroscopically investigating scattered
light: The central line of incident light after scattering in a liquid was accompanied by a nebulous
intensity on both sides, which was called the "wings" [148, 149]. Two essential features of these
wings were observed: Its intensity depends on the degree of optical asymmetry of the molecule
under study, and the scattered light in this spectral region was depolarized [150]. These
findings pointed into the direction that rotations of the molecule might be responsible for the
wings. However, it was found some years later by Gross and Vuks that the wings did not broaden
upon increasing the temperature of the liquid, as would be expected in the case they were due
to the rotations of the molecules [151]. Instead, they identified a portion of the wings very close
to the central line, the intensity of which increased upon increasing temperature, while the
outer parts of the wings stayed unaltered. Hence, they speculated that only the inner part might
stem from molecular rotations. In the late 1960s, Fabelinskii remarked in his comprehensive
book, reviewing the light scattering results up to that time, that "Although 35 years have passed
since its discovery, the nature of the wing is still not completely explained, both in theoretical
and experimental aspects" [152], a statement which still holds today more than fifty years later.
The basic idea that the inner part of the wings is due to relaxational processes in the liquid, like
those responsible for the dispersion of electromagnetic waves in polar liquids, which was traced
back by Fabelinksii to Landau and Plasczek [153], is still prevalent today, although alternative
explanations were discussed in the meantime. Likewise, the division into an inner and outer
part of the wings was still practiced many years later when evaluating light scattering data
[154], although details of the spectrum are overlooked in this way. Theoretical models were
also developed by that time. For example, Starunov explained the inner part of the wing by

20



rotational diffusion and the outer part by rotational oscillations of the molecules (see [152]
and references therein). In that light, Fabilinskii obtained rotational relaxation times in the
1950s, thus without a laser and with a prism spectrograph and recordings performed on a
photographic plate. The relaxation times were determined by the half-width ov of the inner
wings via [152]
1
T e

For example, for the cases of toluene and water, these relaxation times are in good agreement
with up-to-date measurements and data evaluation methods as employed in this work. This
relaxational process is identified with the a-relaxation discussed in section 2.1 and thus of
main interest for this work.

A sketch of a typical depolarized light scattering spectrum of a liquid comprised of optical
anisotropic molecules obtained with a combination of a diffraction spectrometer and an inter-
ferometer is shown in figure 3.1. The part shown as black lines symbolizes the spectral portion
obtainable with a Raman spectrometer as described in detail in section 3.1.3 and the colored
lines indicate the part of the spectrum obtained with a Tandem-Fabry-Pérot interferometer
(TFPI) utilizing different mirror spacings. The incident wavelength determines the zero on the
frequency axis, and the frequency shift of the scattered light relative to that frequency is shown.
Please note that the intensity is plotted on a logarithmic scale. In the area highlighted by the
shading, the wings are clearly visible and are shown magnified in the inset. This part of the
spectrum will be called quasi-elastic and is the main focus of this work. At frequencies further
apart from the central line, sharp Raman lines can be observed. The fact that the intensity of
the Raman lines is lower on the right than on the left-hand side is discussed later.
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Figure 3.1.: Sketch of a light scattering spectrum obtained with a combination of a Raman
spectrometer (black lines) and a Tandem-Fabry-Pérot interferometer (colored
lines). The shaded area highlights the quasi-elastic part of the spectrum or, in
older terms the wings of the Rayleigh line.
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When lowering the temperature, it is immediately apparent by equation 3.1 that the width
of the rotational part of the wing narrows. This means that this process can eventually no
longer be resolved for low temperatures, even with a modern interferometer. Therefore, a
third spectroscopic technique has to be employed to measure the rotational relaxation at low
temperatures, namely photon correlation spectroscopy (PCS). This technique is nowadays
mainly used to determine the size of nanoscale objects in solution. It seems that only a handful
of workgroups worldwide use it actively for rotational spectroscopy of molecular liquids at the
time of writing. Therefore, and also because a strict differentiation between PCS, TFPI, and
Raman measurements is often made in the literature, it is important to realize that all three
techniques have access to one and the same signal, just on very different frequency (time)
scales. Since the spectra from Raman and TFPI overlap in a certain frequency region, as seen
in figure 3.1, it is immediately evident that both measure the same signal. The situation is less
evident in the case of photon correlation spectroscopy, which measures the time correlation
function of the intensity of the scattered light. However, the connection to the spectral density
S(w) as measured by TFPI or Raman spectroscopy is established because the field correlation
function and the spectral density are Fourier-transform pairs, i.e., [155]

S(w) = % / dt’ (E*(£)E(t + 1)) exp(—icot') 3.2)

The connection between the field correlation function (E*(¢)E(t + t')) and the intensity corre-
lation function, which is the one actually measured, will be discussed with all other details of
photon correlation spectroscopy in section 3.1.1.

The main challenge is now to relate the macroscopically measured spectral densities or field
correlation functions, respectively, to microscopic motions of the molecules. While theoretical
models exist which are able to predict the total intensity of the light scattered by density
fluctuations and also for the case of rotational motions of optically anisotropic molecules in
good accordance with experiments (see section 4.1), there is no model which can describe the
shape of the wings quantitatively. This, however, is not merely due to a lack of an adequate
theory for depolarized light scattering but is inherent to all dynamical measurements of liquids
and directly related to the incomplete understanding of the relaxation processes as discussed
in section 2.1. Therefore, a qualitative picture, which is able to capture the essence of the
molecular dynamics underlying the wing, is sketched below, following Berne and Pecora [155]:
Assuming an incident monochromatic beam with polarization 7i; acting on a molecule with
polarizability tensor a. Then, a dipole moment is induced in the molecule, given by /i(t) =

%E(t). The polarizability tensor can be written in a diagonal form as

Oy O 0
a= 0 ap 0
0 0

with respect to the principal axis of the molecular polarizability, which is directly connected to
the nuclear frame of the molecule. If o, = o, = «,, then a molecule is optical isotropic, i.e.
a spherical top molecule, and optical anisotropic otherwise. This means that for the induced
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dipole moment /i(¢) in the general case of anisotropic molecules, its direction is not necessarily
parallel to the electric field of the incident light. Therefore, the light radiated by the dipole,
i.e., the scattered light, is fully polarized in the same direction as the incident light only if
the molecules are isotropic. It can be shown that the scattered field with polarization 7i; is
proportional to the sum of amplitudes from molecules in the scattering volume, i.e.

> ity alt) i exp(igr;(t) (3.3)
J
where A p
__4mn 0
qg= B sm(2) (3.4)

is the scattering vector, n the refractive index, ¢ the scattering angle and ;(¢) is the position of
the jth molecule. The time correlation function of the scattered field is thus proportional to

N
Cir(@,t) = 3 (¥ 0)aff (1) explid(i(0) — 7(t)]) (3.5)
jk
and the spectral density is
- 1 i —iwt ~
Sif(q,w) = gy / dte™™Cir(q, t) (3.6)

where o =iy a 7.

Two quantities in equation 3.5 are time-dependent: The polarizability tensor with respect to
the laboratory frame and the molecular position. While the latter describes diffusional motions,
the fluctuation of the polarizability tensor can be categorized in three different time regimes:
On time scales of femtoseconds, vibrational displacements of atoms give rise to Raman lines. At
times in the order of tenths of picoseconds, oscillatory libration motions and collision-induced
distortion of the molecular frame are present, resulting in the broad part of the wing, as
described above. At even longer time scales, which are strongly dependent on the temperature,
the rotation of the polarizability tensor, i.e., of the molecules, gives rise to the narrow part of
the wings.

Regarding the term dependent on the translational displacements of the molecules exp|ig(7;(0)—
7(t)], some considerations are in order: As mentioned above, it is known from Einstein’s theory
that light is scattered due to fluctuations of the refractive index, which in the case of neat
liquids arise due to fluctuations of the density [141], implying translational displacements of
the molecules. However, these fluctuations occur on intermolecular length scales, whereas
at length scales determined by the scattering vector ¢, which are on the order of the wave-
length, the refractive index appears stationary. Thus, no time dependence of these translational
motions in neat liquids can be detected by measuring the scattered light. In contrast, when
considering, for example, large molecules in a solvent, the refractive index contrast between
the two kinds of molecules fluctuates on length scales matching the accessible ¢ range due
to the diffusion of the large molecules. This is routinely used today for the determination of
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particle sizes [156, 157]. It is clear from equation 3.5 that the translational displacements are
not detected in depolarized measurements as long as the particles are isotropic. Otherwise, the
translational part could, in principle, contribute to the depolarized spectrum. However, usually,
the translational diffusion of the particle takes place on a time scale several orders of magnitude
slower than the rotational motions due to the small scattering vector. Thus, the depolarized
correlation function decays entirely due to rotational motions, and the translational dynamics
acts only as a stationary multiplicative factor.

It should be noted that equation 3.5 contains the self (; = k) and the distinct (j # k) part of
the correlation function. Usually, the distinct part is neglected, which, however, is only justified
in dilute solutions, and it will be discussed later that in certain cases, dynamic contributions of
cross-terms might be detected in light scattering spectra.

The experimental details of the different light scattering setups, which are used to obtain
either the time correlation function (equation 3.5) or the spectral density (equation 3.6) of the
scattered light, are discussed in the following subsections.
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3.1.1. Photon correlation spectroscopy

The photon correlation spectroscopy (PCS) setup is shown in the configuration as present at the
end of this work in figure 3.2. The experiment was first set up several years ago and considerably
improved during a preceding doctoral thesis. More details of the optical components and their
alignment can thus be found in references [158], and [159].

D Laser

Attenuator == )
Polarizer Cryostat

\ BN ——H

\

Goniometer

Figure 3.2.: PCS setup: After passing the attenuator and the polarizer, the beam impinges on
the sample. The scattered light passes a narrow band pass filter and a polarizer
before being collected by the fiber optics and split up into two avalanche photo
diodes.

The laser is a Cobolt Samba type single frequency solid-state laser with a wavelength of 532 nm
and a maximum power of 500 mW. It is mounted on an active cooling plate, which employs
a Peltier element for vibration-free cooling of the laser. It is possible to adjust the power of
the laser between 1 and 500 mW. However, the intensity is most stable when the maximum
power is chosen. Therefore, in order to be able to reduce the power on the sample while
operating at the maximum power, a half-wave plate in combination with a polarizer is used
as an attenuator: The vertically polarized light of the laser is rotated by the wave-plate, and
the polarizer transmits only vertically polarized light. For an even better extinction ratio,
the beam is passed through a second polarizer and impinges on the sample, mounted in a
cold finger cryostat. Several different designs of sample cells were developed over the years.
The most recent one is a cylindrical one made of blackened aluminum, which allows for high
cooling rates. The sample is surrounded by a vacuum shroud, where the isolating vacuum is
maintained during measurements by an ion getter pump, which operates vibration-free. The
cold finger cryostat can be operated with liquid nitrogen or helium, depending on temperature
needs. In this work, only liquid nitrogen is used, which is fed into the cryostat in gaseous
form due to the special design of the transfer line in order to avoid vibrations from boiling
nitrogen. The light scattered by the sample is collected by a detection unit, which is mounted
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on a goniometer, giving access to different scattering angles and which contains the following
parts: A polarizer from Bernhard Halle with an extinction ratio of 1x107 and a bandpass filter,
centered at 532 nm with a bandwidth of 2 nm in order to cut out fluorescence light, which is
present in some ionic liquids. Behind that, coupling optics from ALV GmbH are used to couple
the scattered light into a single-mode fiber, which is directly connected to a 50:50 fiber splitter.
Both signals are fed into one COUNT T100 avalanche photodiode from LaserComponents
each. The intensity signals of the two detectors are cross-correlated by an ALV 7004 hardware
correlator in order to suppress after-pulsing effects, and the resulting normalized intensity
correlation function is recorded by the ALV software on a computer, which can be written as

{(L(0)1(1))
92(t) ( ]>2
where the angle brackets denote the time average. As detailed above, the information about
the molecular dynamics are, however, contained in the field autocorrelation function ¢, (¢) =
(E(0)E*(t)) / (I). Thus, a connection between the autocorrelation function of the intensity
and the electric field has to be established. The way it is done in this work has been published
previously in reference [90].
The intensity of the light at the detector is assumed to result from a superposition of the
scattered field and a static field, mainly stemming from reflexes in the sample cell, which is
also called the local oscillator, i.e., I(t) = |Fio(t) + Es(t)|?. Thus, the signal is called partially
heterodyne, while it would be called homodyne if only the scattered light would be detected.
Assuming that Ejo(t) and E,(t) are statistically independent and that the latter is a zero-mean
Gaussian variable, one can apply the Siegert relation [160] g»(t) = 1 + A|g;(¢)|* to obtain for
the mixed signal [161, 162, 163]

g2(t) = L+ AC?|g1 ()" + 2AC(1 = O) |1 (1) (3.8)

where A is the spatial coherence factor, ideally being unity, which depends on the geometry
of the experimental setup and determined here with a suspension of latex spheres to be
approximately A = 0.98. The constant C' = (I) /((I.o) + (Is)) = (Is) / (I) depends on the
time-averaged intensities of the scattered light by the sample I, and the local oscillator I;,
respectively. Equation 3.8 includes the homodyne case if C' &~ 1 and the heterodyne limit if
C < 1 so that C? becomes negligible compared to C.

Solving equation 3.8 in the limit ¢ — 0 for C, where ¢;(0) = 1 per definition and A = ¢g,(0) — 1

is the intercept, one gets:
C=1—y1-A/A 3.9)

However, care has to be taken due to the fact that the intercept may be reduced because of
fast dynamics appearing on a time scale not captured by the correlator. Thus, at the shortest
correlation time ¢, the field correlation function yields:

3.7)

91(to) = 1 — Apast = A, (3.10)
By substituting into equation 3.8 and solving again for C, one gets:

1= /14+A/A—2A/(AA)
B 2— )\

C (3.11)
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Afast, 1.€., the intensity of the microscopic dynamics can be measured by TFPI/Raman mea-
surements. However, then, the influence of the band-pass filter employed in the PCS, cutting
some of the short time intensity, has to be taken into account additionally, which renders this
procedure complicated. Therefore, in the present work an estimation is used: The minimum
value of ), i.e., the maximum of the microscopic dynamics Ag,g that is possible for a given
intercept A of the measured data can be calculated by equating the radicand of eq. 3.11 with
zero. The errors of the correlation times 7 made due to this estimation of A\, and A\pax = 1
were found to be around 15 %, leading to errorbars in the typical Arrhenius plot smaller than
the size of the symbols.

In order to be able to compare the so obtained field correlation functions with data from the
other light scattering setups, i.e., TFPI and Raman, which operate in the frequency domain,
the PCS correlation functions are Fourier transformed to yield the spectral density, as given
by equation 3.2. This is done by employing the Filon algorithm [164], which is especially
suited for performing a Fourier transformation for logarithmically spaced discrete data. Details
of this procedure can be found in reference [20]. After that, the data is transferred into the
susceptibility representation via the fluctuation-dissipation theorem as outlined in the next
subsection. This is done since it is the most common representation for dielectric data and thus
well known, and additionally, different dynamic contributions can be separated best by eye in
this representation.
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3.1.2. Tandem-Fabry-Pérot interferometry

For the detection of the scattered light in a frequency range from approximately 0.3 GHz to
3 THz, a Tandem-Fabry-Pérot interferometer (TFPI) manufactured by JRS Optical Instruments
is employed. The technical details in this section are based on the work of John Sandercock,
the designer of this machine [165, 166]. As the name TFPI already suggests, the centerpiece
of this apparatus are two Fabry-Pérot interferometers (FPI) operated in series. Each of them
consists of two parallel highly reflective mirrors with separation L, through which only light
is transmitted obeying the relation L = 1mA\, where ) is the wavelength of the light, and m
is an integer. The frequency interval between two successive transmission orders is given by
Av = ¢/(2L) and is called the free spectral range (FSR). The FPI could be readily used as a
spectrometer by varying the mirror spacing. This, however, is not suited when signals with a
broad range of frequencies should be measured, as intended here, since then the signal within
an FSR is the sum of the intensity of all frequencies satisfying the relation L = 1mA. To solve
this problem, a second FPI is used in series to the first one, with a slightly different mirror
spacing L,. Thus, for wavelengths, which are transmitted through both FPIs, the relation
Li/Ly = my/msy must be fulfilled. From this, it is immediately clear that when both FPIs are
adjusted in such a way that a certain wavelength is transmitted at the same time by both, then
the next order is blocked. Now, both FPIs have to be scanned simultaneously in such a way that
the change of the mirror spacing JL; satisfies the relation 6L, /0Ly = L;/Ls. This is done by
mounting one of the mirrors of each pair on a piezoelectric-driven stage, where one of the FPIs
lies with its axis at a certain angle to the scan direction. This is illustrated in figure 3.4. In the
present case, the angle is 18.2°, which leads to a ratio of the mirror spacings of L,/L; = 19/20,
i.e., each 20th order is transmitted again with full intensity. Thus, the transmission function of
the TFPI can be written as

AF? o)’ 4F? A\’
<1+?sm (E)) ~(1+?sm (O‘%.E)) (3.12)

where F can be regarded as the quality of the mirrors regarding reflectivity and flatness and is
called finesse. By fitting equation 3.12 to an experimental transmission spectrum of the laser
line, the finesse of the TFPI is determined to be F' = 120. Such an experimental spectrum
together with the fit is shown in the lower panel of figure 3.3. There, it can be seen how
higher transmission orders are suppressed and how each 20th order is again fully transmitted.
In order to additionally reduce the influence of these higher orders, a bandpass filter can be
mounted in the TFPI, which is centered at the laser line and which has a bandwidth of 1 nm. It
is indicated as a dashed line in the lower panel of figure 3.3. It has been shown in the literature
that the usage of such a filter is necessary to avoid artificial features in the resulting spectra
[167, 168, 169]. In the upper panel, the transmission functions of the two individual FPIs
are shown in the region indicated in the lower panel. There, the shift in the transmission
frequency between the two FPIs can be seen, resulting in the high suppression of intensity
in this frequency range when operated in series. In this way, it is assured that higher orders
influence the intensity in the FSR of interest only negligibly, and it is thus possible to measure
broad rotational spectra of liquids.

Ir=1y/

28



FPI 1 10*
FPI 2 102
2 100
[7)]
$ 1072
g 10-4 L
10
10-8 A l
-6000 -5000 GHz
f FPI 142 in Tandem:
I T I I I
104:}»20 n n+20)
102 - -
100 | deny |
L filter i
102 H 1
2 104 | ﬂ 7
c
2 10° Y4 |
c
108 H 1
1010 4 -
1012 J |
RN 1111
| | | | |
-10000  -5000 0 5000 10000

Frequency / GHz

Figure 3.3.: Transmission function of a Tandem-Fabry-Pérot interferometer. Upper part shows
the transmission lines of each single FPI, lower part the combined transmission
function. The blue line is experimental data for mirror spacing L; = 0.3 mm
and L, = 0.95L4. Full transmission in tandem mode would again occur at orders
n + 20, which is suppressed by an additional bandpass filter

In order to be able to measure frequency scans over several hours, the two FPIs must stay
perfectly adjusted to each other over the whole time. Therefore, on the one hand, the mirrors are
mounted on an actively stabilized platform, which reduces vibrations. Furthermore, sufficient
temperature stability in the laboratory has to be assured. But most importantly, the transmission
of the laser line through both FPIs simultaneously is actively stabilized. This is done by
maximizing the intensity of the reference beam (see figure 3.4) through the piezoelectric
adjustment of the mirror positions via an electronic feedback loop. Thereby, the scanning of
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the mirror spacings over several hours without interruption is possible, which is needed for
some measurements, for example, when the relative intensities of different samples should be
determined, as it is done in section 4.1.

However, the mirror spacing range, which is scanned piezoelectrically, as mentioned above, is
usually only 0.5 pm, i.e., approximately one FSR. This gives only access to a relatively narrow
frequency range. Therefore, different coarse mirror spacings can be set manually, for each
of which the automatic scan is performed. When choosing these spacings appropriately, the
spectrum obtained with one spacing overlaps with the one from the next spacing, and in this
way, a continuous spectrum can be formed. Here, 30, 10, 3, 0.75 and 0.15 mm are chosen.
The bandpass filter discussed above is used for the first three spacings. It is clear that errors
made during the adjustment of these spacings are most significant for the mirror distance
of 0.15 mm. Moreover, the TFPI has a built-in bandpass consisting of a prism and a pinhole,
which might influence the highest frequency measured with the 0.15 mm spacing. Therefore,
it is more appropriate to use the Raman spectrometer, as described in the next subsection, for
measuring the highest frequencies.

The different spectral densities obtained for the mirror spacings are transformed into the
susceptibility representation individually. This is done in the following way: Since both sides
of the laser line are measured, i.e., the Stokes and the anti-Stokes side, which contain the very
same information and are identical except for the Boltzmann factor, which accounts for the
fact that some dynamic modes are not occupied on the anti-Stokes side. Thus, the average of
the spectrum on the Stokes side and the one on the anti-Stokes side, the latter multiplied by
the Boltzmann factor, is used as the spectral density S(w). The light scattering susceptibility
X1s(w) is then calculated via the fluctuation-dissipation theorem [170, 171], i.e.,

vy L Sw) o w

with n(w,T) = (exp(hw/kgT) — 1)~! being the Bose factor. The indicated approximation holds
in the classical limit of k57" > hw and is only used in the case of PCS data. Subsequently, the
different mirror spacings are scaled vertically in the susceptibility representation so that they
overlap. This procedure is visualized in [172]. In this way, a continuous spectrum over the
whole frequency range accessible with the TFPI is obtained. In cases where additional Raman
measurements are performed, these spectra are transformed and shifted vertically, in the same
way, to overlap with the TFPI data. Examples of such spectra are shown later in figure 4.7.

Finally, the experimental setup outside the TFPI should be considered, as shown in figure 3.4.
A Verdi V2 solid-state laser operating at a wavelength of 532 nm is used. The output power
can be varied up to 2W. Here, usually 400 mW and 200 mW are used for mirror spacings with
or without the bandpass filter, as the latter reduces the detected intensity by approximately
50 %. As mentioned above, a beam splitter is used to feed a part of the beam via an attenuator
into the TFPI, which is used as a reference beam for stabilization. The main beam is directed
via mirrors through a polarizer, which selects vertically polarized light, then further to a small
prism, and is then focused by a lens onto the sample. The sample is either mounted in an
optical cryostat or in a custom-made oven. One of these ovens holds standard cuvettes and is
designed to operate up to temperatures of 450 K. The other one is isolated and able to reach
sample temperatures as high as 570 K. In this case, the sample is flame sealed in cylindrical

(3.13)
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glass flasks. The scattered light is collected in either case in backscattering geometry by the
same lens, which focuses the beam onto the sample. The scattered light is fed through a
polarizer, which selects horizontally polarized light and focused onto the entry pinhole of the
TFPI. After passing the TFPI, as described above, the light is detected by a photodiode with a
dark count rate of approximately 10 couts/s and recorded with the "Ghost" software, which
belongs to the TFPIL

Controller

_ Hee

Attenuator==

Laser y4

Figure 3.4.: Schematic representation of the Tandem-Fabry-Pérot setup. Inside the TFPI the
optical path is simplified, each FPI is passed three times by the scattered light, as
indicated by the arrows, and the wavelength is selected according to the respective
mirror plate separation.

Sample
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3.1.3. Raman spectroscopy

The Raman spectrometer setup was created basically from scratch as part of this work. A Horiba
Jobin Yvon Raman spectrometer, type U1000, was acquired from Prof. Rofler, University
of Bayreuth, with a photo-multiplier tube (PMT) and an output amplifier from the same
manufacturer. The U1000 is a double monochromator, equipped with two 2400 grooves/mm
gratings, and has a focal length of 2 x 1 m. It is designed for high stray light rejection and is
therefore well suited for measurements near the laser line, which is necessary here in order to
obtain overlap to the TFPI spectrum. The frequency range is scanned by tilting the gratings in
such a way that only light of a specific wavelength reaches the output pinhole and is detected by
the PMT. To this end, a state-of-the-art stepper motor from National Instruments was installed
in the spectrometer, controllable via LAN from the computer, to move the gratings. Its power
supply and the high voltage supply for the PMT were constructed and built into a common
box by the electronic workshop of the institute. This box also contains the connector to set
up an automatic shutter, which provides the possibility to automatically block the laser beam.
Furthermore, the amplified signal from the PMT is fed into the box, which is connected to a
computer through which all these functionalities can be controlled with a LabView program
written during the master thesis of Stephan Bock, supervised by the present author. The PMT
is cooled by a refrigerated circulator, pumping a water-alcohol mixture of 15 °C through the
PMT. By this, a dark count of approximately 3 couts/s can be achieved.

The optical setup in front of the spectrometer is shown in figure 3.5. The laser is a Cobolt
Samba type single frequency solid-state laser with a wavelength of 532 nm with a maximum
power of 400 mW. It is passively cooled and mounted vertically so that the polarization of the
emitted light is horizontal with respect to the table. This is done for the following reason: Most
of the measurements with this setup are intended to be performed in depolarized geometry,
and since only vertically polarized light can pass the spectrometer due to the orientation of
the gratings, the least optical components are needed when operating in horizontal-vertical
(HV) geometry. This is identical to the VH-geometry used in TFPI, and PCS measurements
[155]. In cases where a VV-geometry should be used, a A\/2 plate is introduced into the beam,
adjusted in such a way that the polarization is rotated by 90°. Thus, the laser is first passed
through a polarizer selecting horizontally polarized light and then directed via mirrors from
the optical table up to the height of the entrance of the Raman spectrometer. All other optical
components are mounted at this height on a specifically designed mounting plate manufactured
by the mechanical workshop of the institute. It consists of two parts, where one part holds the
sample oven and is detachable for cases where instead of an oven, a cryostat should be used.
As described above, the oven holds standard cuvettes and is constructed similar to the one used
at the TFPI setup. The cryostat is the same one used for TFPI measurements; however, due to
the different heights of the beam path of these two experiments, a different mounting had to
be constructed to use it at the Raman setup, which was also built by the mechanical workshop.

The laser beam is deflected by a prism and focused by a lens onto the sample. The scattered
light is collected by the same lens in backscattering geometry and then focused by another lens
onto the entrance slit of the Raman spectrometer after passing a polarizer selecting vertically
polarized light. The focal length of this lens is chosen so that the first mirror at the back of the
spectrometer is fully illuminated. When needed, additional optics can be inserted easily into
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Figure 3.5.: Schematic representation of the Raman setup. Inside the U1000 the optical path

is simplified and only one diffraction grating is indicated, while there are actually
two.

the beam path between the prism and the lens near the sample, as indicated by the dashed lines
in figure 3.5 by a quick-mount mechanism. These consist of a sapphire window and two lenses
and can be used as an external intensity standard in the following way, which is adapted from
reference [173]: By employing the two lenses on each side of the sapphire window in such a
way that it is located in the focal point of both lenses, the spectrum of sapphire is recorded
alongside with the one of the sample. Such measurements can then be normalized to the
height of a sapphire Raman line, resulting in spectra that can be safely compared in intensity.
This might otherwise not be the case since a drift in the laser intensity or drift in the room
temperature can influence the intensity of subsequently measured spectra. These sources of
error are eliminated when the sapphire window is used as an external standard. In figure 3.6,
two example measurements are compared, where in one case, no sample was present, i.e.,
only the Raman lines of sapphire show up, and in the other one, cyclohexane was measured.

This comparison makes it immediately clear which lines in the cyclohexane spectrum are due to
sapphire and thus could be used for normalization. It is then possible to subtract the sapphire
measurement from the data and end up with a spectrum of only cyclohexane, normalized in
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Figure 3.6.: Comparison of a spectrum of the sapphire disk without any sample and with
cyclohexane.

intensity to the external standard.

Furthermore, cyclohexane is used for calibration of the position of the stepper motor to actual
frequencies. This is done by obtaining a cyclohexane spectrum over the whole frequency range,
fitting the Raman lines, and comparing the peak positions to the literature [174]. This is shown
in figure 3.7, where the peak position in step units of the motor are shown on the y-axis and
literature values of the wavenumber (cm™!) of these peaks on the x-axis. From a linear fit, it is
found that approximately 3750 steps are equal to one wavenumber. The reproducibility of this
value is very good and therefore used throughout this work. The intercept of this fit depends
on the relative position of the motor in respect to the laser line and has no general validity.
When high precision in the absolute frequencies is needed, it has to be checked before the
measurement. This is due to the following reason: After switching the laser off and on again,
its wavelength is not necessarily exactly the same as before. Furthermore, if the power fails
at the motor, its internal position is set to zero, no matter what it was before. Therefore, it is
necessary to routinely check the motor position, which corresponds to the laser line, especially
if low-frequency measurements are performed, where it is crucial to have exact frequencies.
This is most easily and reliably done by massively attenuating the laser beam and measuring the
reflection of an empty cuvette over the stepper motor range of the laser line. Then, everything
is at hand, which is needed to calculate accurate frequencies from the stepper motor position.
The laser line can also be used in the same way to obtain the resolution of the spectrometer in
dependency on the size of the input and output slits.! This is shown in figure 3.8.

Naturally, the resolution worsens upon increasing the slit openings, and the intensity increases.
Thus, one must find a compromise between the resolution and the obtained intensity in-
dividually for each measurement, depending on the specific needs. For the low-frequency

IThe line-width of the laser is specified by the manufacturer to be below one megahertz.
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Figure 3.8.: Resolution of the Raman spectrometer at different openings of the entrance and
exit slit as indicated, measured with the attenuated laser line.

measurements performed in this work, the input and output slits were set to 250 pm, for
which it can be approximated by figure 3.8 that the laser line influences the spectra up to
approximately 1 cm™!, which corresponds to 30 GHz.

In reality, an influence can be seen up to approximately 100 GHz, so that data is used starting
from this frequency on. These frequencies are still low enough to assure sufficient overlap with
the TFPI spectra to form a composite spectrum.
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3.2. Dielectric spectroscopy

Dielectric spectroscopy is a far more widespread experimental method to monitor the re-
orientational motions of molecules than depolarized light scattering. Therefore, excellent
comprehensive books are available like the ones from Bottcher [175, 176] covering all details
of dielectric spectroscopy. However, also the textbook of Kremer and Schonhals [177] is widely
used to give an introduction into the field. Thus, these books are followed in this section unless
stated otherwise.
The polarization of a material subjected to a time-dependent electrical field (Maxwell field), is
given by

P(t) = (¢(t) — 1) e E(t) (3.14)

where ¢ is the vacuum permittivity and €*(¢) = ¢/(w) — i€’ (w) is the complex dielectric permit-
tivity with the real and imaginary parts ¢ and ¢”, which will be of main interest here. It is
now possible to relate the macroscopic polarization to microscopic dipole moments p; of the
molecules via

B(t) =3 SR (3.15)

The dipole moments p; consists of an induced part and, in the case of polar molecules of a
permanent part. The latter, usually denoted by /i, can be oriented by an external field and is
thus the one of interest here. The microscopic correlation function of the permanent dipole
moment can be written as

G0 S A0)  (0)- G®) + (70) - 3 5,0)
D,(t) = e - - 7 (3.16)
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These microscopic fluctuations of the dipole moments can be related to the complex dielectric
permittivity in the frequency domain in the following way:

€w) —€x  [TdPu() g, . /OO —iwt
AL —/0 3 ¢ dt =1—iw i P, (t)e ™" dt (3.17)

There, €., is the high-frequency limit of the real part of the permittivity and is determined by
the induced polarizability. It is related to the refractive index via n? = ... Ae = €, — €4, is the
dielectric strength, and ¢, is the static permittivity, i.e., the low frequency limiting value of
the real part of the permittivity. Thus, a connection between the microscopic reorientational
dynamics of the dipole moments to the macroscopic complex permittivity, which is measured
in experiments as detailed below, is established. However, a comment on the dipole correlation
function is in order:

The first term on the right-hand side equation 3.16 is the self part of the correlation function
since the same dipole moment is correlated with itself at different times. The second term is
the cross-correlation part, where different dipole moments are correlated. Usually, dynamical
cross-correlations are neglected when considering dielectric spectra. This is done because it is
usually argued that the cross-correlations relax on equal time scales as the self part [178]. It
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will, however, be shown in section 4.2 that this view is an oversimplification and is not valid in
general.

The fact that static orientational cross-correlations can have a large impact on the dielectric
spectra is well known and accounted for in the Kirkwood-Frohlich equation by introducing the
Kirkwood correlation factor gx:

o 9eokpT Mol (€5 — €00 ) (265 + €0o)
Jichlgas = 7N ) €s(€00 1 2)?

where M, is the molecular weight and p the density of the substance under study. This means
that the apparent dipole moment of a liquid, calculated from the measured ¢, and ¢, might
differ from the one obtained in the gas phase by a factor ,/gx, which arises due to orientational
cross-correlation in the dense medium. It is instructive to consider the Kirkwood factor as a
function of the angle between pairs of molecules 6, , i.e.

(3.18)

gk =14 {cos(6;)) (3.19)
#1

From this equation, it is clear that gx values obtained from experiments are usually compared
with unity to determine whether the dipole moments tend to align parallel or anti-parallel.
This is because g > 1 in the case of (cos(f;,)) being positive, i.e. when pairs of dipoles have
a trend to orient parallel, and g5 < 1 implies the trend to orient anti-parallel as (cos(6;;))
is negative. However, it was shown in recent developments of the theory by Pierre-Michel
Déjardin that this picture is an oversimplification since it neglects the contribution of induced
dipole moments [49].

It should be noted that although up till now, only the complex permittivity is considered,
other data representations are often used, especially for ionic liquids. These are the complex
conductivity and the complex dielectric modulus, which, however, can be calculated from the
complex permittivity via

of(w) 1
iew  M*(w)

Thus, no new information is contained in these representations, but some features will be
seen more easily in one or the other, as discussed below in detail. For example, in the case of
conducting materials, the DC-conductivity can directly be read off the plateau showing up in
o'(w). Then, it is directly clear from equation 3.20 that this DC-conductivity appears in the
dielectric loss as €’(w) = opc/(eow), which in highly conducting materials, like ILs, results in
the fact that this contribution overshadows relaxational processes. Furthermore, a parasitic
effect called electrode polarization is present in the dielectric spectra of conducting materials.
It arises due to the separation of charges, blocking the electrodes of the sample capacitor, which
leads to a large polarization, showing up at low frequencies and causes values in ¢*(w), which
are often several orders of magnitude higher than relaxational processes. It is possible to a
certain degree to shift the electrode polarization to lower frequencies, thus covering less of the
relaxation spectrum, by choosing a sample capacitor with a larger plate spacing and polishing
the plates.

" (w) =

(3.20)
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The dielectric spectra are measured in this work utilizing an impedance analyzer from Novo-
control Technologies GmbH & Co. KG, the so-called Alpha-Analyzer. The sample is contained
in a custom-made stainless steel plate capacitor, where two different types are used. One can
be sealed airtight and is therefore suited for measurements of volatile substances. The other
type consists of two polished stainless steel electrodes spaced by a quartz glass ring, and it
thus easily polished, which makes it suitable for measurements of ILs.

Using a sinusoidal electric field, the complex impedance Z*(w) of the sample cell is measured
by the Alpha-Analyzer, which can be transformed to the complex permittivity via

1

where (| is the capacitance of the empty cell. In this way, dielectric spectra are obtained in
the frequency range of 1x10 2 Hz to 1x107 Hz. The temperature was controlled utilizing a
Novocontrol Quatro cryosystem.

High-pressure dielectric measurements were performed in the laboratory of Marian Paluch,
University of Katowice. A Teflon-shrouded, polished stainless steel capacitor was used with an
electrode distance of 50 pm, kept by a kapton spacer. The sample was placed inside a high-
pressure chamber and compressed by a Unipress setup utilizing silicone oil. The high-pressure
chamber was located inside a Weiss fridge for temperature control. The maximum pressure
was limited by the crystallization of the silicon oil and was thus dependent on temperature.

Before concluding this section, a comment on the comparison of dielectric and depolarized
light scattering data is in order [179]. Since both methods have access to the reorientational
dynamics of the molecules, as can be seen by equations 3.6 and 3.17, this is possible in principle.
However, differences in the spectra are expected since a vectorial quantity (the permanent
dipole moment) is probed in dielectric spectroscopy and a tensorial quantity (the polarizability)
in light scattering. Thus, the single-molecule reorientational correlation functions related to
both experiments can be expressed as

Cu(t) = (P, (cos 0(t))) (3.22)

where P, is the Legendre polynomial of rank ¢ and ¢ = 1 for dielectric spectroscopy and ¢ = 2 for
light scattering, respectively. Since there are no general relations between these two correlation
functions, only considerations dependent on the motional mechanism of the observed dynamics
can be made. For example, the ratio of the correlation times 7y /7 is three for the case of
isotropic rotational diffusion, while it is unity for random large angle jumps [155]. However, it
was found that under circumstances 71 /7, = 1 holds in both cases [180]. A factor of three can
also be found between the relaxation strength of both methods if small angle rotations are
present like it is the case for secondary processes [181, 182, 183]. It should, be noted that some
assumptions are underlying these considerations, like, for example, that the dipole moment is
oriented along the principal axis of the polarizability tensor. Also, only the single-molecule
correlation functions are considered, and it will be seen later that cross-correlations can have
an even larger impact on the spectra than the one due to the ¢ = 1,2 difference.

On the experimental side, it is crucial for the comparability of spectra obtained by different
techniques that the temperature in the experimental setups match. Therefore, great care is
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taken to calibrate the sample temperatures of the different setups in respect to each other.
This is done by placing PT100 temperature sensors, calibrated against each other, inside
the respective sample cell and recording the sample temperature in dependency of the set
temperature over the whole temperature range. In this way, a compatibility of the temperatures
of the different setups within +0.5 K is achieved.
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3.3. Differential scanning calorimetry

The aim of differential scanning calorimetry (DSC) measurements is to obtain the temperature-
dependent amount of energy, which is released (exothermic reaction) or taken up (endothermic
reaction) by a sample, for example, during a phase transition. This is usually done by scanning
the temperature of interest linearly, either during a heating or a cooling run. To this end, the
commercial power compensated DSC apparatus DSC8000 from PerkinElmer is used in this
work. The sample, which is contained in an aluminum sample pan, is placed in the sample
furnace, and an empty pan in the reference furnace. If, during the predefined measurement
protocol, a difference between the temperatures of the furnaces is detected, differential thermal
power is used to retain the desired sample temperature [184]. The amount of this thermal
power AP(T) is recorded in dependence of the temperature and also called the heat flow from
or to the sample. From that, the specific heat capacity trace of the sample can be calculated
via

c(T) = AP(T) (3.23)

myq

where m is the sample mass and ¢ is the heating or cooling rate. In order to obtain meaningful
results in this way, several measures must be taken.
At first, it has to be assured that the recorded heat flow is entirely determined by the sample, i.e.,
that it is not influenced by the sample pans or by some contribution inherent to the apparatus.
Therefore, an empty pan measurement is performed with the same measurement protocol as
the sample measurement and subtracted from the latter. Since the empty pan measurement
will rarely have the exact same slope as the sample measurement, this is accounted for in the
following way: Isothermal steps of 3 minutes are performed before and after each temperature
scan. Then, after subtracting the empty pan data from the sample measurement, the isothermal
steps before and after the scanning should be identical. Since this is usually not the case, a
linear interpolation between these points is performed and then subtracted from the data, thus
rectifying the difference in slope between the sample and the empty pan measurement. This
procedure is also implemented in the same way in the DSC software, as ensured by consulting
with a PerkinElmer employee.
Furthermore, in order to obtain correct heat capacity traces via equation 3.23, a calibration of
the instrument has to be performed properly. On the one hand, this includes the calibration
of the temperature and, on the other hand, the calibration of the heat flow. This could also
be done in the PerkinElmer software. However, it is done in this work via a Python script for
the following reasons: The calibration procedure in the DSC software is quite tedious and
has to be performed for each heating/cooling rate one wants to use separately. Since five of
them are used here for each sample, for reasons detailed later, and the calibrations have to be
switched manually upon changing the cooling/heating rate, this is rather impractical for the
measurements intended here. To this end, cyclohexane is measured as a standard each time
when starting a new measurement series. Cyclohexane has a solid-solid transition at 186.09 K
with a change in enthalpy of AH = 79.58 J/g and a melting point of 279.69 K.2 By comparing
these transition temperatures with the one measured for each cooling/heating rate, linear

2These values are adapted from the PerkinElmer software
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calibration laws are obtained over a large temperature range, which is used in the subsequent
measurements to correct the temperatures. The heat flow is calibrated by comparing the area
of the solid-solid transition peak divided by the sample mass to the literature AH value. In
this way, properly calibrated heat capacity traces are obtained from the raw data.

