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Motivation

General Aspects

Water is ubiquitous. Water is the most common liquid on our planet and it is essential for
life to exist. It constitutes ∼ 50 − 70 % of the cell content, where it does not simply act
as a medium but rather plays a fundamental part in all biological processes. As pointed
out by Ball in his famous review on water in biological systems, it is �a substance that
actively engages and interacts with biomolecules in complex, subtle, and essential ways�
[1]. For instance, folding, stabilization and dynamics of proteins and hence their activity
are governed by their hydration [2�6]. Further, ligand recognition and the kinetics and
thermodynamics of binding in biological processes are majorly controlled by the solvation
of both, the ligand and the receptor [4, 7�9].
Despite the emergence of many di�erent techniques to study the solvation of various so-
lutes during the last decades, fundamental rules and guidelines for the description of the
hydration structure and dynamics are still lacking. On the one hand, this might originate
from the fact that di�erent techniques probe di�erent hydration characteristics and an
uni�ed de�nition of �hydration water� does not exist [10]. For example, nuclear magnetic
resonance [11, 12], neutron scattering [13�15] and statistical mechanical calculations [16�
18] report only short-range e�ects at a timescale greater than the picosecond regime, while
most MD simulations [19], terahertz [20, 21] and dielectric spectroscopy studies [22] inves-
tigate the (collective) dynamics and structure of the solutions, including long-range e�ects,
at shorter picosecond/sub-picosecond timescales. However, keeping in mind that each in-
dividual technique examines di�erent aspects of hydration by probing di�erent solvation
phenomena at di�erent timescales, a coherent picture can sometimes still be deduced by
combining the results of the individual techniques [10].
On the other hand, this lack of universal guidelines might just re�ect the whole complexity
of solvation and the inability of combining all the speci�c hydration phenomena of di�erent
classes of solutes (charged/uncharged, hydrophilic/hydrophobobic, macromolecules/small
molecules) into one uni�ed concept.
The situation is fairly odd for the hydration of larger biomolecules, e.g. proteins. In spite
of many investigations of these systems (see Refs. [23], [10] and [1] for an overview), basic
principles for understanding the solvation of these macromolecules have not really been
established yet. Probably the main reason for this is that comparably few work has been
done on small, biologically relevant molecules, which could serve as simpli�ed �model�
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2 Motivation

species, and thus �it may not be possible either to generalize or to reduce the structural
and dynamic aspects of hydration to simplistic rules of thumb� [1]. Amino acid solutions
would certainly be appropriate candidates for such studies.

The e�ect of ions on aqueous systems containing biomolecules is even more ba�ing. Un-
derstanding and interpreting speci�c ion e�ects has concerned physical chemist for over
hundred years. Franz Hofmeister was the �rst to study the e�ect of ions on the precipita-
tion of egg white protein and he proposed a series for their respective e�ciency to do so
[24, 25]. Today it is known that the empirical Hofmeister e�ect depends on many di�erent
aspects of the present solution, e.g. bu�er, pH or polarity of the protein surface, and the
series may even be reversed if one of these factors is varied [26, 27]. These speci�c ion
e�ects cannot be explained by conventional electrostatic theories (DLVO, Debye-Hückel,
etc.). A subtle interplay between local, rather than long-range, ion-water-biomolecule in-
teractions seems to govern the ability (or disability) of ions to bind to distinct moieties of
the biomolecule [28].
About 20 years ago, Collins introduced a more sophisticated approach, which is often called
the Collins's rule or �law of matching water a�nities�. In this concept, electrostatics and
hydration e�ects of each individual ion are automatically taken into account. Many ion
speci�c phenomena could successfully be explained by it [29�31]. On the other hand, this
concept merely considers ion-ion interactions, which renders impossible its application to
explain speci�c interaction of ions with uncharged entities e.g. in biological systems [29].
All these concepts of ions often involve the terms �structure-making� and �structure-
breaking� ions [32], or the more or less equivalent appellations �kosmotrope� or �chaotrope�
[33], which try to classify ions according to their in�uence on the H-bond network of water.
Loosely speaking, structure-makers (or kosmotropes) refer to highly-solvated ions of high
surface charge density and structure-breakers (or chaotropes), on the other hand, designate
weakly hydrated, rather large ions. However, a clear classi�cation of ions into the corre-
sponding categories often depends on the applied experiment. In addition to that, there
seems to be no consensus of how to properly quantify a �water-structure� experimentally,
which makes this classi�cation even more puzzling [34].

It seems that despite recent advances in the �eld of solute-solvent and speci�c ion interac-
tions, many questions are still open and �nding answers to at least some of these matters
could be of crucial importance for chemistry, biochemistry and chemical engineering.
However, in order not to get hopelessly lost in its complexity, it is instructive to focus on
a certain class of small (bio-)molecules. Thorough investigations of their physico-chemical
behaviour in aqueous solution could infer information on the solute-solute and solvent-
solvent interactions. These data, in the case of biologically relevant solutes, could shed
some light on their biological activity and, on the other hand, could potentially be used
for the construction of models for other solutes.

Neurotransmitters (NTs) belong to the class of small, biologically active molecules. Despite
their great importance, detailed investigations of their solvation and dynamics in aqueous
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solution are rather scarce. Interestingly, most studies of these systems were highly focused
on the NT-conformation [35�40, 40, 41], often neglecting other signi�cant solvent-solute
and solute-solute e�ects, which might be equally if not even more important for their bio-
logical action.

Aim of this Study

The general aim of this thesis is the investigation of the structure and dynamics of aqueous
solutions of neurotransmitters and other chemically-related, biologically relevant molecules
by the means of dielectric relaxation spectroscopy (DRS) in the megahertz to gigahertz
frequency range. The present study can be subdivided into three main parts:

In the �rst part of the experimental results, a detailed study of the complex permit-
tivity spectra of binary neurotransmitter solutions and chemically related compounds is
described. Therefore, concentration-dependent measurements are performed at 25 °C to in-
fer information on the hydration, dynamics and ion-binding properties of the biomolecules.

For the cationic NTs acetylcholine and carbomoylcholine additional insight into the dy-
namical properties of the various relaxation processes will be gained by measuring the
dielectric spectra over a wide range of temperatures. Further, the dielectric data of the
latter systems will be accompanied by dilute-conductivity measurements and statistical
mechanical calculations (1D-and 3D-RISM) to provide as detailed description as possible
on the behaviour of these NTs in solution.
The proteinogenic amino-acid and neurotransmitter L-glutamate will be compared to
the structurally-related amino-acid L-glutamine, while the investigation of the NT γ-
aminobutyric acid and its isomer α-aminobutyric acid will reveal structural and dynamical
information on the e�ect of changing position of the amine moiety at these biomolecules.

The second part deals with binary solutions of inorganic salts. The hydration and ion-pair
formation in aqueous MgCl2, CaCl2 and Me4NCl solutions is studied. The Me4N+ cation is
of particular interest due to its special hydrophobic/hydrophobic balance and its structural
relation to many biologically important compounds, while Mg2+ and Ca2+ are omnipresent
in living organisms. Although these systems were extensively studied in previous works
[14, 42�49], precise and systematic dielectric relaxation studies over a wide frequency range
were still lacking.

In the last portion of this thesis, e�ects of addition of inorganic, biologically-relevant salts
to biomolecule solutions will be investigated. Ion-binding e�ects and the impact of salts on
the acetylcholine, glutamate and glutamine hydration will be studied. Possible structures
of ion aggregates and their degree of association will be deduced. By varying the cations or
the anions, respectively, speci�c ion e�ects can also be studied in this way. These ternary
solutions represent much better the real conditions in living systems, which involve a great
number of various solvated ions interacting with the bioactive solute.
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A special focus of this thesis will be the interpretation of the DRS results on a microscopic
level with the aid of quantum chemical calculation of various low-energy conformers of the
investigated molecules. Comparisons of these results with other theoretical and experi-
mental approaches will be drawn, with the aim to provide a coherent picture and thus to
build a bridge between the di�erent techniques.
To address all issues mentioned above, proper analysis of the DR spectra is prerequisite.
Thus, new mathematical approaches for the analysis of the relaxation parameters and
for the correction of the DR spectra for interfering relaxation modes were developed and
utilized in this work.



Chapter 1

Theory

1.1 Interaction of Electromagnetic Fields with Dielec-

tric Materials

1.1.1 Dielectric Polarization in Static Electric Fields

When applying a static electric �eld to dielectric matter, charge displacement occurs. The
type of the displacement depends on kind of charges present in the system. In the case
of free charges, e.g. (dilute) electrolyte solutions, a translational motion of positive and
negative charges towards the respective electrodes can be observed. For �bound� pairs of
positive and negative charge, i.e., dipoles, the applied �eld induces a reorientation of the
dipoles such that the dipole moment vectors align themselves parallel to the �eld, min-
imizing their potential energy. The two cases represent conduction through an electric
current and conduction through a displacement current, respectively. Note that the latter
is a transient process and occurs until the dipoles reach their new equilibrium orientation
which is determined by the interplay between intermolecular interactions, the electric �eld
and thermal energy. A system comprising both kinds of charges, free charges and perma-
nent or induced dipoles, is often referred as �real dielectric� [50], as it most appropriately
describes the situation in many real systems, e.g. salt solutions, ionic liquids etc.
Mathematically, the response of a material to an applied low-intensity* electric �eld, ~E,
is described by the phenomenon of polarization, ~P . The polarization, which is de�ned as
the macroscopic dipole moment of the system per unit volume, of an isotropic and uniform
system is connected to the electric �eld via

~P = (ε− 1)ε0 ~E (1.1)

In Eq. 1.1, ε0 is the permittivity of free space and ε the relative permittivity of the sample.
The factor (ε− 1) is also known as the electrical susceptibility.

*For �eld strengths of ∼106V/m or higher non-linear e�ects become noticeable. Within the scope of
this thesis the non-linear e�ects are unimportant and thus no further description of these e�ects will be
pursued. The subsequent derivation of the mathematical equations refers to the linear response only.
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6 CHAPTER 1. THEORY

Following the approach of Maxwell, which treats matter as continuous charge distribution,
the electric �eld inside the material is the result of electric displacement, ~D, which is
connected to polarization by

~D = ε0 ~E + ~P = ε0ε ~E (1.2)

To be able to extract information on molecular-level processes from polarization, it is
convenient to split up ~P into two distinct contributions [51]:

~P = ~Pµ + ~Pα (1.3)

where ~Pµ is the orientational (dipolar) polarization, which can be written as

~Pµ =
∑
k

ρk 〈~µk〉 (1.4)

and ~Pα is the induced polarization, given by

~Pα =
∑
k

ρk~µk,ind =
∑
k

ρkαk( ~Ei)k (1.5)

In Eqs. 1.4 and 1.5, ρk is the number density of particles k, 〈~µk〉 is the ensemble average
of the permanent dipole moment, which can be obtained from Langevin theory taking into
account all particle orientations, and ~µk,ind is the induced dipole moment. The latter can
be expressed by the molecular polarizability, αk, and the avarage local �eld acting upon
the particle, ( ~Ei)k. This local �eld does not coincide with the applied external �eld nor the
permanent dipole moment vector ~µ of the regarded species but it is a superposition of all
sources of electric �eld at the position of the particle k minus the �eld due to the particle
itself.
Orientational polarization, ~Pµ, is the result of partial alignment of a species with a perma-
nent dipole moment against thermal motion in an applied electric �eld. The intermolecular
interactions and the inertia of the species lead to a �nite time for the establishment of full
polarization. For molecular liquids the characteristic time is at the pico- to nanosecond
timescale, corresponding to frequencies in the microwave region.
The induced polarization, ~Pα, itself comprises two contributions, namely the atomic polar-
ization, resulting from the relative shift of the core positions, and the electron polarization,
due to the �uctuations of the electron sheath density relative to the core. These two pro-
cesses are rather fast and their characteristic frequency is located in the infrared and
ultraviolet range, respectively.
Since ~Pµ and ~Pα occur at signi�cantly di�erent timescales, both e�ects can be well separated
on the frequency scale and can be regarded as linearly independent. By the incorporation
of the induced polarization contribution into the in�nite frequency permittivity, ε∞, one
may write in the style of Eq. 1.1:

~Pµ = ε0(ε− ε∞) ~E (1.6)
~Pα = ε0(ε∞ − 1) ~E (1.7)
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The value of in�nite frequency permittivity, ε∞, is usually determined in the far-infrared
region, at around 200 cm−1, and it states the permittivity after the decay of the orienta-
tional polarization [52]. In practice, the value extrapolated to higher frequencies from the
measurements in the microwave frequency range is often taken for ε∞.

1.1.2 Dielectric Properties in Alternating Electric Fields

As can be seen above, time is an important variable when talking about polarization of
material, as certain processes require characteristic periods of time to establish a certain
value of polarization. Whereas the polarization is in equilibrium with the electric �eld in
the static case, it does not necessarily have to be for the time-dependent electric �elds.
This so-called dynamic case can most easily be described with the help of a harmonic,

e.g. sinusoidally, oscillating electric �eld, ~̂E(t)�, with the amplitude, ~E0, and the angular
frequency, ω = 2πν:

~̂E(t) = ~E0 exp (iωt) (1.8)

If the frequency of the electric �eld is su�ciently low, the microscopic particles in the
condensed matter will be able to follow the electric �eld instantaneously (quasi-static case,
see above). The frequency threshold until which the quasi-static conditions apply depends
strongly on type of material and the temperature, and for liquids far from their glass-
transition temperature it lies typically between 1 MHz and 1 GHz [53]. Exceeding this
frequency, the microscopic particles cannot follow the changes in the electric �eld anymore,
which leads to a frequency-dependent phase delay δ(ω) between the harmonic electric �eld
and the dielectric displacement. Therefore one may write:

~̂D(t) = ~D0 exp [i(ωt− δ(ω))] (1.9)

where ~D0 is the amplitude of the sinusoidal variation. Using the same relation between
~̂E(t) and ~̂D(t) as given in Eq. 1.2 for the static case, the complex, frequency dependent
permittivity, ε̂(ω), can be introduced:

ε̂(ω) =
~D0

ε0 ~E0

exp [−iδ(ω)] (1.10)

By using the Euler's relation
ε̂(ω) = ε′(ω)− iε′′(ω) (1.11)

is �nally obtained, where ε′(ω) =
~D0

ε0 ~E0
cos [δ(ω)] and ε′′(ω) =

~D0

ε0 ~E0
sin [δ(ω)]. Both quantities

are interconnected through the Kramers-Kronig relation and can be converted into each

�Electric �elds always give rise to magnetic �elds and vice versa, thus the electromagnetic theory must
be used. Mostly, however, it is su�cient to consider the electric �eld only. Theˆsymbol denotes that the
quantity is expressed as a complex function.
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other. For ω = 0 equation 1.10 reduces to the static-case relation 1.2 with ε′(ω) = ε,
therefore ε′(ω) can be considered as a generalization of the dielectric constant for oscillating
�elds and describes the dispersive in-phase response. The dissipative out-of-phase response,

ε′′(ω), (with a phase shift of π/2 with respect to ~̂E(t)) determines the loss of energy in the
dielectric. Consequently, ε′′(ω) is called the dielectric loss.
The energy dissipated per unit of time in an ideally insulating dielectric is given by

Ẇ =
1

2
ωE2

0εoε
′′(ω) (1.12)

However, in reality most dielectrics show a certain electrical dc conductivity contribution,
κ. This leads to an electrical current density, ~̂j, which is in phase with the electric �eld
and is given by

~̂j(t) = κ ~̂E(t) (1.13)

The dissipated amount of energy per unit of time by the electric current can be obtained
from Joule's law

Ẇ =
1

2
κE2

0 (1.14)

From the comparison of equations 1.12 and 1.14, it becomes clear that the absorption
of energy in a dielectric material is determined by the sum ε′′(ω) + κ/(ε0ω). As long as
κ is constant, no di�culties in separation of the e�ects of conduction and polarization
arise. However, when it takes a certain time for the current to reach its equilibrium value,
equation 1.13 has to be replaced by

~̂j(t) = κ̂(ω) ~̂E(t) (1.15)

where
κ̂(ω) = κ′(ω)− iκ′′(ω) (1.16)

analogous to the complex representation of ε̂(ω). The quantity κ′ determines the part of
the current which is in-phase with the applied �eld and leads to the energy absorption,
while the imaginary part, κ′′, gives the part of current with a phase shift of π/2 with respect
to the �eld. The combination of dielectric displacement and the electrical current in the
form of a generalized dielectric displacement (for details see [51]) leads to the introduction
of the experimentally accessible generalized complex permittivity, η̂(ω) = η′(ω) − iη′′(ω),
with its real part

η′(ω) = ε′(ω)− κ′′(ω)

ωε0
(1.17)

and the imaginary part

η′′(ω) = ε′′(ω) +
κ′(ω)

ωε0
(1.18)

An univocal separation of ε̂(ω) and κ̂(ω) is impossible, as long as the molecular origin
of the various contributions to η̂(ω) is unknown. Generally, reorientations of dipoles or
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charge displacements within particles must be attributed to the ε̂(ω), while translational
processes of charges are governed by κ̂(ω). Some dispersion of the complex conductivity can
be explained by the classical theory of Debye and Falkenhagen [54] for electrolyte solutions
and is thought to be the result of ion-cloud relaxations. However, quantitative approaches
for the separation of ε̂(ω) and κ̂(ω) are still lacking [55]. The inability of determining the
two contributions independently particularly a�ects the analysis of dielectric properties of
conductive systems. To circumvent this problem, the dc conductivity, κ = κ′(0) = κ̂(0),
can be used to account for the frequency-independent contribution of conductivity whereas
potential frequency-dependent processes are covered by ε̂(ω). Thus, the complex dielectric
permittivity can be calculated as

ε′(ω) = η′(ω) (1.19)

ε′′(ω) = η′′(ω)− κ′(0)

ωε0
(1.20)

Using this approach, ε′ and ε′′ can be obtained from the experimentally accessible quantities
η′, η′′ and κ. Note that the second term on the right-hand side of Eq. 1.20 strongly increases
at decreasing frequencies, thus it determines the minimum frequency down to which precise
ε̂(ω) spectra are available in the experiment [52].

1.1.3 Response Function of Orientational Polarization

As mentioned in Section 1.1.1, orientational polarization does not occur instantaneously
but requires a certain time due to inertia and friction acting on the reorienting particles.
Thus, for su�ciently high frequencies of the electric �eld the dipoles are not able to follow
the �eld variation and the polarization can not attain its maximum value anymore. In this

case the response function gives the relation between ~̂E and ~̂P . To derive the response
function for an isotropic and linear dielectric� a thought experiment has to be considered.
The thought experiment is visualized in Figure 1.1. A static electric �eld ~E(t) = ~E0,
causing the polarization ~P (t) = ~P0, is switched o� at t = 0 and a decay of the polarization
can be observed. While the induced polarization is assumed to drop instantaneously, ~Pµ(t)
decreases monotonically with t.

�In a linear dielectric the superposition principle applies e.g. for electric �elds and the respective
induced polarizations.
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Figure 1.1: Evolution of (a) ~E(t), being cut o� at t = 0, and (a) the polarization, ~P (t).

The time evolution of the remaining orientational polarization can be expressed as [51]

~̂Pµ(t) = ~̂Pµ(0) · F or
P (t) with F or

P (0) = 1, F or
P (∞) = 0 (1.21)

where the step response function (time domain autocorrelation function) F or
P (t) is de�ned

as [52]

F or
P (t) =

〈
~̂Pµ(0) · ~̂Pµ(t)

〉
〈
~̂Pµ(0) · ~̂Pµ(0)

〉 (1.22)

The step response function is directly accessible via time domain experiments, e.g. Time
Domain Re�ectometry (TDR) [56, 57].
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However, from an experimental point of view, frequency domain experiments are of a
greater interest. A time-dependent electric �eld can be approximated by splitting it up
in an in�nite number of di�erential square pulses. Thus, for a harmonically oscillating
electrical �eld the orientational polarization at any time t can be written as

~̂Pµ(ω, t) = ε0(ε− ε∞) ~̂E(t)

∫ ∞
0

exp(−iωt′)f orP (t′)dt′ (1.23)

where f orP (t′) is the pulse response function in the time domain and is the negative time-
derivative of the normalized step response function:

f orP (t′) = −∂F
or
P (t− t′)
∂(t− t′)

normalized according to
∫ ∞
0

f orP (t′)dt′ = 1 (1.24)

The integral in Eq. 1.23 is the Laplace-transformed pulse response function of the orien-
tational polarization:

∫ ∞
0

exp(−iωt′)f orP (t′)dt′ = Liω[f orP (t′)] (1.25)

By comparing equation 1.6, modi�ed accordingly for oscillating �elds, and Eq. 1.23 the
connection between the complex permittivity and the Laplace-transformed pulse response
function becomes evident [51]:

ε̂(ω) = ε′(ω)− iε′′(ω) = ε∞ + (ε− ε∞) · Liω[f orP (t′)] = ε∞ + (ε− ε∞) · F (ω) (1.26)

Here, the pulse response function (often referred as relaxation or band-shape function),
F (ω), is the representation of the autocorrelation function F or

P (t) in the frequency domain
and comprises equivalent information on the relaxation dynamics [52].

As can be seen from the model broadband dielectric spectrum in Figure 1.2, relaxation
bands are rather broad due to its coupling to the surrounding medium compared to the
sharp absorption peaks of the intramolecular processes in the IR or UV range. The latter
processes, which are covered by ~Pα, obey the rules of quantum mechanics and give rise to
resonant vibrational transitions at infrared frequencies and resonant electronic transitions
in the ultraviolet range, respectively [58].
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Figure 1.2: Schematic complex permittivity spectrum, with ε′(ν) (dashed line) and ε′′(ν)
(solid line), covering frequencies from the microwave (MW) regime to infrared (IR), and
up to the ultraviolet (UV) region.

Since the present work does not treat intramolecular resonance processes, but focuses on the
dielectric relaxation in the microwave frequency range, various mathematical descriptions
of the dielectric relaxation functions will be presented in the following chapter.

1.2 Empirical Relaxation Models

Numerous empirical and semi-empirical approaches have been proposed in literature to
characterize dielectric relaxation phenomena. In general, the dielectric spectra of liquids
and solutions (far from their glass-transition temperature) can be decomposed into their
individual contributions and described with a suitable linear combination of n single re-
laxation processes:

ε̂(ω) = ε∞ +
n∑
j=1

(εj − ε∞,j)Fj(ω) (1.27)

All single processes are assumed to be linearly independent and each process, j, is charac-
terized by its own band-shape function, Fj(ω), and amplitude, Sj:

ε− ε∞ =
n∑
j=1

(εj − ε∞,j) =
n∑
j=1

Sj with ε∞,j = εj+1 (1.28)
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Yet, it should be emphasized that many of the proposed models are (semi-) empirical and
thereby their physical meaning is often not easy to derive. In the following, models used
in this work will be presented.

1.2.1 The Debye Equation

The simplest approach to model dielectric relaxations was introduced by Debye [59], who
assumed the decrease of the orientational polarization after the cut-o� of the external
electric �eld to be directly proportional to the momentary polarization itself [60]. One
thus obtains a di�erential time law of �rst order

∂

∂t
~Pµ(t) = −1

τ
~Pµ(t) (1.29)

where τ is the relaxation time of this process, characterizing the dynamics of the system.
Solving the di�erential equations leads to

~Pµ(t) = ~Pµ(0)exp
(
− t
τ

)
(1.30)

Comparing Eqs. 1.21 and 1.30 yields the step response function in the time domain

F or
P (t) = exp

(
− t
τ

)
(1.31)

and after application of Eq. 1.24 the pulse response function of the Debye relaxation is
obtained:

f orP (t) =
1

τ
exp

(
− t
τ

)
(1.32)

According to Eq. 1.26 the complex permittivity can be obtained by Laplace transformation
of the pulse response function

ε̂(ω) = ε∞ + (ε− ε∞) · Liω
[

1

τ
exp

(
−1

τ

)]
(1.33)

Using the identity Ls [exp(ax)] = (s− a)−1 [51] the complex permittivity can be written as
the Debye (D) formula

ε̂(ω) = ε∞ +
ε− ε∞
1 + iωτ

(1.34)

The comparison of the Eqs. 1.34 and 1.26 provides the relaxation function, FD(ω), of the
Debye equation

FD(ω) =
1

1 + iωτ
(1.35)

Eventually, the real and the imaginary parts of ε̂(ω) can easily be obtained from Eq. 1.34

ε′(ω) = ε∞ +
ε− ε∞

1 + ω2τ 2
(1.36)

ε′′(ω) = ωτ
ε− ε∞

1 + ω2τ 2
(1.37)
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The dispersion curve, plotted as ε′ = ε′(ln(ω)), is a point symmetric, monotonically decreas-
ing function with the in�ection point at ω = 1/τ . The absorption curve, ε′′ = ε′′(ln(ω)),
yields an axis-symmetric band reaching its maximum at ω = 1/τ .

1.2.2 Extensions of the Debye Equation

For many condensed systems deviations from the mono-exponential relaxation described by
the Debye band-shape function occur. In this case, the assumption of just one relaxation
time is dropped and the analysis of these dielectric spectra is improved by the introduc-
tion of the concept of a continuous relaxation time distribution function, g(τ), proposed
by Wagner [61]. The logarithmic distribution function, G(ln(τ)), is often preferred for
practical reasons. The complex permittivity can be written as

ε̂(ω) = ε∞ + (ε− ε∞)

∫ ∞
0

G(ln(τ))

1 + iωτ
dln(τ) with

∫ ∞
0

G(ln(τ))dln(τ) = 1 (1.38)

If G(ln(τ)) is a delta function, this equation will reduce to a Debye function.
In the literature a lot of a�ord has been made to obtain the distribution function directly
from experimental results, which turned out to be anything but straightforward and a gen-
erally accepted theory of the origin of the non-Debye behaviour is still lacking until today.
However, the introduction of additional parameters into the Debye equation 1.34 made
it possible to describe the relaxation behavior satisfactorily. These empirical parameters
lead to symmetrical and/or asymmetrical broadening of the dispersion curves, which can
be interpreted as a respective broadening of the distribution of relaxation times around its
most probable relaxation time value τ0 [51].

Cole-Cole equation
The Cole-Cole (CC) equation [62, 63] describes a symmetrical relaxation time distribution
around a principal relaxation time τ0 by introducing the parameter α ∈ [0...1[ into the
Debye equation

FCC(ω) =
1

1 + (iωτ0)1−α
(1.39)

For α = 0 the CC equation reduces to the Debye equation. Increasing the α-value results
in a systematical broadening of the dispersion and the dissipative curves.

Cole-Davidson equation
An asymmetrical relaxation time distribution around the center of gravity τ0 is given by
the Cole-Davidson (CD) equation [64, 65]. The empirical parameter β ∈]0...1] introduces
an asymmetric broadening of dispersion and absorption curves towards higher frequencies.
The CD equation is

FCD(ω) =
1

(1 + iωτ0)β
(1.40)
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and it reduces to the Debye equation for β = 1.

Havriliak-Negami equation
Combining both parameters α ∈ [0...1[ and β ∈]0...1], leads to the Havriliak-Negami (HN)
equation [66] for broad, asymmetric relaxation time distributions:

FHN(ω) =
1

(1 + (iωτ0)1−α)β
(1.41)

Consequently, the HN equation is used for the description of broad and asymmetric dis-
persion and dissipative curves. For α = 0 and β = 1 the Debye band-shape function is
obtained.

Furthermore, corrections for the unphysical behavior of the mentioned equations in higher
frequency regions (THz and far-infrared regime) can be introduced. As the Debye, but es-
pecially the broader CC, CD and HN equations, decay too slowly a termination at higher
frequencies is necessary, which accounts for the inertia e�ects of the relaxing species. How-
ever, as this correction was not needed for the present work, it is not going to be elucidated
further. For more details see [67].

1.3 Microscopic Relaxation Models

So far dielectric relaxation has been discussed on a macroscopic level and the formal de-
scription of the experimental data using the equations in the previous section only yields
macroscopic parameters, such as amplitude, Sj, and relaxation time, τj. In order to es-
tablish the link between the macroscopic and the microscopic properties some suitable
theoretical models will be presented in the following.

1.3.1 The Onsager Equation

The Onsager model [51, 68] is based on the concept of a single dipole being placed into a
cavity, which itself is embedded in an in�nite continuum characterized by its macroscopic
properties. Assuming a spherical cavity and neglecting speci�c interactions as well as the
anisotropy of the surrounding electric �eld yields the equation

ε0(ε− 1) ~E = ~Eh ·
∑
j

ρj
1− αjfj

(
αj +

1

3kBT
·

µ2
j

1− αjfj

)
(1.42)

where ρj is the dipol density, αj the polarizability, fj the reaction �eld factor and µj the
dipole moment of the species j.
For the case of spherical cavity, the cavity �eld ~Eh can be expressed as

~Eh =
3ε

2ε+ 1
~E (1.43)
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with ε denoting the permittivity of the continuum dielectric.
Combining Eqs. 1.42 and 1.43 leads to the general form of the Onsager equation

ε0(ε− 1)(2ε+ 1)

3ε
=
∑
j

ρj
1− αjfj

(
αj +

1

3kBT
·

µ2
j

1− αjfj

)
(1.44)

For a pure single-component dipole liquid with non-polarizable molecules, exhibiting just
one dispersion step, this equation reduces to

(ε− ε∞)(2ε+ ε∞)

ε(ε∞ + 2)2
=

ρµ2

9ε0kBT
(1.45)

Hence, the dipole moment of a species can be calculated from the above equation if the
density, the static permittivity and ε∞ are known. However, the Onsager equation is only
valid for systems without dipole-dipole correlations, which generally does not necessarily
hold for liquids.

1.3.2 The Kirkwood-Fröhlich Equation

To account for the shortcoming of the lack of speci�c particle interactions Kirkwood and
Fröhlich [69, 70] introduced, with the help of statistical mechanics, the correlation factor
gK. The Kirkwood-Fröhlich equation reads

(ε− ε∞)(2ε+ ε∞)

ε(ε∞ + 2)2
=

ρµ2

9ε0kbT
· gK (1.46)

The correlation factor describes the orientation correlation between the dipole and the
neighbor molecules. Taking only nearest-neighbor interactions into account, the factor can
be written as [51]

gK = 1 + z 〈cosθji〉 (1.47)

where θji denotes the angle between the orientation of the jth and ith dipole, and z gives
the number of nearest neighbors. From Eq. 1.47 it becomes clear that for a preferentially
parallel alignment the factor becomes gK > 1, whereas for antiparallel orientation gK <
1 will be found. For gK = 1 a fully random (statistical) alignment is present and the
Kirkwood-Fröhlich equation 1.46 reduces to the Onsager equation 1.45.

1.3.3 The Cavell Equation

For the description of dielectric systems with more than one dispersion step a more general
expression in the form of the Cavell equation is used [71, 72]:

ε+ Aj(1− ε)
ε

Sj =
NAcj

3ε0kBT
· µ2

e�,j (1.48)
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The Cavell equation connects the dispersion amplitude, Sj, of the species j with the molar
concentration, cj, and the e�ective dipole moment, µe�,j, of that species. Aj is the cavity
�eld factor of the species j and has the value of Aj = 1/3 for spherical particles. For
ellipsoidal cavities with half axes xj > yj > zj the cavity �eld factor can be calculated by
[51, 73]

Aj =
xjyjzj

2

∫ ∞
0

ds

(s+ xj)3/2(s+ yj)1/2(s+ zj)1/2
(1.49)

For relaxing water molecules the assumption of a spherical cavity �eld with Aj = 1/3 is
reasonable, while for dipoles with a non-spherical shape Aj has to calculated from their ge-
ometry [72]. Thus, for prolate ellipsoids (xj > yj = zj) Scholte [73] derived the elementary
function,

Aj =
−1

p2j − 1
+

pj√
p2j − 1

3 ln(pj +
√
p2j − 1) (1.50)

while for the oblate shape (xj < yj = zj) the equation is given as

Aj =
1

1− p2j
− pj√

1− p2j
3 cos

−1pj (1.51)

where pj is the ratio xj/yj.
The e�ective dipole moment, µe�,j, can be calculated through the Eq. 1.48 if cj is known
and it is related to the apparent dipole moment, µap,j, of the species

µe�,j =
√
gj · µap,j (1.52)

where gj is an empirical factor being a measure for the orientational correlations, similar
to the Kirkwood factor gK (Eq. 1.46). The apparent dipole moment is connected to the
gas phase dipole moment, µj, via

µap,j =
µj

1− fjαj
(1.53)

The factor (1− fjαj)−1 accounts for reaction �eld e�ects, with αj being the polarizability
and fj the reaction �eld factor of species j.
For a spherical cavity of radius rj, the reaction �eld factor can be written as [51]

fj =
1

4πε0r3j
· 2ε− 2

2ε+ 2
(1.54)

while for an ellipsoidal particle with the half axes xj > yj > zj the reaction �eld factor can
be calculated by the general expression [73]

fj =
3

4πε0xjyjzj
· Aj(1− Aj)(ε− 1)

ε+ (1− ε)Aj
(1.55)
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1.3.4 Debye Model of Rotational Di�usion

In order to connect the relaxation time to molecular properties, Debye [59] considered a
dielectric as a simple system consisting of non-interacting spherical, inelastic dipoles. The
frequent and uncorrelated collisions of the particles in this system lead to a set of in�nites-
imally small changes in the orientation of the dipoles. In this mechanism of rotational
di�usion of dipolar particles, however, some non-negligible approximations are applied:
dipole-dipole interactions and inertia e�ects are neglected, the Lorentz �eld was assumed
as the inner �eld, and the laws of hydrodynamics were assumed to be valid, which in fact
describe macroscopic properties but are used on the microscopic level in this case. By
making these assumptions, the dipolar correlation function, C1(t), can be written as

C1(t) = exp(− t

τrot
) (1.56)

The microscopic relaxation time τrot can be calculated from the rotational friction coe�-
cient, ζ, by

τrot =
ζ

2kBT
(1.57)

Applying the laws of hydrodynamics to a rotating sphere in a viscous medium, the Stokes-
Einstein-Debye equation is obtained:

τrot =
3Vmη

′

kBT
(1.58)

where Vm represents the volume of the sphere and η′ is the microscopic dynamic viscosity,
i.e., the viscosity in the vicinity of the relaxing dipole. However, the relation between
the microscopic dynamic viscosity and the experimentally accessible macroscopic dynamic
viscosity, η, is usually unknown. To create a link between the relaxation time and the
macroscopic viscosity, Dote et al. [74] proposed a more general expression for the micro-
scopic relaxation time:

τrot =
3Ve�η

kBT
+ τ 0rot (1.59)

The empirical axis intercept, τ 0rot , is often interpreted as the correlation time of the freely
rotating dipole. Ve� is related to the molecular volume, Vm, via

Ve� = VmCf⊥ (1.60)

where the shape factor, f⊥, accounts for deviations from spherical shape and C represents
the hydrodynamic friction factor, which connects the microscopic and macroscopic viscos-
ity. The latter is an empirical parameter and has its limiting values of C = 1 for stick and
C = 1−f−2/3⊥ for slip boundary conditions of rotational friction. The shape parameter can
be obtained from the geometry of the relaxing particle. For prolate spheroids the factor is
given by [75]

f⊥ =
2
3

[1− (α⊥)4]

[2−(α⊥)2](α⊥)2

[1−(α⊥)2]1/2
ln
[
1+[1−(α⊥)2]1/2

α⊥

]
− (α⊥)2

(1.61)
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with α⊥ representing the ratio between particle volume and the volume swept out by the
particle during rotation about an axis perpendicular to the symmetry axis. For a prolate
ellipsoid with a major axis xj and the minor axis yj this ratio is determined by α⊥ = yj/xj.
The corresponding f⊥ value for oblate spheroids with the long axis xj and short axis yj
can be calculated by [76]

f⊥ =
2
3

[1− (β⊥)4]

[2−(β⊥)2](β⊥)2

[1−(β⊥)2]1/2
arctan

[(
β⊥

2 − 1
)1/2]− (β⊥)2

(1.62)

where β⊥ = xj/yj.

1.3.5 Relaxation by Discrete Jumps - The Case of Water

The continuous reorientation mechanism of rotational di�usion, presented in the previous
section, can be successfully applied to systems consisting of large solute molecules dissolved
in a solvent consisting of small, rigid molecules. However, in some systems the above
relations do not hold anymore [51]. For this case, Kauzmann [77] introduced the concept of
reorientation due to instantaneous jumps over �nite angles. In the jump model, the system
is regarded as a molecular crystal, where molecules are situated in di�erent potential wells
for �nite time intervals and the reorientation is represented by the process of a molecule
going from one potential well to another. The probability of the molecule to attain a
certain orientation is given by the height of the potential energy barrier between the two
states. For small angles the model of Kauzmann reduces to the Debye model of rotational
di�usion [51].
One of the most prominent examples of jump-relaxation is the water relaxation. Although
many studies on the nature of the water relaxation exist [50, 78�81], a consensus on the
microscopic picture is still lacking. Arguably the most sophisticated molecular model on
water reorientation and its dynamics is given by Laage et al. [82]. In this �wait-and-switch-
type� model the reorientation of water molecules can be described as depicted in Figure
1.3. The �rst step involves an elongation of a H-bond in the local tetrahedrally ordered
structure, and the approach of a new hydrogen bond acceptor, e.g. from the second shell
(Figure 1.3(a)). As soon as the distance between the new acceptor and the initial partner
is equal, the rotating water molecule performs a large-amplitude angular jump through
the transition state in which a symmetric bifurcated H-bond is formed between the initial
and �nal H-bond acceptor (Figure 1.3(b)). Subsequently, the surrounding water molecules
have to adjust to the new situation by reorganization of the frame around the rotating
molecule, reaching the energetically most favorable arrangement (Figure 1.3(c)). Both
steps, large angular jump and the frame reorientation, can be combined in a so-called
extended jump model (EJM) and, assuming both processes to be independent, the overall
EJM reorientation time, τEJM, can be written as [82]

1

τEJM
=

1

τ jump
+

1

τ frame
(1.63)
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The jump and the frame contribution occur both at the picosecond timescale at 298K, with
τ jump < τ frame. On this basis, Laage et al. were also able to analyze, at least qualitatively,
the e�ects of various solutes (hydrophobic or hydrophilic) on the dynamics of water in their
hydration shells.

frame tumbling

large angular jump

a b c

Figure 1.3: Schematic representation of the jump-reorientation mechanism of water.

At this point, it should be mentioned that the molecular correlation time, τrot, probed
by dielectric spectroscopy is not necessarily the same as the reorientation correlation time
probed by other techniques. For example, nuclear magnetic resonance (NMR), optical
Kerr e�ect spectroscopy (OKE) or femtosecond infrared spectroscopy probe the second-
rank order (L = 2) of the time-correlation function of the molecule reorientation, while
DRS accesses correlations of rank L = 1. The correlation function of the dipole vector can
be generally written as

CL(t) = 〈PL [~µ(0) · ~µ(t)]〉 (1.64)

where PL is the Lth-rank Legendre polynomial. For rotational di�usion, the relation
between the di�erent rank molecular correlation times follows the relation

τ
(L)
rot =

τrot
L(L+ 1)

(1.65)

with τrot = τ
(1)
rot , which is probed by DRS. However, the corresponding relation for the

jump-relaxation mechanism involves the knowledge on the jump-angle distribution and
the jump-probabilities. Thus, de�nite (simpli�ed) mathematical relations can only be
obtained for few limited cases [51], which will not be elucidated further in this work.

1.3.6 Microscopic and Microscopic Relaxation Time

Since the experimentally accessible dielectric relaxation time, τ , is a macroscopic property,
it has to be converted into the corresponding microscopic rotational correlation time, τrot.
Assuming that the underlying mechanism is due to rotational di�usion, Powles and Glarum
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[83, 84] proposed that the macroscopic and microscopic correlation times are connected via

τ =
3ε

2ε+ ε∞
· τrot (1.66)

In the case of presence of several Debye relaxation processes, the generalized expression
for the jth relaxation time is given by [83]

τj =
3εj

2εj + ε∞,j
· τrot,j (1.67)

where εj and ε∞,j have the same de�nition as in Equation 1.28.
Taking into account dipole-dipole correlations, Madden and Kivelson [85] derived

τ =
3ε

2ε+ ε∞
· gK
ġ
· τrot (1.68)

where gK is the Kirkwood correlation factor and ġ is the dynamic correlation factor (dy-
namic coupling parameter). The latter is thought to be in the order of unity. Thus, for
gK = 1 Equation 1.68 reduces to the Powles-Glarum equation 1.66.

1.4 Temperature Dependence of Relaxation Times

1.4.1 Arrhenius Equation

One of the oldest models for the description of rate constants of chemical reactions and
transport properties is the Arrhenius Equation [86]. In the case of relaxation times it can
be written as

ln(τ/s) = ln(τ0/s) +
EA

RT
(1.69)

The basis of this equation is the idea that the particles excited by thermal �uctuation
can cross the temperature-independent energy barrier, EA, to achieve the transition be-
tween two stable energetic states. The frequency factor, τ0, is interpreted as the shortest
relaxation time possible, since with increasing temperature τ reaches τ0.

1.4.2 Eyring Equation

A comparable description of the temperature dependance is given by the Eyring equation
[87], which is based on the the transition state theory. The relaxation time, τ , as a function
of temperature can be expressed as

ln(τ/s) = ln
(

h

kBT

)
+

∆G6=

RT
with ∆G6= = ∆H 6= − T ·∆S 6= (1.70)

where ∆G6= is the Gibbs energy of activation, respectively ∆H 6= and ∆S 6= are the activation
enthalpy and activation entropy.
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For the analysis of relaxation times over a wide temperature range the temperature de-
pendance of ∆H 6= and ∆S 6= cannot be neglected. According to thermodynamic laws, the
Eyring Equation can be extended to

ln(τ/s) = ln
(

h

kBT

)
+

1

R

[
∆H 6=T 0

T
−∆S 6=T 0 + ∆C 6=p

(
1 + ln

(
T 0

T

)
− T 0

T

)]
(1.71)

where T 0 is the thermodynamic reference temperature (usually 298.15 K) and ∆C 6=p rep-
resents the heat capacity for the transition state, which is assumed to be constant.
However, for the limited temperature range of the present work (5 ≤ ϑ/◦C ≤ 65) the
relaxation times could often (not always) be �tted assuming constant ∆H 6= and ∆S 6=. In
this case, the activation parameters can consequently be derived easily from the slope and
the intercept of the linear plot ln(τT ) = f(T−1).



Chapter 2

Experimental

2.1 Materials

Substances used in the framework of this thesis were purchased commercially in the highest
a�ordable degree of purity. Table 2.1 provides details on the used chemicals. Chemicals
were used as received, except for the following substances:

Acetylcholine chloride (AcChCl) was purchased from from Sigma Aldrich (purity
≥ 99 %) and Alfa Aeser (purity > 98 %). Prior to use the salt was recrystallized three
times from an ethanol (Sigma Aldrich, 99.9 %)/diethyl ether (VWR Chemicals, ≥ 99.7 %)
mixture and subsequently dried over Sicapent© for six days at room temperature at high
vacuum (p ≤ 10−6 bar). The purity was checked by 1H- and 13C-NMR measurements
(Avance III HD 400, 400 MHz, Bruker, Billerica, Massachusetts, USA). The water content
determined by Karl Fischer titration (Metrohm 899 Coulometer) was < 200ppm.

Monosodium glutamate (NaGlu) was purchased as a NaGlu·XH2O. The hydrate was
recrystallized three times from an 2-propanol (Sigma Aldrich, ≥ 99.5 %)/water (Millipore
Milli-Q) mixture and the crystals were subsequently dried for four days over Sicapent©

at 80 °C and at a reduced pressure of p ≤ 10−6 bar. The absence of unwanted impurities
was ensured by 1H- and 13C-NMR measurements (Avance III HD 400, 400 MHz, Bruker,
Billerica, Massachusetts, USA). The �nal content of crystal water, as determined by pH
titration, was found to be (6.8 ± 0.2) % and (5.8 ± 0.1) %, respectively, depending on the
batch of recrystallized NaGlu. This non-negligible amount of water was accounted for dur-
ing sample preparation.

Lithium chloride (LiCl) was dried for four days at pressures of p ≤ 10−9 bar and at
150 °C prior to use. The water content, investigated by Karl Fischer titration, showed
values of < 880ppm.

Potassium �uoride (KF) was dried for four days at 120 °C under high vacuum (p ≤

23
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Table 2.1: Overview of all chemicals, their purity and the supplier.

Neurotransmitters and chemically related substances
chemical purity supplier

Acetylcholine chloride (AcChCl)
≥ 99 % Sigma Aldrich
> 98 % Alfa Aeser

Monosodium L-glutamate hydrate (NaGlu·XH2O) ≥ 99 % Sigma Aldrich
L-Glutamic Acid (HGlu) ≥ 99.5 % Sigma Aldrich

Carbamylcholine chloride (CarCl) 99 % Acros Chemicals
γ-Aminobutyric acid (GABA) ≥ 99 % Sigma Aldrich

L-Glutamin (Gln) ≥ 99.5 % Sigma Aldrich
DL-α-Aminobutryric acid (AABA) 99 % Sigma Aldrich
n-Butylammonium chloride (BACl) 99.5 % TCI

Inorganic salts
chemical purity supplier

Sodium chloride (NaCl) ≥ 99 % Sigma Aldrich
Lithium chloride (LiCl) ≥ 99.99 %, Suprapur© Merck
Potassium chloride (KCl) ≥ 99.99 %, Suprapur© Merck
Potassium �uoride (KF) ≥ 99.5 % Sigma Aldrich

Tetramethylammonium chloride (Me4NCl, TMA) > 98 % Merck
Calcium chloride dihydrate (CaCl2·2H2O) ≥ 99 % Carl Roth

Magnesium chloride hexahydrate (MgCl2·6H2O) ≥ 99 % Merck

10−6 bar) over Sicapent© at 80 °C. Karl Fischer titration indicated a water content of
< 440ppm.

2.2 Sample Preparation and Handling

To avoid unnecessary water uptake the substances were stored in a dry-nitrogen-�lled
glove box with a dewpoint below −50 °C. All solutions were prepared gravimatrically on
an analytical balance without the application of buoyancy corrections. The uncertainty of
the prepared samples was better than ±0.001 g. Degassed Millipore Milli-Q water with an
electrical resistivity of ≥ 18MΩcm was used for the sample preparations. Prior to each
measurement, the solutions were put into an ultrasonic bath for at least 15 minutes to
further degas the samples and thus to suppress the problematic formation of gas bubbles
during the experiment. Measurements at higher temperatures (ϑ ≥ 45 °C) were conducted
under a saturated solvent atmosphere if possible. To avoid fast spoilage of the solutions of
the biologically active substances the samples were stored in a refrigerator when not used
for the measurements.
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Table 2.2: Overview of the used equipment for DRS with the signal transmission line
type, the frequency range and the corresponding wavelength of the electromagnetic wave
in vacuum.

name transmission line type frequency range / GHz wavelegth / m
TDR cells coaxial line 0.01 - 1 30 - 0.3

Dielectric probe kit coaxial line 0.05 - 50 6 - 0.006
A-Band rectangular waveguide 27 - 40 0.011 - 0.007
E-Band rectangular waveguide 60 - 89 0.005 - 0.003

2.3 Measurement of Dielectric Properties

To cover the microwave frequency region in DRS, which extends over several decades of
the electromagnetic spectrum, di�erent experimental setups have to be utilized. All in-
struments used in the present work are listed in Table 2.2. The lower frequency part of
the dielectric spectra was acquired by a Vector Network Analyzer (VNA), which was used
in combination with TDR-cells and the dielectric probe kit to cover the frequency range
0.01 ≤ ν/GHz ≤ 50. Furthermore, a waveguide-transmission cell of the A-band apparatus
connected to the VNA was used to perform transmission experiments in the frequency
domain 27 ≤ ν/GHz ≤ 40. The high-frequency wing (60 ≤ ν/GHz ≤ 89) was covered by
the E-band apparatus, which operates on the principle of frequency-domain interferometry.
Note that transmission cell types (A-Band, E-Band) do not require any kind of calibration,
while for frequency-domain re�ectometry setups (TDR cells and dielectric probe kit) cali-
brations with appropriate standards are necessary prior to measurement. In the following,
all methods used for the dielectric-data acquisition will be presented.

2.3.1 Interferomentry

For frequencies > 50GHz collecting dielectric data with waveguides becomes more e�cient
as the coaxial line setups, discussed in Section 2.3.2, depend strongly on the restrictions
determined by geometry of the coaxial cells. Thus, waveguide interferometers (IFM) based
on traveling waves are employed at these frequencies. However, the receiver of the IFM
setup is only capable of detecting the signal amplitude without any phase information.
Hence, interferometry has to be used to retrieve this information and to determine the
complex permittivity.

Instrumentation

A block diagram of the E-band (60 ≤ ν/GHz ≤ 89) instrument used in the Regensburg
laboratories [88] is shown in Figure 2.1. The interferometer is based on a transmission
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Figure 2.1: Block diagram of the E-band apparatus [88]: 1a, b, c: variable attenuators;
2a, b: directional couplers; 3a, b: waveguide sections; 4: precision phase shifter; 5a,
b: E/H tuners; 6a, b: �exible waveguides; 7: insulator; 8: harmonic mixer; 9: variable
precision attenuator; C: cell, HH: bidirectional counter; MC: microcomputer; MMC:
millimeter-wave to microwave converter; MT: digital length gauge; P: probe; PLO: phase
locked oscillators; PLO-D: PLO-control unit; PLO-P: PLO-power supply; PM: probe
mount; RE: precision receiver; SM: stepping motor; SMD: stepping motor control unit;
SP: spindle and spindle mount; T: tapered transmission, double lines represent waveg-
uides, while thick lines symbolize semi-rigid microwave cables and normal lines denote
data transfer connections (analog or digital).

principle: a traveling wave with a certain frequency (60GHz, 66GHz, 72GHz or 89GHz),
generated by phase-locked Gunn oscillators PLO, is split into a measuring path and a
reference path by a directional coupler 2a. The measuring path contains a phase shifter
4, two sets of E/H-Tuners 5a, b and the measuring cell C. The cell consists of a piece
of waveguide �lled with the sample, in which a gold plated ceramic probe P is immersed
whose position in the z-direction is adjustable by a stepping motor SM and which can
be determined by a precision gauge MT. A mica window separates the measuring cell
from the preceding waveguide. A polyethylene tube can be mounted around P and C to
perform measurements under a nitrogen or solvent saturated atmosphere if needed. The
temperature of the sample in the cell is measured with a Pt-100 temperature sensor and
it is controlled by a circulating thermostat (Lauda RK 20) with a precision ±0.02 °C.
Eventually, the measuring signal is recombined with the reference path, which comprises a
precision attenuator 9, at 2b after passing the sample. The relative amplitude, A, of the
recombined beams is measured as a function of optical path length, z0, after mixing for
frequency conversion.
Besides the E-Band equipment, waveguide transmission cells for X-Band (8.5 ≤ ν/GHz ≤
12), Ku-band (12.5 ≤ ν/GHz ≤ 18) and A-band (27 ≤ ν/GHz ≤ 40) are available at the
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Regensburg laboratories. However, the interferometric measurement described above is
only required for the E-band region. For the remaining bands phase-sensitive transmission
measurements can be performed with a vector network analyzer (Section 2.3.2).

Theory and Measurement Principle

For each individual frequency, several steps are required to obtain the attenuation coe�-
cient and the medium wavelength of sample, which are prerequisite for the determination of
η̂(ν). The time-dependent electric �eld in the reference beam can be described by equation
1.8 for harmonically oscillating �elds and thus reads:

Ê1(t) = E0 exp(iωt). (2.1)

De�ning x as the relative distance from the interference minimum, z′0, as x = z0− z′0, with
z0 being the absolute optical path length of the transmission cell, the electrical component
of the electromagnetic �eld in the measuring beam can be written as

Ê2(t, x) = E0 exp(−αx) exp(i(ωt+ ∆φ− βx)) (2.2)

where α is the absorption coe�cient of the sample and β is the phase constant. The phase
constant is related to the medium wavelength, λM, through

β =
2π

λM
(2.3)

The damping coe�cient and the phase constant can be combined in the form of the complex
propagation constant, γ̂, via

γ̂ = α + iβ (2.4)

The term ∆φ in Eq. 2.2 accounts for the condition of destructive interference of the two
waves and has to satisfy the equation

∆φ = (2n+ 1)π with n ∈ Z (2.5)

At the receiver, the superposed signal of the measuring and the reference beam (assuming
∆φ = π) is detected:

Ê(t, x) = Ê1(t) + Ê2(t, x) = E0 exp(iωt)[1 + exp(−αx) exp(i(π − βx))] (2.6)

The experimentally accessible quantity is the magnitude of the detected signal, P , and it
is de�ned by the squared amplitude of the electric �eld,

P = Ê · Ê∗ = E2
0 · I(x) (2.7)

where I(x) represents the interference function,

I(x) = [1 + exp(−αx) exp(i(π − βx))] · [1 + exp(−αx) exp(i(π − βx))]

= 1 + exp(−2αx) + exp(−αx) · 2 cos(−π + βx)
(2.8)
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The magnitude of the signal, P , is not measured directly but it is expressed through the
relative attenuation of the signal, A(x), on a logarithmic scale, which is de�ned as

A(x) = 10 lg
P (x)

Pref
(2.9)

Since Pref is unknown, the measured attenuation is normalized to A0 which is resulting
from the signal P0 = E2

0 ,

Arel = A(x)− A0

= 10 lg
P (x)

Pref
− 10 lg

P0

Pref

= 10 lg
P (x)

P0

= 10 lg
E2

0 · I(x)

E2
0

= 10 lg I(x)

(2.10)

Inserting equation 2.8 and introducing the conversion constant p =
(

20 lg e · dB
Np

)−1
yields

the following equation [88]:

A(x) = A0 + 10 lg [1 + exp (−2pαdBx)]

+ 10 lg

[
−2 cos

(
2π

λM
x

)
· exp (−pαdBx)

]
(2.11)

At the beginning of the measurement the reference path is completely closed and the probe
is descended as far as possible (z0=0). The amplitude can be adjusted to its maximum,
Amax, by the use of E/H-tuners. Next, the probe is moved until the amplitude shows the
value of A ≈ 1/2 ·(Amax+10) (in dB). At this position z′0, the instrument is aligned fully to
destructive interference using the phase shifter and the attenuator. After moving the probe
to its starting position, the measurement is started. The relative amplitude is registered
as a function of the probe position at equally spaced distances while the probe is elevated
until the total path length of 2 · z′0.
Using a nonlinear �t by means of a least squares �tting procedure the interference data
A(x) can be �tted. The �tting was carried out with the mathematical package TableCurve
2D V5.1 [89]. The values of the power attenuation coe�cient, αdB = α/p, (in dB/m) and
the medium wavelength, λM = 2π/β, can be determined simultaneously for each frequency.
Finally, the complex permittivity can be calculated using the obtained α(ν), λM(ν) and
the conductivity, κ, of the sample:

ε′(ν) =

[(
1

λvacc,10

)2

+

(
1

λM(ν)

)2

−
(
α(ν)

2π

)2
]
·
(c0
ν

)2
(2.12)



2.3. MEASUREMENT OF DIELECTRIC PROPERTIES 29

ε′′(ν) =
α(ν)

πλM(ν)
·
(c0
ν

)2
− κ

2πνε0
(2.13)

The equations 2.12 and 2.13 can be obtained by solving the wave equation for a rectangular
waveguide of a certain geometry [90]. The cut-o� wavelength, λc,mn, denotes the highest
wavelength (lowest frequency) able to pass the waveguide with the corresponding propaga-
tion mode. The fundamental mode, TE10, (m = 1 and n = 0) is used for the measurement
as it is the only �eld type which exists in a frequency range where no other mode is able to
propagate, as higher order modes damp out very quickly. For a rectangular waveguide with
a = 2b, where a is the width and b is the height, the technically useful range is restricted
to

0.53 ≤ λ

λc,10
≤ 0.8 (2.14)

The cut-o� wavelength for an empty waveguide with the same geometry yields λvacc,10 = 2a
[58]. The maximum error in ε′′ is approximately 2 % with respect to the static permittivity,
ε, of the sample [91].