On the experimental side, all measurements were performed with hermetically sealed sample
pans manufactured by TA Instruments since they showed superior behavior in baseline noise
and reproducibility than the one from PerkinElmer. The DSC apparatus is equipped with a
liquid nitrogen cooling system, and ultra-pure helium (99.999%) was used as a purge gas,
which together gives access to temperatures down to approximately 120 K.

The main focus of the DSC measurements in this work is the glass transition step, which
occurs when the relaxation dynamics of a liquid become slower than the time defined by the
cooling rate, i.e., the liquid falls out of equilibrium and is considered as glassy below this step.
Thus, it can be considered freezing of rotational and translational dynamics. This is seen as a
decrease in ¢, since these dynamic degrees of freedom no longer contribute to the heat capacity.
However, common practice is to evaluate the glass transition step upon heating, and this is
also done in this work. Most often, the only information deduced from such measurements
is the glass transition temperature, which can be defined in several ways, as discussed below.
When comparing this temperature to dynamic data, e.g., from dielectric measurements, it is
common practice to assign a relaxation time of 100 s to the glass transition temperature. Often,
the dielectric a-relaxation time is then in good accordance with this value at that temperature
[185]. However, it must be noticed that the value of 100 s is arbitrary, and also sometimes
1000 s is used instead [186]. Contrary, it is also possible to deduce actual calorimetric time
constants from cooling rate-dependent DSC measurements. One of these methods is the one
by Hodge, based on the following equation [187]:

RT?

= — 2
THodge LAE, (3.24)

where R is the gas constant and A F, is the apparent activation energy, which is usually obtained
by a fit of
Ing.=A—AE,/(RT,) (3.25)

to the glass transition temperatures measured at different cooling rates ¢. [188, 189]. Thus,
it is possible with this model to obtain calorimetric time constants by just measuring the
glass transition temperature in dependency of different cooling rates. The fact that the glass
transition temperature varies upon changing the cooling rate is immediately clear from the
origin of the glass transition step mentioned above, i.e., that the relaxation time of the liquid
becomes slower than the time scale defined by the cooling rate. Thus, the 7}, will be higher for
higher cooling rates and vice versa. However, several definitions of how 7, should be deduced
from a measured glass transition step exist. Some of them are indicated in figure 3.9 on an
example of a glass transition step. The black lines are fits to different regions of the heat
capacity trace, and the intersection points of these lines mark the different definitions of 7. An
exception is T;alf, which is defined as located at the increasing part of the step at the half-height
between the glass and the liquid line. The fictive temperature 7}, sometimes also used as a
definition for T}, is explained below. Since it is not a priori clear which of the 7|, definitions
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should be used in equation 3.24 (Hodge uses T;‘alf), the results for the different 7, are shown
in the insets of figure 3.9. In the upper inset, the determination of the activation energies
via equation 3.25 are shown. The different symbols represent the different 7, definitions as
indicated in the main panel. In the lower inset, the solid symbols are the calorimetric time
constants calculated via equation 3.24 for the different 7, definitions. It is clear that they are
located at dramatically different positions in the Arrhenius plot. This renders this approach
too arbitrary to compare these values of 7.,; with those obtained from different experimental
methods.
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Figure 3.9.: Glass transition step with different definitions of the glass transition temperature
indicated by different symbols. Upper inset: Cooling/heating rate dependent
values of the glass transition temperatures. Dashed lines are fits with equation 3.25.
Lower inset: Calorimetric time constants from the Hodge equation (equation 3.24,
solid symbols) and from the TNMH model (equation 3.27, open symbols). Dashed
line is a VFT-fit (equation 2.7).

Another approach, however, yields consistent correlation times for all definitions of 7,, which
are shown as open symbols in the lower inset of figure 3.9, and which are located on a single
VFT curve. This model, proposed by Tool, Naranayaswamy, Moynihan, and Hodge (TNMH)
[190, 191, 192, 193] is described in the following:

As a first step, the temperature-dependent fictive temperature 7(7") has to be obtained from
the experimental data. The fictive temperature can be thought of as the temperature at which
a supercooled equilibrium liquid would have the same structure as the out-of-equilibrium glass
under consideration. Here, T is obtained via Moynihan’s area matching method, which is
given by

o T
/ (Co — Cp,) AT = / (Cp — Cp,) AT (3.26)

s *
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where 7™ is any temperature above the glass transition in the equilibrium region, and 7" is any
temperature well below the glass transition [194]. The heat capacities of the glass C,,, (7") and
the liquid C,,(T") are obtained by fits to the respective region and extrapolated beyond these
regions. The method is visualized in figure 3.10. Figuratively speaking, the fictive temperature
is found by moving the vertical line, denoted with 7', horizontally until the sum of the green
shaded areas is equal to the blue shaded area. The temperature where this is the case is the
fictive temperature.
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Figure 3.10.: Visualization of Moynihan’s area matching method for determination of the
fictive temperature 7.

When determining 7(7'), i.e. changing the integration limit on the right hand side in equa-
tion 3.26 starting from high temperatures in the equilibrium liquid, it is clear that 7(7") = 7" and
this changes when 7" reaches the glass transition step. Finally, in the glassy state T (T") = const.
Now, the TNMH-model, which is an application of the Boltzmann superposition principle [193],
and which is given by

n n BTNMH
AT,
Tro=To+ Y ATj|1—exp |- <§ —"“> (3.27)

=1 1 47k

can be fitted to the fictive temperature in d7;/d7 representation, which can be regarded
as a normalized, dimensionless heat capacity representation. In eq. 3.27, T} is a starting
temperature above the glass transition, from which the temperature is decreased with steps of
size AT to below the glass transition and subsequently increased again to 7. Only the heating
process is fit to the experimental heating curve. The non-exponentiality of the relaxation
process is accounted for by the stretching exponent Srnvu and the correlation time at step k& is
given by [195]
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B *tAE, (1—x)AE,
T = To €XPp [ RT, + RTn s } (3.28a)
rAE, (1-z)AE, AE,
= — 3.28b
Ty XP { RT, | Rl RTQ] (3.28b)

where x is the non-linearity parameter , 7 is the Arrhenius prefactor and 7, is the correlation
time at temperature 7,. The advantage of eq. 3.28b over the more common eq. 3.28a is as
follows: While both equations incorporate an Arrhenius-type behavior of the correlation time
Tk, Which is a good approximation in a narrow temperature range around the glass transition
temperature, it leads to an unphysical low value of 7y, which is the high temperature limiting
value of 7. This also leads to very unstable fits. These shortcomings can be circumvented
by using eq. 3.28b. By inserting the third term in the exponential function, 7, is replaced by
the correlation time 7, at the reference temperature 7. This readily provides the calorimetric
correlation time at the glass transition temperature. When inserting the different values of T,
marked in figure 3.9 as full symbols, the 7 values shown as open symbols in the lower inset
of the same figure are obtained, as mentioned above. Since they are all located on a single
VFT-curve (eq. 2.7), they are independent of the choice of the 7}, definition used. Thus, this
procedure is used to obtain calorimetric time constants throughout this work.
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3.4. Quantum chemical calculations

Quantum chemical calculations are used in this work as a tool to compute the polarizability
tensor of molecules mainly. From that, the optical anisotropy of a molecule is readily obtained,
which is decisive for the intensity of light scattered from this kind of molecular liquid. It should
be emphasized that only single molecular, gas-phase polarizabilities are obtained via such
calculations in this work. Mainly density functional theory (DFT) methods are used, which
are well established and readily available in free software packages, such as ORCA [196, 197],
that was used in this work. Only a brief overview of the theoretical aspects of such calculations
should be given below since the calculations are used only as a tool for obtaining the desired
molecular information. The presentation below follows the textbook of Koch and Holthausen
[198] unless stated otherwise.

When a molecule is subjected to an external electrical field F, its energy E will change as the
charge density responds to the applied field. Since the polarizability is a measure of how easy
the field distorts the charge density, it is instructive to write the energy of the system as a Taylor
expansion

1 0’E
0 ij aEaF} 0

E(F +Z 8E FiFj + ... (3.29)
where higher order terms, including hyperpolarizabilities are omitted for the sake of brevity.
The first and second partial derivatives are the dipole moment and the polarizability, respectively,
ie.

O*E
OF0F; |,

_ OE
= oR |

where the values are taken at zero field, i.e. the static values.

The first step - and the main goal in quantum chemical calculations - is thus to find the ground
state energy of the system. This could, in principle, be done by solving the time-independent
Schrodinger equation

and Q5 = — (330)

HU, = E, 0, (3.31)

where the Hamilton operator H can be written in the Born-Oppenheimer approximation as

~ 1 N N M 7 NN 1 PR .
Hoe= =53 Vi=3 > 24> > — =T+ VetV (3.32)
23 o1 a—1 A G G T

There, Z 4 are the charges of the M nuclei, and r are the distances between nuclei and electrons
or between the NV electrons, respectively. The approximation made here is that the electrons
move in the field of fixed nuclei since the electron mass is markedly lower than that of a nucleus.
In wave function-based methods, approximations are induced to handle the N-electron wave
functions ¥,. For example, in the famous Hartree-Fock (HF) method, ¥, is approximated by
an antisymmetric product of N one-electron wave functions, known as the Slater determinant.
In contrast, DFT methods make use of the two Hohenberg-Kohn theorems, which state that
the external potential V() is a unique functional of the electron density p(7) and that the
functional G[p] that gives the ground state energy of the system, delivers the lowest energy if
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and only if the input density is the true ground state density p,. However, although with these
theorems at hand, the 3V spatial variables of the N-electron wave function reduce to 3 spatial
variables in the case of the electron density and the ground state energy could be found via the
variational principle, no hint is given how the functional that delivers the ground state energy
can be constructed. Therefore the Kohn-Sham approach is used:

The functional G|p(7)] = T'[p(7")] + J[p(7)] + Ena[p(7)] contains the kinetic energy, the classical
Coulomb interaction and the non-classical part due to self-interaction correction, exchange and
electron correlation effects. Since only the Coulomb-term is known, Kohn and Sham set up a
non-interacting reference system in order to be able to calculate at least a portion of the kinetic
energy exactly, whereas the deficit between the true kinetic energy 7" and the non-interacting
kinetic energy Ts, which is denoted as T¢, is incorporated into the exchange-correlation energy
Exc[p(7)] = Te[p(T)] + Enalp(7)]. The resulting Kohn-Sham equation, which has to be solved
iteratively with the so called self-consistent field (SCF) technique, reads

[ p(7a) L N~
—§V + / d?“Q + ch(’ﬁ) — Z — ©i = €;¥; (333)
T12 a1 1A
N

where ,(7) are the orbitals of the non-interacting system, with > > |p;(7, s)|*> = po(7) and

Vxc = 0FExc/0p. All that is unknown is contained in the exchange-correlation functional Fxc[p],
and it is the goal of different DFT approaches to find approximations to that functional which
give highly accurate ground-state energies with respect to experimental values. Probably the
most commonly used is the hybrid-functional called B3LYP, which is also used in this work,
where the letters stand for the name of the authors and the number 3 for three semiempirical
coefficients used to weight different contributions as there are the exchange part by Becke and
the correlation functional by Lee, Yang, and Parr. It is called a hybrid functional since a portion
of the exchange energy is calculated exactly via the HF approach.

Although it would be possible to solve equation 3.33 numerically, this procedure is too demand-
ing, and thus, the Kohn-Sham orbitals are linearly expanded with a set of L basis functions 7,
which are usually Gaussian-type orbitals:

L

Pi =Y Cuitly (3.34)

m

Thereby the optimization problem has been reduced to a linear one, where the only variables
are c¢,; and which can be efficiently solved by computer programs. The nomenclature of basis
sets should be explained on the example of the one mostly used in this study, namely def2-
TZVPP. The def2 family of basis sets was developed by the Ahlrichs group in Karlsruhe, where
the "def" stands for default because they are the default basis sets in the Turbumole program,
and the 2 denotes the second generation [199]. "TZV" is short for triple zeta valence, meaning
that each valence orbital is represented by three Gaussian functions, while the core electrons
are described by only one. Polarization functions "PP" are introduced, which are functions of
higher angular momentum than the valence orbital, in order to allow for distortion from the
original atomic symmetry. Together, this means for the example of the hydrogen atom that
three functions for the s-, 2 for the p- and 1 for the d-orbital are used [199].
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Although the ground state energy of a molecule can be calculated as outlined above, it might be
that the molecular geometry used is not the most stable one, i.e., there might exist a geometry
that has lower energy. Therefore, starting from an initial guess geometry, obtained in this
work by the program Avogadro [200], a geometry optimization is performed where the energy
of repeatedly altered geometries is calculated until the change in energy meets a predefined
convergence criterion. Since this is extremely time-consuming for large molecules using the
B3LYP/def2-TZVPP method and since in the case of non-rigid molecules a conformer ensemble
is needed, as detailed below, a different approach was chosen for the conformer search and
geometry optimization, namely the so-called GFN2-xTB semiempirical tight-binding DFT model
[201]. It was constructed, i.a., for the fast calculation of accurate molecular geometries for large
systems. This approach is incorporated in the program CREST by Grimme and co-workers [202],
where the acronym stands for Conformer—-Rotamer Ensemble Sampling Tool. It automatically
explores the chemical structure space of a given molecule by repeatedly performing short
molecular dynamic simulation runs and geometry optimizations of the so obtained conformers
and gives, as a result, an ensemble of low-energy conformers up to a chosen energy threshold,
here 1 kcal/mol.
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4. General aspects of rotational dynamics
in non-ionic liquids

In the course of the work on ionic liquids, some general questions arose regarding the light
scattering spectrum and its spectral differences to the dielectric spectrum, as already mentioned
in the introduction. One of these questions is whether it is possible to deduce from the intensity
of the light scattering spectrum or from parts of it the dynamics of which molecules are
responsible for that particular part of the spectrum. This would be especially useful in the
case of such ionic liquids, where two spectral contributions are visible in the light scattering
spectrum in order to discriminate between the dynamic contributions of the ions and the
aggregates. In dielectric spectroscopy, the dielectric strength of rotational processes is routinely
evaluated and compared to the permanent dipole moment of the molecules, for example, via
equation 3.18. In the same manner, it should be possible in principle to relate the depolarized
scattering intensity of relaxation processes to the optical anisotropy of the molecules under
study. Static light scattering measurements have been performed routinely in the 1960s in
order to determine the shape, or more precisely, the optical anisotropy of various molecules, as
will be seen below. However, primarily only the total intensity of the depolarized scattered
light was considered without obtaining spectral information. In cases where spectra were
measured, for example, with a TFPI, this was done to separate the rotational contribution from
the so-called collision-induced scattering (CIS). The discovery of the CIS mechanism leads to
modification of the original equations relating the scattering intensity to the optical anisotropy
of molecules. Today, it is often assumed, at least for sufficiently anisotropic molecules, that
the rotation of the molecules dominates the depolarized scattered light and that CIS plays a
minor role. However, different variations of the equations which relate the intensity of the
scattered light to the optical anisotropy have been proposed, and it is unclear which of them
should be used. Therefore, the first step in section 4.1 is to compare values of the optical
anisotropy parameters from the literature, obtained with either taking CIS into account or not,
to DFT-calculated optical anisotropies, to determine the equations which give experimental
values in accordance with the calculated ones. Since these literature values were obtained by
highly diluting the molecules under consideration, the next step is to examine the differences
when considering neat liquids. To this end, a test set of 13 different non-ionic liquids are
chosen, and own measurements of the intensity are compared with DFT calculations. After
that, bridging the gap to ionic liquids, binary mixtures are considered, and the attempt is made
to relate the intensity of the two contributions of the two molecular species to their respective
anisotropy parameters.

After that, in section 4.2, a second topic concerning the rotational spectra of molecules is
addressed. As discussed in section 2.1, the structural relaxation is non-exponential, and it
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is known from a tremendous body of dielectric work that the stretching exponent can differ
significantly among different substances. On the other hand, by comparing light scattering
spectra of different liquids obtained near the glass transition temperature, it is found that they
seem to exhibit similar a-relaxation shapes, although the molecules are highly different. This
is surprising since a recent explanation of the dielectric shape would imply a similar behavior
for the light scattering spectra [203]. Therefore, dielectric and light scattering spectra are
compared for various substances, and a possible explanation of the difference in the spectra is
worked out, also by considering dielectric dilution measurements of a polar substance.

4.1. The intensity of light scattered by molecular liquids

As discussed in section 3.1, it has been known for over a century that the light scattered by
gas molecules is not fully polarized as it would be expected for spherical particles,[204, 139]
which is explained by the anisotropy of the gas molecules. Thus, by measuring the ratio of the
intensities of polarized and depolarized light, information about the shape of the gas molecules
can be obtained [139]. More precisely, one can define the anisotropic part of the molecular
polarizability for arbitrarily shaped molecules from the polarizability tensor (see equation 3.3)

by

B = \/g [(Otaw — @0)? 4 (ayy — )2 + (@22 — ap)?] 4.1)
= |/ 0 = )+ (020 + (0~ 102 @2)

where the isotropic polarizability is given by ap = 3Tr(a) [205].
The relative anisotropy factor x = % is directly related to the ratio of the intensity of
depolarized and polarized scattered light by [205]

IVH 3/'432

= Tv 5+ dr? (4.3)
Thus, when «y is determined independently, e.g., via the Lorentz-Lorenz equation from re-
fractive index measurements, the optical anisotropy 3 of the gas molecules is readily obtained
from such intensity measurements.

The total intensity of the scattered light by molecules in the gas phase can be written as

vV [2m\* s 4
1V 2m\*' .,

where [ is the intensity of the incident light, V' is the scattering volume, r the distance of the
detector from the scattering volume, A the wavelength of the incident light, and N the number
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density of the molecules [155]. Thus, according to equation 4.5, it would be sufficient for the
determination of  to measure the intensity of the depolarized scattered light. However, the
experiment-specific parameters, like the scattering volume or the incident intensity, which
are difficult to determine with the necessary accuracy, render this equation rather impractical.
Thus, the so-called Rayleigh ratio [206]

IVH 7’2 1 2 4 2
Ru=——=—|(—| N .
T LV 15 ( A ) b (4.6)

is introduced, from which — by a comparison with the known Rayleigh ratio of a standard via
equation 4.7 — the optical anisotropy can be obtained [207, 154].

Iy n ’ ref
Fvn Tres (nref> RVH “.7)
Since no measurements in the gas but in the liquid phase are performed in this work, the next
step is to consider highly diluted solutions with an isotropic solvent like carbon tetrachloride
to exclude orientational correlations between the molecules of interest.
However, when going from the gas to the liquid phase, equation 4.6 has to be modified by
the contribution of the internal field, which arises due to the polarization of the surrounding
molecules. Several models of the local field have been proposed, see reference [208] and
references therein, but here the discussion is restrained to the one from Lorentz [209] since
it seems to be the one used most often in light scattering, it only needs the knowledge of the
refractive index to be calculated, and other models seem not to provide significantly different
values by the expense of more parameters. However, the exponent of the local field factor is
debated in the literature being either second-power [210, 211, 207] or fourth-power [212,
213, 154], which leads to a significant difference of its value.
Additionally, a finding by McTague and coworkers at the end of the 1960s caused a stir in
the light scattering community [214]: They found that liquid argon scatters depolarized light
and resolved the spectral broadening of the laser line with a Raman spectrometer. The same
was done shortly before for gaseous argon and krypton [215]. At first glance, this seems
surprising since the spherical molecules of noble gases are not expected to scatter depolarized
light. However, already 40 years earlier, this was observed for gaseous argon [138], and Kielich
predicted this effect for liquid argon based on his theory of molecular interactions [216];
thus, this effect is also called dipole-induced-dipole (DID) in the literature. Nevertheless, the
term "collision-induced scattering" (CIS) is mostly used in later light scattering literature due
to the explanation of this scattering by the distortion of the electronic structure of colliding
molecules [217]. After that, most researchers in the field tried to get rid of the CIS in their
measurements, thought to be present in all liquids. Therefore, either filters were used to cut out
higher frequencies where the CIS was supposed to happen [218, 219, 220], or when spectra
of the scattered light were recorded, a fit with a sum of two Lorentzian was employed, the
narrower one attributed to the reorientation of the anisotropic molecule and the broad one
attributed to CIS and thus discarded [154].
As a result of the above discussion about the internal field and CIS, equation 4.6 has to be
modified for the case of anisotropic molecules diluted in an isotropic solvent, as follows:
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with m = 2 or m = 4. It has been assumed that the CIS contribution is additive to the
reorientational contribution.

As a next step, when going from the dilute solution to the neat liquid, orientational correlations
of the molecules have to be considered. This effect is probably best known from the work of
Kirkwood on dielectric spectroscopy [221], as discussed above. In the case of light scattering,
the second rank orientational parameter g, has to be used due to the tensorial character of the
polarizability, which is given by

1
go = 1 + Z 5 <3 COS2 elj — 1> (49)
J#1

where 0, is the angle between neighboring molecules [213]. Furthermore, when considering
that if not rigid, molecules exist as different conformers, the anisotropy parameter has to be
the mean value ((- - -)) of the conformer ensemble. Thus, 3? in equation 4.8 has to be replaced
by (Begr)” = g2 ()” when considering neat liquids of non-rigid molecules.

Altogether, the most general expressions (accepting the Lorentz internal field and the additivity
of the CIS contribution) of the depolarized (or anisotropic) Rayleigh ratio reads as follows:

4 2 m
R = — (2—”) (” ”) N (f)? + BV (4.10)

15 \ A 3

In order to be able to use this equation, it is necessary at first to determine the exponent m and
how to handle the CIS contribution. This is done in the following by comparing experimental
values of highly diluted rigid molecules from the literature to DFT-calculated values. After that,
non-rigid molecules are considered to check whether averaging over calculated /-values of
different conformers leads to values in accordance with experimental literature values. Finally,
the influence of the g, correlation factor in neat liquids is discussed.
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4.1.1. Comparison of DFT calculations with experiments

At first, optical anisotropy parameters obtained in the literature for rigid molecules in solution
are considered, where measures were taken to exclude the CIS contribution in determining
the scattering intensity used for calculating 5. As mentioned above, this was done either by
filters or only considering the central Lorentzian in the TFPI spectra. For each of the molecules
under investigation in these studies, the 5-value was determined here by DFT-calculations, as
described in section 3.4. The experimental -values are compared to the one calculated by
DFT in figure 4.1, where the solid black line indicates the equality of both values fex, = Fppr.
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Figure 4.1.: Experimental anisotropy parameters from references [207, 219, 220, 222, 223,
224] compared to calculated ones for rigid molecules in solution where measures
were taken in the experiments to exclude CIS. Black solid line indicates the

equality Sexp = Bppr.

As one can see, almost all of the experimental values fall below this line, and the deviation from
the DFT values increases with increasing /5. In all studies from which the values are shown in
the figure, the authors used the quadratic Lorentz field to determine the experimental -values.
If they had used the fourth power instead, the values would have been even lower, as can be
easily seen when inspecting equation 4.8. Thus, the power of the local field can not be the
reason for the discrepancy. Instead, since the squared anisotropy parameter is proportional to
the intensity of the scattered light, from which a portion was subtracted to account for CIS, it
points into the direction that this subtraction is not justified when using equation 4.8.
Therefore, as a next step, measurements of rigid molecules in solution from literature are
considered, mostly from before the 1970s, where the anisotropy parameters were calculated
from the measured total depolarized scattering intensity, without subtracting any contribution
from CIS, i.e., R{}l = 0 in equation 4.8. The parameters are shown again against the values
from DFT calculations in Figure 4.2.

The experimental and calculated anisotropy factors agree very well over a large range of
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Figure 4.2.: Experimental anisotropy parameters from references [225, 226, 227, 228, 229,
230, 231] compared to calculated ones for rigid molecules in solution where
no measures were taken in the experiments to exclude CIS. Some values from
Bothorel et al. are outside the plot range and are up to 100% higher than the
calculated ones. It is assumed that these substances were not fully dissolved.

different substances, from almost isotropic to highly anisotropic ones. Thus in setting R¥is =
in equation 4.8, a markedly better agreement of the experimental and calculated /5 values can
be obtained than by subtracting some portion of the intensity which is assumed to arise from
CIS. The power of the local field factor used in these studies from literature is most probably
quadratic, although this is indicated explicitly only in the work of Wahid, but assumed to
be the case also in the other references due to the common practice at that time and due to
the agreement with the values of Wahid. Hence, through the comparison of experimental
anisotropy parameters of 136 molecules (including the one shown later in figure 4.3) with DFT
calculations, it got clear that m = 2 and R{}; = 0 should be used when calculating 3-values
from depolarized scattering intensities with equation 4.8.

Of course, most molecules are not rigid, i.e., they have one or more rotatable bonds, especially
the cations of the ILs under investigation in this work are highly flexible. Therefore, it should be
checked whether it is also possible to obtain calculated 5-values in accordance with experimental
values for non-rigid molecules. These molecules will exist as different conformers, whose
population p; is related to their respective difference in energy AFE; to the lowest energy
conformer via [202, 232]

by = exp (—AE;/(RT)) 4.11)

NCE

; exp(—AE;/(RT))

where ncg is the number of different conformers in the ensemble. Thus, the intensity of the
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depolarized scattered light might be considered as stemming from a mixture of different
conformers with different number densities and /3 values, or, equivalently, a mean anisotropy
factor for the ensemble could be defined via

TCE

By => piBi (4.12)

The difficulty in calculating the (3) value is twofold: At first, one has to identify the lowest
energy conformer, and then, the relative energies AFE; of the other conformers have to be
determined. Especially the first point is crucial, and erroneous identification of one conformer
as the lowest in energy can lead to a completely different () value. Therefore, great efforts
must be made to determine a correct conformer ensemble. This is done, for example, in
great detail in reference [233] for the case of phenyloctane, which is one of the non-ionic
molecules considered below. Because it is impossible to do such a detailed analysis for all
molecules of this work, the automatic conformer search tool CREST is used as mentioned in
section 3.4. This means that full reliance is placed on CREST for the accuracy of the conformer
ensemble, i.e., the correct determination of the lowest energy conformer and the correct relative
energies of the other conformers in respect to it. Anisotropy parameters (/3) for 52 non-rigid
molecules calculated using equations 4.11 and 4.12 are compared to experimental values
obtained in solution in figure 4.3, where again the solid black line represents the equality of
experimental and calculated values. Alkanes or substituted alkanes are explicitly excluded
from this comparison for reasons detailed later.
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Figure 4.3.: Experimental anisotropy parameters from the literature [225, 234, 226, 228, 229,
230, 227] compared to calculated ones for flexible molecules in solution where
no measures were taken in the experiments to exclude CIS.

One can see that the agreement between experiment and calculation is quite good, however not
as good as for rigid molecules, as is easily seen by comparing Figures 4.2 and 4.3. This means
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that this procedure is, in principle, suited for calculating the anisotropy parameters of non-rigid
molecules. However, the molecules contained in figure 4.3 have not too many rotational bonds
with a maximum of 9. Therefore, it could be expected that the accuracy of the calculated
(B) worsens further upon increasing the complexity of the molecules. Additionally, for some
flexible molecules, the calculated and the experimental anisotropy values can not be brought
into accordance at all. This holds for the family of linear n-alkanes, which are discussed in
appendix B to show that not only some caution has to be paid when comparing calculated and
experimental anisotropies, but also that for these molecules, the scattering mechanism seems
to be different than for other molecules. Nevertheless, for most of the molecules in solution,
the agreement between the experiment and DFT calculations is quite good.

Until now, only molecules in solutions have been considered, and thus, as a next step, the
experimental $-values from the test set of 13 non-ionic neat liquids should be compared to the
calculated values in the following. The measurements on those neat liquids were performed
in two different ways: On the one hand, the total scattering intensity in VH geometry was
measured with a PCS setup, similar to the one described in section 3.1.1, but with an index
matching bath and a laser operating at 633 nm. The intensity was measured three times for
100, and between each measurement, the cuvette was rotated. In this way it was assured that
no scratch on the cuvette surface might be located in the laser beam and thus influence the
measured intensity. In rare cases where a peak in the intensity was observed, indicating a dust
particle going through the scattering volume, the measurement was discarded and repeated.
The intensity was averaged over the three runs, and the mean dark count rate was subtracted
to yield the final scattering intensity, from which the anisotropy parameters were calculated.

On the other hand, the intensity was measured by combining the TFPI and the Raman setup, i.e.,
this is the first step towards connecting the scattering intensity with the dynamic information.
In order to be able to obtain correct relative intensities, measurements with a single mirror
spacing of the TFPI were performed for several liquids directly in a row, without any change of
the setup, especially with the very same stabilization of the TFPI. If the measurements were
continued the other day, a substance from the day before was measured again to ensure the
connection of the new measurements to the old ones. This procedure was repeated for all mirror
spacings. Additionally, low-frequency Raman measurements were performed on each sample.
In this way, spectra for all substances were obtained, for which the correct relative intensity
among each other is known by the TFPI measuring procedure. To obtain a value for the total
intensity of the spectrum, the low-frequency flank of the a-relaxation was first extrapolated by
an w'-law to 1x 107 Hz in order to ensure that error made by the limited frequency window of
the TFPI is minimal. Then, the whole spectrum was interpolated and integrated numerically on
a logarithmic grid up to frequencies where the quasi-elastic region ends, and the Raman lines
start (see figure 3.1). That the so obtained total area of the susceptibility spectrum Ay (which
can be regarded as the light scattering pendant to the dielectric strength Ae) is proportional
to the scattering intensity Iyy divided by temperature, can be directly seen by considering
equation 3.13 in the classical limit, from which one obtains

(e 9]

kT / X9 gy = ot / X'(@)dInw = kyTAy = / Fon(w)dw = Ly (4.13)
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The intensity values from the PCS and the TFPI/Raman measurements were then transferred to
Rayleigh ratios by comparison to reference Rayleigh ratios from the literature for toluene, one for
green light obtained with high accuracy for VV scattering geometry [235], and for red light with
vertical incident polarization and scattered light of vertical and horizonal polarizations [236].
From these values, VH Rayleigh ratios were calculated using the measured depolarization ratio
of toluene (pyy = 0.357) resulting in R™L,, = 8.35x10™*m™! and R\T,‘Iglﬁgg =3.58x10"*m™1.1
The ansiotropy parameters calculated from the Rayleigh ratios of the 13 neat van der Waals
liquids are shown in Figure 4.4, where the green symbols are the values from measurements
with the TFPI/Raman setup (green laser) and the red points utilizing the PCS setup (red laser).?
The difference between these two data sets is probably either due to an imperfect compatibility
of the two reference Rayleigh ratios or due to the usage of the refractive index measured at
589 nm for the 633 nm measurements or due the uncertainties of the measurement. Thus, this
difference could be regarded as an estimate of the size of the experimental error bars.
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Figure 4.4.: Anisotropy parameters from TFPI/Raman (green circles) and PCS (red circles)
measurements compared to calculated values. Abbreviations of the substances
can be found in appendix A. The differences between the red and green points
may be regarded as the size of the experimental error bars. The black solid line

marks the equality (Ser) = (Bprr)-

It is clear that a rough correlation is visible; however, many outliers are present, and the
correlation is by far worse than those seen in Figures 4.2 and 4.3. This is due to two main
reasons: First, neat liquids are considered here, in contrast to the measurements in solution as
in those figures. This means that orientational correlations might exist, which will shift the

! Ryu = pvu Rvv and Rvu = pvu/(1 + pvi) Ryy+n

2The densities of the liquids necessary for these calculation are taken from the literature. The references are
given in appendix A. Refractive indexes are necessary as well, which were measured during this work and are
also complied together with the measuring procedure in appendix B.
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experimental value away from the DFT calculation ones due to the correlation parameter g,
present in the experiment. Second, a wide variety of rigid and highly flexible molecules are
among these 13 liquids. Thus, inaccuracies in the calculated conformer ensemble of flexible
molecules might lead to a large deviation from the experiment. Therefore, a detailed look will
be taken at these points in the following:

Four molecules are rigid or considered fairly rigid: PC, trans-decalin, p-cymene, and toluene.
Except for decalin, the experimental anisotropy parameters of these substances are similar to
those from DFT calculations, thus implying no pronounced orientational order in these neat
liquids. The low experimental value of (. in the case of trans-decalin could be explained
by a correlation factor g, less than one. The g, value can be simply extracted by comparing
the experimental and calculated anisotropy parameter via 5%; = g235;. Since two values are
obtained from the experiment, one from the depolarized scattering intensity and one measured
with the TFPI/Raman setup, the mean value is g, = 0.55 £ 0.05. When comparing this value,
which is below unity, with equation 4.9, a preferred perpendicular ordering of the molecules
could be extracted. It should be noted that a pronounced correlation between neighboring
decalin molecules was shown to exist by neutron diffraction measurements [237]. On the other
hand, in cumene, a molecule structurally similar to p-cymene, studied here, the correlation was
found to be much weaker. Although no information about the orientation of the molecules can
be extracted from those neutron diffraction data, these findings are in line with the results here,
as trans-decalin exhibits orientational correlations between neighboring molecules, where
p-cymene does not. It is important to note that no information of the g; correlation factor
can be obtained by dielectric spectroscopy on trans-decalin due to its vanishing small dipole
moment.

It is possible for TBP to calculate the g, factor in the same way as done above for trans-decalin.
A value of go = 0.41 £+ 0.06 is obtained here. TBP is not a rigid molecule, thus the deviation
of Beg from Sppr could stem from an incorrect conformer ensemble, which would render the
obtained ¢, value meaningless. To check whether indeed an orientational correlation exists, the
temperature dependence of the depolarized scattered light intensity is exploited. This could
reveal an orientation correlation based on the following reasoning: At high temperatures, i.e.,
low densities, such correlation must diminish due to the reduced interactions of the molecules.
Therefore, a temperature dependence of the scattering intensity must be present in cases
of orientational correlations. This fact was used, for example, in reference [238] to check
the orientational correlations for a large set of liquids. For the case of TBP, where the g,
factor is below unity, this means that the scattered intensity must increase with increasing
temperature to support this value. To test if this is the case, measurements were performed
with the TFPI setup between 300 K and 400K and the results are shown in Figure 4.5, where
the temperature-dependent ¢, (3)” value is depicted. The temperature dependence of g, can
be directly seen since (/3) is temperature independent to a good approximation. This is because
although the conformer ensemble changes with temperature according to equation 4.11, for
the case of the calculated conformer ensemble, this affects the (Sppr) value only marginal

((5DFT> — 5.804 A3 at 300K and 5.808 A3 at 400 K) and is thus neglected.

It gets clear from figure 4.5 that g, decreases with decreasing temperature. Thus, orientational
correlations intensify on lowering the temperature, leading to a more perpendicular ordering
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Figure 4.5.: Temperature dependence of the effective anisotropy parameter for the case of
TBP, obtained by the TFPI setup.

of the TBP molecules. Thus, although the absolute value of ¢, as calculated above might be
slightly in error due to an inaccurate conformer ensemble used in calculating (Spgr), the fact
that its value is less than unity is confirmed by the temperature-dependent measurements. It
should be noted that TBP has a permanent dipole moment, which allows dielectric studies
on the Kirkwood correlation factor g;. This was done very recently, and with the aid of a
new theory, very detailed information about the ordering of the molecules was obtained [50].
Especially, it was found that neighboring dipoles align in angles between 0° and 97° and the
increasing g; with decreasing temperature indicates an increasing orientational ordering. So, a
pronounced ordering is found in both experiments, intensifying with decreasing temperatures,
giving a congruent picture of the orientational correlations of the TBP molecules.

Now, the remaining outliers in figure 4.4 are addressed more briefly: For the highly flexible
alkanes, especially for pentadecane (C15), a marked discrepancy between the experimental
and calculated anisotropy parameters can be seen. A detailed discussion of the n-alkanes,
which seem to behave very special in regard to light scattering, as mentioned above, can be
found in appendix B.

The three remaining outlier DOP, DC705 and Squalene, deserve attention: While for Squalene a,
orientational ordering as well as an incorrect conformer ensemble could explain the discrepancy,
in the case of DOP and DC705, it is plausible that at least most of the discrepancy is caused by an
erroneous conformer ordering: The minimal and maximal 3 values within the energy window
of 1kcal/mol for DC705 are 7.08 A% and 20.61 A3, respectively. Thus, an incorrect conformer
ordering can easily explain the discrepancy to the experimental anisotropy parameter. For
DOP, only three conformers are within the energy window of 1 kcal/mol, which possess similar
( values. For these conformers, one of the octyl chains is bent above and one under the phenyl
ring, leading to a low 3 value of 4.15 A3, In contrast, the 8 value of the all-trans conformer
is as high as 22.15A3. Thus, the experimental value could be explained by a prevalence of
conformers with a structure intermediate between the completely stretched all-trans conformer
and the highly curled one.

In summary, it can be stated from the discussion of the results of the neat liquids shown in
figure 4.4 that it is possible to obtain scattering intensities from the spectra measured by
TFPI/Raman in accordance with the one measured with a PCS setup. From these intensities, it
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is possible to obtain anisotropy parameters via

4 2
Row — L (2_”) (”2”) N gs (8)? (4.14)
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by setting g» = 1. These values can then be compared to DFT-calculated ones. These two values
agree very well for rigid molecules without orientational ordering, i.e., go = 1. In the case of
rigid molecules with orientational order, the correlation factor g, can be directly obtained by
comparing the calculated and the experimental -value. In the case of non-rigid molecules, the
g2 value obtained in this way should be checked by inspecting the temperature dependence
of ¢», as shown for TBP, to exclude an incorrect conformer ensemble to be the reason for an
apparent g, # 1 value. For highly flexible molecules, where the different conformers differ
greatly in their S-values, the significance of the DFT-calculated mean anisotropy parameter is
reduced, since errors in constructing the conformer ensemble may lead easily to an unreliable
(Bprr) value. In such cases, a more thorough determination of the conformer ensemble would
be highly desirable.
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4.1.2. Mixtures of non-ionic liquids

It has been shown in the preceding subsection that from the total intensity of the spectra
obtained with a combination of the TFPI and Raman setup, an anisotropy factor for neat liquids
can be determined, which is in good accordance with the DFT-calculated one for not too flexible
molecules. In this subsection, equimolar mixtures of van der Waals liquids are addressed that
can be considered as pre-stage to ionic liquids, which are mixtures of two ion species. The aim
is to see whether the contribution of the two molecular species can be separated by comparing
their relaxation strength with the DFT-calculated anisotropy parameter. Therefore, however,
it is necessary to check whether not only the total intensity of the light scattering spectrum
can be related to the optical anisotropy of a single molecular species, but also if a part of the
spectrum, i.e., the a-relaxation strength, is proportional to the 3-value of the molecules under
consideration. In order to determine the contribution of the a-relaxation to the spectrum, a fit
is employed consisting of a Cole-Davidson (CD) function describing the a-relaxation and two
Brownian oscillators (BO) modeling the high-frequency part, i.e., the microscopic dynamics.
The high-frequency flank of the CD function is cut off at the frequency of the second oscillator,
following the procedure detailed in reference [239]. The fit function thus reads

ACD ACD A 92

(tiwr) (I fiwr + Q) ZQz_WHQ) (4.15)

st(w) =

where (; are the oscillator frequencies and (; the damping rates, such a fit describes the data
of the 13 neat van der Waals liquids rather well, which is shown later in figure 4.7 for the
example of TBP.

The area of the alpha process Ay, is calculated by integrating over the first two terms in
equation 4.15, i.e., over the CD function with the high-frequency cutoff. This area is shown in
dependency of the total area of the susceptibility spectrum Ay in figure 4.6.
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Figure 4.6.: Comparison of the area of the a-peak to the whole area of the spectrum.

As indicated by the dashed line, these two values are proportional to each other in good
approximation. This means that it is indeed possible to calculate the Rayleigh ratios for each
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substance by considering only the area of the a-relaxation and from that calculate the $-value.?
Thus, it should be possible to determine the contribution of the two molecular species in a
binary mixture by comparing the area of the respective a-process to the optical anisotropy. In
order to test this notion, three different equimolar mixtures were prepared, namely TBP+PC,
squalane+toluene, and squalane+C15. The spectra of the mixture of TBP and PC are shown
in figure 4.7 together with the spectra of the two neat components. It can be seen that
the a-relaxation in the spectrum of the mixture is markedly broader than that of the single
components. The reason for this gets immediately clear when considering the difference in
size between the TBP and the PC molecules, which causes the larger TBP molecules to rotate
slower than the smaller PC molecules. This can also be seen by the fact that the peak position
is almost identical for the two neat liquids, where the TBP spectrum is, however, measured
85K above the one of PC.
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Figure 4.7.: A small difference in size of the molecules in the mixture leads to a single, broad-
ened peak in the spectrum measured by the TFPI/Raman setup. Solid line is a fit
with equation 4.15. Dashed lines are the components of the fits as indicated.

The difference in the size of the two molecules is yet not enough to produce a bimodal spectrum.
This is achieved in the case of the mixture of squalane+toluene, as can be seen in figure 4.8
A slow process is distinctly separated from a very broad peak at high frequencies. From the
measurements of the neat liquids, it is clear that at this temperature, the dynamics of squalane
is located somewhere near the low-frequency limit of the TFPI, whereas the dynamics of
toluene is very fast due to the closeness to the boiling point. Thus, the slow process is attributed
to squalane, and the fast broad peak must consist of the toluene a-process at intermediate
frequencies and the microscopic dynamics at the highest frequencies.

31t should be noted that this finding is not trivial and using a different part of the spectrum representing the a-
relaxation, like for example the central Lorentzian, as done in older literature, leads to a poorer proportionality.
This indicates once more that the reorientational dynamics of the molecules is not mono-exponential, even at
that high temperatures.
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Figure 4.8.: A Large difference in size of the molecules in the mixture leads to a bimodal
spectrum. Dashed lines are components of the fit, as detailed in the text.

It can be seen that the region between the structural relaxation of squalene and toluene is very
broad. When trying to fit the spectrum, it is possible to identify two ways to account for this
broad region: First, one could use two CD functions for the two a-processes. Then, the shape
parameter of the slower process, i.e., the structural relaxation of squalane, becomes very small.
Thus, the slope of the high-frequency flank is rather flat. This results in a small contribution of
the toluene a-process, sitting on this broad high-frequency flank. Thus, the intensity Ay,
of squalane is markedly larger than that of toluene. When comparing this to the intensities
calculated from the anisotropy parameters with equation 4.14, one sees that it should be the
other way round. This means that unless something strange happens in the mixture, like a
pronounced ordering of the squalane molecules or if a distinctly different conformer ensemble
of squalane is present in the mixture than in the neat liquid, this way of modeling the spectrum
is incorrect. Therefore, a second way is tried: The structural relaxation of squalane is again
described by a CD function, but the one of toluene is modeled by a Havriliak-Negami (HN)
function, which is able to produce a broadening on the low-frequency flank. This way of
modeling is shown in figure 4.8. One can see that the broad region between the two structural
relaxations is now captured by the low-frequency flank of the toluene HN function instead of by
the high-frequency flank of the squalane CD function, as was the case in the first model. Now,
the intensity of toluene obtained by this fitting procedure is larger than that of squalane, in
accordance with equation 4.14. A broadening on the low-frequency flank of the faster relaxation
process in a mixture is often observed in dielectric spectroscopy [52, 240, 241, 58], however,
there is a debate regarding the question of whether the smaller molecules might take part in the
structural relaxation of the larger molecules [242, 243]. Here, based on the intensity argument,
it can be checked whether the qualitative argument used above to assign the portion of the
spectrum which is due to the small and large molecules, respectively, holds also quantitatively.
This is done by comparing the intensity of the a-relaxation Ay, 7 for the different neat liquids
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and mixtures to L°N (Beff>2 in Figure 4.9, where L? is the quadratic Lorentz local field factor.
According to equation 4.14, a linear dependency is expected. Besides the combined value for
the squalane+toluene mixture, the values for squalane and toluene from their respective peaks
in the mixture are shown as open symbols. For the C15+squalane mixture, like for TBP+PC, no
separated a-processes could be observed; thus, only one merged peak is evaluated. The values
of () of the neat components are taken from the measurements with the PCS setup and a
mean anisotropy parameter for the mixture is calculated via equation 4.12 with p, » = 0.5.
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Figure 4.9.: Peak areas of the a-relaxation mutliplied with temperatures from TFPI/Raman
measurements, i.e. a-peak intensities, in dependence of intensity calculated from
the optical anisotropy paremeters determined by the PCS intensity measurements
of neat liquids and mixtures. The black dashed line is a linear fit to the neat
liquids.

It is clear that the mixtures and the single components follow this linear relationship very closely.
This shows that the intensity of the «-relaxations in mixtures can be obtained quantitatively by
knowing the ([S.¢)-value of the neat components, either from an independent experiment or
from DFT calculations. It should be stressed with regard to ionic liquids, discussed later, that it
is crucial that this works by only considering the intensity of the a-relaxations since due to the
fluorescence in most of these substances, the frequency range starting from the region of the
microscopic dynamics is not accessible. Thus a measurement of the total intensity would lead
to incorrect results. However, since in ionic liquids, the (fS.f)-value of the two ion species is not
accessible experimentally, it has to be obtained by DFT calculations.

It got clear from this section which version of the equations should be used when comparing
experimental depolarized scattering intensities with optical anisotropy parameters. The meth-
ods used in the literature, which try to exclude the CIS contribution, do not yield  values in
accordance with DFT calculations. Contrary, experimental 5-values obtained with equations
neglecting CIS agree favorably well with DFT calculated values. Moreover, it has been shown
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that intensity information can be deduced from dynamical measurements. Also, the intensity of
the a-relaxation of the individual molecule can be connected to its optical anisotropy. This puts
depolarized light scattering measurements on the same level as dielectric spectroscopy, as it is
now possible to identify relaxation features in mixtures based on their intensity. Furthermore,
it is now possible to obtain orientational correlation factors g, from dynamic depolarized light
scattering measurements.
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4.2. The shape of the structural relaxation

As mentioned above, the non-exponentiality of the structural, or a-relaxation, is one of the
hallmarks of glassy dynamics, but its origin is still not understood. In this respect, the most
experimental data are probably obtained by dielectric spectroscopy since these measurements
are easily performed over the whole temperature and frequency range [14]. When describing
the dielectric loss peak with a model curve, like the KWW or the CD function, it is found that the
stretching parameter varies largely depending on the molecule under study. Consequently, in
the attempt to understand the origin of this different stretching, correlations to other features
of glassy dynamics were investigated. For example, it has been found that the fragility of a
liquid, i.e., the slope of the VFT-equation describing its correlation times at the glass transition
temperature, is inversely proportional to the value of the stretching exponent [244]. This view
is controversial and not shared by other authors [245, 246]. Also, the stretching exponent
was related to the time scale of the 5-relaxation by the coupling-model, where the secondary
relaxation is predicted to be located in proximity to the a-relaxation for high values of the
stretching exponent, while it is well separated in the case of low values [247]. Some studies
relate the stretching of the a-relaxation to the anharmonicity of the intermolecular potential
[248, 203]. One of these is the work of Paluch and coworkers, where a set of 88 substances is
compiled, for which it was shown that an anti-correlation exists between the dielectric strength
and the stretching parameter of the a-relaxation. The explanation for this behavior was the
dipole-dipole interaction, which leads in the case of high polar molecules to a more harmonic
interaction potential and thus to a narrower a-relaxation peak. From this, it might be suspected
that the light scattering spectrum should be influenced similarly. Hence, the work of Paluch
et al. was the inspiration for studying van der Waals liquids like tributyl phosphate (TBP)
and the vacuum pump oil DC704 by light scattering, the results of which are discussed below.
These two liquids were chosen for the following reasons: TBP is a dipolar molecule with a
dipole moment of 2.6 D [249], for which it was shown in the literature that the dielectric
loss peak exhibits a markedly higher value of the stretching parameter than the one deduced
from DSC measurements [189]. This can be understood as a first hint in the direction that
the findings of Paluch et al. are not directly transferable to other experimental techniques.
DC704, on the other hand, is an apolar oil, which is regarded as a "simple" liquid, i.e., a
substance for which intermolecular interactions within the first coordination shell determine
all properties of the liquid [250], and for which an identical shape of the dielectric loss and the
shear modulus was found in the literature [251]. Therefore, in the next subsection, dielectric
and light scattering spectra of these two and several other substances are compared. The
spectra of these liquids were measured by different people in the workgroup over the last
several years and are published in reference [252], where the names of all contributors can
be found. An explanation of the differences found is proposed and then tested on dilution
experiments of TBP below, which are published in reference [253].

In figure 4.10, dielectric data for a wide variety of liquids is shown, scaled in such a way that
their peak maxima superimpose. Among them are polar and apolar substances, hydrogen
bonding liquids, and ionic systems. The latter ones and a monohydroxy alcohol are shown as
gray symbols since, for ionic systems, it is known that the dielectric loss peak may be influenced
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by conductivity relaxation and thus does not reflect pure dipolar reorientations. In the case of
monohydroxy alcohols, it is well known that the most prominent dielectric peak is the Debye
peak and thus should not be compared to a-relaxation peaks. As expected, the shape of the
spectra differs largely among the various liquids. However, one can already see that polar
substances, like, for example, TBP, exhibit a markedly steeper slope of their high-frequency
flank than apolar substances like DC704, in accordance with the findings by Paluch.
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Figure 4.10.: Spectra from dielectric spectroscopy. Orange line is a model function with a high
frequency slope of w1/

Additionally, it seems that the different apolar substances have similar shapes, which can be
seen by the fact that they are located near the orange line. This orange line is a fit to the
DC704 data based on the generalized gamma distribution of relaxation times. Details about
this model can be found in references [254, 20]. Here, it suffices to say that in this way, a
peak is produced, which has a high-frequency slope of w~'/? and a width that is intermediate
between that of the KWW and the CD function when choosing the stretching exponent to be
0.5 in both cases.

As a next step, the spectra from light scattering measurements are shown in figure 4.11 for the
same substances as above and additionally for some monohydroxy alcohols, where it is known
that the Debye process does not show up in the light scattering spectrum. There, a completely
different picture shows up than in the case of the dielectric spectra. It can be seen that the
spectra almost perfectly superimpose from the lowest frequencies up to frequencies where
secondary relaxations start to contribute in some cases. Most importantly, the high-frequency
slope follows a w~'/? law to a good approximation for all substances. This can be seen from
the orange line, which is the same as above.

Thus, a rather generic behavior for the light scattering spectrum of various liquids has been
found, which is in marked contrast to the substance-dependent spectra observed in dielectric
spectroscopy. Therefore, a reason for this discrepancy has to be found. It should be noted in
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Figure 4.11.: Spectra from depolarized dynamic light scattering. Orange line is a model
function with high frequency slope of w~'/2.

this respect that theoretical models from the literature indeed predict a high-frequency slope of
w2 for the a-relaxation [255, 256, 257]. Furthermore, there exist indications that also the
high frequency slope of dielectric spectra tends to a w~'/? behavior at low temperatures [258].
However, the theory on which the rationalization of the difference in the spectra is based here
is a different one. It is well known that the dielectric Debye process found in monohydroxy
alcohols is usually not, or only very weakly, seen in light scattering measurements [44, 45]. As
mentioned above, the model of transient chains of H-bonded molecules explains the Debye-
process with the movement of these supramolecular structures by attaching and detaching of
molecules at the ends of the chains. This movement is seen in the dielectric spectra due to the
large end-to-end dipole vector of such chains. Thus, one might speculate that light scattering
is not sensitive to such supramolecular structures because it probes more locally the anisotropy
of single molecules. A different view than that put forward in the transient-chain model comes
from the theory of Pierre-Michel Déjardin [50]. With this theory, it is possible to reproduce
quantitatively the static permittivity of linear monohydroxy alcohols in dependence of the
temperature by calculating the Kirkwood correlation factor from the physical properties of the
liquid and one independent temperature parameter which is related to induction/dispersion
forces and which has to be determined by comparing the theoretical and experimental e,-
values. This means that the Déjardin theory is able to rationalize the Debye-process — which is
responsible for most of the static permittivity — just by considering dipolar cross-correlations
between neighboring molecules, thus without the need of invoking some special H-bonded
structures. But it is also clear that the two models are not contradictory since H-bonding
between two neighboring molecules directly implies an orientational correlation. However, it
is also clear that the Déjardin theory is more universal in that sense that it can also describe
polar liquids, where no H-bonds are possible, but orientation correlation arises due to dipole-
dipole interactions. Thus all kinds of liquids are described based on the same footing, and no
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discrimination is made into H-bonding or non-H-bonding substances.

Moreover, the dynamic part of the Déjardin theory predicts that in addition to the relaxation of
single molecules, an additional relaxation shows up for cases where the Kirkwood factor exceeds
unity, which is attributed to collective dynamics [259]. Thus, when identifying the experimental
Debye- and a-relaxation with the single molecular and collective relaxation from the Déjardin
theory, respectively, one could rationalize the experimental findings in monohydroxy alcohols.
But most importantly, this would imply that a Debye-process is also expected for substances
in which no H-bonding occurs but with a Kirkwood correlation factor larger than one. If this
would be indeed true, it could rationalize the apparent narrower peak in the dielectric spectra
since an additional Debye peak, not too far separated from the a-relaxation, would render the
combined relaxation process narrower than the actual a-relaxation.

This idea is tested in the following on the example of TBP, where a Kirkwood factor of around
gk = 2was found [50]. Therefore, the dielectric and the light scattering spectra, both measured
at 147K, are shown in figure 4.12. The light scattering spectrum is shifted only vertically in
such a way that it is superimposed in the frequency range of the -relaxation with the dielectric
spectrum. Both techniques nearly identically probe this secondary relaxation. However, the
differences of the spectra are well pronounced when considering the main peaks. There, it can
be seen that the dielectric peak is markedly more intense and narrower than the one measured
by light scattering.
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Figure 4.12.: DLS and BDS data of neat TBP at 147 K. In addition to the « and /5 process
present in the DDLS data, a Debye process is visible in the BDS spectra. BDS
data are also shown with this Debye process subtracted.

It should be noted that this finding cannot be explained by a different vertical shifting of the
data. For example, one could argue that the light scattering a-process is faster than the one
from dielectric spectroscopy due to probing the P, and P; correlation function, respectively.
Then, by matching the intensities of the main peaks, the secondary relaxation in the light
scattering spectrum is more intense, which could be rationalized by small-angle rotations, as
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described in section 3.1. However, this explanation can account for a maximal factor of three
between the time constants and the intensity of the secondary relaxation. Since factors of up
to 13 and 7.5 between the time constants and the intensities are observed in the experiment,
this reasoning must be discarded.

Instead, when a Debye-process is fitted to the low-frequency part of the dielectric spectrum and
subtracted afterward from the data, one ends up with the black open squares in figure 4.12. It
is clear that they almost perfectly resemble the light scattering spectrum, i.e., the dielectric data
is compatible with the idea of a Debye process being present in addition to the a-relaxation, the
latter being probed by light scattering. Thus, if this additional Debye-process in the dielectric
spectrum arises indeed due to orientational cross-correlations, as implied by the Déjardin theory,
it should be possible to reduce these cross-correlations by diluting TBP by an apolar solvent.
Then, the TBP molecules will be further separated from each other, and the Debye process
should vanish at some degree of dilution. In order to test this idea, mixtures with the apolar
solvent n-pentane were prepared, which is miscible over the whole concentration range with
TBP and does not show any sign of a dielectric relaxation when measured as neat substance.
The dielectric spectra were found to broaden upon increasing the n-pentane concentration,
until at concentrations below 29 mol% no further change in the spectral shape could be seen.
Thus, dielectric data for this concentration together with the spectra for a concentration of
11 mol% and neat TBP are shown as a master plot in figure 4.13.
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Figure 4.13.: Data of neat (BDS+DLS) and mixed TBP (BDS). Spectra were chosen with the
main peak located around 1 Hz, and were scaled to overlap in peak height and
on the low frequency flank. The a-process of the two low-TBP-concentration
mixtures measured by BDS and neat TBP measured by DLS have the same
spectral shape. Temperatures (from top to bottom) of the data sets are 147K,
147K, 132K and 130K.

It can be seen that the spectral shapes of the mixtures with 29 mol% and 11 mol% are identical,
while that of neat TBP is markedly narrower. This indicates indeed that the contribution from
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the cross-correlation is absent below 29 mol%, leading to a broader peak, which in addition
resembles the one of neat TBP measured by light scattering. Together that means that a Debye-
process is present in the dielectric spectrum of neat TBP, which is due to orientational cross-
correlations and therefore diminishes upon dilution with an apolar solvent until it eventually
vanishes around a concentration of 29 mol% TBP. The shape of the dielectric spectrum without
the influence of cross-correlations is then the same as found in light scattering, and since TBP
is among the substances complied in figure 4.11, it is the generic shape.

It follows from these considerations that an apolar substance, which is just polar enough to
give a weak dielectric signal, should exhibit a dielectric loss shape, which is identical to the
light scattering one. Additionally, the light scattering peak frequency should be a factor of
three higher, at most. To test this notion, DC704 is chosen, as mentioned above, which has
a small, but non-zero dielectric strength of Ae = 0.2. Measurements were performed at the
same temperature in dielectric spectroscopy and light scattering, and the spectra are shown in
figure 4.14. The light scattering spectra, shown as open black circles, are only shifted vertically
to superimpose on the dielectric ones, shown in different colors.
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Figure 4.14.: Comparison of the light scattering and dielectric susceptibilities of the silicon
oil DC704 with respective spectra obtained at the same temperatures. Only the
absolute intensity of the light scattering spectra is scaled, i.e., both methods
reveal the same dynamics due to lack of cross-correlations. Inset: Dielectric and
light scattering spectra together with shear modulus data from reference [260]
scaled to the peak maximum reveal the same spectral shape in all three methods.
The solid line is the same as that in figure 4.10 and 4.11.

It can be seen that the spectra perfectly superimpose, i.e., not only the shape is exactly the
same, but also the relaxation time. In the inset, a dielectric and a light scattering spectrum is
shown together with the imaginary part of the shear modulus from the literature as a master
plot [260]. The orange line is again the generic shape from above. It can be seen that the
shape measured by the three experimental techniques is the same as the generic one.
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Together, this means that a generic shape of the a-relaxation seems to exist in the supercooled
regime, which is probed by light scattering. In the dielectric spectra, this generic shape is
often masked by a dynamic contribution from the cross-correlation, which appears on lower
frequencies than the a-peak as a Debye-like process, rendering the combined peak narrower
than the generic shape. The generic shape can also be recovered in dielectric spectra, either by
diluting the polar substance with an apolar liquid, thus destroying the cross-correlations or for
the case of liquids with a tiny polarity. It should be noted that also in triplet state solvation
dynamics measurements, which can be regarded as a local dielectric experiment, the generic
shape was found in polar substances [252]. However, it should be kept in mind that the generic
shape seems to be special to the supercooled regime since a wide variety of shapes of the DLS
spectra is observed in the high-temperature regime, as discussed in section 2.1.

Since the above results were published previously, several reactions have appeared in the
meantime. Some of them support the above findings [261, 262, 263] and some are contradictory
[264, 265]. One of the latter is the pre-print study of Moch et al., which raises an interesting
point and should therefore shortly be discussed in the following: Therein, the authors report
on rheological measurements and dielectric aging experiments of TBP. Both data sets are found
to be in better accordance with the dielectric relaxation time than with the light scattering
relaxation time. From that, they concluded that the glass transition is governed by the collective
dynamics, i.e., by the Debye-relaxation, rather than by the a-relaxation, as probed by light
scattering. The question of which dynamics really freeze at the glass transition is very interesting.
To answer this question, however, it seems most appropriate to compare dielectric and light
scattering time constants to those obtained by DSC measurements, where in the latter method
indeed the freezing of dynamical degrees of freedom is monitored.

Several liquids already contained in figure 4.11, for which the glass transition temperature is
within the accessible temperature range of the DSC apparatus, are therefore considered in the
following. The procedure is explained for the example of TBP.

Relaxation times from light scattering, dielectric spectroscopy, and DSC measurements are
shown in figure 4.15.* Included is the dielectric aging time from reference [264] and 3!P-
NMR data from reference [266]. It is underscored by the excellent agreement of NMR and
light scattering data that light scattering monitors the self-correlation contribution of the TBP
molecules. Also, the calorimetric time constants agree perfectly with those from light scattering.
On the other hand, the dielectric relaxation times are larger for all temperatures. In the range
of the DSC measurements, of about a factor of 10, as can be best seen in the inset. From
such data, ratios of the correlation times, namely 7aps/7psc and mprs/7psc, are calculated in the
following way: The dielectric and light scattering relaxation times are fitted by a VFT-function,
where the peak position of the dominant peak in the dielectric spectrum is used. Then, at each
temperature where DSC data exist, the above mentioned ratios are calculated by using the VFT
values at the temperature of the DSC time constants. The geometrical mean of these five values
is used with error bars denoting the minimal and the maximal value. The ratios are shown for
several substances in figure 4.16, which are subdivided into classes by different colors. The
Teps/ osc and 7prs/mpsc values which fall in the range 1/3 < 7;/msc < 3 within the limits of

“Dielectric data at frequencies higher than 1x 107 Hz were obtained during the master thesis of Andreas Helbling,
supervised by the present author, with two different high-frequency dielectric setups.
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Figure 4.15.: Arrhenius plot of the time constant of TBP measured by different experimental
techniques. The inset highlights the temperature range around the glass transi-
tion, where it can be clearly seen that the DSC time constants agree with those
from DLS, while the dielectric time constants are a factor of 10 higher. Aging
data is from [264] and NMR data from [266].

uncertainty (indicated by the black shaded area), are excluded from further discussion, since
it is unclear whether calorimetric time constants should compare to a P, or P, correlation time
and since experimental uncertainties preclude a discussion of such small differences in time
constants.

It can be seen that only a few ratios lie outside the black shaded area. Of course the ratio
Teps/ Tosc for TBP, as already seen in figure 4.15, but also the one for two monohydroxy alcohols,
2E1H and 5M2H. However, this is not surprising since it is well known that the Debye-process
in monohydroxy alcohols has no signature in DSC measurements [41, 42, 43]. Instead, the
a-relaxation as probed by light scattering is in accordance with the calorimetric relaxation times.
This shows once more that the cross-correlation of H-bonding substances, like monohydroxy
alcohols, should be treated on an equal footing as the one in non-H-bonding polar substances,
like TBP. However, it is also seen that three 7 s/7psc ratios are located outside the black
shaded area. This is the case for network-forming liquids. The discrepancy is largest for
the water-LiCl mixture, where the 73ps/7psc ratio is identical to the one from light scattering.
Regarding the dielectric time constant, however, it is most likely that not the reorientation of
the water molecules is monitored, but the conductivity relaxation as discussed in section 5.1.
For propylene glycol and glycerol, on the other hand, the ratio msps/mpsc is within the black
shaded area. This might indicate in these cases that the glass transition is indeed governed by
the collective dynamics as probed by dielectric spectroscopy, while the a-process probed by light
scattering is faster. This means that is has to be checked individually for each substance, which
dynamics freeze at the glass transition. More work is needed in this direction to understand
the reason for this different behavior.
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Figure 4.16.: Ratios of DLS (red) and BDS (blue) time constants to the calorimetric time
constants.
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5. Molecular dynamics in neat ionic liquids

This chapter aims to extract from DLS, BDS, and DSC measurements the microscopic nature
of the ion dynamics in neat ionic liquids. Although those experiments increasingly attracted
attention already around 15 years ago, when ILs became commercially available and their
ability to form nanoscale structures was discovered, the interpretation of the results is still
not straightforward and debated in the literature. This is on the one hand because DLS
measurements on ILs are scarce, and DSC measurements usually only focus on the determination
of glass transition or melting temperatures. BDS is used routinely on ILs, but there, the
evaluation of the spectra is considerably complicated due to the charge transport, resulting in
controversies in the literature. On the other hand, this is because a multitude of relaxational
processes might be present in the spectra of ILs because not only the dynamics of two different
molecular species but also motions of aggregates may contribute. Moreover, rotational and
translational dynamics can be measured by dielectric spectroscopy in the case of ILs, while in
non-ionic liquids, only reorientational motions of permanent dipole moments are monitored.
Thus, it is crucial to disentangle the microscopic origin of the various dynamic processes in
neat ionic liquids first, before addressing mixtures of ILs with non-ionic additives in chapter 6.
Therefore, as the first step in this chapter, the appearance of translational motions of ions in
the dielectric spectrum should be discussed in the next section, most of which is published in
reference [267]. After that, the separation of cation and anion dynamics will be considered
in cases where the cation is markedly larger than the anion. Following this, the dynamic
signatures of nanoscale aggregates are addressed. In the last section, it will be shown that the
reorientation of ions equipped with a permanent dipole moment can be identified in some
cases in the dielectric spectrum in addition to the translational dynamics of the ions.

5.1. Modeling of translational dynamics

The dielectric spectra of non-ionic polar substances are almost always evaluated in the permit-
tivity representation, most often in its imaginary part ¢’(w). There, a peak shows up due to
the reorientation of the permanent dipole moments, which can easily be fitted, for example,
by a Cole-Davidson equation, directly providing the relaxation time constant, the dielectric
strength, and the stretching parameter. In the case of ionic liquids, however, the imaginary part
of the permittivity is rather featureless since the DC-conductivity contribution overshadows
all relaxational processes which might be present underneath. Therefore, a different repre-
sentation is usually chosen, for example, the imaginary part of the dielectric modulus M"(w),
where a peak in the case of conducting materials can be observed reminiscent of the peak in
¢”(w) for dipolar liquids. Accordingly, this peak can be fitted by common empirical functions
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as it is done for dipolar liquids. However, the practice of evaluating data in the modulus
representation is sometimes criticized [268, 269], since contributions from translational and
rotational dynamics, as well as electronic polarization, are convoluted reciprocally, as can
be seen from equation 3.20, making it difficult to assign a microscopic origin to the peak.
Another possibility is using the real part of the conductivity representation ¢’(w), which is
especially useful for directly reading off the DC-conductivity from the plateau appearing at low
frequencies. At frequencies higher than the plateau, a transition to AC-conductivity is observed,
leading to an increasing flank. The frequency of the transition point is also often identified
with the ion hopping time scale, and there are models constructed to fit such conductivity
spectra. Two of them will be discussed below. The real part of the permittivity ¢’(w) seems to
get less attention when evaluating the dielectric spectra of ILs, except for room temperature
measurements, where it is common to look at the real and imaginary part of the permittivity
simultaneously. Advantageously, the DC-conductivity does not contribute to €'(w), while dipolar
relaxation and conductivity relaxation do. The latter can be rationalized when considering the
empirical Barton—-Namikawa—Nakajima (BNN) relation [270, 271]
00To

Ae = , (5.1)
beo

which relates the dielectric relaxation strength Ae of the ion-conducting process to the DC-
conductivity oy and the ion relaxation time 7, where p is a parameter on the order of 1. Thus,
the BNN relation implies that a clearly visible step appears in ¢ (w), whenever the product oy7,
is notably larger than the vacuum permittivity ¢,. This is why these conductivity relaxation
steps might easily be confused with dipolar relaxation, as their appearances are very similar.
Additionally, the ¢'(w) representation can be used to calculate the so-called conductivity free
representation of ¢’(w) [272] via

mde' (w)

" 2dhnw’ (5-2)

€'(w) ~ €ger(w) =

This approximation of the Kramers-Kronig relation employs that a DC-conductivity does not
contribute to the real part of the permittivity. Hence, a peak is observed in € (w), the shape of
which is slightly distorted due to the approximate character of equation 5.2, but the peak position
can be evaluated. Even more importantly, this representation is most useful in identifying by
eye if only one relaxational process is present in the dielectric spectrum or if there are two,
which is demonstrated in section 5.4. Here in this section, only ILs are considered for which
just one relaxation peak can be observed in €], .(w). In this case, the microscopic origin of this
peak has to be conductivity relaxation since, in highly conducting materials, its appearance is
mandatory, while the existence of dipolar relaxation or aggregates dynamics depends on the
molecular peculiarities. Nevertheless, for example in ILs mixed with a non-ionic substance, as in
section 6.2, the step in €'(w) and consequently the peak in €],.(w) due to conductivity relaxation
might be hardly resolved. Thus, it is important to check whether the BNN relation holds to
ensure that conductivity relaxation is the molecular origin of the step or the peak, respectively.
Such a check is shown in figure 5.1 for the IL [Nggs1][NTf;]. There, the dielectric strength Ae
as well as the DC-conductivity o, which can both be read off the spectra in good approximation
without any fitting procedure, are used to calculate the crossover frequency w. = 1/7, via
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equation 5.1. It can be seen that w, is indeed located at the point where the DC-conductivity
plateau transitions into the AC regime. Thus, the BNN-relation holds, indicating that the origin
of the step in €’(w) and then also the peak in €], (w) is the conductivity relaxation.
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Figure 5.1.: Dielectric spectrum of [Ngss1][NTf;] at 220K in three different representations.
The model free determination of Ae and o, allows to calculate w, via the BNN
relation (equation 5.1), which is shown to be located at the transition from DC-
to AC-conductivity, indicating that the relaxational process is due to ion hopping.

Having assured that no other relaxational process than the conductivity relaxation is present
in the dielectric spectrum, the modeling of this process can be addressed: A model which is
often used to describe dielectric spectra of ILs is the random barrier model (RBM) developed
by Jeppe Dyre and coworkers originally for glassy ion conducting materials. Two basic models
were proposed by them, as detailed in reference [273] and references therein, a macroscopic
and a microscopic one, in order to describe AC-conductivity. Both models are based on the
idea of extreme disorder, which means that local mobilities cover many orders of magnitude.
Both models have been solved in different approximations leading to different expressions for
the conductivity spectrum. The equation probably used most frequently is

OolWTy

In(1 + iwr,)’ (5.3)

o(w) =

which was first derived in 1985 from the microscopic model and is named RBMS85 in the
following [274]. Later, it was also derived from the macroscopic model in percolation path
approximation [273]. The microscopic idea underlying the RBM8S5 is to consider a disordered
material as a lattice with randomly varying jump frequencies, i.e., the ions hop between
sites, described by a hopping-time distribution, introduced in continuous time random walk
approximation.

Two other expressions have been combined in what seems to be the most recent work in this
area by Dyre and coworkers in 2008 (RBM08). Both expressions on their own could either not
describe the conductivity data at high frequencies or low frequencies, respectively. However, in
combination, a good description of simulation data was obtained [275]. The resulting equation
is
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It can be seen that equation 5.4 has to be solved numerically, while equation 5.3 can be directly
fitted to data. Thus, the RBMOS is only used rarely to describe experimental data. However,
inconsistencies have been reported when using the RBM85 [91, 69]. These are manifested when
converting the fit obtained in the o(w) representation to the ¢'(w) representation. Although the
conductivity data might be well described by the RBM85, the real part of the permittivity is not
captured by the transformed fit in such a way that the dielectric strength is underestimated [91,
106, 69, 276]. The RBMOS is reported to overcome this inconsistency, and it was used to model
dielectric spectra of a polymerized IL [69], of the archetypal glassy ion conductor CKN [63]
and a lithium-chloride solution [277]. However, it should be emphasized that both the RBM85
and the RBMO8 predict a universal shape of the conductivity relaxation process, irrespective
of the temperature and substance under investigation. Although the conductivity spectra of
different materials are indeed qualitatively very similar — even for the case of electronically
conducting materials — it was already mentioned in Dyre’s 1985 work that a universal shape is
not observed in experiments. Therefore, it is necessary to have a model that incorporates a
shape parameter, thus allowing for deviation from a universal shape.

To this end, the MIGRATION model, developed by Funke and coworkers, is discussed in the
following based on references [278, 279, 280]. The acronym stands for MIsmatch Generated
Relaxation for the Accommodation and Transport of IONs. The underlying physical picture is
quite simple and illustrated in figure 5.2.

single-particle route

many-particle route

Figure 5.2.: Illustration of the single- and many-particle route of the MIGRATION model.
Adapted from reference [280].

When an ion hops from its previous position to a new site, a mismatch is created between the
new position of the ion and the ionic neighborhood. This mismatch can be reduced via two
different hopping routes of the ions. On the single-particle route, the ion might hop backward
to its original site, restoring the starting configuration, where no mismatch was present. This
can be regarded as a correlated forward-backward movement. It implies that the ion has
moved, but no charge has been transferred. The second route to reduce the mismatch is the
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many-particle route, where the neighboring ions rearrange so that the mismatch created by
the ion’s hop is relaxed. The mathematical formulation of these model ideas is performed by
introducing a rate equation for the correlation factor W (t), which can be considered as the
normalized time derivative of the mean square displacement or the normalized integral of the
velocity autocorrelation function due to the ion hopping [279], as

Wi(t) ,

———= = —DBg(t 5.5
where B is given by W (co) = exp(—B) and ¢(t) is a normalized mismatch function for which
the rate equation

9(t)

—== =T W(t)N(t (5.6)

T =T ON ()
is introduced. In equation 5.6, I'; is the elementary hopping rate. An empirical equation for
the number of mobile ions available on the many-particle route N(t) is given by

N(t) = N(o0) + [By(t)]*. (5.7)

The time-dependent correlation factor W (t) can be considered the probability of finding the
respective ion at time ¢ in the position it jumped to at time ¢ = 0. Hence, W (o) is the small
but not vanishing probability of a successful jump, i.e., a hopping process contributing to
the DC-conductivity. Consequently, W (¢) decays from 1 at ¢ = 0 to W (oo) at long times.
The normalized mismatch function ¢(¢) can be regarded as the distance between the present
position of the ion and the potential minimum at that time. Thus, due to the rearrangement of
the neighboring ions, ¢(t) decays from ¢(0) = 1 to g(co) = 0. As the time precedes, the number
of neighboring molecules which are available for rearrangements on the many-particle route
decreases due to the decreasing driving force g(¢) until at long times only the next neighbors
N(o0) remain.

By combining equations 5.5, 5.6 and 5.7, a differential equation for W(t) is obtained:

—W(t) = LoW? () In W (t) (N(c0) + (In W (¢))*) (5.8)

The complex conductivity spectrum can be calculated by numerically solving equation 5.8 and
inserting into equation 5.9 [278].

00(;0) — 14+ z'w/o {% — 1] exp(—iwt)dt (5.9)

Thereby, the elementary hopping rate I'y is replaced by the rate of successful hops wy = I'y\W..
This equation can then be directly fitted to experimental conductivity data, but of course
also in other data representations, as indicated by equation 3.20. Besides the high-frequency
permittivity e,,, which has to be considered in some representations, and the DC-conductivity
00, i.e., the plateau value in ¢’(w), three fitting parameters are inherent to the MIGRATION
model. The hopping rate wy is located at the crossover from DC- to AC-conductivity, similar, but
not equal, to w, from the RBM. Therefore, in this work the time constants from the MIGRATION
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model are not taken as 1/wy, but — for better comparability — are taken from the peak maximum
in €,.(w) as 7, = 1/wmax or calculated via the BNN relation (equation 5.1), both usually giving
identical results in the limits of the fitting errors. The other two parameters, A and N (o),
influence the shape of spectra, which is shown in figure 5.3. Dielectric model spectra are
shown where the shape parameter ) is varied between 0.25 and 1.25 in the left and the middle
column. In the left column this is shown for a fixed value of N, = 0 and in the middle column
for N, = 0.01.
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Figure 5.3.: Illustration of the changes in the spectra of the MIGRATION model upon variation
of the parameters.

It can be seen that the differences between these two columns are limited to the real part of the
permittivity and thus naturally also to €], (w). Thus, the influence of changes in A should be
addressed. The slope of the AC-conductivity decreases with increasing A. This also influences
the region of the transition from DC- to AC-conductivity in such a way that it is ascending
steeper in the case of lower \-values. At the same time, the broadening of the relaxational step
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in ¢ (w) and thus also the broadening of the relaxation peak in €}, (w) increases with decreasing

M. This behavior is reminiscent of fitting models like the CD function, where a decreasing shape
parameter [cp also leads to a broadening of the relaxation peak. Additionally, the slope of the
high-frequency flank in M”(w) increases with increasing .

The parameter N, # 0 was introduced in reference [278] because it was found that the prede-
cessor of the MIGRATION model, the so-called concept of mismatch and relaxation (CMR), was
not able to describe the low-frequency behavior of the permittivity ¢’(w). However, it described
the data in conductivity representation rather well. Unlike the case of the RBM85, where the
real part of the permittivity is underestimated at low frequencies concerning experimental
spectra, in the case of the CMR ¢'(w) diverges at low frequencies for A values around unity
and above. This is rectified by introducing N, # 0, and a low-frequency plateau is obtained,
irrespective of the A\ value. However, for the A-values lower than unity in figure 5.3, it is clear
that the plateau is readily obtained also for N, = 0 and these spectra hardly change upon
introducing a non-zero N.

The spectral changes under variation of N, are shown in the right column of figure 5.3. It
can be seen that the changes in ¢’(w) and M”(w) are only marginal, while the low frequency
plateau in ¢ (w) decreases with increasing N, accompanied by a shift of the peak frequency
in €. (w) to higher frequencies. It should be emphasized that although an increasing A-value
with constant N, leads to similar behavior of the permittivity plateau as a decreasing N-
value with constant ), the shape of the spectrum is otherwise hardly changed by varying N,
while it changes markedly by varying A. Thus, it is possible to discriminate between the two
scenarios by fitting them to experimental data. Moreover, the number of nearest neighbors
N, is expected to be material-dependent but not temperature-dependent, which is not always
observed experimentally [279].

To find out which of the three models described above is best suited to describe the conductivity
relaxation of the ILs in this work, [Ns g s1][NTf;] is chosen, where the only relaxational process
present in the dielectric spectrum is the conductivity relaxation as shown in figure 5.1. It should
be noted that the MIGRATION model and the RBM are based on very different theoretical
grounds, but it is not clear a priori which one should be used to describe the experimental
data. As mentioned above, the RBMS8?5 is the easiest to use, while the MIGRATION model has a
shape parameter, allowing to fit experimental data with a shape different than the universal
RBM shape. Thus, the spectrum of [Ngg s 1][NTf;] is shown in six different representations in
figure 5.4 at 215K together with fitting curves of the three models as indicated. Of course, the
values of the fit parameters are the same in all representations for the respective model.

The solid black line denotes the MIGRATION model, where a power law was added to describe
the low-frequency increase in the permittivity representation due to electrode polarization.
The data is described perfectly in all six representations. The parameter V., was set to zero
since the \ parameter is markedly lower than one in this IL, which means that no divergence is
obtained in ¢ (w). Thus there is no need for introducing a N, different from zero. The RBMS85,
as indicated by the green dashed line, is able to describe the data in ¢’(w) and M*(w) as good as
the MIGRATION model. However, it fails to simultaneously describe the data in the ¢”(w) and
the permittivity representation. The inaccuracy is such as already mentioned above, namely
the plateau in ¢'(w) is underestimated, consequently the peak in €/, (w) is not captured by the

der
model. The RBMO0S8, on the other hand, does not underestimate the dielectric strength, as can
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Figure 5.4.: Dielectric spectra of [Ny s1][NTf,] in six different representations. Black lines
are fits with the MIGRATION model (equations 5.9 and 5.8). Green dashed lines
are fits with the RBM85 model (equation 5.3) and red dashed lines are fits with
the RBMO08 model (equation 5.4), each fit with the same values for all parameters
in all representations.

be seen by the red dashed line. However, its shape does not fit the data, leading to unacceptable
descriptions in all representations. Hence, as a result of this comparison, the MIGRATION
model seems to be the most suitable to describe the conductivity relaxation, primarily because
of its flexibility to adopt different shapes through the shape parameter ). In order to show that
this holds not only for the one temperature shown in figure 5.4, data from 255K to 200K are
shown in 5K steps in figure 5.5 with MIGRATION fitting curves as black lines.