2.3.2 Vector Network Analysis

In recent years vector network analyzers have markedly gained in importance consider-
ing the conduction of precise and fast dielectric relaxation spectroscopy experiments. A
great variety of network analyzers operating in the kHz to GHz regime are commercially
available [92]. Measuring both the amplitude and the phase of electromagnetic signals
simultaneously, information on the re�ection and the transmission of an electrical network
is obtained and therefore the scattering parameter matrix, Ŝ, can be determined. For a
two-port network, Ŝ is de�ned as(

b̂1
b̂2

)
=

(
Ŝ11 Ŝ12

Ŝ21 Ŝ22

)(
â1
â2

)
(2.15)

where âj and b̂j denote the power of incident and re�ected waves at port j [93]. For one-port
measurements only the scattering parameter Ŝjj is needed. This parameter is equivalent to
the relative complex re�ection coe�cient, Γ̂. However, the re�ection coe�cient measured
by the VNA, Γ̂m, di�ers from the actual re�ection coe�cient, Γ̂a. Thus, the systematic
deviations - errors in directivity, ed, frequency response, er, and source match, es, - have to
be corrected by measuring three known reference standards. The obtained actual re�ection
coe�cient at the coaxial probe aperture yields [94]

Γ̂a =
Γ̂m − ed

es(Γ̂m − ed) + er
(2.16)

The re�ection coe�cient Γ̂a can be linked to the normalized aperture admittance, Ŷ , by

Γ̂a =
1− Ŷ
1 + Ŷ

(2.17)
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Open-ended Coaxial Probe

Dielectric spectra were recorded in the frequency range 0.05 ≤ ν/GHz ≤ 50 with an
Agilent E8364B VNA in combination with a dielectric probe kit (85070E). Additionally, a
electronic calibration module (ECal, Agilent N4693) was available for correction of parasitic
e�ects, which comprise e.g. phase errors due to the thermal expansion of the instrumenta-
tion. The ECal module measures well known re�ection standards during the experiment
and uses this data for the calculation of error terms, thus stabilizing the calibration [95].
However, it was found that for samples of low conductivity the accuracy does not improve
noticeably. Hence, the ECal module was only used for a limited set of (conductive) samples
in the framework of this thesis, as experience shows that the calibration of the VNA is
more tedious in the presence of the ECal module. The probe kit consists of two di�er-
ent probes providing reliable dielectric data in distinct frequency ranges, namely the high
temperature probe (85070E-20) in the region 0.05 ≤ ν/GHz ≤ 20 and the performance
probe (85070E-50) with the frequency range of 1 ≤ ν/GHz ≤ 50. The probes are mounted
on the bottom of temperature controlled cells. The temperature is adjusted by a Huber
CC505 thermostat and measured with an Agilent 34970A datalogger, using a platinum
resistance thermometer (Pt-100). The accuracy of the thermostat is ±0.02 °C. The sample
is poured into the cell to establish the contact with the open-ended coaxial probe. The
upper opening of the cell can be sealed to avoid contact with the atmosphere and to contain
evaporation of the sample at higher temperatures. Figure 2.2 shows a schematic represen-
tation of the oped-ended coaxial probe setup. The coaxial cables must not be rearranged
during the calibration and the measurements, as any kind on mechanical stress may lead
to the appearance of signi�cant errors in the measured re�ection coe�cient.
The complex dielectric parameter of the sample, η̂m, is calculated from the normalized
aperture admittance, Ŷ , by using a simpli�ed coaxial aperture opening model and solving
the following equation numerically [94, 96]:

Ŷ =
ik̂2m

πk̂c ln (D/d)

[
i

(
I1 −

k̂2mI3
2

+
k̂4mI5
24
− k̂6mI7

720
+ ...

)
+

(
I2k̂m −

k̂3mI4
6

+
k̂5mI6
24
− ...

)]
(2.18)

In Eq. 2.18, k̂c = ω
√
η̂cε0µ0 and k̂m = ω

√
η̂mε0µ0 denote the propagation constants within

the coaxial probe head and the sample, respectively. D and d represent the outer and inner
conductor radii of the coaxial line. The determination of the normalized aperture admit-
tance used in the Agilent 85070C software package comprises the numerical calculation
of the �rst 28 probe constants, In, and a further empirical optimization of the obtained
constants as described in Ref. [94].
The calibration was performed according to Eq. 2.16 using three known dielectric sub-
stances: air (open), puri�ed mercury (short) and a third reference liquid with similar
dielectric properties as the investigated dielectric (load). For all measurements of the
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Figure 2.2: Scheme of the VNA open-ended coaxial probe cells. PH: coaxial probe head;
SA: sample space; T: thermal casing; IC: inner conductor of the probe head; DI: dielectric
material.

aqueous solutions in this work water, whose dielectric properties are well known [97], was
chosen as an appropriate calibration standard at all investigated temperatures.

For each spectrum the average value of at least two measurements of independent calibra-
tions was used.

Cut-o� Type Coaxial Cells - TDR Cells

The low-frequency limit speci�ed by the manufacturer of the open-ended coaxial 85070E-
20 probe is 0.2 GHz. However, it was found that for low-conductivity samples of su�cient
permittivity this limit could be extended down to ∼0.05GHz by careful calibration [98, 99].
The validity of the data obtained at 0.2GHz could be tested by crosschecking with known
standards. In order to extend the investigation to even lower frequency values cut-o� type
coaxial cells were used. The cut-o� type coaxial cells, or TDR cells, were previously de-
veloped for a time-domain re�ectometry setup [100, 101]. Connecting them to the VNA
allows the measurement of the re�ection coe�cient in the ν-domain and yields the complex
permittivity data in the frequency region 0.01≤ ν/GHz ≤ 1. The low-frequency limit of
the TDR cells is determined by low-frequency limit of 10MHz of the VNA. The geometry
of these cells di�ers from the open-ended coaxial probes and thus it requires a di�erent
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mathematical expression for the normalized aperture admittance [102]:

Ŷ = g
√
η̂(ω)tanh

(
iωl
c
·
√
η̂(ω)

)
+ iωη̂(ω)ZLCs (2.19)

where ZL is the wave resistance of the feeding line (typically 50 Ω) and Cs is the discontinu-
ity capacity of the coaxial to circular waveguide transition [102]. D and d denote the radii
of the outer and inner conductor, and l is the electrical pin-length of the inner conductor
inside the cell. The factor g represents the ratio between the feeding line impedance, ZL,
and the impedance of the empty cell, Z0 = 1

2π

√
µ0
ε0
· ln(D

d
) [100]. The eqs. 2.17 and 2.19

can be solved numerically and consequently the generalized complex permittivity, η̂(ω), is
obtained.
The TS3 cut-o� type cell (l = 6.05mm; g = 0.4282) [101] was found to give the most
accurate results for aqueous systems studied in this work. The discontinuity capacity, es-
timated from cell geometry and literature values [102, 103], was set to Cs = 40 fF. After
an one-port calibration of the VNA at the cable-cell connector interface in the frequency
region of interest using the ECal module, as implemented in the Agilent software, a three-
point calibration with respect to the sample - coaxial line interface - using open, short and
load - is performed in order to correct for the three errors in directivity, frequency response
and source match (equation 2.16). For open calibration an empty cell (air) was used. For
short NaCl(aq)(b ≈ 5 mol kg−1) was measured. The dielectric parameters of the NaCl so-
lution were previously determined from the measurements with open-ended coaxial probes
(Section 2.3.3). Nevertheless, it was shown by Hunger [103] that the dielectric parameters
are not crucial as long as the conductivity, which is the major contribution to η̂(ω) in this
frequency range, is high enough and accurately known. For load water was chosen as its
properties are similar to the properties of the investigated samples. The temperature was
measured by a Pt-100 resistance connected to a high precision thermometer (ASL F250)
and was adjusted with a Julabo FP 45 thermostat with an accuracy of ±0.05 °C. For the
numerical calculation of η̂(ω) software based on Maple 2016 [104] was used.
Figure 2.3 shows an exemplary spectrum of an aqueous γ-aminobutyric acid (GABA) so-
lution (c(GABA) = 0.3891mol L−1) at 25 °C in the frequency range 0.01 � 89GHz and the
coverage of the frequency range by the di�erent methods.

Padé-Calibration

Increasing deviations of dielectric properties of the sample from the calibration liquid (load)
lead to increasing inaccuracies of the obtained spectra. In this case, an additional correc-
tion of the conductivity-corrected raw spectra, ε̂raw(ν), can be performed (Section 2.3.3).
This secondary calibration procedure accounts for imperfections of the model for aper-
ture admittance. Application of a complex Padé approximation [105] yields the corrected
spectra, ε̂corr(ν), from the raw data, ε̂raw(ν), via

ε̂corr(ν) = Pn/m [ε̂raw(ν)] =
Â0(ν) + Â1(ν)ε̂raw(ν) + ...+ Ân(ν) [ε̂raw(ν)]n

1 + B̂1(ν)ε̂raw(ν) + ...+ B̂m(ν) [ε̂raw(ν)]m
(2.20)
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Figure 2.3: (a) Dielectric permittivity and (b) dielectric loss spectrum of 0.3891mol L−1

GABA in water. Open circles (#) indicate the data obtained by TS3 cut-o� type cell.
The dielectric spectra determined by the high temperature probe and the performance
probe are denoted by �lled circles ( ) and open squares (�), respectively. The E-band
interferometer data is shown by �lled triagles (N).

In equation 2.20, the complex approximation constants, Ân(ν) and B̂m(ν), can be ob-
tained either analytically or by a complex linear �t algorithm [101] from a set of secondary
standards with known dielectric properties. Water [97], propylene carbonate (PC; Sigma
Aldrich, 99.7%) [106, 107], diemethylacetamid (DMA; Sigma Aldrich, ≥ 99.9 %)[106, 108]
and formamide (FA; Sigma Aldrich, ≥ 99.5%)[108] were found to be most suitable cali-
bration standards, covering a large range of dielectric permittivities. A calibration up to
n = 1 and m = 1 was su�cient for the systems investigated in the framework of this thesis.
The whole data processing procedure was implemented in a combination of MATLAB [109]
and MAPLE [104] scripts.

Waveguide Transmission Cells

Since the VNA enables simultaneous measurements of the phase and amplitude of the
signals up 50GHz, the connection of Ku-band (8 ≤ ν/GHz ≤ 12), X-band (12 ≤ ν/GHz ≤
18), and A-band (27 ≤ ν/GHz ≤ 40) waveguide transmission cells, which were previously
used for interferometry experiments (Section 2.3.1), to Agilent E8364B vector network
analyzer allows a direct measurement of the complex scattering parameter, Ŝ21(z), as a
function of the relative optical path length, z, at all relevant frequencies [103]. In this
transmission setup the medium wavelength, λm, and the absorption coe�cient, α, can be
determined from Ŝ21(z) at each frequency and the complex permittivity spectra can thus
be obtained from eqs. 2.12 and 2.13. A personal computer was used to control the step-
per motor, VNA and the precision gauge for the determination of the z position of the
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waveguide probe, thus allowing fast automated measurements. A Huber CC505 thermo-
stat controlled the temperature of the A-band cells with an accuracy of ±0.02 °C. The
temperature was recorded with an Agilent 34970A datalogger and measured by a platinum
resistance thermometer (Pt-100). For the Ku- and X-band a Julabo FP 50 thermostat
with a temperature control ability of ±0.05 °C was used.
As already pointed out above, the big advantage of waveguide transmission cells is their
ability to provide accurate permittivity data without the need for calibration. Thus, A-
band measurements were used to crosscheck the validity of the data obtained by the perfor-
mance probe. The permittivity data determined by the 50GHz probe head were replaced
by the A-band data in the case of strong deviations. Since the sample volumes required
for the Ku- and X-band measurements are comparably large, it was refrained from using
these cells in the present work.

2.3.3 Processing of Experimental Data

To retrieve information on the physical properties of the investigated samples from their
permittivity spectra, suitable superpositions of empirical relaxation functions (Section 1.2)
have to be found. As a starting approximation, the frequency-dependent complex permit-
tivity data is corrected for the experimental conductivity, κ, to obtain ε̂(ν) (eqs. 1.19 and
1.20). Subsequently, the conductivity is treated as an additional �t parameter, κ�t, and it
is thus slightly adjusted to improve the �t quality (Eq. 2.21). The main di�erence between
the experimental and adjusted conductivity values traces back to fringing the �eld e�ects,
caused by the geometry of the VNA probe heads [110] and the relative deviation of κ�t
from κ normally does not exceed ∼10%. The �tting of the spectra is performed with a
�tting procedure [111] integrated into the Igor software package [112]. A nonlinear least
squares �t based on the Levenberg-Marquardt algorithm is used [113].

Finding the appropriate models to describe the so obtained complex permittivity spectra
is not straightforward as many di�erent combinations of the broad relaxation modes are
possible, and a good formal description of the spectra does not necessarily mean that the
obtained �tting parameters are physically reasonable. However, there are some criteria
which help to �nd the appropriate �t model:

⇒ The quality of the �t is represented by the reduced error function, χ2
r, which should be

minimized in order to obtain the best �t. The error function reads

χ2
r =

1

2m− n

m∑
i=1

[
(ε′(νi)− ε′(νi)cal)2 + (ε′′(νi)− ε′′(νi)cal)2

]
(2.21)

where m denotes the number of data triples (νi, ε′(νi), ε′′(νi)) and n is the number of ad-
justable parameters.

⇒ The �tting parameter should be physically reasonable, i.e., no negative relaxation times



2.4. SUPPLEMENTARY MEASUREMENTS 35

or amplitudes.

⇒ The number of relaxation modes should be reasonably small.

⇒ The �tting model should not change with changing concentration or temperature, ex-
cept for speci�c physical reasons.

Besides, care should be taken about the data point density in the obtained spectra. The
density should be comparable over the whole frequency range.

Zasetsky's Computational Analysis

To get an objective view on the possible relaxation processes a procedure introduced
by Zasetsky and Buchner [114] was used in order to analyze the dielectric permittivity
spectra. This method is based on a quasi-linear least squares minimization procedure
with constraints for least squares �tting of experimental spectra in the frequency domain.
The solution of this mathematical problem retrieves the probability, P (τ), of �nding a
Debye-type mode (Eq. 1.34) at the relaxation time τ . Thus, not only the possible num-
ber of relaxation modes, but also their relative strength, i.e., relative amplitudes, can be
obtained. Empirical band shapes, e.g. Cole-Cole modes (Eq. 1.39) or Cole-Davidson
modes (Eq. 1.40), are described by small sets of Debye modes, which are symmetrically
or asymmetrically distributed around a main mode. However, this �tting routine does not
guarantee any physical meaning behind the resolved relaxation processes. Nevertheless,
since this procedure does not require any knowledge on the relaxation mechanism of the
investigated spectra, this bias-free approach provides hints on the existing processes which
may facilitate the analysis of the spectra.

2.4 Supplementary Measurements

2.4.1 Density

Density measurements were performed using a vibrating tube densimeter (DMA 5000 M,
Anton Paar, Graz, Austria). An U-shaped tube made of borosilicate glass is �lled with the
sample and excited to vibrate at its characteristic frequency. This frequency is related to
the density of the sample. A precise determination of the eigenfrequency yields the density,
ρ, by

ρ = KA ·Q2 · f1 −KB · f2 (2.22)

whereKA andKB are apparatus constants, Q is the quotient of the period of the oscillating
tube and the reference oscillator, and f1 and f2 are correction terms for temperature,
viscosity and nonlinearity. According to the manual the instrument has an accuracy of
±5 · 10−6 g·cm−3. The temperature is controlled by Peltier-elements within ±0.001 °C and
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measured by an integrated Pt-100 resistance thermometer. The temperature range of
0 ≤ ϑ/°C ≤ 90 is accessible.

2.4.2 Viscosity

For the determination of dynamic viscosity, η, an Automated Microviscometer (AMVn,
Anton Paar, Graz, Austria) was used. The measuring principle is based on the determina-
tion of the rolling time of a steel ball in a glass capillary which is mounted in the heating
block of the instrument. The angle of the block can be adjusted as desired and the rolling
time, t, at a given angle is used to calculate the viscosity, η, through the equation

η = K · (ρB − ρ) · t (2.23)

K is a calibration constant determined before the measurement through calibration (using
the same equation), ρB is the density of the steel ball and ρ is the density of the investigated
solution. The calibration was carried out manually with a suitable calibration liquid of
known viscosity and density. For all measurements inclination angles of 30 ° and 70 ° were
used. The uncertainty of the so gained data is ≤ 2 %. However, especially for temperature
dependent measurements of one sample up to three calibrations with di�erent liquids and
di�erently sized capillaries could be necessary as the viscosity changes drastically with
temperature. In this case the choice of which liquid and which capillary to use at which
temperature is crucial and not straightforward, and the uncertainty limit of 2% may be
exceeded.
The temperature in the heating block is measured by Pt-100 resistance sensors and the
measurements can be conducted in the temperature region 5 ≤ ϑ/°C ≤ 100.

2.4.3 Electrical Conductivity

The electrical conductivity, κ, was determined by a frequency-dependent measurement
of the resistance using two-electrode capillary cells. After �lling, the cells (calibrated
with KCl(aq) [115]; cell constants C = 7 - 98 cm−1) are introduced into a home-built
precision thermostat with a temperature stability of < 0.003 °C . An open/short calibration
of the switchboard and the HAMEG Programmable LCR bridge HM 8118 is necessary
prior to connecting the cells. The measurement is started and controlled using a program
written in the programming language LabVIEW. The temperature is measured by a Pt-
100 sensor, which is connected to a ASL F250 high precision thermometer and adjusted by
Huber Unistat 705 thermostat with a temperature stability of ±0.005 °C. The accessible
temperature range of the instrumentation is −35 ≤ ϑ/◦C ≤ 65.
The resistance of the samples in a given cell, R(ν), is determined at a frequency range
0.2 ≤ ν/kHz ≤ 10 in order to avoid polarization e�ects at the surface of the elec-
trodes. Eventually, the exact resistance, R∞, is obtained by extrapolation of the frequency-
dependent resistance, R(ν), using the empirical equation

R(ν) = R∞ +
B

νa
. (2.24)
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where B and a are �tting parameters with 0.5 ≤ a ≤ 1, whereas B is cell-speci�c [116].
The conductivity is �nally obtained via κ = C/R∞ with an estimated overall uncertainty
of ≤ 0.5%.

2.5 Quantum Mechanical Calculations

To facilitate the interpretation of the experimental results, molecular properties of the in-
vestigated solutes were obtained by density functional theory (DFT) calculations using the
B3LYP hybrid functional, run on GAUSSIAN 09 software [117]. For all calculations either
6-31++G(d,p) or 6-31G(d,p) basis sets were used. The low-energy geometries of various
conformers of the molecules, and thus their sizes, shapes and volumes, were obtained in this
way. Note that when analyzing the geometry from the obtained coordinates, the van der
Waals radii [118] of the atoms between which distances are calculated have to be taken into
account. The dipole moments were obtained assuming the center of mass as the pivot. To
account for solvent e�ects, the polarizable continuum model (PCM) [119�121] was applied.
In this model the solvent (water) is considered as a continuum with an appropriate static
permittivity and the solute is placed in a cavity within the solvent reaction �eld. The so
obtained dipole moments are equivalent to apparent dipole moments, µap, as de�ned by
Equation 1.53.

2.6 Statistical Mechanical Calculations

Since dielectric spectroscopy does not deliver any direct information on the microscopic
arrangement of solvent and solute molecules in solution, statistical mechanical calcula-
tions using the 1D- and 3D-RISM (Reference Interaction Site Model) [122] approach
were performed for selected systems. Solving 1D-RISM Ornstein-Zernike integral equa-
tion [123] coupled with the 1D-Kovalenko-Hirata closure [124], and the 3D-RISM integral
equation [122] combined with the 3D-Kovalenko-Hirata closure [125] atom-atom (site-site)
distribution functions can be obtained, which provide insights into solution structure in
terms of speci�c site-site interactions and coordination numbers. The 1D-RISM calcula-
tion yields statistically averaged atom-atom (site-site) radial pair distribution functions
(PDFs), gαβ(r), for atom (site) α on the reference molecule interacting with atom (site)
β of the surrounding species, while the 3D-RISM method provides spatial distribution
functions (SDFs), gβ(~r), for atoms (sites) β around the reference molecule [122, 123]. All
calculations were performed by Prof. Dr. Fedotova and Dr. Kruchinin (G.A. Krestov
Institute of Solution Chemistry of the Russian Academy of Science, Ivanovo, Russia) us-
ing the rism1d and rism3d.snglpnt codes from the AmberTools 14 package [126] and the
MDIIS (Modi�ed Direct Inversion in the Iterative Subspace) iterative scheme [127]. The
sizes of the 1D- and 3D-grids, used for solving RISM equations, were chosen to be large
enough to accommodate the solute complex together with su�cient solvation space around
it in order to suppress signi�cant numerical errors. The interactions potentials between
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the di�erent sites were represented by short-range Lennard-Jones and long-range Coulomb
contributions. For all calculations the solvent water was modeled by the the modi�ed
SPC/E water model (MSPC/E) [128].



Chapter 3

Neurotransmitters and Chemically

Related Substances

Neurotransmitters (NTs) are endogenous substances that act as chemical messengers by
transmitting signals from a neuron to a target cell across a synaptic cleft. Stored in
secretory vesicles their release can be triggered by the arrival of an nerve pulse at the
synapse. Subsequently, the neurotransmitter crosses the synaptic gap and binds to speci�c
proteins in the membrane of the post-synaptic neuron or cell [129].

Besides their categorization upon whether they bind to metabotropic or an ionotropic
receptor (metabotropic receptors are members of the G-protein coupled receptor family
while ionotropic receptors are ligand-gated ion channels), neurotransmitters are generally
classi�ed according their overall e�ects on the neurons, i.e., excitatory or inhibitory. Major
excitatory neurotransmitters include glutamate (Glu), epinephrine and norepinephrine.
Glycine, γ-aminobutyric acid (GABA) and serotonin are prominent representatives of the
class of inhibitory neurotransmitters, while some others can exert both excitatory and
inhibitory e�ects, depending on the type of receptors that are targeted [130, 131].

Certainly, the interaction of the NTs with its surrounding aqueous medium is decisive
for their biological action [1]. Investigations of the properties of these biomolecules in
water could provide valuable information on the processes occurring in living organisms.
Using dielectric spectroscopy, the structure and dynamics of such biologically important
substances can be studied in aqueous solution. A deeper insight into the physico-chemical
properties of the NT solutions in terms of solute-solute and solute-solvent interactions can
be gained. Further, the role of speci�c functional groups can be examined by additionally
investigating chemically related compounds. Therefore, the following chapter presents a
dielectric relaxation study of binary aqueous solutions of various neurotransmitter and
chemically related substances.
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SUBSTANCES

3.1 Acetylcholine Chloride and Carbamylcholine Chlo-

ride

3.1.1 Introduction

Acetylcholine (AcCh/AcCh+, Figure 3.1(a)) is one of the most important neurotransmitters
in living organisms and was the �rst NT to be identi�ed [132]. It is the main NT involved in
the nervous excitation in the peripheral and central nervous system. After release into the
synaptic cleft by depolarization, AcCh is able to act at two structurally di�erent receptor
types at the postsynaptic membrane, namely muscarinic and nicotinic receptors, which
trigger the opening of ion channels. The binding ability and thus the particular biological
activity of AcCh is strongly linked to its chemical structure. Especially, the onium moiety
was found to play a major role in the binding process in terms of formation of cation-
π bonds, which arise from the interaction of the -N+(CH3) group with the surrounding
aromatic cage in the speci�c binding-sites of the cholinergic proteins [133�136]. Moreover,
the high conformational �exibility of the AcCh cation was reported to be decisive for its
binding a�nities [133, 137]. The trans, gauche and the trans, trans conformers, with
respect to the torsion angles φ1 and φ2 shown in Figure 3.1(a), were found to be the
most prominent in aqueous solution [137, 138]. In particular, the trans, trans conformer
is recognized by acetylcholinesterase and muscarinic receptors, whereas the folded trans,
gauche form preferably interacts with nicotinic receptors [139�141].
Undoubtedly, AcCh has high biological relevance and malfunctions in the natural AcCh
recognition cycle have also been linked with Alzheimer's disease [142]. However, acetyl-
choline is not used as a drug due to its broad-ranging actions which render it of limited
therapeutic value.
On the other hand, carbamylcholine (carbachol, Car/Car+, Figure 3.1(b)), a synthetic
derivative of AcCh, is frequently used as a miotic agent for the treatment of glaucoma
[143, 144]. Carbachol stimulates primarily muscarnic receptors, with a reduced a�nity
towards the nicotinic receptor types [134, 143]. Due to its stability towards hydrolysis
by acetylcholinesterase it shows a longer duration of action [144]. However, the exact
mechanisms by which AcCh and its derivative Car act are still not completely understood
and in spite of their importance in the pharmacological �eld studies on the properties of
�simple� aqueous solutions of the two NTs are scarce. Whereas for AcCh some experimen-
tal [11, 145, 146] and theoretical studies [147] investigating its hydration can be found,
appropriate studies on the hydration and dynamics of carbachol are still lacking.
To deepen the knowledge on the biological action of the two choline-based NTs, dielectric
spectra of aqueous solutions of the chloride salts, AcChCl and CarCl, were recorded at
25 °C. For AcChCl the concentration range of 0.07 . c/M . 0.53 (M =̂ mol L−1) was
covered (note: solubility limit of AcChCl in water is ∼ 0.55mol kg−1), while CarCl(aq)
was investigated in the range 0.07 . c/M . 0.83. Temperature-dependent spectra of
AcChCl(aq) were recorded at two selected molalities (b(AcChCl) = 0.2621mol kg−1 and
b(AcChCl) = 0.3738mol kg−1) to retrieve information on activation parameters of the
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Figure 3.1: Chemical structures of (a) acetylcholine chloride and (b) carbamylcholine chlo-
ride.

present relaxation processes. Further insight into the structure of AcChCl(aq) solutions was
gained by 1D- and 3D-RISM calculations, which were performed and kindly provided by
Prof. Dr. Fedotova and Dr. Kruchninin (G.A. Krestov Institute of Solution Chemistry of
the Russian Academy of Science, Ivanovo, Russia) [148]. Additionally, precise conductivity
measurements of dilute AcChCl(aq) and CarCl(aq) solutions, provided by Prof. Dr. Marija
Be²ter-Roga£ from the University of Ljubljana, yielded information on the extent of IP
formation in these systems [149].

The acquisition and analysis of the dielectric spectra of the two NTs will cover the �rst part
of this section, followed by a discussion of the DRS results. The DR results will start with
a short discussion of the activation parameters of AcCh relaxations. The last part of this
section will focus on structure and dynamics, which was deduced from the DR experiment
complemented by RISM calculations and dilute-solution conductivity measurements, of the
present AcChCl(aq) and CarCl(aq) solutions and their respective di�erences.

3.1.2 Data Acquisition and Processing

The AcChCl(aq) and CarCl(aq) samples were prepared as described in Section 2.1 and
2.2. The densities, viscosities and conductivities of the solutions were measured according
to the procedures presented in Section 2.4. The ρ, η and κ values of the AcChCl(aq)
and CarCl(aq) solutions are summarized in Tables A.1, A.2 and A.3. For all samples, the
permittivity spectra were recorded in the frequency range 0.05 ≤ ν/GHz ≤ 89 (Dielectric
probe kit VNA setup + E-band interferometer, Section 2.3). The temperature-dependent
measurements of AcChCl(aq) were performed in the temperature range 5 ≤ ϑ/°C ≤ 65 in
10 °C intervals with a temperature stability of ±0.05 °C. As pointed out in Section 1.1.2,
the conductivity term, which scales with ν−1, determines the low-frequency limit, νmin, at
which the experimental noise in η′′ exceeds the dielectric loss, ε′′. Thus, an increase in
νmin with increasing conductivity, i.e., increasing c, can be observed. Consequently, noisy
permittivity data in the region 0.05GHz � νmin was always discarded from the spectra.
For the present AcChCl(aq) and CarCl(aq) samples νmin was always in the region 0.1 .
νmin/GHz . 0.4.
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Figure 3.2: Relative permittivity, ε′(ν), and dielectric loss, ε′′(ν), spectra of (a) AcChCl(aq)
(0.07496 ≤ c/mol L−1 ≤ 0.5334) and (b) CarCl(aq) (0.07434 ≤ c/mol L−1 ≤ 0.8338) at
25 °C. Symbols denote the experimental data. Solid lines represent the �ts. For visual
clarity data points are only shown for selected samples. Arrows indicate the trend with
increasing solute concentration.
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Figure 3.3: Dielectric loss spectrum of (a) 0.2510M AcChCl(aq) and (b) 0.3193M
CarCl(aq) at 25 °C. Symbols denote experimental data, lines indicate the �ts. The shaded
areas show the individual contributions of the D+D+D+D model.

3.1.3 Choice of Relaxation Model and Assignment of Modes

AcChCl(aq) and CarCl(aq) concentration series. Figure 3.2 shows the evolution of
the experimental spectra with increasing solute concentration. A superposition of up to �ve
HN-equations (Equation 1.41) were tested to model the experimental spectra. Following
the criteria presented in Section 2.3.3 and Zasetsky's analysis shown in Figures A.1 and A.2,
only a superposition of four Debye (Equation 1.34) modes (D+D+D+D model) yielded a
consistent set of relaxation parameters for both neurotransmitter systems at 25 °C. The
parameters obtained from these �ts are shown in Tables 3.1 and 3.2. The modes are
numbered from lower to higher frequencies. In the following discussion j = 1, .., 4 will be
used to designate only AcChCl(aq) modes, while modes in CarCl(aq) will be de�ned as
l = 0, .., 3 for the sake of clarity (Figure 3.3).
The static permittivities of the two di�erent systems decreased continuously with increasing
neurotransmitter concentration (Figures A.4 and A.5). The spectra of both sets of samples
were dominated by a high-amplitude mode j, l = 3 centered at ∼ 19GHz (τ3 ≈ 8.5 ps),
as can be seen in Figure 3.3. Based on its location and amplitude, mode 3 can be unam-
biguously assigned to the cooperative reorientation of bulk water molecules [22, 150]. Its
amplitude, S3, decreased systematically with increasing solute concentration (Figures A.4
and A.5). Also apparent from the AcChCl(aq) spectra is the appearance of a low-intensity
mode j = 4 centered above the present upper-frequency limit at ∼ 500GHz (τ4 ≈ 0.3 ps).
Dielectric studies up to the THz regime indicate the presence of a similar high-frequency
mode in neat water [150]. Currently, it can be attributed to the fast switch of H-bond con-
nections between adjacent H2O molecules via an triangular transition state, as depicted



44
CHAPTER 3. NEUROTRANSMITTERS AND CHEMICALLY RELATED

SUBSTANCES

Table 3.1: Static permittivity, ε, relaxation amplitudes, Sj, relaxation times, τj (j =
1, .., 4), in�nite frequency permittivity, ε∞, of AcChCl(aq) at 25 °C and the reduced error
function, χ2

r, of the D+D+D+D �tting model.a,b

c ε S1 τ1 S2 τ2 S3 τ3 S4 τ4 ε∞ χ2
r

0c 78.37 � � � � 72.42 8.35 2.43 0.278 3.52 0.0056
0.07496 77.5 0.74 118.7 0.76 20.5 69.8 8.56 2.71 0.278F 3.52F 0.0601
0.1501 76.9 1.72 79.5 1.17 19.3 67.6 8.61 2.88 0.278F 3.52F 0.1329
0.2005 76.4 2.23 73.0 1.73 22.7 65.9 8.62 2.94 0.278F 3.52F 0.1313
0.2510 76.3 2.77 71.6 2.6F 19.7 64.5 8.59 2.95 0.278F 3.52F 0.1057
0.3013 75.8 2.49 83.8 3.8F 22.0 63.1 8.53 2.88 0.278F 3.52F 0.0795
0.3521 75.3 2.65 86.2 4.19 22.8 61.9 8.67 3.12 0.278F 3.52F 0.1460
0.4027 74.6 2.91 80.5 4.32 22.1 60.7 8.76 3.18 0.360 3.52F 0.1204
0.4538 73.6 3.08 76F 4.29 19.8 58.8 9.04 3.88 0.862 3.52F 0.1358
0.5334 73.2 3.59 71.2 5.32 23.0 57.4 8.96 3.43 0.632 3.52F 0.1199
aUnits: c in mol L−1; τj in ps. bParameter values followed by �F� were �xed during �tting;
ctaken from Ref. [97].

in Figure 1.3(b). This �fast-water� process does not necessarily indicate the existence of
a new, distinct water-species but it rather represents a di�erent step on the timescale of
the cooperative H2O reorientation process (Section 1.3.5) [82]. Since the characteristic
frequency of mode 4 lies outside the studied frequency range, it was not possible to re-
solve this process completely, as has been found for various aqueous electrolyte systems
[55, 98, 151] and systems involving small, biologically active molecules in water [152, 153].
Accordingly, its relaxation time, τ4, was �xed to its neat water value 0.278 ps [154] during
�tting to reduce scatter (except for c(AcChCl)≥ 0.4027mol L−1, Table 3.1). The in�nite-
frequency permittivity was assumed to be concentration-independent and, consequently, it
was �xed to the neat water value of ε∞ = 3.52 during the �t for all AcChCl(aq) solutions.
This is supported by rather recent THz studies on concentrated NaCl(aq) solutions, which
indicate only a weak concentration dependence of ε∞ [155]. The fast-water mode was not
resolved for CarCl(aq). However, the value of S4 + ε∞ of AcChCl(aq) is comparable with
ε∞ ≈ 6 of the CarCl(aq) solutions (Tables 3.1 and 3.2). This means that the fast-water
mode is also present for CarCl(aq), but it is shifted too far outside the covered frequency
range, and thus ε∞ automatically comprises the unresolved fast-water contribution .
Additionally, a distinct mode at ∼ 8GHz (τ2 ≈ 20ps) appeared upon addition of Ac-
ChCl(aq) and CarCl(aq) to water. Its amplitude, S2, increased with increasing solute
concentration (Figures A.4 and A.5). Due to its proximity to the dominant bulk water
mode 3 and its comparably low intensity, mode 2 was di�cult to separate at low solute
content, especially for AcChCl(aq) (S2 at c(AcChCl) = 0.2510mol L−1 and 0.3038mol L−1

had to be �xed; Table 3.1). Note that for AcChCl(aq) the exclusion of this mode during
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Table 3.2: Static permittivity, ε, relaxation amplitudes, Sl, relaxation times, τl (l =
0, .., 3), in�nite frequency permittivity, ε∞, of CarCl(aq) at 25 °C and the reduced error
function, χ2

r, of the D+D+D+D �tting model.a,b

c ε S0 τ0 S1 τ1 S2 τ2 S3 τ3 ε∞ χ2
r

0.07434 78.1 1.37 604 0.36 119 � � 70.5 8.42 5.90 0.0911
0.1567 77.6 1.24 531 1.14 123 2.18 19.8 67.3 8.29 5.67 0.0786
0.2004 77.0 1.22 416 1.43 116 2.43 21.1 66.2 8.31 5.73 0.0690
0.2459 76.5 1.22 400F 1.68 116 3.30 20.2 64.7 8.29 5.66 0.0525
0.3193 76.0 1.69 314 2.08 71.3 3.63 18.7 62.8 8.35 5.80 0.0568
0.3524 75.8 1.68 360 2.01 91.7 4.27 20.2 62.0 8.36 5.83 0.0801
0.4037 75.7 1.91 350F 2.72 79.0 5.52 18.4 59.7 8.34 5.80 0.0501
0.4985 75.4 2.47 400F 3.47 75.3 6.56 16.9 56.9 8.40 5.98 0.0494
0.8338 72.2 2.00 464 4.44 101 12.1 19F 47.8 8.34 5.86 0.127
aUnits: c in mol L−1; τl in ps. bParameter values followed by �F� were �xed during �tting.

the �tting, and thus using a D+D+D model instead of the D+D+D+D, led to a better
nominal description of the spectra at low c(AcChCl) (χ2

r up to 20 % lower). This is also
indicated by Zasetsky's analysis shown in Figure A.1 where a mode with the respective
characteristic relaxation time (∼ 20ps) was discernible only at higher AcChCl concen-
trations. However, using the D+D+D model led to inconsistent and partly unphysical
evaluation results of the �tting parameters and was thus discarded. The magnitude and
the relaxation time of mode 2 is typical for so-called �slow-water�, which originates from
the relaxation of water molecules slowed down in their dynamics by hydrophobic [156�160]
and/or (moderately) hydrophilic [154, 160] hydration of the solute. Whereas the latter
hydration e�ect arises from electrostatic interaction of the water dipoles with charged or
dipolar groups of the solute (H-bonds and/or Coulombic interactions), the former e�ect is
the result of a steric e�ect, where hydrophobic groups prevent the approach of a �fth water
molecule to the tetrahedrally coordinated H2O molecules (Figure 1.3), and as such impede
molecular reorientation [82, 161]. The retardation factor of slow-water compared to the
bulk reorientation, determined by excluded-volume e�ects and the balance of solute-solvent
vs. solvent-solvent interaction strengths [82], was found to be r = τ2

τ3
≈ 2.5 in the present

solutions. A similar moderately retarded water species was also reported for aqueous so-
lutions of Me4NCl (Section 4.2), biologically active amino acids, such as ectoine [152] and
L-proline [162], and biological macromolecules, e.g. proteins [163, 164].
In contrast to spherical chloride ions, which do not have a permanent dipole moment,
acetylcholine (AcCh+) and carbamylcholine (Car+) cations are dipolar species as their
positive charge does not coincide with their center of mass. Judging by the location of
process 1 (∼70 � 120 ps) and the steady increase of S1 with increasing solute concentration,
mode 1 can be assigned to the reorientation of the dipolar AcCh+(aq) and Car+(aq) cations
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(Tables 3.1 and 3.2). The relaxation strengths and relaxation times are rather similar for
AcCh+(aq) and Car+(aq), as would be expected from their structural resemblance (Figure
3.1), with a slightly higher mean relaxation time value for Car+(aq) (τ̄1 ≈ 100ps) compared
to AcCh+(aq) (τ̄1 ≈ 80ps).
For CarCl(aq) an additional low-frequency mode l = 0, centered at ∼0.4GHz, was resolved
(Table 3.2). The location of this mode in the MHz regime and its rather small amplitude is
compatible with an ion-cloud (IC) relaxation process, also called the Debye-Falkenhagen-
E�ect [165]. It is a well known phenomenon in electrolyte solutions, which manifests itself
in a distinct relaxation process with a relaxation time scaling with 1/κ. Although its
contribution was thought to be rather small in electrolyte solutions, fairly recent results
indicate that this is not necessarily the case, in particular at low electrolyte concentrations
[55, 166]. The IC e�ect is generally always present in the DR spectra of solutions containing
charged species. However, currently there is no theory available to predict or quantify the
contribution of IC relaxation to the overall dielectric spectrum.
As dipolar ionic aggregates, e.g. carbamylcholine chloride ion pairs (IPs), would be ex-
pected to contribute in the lower frequency range compared to the Car+(aq) relaxation of
mode 1, the assignment of mode 0 to the relaxation of dipolar ionic aggregates would also
be conceivable and it will be discussed further below.

Temperature-dependent AcChCl(aq) spectra. The typical e�ect of temperature on
the AcChCl(aq) permittivity spectra is shown in Figure 3.4. The D+D+D+D �tting
model, applied for the concentration-dependent measurements of AcChCl(aq) at 25 °C,
also yielded the best description for the spectra at 5 °C and 15 °C. However, due to the
disappearance of mode 2 at ϑ ≥ 35 °C di�erent �tting models had to be used at higher
temperatures. Mode 3 was �tted with a Cole-Cole equation (Equation 1.39) at 35 °C and
45 °C. The necessity to utilize the broader CC equation instead of the D mode might re�ect
the presence a small slow-water contribution in the proximity of the bulk water mode 3,
which however could not be resolved as a distinct process. Since the amplitude of a mode
scales linearly with concentration (Equation 1.48), it can be said at this stage that the
amount of slow-water decreases rather fast with increasing temperature. At ϑ = 55 °C and
ϑ = 65 °C the �narrower� Debye equation was used to �t mode 3, which indicates total
disappearance of the slow-water species at such high temperatures.
The static permittivity, ε, decreased as the densities of the liquids decrease and thermal
�uctuations increase with ϑ (Figure A.6). Bulk-water amplitude, S3, showed a overall
linear decrease with increasing temperature, except for the region between ϑ = 35 °C and
ϑ = 45 °C, where a small maximum in S3 can be observed (Figure A.6). This deviation
from the decreasing behavior might be traced back to the incorporation of the unresolved
slow-water contribution to the bulk-water process, expressed in the form of a CC �tting
mode.
In contrast to S2 and S3, the fairly scattering amplitude of the AcCh+(aq) reorientation
process, S1, showed no decrease with increasing temperature, most probably re�ecting
problems in the accurate determination of the small amplitude S1 at these temperatures.
Thus, in the following it was abstained from a detailed discussion of S1(T ). Relaxation
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Figure 3.4: (a) Relative permittivity, ε′(ν), and (b) dielectric loss, ε′(ν), spectra of
0.2621mol kg−1 AcChCl(aq) in the temperature range 5 ≤ ϑ/°C ≤ 65 in steps of 10 °C.
Symbols indicate the experimental data, while solid lines denote the overall �ts. For visual
clarity only data points at 5 °C and 65 °C are shown.

times of modes 1-3 decreased with increasing temperature. The values of ε∞ and the
relaxation times of fast-water mode 4 were (partly) �xed to the neat water values [97]
for the reasons discussed above. As the fast-water contribution is located at the edge
of the accessible frequency range, its actual, rather scattery amplitude values should not
be over-interpreted, although the inclusion of mode 4 was essential to obtain a stable
�t of the temperature-dependent spectra. All parameters of the temperature-dependent
D(+D)+D(CC)+D �tting model (brackets indicate that the mode could not be resolved
over the whole temperature range) are summarized in Table 3.3.

3.1.4 Activation Parameters of AcChCl(aq) Relaxation Processes

The relaxation times, τj, investigated as a function of temperature in the range 5 ≤ ϑ/°C
≤ 65 (278.15 ≤ T/K ≤ 338.15) were �tted to the Eyring equation. It should be noted
that the activation parameters were not derived for the disappearing slow-water mode.
The same applies for the relaxation time of the fast-water mode, τ4, which was �xed to the
neat water value almost throughout the whole temperature range. Consequently, activation
parameters were only obtained for the AcCh+ reorientation process (mode 1) and the bulk-
water relaxation (mode 3). For both processes the extended Eyring equation (Equation
1.71) yielded a better description than the assumption of temperature-independent acti-
vation enthalpies and entropies (Equation 1.70). The obtained activation parameters are
summarized in Table 3.4. The corresponding �ts of the relaxation times of 0.3738mol kg−1
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Table 3.3: Static permittivity, ε, relaxation amplitudes, Sj, relaxation times, τj (j =
1, .., 4), in�nite frequency permittivity, ε∞, of AcChCl(aq) at di�erent temperatures, ϑ,
and the reduced error function, χ2

r, of the D(+D)+D(CC)+D and �tting model.a,b

ϑ ε S1 τ1 S2 τ2 S3 α3 τ3 S4 τ4 ε∞ χ2
r

b = 0.2621mol kg−1 (0.2510M at 25,°C)
5 83.6 2.60 162 6.78 27.8 67.8 � 14.7 2.47 0.480 3.96F 0.02177
15 79.6 2.08 125 5.07 25.2 65.9 � 11.0 2.85 0.831 3.68F 0.03491
25 76.3 2.77 71.6 2.6F 19.7 64.5 � 8.59 2.95 0.278F 3.52F 0.1057
35 72.7 1.28 115 � � 67.1 0.035 6.90 1.13 0.212F 3.2F 0.1050
45 69.3 1.16 110 � � 64.1 0.031 5.58 1.33 0.17F 2.78F 0.1336
55 66.3 2.82 43.0 � � 57.5 � 4.70 3.22 0.189F 2.8F 0.1395
65 64.3 3.02 43.7 � � 55.0 � 4.00 3.70 0.128F 2.58F 0.1118

b = 0.3738mol kg−1 (0.3521M at 25,°C)
5 83.0 2.79 241 9.82 33F 63.5 � 14.9 2.92 0.509F 3.96F 0.09251
15 78.7 2.39 129 8.03 26.5 62.2 � 10.8 2.41 0.288 3.68F 0.03621
25 75.3 2.65 86.2 4.19 22.8 61.9 � 8.67 3.12 0.278F 3.52F 0.1460
35 71.8 2.99 62.7 � � 63.2 0.017 7.11 2.42 0.212F 3.2F 0.0873
45 68.6 2.45 71.2 � � 60.8 0.020 5.79 2.63 0.17F 2.78F 0.1417
55 65.5 3.52 35.1 � � 55.7 � 4.85 3.39 0.189F 2.84F 0.1019
65 63.1 3.38 39.5 � � 53.5 � 4.13 3.62 0.128F 2.58F 0.3135
aUnits: ϑ in °C; τj in ps. bParameter values followed by �F� were �xed during �tting.
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Table 3.4: Eyring activation enthalpies, ∆H 6=298.15� entropie, ∆S 6=298.15, and heat capacities,
∆C 6=p , obtained from the �ts of relaxation times, τ1 and τ3, of the investigated AcChCl(aq)
solutions as a function of T .

τj ∆H 6=298.15 / kJmol−1 ∆S 6=298.15 / JK−1mol−1 ∆C 6=p / JK−1mol−1

Neat water
τab 15.9± 0.2a 20.4± 0.7a −160± 22a

AcChCl(aq) b = 0.2621mol kg−1 (0.2510M at 25 °C)
τ1 20± 3 16± 10 −530± 270
τ3 15.1± 0.1 17.7± 0.4 −92± 9

AcChCl(aq) b = 0.3738mol kg−1 (0.3521M at 25 °C)
τ1 24± 4 29± 14 −447± 342
τ3 14.7± 0.4 16± 1 −93± 33
aTaken from Ref. [78]

AcChCl(aq) to the extended Eyring equation are shown in Figure 3.5.
The activations parameters obtained for the AcCh+ reorientation show large uncertainties
and are thus not very reliable (Table 3.4). The only reasonable statement which can be
made here is that the parameters of both AcChCl(aq) solutions are comparable within
their (fairly large) errors, indicating no signi�cant changes in the nature of the relaxation
mode 1 at di�erent concentrations.
On the other hand, τ3 could be �tted more accurately (Table 3.4) and the derived eyring ac-
tivation parameters allow a slightly more detailed discussion. Even though the assumption
of constant ∆H 6= and ∆S 6= would yield acceptable �ts for τ3, introducing temperature-
dependence of the parameters improves the quality of the plot (adjusted R2 of the �t:
0.9962 vs 0.9982). Furthermore, the necessity to use temperature-dependent activation
parameters is consistent with previous studies on the temperature dependence of the water
relaxation [78, 167, 168]. Although water relaxation dynamics is essentially decoupled from
the viscosity [22, 169], plots of ln(ηT ) vs T−1 show a particularly pronounced non-linear be-
haviour (Figure A.3), similarly implying temperature-dependence of activation parameters
with regard to these transport properties.
Both quantities, ∆H 6=298.15(τ3) and ∆S 6=298.15(τ3), are lowered compared to the neat water
value (Table 3.4). The reduced activation enthalpies for the AcChCl(aq) solutions com-
pared to neat water value might re�ect the slight fragility of the Cl− hydration shells.
Chloride anions in aqueous solution show low residence times of H2O in its hydration
sheath and the corresponding rotational correlation times of hydrating water molecules are
somewhat lowered compared to neat water [34, 170]. Thus, the water relaxation process,
which involves breaking of hydrogen bonds, is enthalpically facilitated in the vicinity of the
chloride anion. The question weather this decrease is dominated by the labile Cl− hydra-
tion structure only, or if certain entities of the AcCh+ molecule might contribute to this
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Figure 3.5: Plots of ln(τjT ) as a function of T−1 for the AcCh+ relaxation (j = 1,  ) and
the bulk-water relaxation process (j = 3, �). The �ts to the (extended) Eyring equation
are denoted by solid lines.

e�ect as well can not be answered here. In any case, the reduction of ∆H 6=298.15(τ3) scales
with increasing solute concentration, as can be seen in Table 3.4. Similarly, ∆S 6=298.15(τ3)
decreases with increasing c(AcChCl), suggesting that the transition state for the coopera-
tive water relaxation is more �ordered� compared to neat water in the presence of AcCh+

and Cl− ions.

3.1.5 Solute Relaxations

Ion-cloud/ion pair relaxation process. Using the Cavell equation (Eq. 1.48) the am-
plitudes of the resolved solute-related relaxation modes can be analyzed quantitatively.
Under the assumption that mode 0 of CarCl(aq), which could not be resolved for Ac-
ChCl(aq), originates from a CarCl-IP-relaxation exclusively, concentrations of the ion pairs
and therefore association constants can be derived. Since both ions, Cl− and the onium
group, are known to be weakly hydrated [22, 156], contact ion pairs (CIPs), rather than
solvent-shared (SIPs) or solvent-separated ion pairs (2SIPs), can be considered as the most
likely IP species for CarCl(aq). Among the few possible CIP structures two distinct limiting
cases stand out: a �linear� arrangement, where Cl− is directly coordinated to the cationic
-N(CH3)3 group (Figure A.7(a)), and a �bidentate� structure, where Cl− is bound simul-
taneously by the onium and the -NH2 group of the same Car+ molecule (Figure A.7(b)).
The exact geometries and the apparent dipole moments of the respective aggregate were
obtained from Gaussian 09 at the B3LYP/6-31G(d,p) level using the PCM solvation model.
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Figure 3.6: (a) Association constant,KA (in M−1), for the formation of the �linear�-type ( )
and the �bidentate�-type (�, error bars not shown) CIPs of CarCl(aq) as a function of ionic
stregnth, I, at 25 °C. The Guggeheim-type �ts are denoted as a solid line for the �linear�
aggregate and as a dotted line for the �bidentate� case. Inset (b) shows the concentration
of the �bidentate�-type IP as a function of the overall CarCl(aq) concentration.

Assuming no orientational correlations between the IPs and the surrounding dipoles, i.e.,
gIP = 1 (Equation 1.52), cIP were calculated from Equation 1.48. The association constants
were subsequently obtained via

KA =
cIP
c+c−

(3.1)

where c+ and c− are the concentration of the �free� cation and �free� anion, respectively.
The KA (in M−1) values were �tted as a function of the stoichiometric ionic strength,
I(= c), using an extended Guggenheim-type equation [171]

lgKA = lgK◦A −
2ADH |z+z−|

√
I

1 +
√
I

+B · I + C · I3/2 (3.2)

In Equation 3.2, K◦A is the standard-state (in�nite dilution) association constant, z± are the
ion charge numbers, ADH = 0.5115 (Lmol−1)1/2 is the Debye-Huckel constant for activity
coe�cients in water at 25 °C, and B and C are adjustable parameters.
The acquiredKA values for the two most probable IP types and the respective Guggenheim-
type �ts are shown in Figure 3.6. The association constants of the �linear� and the �biden-
tate� aggregate deviate only weakly from each other and the respective in�nite dilution
association constants of lgK◦A = 1.2±0.4 (K◦A = 16±5) and lgK◦A = 1.2±0.3 (K◦A = 16±4),
obtained from the �t to Equation 3.2, are completely identical.
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At this point, it is instructive to compare the present DRS results with dilute-solution
electrical conductivity data [149]. The obtained limiting molar conductivities, Λ0, and
the in�nite dilution association constants, K◦A, of AcChCl(aq) and CarCl(aq) in the tem-
perature range 5 ≤ ϑ/°C ≤ 40 are summarized in Tables A.4 and A.5. Details on the
dilute-solution conductivity procedure will not be given here and can be found elsewhere
[172�174]. To sum up shortly, the electrical conductivities of dilute (low mM regime) Ac-
ChCl(aq) and CarCl(aq) solutions were measured and subsequently converted to molar
conductivities, Λ = κ/c. The Λ values were evaluated with Barthel's low-concentration
chemical model, which yielded the limiting molar conductivities, Λ0, and the in�nite dilu-
tion formation constants, K◦A [175]. The obtained in�nite dilution formation constant of
CarCl(aq) IPs at 25 °C of lgK◦A = 0.497 (K◦A = 2.93M−1) is signi�cantly lower than the
respective DRS value of lgK◦A = 1.2, indicating an overestimation of the S0 values. Un-
doubtedly, the ion-cloud contribution to S0 is not insigni�cant. The predicted relaxation
time for the rotational di�usion of the two presumed CIP species (Figure A.7) would be
expected to be located between ∼ 40ps and ∼ 300ps, depending on the applied boundary
conditions (slip or stick ; Section 1.3.4). These values are lower than the mean relaxation
time of mode 0, τ̄0 ≈ 450ps, which supports the argument of a strong IC contribution, shift-
ing the relaxation time to lower frequencies. In this context, the question arises whether
mode 0 is purely due to IC relaxation, without any IP contribution. Although this picture
is conceivable, it is rather unlikely. The amplitude of an IC relaxation typically shows a
rise and subsequent decline at lower electrolyte concentrations, followed by its total disap-
pearance from the spectra at higher c [99]. Although S0 is fairly scattering (Table 3.2), no
such trend can be observed. In broad terms, even a slight increase with rising c may be
postulated. Most likely, mode 0 is a composite process, comprising both, the IC relaxation
at lower c and an IP relaxation, which dominates at high c and counteracts the decline
of the IC contribution in this concentration range. Unfortunately, a separation of the two
processes is currently impossible due to the lack of appropriate theories.
Interestingly, no equivalent IC/IP mode could be resolved for AcChCl(aq), which indicates
that the IC e�ect in AcChCl(aq) solutions is less pronounced and/or that the tendency of
IP formation of acetylcholine chloride IPs is too low to be detected as a distinct mode. The
in�nite dilution association constant for AcCh+-Cl−-IPs, which was obtained from dilute-
solution conductivity measurements, was found to be lgK◦A = 0.391 (K◦A = 2.46M−1) at
25 °C (Table A.4), which is indeed lower than the respective CarCl(aq) value (Table A.5).
Low concentrations of AcCh+-Cl−-IPs (note that AcChCl(aq) were studied in a smaller
concentration range compared to CarCl(aq) due to solubility limits) and limitations in the
sensitivity of the DRS method made the contribution of an AcChCl(aq) IP mode practically
invisible in the DR spectra. It should be also noted that the calculated dipole moment
of the AcCh+-Cl− CIP species of µcalcap = 16.4D (Gaussian 09, B3LYP/6-31G(d,p) level
using the PCM solvation model) with Cl− being coordinated to the onium moiety, similar
to Figure A.7(a), is slightly lower than respective Car+-Cl− values, implying a somewhat
reduced relaxation strength of AcChCl(aq) aggregates compared to CarCl(aq) IPs in the
DR spectra.
The extent of ion pairing in AcChCl(aq) and CarCl(aq) solutions is low, but not insignif-
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icant. The conductivity-deduced standard-state association constants for IP formation
of the chloride salts of the two neurotransmitters can be directly compared with those
of structurally related compounds, such as short-chain tetraalkylammonium (Me4NCl:
K◦A = 1M−1 (Section 4.2), 2.17M−1 [176], 0.8M−1 [177]; Me4NBr: K◦A = 2.78M−1 [176];
Et4Cl: K◦A = 2.3M−1 [178]; Et4Br: K◦A = 3.55M−1 [176]) and choline-based salts (choline
chloride: K◦A = 1.99M−1 [173]; chlorocholine chloride: K◦A = 3.02M−1 [173]; all at 25 °C).
The association constant for choline chloride (ChCl(aq)) is lower than the present Ac-
ChCl(aq) and CarCl(aq) values. The introduction of a acetyl and carbamoyl group ev-
idently leads to a stronger binding of the chloride anion. If the �bidentate� Car+-Cl−

aggregate (Figure A.7(b)) was indeed formed in aqueous solution, the higher standard-
state association constant of Car+-Cl−(aq) complexes compared to AcCh+-Cl−(aq), Ch+-
Cl−(aq) and Me4N+-Cl−(aq) IPs might be attributed to the chelate e�ect, which predicts
a higher stability of multidentate complexes compared to monodentate species due to fa-
vorable entropy changes associated with the chelate formation [179]. However, the extent
of ion pairing is governed by a very subtle interplay between the level of hydration and
the interactions of the ions of opposite charge, which makes it a quite complex physico-
chemical issue. Thus, the �intuitive� discussion about a possible chelate e�ect should be
taken with a grain of salt. Further experiments would certainly help to con�rm (or refute)
the possible formation of such species.

AcCh+ and Car+ reorientation process. The e�ective dipole moments of AcCh+(aq)
and Car+(aq) obtained from the evaluation of S1 via Equation 1.48 are shown in Figure
3.7. The dipole moments of both cations are rather similar (∼ 10− 8D) and they decrease
systematically with increasing c, although a slightly steeper decrease can be observed for
µe�(AcCh+) compared to µe�(Car+). Note that, as the actual error of the dielectric mea-
surement is not known, the error bars of µe� were obtained from an empirical polynomial
�t of S1(c) using 2 · σ�t as ∆S1.
A decreasing µe� with c can generally be interpreted as (i) changes of the apparent dipole
moment, i.e., changes in the geometry of the relaxing species, or (ii) a drop in orientational
correlations between the relaxing species and the neighbouring dipoles. While the latter
covers the solvent-solute and solute-solute interactions, the former is mainly governed by
conformational changes of the relaxing dipole. Various experimental [37, 180] and compu-
tational studies [36, 38, 137, 138, 181, 182] on the conformational behaviour of acetylcholine
in di�erent media reported a high �exibility of the AcCh+ cation. The situation is similar
for CarCl [183]. It could be shown by Vistoli et al. [36, 182] that the distribution of
conformers correlates with the polarity of medium embedding the AcCh+ cation. Thus,
the proportion of unfolded conformers, bearing a higher dipole moment compared to the
folded form, is increased in polar media and vice versa. Taking the static permittivity, ε,
of the present AcChCl(aq) CarCl(aq) as a measure for the polarity, one might attribute
the decrease in µe� to the decreasing ε with rising c (∆ε ≈ 5− 6, Table 3.1 and Table 3.2).
Vistoli et al. reported a drop of the mean AcCh+ dipole moment of ∼ 1D when putting
the cation out of water into vacuum (∆ε ≈ 80) [36], which implies that this conformational
e�ect, if present at all in the investigated solutions, cannot account for the signi�cant drop
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of µe� with c. Note that the mean dipole moment of 8.9D for AcCh+ embedded in water
as reported by Vistoli et al. [36] is in excellent agreement with the present µe�(AcCh+)
values (µ̄e�(AcCh+) = 9D).
Interestingly, µe�(AcCh+) converges to the calculated apparent dipole moment value of
the AcCh+ cation in water of µcalcap = 7.6D at higher c(AcChCl) (Figure 3.7(a)). Figure
3.8 shows the DFT-calculated low-energy structures and the respective dipole moments
of AcCh+x·H2O clusters with the x hydrating water molecules being taken into account
explicitly. The calculated dipole moments increase continuously when going from 7.6D for
the �naked� cation (x = 0) to 13.3D for AcCh+2·H2O. This suggests that (at least for
x ≤ 2) the dipole moments of the hydrating H2O molecules align preferentially parallel
to the AcCh dipole. Although only one conformational arrangement was calculated for
each hydrated species respectively, the obtained calculated dipole moments compare well
with the experimental values (Figure 3.7(a)). The marked decrease of µe�(AcCh+) with c
(11.4D→ 7.6D) might suggest a continuous loss of dipolar correlation between the water
molecules and the AcCh+ cation (x ≈ 2− 1→ x ≈ 0) with increasing c, i.e. dehydration.
At this stage, it is instructive to analyze the relaxation time of the AcCh+ reorientation
process, τ1. Using Equation 1.59 (empirical intercept τ 0rot = 0) and 1.60, the hydrodynamic
friction coe�cient, C, can be calculated as function of solute concentration, which is com-
monly regarded as measure for the solute-solvent interaction strength. As can be seen in
Figure 3.10(a), the C values decrease with increasing c. The decline and the gradual ap-
proach to the slip-value suggests decreasing coupling, and thus a reduction of interaction,
between the reorienting dipole and the surrounding solvent. Note that in this analysis Vm
was taken from DFT-calculated geometry of the �naked� cation and as such was set to be
constant. The decrease in the e�ective volume, Ve�, was directly accounted in the decline
of the hydrodynamic friction factor (Eq. 1.60). This is not necessarily true, as a decrease
in Vm, implying decreasing size of the rotating aggregate, would result is a similar e�ect on
Ve� (Eq. 1.60). The latter would also mean that the solute hydrates rotate as one species
as a whole. In either way, both e�ects suggest a decrease of solute-solvent interactions.
Since the exact changes in Vm as a function of c are not known, it is most appropriate to
use the friction factor as measure for the interaction of the solute with its surrounding,
while Vm is held constant.
Note that the experimental dipole moments for Car+(aq) are lower than the calculated
values (Figures 3.7(b) and 3.9), which most probably indicates that the low-energy confor-
mations obtained from DFT calculations are of minor importance in real aqueous solutions.
However, some qualitative information can still be obtained from the theoretical structures
of Car+x·H2O clusters. Similarly to the AcCh calculations, the obtained apparent dipole
moments scale with the number of hydrating water molecules (Figure 3.9). Further, the
hydrodynamic friction coe�cient, C, shows a decrease with increasing CarCl concentration
(Figure 3.10(b)). Accordingly, the decrease in µe�(Car+) might be attribute to a dehydra-
tion e�ect, similar to the case of AcChCl. It should be pointed out that the overall e�ects,
which express themselves in slopes of µe�(Car+) and C(c), are generally less pronounced
in the CarCl(aq) solutions.
Undoubtedly, the hydration plays a major role in unraveling the properties of the aqueous
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Figure 3.7: E�ective dipole moments, µe�, of (a) AcCh+(aq) and (b) Car+(aq) as obtained
from the DR spectra at 25 °C. The symbols denote the experimental data, solid lines
represent empirical weighted �ts. Un�lled symbols were neglected in the �t. The dashed
line indicates the the calculated (Gaussian 09, B3LYP/6-31G(d,p) with the PCM solvation
model) apparent dipole moments of the respective cations.

solutions of the two neurotransmitters, which will be the topic of the following section.

3.1.6 Solvent Relaxations - Hydration of AcChCl and CarCl

Knowing the relaxation amplitudes of the solvent modes, the concentration of the respective
water species, and thus e�ective hydration numbers, can be derived from Eq. 1.48. To
obtain the concentration of bulk-like water the apparent bulk-water amplitude, Sap

b , has
to be used, which is calculated as

Sap
b = S3 + S4 + ε∞(c)− ε∞(0) (3.3)

For the case where the fast-water process (mode 4) was not resolved, S4 was set to zero.
Prior to inserting Sap

b into the Cavell equation, the apparent bulk-water amplitude has
to be corrected for the e�ect of �kinetic depolarization�, which arises from the inhibition
of rotation of solvent molecules caused by the movement of ions in the applied electric
�eld. The approach of Sega, Kantorovich and Arnold (SKA) [184] was used throughout
the present work. A detailed discussion of this correction can be found in the Chapter B
of the Appendix.
In order to obtain concentrations from Equation 1.48 the e�ective dipole moment, µe�,j, of
the relaxing species has to be known. In particularly, the orientational correlation factor,
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Figure 3.8: Lowest-energy structures of (a) AcCh, (b) AcCh+1·H2O and (c) AcCh+2·H2O
species as obtained by Gaussian 09 at the B3LYP/6-31G(d,p) level using the PCM solvation
model. Blue: nitrogen, red: oxygen, dark-gray: carbon, light-gray: hydrogen. The arrows
indicate the dipole moments.

a b

c

µap

calc
= 13.6 D µap

calc
= 16.4 D

µap

calc
= 17.7 D

Figure 3.9: Lowest-energy structures of (a) Car, (b) Car+1·H2O and (c) Car+2·H2O species
as obtained by Gaussian 09 at the B3LYP/6-31G(d,p) level using the PCM solvation model.
Blue: nitrogen, red: oxygen, dark-gray: carbon, light-gray: hydrogen. The arrows indicate
the dipole moments.
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Figure 3.10: The hydrodynamic friction coe�cient, C, as a function of (a) c(AcChCl) and
(b) c(CarCl). Solid lines denote linear �ts. Hollow symbols were not included in the �tting.

gj, is usually unknown and it is not independently accessible from the experiment (Equa-
tion 1.52). However, for the bulk-like water relaxation in low-to-moderately concentrated
solutions, it can be circumvented by normalizing Equation 1.48 with respect to neat water.
This assumption was found to break down at too high c [156] and in the solvation shell
of ions [185]. The latter implies that the orientational correlation factor of moderately
retarded H2O molecules, which arise from interactions with the solute, might be di�erent
from the bulk-like water and thereby from the neat water value. However, due to the lack
of precise knowledge of the orientational correlation factor for the water species in this
process, the normalization to neat water was also used for the analysis of the slow-water
mode as a �rst approximation.
The e�ective total hydration number, Zt, of the dissolved neurotransmitters is determined
as the di�erence between the total (analytical) water concentration, cw, and the �free� bulk
water concentration, cb, divided by the solute concentration, c, yielding

Zt =
cw − cb

c
(3.4)

Zt comprises all water molecules whose dynamics are slowed down su�ciently by the pres-
ence of the solute so as to make them distinguishable from bulk water. Depending on the
strength of the solute-solvent interactions, this might include water dipoles which �disap-
pear� completely from the DR spectrum and/or solvent molecules which are moderately
retarded in their dynamics and thus appear as a distinct mode at lower frequencies com-
pared to the bulk-water mode. While the latter corresponds to the slow-water mode,
which could be directly observed in the present AcChCl(aq) and CarCl(aq) DR spectra,
the former is often referred as �frozen� or irrotationally bound (ib) water, caused by strong
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solute-water interactions [22]. The e�ective hydration number of ib-water can be de�ned
as

Zib = Zt − Zs (3.5)

where Zs is the number of moderately bound water molecules per unit of solute concentra-
tion:

Zs =
cs
c

(3.6)

with cs being retrieved from Equation 1.48 and the slow-water amplitude, S2.
The thus obtained hydration number refers to the whole salt. To acquire the more in-
teresting single ion values, ionic additivity has to be assumed and the e�ective hydration
number of a model salt, CnAm, can be written as Zi(CnAm) =Zi(Cm+) + Zi(An−) (i = t,
s, ib). Strictly speaking, this assumption is only valid at in�nite dilution. However, it was
found to hold (at least approximately) at �nite solute concentrations [22]. Additionally, it
is required to make appropriate �single ion� assumptions for the Zi values for one of the
ions. Taking into account previous dielectric measurements of salts such as Et4NCl(aq)
[156] Zt(Cl−) ≈ 0 could be readily adopted for all concentrations [22].
Note that in the above approach, all water dipoles which bear the same dynamics are
regarded as one distinct species (slow-water or bulk-like water) and they are treated as
if they can rotate freely (though at di�erent timescales). However, this is not necessarily
the case in solution, as some molecules might be con�ned in their rotational angle due to
intermolecular interactions and consequently these dipoles cannot fully contribute to Sap

b

or S2, respectively. This leads to non-integer numbers of Zt, Zs and Zib.
The obtained hydration numbers of the two neurotransmitter cations, AcCh+(aq) and
Car+(aq), as a function of concentration are shown in Figure 3.11. For both neurotransmit-
ters the total hydration number, Zt, and the number of irrotationally bound H2O dipoles,
Zib, decrease with rising c. This decrease of hydration numbers is physically reasonable as
hydration shells of solute molecules increasingly overlap at higher concentrations and, ac-
cordingly, the ratio of mobile water dipoles increases [186]. Interestingly, no such decrease
could be observed for Zs, as its value stayed virtually constant over the present concentra-
tion range for both cations. This peculiar behavior might be explained by regarding the
dehydration of both neurotransmitters with increasing c as a �owing and gradual process:
the amount of water molecules impeded in their dynamics, either moderately retarded
or strongly bound water dipoles, decreases continuously with increasing steric crowding,
i.e., high solute concentrations. However, the initially �frozen� H2O dipoles do not regain
their full mobility, but rather contribute as slow-water in the DR spectra. Accordingly,
Zs(c) would be expected to decrease more slowly compared to Zib(c) [162]. In the case
of AcCh+(aq) and Car+(aq), the e�ective number of water dipoles disappearing from the
initial slow-water fraction equals the number of initially irrotationally bound H2O dipoles,
which recover some (but not all) of their mobility, leading to a constant Zs over the whole
concentration range.
Note that the overall dehydration of both neurotransmitters with increasing c is consistent
with the discussion of their experimental dipole moments in the previous section (Section
3.1.5). Similar to the less steeper decrease of µe� (Figure 3.7) and C (Figure 3.10) for
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Car+(aq) with rising c in comparison to AcCh+(aq), the obtained hydration numbers of
Car+(aq) drop noticeably slower (Figure 3.11), which supports the argument of a link
between the hydration state and the e�ective dipole moment of the NT.
The Zt and Zs values of Car+(aq) (Figure 3.11(b)) are generally slightly higher than those of
AcCh+(aq) in the present concentration range (Figure 3.11(a)). Accordingly, the respective
e�ective hydration numbers at in�nite dilution, obtained by extrapolation of Zi(c) to c→ 0,
are systematically lower for AcCh+(aq) (Table 3.5). Note that both Z0

t values, ∼ 11 for
AcCh+(aq) and ∼ 13 for Car+(aq), are lower than the number of H2O molecules which can
be packed into the �rst solvation layer of the cations, which was found to be ∼ 40 for both
molecules (geometries obtained from Gaussian 09 at the B3LYP/6-31G(d,p) level with the
PCM solvation model). The slight di�erence in the hydration strength might originate
from the varying chemical structure of both molecules: the acetyl group in AcCh+(aq)
is replaced by a carbamoyl group in Car+ (Figure 3.1). The di�erence between these
two functional groups lies in the substitution of the hydrophobic methyl group by a polar
amine moiety at the acyl carbon. The amine group of Car+(aq) posses two hydrogen atoms,
enabling the formation of H-bonds between -NH2 and H2O molecules. As indicated by the
present results, these amide-water interactions e�ectively decelerate a higher number of
water dipoles compared to the acetyl group, which thus lead to an increase in Zs, and
consequently Zt. Note that within the error limits Zib(Car+) ≈ Zib(AcCh+) (Table 3.5),
which implies that the -NH2 · · ·H2O interactions are not strong enough to additionally
�freeze� water molecules on the DR timescale. It should also be pointed out that the non-
polar -CH3 moiety itself slows down approximately 2 − 3 H2O molecules in its hydration
layer, as reported by GHz-THz dielectric spectroscopy [187] and fs-IR experiments [188],
hence contributing to the overall Zs value of AcCh+(aq).
As will be shown in Section 4.2 and as reported previously [156], Zib(Me4N+)≈ 0 and
Zib(Et4N+)≈ 0, implying that the presence of strongly bound water in AcChCl(aq) and
CarCl(aq) is most probably linked to the acetyl and carbamoyl moiety, respectively, with
both of these groups �freezing� ∼ 4− 3 H2O molecules at vanishing c. The neutron di�rac-
tion study by Hulme et al. [145] and a computational study of Margheritis and Corongiu
[147] reported rather weak ether-oxygen-H2O interactions, suggesting that the carbonyl
group is mainly involved in the strong binding of the water dipoles. Hernández et al. [146]
found evidence for pronounced bonding between the carbonyl oxygen of AcCh and water,
which supports this view. Correspondingly, the calculated minimum-energy structures of
AcCh+x·H2O and Car+x·H2O (Figures 3.8 and 3.9) show a preferential arrangement of
the water molecules next to the carbonyl moiety, with the one of the water hydrogen di-
rectly interacting the carbonyl oxygen. A dielectric relaxation study combined with MD
simulations on aqueous 1,3-dimethylurea solutions revealed ∼ 2 H2O molecules being irro-
tationally bound by its carbonyl group [189]. The Z0

ib ≈ 4− 3 found by DRS (see above)
of AcCh and Car is slightly higher, but fairly consistent with these numbers (error of
Z0
ib ≈ ±1).

Although the interaction strength of water with an onium group (-N+Me3) is not high
enough to irrotationally bind the solvent molecules of the DR timescale [173], about ∼ 6
H2O dipoles were found to be impeded in their dynamics by the closely-related Me4N+
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Figure 3.11: Total e�ective hydration numbers, Zt(�), and the numbers of moderately re-
tarded, Zs(N), and irrotationally bound water, Zib( ), of (a) AcCh+(aq) and (b) Car+(aq)
as a function of concentration at 25C. Dashed lines denote weighted linear �ts. The in-
tercept of Zib(c), Z0

ib, was �xed to Z0
t − Z0

s . Error bars of Zt and Zib were omitted for the
sake of clarity. Un�lled symbols were not included in the �ts.

cation at vanishing c, so as they appear as a separate slow-water mode in the DR spectra
(Section 4.2). Assuming additivity of hydration numbers of the functional groups of both
NTs, this would suggest that Z0

s (AcCh+)−Z0
s (Me4N+) ≈ 2 and Z0

s (Car+)−Z0
s (Me4N+) ≈ 4

water molecules can be attributed to the non-onium parts of the molecules, respectively.
Note that the obtained non-onium hydration number of AcCh coincides well with the
number of water dipoles slowed down by hydrophobic hydration of a methyl group (∼ 2−3)
[187, 188], as already mentioned previously.
The hydration numbers of the 0.3738mol kg−1 AcChCl(aq) solution are shown as a func-
tion of temperature in Figure 3.12. While the number of irrotationally bound solvent
molecules, Zib, which was fairly small, stayed constant within the error bars, the num-

Table 3.5: In�nite dilution hydration numbers, Z0
t , Z

0
s and Z

0
ib of AcCh

+(aq) and Car+(aq)
at 25C. The errors were obtained from the linear regression.

Z0
t Z0

s Z0
ib
a

AcCh+(aq) 11.3 ± 0.4 7.7 ± 0.3 3.6 ± 0.7
Car+(aq) 12.7 ± 0.7 10.1 ± 0.3 2.6 ± 1
aZ0

ib were calculated from the extrapolated
Z0
t and Z0

s values according to Z0
ib = Z0

t - Z0
s
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Figure 3.12: Total e�ective hydration numbers, Zt(�), and the numbers of moderately
retarded, Zs(N), and irrotationally bound water, Zib( ), of 0.3738mol kg−1 AcCh+(aq)
and as a function of temperature, ϑ. Dashed lines are visual guides to Zt(ϑ). Error bars
of Zs were omitted for the sake of clarity.

ber of moderately bound water molecules, Zs, decreased rather fast with increasing T ,
consistent with increased thermal motion. Such rapid breakdowns of hydration with in-
creasing temperature were previously reported for the dehydration of hydrophobic moieties
(-CH3) [160, 187]. It was thus concluded that the hydrophobic hydration e�ect is reduced
at elevated temperatures. This e�ect might explain the vanishing of slow-water in the
present AcChCl(aq) system. Accordingly, it may be deduced that the slow-water fraction
in AcChCl(aq) solutions most probably originates to a large extend from the hydration of
hydrophobic parts of the acetylcholine molecule, rather than hydrophilic moieties.

3.1.7 RISM Calculations of AcChCl(aq) solutions

To obtain further information on the solute-solvent interactions at a molecular level, RISM
calculation of aqueous solutions of AcChCl were performed [148].
The minimum-energy conformation of AcCh+ in water was obtained as follows. As a start
Monte Carlo/Stochastic Dynamics calculations using the OPLSA-2005 force �eld with im-
plicit water model were performed [190], which yielded 100 conformations for the AcCh
cation. After removing redundant conformers, non-redundant minimum-energy conforma-
tions served as the input for the subsequent DFT calculations using the B3LYP density
functional and a 6-31++G(d,p) basis set with the Poisson-Boltzmann �nite element method
as implemented in Jaguar (Schrödinger Suite 2017-3) to account for solvation e�ects [191�
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194]. From the output of these QM calculations site charges were calculated with the
ESP method [195]. The spatial con�guration of acetylcholine ion with the corresponding
numbering of atoms as well as the obtained con�guration of the two obtained most stable
conformers of AcCh, namely the trans, gauche (red) and trans, trans (green) conformers,
are shown in Figure 3.13.
The 1D-RISM equations were solved on a 1D-grid of 16384 points with a spacing of 2.5 ·
10−3 nm with 10 MDIIS vectors. The 3D-RISM equations were solved on a 3D-grid of 270×
270×256 points with 4 MDIIS vectors and with a spacing of 0.025 nm. A residual tolerance
of 10−6 was selected. The calculations were performed at varying AcChCl concentrations
(c(AcChCl) = in�nite dilution, 0.07, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.53M) under
ambient conditions.
The 1D-RISM theory provides site�site (atom-atom) radial pair distribution functions
(PDFs), gαβ(r), describing the probability density of the distribution of sites (atoms) α
and β belonging to di�erent particles (molecules, ions) in the investigated system. In the
present RISM study, only solute-solvent PDFs were calculated, yielding information on the
hydration of the molecule. The analysis of gαβ(r) allows the determination of interatomic
solute-solvent distances, rαβ, and site-speci�c coordination numbers, nαβ, via

nαβ = 4πρβ

∫ rmin

0

gαβ(r)r2dr (3.7)

where ρβ is the average number density of atoms/sites of kind β. The integration limit,
rmin is de�ned by the position of the �rst minimum of the PDF and corresponds to the
radius of the �rst coordination shell around atom/site α.
The spatial distribution functions (SDFs), gβ(~r), obtained by 3D-RISM theory, gives the
distribution function of solvent atoms, β, around the solute molecule. These are commonly
represented by isodensity surfaces at a certain probability level. Integration over the vol-
ume, Vs, occupied by the �rst hydration shell of the solute, yields the total coordination
number of the solute, nt:

nt = ρβ

∫ Vs

0

gβ(~r)dV (3.8)

As AcCh+ is not spherical, its hydration shell is expected to be non-spherical as well. In
this case, a special approximation for the �rst hydration shell of the solute as a closed
surface with arbitrary shape as suggested by Fedotova and Kruchinin earlier [18] was used.
The obtained hydration parameters of AcChCl(aq) were found to have a weak concentration
dependence. The peak-heights as well as their positions of the PDFs practically did not
change with varying c. The partial coordination numbers were found to decrease only by
∼ 7− 8 % over the whole concentration range. Consequently, only the limiting cases, i.e.,
in�nite dilution and c(AcChCl) = 0.53M, will be discussed here. Note that the changes
in Zt with increasing concentration are signi�cant (Figure 3.11). This discrepancy points
out the di�erence between the hydration number as obtained by DRS, which comprises
(cooperative) dynamical information, and the coordination number obtained by RISM
calculation, which gives the structural information of hydration of speci�c molecular sites.
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As shown in Table A.6, the di�erences between the trans, gauche and the trans, trans
conformers are rather small, with the largest di�erences being observed for the partial
coordination numbers of the ether oxygen O7. The reasons for that will be discussed
further below. The following discussion will mainly focus on the hydration structure of the
trans, gauche conformer (unless otherwise speci�ed) as the most interesting example.
In total ∼ 30 water molecules can be found in the primary hydration shells of AcCh+ at
in�nite dilution. Hence, most of the hydration water is not noticeably a�ected in their
dynamics (Figure 3.11). The PDFs of the onium-nitrogen and the water oxygen, gNOw(r),
show a �rst intensive maximum at ∼ 0.428nm (Figure 3.14(a), Table A.6). A similarly
strong correlation can also be found in gCm2Ow(r) at∼ 0.312nm (Figure 3.14(b), Table A.6).
Integration of gCm2Ow(r) yields nCm2Ow ≈ 6 and thus a total number of nonium ≈ 18 for the
-N+Me3 moiety. The height of the �rst peak of gHm2Ow(r) at ∼ 0.235 (Figure 3.14(b), Table
A.6) is less than unity, stating the absence of H-bonding between the methyl groups and
the hydration water. The SDFs, shown in Figure 3.16, suggest that the water molecules
are located close to the voids between the methyl groups. Similar hydration patterns with
remarkably similar gCm2Ow(r) and gHm2Ow(r) were reported for the onium moieties of choline
and chlorocholine by a combination of DRS and RISM calculations [173], for acetylcholine
[145] and a phosphocholine lipid [196] both by a combination of neutron di�raction and MD
simulation. The quoted studies found nonium values of ∼ 18, ∼ 23 and ∼ 17, respectively.
A similar hydration structure was also found for trimethylamin-N-oxide (TMAO) [197] and
glycine betaine [198]. Hulme et al. [145] could show that the H2O molecules align their
dipoles nearly tangentially to the -N+Me3 surface. These water molecules avoid bonds to
the onium group and form H-bonds among each other instead. Given the similarities in
the hydration patter, it is reasonable to assume an analogous situation for AcCh+, and
most likely also Car+. Such a hydration feature is typical for the hydration of hydrophobic
groups. A similar orientation of water molecules was also reported for the hydration of
the Me4N+ cation [48, 49, 199, 200]. Obviously, the hydrophobic methyl groups shield the
positive charge on the nitrogen. Although RISM calculations do not give any information
on the dynamics of hydration water, this picture is consistent with the assignment of the
major fraction of the slow-water, Zs, to be due to the hydrophobic hydration of the onium
group, as discussed above. Interestingly, the slow water relaxation mode was not resolved in
the DR spectra of choline chloride and chlorocholine chloride in Reference [173]. However,
some slow-down in the form of increasing �bulk-like� water relaxation time and increasing
�bulk-like� water width parameter was detected, which indicates that in the case of choline
and chlorocholine the deceleration of this fraction of water (although present) was not large
enough to allow the detection of a separate slow-water mode.
The PDFs of the backbone CH2 groups (b1 and b2) and the methyl group at the acyl
carbon (m1) are shown in Figure A.8. The large distances between the water oxygens and
these groups can be regarded as an evidence for their hydrophobic hydration.
From the comparison of the rO2Ow and rO2Hw distances (Table A.6) and the high intensities
of the �rst peaks of the gO2Ow(r) and gO2Hw(r) (Figure 3.15(a)), it can be deduced that the
carbonyl oxygen interacts with water by H-bonding. Approximately two H2O molecules
were found to be H-bonded to the hydrophilic carbonyl group (Table A.6), which is in
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a b

Figure 3.13: (a) The spatial con�guration of AcCh with the corresponding numbering
of atoms. (b) The con�guration of the investigated trans, gauche (red) and trans, trans
(green) conformers.

agreement with the results from neutron di�raction [145]. The SDFs depicted in Figure
3.16 show that the most probable location of water hydrogens is in the proximity of the
carbonyl oxygen. This result is consistent with the discussion of the Zib values in the
previous section (Section 3.1.6), where the presence of irrotationally bound water was
discussed to be mainly linked to strong binding of water molecules to the carbonyl oxygen.
The low intensities (less than unity) and the location of the �rst peaks of the PDFs gO7Ow(r)
and gO7Hw(r) (Figure 3.15(b)) indicate only limited interaction of the ether oxygen with
the water molecules. This result is consistent with previous studies on AcCh+ hydration
[145, 147].
As noted above, the hydration of the ether oxygen shows some di�erences between the
two conformers. The �rst peak of gO7Ow(r) of the trans, trans conformer (Figure 3.15(b))
is markedly more pronounced compared to the trans, gauche conformation. Accordingly,
the respective partial coordination number of the trans, trans conformer is higher by ∼ 1.
Probably, this discrepancy can be explained by the close locations of one of the methyl
group in -N+Me3 moiety and the oxygen O7 atom in the trans, gauche conformation
(Figures 3.13(b) and 3.16(a)). Such spatial arrangement can limit the access of water
molecules to the O7 atom. In the case of trans, trans conformation, there are no steric
limitation caused by the onium moiety and the interaction with the H2O molecules is
sterically feasible. The higher probability of H-bonding between the water molecules and
the ether oxygen for the trans, trans conformer is also shown in SDFs of Figure 3.16(b). The
small white region at O7 indicates a higher tendency of water H-atoms to be located near
the ether oxygen, in contrast to the trans, gauche conformation, where no such feature could
be observed (Figure 3.16(a)). As also noted in literature [36], the trans, trans conformation
is thus best suited for the H-bond formation with water.

3.1.8 Concluding Remarks

The dielectric spectra of AcChCl(aq) and CarCl(aq) could be satisfactorily �tted with four
Debye modes. In contrast to the spectra of AcChCl(aq), an ion pair/ion cloud relaxation
mode could be resolved for CarCl(aq). However, due to the inability of separation of the
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AcCh in aqueous solution at in�nite dilution and the highest concentration of 0.53M.
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a b

Figure 3.16: Spatial distribution functions of the oxygen (red) and hydrogen (white) atoms
of water around (a) the trans, gauche conformation and (b) the trans, trans conformation
of AcCh+. The isodensity surfaces correspond to the SDF values of gAcCh-Ow = 3.5 and
gAcCh-Hw = 3.5.

IC contribution from the dielectric spectra, the obtained association constants of Car+-
Cl−-IPs were too high compared to dilute-solution conductivity measurements. The latter
indicate that IP formation is small but not negligible in aqueous solution of both salts, with
a slightly higher formation constant for CarCl(aq) compared to AcChCl(aq). The analysis
of the solute reorientation mode revealed a decrease of the e�ective dipole moment with
increasing c for both NTs (Figure 3.7). Several reasons for the systematic change were
discussed. A comparison of the experimental values with the calculated dipole moments
of neurotransmitter-hydrates and the analysis of the relaxation time of the reorientation
process suggests a dehydration e�ect to be responsible for this feature. Accordingly, the
analysis of the solvent relaxation modes showed a decrease of hydration numbers of both
NTs with increasing c (Figure 3.11). Whereas the number of strongly bound water dipoles,
Zib, was virtually identical for both NTs, a higher number of moderately retarded water
molecules, Zs, was observed for Car+(aq). The higher Zs value of Car+ was attributed to
the presence of a hydrophilic -NH2 moiety at Car instead of the hydrophobic methyl group
at the acyl carbon of AcCh (Figure 3.1).

The statistical mechanical 1D- and 3D-RISM calculations of AcChCl(aq) solutions were
in good agreements with the present DRS results. The strongest water-site interaction
was observed for the carbonyl oxygen, which showed pronounced H-bonding to ∼ 2 water
molecules. This number is somewhat lower but rather comparable (given their errors)
with the observed Z0

ib value of ∼ 4 − 3(±1) of AcCh and Car. The interaction of the
ether-oxygen and water depended on the conformation of AcCh, but was markedly less
pronounced compared to the carbonyl oxygen. The alleged most striking structural feature
of both neurotransmitters is the onium headgroup. As discussed by Hulme et al. [145] a
fast dehydration, especially of the -N+Me3 moiety, prior to bonding to hydrophobic binding
sites of the receptor proteins is key for its biological activity. The dielectric results and in
particular the RISM calculations showed strong features of hydrophobic hydration of the
onium group in spite of its charge. The nitrogen atom is deeply buried inside a hydrophobic
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shell. The ∼ 18 water molecules in its primary hydration sheath preferably interact among
each other rather than with the onium group. Such a hydrophobic hydration pattern would
certainly facilitate the desolvation process.

3.2 Sodium Glutamate and Glutamine

3.2.1 Introduction

L-glutamic acid or rather the anion, L-glutamate (Glu−, Glu, Figure 3.17(a)), which is
its dominant corresponding form at neutral pH, is the most abundant amino acid and
the major excitatory NT in the brain. Its concentration in a healthy brain is rather high
(5-15 mmol kg−1) and an overload of the Glu-receptors was reported to even lead to cell
death (�excitotoxicity�). Further, Glu can be found at the crossroads of various metabolic
pathways in living organisms [201] and salts of L-glutamic acid are used as �avor enhancer
in food industry [202].
Mainly because of its undeniable importance, malfunctions considering the metabolism and
molecular recognition of Glu− are often linked to various diseases and brain dysfunctions
[203, 204]. Despite recent insights into the reception mechanism of L-glutamate [201, 204�
206], the full action of binding of Glu− to its receptors, which is evidently connected to
its hydration and ion-binding properties, is still not completely understood. The ability
of Glu− to bind to many di�erent kinds of proteins (almost all cells in the human brain
express Glu-receptors [201]) was discussed to be linked to its conformational �exibility,
with rather low energy barriers between the di�erent geometric arrangements [207].
Previous neutron di�raction [208] and molecular dynamics (MD) simulation studies [15,
209] of aqueous solutions of monosodium glutamte (NaGlu) suggested that the presence of
Glu− leads to a disruption of the H-bond water structure. Furthermore, the propensity for
the association into Na+-Glu−-IPs and and even the possibility of Glu−�Glu− aggregates
were reported.
The structurally related L-Glutamine (Gln, Figure 3.17(b)) is synthesized in the body
from Glu and ammonia by the enzyme glutamine synthetase. Reduced levels of glutamine
synthetase might result in too high extraceullular Glu concentration, which was identi�ed to
trigger some forms of epilepsy [210]. L-Glutamine is one of the most abundant, nonessential
amino acids in the human body with intracellular and extracellular concentrations of 2-
20mM and 0.7mM, respectively [211]. Owing to the di�ering chemical side-chain structure
of Glu and Gln (carboxylate at Glu− and carbamoyl moiety at Gln), glutamine is inactive
towards Glu-receptors [201]. Gln is not classi�ed as a neurotransmitter, in contrast to
Glu−, but plays a key regulatory role in several cell speci�c processes, such as metabolism,
respiratory burst, cell defense, cell repair, cell proliferation and apoptosis. A more detailed
description of the biological relevance of Gln can be found in Ref. [211].
Being proteinogenic amino acids, Glu and Gln are prominent constituent of proteins and
are involved in protein-synthesis and degradation. In particular, regions of neighbouring,
repeating Gln units can often be identi�ed in proteins responsible for RNA and DNA syn-
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Figure 3.17: Chemical structures of (a) NaGlu and (b) Gln.

thesis [212]. Elongations of such polyglutamine regions (also called PolyQ) are associated
with protein misfolding and the development of many degenerative diseases, such as the
currently incurable Huntington's disease [212, 213]. Thus, it is not surprising that PolyQ
has been a subject of intense research during the last decade [214�216]. The toxicity of
PolyQ regions is thought to be related to their propensity to self-association [217, 218].
This aggregation was discussed to be driven by the formation of energetically favorable
Gln-Gln H-bonds, which outweigh the Gln-water interactions [219, 220]. Neutron di�rac-
tion studies coupled with computational modeling of Gln solutions by Rhys et al. [221, 222]
claimed that a fairly high number of ∼ 20 % of Gln molecules are located in �hydrophilic
aggregates� (contrary to the classical hydrophobically driven association) in a ∼ 0.2M
Gln(aq) solution [222]. In contrast to Glu(aq), the bulk-water structure was found to be
essentially unchanged upon addition of Gln.
Undoubtedly, the biological action of Glu− and Gln is manifold and their great biochemical
signi�cance is indisputable. To gain a deeper insight into the physico-chemical behaviour
of these two amino acids, aqueous solutions of NaGlu and Gln were investigated by the
means of dielectric relaxation spectroscopy. Dielectric spectra (0.05 ≤ ν/GHz ≤ 89) were
recorded and analyzed in the concentration range of 0.1 . c(NaGlu)/mol L−1 . 1.9 and
0.05 . c(Gln)/mol L−1 . 0.23 at 25 °C, respectively. Further, to investigate the e�ect
of protonation on the behaviour of glutamate, measurements of aqueous solutions of L-
glutamic acid (HGlu) with varying degree of protonation, adjusted by addition of NaOH
and HCl, were performed at 25 °C.
According to our knowledge, this is the �rst broadband DRS study of NaGlu(aq) and
Gln(aq) solutions at the given frequency and concentration range, although some DR
studies of aqueous glutamate solutions within a rather limited ν and concentration region
can be found in literature [223, 224].

3.2.2 Data Acquisition and Processing

The NaGlu(aq), HGlu+NaOH/HCl(aq) and Gln(aq) samples were prepared as described
in Section 2.1 and 2.2. The pH-values of the amino acid samples were checked at room
temperature with a pH-meter (pHenomenal PCL 1000, VWR, Germany) with a calibrated
glass electrode. The densities, viscosities and conductivities, determined as described in
Section 2.4, are shown in Tables A.7, A.8 and A.9. The permittivity spectra of all samples
were recorded in the frequency range 0.05 ≤ ν/GHz ≤ 89 (Dielectric probe kit VNA
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Table 3.6: Static permittivity, ε, relaxation amplitudes, Sj, relaxation times, τj (j =
1, .., 3), and the in�nite frequency permittivity, ε∞, obtained from the D+D+D model �t
of dielectric spectra of NaGlu(aq) solutions at 25 ◦C.a,b

c ε S1 τ1 S2 τ2 S3 τ3 ε∞ χ2
r

0.101 80.0 3.96 90F 3.63 13.9 66.7 8.14 5.70 0.0323
0.206 81.5 7.72 93.9 3.89 17.6 64.2 8.12 5.68 0.0748
0.406 85.2 14.4 98.1 5.18 21.2 59.5 8.13 6.12 0.0662
0.601 88.6 20.2 109 7.20 24.0 55.1 8.10 6.17 0.0834
0.783 92.1 25.5 121 8.73 26.7 51.4 8.16 6.39 0.1087
0.965 95.6 30.4 134 10.5 29.8 48.2 8.17 6.47 0.1317
1.14 98.5 36.4 144 9.65 29.6 45.7 8.38 6.69 0.0675
1.30 102 41.5 158 11.4 29.2 42.3 8.34 6.87 0.1427
1.44 106 46.0 176 11.7 34.3 41.1 8.64 6.91 0.0687
1.60 109 51.8 190 12.7 32.5 37.8 8.53 6.98 0.1084
1.75 113 56.7 212 12.9 38.4 36.7 8.83 7.13 0.0956
1.90 116 61.4 227 12.8 40.1 35.0 9.04 7.30 0.0782
ac in mol L−1, τj in ps; bparameter values followed by
�F� were �xed during �tting.

setup + E-band interferometer, Section 2.3). As mentioned previously, in conductive
systems the electrical conductivity determines the e�ective low-frequency limit, νmin, at
which the experimental noise in η′′ exceeds the magnitude of the dielectric loss, ε′′. Thus,
in the NaGlu(aq) spectra an increase in νmin with increasing conductivity, i.e., increasing
c(NaGlu), could be observed. The noisy permittivity data in the region 0.05GHz � νmin was
always discarded from the spectra and νmin was in the region 0.17 . νmin/GHz . 0.24 for
the present NaGlu(aq) solutions. For the HGlu+NaOH/HCl(aq) spectra νmin was always
between 0.05�0.15GHz.

3.2.3 Relaxation Models and Assignment of Modes

Combinations of up to six HN-equations (Equation 1.41) were tested to �t the dielectric
spectra. Taking into account the criteria discussed in Section 2.3.3 a sum of three Debye
modes (D+D+D model) was found to best describe the DR spectra of NaGlu(aq) and
Gln(aq), while a forth Debye mode was required in some of the HGlu+NaOH/HCl(aq)
spectra. The best-�tting parameters are summarized in Tables 3.6, 3.7 and 3.8. The DR
spectra of NaGlu(aq), HGlu+NaOH/HCl(aq) and Gln(aq) are shown in Figures 3.19, A.15
and 3.20. The decomposition of exemplary spectra of NaGlu(aq) and Gln(aq) into the
individual modes is illustrated in Figure 3.18.
Due to low solubility of Gln in water (∼ 0.27mol kg−1 for Gln vs. ∼ 2.3mol kg−1 for
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Table 3.7: Static permittivity, ε, relaxation amplitudes, Sl, relaxation times, τl (l = 0, .., 3),
and the in�nite frequency permittivity, ε∞, obtained from the (D+)D+D+D model �t of
dielectric spectra of HGlu+NaOH/HCl(aq) solutions at 25 ◦C.a,b

pH c0(HGlu) ε S0 τ0 S1 τ1 S2 τ2 S3 τ3 ε∞ χ2
r

1.6 0.06132 79.2 1.61 959 1.7 180 4.06 16.0 66.4 8.04 5.47 0.1032
3.1 0.05964 79.4 � � 1.6 95.3 2.99 18.6 69.3 8.06 5.45 0.1067
4.2 0.05928 79.6 0.239 462 2.0 93.5 2.80 17.0 69.0 8.09 5.51 0.0823
10.9 0.05869 78.9 1.53 441 1.0 165 2.00 15.5 68.7 8.18 5.73 0.0948
12.6 0.05848 76.7 � � 2.6 171 1.56 20.3 66.9 8.18 5.69 0.1326
ac in mol L−1, τl in ps; bparameter values followed by �F� were �xed
during �tting.

Table 3.8: Static permittivity, ε, relaxation amplitudes, Sk, relaxation times, τk (k =
1, .., 3), and the in�nite frequency permittivity, ε∞, obtained from the D+D+D model �t
of dielectric spectra of Gln(aq) solutions at 25 ◦C.a,b

c ε S1 τ1 S2 τ2 S3 τ3 ε∞ χ2
r

0c 78.37 � � 72.42 8.35 2.43 0.278 3.52 0.0056
0.04758 78.8 1.53 50.7 71.5 8.30 2.26 0.278F 3.52F 0.0202
0.1092 80.0 3.40 63.9 70.7 8.37 2.43 0.278F 3.52F 0.0424
0.1716 81.4 5.95 61.7 69.5 8.33 2.38 0.278F 3.52F 0.0790
0.1878 81.8 6.43 64.1 69.4 8.36 2.41 0.278F 3.52F 0.0641
0.2166 82.3 7.14 67.3 68.9 8.41 2.73 0.278F 3.52F 0.0777
0.2310 82.6 7.67 67.5 68.5 8.50 2.83 0.278F 3.52F 0.0768
ac in mol L−1, τk in ps; bparameter values followed by �F� were �xed
during �tting; ctaken from Ref. [97].
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Figure 3.18: Dielectric loss, ε′′(ν), spectrum of (a) 0.406 M NaGlu(aq) and (b) 0.2310M
Gln(aq) solution at 25 °C. The symbols denote the experimental values and the lines indi-
cate the �ts. The shaded areas show the contributions of the D+D+D model.
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Figure 3.19: Relative permittivity, ε′(ν), and dielectric loss, ε′′(ν), spectra of NaGlu(aq)
(0.101 ≤ c/mol L−1 ≤ 1.90) at 25 °C. Symbols denote the experimental data. Solid lines
represent the �ts. Arrows indicate the trend with increasing solute concentration.
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Figure 3.20: Relative permittivity, ε′(ν), and dielectric loss, ε′′(ν), spectra of Gln(aq)
(0.04758 ≤ c/mol L−1 ≤ 0.2310) at 25 °C. Symbols denote the experimental data. For
visual clarity experimental points are only shown for selected samples. Solid lines represent
the �ts. Arrows indicate the trend with increasing solute concentration.

NaGlu [225]) and thus a narrower investigated concentration range, the observed e�ects of
increasing solute concentration are less pronounced in the spectra of Gln(aq) (Figure 3.20)
compared to NaGlu(aq) (Figure 3.19). However, there are some unmissable similarities
between the two sets of spectra. The static permittivity, ε, increased continuously with
increasing solute concentration (Table 3.6 and 3.8, Figures A.12 and A.13) and the slope
dε/dc = 20Lmol−1 was found to be equal for both systems. Similar increasing trends of ε
were observed previously for various amino acid solutions [162, 226�228]. An increase of ε
upon addition of a solute into the solvent (water) indicates the presence of highly dipolar
solute-related species in solution, whose squared dipole moment normalized by the e�ective
volume of this species is higher than the respective solvent value (Eq. 1.48).
Upon addition of the amino acid, a mode j, k = 1 centered at∼ 0.7−1.8GHz (∼ 90−230ps)
for NaGlu(aq) and ∼ 2.5 − 3.2GHz (∼ 50 − 70ps) for Gln(aq) appeared in both sets of
spectra. Its relaxation time and amplitude increased with rising c (Table 3.6 and 3.8,
Figures A.12 and A.13). At c(NaGlu) ≥ 1.44M it even became the most intense relaxation
process in the DR spectra. Judging by its relaxation time and given the fact that the Glu−

anion and the Gln zwitterion are dipolar molecules, it is reasonable to assign this process
to the reorientation of the amino acid dipoles. Note that the spherical Na+ cation does
not posses a permanent dipole moment and is thus �invisible� in the DR spectra.
Further, all spectra exhibited a mode centered at ∼ 19GHz (∼ 8.5 ps), which was dominant
for the most spectra (except for NaGlu(aq) at c ≥ 1.44M). The amplitude of this mode,
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which corresponds to process j = 3 in Figure 3.18(a) and mode k = 2 in Figure 3.18(b),
respectively, decreased with increasing solute concentration (Table 3.6 and 3.8, Figures
A.12 and A.13). It can unambiguously be assigned to the cooperative relaxation of the
H-bond network of bulk-like water molecules, based on its location and intensity [22].
Besides the marked similarities, there are also some noticeable di�erences. As men-
tioned further above (Section 3.1), investigations of pure water up to the terahertz regime
[150] show evidence for the presence of an additional, less intense relaxation process at
∼ 600GHz, designated as fast-water (Section 3.1). Since this process is centered out-
side the studied frequency, it could only be resolved for Gln(aq) by �xing its relaxation
time and the in�nite-frequency permittivity to the neat water values (Table 3.8), while for
NaGlu(aq) it was found that a similar approach yielded a worse description of the exper-
imental spectra. Accordingly, the fast-water process was not resolved directly in the DR
spectra of NaGlu(aq), but was incorporated into ε∞, as implied by its rather high value of
ε∞ ≈ 6 − 7 (Table 3.6). Accordingly, in the following the fast water contribution in such
case was taken into account in the calculation of the total apparent bulk-water amplitude
by Sap

b = S3 + ε∞(c) − ε∞(0) (in contrast to Eq. 3.3). Note that the inability to directly
resolve the fast-water mode might indicate that this process is shifted to higher frequencies
compared to neat water, induced by the the presence of Na+ and Glu− ions.
Moreover, in contrast to Gln(aq), an additional relaxation, located at ∼ 4−11GHz (∼ 14−
40ps), was discernible in the NaGlu(aq) spectra (Table 3.6). This observation is consistent
with the �unbiased� results of the Zasetsky analysis of the dielectric spectra, which suggests
the presence of a similar process in the NaGlu(aq) spectra (Figure A.9), while no such mode
was discernible in the Zasetsky plot of the Gln(aq) spectra in the investigated concentration
range (Figure A.11). Its amplitude, S2, increased with increasing c (Table 3.6, Figure
A.12). The magnitude and relaxation time is typical for slow-water, which originates
from H2O dipoles slowed down in their dynamics either by hydrophobic or moderately
hydrophilic hydration of the solute [152, 154, 156�160, 162�164] (Section 3.1). For the
present NaGlu(aq) spectra the retardation factor for the slow-water fraction, r = τ2/τ3,
increased with concentration from ∼ 1.7 to ∼ 4.4 (Figure A.14).
The �tting model applied to the DR spectra of the HGlu+NaOH/HCl solutions and the
assignment of modes are essentially equal to NaGlu(aq), which is not surprising since
Glu− is the single deprotonated form of HGlu. However, for some of the spectra an ad-
ditional low-frequency mode l = 0 (Table 3.7) was resolved. The neglect of this mode
during �tting resulted in higher χ2

r values and the retrieved parameters became unphys-
ical. Based on its location and intensity, two di�erent relaxation mechanisms would to
come into question to explain its appearance. On the one hand, relaxation of dipolar
IPs, consisted of protonated/deprotonated HGlu molecules and Na+ and Cl−, respectively,
would be conceivable for such a process. On the other hand, the e�ect of IC-relaxation
[55, 165] in low-concentrated electrolyte solutions is always present (Section 3.1). To fully
clarify this issue measurements of a proper concentration series of HGlu+NaOH(aq) and
HGlu+HCl(aq) would be necessary.
Here, it should be pointed out that the solubility of HGlu in water is rather low (∼
0.06mol kg−1), which restricts the execution of extended concentration dependent dielectric
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Figure 3.21: (a) The number of moderately retarded, Zs(Glu−) (N), and irrotationally
bound water, Zib(Glu−) ( ,#), of Glu−(aq) as a function of glutamate concentration,
c(Glu−). (b) Total hydration number of NaGlu, Zt(NaGlu) (F), and resulting values for
the glutamate anion, Zt(Glu−) (�,�). Open symbols for Zt(Glu−) (�) and Zib(Glu−)
(#) were calculated assuming fully hydrated Na+(aq) ions; closed symbols assume partial
dehydration of the cation (see text). Solid and dashed lines show empirical straight line
�ts in the higher and lower concentration region, respectively. For clarity error bars are
only shown for Zs(Glu−). Also included in (b) are the simulation results of Leenders et al.
[229] (�) and Daub et al. [15] (O) for the total number of H2O molecules coordinating the
carboxylate moiety of Glu−.

studies on this system. At the same token, the intensity of the resolved solute-related
relaxation modes is rather low (Table A.15). The resolution of such relaxation processes,
especially in conductive systems, can be fairly problematic due to the limited sensitivity
of the DRS experiment. Thus, in particular the parameters of the weak amino acid mode
l = 1 should be taken with a grain of salt in the HGlu+NaOH/HCl(aq) systems (Table
A.15). Despite this limitation, some (semi-)quantitative information can still be deduced
from the relaxation parameters of this system, which will be discussed in the following
section.