It can be seen that the description of the data by the model is excellent for all temperatures and
in all six data representations. Just at the lowest temperature, a slight deviation between the
model and the data is observed at high frequencies in the €], (w) and M"(w) representation,
which is most probably due to a small contribution of a secondary relaxation, not included in
the fit. As a consequence of the success of the MIGRATION model to describe the conductivity
relaxation, it is used in this work for this purpose. It should be noted that the model is mainly
used by the authors who were involved in its development, a fact which might be due to the
difficulty of implementing the model. On the other hand, there seems to be criticism about
the theoretical foundations of the model, which, however, are not published to the best of the

author’s knowledge. Therefore, the criticism can not be reconstructed here, and the model is
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Figure 5.5.: Temperature dependent dielectric spectra of [Ng g s1][NTf;] in six different rep-
resentations from 255K to 200K in 5K steps. Black lines are fits with the MI-

GRATION model (equations 5.9 and 5.8) and an additional electrode polarization
contribution in €*(w).

used with the justification that it describes the conductivity relaxation very well.
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5.2. Chain length dependent separation of ion dynamics

In this section, the possibility is explored of whether or not the dynamic contributions of cations
and anions might show up as separated peaks in the BDS or DLS spectra. In the case of non-ionic
binary mixtures, this happens when the dynamic contrast between the two constituents is
large enough. An example of such a DLS spectrum is seen above in figure 4.8, where the
small toluene molecules are mixed with large squalane molecules. Thus, separated anion and
cation dynamics might be expected to appear when their size difference becomes large enough.
Therefore, evidence for separately visible cation and anion dynamics is carefully collected in
this section, starting with DLS measurements. After that, the influence on the BDS spectrum
and the calorimetric glass transition step is addressed.

5.2.1. Light scattering

Homologous series of ILs, where the anion is kept fixed, and the length of one or more alkyl
chains of the cation is altered, were used in the literature to explore the minimal length of the
alkyl chains needed for structural or dynamical evidence of nanoscale aggregates to show up
[73, 107, 281, 282, 283]. For the case of imidazolium-based ILs, although they are certainly
one of the most investigated families of ILs and were the first ones where experimental evidence
for nanostructurization was found [73], a systematic dynamic study with light scattering or
dielectric spectroscopy lacks. This is also because these ILs are prone to crystallization from
chain lengths starting from around nine carbon atoms, depending on the anion. However, as
light scattering studies can be performed above the melting point utilizing the Tandem-Fabry-
Pérot interferometer (TFPI), this is done here for the series of imidazolium cations [C,,C;Im]
combined with the [NTf;] anion, using chain lengths of n = 3,6, 8, 10, 12 carbon atoms. Some
of the results of this section are published in reference [188].

It should be noted that in order to shift the rotational dynamics of the highly viscous long-
chained ILs into the frequency window of the TFPI, temperatures far above room temperature
have to be chosen. One has to keep in mind that the X-ray scattering intensity of the pre-
peak is found to decrease with increasing temperature up to room temperature in a study
where temperature-dependent X-ray measurements of imidazolium-based ILs are reported
[73]. This might indicate that the structurization diminishes at high temperatures and may
not be detectable in TFPI measurements for this reason. However, for other ILs, X-ray data was
reported at temperatures comparable to the one used here for the imidazolium ILs, and it was
shown that the pre-peak is still visible, i.e., the nanostructures are still present at such high
temperatures [281, 284]. Thus, although the nanostructurization might be less pronounced at
high temperatures, it could still exist in the case of the imidazolium-based ILs studied in this
section.

In figure 5.6 a master plot is shown, where the spectra of the ILs with alkyl chain lengths as
indicated are scaled in such a way that they superimpose on the low-frequency flank. In this
way, it is seen most clearly that the spectrum broadens upon lengthening the alkyl chain or
even gets bimodal, as can be seen by eye for the case of n = 12.

Thus, one might think of two different interpretations of this finding: Either two relaxational
processes exist in each IL, which separate more and more with increasing chain length, or a
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Figure 5.6.: Shifted TFPI spectra for different alkyl chain lengths, showing broadening of the
spectrum with increasing number of carbon atoms in the chain. At n = 12, a clear
bimodal spectrum can be seen.

second process appears for chain length n > 3, which gets more intense and more separated for
higher n. It is clear that regarding the latter scenario, an appearance of an additional process
on the high-frequency side is suggested by the scaling performed in figure 5.6. However, a
scaling such that the high-frequency flanks superimpose would suggest an appearance on
the low-frequency side. Such an additional process appearing on frequencies lower than the
a-relaxation for chain length n > 4 perfectly matches the expectation one has for a dynamical
contribution stemming from nanoscale aggregates, which are naturally larger and thus slower
than a single molecule. Also, in view of previous interpretations in the literature, where a
second process appearing in light scattering or dielectric spectra was almost always attributed to
dynamics of aggregates (except for secondary relaxations, of course), as detailed in section 2.2,
these findings fit in the overall picture.

Nonetheless, this assignment must not be made too hastily. One should first check whether
the features of the slow dynamic process match with those of the pre-peak as found by X-
ray scattering, as the latter is the most direct method to probe the nanostructurizaton. As
mentioned above, the pre-peak gets more intense upon decreasing temperature and shifts to
lower scattering vectors, indicating an increasing size of the aggregates. This implies that for
the shape of the light scattering spectrum, if indeed the slow dynamic process can be ascribed
to aggregates, it should be temperature-dependent so that the low-frequency process increases
in intensity and separates more from the a-process with decreasing temperature. The latter
can be rationalized because the aggregates increase in size in relation to a single molecule
responsible for the a-process, which should lead via equation 2.2 to a relative slowing down of
the aggregate process. Although this picture might be oversimplified, a trend in this direction
should be observable when examining the temperature-dependent spectra. However, the
temperature range accessible with the TFPI might not be enough to see any effect. Therefore,
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low-temperature measurements with the PCS setup are needed, which — as mentioned above
— is difficult or impossible for the two ILs with chain lengths n = 10, 12, respectively, due to
crystallization. Hence, a masterplot of the spectra for [CsC;Im][NTf,] is shown for a temperature
range of nearly 200K in figure 5.7, along with a superposition of the spectrum at 400K and at
210K for the case of [C;C;Im][NTf;]. There, 210K was the only temperature at which the
dynamics was well located in the PCS time window while a sufficient long measuring time was
feasible before crystallization set in.

It can be seen that for n = 8, the spectrum slightly narrows upon decreasing temperature. This
behavior disagrees with the expectation put forward above that the spectrum should rather
broaden on cooling due to the increasing separation of the dynamics of the aggregate from the
a-process if this picture is not too simplistic. In the case of n = 10, it is evident that the shape
of the main peak hardly changes between the two temperatures, which are separated by 190 K.
Instead, it seems that on the low-frequency flank of the 210K spectrum, a weak additional
process has appeared, which is absent in the 400 K spectrum. Although it can not be excluded
that this slow process is a kind of dynamical sign of the emerging crystallization, in light of
the observations discussed in section 5.3, it might be attributed to dynamics of the aggregates,
getting visible only at low temperatures. Together, these results point into the direction that
the broadening or emerging bimodality of the main peak with increasing chain length as seen
in figure 5.6 is not due to aggregates dynamics arising and separating from the a-relaxation in
the case of longer alkyl chains.
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Figure 5.7.: A master plot of [CsC;Im][NTf,] is shown for a temperature range of nearly
200K on the left hand side. A slight narrowing with decreasing temperature
can be seen. On the right hand side, two spectra of [C;,C;Im][NTf,] are shown
for temperatures 190K apart. At 210K, an additional contribution on the low
frequency flank appears.
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Thus, an alternative explanation for this observation has to be found. Therefore, it is instructive
to come back to the second interpretation of the spectra as mentioned above, namely that two
dynamical processes are already present in the case of n = 3 and get separated for increasing
chain length. This interpretation might be rationalized by considering that ILs are naturally a
mixture of two kinds of molecules. As it was shown in figure 4.8, a mixture of a large and a
small molecule can exhibit a bimodal spectrum, where the two relaxational processes reflect
the dynamics of the two sorts of molecules, or in the case of two molecules with only slightly
different sizes, a broadening of the spectrum of the mixture with respect to the spectra of the
components can be observed as seen in figure 4.7. So why should this not be possible in the
case of ILs, when the difference in size between the cation and anion gets large enough? To
the best of the author’s knowledge, such an interpretation of light scattering spectra of ILs was
not reported in the literature so far. Hence, evidence will be carefully collected to support this
interpretation in the following.

At first, nuclear magnetic resonance (NMR) measurements from the literature should be briefly
considered, as NMR is a versatile experimental technique where the rotational dynamics of
molecules can be monitored. The main advantage is that the dynamics of different nuclei can
be accessed separately, which is especially useful in the case of ILs to probe the dynamics
of cations and anions selectively. This is done by choosing 'H and ?H NMR for the [C,,C,Im]
cations and F NMR for the [NTf,] anion in reference [8]. There, the time constants of
the [CgC;Im] cation are slightly larger than those of the anion at high temperatures in the
range of the TFPI data and merge at lower temperatures. Moreover, at temperatures near
the glass transition temperature, not only the time constant but also the shape of the PCS
and ?H-NMR measurements are virtually identical, as can be seen, by plotting the respective
correlation decays of both measurements on top of each other as done in reference [8]. Thus,
at least qualitatively, the NMR results are in line with interpreting the light scattering spectra
of [CsC,Im][NTf,] shown in figure 5.7 as being due to cation and anion dynamics separated at
high temperatures, which merge at low temperatures, resulting in a narrowing of the spectrum.
A quantitative comparison of the light scattering and NMR time constants is difficult because
the dynamics of the anions and cations are so little separated that for fitting the light scattering
spectrum of [CgC;Im][NTf,] with two processes, their shapes or relaxation strengths have to
be fixed to more or less arbitrary values, which greatly influences the obtained time constants.
In the case of [C;,C;Im][NTf,], where a more robust fitting procedure is possible due to the
visibly separated processes, no rotational time constants from NMR measurements for cations
and anions are reported.

Scattering intensity

Thus, more information about the strength and shape of the two processes should be obtained
to confirm their origin due to cations and anions. From knowing the optical anisotropies of
cations and anions, the strengths of the two light scattering processes are directly accessible,
as seen in section 4.1. As mentioned above, this whole section about light scattering intensities
was inspired by the quest for obtaining the correct scattering intensities of cations and anions.
Here, the ILs with alkyl chain lengths of n = 3,8, 10, 12 and additionally [CsC;Im][BF,] were
measured in comparison to toluene. The reason for including [CsC;Im][BF,] is that the [BF,]
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anion is optically isotropic. Thus, no contribution to the light scattering spectrum from this
anion is expected in contrast to the optical anisotropic [NTf;] anion. To be able to connect the
peak strengths, i.e. the pre-factor of the CD function Ay,, to the optical anisotropy parameter
(Befr), the following procedure was performed: At first, the linear relationship between Ay, T
and L2N (Beg)? found for the 13 van-der-Waals liquids in figure 4.9 was used in connection
with the (S.g) values calculated for the conformer ensemble of each cation and the [NTf;]
anion found by CREST to calculate Ay, for each ion. Then, a fit to the spectrum of each IL
was performed using these strength parameters. It was necessary to introduce a correction
parameter c to the strengths of the cations in order to obtain satisfactory fits so that the strength
of the cations is given by ¢ Ay®tn, The introduction of the additional parameter could be
rationalized by the fact that the optical anisotropy parameters of the different conformers
of the respective cation differ significantly so that an erroneous identification of the lowest
energy conformer by CREST leads to a (f3.f) value which is not in accordance with experiment.
This issue was already discussed in detail in section 4.1. For the case of the [NTf,] anion, the
different conformers have very similar optical anisotropy parameter, thus (322°") was fixed.
The resulting fits can be seen in figure 5.8, where the solid line is the total fit comprised of a CD
function for each cation and anion and a power-law accounting for the fluorescence contribution
or two harmonic oscillators for the microscopic dynamics in the case of [C3C;Im][NTf;]. The
dashed lines are the cation and anion contributions. The spectra are plotted on an absolute
y-scale with respect to toluene and shifted on the x-axes for better visibility.
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Figure 5.8.: Comparison of the intensity of several ILs. The spectra are plotted on an absolute
y-scale with respect to toluene and shifted on the x-axes for better visibility. Solid
and dashed lines show the total or the components of the fits, respectively.

It can be seen that the fits are able to reproduce the experimental data excellently. The shape
parameter of the CD function was left as free fitting parameters, as no information is available
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a priori, which could be used to fix the shape.! Nevertheless, all shape parameters were found
to be in a reasonable range, i.e., between approximately 0.3 and 0.65. From the correction
parameter ¢ obtained by the fit, the experimental optical anisotropies were calculated. These
are compared to the calculated values in figure 5.9, where the error bars of these values are
taken as the minimal and maximal value of the optical anisotropy found in the conformer
ensemble within an energy of AE = 1kcal/mol. The black solid line marks the equality

(Beit) = (Beti )-
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Figure 5.9.: Comparison of the calculated and experimental anisotropy parameters for the
ILs shown in figure 5.8. The error bars on the x-axis denote the minimal and
maximal SPFT parameter of the respective conformer ensemble.

It can be seen that the correlation between the calculated and the experimental values is
only moderate. However, within the — admittedly very large — uncertainties regarding the
calculated optical anisotropies, the experimental values agree with calculated ones. The largest
discrepancy is found for the [C3sC;Im] cation in the IL [CsC;Im][BF,], while in [CsC;Im][NTf;]
the deviation is markedly smaller. A reason for this might be that it is easier in the case of
[CsCiIm][BF,] to bend the alkyl-chain of the cation over the imidazolium-ring, resulting in a
scorpion-like conformer, while the [NTf,] anion seems to prevent such a bending. This behavior
was found under high pressure by X-ray scattering and MD-simulations [285, 286, 287, 288],
thus, it is unclear if this tendency is already present at ambient pressure. However, if this is the
case, than it could explain the difference in the <B§;‘fp> value of the [CsC;Im] cation between
the IL with [BF,] and [NTf;] anion since the curled conformer naturally has a lower optical
anisotropy than the extended one. This is, of course, not reflected in the single-molecule DFT
calculation, where no influence of the anion is involved.

The second-largest deviation of the experimental 3 value from the calculated one is found for

Please note that these measurements were performed at temperatures much higher than the glass transition
temperature; thus, a generic shape, as discussed in section 4.2, can not be expected here.
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[C3C,Im][NTf,]. There, a detailed look at the conformer ensemble is possible due to the short
alkyl chain, and it can be examined whether indeed an inaccurate weighting of the different
conformers is responsible for the deviation. Three conformers can be identified: The all-trans
conformer with extended alkyl-chain and two conformers with bended alkyl-chain, gauche+
and gauche-. The g+ conformer was identified as the one with the lowest Gibbs free energy.
This resulted in a population of 47% : 30% : 23% for g+ : trans : g-. In contrast, a study from
the literature found the all-trans conformer as the most stable one with a resulting population of
the conformers of 17% : 43% : 40% [289]. From this, one obtains a mean [-value higher than
that shown in figure 5.9, highlighting the importance of the correct conformer ensemble again.
Nevertheless, it was found by comparing experimental Raman spectra with DFT-calculated
Raman frequencies that the two gauche conformers are present, while a "large concentration"
of the all-trans conformer is also detected [289]. A quantitative population analysis of the
experimental spectrum was not given. Thus, when assuming a higher trans-population than
obtained by DFT-calculations of the present study, the calculated S-value could be brought into
accordance with the experimental one in the limits of the intensity uncertainty.

Additionally, a correlation factor g, # 1 might be present in the experiment, through which
the effective optical anisotropy might differ from the calculated one. However, in the rare
cases where correlation factors of ILs are reported in the literature, these are Kirkwood factors
g1, which were found to be slightly below one for imidazolium-based cations with a chain
length of n = 4, indicating anti-parallel ordering of the dipole moments [290]. As the dipole
moment of an imidazolium-based cation lies in the plane of the ring, just as the main axis of the
polarizability tensor does in cases of a short alkyl chain, this means for the g, correlation factor
that it should be above one when ¢; < 1, simply speaking. Thus, for the case of [C3C;Im][NTf,],
an orientation correlation is reasonable, which might be responsible for a larger effective
anisotropy parameter than the one found by DFT calculations. For longer alkyl-chains, it is
likely that the influence of the imidazolium ring on the ordering of the molecule reduces, and
effects like 7-stacking play a less important role due to the increasing influence of the alkyl
chain.

As discussed in section 4.1, information about the correlation factor g, can be easily obtained
also for highly flexible molecules, where the exact value of the anisotropy parameter can not
be well determined from DFT calculations by considering the temperature dependence of the
scattering intensity. Therefore, temperature-dependent light scattering data for [C3C;Im][NTf,]
are shown in figure 5.10, where the TFPI data are recorded in the intensity consistent way,
and the PCS data are shifted vertically such that they extrapolate smoothly to the TFPI data,
as indicated by the dashed lines between the two data sets. It is clear that the heights of
the a-peaks decrease with decreasing temperature. It was also tried to perform the shifting
according to the Curie law, i.e., to fix the height of the PCS spectra according to Ay T = const.,
as it was done in reference [179] for 1-phenyl-1-propanol. However, this led to unphysical
kinks between the TFPI and PCS data. Therefore, albeit there is, of course, some degree of
freedom when shifting the PCS data, the general trend of decreasing relaxation strength is
inherent to this data set.

That there is no prominent S-process in the spectra as it is the case for 1-phenyl-1-propanol,
which would render the linear interpolation erroneous, can be seen by the fact that a very weak
secondary peak shows up only below the glass transition temperature, i.e., when the strong
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Figure 5.10.: Temperature dependent DLS spectra of [C3C;Im][NTf,]. The TFPI data are
measured with correct relative intensities and the PCS data are shifted vertically
in such way that they extrapolate smoothly to the TFPI data, as shown by the
dashed lines.

a-relaxation has shifted outside the frequency window, as seen in the 170K spectrum. Its
frequency position and strength render it unlikely that a noteworthy [-relaxation contribution
is present in the frequency range of the interpolation. From these spectra, the peak areas are
calculated and plotted as Ay 7', which is proportional to the scattering intensity as seen in
equation 4.13, in dependency of the temperature in figure 5.11. Around room temperature,
TFPI measurements were performed in small temperature steps, as the peak intensity already
started to decrease in this range. It can be seen that above room temperature, the Ay 7" values
are constant within the limits of uncertainty, while they decrease markedly on lowering the
temperature. The error bars indicate the uncertainty of the absolute intensities due to the TFPI
measuring procedure.

These results indicate no orientational correlations above room temperature since the Ay T’
values do not change upon increasing the temperature, as would be expected when orientational
correlations diminish at high temperatures. Moreover, below room temperature, there is a
tendency of perpendicular ordering of the molecules — in the simple picture — as can be seen
by the decreasing intensity with decreasing temperature. This means that a correlation factor
g2 > 1 can be excluded to be the origin of the difference of the anisotropy factor § found by
experiment and DFT calculation for the case of [C3C;Im][NTf,].

Together, this means — at least — that from the point of the intensities, the light scattering
spectra are not in conflict with the idea that the two relaxational processes can be ascribed to
the cations and anions. Unfortunately, no stronger statement can be made in this regard since
the differences in the optical anisotropies of the various conformers are quite large, and thus
the mean £ value is highly sensitive to the population of the different conformer.
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Figure 5.11.: Intensity Ax 7T of the DLS data as a function of temperature. Dashed line is a fit
with a constant to the values of the five highest temperatures.

Influence of the anion

As a further test, a closer look at the shape of the light scattering spectra of samples without
the optical anisotropic [NTf,] anion should be taken in the following. When replacing this
anion with the optical isotropic [BF,], the anion contribution in the light scattering spectrum
should vanish, and just the cation contribution should remain. Additionally, it is possible to
choose a non-ionic molecule similar to the respective cation and see if its shape resembles the
IL with the optical isotropic anion, which is done in the following. The spectra of the ILs with
n = 8,12, each with [BF,] and [NTf,] anion, are compared to the one of octylimidazole (CgIm)
and dodecylimizadole (C;2Im), i.e., the non-ionic counterparts of the respective cations. The
spectra of the imidazoles were measured during the master thesis of Rolf Zeil3ler, supervised
by the present author. In figure 5.12, the structures of CgIm and [CsC;Im] are shown for a
visualization of the differences.
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Figure 5.12.: 1-Octylimidazole (CsIm) on the left and 1-octyl-3-methylimidazolium [CgC;Im]
on the right.

It can be seen that the only difference is the methyl-group on the second nitrogen atom present
for [CsCiIm], which is absent in the case of CgIm. Therefore, it can be expected that the
spectral shapes of the two molecules should be very similar. The same holds for the pendants
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with n = 12. The spectra of the six substances are shown in figure 5.13, where in the top
row, a masterplot is shown, highlighting the differences in the spectral shapes best. In the
lower row, the spectra are shown separately with corresponding fits. The substances with
alkyl chain lengths of n = 8 are shown in the left column. It can be seen that the spectra of
[CsC;Im][BF,] and CgIm almost perfectly superimpose and then naturally, the shape parameter
from the fit with a CD function are virtually identical. In marked contrast, the spectrum of
[CsC,Im][NTf;] is broader, indicating that a contribution is present in this IL, absent in the
other two substances. This is the most substantial evidence that indeed the optical anisotropic
[NTf,] anion is responsible for the additional relaxation process since the [BF,] anion is not
visible in the light scattering spectrum due to its optical isotropy, and no second component is
present in CgIm at all.

However, another feature of molecules comprised of a ring structure as a head group and a
long alkyl tail has to be considered additionally: It was observed for phenyloctane, as one of
the non-ionic liquids considered in section 4.1, that a bimodal spectrum shows up even in this
neat liquid, which can be seen in figure B.1 in appendix B. As a first guess, when considering
the molecular structure, one could imagine that one of the two processes might be due to the
rotation of the phenyl-ring, while the other one is due to the relaxation of the whole molecule.
If this simple picture is applicable, one could expect a similar contribution in the case of the
imidazolium cations. Therefore, the master thesis by Rolf Zeif3ler was devoted, i.a., to elucidate
the origin of the bimodal spectrum in the case of phenyl-alkanes and molecules with similar
structures. It could be shown by systematically varying the length of the alkyl chain as well as by
suitable mixing experiments that the faster process is due to the reorientation of the (phenyl)-
ring. When taking a closer look at the spectrum of Cglm in the left column of figure 5.13, one
can see that there is a very tiny hump on the high-frequency flank, which can be ascribed to the
rotation of the imidazole ring. The reason why this fast contribution is so weak in comparison to
the fast contribution in phenyloctane can be rationalized by the fact that the ratio of the squared
anisotropy parameter ( of a phenyl-ring and an imidazole-ring is approximately 2.8 as obtained
from DFT calculations, i.e., the light scattered by a phenyl-ring is almost three times more
intense than that scattered by an imidazole-ring. The 3?-value of an 1-methylimidazole ring as
present in the imidazolium cations is only 1.5 times higher than that of the imidazole ring, which
might explain the slightly broader peak of [CsC;Im][BF,] in comparison to CgIm. It should be
mentioned that the width of the phenyloctane spectrum is between that of [C3C;Im][BF,] and
[CsCiIm][NTf;]. Thus, although a dynamic contribution from the imidazolium ring might be
present in the octylimidazolium ILs, it can not be responsible for the spectral differences of
[CgCllm] [BF4] and [CgCllm] [NTfQ]

When turning to the right column of figure 5.13, where the same comparison of the different
substances is performed like in the left column, just for alkyl chain lengths of n = 12, one can
see that the situation here is more complex. Now, a bimodal spectrum is clearly seen by eye for
[C12C,Im][NTf,] as discussed above, but also for C;5Im, where the contribution of the faster
process is weaker than for the IL. In the case of [C;,C;Im][BF,], only one peak is observed,
however, with a distinct broadening on the low-frequency flank. It can be modeled with an
HN-function as shown in the lower panel. The other two spectra are fit with two CD functions
to account for the two relaxational processes. The vertical dashed line marks the positions of
these processes, and it can be seen that the separation of the peak maxima is almost identical
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Figure 5.13.: Comparison of the spectra with [NTf,] and [BF,] anion to the alkyl-imidazole
spectra. On the left hand side for octyl-chains and on the right hand side for
dodecyl-chains. In the upper row the data is shown as a master plot to visualize
the difference in shape, while in the lower row the data is shown with the
components of the fits.

for CioIm and [C1,C;Im][NTf,]. From the above discussion, it is clear that the fast, weak process
in the spectrum of C;5Im is due to the rotation of the imidazole ring. In the IL [C;5C;Im][NTf;],
the fast process should then be considered as a superposition of the weak rotation of the
imidazolium ring and the reorientation of the anion, which seem to take place on a very similar
time scale. However, the contribution of the anion is strong, and the intensity of the high-
frequency process can not be explained with the ring rotation alone, as the comparison with
the CjoIm spectrum clearly shows. Thus, it seems that the [NTf;] anion and the imidazolium
ring relax on very similar time scales, which is reasonable due to the Coulomb interaction
between the ring and anion. The long, non-polar alkyl-chains are excluded from these polar
regions and relax on slower time scales. In the case of [C;,C;Im][BF,], the ring rotation seems
to be too weak to be resolved and the isotropic anion does not contribute to the spectrum
either. The broadening of the low frequency flank is reminiscent of that in [C;,C;Im][NTf;] at
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low temperatures shown in figure 5.7 and is similarly observed for [CsC;Im][BF,] as discussed
in detail in section 5.3. Thus, its origin might be due to the dynamics of aggregates.

In conclusion, it has been shown in this subsection that the bimodality in the light scattering
spectra found for the ILs with long alkyl chains in the series of [C,,C;Im][NTf,] is mainly due
to the dynamic contribution of the optical anisotropic cations and anions being separated in
frequency. The strongest argument in favor of this is that the second relaxational process
vanishes or markedly weakens when the [NTf,] is replaced by the optical isotropic anion
[BF,] or when the spectrum of imidazole molecules are considered, respectively, which are
structurally very similar to the cations. However, it also got obvious that light scattering can
separately resolve motions from the ring, which appear on faster time scales than the dynamics
of the whole molecule. The results of the intensity considerations and the NMR measurements
from the literature are also in accordance with this picture. Therefore, as a next step, it should
be investigated if the separation of the dynamics of cations and anions is also reflected in the
spectra measured by dielectric spectroscopy and in the width of the glass transition step as
measured by differential scanning calorimetry.

5.2.2. Dielectric spectroscopy and differential scanning calorimetry

It is known from the literature that in binary mixtures of non-ionic molecules, the dynamics of
the two species might separate. This can lead to a broadened or bimodal dielectric spectrum
and a broadening or splitting of the glass transition step measured by DSC [240]. Therefore,
it is instructive to see if such behavior can also be found in ILs, with the knowledge from the
preceding section that at least in light scattering spectra the separation is visible when the size
of the cation is considerably larger than that of the anion. However, since the imidazolium-
based ILs with long alkyl chains, where the separation of the ion dynamics is largest, are
hardly supercoolable, other ILs with a marked difference in size of cations and anions have
to be chosen for dielectric and DSC measurements. Additionally, some remarks concerning
the dynamics, which are active in dielectric or DSC measurements and thus can broaden or
separate, are in order: As detailed later in section 5.4.2, the rotational dynamics of anions are
not resolved in the dielectric spectra, most probably due to their low dipole moment. Thus,
only the reorientation of the cations can be detected in the dielectric spectra, at most. This
means, of course, that no separation of rotational dynamics can be expected in the dielectric
spectra. Therefore, only the translational motions, i.e., the ion hopping process as described
by the MIGRATION model, is considered here in the case of dielectric spectroscopy. The glass
transition step measured by DSC represents the freezing of dynamic degrees of freedom as
they get slower than the time scale defined by the cooling rate. In principle, the glass transition
step involves rotational and translational degrees of freedom. This is best seen by considering
measurements on a system that can form a plastic crystal, such as ethanol [291, 292, 293].
There, it has been shown that the glass transition of the plastic crystal, i.e., the freezing of
only rotational motions, is accompanied by a smaller change in the specific heat than the glass
transition from the liquid state, where rotational and translational motion freeze jointly. Thus,
a separation of the ion dynamics, regardless of whether rotational or translational, may be
expected to show up as a broadening of the glass transition step since the degrees of freedom
of the slower ions will freeze at higher temperatures than those of the faster ions.
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To test these considerations, in a first step two ammonium-based ILs are chosen, one with
short chains and one with long alkyl-chains, namely [N 1 2011 [NTf,] and [Nggs1][NTfs]. The
cations are shown for visualization of the differences in figure 5.14.
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Figure 5.14.: Diethylmethyl(2-methoxyethyl)ammonium [N 20:] on the left and Methyl-
trioctylammonium [Nggs 1] on the right.

Both ILs lack a rotational contribution in their dielectric spectrum and are thus well suited for
a direct visual comparison of the shape of their ion hopping process. Such comparison can be
made by inspecting the left-hand side of figure 5.15, where the conductivity free representation

es.;(w) is shown as a master plot for temperatures where the relaxation time of the two ILs are
similar.
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Figure 5.15.: Comparison of the dielectric (left-hand side) and DSC data for [Ns 51 2011 [NTf;]
and [Ns s s1]1[NTf,]. Both spectra are broader in the latter case.

It can be clearly seen that the peak in the case of [Nggs;][NTf;] is broader than the one of
the IL with the short chains. Additionally, the glass transition steps as measured by DSC are
shown on the right-hand side of figure 5.15. In analogy to the dielectric spectra, the glass
transition step is broader in the case of the cation with the long alkyl-chains. Together, this
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example shows that the translational dynamics as measured by dielectric spectroscopy and
the dynamic degrees of freedom involved in the glass transition are more heterogeneous in
the case of the larger size difference of cation and anion. This is in full accordance with the
results obtained by light scattering measurements in the preceding section, where, however,
rotational dynamics is probed. For a more quantitative assessment of the broadening of the ion
hopping process and the glass transition step, fit parameters are compared in the following. To
this end, the DSC data obtained at a heating rate of 80 K/min are fitted with the TNMH model
(see section 3.3), which is shown on the left-hand side of figure 5.16 for a variety of ILs.
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Figure 5.16.: On the left-hand side, glass transition steps for several ILs are shown. The
broadening of the step increases from top to bottom. On the right-hand side,
the TNMH stretching parameter Srnvy is correlated to the stretching parameter
A obtained by fitting the dielectric data with the MIGRATION model.

The reason for choosing the heating rate of 80 K/min is that there the signal to noise ratio
is largest, and usually, the least artifacts appear, and thus best comparability is given at this
heating rate. The stretching parameter Sryyy obtained by the fit is used as a measure of the
broadening of the glass transition step. fSrnvy is directly related to the slope of the increasing
flank and to the actual width of the glass transition step as determined by the onset and end
temperatures. This can be seen in reference [294], where the shape of the glass transition
step is shown in dependency of the TNMH fit parameters. The width is sometimes used in
the literature for a measure of the broadening [295]. However, since it also depends on the
activation energy, Stnmu, as obtained by the fit, seems to be a more suitable measure for
the stretching of the glass transition step. It should be noted that the Sryyy parameters are
dependent on the heating rate, which, however, does not impact the comparison with the
dielectric stretching parameters as performed below, as a similar correlation can be found
for other cooling rates in the limits of uncertainty. The dielectric stretching parameter, as
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obtained by fitting with the MIGRATION model, is found to be temperature-dependent but
leveling off to a constant value at low temperatures near the glass transition, as detailed later
in section 5.4.1. Therefore, this constant low-temperature value is compared with the glass
transition step stretching from DSC measurements. This comparison is made on the right-hand
side of figure 5.16.

It can be clearly seen that a strong correlation between the TNMH and MIGRATION stretching
parameters is present for the various ILs. In addition, there is a tendency for the broadening to
be more pronounced in ILs where the size difference between the cation and anion is larger.
This implies, on the one hand, that the separation of the dynamics of cations and anions with
an increasing difference of their sizes, as observed by light scattering in the preceding section,
is also reflected in the translational motions of the ions as probed by dielectric spectroscopy.
This also highlights the fact that both ions are taking part in this ion hopping process, i.e., the
separation is not as large as, for example, in the case of CKN or polymerized ILs, where only one
species is responsible for the ion hopping process, while the other is already immobilized. On
the other hand, the correlation of the dielectric stretching parameter with the one obtained by
DSC measurements shows that either the glass transition step is dominated by the translational
motions or that translational and rotational degrees of freedom, which should both contribute
to the glass transition step, are highly coupled. In order to test this, it is instructive to
compare not only the stretching parameters but also the time constants from dielectric and DSC
measurements. Together with the reorientational relaxation times from PCS measurements,
this should give a conclusive picture.

Therefore, in figure 5.17 the time constant of five ILs with at least one octyl-chain are compared,
where a separation of the cation and anion dynamics is expected from the results of the
preceding section due to the size difference between cation and anion.

The dielectric time constants, which are obtained from the MIGRATION model as detailed
in section 5.1, are shown as solid squares, while the calorimetric time constants 7, extracted
via the TNMH model for five cooling/heating rates and five different definitions of the glass
transition temperature, as described in section 3.3, are shown as crosses. The solid lines are
fits with a VFT equation (equation 2.7) jointly to the dielectric and calorimetric time constants
of each IL. It is clear that the fit describes the data quite well, indicating that the translational
motions as probed by dielectric spectroscopy are closely connected to the freezing of the degrees
of freedom as measured by DSC, not only by the stretching parameter but also by the time
constants.

It is now interesting to see how the rotational time constants fit into this picture. Therefore,
the two ammonium-based ILs, one with short and one with long chains, as already compared
above and shown in figure 5.14, are chosen again. In the case of [Ns g5 1][NTf2] a bimodal PCS
spectrum is reported in the literature [106], while only one relaxational process is observed for
[N 212011 [NTf;] in this work. The two insets of figure 5.17 compare the dielectric and light
scattering time constants for these two liquids. It can be seen that the dielectric time constants
are located right between the light scattering relaxation times from the literature in the case of
[Nsss1][NTf,]. For the IL with short chains, the light scattering time constants closely follow
the dielectric spectroscopy pattern, with slight separation at high temperatures and an almost
perfect agreement at lower temperatures. The light scattering and dielectric spectra of the
two ILs are directly compared in figure 5.18 for a selected temperature. [Ngg s 1][NTf;] could
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Figure 5.17.: Ion hopping correlation times from the MIGRATION model (solid squares) and
calorimetric correlation times from the TNMH model (crosses) for ILs with octyl-
chains. Solid lines are VFT-fits to dielectric and calorimetric time constants
combined. Insets: Comparison with correlation times from depolarized dynamic
light scattering. DLS data of [Ng g5 1] [NTf,] adapted from [107].

only be measured for three temperatures during this work in the PCS setup due to interfering
crystallization, which is why the time constants from the literature are used above. However,
the data are in agreement with the literature. It can be seen that a single peak is present in
the light scattering spectrum of [Ns 11 201]1[NTf;], like it is the case for the dielectric spectrum,
while the light scattering spectrum of [Ngg s 1]1[NTf,] is clearly bimodal. The single peak in the
dielectric spectrum is located right between the two light scattering processes, already implied
by the time constants in figure 5.17.

Together, a possible interpretation of these findings may be as follows: For the IL with a cation
equipped with short chains, the rotational and translational dynamics of cations and anions
are similar and highly coupled, resulting in a single peak spectrum in light scattering and
dielectric spectroscopy with similar relaxation times. In the case of [Ng g s 1 ][NTf;], the bimodal
light scattering spectrum arises due to the separation of the cation and anion dynamics as a
consequence of their difference in size. The dielectric spectrum may be regarded as an average
over the translational dynamics of the two ion species, resulting in a broadened process located
between the two reorientational processes.

Although this picture looks pretty conclusive, it must be noted that the slow process of
[Ngss1][NTf,] observed by PCS was attributed in the work by Griffin et al. to the reori-
entational motions of long-lived alkyl aggregates and not to cations, while the faster process
was assigned to the structural a-relaxation [106]. This was done based on rheology measure-
ments, where the Maxwell relaxation times were found to coincide with the fast light scattering
process and the hydrodynamic radius calculated using the viscosity and the Debye-Stokes-
Einstein equation (equation 2.2) for the slow process agreed with the length scale obtained from
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Figure 5.18.: Comparison of dielectric and light scattering spectra for the two ILs
[N2,2,1,201] [NTf,] and [N8,8,8,1] [NTf,].

the pre-peak in X-ray measurements. The fact that the ion hopping process is notably slower
than the a-relaxation was tentatively explained by the presence of the hydrophobic aggregates,
which slow down the ion translational dynamics. Thus, the interpretation of the spectra of
[Ngss1][NTf,] in the literature is different from the one performed in this work. Therefore,
another IL will be discussed in the following subsection, namely [Py4¢ 6 ¢][Cl], where it is hoped
that discrimination between cation and aggregates dynamics might be more straightforward.
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5.2.3. The special case [P146 ¢ 6][Cl]

The IL trihexyl(tetradecyl) phosphonium chloride ([P146,6]1[Cl]) was chosen for several reasons.
On the one hand, it comprises the cation with the largest alkyl chain in this study, where at
the same time, the chloride anion is the smallest anion of this study. With the results of the
two previous subsections in mind, this is supposed to lead to a large dynamical separation of
the dynamics of the two ion species. On the other hand, the chloride anion is not visible in
light scattering spectra due to its optical symmetry. Thus, the occurrence of two dynamical
processes might directly indicate the presence of a dynamical contribution of the aggregates
and no confusion with the separated dynamics of cations and ions is possible as discussed
in the preceding subsection for [Ns g s1][NTf;]. Moreover, the existence of a pre-peak in the
structure factor indicates the presence of supramolecular aggregates and dielectric studies on
supercooled [Py4666][Cl] exhibited no interfering crystallization [296, 297, 298, 299, 300].
Thus, this IL seems to be a good candidate for studying a large dynamical separation of cation
and anion that should be easily discriminated from aggregate contributions.

At first, the light scattering spectra for selected temperatures are shown in figure 5.19. It can
be seen that at 550 K the main peak is highly broadened and merged with the microscopic
dynamics. Thus, the shape of the main relaxation can be obtained only very approximate by
fitting the data. On lowering the temperature, the spectra stay very broad at first, and only at
temperatures near the glass transition does the main peak separate from a secondary peak.
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Figure 5.19.: Light scattering spectra of [P, ¢6][Cl] at selected temperatures.

The black lines are fits with a sum of a CD and a HN function accounting for the a- and
p-process in the case of the PCS data, respectively. The TFPI spectrum is fitted with a HN
function and two Brownian oscillators. However, since the data quality is poor due to the low
scattering intensity and the highly merged dynamical processes, this fit should be considered
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cautiously. The huge [-relaxation is unusual, and it is reminiscent to some extent of the
dielectric spectra of sorbitol or the light scattering spectrum of 3-methyl-2-butanol [301, 45],
both being hydrogen bonding liquids. Nevertheless, the temperature-dependent intensity, as
well as the Arrhenius behavior of the relaxation times (shown in figure 5.23), clearly identifies
this process as a §-relaxation. A comparison with dielectric data shows that only an extremely
weak sign of an additional process in the dielectric data is present at those frequencies where
the secondary relaxation is visible in the light scattering spectra. However, another secondary
relaxation shows up in the dielectric spectra only at lower temperatures and higher frequencies,
as was already observed in the literature [299, 300]. This indicates that the motions involved
in the light scattering -relaxation result in a pronounced change of the anisotropic part of the
polarizability tensor while almost not affecting the orientation of the dipole moment. Such a
scenario could be rationalized with motions of the non-polar alkyl chains independent of the
polar core of the cation. In order to better visualize the evolution of the light scattering shape
with temperature, a masterplot is shown in figure 5.20 for selected temperatures.
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Figure 5.20.: Master plot of the light scattering spectra of [P146 6] [Cl].