3.2.4 Solvent Relaxations - Hydration

NaGlu(aq). As described in Section 3.1.6, the amplitudes of the solvent-related relaxation
modes (j, l = 2, 3 for NaGlu(aq) and HGlu+NaOH/HCl(aq); k = 2 for Gln(aq)) can be
analyzed quantitatively to obtain hydration numbers.
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Figure 3.21 shows the thus obtained Zt data for NaGlu(aq) and the derived single ion val-
ues, Zt(Glu−), Zs(Glu−) and Zib(Glu−), as a function of glutamate concentration. Since
for sodium ions Zs(Na+) = 0, it can readily be assumed that Zt(Na+) = Zib(Na+) [55, 186].
Thus all detected slow water can be assigned to glutamate, yielding Zs(Glu−) values that
drop linearly for c(NaGlu ≥ 0.406M (Figure 3.21(a)). Under the assumption of addi-
tivity of ionic hydration numbers, i.e., that the hydration shell of Na+ is una�ected by
the presence of glutamate (or to be more precise: equally a�ected as in non-associating
NaCl(aq) solutions [55]), the values denoted by open symbols in Figure 3.21 were ob-
tained for Zt(Glu−) and Zib(Glu−), with increasingly negative numbers for the latter at
c(NaGlu) > 0.7M. This unphysical result possibly re�ects uncertainties in the experimen-
tal data and the assumptions made during the correction of the bulk water amplitude
for kinetic depolarization (Chapter B of the Appendix). On the other hand, additivity
of ionic hydration numbers strictly speaking only applies to in�nitely diluted solutions.
When going to higher concentrations increasing solute-solute interactions might lead to
a break down of this assumption. For the present NaGlu(aq) solutions the latter means
that the concentration-dependent Zt(Na+) (obtained from reanalysis of the data from Refs.
[55, 186]), used for the calculation of Zt(Glu−) and Zib(Glu−), might not well represent
the actual situation in the NaGlu solutions. Collis et al. [209] deduced from their MD
simulation that Na+ is hydrated by only 3.8 H2O molecules on average in a 2M NaGlu(aq)
solution. Scaling the concentration dependence of Zt(Na+) linearly to meet the simula-
tion result yielded the closed symbols shown for Zt(Glu−) and Zib(Glu−) in Figure 3.21.
Although these results should be taken with a grain of salt, it is appealing that now
Zt(Glu−) follows the solid line �tting of Zs(Glu−) and accordingly Zib(Glu−) ≈ 0 for
c(NaGlu) ≥ 0.783M. Either way, the present DRS results suggest that at least for inter-
mediate to high solute concentrations glutamate is only able to retard but not to �freeze�
hydrating water molecules on the timescale of the experiment.
The e�ective hydration numbers for c(NaGlu) < 0.4M should not be over-interpreted,
as the errors in Zi diverge with decreasing solute concentration due to �nite estimated
uncertainties in S2 and S3 (standard deviation of an empirical polynomial �t) but vanishing
c(NaGlu). However, it is interesting to note that a linear �t through the �rst two Zt(Glu−)
and Zs(Glu−) extrapolates to ∼ 42 and ∼ 37, respectively. Both values are comparable to
the number of water molecules (∼ 40) which can be arranged in the �rst hydration layer
of Glu− according to its solvent accessible surface area (Gaussian 09 at the B3LYP/6-
31++G(d,p) level with the PCM solvation model, Figure A.17(a)) and suggest that at
in�nite dilution almost all �rst-shell hydration water is retarded at least by a factor r =
1.5 (Figure A.14), irrespective if they are in the proximity of hydrophobic or hydrophilic
patches of Glu. However, this hydration shell is very fragile as Zt(Glu−) and Zs(Glu−)
rapidly drop up c ≈ 0.3M (Figure 3.21). This concentration is close to the concentration
(0.45M) where the average distance between the solute ions becomes so small that their
second hydration shells start to overlap, which might suggest that a major fraction of
the moderately retarded H2O molecules in the �rst hydration shell quickly regain their
mobility as the the neighbouring solvent molecules in the subsequent hydration layer are
continuously replaced by hydrated Glu− anions. If this picture was in deed true (and not
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just an artifact of the experiment), the hydration of Glu− at low c would be thought to
be governed by cooperative e�ects, similar to dilute aqueous 1-ethyl-3-methyl-imidazolium
chloride solution [230], between the functional groups and neighbouring water molecules.
However, due to the lack of further (microscopic) information this is as far as can be
speculated at this stage.
Classical and ab initio molecular dynamics simulations (AIMD) by Leenders et al. [229] of
∼ 0.4M Glu− solutions found that all four carboxylate oxygens are on average equally well
hydrated, indicating ∼10 water molecules coordinating the carboxylate groups in AIMD
and ∼ 13 in classical MD simulations. These numbers are well comparable to the present
results of Zt(Glu−) ≈ 11.6 (Figure 3.21(b)). Daub et al. [15] reported CN1 = 9.8 and
CN1 = 7.6 in the coordination shell of the -COO− groups in 0.59 and 1.57M NaGlu(aq)
using MD simulations, whereas the corresponding Zt(Glu−) values are 9.9 and 5.8. Note
that for NaGlu(aq) the �rst hydration shells of the ions start to overlap at ∼ 1.2M.
Therefore, CN1 > Zt at 1.57M might re�ect that some H2O molecules simultaneously
hydrate two Glu− anions and thus are double-counted in the simulation. The reported
CN1 value of 12.2 at 0.22M deviates from Zt(Glu−) = Zib(Glu−) + Zs(Glu−) ≈ 16.7
when using the dashed line at Figure 3.21(a) for estimating Zs at c(Glu−) = 0.22M but
agrees well with Zt(Glu−) ≈ 13.4 when the corresponding solid line is used (in both cases
Zib(Glu−) ≈ 3.7).
Nevertheless, the good agreement would suggest that at c ≈ 0.4M the hydrophobic sites
of Glu− and also its ammonium group are dehydrated in the sense that the dynamics
of H2O molecules in their proximity cannot be distinguished from bulk water anymore.
Especially the role of the onium group and its in�uence on the water solvent structure is
not completely clear. Despite its positive charge, the formed NH+

3 · · ·OH2 H-bonds were
reported to be rather weak and the hydration shell around the (alkyl-)ammonium cations
is often classi�ed as labile [170, 231�234]. On the other hand, other studies reported a
rather stable hydration shell around the ammonium group [235, 236]. This discrepancy
will be the subject of a more detailed discussion in Section 3.3, where the e�ect of the
location of the -NH+

3 with respect to the carboxylate moiety on the solution structure
will be investigated on the example of γ- and α-aminobutyric acid. Although the former
picture of a labile -NH+

3 hydration sheath would be consistent with the agreement between
present Zt values and CN1 of the caboxylate groups from literature,* the existence of
irrotationally bound water at c(Glu−) < 0.7M indicates at least some strong binding of
water in the vicinity of the onium cation at the Glu− backbone, as recent DRS studies on
aqueous sodium carboxylate solutions revealed that even though a �structurally isolated�
(no other functional groups in its vicinity) -COO− moiety a�ects the dynamics of ∼ 5− 6
water molecules it is unable to �freeze� them on the DR timescale [160, 237]. Note that
DRS measurements of aqueous glycine [226] revealed that e�ectively 4.2 water molecules
are irrotationally bound by glycine at in�nite dilution, which is in good agreement with

*It should be pointed out that exact numerical equivalence of DRS hydration numbers and coordination
numbers, CN1, from scattering experiments and computer simulations cannot be expected as DRS probes
the dynamics not geometry.
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the present value of Z0
ib(Glu

−) ≈ 5. As will be discussed in Section 3.3, the strongly bound
water in aqueous α-amino acid solutions is most likely the result of an interplay between
the hydration of the -COO− and -NH+

3 at the backbone (i.e., cooperative binding) rather
than just the ammonium group alone.
The Zt values of Glu− decrease continuously with rising c (Zt ≈ 5 at 1.90M, Figure 3.21).
Mutual competition of ions for the decreasing number of solvent molecules is certainly one
reason, as the second hydration shells start to overlap at ∼ 0.45M already and �rst shells
at ∼ 1.2M. This crowding e�ect probably also explains why - similar to aqueous ectoine
[152] and proline [162]- only at low c some of the hydration H2O molecules are e�ectively
frozen (Zib > 0). However, another possible reason for the systematic drop of Zt(c) is
the increasing formation of solute-solute aggregates (Glu− · · ·Glu− and Na+ · · ·Glu−-IPs)
observed with neutron scattering [208] and MD simulations [209] and corroborated by the
present dielectric spectra, as will be discussed in Section 3.2.5.

HGlu+NaOH/HCl(aq). The analysis of the solvent-modes is slightly more complex
for the pH-dependent DR spectra of HGlu(aq). Apart from the experimental di�culties
associated with the low HGlu concentrations, the evaluation of the solvent-related modes is
complicated by the simultaneous presence of several protonated/deprotonated HGlu species
at once, depending on the pH. The overall (average) Zi of the HGlu species at di�erent pH
are shown in Figure 3.22. Interestingly, the Zs values increase continuously with decreasing
pH. This increase suggests that changes in the charge distribution and polarity of the solute
molecules induced by increasing protonation lead to an e�ective increase of the number
of moderately retarded water molecules around the solute. Considering that ∼ 40 H2O
molecules can be packed in the �rst hydration shell around Glu− (the geometry and size
should not be severely di�erent for the other forms) the obtained Zs value of ∼ 50 at pH =
1.6 would indicate retardation of water dynamics beyond the �rst hydration layer. However,
it should be pointed out that the error bars shown in Figure 3.22 were estimated from the
standard deviation of an empirical polynomial �t of the solvent amplitudes. The real errors
are most likely higher, given the low concentrations of the HGlu+NaOH/HCl(aq) solutions
and the limits in the sensitivity of the DRS setup.
For an in-depth analysis of the hydration structure of each single species the compositions
of the solutions have to be known and the obtained overall hydration numbers have to
regarded as combinations of the individual hydration numbers of each species. Generally,
four di�erent forms of the glutamic acid are conceivable: the protonated H2Glu+, the
neutral HGlu, the single deprotonated Glu− and the double deprotonated Glu2− molecules.
Knowing the pKa values of the individual acidic groups of HGlu [225], the composition of
the solutions can be readily determined for each pH (Figure A.16). Assuming additivity
and concentration-independence of the hydration numbers at such low solute concentrations
individual hydration numbers of irrotationally bound water molecules, Zib(species m), of
each species m could be determined by �tting the Zib values to

Zib =
∑
m

Zib(species m) · c(species m)

c0(HGlu)
(3.9)
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Figure 3.22: Overall numbers of irrotationally, Zib ( ), and moderately bound water,
Zs (N), in the ∼ 0.06M HGlu+NaOH/HCl(aq) solutions as a function of pH at 25 °C.
The dashed line is a guide to the eye. The error bars of Zib were omitted for the sake of
clarity. The hollow symbols denote the corresponding hydration numbers of Glu− (pH =
6.9) obtained from the DR spectra of 0.206M NaGlu(aq) solutions.

Table 3.9: E�ective number of irrotationally bound water dipoles per each proto-
nated/deprotonated form of HGlu, Zib(species m), as obtained from the DR spectra of
0.06M HGlu+NaOH/HCl(aq) at 25 °C.

H2Glu+ HGlu Glu− Glu2−

Zib(species m) ∼11 ∼1 ∼5 ∼14

in a nonlinear least-squares �tting routine using MATLAB (Mathworks) [109]. Table 3.9
summarizes the obtained individual numbers of irrotationally bound water molecules per
equivalent of each species.
The thus obtained Zib value of Glu− is consistent with the extrapolated in�nite dilution
value of Z0

ib(Glu
−) ≈ 5 as obtained from the DR spectra of NaGlu(aq) (Figure 3.21(a)).

Here, it should be noted that taking into account all sources of errors in the determination
of Zib(species m), the relative uncertainty of the values may exceed 40 %. Therefore, the
obtained Zib in Table 3.9 should not be taken as absolute values but rather treated with
some caution.
Nevertheless, the hydration results indicate that the number of strongly bound H2Omolecules
is linked to the overall charge of the species, as prima facie would intuitively be expected
from a continuum electrostatic point of view. On the other hand, glutamic acid molecules
are structurally rather complex. For instance, Glu− possess one positively charged and
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two negatively charged patches at the molecule (Figure 3.17(a)), constituting an overall
charge of -1. However, its Zib value is markedly lower than Zib(H2Glu+) and Zib(Glu2−)
(Table 3.9). This result might imply that not only short-range but also long-range inter-
actions determine the hydration characteristics of HGlu and its protonated/deprotonated
forms. These long-range e�ects might re�ect themselves in the structure breaking ability of
Glu− on bulk water, as reported in literature [15, 208, 209]. On the other hand, Leenders
et al. [229] found, using MD simulations, that the -COOH group is an e�cient H-bond
donor and the lifetime of these bonds was reported to be signi�cantly longer compared
to -COO− · ··H-OH acceptor bonds. This di�erence was discussed to be associated with
the higher �exibility of the -OH group in -COOH compared to the C-O bonds in -COO−

and thus a more favorable arrangement of water molecules around the former. Such strong
binding of water molecules might result in an increase of Zib, in particularly it might explain
why Zib(H2Glu+) is higher than Zib(Glu−). However, the overall coordination number of
the protonated carboxylate moieties was found the smaller than for -COO− [229]. Further,
Zib(HGlu) < Zib(Glu−), which suggest that the stronger -COOH· · ·H2O bonds cannot
fully explain the trends in Zib of the di�erent forms. Most likely, their hydration structure
and dynamics is governed by both e�ects: rather unspeci�c long-range (coulombic) inter-
actions and speci�c (probably cooperative) short-range e�ects, e.g. H-bonds.

Gln(aq). The Zib values of Gln are shown in Figure 3.23. Since no slow-water mode was
discernible in the dielectric spectra of Gln(aq), Zib = Zt can be assumed. The Zib values of
Gln(aq) are virtually constant over the investigated concentration range, indicating that
e�ectively Zib = Z0

ib = 6.4 ± 0.3 water dipoles are strongly bound by one Gln molecule.
Note that the solvent accessible surface area of the DFT-calculated Gln structure in Figure
A.18(a) suggest that in total∼ 41 water molecules can be packed around the Gln zwitterion.
The literature data on the hydration numbers of Gln varies signi�cantly, depending on the
utilized technique. Freezing point depression measurements suggested a hydration number
of 0 for the Gln molecule [238]. Burakowski and Gliíski reported an in�nite dilution value
of 4.13 for Gln from measurements of sound velocity in the solutions at 25 °C, while near-
infrared spectroscopy measurements yielded a hydration number of 13.3 [239]. Similarly,
millimeter spectroscopy experiments by Vorob'ev et al. revealed 15.0 water molecules being
bound by the Gln zwitterion in a 0.07M solution at 30 °C [240]. The present Zib(Gln) value
of 6.4 is situated almost in the center of this rather wide range.
Although DRS, as a macroscopic technique, is not capable to provide a microscopic picture,
it is reasonable to assumed that these �frozen� water dipoles are located at the charged
backbone (�COO−; �NH+

3 ) and polar (�CONH2) side-chain of the Gln zwitterion (Figure
3.17(b)).�

Because of the di�ering solubility limits of Gln and NaGlu, it is instructive to reduce the
comparison of the hydration structure and dynamics between the two amino acids to a
similar concentration range. The observed Zib(Gln) is slightly higher than Zib(Glu−) ≈ 4

�Given that the isoelectric point of Gln is pI=5.65 [225], the measured pH of the Gln solutions con�rms
that the zwitterionic form predominates in the present solutions (Table A.9).
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Figure 3.23: Number of irrotationally bound water molecules, Zib, of Gln as a function of
glutamine concentration, c(Gln), at 25 °C. Dashed line shows an empirical linear �t with
slope �xed to zero. The hollow symbol was not included in the �t.

at c(Glu−) = 0.206M (Figure 3.21(a)). On the other hand, the total number of water
molecules impeded in their dynamics around Gln is signi�cantly lower compared to Glu−

(Figure 3.21(b)), which re�ects the substitution of a charged carboxylate by a carbamoyl
moiety at the Gln side chain. Accordingly, this replacement results in the absence of slow-
water in the Gln(aq) solutions, which is the major constituent of Zt(Glu−). Keeping in
mind that the interaction of �COO− moiety and H2O is not strong enough to irrotation-
ally bind water dipoles on the timescale of the DRS experiment [160, 237],� the observed
di�erence of Zib(Gln)−Zib(Glu−) ≈ 2 can be attributed to the hydration of the polar side
chain group of the Gln molecule. This value is in good agreement with Z0

ib(Car
+) = 2.6±1,

shown further above (Section 3.1.6), where the latter number was discussed to be linked to
the hydrophilic hydration of the carbamoyl group and in particular its carbonyl oxygen.
The di�erences in the total numbers of water molecules impeded in their dynamics around
Gln and Glu− might be related to some biologically relavant properties of the Gln molecule.
In spite of ∼ 6 H2O dipoles being irrotationally bound by the Gln zwitterion and its ability
to form H-bonds with water [221], the solvating H2O molecules were found to be rather
easily replaced by Gln-Gln bonds, as suggested by the reported propensity of polyglutamine
peptides to associate in water via side chain-side chain bonds [219, 220] and the formation
of Gln-Gln aggregates in aqueous Gln solutions [221, 222]. The low solubility in water
of Gln compared to Glu− [225] and the markedly lower Zt values of Gln(aq) suggest an

�Note that the situation might be di�erent for water near the backbone carboxylate compared to the
�isolated� side chain �COO− group due to the close proximity of the positively charged onium group at
the former. This e�ect was already mentioned for the backbone-hydration of Glu− and will be taken up
in more detail in Section 3.3.



82
CHAPTER 3. NEUROTRANSMITTERS AND CHEMICALLY RELATED

SUBSTANCES

overall weaker hydration of Gln, which might explain its pronounced propensity towards
aggregation, although some tendency towards aggregation was also reported Glu− (see
below). The tendency of polyglutamine peptides to associate is even easier to comprehend
given that the hydration of the Gln side-chain is weaker compared to the charged backbone,
as indicated by the present results.

3.2.5 Solute Relaxations

Relaxation time analysis. Assuming that the Glu− dipoles, responsible for mode j = 1
in the DR spectra, relaxes by the mechanism of rotational di�usion, the corresponding
relaxation times, τ1 or, to be more precise, τrot,1 (Eq. 1.67), can be analyzed using Equation
1.59. As can be seen in Figure 3.24(a), τrot,1(Glu−) follows exceptionally well Equation
1.59, whereas τrot,1(Gln) shows a rather scattering behaviour with η (Figure 3.24(b)). The
latter scatter might be explained by the comparably low Gln concentrations (due to the
solubility limit) and the associated di�culties of precisely resolving the relaxation time
of such relatively weak Gln relaxation processes. Note that the ηk−1B T−1 range scanned
in Figure 3.24(b) corresponds roughly to the region of the �rst point in Figure 3.24(a).
Accordingly, it was abstained from �tting the τrot,1(Gln) to Eq. 1.59.
The hydrodynamic friction factors of C(Glu−) = 0.25 was obtained from the slope in Figure
3.24(a) (Equation 1.60). These coe�cient can be regarded as measure for the interaction
between the rotating particles and the surrounding medium and its value commonly lies
between the upper stick (C = 1) and lower slip limits (C = 0.23 for Glu−). The present
values are within these theoretical limits.
Nevertheless, C(Glu−) is virtually equal to the slip value, which agrees well with the fairly
fast dehydration of glutamate with increasing c, indicating that H2O molecules in the
�slippery� solvation sheath can be removed rather easily from the vicinity of Glu− ions.
Note that no consistent results could be obtained from the analysis of the solute modes of
the pH-dependent measurements of HGlu+NaOH/HCl(aq), due to the reasons mentioned
above. Thus, it was refrained from presenting the corresponding results.
Dipole moments of Glu− and Gln. The analysis of the amplitudes of the solute-modes,
S1, via Equation 1.48 yielded e�ective dipole moments of Glu−(aq) and Gln(aq) (Figure
3.25). While µe�(Gln) stays virtually constant in the investigated concentration range
(∼ 20.4D), the e�ective dipole moment of Glu− drops from an in�nite dilution value of
∼ 22.2D to a plateau value of ∼ 20.1D for c(Glu−) > 0.8M. The present dipole moment
values are signi�cantly higher than µcalcap of Glu− (14.2D) and Gln (12.9D) predicted by
DFT calculations (B3LYP/6-31++G(d,p) and B3LYP/6-31G(d,p) level with the PCM sol-
vation model using the center of mass for the pivot) of both molecules embedded into water
(Figures A.17(a) and A.18(a)). Besides possible di�erences between the calculated confor-
mations of Glu and Gln and their actual conformations in solution (which, however, are
unknown), the enhanced experimental dipole moments might indicate preferential align-
ment between the dipoles of the reorienting molecules and dipoles in its proximity. Both
hydrating solvent molecules and neighbouring solute dipoles are eligible to lead to such
an e�ect. As can be seen in Figure 3.26(a), the e�ective dipole moment of the glutamate
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Figure 3.24: Rotational correlation time of the (a) Glu−(aq) and (b) Gln(aq) reorientation
as a function of ηk−1B T−1. Linear line denotes the �t to the modi�ed Stokes-Einstein-Debye
equation (Eq. 1.59).

molecules scales linearly with the number of tightly bound water molecules.� Similarly,
quantum-chemical calculations of several Glu− + x·H2O clusters (Figure A.17) show an
overall increase in the dipole moment with the number of explicit H2O molecules interact-
ing with the charged groups of glutamate.
However, the µe� value at Zib → 0, i.e., at high c(Glu−), is still signi�cantly larger than
the computational value of 14.2D for the bare Glu− anion. This discrepancy might be
explained by preferential parallel alignment of Glu− dipoles among each other. Molecular
dynamics simulation by Collis et al. [209] reported the presence of glutamate-glutamate
aggregates, where the side-chain -COO− is H-bonded to the backbone ammonium group
(�head-to-tail� aggregates). Clearly, no evidence for such long-lived (life-time≥rotational
correlation time) aggregates could be deduced from the DR experiment, as these would have
appeared as separate modes in the spectra. However, some kind of parallel arrangement
and thus an increase of the dipole-dipole correlations is most likely responsible for the
observed enhancement of the Glu dipole moment. It may be speculated that these rather
short-lived structures might be stabilized by coordination of Na+ to it, given the reported
propensity of Glu− to bind Na+ cations (preferably at the backbone carboxylate) [209].
Such solute-solute interactions, which necessarily involve displacement of hydration water
to a certain degree, are consistent with the observed fast drop of the total hydration number
of Glu− (Figure 3.21(b)).

�Note that correlations between Glu− and moderately bound water dipoles (Zs ≈ 5), although less
common, might also have an e�ect on the measured dipole moment value of glutamate.



84
CHAPTER 3. NEUROTRANSMITTERS AND CHEMICALLY RELATED

SUBSTANCES

The situation is somewhat di�erent for aqueous glutamine at the �rst glance, but yet it
provides a consistent picture. Keeping in mind that the decline of µe�(Glu−) at low c is
(most likely) governed by dehydration and remembering that Zib value of Gln stayed essen-
tially constant over the investigated concentration range (Figure 3.23), no such decrease
of µe�(Gln) should be expected, which is in agreement with the present results (Figure
3.25(b)). Accordingly, no clear trend of µe�(Gln) with Zib can be observed (Figure 3.26(b)).
Analogous to Glu−, the markedly higher experimental dipole moment of Gln compared to
the computational value of the �bare� Gln molecule (Figure 3.25(b)) might re�ect positive
dipolar solute-solvent correlation (Zib ≈ 6). On the other hand, aqueous Gln is known
to be prone to the formation of Gln· · ·Gln aggregates. Two neutron di�raction studies
coupled with computational modeling by Rhys et al. [221, 222] revealed that a rather
large fraction of up to ∼ 20 % of Gln zwitterions are participating in Gln· · ·Gln-clusters
(via backbone�backbone, backbone�side-chain and side-chain�side-chain interactions) in a
∼ 0.2M solution, with the major fraction being Gln· · ·Gln dimers (∼ 10 %). Similarly
to glutamate, no direct indications of such long-lived aggregates could be observed in the
DR spectra, but an increase of the e�ective dipole moment of Gln through a preferential
parallel arrangement of Gln molecules among each other is certainly conceivable. It is in-
teresting to note that for glycine [226], ectoine [152] or proline [162], which do not possess
H-bond acceptor or donor groups at the side-chain, no e�ective enhancement of the dipole
moment due to parallel alignment of the solute molecules was observed.

3.2.6 Concluding Remarks

The complex permittivity spectra of NaGlu(aq) and Gln were satisfactorily �tted by combi-
nations of three Debye equations. Contrary to NaGlu(aq), no slow-water contribution was
describable in the DR spectra of Gln(aq). It was found that e�ectively ∼ 6 water dipoles
were tightly bound by the hydrophilic moieties of the Gln molecule, irrespective of the con-
centration, while the corresponding value of Glu− dropped linearly from Z0

ib ≈ 5 at in�nite
dilution to ∼ 0 at c(NaGlu) > 0.7M. The slightly higher number of irrotationally bound
water molecules of Gln(aq) compared to Glu−(aq) in the respective concentration range
(∆Zib ≈ 2) was linked to the hydration of the carbamoyl group of the former. Cooperative
hydration e�ects of the α-amino acid backbone were discussed to lead to the appearance
of �frozen� water in the Glu− solutions. Despite the lower Zib, the total amount of wa-
ter molecules impeded in their dynamics around the Glu− anion was signi�cantly higher
compared to Gln(aq). Extrapolation of the obtained hydration numbers of Glu− to in�-
nite dilution indicated that virtually all water molecules in the �rst hydration sheath are
a�ected by the presence of the amino acid (∼ 40). An increase of the solute concentration
and thus increasing steric crowding leads to a rapid drop of these hydration numbers, which
suggests that the hydration shell of Glu− is rather fragile.
Analysis of DR spectra of HGlu solutions at di�erent pH revealed that the number of
moderately bound water molecules increases with increasing degree of protonation of HGlu.
On the other hand, the obtained Zib values of the individual protonated/deprotonated
HGlu forms suggested that besides short-range hydration e�ects, such as H-bonds, long-
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Figure 3.25: E�ective dipole moments, µe�, of (a) Glu− and (b) Gln as obtained from
the DR spectra at 25°C. The symbols denote the experimental data, solid lines repre-
sent empirical weighted �ts. The dashed lines indicate the the calculated (Gaussian 09,
B3LYP/6-31++G(d,p) and B3LYP/6-31G(d,p) with the PCM solvation model) apparent
dipole moments of the respective molecules.
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Figure 3.26: E�ective dipole moments, µe�, of (a) Glu− and (b) Gln as a function of Zib.
The dashed line indicates a linear �t.

range (electrostatic) interactions are most probably decisive for the structure and dynamics
of their hydration shells.

The experimental e�ective dipole moments of Glu− and Gln were found to be markedly
higher than the computed dipole moments of the �bare� amino acids. Neglecting possible
conformational di�erences between the α-amino acids in solution and the calculated low-
energy structures, this discrepancy was attributed to preferential parallel alignment of
neighboring dipoles and the solute molecule. In hand with the fast loss of hydration water
of Glu−(aq), the obtained µe� of Glu− indicated that dipolar solute-solute correlations
most likely occur in the NaGlu(aq) solutions. Further, the observed fast decrease of the
e�ective dipole moment of Glu− at lower c could be correlated with the number of tightly
bound H2O molecules aligning their dipole moments on average parallel to the amino acid
dipole direction.

Similar to Glu−(aq), solute-solvent and solute-solute dipolar correlations could explain the
high µe� of Gln. In particularly the presence of the latter correlations was consistent with
the literature on aqueous Gln solutions. It was pointed out that Gln zwitterions in aqueous
solution or as constituents of proteins are infamous for their tendency to form Gln· · ·Gln
associates, which are currently linked to various degenerative human diseases. In hand
with the comparably small total amount of hydration water, the solvation sheath of Gln
is apparently not able to suppress the pronounced propensity of Gln towards aggregation,
although the present DRS results suggested that no long-lived, but rather short-lived,
Gln· · ·Gln aggregates are formed in the solution.
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3.3 γ-Aminobutyric Acid, α-Aminobutyric Acid & n-

Butylammonium Chloride

3.3.1 Introduction

The amino acid γ-aminobutyric acid (GABA) (Figure 3.27(a)) is the predominant in-
hibitory NT regulating the neural activities in the mammalian central nervous system
[241]. The concentration of GABA in the brain was found to be extensively higher than
those of classical monoamine NTs and more than one third of brain neurons use GABA for
synaptic communication. A proper concentration of GABA in the organism is crucial for
the mental and also physical health of humans [242]. Several distinct types of GABA re-
ceptors have been identi�ed, namely GABA(A), GABA(B) and GABA(AOr) (GABA(C))
[243]. Malfunctions of GABA-metabolic and -anabolic cycles as well as disfunctions of the
�GABAergic� receptors are linked to a large number of human diseases, such as anxiety and
stress disorders, musculoskeletal and pain disorders, insomnia, drug-withdrawal syndromes,
epilepsy, liver diseases and hepatic encephalopathy, learning and memory disorders, hor-
monal disorders and many other related conditions [242, 244, 245]. Similar to AcCh, the
conformation of the zwitterionic GABA molecules was found to be decisive for the a�nity
to the di�erent types of receptors and metabolic enzymes [243, 246, 247]. Furthermore, it
was shown that GABA can potentially act as an osmolyte, a nitrogen storage and a pH
regulating agent in living organisms [248]. Due to its signi�cant pharmacological impor-
tance, the development of novel GABAergic drugs for potential GABA pharmacological
studies is an active area of research in the �elds of medicinal chemistry [242].
α-Aminobutyric acid (AABA), a structural isomer of GABA (Figure 3.27(b)) and a metabo-
lite in isoleucine biosynthesis, is a non-proteogenic amino acid which can be found in the
human kidney, in liver tissues, and in most biological �uids [249]. Despite some structural
resemblance between GABA and AABA, the latter does not act as a neurotransmitter and
is thus thought to be of minor pharmacological importance.
Clearly, deepening the knowledge on the behaviour of the two isomers in aqueous so-
lution would be bene�cial for the understanding of their di�erent bioaction. Therefore,
the hydration and dynamics of GABA and AABA in water was studied by DRS at
25 °C. The investigated solutions were studied in the concentration ranges of 0.2071 ≤
c(GABA)/M ≤ 6.241 and 0.09980 ≤ c(AABA)/M ≤ 1.708, respectively (note: solubility
limits are ∼ 12.6mol kg−1 for GABA(aq) and ∼ 2.2mol kg−1 for AABA(aq)). To obtain
information on the hydration of individual functional groups of the amino acids, DR mea-
surements of aqueous solutions of the salt n-butylammonium chloride (BACl, n-butylamine
hydrochloride) (�gure 3.27(c)) were performed (0.03584 ≤ c(BACl)/M ≤ 1.190) and the
e�ect of protonation was studied by comparison of BACl with its unprotonated form (n-
butylamine) [250]. In general terms, the n-butylammonium cation (BA, BA+) and n-
butylamine can be considered as suitable models for basic side-chain moieties in proteins
and the knowledge of the dynamics and hydration of the �simpler� BA+ and n-butylamine
molecules might be transferred onto the biologically important substance group of bio-
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Figure 3.27: Chemical structures of (a) γ-aminobutyric acid, (b) α-aminobutyric acid and
(c) n-butylammonium chloride.

genic amines. These compounds are usually produced by decarboxylation of amino-acids
and some of the biogenic amines, such as the NTs dopamine, serotonin and histamine,
are crucial for biological functions in humans and animals [251, 252]. As DRS detects all
species with a permanent dipole moment 6= 0 and a life time comparable or larger than
the rotational correlation time of the corresponding species, possible formation of alky-
lammonium chloride ion-aggregates, which are known to have a major in�uence on the
molecular recognition of (mono)alkylammonium molecules [253, 254], was discussed for
the exemplary BACl(aq) system.
This is the �rst systematic broadband dielectric study of GABA(aq), AABA(aq) and
BACl(aq) over such wide frequency and concentration ranges, although some dielectric
studies of aqueous solutions of GABA [41, 224, 255, 256], AABA [255, 257] and BACl [258]
exist.
The data acquisition and the discussion of the applied �tting models of the DR spectra
will be treated in the �rst part of this section. In the last and major part, the results of
the evaluation of the dielectric spectra, namely the structure, dynamics and the hydration
behaviour of the investigated solutes, will be discussed in detail.

3.3.2 Data Acquisition and Processing

The GABA(aq), AABA(aq) and BACl(aq) samples were prepared as described in Section
2.2. The densities, viscosities and electrical conductivities (only for BACl(aq)) were ob-
tained following the procedures of Section 2.4 and are shown in Tables A.10, A.11 and
A.12. Additionally, the pH-values of the amino acid samples were checked at room tem-
perature with a pH-meter (pHenomenal PCL 1000, VWR, Germany). The glass electrode
was calibrated with standard bu�er solutions of pH = 4.0, 7.0 and 10.0 prior to measure-
ment. The obtained pH-values of the GABA(aq) and AABA(aq) solutions were found
to be 6.2-7.4 and 6-6.5, respectively (Tables A.10 and A.11). Considering the pKa val-
ues of both acidic groups of GABA and AABA, with pKa(-COOH) = 4.23, pKa(-NH+

3 )
= 10.43 for GABA and pKa(-COOH) = 2.55, pKa(-NH+

3 ) = 9.60 for AABA [259], the
present pH-values con�rm that the zwitterionic form was the clearly predominant species
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in solution.
The permittivity spectra of the aqueous solutions were recorded at 25 °C in the frequency
range 0.05-89GHz using the dielectric probe kit VNA setup and the E-band interferom-
eter (Section 2.3). Due to pronounced relaxation e�ects in the low-frequency region of
the GABA(aq) spectra, measurements with the TDR cells connected to the VNA were
additionally performed for the GABA samples, thus extending the covered frequency re-
gion down to 0.01GHz. As mentioned previously (Section 3.1.2), in the case of κ > 0
the e�ective low-frequency limit might exceed the manufacturer limit. Accordingly, the
νmin of BACl(aq) was in the range 0.05 ≤ νmin/GHz . 0.2, depending on the BACl(aq)
concentration.

3.3.3 Choice of Relaxation Model and Assignment of Modes

GABA(aq) and AABA(aq). The measured dielectric spectra of GABA and AABA
solutions at 25 °C are shown in Figure 3.28. Combinations of up to �ve HN-equations were
tested to �t the experimental spectra. Evaluating the �ts according to the criteria discussed
in Section 2.3.3 and taking into account the results of the Zasetsky's analysis shown in
Figures A.19 and A.20, a superposition of four Debye equations (D+D+D+D) was found
to yield the best �t of the DR spectra of GABA(aq) over the whole concentration range
and for AABA(aq) at c(AABA) ≥ 0.6055M, while the D+D+D model provided a better
description of the AABA(aq) spectra at lower concentrations. The best-�t parameters are
summarized in Tables 3.10 and 3.11. Figure 3.29 shows the decomposition of exemplary
dielectric loss spectra into the individual contributions of the various relaxation processes.
The static permittivities increased with rising solute concentration for both amino acids
(Tables 3.10 and 3.11, Figures A.22 and A.23), indicating the presence of highly dipolar
solute-related species in the solution (Section 3.2). A similar behaviour was reported for
solutions of various other zwitterionic compounds [162, 226�228] and GABA(aq) solutions
[41]. This e�ect was more pronounced in the present GABA(aq) spectra, showing a higher
dε/dc value compared to AABA(aq) (46.3 Lmol−1 vs. 22.9 Lmol−1). Accordingly, the
low-frequency mode j = 1, located between ∼ 0.1 − 2.6GHz (τ1 ≈ 60 − 1200ps), can be
assigned to the reorientation of the zwitterionic amino acid dipoles. Its amplitude and
relaxation time increased systematically with increasing solute concentration and for both
systems, and in particularly for GABA(aq), it was the clearly dominating process at higher
c (Tables 3.10 and 3.11, Figures A.22 and A.23).
The intermediate mode 2 appeared in the dielectric spectra upon addition of GABA to
water and its amplitude increased with rising c. Based on its magnitude and location in
the DR spectra, this mode can be assigned to the fraction of water moderately slowed
down in its dynamics due to the presence of the solute, i.e., slow-water [152, 154, 156�
160, 162�164]. Consistent with Zasetsky's analysis (Figure A.20), the slow-water mode was
not discernible in the DR spectra of AABA(aq) at low concentrations and could only be
resolved for c(AABA) ≥ 0.6055M. Interestingly, τ2 of AABA(aq) solutions stayed fairly
constant (∼ 20ps), while an increase of τ2 with increasing c (∼ 17ps to ∼ 110ps) could be
detected for GABA(aq) in the studied concentration range (Tables 3.10 and 3.11, Figures
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A.22 and A.23). Thus, a constant retardation factor for water dynamics of r = τ2
τ3
≈ 2.1 can

be given for the AABA(aq) solutions, whereas a concentration-dependent r value, ranging
between ∼ 2.0 and ∼ 13.4, was observed for GABA(aq).
At lower concentration, both sets of samples were dominated by mode j = 3, centered at
∼ 17−19GHz (∼ 8.2−9.6 ps). The amplitude, S3, decreased systematically with increasing
amino acid concentration. Judging by its intensity and location, mode 3 can unequivocally
be assigned to cooperative reorientation of essentially unperturbed bulk-water molecules
[22, 150]. Note that for AABA(aq) τ3 showed some increase with increasing c, which in-
dicates an e�ect of the solute on the �structure� of bulk-water, while for GABA(aq) the
respective relaxation time stayed essentially constant. Also apparent from the GABA(aq)
and AABA(aq) DR spectra (Figure 3.29) is the presence of small-amplitude contribu-
tion j = 4 located above the present upper-frequency limit at ∼ 500GHz (τ4 ≈ 0.3 ps).
The intensity and location is typical for the so-called fast-water process, which is currently
thought to be associated with the fast switch of hydrogen-bond connections between neigh-
boring water molecules and was also resolved in neat water [150]. Similar to the DR spec-
tra of AcChCl(aq) (Section 3.1) and various aqueous electrolyte systems and solutions of
small, biologically active molecules [55, 98, 151�153], the relaxation time of the fast-water
mode, which is centered outside the accessible frequency range, was �xed to the neat water
value to reduce scatter. Likewise, the in�nite-frequency permittivity was assumed to be
concentration-independent and was �xed to value of neat water, ε∞ = 3.52 [154], during
�tting.
BACl(aq). The experimental dielectric spectra of BACl(aq) (Figure 3.30(a)) were �tted
on a test basis with up to �ve HN-equations. Assessing the quality of the �ts by the
criteria presented in Sec. 2.3.3 and Zasetsky's relaxation time distribution analysis (Figure
A.21), the combination of three Debye modes or two Debye modes and one Cole-Cole
mode, depending on the concentration respectively, (D+D+D(CC) model) was chosen as
the best �tting model (Figure 3.30(b)). The �tting parameters of the D+D+D(CC) model
are shown in Table 3.12.
Contrary to the solutions of the zwitterionic GABA and AABA, the static permittivity of
BACl(aq) solutions decreased with rising c (Table 3.12, Figure A.24).
As typical for aqueous solutions, the intense mode l = 3 centered at ∼ 17 − 19GHz
(τ̄3 ≈ 9.4 ps) can be readily assigned to the cooperative relaxation of the H-bond network of
bulk-like water. The amplitude of the bulk-water mode decreased with increasing BACl(aq)
concentration and its relaxation time showed a slight but noticeable increase with rising c
(Table 3.12, Figure A.24). The latter shift might indicate the presence of a small contribu-
tion in the direct proximity of the bulk-water mode. The necessity to use the broader CC
mode for c(BACl) ≥ 0.3785M supports this picture. A low-amplitude slow-water process,
which, however, could not be directly discerned in the DR spectra, with a relatively small
retardation factor (r . 2) would certainly be an appropriate candidate for such a relax-
ation process. A previous dielectric study of BACl(aq) by Kaatze et al. [258] showed the
presence of such a mode. Note that an acceptable description of the present spectra could
also be achieved by the D+D(+D)+D model, where the alleged slow-water mode, located
in the proximity of the bulk-water mode with a retardation factor of r ≈ 2, was directly
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Figure 3.28: Relative permittivity, ε′(ν), and dielectric loss, ε′′(ν), spectra of (a) GABA(aq)
(0.2071 ≤ c/mol L−1 ≤ 6.241) and (b) AABA(aq) (0.09980 ≤ c/mol L−1 ≤ 1.708) at 25 °C.
Symbols denote the experimental data. Solid lines represent the �ts. For visual clarity
data points are only shown for selected samples. Arrows indicate the trend with increasing
solute concentration.
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Table 3.10: Static permittivity, ε, relaxation amplitudes, Sj, relaxation times, τj (j =
1, .., 4), in�nite frequency permittivity, ε∞, of GABA(aq) at 25 °C and the reduced error
function, χ2

r, of the D+D+D+D �tting model.a,b

c ε S1 τ1 S2 τ2 S3 τ3 S4 τ4 ε∞ χ2
r

0c 78.37 � � � � 72.42 8.35 2.43 0.278 3.52 0.0056
0.2071 88.8 13.3 79.0 0.539 17F 68.9 8.43 2.47 0.278F 3.52F 0.0221
0.3891 96.8 22.5 90.2 5.45 17.9 62.7 8.31 2.59 0.278F 3.52F 0.0373
0.8143 117 45.2 108 11.1 20.7 54.5 8.43 3.01 0.278F 3.52F 0.0717
1.250 139 69.7 128 12.8 24.5 49.6 8.71 3.45 0.278F 3.52F 0.4273
1.692 158 91.9 145 20.8 22.9 39.1 8.44 3.25 0.278F 3.52F 0.1340
2.157 180 116 169 22.6 24.4 33.9 8.55 3.54 0.278F 3.52F 0.1231
2.717 208 145 212 27.1 29.6 28.3 8.55 3.73 0.278F 3.52F 1.0743
3.280 233 173 260 28.3 34.6 24.3 8.84 3.88 0.278F 3.52F 1.2175
3.871 256 202 316 29.0 33.1 17.7 8.23 3.83 0.278F 3.52F 0.4692
4.460 286 232 422 30.6 45.1 16.3 8.2F 3.55 0.278F 3.52F 1.9120
5.227 321 269 628 30.7 62.2 13.8 8.2F 3.32 0.278F 3.52F 2.2497
6.241 369 321 1200 30.4 110 11.7 8.2F 2.77 0.278F 3.52F 2.5311
aUnits: c in mol L−1; τj in ps. bParameter values followed by �F� were �xed during �tting;
ctaken from Ref. [97].

Table 3.11: Static permittivity, ε, relaxation amplitudes, Sj, relaxation times, τj (j =
1, .., 4), in�nite frequency permittivity, ε∞, of AABA(aq) at 25 °C and the reduced error
function, χ2

r, of the D+D(+D)+D �tting model.a,b

c ε S1 τ1 S2 τ2 S3 τ3 S4 τ4 ε∞ χ2
r

0c 78.37 � � � � 72.42 8.35 2.43 0.278 3.52 0.0056
0.09980 80.6 3.94 56.6 � � 70.7 8.44 2.44 0.278F 3.52F 0.0199
0.2508 84.1 9.62 59.8 � � 68.2 8.60 2.70 0.278F 3.52F 0.0580
0.4033 87.6 15.2 64.3 � � 66.1 8.77 2.73 0.278F 3.52F 0.0435
0.6055 92.1 21.6 71.8 1.21 25.2 62.7 9.06 3.08 0.278F 3.52F 0.0143
0.8069 96.7 28.5 77.0 3.24 18.8 58.4 9.11 3.04 0.278F 3.52F 0.0756
1.000 101 34.7 83.2 6.42 16.4 53.3 9.26 3.25 0.278F 3.52F 0.0402
1.226 106 41.5 91.3 10.3 18.1 47.8 9.16 3.25 0.278F 3.52F 0.1193
1.441 111 47.9 101 11.8 20.0 45.0 9.37 3.22 0.278F 3.52F 0.1538
1.708 117 56.0 111 14.5 19.5 39.8 9.56 3.43 0.278F 3.52F 0.0956

aUnits: c in mol L−1; τj in ps. bParameter values followed by �F� were �xed during �tting;
ctaken from Ref. [97].



3.3. γ-AMINOBUTYRIC ACID, α-AMINOBUTYRIC ACID &
N-BUTYLAMMONIUM CHLORIDE 93

0.01 0.1 1 10 100
0

10

20

30

b
 

 ''(
)

 / GHz

1

2

3

4

a

0.1 1 10 100
0

10

20

30

 

''(
)

 / GHz

1

2

3

4

Figure 3.29: Dielectric loss spectrum of (a) 0.8143M GABA(aq) and (b) 0.8069M
AABA(aq) at 25 °C. Symbols denote experimental data, lines indicate the �ts. The shaded
areas show the individual contributions of the D+D+D+D model.

resolved at higher BACl(aq) concentrations. However, the D+D(+D)+D model showed
higher χ2

r values (up to ∼ 19 %) compared to the D+D+D(CC) model and the obtained
evaluation parameters were physically less reasonable. Hence, the D+D(+D)+D approach
was discarded.

In contrast to GABA(aq) and AABA(aq), the fast-water mode was not resolved for the
BACl(aq) spectra. However, the comparably high in�nite-frequency permittivity value of
ε∞ ≈ 6 for BACl(aq) (3.52 for GABA(aq) and AABA(aq)) indicates that the fast-water
contribution, which lies too far outside the investigated frequency range for BACl(aq), is
automatically incorporated into ε∞.

Upon addition of BACl to water, two additional processes in the lower frequency range
appear: a less-intense mode located at a mean frequency of ∼ 0.3GHz (τ̄1 ≈ 460ps) and
a faster processes centered between ∼ 1.1 and ∼ 3.7 GHz (τ2 ≈ 43 − 150ps). Whereas
the latter process can be assigned to the reorientation of the dipolar BA+ cations (note:
the spherical Cl− anion does not have a permanent dipole moment and, thus, does not
contribute as such to the DR spectra), as suggested by its relaxation time values, the
origin of mode l = 1 is not immediately obvious. Similarly to the case of CarCl(aq)
already discussed previously (Section 3.1), an ion cloud contribution or a relaxation of
dipolar ion-aggregates, e.g. BA+-Cl− IPs, or the combination of both, could lead to the
observed dielectric response. At least for the case of ion-pairs, some quantitative analysis
(although under fairly critical assumptions) is feasible and will be picked up in the following
discussion.



94
CHAPTER 3. NEUROTRANSMITTERS AND CHEMICALLY RELATED

SUBSTANCES

Table 3.12: Static permittivity, ε, relaxation amplitudes, Sj, relaxation times, τl (l =
1, .., 3), width parameter, α3, in�nite frequency permittivity, ε∞, of BACl(aq) at 25 °C and
the reduced error function, χ2

r, of the D+D+D(CC) �tting model.a

c ε S1 τ1 S2 τ2 S3 α3 τ3 ε∞ χ2
r

0.03584 78.3 0.61 662 0.46 135 71.7 0 8.62 5.97 0.1384
0.07113 78.3 0.70 599 0.54 151 71.3 0 8.56 5.75 0.0925
0.1422 77.9 0.88 332 0.97 107 70.1 0 8.80 5.95 0.0895
0.2842 77.6 1.25 555 2.67 73.7 67.5 0 8.97 6.22 0.0799
0.3785 77.1 1.43 465 3.21 65.1 66.2 0.001 9.18 6.23 0.1680
0.5037 77.5 2.21 881 2.57 85.3 67.5 0.030 9.44 5.21 0.0956
0.6726 74.9 1.70 249 4.31 45.4 63.1 0.021 9.67 5.88 0.0603
0.8935 73.2 1.69 216 5.73 42.0 60.1 0.028 10.0 5.66 0.0732
1.190 70.9 1.88 157 5.28 42.7 58.3 0.048 10.9 5.48 0.0689

aUnits: c in mol L−1; τl in ps.
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Figure 3.30: (a) Relative permittivity, ε′(ν), and dielectric loss, ε′′(ν), spectra of BACl(aq)
(0.0358 ≤ c/mol L−1 ≤ 1.190) at 25 °C. Symbols denote the experimental data. Solid
lines represent the �ts. For visual clarity data points are only shown for selected samples.
Arrows indicate the trend with increasing solute concentration. (b) Dielectric loss, ε′′(ν),
spectrum of 0.8935M BACl(aq). The shaded areas denote the individual relaxation modes
of the D+D+D(CC) model.
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3.3.4 Solute Relaxations

BACl(aq). Assuming that mode l = 1 in the BACl(aq) spectra originates solely from the
relaxation of BA+-Cl−-IPs, association constants for the IP formation, KA, can be obtained
from S1 using Eq. 1.48. The acquired KA values for the CIP and SIP species as a function
of stoichiometric ionic strength, I ( = c), are shown in Figure 3.31. Note that the values
from DFT calculations (Gaussian 09, B3LYP/6-31++G(d,p) with PCM solvation model)
were adopted for the dipole moments of the BA+-Cl−-IPs in the above procedure (Figure
A.25). The formation of 2SIPs was ruled out on the grounds of the moderate hydration
of the involved alkylammonium cation [260, 261] (see below) and chloride anion [22]. The
standard-state association constant, as obtained from the Guggenheim-type �t (Equation
3.2), were found to be lgK◦A = 1.8±0.3 and lgK◦A = 1.4±0.2 for the CIP and SIPs species,
respectively. The present numbers would indicate that the association into IPs is very
pronounced in BACl(aq) solutions, irrespective of the presumed IP species. Thus, for the
more strongly associating CIP case, up to ∼ 70 % of the present ions would be bound into
ion-pairs at low solute concentrations. These numbers are rather high considering that
the extent of association of the chemically related NH+

4 , an unalkylated homologue of n-
butylammonium cation, and Cl− is still under debate. Whereas some studies reported the
formation of CIPs [262] or SIPs [263] in aqueous solution, others found a negligible tendency
of NH+

4 and Cl− towards IP formation [264]. A DRS study of NH4Cl(aq) performed by
Shaukat [265] revealed lgK◦A = 1.7±0.3 for the SIPs as the dominant species. This number
is in good agreement with the present BACl(aq) value.
However, similarly to CarCl(aq) (Section 3.1) and as pointed out by Shaukat [265], the
assumption of a negligible IC contribution to the presumed IP relaxation mode is certainly
not valid for the present BACl(aq) solutions, despite of the smooth variation of the obtained
association constants with I. Most likely, the IP relaxation contribution is swamped by
the IC relaxation at lower c, as indicated by the high relaxation times in this concentration
region (Table 3.12). Since the IC relaxation e�ect decays rather fast at high electrolyte
concentrations [55], the sharp drop of τ1 at c(BACl) > 0.5Mmight indicate the domination
of the IP relaxation in the higher concentration regime. Note that the estimated relaxation
times for the CIP and SIP reorientation process were calculated to be ∼ 70 − 150ps and
∼ 150 − 300ps, depending on the hydrodynamic boundary conditions, respectively. The
predicted SIP relaxation times are in good agreement with the observed τ1 values at higher
c (Table 3.12), which implies that the solvent-shared IP is more likely to be responsible
for the dielectric response of mode 1 and is thus predominant in solution. Given the fact
that appropriate theories for the separation of the IC contribution from the DR spectra
are currently unavailable, a de�nite assignment of distinct IP species contributing to mode
1 should be taken with a grain of salt.
The amplitude of process l = 2 of the BACl(aq) spectra, which was assigned to the reorien-
tation of the dipolar BA+ cation, can be analyzed via Equation 1.48. The obtained e�ective
dipole moments as a function of BACl concentration are shown in Figure 3.32(a). Addition-
ally, the e�ective dipole moments of unprotonated BA+ species, namely n-butylamine, are
shown in Figure 3.32(b). The latter were retrieved from unpublished dielectric relaxation
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measurements (in the frequency range 0.2GHz - 2.5THz) of aqueous n-butylamine/water
mixtures (1.5 ≤ c(n-butylamine)/M ≤ 10.0) from our laboratory [250]. The µe� values of
the uncharged n-butylamine are generally lower compared to BA+(aq) and, accordingly,
the e�ective dipole moment extrapolated to in�nite dilution of BA+(aq) is almost twice
as high as the respective n-butylamine value (11.3D vs 6.0D, Figure 3.32). For both
species, the experimental dipole moment values are fairly comparable with the calculation
results (Figure 3.32). However, in both cases a systematic decrease of µe� with increas-
ing c can be observed. Neglecting possible conformational changes with varying c, the
decrease in µe� can be attributed to a decrease of orientational correlations/interactions
between the relaxing species and the surrounding dipoles with rising solute concentration.
As can be seen in Figure 3.32(a), the e�ective dipole moment of BA+(aq) coincides well
with the calculated value at low c. At higher concentrations the experimental value falls
below µcalcap . This trend might indicate increasing preferential anti-parallel orientation be-
tween the relaxing dipole and the neighbouring molecules (g < 1, Equation 1.52). Since
no systematic e�ects on the calculated dipole moments could be observed when explicitly
taking into account varying numbers of water molecules into the calculation of low-energy
BA+x·H2O structures (x = 1, .., 6, Figure A.25), a negative correlation between the hy-
dration water and BA dipoles is less likely. On the other hand, the n-butylammonium
molecule, comprising a charged head-group and a hydrophobic tail, has some amphiphilic
properties. Although no clear aggregates, in particularly in the studied concentration range
(cmc of n-pentylammonium chloride = 1.9M [266]), should be expected [267], the forma-
tion of (short-lived) pre-aggregates, e.g. dimers, would be conceivable. As just on simple
physico-chemical grounds the energetically favorable arrangement would involve a max-
imized -NH+