One can clearly see that the shape of the primary relaxation changes little from 550 K down to
230K although the spectrum is dominated at high frequencies by the microscopic dynamics or
the (-relaxation for the high and the low temperatures, respectively. Starting around 215K
and below, the secondary relaxation is separated enough from the main relaxation that high-
frequency flank of the latter gets visible. Most importantly, no additional slow process appears
at any temperature, which could be connected to the dynamics of aggregates. Only at 550K a
slight broadening of the low-frequency flank might indicate an additional contribution. However,
the data quality is not sufficient to state this with certainty, and higher temperatures could not
be measured due to the limiting temperature of the oven and the decomposition temperature
of [P14666][Cl] [302]. Nevertheless, it should be mentioned that it was found in the literature
that the pre-peak intensifies with increasing temperature [296], i.e., just the opposite trend as
for other ILs. Therefore, it might indeed be possible to see an aggregate contribution only at
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high temperatures. The light scattering results indicate a tiny aggregate contribution at the
highest temperature at most, while the main a-process is due to the reorientation of cations.
The separation of the anion dynamics from this process should be addressed in the following,
using dielectric and calorimetric results, since the chloride anion is not visible in the light
scattering spectrum.

The dielectric spectra for three selected temperatures are shown in figure 5.21. The conductivity
free representation €, (w) exhibits a clear single peak, indicating that only the conductivity
relaxation is visible in these spectra. Accordingly, the black lines are fits with the MIGRATION
model without an additional process. The quality of the fits is quite good, however, not as good
as in the case of the other ILs where only the conductivity relaxation is visible, as shown above,
even though N, was left here as a free fitting parameter. The deviations are best seen in the
€4 (w) representation.

102 109 102 104 106 102 109 102 104 106
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Figure 5.21.: Dielectric spectra of [P146¢][Cl] in six representations at three selected temper-
atures. Black lines are fits with the MIGRATION model.

The attempt to fit the data with an additional CD function resulted in a marginally better
description of the data, but the time constants from this CD match perfectly those from the
MIGRATION model at all temperatures, indicating that indeed only one relaxational process is
present in the spectra, which, however, is not captured perfectly by the MIGRATION model
for unknown reasons. In this respect, it is important that at high temperatures, also only
conductivity relaxation was reported in the literature without a sign of dipolar relaxation [85].
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The trends of the fit parameters of the MIGRATION model are in agreement with the one for
the other ILs, i.e., the stretching parameter )\ as well as the dielectric strength Ae increase with
decreasing temperature. Thus, [P14666][Cl] is another example for an IL without an additional
slow relaxation process, despite its long alkyl chains and the presence of a pre-peak in the
structure factor [296]. The relaxation times of the conductivity relaxation will be compared to
those from light scattering after addressing the calorimetric data.

A heating curve measured at 20 K/min is shown in figure 5.22 in the d7’/dT representation.
For comparison, shifted data for [Nggs1][NTf,] obtained at the same heating rate is also
shown as black squares. The by far most eye-catching feature in the [P146¢][Cl] data is
the massive enthalpic overshoot at the glass transition step. This leads to a very broad glass
transition region. No other substance measured in this work shows a comparable overshoot.
When modeling this glass transition step with the TNMH-model, a slightly higher stretching
parameter Srnvn ~ 0.64 and a slightly lower non-linearity factor x ~ 0.25 compared to the
other ILs contained in figure 5.17 is found, which account for the substantial overshoot. When
determining the fictive temperature of this data set by the area matching method, as indicated
by the shaded areas in figure 5.22, it can be seen that 7% is located at the lower end of the
glass transition step due to the fact that the blue area must match the area of the overshoot
plus the small area on lower temperatures than 77.
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Figure 5.22.: Glas transition step of [P146¢6][Cl] compared to the one of [Nggs][NTf;],
highlighting the enormous enthalpy overshoot in the former case. The shaded
areas indicate the determination of the fictive temperature. The inset shows the
DSC trace below the glass transition step, where no hint of a second step can be
found.

Thus, the significant overshoot is directly connected to a low fictive temperature, indicating
that a notable enthalpy relaxation has occurred during the cooling below the glass transition
step. This phenomenon is known to take place in cases when the material is aged below the
glass transition temperature, i.e., when an out of equilibrium glass is allowed to relax for a
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certain amount of time towards the equilibrium [193, 303]. The enthalpy lost during this
aging is recovered upon heating which leads to a larger overshoot for longer aging times. This
behavior is demonstrated in figure B.2 in the appendix, where a huge increase of the overshoot
can be seen with increasing aging time for the example of 1-phenyl-1-propanol.

Thus, now the question is, which molecular motions might be responsible for the enthalpy
relaxation in the case of [Py4¢66][Cl] during the usual cooling run, where no additional aging
time was allowed. To this end, all relaxation times of the light scattering, dielectric and
calorimetric measurements are shown in figure 5.23. The red dashed line is a VFT fit to the
light scattering a-relaxation or an Arrhenius fit to the g-relaxation, respectively.
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Figure 5.23.: Arrhenius plot of the time constants of [P14,6][Cl] from different experimental
techniques. Inset shows the ratio of the light scattering and the conductivity
relaxation times.

It can be seen that the light scattering time constants merge with the one of the conductivity
relaxation near the temperature where the a- and [-relaxation start to separate. At lower
temperatures, the dielectric relaxation times, separate from the a-relaxation, although also
following a VFT slope rather than an Arrhenius one. The separation between the light scattering
and dielectric relaxation times is shown in the inset as 7pcs/7sps. In the case of the calorimetric
data, the five different sets of time constants are shown for the different definitions of the glass
transition temperature. The calorimetric time constants for the top, half, and onset temperature
are clustered near the dielectric relaxation times. The one for the high-end temperature of
the glass transition step and the one for the fictive temperature, which is located at the lower
end of the glass transition step, as shown in figure 5.22, have to be considered with great care
since they are both dominated by the influence of the enthalpic overshoot. The calorimetric
relaxation times at the fictive temperature display a markedly weaker temperature dependence
than those at the other temperatures, leading to an overall slope of the calorimetric time
constants reminiscent of a fragile to strong transition. Such a transition has been observed
in the literature for the conductivity relaxation times of several ion conductors [63, 90, 304,
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305]. To test whether this change of slope is also followed here by the conductivity relaxation
times, the dielectric data obtained by the Alpha-Analyzer setup does not extend to sufficiently
low frequencies. Therefore, modulus measurements with the time domain setup have been
performed, which is described in detail in reference [20], and the modulus time constants are
shown as open squares in figure 5.23, where Alpha-Analyzer and time domain measurements
are combined. It is directly clear that these data do not follow the low-temperature DSC slope
but continue in a VFT-like manner. From that, it must be concluded that the fictive temperatures
are highly influenced by the large enthalpic overshoot and thus do not reflect the real dynamics.
The open question remains, which dynamics is responsible for this enthalpy overshoot, i.e.,
which relaxations take place at temperatures below the glass transition step to drive the glassy
system towards equilibrium. The two possibilities are the conductivity relaxation on the one
hand, which is notably separated from the cationic relaxation times, as measured by light
scattering, and the secondary relaxation on the other hand, which has been attributed above
to movements of the alkyl chains.

Since the conductivity relaxation is most probably strongly influenced by the dynamics of
the anions being faster than the cations, this leads to a very similar picture as in the case of
[Nsss1][NTf:], discussed in the preceding section. The difference for the case of [P146¢,6][Cl]
is that the dynamics of the anion is not visible in the light scattering spectra. Thus, the
reorientation of the large cations is slower than the conductivity relaxation, which agrees to
good approximation with the DSC time constants, and the reorientation of the anions would
most probably appear on even shorter timescales, if visible in the spectra. Of course, the
separation of the cationic and the conductivity relaxation is larger in the case of [P14666][Cl]
than it was for [Ngs s1][NTf,]. However, it seems unlikely that the separation is large enough
to cause the large enthalpic aging. Instead, it seems more likely that the strong secondary
relaxation, which is still active far below the glass transition temperature, is responsible for the
enthalpic overshoot. There are hints in the literature that 5-processes indeed contribute to the
physical aging of glassy substances [303, 306, 307].

Thus, it has been shown that [P146¢66][Cl] shows some peculiarities not seen in other ILs of
this study, like the huge [-relaxation in the light scattering spectrum and the accompanied
enthalpic overshoot in the DSC trace. Also, the increasing separation of the cation dynamics
from the conductivity relaxation with decreasing temperature was not observed in other ILs
and is probably caused by the large difference in size between the cation and the anion.
However, although [P14666] is the largest cation in this study, no dynamic signatures of an
aggregate relaxation could be found in any of the experimental methods. Furthermore, due
to the similarity of the appearances of the various relaxation processes to [Nggs1][NTf,], it
supports the assignments to the microscopic origins made in the previous section.

105



5.3. Dynamics of nanoscale aggregates

As discussed in detail in section 2.2, many studies in the literature were devoted to the search
for dynamic signatures of aggregates formed by cations equipped with long alkyl chains after
their discovery by X-ray scattering experiments [73]. Spectral features were indeed found for
several ILs using different experimental techniques, which were assigned to the dynamics of
aggregates. In table 5.1, ILs are listed for which nanostructurization was found in at least one
experimental technique. Most of these ILs are also addressed in this work or are structurally
similar to those treated here. The v'symbol means that a spectral feature was found in the
literature indicated, which was assigned to the presence of aggregates. The X symbol means
that a contribution of aggregates to the respective spectrum was either explicitly excluded
or that the observed spectral features were assigned to different origins without necessarily
mentioning aggregates. The question marks denote that there seems to be no study with that
respective technique for the particular IL. Where no references are given after the symbols, the
findings are from this work, some in anticipation of subsequent discussions. Furthermore, it
should be noted that some of the assignments made in the literature are not confirmed in the
present work, as shown below.

IL X-ray? BDS DDLS Rheo.

[CsCiIm][BF,] v [73] v [98] v v [98]
[CsCiIm][NTHf,] v [73] v [98] X ?
[Ng 2o s [NTf;] ? v [95] X [95] ?
[Nsss1][NTE;] v [74] X [106] v [107] X [106]
[P2228] [NTf,] v [105] v [105] X [95] X [105]
[Py4.48] [NTE,] X [105] X [105] ? X [105]

[P146,6,6] [Cl] v [298] X X ?

Table 5.1.: Table of several ILs where aggregates were found using different experimental
techniques as indicated.

As can be seen, the picture is rather inhomogeneous in that sense that the identification of
aggregates with a particular experimental technique does seemingly not imply that a signature
of those nanostructures is also observed necessarily with other techniques. Also, the fact
that a certain experimental method seems to be capable of detecting a dynamic signature of
aggregates in principle does not mean that it is able to detect it in all ILs.

In respect thereof, it should be emphasized that the presence of aggregates is often declared
based on the mere appearance of an additional spectral feature. However, as has been shown
in detail in section 5.2, the separation of cation and anion dynamics can also lead to a bimodal
spectrum in dynamic measurements, unrelated to the presence of nanostructures. Likewise,
the appearance of a pre-peak in X-ray scattering measurements does not inevitably signal
the existence of aggregates. It was, for example, highlighted in reference [76] that spacing
of polar regions by the cationic alkyl-tails might lead to a pre-peak without the existence of

2Either experimental or simulated
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aggregates. In this respect, a method was proposed by Cosby et al. [105], to determine whether
the pre-peak can be explained without invoking aggregation: They used the Tanford equation

lmax = 1.5A + 1.265 A/CH, n, (5.10)

where n, is the number of carbon atoms in the alkyl-chain [308], to obtain the maximal length
of a fully extended alkyl chain. In cases where [,,,x was found to be larger than the spatial
correlation length determined by the ¢-value of the X-ray scattering pre-peak as L = 27 /¢y, the
occurrence of the pre-peak was no longer connected to aggregation. Together, this means that all
spectral features have to be checked very carefully before assigning them to nanostructurization.
Such a detailed treatment is performed below for the IL [C3C;Im][BF,], which — in anticipation
of the result — is the only IL of this study where the slow relaxational process found in light
scattering measurements can be safely assigned to the dynamics of aggregates, taking into
account all data from the different experiments listed in table 5.1. As mentioned in section 5.2.1,
in the light scattering spectra of [C;,C,;Im][BF,] and [C,,C;Im][NTf;], a broadening of the
low frequency flank or a additional relaxational contribution at low frequencies and low tem-
peratures were observed, respectively. These features were tentatively ascribed to aggregates
dynamics, however, they could not be measured in a significant temperature range due to
interfering crystallization. Thus, the assignment remains questionable.

In the case of [CsC;Im][BF,], crystallization is not observed, and the IL can be measured in
the whole temperature range. As indicated in table 5.1, this was done in the literature and
bimodal spectra were observed in dielectric and shear mechanical spectra, where the slower of
the two relaxational processes was identified with the dynamics of aggregates in both cases
[98]. Additionally, a pre-peak was observed in X-ray scattering measurements, from which the
spatial correlation length L ~ 22 A was deduced [73]. When comparing to the length of a fully
extended octyl-chain of 11.6 A, calculated by equation 5.10, it is clear that the experimental
correlation length is almost twice the size of the all-trans octyl chain, implying that indeed
aggregates are responsible for the occurrence of the pre-peak, following the above reasoning of
Cosby et al. In light of the discussion in section 5.2 about the conformers of the cation, it is
even more likely that the octyl-chains are curled instead of being fully extended. Moreover,
the experimental pre-peak shift to even lower ¢-values, i.e., the size of the structures increases
with decreasing temperatures. Thus, [CsC;Im][BF,] seems to be the ideal candidate for the
search of aggregate dynamics in the light scattering spectrum. As a first step, data is shown
at 400K obtained by TFPI measurements together with data at 205 K as a master-plot on the
left-hand side of figure 5.25. For comparison, two spectra of [CgC,;Im][NTf;] with a similar
temperature difference are shown on the right.

In the latter case, the spectrum narrows slightly with decreasing temperature, as already seen
before in figure 5.7. In contrast, the spectrum of [CgC;Im][BF,] broadens at frequencies slightly
lower than the peak frequency at low temperatures. At even lower frequencies, the reason for
this is visible, as a weak additional relaxational contribution appears, leading to the apparent
broadening of the low-frequency flank of the main peak. As discussed earlier, the main peak
is due to the reorientation of the cation in this IL since the optically isotropic anion does not
contribute to the spectrum. Thus, it seems plausible that the additional slow process appearing
at low temperature might indeed be a signature of aggregate dynamics. However, in order to
confirm this assignment, a detailed comparison with other experimental techniques should be
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Figure 5.24.: Light scattering spectra at a high and a low temperature superimposed for
[CsC;Im][BF,] on the left-hand side and for [CsC;Im][NTf;] on the right-hand
side.

performed in the following to support this idea. As a first step, temperature-dependent PCS data
is compared to the features of the X-ray scattering pre-peak. As mentioned above, the pre-peak
intensity was found to increase with decreasing temperature, indicating that more aggregates
are present at lower temperatures. Additionally, the size of the aggregates increases, as seen
by the position of the pre-peak [73]. Thus, the question is, how these features are expected to
influence the appearance of the slow relaxation process in the light scattering spectrum if it has
the same microscopic origin as the pre-peak. An increasing number of aggregates should lead
to an increasing relaxation strength of the associated peak in the light scattering spectrum,
as can be seen by equations 4.14. At the same time, the intensity of the cation peak should
decrease as more and more cations take part in the aggregate process. Thus, it is irrelevant
that the absolute scattering intensity is not known from the PCS measurements alone, as the
intensity of the aggregate process is expected to increase relative to the cation contribution.
And since the PCS data is normalized, an increasing relaxation strength of the low-frequency
process could be directly associated with an increasing number of aggregates. The increasing
size of the aggregates can be rationalized to appear in the light scattering spectrum as follows:
Assuming rotational diffusion for both the single cations and the aggregates, one can see
by using the Debye-Stokes-Einstein equation (equation 2.2) that the relaxation time of the
aggregates in comparison to that of the cations should increase for increasing aggregate size,
i.e., increasing hydrodynamic radius r. Hence, the ratio 7,4, /7, is expected to increase with
decreasing temperature. In figure 5.25, the PCS data are shown from 225K down to 192.5K
on the left hand side. Fits are indicated as solid lines, where a superposition of a CD function
for the weak, slow process a HN function for the a-process are used. An additional CC-function
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for the secondary relaxation for temperatures below 215K is used.
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Figure 5.25.: Temperature dependent light scattering spectra of [CsC;Im][BF,] on the left-
hand side including fits with a CD plus a HN and a CC function, accounting for
the slow, the main and the secondary relaxation, respectively. On the right-hand
side, the ratio of the time constants of the slow and the main relaxation are
shown together with the size of the aggregates obtained by X-ray measurements
from the literature [73]. Below that, the strength of the slow light scattering
process is shown in dependency of the temperature.

The reason for using a HN function for the cation reorientation is that the broadening between
this peak and the low-frequency process could not be described otherwise. The fits describe the
data very well, and the fit parameter A,g, i.e., the relaxation strength of the aggregate process,
as well as the ratio of the relaxation times 7,¢,/7, are shown on the right-hand side dependent
on temperature. There, also the temperature-dependent size of the aggregates as obtained
from the pre-peak position in reference [73] is shown. It can be seen that the temperature
dependence of these two values is identical in good approximation. Additionally, the size of
the aggregates can be calculated from the PCS measurement using the relaxation time of the
slow process and the viscosity in the DSE equation. The viscosity of = 2.4x10° Pas is taken
at 200K from a master plot of the real part of the mechanical shear data from reference [98],
which are courtesy of Taylor Cosby and are shown again later. Employing the DSE, this gives a
hydrodynamic diameter of d ~ 22 A, which is in favorable accordance with the value of the
correlation length deduced from the pre-peak at 200K of 23 A.

The relaxation strength A,,, can not be compared quantitatively to the intensity of the pre-peak
because it is not given in absolute measures in reference [73]. However, the quantitative
behavior, namely the increasing intensity with decreasing temperature, is identical in the
PCS and the X-ray scattering spectra. Together, this means that the slow additional process
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found in the PCS spectra has not only the same temperature-dependent properties as the X-ray
scattering pre-peak, but also the actual size of the aggregates performing rotational diffusion
compares excellently with the X-ray scattering results. This is a strong indication of a common
microscopic origin, reflected in the rotational diffusion of nanoscale aggregates in the PCS
measurements and in a structural low ¢-peak in X-ray scattering.

As a next step, the light scattering data should be compared to the other dynamic measurements,
i.e., dielectric spectroscopy and rheology from the literature. Since in both methods, two
relaxational processes were detected, the slower of which was assigned to aggregate dynamics,
it can now be expected that the time scale of the slow process coincides with the slow process
in the PCS spectra. To directly compare the data, the € (w) representation of the dielectric
data was chosen, and the rheology data from the literature is presented as a master plot in the
imaginary part of the viscosity n”(w) in figure 5.26. This representation has two advantages
over the commonly used shear modulus G”(w), as demonstrated by Arrese-Igor et al. [309]: At
first, multimodal behavior is strongly highlighted in this representation, which is often only
seen as a very weak shoulder in G”(w). Second, the peak position was shown to be directly
comparable to the one from dielectric spectroscopy, thus also to the one from light scattering,
unlike the modulus peak, which is naturally located at higher frequencies. The comparison of
the spectra at 200K is shown in figure 5.26.
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Figure 5.26.: Comparsion of the spectra obtained by different experimental methods for
[CsCiIm][BF,] at 200K. Black dashed lines are guides to the eye. Shear-
mechanical data are courtesy of the authors of [98].

The fit of the dielectric data is also shown to highlight the bimodality already observed in
the literature [98]. Details of the dielectric fits are given later in section 5.4.2. The shear
mechanical data n”(w) displays a pronounced bimodality. The low-frequency peak corresponds
to a shoulder in the low-frequency flank of G”(w) as shown by the original authors, which they
assigned to the dynamics of the aggregates as they did for the slow dielectric process [98]. By
comparison with the light scattering data, however, it is obvious that the slow shear mechanical
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as well as the slow dielectric process almost perfectly coincide with the a-relaxation of the light
scattering spectrum, which was identified with the reorientation of the cation. The dynamics
of the aggregates, i.e., the slow process in the light scattering spectrum, are located at notably
lower frequencies. At those frequencies, the electrode polarization overshadows all relaxational
contributions which might be present in the dielectric spectra. Thus it is not possible to resolve
the aggregate relaxation in the dielectric spectrum. In the shear mechanical spectrum, on the
other hand, it can be observed that the slope of the low-frequency flank is not proportional to
w!, as would be expected for pure viscous flow. This might indicate that a small contribution
from aggregates is present in this frequency range in accordance with the light scattering data.
In fact, it has been shown in monohydroxy alcohols that the w! behavior is restored on time
scales of the Debye relaxation, which is also sometimes assigned to supramolecular dynamics.
However, more detailed measurements are needed to adequately cover those low frequencies
in order to observe the crossover to w! behavior. Additionally, it should be noted that recent
MD simulations have shown that nanoscale structures hardly contribute to the shear stress
[310]. Thus, they might be hard to resolve.

The high-frequency peak of the rheology data has no counterpart in the light scattering data,
but it coincides with good approximation with the conductivity relaxation in the dielectric
spectrum. Thus, when assuming that the conductivity is dominated by the small [BF,] anions,
it seems plausible that the fast shear mechanical process is due to the anions, i.e., the cation
and anion dynamics are separated because of their size difference and are therefore visible
as two relaxational processes in the viscosity spectrum. This reasoning is perfectly in line
with the results from section 5.2.1, where the bimodality in the light scattering spectrum was
explained by separated cation and anion dynamics. Here, however, the anion is not visible in
the light scattering spectrum due to its optical isotropy, but its contribution is seen separated
from the cation dynamics in the rheology spectra, similar to the bimodal spectra found for
binary mixtures [57]. This means that neither the slow dielectric process nor the slow shear
mechanical process can be identified with the dynamics of the aggregate, which are located at
even lower frequencies in the light scattering spectrum. Instead, these processes seem to be
due to the cation dynamics.

In order to compare the time constants from the different experimental techniques, also in
dependency of the temperature, Arrhenius-plots are shown in figure 5.27. On the left-hand
side, the entire temperature range is shown, including high-temperature measurements using
the TFPI setup, while on the right-hand side, zoom to the low-temperature range is shown,
where the time constants from rheology are included. The latter are obtained by using the
peak positions of the master-plot of n”(w), as shown in figure 5.26, and the shift factors of the
respective temperature.

It can be seen that the aggregate process as identified in the PCS spectra is the slowest at all
temperatures. The calorimetric time constants agree very well with conductivity relaxation
times, as already seen in figure 5.17. The blue dashed line is a VFT-fit combining these time
constants. The slow dielectric relaxation is similar or slightly slower than the cationic process
from light scattering. The slow shear mechanical time constants agree at low temperatures with
the cation time constants. The fast rheological process agrees at low temperatures with the
conductivity relaxation and the calorimetric time constants. At higher temperatures, however,
they deviate markedly from those relaxation times. Assuming that the two shear mechanical
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Figure 5.27.: Arrhenius plot of the time constants of [CsC;Im][BF,]. On the left hand side,
the whole temperature range is shown and on the right hand side only the
low temperature range is depicted. There, also rheological time constants are
included.

relaxations are indeed due to cation and anion dynamics, the reason for this deviation is probably
the non-validity of time-temperature superposition. As can be seen, the conductivity relaxation
times and the cationic time constants approach each other by increasing the temperature. Thus,
assuming time-temperature superposition for these two processes in the rheology spectrum
must fail. This is supported by the fact that the time constants obtained from a master-plot in
the modulus representation, as done in the original publication [98], leads to slightly different
relaxation times at high temperatures.

However, it is surprising that the correlation times obtained in G*(w) and n”(w) are virtually
identical at least at low temperatures since usually, modulus relaxation times are faster. As there
seems to be no consensus in the literature about the question of which relaxation times from
rheology measurements should be compared to the one from other experimental techniques
[98, 311, 309], some uncertainty might be present in the comparison. However, irrespective
of which representation is chosen, be it the modulus, the viscosity, or the compliance, in no
case does the slow rheological process coincide with the aggregate process observed in light
scattering, but its time scale is always similar to the cation reorientation.

Thus, from all the above discussion, it has to be concluded that in the case of [CsC;Im][BF,],
the dynamic signature of aggregates is observed as a slow contribution in the light scattering
spectra. Its temperature dependence matches those of the X-ray scattering pre-peak, and also,
the hydrodynamic radius obtained from light scattering is in accordance with the correlation
length deduced from the pre-peak. However, the slow process found in the dielectric and shear
mechanical spectrum can not be connected to the aggregate dynamics, as they appear on the
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time scale of the cation dynamics as determined by light scattering measurements. This is in
contrast to a previous interpretation in the literature [98]. Here, the bimodality in the rheology
spectra is tentatively ascribed to the separation of cation and anion dynamic, as has been found
to appear in light scattering spectra for ILs where both ions are optically anisotropic, which
is also known to appear in shear mechanical spectra of binary mixtures [57]. The aggregate
dynamics might be active in rheological measurements as well. However, to confirm this,
measurements at lower frequencies are needed, ideally with a setup covering several orders of
magnitude in frequency, to circumvent the problem of failing time-temperature superposition.
In the case of dielectric spectroscopy, the conductivity relaxation appears on similar time scales
as the fast shear mechanical relaxation, which might indicate that the conductivity is dominated
by the anion dynamics, at least at those low temperatures. The slow dielectric relaxation, which
was formerly ascribed to aggregate dynamics [98], coincides with the cation reorientation as
observed by light scattering. Thus, it seems natural to identify this slow dielectric relaxation
with the reorientational motion of the dipolar cation. However, since a slow dielectric process
has been identified with aggregate dynamics in several studies and for various ILs, this assign-
ment should not be made too hasty. Therefore, the next section is devoted to this slow dielectric
relaxation, where the discrimination between aggregate dynamics and cation reorientation is
performed by comparison with light scattering and high-pressure dielectric measurements.
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5.4. Origin of the low-frequency relaxation in dielectric spectra

As discussed in detail in section 2.2, a second process observed in dielectric spectra for several
ILs was ascribed to the dynamic signature of aggregates in the literature. However, as seen
in the previous section for the case of [CsC;Im][BF,], the time scale of the slow dielectric
process did not coincide with those of the dynamics of the aggregate as identified by combining
light scattering and X-ray data. Therefore, the aim of this section is to evaluate whether
[CsC,Im][BF,] is an exception or if the slow dielectric process cannot be identified with motions
of aggregates also for other ILs.

In order to decide whether a second dynamic contribution is present in the dielectric spectra at
all, the conductivity free €}, (w) representation is chosen since it is best suited for distinguishing
different relaxation processes by the naked eye. This is illustrated in figure 5.28, where the real
part of the permittivity and its derivative is shown for two different ILs, namely [Ng g5 1][NTf;]
and [CsC,Im][BF,]. As can be seen, both spectra show a step-like behavior in ¢'(w) before
electrode polarisation sets in at lower frequencies. No bimodality can be observed in this
representation. The only difference between the two ILs is that the plateau, denoting the static
permittivity, is well established for [Ng g s1][NTf,], while this is not the case for [CsC,Im][BF,]
where the step directly transitions into the electrode polarization without a notable plateau.

° i
) [N8881][NTf2] T 100; l |
w 10? .. = :g :
C w
i 1 1o0lp =
2 \.\ I I I I I I & - . - .
B ] 101; |
- % [CgC1ImIIBF,] } |
i ° 7 = L ]
’ ] \ :w% 100? ?
f 1 10l

101 102 10° 108 109 102 104 10°

Frequency / Hz

Figure 5.28.: In the left panels data are shown in ¢'(w) representation and in the right panels
in €. (w) representation for [Nggsg1][NTf,] (top) and [CsC,Im][BF,] (bottom).
In the former case, only one peak is visible and in the latter case two peaks can
be distinguished as shown by the arrows.

In the €, (w) representation, however, the differences are seen more pronounced. While
in the case of [Nggs1][NTf,] a clear single peak is observed, two peaks are discernible for
[CsC1Im][BF,], as indicated by the arrows. The slower one is highly merged with the electrode
polarization, as already seen for the step in ¢ (w), and thus the low-frequency flank of the peak
is not visible. In the following, the temperature and pressure-dependent behavior of the slow
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relaxation process is investigated, and from that conclusions about its molecular origin will be
drawn.

5.4.1. High pressure measurements

In order to determine whether the slow dielectric relaxation is due to the dynamics of the
aggregate, as proposed in the literature, a comparison with the X-ray scattering pre-peak is
desirable since this has been proven extremely useful in ascribing the slow light scattering
process to aggregates motions in the previous section. In this subsection, the pressure respon-
siveness of the slow dielectric relaxation is the focus, since it was found in the literature that
nanoscale structures in ILs depend on the pressure. More precisely, it was found for some ILs
by X-ray measurements or simulations that the aggregates are present at ambient pressure
as indicated by the pre-peak but vanish at elevated pressure, as seen by the reduction and
eventually vanishing of the pre-peak [286, 312]. This was attributed to the bending of the
octyl-chain in the case of [C3C;Im][BF,] under high pressure, thus preventing the formation of
aggregates of extended alkyl-chains [285]. By replacing the [BF,] anion with the [NTf;] anion,
this bending of the octyl-chain was prevented, leading to an unchanged pre-peak intensity at
elevated pressures [288, 287]. Thus, high-pressure dielectric measurements on these ILs should
reveal whether the slow dynamic process can be connected to the pre-peak, i.e., to aggregates,
based on the pressure dependence of its appearance. Therefore, those measurements were
performed in the laboratory of Marian Paluch at the University of Katowice by the present
author assisted by Zaneta Wojnarowska with the equipment described in section 3.2. The
results were previously published in reference [267].

At first, the IL [CsC;Im][BF,] is considered, where it is known from section 5.3 that the time
scale of the slow dielectric process does not coincide with the dynamics of the aggregate as
identified by combining light scattering and X-ray data. Since the intensity of the pre-peak is
found to decrease with increasing pressure, due to the inability of the cations to form aggregates
at high pressure [286, 285], it is expected that the slow dielectric process should diminish or
vanish at elevated pressure if it can be assigned to the dynamic contribution of the aggregates.
Thus, a master-plot of the dielectric data at 253 K is shown in the €} (w) representation for
pressures between ambient condition and 500 MPa in figure 5.29.

In the inset, the X-ray scattering data in the scattering vector range of the pre-peak is reproduced
from reference [286]. There, it can be seen that the pre-peak, which is clearly visible at ambient
pressure, has a markedly reduced intensity at 300 MPa and is almost vanished at 1000 MPa. In
contrast, the shape of the dielectric spectrum does not change at all up to a pressure of 500 MPa.
Most importantly, the intensity of the slow peak does not decrease. The temperature dependence
of its intensity will be discussed later, but it can be already stated that the slow dielectric
relaxation in [C3C;Im][BF,] does neither agree in time scale nor in pressure responsiveness
with that of the aggregates.

In order to check whether this behavior is special to [CsC;Im][BF,], or if the slow dielectric
process can not be assigned to aggregate dynamics in general, other ILs are considered in the
following. Like before, the comparison of the dielectric master-plot with the pre-peak intensity
is shown in figure 5.30, this time for the pyrrolidinium based IL [Pyrrg] [NTf;].

The data in the inset is the simulated pressure-dependent structure factor at room temperature
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Figure 5.29.: Pressure dependent conductivity free representation €, (w) of [CsC;Im][BF,] at
253 K. Data is shifted horizontally to superimpose on the 500 MPa data set. Two
distinct processes are marked by arrows. Neither the shape nor the intensity of
the spectra changes with increasing pressure.

Inset: Pressure dependent, room temperature X-ray scattering data adapted
from reference [286]. The pre-peak intensity decreases markedly by increasing

the pressure.

in the g-range of the pre-peak adapted from reference [312]. Again, the decreasing intensity of
the pre-peak with increasing pressure can be seen, which is again not reflected in the dielectric
spectrum, where the overall shape stays constant up to a pressure of 550 MPa.? Thus, also
in this case, the pressure dependence of the pre-peak does not agree with that of the slow
dielectric relaxation, implying a different microscopic origin.

Three more ILs with at least one octyl chain were investigated by high pressure dielectric spec-
troscopy: [CsCiIm][NTf;], [Ny22s][NTf;] and [Nggss1]1[NTf;]. As discussed before, only one
dielectric relaxation process was found in the latter case, which is the conductivity relaxation,
although a pre-peak in the X-ray scattering data was found [74]. Therefore, the measure-
ments on this IL can provide information about the pressure dependence of the conductivity
relaxation without complicating the data evaluation by the presence of an additional process.
This is discussed below. In the case of [CsC;Im][NTf;], the weak pressure dependence of the
X-ray scattering pre-peak, found by experiment and simulation [288, 287], was explained by
the role played by the anion in preventing the bending of the alkyl chain, which was found
for [CsC;Im][BF,]. Thus, the formation of aggregates takes place even at high pressures in
[CsC{Im][NTf;]. The slow dielectric process also does not change upon pressurization, which
would, in principle, match the X-ray results. However, this finding loses its significance in the

3The total intensity of the dielectric spectra slightly decreases with increasing pressure, which is accounted for
by shifting the spectra vertically to superimpose. This does not influence the statement, as the intensity of the
slow relaxational process stays constant compared to the intensity of the fast process.
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Figure 5.30.: Pressure dependent conductivity free representation €}, (w) of [Pyrre] [NTf,]
at 263 K. Data is shifted horizontally to superimpose on the 550 MPa data set
and slightly adjusted vertically due to to the onset of crystallization (see text
for details). Two distinct processes are marked by arrows. The shape does not
change with increasing pressure.

Inset: Pressure dependent simulated structure factor at 295 K adapted from
reference [312] . The pre-peak intensity decreases markedly by increasing the

pressure.

light of the other two ILs, where the same pressure insensitivity was found but combined with
decreasing intensity of the pre-peak. Also, in the case of [Ny 2 s][NTf;], the slow dielectric
relaxation is insensitive to increasing pressure. However, to the best of the author’s knowledge,
no pressure-dependent X-ray scattering measurements exist in the literature for this IL, thus
preventing a direct comparison.

It should be noted that all the above comparisons of the dielectric and X-ray scattering data
are performed at the highest isotherm recorded in dielectric measurements because the X-
ray scattering measurements were carried out around room temperature. The temperature
dependence of the slow dielectric relaxation is discussed in the following, including isobaric
measurements at atmospheric pressure and isothermal measurements at three different tem-
peratures with pressures up to the limit determined by the crystallization of the pressurization
oil. All data was evaluated by combining the MIGRATION model, describing the conductivity
relaxation, with a CD function for the slow relaxation. The shape parameter cp was fixed to
0.5 in all cases, i.e., the value which was found to be generic for dipolar reorientations where
dipole-dipole interactions are small. If this is justified for the case of ILs is unclear. However, a
very good description of the dielectric data is obtained utilizing this value, as seen below. In
cases where a secondary relaxation was observed, i.e. for [Pyrrs][NTf;] and [No o2 s][NTf;]
at low temperatures, an additionally CC-function was employed. This §-relaxation is not
discussed further. As always, a power law is added in the ¢*(w) representations to account for

17



the electrode polarization. As an example of those fits, the temperature-dependent spectra at
ambient pressure of [CsC;Im][NTf,] are shown in figure 5.31 in six different representations,
where the black lines are fits as described right before. The spectra and the fits are qualitatively
similar to the other ILs.
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Figure 5.31.: Data of [CgC;Im][NTf;] at ambient pressure in 10 K steps from 235 K to 205 K
and further on in 5 K steps from 200 K to 190 K. Black solid lines are fits with a
sum of the MIGRATION model and a Cole-Davidson function.

It can be seen on the one hand that the model can describe the dielectric data in all repre-
sentations and for all temperatures very well. On the other hand, as discussed before, the
slow process is only seen by eye in the conductivity free representation €}, (w) as a sharp peak
at frequencies lower than the conductivity relaxation peak. However, the attempt to fit the
data with the MIGRATION model without an additional CD function naturally not only fails
in this representation but also in the other ones. Additionally, it can be directly seen that the
intensity of the slow process decreases at low temperatures, where its presence at 190 K is only
noticeable by the fact that the rising low-frequency flank of the conductivity relaxation is not
visible.

The shape parameter of the MIGRATION model )\, as well as the dielectric strength of the slow
and the conductivity relaxation, are shown in figure 5.32 as a function of the conductivity
relaxation time 7,. This is done in this way in order to be able to compare the isothermal
and isobaric measurements. Red diamonds denote ambient pressure measurements while
the other colors/symbols show isothermal measurements with temperatures as indicated for
each IL. Since the measurements under ambient and elevated pressure are performed in
different sample cells, slight variations can occur in ¢ (w) due to imperfect calibrations, which
are accounted for by scaling ¢'(w) of the high-pressure cell in such way that ¢,, matches the one
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Figure 5.32.: From top to bottom: Shape parameter A of the MIGRATION model, dielectric
strength of the slow and fast relaxation process, respectively, for all five ILs
studied under high pressure, represented as a function of the ion hopping time
7,. The different isothermal and the isobaric measurements are distinguished by
different symbols and colors as indicated. Dashed lines are guides to the eye.

from the ambient pressure cell. In this way, comparability of the dielectric strengths is ensured.

It can be seen that the shape parameter of the MIGRATION model A\ shows a sigmoidal behavior
as a function of the ion hopping time 7,, i.e., for all isotherms and the isobar for all ILs. In the
case of [C3C,Im][NTf,], however, the assumed plateau at short 7, is not within the accessible
relaxation time range. This means that the distribution of relaxation times gets narrower
near the glass transition, indicating that the dynamics of anions and cations get more coupled
since the broadening of the conductivity relaxation was connected to the separation of these
two motions in section 5.2.2. There, the plateau value of ) at long 7, was used to show the
correlation with the shape of the glass transition step from DSC measurements.

In the case of Aegow Of [CsCiIm][BF,], the isobar and the isotherm data follow the same trend,
namely an approximately constant value of the dielectric strength at short 7, followed by its
decrease until this process vanishes at low temperatures or high pressures, respectively. For
[CsC1Im][NTf,] and [Nagog] [NTf2] a similar decreasing Aeq,,y is observed, but with a different
behavior for the isobar in comparison to the isotherms: The dielectric strength decreases
starting already from the shortest 7, with decreasing temperature. In contrast, when increasing
the pressure, Aegoy Starts at the value predefined by the isobaric trend at this respective 7,
but then stays constant or even slightly increases with increasing pressure before it starts to
decrease at higher values of 7. The situation for [Pyrrg] [NTf,] seems to be like for the two ILs
discussed right before, with the difference that [Pyrrg] [NTf;] is prone to crystallization, which
makes this statement less clear: Only two isotherms could be measured, where it is already
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seen from the decreasing intensity of the whole spectrum that crystallization sets in. Thus,
for all four ILs where a slow dielectric process is observed, neither the temperature nor the
pressure alone seems to be the decisive parameter for the decreasing dielectric strength Aeggy.
Instead, it seems connected to the relaxation timescale since the relaxation process vanishes
at long relaxation times induced by high pressure or low temperatures. This means that the
behavior of the slow dielectric process is not in accordance with that of the X-ray scattering
pre-peak, neither for the pressure dependence as discussed above nor for the temperature
dependence, since usually, the pre-peak intensity increases with decreasing temperature [73],
in contrast to the decreasing intensity of the slow dielectric relaxation. Although only for one
of the investigated ILs temperature-dependent X-ray measurements are reported, it is, however,
also intuitively plausible that supramolecular structures will be more stable at low temperatures
since less thermal energy is available for the molecules to break them. This can be seen, for
instance, in the case of many monohydroxy alcohols, where the nanostructurization increases
with decreasing temperature, as seen by the increasing Kirkwood correlation factor [175].
Together, this means that a different microscopic origin for the slow dielectric relaxation has
to be found. As seen in section 5.3, its time scale coincides with the cation reorientation as
measured by light scattering in the case of [CsC;Im][BF,]. Thus, in the next subsection, a
comparison between dielectric and light scattering data for other ILs will be performed to check
whether the rotational motions of the cationic dipole moment might indeed be responsible for
the slow dielectric relaxation. There, the decreasing dielectric strength of this process will also
be discussed. Before, however, a comment about the pressure and temperature-dependent
dielectric strength of the conductivity relaxation Ae, is in order:

As already seen above, the slow process is absent in [Ngg s 1][NTf;], and only the conductivity
relaxation is observed. It can be seen in figure 5.32 that A¢, increases with increasing 7, i.e.,
for increasing pressure and decreasing temperature. Similar behavior of Ae, is found for the
other ILs, however, with more scatter in the data, which is due to the correlation of the fit
parameter from the slow and the ion hopping process. The size of the error bars obtained
from the fits is similar to the symbol size and is thus omitted for clarity. So, although the
parameters from the slow and fast process are correlated, the general trends, i.e. decreasing
Acgow and increasing Ae, and A with increasing 7, are significant. The decreasing Aegq, for
example is seen directly by eye in the €/ (w) representation of figure 5.31, as mentioned above,
and similarly for the other ILs. The increasing Ae, is reminiscent of the increasing dielectric
strength with decreasing temperature of usual dipolar systems, the so-called Curie-law. In
ion-conducting network glasses, an increasing dielectric strength with decreasing temperature
is also often observed [313, 271, 278]. For [Nggs1][NTf;], where the dielectric strength of
the conductivity relaxation can be determined with the highest accuracy, indeed a Ae, o< 1/T
behavior is found. However, since A¢, also increases with increasing pressure, there must be
another origin of this behavior. Because the BNN relation (equation 5.1) connects only empirical
the dielectric strength with 7, and o, no more can be deduced from it other than the fact that
the product 7,0, increases with increasing pressure or decreasing temperature. However, this
increment is so small that it is not visible in a plot as shown in reference [101], where 7, is
shown in dependency of o, in a double-logarithmic plot for various ILs and temperatures, from
which a universal coupling of these two parameters was deduced. Considering the Nernst-
Einstein equation, an increase in the DC-conductivity could be rationalized by an increasing
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number of mobile ions. This, however, seems rather unlikely for decreasing temperatures. Thus,
this question has to be left open for further studies.