3 · · ·NH+
3 - distance with their hydrophobic tails most likely joined together,

a preferential anti-parallel orientation and thus a reduction of µe� with increasing BA+

concentration would be conceivable.
Besides the possibility of preferential negative correlations of the BA+ dipoles, potential
long-lived aggregates could lead to a similar e�ect. If the life-time of such aggregates
(µ 6= 0) was at least comparable with their reorientation correlation, a separate relaxation
process should be discernible in the DR spectra. A relaxation time of ∼ 60− 200ps would
be expected for dimers, as obtained from the estimation via Equation 1.59. Accordingly,
even higher relaxation times would be observed for larger aggregates. Thus, some rather
weak relaxation processes (µ is anticipated to be small) linked to these species could be
�hidden� under mode l = 1 and l = 2, respectively. At least for mode 2, this could explain
the drop of µe�(BA+) at higher c as the concentration of the �free� BA+(aq) molecules is
set equal to the analytical BACl(aq) concentration during the calculation of µe�(BA+). In
the not so unlikely case that the dipole moment of these species is zero, these aggregates
would be invisible in the dielectric spectra, which, then again, would result in an e�ective
decrease of the experimental BA+ dipole moments with rising c. Either the aggregates
are long lived or the dipoles are only preferentially aligned in opposite directions, both
e�ects would lead to a decrease in the experimental µe�(BA+) obtained from S2. Similarly,
the insertion of the stoichiometric BA+ in the calculation of the e�ective dipole moment
also implies that the formation of BA+ · · ·Cl−-IPs discussed above could lead (or at least
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contribute) to the observed decline of µe�(BA+).
The relaxation time of the BA+ reorientation process, τ2, decreased with increasing BACl
concentration (Table 3.12, Figure A.24). Using the geometry obtained from DFT calcula-
tions (Figure A.25(a)), a relaxation time between ∼ 30−120ps would be predicted for the
reorientation of the bare BA cation. The observed τ2 values are within the hydrodynamic
limits, apart from the low-concentrated samples at c(BACl) < 0.1422M (Table 3.12), which
might be traced back to experimental problems of resolving such low-intense modes in this
concentration region. The decrease of τ2 might originate from changes in the conformation
(note that possible conformational changes were entirely neglected in the above discus-
sion of the e�ective dipole moment) and thus the volume of the rotating species, or, in
line with the above discussion of µe�, from the increase of anti-parallel interactions of the
BA+ cations with neighbouring cations. Using the Madden and Kivelson equation (Eq.
1.68), which connects the microscopic rotational correlation time with the corresponding
relaxation time, while accounting for dipole-dipole interactions, the extent of anti-parallel
alignment can be estimated. Under the assumption that the relaxation time of ∼ 107ps at
c(BACl) = 0.1422M (Table 3.12) represents the reorientation of the �uncorrelated� dipole,
values of the Kirkwood correlation factor, gK, can be obtained. The gK values decreased
from ∼ 0.8 to ∼ 0.4 with increasing solute concentration. Despite the neglect of a possible
variation of the e�ective volume of the dipole (Equation 1.60), these values compare fairly
well with the g values (g ≈ 1 − 0.5) obtained from µe� and Equation 1.52, assuming that
the experimental in�nite dilution dipole moment value corresponds to the apparent dipole
moment of BA+(aq) (Figure 3.32(a)).
The behaviour of n-butylamine in water is somewhat di�erent from its protonated form.
As shown in Figure 3.32(b), the e�ective dipole moment of n-butylamine is signi�cantly
increased at lower concentrations, while at higher c the theoretical dipole moment value
is approached (within the error bars). A MD simulation study of Kusalik et al. [268]
on pure liquid methylamine and aqueous methylamine solutions revealed some degree of
association of the methylamine molecules forming H-bonds between the amine groups.
This aggregation process was discussed to be additionally driven by the hydrophobic e�ect
associated with the nonpolar methyl moieties. Keeping in mind that the hydrophobic e�ect
is even more pronounced for the n-butylamine molecule, a comparable picture could also
apply to for the present solutions. Contrary to the discussion of the possible formation of
anti-parallel orientation of the butylammonium cations in BACl(aq) solutions, a parallel
alignment of dipole in the n-butylamine aggregates, which break down with increasing
solute concentration, would lead to the observed features of µe�(n-butylamine) (Figure
3.32(b)). On the other hand, parallel alignment of hydrating water dipoles with respect
to the n-butylamine dipole would result to a similar e�ect. Due to the lack of any further
information, this is as far as µe�(n-butylamine) can be discussed. Further investigations,
such as statistical mechanical calculations, MD simulations or di�raction experiments,
would certainly give a clearer microscopic picture and surely help to clarify this issue.
GABA(aq) and AABA(aq). The e�ective dipole moments of GABA(aq) and AABA(aq),
obtained from the amplitude of the solute relaxation mode j = 1 using Equation 1.48,
are shown in Figure 3.33. The e�ective dipole moments of both amino acids decrease
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systematically with increasing solute concentration. At higher c(GABA), µe�(GABA)
seems to be converge against a plateau value of ∼ 25.6D (Figure 3.33(a)). Note that
µe�(AABA) decreases much faster than the GABA value in the respective concentration
range (dµe�/dc ≈ 1.4LDmol−1 for AABA(aq) and ≈ 0.5LDmol−1 for GABA(aq)). The
trend of µe� of GABA di�ers from the observations made by Kaatze at al. [255] using DRS,
who reported a rather constant µe�(GABA) value over a similar concentration range. As
would expected from the greater distance of the charged moieties, µe� of GABA(aq) is
higher than the corresponding AABA(aq) value. Extrapolation to c = 0 yields in�nite-
dilution dipole moment values of 27.2D and 22.1D for GABA and AABA, respectively.
These values are relatively large considering the small size of these molecules and higher
than the respective values of ∼ 20D and ∼ 15D reported by Kaatze et al. [255]. The
computed dipole moment values, obtained from low-energy structures using Gaussian 09,
B3LYP/6-31G(d,p) and B3LYP/6-31++G(d,p) with the PCM solvation model, are visibly
lower than the experimental values (Figure 3.33). This observation might indicate that the
calculated lowest-energy conformations do not well represent the geometrical structures of
GABA and AABA in a real solution. As already discussed in Sec. 3.1, taking into account
the conformational �exibility of molecules containing several rotational centers in the dis-
cussion of the experimental dipole moments is not straightforward, and a full-scale (but
fairly time-consuming) conformational analysis of each molecule, rather than considering
only one geometrical structure (Figures A.26 and A.27), would certainly be necessary to
fully unravel the extent of the conformational e�ect. In contrast to AABA, many studies
on the conformation of the neurotransmitter GABA exist in literature. Whereas some
studies indicated rather low energy barriers between the various GABA conformers and
thus high conformational �exibility [269�272], others reported prevalence of either the un-
folded (linear, extended) form [41, 273] or the folded (�proline-like� [248]) conformer [274].
The latter form was discussed to be stabilized by intramolecular H-bonds between the
ammonium and carboxylate moieties and n-π∗ interactions [270, 271]. Crittenden et al.
[270] calculated values of ∼ 25D for the linear GABA conformer, while a lower value of
∼ 16.5D was obtained for the folded form. Sharma and Chandra [272] obtained dipole
moments of ∼ 18D for the folded conformers and ∼ 25 − 29D for the linear form by
theoretical calculations, while ab initio calculations performed by Odai et al. [273] found
a value of 31.3D for the unfolded form. By simple comparison of the the present dipole
moment values (∼ 27−26D) of GABA(aq) with the literature data and neglecting possible
dipolar correlations of the solute with neighbouring molecules (Equation 1.52), the DRS
results would indicate that the linear form of GABA predominates in aqueous solution,
while the folded conformer is of minor importance. Similarly, a DRS study combined with
fs-IR by Ottosson et al. [41] reported an experimental value of ∼ 26D for GABA in water,
which is in very good agreement with the present results. Further, similar to the present
�ndings although not as strongly pronounced, a systematic decrease of µe�(GABA) with
rising c could be observed in the latter study. The applied �tting model and the observed
relaxation times are in very good agreement with the present results. The optimized ge-
ometries of the bare amino acids, whose dipole moments are denoted in Figure 3.33, do
not correspond to the dominant linear conformer but rather show a slight degree of folding
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(Figures A.26(a) and A.27(a)), which would explain the lower computed dipole moment
values. Interestingly, the e�ective dipole moment of BA+ at c → 0 (Figure 3.32(a)) is by
a factor of ∼1/2 lower than the respective GABA value. This value would indeed be ex-
pected on simple electrostatic grounds if one of the charges at GABA was simply switched
o�, which on the other hand underlines the consistency of the present DR experiments.
Similar literature data on the conformation of AABA in aqueous solution is rather sparse.
However, given the structural resemblance, it is reasonable to assume an analogous situa-
tion might also apply for AABA(aq). Rodrigo et al. found evidence for the predominance
of the extended AABA conformer in aqueous solution from di�usion coe�cient and NMR
measurements [275]. However, further investigations of the conformation of AABA in
aqueous solution would certainly be bene�cial to give a de�nite answer.
Transforming the relaxation time of the GABA/AABA reorientation modes, τ1, into the
corresponding rotational correlation time (Section 1.3.6), the modi�ed Stokes-Einstein-
Debye equation (Equation 1.59) can be used to obtain the e�ective volumes of the rotating
species, Ve�. As can be seen in Figure 3.34, the experimental rotational correlation times
can be well �tted by Eq. 1.59, which indicates a constant Ve� (determines the slope in Figure
3.34) over the whole concentration range. Accordingly, neither the hydrodynamics friction
coe�cient, C, nor the molecular volume of the rotating species, Vm, change with increasing
c (Equation 1.60). The latter indicates that the aforementioned systematic decrease of
µe� cannot be linked to systemic changes of the conformation of the amino acids, as the
geometries of the relaxing species stay essentially unperturbed. Using the molecular volume
from the DFT-geometries (Figures A.26(a) and A.27(a)) as a �rst approximation for Vm,
friction coe�cients of C(GABA) = 0.26 and C(AABA) = 0.39 can be obtained. These
values are within the theoretical boundary conditions, stick (C = 1) and slip (C = 0.18 for
GABA and C = 0.11 for AABA), for both amino acids. The higher C value of AABA(aq)
and thus a stronger coupling to the surrounding medium might re�ect the di�erent position
of the amine group and the associated di�erences in the solvent-solute interactions (see
below).
As can be seen in Figs. A.26 and A.27, the dipole moments of GABA and AABA hy-
drates (GABA/AABA·xH2O), estimated from the geometry optimization at the B3LYP/6-
31G(d,p) and B3LYP/6-31++G(d,p) level of theory with the PCM solvation model, are
increased compared to the bare zwitterions. This means that the dipoles of hydrating wa-
ter molecules tend to arrange themselves preferentially parallel with respect to the solute
dipoles, which might lead to an e�ective enhancement of the detected µe� of the amino
acids. A gradual break-down of this orientational correlation with rising c, e.g. by dehy-
dration, might explain the observed decreasing behaviour of µe�. It should be noted that
increasing anti-parallel orientation solute-solute dipoles, similarly to BACl(aq), would lead
an equivalent e�ect, although a DRS study of Rodríguez-Arteche et al. found that the
tendency to dipolar alignment of the zitterions in various aqueous amino acid solutions
is very weak [228]. It should also be pointed out that the latter picture implies that the
above discussion of the assignment of a speci�c conformer as the predominant form in aque-
ous solution, simply based on the magnitude of the dipole moment value, is not entirely
permissible, as dipolar correlations most likely also have a non-insigni�cant contribution.



3.3. γ-AMINOBUTYRIC ACID, α-AMINOBUTYRIC ACID &
N-BUTYLAMMONIUM CHLORIDE 101

0 1 2 3 4 5 6
22

24

26

28

30

ef
f(G

A
B

A
) /

 D

c(GABA) / mol L-1

a b

0.0 0.5 1.0 1.5
12

14

16

18

20

22

24

ef
f(A

A
B

A
) /

 D

c(AABA) / mol L-1

Figure 3.33: E�ective dipole moments, µe�, of (a) GABA and (b) AABA as obtained from
the DR spectra at 25°C. The symbols denote the experimental data, solid lines represent
empirical weighted �ts. Hollow symbols were excluded from the �ts. The dashed lines
indicate the the calculated (Gaussian 09, B3LYP/6-31G(d,p) and B3LYP/6-31++G(d,p)
with the PCM solvation model) apparent dipole moments of the respective molecules.

However, in order to resolve the extent of both e�ects, the hydration of the solute, which
is inevitably linked to the solute structure and its dynamics, has to be analyzed.

3.3.5 Solvent Relaxations - Hydration of GABA, AABA and BACl

BACl(aq). Following the procedure described in 3.1.6, the numbers of irrotationally
bound water molecules, Zib, of the BA+(aq) cation were obtained from the bulk-water
relaxation mode l = 3 (Figure 3.35(a)). As a slow-water process could not be resolved in the
BACl(aq) DR spectra, the Zib numbers equal the total e�ective hydration numbers of the
solute. The corresponding hydration numbers of the unprotonated n-butylamine [250] are
shown for comparison in Figure 3.35(b). The Zib values of both species decrease continously
with increasign c, as would be expected from the decreasing solvent-to-solute number ratio
and the increasing hydration shell overlap [22]. Extrapolation to c → 0 yielded in�nite
dilution hydration numbers of Z0

ib = 3.9 ± 0.4 and Z0
ib = 1.7 ± 0.1 for BA+(aq) and n-

butylamine(aq), respectively. These numbers are markedly lower than the total number
of �rst neighbour solvent molecules around BA+ (∼ 34) and n-butylamine (∼ 33), as
estimated from the solvent accessible surface area of the computed geometries in Figure
A.25. As irrotational bonding is commonly associated with the hydration of polar moieties,
rather than hydrophobic hydration of non-polar groups [22, 237], the present Zib values
can readily be assigned to -NH+

3 /-NH2 · ··H2O interactions. Literature data on hydration
of BA+ and n-butylamine is rather sparse. However, information on the hydration of
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the shorter homologues, e.g. methylammonium/methylamine, is more common and the
hydration structure of the head-group would not be expected to strongly di�er among the
n-alkylamines, as long as the alkyl chain is not too long so that aggregates (e.g. micelles)
start to form.
Theoretical studies of the unprotonated methylamine in aqueous solution reported ∼ 3
water molecules to be strongly bound by the -NH2 group [236, 276]. The RISM calculations
of Fedotova and Kruchinin revealed a coordination number of CN1 ≈ 7 [17]. In contrast
to BA+, which posses only H-bond-donor capabilities, n-butylamine can also accept one
hydrogen bond from the solvating water molecules [277]. The n-butylamine molecules are
known to form ∼2 H-bonds with the hydrating water in total [17, 276]. This number
coincides well with the observed in�nite dilution hydration number of Z0

ib = 1.7 observed
by DRS for n-butylamine in water (Figure 3.35(b)). One of these two bonds corresponds
to a -H2N· · ·H-OH proton acceptor bond, while the two H-bond donating sites at -NH2 lead
to the formation of e�ectively one H-bond with water in total [236, 268, 276]. The water
molecules coordinated at the amine hydrogens were reported to undergo a comparably fast
exchange, implying a weaker interaction strength compared to the strong proton acceptor
bond [236].
The coordination numbers of the ammonium group at the methylammonium cation re-
ported in literature vary in the range CN1 ≈ 3 − 8 [234, 261, 278, 279]. Similarly to the
unalkylated ammonium ion, NH+

4 [170, 231�233], the hydration shells of alkylammonium
cations are often classi�ed as labile [234, 261]. The mobility of water molecules in the
vicinity of the ammonium moiety was reported to be unchanged compared to the bulk
and a high �exibility of the hydration shell was observed by MD simulation of Chaiyasit
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et al [261]. On the other hand, some simulation studies found evidence for a rather sta-
ble solvation sheath around the onium cation [235, 236]. Hesske and Gloe [236] reported
markedly higher residence times for water at the onium moiety compared to the unpro-
tonated molecule and 4.2 H2O molecules were found to be located in the �rst hydration
layer around the -NH+

3 group of the methylammonium cation. For glutamate ∼ 5 water
molecules were found to be irrotationally bound at in�nite dilution and the presence of such
strongly bound water was discussed to be linked to the onium group (Section 3.2). Kuntz
[280] measured a hydration number of 4.5 for the sidechain of lysine by NMR experiments
of frozen polypeptide solutions. All these numbers agree exceptionally well with Z0

ib ≈ 4
obtained for n-butylammonium by DRS. A higher in�nite dilution hydration number of ∼ 8
for BA+ (∼ 5 for n-butylamine) was obtained from acoustic measurements by Burakowski
and Gli«ski [281]. Note that although the number of strongly bound water molecules of
the BA cation is higher compared to the uncharged n-butylamine (∆Z0

ib ≈ 2), the hy-
dration of the former breaks down much faster with increasing c (dZib/dc ≈ -1.8 Lmol−1

vs -0.18 Lmol−1), which suggest that, in spite of the relatively higher number of water
molecules e�ectively �frozen� on the DRS timescale at the onium group, its hydration
sheath crumbles very fast when steric stress is increased. This observation of a relatively
strong hydration at low c but a fast break-down of the solvation sheath as the concentration
is increased might explain the discrepancy of the literature data of whether the hydration
structure of the alkylammonium ion can be classi�ed as �exible or rather stable. Note that
a similar behaviour was observed for glutamate (Section 3.2), for which Zib(Glu−) declines
fast with solute concentration.
At this stage, it is instructive to compare the present results to the hydration of butanoate,
as investigated by DRS [237]. In contrast to BACl(aq), no irrotationally bound water could
be detected for the butanoate solutions. On the other hand, an intense slow-water mode
was clearly discernible in the DR specta, revealing an in�nite dilution hydration number
of Z0

s ≈ 33. At higher concentration, a value of Zs(c → ∞) ≈ 6 was systematically
approached. The latter value was attributed to the number of water molecules impeded
in their dynamics by hydrophilic hydration of the carboxylate moiety [160]. The di�er-
ence, Z0

s − 6 ≈ 27, could thus be readily assigned to the hydrophobic hydration of the
alkyl chain. The hydration butanoate is distinctly di�erent from BA+ and, given their
structural similarity (both contain a linear alkylchain and a charged headgroup), quite
surprising. However, it should be kept in mind that the sign of charged entities, and thus
the di�erences in their polarizabilities, play a major role in the solvation strength and
structure [34, 282]. A Monte-Carlo simulation study of acetate and methylammonium in
aqueous solution by Alagona et al. [234] showed that, in contrast to acetate anion, the
methyl group of the methylammonium cation is partly charged by the onium moiety, which
results in stronger (less hydrophobic) -CH3�H2O interactions. A similar e�ect was found
by Meng and Kollman using MD simulations [279]. A smearing-out of the positive charge
even beyond the �rst methylene group was reported by James Port and Pullman [283] for
tetraethylammonium cations and Davis et al. [284] con�rmed in an experimental Raman
spectroscopy study that alkyl chains at onium cations are markedly less hydrophobic due
to charge delocalization compared to alkylcarboxylates. Although some contribution of
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dynamically slowed down water could be at least indirectly observed in the DR spectra of
BACl(aq) in the form of the broadening parameter, α3, and the increasing behaviour of
the bulk-water relaxation time, τ3 (Table 3.12), a resolution of this solvent mode was not
possible. Thus, a similar polarization e�ect of the linear butyl chain might be conceivable
for the studied BA+ cation, which could explain the virtual absence of hydrophobically
impeded water fraction in the BA+(aq) solutions. Interestingly, a slow-water mode could
be resolved and assigned to the hydrophobic hydration of the alkyl moieties for Me4N+(aq)
(Section 4.2), as well as AcCh+(aq) and Car+(aq) (Section 3.1), which would imply that
such a charge delocalization e�ect is more pronounced in monoalkylammonium molecules
compared to tetrasubstituted cations.
Furthermore, cooperative hydrophobic-hydrophilic hydration e�ects at the alkylcarboxy-
late, similarly to the results of Reference [230], might also lead to markedly di�erent hy-
dration structures of BA+ and butanoate. In the cited Car-Parrinello study, the hydration
1-ethyl-3-methyl-imidazolium chloride was investigated and it was found that that hydrat-
ing water at the imidazolium-chloride IPs aligns itself in such a ways that hydrophilic as
well as hydrophobic hydration patterns are adopted at the same time, without any ori-
entational mismatch in the region between the polar and unpolar groups. Thus, higher
hydration numbers would be expected for species with such a feature. A similar e�ect
might apply for butanoate, for which much higher Zt values compared to BA+(aq) are
observed.
Although there are strong hints that these e�ects might be present for the two systems,
a clear evidence cannot be given here, since DRS only provides a macroscopic rather
than microscopic picture on the solute hydration. Further investigations, such as MD
simulations, which have the ability to scan the water dynamics and orientation around the
solute, would certainly shed some light on this issue.
GABA(aq) and AABA(aq). The e�ective hydration numbers of GABA and AABA,
obtained from the solvent-related modes of the dielectric spectra, are shown in Figure 3.36.
The respective in�nite dilution values of both solutes are listed in Table 3.13. Despite the
comparable overall magnitude of the hydration numbers and fairly comparable Z0

ib values,
the hydration of the two amino acids di�ers noticeably. The total hydration number of
GABA(aq) solutions decrease continuously with c, while a rather constant value Zt(c) ≈
Z0
t = 9.4 ± 0.8 can be observed for AABA(aq) over the studied concentration range.

Here, it should be kept in mind that the covered concentration range was signi�cantly
smaller for AABA(aq) solution due to solubility limits. The slow-water mode could not be
resolved in the AABA(aq) spectra at low concentrations, resulting in vanishing Zs values
at c(AABA) ≤ 0.4033M. At c(AABA) > 0.4033M, a slow-water mode appeared and its
amplitude increased continuously with c (Table 3.11, Figure A.23). The thus obtained Zs

values increase with increasing AABA concentration (Figure 3.36(b)) and a plateau value of
∼ 6 is approached as c(AABA) is reaching the solubility limit. The Zs values of GABA(aq),
for which the slow-water mode was describable over the complete concentration range,
decrease steadily from Z0

s = 10 to ∼ 2 a high c. The Zib values decline systematically with
rising solute concentration for both amino acids. However, the deduced in�nite dilution
numbers of irrotationally bound water are markedly higher for AABA (Table 3.13). The
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Figure 3.35: Numbers of irrotationally bound solvent molecules, Zib, of (a) BA+ and (b)
n-butylamine at 25 °C. Dashed lines denote linear weighted �ts.

Zib values of AABA(aq) decrease from 9.4 at c → 0 to ∼ 3 at the highest concentration.
The respective value of GABA(aq) decline from ∼ 2 at in�nite dilution to Zib ≈ 0 at high
GABA concentrations. Note that the unphysical Zib < 0 values at c(GABA) ≥ 4.460M
can regarded as ∼ 0 within the error limits (Figure 3.36(a)). Despite the higher Zib values,
a steeper overall decrease with rising solute concentration can be observed for AABA(aq)
(dZib/dc ≈ -4 Lmol−1) compared to GABA(aq) (dZib/dc ≈ -1 Lmol−1). Note that in
Section 3.2 a similarly fast dehydration (dZib/dc ≈ −5Lmol−1, Figure 3.21) was observed
for Glu−, whose chemical structure di�ers from AABA only by the presence of a -COO−

at the γ-carbon.
Clearly, the hydration water dynamics of the two amino acids, which only di�er in the
position of one functional group, is signi�cantly di�erent. Note that similar numbers of
∼ 35 and ∼ 34 water molecules can be packed into the �rst shell around the GABA and
AABA molecules, respectively, as retrieved from solvent accessible surface area calcula-
tion of the structures in Figure A.26(a) and A.27(a). However, given that the hydration
is governed by short-range interactions, there is no necessary reason why the hydration
structure should be the same for the two isomers, although it seems intuitively sensible at
�rst. The concentration-behaviour of the hydration numbers of GABA(aq), for which the
charged groups are relatively far away, is at least qualitatively comparable to the hydration
of its functional components: the existence of a pronounced slow-water fraction and the
decline of the Zs values with increasing c is consistent with the hydration properties of the
butanoate anion [237]. As no slow-water could be found in the DR spectra of BA+(aq)
(see above), it might be assumed that the slow-water fraction is most likely associated
with the hydrophilic and hydrophobic hydration of the alkylcarboxylate moiety. Note that
the Zs values observed for GABA(aq) are markedly lower compared to butanoate [237]
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(Z0
s ≈ 10 for GABA vs Z0

s ≈ 33 for butanoate). This di�erence might be due to the
hydrophobicity diminishing e�ects of the alkyl chain imposed by the onium group, as dis-
cussed above. Keeping in mind that the major proportion of the Zs of butanoate is linked
to the hydrophobic hydration of the hydrocarbon chain, a lower Zs would be expected for
GABA(aq). In accordance with this view, Pottel et al. [256] reported a higher number
of slowed down water molecules, ∼ 18 − 12, for the deprotonated GABA molecule in a
1M solution compared to the (protonated) zitterionic form (∼ 9 − 11). The deceleration
of the water dynamics at the carboxylate group was reported to be not strong enough to
�freeze� the water molecules on the DRS timescale [237]. Thus, the observed Zib values
of GABA(aq) can be attributed to the hydration of the protonated amine moiety and the
derived Z0

ib value of ∼ 2 is rather close to the BA+(aq) value of ∼ 4 (Figure 3.35).
On the other hand, the close proximity of the charged onium and carboxylate moities
in AABA completely annihilates the possibility of predictability of its hydration pattern
on the basis of the hydration of the individual functional groups. The higher in�nite
dilution number of strongly bound water molecules of AABA(aq) might be associated with
the closer location of the two oppositely charged groups, which might lead to a stronger,
presumably cooperative, binding of the water dipoles at the charged moieties. Similar
to present results, a higher number of strongly bound water molecules was found for the
α-alanine compared to the β-isomer [228]. A similar situation might also apply for Glu−

studied in Section 3.2. Note that the higher Zib values of AABA compared to GABA
are consistent with the higher hydrodynamic friction coe�cient values for AABA for the
reorientation of zwitterions in solution (Section 3.3.4). As the total number of dynamically
a�ected water molecules stays fairly constant for AABA(aq), it can be assumed that the
solvent molecules, which are initially �frozen�, regain some of their mobility with rising c
such as they contribute as slow-water to the DR spectra. Interestingly, the plateau values
of Zs ≈ 6 coincides with the number of water molecules bound to the carboxylate group of
an alkylcarboxylate anion [16, 160, 234, 237, 280].
The present total hydration number of AABA are generally higher than the observed liter-
ature values. Adiabatic compressibility and viscosity measurements [281, 285] revealed an
in�nite-dilution hydration number of ∼ 3. Suzuki et al. [257] reported ∼ 7 water molecules
being impeded dynamically by the AABA molecule by using DRS in a 0.2M solution at
20 °C. A THz-spectroscopy study of an aqueous ∼ 0.5M AABA solutions at 26.85 °C sug-
gested a hydration number of ∼ 6 [286]. It should be mentioned that in the latter study the
hydration number was derived from the bulk-water relaxation mode centered at 19GHz,
while the studied frequency ranges was limited to 200−12000GHz [286]. The resolution of
a mode located far outside the scanned frequency range is usually not unproblematic and
higher errors in the amplitude would be expected. Thus, the comparison of the present
results with the THz data of Ref. [286], which were also measured at slightly higher tem-
peratures, should be taken with care. The Z0

ib value of the structurally-related Glu− of
∼ 5 is markedly lower than the present AABA value. Analogous to the latter, this �frozen�
water fraction was discussed to originate (most likely) from the hydration of the backbone
of the α-amino acid (Section 3.2).
The dielectric relaxation study of Pottel et al. of 1M GABA(aq) solutions at 25 °C yielded
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∼ 9− 11 slowed-down molecules [256], which coincides exceptionally well with the present
results (Zs(1M) ≈ 9, Figure 3.36). A more recent dielectric/fs-IR study of GABA(aq) by
Ottosson et al. [41] showed comparable but slightly higher Zib and Zs values over a similar
concentration range. The reported Zib values of GABA decreased from ∼ 4 to ∼ 1 in
the concentration range 1 ≤ c(GABA)/M ≤ 6. Analogously, the Zs values declined from
∼ 14 to ∼ 6. Acoustic measurements of aqueous GABA solution revealed a hydration
number of 7.2 at in�nite dilution [281] and a theoretical study by Ramek and Nagy [287]
indicated that GABA forms in total ∼ 6.5− 8 stable H-bonds with water. Assuming that
Zs(-COO−) ≈ 6 water molecules are slowed down in the vicinity of the carboxylate group
[237], the latter literature values are in good agreement with the number of water molecules
bound by the hydrophilic moieties, Z0

ib + Zs(-COO−) ≈ 8.
At this stage, it is instructive to try to relate the hydration results to the obtained dipole
moments of the respective molecules. As discussed in the previous section (Section 3.3.4),
the behaviour of the experimental dipole moments of GABA(aq) and AABA(aq) might
be associated to its interaction with the surrounding solvent molecules. In Figure 3.37
the e�ective dipole moments of the two amino acids are plotted against the number of
strongly bound water molecules. As can be seen, µe� of both molecules show a marked
linear dependence on Zib. The positive slope implies that the strongly bound water dipoles
align themselves preferentially parallely with respect to the solute dipoles. As the solute
concentration increases, a decrease in Zib is observed (Figure 3.36) and as consequence
thereof the dipolar correlations break down. Interestingly, the slope of the linear �t in
Figure 3.37 was identical for the two zwitterions (dµe�/Zib ≈ 0.4D), indicating a similar
mechanism of dipolar coupling of the two structurally related molecules. Extrapolation of
the curves in Figure 3.37 to Zib → 0 yields the e�ective dipole moments of the essentially
bare zwitterions. For GABA(aq) µZib→0

e� = 23D is thus obtained, while a value of µZib→0
e� =

19D is found for AABA(aq). The latter value is higher than the computed dipole moment
of the bare AABA zwitterion (14.0D; Figure A.27(a)). The obtained dipole moment of the
non-strongly hydrated GABA molecule agrees well with µcalcap = 23.5D obtained from DFT
calculations (Figure A.26(a)) and, to take up the discussion of the GABA conformation of
the previous section, the relatively high µZib→0

e� value con�rms that the folded, �proline-like�
conformer is most probably less stable than the (at least partly) elongated form in aqueous
solution.

3.3.6 Concluding Remarks

The dielectric spectra of BACl(aq) were �tted by two Debye and one Cole-Cole equation. A
distinct slow-water process was not discernible in the present spectra over the studied con-
centration range. The low-frequency process in the DR spectra of BACl(aq) was assigned
to a possible IP relaxation. Since the association constants retrieved from the latter mode
were found to be too high, a non-negligible IC contribution was suggested to contribute
signi�cantly to the low-frequency mode of the BACl(aq) spectra, masking the IP response.
The obtained e�ective dipole moments of BA+(aq) and n-butylamine decreased systemati-
cally with increasing concentration. Besides possible concentration-induced conformational
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Table 3.13: In�nite dilution hydration numbers, Z0
t , Z

0
s and Z0

ib of GABA(aq) and
AABA(aq) at 25C. The errors were obtained from the standard errors of the empirical
�ts.

Z0
t Z0

s Z0
ib

GABA(aq) 11.3± 0.7 9.8± 0.3 1.6± 1
AABA(aq) 9.4± 0.8a 0± 0.4 9.4± 1.2b

aSlope of the linear �t was �xed to 0; bZ0
ib

were calculated from the extrapolated Z0
t

and Z0
s values according to Z0

ib = Z0
t - Z0

s
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Figure 3.37: E�ective dipole moments, µe�, of (a) GABA and (b) AABA as a function of
Zib. The dashed line indicates a linear �t.

changes, potential dipolar solute-solute correlations were discussed to be responsible this
e�ect. The analysis of the solvent-related mode revealed ∼ 4 and ∼ 2 irrotationally bound
water molecules at the the onium and amine moiety, respectively. The obtained hydration
numbers suggested a markedly di�erent hydration pattern of BA+(aq) compared to its
couterpart, the butanoate anion. The inability to resolve a slow-water mode in BACl(aq)
spectra was discussed to be associated with hydrophobicity-diminishing e�ects of the onium
group.
The dielectric spectra of GABA(aq) were successfully �tted by a combination of four De-
bye equations. A three Debye model had to be used at lower concentrations of AABA(aq),
while at higher AABA(aq) concentrations four Debye equations described the spectra sat-
isfactorily. Whereas the total hydration numbers at in�nite dilution were comparable for
both zwitterions, signi�cantly higher Z0

ib value were observed for AABA(aq) and the trends
of Zs were crucially di�erent for both amino acids. These discrepancies were discussed to
be linked to the di�erent locations of the onium moiety and the associated e�ects on the
hydration structure. It was found that the solvation structure and dynamics of GABA(aq)
could be fairly well modeled by considering the hydration characteristics of the individual
functional groups, while the close location of the charged groups prohibited such a simpli-
�ed approach for AABA(aq). The obtained e�ective dipole moments of GABA(aq) and
AABA(aq) were found to decrease with increasing solute concentration for both molecules.
Consistent with the observed hydration numbers, this decline was argued to be linked to
the gradual loss of preferentially parallely aligned and tightly bound water dipoles at the
zwitterions with increasing c. The magnitude of the dipole moment values of GABA(aq)
suggested that the folded (ring- or proline-like) conformer is most likely of minor impor-
tance in aqueous solution.
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The latter results underline that the dissimilar bioaction of GABA and AABA may not
only be linked to their di�ering spatial structures, in the sense of molecular recognition, but
there a also marked di�erences regarding their interaction with the surrounding medium,
i.e., water, which could be clearly observed in this dielectric study and which should equally
be taken into account when discussing the biological behaviour of the two compounds.



Chapter 4

Inorganic Salt Solutions

The materials presented in this chapter form the basis for the paper:

Friesen, S.; Hefter, G.; Buchner, R. Cation Hydration and Ion Pairing in Aqueous Solutions
of MgCl2 and CaCl2. J. Phys. Chem. B 2019, 123, 891�900.

The following �rst section closely follows the publication.

The chemical, and hence biological, behaviour of ions in aqueous solution is governed by
a subtle interplay between their level of hydration and their interactions with other ions,
especially those of opposite charge [282, 288]. In more general terms, their chemical char-
acteristics are re�ected in a subtle balance between solute-solvent and solute-solute inter-
actions: relatively minor changes in either can result in dramatic di�erences in behaviour
and function [26].
However, before the e�ect of the ions on the structure and dynamics of biomolecules can
be studied, the properties of the salts in water have to be analyzed, in order to disentangle
the speci�c ion-solvent and ion-biomolecule e�ects. In the following, MgCl2(aq), CaCl2(aq)
and NH4NCl(aq) solutions will be discussed.
As LiCl(aq) [289], NaCl(aq) [55, 186], KF(aq) [290, 291] and KCl(aq) [292] were already
studied and, for the most part, published in previous works, it was refrained from remea-
suring or discussing these binary systems in detail in the framework of this thesis.

4.1 Magnesium Chloride and Calcium Chloride

The alkaline earth metal ions magnesium(II) and calcium(II) are omnipresent in nature
[225]. For instance, Mg2+ is the second most common cation in seawater [293] (and most
natural water bodies [294]), while Ca2+ is the most abundant metal cation in the human
body (mostly in bones and teeth) [288]. Both ions have profound biological importance.
Thus, Mg2+ is essential for stabilization of proteins, polysaccharides, lipids and DNA/RNA
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molecules. Its concentration is in the mM range inside and outside the human cells. The
calcium ion is critical for bone formation, blood coagulation, enzymatic reactions and it
plays a key role in signal transduction processes [288]. The resting Ca2+ concentration
inside human cells lies in the region ∼ 0.01 − 0.05µM (can increase up to 1mM upon
stimulation) and ∼ 3mM in the extracellular �uid [295].

The signi�cance of both ions in anorganic chemistry and biology is indisputable. Accord-
ingly, aqueous solutions of MgCl2 and CaCl2 have been studied extensively by traditional
techniques such as conductometry and potentiometry [296, 297] and using modern in-
strumental methods such as X-ray [42, 46, 298, 299] and neutron di�raction [300, 301],
extended X-ray absorption �ne structure (EXAFS) spectroscopy [45, 302, 303], and by
computer simulations [300, 301, 304�310]. Much has been learnt from these studies re-
garding the structure and the dynamics of these solutions. With regards to hydration
there is a general consensus that Mg2+(aq) is surrounded by two well-formed layers of wa-
ter molecules whose dynamics di�er considerably from those of bulk water. The character
of the hydration of Ca2+(aq) is still a hotly debated topic even though most investigations
conclude that it is somewhat less strongly hydrated than Mg2+(aq).

Both MgCl2(aq) and CaCl2(aq) have commonly been considered archetypal strong 2:1
electrolytes [297]. Nevertheless there is some evidence, primarily from traditional methods,
of a small amount of ion association [311]. It is highly important to resolve this issue, as
even small ion-pairing (formation) constants can signi�cantly alter chemical speciation at
moderately concentrated solutions.

Besides the ability to analyze the hydration structures and its dynamics, DRS is a very
sensitive, albeit not the most accurate, probe of ion pairing in electrolyte solutions, with
a unique ability to detect di�erent kinds of IPs with the sensitivity: 2SIP > SIP > CIP
[312].

The present study reports a detailed investigation of the dielectric spectra of aqueous
solutions of MgCl2 and CaCl2 at 25 °C and concentrations up to ∼ 1.8mol L−1. Apart
from two rather old studies [44, 313] made over more limited frequency ranges, this is the
�rst broadband DRS study of the aqueous solutions of these two important salts.

4.1.1 Data Acquisition and Processing

The sample preparation and handling was carried out according to procedures in Sections
2.1 and 2.2. The measured densities, viscosities and conductivities (Section 2.4) of the
MgCl2(aq) and CaCl2(aq) solutions are summarized in Tables A.13 and A.14, respectively.
The dielectric spectra were recorded in the frequency range 0.05 - 89GHz at 25 °C (Dielec-
tric probe kit VNA setup + E-band interferometer, Section 2.3). As pointed out in Section
1.1.2, the lowest accessible frequency, νmin, increases with increasing conductivity, that is,
with increasing salt concentrations. Accordingly, νmin was always 0.07 ≤ ν/GHz ≤ 0.66
for the highly conductive MgCl2(aq) and CaCl2(aq) solutions (Tables A.13 and A.14).
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4.1.2 Fitting Models and Assignment of Modes

Combinations of up to �ve HN-equations (equation 1.41) were tested to �t the dielectric
relaxation spectra. Consistent with the Zasetsky plots (Figures A.28 and A.29), a sum of up
to four Debye processes (D+D+D+Dmodel) for MgCl2(aq) and up to �ve (D+D+D+D+D
model) for CaCl2(aq) solutions provided the best description of the recorded spectra. The
parameters obtained from these �ts are shown in Tables 4.1 and 4.2. As usual, modes are
numbered from lower to higher frequencies. For clarity in the following discussion j will be
used to identify only MgCl2(aq) modes; modes in CaCl2(aq) solutions will be designated
as l. Further, for reasons that will become obvious, the lowest frequency process observed
for CaCl2(aq) solutions will be de�ned as the l = 0 mode.

The dielectric spectra and their evolution with rising salt concentration are shown in Fig-
ure 4.1. The dominant mode (j, l = 3) in the spectra, centered at ∼19-26GHz, can be
unambiguously assigned, on the basis of its location and intensity, to the cooperative re-
orientation of bulk water molecules [22, 150]. The amplitude of this mode, S3, decreased
systematically with increasing solute concentration for both systems (Figures A.30 and
A.31). Also apparent in the spectra (Figure 4.2) is a low intensity mode (j, l = 4) centered
well above the present upper-frequency limit. This mode can be attributed to the fast
switch of H-bond connections between adjacent H2O molecules via a triangular transition
state as mentioned previously (Section 3.1). Since the present spectra were limited to
ν ≤ 89GHz it was not possible to resolve this process completely, as has been also found
for various electrolyte systems [55, 98, 151]. Accordingly, its relaxation time, τ4, was �xed
at the neat water value of 0.278 ps [154] (except for c(CaCl2) ≤ 0.085M; Table 4.2).

The lower-frequency modes (j, l ≤ 2) in the present spectra appear upon addition of salt
and are thus solute-related. For MgCl2(aq), two solute-modes (j = 1, 2), whose amplitudes
varied with c, were observed (Table 4.1, Figure A.30). All of the ions present in these
solutions are symmetrical, consequently, they do not have permanent dipole moments and
thus do not contribute (directly) to the DR spectra. It is therefore reasonable, given their
locations and intensities, to assign both of these modes to ion pairs, having lifetimes at
least similar to their rotational correlation times.

Similarly, modes (l = 1, 2) observed in the CaCl2(aq) DR spectra (Table 4.2, Figure A.31)
can reasonably be attributed to (solvated) ion-pairs. However, an additional slow process,
which was labeled l = 0 for convenience, variably centered at 15-270MHz (∼1100-600 ps),
was also detected at least in some spectra. While this mode might also be related to ionic
aggregates, the long relaxation time, the increase and subsequent decrease of its amplitude,
S0, at low c, followed by its disappearance altogether from the spectra at c & 0.45M,
are more consistent with an ion-cloud relaxation rather than ion pairs [55, 166]. The
absence of a similar e�ect for MgCl2(aq) may re�ect the more tightly bound hydration
shell of Mg2+ cf. Ca2+ (see below), or that the IC mode may have shifted to ν < νmin
since the IC relaxation time varies with ∼ 1/κ [54]. Alternatively, it may simply re�ect
the accumulation of experimental errors in the DRS measurements at low ν of strongly
conducting systems.
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Table 4.1: Static permittivity, ε, relaxation amplitudes, Sj, relaxation times, τj (j =
1, ..., 4), in�nite frequency permittivity, ε∞, and the reduced error function, χ2

r , of the
D+D+D+D model �tted to the DR spectra of MgCl2(aq) at 25 ◦C.a,b

c ε S1 τ1 S2 τ2 S3 τ3 S4 τ4 ε∞ χ2
r

0c 78.37 � � � � 72.42 8.35 2.43 0.278 3.52 0.0056
0.03094 78.5 1.77 487 0.7F 18.0F 70.3 8.20 2.20 0.278F 3.52F 0.0295
0.07636 78.1 2.58 279 0.9F 18.0F 68.8 8.20 2.31 0.278F 3.52F 0.0543
0.1513 76.0 2.88 165 1.22 17.5 65.9 8.12 2.47 0.278F 3.52F 0.0609
0.3064 71.6 2.55 145 1.8F 18.0F 60.7 8.10 2.99 0.278F 3.52F 0.105
0.4105 69.7 2.38 113 2.05 16.8 58.7 8.14 3.01 0.278F 3.52F 0.106
0.5180 66.3 1.48 128 2.98 21.0 55.0 8.08 3.33 0.278F 3.52F 0.155
0.6270 63.2 0.510 82.4 4.7F 23.6 51.5 7.93 2.89 0.278F 3.59 0.145
0.8481 58.8 0.450 94.5 7.66 16.9 44.0 7.52 3.15 0.278F 3.52F 0.102
1.079 53.6 � � 8.72 16.2 37.9 7.40 3.53 0.278F 3.52F 0.0926
1.371 49.6 � � 11.4 14.3 31.1 7.00 3.50 0.278F 3.52F 0.0980
1.642 45.3 � � 12.5 13.8 25.4 6.74 3.85 0.278F 3.52F 0.0887

aUnits: c in mol L−1; τj in ps. bparameter values followed by �F� were �xed. ctaken
from Ref. [97].

Table 4.2: Static permittivity, ε, relaxation amplitudes, Sl, relaxation times, τl (l = 0, ..., 4),
and in�nite frequency permittivity, ε∞, of the D+D+D+D+D model �tted to the DR
spectra of CaCl2(aq) at 25 ◦C. a,b

c ε S0 τ0 S1 τ1 S2 τ2 S3 τ3 S4 τ4 ε∞ χ2
r

0c 78.37 � � � � � � 72.42 8.35 2.43 0.278 3.52 0.0056
0.04865 80.7 2.55 1124 1.61 241 � � 70.5 8.30 2.65 0.702 3.45 0.0315
0.08515 78.2 3.07 982 1.98 167 0.248 20.0F 66.7 8.08 2.65 1.11 3.52F 0.0950
0.2173 76.4 2.15 900F 2.79 137 2.44 20.6 62.8 7.85 2.65 0.278F 3.52F 0.0777
0.4349 69.7 1.18 600F 2.70 97.7 3.25 18.2 56.3 7.61 2.78 0.278F 3.52F 0.105
0.6106 64.3 � � 1.27 132 4.04 22.0 52.3 7.58 3.18 0.278F 3.52F 0.105
0.7849 60.4 � � 1.26 182 5.03 20.0F 47.6 7.30 3.02 0.278F 3.52F 0.108
0.8726 57.8 � � � � 5.75 22.4 45.3 7.21 3.22 0.278F 3.52F 0.114
1.050 54.0 � � � � 7.06 17.8 39.8 6.96 3.56 0.278F 3.52F 0.117
1.225 50.6 � � � � 7.85 19.0F 35.5 6.56 3.64 0.278F 3.52F 0.158
1.786 44.8 � � � � 8.76 17.7 28.4 6.07 4.12 0.278F 3.52F 0.146

aUnits: c in mol L−1; bτj in ps. parameter values followed by �F� were �xed. ctaken from Ref. [97].
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Figure 4.1: Relative permittivity, ε′(ν), and dielectric loss, ε′′(ν), spectra of (a) MgCl2(aq)
(0.03094 ≤ c/mol L−1 ≤ 1.642) and (b) CaCl2(aq) (0.04865 ≤ c/mol L−1 ≤ 1.786) at 25 °C.
Symbols denote the experimental data. Solid lines represent the �ts. For visual clarity
data points are only shown for selected samples. Arrows indicate the trend with increasing
electrolyte concentration.
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Figure 4.2: Dielectric loss spectrum, ε′′(ν), of (a) 0.3064M MgCl2(aq) and (b) 0.4349M
CaCl2(aq) at 25�. Experimental values are denoted by symbols, the solid line represents
the overall �t. Shaded areas indicate the contributions to the spectrum from the various
D modes.
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4.1.3 Solute Relaxations- Ion Pairing

Although MgCl2 and CaCl2 have long been considered as archetypal strong 2:1 electrolytes,
the appearance of solute-dependent modes at low frequencies in the DR spectra can be
considered as evidence for at least some degree of ion pairing, if the following conditions
are ful�lled. First, all free ions present in the solutions must be fully symmetrical and thus
not contribute to the spectra (µion = 0). Second, while ion-cloud relaxation undoubtedly
contributes to the spectra at low ν its contribution should become small and negligible
at higher ν and higher c. Third, no distinct slow-water or other plausible modes should
contribute signi�cantly to the spectra in the region of the resolved solute modes. As all of
these criteria have been met, it is safe to conclude that the �nite amplitudes of modes 1
and 2 indicate the presence of small amounts of ion pairs.
Ion pairing in electrolyte solutions can be best described by the well-established Eigen-
Tamm mechanism [314, 315]. According to this model, free solvated ions initially associate,
with their �rst hydration shells intact, to form double-solvent-separated ion pairs (2SIPs).
These may then lose their intervening water molecules, forming successively solvent-shared
(SIPs) and contact ion pairs (CIPs). Assuming that only 1:1 IPs are formed, the process
of the present system can be written as

M2+(aq) + Cl−(aq)
free ions

K2SIP



[
M2+(OH2)(OH2)Cl−

]
(aq)

2SIP

KSIP



[
M2+(OH2)Cl−

]
(aq)

SIP

KCIP



[
M2+Cl−

]
(aq)

CIP

(4.1)

Note that the above mechanism does not necessarily mean all three types of IPs should
always be detectable in solution. Depending on the stability of the IP species, only one or
two kinds of the above proposed IPs might be present.
The overall ion-association equilibrium constant, KA, which is directly measured by ther-
modynamic techniques and by conductometry, is related to the above equilibrium constants
via

KA =
cIP
c+c−

= K2SIP +K2SIPKSIP +K2SIPKSIPKCIP (4.2)

where cIP(= c2SIP + cSIP + cCIP) is the total concentration of all IPs formed and c± is the
concentration of the free cations and anions, respectively.
Concentrations of detected IPs were obtained from observed amplitudes S1 and S2 using
equation 1.48. The e�ective dipole moments of the di�erent species, µe�,IP, and the corre-
sponding �eld factors, AIP and fIP, were derived using the procedure of Barthel et al. [72].
Polarizabilities of the IPs were calculated as: αIP = α+ + α− + m · αH2O, where m = 0,
1 or 2 for CIPs, SIPs and 2SIPs, respectively. Polarizabilities of the bare ions [316, 317]
were taken to be 7.13 ·10−32Å3 for Mg2+, 6.3 ·10−31Å3 for Ca2+, 3.42 ·10−30Å3 for Cl− and
1.44 · 10−30Å3 for H2O [318]. The permanent dipole moments of the IPs, µIP, were calcu-
lated using the center of hydrodynamic stress (CHS) as the pivot. This requires detailed
knowledge of the size and shape of the IPs, which are unknown for the present MCl+(aq)
species. However, the CHS can be estimated approximately using the approach of Dote
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and Kivelson [75]. The calculated values of µe�, IP for all the 1:1 species are given in Table
A.15.
The KA values obtained from eqs. 1.48 and 4.2 were �tted as a function of the stoichiomet-
ric ionic strength, I(= 3c), to obtain the standard state (in�nite dilution) quantity, K◦A,
using an extended Guggenheim-type equation (equation 3.2). The �ts are shown in Figure
4.3. Note that similar results (not shown) were obtained using the less-realistic center of
mass as the rotational pivot, and were found to have only minor e�ects on the calculated
equilibrium constants. Such calculations were therefore not further considered.
It should be noted that the relaxation process located at ∼ 1.1GHz could not be resolved
at higher c for either system due to its decreasing intensity (Figures A.30 and A.30; Tables
4.1 and 4.2). Values of S1 under such conditions were therefore extrapolated using an
empirical exponential �t of the amplitudes at lower c. The initial rise and subsequent
decay of S1 with increasing c is fully consistent with the sequential formation of IP species
(eq. 4.1) [319]. Likewise, the value of S2 at the lowest c(CaCl2) was obtained via a simple
polynomial �t of S2(c) at higher c (Table 4.2).
Judging by their relaxation times, modes 1 and 2 could be assigned to the presence of
2SIPs and SIPs, respectively. This assignment is consistent with the strong hydration
of the cations discussed further below and by the physical plausibility of the derived KA

values. The formation of SIPs only involves the loss of a water molecule (equation 4.1)
and so was described by an empirical linear regression: KSIP(I) = K◦SIP +D·I (Figure 4.3).
The values of K2SIP were �tted with equation 3.2 and, since no evidence for signi�cant CIP
formation was found, K◦2SIP was �xed in this �t to the value of K◦2SIP = K◦A/(1 − K◦SIP)
(equation 4.2).
The obtained standard state association constants are shown together with the literature
values in Table 4.3. As expected from their status as classical strong electrolytes, the
overall ion association constant, K◦A, for both salts is rather small. The absence of a
di�erence between the K◦A values for MgCl+(aq) and CaCl+(aq), which would be expected
on electrostatic grounds, re�ects the attenuation of such e�ects by solvation (see below).
Given the general di�culties of quantifying weak complexation [325] and the limits in the
accuracy of the DRS experiment, it is important not to over-interpret the present results.
Nevertheless, the obtained association constants agree broadly with the fairly scattered
values obtained from potentiometry [321�324, 326] and MD simulations [320] (Table 4.3).
The slightly higher present results compared to the literature constants might re�ect the
presence of unresolved (small) IC contributions to the IP modes. Accordingly, the constants
reported here should be regarded as upper limits.
At this stage, it is instructive to discuss the possibility of other relaxation processes, besides
IP and ion-cloud relaxation, which might contribute to the DR spectra in the low-frequency
region. In the view of the weakness of the 1:1 IPs (Table 4.3), signi�cant formation of higher
order species such as triple ions, MCl02(aq), can be ruled out, at least over the present
concentration range. At much higher salt concentrations, packing e�ects and dehydration
dominate and the concept of speci�c individual species becomes less clear-cut.
No CIP relaxation processes were found in either system. Although the relatively short
relaxation time of mode 2 (τ2 ≈ 19ps) might be consistent with the formation of CIPs,
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Figure 4.3: Overall association constant, KA ( ), and step-wise association constants,
K2SIP (�) and KSIP (N), for the formation of 1:1 IPs for: (a) MgCl2(aq) and (b) CaCl2(aq)
at 25� as functions of the stoichiometric ionic strength, I. The solid lines indicate the �t
to equation 3.2; the dashed lines represent empirical linear �ts.
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Table 4.3: Standard-state formation constants, K◦A, K
◦
2SIP and K◦SIP, for 1:1 IPs in

MgCl2(aq) and CaCl2(aq) at 25�.a

MgCl+(aq) CaCl+(aq)

present work literatur present work literature
logK◦A 0.5± 0.2 -0.19 [320]; -0.13b [321];

0.28c [322]; 0.57 [323]
0.5± 0.1 -0.292 [324]; -0.17b [321]; ∼0d

[320]; 0.39c [322]; 0.4 [323];
0.43 [323]

logK◦2SIP 0.4± 0.2 � 0.3± 0.1 �
logK◦SIP −0.6± 0.1 � −0.2± 0.1 �

aK◦A and K◦2SIP in L mol−1; K◦2SIP was calculated from K◦A and K◦SIP and was �xed during �tting;
blogKA in 1M NaNO3(aq); clogKA at I = 0.4M; dValues varied between -0.1 and 0.15.

their inclusion produced unrealistic KA values. Regarding the MgCl2(aq) solutions, the
absence of CIPs is consistent with the strong hydration (see below) of Mg2+(aq) and
a variety of experimental [42, 299, 300, 307] and computational studies [43, 327]. For
CaCl2(aq) the situation is less straightforward: some studies [43, 46, 47, 305, 306] claim
the presence of CIPs, at least at higher concentrations (c & 4M), while many others
[45, 298, 302, 303, 328] report negligible formation. The latter is consistent with present
results and the pronounced hydration of Ca2+(aq) (see below).
Furthermore, the existence, or not, of a slow water mode must also be considered. As
such contributions are usually located at about 15 � 30 ps in the DR spectrum [22], they
might be associated with mode 2. While some slow water can not be ruled out in MCl2(aq)
solutions, the current precision of DR spectra is insu�cient to resolve this mode for the
present electrolyte solutions. All that can be said at this stage is that the intensity of mode
2 is mostly due to SIPs, with some small contribution from slow water and, probably, very
minor contributions from IC relaxation and CIPs.

4.1.4 Solvent Relaxations - Ion Hydration

Using equations 1.48 and 3.4, the e�ective total hydration numbers, Zt, can be determined
from the kinetic depolarization-corrected (Chapter B of the Appendix) sum of the solvent
amplitudes, S3 and S4 (equation 3.3). Since no slow-water mode was discernible in the
present DR spectra, Zt is equal to the number of irrotationally bound water molecules,
Zib. Furthermore, it is known that Zib(Cl−) ≈ 0 [22, 156] and therefore the obtained Zib

values refer to the cations only.
The values of Zib(M2+) obtained for the two cations are shown as functions of concentration
in Figure 4.4. Their magnitudes and variation with c are remarkably similar. Note that
di�erences between Na+(aq) and K+(aq), for example, are much greater [55, 154].
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Figure 4.4: E�ective hydration numbers, Zib, of (a) Mg2+ and (b) Ca2+ at 25 °C. The
dashed lines are linear �ts. The arrows indicate the estimated overlap-onset concentration,
c*, of the overlap of the second hydration shells of the cations. Un�lled symbols denote
data points omitted in the �tting procedure.
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Table 4.4: Overlap-onset concentrations, c* in mol L−1 , for MgCl2(aq) and CaCl2(aq) as
a function of the number of hydration shells around the cation, n+.

n+ c*(MgCl2) c*(CaCl2)

1 3.75 3.22
2 1.05 0.95
3 0.43 0.40

The values of Zib(c) for Mg2+ and Ca2+ were almost independent of concentration at
c . 1M (Figure 4.4). Extrapolation of these values using a weighted least squares linear
�t yielded in�nite dilution hydration numbers, Z0

ib(Mg2+) = 20±1 and Z0
ib(Ca

2+) = 19±1.
Given that true uncertainties are likely to be greater than the regression values *, these two
results are in essence identical. At c ≈ 1M, a small but discernible change in Zib(c) can
be observed for both cations (Figure 4.4), showing a linear decrease at higher c. Similar
trends in Zib have been reported in other electrolyte solutions [55, 98, 154, 319] and are
commonly attributed to hydration-sheath overlap. The onset concentration of such an
overlap can be estimated on simple geometrical grounds. The minimum distance required
to prevent overlap of ion hydration shells is generally given as

dmin = [r+ + (n+·dw)] + [r− + (n−·dw)] (4.3)

where r± is the (crystallographic) radius of a bare ion ( = 0.72, 1.00 and 1.81Å for Mg2+,
Ca2+ and Cl−, respectively) [317], dw = 2.85Å is the diameter of a water molecule [329]
and n± denotes the presumed number of hydration layers around the cation or anion.
n− = 0 was assumed throughout for the weakly hydrated Cl−(aq). The thus obtained
overlap-onset concentrations for various values of n+ are listed in Table 4.4.
The concentration at which the primary hydration layer (n+ = 1) of both cations begins
to overlap (c* > 3M) is outside the present concentration range. On the other hand, the
values of c* at n+ = 2, corresponding to overlap-onset of second hydration shells, agree
reasonably well with the break in the Zib(c) curves at c ≈ 1M (Figure 4.4). Consistent
with the weaker hydration of Ca2+ (see later), the slope at c > 1M is more negative for
Ca2+ (�5.7M−1) than Mg2+ (�3.0M−1). The apparent decrease in Zib(M2+) in the region
0.2 . c/M . 0.5 (Figure 4.4) might indicate the overlap of a 3rd shell (Table 4.4). However,
given the likely uncertainties, this should be rather considered an experimental artifact.
Table 4.5 shows the present Z0

ib values for Mg2+(aq) and Ca2+(aq) along with the corre-
sponding DRS results for comparable (divalent) cations. The present values are slightly
higher than those of the other divalent cations. It should be noted that the latter were
mainly obtained from measurements of more strongly associated (mostly sulfate) salts and,

*Since the �real� errors of the measurement and subsequent �tting were unknown, the error bars in
Figure 4.4 were calculated from the deviation of Sap

b from an empirical polynomial of the form Sap
b (c) =

Sap
b (0) + a·c+ b·c1.5 + d·c2.
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Table 4.5: Ionic radii, r+, and e�ective hydration numbers at in�nite dilution, Z0
ib, deter-

mined by DRS for divalent cations.

Cation r+/pma Z0
ib(M

2+) salt
present work literature

Ca2+ 100 19 � Cl−

Cd2+ 95 � 12 [44] Cl−

Co2+ 75 � 17 [22] SO2−
4

Cu2+ 73 � 19 [22, 44] Cl−, SO2−
4

Mg2+ 72 20 14 [319];15 [44] Cl−, SO2−
4

Ni2+ 69 � 17 [22] SO2−
4

a From Marcus [317]

as such, are probably under-estimates. As would be expected, the values of Z0
ib(M

2+) are
much larger than those of monovalent cations, for which Z0

ib(M
+) ≈ 0 to 6 [22] is usually

observed. Values of Z0
ib(M

3+) for trivalent cations are sparse and show more scatter but
are mostly considerably higher than those for M2+(aq), being located within the range 18
to 44 [22, 98].
As extensively studied by X-ray [170, 299], neutron [300] and Raman scattering [307] in-
vestigations, and MD simulations [42, 307, 309], the magnesium cation has a primary
coordination number of CN1 = 6, with a strictly octahedral geometry [170]. X-ray di�rac-
tion and MD simulation studies have also reported a second hydration shell with CN2 = 12
[170]. Consistent with these �ndings, the present value of Z0

ib(Mg2+) ≈ 20 also suggest
the formation of a well-de�ned, strongly-bound second hydration shell and possibly even a
small amount of ordering of water molecules beyond that shell (CN1 +CN2 < Z0

ib(Mg2+)).
The hydration structure of Ca2+ is less clear-cut. Reported values of the primary coordi-
nation number vary over the range: 6 ≤ CN1 ≤ 10 [170]. The larger values compared to
Mg2+ presumably re�ect the greater size and surface area of the bare calcium ion, which en-
ables more �nearest neighbours� to be packed into the �rst coordination sphere. Literature
data regarding the second hydration shell of Ca2+ are, surprisingly, in good agreement.
A combined EXAFS, X-ray scattering and MD study by Jalilehvand et al. [303] found
CN2 = 16 − 18. Badyal et al. [328] reported CN2 = 19 − 20 from neutron di�raction
measurements, while Hofer et al. [308] estimated CN2 = 19 using MD simulations. Given
the di�erences observed for CN1, at least some of this agreement must be accidental. Nev-
ertheless, taking their average gives a total (= CN1 + CN2) of 24 to 28 H2O molecules
collectively located within the �rst two hydration sheaths of Ca2+(aq). These numbers
are somewhat larger than the present result of Z0

ib(Ca
2+) ≈ 19. However, it must be kept

in mind that the hydration numbers obtained by DRS are a measure of water dynamics
not geometry. It can be speculated that the CN1 values of Ca2+ might result in a much
less strongly bound second shell, thereby causing Zib to be less than the maximum ex-
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pected from electronic considerations alone. The weaker hydration of Ca2+ compared to
Mg2+ is also evident from the comparison of the di�erences in the the Gibbs energies of
hydration: ∆hydG

◦= −1527 kJ mol−1 (Ca2+) vs. −1837 kJ mol−1 (Mg2+) [282]. Accord-
ingly, the residence times of H2O molecules in the �rst hydration layer vary signi�cantly
between the two cations. For Ca2+, the mean residence time is on the sub-nanosecond
timescale [170, 304�306, 320, 330�332] (with a slightly higher rate of exchange between the
�rst and second shells) [310, 332], whereas that for Mg2+(aq) is in the microsecond regime
[170, 307, 320, 333].
The bulk-water relaxation time, τ3, replotted on a more usable scale in Figure 4.5, decreased
approximately linearly with rising salt concentration for the two electrolyte systems. Such
a decline, albeit generally not linear, appears to be characteristic for inorganic salts [98,
151, 334�336]. Considering that water dynamics are essentially decoupled from viscosity in
aqueous electrolyte solutions [22, 169], the decrease in τ3 with increasing salt concentration
(Figure 4.5) most likely re�ects a slight disruption of the bulk water structure by the
presence of the hydrated ions. That the slope of τ3(c) in Figure 4.5 is more negative for the
calcium salt: �1.24 ps Lmol−1 vs. �0.94 ps Lmol−1 for MgCl2(aq), may simply re�ects the
greater size of Ca2+(aq) compared to Mg2+(aq). The rotational correlation time of water
molecules around Ca2+ obtained from NMR measurements is ∼7-9 ps, which signi�cantly
higher than the 2.5 ps of neat water, but lower than the 13 ps observed for Mg2+(aq) [170].
Interestingly, the ratio of the slopes of the two curves in Fig. 4.5 is approximately equal
to the inverse of the ratio of the rotational correlation times for the two cations. However,
it should be kept in mind that NMR and DRS probe two di�erent ranks of the time-
correlation function of the anisotropic water rotation (Section 1.3.5) in the hydration layer
and thus these numbers should be used for a qualitative comparison only. Since the electric
�eld of the present cations impedes the dynamics of the solvent in the second hydration
shell, it would also make sense to compare the respective quantities for hydration layers
beyond the �rst shell, which, however, are not available in literature.

4.1.5 Concluding Remarks

The DR spectra of MgCl2(aq) and CaCl2(aq) could be satisfactorily �tted by combinations
of up to four Debye and up to �ve Debye equations, respectively. The analysis of the
spectra indicates that both Mg2+ and Ca2+ are strongly hydrated, with each possessing
two well-de�ned hydration shells. Approximately 20 water molecules were immobilized on
the DRS timescale at in�nite dilution for both cations, but no evidence was found for the
existence of a slow-water fraction. Evidence for a slightly weaker hydration of Ca2+ cf.
Mg2+ were found. The two solute-dependent modes at low frequencies were assigned to the
formation of ion pairs in these classical strong electrolyte solutions. Detailed analysis of
these modes indicated that they could be assigned to double-solvent-separated and solvent-
shared IPs, which was consistent with the strong hydration of the two cations. The overall
IP formation constants calculated from the DR spectra were in reasonable agreement with
literature data. The formation of contact ion pairs was not observed in the DR spectra.
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Figure 4.5: Linear regressions (lines) of the dominant bulk water relaxation time, τ3, as a
function of the total salt concentration, c, in (a) MgCl2(aq) and (b) CaCl2(aq). The open
symbol is for pure water.
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4.2 Tetramethylammonium Chloride

4.2.1 Introduction

Aqueous solutions of (symmetrical) tetra-n-alkylammonium (TAA) salts belong to some
of the most extensively studied systems during the last few decades [14, 48, 49, 199, 200,
278, 337�352]. The reason for this is its unique structure, which comprises a net positive
core charge and (tunable) non-polar alkyl tails. This combination makes TTA cations a
prominent target for the investigation of the interplay of the hydrophobic and hydrophilic
interactions and the e�ects of the hydrophobicity on the structure and dynamics of the
solvent molecules. Frank and Evans used TAA salts in their famous study in which they
claimed so-called �microscopic iceberg� formation around hydrophobic solutes [351], which
however was challenged since then [48, 346].

Especially for the shortest homologue, i.e. tetramethylammonium (TMA, TMA+, Me4N+),
conclusions on whether it behaves as an apolar species or a classical ion in water are still
controversial and a coherent picture is lacking. Its properties in solution can most appro-
priately be described as intermediate between alkali and larger, hydrophobic TAA cations.
While some studies claim that the hydration of TMA is predominantly of hydrophilic
(ionic) nature [348�350] the majority of investigations report a well-de�ned hydration shell
of hydrophobic character [14, 48, 49, 199, 200, 347]. The latter is characterized by a pref-
erential tangential alignment of the H2O molecules with respect the TMA sphere and thus
a maximization of H-bonding with the surrounding solvent molecules [48], resulting in a
slow down of the reorientation dynamics of the water molecules compared to bulk-water
[200, 352].

Besides the special combination of charge and hydrophobic groups, the systems necessarily
include couterions. It could be shown that the (thermodynamic) properties of (short-
chained) TAA salt solutions strongly depend on the present counterion [199, 344] and
some degree of association into IPs with halide counterions was detected by theoretical
[49, 338, 341] and experimental studies [156, 176, 177, 341, 353].

Unraveling the hydration features of such solutes would be a great step in understand-
ing many important biological processes, such as self-assembly and molecular recognition
[354, 355]. In particular, trimethylammonium groups are a component of the many bio-
logically important compounds, such as lipids or the previously discussed NTs carbachol
and acetylcholine (Section 3.1). Thus, knowledge of the nature and strength of the solute-
solvent and solute-solute interactions of TMA+ would certainly help to shed some light on
the properties of those more complex molecules.

In this work, the structure and dynamics of TMACl(aq) solutions was studied by the means
of DRS. The dielectric spectra were recorded in the frequency region 0.05 ≤ ν/GHz ≤ 89
and concentration range of 0.09600 ≤ c/M ≤ 1.495 at 25 °C. In the following, detailed infor-
mation on the hydration of the TMA cation and the extent of Me4N+ · · ·Cl−-IP formation,
deduced from the evaluation of the DR spectra, will be presented and discussed.
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4.2.2 Data Acquisition and Processing

The TMACl(aq) sample were prepared according to procedures in Sections 2.1 and 2.2. The
densities, viscosities and conductivities (Section 2.4) are listed in Table A.16. The dielectric
spectra were recorded in the frequency range 0.05 ≤ ν/GHz ≤ 89 and at 25 °C (Dielectric
probe kit VNA setup + E-band interferometer, Section 2.3). Due to the electrical conduc-
tivity of the TMACl(aq) solutions (Table A.16, the e�ective accessible low-frequency limit,
νmin (Section 1.1.2), was in the region of 0.1 ≤ ν/GHZ ≤ 0.4, depending on the electrolyte
concentration.

4.2.3 Fitting Models and Assignment of Modes

The acquired complex permittivity spectra of TMACl(aq) are shown in Figure 4.6. For
the formal description of the dielectric spectra various conceivable combinations of up
to �ve individual relaxation processes in the form of HN equations (equation 1.41) were
tested. Evaluation of the �ts according to the criteria presented in Section 2.3.3 revealed
that combinations of four Debye equations at low concentrations (c(TMACl) ≤ 0.1986)
and three Debye relaxations at higher c (c(TMACl) ≥ 0.4143) yielded the best �ts for
the present spectra. The parameters of this �tting model, in the following abbreviated as
(D+)D+D+D, are summarized in Table 4.6. The relaxation modes l = 0, .., 4 are numbered
from lower to higher frequencies.
The static permittivities, ε, of the TMACl(aq) solutions decreased with increasing salt
concentration (Table 4.6, Figure A.33). This dielectric decrement is to be expected on
grounds of the �nite, non-polar cations and anions reducing the concentration of the dipolar
solvent molecules, kinetic depolarization (Chapter B of the Appendix) and hydration e�ects
(see further below).
As also indicated in the Zasetsky's relaxation time distribution analysis (Figure A.32), the
spectra were dominated by high-intensity mode l = 3 located at ∼ 17 − 19GHZ (Figure
4.7), which can unambiguously be assigned to the cooperative relaxation of the H-bond
network of bulk-like water [22]. Its amplitude decreased with rising c, as would be expected
for the same reasons already mentioned above for the decline of ε. The relaxation time, τ3,
increased continuously from 8.4 to 9.76ps with increasing electrolyte concentration (Table
4.6). A similar increase of the bulk-like water relaxation time was observed in the DR
spectra of TMABr(aq) [156]. A fast-water process, which is often found in the spectra of
aqueous solutions but is located far outside the accessible frequency range [150], was not
discernible in the present DR spectra, in contrast to spectra of AcChCl(aq) (Section 3.1)
and TMABr(aq) [156]. However, the high value of ε∞ ≈ 6 (value of neat water ε∞ = 3.52
[154]) indicates that the fast-water contribution is incorporated into ε∞.
The amplitude of mode l = 2, centered at ∼ 8GHz (∼ 19ps), increased systematically
with increasing TMACl concentration. Based on its magnitude and relaxation time, this
process was assigned to the relaxation of moderately bound water molecules, i.e. slow-water
[152, 154, 156�160, 162, 163]. The slow-water process with a comparable retardation factor
could also be resolved for solutions of AcChCl and CarCl and its presence was assigned
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Table 4.6: Static permittivity, ε, relaxation amplitudes, Sl, relaxation times, τl (l =
0, .., 3), in�nite frequency permittivity, ε∞, of TMACl at 25 °C and the reduced error
function, χ2

r, of the (D+)D+D+D �tting model.a

c ε S0 τ0 S1 τ1 S2 τ2 S3 τ3 ε∞ χ2
r

0.09600 78.3 1.37 592 0.359 121 0.226 16.2 70.7 8.40 5.70 0.0934
0.1986 77.2 1.25 506 0.965 123 0.748 18.3 68.3 8.47 5.96 0.0541
0.4143 74.1 � � 1.76 173 2.85 20.5 63.7 8.51 5.72 0.0565
0.6250 71.3 � � 1.61 149 3.71 20.2 60.1 8.73 5.83 0.0805
0.8038 68.8 � � 1.38 125 4.59 16.8 56.7 9.03 6.16 0.0810
0.9885 66.4 � � 0.910 157 6.27 18.3 53.1 9.05 6.08 0.0740
1.197 63.8 � � 0.642 233 6.97 19.4 49.8 9.36 6.32 0.144
1.495 60.0 � � 0.123 251 7.17 18.9 46.5 9.76 6.19 0.0562

aUnits: c in mol L−1; τj in ps.

mainly to the water molecules hydrating the trimethylammonium functional group, as
discussed previously in Section 3.1.
A low-intensity mode l = 1 located at a mean relaxation frequency of ∼ 1GHz (∼ 170ps)
appeared in the DR spectra upon addition of the salt into water. Its amplitude went
through a maximum with rising c, while its relaxation time showed some scatter. Since
the present ions are symmetrical, they do not have a permanent dipole moment and thus
do not contribute to the DR spectra. Consequently, judging by its location and intensity,
mode l = 1 was assigned to relaxation of dipolar TMA+-Cl− 1:1 IPs with a lifetime
which is at least comparable to the rotational correlation time. Furthermore, an additional
mode l = 0 could be resolved at low concentrations, which disappeared at higher c (Table
4.6). Although relaxation of some kind of dipolar ionic aggregates, which form at low c
and dissociate at higher concentrations, would be conceivable for such a process, it is more
reasonable to ascribe this mode to IC relaxation in the basis of its amplitude and relaxation
time and its disappearing behaviour at higher ionic strengths [55, 166]. As currently no
in-depth theory on the extent of the IC contribution to the DR spectra exist and the IC
mode was only discernible for a limited number of spectra (only for the lowest concentrated
samples), it will be abstained from the analysis of this mode in the following.

4.2.4 Solute Relaxation - Ion Pairing

Despite the reputation of TTA salts as non-interacting electrolytes, which are commonly
used as a background in potentiometric measurements [356], some degree of association
into IP could be deduced from the DR spectra of TMACl(aq).
Following the Eigen-Tamm theory (equation 4.1), one of three possible 1:1-IP species, with
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Figure 4.6: (a) Relative permittivity, ε′(ν), and (b) dielectric loss, ε′′(ν), spectra of
TMACl(aq) (0.09600 ≤ c/mol L−1 ≤ 1.495) at 25 °C. Symbols denote the experimental
data. Solid lines represent the �ts. For visual clarity data points are only shown for
selected samples. Arrows indicate the trend with increasing electrolyte concentration.
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Figure 4.7: Dielectric loss spectrum of 0.6250M TMACl(aq) at 25 °C. Symbols denote ex-
perimental data, lines indicate the �ts. The shaded areas show the individual contributions
of the �tting model.

varying degree of solvation (2SIP, SIP, CIP), could be assigned to the relaxation process
l = 1. Based on the magnitude of the relaxation time τ1, both, 2SIPs and SIPs, would
be conceivable for this process, while the CIPs could be ruled out since the estimated
relaxation time for rotational di�usion of CIPs (τ stick

CIP ≈ 110ps and τ stick

CIP ≈ 17ps) is clearly
smaller than τ1. Neither the chloride anion nor the TMA cation are known to be strongly
hydrated (see above and discussion of hydration below). Thus, the formation of long-lived
2SIPs was assumed be less likely. Previous simulation [49, 338] and neutron di�raction
[14] studies of TMACl(aq) solutions, which have reported the presence of SIPs without
any indication on formation of 2SIPs, corroborate the latter assignment of the relaxation
mode l = 1 to SIPs.
The association constant, KA = KSIP = c(SIP)

(c(TMACl)−c(SIP))2 , as a function of the stoichiomet-
ric ionic strength, I, is shown in Figure 4.8. The concentrations of the IPs were obtained
from the amplitudes S1 using equation 1.48. The e�ective dipole moment of the SIP and
the corresponding �eld factors, ASIP and fSIP, were calculated as described previously [72].
The polarizability was taken to be αSIP = α+ + α− + αH2O. The bare ion polarizabilities
were taken from Ref. [317] (9.08 · 10−30Å3 for Me4N+ and 3.42 · 10−30Å3 for Cl−) and for
water the value 1.44 · 10−30Å3 was inserted [318].
The obtained KA values could be �tted with an extended Guggenheim-type equation
(equation 3.2) to give the standard state value of K◦A = 1 ± 0.1M−1. The present
value coincides fairly well with K◦A = 0.8 ± 0.2M−1 obtained from conductivity mea-
surements [177]. Buckner and Jorgensen calculated KA = 0.3M−1 at c(TMACl) ≈ 0.2M
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Figure 4.8: Association constant,KA (in M−1), for the formation of SIPs ( ) of TMACl(aq)
as a function of ionic strength, I, at 25°C. The Guggeheim-type �t is denoted as a solid
line.

in a simulation study [338], which agrees exceptionally well the present DRS value of
KA(0.1986M) = 0.3 ± 0.1M−1. Heyda et al. [341] reported a slightly higher value of
KA = 1.3M−1 at c(TMACl) = 0.25M and dilute-conductivity measurements by Be²ter-
Roga£ et al. [176] found a standard-state formation constant value of K◦A = 2.17M−1,
which is by a factor of ∼ 2 higher than the DRS values. Nevertheless, the present results
are generally in rather good agreement with the literature data, despite the fact that DRS
is not the most sensitive tool for studying the extent of ion-pairing. As already mentioned
above, the great strength of DRS is rather the ability to distinguish the di�erent kinds of
IPs in solution [325].

At this stage, the possible formation of CIPs should be shortly discussed. The presence of
both SIPs and CIPs was claimed in literature [14, 338]. Note that association into CIPs
was also reported in the DR spectra of TMABr(aq) [156]. As indicated by its predicted
relaxation time (see above), mode l = 2 would also be conceivable for the relaxation of
CIPs (Table 4.6). However, treating mode l = 2 as an IP mode would lead to too high
association constant values. Thus, a standard-state formation constant of 4.5 ± 0.8M−1

would be obtained, which is signi�cantly higher the literature values (see above). Although
some contribution of CIPs to mode l = 2 cannot be ruled out, it was therefore concluded
that mode 2, which will be the subject of discussion in the subsequent section, is most
likely due to the relaxation of slowed-down solvent molecules rather than IPs.
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4.2.5 Solvent Relaxations - Ion Hydration

Remembering that Zt(Cl−) = 0, the e�ective hydration numbers of the TMA+ cation can
be directly obtained from the solvent amplitudes, S2 and S3, using equations 1.48 and
3.4 - 3.6. As can be seen in Figure 4.9, irrotationally bound water is virtually absent in
the TMACl(aq) solutions, making Zt(TMA+) ≈ Zs(TMA+). Since no strong coulombic
interactions between the rather large TMA+ (r(TMA+) > r(Cs+) [317]) and the hydrating
water dipoles would be expected, the lack of �frozen� water dipoles is physically reasonable
[156, 357].
The Zs values, originating from the hydration of the TMA cation, decreased with increasing
TMA concentration (Figure 4.9). The decline of hydration numbers with increasing solute
concentration is commonly explained by increasing overlap of hydration shells of the solute
molecules [152, 186]. Extrapolation of Zs(c) to c = 0 yielded the in�nite dilution value
of Z0

s = 5.6 ± 0.5 and at the higher end of the studied concentration range the value of
∼ 3.5 was observed (Figure 4.9). The number of water molecules in the �rst hydration
layer, CN1, of the TMA cation reported in computer simulation [49, 200, 278, 338, 347]
and experimental (NMR [337] and neutron di�raction [358]) studies varies in the region
CN1 ≈ 20 − 26. Whatever the exact CN1 value might be, the present Zs values are
markedly smaller than the number of H2O molecules in the �rst hydration shell, indicating
that e�ectively only a small fraction of the hydration water is impeded in its dynamics.
Considering the structure of the hydration sheath, there seems to be consensus that water
molecules in the primary hydration shell of TMA+ align in such way that their dipole
moments are preferentially tangential to the ion sphere [14, 48, 49, 199, 200, 347], similarly
to the hydration of the onium group of AcCh+ and Car+ (Section 3.1). Analogous to the
TMA moiety at the AcCh+, the water molecules were found to be preferably located in
the voids between the methyl groups [199, 347]. García-Tarrés and Guàrdia [200] deduced
a retardation factor of ∼ 1.5 of water in the �rst hydration layer compared to the bulk by
means of a MD simulation of aqueous TMA solutions, which is in reasonable agreement
with the present DRS results (retardation factor: r = τ2/τ3 ≈ 2 (Table 4.6)). Interestingly,
no slow-water mode could be resolved in the DR spectra of TMABr(aq) in a previous DRS
study [156]. However, it should be noted that the observed retardation factor of ∼ 2 for
TMACl(aq) is rather small. A proper separation of the high-intensity bulk-water mode and
the weak slow-water process with such a small retardation factor (Figure 4.7) is often hard
to achieve and, from experience, r ≈ 2 might be considered as an approximate resolution
limit for a classical slow-water process. As the presence/absence of the slow-water fraction
is rather unlikely to be linked to the di�erences in the hydration of the two halide anions
[156], the inability to resolve a slow-water mode in the DR spectra of TMABr(aq) might
be connected to the limited accuracy of the experiment.
In contrast to the most solutions of classical inorganic salts [98, 99, 151, 334�336], an
increase of the bulk-water relaxation time with rising c(TMACl) was observed in the present
DR spectra (Table 4.6). A similar trend was found for various TTA salts (TMA, tetraethyl-
, tetrapropyl- and tetrabutylammonium salts) in aqueous solution [156]. Although the
increase in τ3 is rather moderate, it may be concluded that, besides the direct impedance
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Figure 4.9: Number of irrotationally bound, Zib( ), and the numbers of moderately re-
tarded water molecules, Zs(N), of TMA+(aq) as a function of concentration at 25C. Dashed
lines denote weighted linear �ts. Un�lled symbols were not included in the �ts.

of the dynamics of hydration water, some e�ect on the bulk-water structure induced by the
presence of the fairly large, nonpolar TMA surfaces is present. In terms of the extended
jump model (EJM) for water relaxation of Laage [82] (Section 1.3.5) this would imply
that either the characteristic time for the frame relaxation, τ frame, which mainly comprises
spatial e�ects, or the jump-reorientation time, τ jump, which is connected to the H-bond
strength between the water molecules, is increased compared to neat water. As the bulk
H2O-H2O pair distribution functions were found to be essentially unperturbed by the
presence of TMA+ [49, 199], an enhancement of the bulk-water H-bond strength can be
ruled out. On the other hand this implies that, most probably, steric e�ects imposed by
the apolar cations lead to an overall hindrance of the reorganization of the water-frame
around a reorienting H2O dipole in the bulk, which results in an gradual increase of τbulk
as observed in the DR experiments.

4.2.6 Conclusion

The DR spectra of aqueous TMACl solutions were �tted by a combination of up to four
Debye equations. The analysis of the solvent related modes revealed that e�ectively ∼ 6
H2O molecules are dynamically impeded in the apolar hydration sheath of the TMA cation.
As would be expected from the rather low charge density of the TMA cation, virtually no
irrotationally bound water was found. The continuous increase of the bulk-water relaxation
time with rising salt concentration was interpreted to result from a steric hindrance of the
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TMA+ ions on the bulk-water relaxation process.
The evaluation of the solute mode showed that the degree of TMA+-Cl−-IP formation is
low, but still detectable. Based on the rather weak hydration of the TMA cations and Cl−

anions and the observed relaxation time of the IP process, long-lived solvent-shared IPs
were discussed to be the predominant species responsible for the IP relaxation process in
the DR spectra of TMACl(aq). The obtained association constants were in good agreement
with literature data. In hand with previous studies [14, 49, 199, 338], no indications for
cation-cation aggregation of TMA, which was reported for higher (more hydrophobic) TAA
homologues [22, 343, 359], could be detected in the DR spectra.



Chapter 5

Ternary Systems - E�ect of Salts on the

Neurotransmitter Solutions

5.1 Introduction

The binary solutions of the biologically active molecules studied in Chapter 3 provide
some insight into their behaviour in aqueous media. However, from a biological standpoint
binary systems are a very crude simpli�cation of the real situation in living organisms.
Chemistry in biological systems is mainly conducted in aqueous solution, involving many
di�erent kinds of dissolved ions, which may in�uence the activity of the biomolecules [288].
In particular for NTs, these interactions could even alter signaling abilities, as to reach the
receptors the neurotransmitters have to di�use across the synaptic cleft, where they may
come in contact with other solvated molecules and ions.
Since the pioneering work of Hofmeister [24, 25], many attempts of predicting ion speci�c
e�ects have been made. The famous concept of �matching water a�nities� by Collins is
one of the most successful approaches, as it takes into account electrostatics and hydration
e�ects. This concept is deduced from a correlation of the standard heat of solution of
a crystalline salt at in�nite dilution with the di�erence between the absolute heats of
hydration of the corresponding individual anion and cation in the gas phase [360]. The
Collins' rule can often be applied as a guide to explain association phenomena in aqueous
solutions. For instance, it could be utilized to explain trends of activity coe�cients of ions
[30], electrophoretic mobilities [31] and counterion binding of proteins [360].
However, it should be pointed out that the latter concept has also its limitations. For
instance, binding of ions to uncharged surfaces cannot be explained by Collins' rule. Salis
and Ninham [29] argued that inclusion of dispersion forces into the Collins' concept could
even further improve its applicability and, at the same time, it would provide a justi�cation
for Collins' rule to be described as a �theory� rather than �an empirical rule based on
phenomenological observations� [29].
Until today, no such concepts exist. Clearly, all these e�ects (electrostatics, dispersion,
local hydration,...) have to be taken into consideration when studying the properties of
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solutions containing electrolytes.
The following chapter makes an attempt to disentangle these rather speci�c e�ects of
inorganic salts on the biomolecule solutions by means of dielectric relaxation spectroscopy
(0.05 ≤ ν/GHz ≤ 89; at 25 °C). This chapter encompasses the study of the e�ects of KCl
and KF on AcChCl(aq) at varying inorganic salt : NT ratios. Further, the in�uence of
various chloride salts (LiCl, NaCl, MgCl2 and CaCl2) on NaGlu(aq) and Gln(aq) solutions
was investigated.
The ions Na+, K+, Mg2+, Ca2+ and Cl− are some of the most common in living organisms
and are essential for various biological functions, e.g. signal transduction, osmotic control,
and stability of proteins, DNA, and membranes. Lithium is nonessential in biological
systems but is considered to have a high therapeutic value. Despite its high importance
for bio-mineralization of bone and teeth, free F− anions as such are present at very low
concentrations in living organisms [288]. However, from a physico-chemical point of view,
a study of the e�ect of anions of high charge density, such as F−, on the dynamics and
structure of AcCh+(aq) solutions is of signi�cant interest.

5.2 Acetylcholine Chloride(aq) with Inorganic Salts

5.2.1 Data Acquisition and Processing

The densities, viscosities and electrical conductivities (Section 2.4) of the AcChCl+KCl(aq)
and AcChCl+KF(aq) solutions, which were prepared by systematic addition of the respec-
tive salt to a ∼ 0.25M AcChCl(aq) solution, are shown in Tables A.17 and A.18. The
permittivity spectra were recorded in the frequency range 0.05 ≤ ν/GHz ≤ 89 (Dielectric
probe kit VNA setup + E-band interferometer, Section 2.3) at 25 °C. However, due to
the rather high electrical conductivity of both sets of samples the noisy dielectric data at
frequencies below 0.2−0.4GHz, depending on the concentration of the inorganic salt, were
discarded in the �tting of the spectra (Section 3.1).

5.2.2 Fitting of the Spectra and Relaxation Models

Various combinations of up to �ve HN-equations were tested to model the obtained DR
spectra of AcChCl+KCl(aq) and AcChCl+KF(aq). Taking into account the results of Za-
setsky's analysis (Figures A.34 and A.35) and the evaluation criteria of Section 2.3.3, both
sets of spectra could be best �tted by a combination of four Debye equations (D+D+D+D),
in parallel to the �tting model applied for the binary AcChCl(aq) solutions 3.1. The per-
mittivity spectra and their corresponding �ts are shown in Figure 5.1. As for binary
AcChCl(aq), the three faster relaxation processes (j = 2, 3, 4, Tables 5.1 and 5.2) could be
readily assigned to the relaxation of the solvent molecules, with process j = 2 being due
to the reorientation of moderately bound water molecules and processes j = 3, 4 corre-
sponding to the relaxation of essentially bulk-like water (Section 3.1). By the same token,
process j = 1 located at ∼ 1.6GHz (τ1 ≈ 100ps) could be attributed to the reorientation of
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the AcCh+ dipole. Note that although some formation AcCh+ · · ·Cl−-IPs was detected by
dilute conductivity measurements (Section 3.1), a separate IP mode was not discernible in
the DR spectra of the binary AcChCl(aq) solutions as well as the present ternary systems.
The static permittivity, ε, and the dominant bulk-water mode, S3, decreased with in-
creasing salt concentration (Tables 5.1 and 5.2; Figure A.36), re�ecting the continuous
replacement of solvent dipoles by non-polar ions and increasing hydration e�ects (see be-
low). Similar to the binary AcChCl(aq) solutions (Section 3.1), the relaxation time of
the fast-water process, τ4, and the in�nite-frequency permittivity, ε∞, had to be �xed
to the neat-water values during the �tting of the spectra to achieve consistent �ts. The
amplitudes of the slow-water modes, S2, showed a rather peculiar behaviour with rising
concentrations of the potassium salts. For AcChCl+KCl(aq) S2 stayed fairly constant up
to c(KCl) ≈ 0.3M. Above this threshold an increase of the amplitude could be observed
(Tables 5.1; Figure A.36(a)). The corresponding amplitude for AcChCl+KF(aq) showed
a similar trend. However, after reaching a maximum at c(KF) ≈ 0.6M, S2 dropped again
(Tables 5.2; Figure A.36(b)). A possible explanation of this behaviour will be given further
below.
The AcCh+ relaxation amplitudes, S1, showed some scatter for both systems. An overall
decrease with rising salt concentration could be observed (Tables 5.1 and 5.2; Figure A.36).
Note that in contrast to KCl(aq) [292], a relaxation process with a relaxation time very
close to τ1 of the AcCh+ reorientation mode could be detected in the DR spectra of binary
KF(aq) solutions [291]. This mode most likely is a composite process, comprising a very
weak K+ · · ·F−-IP relaxation and a somewhat stronger IC contribution. However, since the
amplitude of this mode is very low (S . 1) and it incorporates an inseparable IC relaxation
part, it was abstained from correcting the AcChCl+KF(aq) spectra for the presence of this
KF solute relaxation (Chapter C of the Appendix). However, it should be kept in mind
that such additional contributions might exist when analyzing the relaxation parameters
of mode j = 1 of the present ternary solutions.

5.2.3 E�ects of the Background Electrolyte

E�ects on the hydration. Before the e�ects of the electrolytes on the NTs will be
disentangled, it is instructive to say a few words about the properties of the inorganic salts
in solution themselves. It is known that the larger K+ ions (compared to Li+ and Na+) in
aqueous solution are not able to �freeze� water molecules in their hydration shells on the
DRS timescale. Instead these moderate K+ · · ·H2O interactions result in the appearance
a slow-water fraction in the DRS spectra of solutions containing potassium ions. Recent
dielectric measurements of salt solutions containing K+ indicate that 6.6 H2O molecules are
e�ectively retarded by the K+ cation [154]. Neutron di�raction experiments [13, 361] and
molecular dynamics simulation [362�364] of potassium salts in aqueous solution reported
1st-shell coordination numbers of CN1(K+) ≈ 6 − 10 and the hydration shell around K+

was characterized as well de�ned but yet not very rigid [362, 363]. This agreement between
the DR results and the average coordination number of K+ corroborates that virtually all
water molecules in the �rst hydration shell are dynamically a�ected by the electric �eld of
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Figure 5.1: Relative permittivity, ε′(ν), and dielectric loss, ε′′(ν), spectra of (a) Ac-
ChCl+KCl(aq) (c(AcChCl) ≈ 0.25M; 0 ≤ c(KCl)/mol L−1 ≤ 1.015) and (b) Ac-
ChCl+KF(aq) (c(AcChCl) ≈ 0.25M; 0 ≤ c(KF)/mol L−1 ≤ 1.054) at 25 °C. Symbols de-
note the experimental data. Solid lines represent the �ts. For visual clarity data points
are only shown for selected samples. Arrows indicate the trend with increasing solute
concentration.
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Table 5.1: Static permittivity, ε, relaxation amplitudes, Sj, relaxation times, τj (j =
1, .., 4), and the in�nite frequency permittivity, ε∞, obtained from the D+D+D+D model
�t of dielectric spectra of AcChCl+KCl(aq) solutions at 25 ◦C.a,b

c(KCl) c(AcChCl) ε S1 τ1 S2 τ2 S3 τ3 S4 τ4 ε∞ χ2
r

0 0.2507 76.0 2.41 121 2.67 17.8 64.9 8.58 2.50 0.278 3.52 0.0656
0.1521 0.2497 74.7 2.95 116 1.95 19.5 64.4 8.48 2.37 0.278 3.52 0.0702
0.3039 0.2486 72.9 3.01 99.5 2.51 18.8 61.2 8.33 2.71 0.278 3.52 0.1128
0.6185 0.2462 70.5 2.70 156 4.19 18.8 57.2 8.05 2.85 0.278 3.52 0.0988
0.8325 0.2447 67.9 1.93 133 5.68 18.6 53.8 7.78 2.99 0.278 3.52 0.0859
1.054 0.2429 66.1 1.39 171 6.84 18.8 51.4 7.55 2.90 0.278 3.52 0.0144
ac in mol L−1, τj in ps; bparameter values followed by �F� were �xed
during �tting.

Table 5.2: Static permittivity, ε, relaxation amplitudes, Sj, relaxation times, τj (j =
1, .., 4), and the in�nite frequency permittivity, ε∞, obtained from the D+D+D+D model
�t of dielectric spectra of AcChCl+KF(aq) solutions at 25 ◦C.a,b

c(KF) c(AcChCl) ε S1 τ1 S2 τ2 S3 τ3 S4 τ4 ε∞ χ2
r

0 0.2510 75.7 2.64 83.8 2.43 19.2 64.6 8.51 2.42 0.278F 3.52F 0.1685
0.1688 0.2506 74.5 2.95 114 2.07 27.2 63.6 8.49 2.35 0.278F 3.52F 0.0576
0.3281 0.2502 73.2 3.60 100 3.77 19.0 59.5 8.44 2.85 0.278F 3.52F 0.1095
0.6053 0.2494 70.4 2.41 81.3 7.41 18.9 54.3 8.10 2.76 0.278F 3.52F 0.2246
0.7840 0.2490 67.7 1.49 142 6.51 17.2 53.6 8.15 2.52 0.278F 3.52F 0.1604
1.015 0.2483 67.2 2.65 95.8 5.56 16.0 51.9 8.56 3.62 0.278F 3.52F 0.4110
ac in mol L−1, τj in ps; bparameter values followed by �F� were �xed
during �tting.
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the potassium cation.
In contrast to Cl−, for which the dynamics of its hydration water is similar to bulk-like
water (Zt(Cl−) ≈ 0) [22], the �rst solvation shell of F− was reported to be more compact
[365, 366]. Accordingly, dielectric spectra of KF in aqueous solution at 25 °C [291] indicate
that ∼ 16 water molecules are moderately bound by both ions at in�nite dilution, while
Z0
ib(KF) ≈ 0 [291]. The coordination number, CN1(F−), obtained from neutron di�raction

[13] and MD simulation studies [366�368] ranges from 6.0 to 6.9. Note that Z0
t (KF) = 16.4

is in reasonable agreement with the sum CN1(K+) + CN1(F−) ≈ 12− 17.
From the point of view of the dielectric experiment, the presence of additional species
a�ecting the water structure and dynamics makes the analysis of the hydration of the NT
more complicated, as the hydration numbers calculated from the solvent-amplitudes using
Eqs. 3.4-3.6 incorporate both, the contribution from the solvation of the NT and the
electrolyte. Thus, appropriate allowances for the hydration numbers of the inorganic salts
have to be made in order to disentangle the neurotransmitter-speci�c information from the
overall hydration numbers.
The overall numbers of water molecules impeded in their dynamics and normalized by
the AcChCl concentration in AcChCl+KCl(aq) are shown in Figure 5.2. The addition of
KCl to AcChCl(aq) has hardly any e�ect on the number of irrotationally bound water
molecules per equivalent of AcCh+ within their large error bars and all Zib values are fairly
low, whereas an increase of Zs can be observed at c(KCl) > 0.3M (Figure 5.2(a)). The
latter increase with c(KCl) is reasonable considering that the concentration of K+ and thus
the amount of slow-water increases continuously. The hollow symbols in 5.2(b) indicate
Zt(AcCh+) after correction of the overall Zt for Zt(K+) = 6.6 ± 1.0 [154]. Note that in
this approach Zt(K+) was assumed to be concentration-independent. This assumption is
supported by neutron di�raction measurements on KCl(aq) solutions up to its saturation
limit [369], which reported only a very weak dependence of the hydration structure of K+

on the salt concentration. Upon addition of KCl, Zt(AcCh+) drops continuously from
∼ 10 at c(KCl) = 0 down to negative numbers at high c(KCl) (∼ −5 at c(KCl) ≈ 1.1M).
Negative hydration numbers are obviously unphysical, but within the (fairly large) error
bars Zt(AcCh+) can be approximated as ∼ 0 in the higher c(KCl) region (Figure 5.2(b)).
The present results indicate that systematic addition of KCl to AcChCl(aq) results in
a fast dehydration of AcCh+, in the sense that retarded water molecules regain their
mobility, which eventually leads to a complete disappearance of dynamically impeded water
molecules in the vicinity of AcCh+ at c(KCl) ≈ 0.4M. Estimations of the onset of the
hydration shell overlap between the present ions suggest that at c(KX) ≈ 0.3M the �rst
hydration layers of the AcCh+ cations and neighboring ions start to overlap. Although the
overlap of the hydration shells certainly is the major contribution to the drop in Zt(AcCh+),
the observed decrease of Zt(AcCh+) below onset concentration for the overlap of the 1st

hydration sheaths indicates that the �simple� crowding e�ects can not completely explain
the observed trend. Possibly ion-ion interactions, i.e., AcCh+-Cl−/K+, are also present
and decisive for the hydration structure and dynamics of acetylcholine.
The corresponding plot of the hydration numbers of AcChCl+KF(aq) is shown in Figure
5.3. Similar to AcChCl+KCl(aq), the addition of KF leads to a fast drop of the over-
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all hydration number of AcCh+ (onset of 1st hydration shell overlap at c(KF) ≈ 0.3M).
However, the Zib values increase with increasing c(KF), in contrast to AcChCl+KCl(aq)
(Figure 5.2(a)). Simultaneously, the overall Zs values in AcChCl+KF(aq) do not show a
simple increase with increasing c(KF) but go through a maximum at c(KF) ≈ 0.7M. This
behaviour of Zs with rising c(KF) is rather surprising given that Z0

t (KCl) = Z0
s (KCl) ≈ 16

[291]. Since the total hydration number after the correction for Zt(KF) [291] (Figure
5.3(b)), is virtually zero at high c(KF), the observed trends for Zs and Zib in the Ac-
ChCl+KF(aq) solutions indicate that some of the moderately bound water at the present
ions must become increasingly decelerated in its dynamics in such ways that it can not
be detected in the DR spectra. In other words, the initially moderately retarded water
becomes more tightly bound with rising c(KF) and thus increasing crowding of the ions.
The exact location (which ions are involved) and the precise origin of these e�ect cannot
be given here, as DRS only provides a macroscopic view on this issue. On the other hand,
no such �shifts of dynamics� could be observed for AcChCl+KCl(aq), which might suggest
that the intrinsic nature of the F− ion must be responsible for this e�ect. Note that the
constant plateau values of Zs and also Zt at low salt concentrations in both systems (Fig-
ures 5.2 and 5.3) most probably re�ects the interplay between dehydration, which reduces
the amount of dynamically retarded water, and the continuous addition of salt, which
increases the fraction of impeded water dipoles.
E�ect on the dipole moment. At this stage, the question arises whether the above
discussed hydration properties of AcCh+ in the presence of KCl(aq) and KF(aq) can be
correlated with the experimental e�ective dipole moments of the NT and/or if other ef-
fects, such as ion-pairing, can be deduced from the latter. The e�ective dipoles moments
of AcCh+, obtained from the amplitude S1 via equation 1.48, are shown in Figure 5.4. The
estimated errors of µe� are fairly large, which makes a quantitative analysis quite challeng-
ing. However, some interesting trends could still be observed. After a slight initial rise of
µe� at low potassium salt concentrations in both systems, µe�(AcCh+) of AcChCl+KCl(aq)
starts to decrease at c(KCl) > 0.4M (Figure 5.4(a)), while the µe�(AcCh+) values of Ac-
ChCl+KF(aq) show some scatter in the corresponding concentration region (Figure 5.4(b)).
It is interesting to note that µe�(AcCh+), which was discussed to scale with the number
water molecules tightly bound to AcCh+ (Section 3.1), decreases in AcChCl+KCl(aq) in
hand with the observed dehydration of the NT, while no such trend of µe� was detectable
in AcChCl+KF(aq), consistent with the higher overall Zib at high c(KF) (Figures 5.2 and
5.3).
Unfortunately, there is not much quantitative information on ion association between F−

and trimethylammonium compounds, let alone AcCh+, in aqueous solution. DFT and ab
initio calculation of F− · · ·AcCh+ and Cl− · · ·AcCh+ clusters by Davies et al. [370] sug-
gested that the interaction with the trimethylammonium moiety is slightly more favorable
for the �uoride anion compared to Cl−. However, the cited study treated water as a con-
tinuum and thus neglected speci�c interactions between H2O and the involved ions, which
might have a signi�cant in�uence on the derived binding energies. Following the observed
trends of the association constant of Me4NX salts in water [176], with X− representing the
halide anions Cl−, Br− and I−, the tendency for the formation of Me4N+ · · ·F−-IPs would
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Figure 5.2: (a) The number of moderately retarded, Zs (N), and irrotationally bound
water, Zib ( ), per equivalent of AcCh+ in AcChCl+KCl(aq) at c(AcChCl) ≈ 0.25M and
as a function of KCl concentration, c(KCl). (b) Total number of impeded water molecules
normalized by the concentration of AcChCl, Zt (�), and resulting values for the AcCh+,
Zt(AcCh+) (�), after the correction for Zt(K+) as a function of c(KCl). Dashed lines show
empirical �ts. For clarity the estimated error bars of Zib are only shown for one data point.
The uncertainties of the remaining points are of similar magnitude.
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Figure 5.3: (a) The number of moderately retarded, Zs (N), and irrotationally bound
water, Zib ( ), per equivalent of AcCh+ in AcChCl+KF(aq) at c(AcChCl) ≈ 0.25M and
as a function of KF concentration, c(KF). (b) Total number of impeded water molecules
normalized by the concentration of AcChCl, Zt (�), and resulting values for the AcCh+,
Zt(AcCh+) (�), after the correction for Zt(KF) as a function of c(KF). Dashed and solid
lines show empirical �ts. For clarity the estimated error bars of Zib are only shown for one
data point. The uncertainties of the remaining points are of similar magnitude.
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Figure 5.4: E�ective dipole moments, µe�, of AcCh+(aq) at c(AcChCl) ≈ 0.25M upon
addition of (a) KCl and (b) KF as obtained from the DR spectra at 25 °C. The dashed
line indicates the the calculated (Gaussian 09, B3LYP/6-31G(d,p) with the PCM solvation
model) apparent dipole moments of the �bare� AcCh+ ion.

not be expected to be stronger than for Me4N+ · · ·Cl−, simply judging by the sizes and
the free energies of solvation of the present ions [282]. A similar trend might be expected
for the ion binding abilities of the chemically related AcCh+ [370].

Accordingly, the observed small initial increase of µe�(AcCh+) in Figure 5.4 at low potas-
sium salt concentrations (c < 0.4M) might indicate the formation of highly dipolar
AcCh+ · · ·Cl− and AcCh+ · · ·F−-aggregates (Figure A.37), which have a similar relaxation
time as the AcCh+ dipole and thus are �hidden� under mode j = 1. It should be pointed
out that, generally speaking, the relaxation time of IPs, τIP, is not only governed by the
IP-reorientation time, τ reorIP , which is connected to the size of the IP, but also by the ion-
pairing kinetics, τkinIP . The observed relaxation time is given as τ−1IP = τ reorIP

−1 + τkinIP

−1 [371].
Thus, IP modes might appear at higher relaxation frequencies compared to what would be
expected from the IP size alone.

If these aggregates are indeed formed in the solution, the present decreasing trend of µe�
would imply that these IPs most likely dissociate at higher salt concentrations. However,
given the large error bars of µe� this is just speculation. �Simple� dipolar correlations of
AcCh+ and neighbouring dipoles would certainly result in a similar e�ect. Without any
further (microscopic) information a de�nite answer for all these e�ects can unfortunately
not be given here.
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5.2.4 Concluding Remarks

The dielectric spectra of ternary AcChCl+KCl(aq) and AcChCl+KF(aq) solutions at 25 °C
and a frequency range ∼ 0.2 ≤ ν/GHz ≤ 89 were successfully �tted by a sum of four Debye
equations. Similarly to the binary AcChCl(aq) solutions, no separate IP processes could
be resolved in the permittivity spectra of bot sets of samples. The e�ect of increasing
background electrolyte concentration on the hydration of AcCh+ was investigated by the
analysis of the amplitude of solvent-related relaxation modes. It was found that the addi-
tion of KCl as well as KF leads to a fast dehydration of the NT. Further, some changes in
the overall hydration dynamics of water molecules, most likely associated with F−, could
be observed as the concentration of KF increased. Unfortunately, the origin of this e�ect
can not be found by macroscopic techniques, such as DRS. Certainly, MD simulations, neu-
tron di�raction or time-resolved IR experiments of aqueous AcChCl+KF solutions could
give valuable insights into the mechanism behind this ion e�ect, which might generally be
interesting from a biochemical standpoint.
A quantitative analysis of µe� of AcCh+ was hampered by the scatter of the data and
relatively large error bars of µe�, but, in particularly for AcChCl+KCl(aq), some indications
of possible IP formation and correlations with the hydration structure were found.
Further, investigations of the present systems over wider concentration range would cer-
tainly give a more consistent picture. However, DRS is restricted in its applicability to
systems having a relatively low electrical conductivity due to the undesirable conductivity
contribution to the DR spectra (equation 1.20). Thus, spectra of samples with κ & 15Sm−1

are usually swamped by the conductivity in such ways that proper analysis become im-
possible. Nevertheless, despite all these limitations, the results obtained from these rather
complex systems (at least in the view of dielectric spectroscopy) seem to be consistent.
As was argued by Bartoli and Roelens [372], the e�ect of the counterios on the binding
of the AcCh+ NT to its receptors is damped, but generally not negligible in biological
systems. Thus, the present results might constitute a further step in the understanding of
the ion-solvent and ion-ion interaction in such systems.

5.3 Sodium Glutamate(aq) with Inorganic Salts

5.3.1 Data Acquisition and Processing

The NaGlu+LiCl(aq), NaGlu+NaCl(aq), NaGlu+MgCl2(aq) and NaGlu+CaCl2(aq) so-
lutions were prepared gravimetrically by addition of the respective salt to a ∼ 0.4M
NaGlu(aq) solution. The densities, viscosities and electrical conductivities of the present
samples were determined according to procedures presented in Section 2.4. The corre-
sponding data are shown in Table A.19. The complex permittivity spectra were recorded
in the frequency range 0.05 ≤ ν/GHz ≤ 89 (Dielectric probe kit VNA setup + E-band
interferometer, Section 2.3) at 25 °C. However, due to the rather high electrical con-
ductivity of the electrolyte solutions the e�ective low frequency limit was in the range
0.1 ≤ νmin/GHz ≤ 0.44 , depending on the added salt and its concentration (Section 3.1).
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5.3.2 Choice of Relaxation Model and Assignment of Modes

The appropriate �t models for the spectra of the present solutions were primarily chosen by
testing various models with sums of up to six HN-equations (equation 1.41) and assessing
the quality of the �t by criteria discussed in Section 2.3.3. Consistent with Zasetsky's
analysis (Figures A.38-A.41) combinations of three to �ve Debye equations yielded the
best discription of the present DR spectra, depending on the background electrolyte and
the concentration (Figure A.42). The parameters of the best-�t models of the studied
solutions are summarized in Tables 5.3-5.6 .
Note that prior to �tting of the spectra of NaGlu+MgCl2(aq) and NaGlu+CaCl2(aq), the
raw spectra had to be corrected for the signi�cant amount of MgCl+ and CaCl+ ion pairs,
which contributed signi�cantly to the spectra in the lower frequency regime (Section 4.1).
Details on this new approach of removing electrolyte-dependent IP modes from the DR
spectra, and thus allowing to extract biomolecule-speci�c information, are given in Chapter
C of the Appendix.
As would be expected, all spectra exhibit a mode k = 3 centered at ∼ 19GHz (τ3 ≈ 8 ps),
which can unambiguously be assigned to the cooperative relaxation of the H-bond network
of bulk-like water [22]. With increasing salt concentration this mode decreases signi�cantly
in intensity (Figures A.43, A.44, A.45 and A.46). Similar to binary NaGlu(aq) solutions
(Section 3.2), a fast-water contribution could not be resolved for NaGlu+LiCl(aq) and
NaGlu+NaCl(aq). However, its presence is obvious from the large ε∞ values (Table 5.3
and 5.4). In the case of NaGlu(aq)+MgCl2 and NaGlu(aq)+CaCl2 fast-water could be
resolved as mode k = 4 in the spectra, albeit with considerably scattering S4 and τ4 values
(Tables 5.5 and 5.5). Accordingly, τ4(c) ≡ τ4(0) = 0.278ps and ε∞(c) ≡ ε∞(0) = 3.52
[154] were �xed in the �nal �t. The inability to resolve the fast-water contribution for the
former two systems suggests a displacement of its relaxation time to higher frequencies.
Most likely this shift is connected to the presence of monovalent cations (Li+, Na+), since
for the present solutions alkaline earth cations (Mg2+ and Ca2+) the fast-water mode
becomes discernible upon addition of the respective salt. Similarly, the fast-water process
was also resolved for binary MgCl2 and CaCl2 solutions in Section 4.1.
Besides the two modes associated with bulk water, the contribution at ∼ 9GHz (τ2 ≈
18ps), appearing for all NaGlu+salt systems (and the binary NaGlu(aq) solution, Section
3.2), must also be assigned to the solvent. As already discussed for NaGlu in water (Section
3.2), this slow-water mode 2 is typical for hydrophobic and weakly hydrophilic solutes and
it arises from the slowed-down reorientation of H2O molecules hydrating the solute.
Based on the previous discussion of the DR spectra of binary NaGlu(aq) solutions (Section
3.2), mode k = 1 can readily be assigned to the reorientation of the dipolar Glu− anion.
Naturally, this mode was also found for the salt-containing systems studied but interest-
ingly, with its amplitude, S1, decreasing with rising electrolyte content (Figures A.43, A.44,
A.45 and A.46).
For all four salts studied their addition to ∼ 0.4M NaGlu solution led to the emergence of
a mode k = 0 at . 0.8GHz (τ0 . 200ps). Its relaxation time, τ0, scatters somewhat but
the mean value clearly depends on the type of background electrolyte (Tables 5.3, 5.4, 5.5,
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Table 5.3: Static permittivity, ε, relaxation amplitudes, Sk, and relaxation times, τk of
the resolved modes k = 0 . . . 3, in�nite-frequency permittivity, ε∞, and value of the re-
duced error function, χ2

r , obtained from the (D+)D+D+D model �t of dielectric spectra
of NaGlu+LiCl(aq) at 25 ◦C. a,b

c(LiCl) c(GluNa) ε S0 τ0 S1 τ1 S2 τ2 S3 τ3 ε∞ χ2
r

0 0.394 84.9 � � 13.9 94.9 4.58 19.0 60.3 8.15 6.12 0.0857
0.1013 0.393 83.9 2.32 204 12.5 89.7 8.33 15.3 54.8 7.77 6.02 0.0562
0.2866 0.391 82.0 2.68 171 12.0 96.4 6.31 16.2 54.7 8.01 6.24 0.110
0.5686 0.389 78.4 2.02 185 11.6 111 7.85 18.3 50.7 7.79 6.24 0.119
0.9469 0.386 73.7 2.62 191 10.2 118 7.48 19.4 47.1 7.75 6.45 0.124
1.508 0.382 66.0 � � 9.80 133 10.9 19F 39.0 6.92 6.25 0.122
ac in mol L−1, τk in ps; bparameter values followed by �F� were �xed during �tting.