5.4.2. Dipolar relaxation

An alternative microscopic origin has to be found since the slow dielectric process can not
be explained to arise due to aggregates, as shown in the preceding subsection. A first hint
was already given in section 5.3, where it was seen in figure 5.26 that the timescale of the
slow dielectric process coincides with the reorientation time scale of the cation for the case of
[CsC,Im][BF,]. Thus, in this subsection, it should be checked whether the reorientation of the
cationic permanent dipole moment might be responsible for the relaxational process found in
dielectric spectra in addition to the conductivity relaxation. As mentioned already in section 2.2,
the reorientation of dipoles was assumed to be the only relaxational process contributing to the
dielectric spectra of ILs in several studies [79, 80, 81, 82]. It seems that a joint contribution of
dipolar and conductivity relaxation was only reported in computer simulation studies [78, 86].
Therefore, as a first step, the dielectric spectra of several ILs should be compared to those from
light scattering, where it was shown in section 4.1 that the cation reorientation dominates
the latter. Thus, the coincidence of the slow dielectric peak with the light scattering peak for
more ILs than the one already discussed in section 5.3 would indicate that indeed dipolar
reorientations are responsible for the slow dielectric process. In figure 5.33, four different
ILs with imidazolium-based cations equipped with alkyl-chains of different lengths and with
three different anions are shown. It can be seen that the dielectric spectra, shown in the
conductivity free representation ¢, (w), are qualitatively similar, in the sense that no clear
single peak is observed. However, a slow contribution seems to be present, which, together
with the electrode polarization, renders the low-frequency flank of the conductivity relaxation
invisible. At higher temperatures than the one shown here, this slow contribution develops
into a clear additional peak for [CsC;Im][BF,],as shown above, and also for [C4C;Im][NTf;]
as previously reported in the literature [98]. In the case of the cations with propyl and butyl
chains, the separation between the slow and the conductivity relaxation and/or the relaxation
strength of the slow process is too small to observe two distinct peaks. Since the appearance of
the slow contribution is irrespective of the anion and the alkyl-chain length, the slow process is
absent in some ammonium or phosphonium bases ILs, as seen above, it seems to be closely
connected to the detailed structure of the cation.

Notably, the time scale of the slow dielectric contribution is similar in good approximation to
the time scale of the reorientational process as observed in light scattering for all four ILs. This
can be seen in figure 5.33 by the fact that the light scattering peak is located at frequencies
slightly above the insetting electrode polarization and thereby in the frequency range of the
slow dielectric contribution. Thus, it is slower than the conductivity relaxation, which can
be seen by the fact that the dashed lines, indicating the DLS peak position, are located at
frequencies lower than the DC- to AC-transition. In the case of the ILs with [C4C;Im] and
[CsC,Im] cations, the CD time scale was left as a free fitting-parameter, while it was fixed to the
time scale obtained from the light scattering data for [C3C;Im][NTf;] and [C,C;Im][DCA]. This
was done due to an unstable fitting procedure for these two ILs when the CD time scale was left
as a free fitting parameter since the two relaxational processes are hardly distinguishable. Thus,
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Figure 5.33.: Dielectric and light scattering spectra of imidazolium based ILs with different
alkyl-chain lengths. In each case, the light scattering peak is located near the
slow dielectric process, while the conductivity relaxation takes place at higher
frequencies.

this kind of fitting tests the coincidence of the light scattering and the slow dielectric time scale.
In either case, the fitting works well at all temperatures measured. The Arrhenius-plots are
shown for [C3C;Im][NTf;] and [C¢C,Im][NTf,] in figure 5.34, for [CsC,Im][BF,] in figure 5.27
and for [C,C;Im][DCA] later in figure 6.7. In all cases the relation 1 < ;;—LVS“ < 3 holds to good
approximation in the limit of experimental uncertainties. In the cases where 7yow = TpLs Was
fixed, the successful dielectric fits indicate the coincidence of these two relaxation times. Thus,
for all ILs where a slow dielectric process is observed and for which light scattering data were
obtained, the agreement of their relaxation times indicate a common origin, which is the
reorientation of the cation, observed via the reorientation of its permanent dipole moment or
its polarizability tensor in dielectric spectroscopy and light scattering, respectively.

The question which then naturally arises is why the slow dielectric process is not visible in
dielectric spectra of all ILs. Concerning dipolar reorientation, the decisive point is, of course,
the magnitude of the permanent dipole moment 1 of the molecule. The dielectric strength
Aegow Of the dipolar relaxation is coupled via equation 3.18 to the square of the permanent
dipole moment. Thus, for ions with a too low p-value, no dipolar relaxation process is expected
to be visible beside the conductivity relaxation. Therefore, it should be checked in the following
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Figure 5.34.: Arrhenius plots for [C3C;Im][NTf;] and [C4C,Im][NTf,].

whether the appearance of the slow dielectric process is connected to the magnitude of the
dipole moment of the cation. The anions are neglected in this discussion for the following
reason: The [BF,] anion does not bear a permanent dipole moment due to its symmetry. The
most stable conformer of the [NTf;] anion has a small dipole moment of 0.3 D, while averaging
over the two conformer found in reference [314] with the experimental energy difference of
3.5kJ/mol leads to a dipole moment of (i) = 1.1 D. This value is similar to the DFT calculated
value of [DCA], where 1 = 1D and both are thus markedly lower than the smallest dipole
moment of the cations, which is 2.5D in the case of [Ns3;201][NTf;]. Since the dielectric
strength depends on the quadratic dipole moment, the contribution of the anion is small
compared to that of the cation and thus neglected in the following considerations. In table 5.1,
the dipole moments of the cations are listed, where in the first column the values for the
all-trans conformer is shown as calculated by DFT calculations. For cations equipped with long
alkyl-chains the values are tremendous, which would lead to a huge dipolar contribution in the
dielectric spectrum. However, it is known from the discussion in section 4.1 that the all-trans
conformer is usually not the most stable one for long chain molecules. Therefore, the mean
dipole moment for the conformer ensemble determined with CREST is shown in the second
column. Although these values are also fraught with considerable uncertainty, due to the
size of the conformer ensemble, they are more reasonable. In the third column, the dielectric
strength Aegow Of the slow process is shown, which is taken at the highest temperature at
which fitting was possible, thus at similar relaxation times for the different ILs. This is done
to assure at least some degree of comparability of the values of the various ILs since it was
found (see figure 5.32) that Ay, decreases with increasing correlation time. It can be seen
that for the homologous series of imidazolium-based ILs with the [NTf,] anion, the dielectric
strength increases with increasing dipole moment. The lower value of Aegqy for [CgCiIm][BF,]

123



in comparison to [CsC;Im][NTf,] indicates the presence of more curled conformers in the
former case, in accordance with the findings from light scattering measurements detailed in
section 5.2.1.

Cation Htrans <,u> A€glow Cation Htrans <llf> A€giow
[C3C11rn] 3.3D 2.8D 1.6 [N272’1’201] 41D 2.5D¢ 0
[CsCiIm] | 52D 4.2D 1.2[PCAl [Nggsi] | 6.0D 109D 0
[C¢CiIm] | 9.8D 7.0D 2.8 [Noo9g] | 105D 7.1D 2.6
[CsC,Im] | 149D 7.3D 1.71F4) 8.3 [Piagee] | 145D 5.7D 0
[Pyrrs;] | 12.6D 7.5D 3.4

Table 5.2.: Permanent dipole moments of various cations calculated by DFT and experimental
dielectric strengths. Dipole moments of the all-trans conformers are shown as well
as conformer averaged values. Ae values are taken at the highest temperature at
which fitting was possible, i.e., at similar relaxation times for each IL. a) Calculated
using the conformer ensemble from reference [315].

However, no slow dielectric process is visible for the two ammonium-based cations and the
phosphonium-based cation, although the magnitude of their dipole moments is similar to
the imidazolium-based cations. This means that although some correlation between the
dielectric strength of the process and the magnitude of the dipole moment exists, a notable
dipole moment seems not to suffice for a dipolar relaxation to show up. Two cations are
especially suited for direct comparison: [C3C;Im] and [N2 31 201]. Both are small enough to
consider their conformers explicitly in order to determine the mean dipole moment. This
was done for [N 201] in great detail in reference [315] and from the energetically most
stable eight conformers the mean dipole moment was calculated here to be () = 2.5D. In
the case of [C3C;Im], only three conformers are possible, namely the all-trans, gauche+ and
gauche-. The considerable population of all three conformers found in DFT calculations agrees
with the Raman measurements performed in reference [289]. Thus, the value of the mean
dipole moment is () = 2.8D, i.e. very similar to the value of [Ny2;201], and both values
can be considered to be quite accurate. Nevertheless, no slow dielectric process is seen in
[N221201]1[NTf2], while it is seen in [C3C;Im][NTf,]. It should be noted that the number
density, which could influence the dielectric strength additionally according to equation 3.18,
is also almost identical for both ILs. Hence, there must be a reason besides the magnitude of
the dipole moment for the slow dielectric process to be visible or not. A possible hint might
have been already given in figure 5.18. There, a comparison of the dielectric and the light
scattering spectra of the two ammonium-based ILs, for which no slow dielectric relaxation
is observed, was performed. It can be seen that the light scattering peak agrees very well
with the dielectric peak in the case of [Ny11201][NTf;], whereas the slow light scattering
peak, associated with the cation, is markedly slower than the dielectric peak in the case of
[Ngss1][NTf,], where it is located in the frequency range which is dominated by electrode
polarization in the dielectric spectrum. From that, the idea arises that a dipolar contribution
might also be present in those dielectric spectra, which, however, is hidden either under the
conductivity relaxation or under the electrode polarization, depending on the time scale of
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the dipolar reorientation. As this idea is very hard to prove using actual data, model spectra
are considered to check this conjecture. Therefore, in figure 5.35 spectra are shown in ¢'(w),
¢ (w) and €}, (w) representation obtained by a superposition of the MIGRATION model, a CD
function and electrode polarization. Three columns are shown, where the only difference
between them is the change in the CD relaxation time 7cp, which is chosen in such a way that
the CD and the conductivity relaxation peak coincide in the first column, while they are slightly

separated in the second and markedly separated in the third column.
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Figure 5.35.: Visualization of model spectra for different time constants of the CD function,
while all other parameters are fixed. A single peak can be observed in the case
of similar peak positions of the CD function and the MIGRATION model (left
column) or in the case of a peak position of the CD function notably lower in
frequency (right column).

As can be seen, the changes in the conductivity representations are only marginal, with the
strongest influence of the CD function on the spectrum in the case where its peak frequency is
similar to the MIGRATION peak frequency. This means that if a fit were performed to such
data with a conductivity relaxation model in this representation, the fit parameter would
hardly change between these three scenarios. Thus, the subtlety of the dipolar relaxation
is easily overlooked. In the real part of the permittivity, the relaxation strength depends on
the separation of the two processes, and the low-frequency plateau is best established in the
left column. The most evident difference is seen in the conductivity-free representation. A
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clear single peak is observed in the left column, i.e., when the peak position of dipolar and
conductivity relaxation is similar. In the case where the CD peak frequency is slightly lower
than the conductivity relaxation, as seen in the middle column, a broad bimodal spectrum
appears, where no transition to the low-frequency flank can be observed before the electrode
polarization sets in. In the right column, where the CD relaxation time is markedly slower than
the conductivity relaxation time, a single broad peak is observed with only a slight portion of
the low-frequency flank visible. It should be noted that the strength of the CD relaxation is
chosen rather high in this comparison in order to emphasize its contribution thus the effects
might even be more subtle in real spectra.

Together, the situations in the three columns of figure 5.35 can rationalize the findings for
different ILs: The scenario in the left column could be connected to [N 1 201] [NTf;], where
the light scattering peak is located at the same or slightly higher frequencies than the dielectric
peak, thus indicating that the reorientation of the cation takes place on nearly identical time
scales as the conductivity relaxation, leading to a single dielectric peak. It should be noted that
in an early publication of the present author [90], the origin of the dielectric process was entirely
ascribed to dipolar reorientation due to the accordance with the light scattering time scale.
However, in light of the present work results, the contribution of the conductivity relaxation
has to be taken into account, resulting in the interpretation that the dielectric spectrum can
most probably be ascribed to a sum of conductivity and dipolar relaxation appearing on a very
similar time scale. The appearance of the peak in €], (w) in the middle column is reminiscent
of the imidazolium-based ILs shown in figure 5.33, indicating a slight time scale separation
between the slower dipolar relaxation and the faster conductivity relaxation. This separation
increases with the increasing length of the alkyl-chain like it was the case for the separation
of cation and anion rotation in the light scattering spectra detailed in section 5.2.1. The
scenario in the right column could explain the dielectric spectra of [Nsgg1][NTf;], where it
was seen in figure 5.18 that the reorientation of the cation, as measured by light scattering,
appears on frequencies where the electrode polarization overshadows the possibly present
dipolar relaxation in the dielectric spectrum. It should be noted that in cases where a dipolar
relaxation appears on higher frequencies than the conductivity relaxation, this contribution is
also clearly visible in ¢’(w). This can already be anticipated by the trend of the CD contribution
in the upper row of figure 5.35. Such a scenario was not observed in any neat IL in this study
but will be seen in chapter 6, where mixtures of an IL with dipolar solvents are considered.
Thus, from the above findings of this subsection, it must be concluded that the origin of the
slow dielectric process is most probably due to the reorientation of the permanent dipole
moments of the cations. The strength and time scale greatly impact its visibility, competing
with the omnipresent conductivity relaxation and electrode polarization. However, one feature
of the dipolar relaxation in ILs is opposite from what is usually observed in non-ionic liquids,
namely the decreasing relaxation strength upon decreasing temperature as seen in figure 5.32.
Therefore, possible reasons for this should be discussed in the following.

At first, it is crucial to discriminate decreasing dielectric strengths from the literature in ion-
conducting materials from the one in this work. For example, a decreasing dielectric strength
was found in CKN, where no permanent dipole moments are present [59]. This means that in
this case, the strength of the conductivity relaxation decreases, unlike what is found in this
work, i.e., a decreasing strength of the dipolar relaxation. Thus, in CKN, this feature can be
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rationalized by the fact that the potassium cations are still mobile below the glass transition,
while the calcium cations and nitrate anions are immobile [63, 316]. Thus, only about one-
fourth of all mobile ions in the liquid state remain mobile in the glassy state. Considering the
Nernst-Einstein equation, this gives a decrease in the DC-conductivity of more than a factor of
4 in the glass transition region, which is directly reflected in the dielectric strength according
to the BNN relation (equation 5.1) [316]. Above and below the glass transition region, the
number of mobile ions is constant and so is the dielectric strength. This behavior was also
reported for a polymerized IL below the glass transition, where only the lithium anion remains
mobile [102].

In the case of the decreasing strength of the dipolar relaxation, a different explanation has
thus to be found. Commonly, in non-ionic dipolar liquids, the relaxation strength increases
with decreasing temperature according to the Curie law with Ae oc 1/7 [175]. A tendency
of the dipole moments to orient parallel can amplify this increase through an increasing
Kirkwood correlation factor gx. However, a decreasing dielectric strength is also reported
for some alcohols, and carboxylic acids [175]. This behavior is associated with a more anti-
parallel ordering of the dipoles, leading to a decreasing g . Thus, it might be possible that
the decreasing dielectric strength found for the ILs of this study is caused by a decreasing
Kirkwood correlation factor, which in turn might be due to a loss of preferred parallel ordering
or an increasing anti-parallel ordering. Since it was found in section 5.2.1 that also the light
scattering strength decreases in the case of [C3C;Im][NTf;] with decreasing temperature, it
is instructive to compare the strengths and correlation factors from dielectric spectroscopy
with those obtained by light scattering. This is done in figure 5.36. There, it can be seen in
the upper panel that the values of T'Ae decrease similarly, but slightly steeper, than the TAy
values at low temperatures. The correlation factors ¢, i.e., the dielectric Kirkwood factor and
ga2, calculated from light scattering data, are compared in the lower panel.

For the calculation of g; a mean dipole moment of (;) = 1.96 D and a mean optical anisotropy
B =4.62 A3 for [C5C,Im][NTf,] is used, obtained from DFT calculations. The black dashed
line is a fit to the g, values, the slope of which is then taken for a fit of the g, values. It can be
seen that it describes the data quite well thus the temperature dependence of the g; and ¢
values are identical. This is a rather surprising finding and does not match the expectation
one has when comparing these values. This is because the correlation factors are dependent
on the cosine of the angle between the molecules, as seen in equations 3.19 and 4.9, but
proportional to the first or second Legendre polynomial in the case of the dielectric g, and the
light scattering g factor, respectively. Thus, when the average angle between the neighboring
molecules changes depending on the temperature, the change in g; and g, should be markedly
different. This means that it is rather unlikely that indeed a change in the correlation factor is
responsible for the decreasing relaxation strengths.

Instead, an explanation has to be found, which takes into account the concomitantly decreasing
relaxation strength found in dielectric spectroscopy and light scattering. One possibility would
be that the population of the all-trans conformer diminishes with decreasing temperatures, and
the more curled conformer are thus preferred. This would lead to a decreasing mean effective
optical anisotropy parameter () and a decreasing mean dipole moment () and consequently
to a decreasing relaxation strength. While this scenario seems more realistic for cations with
longer alkyl chains, where the difference of these values is large between the stretched and
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Figure 5.36.: Relaxation strength of [C3C;Im][NTf;] from dielectric and light scattering mea-
surements multiplied with temperature in the upper panel. In the lower panel,
the correlation factors g; and ¢, are shown, calculated from the relaxation
strengths.

curled conformers, it cannot explain the amount of decrement of the relaxation strength in
[C3C1Im][NTf;], where these values do not differ enough between the conformers. Moreover, a
identical percentage decrease in () and (i) with temperature is required, which seems rather
unlikely.

A scenario that would naturally lead to a simultaneous decrease in the scattering intensity
and the dielectric strength is the immobilization of some cations. One could imagine that at
lowering the temperature, aggregates form due to the clustering of non-polar alkyl-chains.
Those cations incorporated in such an aggregate are hindered in free rotational motion and
thus do not contribute to the a-relaxation. Instead, the aggregates, which necessarily need
to have a low optical anisotropy to be invisible in the light scattering spectrum, perform slow
rotational diffusion, which is also not observed in the dielectric spectra due to the overlying
electrode polarization. This idea could explain the markedly lower scattering intensity of the
[CsC1Im] cation in the IL [C3C;Im][BF,] than in [CgC;Im][NTf,] with a markedly higher degree
of aggregation in the former IL as seen by the additional slow process appearing in the light
scattering spectrum. However, some questions remain, as usually no aggregates are expected
for such short chain length as in [C3C;Im][NTf,]. Also, regarding the light scattering intensity,
only one-fourth of the cations contributing to the spectrum at high temperatures seem to
contribute near the glass transition temperature. Thus, most cations are within aggregates, and
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their dynamics are still not detectable. Together, this scenario could explain the experimental
findings best, but some implications are questionable. Thus, it is still speculative, and more
work is needed in this direction to confirm this picture.

Concluding this subsection, it became clear that the slow dielectric process originates in the
reorientation of the permanent dipole moment of the cation. This assignment was made for
various ILs by comparison with light scattering data, where it was found that the timescale of
the cation reorientation from light scattering agrees with that of the slow dielectric process.
This is contradictory to some works in the literature, where the dielectric low frequency process
is often ascibed to dynamics of aggregates. The fact that in some ILs, the slow relaxation is
not seen in the dielectric spectra was explained by a too small or too large separation from
the conductivity relaxation. Also, the temperature dependence of the dielectric strength of the
slow process is in agreement with the light scattering intensity. The reason for this decreasing
strength is not resolved conclusively. It has been speculated that some cations may be prevented
from performing free rotational motions because they are bound in aggregates.
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6. Molecular dynamics in ionic liquids with
admixtures

As detailed in section 2.2, mixtures of ionic liquids with gelling agents might be highly in-
teresting for several applications since, in this way, the high ionic conductivity of the IL can
be combined with the mechanical rigidity of the sample, thus preventing leakage, which is
desirable e.g. for electrolyte applications. However, to tailor such gels for specific needs, it is
crucial to understand the molecular dynamics of the ions. Therefore, this chapter considers
mixtures of the IL [C,C;Im][DCA] with three different admixtures, namely water, 1-propanol,
and gelatin. This is done for the following reasons: If an ionic gel should be produced with
gelatin as a gelling agent, it is usually necessary to add water since gelatin is not soluble in most
ILs, but in water. Thus, it is important as a first step to understand the dynamics in an IL-water
mixture and to have the dynamics of this mixture as a reference to compare to the ionic gel,
which is composed of IL, water and gelatin. However, as will be seen, a thorough understanding
of the dynamics of the IL-water mixture is hampered by the fact that such a mixture can only
be investigated up to a certain concentration of water due to insetting crystallization in the
case of higher concentrations. This amount of water does not suffice to unequivocally separate
the dynamics of water and ions, which is why 1-propanol is chosen as a second admixture,
where mixtures over the whole concentration range can be investigated, allowing to address
the dynamics separately in the 1-propanol rich mixtures. With this knowledge, the dynamics
of the Ion Jelly is finally addressed in the last section of this chapter.

6.1. Mixtures with water

The mixtures of [C,C;Im][DCA] with water were mainly investigated during the master thesis
of Jennifer Kraus, supervised by the present author. There, the focus was to find evidence
for the presence of so-called water pockets, i.e., nanoscale water clusters in the ionic liquid
matrix. This was achieved by combining Raman spectroscopy in the OH-stretching region
with small-angle neutron scattering and molecular dynamics simulations. These results were
published in reference [317] and are not repeated here. Instead, this section focuses on how
the added water impacts the spectra of dielectric, light scattering, and DSC measurements.
In principle, one could imagine a broadened spectrum compared to the neat IL due to more
heterogeneous dynamics imposed by the water, which has a lower glass transition temperature
than the IL [318]. Also, even an additional relaxational feature in the dielectric spectra due
to the reorientation of water molecules might appear. This is because neat water has a high
dielectric strength of around 80 at room temperature [319]. However, the microscopic origin
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of the strong dielectric relaxation process is debated in the literature [320, 321, 322, 323],
where one interpretation is that its appearance is connected to the cross-correlations imposed
by the hydrogen bonds, while the a-relaxation has a markedly lower dielectric strength and
is located at higher frequencies, coinciding with the light scattering a-relaxation [320]. This
interpretation is just like the one for monohydroxy alcohols. And indeed, mixtures with
salt show that the dielectric strength of water dramatically decreases with increasing salt
concentration. This is accompanied by a shift of the peak to higher frequencies [321], albeit the
viscosity of the mixture increases with increasing salt concentration [324]. From the increasing
viscosity, one would expect a decreasing peak frequency instead. This indicates that due to the
breaking of the hydrogen-bonded network by the salt molecules, the Debye process diminishes,
and only the weaker and faster a-relaxation remains at sufficient high salt concentrations.
Thus, a similar scenario may be expected for the IL-water mixture, and it is not a priori clear
whether the reorientation of water molecules will show up in the dielectric spectrum, where
it would have to be discriminated from the conductivity relaxation and the reorientation of
the cations. The optical anisotropy parameter [ of water, on the other hand, is a factor of
approximately 38 lower than the one of the [C,C,Im] cation,! thus, the water relaxation is
not expected to be visible in the light scattering spectra since the anisotropy parameter enters
quadratic in the calculation of the scattering intensity.

Therefore, in what follows in this section, the mixture of [C,C;Im][DCA] with 72 mol% water
is considered, which was determined as the highest concentration of water for which no crystal-
lization occurred in any experimental setup. A comparison of calorimetric, light scattering, and
dielectric spectra of this mixture with neat [C,C;Im][DCA] is shown in figure 6.1, where the
spectra of the neat IL are shifted in such a way that they superimpose with one of the mixtures.
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Figure 6.1.: DSC, light scattering and dielectric spectra of neat [C,C;Im][DCA] and of the
mixture with 72 mol% water. The shape of the spectra is amlost identical for all

experimental techniques.

1For [C4C;Im] the value of (8) = 6.0 A3 is determined by DFT via the standard procedure, while the value for
water is determined with the B3LYP functional and the aug-cc-pVTZ basis set (8 = 0.16 A3).

131



It can be seen that the shape of the spectra is almost identical for the neat IL and the mixture for
all experimental methods. Especially, neither a broadening nor the appearance of an additional
relaxational process is seen for the case of the mixture. Thus, it seems at first glance that the
only influence of the water is that the glass transition temperature is lowered compared to
the neat IL, and consequently, the relaxation peaks are located at higher frequencies in the
case of the mixture for identical temperatures. Since the shape and the dielectric strength of
an aqueous salt solution was found to be temperature-dependent [321], it should be checked
whether this finding is just a coincidence due to the chosen temperatures. Therefore, the light
scattering spectra of the 72 mol% mixture are shown for a temperature range of more than
200K in figure 6.2.

There, fits with a CD function are shown as black dashed lines, where the shape parameter Scp
was fixed to 0.5 for all temperatures, leading to a good description of the main peak. Thus,
the shape of the light scattering spectrum stays constant from temperatures above the boiling
point of water down to slightly above the glass transition temperature. Together, this means for
the light scattering spectra that the water reorientation is either too weak to be visible and/or
takes place on a very similar time scale as the ion reorientation. The latter is supported by the
fact that if the water molecules would reorient at notably different timescales than the ions,
they might also influence the dynamics of the ions in such a way that the ion relaxation peak
broadens like it was observed for the mixture of toluene and squalane in figure 4.8, which is
not seen here.
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Figure 6.2.: Temperature dependent light scattering spectra of [C,C;Im][DCA] with 72 mol%
water. The dashed lines are fits with a CD function using a fixed stretching
parameter Scp = 0.5 at all temperatures.

As a next step, a closer look should be taken at the dielectric spectra to see whether there is any
difference between the neat IL and the mixture at all temperatures. Master plots containing all
temperatures measured are shown in figure 6.3, where on the left-hand side, the spectra of
the neat IL, and on the right-hand side, the spectra of the mixture with 72 mol% water are
shown. The data is presented in the conductivity free representation in the upper row and
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in the modulus representation in the lower row. Indeed slight differences in the temperature
dependence between the neat IL and the mixture can be observed: In the case of the neat IL,
the intensity in the €], (w) representation between the electrode polarization and the peak
maximum decreases with decreasing temperature. This was attributed in section 5.4.2 to the
decreasing contribution of the dipolar relaxation of the cation. However, this contribution is
so weak in the case of [C;C;Im][DCA], even at the highest accessible temperature, that no
clear bimodality can be observed like it was the case for other ILs. In contrast, in the case
of the mixture, a bimodal spectrum can be seen at high temperatures, and on lowering the
temperature, the strength of the faster process slightly decreases, while that of the slower rather
slightly increases. Such behavior was not found in any of the neat ILs in this study:.
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Figure 6.3.: Comparison of the temperature dependent dielectric spectra of neat
[C,C;Im][DCA] one the left-hand side to those of the mixture with 72 mol%
water on the right-hand side, shown as master plots. Subtle differences can be

seen in the €], (w) representation as well as in the modulus representation. Please

note that the temperatures in the upper right panel are plotted in reversed order

to make the bimodality, present at high temperatures, visible.

When taking a look at the modulus representation, differences between the neat IL and the
mixture can be seen as well. At first, the peak is markedly broader in the mixture, which
can be ascribed at least in parts to the higher relaxation strength Ae of the mixture, which
results in a broader spectrum in the modulus. Despite this, another difference can be seen: The
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modulus spectra of the neat IL perfectly superimpose for all temperatures, while a temperature-
dependent shape can be seen in the case of the mixture, where the low-frequency flank and the
peak position shift slightly to higher frequencies, while the high-frequency flank stays constant.
This is rather surprising since the shape of the modulus and especially the low-frequency
flank is dominated by conductivity relaxation in cases where the dipolar relaxation is slower.
This can be seen in the spectrum of the neat [C,C;Im][DCA], where the decreasing dipolar
relaxation strength is observed in the €/, (w) representation, while the imaginary part of the
modulus is entirely unaffected. The variation in €] (w) of the mixture with temperature is not
significantly more pronounced than in the neat IL. However, the modulus is visibly affected
in this case. Thus, a reason for this different behavior has to be found. An idea for a possible
explanation comes from the model spectra considered in figure 5.35. There, it was seen that
the impact of the dipolar reorientation on the conductivity spectrum increases when its time
scale approaches the one of the conductivity relaxation coming from low frequencies. But
what happens if the dipolar relaxation time further decreases, eventually being faster than
the conductivity relaxation? Is this possibly what happens in the mixture? Model spectra are
constructed in figure 6.4 to test this idea.
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Figure 6.4.: Comparison of model spectra in three representations. The only difference be-
tween the two columns is the time constant of the CD function. On the left-hand
side, the CD peak position is located at lower frequencies than the one of the
conductivity relaxation, while the opposite ordering is shown on the right-hand
side.

In the left column, spectra are shown, which resemble the one of the neat IL, i.e., a weak
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CD function is added to the MIGRATION model, where the CD function is located at lower
frequencies. In the right column, the values of all model parameters are the same, except
the time constant 7cp, which is chosen such that the CD peak is located at higher frequencies
than the one of the MIGRATION model. It can be seen that now a bimodality in the €}, (w)
representation appears, although the relaxation strength of the CD function is so low that no
bimodality is visible as long as the CD peak is located at lower frequencies than the MIGRATION
peak. Additionally, the peak shape in the modulus representation is markedly altered so that
the high-frequency flank appears broader than in the left column. Thus, these model spectra
seem to be able to rationalize the differences in spectra of the neat IL and the mixture with
72 mol% water. Therefore, a fit of the mixture’s dielectric data is performed to test whether the
data can indeed be described with a CD function located at higher peak frequencies than the
MIGRATION model. This is in fact satisfactorily possible for all temperatures. As an example,
the spectrum at 190 K is shown in figure 6.5 in six different representations with the related fit.
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Figure 6.5.: Dielectric spectrum of [C,C;Im][DCA] with 72 mol% water at 190K in six repre-
sentations. Solid lines are a fit with the MIGRATION model plus a CD function,
which are both shown as dashed lines. Additionally, a light scattering spectrum

recorded at the same temperature is shown in the € (w) panel.

It should be noted that the fit is also able to describe the data with the inverted ordering of
the relaxational processes, which is the procedure published before [317]. There, however,
N of the MIGRATION model has to be left as a temperature-dependent free fit parameter to
achieve satisfactory fits. The authors of the MIGRATION model consider N, as a temperature-
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independent parameter, which depends on the substance under study. Nevertheless, the fit is
able to to describe the data with both orderings of the relaxation processes, in principle. Due
to the discussion related to the model spectra in figure 6.4, the version with the CD function
located at higher frequencies than the MIGRATION peak seems more realistic.

In figure 6.5 the light scattering spectrum is also included in the panel of the conductivity
free representation. It can be seen that the light scattering peak is located in between the two
dielectric peaks. Since the slow process was tentatively assigned to the conductivity relaxation,
the reorientational relaxation is faster in dielectric spectroscopy than in light scattering. If
both processes are due to the same molecular dynamics, this can not be brought into an
agreement based on the different ranks of the correlation functions. Therefore, an explanation
would be that the fast dielectric relaxation is due to the reorientation of water molecules,
which is not visible in the light scattering spectra, where only the reorientations of the ions —
mainly the cations - is observed. The water dynamics being faster than that of the IL can be
rationalized by the fact that the glass transition temperature of water is commonly estimated
to be around 136 K [318], whereas T} of the IL is around 40K higher. Although this scenario
seems plausible, a test of this idea would involve mixtures with higher water concentrations,
which, unfortunately, is not possible due to crystallization. Therefore, in the next section
mixtures with 1-propanol will be considered where no crystallization interferes.

Before that, polarized light scattering measurement of the mixture of [C,C,;Im][DCA] with
72 mol% water are considered here. These measurements were performed to test whether a
diffusive motion of the water pockets could be observed by light scattering. Indeed, a very
weak signal showed up in the VV-measurements, with a small intercept of only around 0.05.
Angle-dependent measurements were performed to test the scattering vector dependency of
this relaxation. Such data at 250K is shown in figure 6.6.

Angles between 50° and 130° are shown in steps of 10°. Each curve was measured for twelve
hours. Still, strong scatter in the data at short times can be observed, highlighting the weak
scattering intensity of this relaxation. Clear angle dependence of the correlation time can
be seen. The correlation decays are fitted with a mono-exponential function, and the time
constants obtained by this fit are plotted inversely in dependency of the squared scattering
vector in the inset. Thereby, the refractive index n = 1.48 was approximated by assuming
ideal mixing [325] between water (n = 1.33) and [C4C;Im][DCA] (n = 1.51) [326] for an
IL-water mixture with a water concentration of 72 mol% = 19.16vol%. The solid black line
is a linear fit, indicating diffusive behavior, and from which the diffusion constant is directly
obtained via Dg? = 1/7, and its value is D = 7.15x10~' m?/s. This diffusion constant is
used together with the viscosity of the mixture? in the Stokes-Einstein equation (equation 2.1)
to obtain the hydrodynamic radius rhyq = 0.48 A. This is about a factor of 20 smaller than
the radius of the water pockets obtained by small-angle neutron scattering [317]. However,
such a direct comparison might not be justified. This is because it is not the self-diffusion
coefficient measured in the light scattering experiment since the water pockets can not be
assumed to be highly diluted in the ionic liquid matrix due to the high water concentration.
Instead, the collective diffusion coefficient is measured, incorporating the contribution from

2Measured during the master thesis of Jennifer Kraus by Sebastian Stock, TU Darmstadt, with a rheometer. At
253 K the viscosity is n = 53.91 mPas
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Figure 6.6.: Polarized PCS measurements at 250 K for angles between 50° and 130°, in steps
of 10°. A mono-exponential, angle dependent relaxation can be observed. The
inset shows that the inverse time constants follow a ¢* law, indicating diffusive
behavior.

particle interactions [327]. These interactions can render the apparent hydrodynamic radius as
measured by light scattering either larger or smaller than the actual one, in cases of attractive
or repulsive interactions, respectively [327]. Thus, in order to rationalize the observed diffusive
process with the diffusion of water pockets, a strong repulsive interaction of the water pockets
has to be assumed. Since such a high decrease in the apparent hydrodynamic radius due to
repulsive forces seems questionable on the one hand, and since it is completely unclear whether
water pockets indeed diffuse through the ionic liquid as a connected entity, on the other hand,
an alternative explanation should be discussed in the following:

The van der Waals radius of a single water molecule is around 1.4A [328]. The hydrodynamic
radius obtained by the angle-dependent light scattering measurements is still almost a factor
of three lower. Thus, the first question, which has to be addressed, is whether it is theoretically
possible to see the diffusion of water molecules in the light scattering experiment. If this would
be possible, the second question is why the apparent hydrodynamic radius is notably lower
than the actual radius of a water molecule. During the discussion of these two questions, it is
assumed for the moment that what is measured is the self-diffusion coefficient of water and
that the SE equation is applicable. Of course, a volume concentration of nearly 20% water can
not be regarded as a dilute solution. In order to answer the first question, it is instructive to
consider equation 3.5, where it can be seen that in the polarized field-correlation function, only
the distance over which the diffusion takes place enters, but not the size of the diffusing particle.
Thus, in principle, there is no lower limit of the size of the diffusing particle to be detectable.
In fact, light scattering measurements of the sub-nanometer diameter of sucrose molecules in
water have been reported, which were performed with a commercial apparatus utilizing a red
laser with a power of only 4 mW [329]. However, in order for such diffusion to be visible in the
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light scattering spectrum, a scattering contrast between the diffusing particle and the solvent
is necessary. It has to be preserved over the distance corresponding to the scattering vector,
thus in the order of the wavelength. According to Einstein’s theory for isotropically scattered
light (see section 3.1), fluctuations in the refractive index are responsible for the scattered
intensity. Here, the difference in refractive index between water and [C,C;Im][DCA] is high,
making it plausible that these refractive index fluctuations might be detected, if preserved over
a sufficiently large distance.

Still, an explanation for the low hydrodynamic radius has to be found if the diffusion can
be really connected to water molecules. As above, repulsive forces might be responsible for
an apparent small hydrodynamic radius, but the literature also reported that the diffusion
of water or other non-ionic tracers in ionic liquids is markedly faster than expected by the
Stokes-Einstein (SE) equation [330, 331, 332]. To be more precise, the diffusion constant
Dops of highly diluted tracers as measured by pulsed-field gradient 'H NMR and compared to
the one calculated via the SE equation using the van der Waals radius of the respective solute.
A correlation of the ratio D5/ Dsg and the ratio of solute-to-solvent van der Waals volumes
was found [330, 331]. This means the smaller the neutral solute in comparison to the ions,
the larger the deviation of its measured diffusion constant from the one predicted by the SE
equation. This behavior was explained by Arque et al. [331] by the fact that a neutral tracer
molecule experiences locally stiff (i.e., charged) and locally soft (i.e., apolar) regions of the IL.
Its diffusion is slowed down in the former, while it is sped up in the latter regions. On larger
length scales, this leads to a random walk, the step size of which is strongly influenced by the
fast diffusion in the apolar regions.

In another study by Bayles et al. [332], microfluidic Fabry-Pérot interferometry measurements
were performed to obtain concentration-dependent water diffusivities in different ILs. It was
also found that the diffusion of water is notably faster in the ILs than predicted by the SE
equation. This was explained by activated hops of the water molecules between polar regions
of the IL matrix, which are considered immobile over the time of a hop. With this model, the
authors were able to describe the water diffusivities dependent on the water concentration and
the electronegativity of the anion of the respective IL. Qualitatively, this model seems similar
to the one of Araque et al., discussed right before, in that sense that the diffusing solutes probe
the different environments of the IL matrix, whereby they are located at polar sites for longer
times than at apolar sites. This behavior gives rise to the fast diffusion of the water molecules
and is also in accordance with own Raman spectroscopy measurements [317] and those from
the literature [119], where it was found that the water molecules are mainly located near the
anions.

Moreover, the diffusion constant of infinitely diluted water in [C,C;Im][DCA] was measured
by the Taylor dispersion method in the literature [333]. The hydrodynamic radius calculated
from that via the SE equation amounts to 0.38 A and is thus similar to the value obtained here
by polarized light scattering for the mixture with 72 mol% water. In the light of the work by
Bayles et al., discussed before, this is surprising since there a strong dependence of the failure
of the SE equation with concentration was found, with a larger deviation from the measured
values for smaller concentrations. Also from the correlation between the ratio Dqps/Dsg and
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the ratio of solute-to-solvent van der Waals volume [330, 331], one could calculate® a factor
of approximately 120 between the measured and the SE value of the diffusion coefficient for
water in [C,C;Im][DCA] at infinitely dilution. This shows that measurements from different
experimental methods and different water concentrations may be hard to bring into accordance.
As mentioned above, it is probably not justified to regard the measured diffusion as self-diffusion,
as it can not be regarded as a dilute solution. It seems thus more appropriate to consider the
experimentally determined diffusion coefficient as a mutual diffusion coefficient D,,. This
concept considers that not only the solute but also the solvent is mobile, affecting each other.
Such mutual diffusivities have been obtained in the literature for IL-water mixtures with a
heterodyne light scattering experiment, which are comparable to the one found here [335].
Assuming ideal mixing and a vanishing cross-diffusion constant,* one can relate the mutual
diffusion coefficient of the mixture to the self-diffusion coefficients D; of the constituents by
D,, = 1D, + x9D,, where z; are the molar fractions [336]. This means that the mutual
diffusion coefficient is dominated by water, contributing with 72 mol%. Furthermore, the
self-diffusion coefficient of neat ILs was found to be in good accordance or even slightly below
the value predicted by the SE equation using the van der Waals radius, see reference [337] and
references therein. This implies that indeed the self-diffusion coefficient of water is unusually
high.

Together, the above discussion shows that it might indeed be possible — although it seemed
unrealistic at first glance — that the diffusional process observed in the polarized light scattering
data is dominated by fast water molecules diffusing in the heterogeneous IL matrix. Mainly two
observations are in strong favor of this interpretation: The extremely low scattering intensity
of this relaxation and the hydrodynamic radius, which is below that of a single water molecule,
which was explained in several studies in the literature with the abnormal diffusive mechanism
of small neutral solutes in ILs. In fact, it was speculated in reference [335] that the low
scattering intensity in the IL-water mixtures — in comparison to IL mixtures with other solvents
— originates from water clusters, where the mobility of water molecules is lower than that of
free water molecules. However, no sign of diffusing water clusters was found in this study
either. This might indicate that the water pockets do not diffuse as a whole, but only single
water molecules exchange between the water-rich sites. More evidence for this interpretation is
needed, though, for example, by concentration-dependent measurements or supporting pulsed
field gradient NMR measurements.

The temperature-dependent time constants of the diffusive light scattering relaxation are
shown on the right-hand side in figure 6.7 together with all other time constants measured
by different experimental methods for the case of the mixture with 72 mol% water. It can be
seen that its temperature dependence does not follow an Arrhenius law, as it was found for
concentration fluctuations in binary mixtures measured by polarized PCS or X-ray PCS [338],
or like it is discussed for the mixture with gelatin in section 6.3. Instead, a VFT-behavior is
found as indicated by the dashed line.

This is similar to the case of the diffusion data from NMR measurements contained in this

3Thereby, the van der Waals radius of the ions was determined by the method of Zhao et al. [334], giving a
mean value of 103.28 A3

4The error made by these assumptions seem to be in the order of some ten percent according to [336], contrasted
by the factor of three between the measured hydrodynamic radius of a water molecule and the actual one.
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Figure 6.7.: Arrhenius plot of neat [C,C;Im][DCA] (left) and of the mixture with 72 mol%
water (right). Correlation times were obtained by different experimental methods
as indicated.

figure. These NMR data were obtained by Elisa Steinriicken, TU Darmstadt, using a static
field gradient setup to measure the 'H diffusion constant of the cations in a mixture with D,O.
From these diffusion constants, rotational time constants are calculated via the SED relation,
where the hydrodynamic radius of a cation was chosen so that the resulting time constants
superimpose to the one from depolarized light scattering. It can be seen that the temperature
dependence of the so obtained NMR time constants is in perfect agreement with that of the
light scattering data. Also, the conductivity and dipolar relaxation times follow this VFT-law
closely. Interestingly, the DSC time constants are in good accordance with the conductivity
relaxation times, just like in the case of the neat IL as seen on the left-hand side of figure 6.7
and which was observed for a wide variety of ILs above. This might be seen as a confirmation
of the assignment of the slow relaxation process to the conductivity relaxation in the case of
the mixture, while it is the fast process in the neat IL. However, since the conductivity and the
dipolar relaxation are only slightly separated and seem even to merge near the glass transition,
this argument is not very strong. Therefore, in the next section, mixtures of [C,C;Im][DCA]
with 1-propanol are addressed. It is hoped that due to the possibility of measuring very low IL
concentrations in 1-propanol, more insight into the question if it is realistic that the conductivity
relaxation is slower than dipolar relaxation in the IL-water mixture, which should be assigned
to water reorientation, might be gained.
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6.2. Mixtures with alcohol

In this section, mixtures of [C,C;Im][DCA] with 1-propanol are considered, whereby the focus
is on mixtures with a low concentration of IL, which could not be measured in the case of
admixed water in the preceding section due to crystallization. 1-propanol is chosen because
it is easily supercooled, and due to the OH-group, it is miscible in all concentrations with
[C4C{Im][DCA], just like water. Furthermore, neat 1-propanol is well studied by dielectric
spectroscopy and also by PCS [339, 159, 44, 340]. This means that in both experimental
techniques, a contribution from 1-propanol is expected to occur, which should make it possible
to disentangle the rotational relaxation of the ions and 1-propanol from the conductivity
relaxation. This could also help to better understand the IL-water mixture’s dielectric spectra
from the preceding section. However, there is also a complication: From the above-mentioned
literature, it is well known that in the dielectric spectra of 1-propanol, a strong Debye-process is
present in addition to the «a-relaxation. This was most clearly demonstrated by a combination of
dielectric spectroscopy and PCS measurements, where in the latter, no sign of the Debye-process
could be detected, and only the a-relaxation and a secondary relaxation is seen [44]. It is
known that by the addition of salt to monohydroxy alcohols, the Debye-process is weakened
because the ions interact with the OH-group: Thus, the ability of the alcohol molecules to
form supramolecular H-bonded structures is reduced [341]. Since [C,C;Im][DCA] is miscible
with 1-propanol in all concentrations, unlike salts like LiCl, the influence of the IL on the
Debye-process can be monitored over the whole concentration range. Together, the dielectric
spectra will be highly complex due to the possible contribution of a multitude of relaxational
processes: The Debye process, the dipolar reorientation of 1-propanol and the ions, and the
additional conductivity relaxation. Thus, the comparison with light scattering data will be
useful, where only the reorientation of the different molecules is expected to show up.

From the results of the proceeding section it is known that the shape of the light scattering
spectrum of [C,C;Im][DCA] was not altered at all by the addition of 72 mol% water. Therefore, it
should be tested as a first step how adding 1-propanol affects the light scattering spectrum. From
preliminary considerations, it gets clear that the influence of 1-propanol on the spectrum will be
markedly larger than that of water. First, 1-propanol has a lower glass transition temperature of
around 98 K [342], which is almost 40 K below that of water. Therefore, the dynamical contrast
to [C4C,;Im][DCA] is expected to be higher. Furthermore, the optical anisotropy of water is
extremely small, leading to a very weak scattering intensity of water. A quantitative comparison
shows that the intensity of the depolarized scattered light by 1-propanol is approximately
a factor of 11 more intense than that of water. This value is obtained via equation 4.14,
where the density and refractive index of both substances at room temperature is used and
the optical anisotropy parameters /3 as obtained by DFT calculations.® In comparison, the
mean anisotropy of [C,C;Im][DCA] is (8) = 7.5 A3, together with the density and refractive
index, this gives a factor between the scattering intensity of [C,C;Im][DCA] and water of 260
and between [C,C;Im][DCA] and 1-propanol of only 23. Therefore, based on the lower glass
transition temperature and higher scattering intensity of 1-propanol, it can be expected to

>The DFT calculations were performed with the B3LYP functional and the aug-cc-pVTZ basis set. The value of
the optical anisotropy parameter 3 is 0.16 A® for water and (3) = 1.68 A® for 1-propanol
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see its rotational contribution in the spectrum of the mixture with even larger concentration
of [C,C;Im][DCA]. That this assumption holds is shown in figure 6.8, where the spectra of
neat 1-propanol and neat [C,C,;Im][DCA] are shown together with four different mixtures as a
master plot. The temperatures of each data set are chosen so that the peak maximum is located
at similar frequencies. Please note that the concentrations are denoted with = being the molar
concentration of the IL.

([C4C1Im][DCA])y + (1-propanol);.x)

max

XII/X
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Figure 6.8.: Master plot of light scattering spectra of mixtures of 1-propanol with
[C,CiIm][DCA] with different concentrations as indicated. The broadening of the
spectrum has a non-trivial concentration dependence, with the 15 mol% mixture
exhibiting the broadest peak.

A strong influence of the concentration on the shape of the spectra can be seen, unlike the case
for water seen in the foregoing section. Starting from neat 1-propanol, the amplitude of the
secondary relaxation decreases, but more importantly, the low-frequency flank broadens upon
increasing the IL concatenation. The latter can be rationalized by the fact that the reorientation
of the ions takes place at lower frequencies than that of 1-propanol, due to the lower glass
transition temperature of the latter. However, the broadening of the low-frequency flank seems
to have a maximum at a concentration of 15 mol% IL — at least for the concentrations under
investigation here — although the influence of the IL should, of course, be more prominent
in the case of the 35 mol% mixture. This points to the direction that the separation of the
rotational dynamics of the 1-propanol molecules and the ions depends on the concentration.
That this holds not only in dependence on the concentration but also in dependence on the
temperature can be seen in figure 6.9, where the spectra of the mixture with 15 mol% IL are
shown for selected temperatures. Starting at high temperatures with a relatively narrow peak,
the spectrum broadens with decreasing temperatures. It can be seen that the relaxational
process, which dominates the low-frequency flank, separates from the one dominating the
high-frequency flank. This means that the slower reorientation of the ions has a stronger
temperature dependence than the reorientation of the 1-propanol molecules.
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Figure 6.9.: Temperature dependent light scattering spectra of the mixture with 15 mol%
[C4C,Im][DCA]. The solid line is a fit with two CD functions for the reorientational
dynamics of 1-propanol and [C,C;Im][DCA].

Therefore, the trend in shape seen before in figure 6.8 might be influenced by the particular
temperatures which were chosen for the master plot. Nevertheless, it got clear from the light
scattering spectra of the 1-propanol IL mixtures that the reorientation of 1-propanol can be
separated from that of the ions. Thus it is now instructive to discuss the dielectric spectrum of
the mixtures in detail.

Due to the markedly lower measuring time, dielectric spectra were recorded for more con-
centrations than for light scattering. These spectra are compiled in the € .(w) representation
for all concentrations measured at 180K in figure 6.10. It immediately stands out that the
prominent peak observed at low IL concentrations does not change its position in frequency
up to an IL concentration of 10 mol%. This is rather surprising since with the addition of IL,
the viscosity of the mixture increases, which is expected to lead to a slowing down of the
dynamics. However, this reasoning holds for the a-relaxation, but as mentioned above, the
prominent peak in the dielectric spectrum of 1-propanol is the Debye-process. In fact, when
assuming that the Debye process arises due to a movement of the supramolecular structures as
described by the transient chain model like it was done for n-butanol [47], one could even
rationalize an acceleration of the transient chain dynamics with increasing IL concentration.
This is because some H-bonds between the 1-propanol molecules will be destroyed by the
presence of the IL, thus shortening the average length of the chains, which will render their
orientation relaxation faster. Indeed, it was found for a mixture of water and LiCl that the peak
position of the dielectric loss peak shift to higher frequencies with higher salt concentration,
although the viscosity increases as mentioned above [321]. Concomitantly, the strength of the
Debye-process decreases with increasing salt or IL concentration in the case of the water-salt
mixture reported in the literature or the present case, respectively, as can be seen in figure 6.10.
This indicates that the cross-correlations, mediated through the H-bonding of the water or
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Figure 6.10.: Dielectric spectra at 180K for different concentrations of [C,C;Im][DCA] in
1-propanol as indicated.

1-propanol molecules, decrease upon addition of salt or IL. Thus, in the light of the transient
chain model, a constant Debye-relaxation time together with a decreasing amount of H-bonding
would suggest that the average length of the chains stays constant while the number of chains
decreases.® However, it should be stressed again that the theory of Pierre-Michel Déjardin,
as discussed in section 4.2, is able to reproduce the dielectric strength of 1-propanol without
invoking any kind of H-bonding, just by calculating the Kirkwood correlation factor from
physical properties of the liquid and one free parameter, which is related to induction/dispersion
forces. Both the transient chain model and the Déjardin theory do not make predictions about
the absolute time scale of the Debye process but about the separation of the Debye- from the
a-relaxation. In the transient chain model, the ratio 7, /7, is correlated with the length of the
transient chain, while in the Déjardin theory, the additional collective process, which arises for
Kirkwood factors larger than unity, shifts to lower frequencies in respect to the single-molecule
process for stronger intermolecular interactions. Also, the dielectric strength of the Debye
process should decrease when the transient chains get shorter or when the intermolecular
interactions decrease, respectively.

Thus, it is necessary to fit the dielectric spectra of the mixture in order to determine the
dielectric strength and time constants of the «- and Debye-process in dependency of the IL
concentration. This is done by combining the MIGRATION model with a Debye-function, a
CD function for the a-relaxation and a CC-function for the secondary relaxation. Fits with
this model are shown in figure 6.11 for four different IL concentrations in four different
representations. The temperature of each data set is chosen so that the relaxational processes
are clearly visible within the frequency window. When visually inspecting the spectra, some

®However, it can not be excluded that the influence of the increasing viscosity and the decreasing chain length
may coincidentally cancel each other out.
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peculiarities can be observed: In the conductivity representation, a knee is visible at frequencies
above the DC-conductivity plateau, which diminishes upon addition of IL until it eventually
disappears at a concentration of 35 mol% IL. The real part of the permittivity shows the typical
step-like behavior and the onset of the electrode polarization, thus no peculiarities. From
that, only the decreasing dielectric strength with increasing IL concentration can be directly
seen. In the the €, (w) representation, several relaxation processes can be identified at a
concentration of 2 mol%. At low frequencies, the prominent Debye-process is apparent, and
at higher frequencies, the a-relaxation, which is notably weaker than the Debye-process, is
observable. At even higher frequencies, a broad secondary relaxation can be seen. This overall

picture changes notably upon increasing IL concentration.
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Figure 6.11.: Dielectric spectra of four different mixtures of (1-propanol)_,y with
([C4C{Im][DCA]), at 180K in four different representations. The solid lines are
fits with a sum of a MIGRATION model, a Debye and a CD function and a CC
function for the secondary relaxation.

At 6 mol%, the Debye-process is still dominating the spectrum, while the «a-relaxation is no
longer seen as a clear peak but only as a wing-like contribution at the high-frequency flank
of the Debye-peak. The [3-relaxation, on the other hand, is still visible. At 15mol%, the
Debye- and a-process have merged, and the conductivity relaxation has intensified, leading
to a highly convoluted spectrum without a clear low-frequency flank of the peak. Finally, at
35mol% even no clear peak structure can be identified any longer. The appearance of the

145



modulus representation is also interesting since such kind of M"”(w) spectra were not seen in
the case of neat ILs or in the mixture with water. At low IL concentrations, a pronounced low-
frequency peak is observed, which is less intense than the peak located at higher frequencies,
but markedly separated in frequency. This slow process is located at even lower frequencies than
the prominent Debye-process in the €, (w) representation. While relaxation processes appear
in the modulus representation at similar frequencies as in the permittivity representation for
weak, broad processes, they are located at higher frequencies in the modulus representation in
the case of strong, small relaxation processes [177]. Therefore, the main peak in M"(w) at low
IL concentrations can be attributed to the Debye-Process or the combination of Debye- and
a-process, respectively, while the low-frequency peak is due to the conductivity relaxation. This
is also clear from the fact that the frequency position of the latter is similar to the transition to
the DC-conductivity plateau in ¢'(w). By increasing the IL concentration, the slow modulus
peak intensifies and merges with the main peak until at 35 mol% only a single process is seen.
From these considerations, it gets clear that the dielectric spectra of the mixtures of 1-propanol
with [C,C;Im][DCA] transform from dipolar dominated spectra to spectra which closely re-
semble the one of neat ILs, already at an IL concentration of 35 mol%. Due to the multitude
of relaxational processes, which additionally merge with increasing IL concentration, the
description of these spectra with model curves is non-trivial. It results in fits that might slightly
deviate from the data, as seen best — as usual — in the €/j,.(w) representation. Nevertheless,
important insights can be gained from these spectra in the low IL concentration range, which
was prohibited in the IL-water mixtures due to the crystallization of water. Especially, it can be
seen that the dipolar dynamics of 1-propanol, may it be single molecule or cross-correlation
dynamics, can be very well separated from the conductivity relaxation for small IL concen-
trations. However, the strength of the prominent Debye-process decreases very quickly upon
addition of IL, so that already at IL concentrations of 10 mol% the Debye- and «-process can
no longer be separated either by eye or by a fit, leading to a single dipolar relaxation. But still
at 15 mol%, one can distinguish the contribution of the dipolar and conductivity relaxation by
eye when inspecting the ¢'(w) or M"(w) representation.

It is now interesting to consider a mixture of 1-propanol similar in concentration to the mixture
with water discussed in section 6.1 to see whether, in this case, dipolar and conductivity
relaxation can be better distinguished than for the IL-water mixture. If this is the case, it
could be possible to infer from the appearance of these spectra the correct assignment of the
relaxation processes in the mixture of the IL with 72 mol% water, which was not conclusively
possible in section 6.1. Therefore, dielectric data of the mixture of 1-propanol with 25 mol%
[C4C,Im][DCA] is shown in figure 6.12 in the €], (w) and M"(w) representation. A dramatic
change of spectral shape with temperature can be directly seen in both representations. While at
high temperatures, a peak with a clear low-frequency flank can be seen in the conductivity-free
representation, upon lowering the temperature, a slower relaxational process seems to intensify,
pushing up this low-frequency flank. This behavior is even more clearly seen in the modulus
representation, where at high temperatures, a prominent peak is visible, where an additional
weak hump can be detected on its low-frequency flank. At lower temperatures, however, this
hump intensifies until it evolves to a dominating peak at the lowest temperature, whereas the
peak at higher frequencies is lower in amplitude and located at the high-frequency flank of
the slower process. Moreover, it can be seen that the separation of the two processes increases

146



with decreasing temperature. From the discussion of the concentration-dependent dielectric
spectra, which were shown in figure 6.11, it is immediately clear that the slow process can be
assigned to the conductivity relaxation, while the faster one is due to dipolar reorientation.
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Figure 6.12.: Dielectric spectra of the mixture of 1-propanol with 25 mol% [C,C,IM][DCA] for
temperatures from 170K to 130K in 5K steps in two different representations.

Although the change of the spectra with temperature is by far more pronounced in the case of
this mixture with 1-propanol than it was in the case of the mixture with water, it nevertheless
clearly demonstrates that the low-frequency part of the € (w), right above the electrode
polarization, can be influenced by the conductivity relaxation. The dipolar relaxation is located
at higher frequencies, leading to a similar spectral appearance as in the case of neat ILs, where,
however, the ordering of these two processes is reversed. Moreover, it can be seen that a change
of the intensity ratio of the two processes does not only lead to a change in the €], (w) spectrum,
as it was the case in the neat ILs but also to a marked change in the modulus representation.
The latter is not observed in neat ILs, which is shown exemplified for the case of [CsC;Im][NTf,]
in figure B.3 in the appendix, while a distinct change in the conductivity free representation
can be observed for this IL. This was shown in figure 5.31 and assigned to the decreasing
dipolar intensity. The same behavior, i.e. a change of the shape in €} (w) together with an
unchanged shape in the modulus representation was also found for neat [C,C;Im][DCA] as
seen in figure 6.3. There, however, the spectral change in the conductivity free representation
was not as pronounced as in the case of [CsC;Im][NTf,].

Thus, it is possible to determine the ordering of dipolar and conductivity relaxation based
on observing temperature-dependent changes in the modulus representation in cases where
spectral changes in the conductivity free representation occur. In order to further test this
notion, two sets of model spectra are shown in figure 6.13. There, the €], (w) representation
is shown in the upper row and the imaginary part of the modulus in the lower row. In the
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left column, the relaxation time of the CD function, representing dipolar reorientation, is
chosen in such a way that its peak is located at lower frequencies than that of the conductivity
relaxation, modeled with the MIGRATION model using 7, = 5X1073s. In the right column,
7cp is chosen such that the CD peak is located at higher frequencies than the MIGRATION peak.
Three different values of the strength parameter d of the CD function are shown in each case.
It can be seen in the left column that with increasing dielectric strength, the dipolar relaxation
gets visible as a separate peak at frequencies below those of the conductivity relaxation in the
€4, (w) representation. However, in the M”(w) spectra, hardly any change is seen.

Tcp = 6e-2 Tcp = 1.3e-3
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Figure 6.13.: Comparison of model spectra in two representations. The only difference be-
tween the two columns is the time constant of the CD function (shown as dashed
lines). On the left-hand side, the CD peak position is located at lower frequencies
than the one of the conductivity relaxation, while the opposite ordering is shown
on the right hand side. Three different values of the dielectric strengths of the
CD function are shown in each case, as indicated.

The situation is markedly different in the right column, where the CD peak is located at higher
frequencies than the conductivity relaxation peak. Again, the CD peak naturally increases
in intensity with increasing d-value in the € (w) representation, but a bimodal spectrum
is already observed at the lowest d-value, in contrast to the case in the left column. In the
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imaginary part of the modulus, a dramatic change of the spectral shape can be seen upon
increasing dielectric strength. While the M”(w) spectrum is dominated by the conductivity
relaxation at d = 0.5, exhibiting a single peak, the contribution of the CD function increases
with increasing d, which leads to a bimodal spectrum, dominated by the dipolar relaxation at
d = 5. Together, this discussion indeed shows that the ordering of dipolar and conductivity
relaxation can be identified in cases where temperature- (or pressure-) dependent changes in
the €], (w) occur, by inspecting the //”(w) representation. When conductivity relaxation is the
fastest process, the modulus spectrum remains almost unchanged upon altering the dipolar
relaxation. In cases where the conductivity relaxation is slower, a distinct change in the modulus
spectra can be observed when the dipolar relaxation strength changes. Thus, this supports the
assignment of the slow relaxation process as being due to the conductivity relaxation in the
case of the IL-water mixture in the foregoing section, since there a change in the M"(w) spectra
was found in contrast to the neat IL, although in both cases the spectral shape of €, (w) changed.

After these qualitative considerations of the dielectric spectra, it is now instructive to look at the
parameters obtained by the fits of the data. Some of these fits were already shown in figure 6.11
and discussed above. Especially the static permittivity, the Kirkwood factor, and the ratio of
the time constant of Debye- and «a-process dependent on concentration at a fixed temperature
of 140K are considered in order to compare it to the predictions of the transient chain model
and the Déjardin theory, as discussed above. Therefore, ¢, and 7 /7, is shown on the left hand
side in the top and bottom row of figure 6.14, respectively. It can be seen that both quantities
strongly decrease with increasing IL concentration up to around 6 mol%, which is emphasized
by the solid black lines. The decrease in ¢, is smaller at higher concentrations, highlighted
by the dashed black line. The ratio 7, /7, is unity at concentrations larger than 6 mol% since
the fitting procedure can no longer separate both processes, and only one combined dipolar
process is fit to the data. Thus, the strong decrease in the dielectric strength with increasing IL
concentration is directly accompanied by the Debye- and «a-process shifting towards each other
and the eventual merging of both processes.

In the upper left panel, the ¢,-values expected for an ideal mixture are shown as a red dashed
line, calculated via e, = ¢1€; + 262, Where ¢; is the volume concentrations of the components
and ¢; are the static permittivities of the neat components, i.e., the plateau value in € (w)
disregarding the microscopic origin of the permittivity step. Since ¢, of neat [C,C;Im][DCA]
could not be measured at 140K, the value at a temperature slightly above the glass transition
is used. It can be seen, especially at low concentrations, that the measured ¢,-values decrease
markedly faster with increasing IL concentration than predicted by the ideal mixing law. This
might already indicate that some cross-correlations, which are present in 1-propanol, reduce
upon addition of IL. However, it should be kept in mind that the dielectric strength of neat
[C4,C1Im][DCA] is dominated by the conductivity relaxation, which means that the mixing rule
can not be directly applied, since the latter assumes that the ¢, is due to dipolar reorientations.
Therefore, in the upper right panel of figure 6.14, only the dipolar contribution of the dielectric
strength is shown, calculated by subtracting the conductivity relaxation contribution from the
total dielectric strength. Additionally, the mixing rule proposed by Kraszewski et al. is shown
as a dashed line [343], which was found in the literature to describe the static permittivity of
mixtures of 1-propanol with pyridine very well and which is given by €%° = €)% + €5 [344].
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Figure 6.14.: Parameters obtained from the fit to the dielectric data of the mixtures of 1-
propanol and [C,C,;Im][DCA].

There, the dipolar relaxation strength of the neat IL is chosen to be zero since it was found in
section 5.4.2 that the dipolar contribution disappears for all ILs under study at temperatures
near the glass transition. Still, the measured values are lower than predicted by the mixing
rule. It should be noted that various mixing rules have been proposed in the literature (see for
example references [344, 345]), which yield results not too different from each other [344],
so that it seems that the results here can not be captured by any of them. Thus, more insights
might be obtained by considering the Kirkwood factors of the mixtures. These are calculated
by equation 3.18, using only the dipolar part of the dielectric strength. Densities and refractive
indices were extrapolated to 140K from the literature [346, 347, 348, 349, 350], and the
dipole moment of the IL is the mean value of the cation, listed in table 5.2, and the anion,
both calculated by DFT, which together gives 2.6 D. For 1-propanol, the value of 1.68 D is used,
which can be commonly found in the literature [351]. The resulting Kirkwood factors are
shown in the lower right panel of figure 6.14. A strong decrease can be seen with increasing
IL concentration, indicating a dramatic reduction of the cross-correlations. The transition
from values higher than one, i.e., preferred parallel alignment in the simple picture, to values
below one happens somewhere in the concentration range between 10 mol% and 15 mol%.
This is similar to the concentration range where the merging of Debye- and a-process occurs.
However, it should be noted that these gx values should be considered with some caution,
since the dipolar contribution disappears in neat ILs at low temperatures, as discussed in detail
in section 5.4.2, which inevitably leads to an unphysical g value of zero. Nevertheless, the
parameter compiled in figure 6.14 can now be compared to the predictions of the transient
chain model and the Déjardin theory.

The number of molecules NV contained in a transient chain can be estimated from the ratio of the

150



dielectric strength of the Debye process ¢, to the one of the a-relaxation ¢, viaep /e, ~ 4N [47].
Here, ¢, can be determined only with large uncertainty, due to its small value in compassion
to ep for small IL concentration and due to the additional conductivity relaxation complicating
the fitting. However, it has been found for n-butanol that ¢, increases upon decreasing ¢ [47],
so assuming here either the same behavior or an approximately constant value of ¢, leads with
a marked decrease of p to the conclusion that the number of molecules in a chain decrease
upon addition of IL. The same conclusion can be drawn more directly from the decreasing ratio
of the time constants 75 /7,, which also indicates the shortening of the end-to-end distance of
the transient chains. Since it is necessary for 1-propanol molecules, which are integrated into
such a linear chain, to form two hydrogen bonds, except for the first and the last molecule of
the chain, the number of molecules which form two hydrogen bonds must decrease upon the
addition of the IL, if the chains indeed shorten. This has been tested by Raman measurements
in the Master thesis of Hannah Kirchhof. The OH-stretching region of the Raman spectrum
was decomposed into the contributions from differently bound molecules by comparison with
DFT calculated spectra, and the decrease of the intensity of the OH-bands associated with
twofold bound molecules was found with increasing IL concentration. Thus, it seems that
the dielectric results of the 1-propanol-[C,C;Im][DCA] mixture could be rationalized by the
model of transient chains, which are comprised of a larger number of 1-propanol molecules at
low IL concentration but shorten upon addition of IL due to the tendency of the 1-propanol
molecules to associate with the ions. Intuitively, one would assume shorter relaxation times
for shorter chains, leading to a shift of the Debye peak to higher frequencies for increasing IL
concentration. This, however, is not observed as seen in figure 6.10, where the peak position
stays constant, i.e., for the ratio 7 /7, to decrease, the a-relaxation shifts to lower frequencies
for higher IL concentrations. Thus, although most of the findings are in accordance with the
transient chain model, some questions remain open, and it has to be emphasized that through
the reduction of H-bonds between 1-propanol molecules, the orientational correlation naturally
decreases. Thus a comparison with the Déjardin theory is in order.

However, since the Déjardin theory is unable to deal with mixtures at the present stage, only
qualitative considerations can be performed. As was already discussed in section 4.2 for the
case of the non-associating liquid TBP, the dynamic part of the Déjardin theory predicts a
dynamic contribution in addition to the single molecular motion for cases where the Kirkwood
factor is larger than unity. This additional peak is ascribed to collective motions of strongly
coupled dipoles [259]. The separation of the single-molecule and the collective mode increases
with increasing interaction parameter )\, which is given by A = 4mwpou?/(3kT), where py is the
particle density. Thus, when identifying the Debye process with the collective mode and the a-
process with the single molecular motion of the Déjardin theory, the decreasing separation of the
Debye- and a-relaxation, as seen in figure 6.14 could be caused by the decreasing A value due to
the decreasing number density of 1-propanol molecules. In addition, the Kirkwood factor of the
mixtures falls below unity in the concentration range between 10 and 15 mol%, which means
that from that concentration on, no additional relaxational process due to collective modes is
expected by the Déjardin theory at all. This is in the limits of uncertainty in accordance with
the experimental finding, where, starting at a similar concentration (10 mol%), no separation
between the Debye- and a-relaxation could be resolved any longer by the fitting procedure.

Thus, it can be summarized that the dielectric measurements of the 1-propanol-[C,C;Im][DCA]
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mixtures presented in figure 6.14 could be qualitatively be rationalized by both the transient
chain model and the Déjardin theory. However, while in the light of the former, the constant
Debye-relaxation time upon addition of IL and thus upon shortening of the transient chains is
hard to imagine as discussed above, the Déjardin theory is not directly applicable to mixtures
in its present form. Therefore, the interpretation of the data with these models has to be done
with some caution. Nevertheless, it should be mentioned that the improved version of the
Déjardin theory is able to reproduce very well the temperature-dependent static permittivity of
neat 1-propanol [50], where only one free parameter exists, which has to be determined by
comparison with experimental values and which is related to induction/dispersion forces. Its
value increases for longer alkyl-chains in the homologous series of the n-alcohols, as expected,
since the polarizability of the molecules increases with increasing molecular volume. Thus,
the Déjardin theory is well suited for describing at least the data of neat 1-propanol invoking
dipolar cross-correlations, which lead to a Kirkwood factor markedly larger than one, and
it seems natural that these orientational cross-correlations between neighboring 1-propanol
molecules diminish upon addition of IL, since the ions interact with the 1-propanol molecules.
Furthermore, the results of a recent study on ethanol seem also to be more easily rationalized
by the Déjardin theory than by the transient chain model. It has been found that a Debye
process is present in the plastic crystalline phase of ethanol, i.e., where translational degrees of
freedom are frozen, and the molecules are only free to rotate [352]. While it is hard to imagine
how the movement of a transient chain could possibly take place in the plastic crystalline phase,
an orientational correlation between neighboring molecules is easy to imagine.

Up till now, the discrimination of relaxation processes in the mixtures was made into conduc-
tivity relaxation, Debye-relaxation, and dipolar reorientation. However, it had been silently
assumed — at least for low IL concentrations — that only the dipolar relaxation of the 1-propanol
molecules is seen in the spectra. No statement was made about the reorientation of the ions,
which could be expected to become visible for higher IL concentrations. Hence, it should
be checked where the ion reorientation may show in the dielectric spectra and if it should
be considered in the fitting routine. Therefore, comparison with the light scattering data is
useful since it was shown above that both 1-propanol and ion reorientations could be seen
separately in the light scattering spectra. Hence, dielectric spectra of neat 1-propanol and neat
[C4C,Im][DCA] and four different mixtures are shown in the €], (w) representation together
with the light scattering spectra obtained at the same temperature. The temperatures for each
data set are chosen such that all relaxational processes are visible in the frequency window. The
data of neat 1-propanol were measured previously in the course of the works [159], and [44].”
It can be seen that the light scattering a-process, which is due to the reorientation of 1-propanol
molecules, coincides with the dielectric a-relaxation, while the Debye-process is located at
around two orders of magnitude lower frequencies. For the concentration of 2 mol% IL, the
a-relaxation is still clearly visible in the dielectric spectrum. However, the peak frequency from
light scattering is lower than that and located between the dielectric Debye- and «-relaxation.
This is surprising, as the light scattering spectrum should still be dominated by the reorienta-

7Since the light scattering spectrum was recorded at a slightly higher temperature than the dielectric spectrum,
it was shifted by a factor of 0.8 in frequency to resemble a data set at the same temperature as in dielectric
spectroscopy. This factor was determined via the VFT-fit to the light scattering time constants.
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tion of the 1-propanol molecules, which is also seen as the dielectric a-relaxation. A repeated
measurement with a new sample leads to similar results. Thus, the reason for the discrepancy
needs further research. It should be noted in this respect that an intermediate relaxational
process has been found in several monohydroxy alcohols by dielectric spectroscopy, NMR, and
rheology [309, 341, 47], which was assigned to the breaking of individual H-bonds and thus
the reorientation of the hydroxy group. Thus, it could be speculated that such an intermediate
process is also present in 1-propanol, which is probed by light scattering. However, it is unclear
why this should be the case in the 2 mol% mixture and not in neat 1-propanol. Furthermore, it
has been found recently for other monohydroxy alcohols that the light scattering relaxation
is faster than the intermediate process and coincides with the dielectric a-relaxation [353].
Therefore, it seems highly unlikely that the intermediate process is probed by light scattering
in the case of 1-propanol, and another explanation has to be found in the future.
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Figure 6.15.: Comparsion of the dielectric and the light scattering spectra of neat 1-propanol
and neat [C,C,;Im][DCA] as well as for the case of four different mixtures of these
two liquids. The dielectric data is shown in the conductivity free representation.
Solid lines are the total fits to the spectrum and dashed lines are the components
of the fits to the main peak of the light scattering data. Blue, orange and yellow
vertical lines mark the position of the main BDS, the DLS-« (1-propanol) and
the conductivity relaxation, respectively.

The contribution of the ion reorientation can be seen in the light scattering spectrum appearing
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on the low-frequency flank of the 1-propanol reorientational process, which is both shown as
dashed lines. It can be seen that the peak position of the ionic contribution is located at almost
the same frequency as the dielectric Debye-process in the case of the 2 mol% mixture, which
means that it can not be resolved in the dielectric spectrum beneath the overwhelming Debye-
intensity. At a concentration of 6 mol% IL, the position of the dielectric Debye-peak and the
light scattering 1-propanol peak have approached each other further. This is in accordance with
the dielectric a-process approaching the Debye process for increasing IL concentration as seen
in figure 6.14. When considering the fit of the dielectric data, one can see that the data is not
described perfectly at the low-frequency flank of the peak, although the conductivity relaxation,
which is located in this frequency range, is very well described in the modulus representation,
as can be seen in figure 6.11. This might indicate that a weak additional contribution is present
in this frequency range, which is hardly visible in the modulus representation, but can be seen
in €], (w). Such characteristics bears a dipolar relaxation with a slower relaxation time than the
conductivity relaxation, as seen above. Additionally, the ion reorientation contribution in the
light scattering spectrum is located in this same frequency range, as indicated by the vertical
gold line. Together, this might indicate that indeed a weak signature of the ion reorientation is
visible in the dielectric spectrum. A similar picture emerges for the two higher IL concentrations,
supporting this interpretation. However, the attempt to include an additional CD function for
this contribution would result in overfitting of the data.

For the concentrations of 15 and 35 mol%, the Debye- and «a-process have merged, or the
Debye-process has vanished in the dielectric spectrum. This leads to a single dipolar relaxation
in addition to the conductivity relaxation, which is located at similar frequencies as the 1-
propanol reorientation in the light scattering spectra. Thus, the assignment of the dielectric
relaxation processes to their microscopic origins as well as the merging of Debye- and «a-process
could be confirmed by the light scattering measurements.

Concerning the IL-water mixture from section 6.1, the results from the 1-propanol-IL mixture
suggest that it is indeed likely that also there the conductivity relaxation is slower than the
dipolar relaxation and that this dipolar reorientational process might indeed be due to water
molecules. In order to take this IL-water system a step further, in the next section, measure-
ments are discussed for an IL-water-gelatin mixture.
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6.3. Mixtures with water and gelatin

This section considers a mixture of water, [C;C;Im][DCA] and gelatin. Due to the presence of
a gelling agent and an ionic liquid, this mixture forms an ionic gel, often called Ion Jelly in the
literature [133]. First proof of concept measurements on these gels were performed during
the bachelor thesis of Jennifer Kraus, and most of the data shown here were obtained during
her master thesis, both supervised by the present author. The Ion Jelly (I1J) was prepared by
mixing 73.7 wt% IL, 17.1 wt% water and 9.2 wt% gelatin, yielding a mole ratio of IL-water
of approximately 72 mol%, which is the same concentration ratio as for the IL-water mixture
discussed in section 6.1. Thus, by comparing the measurements with the IL-water mixture,
direct conclusions can be drawn on the impact of the gelatin on the dynamics. The resulting Ion
Jelly has the consistency of jello to eat. The color is slightly yellow due to both the IL and the
gelatin being yellowish. To directly demonstrate the ability of the Ion Jelly to mediate charge
transfer, two teaspoons of the gel are used, which are connected to a battery and a LED, as
shown in figure 6.16. As soon as the current circuit is closed, the LED lights up, demonstrating
good charge transfer of the Ion Jelly.

Figure 6.16.: Demonstration of the Ion Jelly mediating charge transfer from a battery to light
up a LED.

As mentioned in section 2.2, Ion Jellies were previously investigated by dielectric spectroscopy,
mainly with the focus on the conductivity, and by pulsed-field NMR measurements, i.e., with
both experimental techniques, translational dynamics of the ions were probed. Rotational time
constants were also calculated from the step in the real part of the permittivity as measured by
dielectric spectroscopy [127]. However, no attention was paid to the fact that the step could be
at least partly due to the conductivity relaxation.

In contrast, dynamic light scattering measurements on an Ion Jelly were not performed before
to the best of the author’s knowledge. It is, however, known from polarized dynamic light
scattering measurements on gelatin-based gels without IL that information about the mesh size
of the gelatin network can be obtained from the diffusive concentration fluctuations [354, 355].
It seems that depolarized light scattering measurements were not performed on gelatin-based
gels before. If only water is mixed with gelatin, the reorientational motions which could
be probed by depolarized light scattering are the ones from the water molecules. Thus the
scattering intensity is very low, rendering such measurements difficult. However, in the case
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of the Ion Jelly of this work, the scattering intensity of [C,C;Im][DCA] is high, so it could be
hoped to see the reorientational dynamics of these ions in the light scatting spectrum. Since it is
known from DSC measurements in the literature that Ion Jellies based on [C,C;Im][DCA] could
be supercooled [127], the dynamics could not only be investigated over the whole temperature
range down to the glass transition but also calorimetric time constants of the gel could be
obtained by DSC measurements. Moreover, through cooperation with Johan Mattsson from
the University of Leeds, United Kingdom, additional rheological data on the Ion Jelly was
provided.® By combining these experimental techniques, the complex interplay between the
translational and rotational dynamics of the ions with the nanoscopic motions of the gelatin
network and the macroscopic shear behavior of the gel could be investigated.