Table 5.4: Static permittivity, ε, relaxation amplitudes, Sk, and relaxation times, τk of
the resolved modes k = 0 . . . 3, in�nite-frequency permittivity, ε∞, and value of the re-
duced error function, χ2

r , obtained from the (D+)D+D+D model �t of dielectric spectra
of NaGlu+NaCl(aq) at 25 ◦C.a

c(NaCl) c(GluNa) ε S0 τ0 S1 τ1 S2 τ2 S3 τ3 ε∞ χ2
r

0 0.424 86.3 � � 15.36 105 6.60 20.8 58.3 8.00 6.00 0.0914
0.1103 0.423 85.0 1.03 624 15.1 116 5.17 26.4 58.7 8.13 6.11 0.0671
0.2518 0.422 85.1 2.94 401 15.3 119 9.10 18.5 51.7 7.68 6.08 0.101
0.5059 0.419 82.2 1.59 495 15.4 113 11.0 15.3 47.9 7.47 6.35 0.138
0.8046 0.417 78.3 0.611 359 14.8 123 11.7 16.0 44.7 7.29 6.46 0.113
0.9994 0.415 75.1 � � 14.08 119 12.3 15.0 42.1 7.11 6.72 0.109
ac in mol L−1, τk in ps.
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Table 5.5: Static permittivity, ε, relaxation amplitudes, Sk, and relaxation times, τk of the
resolved modes k = 0 . . . 4, in�nite-frequency permittivity, ε∞, and value of the reduced
error function, χ2

r , obtained from the D+D+D+D+D model �t of dielectric spectra of
NaGlu+MgCl2(aq) at 25 ◦C.a,b

c(MgCl2) c(GluNa) ε S0 τ0 S1 τ1 S2 τ2 S3 τ3 S4 τ4 ε∞ χ2
r

0 0.424 86.3 � � 15.4 105 6.60 20.8 58.3 8.00 � � 6.00 0.0914
0.0674 0.408 85.2 1.81 375 14.6 104 5.78 17.5 56.9 8.12 2.63 0.278F 3.52F 0.0635
0.1594 0.402 83.2 3.20 453 13.8 111 7.21 16.8 52.7 7.95 2.80 0.278F 3.52F 0.0675
0.3162 0.393 78.5 4.93 453 11.7 123 7.10 18.5 48.3 7.77 3.00 0.278F 3.52F 0.0828
0.4865 0.381 71.5 6.49 321 9.27 105 4.08 14.8 44.9 7.87 3.29 0.278F 3.52F 0.0620
0.8358 0.357 63.2 7.89 742 9.11 136 3.91 16.3 35.2 7.39 3.53 0.278F 3.52F 0.0474

ac in mol L−1, τk in ps; bparameter values followed by �F� were �xed during �tting.

Table 5.6: Static permittivity, ε, relaxation amplitudes, Sk, and relaxation times, τk of the
resolved modes k = 0 . . . 4, in�nite-frequency permittivity, ε∞, and value of the reduced
error function, χ2

r , obtained from the D+D+D+D+D model �t of dielectric spectra of
NaGlu+CaCl2(aq) at 25 ◦C.a,b

c(CaCl2) c(GluNa) ε S0 τ0 S1 τ1 S2 τ2 S3 τ3 S4 τ4 ε∞ χ2
r

0 0.424 86.3 � � 15.4 105 6.60 20.8 58.3 8.00 � � 6.00 0.0914
0.1010 0.421 85.3 4.68 229 13.2 94.2 5.39 17.2 55.7 8.11 2.91 0.278F 3.52F 0.0347
0.2007 0.418 84.2 5.32 216 12.1 91.7 6.55 15.3 53.8 7.99 2.95 0.278F 3.52F 0.0875
0.2984 0.416 80.1 6.55 244 11.0 102 7.29 15.8 48.7 7.71 3.04 0.278F 3.52F 0.0463
0.4948 0.410 74.3 5.62 260 10.5 117 4.80 18.9 46.4 7.70 3.41 0.278F 3.52F 0.0418
0.7955 0.402 65.2 2.48 227 10.8 141 5.00 17.9 39.8 7.32 3.66 0.278F 3.52F 0.0728

a c in mol L−1, τk in ps; bparameter values followed by �F� were �xed during �tting.
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5.6). The corresponding amplitude, S0, showed an initial rise with c(salt), followed by a
drop o� at higher salt concentrations of LiCl, NaCl and CaCl2 (Figures A.43, A.44, A.45
and A.46). The series NaGlu(aq)+MgCl2(aq) is an exception here as S0 increased contin-
uously over the entire concentration range (Figure A.45). Note that for NaGlu+LiCl(aq)
and NaGlu+NaCl(aq) at a given salt concentration S0 is signi�cantly smaller than for the
alkaline earth chlorides and this mode could not be resolved at the highest concentrations of
LiCl and NaCl. This suggests that here mode 0 is dominated by IC relaxation (Section 3.1)
although a weak ion-pair contribution is almost certainly present ofr NaGlu+LiCl(aq) for
NaGlu+LiCl(aq), as discussed further below. On the other hand, for the studied 2:1 elec-
trolytes the magnitude of S0 suggests a signi�cant contribution from M2+ · · ·Glu− ion pairs.
Here, it should be pointed out again that the NaGlu+MgCl2(aq) and NaGlu+CaCl2(aq)
spectra discussed here were already corrected for the contribution from MgCl+ and CaCl+

ion pairs, respectively (Chapter C of the Appendix).

5.3.3 E�ects of the Background Electrolyte

E�ects of salt addition on Glu− hydration. To obtain the hydration number of
Glu− in the electrolyte-containing solutions, additivity of ionic hydration numbers was
assumed. As usually, for the chloride anion Zt(Cl−) = 0 [156] was used whereas for
Li+ the single-ion hydration numbers of Ref. [289] at the given salt concentration were
inserted. The corresponding Mg2+ and Ca2+ values were taken from Section 4.1. The thus
obtained Zs(Glu−) and Zib(Glu−) for ∼ 0.4M NaGlu(aq) in the presence of the electolytes
are shown in Figure 5.5. Whilst for the 1:1 electrolytes Zib(Glu−) ≈ 0 and Zs(Glu−)
increased over the investigated range of salt concentrations (Figure 5.5(a),(b)), for the 2:1
electrolytes Zs(Glu−) remained constant but Zib(Glu−) became increasingly negative for
NaGlu+CaCl2(aq) (Figure 5.5(c),(d)).
Obviously, negative Zib(Glu−) are unphysical. As will become clear in the discussion of
solute relaxation below, it is argued that the divalent cations, M2+ = Mg2+ & Ca2+, form
contact ion pairs (CIPs) of the type

[
M2+ · · ·Glu−

]+(aq) with the glutamate anion, lead-
ing thus to a partial dehydration of the bound cations and thus decreasing Zt values for
the solutions. On the other hand, for M+ = Li+ & Na+ the analysis of the solute relax-
ation suggests simultaneous binding of metal and chloride ions to aggregates of the type[
Cl− · · ·M+ · · ·Glu−

]+(aq), similar to aqueous ectoine [152] and L-proline [162] solutions
upon NaCl addition.
Ion-pairing in Glu− solutions. Although some MD simulations [15, 209] and neutron
scattering studies [208] pointed out the existence of strong Na+ · · ·Glu− interaction, no
direct evidence for any kind of long-lived IPs could be observed without the addition of
electrolytes to the NaGlu(aq) solution (Section 3.2).
Upon addition of salts, two di�erent cases, depending on the type of cation, emerged: for
NaCl and LiCl salt additions no separate IP mode could be resolved (mode k = 0 was
attributed mainly to IC relaxation), while for bivalent salts a distinct IP process, also
denoted as mode 0, was observed. To obtain IP concentrations from analysis of the IP
mode in the latter solutions via equation 1.48, the value of the dipole moment of the
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Figure 5.5: The number of moderately retarded, Zs (N), and irrotationally bound water,
Zib ( ), of Glu− as a function of the concentration of (a) LiCl, (b) NaCl, (c) MgCl2 and
(d) CaCl2 added to ∼0.4M NaGlu(aq) solutions. Dashed lines as a guide to the eye; for
clarity the error bars of Zib are only shown in (d).
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Table 5.7: In�nite dilution binding constants, K◦A, of Glu
− with various ions as obtained

by DRS at 25 °C.a

cation most likely IP species lgK◦A

Li+ [Li· · ·H2O· · ·Cl· · ·OOCNH3(CH2)2COO]
− 1.1± 0.9

Na+ [Na· · ·H2O· · ·Cl· · ·OOCNH3(CH2)2COO]
− �

Mg+ [Mg· · ·OOC(CH2)2NH3COO]
+ 1.0± 0.1

Ca+ [Ca· · ·OOC(CH2)2NH3COO]
+ 1.5± 0.2

aK◦A in Lmol−1.

present IP species, µe�(IP), has to be used. This quantity is not known a priori, though.
However, it should be kept in mind that the analytic glutamate concentration can be
written as c(IP) + c(Glu−), where c(IP) contributes to mode k = 0, while c(Glu−) governs
the glutamate reorientation mode 1. Thus, c(IP) can be obtained from the decrement
of S1 compared to its �ideal� value (S1 in the case of no IP formation). Eventually, the
association constant KA (equation 4.2) can be obtained in this way.
However, this approach would only yield the extent of ion-pairing, but it would not give
any molecular-level information on the present IP species. Therefore, geometries of various
ion-glutamate aggregates embedded in water were obtained by DFT calculations (Gaussian
09 at the B3LYP/6-31++G(d,p) level with the PCM solvation model) and their predicted
dipole moments were compared with the experimentally obtained µe�(IP) (Figure 5.6(c)
and (d)). Note that in the analysis above the dipole-correlation factor of the IPs, gIP
(equation 1.52), was assumed to be unity (no parallel or anti-parallel alignment of neigh-
bouring dipoles with respect to the IP) and only one speci�c ion-pair type was assumed to
be responsible for the complete IP response.
Applying this procedure to NaGlu + MgCl2(aq) and NaGlu + CaCl2(aq), it was found that
µe�(IP) ≈ 29.7D and µe�(IP) ≈ 28.1D, respectively. For both salts the values compare
well with the calculated dipole moments of ion-aggregates where Mg2+ and Ca2+ are bound
directly to the sidechain -COO− group, for which 29.7D and 32.9D were predicted by DFT
calculations, respectively (Figures A.49(a) and A.50(a)). The tendency for the formation
of CIPs is thus found to be higher than for the formation of solvent-shared IPs, despite
the relatively strong hydration of both cations (Section 4.1). At least for calcium ions its
tendency to preferentially form inner-sphere with carboxylate binding sites on proteins is
known [288, 360] and the increased stability of CIPs of Ca2+-carboxylates (formate/acetate)
compared to the respective solvent-shared species was also proposed my Martinek at el.
[301] in a recent MD simulation study in combination with neutron scattering experiments.
The association constant values were �tted to equation 3.2 as a function of ionic strength,
I, to obtain the in�nite dilution formation constant, K◦A, at I → 0. Figure 5.7 shows
the �t of KA(MgGlu+) and KA(MgGlu+) values. The obtained in�nite dilution formation
constants for

[
Mg2+ · · ·Glu−

]+(aq) and [Ca2+ · · ·Glu−]+(aq) are listed in Table 5.7.
The binding constant of lgKA(MgGlu+) = 1.0 ± 0.1 and a somewhat higher value of
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Figure 5.6: E�ective dipole moment, µe� ( ), of the species governing mode k = 1 in (a)
0.4M NaGlu+LiCl(aq), (b) 0.4M NaGlu+NaCl(aq), (c) 0.4M NaGlu+MgCl2(aq) and (d)
0.4M NaGlu+CaCl2(aq) solutions as a function of the concentration of added salt. The
dashed line denotes the expected e�ective dipole moment in the case that mode k = 1 is
due to Glu− reorientation only and no IPs are formed; the solid lines in (a), (c) and (d) are
guides to the eye. The hollow symbols in (c) and (d) denote the expected e�ective dipole
moments after taking into account the formation of M2+ · · ·Glu−-IPs.
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a b

Figure 5.7: Formation constants, KA ( ), of (a) MgGlu+ and (b) CaGlu+ ion-pairs as a
function of ionic strength, I, in NaGlu+MgCl2 and NaGlu+CaCl2 solutions (c(NaGlu) ≈
0.4M) and associated Guggenheim-type �ts (lines). The inserts show the corresponding
minimum-energy conformation of the

[
M2+ · · ·Glu−

]+ aggregates from DFT calculations;
the shaded areas indicate the physiologically relevant ionic strength range.

lgKA(CaGlu+) = 1.5 ± 0.2 indicate that ionpair formation between glutamate and the
present divalent cations is pronounced in aqueous solution. Information on association
constants of Glu−(aq) with Mg2+ and Ca2+ is rather sparse in literature. Potentiometric
measurements reported lgKA ≈ 1.8 [373] and lgKA ≈ 1.9 [374] at I = 0.1M for the
formation of MgGlu+. Both values are in the same order of magnitude but higher than the
formation constants obtained from the DR spectra. For CaGlu+(aq) values of lgKA ≈ 1.4
[373] and lgKA ≈ 0.8 [375] were found at I = 0.1M and I = 0.16M, respectively. As
lgKA values usually decrease with increasing I, the former value is slightly higher than the
association constant value at I = 0.1M obtained by DRS. On the other hand, the latter
value, which was measured in the physiologically relevant ionic strength of I = 0.16M,
agrees well with the value of lgKA(CaGlu+) ≈ 0.9 obtained from the extrapolation of the
DR values to the corresponding ionic strength with the help of equation 3.2 (Figure 5.7(b)).
The higher formation constants of CaGlu+(aq) compared to MgGlu+(aq) of the present
study suggest a slightly higher a�nity ofthe calcium ion towards glutamate. This trend is
reversed in the potentiometric studies presented above, showing higher binding constants
for Mg2+ complexes in comparison to CaGlu+-IPs.

It interesting to note that for NaGlu+MgCl2(aq) the e�ective dipole moment values cor-
rected for the presence

[
Mg2+ · · ·Glu−

]+-IPs (Figure 5.6(c)) now coincides well with the
value of Glu− in a �neat� NaGlu(aq) solution, while for NaGlu+CaCl2(aq) the correspond-
ing correction can not fully account for the decline of µe� (Figure 5.6(d)). The latter
observation might indicate the existence some further e�ects, besides the formation of[
Ca2+ · · ·Glu−

]+-IPs, associated with the presence of CaCl2 in NaGlu(aq). While speci�c
dipolar correlations involving the solvent are always worth considering in solutions of small
biologically active molecules (Sections 3.1, 3.2 and 3.3), the formation of higher order ionic
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aggregates (e.g. CaGlu2, CaGlu−3 ,...) cannot be ruled out. It should be pointed out that
such species should not be directly observed in the DR spectra, since just by simple geo-
metric considerations the dipole moment of such species should be very low or even zero.
A computational study of Stevens and Rempe [376] deduced that the preferred number of
�COO− ligands (formate/acetate) at Ca2+ in aqueous solution is two. Such triple ions of
the form

[
Glu− · · ·Ca2+ · · ·Glu−

]
would certainly explain the observed discrepancy in the

corrected µe� values of NaGlu+CaCl2(aq) (Figure 5.6(d)). Further, this could explain the
obtained negative Zib(Glu−) at high c(CaCl2), since the hydration number of Ca2+ is such
a complexes is certainly lowered compared to Zt(Ca2+) in the bulk, which is, however, used
for the correction of the overall hydration numbers to obtain Zib(Glu−) in Figure 5.5(d).
Simultaneously, this would also imply that no such higher order species are formed be-
tween smaller magnesium cation and glutamate. Assuming that

[
Glu− · · ·Ca2+ · · ·Glu−

]
are formed exclusively [376], the corresponding triple ion concentration can be estimated
from µe�, which are shown in Figure A.51. However, the latter results should be taken with
a grain of salt, since many di�erent steps with many di�erent assumptions are involved
in their derivation. They should rather be regarded as strong indications of the divergent
nature of Mg2+ and Ca2+ ions. Consequently, it will be abstained from a further discussion.

Whereas for the divalent salt additions the IP-related mode 0 and mode 1 could be directly
used to deduce the information on the extent and the most likely type of cation-glutamate
IPs, for GluNa(aq) + LiCl/NaCl a di�erent approach is required, as no distinct IP mode
was observed in the DR spectra for the latter systems.

As can be seen in Figure 5.6(a,b), the obtained e�ective dipole moment values for NaGlu(aq)
+ LiCl are lower than expected e�ective dipole moment value of Glu− at ∼ 0.4M Glu−

and they decrease continuously with c(LiCl), while for NaGlu(aq) + NaCl a slight drop
below the expected µe�(Glu−) can be observed only at higher c(NaCl). The latter quan-
tity (dashed line in 5.6) was obtained under the assumption that mode k = 1 would only
be governed by Glu− reorientation only (no IP formation) and that the added salt does
not break down the present dipolar correlations (Section 3.2). The drop of the e�ective
dipole moment in the NaGlu(aq) + LiCl/NaCl solutions could be traced back to the re-
placement of the reorientating Glu− dipoles by species which have a similar relaxation
time but lower dipole moment compared to Glu−(aq). Li+/Na+ · · ·Glu− IPs are suit-
able candidates for such a species. Evaluation of the dipole moments of the calculated
structures in Figure A.47 for Li+ · · ·Glu−-cluster and Figure A.48 for Na+ · · ·Glu−-IPs
reveals that only the species where cation is directly bound to the sidechain �COO− (Fig-
ures A.47(a) and A.48(a)) or aggregates with the cation and Cl−, bridged by a water
molecules, simultaneously bound to the backbone (Figures A.47(h) and A.48(h)) could be
responsible for the observed e�ect. It is argued that the latter structure may explain the
pronounced increase in Zs (Figure 5.5(a) and 5.5(b)), as the amount of water molecules en-
trapped, and thus slowed down, in the quadrupolar

[
Li+ · · ·H2O · · ·Cl− · · ·Glu−

]− struc-
ture increases with increasing salt content, similar to the case of L-proline and the re-
ported formation of

[
Na+ · · ·H2O · · ·Cl− · · · proline

]
aggregates [162]. In the following[

M+ · · ·H2O · · ·Cl− · · ·Glu−
]− aggregates will be designated as ion-pairs, although they
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Figure 5.8: Formation constants, KA ( ), of ion-pairs between Li+ and Glu− as a func-
tion of ionic strength, I, in NaGlu+LiCl solutions (c(NaGlu) ≈ 0.4M) and associated
Guggenheim-type �t (lines). The insert shows the corresponding minimum-energy confor-
mation of the

[
Li+ · · ·H2O · · ·Cl− · · ·Glu−

]− aggregate from DFT calculations; the shaded
area indicates the physiologically relevant ionic strength range.

are no classical ion-pairs in that sense. It should be also pointed out that the interaction of
the cationic amine group of an α-amino acid with the chloride anion alone is rather weak
[377�379] and thus the formation of double negatively charged [Cl− · · ·Glu−]2− aggregates
is fairly unlikely. Therefore, no DFT calculation of such aggregates were performed.
Splitting up the amplitude S1 = SIP+SGlu− and assuming a distinct, single IP species to be
dominant, the concentration of the IPs, c(IP), and consequently the association constants
(equation 4.2) can be obtained. In hand with the the trends in Zs, this analysis assumes[
Li+ · · ·H2O · · ·Cl− · · ·Glu−

]− aggregates to be the only species present, although the for-
mation of IPs with Li+ bound to sidechain carboxylate cannot be ruled out completely. Ei-
ther way, the calculated dipole moments of both species are quite similar (13.4D vs. 13.8D,
Figure A.47), thus no signi�cant changes to the formation constants would be expected.
Figure 5.8 shows the obtained association constants of

[
Li+ · · ·H2O · · ·Cl− · · ·Glu−

]− ag-
gregates as a function of the ionic strength and the corresponding �t. The extrapolated
formation constant value at in�nite dilution of lgK◦A = 1.1± 0.9 is comparable to lgK◦A of
MgGlu−-IPs (Table 5.7). Note that the large error of ±0.9 might indicate that the found
value might be overestimated.
Unfortunately, the extent of ion aggregation in NaGlu(aq) + NaCl solutions could not be
quanti�ed, as the e�ect of IP formation, if at all, could only be observed at c(NaCl)& 0.8M,
i.e., c(Na+) : c(Glu−) ≈ 3:1 (Figure 5.6). However, it may be concluded that sodium has
a reduced tendency to bind to Glu− compared to Li− and that stable NaGlu-IPs, most
probably in the form of

[
Na+ · · ·H2O · · ·Cl− · · ·Glu−

]− aggregates, start to form as the
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amount of Na+ goes far beyond the equimolar concentration ratio between Na+ and Glu−.
The higher propensity of Li+ to bind to glutamate was also observed in the gas-phase by
mass spectrometry experiments [380, 381].
Note that for NaGlu(aq) + MgCl2 the formation of similar

[
Mg2+ · · ·H2O · · ·Cl− · · ·Glu−

]
aggregates (µIP = 29.7D) would also be conceivable. Keeping in mind that no similar
increase of Zs with rising c(MgCl2) was observed (Figure 5.5) and that the formation of
the corresponding

[
Ca2+ · · ·H2O · · ·Cl− · · ·Glu−

]
species (µIP = 42.6D) for NaGlu(aq) +

CaCl2 could be excluded from the analysis of the dipole moments (Figure A.49), it can be
inferred that binding of the present earth alkali metals to the sidechain rather than the
backbone is more likely. It may be speculated that the strong repulsion between double
positively charged cations and the onium moiety might be responsible for the present e�ect.

5.3.4 Concluding Remarks

The dielectric spectra of aqueous ∼ 0.4M NaGlu in the presence of di�erent chloride salts
(LiCl, NaCl, MgCl2 and CaCl2) at varying concentrations were recorded in the frequency
range 0.05 ≤ ν/GHz ≤ 89 at 25 °C. It was found that combinations of up to four Debye
modes yielded the best �ts for DR spectra of NaGlu+LiCl(aq) and NaGlu+NaCl(aq),
while �ve Debye modes were needed for NaGlu+MgCl2(aq) and NaGlu+CaCl2(aq). Mode
k = 0 in the latter systems was assigned to the formation of IPs between the divalent
cations and Glu−. The evaluation of the alleged Glu− reorientation mode k = 1 and
comparisons with DFT-calculated IP structures revealed that ion-pair species with Mg2+

and Ca2+ directly bound to the sidechain carboxylates are the most likely candidates
to be responsible for mode k = 0. Association constants were retrieved, respectively.
In contrast to NaGlu+MgCl2(aq) and NaGlu+CaCl2(aq), the low-intensity mode 0 in
the permittivity spectra of NaGlu+LiCl(aq) and NaGlu+NaCl(aq) was attributed to IC
relaxation. Nevertheless, the trends in µe� were argued to be linked to the presence of
Li+/Na+-Glu− IPs. A detailed analysis of S1 suggested that ion aggregates of the form[
M+ · · ·H2O · · ·Cl− · · ·Glu−

]−, where the binding occurs at the backbone, might be present
in the solutions, similar to the previously reported case of L-proline+NaCl(aq) [162]. The
corresponding association numbers could only be obtained for NaGlu+LiCl(aq), while no
quantitative analysis was possible for NaGlu+NaCl(aq).
Hydration numbers of glutamate as a function of chloride salt concentrations were deduced
from the amplitudes of the solvent-related relaxation modes. It was discussed that the
increase of Zs observed in NaGlu+LiCl(aq) and NaGlu+NaCl(aq) could be associated with
the hydration of the quadrupolar

[
M+ · · ·H2O · · ·Cl− · · ·Glu−

]− species. The unphysical,
negative Zib values obtained for NaGlu+CaCl2(aq) were argued to result from a possible
formation of higher order ionic aggregates, such as

[
Glu− · · ·Ca2+ · · ·Glu−

]
triple ions.

However, up to now this is just speculation and further experimental and computational
approaches would certainly be necessary to clarify this issue.
Although some fairly bold assumptions were made in the analysis of the DR spectra,
especially for the solute-related modes, the results appear to be consistent. For instance, the
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dipolar correlations of Glu− and the surrounding dipolar molecules were partly neglected
or at least assumed to be of the same as in binary NaGlu(aq) solutions (Section 3.2), since
the actual magnitude of these interactions was not known. Nevertheless, despite all this,
a coherent picture on the interaction of Glu− with other biologically important inorganic
ions was obtained in the present DRS study and it might provide a deeper insight into
some processes occurring in biological systems.

5.4 Glutamine(aq) with Inorganic Salts

5.4.1 Data Acquisition and Processing

The solutions of Gln+LiCl(aq), Gln+NaCl(aq), Gln+MgCl(aq) and Gln+CaCl(aq) were
prepared from a ∼ 0.2M Gln(aq) stock solution by systematic addition of the respective
salts. The densities, viscosities and electrical conductivities (Section 2.4) of the solutions
are shown in Table A.20. The dielectric spectra were measured at 25 °C and at a frequency
range of 0.05 ≤ ν/GHz ≤ 89 (Dielectric probe kit VNA setup + E-band interferometer,
Section 2.3). Due to the increasing conductivity contribution to the DR spectra with
increasing electrolyte content, noisy data points at the low frequency limit had to cut
away for solutions of higher salt concentrations (Section 3.1). For the present solution the
e�ective low-frequency limit was always ≤ 0.35GHz.

5.4.2 Choice of Relaxation Model and Assignment of Modes

The various �ts (combination of up to six HN-equations) of the DR spectra of the solutions
(Figure A.52) were evaluated according to the criteria presented in Section 2.3.3. For all
four sets of samples combinations of four Debye modes (D+D+D+D model) yielded the
best description.* The �tting parameters are shown in Tables 5.8-5.11.
Similar to �neat� Gln(aq) solutions (Section 3.2), a slow-water process (usually located at
∼ 30 − 18ps) was not resolved in the DR spectra of all four sets of samples, although
the Zasetsky's analysis (Figures A.53-A.56) suggested the presence of such a mode in the
Gln+LiCl(aq) and Gln(aq)+NaCl(aq) spectra. However, the inclusion of an additional
mode at the corresponding frequency range led to unphysical �tting parameters. Thus,
this �tting model was not further pursued.
The static permittivities of all solutions decreased with increasing salt concentration (Fig-
ures A.57, A.58, A.59 and A.60). Based on their relaxation time and intensity, and the
previously discussed relaxation model of binary Gln(aq) solutions (Section 3.2), the three
higher frequency modes could be readily assigned to the reorientation of the Gln dipoles
(mode k = 1) centered at ∼ 2.3GHz (τ1 ≈ 70ps), and relaxations of bulk-like water (modes
k = 2, 3) at ∼ 19ps (τ2 ≈ 8 ps) and at ∼ 600GHz (τ3(c) = τ3(0) = 0.278ps), respectively.
As would be expected, the bulk-like water amplitude, S2, decreased with increasing chloride

*Note that the raw spectra of Gln+MgCl2(aq) and Gln+CaCl2(aq) were corrected for the contribution
of MgCl+(aq) and CaCl+(aq)-IPs prior to �tting (Chapter C of the Appendix).
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Table 5.8: Static permittivity, ε, relaxation amplitudes, Sk, and relaxation times, τk of
the resolved modes k = 0 . . . 3, in�nite-frequency permittivity, ε∞, and value of the re-
duced error function, χ2

r , obtained from the D+D+D+D model �t of dielectric spectra of
Gln+LiCl(aq) at 25 ◦C. a,b

c(LiCl) c(Gln) ε S0 τ0 S1 τ1 S2 τ2 S3 τ3 ε∞ χ2
r

0 0.1991 82.3 � � 6.82 66.8 69.2 8.50 2.68 0.278F 3.52F 0.0676
0.05155 0.1989 82.1 1.16 721 6.84 64.9 67.7 8.35 2.78F 0.278F 3.52F 0.1043
0.1010 0.1987 81.9 1.58 598 6.81 66.2 67.4 8.34 2.56 0.278F 3.52F 0.0803
0.2012 0.1984 80.8 1.95 505 6.78 72.6 66.1 8.35 2.39 0.278F 3.52F 0.0749
0.3990 0.1976 78.8 2.32 354 6.81 72.7 63.1 8.29 3.11 0.278F 3.52F 0.1693
0.6335 0.1967 76.7 2.91 341 6.84 70F 60.0 8.26 3.50 0.278F 3.52F 0.1988
ac in mol L−1, τk in ps; bparameter values followed by �F� were �xed during �tting.

Table 5.9: Static permittivity, ε, relaxation amplitudes, Sk, and relaxation times, τk of
the resolved modes k = 0 . . . 3, in�nite-frequency permittivity, ε∞, and value of the re-
duced error function, χ2

r , obtained from the D+D+D+D model �t of dielectric spectra of
Gln+NaCl(aq) at 25 ◦C.a,b

c(NaCl) c(Gln) ε S0 τ0 S1 τ1 S2 τ2 S3 τ3 ε∞ χ2
r

0 0.1991 82.3 � � 6.82 66.8 69.2 8.50 2.68 0.278F 3.52F 0.0676
0.05826 0.1989 82.7 1.37 719 7.08 65.2 68.0 8.31 2.75 0.278F 3.52F 0.1506
0.1136 0.1987 82.3 1.74 587 7.05 66.7 67.5 8.28 2.45 0.278F 3.52F 0.0295
0.2078 0.1983 81.3 2.02 447 6.98 69.5 66.1 8.21 2.66 0.278F 3.52F 0.0824
0.4228 0.1975 78.8 2.37 315 6.77 70F 63.7 8.07 2.39 0.278F 3.52F 0.1231
0.6287 0.1968 76.6 2.67 314 6.75 70F 60.6 8.05 3.01 0.278F 3.52F 0.1273
ac in mol L−1, τk in ps; bparameter values followed by �F� were �xed during �tting.



5.4. GLUTAMINE(AQ) WITH INORGANIC SALTS 159

Table 5.10: Static permittivity, ε, relaxation amplitudes, Sk, and relaxation times, τk
of the resolved modes k = 0 . . . 3, in�nite-frequency permittivity, ε∞, and value of the
reduced error function, χ2

r , obtained from the D+D+D+D model �t of dielectric spectra
of Gln+MgCl2(aq) at 25 ◦C. a,b

c(MgCl2) c(Gln) ε S0 τ0 S1 τ1 S2 τ2 S3 τ3 ε∞ χ2
r

0 0.2016 82.4 � � 6.84 70.6 69.3 8.46 2.71 0.278F 3.52F 0.0114
0.05073 0.2004 82.4 1.96 684 6.80 72.5 67.5 8.45 2.67 0.278F 3.52F 0.0519
0.08444 0.1995 81.8 2.50 787 7.33 67.5 65.8 8.35 2.64 0.278F 3.52F 0.0772
0.1515 0.1978 79.2 3.12 669 5.95 74.2 64.0 8.39 2.67 0.278F 3.52F 0.0727
0.3089 0.1937 72.2 2.62 453 4.61 85.4 58.4 8.33 3.02 0.278F 3.52F 0.0892
0.5640 0.1867 66.7 4.99 425 4.04 84.1 50.9 8.07 3.27 0.278F 3.52F 0.1301

ac in mol L−1, τk in ps; bparameter values followed by �F� were �xed during �tting.

Table 5.11: Static permittivity, ε, relaxation amplitudes, Sk, and relaxation times, τk
of the resolved modes k = 0 . . . 3, in�nite-frequency permittivity, ε∞, and value of the
reduced error function, χ2

r , obtained from the D+D+D+D model �t of dielectric spectra
of Gln+CaCl2(aq) at 25 ◦C.a,b

c(CaCl2) c(Gln) ε S0 τ0 S1 τ1 S2 τ2 S3 τ3 ε∞ χ2
r

0 0.2016 82.4 � � 6.84 70.6 69.3 8.46 2.71 0.278F 3.52F 0.0114
0.03936 0.2012 83.9 2.83 972 7.28 71.8 67.6 8.37 2.62 0.278F 3.52F 0.1887
0.0792 0.2007 83.5 3.87 955 7.06 75.2 66.2 8.36 2.79 0.278F 3.52F 0.2083
0.1748 0.1996 78.8 3.48 500F 6.12 72.6 62.7 8.28 2.94 0.278F 3.52F 0.1090
0.3071 0.1980 73.8 3.42 459 5.21 84.0 58.7 8.15 2.88 0.278F 3.52F 0.0956
0.5357 0.1952 68.6 5.21 541 4.68 83.4 51.8 7.86 3.43 0.278F 3.52F 0.2003

ac in mol L−1, τk in ps; bparameter values followed by �F� were �xed during �tting.



160
CHAPTER 5. TERNARY SYSTEMS - EFFECT OF SALTS ON THE

NEUROTRANSMITTER SOLUTIONS

salt concentrations. Whereas the amplitude of the Gln reorienation mode, S1, was virtually
independent of salt concentration for Gln+LiCl(aq) and Gln+NaCl(aq), a decrease of S1

with c(MCl2) could be observed for the addition of earth alkali salts (Figures A.57, A.58,
A.59 and A.60).
Beyond that, an additional mode, designated as k = 0, appeared at. 0.5GHz (τ0 & 300ps)
upon addition of salt to the Gln(aq) solution. Its average amplitude was smaller for the
solutions containing monovalent cations compared to Mg2+ and Ca2+ containing solutions
and it tendencially increased in magnitude with rising salt concentrations. The mean value
of its relaxation time depended on the background electrolyte but for all four chloride salts
τ0 decreased with increasing salt concentration (Figures A.57, A.58, A.59 and A.60). Given
its low intensity and location in the DR spectra, mode k = 0 was assigned to a composite
processes comprising contributions from ion-cloud relaxation and relaxation of ion-Gln-
complexes for all present systems. As the IC contribution is commonly more pronounced
at low ionic strengths (Section 3.1), it might explain the fast initial rise of S0 at low c,
which eventually �attens out at moderate chloride salt concentrations (Figures A.57, A.58,
A.59 and A.60. Further, its argued that at least at high earth alkali salt concentrations
mode k = 0 is mainly governed by reorientation of M2+ · · ·Gln-species. This assumption
will be used a basis for some analysis of ion binding in Gln solutions further below.

5.4.3 E�ects of the Background Electrolyte

E�ects of salt addition on Gln hydration. Before the ion-binding abilities of Gln will
be analyzed, the impact of the variuos salts on the hydration of glutamine was examined by
the evaluation of the amplitudes of the solvent-related modes (k = 2, 3). Using the usual
approach via equation 1.48 and taking into account the individual solvation numbers of
the added salts (see above), e�ective hydration numbers of Gln could be obtained (Figure
5.9).
As can be seen in Figure 5.9(b), the addition of NaCl to Gln(aq) has virtually no e�ect on
the hydration of Gln as Zt ≈ 6 stays constant over the whole concentration range within
the estimated error bars. For Li+ an increase of Zt with c(LiCl) can be observed (Figure
5.9(a)), although the error bars are rather large and thus the corresponding values should
be taken with a grain of salt.
The addition of earth alkali metal salts, MCl2 (M = Mg2+, Ca2+), reveals a markedly dif-
ferent picture. At c(MCl2) . 0.1M Zt stays fairly constant at ∼ 5.5. Above this threshold
the hydration numbers decrease linearly down to Zt ≈ 0 (within their uncertainties) at
c(MCl2) ≈ 0.55M. As the onset of the overlap of the 1st-hydration shells of the present
solutes can be estimated to occur at c(MCl2) ≈ 0.3M, the observed dehydration is unlikely
to originate only from steric e�ects. On the other hand, increasing M2+ · · ·Gln interac-
tions, e.g., MGln2+ complex formation, could lead to an enhanced desolvation of either of
the two species, which would eventually result in the observed drop in Zt.
Ion binding in Gln solutions. The e�ective dipole moment of Gln in the present
solutions was calculated from the amplitude of mode k = 1.
Analogous to the constant Zt in Gln+NaCl(aq), µe� is practically independent of the
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Figure 5.9: Total e�ective hydration number, Zt (�) of Gln a function of the concentration
of (a) LiCl, (b) NaCl, (c) MgCl2 and (d) CaCl2 added to ∼0.2M Gln(aq) solutions. Dashed
lines are guides to the eye.
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amount of added NaCl (Figure 5.10(b)), which implies that neither sodium nor chloride ions
in the present concentration range (c(NaCl) : c(Gln)≈ 3:1 at the highest concentrations)
interact su�ciently with Gln so that its structure in the solution would be signi�cantly
a�ected.
For Gln+LiCl(aq) µe� meets the value of essentially �unperturbed� Gln dipoles at c(LiCl) .
0.2M. However, at higher concentrations (c(NaCl) : c(Gln) > 1 : 1) an increase can be
observed. This increase is denoted only by two data points of µe�, making a quantitative
analysis rather di�cult (Figure 5.10(a)). Nevertheless, it implies that species with a higher
e�ective dipole moment compared to a single Gln molecules in aqueous solution contribute
signi�cantly to mode k = 1. Note that the increase of Zt in Gln+LiCl(aq) with rising salt
concentration might be associated with the hydration of such structures, similar to the
formation of

[
Li+ · · ·H2O · · ·Cl− · · ·Glu−

]− in NaGlu+LiCl(aq) discussed further above.
The µe� values of Gln+MgCl2(aq) and Gln+CaCl2(aq) show di�erent trends. Upon addi-
tion of salt, µe� stays virtually constant up to c(MCl2) ≈ 0.1M (c(MCl2) : c(Gln) ≈ 1 : 2).
An increase of the electrolyte concentration beyond this point results in a sudden drop
of the e�ective dipole moment (Figure 5.10(c,d)). Similar to NaGlu+MgCl2(aq) and
NaGlu+MgCl2(aq) in the previous section, this decrease was assigned to the formation
of M2+ · · ·Gln aggregates, which as such contribute to the low frequency mode k = 0 in
the DR spectra. The latter assignment is supported by the estimation of relaxation times
of the complexes via equation 1.59.�.
Assuming that the dipolar correlations of the �unbound� Gln dipoles is essentially similar to
Gln in binary glutamine solutions (Section 3.2) and that only 1:1 complexes are formed, the
concentration of Gln complexes, c(MGln2+), can be calculated from the observed µe� values.
Figure 5.11 shows the obtained concentration values. Association constants, obtained from
c(MGln2+), lie in the region lgKA ≈ 0−0.3 for MgGln2+ and lgKA ≈ 0 for CaGln2+, which
is signi�cantly lower than the observed formation constants of M2+ · · ·Glu−-IPs (lgK◦A = 1
and lgK◦A = 1.5, respectively). According to this analysis, there is a somewhat higher
tendency for Gln to associate with Mg2+ compared to Ca2+. A comparison of µe�, the
dipole moment of DFT-calculated structures (Figures A.61 and A.62) and the S0 values
at high c reveals that Mg2+ and Ca2+ bind preferentially to the backbone of Gln, forming[
M2+ · · ·H2O · · ·Cl− · · ·Gln

]+ complexes, similar to the binding of Li+ and Na+ in Glu−

solutions (see above). However, this assignment should be treated with care as only three
data points of µe� (which themselves bare relatively high uncertainties, Figure 5.10(c,d))
were used to derive the corresponding structure.
Nevertheless, the peculiar behaviour of µe� in Gln+MgCl2(aq) and Gln+CaCl2(aq) (Figure
5.10(c,d)) is consistent with the trends observed in Zt in Figure 5.9(c,d). For the latter a
similar abrupt change in its values was observed at c(MCl2) ≈ 0.1M, which supports the
previously mentioned presumption that complex formation is responsible for the observed
dehydration of the present solutes. Interestingly, the slope of the linear �t in at c(MgCl2) >

�For the molecular volume of these species the volume of the low-energy conformations of M2+ · · ·Gln
aggregates (Gaussian 09 at the B3LYP/6-31G(d,p) level using the PCM solvation model) was used (Figures
A.61 and A.62)
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Figure 5.10: E�ective dipole moment, µe� ( ), of the species governing mode k = 1 in (a)
0.2M Gln+LiCl(aq), (b) 0.2M Gln+NaCl(aq), (c) 0.2M Gln+MgCl2(aq) and (d) 0.2M
Gln+CaCl2(aq) solutions as a function of the concentration of added salt. The dashed line
denotes the expected e�ective dipole moment in the case that mode k = 1 is due to Gln
reorientation only and no IPs are formed; the solid lines in (a), (c) and (d) are guides to
the eye.
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Figure 5.11: Concentration of 1:1 M2+ · · ·Gln complexes (M2+ =Mg2+ and Ca2+) as a func-
tion of the salt concetration, c(MCl2), as estimated from the DR spectra of Gln+MgCl2(aq)
and Gln+CaCl2(aq) (c(Gln) ≈ 0.2M) at 25 °C.

0.1M in Figure 5.9(c) is less negative than the corresponding CaCl2 value (-10.8 Lmol−1 vs.
-15.8 Lmol−1) (Figure 5.9(d)), which is consistent with the slightly more labile hydration
shell of Ca2+ as was found in Section 4.1.

5.4.4 Concluding Remarks

Dielectric spectra (0.05 ≤ ν/GHz ≤ 89 and at 25 °C) of ∼ 0.2M Gln(aq) solutions in the
presence varying concentrations of LiCl, NaCl, MgCl2 and CaCl2 salts were measured and
analyzed. For all four sets of samples combinations of four Debye equations provided the
best �t of the complex permittivity spectra. The analysis of the solvent-related modes
yielded hydration numbers of Gln in the ternary solutions, while the analysis of the Gln
reorientation mode gave some information on the structure of the solutions.
It was found that in the presence of NaCl, Gln behaves essentially as in �neat� Gln(aq)
solutions. The addition of LiCl led to some noticeable e�ects on the hydration and the
e�ective dipole moment of Gln at high c(LiCl). However, a detailed analysis of these e�ects
was not possible. Most likely, Li+ · · ·Gln aggregates are responsible for the observed trends
in Zt and µe� in the Gln+LiCl(aq) solutions. Studies of the Gln+LiCl(aq) system at higher
concentrations and higher c(LiCl) : c(Gln) ratios would help to approve or disapprove this
assumption.
For Gln+MgCl2(aq) and Gln+CaCl2(aq) a di�erent picture emerged. It was argued that
the observed trends in obtained e�ective dipole moments and hydration numbers of Gln
can be interpreted as strong hits for the formation of M2+ · · ·Gln (M2+ = Mg2+ and Ca2+)
aggregates at c(MCl2) & 0.1M. The concentration of these complexes were estimated un-
der the assumption that only 1:1 species are formed. Further, it was hinted that the
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present divalent cations most probably bind preferentially to the backbone of Gln, forming[
M2+ · · ·H2O · · ·Cl− · · ·Gln

]+ species, in contrast to NaGlu+MCl2 for which a coordina-
tion to the sidechain carboxylate was proposed further above. Apparently, for Gln(aq)
the Mg2+ and Ca2+ ions are seemingly �forced� to bind to the backbone as there is no
other appropriate alternative (besides, of course, not binding at all). The inclusion of a
H2O molecule and a Cl− anion in this associate might provide some relief for the repulsive
forces between the positively charged onium moiety and M2+, but, all in all, the degree
of this complex formation was found to be lower compared to the binding of the corre-
sponding cations to the negatively charged sidechain of Glu−. Unquestionably, further
investigations which yield a molecular view of the solutions, such a neutron di�raction
experiments, statistical mechanical calculations and MD simulations, would be helpful to
complete or potentially correct the obtained picture of these ternary solutions.





Summary and Conclusion

This work reports detailed investigations of the structure and dynamics of aqueous solu-
tions of biomolecules by the means of broadband dielectric relaxation spectroscopy (DRS).
Various systems were investigated. First, binary solutions of neurotransmitters (acetyl-
choline chloride, carbamylcholine chloride, sodium glutamate, γ-aminobutyric acid) and
chemically-related compounds (glutamine, α-aminobutyric acid, n-butylammonium chlo-
ride) were examined, which gave insight into the similarities and di�erences of their sol-
vation and dynamics. Furthermore, aqueous solutions of di�erent inorganic salts (MgCl2,
CaCl2 and Me4NCl) were studied. The results of the latter investigations were used to
disentangle the e�ects of the di�erent ions on the biomolecules in ternary solutions. Es-
pecially, these ternary systems could be regarded as a model for the situation in living
organisms, where the biomolecules do not solely interact with the solvent but also with
hydrated ions.

Binary Solutions of Neurotransmitters (NTs) and Chemically Re-
lated Compounds

The complex permittivity spectra at 0.05(0.01) ≤ ν/GHz ≤ 89 provided unique infor-
mation on the bahaviour of the investigated molecules in aqueous solution. Intensities
and locations of the solvent-related relaxation modes yielded details of strength of solva-
tion and dynamics of hydration water around the solutes. Hydration numbers could thus
be obtained. In addition, the analysis of the solute relaxation processes, combined with
the results of quantum chemical calculations, revealed distinctive information on speci�c
solute-solvent and solute-solute interactions.
The evaluation of the NT reorientation modes in the solutions of acetylcholine chloride
(AcChCl) and carbamylcholine chloride (CarCl) revealed a decline of the e�ective dipole
moment of both NTs with increasing solute concentration. A comparison of the experimen-
tal values with the computed dipole moments of neurotransmitter-hydrates and the analysis
of the relaxation times of the reorientation process suggested a dehydration e�ect to be
responsible for this feature. In contrast to the spectra of AcChCl(aq), an ion pair/ion cloud
composite mode could be resolved for CarCl(aq). However, as there is no theory available
to separate the ion cloud contribution from the dielectric spectra, the obtained association
constants of Car+ · · ·Cl−-ion pairs were too high compared to dilute-solution conductivity
measurements. The latter indicate that IP formation is small but not negligible in aqueous
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solution of NTs, with a slightly higher formation constant for CarCl compared to AcChCl.
Consistent with the observed trends of the e�ective dipole moment, the e�ective numbers
of slowed down (Zs) and irrotationally-bound (Zib) H2O molecules per equivalent of solute
decreased with increasing solute concentration for both systems. A comparison between
AcCh+ and Car+ revealed that the Zib values were virtually identical for both NTs, while
a slightly higher number of slowed-down water dipoles could observed in the hydration
sheath of Car+. The latter was discussed to result from the replacement of the hydropho-
bic methyl group of AcCh+ by a hydrophilic and H-bond forming -NH2 moiety at the acyl
carbon of Car+. The evaluation of statistical mechanical 1D- and 3D-RISM calculations of
AcChCl(aq) solution provided a molecular picture of the solvation of the NT. The results
were in very good agreement with the DRS data. The alleged most striking structural
feature of both neurotransmitters is the onium headgroup. The dehydration of this moiety
prior to bonding to hydrophobic binding sites at the receptor proteins is decisive for its
biological activity [145]. The dielectric results and in particular the RISM calculations
showed strong features of hydrophobic hydration of the onium group in spite of its charge.
The nitrogen atom is deeply buried inside a hydrophobic sheath. The calculation results
indicate that water molecules in its 1st hydration layer preferably interact among each other
rather than with the onium group. Such a hydrophobic hydration pattern would certainly
facilitate the desolvation process.
The analysis of the DR spectra of monosodium glutamate (NaGlu) and glutamine (Gln)
revealed that the total amount of water molecules impeded in their dynamics around the
Glu− anion was signi�cantly higher compared to Gln(aq). Extrapolation of the obtained
hydration numbers of Glu− to in�nite dilution indicated that virtually all water molecules
in the �rst hydration sheath are a�ected by the presence of the amino acid (∼ 40). An
increase of the solute concentration and thus increasing steric crowding leads to a rapid
drop of these hydration numbers, which suggested that the hydration shell of Glu− is
rather fragile. For Gln, which was studied in a much smaller concentration range due
to its solubility limit, it was found that e�ectively ∼ 6 water dipoles were tightly bound
by the hydrophilic moieties of the Gln molecule, irrespective of the concentration. No
evidence for the formation of Na+ · · ·Glu−-ion pairs was found in the DR spectra of binary
NaGlu(aq) solutions. The experimental e�ective dipole moments of Glu− and Gln were
found to be strongly governed by dipolar solute-solvent and solute-solute correlations. In
particularly, the presence of the latter correlations was consistent with the literature on
aqueous Gln solutions. It was pointed out that Gln zwitterions or as constituents of proteins
are infamous for their tendency to form Gln· · ·Gln associates, which are currently linked
to various degenerative human diseases. In hand with the comparably small amount of
hydration water, the solvation sheath of Gln was discussed to be unable to suppress the
pronounced propensity of Gln towards aggregation, although the DRS results suggested
that no long-lived, but rather short-lived, Gln· · ·Gln aggregates are formed in solution.
The complex permittivity spectra of the NT γ-aminobutyric acid (GABA) and its iso-
mer α-aminobutyric acid (AABA) allowed an investigation of the di�ering position of the
onium group on their properties in solution. Signi�cantly higher Zib values were observed
for AABA(aq) and the trends of Zs were crucially di�erent for both amino acids, while the
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total hydration numbers at in�nite dilution were comparable for both zwitterions. These
discrepancies were discussed to be linked to the di�erent locations of the onium moiety
and the associated e�ects on the hydration structure and dynamics. The obtained e�ec-
tive dipole moments of GABA(aq) and AABA(aq) were found to decrease with increasing
solute concentration for both molecules. Consistent with the observed hydration numbers,
this decline was argued to be associated with the gradual loss of hydrating water dipoles
at the zwitterions with increasing concentration. It was found that the solvation structure
of GABA(aq) could be fairly well modeled by considering the hydration characteristics of
the individual functional groups (-COO−, -NH+

3 ), while the close location of the charged
groups at AABA prohibited such a simpli�ed approach. It was concluded that the dissimi-
lar bioaction of GABA and AABA is not simply linked to the di�erent spatial structures, in
terms of molecular recognition, but there a also marked di�erences regarding their interac-
tion with the surrounding medium, i.e., water, which emphasizes the necessity to consider
these interactions when discussing the biological behaviour of any biomolecule.

Inorganic Salt Solutions

The evaluation of the DR spectra of MgCl2(aq), CaCl2(aq) and Me4NCl(aq) at 0.05 ≤
ν/GHz ≤ 89 and 25 °C yielded hydration numbers of the individual ions and information
on their tendency for association into ion-pairs (IPs).
It was established that both Mg2+ and Ca2+ are strongly hydrated, with each possessing
two well-de�ned hydration shells. Evidence for a somewhat weaker hydration of Ca2+

compared to Mg2+ were found. The two solute-dependent modes at low frequencies in
the dielectric spectra of MgCl2(aq) and CaCl2(aq) were assigned to the formation of IPs
in these classical strong electrolyte solutions. Detailed analysis of these modes indicated
that they could be assigned to double-solvent-separated and solvent-shared IPs, with no
evidence for the formation of contact IPs, which was consistent with the strong hydration
of the two cations. The overall IP association constants calculated from the DR spectra
were in good agreement with literature data.
The analysis of the solvent related modes in the permittivity spectra of Me4NCl(aq) re-
vealed that e�ectively ∼ 6 water molecules are dynamically impeded in the apolar hydra-
tion sheath of the Me4N+ cation. As would be expected from the low charge density of the
TMA cation, practically no irrotationally bound water could be observed. The evaluation
of the low-frequency solute mode showed that the degree of Me4N+ · · ·Cl−-ion pair forma-
tion is low, but still detectable. Solvent-shared IPs were discussed to be the predominant
species responsible for this IP relaxation process. The obtained association constants were
in good agreement with literature values. No indications for cation-cation aggregation of
Me4N+, which was reported for higher tetraalkylammonium homologues [22, 343, 359],
could be detected in the DR spectra.

E�ects of Salts on the NTs

To investigate the rather speci�c e�ect of ions on the solutions of the small biomolecules,
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ternary systems involving di�erent combinations of inorganic salts and biomolecules at
varying inorganic salt : biomolecule ratios were studied with the help of DRS.

The analysis of the solvent-related relaxation modes in the dielectric spectra of AcChCl+
KCl(aq) and AcChCl+KF(aq) showed that the addition of KCl as well as KF to Ac-
ChCl(aq) leads to a fast dehydration of the NT. Furthermore, changes in the overall hy-
dration dynamics of water molecules, most likely associated with F−, could be observed as
the ratio KF : AcCh+ increased. Unfortunately, the origin of this e�ect could not be found
by DRS, which thus might be an interesting feature to take up in future studies of these
systems. No separate IP relaxation mode could be resolved in the DR spectra of both sets
of samples. A quantitative analysis of the AcCh+ reorientation mode was hampered by the
scatter of the data, but, in particularly for AcChCl+KCl(aq), some indications of possible
IP formation were found.