At first, a depolarized light scattering spectrum of the Ion Jelly is compared to the IL-water
mixture without gelatin at 180K in figure 6.17. At the beginning of this work, it was unclear
whether it was possible at all to obtain a depolarized light scattering spectrum of the Ion Jelly.
It turned out that it is easily possible. The only experimental obstacle is the vacuum tightness
of the sample cell. This is because when air is pulled out of the sample cell, bubbles build up in
the gel, which cannot ascend due to the high viscosity of the gel. Therefore, they get stuck
in the sample and may render a measurement impossible in cases of too many bubbles or if
the bubbles are located in the laser beam area. Venting the sample cell may help reduce the
bubbles to a certain extent due to the self-healing properties of the Ion Jelly.
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Figure 6.17.: Comparison of the light scattering spectrum of the Ion Jelly to the mixture of
[C,C;Im][DCA] with 72 mol% water. The spectra are only shifted vertically to
superimpose.

When inspecting the light scattering spectra shown in figure 6.17, where the data is only
shifted along the y-axis to superimpose, it gets immediately apparent that the peak frequency
is identical for the Ion Jelly and the IL-water mixture. This means that the most probable

8data shown in figure B.4 in the appendix
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relaxation time determined by the peak position is unchanged upon the addition of gelatin.
This is rather surprising since it means that the rotational motions of most of the ions inside
the gel matrix are not affected by the gelatin. Additionally, the high-frequency flank of both
data sets is also very similar. In contrast, the low frequency flank of the Ion Jelly spectrum is
markedly broadened in comparison to the IL-water mixture, where the usual w!-behavior is
found. The attempt to fit the Ion Jelly spectrum with a common model function like the one
proposed by Havriliak and Negami, which is able to describe slopes of the low-frequency flank
different from w!, failed. This is because the peak is relatively narrow, while the broadening
starts only at frequencies well below the peak. Since the crossover to an w!-behavior is not
observed and expected to occur outside the frequency window, it is possible to fit the spectra
with a sum of a CD and an HN function. However, there is no evidence that the spectrum
becomes bimodal at any temperature under investigation. Instead, it is more likely that just the
low-frequency flank of the a-relaxation is broadened so that it becomes impossible to model it
by a single common fit function. Therefore, some possible explanations for this low-frequency
broadening should be discussed in the following.

The Ion Jelly displayed thermo-irreversibility, i.e., the gel did not liquefy upon heating. More-
over, after preparing the gelatin-water-IL solution, it was not necessary to cool it down to
obtain a gel. Instead, gelation occurred even at elevated temperatures and under permanent
stirring. In cases where only water is mixed with gelatin, thus without IL, the mixture has to
be cooled down for gelation and liquefies upon heating, as is well known from using gelatin in
deserts. This points into the direction that probably chemical cross-links are formed by the IL,
similar to a previous observation where caffeic acid was used as a cross-linking agent [356].
However, the discrimination between chemical and physical cross-links is not straightforward
[357], and beyond the scope of the present work.

In either way, one interpretation of the low frequency broadening of the spectra could be that
some of the ions in the gel participate in the cross-linking process and are thus not as free in
their movement as the ions not participating in cross-linking. Thus, while all ions participate
in the a-process of the IL-water mixture, in the 1J, some of the ions are connected to the
gelatin matrix. Therefore, the orientational correlation function measured by depolarized light
scattering does not decay to zero in the course of the rotation of the free ions. Instead, slow
dynamics due to the rotationally hindered ions are observed, which only decays to zero when
the gel network relaxes, which is outside the accessible frequency window. Although such an
explanation seems straightforward at the first sight, it has several problems: First, it is not clear
how the cross-linked ions, which presumable all are trapped in a similar fashion can produce
such a broad relaxation time distribution in the light scattering spectra. Second, and more
importantly, a rough calculation of the number of ions participating in the slow relaxation
gives values as high as 10 to 15 %, depending on the temperature, when comparing the area
between the spectrum of the Ion Jelly and the area of the IL-water mixture. This value seems
too high for two reasons: First, this amount of ions bonded to the gelatin matrix is difficult to
reconcile with the unchanged peak position, which should shift significantly when the ratio of
mobile IL and water molecules is altered. Second, the cross-link density p, of the Ion Jelly can
be estimated from the shear modulus value G’ in the rubbery plateau region of the rheology
data, which are shown in figure B.4 in the appendix, via p, ~ G’/(RT) [358]. There, R is
the universal gas constant and T is the temperature. This gives a value of p, ~ 0.3 mol/m?
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at 300 K, which is below 0.01 % of the ion density in the system. Thus, the number of ions
acting as cross-linker in the Ion Jelly does not suffice by far to explain the total amount of the
observed slow contribution. Therefore, a different mechanism must be at work to explain the
low-frequency broadening.

One could think of two possibilities for rotational motions appearing at slower time scales than
the rotation of the free ions: On the one hand, optical anisotropic side chains of the gelatin
might exhibit rotational motions which are detectable, for example, the pyrrolidine groups. On
the other hand, some ions might be slowed down by a "slaving" of molecules in proximity to the
gel matrix, like it was found for polymer-solvent mixtures [242, 359]. Both explanations involve
the presence of slow rotational dynamics closely connected to the gelatin chain movements.
Instead of actual slow molecules giving rise to the low-frequency flank of the light scattering
spectrum, dynamic cross-correlations may be the reason, which were very recently identified
in depolarized light scattering measurements of a concentrated polymer solution [243]: There,
a pronounced broadening of the low-frequency flank of the solvent a-relaxation in DLS spectra
was found. In that system, the effect could be attributed to orientational cross-correlations of
the solvent molecules, which arise due to preferred orientations of the solvent molecules in
the proximity of the polymer chain. These cross-correlations were found to decay only on the
time scale of the polymer relaxation. Thus, no slow solvent molecules actually exist despite the
observed slow relaxation mode. On lowering the temperature, the low-frequency broadening of
the solvent relaxation increases (as is the case for the Ion Jelly) due to the increasing influence of
the cross-correlation process. Thus, it might be possible that a similar mechanism is responsible
for the low frequency broadening observed in the Ion Jelly. However, in the latter case, the
complete decay of cross-correlations can not be observed since the polymer network does not
fully relax in the temperature range studied due to the cross-linking of the gel.
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Figure 6.18.: Glass transition steps of the Ion Jelly and the mixture of [C,C;Im][DCA] with
72 mol% water as measured by DSC.

In order to determine if indeed, slow molecules or slow molecular parts of the gelatin exist
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or if, instead, cross-correlations are responsible for the low-frequency broadening of the low-
frequency flank, a first hint might come from DSC measurements. This is because slow dynamics
are expected to affect the glass transition step, while cross-correlations are not expected to
be active in DSC measurements like it is well known for the Debye-process in monohydroxy
alcohols [41, 42, 43]. Therefore, the glass transition step of the IJ and the IL-water mixture,
both measured at a heating rate of 80 K/min are compared in figure 6.18 in the d7/dT
representation. It can be seen that the slope of the glass transition step is steeper in the case
of the IL-water mixture than for the 1J, leading to a broader glass transition step in the latter
case. The differences between the two data sets are most prominent in the high-temperature
region of the glass transition step, where the contribution from the slow dynamics would
be expected. Thus, it seems that indeed slow molecules, or slow molecular parts, might be
present and that the broadening of the low-frequency flank of the light scattering spectrum
is not due to cross-correlations. Support for this interpretation comes from the fact that also
in the macroscopic rheology spectra, a broadening of the low-frequency flank of the shear
modulus is observed, as seen in figure B.4 in the appendix, reminiscent of the light scattering
spectrum. However, to clarify the nature of the slow process, experiments are required that
exclusively monitor the self part of the reorientational correlation function, such as certain
NMR techniques, to exclude cross-correlations. Additionally, the dynamics of water molecules
and ions could probably be measured separately by NMR to check if these molecules contribute
to the slow relaxation.

As a next step, the invariance of the dynamics upon addition of gelatin, as indicated by the
unaltered peak position between the 1J and the IL-water mixture seen in figure 6.17, should
be explored further. Therefore, temperature-dependent light scattering correlation times
from above room temperature down to the glass transition of both samples are compared in
figure 6.19. It can be seen that the relaxation times are almost identical between the two
samples over the whole temperature range. To check how the translational motions are affected
by the presence of the gelatin matrix, the DC-conductivity of the IJ and the IL-water mixture
are compared in the same figure. Again, they are almost identical for both samples. That means
that the rotational, as well as the translational dynamics, are not affected by the presence of
the gelatin.

This is a very interesting finding regarding possible applications of the Ion Jelly since mechanical
stability is obtained, preventing any leakage, but without losing the high mobility of the ions.
Bearing in mind the huge number of ionic liquids available, together with the fact that other
liquids in these gels could replace water, this opens up the possibility of tailoring an Ion Jelly
that fits the needs of specific applications.

Apart from the DC-conductivity, information about the conductivity relaxation time constants
and the dipolar reorientation should be obtained from the dielectric spectra in analogy to the
mixtures from the two preceding sections. Therefore, master plots of the dielectric data in
€4, (w) and M"(w) are shown in figure 6.20. It can be seen that the bimodality in €]  (w) is
less pronounced than it was the case in the IL-water mixture. However, the change in the
shape of the modulus spectra with temperature is similar to the one of the mixture without
gelatin. At the lowest temperature, one can even see that a shoulder at the high-frequency
flank of the dominant peak develops. This is reminiscent of the modulus spectrum at the lowest
temperature of the 1-propanol-IL mixture shown in figure 6.12. Based on the discussion of these
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Figure 6.19.: Arrhenius plot of the light scattering time constants of the Ion Jelly and the
mixture of [C4,C;Im][DCA] with 72 mol% water. Also, the inverse DC-conductivity
of these two samples are shown.
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Figure 6.20.: Temperature dependent dielectric data of the Ion Jelly shown as a master plot
in two representations.

spectra, it can be concluded that the conductivity relaxation is located at lower frequencies than
the dipolar relaxation in the spectra of the Ion Jelly, just like it was assumed for the IL-water
mixture. Thus, the data is fitted again with a MIGRATION model for the slow conductivity
relaxation and a CD function for the dipolar reorientation, where the latter is probably due to
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the reorientation of water molecules. Before comparing the time constants from these fits to the
one from depolarized light scattering, data of polarized light scattering should be addressed
first.

Since it is known from the literature that information about the mesh size of the gelatin matrix
can be obtained by measuring polarized light scattering spectra of gels in general [354, 355],
such measurements were performed here on the Ion Jelly in dependence of the temperature
and the scattering angle #. An example of the normalized field autocorrelation function at 300 K
and 6 = 90° is shown in figure 6.21. A single KWW function (see equation 2.4), as commonly
used to model such correlation decays, is not able to give a satisfactory description of the
data. Therefore, a sum of a monoexponential decay, i.e. Sxww = 1 and a KWW function with
Prww = 0.65 is used to describe the correlation decay. This procedure was applied previously
in the literature to polarized light scattering data of gels [354, 355]. The overall fit is shown
as a solid black line in figure 6.21, and the monoexponential part as a green dashed line and
the KWW contribution as a yellow dashed line, respectively.

0.8
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Figure 6.21.: Correlation decay of polarized light scattering measurements. A fit with a sum of
a mono-exponential and a stretched exponential function is necessary to describe
the data. Both are shown as dashed lines. Both decays obey a ¢-behavior as can
be seen in the insets.

The inset shows the inverse time constants 7xww for the fast and the slow decay as a function
of the squared scattering vector, which is given by equation 3.4. The refractive index of the gel,
necessary for calculating the scattering vector, was approximated by assuming ideal mixing
[325] between water (n = 1.33) and [C,C;Im][DCA] (n = 1.51) [326] for an IL-water mixture
with a water concentration of 72mol% = 19.16vol%. As it is obvious from the solid black
lines in the insets, the dependence of the correlation time on the squared scattering vector is
linear, indicating a diffusive behavior for both modes. This fit directly determines the diffusion
constant via Dg? = 1/7. Using the diffusion constant of the mono-exponential process together
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with the viscosity of the IL-water mixture,? it is possible to calculate a correlation length &
via the Stokes-Einstein equation, which is found to be £ = 10.5nm. This length-scale is of
the same order of magnitude as the one found for hydrogels [354, 355], and attributed to
the mesh size of the network in the literature, i.e., the fast process is due to a cooperative
diffusion of chain segments between connection points of the gelatin matrix [360]. Accepting
this interpretation, it is possible to compare this value of the mesh size to the distance between
cross-linking points calculated from the rheological data. This distance &y, is used in the
literature to obtain an estimate of the mesh size of the gel network by assuming that the density
of cross-linking points, as calculated above from the shear modulus, can be translated into the
distance between cross-linking points via

o — 3 RT
rheo A G,NA

(6.1)

where &0 is the radius of a sphere representing the mesh size of the network. At 300K a
value of 11 nm is calculated, which is in excellent agreement with the value obtained from the
diffusion constant of the fast relaxation observed by polarized light scattering.

On the other hand, the physical picture behind the slow mode in the polarized light scattering
data, which has been observed in several gel systems, is controversial in the literature, see
references [354, 360] and references therein. One interpretation attributes the slow mode to
incomplete gelation, while other authors attribute it to cooperative rearrangements of larger
areas of the network. Therefore, more work is needed to clarify the origin of this process. Here,
it should just be mentioned that the slow process has a different temperature dependence than
the fast process, so it could be followed only over a narrower temperature range. All time
constants from the VV and VH light scattering measurements are compiled with the one from
dielectric and DSC measurements in figure 6.22.

Dashed lines are fits to the respective data, indicated by matching colors, where the fits of the
depolarized light scattering data and the conductivity relaxation are VFT-functions. The fit
to the fast diffusive process from polarized light scattering is performed with an Arrhenius
equation. It can be seen that the calorimetric time constants coincide once more with the
conductivity relaxation times. The dipolar relaxation times from dielectric spectroscopy agree
very well with the correlation times from depolarized light scattering. This might indicate
that the reorientational motions of the water molecules, which are supposed to be seen in
the dielectric spectra, are highly coupled to those from the ions, which are monitored by
depolarized light scattering. This is slightly different from the situation found in the IL-water
mixture discussed in section 6.1, where the dipolar relaxation was found to be slightly faster
than the light scattering relaxation. However, the differences are marginal and should thus not
be overinterpreted.

The data of the cooperative diffusion of chain segments, as described by the Arrhenius equation,
would intersect with the VFT-curve of the other relaxation times at around 10s, i.e., in the glass
transition region. Similar observations have been made in polymer-solvent systems, where the
concentration fluctuations intersect with reorientational time constants at the glass transition

°n = 7.31mPa at 298K, as determined during the master thesis of Jennifer Kraus by Sebastian Stock, TU
Darmstadt, with a rheometer.
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Figure 6.22.: Arrhenius plot of all time constants of the Ion Jelly.

temperature [361]. The reason for the diffusive motions exhibiting Arrhenius-type behavior
while all other relaxation times show VFI-behavior is not reported in the literature to the
best of the author’s knowledge and should be studied in the future. While the temperature
dependence of the faster process found in VV light scattering can be identified as Arrhenius-like,
the temperature dependence of the slow process is not identified as easily. It is either Arrhenius-
like with slightly higher activation energy than the faster process or VFT-like. Discrimination
could not be made because the process left the accessible experimental time window at low
temperatures.

In summary, it has been shown for the first time that reorientational dynamics of the ions
in an Ion Jelly could be monitored with depolarized light scattering. It got apparent by the
comparison with the IL-water mixture of the same concentration ratio just without gelatin
that the time scale of the rotational dynamics is unaffected by the presence of the gelatin
matrix. The same holds for the DC-conductivity, which was reported previously. The shear
modulus spectrum resembles the broadening of the low-frequency flank of the depolarized
light scattering spectra, and also, the glass transition step, as measured by DSC, is found to
be broader than for the IL-water mixture. This might indicate that slow molecules or parts of
the gelatin matrix might be responsible for these slow contributions. Additionally, mesh sizes
calculated from polarized light scattering measurements and the shear modulus agree well.
Thus, it has been shown that a combination of these different experimental methods can give
insights into the complex interplay of rotational and translational motions of single molecules
with the macroscopic dynamics of the gel. Therefore, a goal for the future might be to explore
the limits of rigidity introduced by increasing the gelatin concentration without losing the high
mobility of the ions.
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7. Summary

The complex relaxation spectra of ionic liquids were addressed in the present work with the
objective to disentangle the various dynamic contributions and to reveal their microscopic
origins. Mainly two experimental methods were employed, namely depolarized light scattering
(DLS) and broadband dielectric spectroscopy (BDS). In order to be able to monitor the dynamics
over as wide a frequency range as possible, a third light scattering setup was implemented giving
access to the terahertz regime. In BDS spectra of ionic liquids the rotational motion of the ions
as well as their translational motions can be monitored. In contrast, DLS measurements gives
access to rotational dynamics only, which makes the combination of both methods powerful
for discriminating these contributions.

It has been shown that the conductivity relaxation, i.e., the translational motions, is ubiquitous
in dielectric spectra of ionic liquids but often overlooked in the literature. It is described by the
MIGRATION model in this work, which was rarely used before to describe dielectric spectra
of ionic liquids but gives an excellent fit of the data. In some ionic liquids, an additional
relaxational contribution showed up in the BDS spectrum, which was identified as dipolar
reorientation of the cations by comparison with DLS spectra. Its visibility depends not only
on the magnitude of the permanent dipole moment of the ions, but also on the degree of
separation from the conductivity relaxation. This contribution was sometimes assigned to the
dynamics of nanoscale aggregates of cations in the literature. However, it could be shown here
that the high pressure responsiveness of this dynamic contribution is not connected to the one
of the nanostructure signature from literature X-ray data. Furthermore, its time scale does not
coincide with the one of a dynamic process observed by DLS, which could indeed be ascribed
to the dynamics of aggreagtes by comparing with temperature dependent X-ray data from the
literature.

A detailed analysis of DLS spectra revealed that cation and anion dynamics can be visible
as two separated relaxation processes in cases of a marked difference in size of the two ion
species. Strongest evidence for this assignment came from measurements of ionic liquids
where the cation is the same but the anion is varied such that it is either optical isotropic or
anisotropic. Only in the case of the anisotripic anion the second contribution is seen. A similar
picture was obtained by measuring a non-ionic liquid where the molecular structure resembles
the one of the cations under study. However, in those non-ionic cyclic compounds, also a
bimodality was found in the light scattering spectrum in cases where the alkyl-chain attached
to the ring was sufficiently long. The faster relaxation was ascribed to the ring reorientation
independent of the rest of the molecule. It could be excluded that such a phenomenon alone is
able to explain the fast relaxation in the spectra of the ionic liquids, but the anion reorientation
appears on time scales similar to the one of the ring rotation. Due to the Coulombic interaction
of the ring and the anion, this is reasonable. A separate contribution of cations and anions
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to the relaxation spectra is only very rarely considered in the literature, and intramolecular
reorientations, like the ring dynamics, seem not be reported before for high temperature light
scattering measurements.

A mixtures of an ionic liquid with 72 mol% water was also investigated. The added water has no
impact on the shape of the depolarized light scattering spectrum, which was ascribed to the low
optical anisotropy of water molecules on the one hand and similar time scales of reorientation of
water molecules and ions on the other hand. The latter was confirmed by differential scanning
calorimetry measurements of the glass transition step, where no broadening in comparison to
the neat ionic liquid was found. Additionally, polarized dynamic light scattering measurements
were performed. They were intended to show translational motions of nanoscale water clusters.
However, the hydrodynamic radius connected with these motions was found to deviate greatly
from the size of the water clusters. Therefore, the observed correlation decay was ascribed
to concentration fluctuations, from which it was deduced that the water molecules diffuse
faster than expected through the ionic liquid matrix. This is in qualitative accordance with
measurements from the literature employing different experimental techniques.

In the dielectric spectra, only a faint hint of the water dynamics was observed, although neat
water exhibits a strong dielectric loss. Since higher water concentrations could not be measured
due to insetting crystallization, 1-propanol was chosen instead as an admixture. In this way the
full concentration range of a hydrogen-bonding solvent and an ionic liquid could be explored.
From these measurements it became clear that the prominent Debye-process, which is thought
to arise due to dipolar cross-correlations, already vanishes at an ionic liquid concentration
around 10 mol%. This finding rationalizes the weak water contribution in the IL-water mixture
since it is discussed also for water that the dielectric loss is dominated by a Debye-process.
The IL-water mixture was additionally mixed with gelatin to form an ionogel. Although
mechanical rigidity was introduced in this way, the molecular dynamics, both translational and
rotational, hardly changed. This might be interesting for electrolyte applications since the high
ionic conductivity of a liquid is combined with quasi-solid properties in this way. It was possible
to obtain mesh-sizes of the gelatin matrix from polarized light scattering measurements, which
are in favorable agreement with those calculated from rheology measurements. However,
some features of the relaxation spectra are not conclusively clarified, yet. For example, the
low frequency broadening observed in the depolarized light scattering spectra was tentatively
ascribed to ions slowed down by the gelatin matrix, but the exact mechanism still needs further
research.

During the work on ionic liquids, two more fundamental questions regarding the relaxation
spectra have emerged, which were addressed. One is whether it is possible to combine dynamic
information of the scattered light with the intensity information in order to be able to connect
relaxation processes to the anisotropy parameter of the molecules based on the scattering
intensity. The experimental foundations for this were established, and the correct equation,
relating the scattering intensity to the optical anisotropy, was identified from various ones
available in the literature. The latter was done by comparing experimental optical ansiotropy
parameters from the literature, obtained with different equations, to values from quantum
chemical calculations. As a result, it is now possible to obtain depolarized light scattering
spectra with the correct intensity information, which can be compared to calculated anisotropy
parameters. They can be used, for example, to identify the relaxational contributions of
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different molecules to the spectrum by comparison of the respective scattering intensity with
the optical anisotropy parameters of the molecules under study. This is especially useful in
ionic liquids, where the two ionic species can, of course, not be measured separately.

The second fundamental question which was addressed in this work concerns the shape of
the rotational spectra from DLS and BDS. Since the origin of the non-exponentially of the
a-relaxation is still an open question in glass physics, experimentalists usually search for
correlations between different features of glassy dynamics or a universal relaxation pattern. In
the case of BDS spectra, it is well known that no universal relaxation shape exists and it instead
varies largely among different liquids. However, it has been shown here that the different
shapes of the BDS spectra can be explained by dynamic cross-correlation contributions. These
are absent in weakly polar substances or in dilute solutions, and also rarely seem to have impact
on the DLS spectrum. In these cases, a generic shape is observed, which is characterized by an
w~1/2 slope of the high frequency flank of the relaxation peak. In systems with orientational
cross-correlations, an additional Debye-like process arises in the BDS spectrum, rendering the
combined peak consisting of the a-relaxation and the Debye-process narrower than the generic
shape.
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A. Samples and Preparation

The chemical names of the samples used in this work are listed together with the abbreviations,
manufacturers, and specified purity in table A.1. The references from which density data was
taken are indicated.

All ionic liquids, DC704 and DC705, were dried in a vacuum oven at 60 °C for at least 24h
before usage. Samples for light scattering measurements were filtered previously with a syringe
filter with a pore size of 200 nm or 450 nm, depending on the viscosity, in order to reduce dust.

Sample Abbreviation =~ Manufacturer Purity  Lit.
1-Methyl-3-propylimidazolium .
bis (triﬂu}(;ronlljedf}?isulfonyl)imide [CsCiIm][NTH,] - ToLiTec GmbH 0% [362]
1-Hexyl-3-methylimidazolium . 0
bis(trifluoromethylsulfonyl)imide [CoCilm][NTE,]  ToLiTec GmbH  99.5%
1-Methyl-3-octadecylimidazolium .
bis (triﬂ}lllorornethyls?lullfolnyliirriide [CsCiIm][NTE,] - ToLiTec GmbH — >98%  [103]
1-Decyl-3-methylimidazolium . 0
bis(trifluoromethylsulfonyl)imide [CioCiImIINTE,] - ToLiTec GmbH  98%
1-Dodecyl-3-methylimidazolium .
bis (triﬂu(}),romethyl};ulfonyl)imide [Ci2CiIm][NTf,]  loLiTec GmbH  98%  [363]
1'B“tyl'?é'ircr;ﬁ$ﬁsmhum [C,CIm][DCA]  ToLiTec GmbH  >98%
1'Methyi'ei;zgfgf;g’é‘gtfaZOhum [CsCiIm][BF,]  IoLiTec GmbH >98% [364]
1'DOde‘;ﬁ'ri'f‘l?litr}éf(‘EfeaZOhum [C1»CiIm][BF,]  IoLiTec GmbH  >98%
Octyltriethylammonium . 0
bis(trifluoromethylsulfonyl)imide [N2225][NTE,] - ToLiTec GmbH  >98%
Methyltrioctylammonium . 0
bis(trifluoromethylsulfonyl)imide [Nss51][NTf,] - ToLiTec GmbH — 99%
N,N-Diethyl-N-methyl-N-
(2-methoxyethyl)ammonium [N2212011[NTfy] IoLiTec GmbH 99%
bis(trifluoromethylsulfonyl)imide
1-Methyl-1-octylpyrrolidinium . 0
bis(trifluoromethylsulfonyl)imide [Pyrrs][NTE,] - ToLiTec GmbH — 99%
Tr1hexyltetriﬁia(;:1§ggaehosphomum (P16 6] [Cl] loLiTec GmbH ~ >95%
1-Octylimidazole Cslm IoLiTec GmbH  >98%
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1-Dodecylimidazole
Tributyl phosphate
trans-Decalin
Toluene
Propylene carbonate
Squalane
Squalene
Di-n-octyl phtalate
n-Pentane
n-Octane
Pentadecane
1-Phenyloctane
p-Cymene
ortho-Terphenyl
1,1,5,5-Tetraphenyl-
1,3,3,5-tetramethylsiloxane
1,3,5-Trimethyl-
1,1,3,5,5-pentaphenyltrisiloxane
1-Propanol
2-Ethyl-1-hexanol
5-Methyl-2-hexanol
3-Phenyl-1-Propanol
Propylene Glycol
Glycerol
Triphenyl phosphite
Water

Ci2lm
TBP
t-decalin
Toluene
PC
SquA
SquE
DOP
C5
Cc8
C15
P8
p-Cymene
OTP

DC704

DC705

1-propanol
2E1H
SM2H
3P1P
PG
Gly
TPhP
HQO

IoLiTec GmbH
Sigma Aldrich
Sigma Aldrich
Acros Organics
Karl Roth
Acros Organics
Sigma Aldrich
Alfa Aesar
Acros Organics
Acros Organics
Sigma Aldrich
Acros Organics
Sigma Aldrich
Sigma Aldrich

fluorochem

Dow Corning

Alfa Aesar
Alfa Aesar
Sigma Aldrich
Alfa Aesar

Karl Roth
Alfa Aesar
Milli-Q

>98%
>99%
99%
99.8%
>99.7%
99%
>98%
98%
99+%
99+%
>99%
99%
99%
99%

99.9%
99%
98%
99%

99.7%
97%

[365]
[366]
[367]
[368]
[369]
[370]
[371]

[372]
[373]
[374]
[375]
[154]

[376]

[376]

Table A.1.: Chemical names, abbreviations, manufacturers, and specified purity of the samples

used in this work.
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B. Additional data

In this chapter of the appendix some additional data is show. At first, some plots, which are
related to the discussion of the main part of this work. After that, depolarized light scattering
intensities of linear alkanes are addressed since they were found to behave differently than
other classes of liquids. At last, refractive indices of substances used in this work are tabulated,
which were measured in order to be able to calculate experimental optical anisotropies via
equation 4.14.

Phenyloctane
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Figure B.1.: Light scattering spectrum of 1-phenyloctane at 300 K. A bimodality of the main
peak can be seen, where the faster process is ascribed to the rotation of the
phenylring. This is similar to the case of imidazolium-based cations. However,
the optical anistropy of the imidazolium-ring is markedly lower, which leads to a
less pronounced fast relaxational process.
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Figure B.2.: DSC curves in dependence of the aging time. The ethalpy overshoot increases as
expected, underscoring the discussion of the DSC data of [P146 6] [Cl].
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Figure B.3.: Master plot of dielectric data in the modulus representation for [CgC;Im][NTf;] to
demonstrate that no change in the shape occurs over the whole temperature range,
although a notably change in the spectrum is visible in the €], (w) representation.
This is in contrast to the data of the mixtures discussed in chapter 6, where a
markedly change in the M”(w) spectra is observed.
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Figure B.4.: Rheology data of the Ion Jelly and the mixture of [C,C;Im][DCA] with 72 mol%
water as master plots, measured by Matthew Reynolds from the group of Johan
Mattson, University of Leed, United Kingdom. Inset shows the real and imaginary
part of the shear modulus at 300 K.
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n-alkanes

As mentioned in section 4.1, the alkanes seemed to behave odd in respect to their light scattering
intensity and should therefore be discussed here in more detail. A peculiarity of the n-alkanes
was already observed decades before: The [-values of measurements in solution are only
slightly different from those of the neat liquid, indicating no pronounced orientational ordering.
However, the values from solution measurements of long alkanes differ significantly from gas
phase measurements [377]. This is rather surprising, since they usually coincide for other
molecules as shown by experiment [210] or — as in section 4.1 — by comparison with DFT
calculations, which are gas phase values essentially. Therefore, it should be checked in the
following how the different -values from gas phase, solution and neat liquid measurements
compare to the DFT values. Since alkanes are highly flexible, a plethora of conformers, often
separated by only very small energy differences, exist for the longer chains. Therefore, a
conformer search with the program CREST, as done for the other flexible molecules, is not
feasible, since due to the small energy differences, rotamers are identified by the program
as different conformers, which are actually the same conformer. Fortunately, a rich body of
work has been dedicated to counting or identifying the conformers of n-alkanes. Here, the
method by Tasi et al. is followed [378], who proposed the presence of five different C-C-C-C
torsional angles and established simple rules to determine, which sequences of those angles
are forbidden. The Tasi-notation is adapted here, where these angles are named as follows:
t:180°% g* :60° g~ : —60° z :95°and x~ : —95°. A Python program was written where
the Tasi rules were implemented and which gives an output file for the structure of each
conformer, following those rules. These files were used as an input for the DFT calculations
of the anisotropy parameters. No geometry optimization was performed, which might have
destroyed the structure of the desired conformer, thus a larger error in the calculated S value
than for the other molecules is expected. In order to construct the conformer ensemble, the
relative energies of the conformers are needed. For this, the recent work of Stejfa et al. [379] is
followed, where it was found that the energy penalty for a ¢ and = conformer equals 2.5 kJ/mol
and 8.7 kJ/mol, respectively, and a correction of —1.2 kJ/mol for a gg sequence was introduced.
In this way, the (fppr) values from ethane to decane were calculated. For all substances, the
complete conformer ensemble was taken into account, resulting in the case of decane in a total
of 3375 conformers. This is done in order to be able to determine the lowest (fpgr) value of all
conformers. The calculated values are compared to the experimental ones, which were taken
from the literature [380, 227]. In the case of the gas phase measurements, only depolarization
ratios are given, which were transformed via equation 4.3 into anisotropy parameters using
the isotropic polarizability o from DFT calculations. The black solid line marks the equality of
experimental and calculated vales.

It is clear that the gas phase values follow this line most closely, while the values for the neat
liquid and solution measurements have different slopes. However, the experimental gas phase
values are slightly too high for the long chain alkanes. It should be noted that the authors
of the study where the data was taken from, remarked that their most accurate values are
those for butane, pentane and hexane, which agree very well with the calculated values, while
the measurements on the longer alkanes are more difficult and thus less accurate. They also
identified the value of heptane as being too high. Additionally, it has been shown that it is
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Figure B.5.: Comparison of experimental anisotropy parameters of n-alkanes from the lit-
erature [380, 227] and calculated ones. The number of carbon atoms in the
chains are indicated. The lowest anisotropy parameters found in the conformer
ensembles are also indicated.

crucial to eliminate stray light in order to get reliable depolarization ratios for these alkanes
[381, 382]. Together, it seems that the experimental accuracy does not allow to conclude that
the calculated conformer ensemble might not capture the actual one in the case of the alkanes
longer than hexane.

Therefore, it is now discussed why the values from neat liquid or solution measurements deviate
from the calculated or the gas phase values, respectively. One possible explanation one may
think of is that the conformer ensemble for the alkanes in the liquid state is markedly different
from that in the gas phase. Indeed, when extracting the conformer with the smallest 3 value
from each ensemble and assuming it to be the energetically most stable one, the experimental
values could be rationalized. This is shown in Figure B.5, where these lowest § values are
included and one can see that they are slightly below all experimental values. However, this
would mean that highly curled conformers with many ¢ or x defects would have a notably
lower energy than the all-trans conformer in the liquid. This is highly unlikely and a rich body
of work, both experimental and theoretical, has shown that the conformer ensemble of alkanes
hardly changes when going from the gas phase to the liquid phase or to solutions [383, 384,
385, 386, 387, 388].

Thus, another explanation must be found to explain the low anisotropy values in the liquid
phase. Hence, the relative anisotropy parameter x = 3/(3«y) is considered in the following.
This allows one to see the increase in the anisotropy excluding the trivial increase of § due
to the increasing o with increasing volume of the molecules. In figure B.6 the « values from
the literature from gas phase and neat liquid measurements are shown in dependence of «y.
Measurements performed during this work are included for n = 8, 15 as filled squares.

It can be seen that the relative anisotropy increases with increasing chain length in the case of
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Figure B.6.: Experimental effective anisotropy parameters of n-alkanes from the literature
(circles) [380, 227] and from measurements of this work (squares) in dependence
of the isotropic polarizability. The number of carbon atoms in the chains are
indicated.

the gas phase values, as expected when considering the all-trans conformers, the polarizability
of which increases along the chain while it stays constant in the other two directions when
increasing the chain length, thus the relative anisotropy increases naturally.

In contrast, the « values of the neat liquid are constant in the limits of experimental uncertainty
from butane up to hexadecane, which is the last alkane liquid at room temperature. This
shows that the increase in 5 seen in Figure B.5 is just due to the trivial increase in «y with
increasing chain length. Most interestingly, the constant value of « is approximately equal to
the gas phase value of ethane, as indicated by the dashes line. This points into the direction
that light scattered by liquid alkanes should be considered as being scattered by isolated ethane
segments, which are connected very flexibly so that the alkane molecule does not act as a joint
scatterer. To support this view, further research is needed, supposedly MD simulations might
help.

However, this shows that depolarized light scattering from liquids can in some cases not be
directly related to the reorientation of the whole molecules. It is speculated that this is the
case for highly flexible molecules consisting only of the same repeat units, like the alkanes
or polymers, but is not the case as soon as symmetry breaking structures are present in the
molecules, as for phenyloctane or squalane and squalene.
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Refractive indices

An Abbe refractometer from Carl Zeiss, model A, is used for refractive index measurements.
The temperature is controlled by pumping water at the right temperature through the instru-
ment. A temperature calibration was made by placing a PT100 sensor between the prisms
of the refractometer. The refractive index calibration was made with deionized water and
1-bromonaphtalene. The measurements were performed at two different wavelength: At the
standard sodium D line (589 nm) using white light and at 532 nm using a Semrock bandpass
filter with a FWHM of 2 nm placed between the white light and the refractometer.

283.15K 293.15K 303.15K 313.15K 323.15K 333.15K

C15 1.4356 1.4317 1.4275 1.4232 1.4190 1.4150
TBP 1.4269 1.4231 1.4190 1.4149 1.4108 1.4069
t-decalin 1.4735 1.4691 1.4650
DC705 1.5839 1.5797 1.5756 1.5713 1.5671 1.5630
Toluene 1.5023 1.4966 1.4912 1.4859 1.4805
pPC 1.4242 1.4205 1.4169 1.4130 1.4092 1.4056
Squalane 1.4558 1.4520 1.4480 1.4441 1.4401 1.4361
Squalene 1.4994 1.4956 1.4917 1.4877 1.4835 1.4792
DOP 1.4874 1.4840 1.4805 1.4769 1.4728 1.4689
C8 1.4021 1.3978 1.3931 1.3886 1.3839 1.3789
P8 1.4888 1.4844 1.4800 1.4756 1.4711 1.4666
p-Cymene 1.4951 1.4908 1.4860 1.4809 1.4760 1.4709
SquA+Tol 1.4616 1.4572 1.4532 1.4492 1.4451 1.4410
TBP+PC 1.4259 1.4220 1.4181 1.4142 1.4102 1.4061
SquA+C15 1.4489 1.4449 1.4409 1.4370 1.4330 1.4291
DC704 1.5630 1.5590 1.5550 1.5509 1.5469 1.5429

[CsCiIm] [BF,] 1.4361 1.4332 1.4306 1.4279 1.4250 1.4221
[C3CiIm][NTf;] 1.4289 1.4260 1.4230 1.4200 1.4170 1.4141
[C6CiIm][NTE, ] 1.4341 1.4311 1.4280 1.4250 1.4220 1.4190
[CsCiIm][NTE, ] 1.4370 1.4339 1.4309 1.4279 1.4245 1.4215
[C10CiIm][NTf,] | 1.4399 1.4368 1.4337 1.4305 1.4271 1.4240
[C12CiIm][NTf,] | 1.4422 1.4391 1.4360 1.4329 1.4293 1.4261

338.15K 343.15K 348.15K 353.15K 358.15K
OTP 1.6200 1.6121 1.6148 1.6121 1.6098

Table B.1.: Refractive indices measured with an Abbe refractometer at 589 nm.

The reading error of the refractive indexes is +0.0002 for the values at 589 nm and +0.0005 at
532 nm due to the reduced intensity of the incident light. The values read off the instrument
at 532 nm were transformed to the actual values taking into account the dispersion of the
glass prisms following the procedure detailed in reference [389]. To check the accuracy of the
measurements, the refractive indexes obtained for toluene are compared to literature data

175



and it was found that they compare favorably well at both wavelengths within the limits of
uncertainty [390, 391]. All data is shown in table B.1 for measurements performed at 589 nm
and in table B.2 at 532 nm.

283.15K 293.15K 303.15K 313.15K 323.15K 333.15K

C15 1.4379 1.4340 1.4294 1.4294 1.4212 1.4170
TBP 1.4288 1.4244 1.4207 1.4162 1.4123 1.4082
t-decalin 1.4761 1.4713 1.4670
DC705 1.5905 1.5861 1.5819 1.5776 1.5734 1.5691
Toluene 1.5077 1.5013 1.4962 1.4906 1.4862
PC 1.4261 1.4222 1.4183 1.4149 1.4114 1.4071
Squalane 1.4580 1.4541 1.4503 1.4462 1.4419 1.4382
Squalene 1.5031 1.4991 1.4952 1.4912 1.4872 1.4831
DOP 1.4910 1.4872 1.4841 1.4795 1.4760 1.4718
C8 1.4042 1.4002 1.3948 1.3903 1.3853
P8 1.4921 1.4880 1.4836 1.4792 1.4748 1.4700
p-Cymene 1.4997 1.4951 1.4901 1.4851 1.4800 1.4750
SquA+Tol 1.4641 1.4597 1.4556 1.4516 1.4475 1.4433
TBP+PC 1.4281 1.4241 1.4201 1.4162 1.4121 1.4076
SquA+C15 1.4512 1.4471 1.4432 1.4392 1.4354 1.4314
DC704 1.5692 1.5651 1.5609 1.5567 1.5523 1.5481

[CsCiIm] [BF,] 1.4388 1.4355 1.4330 1.4302 1.4272 1.4242
[C5CIm][NTf,] 1.4312 1.4283 1.4253 1.4221 1.4191 1.4162
[C6C1Im][NTf;] 1.4363 1.4333 1.4302 1.4273 1.4243 1.4212
[CsCiIm][NTH; ] 1.4394 1.4363 1.4333 1.4301 1.4266 1.4235
[C10CiIm][NTf,] | 1.4422 1.4390 1.4357 1.4324 1.4292 1.4260
[C12CiIm][NTf,] | 1.4445 1.4412 1.4382 1.4346 1.4313 1.4282

338.15K 343.15K 348.15K 353.15K 358.15K
OTP 1.6292 1.6269 1.6241 1.6212 1.6187

Table B.2.: Refractive indices measured with an Abbe refractometer at 532 nm.
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