Major di�erences between the addition of monovalent and divalent cations to a ∼ 0.4M
NaGlu(aq) solution could be observed in the corresponding DR spectra. While for NaGlu+
MgCl2(aq) and NaGlu+CaCl2(aq) an IP relaxation mode was discernible, no separate IP
process could be resolved in the complex permittivity spectra of NaGlu+LiCl(aq) and
NaGlu+NaCl(aq). Nevertheless, the trends in the amplitude of the Glu− reorientation
mode were argued to be linked to the presence of Li+/Na+-Glu−-ion associates. A detailed
analysis suggested that ion aggregates of the form

[
M+ · · ·H2O · · ·Cl− · · ·Glu−

]−, where
the cation and the chloride anion are simultaneously bound to the backbone, might be
present in the solutions. In contrast, the evaluation of the IP mode in NaGlu+MgCl2(aq)
and NaGlu+CaCl2(aq) revealed that ion-pairs with Mg2+ and Ca2+ directly bound to the
sidechain carboxylate group are the most likely species to be formed and the corresponding
association constants were obtained. The observed increase of Zs with rising inorganic salt
concentration in NaGlu+LiCl(aq) and NaGlu+NaCl(aq) was argued to be linked to the
hydration of the quadrupolar

[
M+ · · ·H2O · · ·Cl− · · ·Glu−

]− species. Additionally, the
trend of the Zib values of Glu− in NaGlu+CaCl2(aq) yielded slight indications for the
presence of higher order aggregates.

The systems studied at last were ternary solutions involving Gln. The interpretation of
the dielectric spectra indicated that the solvated Gln molecules are essentially unperturbed
by the presence of NaCl. On the other hand, the addition of LiCl led to some noticeable
e�ects on the hydration and the e�ective dipole moment of Gln at high c(LiCl). However,
a detailed analysis of these e�ects was not feasible. Formation of Li+ · · ·Gln aggregates
might be responsible for the observed e�ects in the Gln+LiCl(aq) system. This issue could
possibly be addressed by studies at higher c(LiCl) : c(Gln) ratios. For Gln+MgCl2(aq)
and Gln+CaCl2(aq) a di�erent picture emerged. The observed decreasing behaviour of
the e�ective dipole moments and hydration numbers of Gln were interpreted as strong
indications for the formation of M2+ · · ·Gln (M2+ = Mg2+ and Ca2+) aggregates. Concen-
trations of these complexes were estimated under the assumption that only 1:1 species are
formed. Interestingly, comparisons with quantum chemical calculations hinted that the
present divalent cations most probably bind preferentially to the backbone of Gln, forming[
M2+ · · ·H2O · · ·Cl− · · ·Gln

]+ associates, in contrast to NaGlu+MCl2 for which a coordi-
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nation to the side-chain -COO− was proposed (see above). It seems that for Gln(aq) the
M2+ ions coordinate to the backbone as there is no better alternative. The inclusion of a
H2O molecule and a Cl− anion in this aggregate might diminish for the repulsive forces
between the positively charged onium moiety and M2+, but, all in all, the extent of this
complex formation was still lower compared to the binding of the corresponding cations to
the negatively charged side-chain of Glu−.

It should be pointed out that the analysis of the solute-related relaxation modes in the
DR spectra of the ternary systems was only feasible under certain assumptions. Probably
the most crude assumption involves the dipolar correlations between the biomolecules
and the neigbouring dipoles. Such correlations are very signi�cant for the structure of
aqueous biomolecule solutions, as indicated by the DR spectra of the binary systems. In
the study of ternary solutions these were partly neglected or at least assumed to be of
the same magnitude as in binary solutions, which, however, is in principal not guaranteed.
This issue emphasizes the multifaceted and complex character of solvation and ion-speci�c
phenomena, as mentioned in the introduction of this thesis. Knowing how a solute, e.g.
biomolecule, behaves in a binary solution is certainly useful to understand some of its
fundamental characteristics. However, the presence of other molecules or ions might have
sever e�ects on its properties (and vice versa). This could clearly be observed in present
ternary systems. Note that situation is even more complex in real biological systems, where
numerous solvated ions and other solutes might interact with the biomolecule.
Nevertheless, some consistent trends and coherent pictures could be obtained for the stud-
ied systems in this work and although there is still a long way to go to fully understand
how certain media a�ect speci�c solute properties, this study provides a foundation for
future investigations of these putative �basic� phenomena.





Appendix A

Supplemantary Measurement &
Dielectric Relaxation Data

A.1 Acetylcholine Chloride and Carbamylcholine Chlo-

ride

Table A.1: Molar concentrations, c, densities, ρ, viscosities, η, conductivities, κ, and their
respective uncertainties, ∆η and ∆κ, of the AcChCl(aq) solutions at 25 °C.

c / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s κ / Sm−1 ∆κ / Sm−1

0.07496 0.998909 0.892 0.001 0.678 0.001
0.1501 1.000727 0.916 0.001 1.258 0.004
0.2005 1.002032 0.930 0.001 1.634 0.006
0.2510 1.003329 0.945 0.001 1.985 0.008
0.3013 1.004541 0.961 0.001 2.28 0.01
0.3521 1.005877 0.979 0.001 2.643 0.004
0.4027 1.007076 0.994 0.001 2.906 0.005
0.4538 1.00836 1.014 0.002 3.181 0.006
0.5334 1.010349 1.045 0.002 3.604 0.007
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Table A.2: Molar concentrations, c, densities, ρ, viscosities, η, conductivities, κ, and their
respective uncertainties, ∆η and ∆κ, of the b = 0.2621mol kg−1 and b = 0.3738mol kg−1

AcChCl(aq) solutions as function of temperature, ϑ.

ϑ / °C c / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s κ / Sm−1 ∆κ / Sm−1

b = 0.2621mol kg−1

5 0.2519 1.007031 1.619 0.003 1.209 0.005
15 0.2516 1.005712 1.2117 0.0009 1.581 0.007
25 0.2510 1.003329 0.9445 0.0008 1.985 0.008
35 0.2502 1.000074 0.7648 0.0008 2.42 0.01
45 0.2492 0.996078 0.6294 0.0006 2.87 0.01
55 0.2480 0.991433 0.532 0.003 3.33 0.01
65 0.2467 0.986216 0.454 0.004 3.80 0.02

b = 0.3738mol kg−1

5 0.3535 1.009894 1.681 0.002 1.599 0.003
15 0.3530 1.008394 1.257 0.001 2.098 0.004
25 0.3521 1.005877 0.979 0.001 2.643 0.004
35 0.3510 1.002525 0.7918 0.0008 3.218 0.006
45 0.3495 0.998456 0.6529 0.0007 3.815 0.006
55 0.3479 0.993762 0.552 0.005 4.427 0.007
65 0.3460 0.988512 0.48 0.02 5.049 0.008

Table A.3: Molar concentrations, c, densities, ρ, viscosities, η, conductivities, κ, and their
respective uncertainties, ∆η and ∆κ, of the CarCl(aq) solutions at 25 °C.

c / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s κ / Sm−1 ∆κ / Sm−1

0.07434 0.999766 0.9106 0.0005 0.661 0.001
0.1567 1.002620 0.9236 0.0004 1.277 0.003
0.2004 1.004150 0.9349 0.0006 1.573 0.005
0.2459 1.005762 0.9458 0.0005 1.927 0.003
0.3193 1.008322 0.9650 0.0007 2.394 0.004
0.3524 1.009483 0.9735 0.0008 2.774 0.006
0.4037 1.011262 0.9846 0.0009 3.090 0.007
0.4985 1.014588 1.039 0.004 3.682 0.008
0.8338 1.026270 1.131 0.002 5.36 0.01
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Figure A.1: Relaxation-time distribution, P (t), of dielectric data of AcChCl(aq) solutions
at 25 °C, obtained via Zasetsky's computational procedure [114].
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Figure A.2: Relaxation-time distribution, P (t), of dielectric data of CarCl(aq) solutions at
25 °C, obtained via Zasetsky's computational procedure [114].
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Figure A.4: (a) Static permittivities, ε(F), and relaxation amplitudes,
S1( ), S2(N), S3(�), and (b) the respective relaxation times, τ1( ), τ2(N), τ3(�), of
the AcChCl(aq) solutions at 25 °C as a function of solute concentration, c(AcChCl). The
dashed lines are guides to the eye. Hollow symbols denote parameters which were �xed
during �tting of the dielectric spectra. Parameters of fast-water mode 4 are not shown for
the sake of calarity.
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Figure A.5: (a) Static permittivities, ε(F), and relaxation ampli-
tudes, S0(L), S1( ), S2(N), S3(�), and (b) the respective relaxation times,
τ0(L), τ1( ), τ2(N), τ3(�), of the CarCl(aq) solutions at 25 °C as a function of solute
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parameters which were �xed during �tting of the dielectric spectra.
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Figure A.6: Static permittivities, ε(F), and relaxation amplitudes, S1( ), S2(N), S3(�),
of (a) 0.2621mol kg−1 and (b) 0.3738mol kg−1 AcChCl(aq) as a function of ϑ. The dashed
lines are guides to the eye. Hollow symbols denote �xing during �tting of the dielectric
spectra. Parameters of fast-water mode 4 are not shown for the sake of calarity.
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Figure A.7: Lowest-energy structures of two di�erent kinds of contact ion pairs of car-
bamylcholine and chloride as obtained by Gaussian 09 at the B3LYP/6-31G(d,p) level
using the PCM solvation model. Blue: nitrogen, red: oxygen, dark-gray: carbon, light-
gray: hydrogen, green: chloride. The arrows indicate the dipole moments.

Table A.4: Limiting molar conductivities, Λ0, and in�nite dilution IP formation constants,
K◦A, of AcChCl(aq) obtained from dilute-solution electrical conductivity measurements
[149].

ϑ / °C Λ0 / S cm2mol−1 K◦A / M−1 lgK◦A
5 68.813 2.96 0.471
10 78.865 2.85 0.455
15 89.381 2.74 0.438
20 100.35 2.65 0.424
25 111.635 2.46 0.391
30 123.236 2.17 0.336
35 134.971 1.70 0.230
40 146.582 1.96 0.291

Table A.5: Limiting molar conductivities, Λ0, and in�nite dilution IP formation constants,
K◦A, of CarCl(aq) obtained from dilute-solution electrical conductivity measurements [149].

ϑ / °C Λ0 / S cm2mol−1 K◦A / M−1 lgK◦A
5 68.593 3.63 0.560
10 78.587 3.49 0.542
15 89.034 3.32 0.521
20 99.963 3.26 0.513
25 111.166 2.93 0.467
30 122.745 2.67 0.427
35 134.646 2.58 0.412
40 146.673 3.51 0.545
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Table A.6: Structural parameters of AcCh+ (trans, gauche and trans, trans conformer) and
Cl− hydration in aqueous solution at in�nite dilution (inf) and 0.53M and under ambient
conditions. The di�erences between the two conformations is given as |∆|. The location
of the �rst maximum of the PDFs (in Å) is denoted as rM1 [148].

structural parameters
c(AcChCl) / mol L−1

inf 0.53
trans, gauche trans, trans |∆| trans, gauche trans, trans |∆|

-N+Me3
gNOw(rM1) 1.53 (0.428) 1.54 (0.430) 0.01 (0.002) 1.54 (0.428) 1.54 (0.430) 0 (0.002)
gCm2Ow(rM1) 1.51 (0.312) 1.58 (0.310) 0.07 (0.002) 1.52 (0.312) 1.60 (0.310) 0.08 (0.002)
nCm2Ow 5.88 5.94 0.06 5.42 5.47 0.05

gHm2Ow(rM1)
0.78-1.07 1.00-1.06 0.22-0.01 0.79-1.09 1.02 -1.08 0.23-0.01

(0.230-0.242) (0.233-0.235) (0.003-0.007) (0.230-0.240) (0.233-0.235) (0.003-0.005)
CH2 (Cb1 and Cb2)

gCb1Ow(rM1) 1.24 (0.342) 1.20 (0.342) 0.04 (0) 1.25 (0.340) 1.22 (0.340) 0.03 (0)
nCb1Ow 10.43 10.42 0.01 9.6 9.59 0.01

gHb1Ow(rM1) 1.02 (0.250) 1.06 (0.250) 0.04 (0) 1.04 (0.250) 1.08 (0.250) 0.04 (0)
gCb2Ow(rM1) 1.15 (0.312) 1.12 (0.315) 0.03 (0.003) 1.17 (0.312) 1.14 (0.315) 0.03 (0.003)
nCb2Ow 4.09 3.93 0.16 3.79 3.73 0.06

gHb2Ow(rM1) 1.09 (0.233) 1.03 (0.233) 0.06 (0) 1.11 (0.233) 1.05 (0.233) 0.06 (0)
CH3 (Cm1)

gCm1Ow(rM1) 1.53 (0.340) 1.49 (0.340) 0.04 (0) 1.55 (0.338) 1.51 (0.340) 0.04 (0.002)
nCm1Ow 12.93 12.19 0.74 11.94 11.27 0.67

gHm1Ow(rM1) 1.19 (0.267) 1.19 (0.267) 0 (0) 1.21 (0.267) 1.20 (0.267) 0.01 (0)
C=O

gO2Ow(rM1) 1.74 (0.297) 1.74 (0.297) 0 (0) 1.76 (0.297) 1.75 (0.297) 0.01 (0)
nO2Ow 6.46 6.36 0.1 5.99 5.99 0

gO2Hw(rM1) 1.41 (0.175) 1.42 (0.175) 0.01 (0) 1.46 (0.175) 1.47 (0.175) 0.01 (0)
nO2Hw 1.74 1.7 0.04 1.64 1.61 0.03

-O- (O7)
gO7Ow(rM1) 0.90 (0.305) 1.14 (0.305) 0.24 (0) 0.91 (0.305) 1.14 (0.305) 0.23 (0)
nO7Ow 3.14 4.2 1.06 2.9 3.88 0.98

gO7Hw(rM1) 0.25 (0.185) 0.40 (0.180) 0.15 (0.005) 0.26 (0.185) 0.41 (0.180) 0.15 (0.005)
nO7Hw 0.39 0.6 0.21 0.36 0.56 0.2
nt 30.1 31.9 1.8

Cl−

gClHw(rM1) 2.40 (0.220) 2.40 (0.220) 0 (0) 2.50 (0.220) 2.49 (0.220) 0.01 (0)
nClHw 5.92 5.92 0 5.63 5.62 0.01
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Figure A.8: PDFs (a) gCb1Ow, gHb1Ow and (b) gCb2Ow, gHb2Ow for the trans, gauche con-
former of AcCh in aqueous solution at in�nite dilution and the highest concentration of
0.53M.

A.2 Sodium Glutamate and Glutamine

Table A.7: Molar concentrations, c, densities, ρ, viscosities, η, the respective uncertainties,
∆η and ∆κ, and the pH of the NaGlu solutions at 25 °C.

c / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s κ / Sm−1 ∆κ / Sm−1 pH
0.206 1.014738 0.9921 0.0004 1.087 0.002 6.9
0.406 1.031564 1.112 0.001 1.885 0.007 �
0.601 1.047664 1.239 0.001 2.47 0.01 �
0.783 1.062868 1.397 0.002 2.93 0.01 �
0.965 1.074612 1.556 0.002 3.29 0.01 �
1.14 1.090961 1.738 0.002 3.563 0.006 �
1.30 1.103343 1.943 0.002 3.722 0.007 �
1.44 1.115383 2.166 0.002 3.847 0.007 �
1.60 1.128067 2.454 0.003 3.898 0.007 �
1.75 1.140130 2.715 0.006 3.88 0.01 �
1.90 1.150388 3.058 0.006 3.909 0.007 6.7
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Table A.8: pH, molar concentrations, c, densities, ρ, viscosities, η, and the respective
uncertainties, ∆η and ∆κ, of the HGlu+NaOH/HCl solutions at 25 °C.

pH c0(HGlu) / mol L−1 c(NaOH) / mol L−1 c(HCl) / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s κ / Sm−1 ∆κ / Sm−1

1.6 0.06132 � 0.09802 1.001999 0.9120 0.0005 2.224 0.009
3.1 0.05964 � � 1.000512 0.9081 0.0004 0.0431 0.0001
4.2 0.05928 0.03027 � 1.001498 0.9180 0.0009 0.2148 0.0007
10.9 0.05869 0.08221 � 1.003762 0.9332 0.0006 0.852 0.001
12.6 0.05848 0.1484 � 1.009615 0.9593 0.0006 3.521 0.015

Table A.9: Molar concentrations, c, densities, ρ, viscosities, η, the respective uncertainties,
∆η, and the pH of the Gln(aq) solutions at 25 °C.

c / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s pH
0.04758 0.999593 0.9044 0.0007 5.9
0.1092 1.002829 0.9222 0.0005 �
0.1716 1.006102 0.9413 0.0005 �
0.1878 1.007166 0.9487 0.0005 �
0.2166 1.008442 0.9567 0.0008 �
0.2310 1.009197 0.9598 0.0005 6.1
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Figure A.9: Relaxation-time distribution, P (τ), of dielectric data for NaGlu(aq) at 25 ◦C,
obtained via Zasetsky's computational procedure [114].
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Figure A.10: Relaxation-time distribution, P (τ), of dielectric data for HGlu(aq) at 25 ◦C
and di�erent pH-values, obtained via Zasetsky's computational procedure [114].
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Figure A.11: Relaxation-time distribution, P (τ), of dielectric data for Gln(aq) at 25 ◦C,
obtained via Zasetsky's computational procedure [114].
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Figure A.12: (a) Static permittivities, ε(F), and relaxation amplitudes,
S1( ), S2(N), S3(�), and (b) the respective relaxation times, τ1( ), τ2(N), τ3(�), of
the NaGlu(aq) solutions at 25 °C as a function of solute concentration, c(NaGlu). The
dashed lines are guides to the eye and were obtained from empirical �ts. Hollow symbols
denote parameters which were �xed during �tting of the dielectric spectra.
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Figure A.13: (a) Static permittivities, ε(F), and relaxation amplitudes, S1( ), S2(�), and
(b) the respective relaxation times, τ1( ), τ2(�), of the Gln(aq) solutions at 25 °C as a
function of solute concentration, c(Gln). The dashed lines are guides to the eye and were
obtained from empirical �ts. Parameters of the fast-water mode k = 3 are not shown for
clarity.
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Figure A.14: Slow-water retardation factor, r = τ2/τ3, of aqueous NaGlu solutions at 25 °C
as a function of c(NaGlu).
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Figure A.15: Relative permittivity, ε′(ν), and dielectric loss, ε′′(ν), spectra of
HGlu+NaOH/HCl(aq) at di�erent pH values and at 25 °C. Symbols denote the experi-
mental data. For visual clarity experimental points are only shown for selected samples.
Colored lines represent the respective �ts at di�erent pH.
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Figure A.17: Low-energy structures of (a) Glu−, (b) Glu−+1·H2O(backbone),
(c) Glu−+1·H2O(sidechain), (d) Glu−+2·H2O(sidechain-backbone), (e)
Glu−+2·H2O(backbone-backbone) and (f) Glu−+3·H2O(backbone-backbone-sidechain)
species as obtained by Gaussian 09 at the B3LYP/6-31++G(d,p) level using the PCM
solvation model. Blue: nitrogen, red: oxygen, dark-gray: carbon, light-gray: hydrogen.
The arrows indicate the dipole moments.
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Figure A.18: Low-energy structures of (a) Gln, (b) Gln+1·H2O(backbone),
(c) Gln+2·H2O(backbone-backbone), (d) Gln+2·H2O(sidechain-backbone), (e)
Gln+3·H2O(backbone-backbone-backbone) and (f) Gln+3·H2O(backbone-backbone-
sidechain) species as obtained by Gaussian 09 at the B3LYP/6-31G(d,p) level using
the PCM solvation model. Blue: nitrogen, red: oxygen, dark-gray: carbon, light-gray:
hydrogen. The arrows indicate the dipole moments.
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A.3 γ-Aminobutyric Acid, α-Aminobutyric acid & n-

Butylammonium chloride

Table A.10: Molar concentrations, c, densities, ρ, viscosities, η, with its uncertainty, ∆η,
and pH-values of the GABA(aq) solutions at 25 °C.

c / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s pH
0.2071 1.003291 0.950 0.002 6.2
0.3891 1.008649 1.005 0.001 6.2
0.8142 1.020972 1.162 0.001 6.4
1.250 1.033251 1.361 0.001 6.6
1.692 1.045385 1.615 0.002 6.7
2.157 1.057791 1.955 0.002 6.9
2.717 1.072337 2.70 0.07 7.1
3.280 1.086391 3.29 0.01 7.1
3.871 1.100696 4.468 0.006 7.1
4.460 1.114362 6.40 0.01 7.3
5.227 1.131253 10.75 0.02 7.4
6.241 1.152066 23.50 0.04 7.4

Table A.11: Molar concentrations, c, densities, ρ, viscosities, η, with its uncertainty, ∆η,
and pH-values of the AABA(aq) solutions at 25 °C.

c / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s pH
0.09980 0.999844 0.917 0.003 6.0
0.2508 1.004006 0.977 0.002 �
0.4033 1.008189 1.016 0.002 �
0.6055 1.013704 1.095 0.002 �
0.8069 1.019202 1.189 0.004 �
1.000 1.024323 1.281 0.003 �
1.226 1.030417 1.419 0.005 �
1.441 1.036104 1.525 0.004 �
1.708 1.043146 1.737 0.007 6.5
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Table A.12: Molar concentrations, c, densities, ρ, viscosities, η, conductivities, κ, and their
respective uncertainties, ∆η and ∆κ, of the BACl(aq) solutions at 25 °C.

c / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s κ / Sm−1 ∆κ / Sm−1

0.03584 0.997302 0.912 0.001 0.353 0.001
0.07113 0.997500 0.912 0.001 0.637 0.002
0.1422 0.997942 0.935 0.007 1.241 0.002
0.2842 0.998813 0.972 0.002 2.304 0.003
0.3785 0.999356 0.997 0.005 3.153 0.003
0.5037 1.000103 1.037 0.002 3.665 0.007
0.6726 1.001121 1.09 0.01 4.468 0.006
0.8935 1.002532 1.184 0.001 6.158 0.005
1.190 1.004361 1.30 0.02 7.46 0.01

Figure A.19: Relaxation-time distribution, P (t), of dielectric data of GABA(aq) solutions
at 25 °C, obtained via Zasetsky's computational procedure [114].
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Figure A.20: Relaxation-time distribution, P (t), of dielectric data of AABA(aq) solutions
at 25 °C, obtained via Zasetsky's computational procedure [114].
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Figure A.21: Relaxation-time distribution, P (t), of dielectric data of BACl(aq) solutions
at 25 °C, obtained via Zasetsky's computational procedure [114].
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Figure A.22: (a) Static permittivities, ε(F), and relaxation amplitudes,
S1( ), S2(N), S3(�), and (b) the respective relaxation times, τ1( ), τ2(N), τ3(�), of
the GABA(aq) solutions at 25 °C as a function of solute concentration, c(GABA). The
dashed lines are guides to the eye and were obtained from empirical �ts. Hollow symbols
denote parameters which were �xed during �tting of the dielectric spectra. Parameters of
fast-water mode j = 4 are not shown.
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Figure A.23: (a) Static permittivities, ε(F), and relaxation amplitudes,
S1( ), S2(N), S3(�), and (b) the respective relaxation times, τ1( ), τ2(N), τ3(�), of
the AABA(aq) solutions at 25 °C as a function of solute concentration, c(AABA). The
dashed lines are guides to the eye and were obtained from empirical �ts. Parameters of
fast-water mode j = 4 are not shown.
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Figure A.24: (a) Static permittivities, ε(F), and relaxation amplitudes,
S1(L), S2( ), S3(�), and (b) the respective relaxation times, τ1(L), τ2( ), τ3(�), of
the BACl(aq) solutions at 25 °C as a function of solute concentration, c(BACl). Inset (c)
shows the width parameter, α3, as function of BACl(aq) concentration. The dashed lines
are guides to the eye and were obtained from empirical �ts.
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Figure A.25: Lowest-energy structures of (a) BA+, (b) BA+-Cl−-CIP, (c) BA+-Cl−-
SIP, (d) BA+1·H2O, (e) BA+2·H2O, (f) BA+3·H2O, (g) BA+4·H2O, (h) BA+5·H2O,
(i) BA+6·H2O and (j) n-butylamine species as obtained by Gaussian 09 at the B3LYP/6-
31G(d,p) and B3LYP/6-31++G(d,p) level using the PCM solvation model. Blue: nitrogen,
red: oxygen, dark-gray: carbon, light-gray: hydrogen, green: chloride. The arrows indicate
the dipole moments.
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Figure A.26: Low-energy structures of (a) GABA, (b) GABA+1·H2O, (c) GABA+2·H2O
and (d) GABA+3·H2O species as obtained by Gaussian 09 at the B3LYP/6-31G(d,p) level
using the PCM solvation model. Blue: nitrogen, red: oxygen, dark-gray: carbon, light-
gray: hydrogen. The arrows indicate the dipole moments.
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Figure A.27: Low-energy structures of (a) AABA, (b) AABA+1·H2O, (c) AABA+2·H2O
and (d) AABA+3·H2O species as obtained by Gaussian 09 at the B3LYP/6-31++G(d,p)
level using the PCM solvation model. Blue: nitrogen, red: oxygen, dark-gray: carbon,
light-gray: hydrogen. The arrows indicate the dipole moments.

A.4 Electrolyte Solutions

Table A.13: Molar concentrations, c, densities, ρ, viscosities, η, conductivities, κ, and their
respective uncertainties, ∆η and ∆κ, of the MgCl2(aq) solutions at 25 ◦C.

c / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s κ / Sm−1 ∆κ / Sm−1

0.03094 0.999576 0.899 0.002 0.623 0.001
0.07636 1.003156 0.915 0.001 1.419 0.003
0.1513 1.008510 0.949 0.002 2.550 0.004
0.3064 1.021174 1.007 0.002 4.865 0.007
0.4105 1.026234 1.038 0.002 6.08 0.01
0.5180 1.036015 1.084 0.002 7.76 0.02
0.6270 1.045995 1.134 0.002 9.11 0.02
0.8481 1.060127 1.231 0.002 11.13 0.02
1.079 1.079457 1.369 0.002 13.21 0.03
1.371 1.096575 1.510 0.002 14.64 0.04
1.642 1.117286 1.715 0.003 16.02 0.04
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Table A.14: Molar concentrations, c, densities, ρ, viscosities, η, conductivities, κ, and their
respective uncertainties, ∆η and ∆κ, of the CaCl2(aq) solutions at 25 ◦C.

c / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s κ / Sm−1 ∆κ / Sm−1

0.04865 1.001551 0.9025 0.0004 1.012 0.002
0.08515 1.004869 0.9151 0.0007 1.695 0.006
0.2173 1.017112 0.9493 0.0008 3.93 0.02
0.4349 1.037585 1.016 0.001 7.20 0.01
0.6106 1.054518 1.070 0.001 9.63 0.02
0.7849 1.071914 1.136 0.001 11.70 0.04
0.8726 1.079961 1.172 0.001 12.76 0.02
1.050 1.099588 1.272 0.001 14.54 0.05
1.225 1.115283 1.346 0.001 16.11 0.06
1.786 1.149411 1.543 0.002 18.47 0.06

Figure A.28: Relaxation-time distribution, P (τ), of dielectric data for MgCl2(aq) at 25 ◦C,
obtained via Zasetsky's computational procedure [114].
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Figure A.29: Relaxation-time distribution, P (τ), of dielectric data for CaCl2(aq) at 25 ◦C,
obtained via Zasetsky's computational procedure [114].
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Figure A.30: (a) Static permittivities (?) and relaxation intensities, Sj (j = 1 �, j = 2 N,
j = 3  ), and (c) relaxation times, τj (j = 1 �, j = 2 N, j = 3  ) as function of c(MgCl2).
The hollow symbols indicate the parameter was �xed during �tting. Inset (b) shows S1 at
low c. Dashed lines are visual guides only.
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Figure A.31: (a) Static permittivities (?) and relaxation intensities, Sl (l = 1 �, l = 2 N,
l = 3  ), and (c) relaxation times, τl (k = l �, k = l N, l = 3  ) as function of c(CaCl2).
The hollow symbols indicate the parameter was �xed during �tting. Inset (b) shows S1 at
low c. Dashed lines are visual guides only. Parameters of mode l = 0 are not shown.
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Table A.15: Estimated e�ective dipole moments of the IP species in MgCl2(aq) and
CaCl2(aq) using the CHS as the pivot.

µe�,IP(MgCl+(aq))/D µe�,IP(CaCl+(aq))/D
CIP 20.7 23.4
SIP 44.5 46.7
2SIP 64.8 66.7

Table A.16: Molar concentrations, c, densities, ρ, viscosities, η, conductivities, κ, and their
respective uncertainties, ∆η and ∆κ, of the TMACl(aq) solutions at 25 ◦C.

c / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s κ / Sm−1 ∆κ / Sm−1

0.09600 0.997291 0.9021 0.0008 0.928 0.002
0.1986 0.997482 0.9136 0.0006 1.814 0.003
0.4143 0.997910 0.915 0.001 3.668 0.007
0.6250 0.998323 0.946 0.001 4.814 0.007
0.8038 0.998701 0.9745 0.0009 6.30 0.01
0.9885 0.999124 1.0065 0.0007 7.38 0.02
1.197 0.999623 1.051 0.001 8.47 0.02
1.495 1.000412 1.120 0.001 9.79 0.02



206
APPENDIX A. SUPPLEMANTARY MEASUREMENT & DIELECTRIC

RELAXATION DATA

Figure A.32: Relaxation-time distribution, P (τ), of dielectric data for TMACl(aq) at 25 ◦C,
obtained via Zasetsky's computational procedure [114].
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Figure A.33: (a) Static permittivities (?) and relaxation intensities, Sl (l = 1  , j = 2 N,
j = 3 �), and (c) relaxation times, τl (l = 1  , j = 2 N, j = 3 �) as function of c(TMACl).
Parameters of mode l = 0 are not shown.

A.5 Ternary Systems - E�ect of Salts on the Neuro-

transmitter Solutions

Table A.17: Molar concentrations, c, densities, ρ, viscosities, η, conductivities, κ, and their
respective uncertainties, ∆η and ∆κ, of the AcChCl+KCl(aq) solutions at 25 ◦C.

c(KCl) / mol L−1 c(AcChCl) / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s κ / Sm−1 ∆κ / Sm−1

0 0.2507 1.003258 0.9602 0.0006 1.927 0.007
0.1521 0.2497 1.010237 0.9599 0.0003 3.55 0.01
0.3039 0.2486 1.017202 0.9608 0.0009 5.12 0.01
0.6185 0.2462 1.031394 0.9606 0.0004 8.27 0.01
0.8325 0.2447 1.041232 0.9619 0.0005 10.36 0.04
1.054 0.2429 1.050486 0.966 0.001 12.40 0.04
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Table A.18: Molar concentrations, c, densities, ρ, viscosities, η, conductivities, κ, and their
respective uncertainties, ∆η and ∆κ, of the AcChCl+KF(aq) solutions at 25 ◦C.

c(KF) / mol L−1 c(AcChCl) / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s κ / Sm−1 ∆κ / Sm−1

0 0.2510 1.003303 0.966 0.005 1.949 0.003
0.1688 0.2506 1.011464 0.996 0.002 3.439 0.005
0.3281 0.2502 1.019184 1.010 0.004 4.765 0.008
0.6053 0.2494 1.032400 1.04 0.16 6.90 0.01
0.7840 0.2490 1.040804 1.109 0.002 8.13 0.03
1.015 0.2483 1.051504 1.128 0.005 9.70 0.03

Figure A.34: Relaxation-time distribution, P (t), of dielectric data of ∼ 0.25M AcChCl(aq)
with added KCl (AcChCl+KCl(aq)) at 25 °C, obtained via Zasetsky's computational pro-
cedure [114].
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Figure A.35: Relaxation-time distribution, P (t), of dielectric data of AcChCl+KF(aq) with
added KF (AcChCl+KF(aq)) at 25 °C, obtained via Zasetsky's computational procedure
[114].
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Figure A.36: Static permittivities, ε(F), and relaxation amplitudes, S1( ), S2(N), S3(�),
of (a) AcChCl+KCl(aq) and (b) AcChCl+KF(aq) solutions at 25 °C as a function of the
added salt concentration. Dashed lines are guides to the eye. Amplitudes S4 are not shown
for the sake of clarity.
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Figure A.37: Lowest-energy structures of contact ion pairs of acetylcholine and (a) chloride
and (b) �uoride as obtained by Gaussian 09 at the B3LYP/6-31G(d,p) level using the PCM
solvation model. Blue: nitrogen, red: oxygen, dark-gray: carbon, light-gray: hydrogen,
green: chloride, light blue: �uoride. The arrows indicate the dipole moments.
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Table A.19: Molar concentrations, c, densities, ρ, viscosities, η, conductivities, κ, and
their respective uncertainties, ∆η and ∆κ, of ternary solutions of NaGlu(aq) and di�erent
chloride salts at 25 ◦C.

c(salt) / mol L−1 c(NaGlu) / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s κ / Sm−1 ∆κ / Sm−1

LiCl
0 0.394 1.029099 1.097 0.001 1.765 0.007

0.1013 0.393 1.031882 1.106 0.002 2.518 0.004
0.2866 0.391 1.035600 1.146 0.002 3.630 0.006
0.5686 0.389 1.041962 1.206 0.003 5.302 0.008
0.9469 0.386 1.050174 1.284 0.003 7.26 0.01
1.508 0.382 1.062147 1.397 0.006 9.68 0.04

NaCl
0 0.424 1.033681 1.116 0.004 2.003 0.007

0.1103 0.423 1.037917 1.118 0.001 2.80 0.01
0.2518 0.422 1.043314 1.136 0.001 3.853 0.006
0.5059 0.419 1.052916 1.161 0.001 6.02 0.01
0.8046 0.417 1.064153 1.203 0.007 8.11 0.02
0.9994 0.415 1.071432 1.231 0.002 9.37 0.02

MgCl2
0 0.424 1.033681 1.116 0.004 2.003 0.007

0.06738 0.408 1.037636 1.155 0.001 2.714 0.007
0.1594 0.402 1.044653 1.195 0.002 3.874 0.006
0.3162 0.393 1.056928 1.283 0.001 6.11 0.01
0.4865 0.381 1.070843 1.393 0.001 8.09 0.02
0.8358 0.357 1.101239 1.677 0.002 11.47 0.03

CaCl2
0 0.424 1.033681 1.116 0.004 2.003 0.007

0.1010 0.421 1.041919 1.148 0.002 3.163 0.005
0.2007 0.418 1.050053 1.180 0.001 4.608 0.009
0.2984 0.416 1.058061 1.228 0.002 5.79 0.01
0.4948 0.410 1.074130 1.313 0.003 7.99 0.02
0.7955 0.402 1.097951 1.442 0.002 10.86 0.03
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Figure A.38: Relaxation-time distribution functions, P (τ), of the dielectric data of ∼0.4M
NaGlu(aq) with added LiCl (NaGlu+LiCl(aq)) at 25 ◦C, obtained via Zasetsky's compu-
tational procedure [114].
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Figure A.39: Relaxation-time distribution functions, P (τ), of the dielectric data of ∼0.4M
NaGlu(aq) with added NaCl (NaGlu+NaCl(aq)) at 25 ◦C, obtained via Zasetsky's compu-
tational procedure [114].
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Figure A.40: Relaxation-time distribution functions, P (τ), of the dielectric data of ∼0.4M
NaGlu(aq) with added MgCl2 (NaGlu+MgCl2(aq)) at 25 ◦C, obtained via Zasetsky's com-
putational procedure [114].
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Figure A.41: Relaxation-time distribution functions, P (τ), of the dielectric data of ∼0.4M
NaGlu(aq) with added CaCl2 (NaGlu+CaCl2(aq)) at 25 ◦C, obtained via Zasetsky's com-
putational procedure [114].
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Figure A.42: Relative permittivity, ε′(ν), and dielectric loss, ε′′(ν), spectra of (a)
NaGlu+LiCl(aq) (c(NaGlu) ≈ 0.4M; 0 ≤ c(LiCl)/mol L−1 ≤ 1.508), (b) NaGlu+NaCl(aq)
(c(NaGlu) ≈ 0.4M; 0 ≤ c(NaCl)/mol L−1 ≤ 0.9994), (c) NaGlu+MgCl2(aq) (c(NaGlu) ≈
0.4M; 0 ≤ c(MgCl2)/mol L−1 ≤ 0.8358) and (d) NaGlu+CaCl2(aq) (c(NaGlu) ≈
0.4M; 0 ≤ c(CaCl2)/mol L−1 ≤ 0.7955) at 25 °C. Symbols denote the experimental data.
Solid lines represent the �ts. For visual clarity data points are only shown for selected
samples. Arrows indicate the trend with increasing solute concentration.
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Figure A.43: (a) Static permittivities, ε(F), and relaxation ampli-
tudes, S0(L), S1( ), S2(N), S3(�), and (b) the respective relaxation times,
τ0(L), τ1( ), τ2(N), τ3(�), of the NaGlu+LiCl(aq) solutions (c(NaGlu) ≈ 0.4M) at
25 °C as a function of LiCl concentration, c(LiCl). The dashed lines are guides to the
eye. Hollow symbol denotes a parameter which was �xed during �tting of the dielectric
spectra.
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Figure A.44: (a) Static permittivities, ε(F), and relaxation ampli-
tudes, S0(L), S1( ), S2(N), S3(�), and (b) the respective relaxation times,
τ0(L), τ1( ), τ2(N), τ3(�), of the NaGlu+NaCl(aq) solutions (c(NaGlu) ≈ 0.4M) at
25 °C as a function of LiCl concentration, c(NaCl). The dashed lines are guides to the eye.
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Figure A.45: (a) Static permittivities, ε(F), and relaxation ampli-
tudes, S0(L), S1( ), S2(N), S3(�), and (b) the respective relaxation times,
τ0(L), τ1( ), τ2(N), τ3(�), of the NaGlu+MgCl2(aq) solutions (c(NaGlu) ≈ 0.4M) at
25 °C as a function of MgCl2 concentration, c(MgCl2). The dashed lines are guides to the
eye. Parameters of fast-water process k = 4 are not shown.
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Figure A.46: (a) Static permittivities, ε(F), and relaxation ampli-
tudes, S0(L), S1( ), S2(N), S3(�), and (b) the respective relaxation times,
τ0(L), τ1( ), τ2(N), τ3(�), of the NaGlu+CaCl2(aq) solutions (c(NaGlu) ≈ 0.4M) at
25 °C as a function of CaCl2 concentration, c(CaCl2). The dashed lines are guides to the
eye. Parameters of fast-water process k = 4 are not shown.
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Figure A.47: Lowest-energy structures of various ion pairs of glutamate and lithium and its
hydrates (a-h) as obtained by Gaussian 09 at the B3LYP/6-31G(d,p) level using the PCM
solvation model. Blue: nitrogen, red: oxygen, dark-gray: carbon, light-gray: hydrogen,
purple: lithium, green: chloride.
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Figure A.48: Lowest-energy structures of various ion pairs of glutamate and sodium and its
hydrates (a-h) as obtained by Gaussian 09 at the B3LYP/6-31G(d,p) level using the PCM
solvation model. Blue: nitrogen, red: oxygen, dark-gray: carbon, light-gray: hydrogen,
purple: sodium, green: chloride.
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Figure A.49: Lowest-energy structures of various ion pairs of glutamate and magnesium
and its hydrates (a-h) as obtained by Gaussian 09 at the B3LYP/6-31G(d,p) level using
the PCM solvation model. Blue: nitrogen, red: oxygen, dark-gray: carbon, light-gray:
hydrogen, mint green: magnesium, green: chloride.
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Figure A.50: Lowest-energy structures of various ion pairs of glutamate and calcium and its
hydrates (a-h) as obtained by Gaussian 09 at the B3LYP/6-31G(d,p) level using the PCM
solvation model. Blue: nitrogen, red: oxygen, dark-gray: carbon, light-gray: hydrogen,
mint green: calcium, green: chloride.



A.5. TERNARY SYSTEMS - EFFECT OF SALTS ON THE NEUROTRANSMITTER
SOLUTIONS 223

0.0 0.2 0.4 0.6 0.8

0.00

0.02

0.04

c(
tri

pl
e 

io
n)

 / 
m

ol
 L

-1

c(CaCl2) / mol L-1

Figure A.51: Concentration of triple ions, c(triple ion), as a function of c(CaCl2), as
estimated from µe� in �gure 5.6(d).
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Table A.20: Molar concentrations, c, densities, ρ, viscosities, η, conductivities, κ, and their
respective uncertainties, ∆η and ∆κ, of ternary solutions of Gln(aq) and di�erent chloride
salts at 25 ◦C.

c(salt) / mol L−1 c(NaGlu) / mol L−1 ρ / g cm−3 η / mPa s ∆η / mPa s κ / Sm−1 ∆κ / Sm−1

LiCl
0 0.1991 1.007548 0.9555 0.0007 � �

0.05155 0.1989 1.008807 0.9588 0.0005 0.503 0.001
0.1010 0.1987 1.009944 0.9647 0.0004 0.894 0.002
0.2012 0.1984 1.012396 0.9796 0.0006 1.718 0.004
0.3990 0.1976 1.017090 1.0086 0.0008 3.230 0.005
0.6335 0.1967 1.022518 1.0448 0.0006 5.91 0.01

NaCl
0 0.1991 1.007548 0.9555 0.0007 � �

0.05826 0.1989 1.009924 0.9549 0.0005 0.627 0.001
0.1136 0.1987 1.012050 0.9612 0.0006 1.119 0.003
0.2078 0.1983 1.015935 0.9681 0.0006 2.032 0.003
0.4228 0.1975 1.024450 0.9879 0.0010 4.154 0.007
0.6287 0.1968 1.032523 1.008 0.002 5.88 0.01

MgCl2
0 0.2016 1.007658 0.9427 0.0007 � �

0.05073 0.2004 1.011551 0.990 0.003 0.925 0.002
0.08444 0.1995 1.014138 0.9838 0.0009 1.494 0.002
0.1515 0.1978 1.019158 1.0086 0.0008 2.671 0.005
0.3089 0.1937 1.030868 1.0715 0.0008 4.93 0.01
0.5640 0.1867 1.047584 1.1720 0.0008 7.67 0.02

CaCl2
0 0.2016 1.007658 0.9427 0.0007 � �

0.03936 0.2012 1.011197 0.959 0.001 0.770 0.002
0.0792 0.2007 1.014730 0.972 0.001 1.481 0.002
0.1748 0.1996 1.023130 1.18 0.02 3.214 0.007
0.3071 0.1980 1.034635 1.092 0.004 5.27 0.01
0.5357 0.1952 1.054279 1.123 0.002 8.36 0.02
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Figure A.52: Relative permittivity, ε′(ν), and dielectric loss, ε′′(ν), spectra of (a)
Gln+LiCl(aq) (c(Gln) ≈ 0.2M; 0 ≤ c(LiCl)/mol L−1 ≤ 0.6335), (b) Gln+NaCl(aq)
(c(Gln) ≈ 0.2M; 0 ≤ c(NaCl)/mol L−1 ≤ 0.6287), (c) Gln+MgCl2(aq) (c(Gln) ≈
0.2M; 0 ≤ c(MgCl2)/mol L−1 ≤ 0.5640) and (d) Gln+CaCl2(aq) (c(Gln) ≈ 0.2M; 0 ≤
c(CaCl2)/mol L−1 ≤ 0.5357) at 25 °C. Symbols denote the experimental data. Solid lines
represent the �ts. For visual clarity data points are only shown for selected samples.
Arrows indicate the trend with increasing solute concentration.
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Figure A.53: Relaxation-time distribution, P (t), of dielectric data of ∼ 0.2M Gln(aq) with
added LiCl (Gln+LiCl(aq)) at 25 °C, obtained via Zasetsky's computational procedure
[114].
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Figure A.54: Relaxation-time distribution, P (t), of dielectric data of ∼ 0.2M Gln(aq) with
added NaCl (Gln+NaCl(aq)) at 25 °C, obtained via Zasetsky's computational procedure
[114].
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Figure A.55: Relaxation-time distribution, P (t), of dielectric data of ∼ 0.2M Gln(aq) with
added MgCl2 (Gln+MgCl2(aq)) at 25 °C, obtained via Zasetsky's computational procedure
[114].



A.5. TERNARY SYSTEMS - EFFECT OF SALTS ON THE NEUROTRANSMITTER
SOLUTIONS 229

Figure A.56: Relaxation-time distribution, P (t), of dielectric data of ∼ 0.2M Gln(aq) with
added CaCl2 (Gln+CaCl2(aq)) at 25 °C, obtained via Zasetsky's computational procedure
[114].
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Figure A.57: (a) Static permittivities, ε(F), and relaxation amplitudes,
S0(L), S1( ), S2(�), and (b) the respective relaxation times, τ0(L), τ1( ), τ2(�), of
the Gln+LiCl(aq) solutions (c(Gln) ≈ 0.2M) at 25 °C as a function of LiCl concentration,
c(LiCl). The dashed lines are guides to the eye. Hollow symbol denotes a parameter
which was �xed during �tting of the dielectric spectra. Parameters of fast-water process
k = 3 are not shown.
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Figure A.58: (a) Static permittivities, ε(F), and relaxation amplitudes,
S0(L), S1( ), S2(�), and (b) the respective relaxation times, τ0(L), τ1( ), τ2(�), of
the Gln+NaCl(aq) solutions (c(Gln) ≈ 0.2M) at 25 °C as a function of NaCl concentra-
tion, c(NaCl). The dashed lines are guides to the eye. Hollow symbols denote a parameters
which were �xed during �tting of the dielectric spectra. Parameters of fast-water process
k = 3 are not shown.



232
APPENDIX A. SUPPLEMANTARY MEASUREMENT & DIELECTRIC

RELAXATION DATA

0

10
50

60

70

80

0.0 0.1 0.2 0.3 0.4 0.5 0.6

10

100

1000

b

S1

S2

, S
k

S1

a

2

1

k /
 p

s

c(MgCl2) / mol L-1

0

Figure A.59: (a) Static permittivities, ε(F), and relaxation amplitudes,
S0(L), S1( ), S2(�), and (b) the respective relaxation times, τ0(L), τ1( ), τ2(�), of
the Gln+MgCl2(aq) solutions (c(Gln) ≈ 0.2M) at 25 °C as a function of MgCl2 concentra-
tion, c(MgCl2). The dashed lines are guides to the eye. Parameters of fast-water process
k = 3 are not shown.
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Figure A.60: (a) Static permittivities, ε(F), and relaxation amplitudes,
S0(L), S1( ), S2(�), and (b) the respective relaxation times, τ0(L), τ1( ), τ2(�), of
the Gln+CaCl2(aq) solutions (c(Gln) ≈ 0.4M) at 25 °C as a function of CaCl2 concentra-
tion, c(CaCl2). The dashed lines are guides to the eye. Hollow symbol denotes a parameter
which was �xed during �tting of the dielectric spectra. Parameters of fast-water process
k = 3 are not shown.
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Figure A.61: Lowest-energy structures of various ion pairs of glutamine and magnesium
and its hydrates (a-f) as obtained by Gaussian 09 at the B3LYP/6-31G(d,p) level using
the PCM solvation model. Blue: nitrogen, red: oxygen, dark-gray: carbon, light-gray:
hydrogen, mint green: magnesium, green: chloride.
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Figure A.62: Lowest-energy structures of various ion pairs of glutamine and calcium and its
hydrates (a-f) as obtained by Gaussian 09 at the B3LYP/6-31G(d,p) level using the PCM
solvation model. Blue: nitrogen, red: oxygen, dark-gray: carbon, light-gray: hydrogen,
mint green: caclium, green: chloride.
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Appendix B

Kinetic Dipolarization

About 40 years ago, Hubbard and Onsager [382�384] introduced the concept of �kinetic
depolarization� in electrolyte solutions, an e�ect which until today has eluded direct exper-
imental observation. Their concept can be described as follows: ions moving in an applied
electric �eld, ~E, exert a torque on neighboring dipolar solvent molecules. This additional
force opposes the reorienting force of the applied �eld, resulting in a depolarization of the
bulk solvent molecules. Experimentally, this depolarization is expressed as a reduction of
the apparent bulk solvent amplitude, Sap

b , by a kinetic dielectric decrement, ∆εkd. Thus,
the corrected equilibrium solvent amplitude, Seq

b , can be written as

Seq
b = Sap

b + ∆εkd (B.1)

In the Hubbard-Onsager (HO) continuum model dielectric increment can be obtained by

∆εHOkd = p · ε(0)− ε∞(0)

ε(0)
· τ(0)

ε0
· κ (B.2)

where ε0 is the permittivity of free space, ε(0) and ε∞(0) are the static and in�nite-
frequency permittivities of the neat solvent, τ(0) is the relaxation time of the solvent
dispersion step, κ is the solution electrical conductivity, and p is a hydrodynamic parameter
which describes the coupling of translational ion motions to the macroscopic viscosity. For
p = 1, so-called stick, and for p = 2/3 slip boundary conditions apply. Generally, slip
conditions are considered more physically realistic [319, 385]. Consequently, slip conditions
are frequently selected as the conditions of choice. The HO theory is valid only at in�nite
dilution of the electrolyte and thus its application to concentrated solutions is problematic.
Recently Sega, Kantorovich and Arnold (SKA) introduced an empirical modi�cation of the
HO equation to account for �nite salt concentrations [184]

∆εSKAkd = ∆εHOkd · exp(σRe�) · (σRe� + 2)/2 (B.3)

where σ is the reciprocal Debye length and Re� is the e�ective ion radius. Whereas σ
can be calculated readily from the ionic strength [297], the determination of Re� is not
straightforward. For binary systems, e.g. a single salt dissolved in a solvent, the e�ective
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Figure B.1: Relative deviation of the SKA model from the HO continuum model as a
function of the salt concentration, c(salt), and the e�ective ionic radius, Re�, of a model
salt in aqueous solution at 25 °C.

radius has to be de�ned in such way that the size of both, the cation and anion, are
taken into account. The choice of Re� is somewhat critical, as ∆εSegakd markedly depends on
Re�. Assuming a system containing of a model salt of concentration, c(salt), an e�ective
ionic radius, Re�, deviations of the SKA-approach from the classical HO-model can be
calculated. As can be seen in Figure B.1, the relative deviation increases with increasing
Re� and increasing salt concentration, and the SKA-model reduces to the HO-model for
low Re� and low c(salt), respectively, as would be expected from the limitations of both
theories. In the present work, the e�ective radii of binary solutions were calculated by
taking the arithmetic mean of the respective cation and anion radius.

The situation is more complicated for ternary solutions, i.e., a �solute� (e.g. neurotrans-
mitter) + �background electrolyte� in water, as investigated in the present thesis. Under
the assumption of additivity of the kinetic depolariazion e�ects of the dissolved species,
while keeping the solute concentration, c(solute), constant and varying the background
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electrolyte concentration, c(backgroud), the dielectric decrement could be described as

∆εSKAkd = p · ε(0)− ε∞(0)

ε(0)
· τ(0)

ε0
· {κ(solute) · exp [σRe�(solute)] · [σRe�(solute) + 2] /2

+ κ(backgroud) · exp [σRe�(background)] · [σRe�(backgroud) + 2] /2}
(B.4)

In equation B.4 Re�(solute) and Re�(background) denote the e�ective radii, while κ(solute)
and κ(background) are the conductivity contributions (to the overall electrical conduc-
tivity) of the solute and the electrolyte, respectively. However, this approach is rather
cumbersome and the actual separation of the conductivity in a solute and a background
electrolyte-dependent part is fairly di�cult to realize at higher concentrations from a the-
oretical standpoint. Therefore, similarly to the binary system, the approach of introducing
a single e�ective radius was adopted for the ternary solutions. In this case, Re� can be
obtained as a weighted arithmetic mean of the respective ionic radii

Re� =
n∑
i

ci∑n
i ci

Re�,i (B.5)

where ci is the concentration of ion i in the solution. Figure B.2 shows the deviation
of ∆εSKAkd using one-e�ective-radius approach (equation B.5) instead of the �extended�
approach of equation B.4 for a model ternary system. The solute properties (c(solute)
= 0.3M; Re�(solute) = 2.5Å) as well as the ratios of the radii and the concentrations
represent very well the conditions of many systems investigated in this work. The small
deviations of up to only a few percent, which is the essentially the error limit of the DR
measurement, justify the application of �simpli�ed� one-e�ective-radius approach for the
calculation of the dielectric decrement, which was consequently utilized throughout this
thesis.
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Figure B.2: Relative deviation of the one-e�ective-radius approach from the approach of
equation B.4 as a function of the ratios of the e�ective radii and concentrations of the
�solute� and the �background electrolyte� in a model ternary aqueous solution at 25 °C.
The concentration of the solute was �xed to c(solute) = 0.3M and the e�ective radius of
the solute was assumed to be Re�(solute) = 2.5Å.



Appendix C

Correction of Raw Spectra for the

Presence of IPs

As previously shown in Section 4.1 spectra of MgCl2(aq) and CaCl2(aq) show clear evidence
for the presence of two distinct dipolar IP species, which consequently contribute to the
DR spectra. Thus, the pursued quanti�cation of the e�ects of the added salt on NaGlu(aq)
and Gln(aq) was superimposed by the IP relaxation of the electrolyte. In order to account
for that, the contribution of the IPs was subtracted from the raw data, ε̂raw(ν), using the
parameters and association constants from Section 4.1 to predict the relaxation strength
and location of the IP modes. Note that hereby ideality conditions were assumed, i.e., the
extent of IP formation was assumed to be only dependent on the ionic strength, I, and the
relaxation times of the IP processes were supposed to be unchanged compared to �pure�
MgCl2(aq) and CaCl2 solutions. Thus, for NaGlu(aq) and Gln(aq) solutions containing
MgCl2 and CaCl2 the corrected dielectric spectra read

ε̂(ν) = εraw(ν)−
2∑

n=1

SIP
n (I)

1 + i2πντ IPn
(C.1)

with n indicating the two di�erent IP contributions. Figures C.1 shows the e�ect of the
correction in the NaGlu(aq)+MgCl2(aq) spectra. Note this kind of IP correction was not
performed for KCl, KF, NaCl and LiCl background electrolytes, as the extent of IP forma-
tion and thus their contribution to the DR spectra is rather low for these salts [55, 289�292].
Furthermore, as discussed in Ref. [55], evidence for signi�cant contribution of ion-cloud
relaxation to the alleged IP mode of NaCl(aq) was found. Although its contribution was
thought to be rather small in electrolyte solutions, fairly recent results indicate that this is
not necessarily the case [55, 166]. As already mentioned in the main text, currently there
is no theory available to separate the IC contribution from the overall dielectric response.
Reanalysis of the spectra of LiCl(aq) from Ref. [289] and KF(aq) [291], using a more recent
nonlinear least-squares routine under IGOR Pro [112] of our laboratory, reveal a similar
picture for the latter two salts (unpublished).
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